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I  dedicate my work to Jake - may his generation find  answers to 
questions Fd never thought o f  asking.
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The d iversity  o f phenom ena of nature is so great, and the 
treasures hidden in the heavens so rich, precisely in order that 
the human mind shall never be lacking in fresh nourishment.

- Johannes Kepler, Mysterium Cosmographicum
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Abstract

D etailed  m apping, using recently  acquired  fu ll reso lu tion  
pho to -p roducts and synthetic  stereo data from  the M agellan  
spacecraft, is used to investigate the stratigraphy and form ation of 
landform s observed on Venus. The research focuses on two large 
contiguous plains, G uinevere and Sedna Planitiae. It has been 
suggested that distinct volcanic and deform ational processes have 
operated  throughout Venus w ithin specific  tim e periods. For 
exam ple tesserae are considered to have only form ed relatively  
early on in the visible venusian rock record. New observations of 
volcanic landform s within Guinevere and Sedna Planitia support a 
non-directional stratigraphy.

Contrary to earlier models for the evolution of coronae, those 
in the study area have had a protracted history. Both Idem-Kuva 
and H eng-o d isp lay  m ultip le  phases o f annulus fo rm ation  
(previously thought to occur during a specific stage of corona 
form ation). Furtherm ore, annulus form ation and rim  topography 
form ation do not necessarily coincide in space and time, as seen at 
Id em -K u v a , in d ic a tin g  th a t bo th  la rg e  and sm a ll-sc a le  
deform ational processes at coronae can be protracted. The amount 
and style of volcanism  associated with the coronae studied here 
varies considerab ly . P red icted  early  stage vo lcan ism  is not 
observed at Idem-Kuva, Nissaba or Silvia Coronae, while Benten 
Corona shows m ultiple phases of volcanism  w hich decrease in 
volume over time.

A study of Sif and Gula Montes shows the two large shield 
volcanoes have a different overall m orphology, sum m it structure 
and associated flow fields. Sif Mons is approxim ately circular in 
plan view, with a prom inent summit caldera, with m orphologically 
varying flow fields. In contrast, Gula Mons in elongate in plan 
view , surm ounted by a rift joining two m odified calderas, and is 
surrounded by more sinuous flows. Using terrestrial volcanoes as 
analogies, especially Mt. Etna, it is shown that the m orphological 
differences between the two volcanoes may be a consequence of 
different internal and surrounding stress regimes.
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Chapter 1 

In trodu ct ion

1 .1  The Planet Venus

A fam iliar friend to folk who rise ju st before dawn, or who 
stroll during twilight, Venus has always held a special place in the 
heavens. This beautiful celestial spectacle has been commented on 
since antiquity . The B abylonians called her Ishtar, ‘the bright 
torch of the heavens’, the Greeks and Romans knew her as the 
Goddess of Beauty, and the Chinese as Tai-pe, the ‘Beautiful W hite 
One’.

Until the second half of the tw entieth century, observations 
of Venus were lim ited to those made with telescopes. During the 
Renaissance period, Italian astronomer Galileo Galilei observed the 
phases of Venus, contributing to the theory that the Earth did not 
lie at the centre of the Universe. In terest in the p lanet grew
during the centuries which followed, with h isto ry’s m ost em inent 
astronomers, including Cassini, Herschel and Hailey, each trying to 
unlock her secrets. The discovery that Venus was similar in size to 
the Earth, and had a substantial atm osphere resulted  in  some 
believing its surface may have been Earth-like.

M uch has been learn t about V enus since these early  
observations. During the mid 1930s, spectroscopy and infrared
radiom etry  m easured the bulk atm ospheric com ponent as CO 2 .
Later, spectroscopic m easurem ents showed the perm anent clouds 
to consist of sulphuric acid droplets. By tracking cloud features, 
the upper atm osphere was seen to have a super-ro ta tion  of 
approxim ately  5 days. The surface heat flux was observed to 
equate to a ground tem perature brightness o f approxim ately 327® 
C. The venusian day was found to be longer than the venusian
year (Table 1.1). Furthermore, Venus was recognised as the only 
planet which has a retrograde rotation.



Physical p roperty Venus Earth Mars

Mass (Earth=l) 0.815 1.000 0.107

Mass (kg)
24

4.871x10 5.976x10 6.421x10^^

Equatorial radius (km) 6051.3 6378 3398

Equatorial radius (Earth=l) 0.949 1.000 0.532

Mean density  (g/cm  ^ 5.42 5.52 3.94

Equatorial gravity (ms'^) 8.87 9.78 3.72

Equatorial escape vel. (km s’  ̂) 10.4 11.2 5.0

Oblateness 0.000 0.003 0.006

Orbital period 224.7 365.25 686.98

Sidereal ro tation period 243.01 days 23.934 h r 24.622 h r

Obliquity -2 .6° 23.45 ° 23.98 °

Mean surface tem perature ( 468 15 -5 5

Mean surface pressure (bar) 90 1 0.007

Atm osphere CO2 N2 , O2 CO2

Mean distance from  Sun (km) 108.20x10 ^ 149.60x10^ 227.94x10^

Table 1.1 Physical properties of Venus compared with Earth and Mars.



O nly  during  the la s t 35 years has g eo lo g ica l and 
g eo m o rp h o lo g ica l in fo rm ation  o f V enus been  in te rm itten tly  
provided. The exploration of Venus by a flo tilla  of spacecraft has 
resu lted  in a new geological understanding, show ing a com plex 
and dynamic multitude of tectonic and volcanic processes.

The M agellan mission, launched in 1989, was designed to 
undertake further investigation and represents the culm ination of 
venusian research to date. The purpose of this thesis is to forward 
the understanding of geological processes w hich have acted to 
form the surface of Venus observed today from  radar images. In 
particular, the work focuses on refining venusian stratigraphy and 
the evolution of specific volcanic landforms. New observations are 
p rovided from the utilisation of various data sets and detailed 
geological mapping of specific areas of the surface.

B efore presenting the observations and in terp retations of 
the work, this introductory chapter provides a b rief chronology of 
p rev io u s  te rre s tr ia l and sp acecra ft o b se rv a tio n s  o f V enus, 
h ig h lig h tin g  m ajo r f in d in g s  w h ich  h ave  c o n tr ib u te d  to 
understand ing  the p lanet. As the research  p resen ted  in the 
follow ing chapters is prim arily based on observations from  data 
re tu rn ed  by the M agellan  m ission , a sum m ary o f the data 
products from the mission are described. Finally, the im plications 
o f new ly  availab le  data, and fram ew ork  o f the thesis are 
d iscu ssed .

1 .2  A Summary of Pre-Magellan Observations of Venus

1.2.1 Earth Based Observations

Considerable investigation of Venus has been conducted via 
E arth  based  studies using data gathered  by D oppler R adio 
Detection And Ranging (RADAR) techniques. Radar is the principal 
tool used when observing the surface of Venus as the planet is 
perm anen tly  shrouded by clouds w hich reside  in  the upper 
atm osphere which prevent optical observations of the surface.



Radar images from Earth are obtained principally from three 
United States radio telescope observatories: the 43 m eter antenna 
at H aystack in M assachusetts, the 64 m eter antenna located at 
Goldstone in the M ojave Desert, and the large 300 m eter radio 
telescope at Arecibo in Puerto Rico. The telescopes operate at 3.8 
cm, 12.6 cm, and 70 cm wavelengths respectively {Goldstein et a l ,  
1976; Campbell and Burns, 1980; C atterm ole ,  1994). Radar images 
are obtained during inferior conjunction when Venus lies between 
the Earth and the Sun. However, owing to the near resonance 
between the rotation of Venus and its closest approach to Earth, 
only one side of the planet can be m apped using Earth-based 
radar {Campbell and Burns, 1980). Image resolution is dependent 
on latitude, w ith equatorial regions having the greatest spatial 
reso lu tion . V ertical reso lu tion  is typ ically  500 m etres. Radar 
observations from  Earth have resu lted  in approxim ately  25% 
surface coverage {Campbell et al., 1976; Goldstein et al., 1976, 
1978; Saunders and Malin, 1977; Campbell and Burns, 1980).

Early radar observations had a spatial resolution of between 
5 and 20 km (typically 10 km) and showed the m otion of large 
radar-bright features as the planet rotated, in terpreted  as upland 
areas {G o ld s te in ,  1965, 1967). Im proved reso lu tion  during the 
1980s, showed sm aller surface features betw een 1.5 and 4 km in 
size from  both northern and southern hem ispheres (e.g. Ishtar 
Terra and the Them is-A lpha-Lada region respectively, C a m p b e l l  
et a l ,  1991; Senske et a l ,  1991a). The images provided im portant 
inform ation on the surficial geology, for instance data from the 
upland area Beta Regio showed a large depression at the summit. 
The upland was subsequently interpreted as a large volcanic rise 
considered analogous to m artian and te rrestria l ho tspot areas 
{Senske et al., 1991b). M axw ell M ontes and Ish ta r T erra, 
described by Campbell et al. (1976), were in terpreted  to be a 
consequence of tectonic activity.

Further data obtained  from  the A recibo  s ta tion , w ith 
im proved reso lu tion  (1 .5-2 .0  km ), w ere used  to m ap nine 
geological units from Beta Regio, Guinevere Planitia, Sedna Planitia 
(the planitiae studied in this thesis) and W estern Eistla Regio. The



units w ere in terpreted  as volcanic in orig in , based on radar 
backscatter values and areal extent. Many units showed structural 
m odification inferred as tectonic processes {Campbell et al., 1990; 
Senske et a l ,  1991b).

A full treatm ent of observations and in te rp re ta tions of 
linear deform ation zones, volcanic edifices (including Sif and Gula 
M ontes), and crater distribution acquired from Earth based radar 
are discussed in detail in the following papers: Campbell et al. 
(1989, 1990), Arvidson et al. (1990), Ford and Senske  (1990) and 
Senske et al. (1991a, 1991b).

1.2.2 Pre-Magellan Space Missions

Inform ation about the venusian environm ent and physical 
properties (Table 1.1) has been obtained by 21 spacecraft since 
1962. T able  1.2 sum m arises the fin d in g s from  sp acecra ft 
exploration of Venus. D escribed in more detail below  are the 
results from the Russian Venera lander space m issions. To date, 
the V enera  landers provide the only d irec t chem ical and 
photographic data on which to infer lithology, com position and 
rock type. A full discussion of the resu lts from  the V enera 
missions can be found in Barsukov et al. (1986, 1992).

1.2.3 Observations from the Venusian Surface

D etailed  inform ation of sm all-scale surface characteristics 
and rock com position of Venus has been established from  data 
returned from 10 Russian Venera soft-lander spacecraft. (Figure 
1.1) To date, the data represent the only in situ  su rf ic ia l 
investigations, providing chem ical and erosional constraints. The 
data include spectroscopic m easurem ents and panoram ic im ages 
in black and white, and colour.

The first spacecraft to survive an atm ospheric descent was 
Venera 7 in 1971. Instrum ents on board the craft confirm ed a



Mission Date Country Results

M ariner 2 2 7 /0 8 /6 2 USA Close encounter - 34,745 km. Disclosed surface 
temperature at 468 C and absence of magnetic field.

Venera 4 12 /0 6 /6 7 USSR Relayed atmospheric information for 93 minutes.

M ariner 5 14 /0 6 /6 7 USSR Close encounter - 4023 km. Atmospheric data.

Venera 5 0 5 /0 1 /6 9 USSR Aerodynamic parachute decent - confirmed high 
Co2 content and lack of water.

Venera 6 1 0 /0 1 /6 9 USSR Similar probe as Venera 5 - similar results.

Venera 7 17 /0 8 /6 9 USSR First probe to soft-land. Transmitted data for 23 
minutes. Atmospheric data.

Venera 8 2 7 /0 3 /7 2 USSR Radioed surface temperature and pressure after 
landing on the sunlit side of the planet

M ariner 10 0 3 /1 1 /7 3 USA Encountered Venus en route to Mercury, observed 
global atmospheric circulation in vis. & UV.

Venera 9 0 8 /0 6 /7 5 USSR Orbiter-lander, similar to Venera 8. First black 
and white panoramic view of the surface.

Venera 10 14 /06 /75 USSR Similar to Venera 9. Panoramic view of surface.

Pioneer 12 2 0 /0 5 /7 8 USSR Venus orbiter, first Radar observations of surface.

Pioneer 13 0 8 /0 8 /7 8 USSR Spacecraft carried 4 probes which entered the 
venusian atmosphere- temperature and pressure 
data and information on wind velocities.

Venera 11 0 9 /0 9 /7 8 USSR Flyby - lander. Atmospheric data returned.

V enera 13 3 1 /1 0 /8 1 USSR Orbiter - lander, relayed first colour images.

Venera 14 0 4 /1 1 /8 1 USSR Orbiter - lander, returned colour imagery. Drilled 
soil samples and conducted seismic experiments.

Venera 15 0 2 /0 6 /8 3 USSR Orbiter, radar mapping 2-4 km resolution.

Venera 16 0 7 /0 6 /8 3 USSR Similar to Venera 15 - radar mapping.

Vega 1 1 5 /1 2 /8 4 USSR Venus descent vehicle and atmospheric balloon.

Vega 2 2 1 /1 2 /8 4 USSR Similar to Vega 1 spacecraft - same instruments.

Magellan 0 4 /0 5 /8 9 USA Orbiter, radar mapping - 120m resolution. 98% of 
the planet imaged - altimetric, radiometric and 
gravity data gathered.

Table 1.2 Chronology of venusian observations by spacecraft After Young (1990).
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surface tem perature and pressure of approxim ately 470® C and 90 
bars respectively at the landing site. Veneras 8, 9 and 10 landers 
used gamma-ray spectroscopy to determine the content of K, U, Th 
at the surface beneath the lander. Veneras 13 and 14 used X-ray 
fluorescence spectroscopy to determine the abundance of Si, Ti, Al, 
Fe, Mg, Ca, K, S, and Cl in the top centim etre of the venusian 
surface. Broadly two divisions of rocks were interpreted from the 
spectroscopy. Veneras 9-14 returned data w hich showed a low 
iso topic (K, U and Th) abundance and elem ental concentrations 
com patible with terrestrial tholeiitic basalts { F lo r e n s k y , 1977a). 
Tables 1.3a and 1.3b summaries the results of chem ical analysis 
m easured by Venera 13 and 14. In contrast, m easurem ents taken 
by Venera 8, situated on a small topographic rise east of N avka 
Planitia, showed greater concentrations of K, U and Th, indicative 
of a more evolved igneous rock.

Basilevsky et al. (1992) suggest the m aterials sampled at the 
V enera 8 site may have two possible terrestrial analogues: first, 
an igneous rock such as quartz m ontzonite, quartz syenite or 
andésite, possibly indicating the presence of terrestrial continental 
crust {N iko layeva ,  1990), or second, a more mafic, prim itive group 
of rocks such as lamprophyres.

Panoram ic im ages returned by Veneras 9, 10, 13 and 14 
allow ed investigation of the im m ediate surface surrounding the 
landers. The black and white image from Venera 9 shows p la te 
like fragm ents 10s of centim etres in size separated by sm aller 
fragm ented fine m aterials. The size distribution of the blocks is 
bim odal, w ith m odes falling betw een 1-10 cm and 30-70 cm 
{Garvin et al., 1981, 1984; F lo r e n s k y  et al., 1977b). V enera 10, 
which landed near the SE edge of Beta Regio, also transmitted one 
black and white panoramic image. The image shows 60 % o f the 
visible area composed of rock slabs. Fines occur in bedrock surface 
depressions, form ing regular and irregular dark spots and patches 
{Garvin et al., 1984). M aterials were found to be friable and 
p o ro u s.

Colour panoram ic images were returned in 1982 by Veneras 
13 and 14 with resolution improved by a factor of 2 (4-5 mm per



Spacecraft U (xlO'̂  wt %) -4Th (xlO wt %) K (wt%)

Venera 8 2.2 ±0.7 6.5 ±0.2 4.0 ± 1.2

Venera 9 0.06 ± 0.16 3.65 ± 0.42 0.47 ±0.08

Venera 10 0.46 ± 0.26 0.70± 0.34 0.30 ±0.16

Table 1.3a Venera measurements of radioactive elements. After Barsukov (1982).

Oxide Venera 13 Venera 14 Oceanic Basalt

Si02 45.0 ± 3.0 49.0 ±4.0 51.4

A1203 16.0 ± 4.0 18.0 ± 4.0 16.5

MgO 10.0 ± 6.0 8.0 ± 4.0 7.56

CaO 7.0 ±1.5 10.0 ± 5.0 9.4

Ti02 1.5 ±0.6 1.2 ± 0.4 1.5

MnO 0.2 ± 0.1 0.16 ± 0.08 0.26

FeO 9.0 ± 3.0 9.0 ± 2.0 12 .24

K20 4.0 ± 0.8 0.2 ± 0.1 1.0

Table 1.3b Chemical measurements for Venera 13 and 14 . After Barsukov (1982),



pixel versus 10 mm for Venera 9). The panoram ic im ages show 
plains dom inated by layered bedrock w ith a m inor am ount o f 
fragm ented  m ateria ls in local depressions. From  the im ages, 
Florensky et al. (1983) suggest that the surface at the Venera 13 
and 14 landing sites is undergoing in situ geom orphic degradation.

Florensky et al. (1983) and Basilevsky et al. (1985) discuss 
six possible origins for the observed rock units at the Venera 13 
and 14 sites: lava, an igneous intrusion later exposed by erosion, 
pyroclastic  fall, im pact ejection and lith ification, lith ification  o f 
m ateria ls form ing sedim entary rocks, or surface m etam orphism  
ow ing to the unique venusian surface conditions. From  surface 
data, Florensky et al. (1983) and Basilevsky et al. (1985) consider 
the last hypothesis most likely, although none of the above can be 
tested w ith V enera results alone. It is suggested { B a s i l e v s k y , 
1985) that the rock  units are sed im entary  or sed im entary- 
volcanic with lithification occurring from chem ical effects, form ing 
a duricrust {Florensky et al., 1983).

Two interesting features emerge from the Venera panoram ic 
images. First, as Garvin et al. (1984) point out, although separated 
by thousands of kilom etres, all four Venera landing sites appear 
m orphologically  very sim ilar. Second, aeolian  features such as 
m icrodunes, w indtails and moats are not observed at any o f the 
landing sites, in contrast to the landing sites of Viking 1 and 2 on 
M ars (and more recently. Mars Pathfinder). The V enera landers 
carried  anem om eters: V enera 9 and 10 m easured w inds one 
m eter above the surface between 0.3 and 1 m s’ i {Avduevsky et 
a l . ,  1976a, 1976b). The lack of sm all aeolian features at the 
landing sites is surprising as Greeley et al. (1984, 1992) calculated 
that sa lta tion  and trac tion  can tran spo rt p a rtic le s  up to a 
m axim um  size of approximately one m illim etre on Venus. This is 
partly owing to the density of the venusian atm osphere, recorded 
as 90 bars in lowland plains.

Vega 1 and 2, two further Russian landers, were deployed 
on the surface of Venus in 1985 (Figure 1.1). Vega 1 landed in 
Rusalka Planitia, north of Aphrodite Terra about 1000 km west of 
the volcano Sapas Mons. Vega 2 landed approxim ately 1500 km
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south of the Vega 1 landing site. Each lander conducted surficial 
chem ical analyses. Spectroscopy m easurem ents detected low K, U 
and Th concentrations, analogous to terrestria l tholeiitic  basalts 
sim ilar to earlier Venera results. No panoram ic images were taken 
at either landing site.

In sum m ary, surface geochem ical data ob tained  by the 
Venera and Vega missions imply that the surface com position of 
Venus is analogous to that of oceanic basalts. A t only one landing 
site (V enera 8) was there chem ical evidence to suggest more 
evolved volcanic m aterials. From the lander observations it is 
assumed the bulk of the plains of Venus are volcanic in origin.

1.2.4 Orbital Atmospheric Observations

1978 saw the successful deploym ent o f the U nited States 
Pioneer-Venus Orbiters (PVO, also known as Pioneer-Venus 1 and
2). The PVO m issions carried instrum ents to study the p lane t’s 
m agnetic fie ld  and its in teraction  w ith the solar w ind. The
gravitational field of Venus was also investigated. One PVO craft 
released  four probes into the venusian atm osphere at d ifferent 
locations to determ ine diurnal d ifferences in com position and
structu re  {C o l in ,  1980). Figure 1.2 shows the structure of the
venusian atm osphere based on P ioneer data. Pettengill et al.
(1980a, 1980b) and Masursky et al. (1980) provide a detailed 
discussion of the findings from the Pioneer m issions. The main
results of the atmospheric studies concluded:

(1) The bulk com ponent of the venusian atm osphere is CO 2

(95.32% ). The atm osphere is essentially  dry, approxim ately 10-5
of the amount of water contained in the Earth’s oceans is observed 
in the venusian atm osphere.
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(2) The d eu te rium /hyd rogen  (D /H ) ra tio  (an in d ic a to r  o f 
a tm ospheric  evolu tion  and a tracer for w ater m olecu les) is 
approximately 150 times greater on Venus than Earth {Donahue et 
a l ,  1982).

(3) The venusian value is one fourth to one third less than 
that for the Earth {Hoffman et al., 1980a, 1980b; D onahue  and  
Pollack,  1983).

T he a tm o sp h e ric  o b se rv a tio n s  h ave  a n u m b er o f 
im plications regarding the geological evolution of Venus. The lack 
of water on the surface of Venus is thought to contribute towards 
the lack of plate tectonics {Mian and Tozer, 1990). The liberation 
of water from hydroxides w ithin terrestrial crust is considered to 
act as a lubricant for plate m otion {Mian and  Tozer,  1990). 
Furtherm ore, a dearth of w ater results in a significant lack  of 
physical and chem ical weathering. Consequently, the bulk of the 
p la n e t’s CO 2 inventory resides in the atm osphere, w hereas on 
Earth it resides within carbonaceous rocks. This is a primary cause 
of the runaway greenhouse situation observed at Venus.

An im plication of an enriched deuterium  atm osphere is that 
V enus may once have had considerably  m ore w ater than  at 
present. The past w ater inventory is considered to have been 
reduced by photo dissociation and thermal (Jeans) escape {P o l lack  
and Black, 1979; Kasting,  1988).

The ratio of ^^Ar to ^^Ar also gives an insight into planetary 
and atm ospheric evolution. ^^Ar is considered to have been most 
abundant during the form ation of the solar system , while ^OAr, 
d e riv ed  from  rad io g en ic  po tassium  C^^K), has the grea ter 
atm ospheric abundance today. A greater ^6Ar/40Ar ratio may be 
explained by a lower initial potassium  concentration on Venus, or 
differences in the tim ing and/or extent of outgassing responsible 
for introducing ^OAr into the venusian atm osphere. Sim ilar K/U 
values for E arth  and V enus suggest the la tte r  p rocess is 
responsible for the dearth of ^^Ar on Venus {Surkov et al., 1987).
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1.2.5 Orbital altimetric and Radar observations

A m odest-resolution a ltim eter instrum ent carried  by PVO 
obtained the first accurate topographic data of Venus. The data 
yielded a topographic map covering 93% of the venusian globe 
betw een 74® N and 63^ S, with the vertical resolution exceeding 
200 metres, and a horizontal resolution of 100 km. Pioneer Venus 
data showed the planet to consist of 65% rolling plains, 27% 
lowlands and 8% highlands {Masursky et al., 1980, Figure 1.3). In 
contrast to the bimodal distribution of surface elevation on Earth, 
elevations on Venus exhibit a unimodal distribution {Pettengill  et 
al., 1980a, 1980b, Figure 1.4). Approximately 80% of the venusian 
surface lies w ithin 1 km of the m ean p lanetary  radius, mpr, 
6051.84 km {Ford and Pettengill, 1992). PVO also provided radar 
images of approximately 50% of the surface of Venus in a swath
betw een 45^ N to 15® S with spatial resolution ranging from 20 to
40 km. The data were used to identify and map geological units 
{Senske et al., 1990).

The Venera 15 and 16 spacecraft arrived at Venus in 1983. 
B o th  w ere p laced  in  h ig h ly  e ll ip tic a l  o rb its  (p e ria p s is
approxim ately  1000 km above 62^ N, apoapsis 62,000 km). 
A cquisition  of synthetic aperture radar (SAR) im ages o f the 
surface of Venus were obtained north of approxim ately 30^ N. A 
number of volcanic and tectonic landforms were first identified by 
the Venera 15/16 radar data.

Ten to fifteen percent of the area im aged by the two craft 
c o n ta in e d  e le v a te d , in te n se ly  d e fo rm e d  m a te r ia ls  w ith
intersecting ridges and arcuate troughs, named tessera. M ountain 
belts, for exam ple Akna, Danu, Freyja and M axwell M ontes (the 
highest m ountain on Venus, standing 11 km above m pr) which 
surround the large landm ass of Ishtar Terra, were interpreted as 
com pressional folds and thrust faults considered to have form ed 
from  crustal shortening and underthrusting {Head et al., 1990). 
P lains areas were also seen to have undergone deform ational 
p rocesses show n by ridge  belts occu rring  in the northern
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hem isphere in A talanta P lan itia  and the northern  po lar p lains 
{Basilevsky et al., 1986; Kryuchkov ,  1990).

Coronae, volcano-tectonic landforms which have a circular to 
oval shape in plan view, were first identified  in V enera data 
{Barsukov et. al., 1984; Barsukov et. al., 1986). A total o f 36
coronae were identified  from the data returned. A three stage
model for coronae evolution (see Chapter 2, 2.6.1) was proposed 
involving uplift, radial and concentric deform ation fo llow ed by 
volcanism  and topographic degradation {Stofan and Head, 1990).

Further volcanic landform s observed included sm all shield 
volcanoes and domes {Aubele and Slyuta, 1990), and larger shield 
volcanoes of which 800 were identified which range from  20 to 
100 km in diam eter {Slyuta and Kreslavasky,  1990). V enera 15 
and 16 also showed the radar-bright and dark ex tensive flow 
m aterials associated with Neago Fluctus, located in northern Sedna 
Planitia, described in Chapter 3 {Barsukov et al., 1986). B a r s u k o v  
et al. (1986) inferred from Venera data the plains on Venus are 
the product of extensive basaltic volcanic activity.

A crater population of 139 iden tified  from  V enera craft
{Ivanov et al., 1986; Basilevsky et al., 1987) resulted in a crater
density of 1 per 10^ km^. The results im ply a surface reten tion  
age of between 0.5 and 1 billion years, considerably younger than 
the Moon Mars and M ercury, but older than the m ajority of the 
E arth’s surface {Schaber et al., 1987; N e u k u m ,  1988). The findings 
of the Venera 15 and 16 missions are summarised by Barsukov et 
al. (1986) Basilevsky et al. (1986), Ivanov et al. (1986), B a s i le v s k y  
and Head  (1988), and Schaber  (1990).

1 .3  The Magellan Mission

1.3.1 The aims of the Magellan Mission

The pre-M agellan investigations described above began to 
address im portant questions about the geological and atm ospheric 
evolution of Venus. However, a number of fundam ental scientific
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questions rem ained  unansw ered . The M agellan  m ission  was 
designed to answer these questions. C oncisely, the aims of the 
m ission were ‘to improve the knowledge of the geological history 
of Venus by analysis of the surface m orphology and electrical 
properties and processes which control them, and to im prove the 
know ledge of the geophysics o f Venus, principally  its density 
distribution  and in terior dynam ics’ {Saunders et al., 1991). The 
above sta tem en t encom passed  a g lobal c h a rac te risa tio n  of 
landform s, to define and explain erosion, deposition and chem ical 
processes, and to distinguish and understand im pact processes.

In order to achieve the above, M agellan was designed to 
map at least 70% of the surface at a resolution better than 300 
m etres. G lobal topography would be acquired at a horizontal 
resolution of approximately 10 km, with a vertical precision of 80 
m etres or better. After an aerobreaking m anoeuvre into a circular 
orbit, tracking of the spacecraft would allow the acquisition of 
high resolution global gravity data {Saunders et al., 1992). A 
chronology of the mission is shown in Table 1.4.

1.3.2 Magellan Instrumentation and Operation

M agellan carried one prim e instrum ent, the radar sensor, 
w hich acquired data in three d ifferent m odes: (1) a synthetic 
aperture radar (SAR) mode made with a fixed High Gain Antenna 
(HGA); (2) a nadir-directed altim etry m ode, m ade with a fixed 
sm aller nadir-directed  horn antenna; and (3) a passive therm al 
rad iom eter m ode w hich also used the HGA {Saunders  and  
P e t t e n g i l l ,  1991). C om parisons betw een the M agellan  SAR 
instrum ent and other terrestria l and venusian radar instrum ents 
are sum m arised in Tables 1.5 and 1.6. The M agellan spacecraft 
and its observing geometry are shown in Figure 1.5. Since both 
antennas were fixed, aim ing them required orienting the entire 
spacecraft. There was no provision for real-tim e transm ission of 
radar data, it was stored on two m ulti-track digital tape recorders 
(DTRs).
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M is s io n  S eq uence D ate

Launch Date

Date of Orbit Insertion

Beginning of Systematic Radar Imaging

Completion of Cycle One

Completion of Cycle Two

Completion of Cycle Three

Completion of Cycle Four

Aerobraking Maneuver

Destruction of spacecraft

04 May 1989 

10 August 1990 

15 September 1990 

15 May 1991

14 January 1992

15 September 1992 

24 May 1993

1994

12 Oct 1994

Table 1.4 Chronology of the Magellan Mission.
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Parameter Value

Radar Imaging

Radar frequency

Polarisation

Slant range resolution^

Azimuth resolution^

Radar image pixel size 

Antenna look angle^

Swath widthl

Image strip length

Number of looks per pixel^

12.6 cm/2.385GHz 

HH

120 - 360 m 
120 - 150 m

75 m (Full resolution)

13 to 45 degrees from nadir 

20 - 25 km 

17,000 km 

5 to 17

Altimetry

Footprint variation^

Spacing of footprints along orbit 

Error of altimetric resolution

10x12 km^ to 20x29 km^ 

8 km, greater at pole 

> 5 m

Passive Radiometry

Footprint variation^ 

Sample interval

16x24 km^ to 83x87 km^ 

5 km X swath width

1 Dependent on spacecraft altitude which changes with latitude

Table 1.5 Parameters of Magellan SAR instrument.
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Imaging Device Parameter

Pioneer Venus

Wavelength 17 cm
Resolution of radiometry 200 - 800 km
Altimetry resolution 120 km xl50 km
Vertical resolution > 200 m
Radar reflectivity resolution 30 km per pixel
Radar look angle (off nadir) 150 to 650

Venera 15 and 16

Wavelength 8 cm
Radar reflectivity resolution 0.8 km
Range resolution 1.5 km
Radar look angle (off nadir) 100

Earth Based Imaging

Wavelength 12.6 cm
Polarisation HH
Arecibo resolution (Puerto Rico) 1 - 2  km
Goldstone resolution (California) 2 - 3  km

Earth Observational Radar

Seasat

Wavelength 23.5 cm
Polarisation HH
Resolution 25 m
Radar look angle 230

E R S 1/2

Wavelength 6 cm (C band)
Polarisation W ,LV
Radar look angle 230
Resolution 30 m

SIR/C

Wavelengths X (3 cm) C (6 cm) L (24 cm)
Polarisation HHHVVH W
Radar look angle 150 to 600
Resolution 5 to 40 m

Table 1.6 Other radar instruments in comparison with Magellan SAR.
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Figure 1.5 Magellan observing geometry in the SAR imaging, altimeter, and radiometer 

modes of operation. Cross-track resolution (120-350 m) is obtained from the time-delay 

(range) co-ordinate. Along track resolution (120 m) is calculated from Doppler-frequency 

analysis. The resolution of radiometric data is determined from the high-gain antenna 

pattern. After Ford (1993).
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1.3.3 Mapping Cycles

M agellan undertook four mapping cycles before entering the 
venusian atmosphere on the 12th October 1994. Each cycle lasted 
for 243 days, the time Venus took to complete one axial rotation 
with respect to the orbital plane of the spacecraft. Since M agellan 
data are classified by mapping cycles, it is helpful to provide a 
brief summary of each cycle:

• Cycle 1 ran from 15th Septem ber 1990 to 15th May 1991. 
This cycle constituted the primary mission. In total 83.7% of the 
planet was imaged between 90^ N and 70® S. All radar images are 
left-looking; radar illum ination of the surface is from  the left. 
Incidence angles varied from approxim ately 45^ at periapsis (9.5^ 
N) to 160 at the highest latitudes. Data gaps (black strips in SAR 
images) occurred owing to superior conjunction (when the Sun lies 
betw een the Earth and Venus, hence no data can be transm itted 
back  to E arth), geom etrical lim itations and m echanical quirks 
{Saunders and Pettengill, 1991; Ford and Plaut, 1993).
• Cycle 2 (the beginning of the extended m ission) ran from 
15th May 1991 to 15th January 1992, filling gaps from Cycle 1 
and obtaining coverage of the south polar area. Cycle 2 im agery 
differs from Cycle 1 in that all Cycle 2 data are right looking. 
Furtherm ore, the incident angle was fixed at 25^. Im ages were 
ob ta ined  betw een  75® N and 60® S. 54.5% of the planet was 
m apped during cycle 2 which resulted in the cum ulative surface 
coverage reaching 96%.
• Cycle 3 lasted from 15th January 1992 to 15th M ay 1992 
and em phasised the acquisition of true stereo im age coverage. 
Approxim ately 21.3% of the surface was covered by left looking 
im ages at incidence angles sm aller than those o f Cycle 1. An 
additional 2% of Venus was imaged, resulting in a total of 98% 
coverage {Ford and Plant, 1993). Radar m apping was term inated 
after Cycle 3.
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• Cycle 4 was dedicated to gravity observations obtained by 
directing M agellan’s HGA towards Earth and recording changes in 
the radio signal’s Doppler shift. Gravity data resolution varies as a 
function of altitude. Thus, in order to obtain more constant high 
resolution data, the spacecraft’s orbit was circularised by using 
the venusian atm osphere to aerobreak the probe.

1 .4  The Magellan Data Set

The M agellan m ission returned more data than all previous 
p lanetary  m issions com bined, producing  the firs t g lobal high 
resolution data set of Venus of 4225 usable SAR im aging orbits 
{Ford and Plant, 1993). In total, approxim ately 98% of the planet 
was im aged between 120-300 m eter resolution; some areas were 
im aged on m ore than one occasion w ith d ifferen t geom etries 
and/or directions o f illum ination. A more detailed description of 
data collection and reduction methods is found in Appendix I.

1.4.1 SAR Data

In order to m axim ise the scientific value of M agellan data, 
ind iv idual im ages were assem bled to produce M osaiced Im age
Data Records (MIDRs). Raw SAR data received from M agellan were 
processed into full resolution basic image data records (F-BIDRs). 
F-BID Rs represent one orbital strip and are extrem ely narrow  
sw aths of image data, typically  300 p ixels (22 km) F-W , by
200,000 pixels (16,000 km) N-S. Each pixel is a m easure of the 
reflectance  of the represented surface elem ent, o f d iam eter 75 
m etres, expressed in decibels (dB), relative to the m odel of the
average venusian reflectance {Saunders et al., 1992; Wall et al.,
1995). The surface area represented by each 75 m eter p ixel has 
been rescaled  from  the true resolution of the radar instrum ent,
which is latitude dependent and never better than 120 m eters.
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Image mosaics consist of 7168 pixels vertically  (lines) by 
8192 pixels horizontally  (sam ples) and provide the base for 
standard M agellan photographic image products {Ford,  1993; W a ll  
et al., 1995). Each MIDR has a photom osaic identifier given in 
general form by X-MIDR. yyHzzz; C, where:

• X is the resolution (F = full resolution data where 1 pixel 
corresponds to 75 meters; C l, C2 and C3 data, com pressed once, 
twice and thrice data, with 1 pixel corresponding to 225, 675 and 
2025 m eters respectively).

• yy and zzz are the approximate latitude and longitude at the 
centre of the mosaic in degrees (e.g. 15 N, 335 B).

• H represents the hemisphere (N for north and S for south)

• C denotes the Cycle in which the data were required e.g. 1 = 
Cycle 1 etc.

In Cycle 2 and 3 data, three digit numbers are used; the first 
digit indicates the Cycle and the last is the version number {Ford,
1993). F igure 1.6 and Table 1.7 sum m arises the M agellan  
p ro d u c ts .

The M agellan data set includes photoproducts and digital 
CD -RO M  im ages. Photoproducts are availab le  fo r the M IDR 
products, although owing to financial restrictions only a lim ited 
area o f the planet is represented by processed F-M IDR images. 
H ow ever, fu ll re so lu tio n  le ft- lo o k in g  FM A Ps (75 m etres , 
resam p led  p ixe ls) are availab le  as p h o top roducts  ty p ica lly  
m easuring  1 by 1 m eter in size. R ight-looking  FM APs are 
currently being produced for the whole of the planet.

F-MIDRs and C-MIDRs are also stored on CD-ROM. Each have 
M ID Rs segm ented into 56 individual fram elets m easuring 1024 
lines by 1024 samples, the complete image m easuring 7168 lines 
by 8192 sam ples. A sam pled l /8 th  scale  b row se  im age 
accom panies each MIDR measuring 896 lines by 1024 samples.
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P-MIDR

C3-MIDR 
(120° X 80°) 75'

45'

15°

F-MIDR
(5°x5°)

60'
30'

F-BIDR 
(20 to 25 km) 45'

60'

F-BIDR Full-Resolutlon Basic Image Data Record 
F-MIDR Full-Resolutlon Mosaicked Image Data Record 
Cl-MIDR Compressed-Once Mosaicked Image Data Record 
C2-MIDR Compressed-Twlce Mosaicked Image Data Record 
C3-MIDR Compreseed-Thrlce Mosaicked Image Data Record 
P-MIDR Polar Mosaicked Image Data Record

Figure 1.6 Magellan SAR data products. After Ford and Plant (1993).
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Acronym Product Area Resolution

F-BIDR Full Resolution Basic Image 
Data Record

20 X  17,000 km 75 m pixel

F-MIDR Full resolution Mosaicked 
Image Data Record

5 x 5 ° 75 m /pixel

Cl-MIDR Compressed-Once Mosaicked 
Image Data Record

15 X  15° 225 m /pixel

C2-MIDR Compressed-Twice Mosaicked 
Image Data Record

45 x 4 5 ° 675 m /pixel

C3-MIDR Compressed-Thrice Mosaicked 
Image Data Record

120x  120° 2025 m /pixel

GEDR Global Emissivity Data Record Global 4.6 km /pixel

GREDR Global Reflectivity Data Record Global 4.6 km /pixel

GSDR Global rms slope Data Record Global 4.6 km /pixel

GTDR Global Topographie Data 
Record

Global 4.6 km /pixel

Table 1.7 Magellan data products.
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1.4.2 Altimetric and Radiometric Data

As well as SAR data, M agellan collected inform ation on 
topography and therm al properties of the venusian surface. A 
detailed account of the collection and reduction of these data is 
given in Appendix I. Altimetry and radiom etric data are available 
in  two prim ary forms: the A ltim etry-Radiom etry Com posite Data 
Record (ARCDA) and the Global Data Record (GxDR), both are 
stored on CD-ROM. The ARCDA is an orbit-by-orbit data set which 
contains all o f the derived param eters such as radius, rms slope, 
re flec tiv ity  and em issiv ity  for each a ltim eter and rad iom eter 
footprint. The GxDR is a more condensed map product represented 
in several map projections: the projection used is dependent on 
latitude. Topography, em issivity, rms slope and reflectiv ity  data 
are shown on the GTDR, GEDR, GSRD and GREDR respectively and 
have a sim ilar browse and framelet configuration as the SAR CD- 
ROM data.

1.4.3 Synthetic Stereo Data

G eom etrically  re-registering pixels w ithin M IDR data was 
used to artificially  introduce parallax in order to create synthetic 
stereo im age data. The degree the pixels are shifted w ithin the 
M IDR data (either to the left or right) is proportional to their 
corresponding altim etric data. The greater the topographic height, 
the greater the geometric movement of the pixel w ithin the image 
data, and hence the greater artificial parallax produced. M agellan 
altim etry data gaps were filled using PVO and Venera data. By an 
em pirical process, two exaggerations were found to be m ost 
appropriate, lOx and 50x exaggeration. No one exaggeration is 
appropriate for all areas of Venus. However, 50x works well for 
smoother areas such as the plains, and lOx for more rugged areas.
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1 .5  Implications of the New Magellan Data

W hat are the implications of such an extensive data set? As 
p rev io u s ly  m en tioned , M agellan  has p ro v id ed  near g lobal 
coverage (nearly 98%) of an Earth sized planet. The resolution of 
the data exceeds that of previous missions and, in com parison to 
rem ote sensing images of the Earth, a larger proportion of the 
surface of Venus is imaged at a greater resolution. This allows 
near global geological investigation of the planet. The data from 
this m ission are currently being used to address a m ultitude of 
im portant geological questions.

Of fundam ental importance for Venus (indeed any planet) is 
the question regarding the mechanisms of heat loss. Since Venus 
has app rox im ate ly  the sam e size, m ean d ensity  and bu lk  
com position as the Earth, it is considered that it should have 
sim ilar geological activity as the Earth {Solomon and Head,  1982, 
1991). Three distinct mechanisms are responsible for heat loss on 
solid surface planets: (1) plate tectonics, the recycling  of the 
lithosphere; (2) hotspot volcanism, the transportation of heat via 
large upw elling m antle plum es; and (3) lithospheric conduction 
through a globally continuous shell {Morgan and Phillips, 1983;
So lom on  and  Head,  1982, 1991). On E arth , the dom inant
m echanism  of heat loss is plate tectonics. However, heat loss on 
Venus is still poorly understood.

The m echanism  of heat transport on a planet is intim ately
linked to its tectonic and volcanic evolution {Solomon and Head, 
1991). In order to help define and constrain heat loss processes 
throughout the evolution of Venus, it is fundam ental to resolve a 
num ber of geological and geophysical issues. These issues include: 
(1) the v en u sian  s tra tig rap h y , in p a rtic u la r  a q u a lita tiv e
understand ing  o f volcanic activ ity  w ith tim e. In constrain ing  
geological activity , the theory that Venus may have undergone 
periods of catastrophic resurfacing and global tectonic events may 
be assessed; and (2) the styles of volcanism prevalent on Venus in 
com parison to Earth. W ith the advantage of M agellan data, this 
thesis will attem pt to contribute to the two points above.
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1.5.1 The VMAP Project

A specific programme currently addressing the question of 
the global stratigraphy of Venus is the Venus Geological Mapping 
P roject (VM AP). This collaborative pro ject betw een NASA and 
United States Geological Survey (USGS) aims to provide systematic 
scientific investigations of defined quadrangles o f Venus in order 
to produce a global set of geological maps published by the USGS. 
Each map w ill provide a description and in terpretation  of the 
geology of the quadrangle. Assimilating the findings from detailed 
mapping will improve the geological understanding of Venus on a 
g lobal scale, in particu lar its stratigraphy. The VM AP project 
rep resen ts  a m ajor ob jec tive  of the post-M agellan  m ission  
activ ities and involves the integration of the various M agellan 
data sets.

A prim ary task of the thesis was to investigate the geology 
and stratigraphy of two quadrangles, V I 9, Sedna P lan itia  and 
V31, Sif Mons. Chapter 3 presents the findings from the mapping 
of the designated quadrangles. An extended survey of the rest of 
G uinevere and Sedna Planitiae using full resolution FM AP data 
p ro d u c ts  is draw n upon  to verify  u n it d e sc rip tio n s  and 
stratigraphie observations from the two quadrangles.

A global set of synthetic stereo images was acquired by the 
Planetary Image Centre (UCL) which, to date, is one of the few 
institutes to have access to this data set. Synthetic stereo greatly 
aids in  the construction of unit boundaries and cross-cu tting  
re la tions. Synthetic stereo images have sign ifican tly  aided the 
in te rp re ta tion  of stratigraphie relations w ithin  the quadrangles 
m apped in this thesis and at other localities on the planet. The 
new observations and in terpretations from  the study area are 
used to assess current global stratigraphie and resurfacing models.

S yn thetic  stereo has been usefu l in  understand ing  the 
form ation  and stratigraphy of coronae (tecto-volcanic landform s 
abundan t on V enus). The ability  to view  coronae in three 
dim ensions is particularly useful in constructing a time frame for 
various styles and scales of structures at these landform s. Chapter
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4 presents the findings of a detailed study of coronae within the 
S if Mons m apping quadrangle. The results from detailed mapping 
not only test current m odels of corona form ation but have given 
considerable insight into venusian stratigraphy.

Full resolution FMAP and stereo data have also enabled a 
deta iled  study of S if and G ula M ontes, two large venusian 
vo lcanoes con ta ined  w ith in  V 31. The e rup tive  h isto ry  and 
in terp reta tion  o f in ternal and external processes are discussed 
based on the new observations, and compared with a num ber of 
extensively studied terrestrial volcanoes in Chapter 5. The Chapter 
also serves to test some of the models associated with large shield 
form ation on Venus. Chapter 6 summarises the conclusions of the 
research and outlines potential future work.

Before presenting the findings of the research. C hapter 2 
review s and compares current m odels which describe the global 
stratigraphy of Venus. M odels of form ation of coronae and large 
shield volcanoes are also discussed. The m odels described in 
C hapter 2 are those to be tested using observations from  the 
research  undertaken here.

1 .6  S u m m ary

Venus has a diam eter, m ean density and bulk chem ical 
com position sim ilar to that of the Earth. However, the atm osphere 
is dom inated by CO 2 , and surface tem peratures and pressures are 
470 and 90 bars respectively. Venus rotates in retrograde m otion 
and has a day which is longer than its year.

The first global scale observations using terrestria l radar 
show ed con tinen t sized land m asses and id en tified  d is tin c t 
volcanic landform s similar to those on Earth, and areas which had 
undergone tec ton ic  m odification  {Campbell et al., 1989, 1990; 
Senske et al., 1991b).
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Pre-M agellan spacecraft investigations have included fly-by, 
orbiter and surface lander m issions. The firs t fly-by m issions 
added to the understanding  of the venusian  environm ent, in 
particu lar atm ospheric characteristics. The V enera and Pioneer 
o rb ite rs  c a rried  m o d es t-re so lu tio n  sy n th e tic  ap ertu re  rad a r 
instrum ents which resolved the main com ponents of the venusian 
surface: volcanoes, m ountain belts, volcan ic  p lains, deform ed 
uplands nam ed tesserae, and circu lar volcanic structures nam ed 
coronae {Pettengill et al., 1980a, 1980b; Masursky et al., 1980; 
Barsukov et al., 1986; Basilevsky et al., 1986; Ivanov et al., 1986; 
Basilevsky and Head,  1988; and Schaber ,  1990).

Seven Russian landers collected chem ical data of the surface 
and found  co m p o sitio n s c o n s is te n t w ith  th o le iit ic  b a sa lt 
{Florensky ,  1977b) except at the Venera 8 site. Here, compositions 
are m ore akin to m ore evolved rocks { N i k o l a y e v a ,  1990). 
Panoramic images show the venusian surface composed of slabs of 
rock separated by an assortm ent of fines.

The M agellan  radar m apping m ission  was designed  to 
answ er a num ber of outstanding scien tific  questions from  the 
previous m issions including how Venus losses heat and the main 
research  areas o f this thesis: venusian  s tra tig raphy  and the
evolution of volcanic landforms. Approxim ately 98% of the planet 
was imaged by SAR radar at a resolution of between 120 and 300 
m etres. The SAR data are com plem ented  by ancilla ry  data  
(em issivity, reflectiv ity  and rms slope m easurem ents) as well as 
synthetic C l and C2-MIDR stereo images. The M agellan data are 
availab le  in a num ber o f form ats both on CD-ROM  and as 
photoproducts. The availability of these new data sets has been 
used in th is research to further constrain  the stratigraphy of 
V enus and investigate  selected  vo lcan ic  and vo lcano-tecton ic  
p ro cesses .

32



Chapter 2

Current Models of Stratigraphy and Volcanic 
processes on Venus

2 .1  In tr o d u ct io n

D etailed  m apping undertaken during the course of this
thesis, using  new data (described in C hapter 1), is used to
investigate three areas of venusian geology: (1) Stratigraphy; (2) 
coronae evolution and their stratigraphie significance; and (3) the 
evolution of Sif and Gula M ontes, two large shield volcanoes. 
V arious m odels are proposed to explain the stra tig raphy  and 
volcanic landform s seen on the surface of V enus. W ith new 
observations presented here, these models are tested and refined 
in the subsequent chapters. The purpose of this chapter is to 
sum m arise previous m odels which attem pt to explain the global 
venusian stratigraphy, coronae evolution, and the m orphology of 
large shield volcanoes.

2 .2  A Model of the Global Stratigraphy of Venus

Basilevsky and Head  (1994, 1995a, 1995b, 1996), Head and  
B a s i le v s k y  (1996) and Basilevsky et al. (1996, 1997) have created 
a first attem pt at a ‘global stratigraphy m odel’ for Venus, based on 
m apping using standard techniques describe by Tanaka et al. 
(1994). The model was constructed by analysing the stratigraphie
relations at 36 sites which contained craters surrounded by radar- 
dark parabo lo id  m aterials (paraboloid  craters). The use o f 36 
paraboloid craters is considered by the authors of the m odel to 
avoid a bias in preference of site selection, m ade because the 
crater distribution is assumed to be random on Venus {Schaber et 
al., 1992; Strom et al., 1994). Furtherm ore, paraboloid craters are 
interpreted to be among the youngest 10% of the venusian crater 
p o p u la tio n  {Campbell et al., 1992) and are considered by the
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authors of the m odel to represen t a convenient stra tig raph ie  
m a rk e r .

For each site selected, the stratigraphie relations between all 
m ajor fea tu res , s truc tu res and te rra in s w ith in  an area  o f 
approxim ately  1000 x 1000 km (centred at the crater) w ere 
established. The results from  each site were com pared and a 
stratigraphie model created. The 36 sites have a combined area of 
abou t 36x10^ km^, approxim ately 8% of the total surface of 
Venus. Photoproduct and CD-ROM Cl-M ID Rs and F-MIDRs (where 
available) were consulted at each locality  as w ell as altim etry 
data. However, the use o f FMAPs and C l-M ID R  synthetic stereo 
photoproducts, w hich are of v ita l im portance in  constructing  
stratigraphie relations (Chapter 1, 1.5), is not mentioned.

From the study, Basilevsky and Head  (1994, 1995a, 1995b,
1996) and Basilevsky et al. (1997) recognise four geological time 
subd iv is io n s (P eriods), four re la ted  tim e -s tra tig ra p h ic  un its  
(System s), and seven rock-stra tig raphic  units (G roups) (Figure 
2.1). In all 36 sites, the stratigraphy could be constructed with 
just 10 different terrain units and six types of structures. The four 
proposed Periods, associated System s and G roups defined are 
considered to represent geological processes which acted globally: 
different styles of volcanism  and deform ation characterise specific 
time periods of venusian history. The above model is referred to 
as a ‘d irec tio n a l’ stra tig raphie  m odel w ith in  the thesis. The 
d ire c tio n a l n a tu re  of th is m odel w ill be te s ted  ag a in st 
observations p resen ted  in C hapter 3. The d iv is ions o f the 
stratigraphie model are as follows:

2.2.1 The Pre-Fortunian Period

The period represents the first 80-90% of venusian history. 
The Pre-Fortunian System  is the only rock-stra tig raphic  system  
and is c o n s id e re d  no lo n g er p re se rv e d  in  the su rface  
géom orphologie record {Basilevsky and Head,  1995a, 1995b, 1996; 
Basilevsky et al., 1997). The conclusion is based on present 
surface crater retention ages.
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Figure 2.1 Proposed global rock-stratigraphic, time stratigraphie, and geological time units 

for the global stratigraphie model, Basilevsky and Head (1995b).* refer to references from 

Basilevsky (1993) and Strom  (1993). T+ is the crater retention age of the surface of Venus 

(see text for estimates of this age). $ calculation by Ivanov and Basilevsky (1993) of crater 

retention age for tessera. After Basilevsky and Head (1995b).
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As with other bodies in the solar system ( W i l h e l m s , 1990),
the crater density on Venus may be used to estim ate the retention 
age of the surface. Analysis of M agellan im ages has identified  
approxim ately 932 craters (Schaber et al., 1992, Figure 2.2). A
further 401 failed impact sites (craterless splotches) are identified 
(Strom et al., 1994). Strom et al. (1994) state im pact craters on 
Venus cannot be distinguished from a random  distribution model, 
both spatially  and hypsom etrically (Figures 2.3 and 2.4). From
these observations, the crater retention age of Venus places the
average absolute age of the entire surface of Venus between 500 
and 300 Ma (Phillips et al., 1992; Strom et al., 1994; Price and  
S u p p e ,  1994; and Price et al., 1996). V ariations of this average 
range from 800 Ma to 190 Ma ( S c h a b e r  et al., 1992; Strom et al.,
1994). The conclusion drawn is that the bulk of the surface of 
Venus is considerably younger than that of M ercury, Mars and the 
M oon.

2.2.2 The Fortunian Period

This Period contains the Fortunian System . The m aterials 
contained in the Fortunian System are considered to be the m ost 
ancient on Venus. The bulk are defined as tessera units (Tt), with 
com pressional m ountain belts (e.g. those which surround Lakshmi 
Planum ) included as structural facies. Tesserae are described as 
h eav ily  m od ified  m ateria ls w hich have undergone  m u ltip le  
ep isodes o f deform ation , resu lting  in  at least two sets of 
intersecting ridges and grooves.
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Figure 2.2 Sinusoidal equal-area projection showing the sizes and distribution of 932 craters identified on 98% of the surface of Venus. After Strom et al. (1994), 

modifîed from Schaber, (1992).
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Figure 2.3 Comparison of a Monte Carlo simulation (Random) and the actual distribution of 932 impact craters (98% surface area) on Venus (Strom et al.̂  

1994). The clusters and holes within the Monte Carlo simulation are stochastic variations, while some of those seen in the Venus plot are due to gaps in the 

coverage (2%). After Strom et al. (1994).
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Figure 2.4 Histogram showing the percentage of impact craters compared with surface 

area in 500 m elevation bins (Strom et aL, 1994). Strom et al. (1994), state that craters are 

randomly distributed with respect to elevation. After Strom et at. (1994).
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T esserae  are co n sid ered  to rep re se n t a te c to n ic a lly
deform ed precursor terrain belonging to the Pre-Fortunian Period 
{Barsukov et. al., 1986; B a s i le v sky  et al., 1986; Bindschadler  and  
H e a d ,  1991). Tesserae have upstanding topography, a strong radar
return and high rms slopes. Some authors have referred to tessera
as Com plex R idged Terrain (CRT) for instance Solomon et al. 
(1992). The unit constitutes approxim ately 8% of the venusian 
surface {Ivanov and Head, 1993) and is considered embayed and
overlain by all younger plains m aterials. The authors of the model 
state that this observation establishes the stratigraphie position of 
tessera  to be pre-p la ins em placem ent {Basilevsky and Head,  
1995a, 1995b; Basilevsky et al., 1997).

The density, distribution, and deform ation characteristics of 
craters on tessera terrain have been used by Gilmore et al. (1997) 
to constrain  late-stage tessera extension to approxim ately 30-60 
Ma, less that 20% of the average crater retention age for tessera.

2.2.3 The Guineverlan Period

Basi levsky and Head  (1995a, 1995b, 1996) and B a s i l e v s k y  
et al. (1997) claim  in their global stratigraphy m odel that all 
p lains m aterials are contained in one system: the G uineverian 
System . The System  contains the ‘G uineverian  S uperg roup ’, 
com prising a sequence of four rock-stratigraphic Groups: Sigrun, 
L av in ia , R u sa lk a  and A tla  G roups. The au tho rs  observe  
‘unconform ities caused by episodes of tectonic deform ation’ which 
allow  the separation of the groups {Basilevsky et al., 1997). 
U nconform ities also separate the G uineverian Period from  the 
o ld er F o rtu n ian  and younger A ure lian  P eriods. T he rock- 
stratigraphic units that make up the four groups are sum m arised 
below .
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The Sigrun Group: D ensely fractured  plains terra in  (Pdf) and 
deform ed m aterials w ithin the interiors of coronae (COdf). The 
deform ation is characterised by swarms of graben considered to 
represent a global period of crustal extension w hich cut plains 
m aterials and tesserae. Pdf units are observed as inliers embayed 
by younger p la ins m ateria ls. The m ateria ls are cla im ed  by 
Basilevsky and Head to embay the Fortunian Tessera terrain. The 
Group represents 3-5% of the total surface area of the 36 selected 
sites {Basilevsky and Head, 1995b; 1996; Basilevsky et aL, 1997).

The Lavinia  Group: R epresents two rock units: ridged plains 
m aterials (Pfr) and ridge belts (RB) which deform  w idespread 
plains m aterials with a sim ilar appearance to the Rusulka plains 
m aterials described below. Pfr and RB are considered structural 
facies of the Lavinia Group and are observed as: (1) broad ridging 
over a wide area, classified as Pfr; (2) clustered ridging also 
classified as Pfr; and (3) ridge belts (RB) observed as a ‘chain of 
islands’ or a ‘long island’ of ridging embayed by younger plains 
m aterials {Head and Basilevsky,  1996; Basilevsky et al., 1997). 
The two rock units comprise 1-3% of the total area represented by 
the 36 sites.

The Rusulka Group: Represents w idespread global (70% of the 
venusian surface) volcanism  form ing extensive plains m aterials of 
in term ediate  radar brightness w ith sm all and large radar-b righ t 
and radar-dark  flows {Basilevsky and Head, 1995b). The units 
w ere  su b seq u e n tly  d e fo rm ed  by a ‘g lo b a l n e tw o rk ’ o f 
com pressional w rinkle ridges (Pwr), considered sym ptom atic of 
Rusulka plains m aterials. The m aterials are in terpreted  as flood 
lavas, analogous to terrestrial tholeiitic basalts based on chem ical 
analysis of the surface {Basilevsky and Head, 1995a, 1995b, 1996; 
Basilevsky et aL, 1997).

The Atla  Group: Two rock-stratigraphic units are defined w ithin 
the Atla Group: smooth (Ps) and lobate (PI) plains m aterials. The 
units are associated with rift zones, large shield volcanoes such as
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Sif and Gula Montes (Chapter 5), and coronae. The landform s are 
in ferred  to in d ica te  a m ore lo ca lised  sty le  o f vo lcan ism  
{Basilevsky and Head, 1995b, 1996; Basilevsky et aL, 1997). The 
group ‘represents about 10% of the surface’ {Basilevsky and Head, 
1995b; Basilevsky et aL, 1997).

2.2.4 The Aurelian Period

The youngest geological Period has one system  containing 
one rock-stratigraphic unit, the Aurelia Group. The A urelia group 
is com posed of parabolic radar-dark m antles (Cdp), crater ejecta 
m aterials and central peaks (named after the crater Aurelia in the 
V31 m apping quadrangle). Aeolian features described by G re e le y  
et aL (1992) are also included in this Group (Ss). The total area 
occupied globally by Cdp is estimated by Campbell et aL (1992) to 
be 8%. The authors state A urelia group m aterials overlay all 
stra tig raphie  units described above, except for the rare cases 
w here volcanism  postdates parabolo id  craters, for instance at 
Maat Mons, 0.5^ N, 194.6^ E {Basilevsky, 1993).

2 .3  A Sequence of Deformation within the Global 
Stratigraphy Model

S truc tu ra l re la tions observed by H ead  and  B asilevsky ,
(1996) are placed in context within the global stratigraphy m odel 
(F igure  2 .5 ). The au thors d is tin g u ish  betw een  w e ll-d e fin ed  
stra tig raph ie  un its, and structures associated  w ith  periods of 
d e fo rm a tio n .

Broadly, structures w ithin the m odel are d ivided into two 
groups: structures associated with tessera, and structures which 
deform  p lains m aterials. P lains structures are subdiv ided  into 
ridge belts (RB), w rinkle ridges (W r), three coronae structures: 
COdf (deform ed coronae interiors), COar (concentric and/or radial 
fractures), and COaf (ridges forming corona annuli), and rift zones.
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Figure 2.5 Summary of Venus global stratigraphy model proposed by Basilevsky and Head 

(1994). The left column shows map units in order of stratigraphie position (oldest at the 

bottom) and associated structures. Interpreted geological history is sketched in the next 

column. The right hand columns describe the geological processes responsible for the 

units. Note how stages of corona formation (COdf, COar, and COaf) are restricted to 

specific periods of geologic time, an observation inconsistent with coronae observed in the 

V31 mapping quadrangle (Chapter 4). After Basilevsky and Head (1994).
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As w ith  vo lcan ism , the d e fo rm a tio n a l p ro cesses  are 
considered strongly directional (i.e. distinct styles o f deform ation 
have occurred one after another at discrete tim es throughout the 
history of Venus). The deform ation and resulting structures are 
described in stratigraphie order by Head and Basilevsky  (1996) as 
follow s:

T e s s e r a  de form ation  event  - t e s s e r a t io n  (Tt): This initial event 
represents the earliest deform ation processes and gave rise to the 
structures observed w ithin tessera units. The event im plies initial 
c ru sta l shorten ing  w hich changed to ex tensional deform ation , 
producing first ridges then cross-cutting graben {Bindschadler and  
H e a d  1991; Bindschadler et aL, 1989, 1992a, 1992b; Ivanov and  
H e a d  1995; B asilevsky  et aL, 1997). The graben, as well as 
‘p o ss ib le ’ shear faulting {Basilevsky et aL, 1997), form  densely 
frac tu red  terrain  w ithin the Fortunian and Sigrun Groups. The 
shear faulting is claimed to cut into tessera m aterials.

R id g e  b e lt  d e fo rm a tio n  even t  (RB): The g lobal period  of 
deform ation which gave rise to ridge belts only deform s Lavinia 
G roup p lains m ateria ls. The authors in te rp re t ridge  belts as 
representing a transition from a dom inance of global extensional 
deform ation to global com pression {Head and Basilevsky, 1996; 
Basilevsky et aL, 1997).

Wrinkle ridge deformation event (Wr). The model implies a global 
p e rio d  o f  co m p re ss io n a l d e fo rm a tio n  o c cu rred  a fte r  the  
em placem ent o f the R usulka plains m aterials w hich produced 
pervasive  w rinkle ridge structures. W rinkle ridges are claim ed 
not to deform  the younger Atla Group and are rare w ithin the 
older Sigrun Group. {Basilevsky and Head, 1995a, 1995b, 1996; 
Basilevsky et aL, 1997).

Based on the paucity of craters deform ed by wrinkle ridges 
{Schaber et al. 1992, and Strom et al. 1994, show that betw een 
62% and 84% of craters on Venus are unm odified by deformation). 
Basilevsky et al. (1997) claim  that wrinkle ridges were em placed
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in a relatively short period of time, probably less than 30-45 Ma 
after the emplacem ent of the Rusulka plains m aterials.

A sequence o f  deformation associated with coronae  (COdf, COar 
and COaf). Basilevsky and Head  (1995b, 1996) and Basilevsky et 
al. (1997) assume an ‘ideal sequence’ for corona form ation. The 
sequence im plies sequential periods of deform ation associated and 
restric ted  w ithin  the geological Groups described  above. The 
sequence postulated is as follows: (1) early in terior deform ation 
(COdf), restricted to the Sigrun Group; and (2) interm ediate stages 
o f corona evolution contemporaneous with the Rusulka Group and 
w rinkle ridge form ation (COar, COaf). It is claim ed that corona 
evolu tion  is contro lled  by the tectonic environm ent dom inant 
during each system or group {Basilevsky et aL, 1997).

2 .4  Summarising the Global Stratigraphy Model

B asilevsky  and H ead  (1995a, p. 285) infer a ‘distinctive 
regional and global stratigraphie, and geologic sequence’ from  
their observations, the key stages being:

1. A global catastrophic tectonic event (or te s se ra t io n )  destroyed 
pre-existing  units and produced tesserae, the o ldest w idespread 
geological unit.

2. W idespread  plains em placem ent subsequently  deform ed by 
ex tensive and closely-spaced graben w hich define the Sigrun 
g roup .

3. F u rth e r p la ins em placem ent, defo rm ed  by a p erio d  of 
com pressional stresses resulting in the production of ridge belts 
(RB) confined to the Lavinia group.
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4. Em placem ent of Rusulka Group flood basalts, considered the 
m ost w id esp read  o f a ll p la in s  m a te ria ls . T he m a te ria ls  
s u b s e q u e n t ly  u n d e rw e n t c o m p re s s io n a l  w r in k le  r id g e  
deform ation. The wrinkle ridges form ed globally in a relatively  
short period of time, since they are not seen (by the authors of the 
m odel) to deform the younger volcanic m aterials which belong to 
the Atla Group, nor do they deform many venusian craters.

5. A switch to more recent localised volcanism  associated with 
coronae, large shield volcanoes and rifts. The Aurelia Period began 
30-50 Ma ago, and represents low levels of volcanism and rifting.

The model is strongly directional, represented by periods of 
ex tensional and com pressional tectonism  w hich occurred  on a 
g lobal scale, together w ith d istinct styles o f volcanic activity , 
resurfac ing  the p lanet at d ifferen t tim es. V olcanic activ ity  is 
considered to have declined from w idespread reg ional (Lavinia 
and Rusulka Group plains form ation) to more local events (Atla 
Group large shield form ation) with increasing age, interpreted as 
the resu lt of a thickening lithosphere. The m odel im plies that 
tectonic activity has declined over time in a sim ilar fashion to 
volcanism  {Phillips and Hansen, 1997).

2 .5  A Global Resurfacing Model (GRM) and Equilibrium 
Resurfacing Model (ERM): Two ‘end member’ scenarios

T he in te rp re ta tion  of volcanic units, struc tu res and the 
c ra ter population  has led to two opposing resu rfac ing  m odels 
which attem pt to explain the geological history of Venus (Figures
2.6 and 2.7): (1) A synchronous global resurfacing event, (the 
G lobal R esurfacing  M odel, GRM, or C atastrophic  R esurfacing  
M odel); and (2) a m ore localised  resu rfac ing  p rocess active 
th ro u g h o u t the  bu lk  o f ob se rv ed  v e n u sian  h is to ry  (the  
Equilibrium  Resurfacing Model, ERM).
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(a) C a ta s tro p h ic  resu rfac ing
r e s u r f a c i n g  t a k e s  p l a c e  

i n f r e q u e n t l y  a t  e x t r e m e l y  

h i g h  r a t e s

r e s u r f a c i n g  r a t e  v e r y  l o w  

b e t w e e n  e v e n t s  

p r o d u c t i o n  c r a t e r  p o p u l a t i o n  

a l m o s t  a l l  c r a t e r s  p r i s t i n e

(b) Regional resurfacing: ''collage"
r e s u r f a c i n g  e v e n t s  l o c a l  a n d  

s u f f i c i e n t l y  l a r g e  t o  o b l i t e r a t e  

c r a t e r s  c o m p l e t e l y  

r e s u r f a c i n g  p a t c h  s i z e ,  

f r e q u e n c y  a n d  i n t e g r a t e d  

r e s u r f a c i n g  r a t e  s p e c i f i e d  

b y  c r a t e r  p o p u l a t i o n  

v a s t  m a j o r i t y  o f  i m p a c t  

c r a t e r s  a r e  u n m o d i f i e d

Figure 2.6 Block diagrams of Venus resurfacing models, illustrating the catastrophic and 

equilibrium resurfacing models of (a) Strom et al. (1992) and (b) Phillips et al. (1992). After 

Head et al. (1992).
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Figure 2.7 Paradigms for models of geological formation evolution of Venus. Each model is 

plotted against 3 periods described by Ivanov and Head (1996). Period I represents material 
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the formation o f presently observed tessera and widespread deformed volcanic plains 

(Sigrun Period). Period III represents the emplacement of smooth volcanic plains, regional 

rifting and volcanic edifice formation. The bulk of cratering took place during period III. 

After Ivanov and Head (1996).
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The two opposing models were first discussed by Schaber et 
al. (1992) and Phillips et al. (1991a, 1992) respectively, and were 
subsequently developed by other authors (e.g. Bullock et al., 1993; 
Herrick, 1993, 1994; Izenberg et al., 1993; and Strom et al., 1994).

The Global Resurfacing Model - GRM
This model suggests Venus experienced ‘a global resurfacing 

event about 300 m.y. ago, follow ed by a dram atic reduction of 
volcan ism  and tec ton ism ’ {Strom et al., 1994, p. 10,899). The 
em phasis is on reduction rather than total shutdown of volcanic 
and tectonic activity {Schaber et al., 1992; Strom et al., 1995). The 
global resurfacing event is considered to have ended abruptly (< 
10 m .y). The model assumes a production crater population (i.e. 
one w here the num ber of craters on the surface are increasing 
w ith tim e). The present crater population reflects the later, less 
in te n s iv e  bom bardm en t o f V enus, w hile  the  early  heavy
bom bardm ent, as seen on the Moon, is considered to have been 
erased by the synchronous global resurfacing event.

The Equilibrium Resurfacing Model - ERM
In contrast to the GRM, Phillips et al. (1992) assum e the 

c ra ter population  is an equilibrium  population . Phillips et al. 
(1992) H errick and Phillips (1994) Herrick et al. (1995) question 
w hether the random  areas where craters are lacking, or where 
craters cluster, occur purely by chance. Phillips et al. (1992)
suggest that the distribution of embayed and deform ed craters is 
non-random  and may potentially  aid in defining the am ount and 
sty le  o f geo log ica l activ ity  on V enus subsequen t to p lains 
fo rm atio n .

T he m odel im p lies  c ra te rs  are  be ing  d e s tro y ed  at 
approxim ately  the same rate at which they are produced on a
global scale. Local resurfacing occurs in ‘small patches’ (no greater
than 400 km across) at a lim ited number of regions on the planet 
at any one time. The authors claim  that resurfacing has occurred 
at specific times throughout the observable history of Venus, that 
a m ajor resurfacing episode is unlikely to have occurred, and that
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there are clearly distinct surface ages on the planet {Phillips et al., 
1992).

S u p p o rte rs  o f  the  e q u ilib r iu m  re s u r fa c in g  m o d el 
substan tia te  the theory w ith evidence that cra ters w hich are 
embayed (approxim ately 3.4% of the crater population, Strom et 
al.,  1994) and deform ed tend to occur in areas of low crater 
density, implying resurfacing has occurred on a local scale more 
akin to volcanic surfacing currently observed on Earth.

Several geophysical models describe how global resurfacing 
may be responsible  for the em placem ent of ubiquitous plains 
m aterials on Venus employing various form s of m antle overturn 
sum m arised in Figure 2.7 (e.g. see A rkan i-H am ed  and Toksoz, 
1984; A r k a n i - H a m e d  et al., 1993; A r k a n i - H a m e d ,  1994; 
Parmentier and Hess, 1992; Turcotte, 1993, 1995; H errick ,  1994). 
In considering resurfacing on Venus, evidence exists for enhanced, 
episodic regional resurfacing events on Earth. L a r s o n  (1991a, 
1991b), G a r z a n t i  (1993), and Coffin and E ldholm  (1992, 1993,
1994) suggest periods of accelerated m antle convection result in 
superplum es, recognised in the geological record  by anom alies 
including enhanced alkalic basalt production, enhanced spreading 
rates, and environm ental changes owing to increased  volcanic 
activ ity . Coffin and E ldholm  (1992, 1993, 1994) discuss the 
form ation of ‘Large Igneous Provinces’ (LIPs) w hich represent a 
continuum  of voluminous mafic rocks attributed to m antle plumes 
and h o tsp o ts . L IPs are co n sid ered  to rep re se n t ep iso d ic  
punctuations in the relatively steady state production of crust on 
Earth. Sim ilar processes may have acted during the evolution of 
Venus, on larger scale to produce the volcanic plains materials.

Basilevsky and H ead  (1995a, 1995b) and Basilevsky et al.
(1997) conclude that Strom ’s global resurfacing m odel agrees well 
with the stratigraphie relations they observed. They re jec t the 
equilibrium  resurfacing m odel because they do not identify  unit 
repetition within their 36 sites: the area of each 36 study sites 
being considerably larger than the ‘patch size ’ resurfacing area 
described by Phillips et al. (1992).
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2 .6  Models of Evolution for Volcanic Landforms on 
V en u s

The second half of this chapter focuses on models of volcanic 
evolution for coronae and large shield volcanoes. The m odels 
described below are tested qualitatively using observations from  
detailed studies of coronae and S if and Gula M ontes, located  
w ith in  the V31 m apping  q uad rang le  (C hap te rs  4 and 5 
re sp ec tiv e ly ).

2.6.1 A Model for Corona Evolution and Stratigraphie 
Sign ifican ce.

Coronae consist of concentric annuli of ridges and/or graben 
{Barsukov et al., 1986; Stofan et al., 1992; Squyres et al., 1992). 
M ost have a circular or ovoidal planform  shape, w ith m axim um  
diam eters of 65 to 2100 km. The topography of coronae varies, 
however m ost display a raised rim  {Stofan et al., 1992, 1997). 
Volcanism  is nearly always associated with coronae, the am ount 
and style of which varies both spatially and tem porally {Stofan et 
al., 1992; Head et al., 1992; Roberts and Head, 1993).

A number of models have been presented to account for the 
m orphology and form ation of coronae. How ever, current m odels 
do not explain  the m any variations in m orphology w hich are 
observed {Stofan et al., 1992; Stofan and Smrekar, 1996). Coronae 
occur in several tectonic environm ents including volcanic rises, 
the plains and, most commonly, along chasm ata systems {Stofan et 
al.,  1997). Three stages of corona evolution are inferred  from  
p rev io u s  o b se rv a tio n s  and th e o re tic a l m odels  have  been  
developed to explain these observations {Stofan and Head, 1990; 
Stofan et al., 1992; Squyres et al., 1992). The three stages are as 
follow s:
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Stage 1: Uplift and volcanism
In the first stage of evolution, uplift and volcanism  occur 

accompanied by interior, radial extensional deform ation {Stofan et 
al., 1992; Squyres et al., 1992). Stofan and Smrekar  (1996) suggest 
that an in itia l volum inous ex trusive ep isode, w hich p redates 
annulus form ation, occurs during this first stage. The first stage 
has been m odelled as a rising spherical diapir resulting in uplift 
and associated deform ation consistent with that observed at many 
coronae {Stofan et al., 1991; Tackley and Stevenson, 1991; Janes et 
al., 1992; Koch, 1994; Koch and Manga, 1996).

Stage 2: Formation o f  annulus
The second stage of evolution involves the form ation of an 

annulus of either ridges and/or graben. During the second stage, it 
is predicted that the diapir impinges on the lithosphere, flattening 
and spreading laterally, to form concentric fractures at the rim  of 
a plateau {Janes et al., 1992; Koch,  1994).

Stage 3: Topographic reduction and volcanism
The third and last stage of coronae form ation is considered 

to in v o lv e  red u c tio n  o f topog raph ic  re lie f  and co n tin u ed  
volcanism . The reduction in re lief and production o f the outer 
trough has been m odelled as gravitational relaxation {Stofan et al., 
1991; Janes et al., 1992). A second model, proposed by S a n d w e l l  
and Schubert  (1992), suggests that during the last part of m antle 
upw elling , m ateria l b reaches the lithosphere  and em places a 
substantial load on the surface. In time, the lithosphere is ‘rolled 
back’ and retrograde subduction occurs form ing an annular ridge 
and trough.

The stratigraphy o f  Coronae
V arious stratigraphie and/or absolute age dates have been 

proposed for corona formation {McGill, 1994; Namiki and Solomon, 
1994; Price and Suppe, 1994; Basilevsky and Head, 1994, 1995a 
1995b; Head and Basilevsky, 1996; Price et a l ,  1996; Basilevsky et 
al.,  1997). These studies place the m ajority of corona form ation
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after that of regional plains and before the large volcanic shields 
{ M c G i l l ,  1994), with absolute ages calculated at 120±115 M a 
{Namiki and Solomon, 1994; Price and Suppe, 1994; Price et al., 
1996).

H ow ever, o f considerab le  im portance is w hether c ra ter 
densities can be used to infer the date of specific mapped units on 
V enus. Strom et al. (1994) state that because im pact craters on 
Venus cannot be distinguished from a random  distribution m odel, 
(both spatially and hypsom etrically) trying to obtain relative and 
absolute dates of local and regional terrains from crater densities
alone is prone to errors.

As coronae have im portan t im plications for the in ternal 
dynam ics of Venus, it is im portant to better constrain how they 
form , the contribution they make to venusian volcanism, and their 
significance through time. W ork presented in Chapter 4 is used to 
validate  the three stage evolutionary m odel, and tests w hether 
the stratigraphie model proposed by Basilevsky and Head, and the 
interpretation of statistical dating methods of Namiki and Solomon
(1994), Price and Suppe (1994) and Price et al. (1996) apply to
coronae observed in V31.

2.6.2 Large Shield Volcanoes

A nother way in w hich volcanism  is m anifested  on the 
surface of Venus is in the form of large volcanic edifices, first 
identified  with Arecibo and Venera 15/16 radar data { M a s u r s k y  
et al., 1980; Campbell et al., 1989; S c h a b e r  and Kozak, 1 9 8 9 ;  
Campbell and Campbell, 1990; Schaber ,  1991). A global survey by 
Crumpler et al. (1997), which uses M agellan data identifies 167 
large shield volcanoes with diameters greater than 100 km.

Large shield volcanoes on Venus are considerably lower and 
broader than their terrestria l counterparts { S c h a b e r  and  Kozak, 
1989). S c h a b e r  (1991) measured the heights of 12 large venusian 
shield volcanoes and showed the majority were < 2.5 km in relief, 
w hile Ivanov  and Basilevsky  (1990) m easured basal diam eters
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and recorded  a m edian area of -6 0 ,0 0 0  km^. In com parison, 
M anna Loa (Hawaii) is more than 8 km high, with a diam eter of 
-15 ,000  km2.

W hat m ay account for the d ifference in d im ension  of 
venusian  volcanoes? From  m odelling. Head and Wilson  (1992) 
suggest the greater width to height ratio of venusian volcanoes is 
linked to the development of neutral buoyancy zones (NBZs). The 
vertical position of NBZs are considered different on Venus in 
com parison  to E arth , ow ing to the am bien t env ironm en ta l 
cond itions, in pa rticu lar atm ospheric  p ressure . R y a n  (1987a, 
1987b) defines NBZs as regions of neutral buoyancy produced 
when the in situ densities of m agm atic fluids and surrounding 
coun try  rocks are equal, and considers th e ir developm en t 
im portan t w ithin terrestrial volcanoes.

How do NBZs change with the evolution of shield volcanoes? 
G eodetic data from  the H aw aiian shields indicate that as they 
grow , the ir sum m it m agm a reservoirs rise  p rog ressively  w ith 
edifice construction {Decker et at., 1983). Progressive eruptions at 
the summit of the volcano raise the floor of the caldera or rift (the 
zero  co n fin in g  p ressu re  datum ) and changes the  p ressu re  
distribution  within the edifice. In order to rem ain in equilibrium  
w ith its surroundings (i.e. neutrally buoyant), the sum m it storage 
reservo ir m ust m ove upw ards to adjust for the grow th of the 
edifice and change in pressure: as R ya n  (1987a) states, ‘Hawaiian 
m agm a reservoirs lift themselves up by their own boot straps.’

F u rtherm ore , H aw aiian volcanoes show an evo lu tionary  
track  along w hich con tinuously  read justing  NBZs o f sum m it 
m agm a storage regions move upwards: the higher the volcano, the 
greater distance the magma reservoir has m oved vertically. Loihi 
and M auna Loa are current end m em bers o f the evolu tionary  
track {Ryan,  1987a, 1987b, Figure 2.8).
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Figure 2.8 The growth and development of oceanic terrestrial volcanoes. The diagram 

shows how, on Earth, the neutral buoyancy zone of the magma reservoir (circle with 

horizontal dash) moves vertically upwards with the growth of the edifice. In comparison, it 

is considered that magma reservoirs on Venus are more likely to remain below the volcano 

owing to the great variation in atmospheric pressure, with lateral growth being more 

dominant than vertical growth {Head and Wilson, 1992). The difference in the magma 

reservoir and neutral buoyancy position may explain the greater width to height ratio of 

venusian volcanoes compared with terrestrial volcanoes. After Ryan (1987a).
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For both Kilauea and M auna Loa, the calculated position of 
the NBZ coincides with a geodetically and seism ically determ ined 
sum m it storage magma reservoir, at approxim ately  3 km local 
depth {Ryan,  1987a, 1987b). Sim ilar observations w ere found at 
Icelandic volcanoes {Ryan,  1987a, 1987b). Hence it is concluded 
that the magma reservoir lies within the edifice.

But what of Venus? Head and Wilson (1992) m odelled NBZ 
developm ent on Venus and Earth. Their results h ighlight several 
im portant considerations regarding volcanism . For large shield 
volcanoes, it is shown that for m agm a w ith a fixed  volatile  
content, NBZs becom e deeper with increasing  edifice elevation 
(Figures 2.9 and 2.10, Table 2.1). Hence, the magma reservoir may 
not reside within the volcanic pile.

The deepening of the magma reservoir relative to edifice 
growth on Venus is considered a consequence of the significant 
vertical change in atm ospheric pressure. H ead and Wilson (1992) 
suggest that as a venusian  volcano increases  in  e levation , 
successive flow  units have low er d en sities . A decrease  in 
atm ospheric pressure allows an increase in vo latile  exsolution, 
resu lting  in m ore vesicular extrusives and a g reater negative 
density contrast between the magma and country rocks. Hence the 
rise  o f m agm a becom es p rog ressively  m ore d iffic u lt as it 
encoun ters layers of low er density . The re su lts  from  the 
comparative model of large shield growth on Venus and Earth by 
Head and Wilson (1992) may be summarised as follows:

1. Over a range of reasonable magma volatile contents for Venus 
and Earth, neutral buoyancy zones and m agm a reservo irs on 
Venus will generally rem ain in the prevolcano substrate longer 
than on Earth. It is predicted that for venusian edifices less than 
about 2.5 km  in elevation, the magma reservoir rem ains below 
the base of the volcano.

2. The greater the elevation of the volcano and/or volatile content 
of the magma on Venus, the greater the depth to the NBZ.
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m a g m a s  w i t h  t h e  s a m e  v o l a t i l e  c o n t e n t s  a s  t h o s e  o f  t h e  m a g m a s  b u i l d i n g  t h e  e d i f i c e s ,  ( c )  C o m p a r i s o n  o f  E  a n d  V I  a n d  ( d )  c o m p a r i s o n  o f  E  a n d  V 2 ;  t h e s e  t w o  c a s e s  u s e  i n i t i a l  c o u n t r y  r o c k  d e n s i t i e s  p r o d u c e d  

b y  t h e  e r u p t i o n  a n d  s u b s e q u e n t  s u b s i d e n c e  o f  v o l a t i l e - f r e e  m a g m a s .  A f t e r  Head and Wilson ( 1 9 9 2 ) .
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Figure 2.10 Modelled effect of different surface elevations on the depth of magma 

reservoirs (the centre of which is indicated by cross within oval) for a magma with a volatile 

content of 0.40 wt % CO2 (see Table 2.1). In the model, addition of 0.5 wt % H2 O (Table 

2.1) does not effect the position of the reservoir at high atmospheric pressures (lowland 

plains), but deepens it at lower atmospheric pressures (indicated by W). After Head and 

Wilson (1992).
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(a)

(b)

P g y rfM P ^

^ tc , wt % 10.453 9.811 8.645 7 .405

0.20
H 2O  C O N T m r = 0  w t %

0.25 — - — 1385
0.30 — — 1105 2205
0.35 — — 2005 2765
0.40 1224 1815 2516 3213
0.45 1934 2305 2924 3592
0.50 2360 2685 3270 3920
0.55 2702 3010 3320 4205

0,05
H2O  c o m m r = o j w t %

1340
0.10 — — — 2105
0.15 - — - 2725
0.20 - - - 3200
0.25 _ — 1020 3590
0.30 - - 1910 3930
0.35 — — 2440 4225
0.40 1225 1815 2860 4490

0.05 5960
H2O  C O N T E N T = ljO w t%  

6340 7040 7840
0.10 6105 6470 7165 7955
0.15 6240 6600 7285 8060
0.20 6370 6725 7400 8170
0.25 6495 6845 7510 8270
0.30 6615 6960 7615 8370
0.35 6705 7060 7715 8465
0.40 6767 7116 7773 8529

Depth# are in meters. A null entry indicates that no neutral buoyancy zone exists for a particular 
combination of conditions. P t u r f  o f  10.453 coiresponds to the mean planetaiy radius (MPR) - 1 km; 9.811 
to MPR; 8.645 to MPR + 2 km; and 7.405 to MPR + 4.4.

Pim^MPs

^fw, wt % 10.453 9.811 8.645 7.405

0.00 1224 1815 2516 3213
0.20 1224 1815 2516 3213
0.40 1224 1815 2516 3213
0.50 1224 1815 2859 4492
0.60 2744 3487 4660 5813
0.70 4350 4863 5770 6737
0.80 5378 5804 6588 7453
0.90 6149 6526 7235 8036
1.00 6767 7116 7773 8529

Table 2.1 (a) Depths to centres of magma reservoirs on Venus as a function of the surface 

atmospheric pressure and magma CO2  and H2 O contents {Head and Wilson 1992). Lower 

atmospheric pressures are found at greater elevations on Venus which result in magma with a 

lower volatile content reaching a NBZ. (b) Depths to the centres of magma reservoirs on Venus as 

a function of the surface at atmospheric pressure and magma CO2  and H2 O contents for a 

constant CO2  content of 0.4 wt %. After Head and Wilson (1992).
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3. The vertical m igration of a magma reservoir on Venus will be 
slower than on Earth owing to the ambient atm ospheric pressure.

4. Since, in general, the vertical m igration of m agm a is slower, 
magma reservoirs are predicted to stabilise and grow to a larger 
size on Venus than Earth.

The model is dependent on several factors: (1) the mass flux 
per unit area for each eruption is equal (i.e. the added layers 
constructing the volcanoes in the m odel are the same); (2) little 
subsidence takes place during the history of the volcano; and (3) 
the volatiles rem ain w ithin each extruded layer. L iberation of the 
volatiles from the extruded lava would result in m aterials with a 
g reater density.

Should the m odel above apply, it is suggested {Head and  
W ilson ,  1992) that environmental factors on Venus will: (1) result 
in g reater la tera l grow th of venusian volcanoes than vertical 
growth; and (2) the bulk of growth will occur in the prevolcano 
substrate rather than the edifice itself. This would result in the 
observed high w idth to height ratio  of venusian volcanoes in 
comparison to Earth {Head and Wilson, 1992). A summary of large 
edifice growth on Venus in com parison with Earth is shown in 
Figure 2.11. A num ber o f consequences regarding larger magma 
reservoirs with predom inant lateral growth are predicted by H e a d  
and Wilson (1992):

1. Larger stable reservoirs should prom ote a greater opportunity 
for m agm a differentiation.

2. C alderas are p redicted  to be significantly  larger on Venus, 
owing to a larger magma reservoir located at a predicted greater 
d e p th .
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Later Staga

Earty Staga

Edifice and Reservoir Growth on Earth and Venus

•HBZ forma In uppar savaral 
km of substrata.

•Edfica growtti Wtlatad.

-NBZ and raaarvoir migrata vartlcWy rapkSy, kaaping paca 
wttti growing adHIca; raaarvoir constantly migratas upward, 

•ftaaarvoir prtmarBy m adKIca not substrata.
•Vanta focuaad; rift zonaa form; dka mtruakma in admca; 
W^tar ataapar-aidad adMca buft; admca modmcatlon 
procaaaaa (a g. Natrte faulting) play iarga rola.

•NBZ formation inhMtad at 
low alavaSon by Mgb atmoa 
pharic praaaura.
•Whan NBZ forma, iocalzad 
hi uppar aavarai km.

•Vanua atmoapharic praaaura and gradtant causa NBZ and 
raaarvoir to migrata vartlcaly slowly, anhandng growth 
of raaarvoir.

-Raaarvoir primarily in substrata, not adHIca.
•Vanta mora (Saparéad; substrata intrusion Mghar than 
surfaca axtruaton; iargar caMaraa; low aMakL

Figure 2.11 Schematic illustration showing models of edifice and subsurface reservoir 

growth for Venus and Earth. After Head and Wilson (1992).
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3. The stress state in the rocks surrounding the reservoir is such 
that lateral propagation of dykes is more probable than fracturing 
of the overlying roof {Wilson and Head, 1990).

W hen a reservo ir becom es over p ressu rised  ow ing to 
fu rther in jections o f m agm a, the stress regim e favours la tera l 
growth by radial injections of dykes. Since magma reservoirs on 
V enus are considered  prone to grow  m ore la te ra lly  than  
vertically , it is probable that volcanoes w ill show the surface 
m anifestations of radial dykes {Parfitt and Head, 1993).

2.6.3 Pyroclastic Eruptions

O w ing to a g rea te r a tm ospheric  p ressu re  on V enus, 
nucléation  and disruption of m agm a is considered to occur at 
greater depths on Venus than Earth {Garvin et aL, 1982; W i l s o n  
and Head, 1983; Head and Wilson, 1986; T h o r n h i l l ,  1993). On 
Earth, magma fragm entation must occur at or below the surface if 
the to tal vo latile  content in a basalt exceeds approxim ately 0.1 
wt%. On Venus however, the volatile weight fraction m ust exceed 
ap p ro x im ate ly  2.5 wt% for H 2 O in b asa ltic  m agm as and 
approxim ately  4 wt% for CO 2  in any m agm a before explosive 
eruptions occur: the results are specific for a surface atm ospheric 
pressure o f 10 MPa, corresponding to the venusian lowlands. This 
falls to 1.1 wt% for water in Basalt, 1.6 wt% for water in rhyolite 
and 2.0 wt% for CO2  in any melt at an atmospheric pressure of 4 
M Pa {Wilson and Head, 1983; Head and Wilson, 1986). Given the 
env ironm ental and volatile  conditions, the question  arises can 
explosive eruptions occur on Venus?

The m inim um  am ount of water needed for an eruption at 
high altitudes on Venus (4 MPa) is considered to be near the 
upper end of the range common in terrestria l m agm as. CO 2  is 
considered more im portant in exsolution on Venus, than on Earth 
{H ead and Wilson, 1982, 1986) as w ater is extrem ely rare on 
Venus (see Chapter 1, 1.2.4).
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However, it is generally accepted that to trigger substantial 
m agm a disruption under the present venusian conditions, volatile 
concen tra tions m uch g reater than those observed  in typ ica l 
terrestrial magmas are needed (Garvin et aL, 1982). This im plies 
that explosive volcanism is rare, unless a more soluble volatile can 
be substitu ted.

W hile magma volatile content may be less on Venus than on 
E arth , particu lar styles of eruption  m ay resu lt in pyroclastic  
activ ity , for instance Strom bolian eruptions. On Earth, bubble 
coalescence can concentrate gas sufficiently to cause in term ittent 
explosions in low -viscosity magmas which ascend slowly to the 
surface (Blackburn et aL, 1976; H ead and Wilson, 1986). Such 
eruptions can produce convection colum ns 5-10 km in height. 
Garvin et aL (1982) showed that on Venus coalescence m ay 
produce bubbles 1 metre in size for magma ascending at 0.03 m/s 
with a total wt% CO 2  greater than 0.5. H ow ever, more typical 
bubble sizes are predicted to lie between 0.1 and 100 mm.

V u lcan ian  and P e lean  e ru p tio n  s ty les  m ay a lso  be 
responsible for localised pyroclastic deposits on Venus (Head and
Wi l s on ,  1986; Fagen t s ,  1994). The formation of debris in the vent
and/or a chilled carapace results in a build-up of gas pressure in 
the upper part of the magm atic system. T errestrial m odelling of
V ulcanian eruptions by Se lf  et aL (1979) suggest p ressures of
200-300 bars are needed before gas can escape. On Venus, owing
to the high am bient atm ospheric pressure, the energy from  such
an eruption is calculated to be only one fifth of that expected from
a similar explosion on Earth.

A further consequence of the greater am bient tem perature 
is the production of denser eruption clouds. The predicted result is 
less clast cooling, resulting in the probable form ation of spatter 
m aterial and lava flows, rather than a pyroclastic cone (Head and  
Wi l s o n ,  1986). Hence ignim brites are predicted to weld together 
m ore easily  and extend for g reater d istances under g rea ter 
venusian tem peratures (Kief f er,  1995).

The p red ic tions above m ay be tested  by looking  for
characteristic landform s (size of calderas, fissures, dykes, m aterial
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with radar characteristics and m orphologies sim ilar to terrestria l 
pyroclastic deposits) indicative of specific volcanic activity, at Sif 
and Gula M ontes and other large shield volcanoes. Furtherm ore, 
observations from well known terrestrial volcanoes may be used 
to give possible insights into the evolution of Sif and Gula Montes, 
as discussed in Chapter 5.

2 .7  S um m ary

Various models are proposed to explain the stratigraphy and 
volcanic landform s seen on the surface of Venus. B asilevsky  and  
H e a d  (1994, 1995a, 1995b, 1996), H ead and Basilevsky  (1996) 
and Basilevsky et al. (1996, 1997) have developed a prelim inary 
stratigraphie model for Venus. The model im plies a sequence of 
events in which different styles of volcanic and tectonic activity 
acted during separate periods of geological time, each represents a 
discrete stage in the planet’s formation. The volcanic and tectonic 
events occurred at the same tim e on a global scale but have 
d e c lin e d  from  reg io n a l to lo ca l p ro ce sses  c o n sid e re d  a 
consequence of crustal thickening (Phillips and Hansen, 1997).

From  the low crater population on Venus (< 1000) and the 
observation that m ost are unm odified by tectonism  or volcanism , 
an av e rag e  a b s o l u te  age of the venusian  surface has been 
calculated betw een 800 and 190 Ma, typically considered between 
500 and 300 Ma (Strom et al., 1992; S c h a h e r  et al., 1992; P h il l ip s  
et al., 1992; Strom et al., 1994; Price and Suppe, 1994; Price et al., 
1996). W hile some workers consider the spatial and hypsom etric 
distribution of craters to be random (Schaber et al., 1992; Strom et 
al., 1992), others suggest that the paucity corresponds to areas of 
m ost recent geological activity (Phillips et al., 1992). Hence, two 
opposing models for the resurfacing of Venus are considered: the 
global resurfacing model (Schaber et al., 1992; Strom et al., 1994, 
1995), im plying  a re la tively  rapid  resu rfac ing  o f V enus and 
subsequent decline in geological activ ity , and the equ ilib rium  
resurfacing model (ERM) in which localised patches of the surface 
are renew ed destroying craters at the same rate o f production
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{Phillips et al., 1992; Herrick and Phillips, 1994; Herrick et al.,
1995).

D etailed  m apping presented  in C hapter 3 (together w ith 
o ther s tra tig rap h ie  observations) w ill be used  to tes t the
d irec tional nature of the global stratigraphie m odel. The new 
results also test which of the resurfacing m odels (if any) are 
applicable to the V31 and V19 m apping quadrangles, and for the 
contiguous regions of Guinevere and Sedna Planitiae.

Two volcanic landform s previously identified on Venus are
coronae and large shield volcanoes {Barsukov et al., 1984, 1986). 
T hree stages of corona evolu tion  are in ferred  from  previous 
observations, in itia l up lift and volcanism , the form ation of an 
annulus of either ridges or graben, and lastly  by topographic 
reduction and late stage volcanism {Stofan and Head, 1990; S t o f  an  
et al., 1992; Squyres et al., 1992). W ork presented in Chapter 4 is 
used to validate the three stage evolutionary m odel, and test 
w hether the stratigraphie model proposed by Basilevsky and Head 
apply to coronae observed in V31.

Large shield volcanoes on Venus are considerably lower and 
broader than their terrestria l counterparts { S c h a b e r  and Kozak, 
1989). H ead  and W ilson  (1992) suggest the greater w idth to 
he igh t ratio  is a consequence of environm ental conditions on
Venus which favour lateral over vertical m ovem ent o f the magma
reservoir, w ith neutral buoyancy zones generally being low er or 
absent w ith in  the volcanic p iles in com parison w ith terrestria l 
volcanoes. Furtherm ore, it is suggested that magma reservoirs are 
larger on Venus {Head and Wilson, 1992). As a consequence, 
calderas are predicted to be larger. Owing to the lack of water, and 
g rea t atm ospheric pressure, pyroclastic eruptions are considered 
to be rare, unless a build-up of exsolved volatiles occurs.

Chapter 5 presents a detailed description of S if and Gula 
M ontes and compares their edifice and flow m orphology with well 
docum ented  te rrestria l volcanoes. As part o f th is study, the 
m odels of large shield volcanism  outlined above will be tested by 
looking  for characteristic  landform s indicative of the processes 
described above acting at the two volcanoes.
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Chapter 3

Guinevere and Sedna Planitiae: Mapping, 
Description and Interpretation

3.1 Introduction

This chapter presents the findings from  (1) observations of 
the Sif Mons (V31) and Sedna Planitia (V I9) mapping quadrangles 
of V enus, and (2) observations from  a m ore areally  extensive 
study area combining the whole of Guinevere and Sedna planitiae. 
These planitiae were selected as they form a contiguous area and 
contain both the mapping quadrangles V I9 and V31.

D etailed  m apping shows m aterials w ithin  the quadrangles 
may be subdivided into distinct geological units (Copp and Guest, 
1995, 1997). They include regional plains m aterials and m aterials 
associated with large shield volcanoes, edifice fields and coronae. 
Geological maps of V31 (map 1) and V I9 (map 2), together with 
copies of each base m ap (basem ap 1 and basem ap 2) are 
contained in the sleeve at the back of the thesis. Similar units are 
identified  throughout Guinevere and Sedna Planitiae. The selected 
study  area  a llow s the s tra tig raph y  o f v o lcan ica lly  d iverse  
landform s and structural fabrics over a large contiguous area of 
plains to be established. From this study, a quantitative appraisal 
of flow m aterials which can be seen to originate from a source is 
presented. The observations and inferred interpretations are used 
to test the m odels o f stratigraphy and resurfacing discussed in 
Chapter 2.

The chapter first presents a cartographic description of each 
quadrangle and sum m arises geological m apping on Venus using 
radar. N ext, the descrip tions and in terpretations o f units from  
w ith in  th e  m a p p in g  q u a d ra n g le s  a re  p re s e n te d  and  
in terpretations of their form ation discussed. Appendix II and III 
con ta in  USGS map un it descrip tions for V31 and V I 9. The 
stratigraphy of the study area (including the quadrangles) is then
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sum m arised. F inally , the global s tra tig raph ie  and resu rfac ing  
models are evaluated based on the new observations.

3.2 Geological M apping of Venus

The VMAP project (Chapter 1, 1.5.1) divided Venus into 62 
mapping quadrangles (Figure 3.1) each at the scale of 1:5,000,000. 
The map series includes M ercator, Lam bert Conform ai Conic and 
Polar Stereographic projections for latitudes <250, 250 to 750, and 
> 7 5 0  respectively . All projections are conform ai and retain  the 
approximate shape of small landforms {Tanaka et al., 1994; B a tso n  
etal., 1994).

The S if Mons quadrangle (V31) uses a M ercator projection, 
m easures 2632.2 km N-S by 3158.6 km E-W, and has an area of 
8,103 X  lO ^km ^, comparable to the surface area o f Brazil. V31 
extends from  00 to 250 n  and from 3300 to 00 E (Figure 3.1). 
Sedna Planitia  quadrangle (V I9) extends from  250 to 500 n  and 
3 3 00 to 00 E (Figure 3.1), and is p resen ted  on a L am bert 
Conformai Conic projection. The quadrangle m easures 2600 km N- 
S and covers an area of 6,580 x lO ^k m ^ .B ase  products for each 
map included a SAR m osaic photo-base, com posed of 90% left 
looking imagery for Sedna Planitia (10% data loss), and 95% left 
looking im ages for the Sif Mons quadrangle (5% data loss). A 
graticule and nom enclature overlay, 16 level grey slice altim etry 
photoproduct, and a colour transparency set o f radiom etric and 
altimetric data were produced for V31 only.

The data from  w hich the geological m aps w ere produced 
include the base m aterials above, fu ll reso lu tion  (120 m data 
rescaled to 75 meter pixels) mosaiced FM AP photoproducts, and a 
set of synthetic stereo im ages of each quadrangle. O ther data 
products used to interpret geology include C l-M ID R , F-M IDR and 
FMAP photoproducts, full resolution CD-ROM data, and the GxDR 
CD-ROM  for altim etric (topography), em issivity  and reflectiv ity  
m easurem ents, collectively known as ancillary data (described in 
Appendix I). Figures 3.2 and 3.3 show FMAP coverage for the two 
planitiae. Figure 3.4 shows Cl-M IDR coverage.
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Figure 3.1 Location of 62 quadrangles devised for the Venus Mapping Project (VMAP). Each 

quadrangle is mapped at a scale of 1:5,000,000. Mercator, Lambert, Conformai Conic and 

Polar stereographic projections are used for this series. The mapping of shaded quadrangles 

are presented in the thesis. After Ford et al. (1989).
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Figure 3.4 Cl- MIDRs for Sedna 
and Guinevere Planitiae.
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3.3 Geological Mapping using SAR Radar

A geological map allows m aterials to be characterised and 
classified in order to obtain a tw o-dim ensional representation of 
the th ree  d im en sio n a l sp a tia l re la tio n s  and c h ro n o lo g ica l 
sequences of m aterials and structures of a given area {W ilh e lm s ,  
1990). It provides a convenient way of spatially  representing a 
considerable am ount of inform ation in a standard visual form at, 
which can readily be interpreted.

W ith terrestrial geological m apping, rock units are delineated 
by their lithology, chemical composition and m ineralogy. However, 
the composition of venusian rocks has only been analysed in a few 
very localised areas by Soviet landing craft {Barsukov et al., 1982, 
1986; Surkov et al, 1986a, 1986b, Chapter 1, 1.2.3).

M ag e llan  SA R im ages a p p ro x im a te ly  re p ro d u c e  the 
geom orphology of the venusian surface. By in teg ra ting  and 
in terp reting  backscatter coefficients (referred  to here as radar 
backscatter), em issiv ity , rms slope and topographic data sets, 
geological units defined by m orphology, textural, structural and 
e lectrical characteristics can be identified  and a geological map 
p ro d u ced  { C a m p b e l l , 1994). H ow ever, radar im ages have
im p o rta n t d if fe re n c e s  from  im ag es re c o rd e d  at v is ib le  
w avelengths and a num ber o f com plications m ay arise w ith 
interpretation.

3.3.1 Radar Interpretation

The correct geological interpretation of radar im ages depends 
critically  on a knowledge of how the radar energy interacts with 
the surface. The brightness variations seen in M agellan images are 
con tro lled  p rim arily  by three d ifferen t surface variab les: (1)
topography, (2) surface roughness, and (3) electrical properties of 
the surface m aterials. These variables are in fluenced to some 
extent by variations in the radar incidence angle and the look 
direction {Farr, 1993). Figure 3.5 and Table 3.1 show how the
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Figure 3.5 Magellan SAR incidence angle as a function of latitude for cycles 1, 2 and 3. 

Maxwell Mons data were collected during orbits 4031 to 4131. After Plant (1993).

73



Latitude,
deg

Incidence angle, deg

Cycle 1 Cycle 2 Cycle 3, Maxwell 
Montes

Cycle 3, 
stereo

90 16.5
85 18.5
80 20.2
75 22.0 24.4 27.1 13.4
70 23.9 24.9 30.8 13.5
65 26.0 25.1 33.4 14.1
60 28.3 25.1 35.1 15.2
55 30.8 25.1 35.9 16.6
50 33.3 25.1 36.1 18.2
45 35.8 25.1 35.8 19.8
40 38.1 25.1 35.1 21.4
35 40.3 25.0 34.2 22.7
30 42.1 25.0 33.1 23.9
25 43.6 25.0 31.9 24.8
20 44.8 24.9 30.6 25.3
15 45.5 24.9 25.6
10 45.7 24.9 25.5
5 45.6 24.9 25.2
0 44.9 24.9 24.5

-5 43.8 24.9 23.6
-10 42.3 24.9 22.6
-15 40.4 25.0 21.4
-20 38.1 25.1 20.1
-25 35.5 25.1 18.7
-30 32.8 25.2 17.4
-35 30.1 25.3 16.2
-40 27.5 25.3 15.2
-45 25.1 25.3 14.3
-50 23.1 25.1
-55 21.6 24.7
-60 20.5 24.1
-65 19.7 23.1
-70 18.5 21.6
-75 16.3 19.7
-80 17.4
-85 14.8
-90 12.7

Table 3.1 Variation of incidence angle with latitude. Angles are representative for each cycle 

and are accurate to within 0.5®. After Ford (1993).
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rad a r inc idence  angle varied  w ith  la titu d e . As the rad a r 
instrum ent has a side-looking illum ination  geom etry, all radar 
images are distorted to some degree {Farr, 1993, Figure 3.6).

Topography
T opography  m ay have a p ro n o u n ced  e ffe c t on rad a r 

backscatter. A slope oriented towards the incom ing radiation will 
reflect significantly  more energy than a fla t surface or surface 
w hich slopes away from  the incom ing radiation . Strong radar 
returns received at the spacecraft from the surface of Venus are 
translated into pixels with high DN values, recorded as bright 
areas in radar images. Conversely, areas which return little  radar 
energy have low DN pixel values and hence are darker in the 
radar images.

W ith in  rad a r im ages, b rig h t a reas m ay be sp a tia lly  
com pressed  (fo resho rtened ) w hile  dark  areas are expanded . 
Foreshortening (Figure 3.7a) results in a given terrain or feature 
appearing to have a steeper slope on its near range side, and an 
exaggerated shallow far range slope {Pettengill et al., 1991). W ith 
extrem e slopes, radar layover may occur where the top of a slope 
is imaged before the bottom (Figure 3.7b). Another more common 
effect resulting from pronounced topography is radar shadowing, 
where the backslope of a m ountain or graben is not illum inated 
by the radar and no data are acquired for this region (Figure 3.7c).

Surface roughness
Surface roughness at the scale o f the radar w avelength  

dom inates radar b acksca tte r in M agellan  im ages w here the 
incidence angle is greater than 20^ and less than 60^ {Farr, 1993, 
Figure 3.8). Incidence angles for the V19 and V31 quadrangles lie 
be tw een  32^ and 460, hence surface roughness is an im portant 
consideration  when m apping surface m aterials. The detection of 
su rface  roughness is w avelength  dependen t, the longer the 
wavelength the coarser the surface m aterial m ust be for dom inant 
b ack sca tte r to occur. The w avelength  o f the M agellan  SAR 
instrum ent was fixed at 12.6 cm, so surface roughness will control

75



SAR

Look^
Angle Slant

Range

Slant R ange 
Image

k Ground R ange Image

Near
Range

X

Far Range

Slant RangeG round Range
Image Image

Figure 3.6 Slant-range and ground-angle geometries. By knowing the height of the 

spacecraft; and incidence angle a correction can he applied to slant-range geometry which 

causes compression of targets in the near range compared with those in the far range. After 

Farr (1993).
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Figure 3.7 Illustration of geometry distortions in radar images: (a) radar image foreshortening, where the slope facing the radar is compressed to segment 

A ’-B’ while the backslope is extended to segment B’-C’; (b) radar layover, an extreme case of foreshortening, where the top of the mountain, B’, is imaged 

before the bottom. A’; (c) radar shadowing, where the backslope of the mountain, B’-D’, is not illuminated by the radar, and no data is acquired. After Farr, 

(1993).
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Figure 3.8 Radar backscatter as a function of incidence angle for representative surfaces. For 

angles less than approximately 25^, smoother surfaces have greater backscatter than rougher 

surfaces (Farr, 1993). Incidence angles for Venus quadrangle V31 and V19 range between 

33.3® and 44.9® with cycle one data (see Table 3.1). After Farr (1993).
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the degree o f radar b ack sca tte r (F igure  3 .9). In the un it 
descrip tions below  w avelength roughness refers to m ultiples of 
12.6 cm (see Chapter 5 (5.2) for specific examples).

Dielectric properties
In addition to topography and surface roughness, variations in 

the dielectric constant of surface m aterials can affect the intrinsic 
re flec tiv ity  p roperties o f surface m ateria ls, in fluencing  im age 
brightness. M aterials of high dielectric coefficients are generally 
good reflectors and hence poor emitters. Two prom inent examples 
of low em issivity  readings and related  high dielectric  constants 
are (1) near the summits of the p lanet’s highest m ountains which 
are radar bright, corresponding to areas approxim ately above the 
6053.5 km radius contour, and (2) parabolic debris associated 
with some of the venusian craters e.g. Neva crater (0.9® N, 338.7® 
E, V31) {Campbell et al., 1992; P lant, 1993). An explanation for the 
enhanced d ie lec tric  constan ts near m ountain  sum m its is the 
concen tra tion  of iron sulphide such as pyrite  and pyrrho tite  
{Pettengill e ta l ,  1988; Klose etal., 1992).

Spatial comparison o f SAR data
Q uantitative  com parisons betw een m ap units can only be 

achieved once the backscatter coefficient, gq (sigm a-0) is in its 
original linear format. The backscatter coefficients on M agellan CD 
data are scaled in a logarithm ic form (value in dB) in order to 
com press the very wide dynamic range of the SAR data. Any 
averaging o f pixels w ithin M agellan im ages m ust be calculated 
w ith backscatter coefficient values in the original linear form at 
(see Appendix I). Significant errors may occur if  DN values are 
averaged prior to linear rescaling {Campbell, 1995). A M acintosh 
program  which calculates Gq from the DN value and averages the 
m easurem ents w ith in  the sam ple area has been  crea ted  by 
C a m p b e l l  (1995). All numeric radar data in this thesis have been 
reduced to obtain the true radar backscatter coefficients. Further 
constraints o f radar data when used for geological m apping are 
discussed in Chapter 5 (5.2).
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Figure 3.9 Surface roughness effects on radar backscatter. Surfaces whose roughness is much 

less than the radar wavelength scatter in the specular direction. Rougher surfaces scatter 

more energy in all directions, including hack to Magellan’s high gain antenna, and hence 

appear brighter in radar images. Typical units identified in this study which have different 

backscatter properties are noted. After Farr (1993).
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3.4 Unit Description and Interpretation

The units observed  w ithin the m apping quadrangles are 
described below. Figures 3.10 and 3.11 show locations of named 
features referred  to in the text. Some observations are draw n 
from  ou tside  the quadrang les to illu s tra te  d esc rip tio n  and 
stratigraphie relations. USGS form at unit descriptions are found in 
Appendix II and III. SAR backscatter and ancillary radar data of 
type localities for units w ithin each quadrangle are found in  
A ppendix IV and V. Figures 3.12 and 3.13 show the radar 
backscatter plotted against incidence angle for type localities of 
each unit described in V31 and V I9 respectively.

3.4.1 Tesserae - 1, and Deformed Plains - pd

A strong radar backscatter, m ultip le  in tersecting  ridge and 
groove structures which intersect at high angles, and upstanding 
topography are sym ptom atic of tessera m aterials. V31 contains 
relatively  little  tessera m aterial. However, V19 contains M anzan- 
Gurme Tessera which represents three discrete blocks of tessera 
m aterials. These blocks display m aterials which are deform ed by 
ridges and graben of variable spacing, typically less than 20 km. 
W eaker radar m aterials may be seen betw een some structures. 
The tesserae here are embayed by younger m ottled and lineated, 
and regional plains m aterials which are described below (e.g. at 
410 N, 3570E, Figure 3.14).

D eform ed plains m aterials also have a strong radar return  
and, as the nam e im plies, are typ ically  deform ed by both  
extensional and com pressional structures. M aterials which cannot 
confidently  be identified  as tesserae have been give the name 
deform ed plains. W ithin the mapping areas, deform ed plains are 
embayed by plains materials.
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Figure 3.10 Location map for features in V31: Sif Mons Quadrangle.
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43.50 N

37.30 N
353.75 E 100 km. 00.40 E

Figure 3.14 Southern portion of Manzan-Gurme Tessera (0* Tessera is characterised by a 

strong radar backscatter and upstanding topography in relation to the surrounding plains. 

Here, both the Sedna regional plains and lineated and mottled plains materials embay 

Manzan-Gurme. The splm materials are embayed by spr (C1-MIDR.45N350;1 browse).
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Interpretation
Tesserae m aterials are considered to represent the rem nants 

o f a h igh ly  deform ed crust (B indschadler and Head, 1991; 
Bindschadler et al., 1992a, 1992b; Ivanov and Head  1995). The 
deform ation  is considered both com pressional and extensional. 
Phillips et al. (1991b) and Herrick and Phillips  (1990) propose 
that tessera  in itia lly  form ed above hotspots or plum es. These 
large areas o f m antle upwelling enhanced volcanism  and crustal 
thickening. G ravitational collapse and subsequent spreading owing 
to therm al decay resulted in the volcanism  and thickened crust 
becom ing  h igh ly  deform ed. A second m odel p roposed  by 
B in d s c h a d le r  et al. (1992b) suggests tesserae are the resu lt of 
crustal deform ation over areas of long-term  dow nw elling, w ith 
the charac te ristic  fabric  resu lting  from  the coupling  o f the 
downwelling m antle with the crust. From recent global surveys of 
tesserae, Ivanov and Head  (1996) suggest the downwelling model 
m ay be m ore applicable since the high topography and tectonic 
structures characteristic of tesserae are consistent w ith m arginal 
underthrusting and accretion. Deformed plains m aterials may well 
have  undergone  sim ila r de fo rm ationa l p rocesses  as te sse ra  
m ateria ls , but ow ing to the sm all outcrop size, the re la tion  
betw een styles o f deform ation w ithin the unit are d ifficu lt to 
establish.

3.4.2 The Lineated and Mottled Plains - gplm and splm

The G uinevere  and Sedna lin ea ted  and m o ttled  p la ins 
m ateria ls (m arked g p l m  and splm  on the V31 and V I 9 m aps 
respective ly ) are characterised by a m oderate radar backscatter 
which varies considerably on a local-scale, typically 10s to 100s of 
km. The variation in backscatter results in a characteristic m ottled 
appearance in Magellan SAR images (Figure 3.15).

Both g p l m  and sp lm  have a large scale undulating topography 
and are  ty p ic a lly  h ig h er than  m pr. T he m a te ria ls  have 
experienced a greater am ount of deform ation in com parison to
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Figure 3.15 Full resolution image showing the contact between the Guinevere regional 

plains (gpr) and the Guinevere lineated and mottled plains materials {gplm). Note how gpr 

embays gplm materials, which are seen to be upstanding in topographic data. Isolated 

edifices associated with gplm have become inliers. The gplm materials have undergone 

greater deformation than gpr, and they are considered older (F-MIDR.20N334;1 browse).



other plains units. Structures include w idespread w rinkle ridges
coherent for hundreds of kilom etres, for instance those which 
deform  gp l m  materials in the NW sector of V31. At least two sets 
o f wrinkle ridges are observed here, one of which is confined to 
gplm  m aterials and does not extend into younger regional plains 
(Figure 3.15). Another example of wrinkle ridges confined to the 
lineated and m ottled plains is around 27.Q0N, 351.50 e , in V19.
H ere a set o f w rinkle ridges are em bayed by younger plains
m ate ria ls  (F igu re  3 .16). O ther s tru c tu res  in c lu d e  frac tu res
trending NW -SE in the NW sector o f V31. The fractures are 
roughly parallel to each other and are approxim ately equidistant, 
typically at a spacing of 250 km and 800 km in length. Denser 
sw arm s o f para lle l frac tu res are observed  w ith in  the s p l m
materials (300 n , 340.50 E) and extend for more than 500 km.

Zorile Dorsa (40.00 357.00 E) a prom inent ridge belt is
contained  w ithin and deform s a NW extension  o f the Sedna
lin e a te d  and m o ttled  p la in s m ate ria ls  (F igu re  3 .17 ). The 
com pressional structures associated  w ith Z orile  D orsa do not 
deform  the more extensive Sedna regional plains m aterials {spr,
described below). Along the eastern and northern m argin of Zorile 
Dorsa, regional plains m aterials embay lineated and m ottled plains 
materials.

R idges (typically 45 km in length and a few hundreds of 
m eters high), with a m oderate to strong backscatter occur w ithin 
g p l m  m aterials in V31 (e.g. at 19.74^ N, 340.15^ E, Figure 3.18). 
The ridges are narrow (typically <10 km), trend SW-NE, and are 
frequently  surrounded by diffuse radar-bright aprons. The m inor 
rid g es rep resen t a re la tiv e ly  local sty le  of defo rm ation  in 
com parison to that which formed the regionally extensive wrinkle 
ridges and NW-SE trending hneations.

Sm all-scale  local fabrics include re ticu la te  and polygonal 
fracture patterns (e.g. 21^ N, 3340 e , V31, Figure 3.19). Here, the 
fab ric  can be reso lved  into three ind iv idual frac tu re  sets: a 
prom inent NW -SE trending set typically spaced 1.2 km apart, a 
prom inent set trending almost NS typically with a 1.6 km spacing, 
and a th ird  irregular fracture set. Each fracture  set varies in
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27.45 N

25.60 K
351.35 E 100 km 354.05 E

Figure 3.16 Stratigraphie relation between Sedna plains materials {spr and splm) and Sif 

Mons flows (s). Sedna regional plains materials {spr) embays the wrinkle ridge fabric within 

the Sedna lineated and mottled plains {splm). A small inlier of splm is also seen. Flow 

materials from Sif Mons are superposed over both spr and splm (F1-MIDR.25N357;1 browse).
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346.00 E331.5 E

46.00 N

32.50 N

225 km

Figure 3.17 Zorile Dorsa, contained within Sedna lineated and mottled plains. This ridge belt 

is considered older than the surrounding Sedna regional plains. The compressional structures 

cut the lineated and mottled plains materials but not regional plains materials. Compare this 

ridge belt with the one in Figure 3. 23 (C2MIDR.30N335;2 browse).
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20.15N

19.55 N
339.80 E 25 km 340.60 E

Figure 3.18 Minor ridge belt within the Guinevere and lineated mottled plains. The western 

face of the compressional ridge has a strong radar return. The ridge belt is surrounded by 

radar-bright diffuse materials which may be the result of ridge modification or preferential 

aeolian deposition (C1-MIDR.15N335;1 framelet 15).
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Figure 3.19 Full resolution image showing structures associated with areas of the mottled and 

lineated plains. At least three structural components are visible, intersecting to form a 

polygonal deformation pattern. A number of small shields occur which appear partly altered 

by the deformation. The structures are often enhanced by superficial crater materials (F- 

MIDR.20N334;1 framelet 05).
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spatial density.
Com m on w ithin the lineated and m ottled  plains are sm all 

volcanic edifices. Edifice diameter ranges between 1.5 and 15 km, 
and more typically between 2 and 5 km. The most common edifice 
m orphology are shields, how ever cones and sm all dom es are
observed, identified by a steeper slope angle and stronger radar 
backscatter (Guest et al., 1992). A variable radar backscatter is 
associated with the small edifices. Pits are observed w ithin the 
bulk of small edifices. Typically, a p it is a single circu lar or
elongate depression with the largest dim ension no greater than 2 
km.

The m argins of the small edifices w ithin lineated and m ottled 
p lains m ateria ls vary considerably . M any are surrounded by 
deposits which have a variable radar backscatter and partia lly  
obscure pre-existing structural fabrics, for exam ple at 20® N 3350 
E (V31). Here, roughly circular aprons of thin m antling m aterials 
surround a num ber of isolated edifices and subdue a fine scale 
polygonal fracture fabric. Six edifices (each < 5 km in diam eter) 
located  at 34.760 N, 335.OQO E show m antle deposits w ith a
preferential SW direction, extending a maximum of 7 km (Figure 
3.20). The m antle deposits have gradational boundaries w hose
radar backscatter becom es w eaker to the SW , ind ica tive  of 
thinning. O ther edifices have small flows associated w ith them. 
The flows have sharper boundaries than the mantle deposits.

L ineated and m ottled plains m aterials are not unique to the 
V31 and V19 quadrangles. Other investigators describe analogous 
un its w hich are areally  extensive and d isp lay  sim ilar radar 
backscatter properties and styles of structure (e.g. Head et al., 
1994; Crown et al., 1994; Tapper and Guest, 1997). A u b e l e  (1994, 
1995) describes a sim ilar p lains un it id en tified  in V ellam o 
P lanitia , the ‘Small Volcanic P lains’ unit ( A u b e l e ,  1994) later 
nam ed the ‘Hilly M ottled Plains M aterials’ ( Aube l e ,  1995). This 
un it has a m ottled  appearance in radar im agery , contains a 
rela tively  high percentage of small edifices, and has undergone 
substantially  greater deform ation over a m ore extensive area than 
younger plains m aterials. O bservations from  FM APs show ed a
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34.90 N

34.10 N
334.00 E 50 km 335.40 E

Figure 3.20 Small volcanic edifices and associated mantle deposits contained within the 

Guinevere lineated and mottled plains. A number of the ediHces show bi-directional mantle 

materials, for instance the edifice located in the SW corner of the image. The mantle deposits 

may represent edifice modification, such as debris flows, or alternatively coarse pyroclastic 

materials (C1-MIDR.30333;1 framelet 13).
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consisten t stra tig raphie  rela tion  betw een m ottled  and lineated , 
and regional plains: the former are embayed by the latter.

Interpretation
The lineated  and m ottled p lains are considered  here to 

represent an am algam ation of volcanic m aterials. A lthough the
unit is characterised by a relatively  large population of sm all 
shields, compared with other plains units, it is unlikely that this 
style of volcanism  is responsible for the total areal extent of the 
unit. The unit is considered to have other sources which cannot be 
identified. The unit is considered relatively old as it is deform ed 
by a sequence of structures, the density of which is not observed 
in younger units. Supporting this in terpretation is the consistent 
relation w ith the regional plains units (described below ) which 
superimpose on lineated and mottled plains materials.

A suggested scenario for the evolution of the unit is one
where plains m aterials were emplaced either on a regional or local 
scale, and am algam ated to cover a g reater area. Subsequent 
periods of deform ation  and continued local volcanic activ ity  
m odified the surface of the original plains. The m odification is 
considered to be a gradual accum ulative process resulting in the
m ottled radar appearance and structural sequences seen in the
radar im ages. There is no evidence to suggest this unit was 
emplaced rapidly. The edifices located at 40.0® N, 334.0® E support 
this theory. H ere, num erous patches of radar brigh t m aterials 
associated with small edifices (identified in full resolution data) 
superimpose the regional plains m aterials (Figure 3.21). The result 
is a m ottled appearance in the radar images. It is conceivable that 
fu rth e r  ex tru s io n  o f v o lcan ic  m a te ria ls  and ep iso d es  o f 
deform ation at this location could produce an area with a similar 
appearance to areas of m ottled and lineated  plains m aterials. 
H ow ever, the period  of tim e over w hich m odification  occurs 
cannot be constrained: d ifferent areas of lineated  and m ottled 
plains probably form ed over different time periods depending on 
geological activity.
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Figure 3.21 Area within V19 where patch shield volcanism is seen to modify Sedna regional 

plains materials. The patch edifice Helds postdate plains emplacement. It is considered the 

formation of lineated and mottled plains materials may result from the gradual accumulation 

of volcanic deposits which undergo phases of deformation; hoth are indicative of repetitive 

styles of geological activity (C1MIDR.45N329;2 browse).
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The im pact crater population within the lineated and m ottled 
plains in the mapping area is considered to small to be of any use 
sta tistica lly  in constrain ing  an age for the p roposed gradual 
form ation. It is noted, however, that the craters which do occur 
appear unmodified by deformation and flow materials.

3.4.3 The Regional Plains - gpr and spr

The regional plains units, Guinevere regional plains m aterials 
{ gpr )  and Sedna regional plains m aterials {spr) ,  are the m ost 
extensive m aterials found in Guinevere and Sedna Planitiae. The 
m aterials constitute approxim ately 30% and 40% of the V19 and 
V31 quadrangles respectively . In contrast to the lineated  and 
m ottled  plains m aterials, the regional plains m aterials have a 
characteristic weak radar backscatter (Appendix IV and V). Local 
superficial deposits (in terpreted as fa llou t m aterials) associated  
with large craters (> 30 km) can change the radar backscatter of 
the regional plains. For instance, fallout m aterials associated with 
C unitz crater resu lt locally  in a stronger radar backscatter (a 
ra d a r-b rig h t halo  in SAR im ages), w hile  fa llo u t m ateria ls
associated with Aurelia (in V31) have a weak radar backscatter.

Various scales of deformation are associated with the regional 
p lains. Rms slope readings show the surface m ateria ls to be 
rela tive ly  sm ooth on the scale of tens to hundreds of m eters 
(A ppendix  IV and V). H ow ever, a ltim etric  da ta  show  the 
topography undulates over tens to hundreds of kilom etres. M ost 
regional plains w ithin the quadrangles occur below  mpr, except
where elevated by continued uplift associated with the equatorial 
rise o f W estern E istla Regio, for instance directly north of Idem- 
K uva Corona. H ere, synthetic  stereo im ages show m ateria ls
associated with an interm ediate volcano (Toci tholus, 29.50® N, 
3 5 5 . 2 9 0  E) which appear to have flowed up-slope. The volcano 
p o std a te s  the p la ins (F igure 3 .22). The m ajo rity  o f u p lif t
associated  with W estern E istla Region occurred before regional 
plains emplacement as the regional plains embay the rise.
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31.25 N

352.10 E
27.55 N

100 km
357.60 E

Figure 3.22 Toci Tholus (centre of image), an example of intermediate volcano centre (vc) 

situated on the northern flank of Western Eistla Regio, overlying on Sedna regional plains. 

The southern flows from this intermediate volcano are seen to flow ‘uphill’ in topographic 

data. This is evidence for relatively recent continued uplift of Western Eistla Regio after the 

emplacement of Toci Tholus (C1-MIDR.30N351;1 browse).
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As w ith the lineated  and m ottled  p la ins m ateria ls , the 
regional plains are deformed by ridge belts. The ridge belt seen in 
FM AP 42® N, 306^ E (Lachesis Tessera East) centred at 38® N, 
329.5®  E cuts regional plains m aterials (Figure 3.23). A nother 
ridge belt seen in FMAP 42® N 318® E (Bethune Patera) shows 
fractures which deform lineated and m ottled plains m aterials, but 
w hich clearly  extend into and deform  regional plains as well 
(Figure 3.24). In contrast to Zorile Dorsa, fractures associated with 
these two ridge belts postdate regional plains emplacement.

W rinkle ridges are common to both G uinevere and Sedna 
regional plains units. The wrinkle ridges have a sinuous, often 
braided appearance, are typically less than a kilom etre wide, and 
are tens to hundreds of km long. The spacing of the ridges within 
the regional plains m aterials is variable, typically betw een 20-50 
km. The ridges show a reticulate pattern in places (e.g. V31, 14® N, 
348® E, Figure 3.25) however, a stratigraphie relation between the 
two orien tations could not be confidently  estab lished . W rinkle 
ridges which deform  the regional plains also deform  the lineated 
and mottled plains materials.

Full resolution FM AP im ages show local areas of regional 
plains which contain numerous small (<1 km) pits. Associated with 
som e of these pits are poorly defined aprons o f m aterial. The 
aprons are d ifficult to see in radar im ages because their radar 
backscatter is sim ilar to that of the adjacent plains. The pits and 
aprons are referred to as Stealth  volcanoes {Copp and Guest, 1995, 
1997). Examples of stealth volcanoes occur in the vicinity of 09.0® 
N, 352.5®E (Figure 3.26).

W ithin the NW sector of V I9, a num ber of weakly defined 
flow fronts are observed. The flow fronts are delineated on the 
geo log ical m ap by dashed lines with sm all arrow s ind icating  
p o ss ib le  flow  d irec tion . O bservations from  the study area, 
(incorporating  the rest o f G uinevere P lan itia) show a sim ilar 
patchwork appearance of flow materials (best seen using C2 data). 
This observation is significant when considering the form ation and 
stratigraphy of regional plains m aterials. In order to quantify the
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41.40 N

37.40 N
298.60 E 100 km 304.50 E

Figure 3.23 A compressional ridge-beit analogous to those described by Basilevsky and Head 

(1995a, 1995b, 1996). The structure clearly cuts Guinevere regional plains materials, hence 

postdates their formation. This observation contradicts the conclusions drawn by Basilevsky 

and Head regarding the age of ridge-helts in their global stratigraphy model (C l- 

MIDR.45N307;1 browse).

101



45.00 N

39.50 N
309.70 E 100 km 316.10 E

Figure 3.24 Stratigraphie relations between various plains units and structures seen in north 

central Guinevere Planitia. The oldest unit is the Guinevere mottled and lineated plains 

(gplm) to the east of the image which contains a fracture belt. Some of the fracturing is seen to 

extend into the Guinevere regional plains (gpr) materials, which may be a result of 

reactivation of the structure. Conversely, the belt may be younger than hoth gplm and gpr. 

Inliers of structures are embayed by gpr, as are numerous volcanic edifices (seen in the NE 

corner of the image). The homogeneous plains embay gplm, and are embayed by gpr (Cl- 

MIDR.45N307;! browse).

102



16.10 N

13.75 N
347.30 E 100 km 349.00 E

Figure 3.25 Bi-directional wrinkle ridge structures seen within the Guinevere regional plains. 

The two directions of wrinkle ridges are indicative of two phases of deformation, however it is 

diffîcult to establish a time frame between the two phases. This form of compressional 

deformation is characteristic of regional plains materials. The brighter streaks which traverse 

the image are superfîcial deposits from Cunitz crater approximately 200 km to the SE (Cl- 

MIDR.15N352;1 framelet 27).
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09.10 N

08.15 N

352.25 E 25 km 353.05 E

Figure 3.26 Stealth volcanoes. The arrows indicate small volcanic shields which have very 

little relief and have flow apron with a radar backscatter almost identical to that of the 

regional plains. Each stealth volcano has a small radar-bright pit at the centre of its flow 

apron. Stealth volcanoes may have contributed to plains formation, although owing to their 

radar characteristics, it is difficult to quantify the contribution (C1-MIDR.15N352;1 framelet 

53).

104



observation, the study area (Guinevere and Sedna P lanitiae) was 
d iv id ed  in to  33 squares each m easuring  10® by 10^. The 
percentage of plains m aterials which could be linked to a volcanic 
landform  was estim ated in each square. The results of this study 
are presented and discussed later in the chapter (3.5).

Interpretation
The regional plains units are interpreted as relatively young, 

ex tensive  m ateria ls w ith sm ooth surfaces at radar w avelength  
scales. The m aterials are considered volcanic in origin as these 
plains are m orphologically similar to those chem ically sam pled by 
th e  V en era  lan d e rs  {Basilevsky et al., 1997) R eg io n a l 
com pressional deform ation  has resu lted  in least two sets of 
wrinkle ridges indicative of two periods of form ation. The relation 
betw een the two sets is difficult to establish. The observation of 
more than one phase of wrinkle ridge form ation is consistent with 
observations of Squyres et al. (1992) who recognise three distinct 
w rinkle ridge fabrics of different ages occurring w ithin plains 
m aterials of Lavinia Planitia. Locally, deform ation has also form ed 
ridge-belts which postdate the regional plains materials.

W hat styles o f volcanism  may be responsible  for reg ional 
p lains em placem ent? In answering this question, analogues may 
be drawn from the large igneous provinces (LIPs) on Earth {C offin  
a n d  E ld ho lm ,  1994). LIPs have characteristics sim ilar to the 
venusian plains m aterials described above in that LIPs represent 
vo lum inous flow s and have re la tiv e ly  sm ooth, hom ogeneous 
c ru s ta l  su rfaces . The in te rp re te d  em p lacem en t tim es fo r 
terrestrial flood basalts, such as the Columbia River Basalts, range 
from  as little as a few days {Tolan et al., 1989) to a num ber of 
years  {Self et al., 1996). Such volum inous flood  basalts  are 
typ ica lly  associated  w ith plum e heads, w here 1-2x106 km^ of 
m agm a can be extruded in a few m illion years {Richards et al., 
1989). The mode of emplacem ent of venusian plains m aterials is 
considered sim ilar to those of LIPs {Guest et al., 1992), how ever 
the  em placem ent tim es for ind iv idual venusian  flow s rem ain  
unknown.
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3.4.4 The Homogeneous Plains - gph and sph

M aterials which compose the hom ogeneous plains units have 
a sim ilar m orphology to the regional plains m aterials but have a 
greater radar backscatter (com pare radar backscatter values in 
Appendix IV and V). The unit is less extensive than the regional 
plains m aterials w ithin the m apping quadrangles. W rinkle ridges 
w h ich  defo rm  reg io n a l p la in s  m a te ria ls  a lso  a ffe c t the 
homogeneous plains but are more difficult to identify owing to the 
ridges and m aterials which they deform  having sim ilar radar 
backscatters (Figure 3.27).

As w ith the reg ional p lains, de fin itive  sources for the 
hom ogeneous p la ins m ateria ls are no t id en tified  w ith in  the 
m apping quadrangles. The materials do have flow fronts, that are 
often weakly defined. Typically, the unit is embayed by regional 
plains m aterials (e.g. S.S^N, 337.0^ E) and superim pose lineated 
and mottled plains materials (Figure 3.27).

Interpretation
Ow ing to a sim ilar m orphology and areal ex ten t as the 

regional plains m aterials, the hom ogeneous plains m aterials are 
interpreted to have formed in a similar way to volcanic flows but 
have a greater surface roughness implying the final crust suffered 
greater breakup during emplacement.

3.4.5 Edifice Fields - e f

Edifice fields represent local concentrations of small volcanic 
e d if ic e s  w ith  a p red o m in an t sh ie ld  m o rp h o lo g y . T y p ica l 
concentrations of volcanoes within edifice fields num ber around 
100 with a density of 4 to 10 edifices per 10^ km^, over an area of 
10^ km^ {Aubele et al., 1992; Grumpier et al., 1997). The edifice 
fields typically  m easure betw een 50 and 350 km in diam eter. 
E difice fields are associated with a num ber o f other units and 
structu res such as coronae, large vo lcanoes, and ex tensional
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46.50 N

41.50 N
330.55 E 100 km 336.55 E

Figure 3.27 Radar characteristics and relations of the Sedna regional (spr), homogeneous 

(sph) and mottled and lineated plains {splm). The Sedna homogeneous plains have a relatively 

stronger radar backscatter than the regional plains. The lineated and mottled plains have a 

greater number of small edifices, have undergone more deformation, and are embayed by the 

homogeneous plains. The homogeneous plains materials are embayed by the Sedna regional 

plains materials. Notice the weakly defined flow fronts between sph  and spr ( C 1- 

MIDR.45N329;2 browse).
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deform ation. O bservations w ithin the study area identify  three 
principal categories:

(1) Edifice fields with associated flow materials
This category is typified by prom inent flow m aterials which 

radiate for hundreds of kilom etres, m easured from the centre of 
the edifice field, typically dem arcated by the greatest density of 
edifices. The flow m aterials have variable m orphologies and radar 
characteristics.

Examples include two edifice fields in SW Guinevere Planitia 
which have extensive flow materials 200 to 400 km long (13.5^ N, 
3 1 4 .5 0  B and 17.50 N, 3140 e . Figure 3.28). The flow m aterials 
which originate from the edifices overlie the local regional plains 
and have distinct flow boundaries. Similarly, Olosa Colles in V31 
( 1 8 . 5 0  N, 3 5 4 0  E, SE of Sif Mons, Figure 3.29) has a series of 
d ig ita te  flow s which are topographically  contro lled  by w rinkle 
ridges which deform the local Guinevere regional plains materials.

Common to all three edifice fields are a num ber o f graben. 
The graben both cut and are overlain by flow m aterials from  the 
edifices (Figure 3.30). Some graben dissect the edifice fields and 
have edifices, pits and pit chains along their lengths. The graben 
also cut the regional plains materials. The edifices of these fields 
show considerable m orphological diversity and display a range of 
radar backscatter (Figure 3.31).

(2) Edifice fields without extensive flows
In contrast to the category above, these edifice fields typically 

la c k  e x te n s iv e  flow  m a te ria ls  w ith  w e ll d e fin e d  flow  
m orphologies. M aterials associated  w ith these fields norm ally  
display a m oderately uniform  radar backscatter. Volcanic edifices 
w ithin  this second category differ from  the category described 
previously in that: (1) they do not show a wide range in radar 
backscatter, all typically have a m oderate radar backscatter; (2) 
the edifices have uniform  m orphologies within the field; and (3) 
the edges o f the edifices are demarcated by diffuse m aterials with 
a radar backscatter similar to that of the edifice.
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317.75 E

15.50 N

11.25 N

311.40 E 100 km

Figure 3.28 An example of a relatively young edifice field situated in western Guinevere 

Planitia. The edifîce field overlies regional plains materials. SW flows from the edifice field 

are controlled by a small corona and hence post-date it. Volcanic edifices within the centre of 

the field have a well defined shield morphology and show variable radar backscatters, their 

margins are well delineated. The extensive flow apron surrounding the edifices displays 

numerous individual flow units of varying morphology, radar backscatter and emplacement 

mechanisms. Compare this type of edifice field with that of a relatively older edifice field 

(Figures 3.32 and 3.33) (C1-MIDR.15N 317;1 browse).
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19. ION

351.15E
15. IO N

100T<rfi 357.40 E

Figure 3.29 Olosa Colies. The edifîce field consists of two sections, a NW section composed of 

relatively radar-bright edifices and associated flow materials, and a SE section, composed of 

darker edifices with radar-dark flow materials. The edifice postdates the Guinevere regional 

plains materials. The edifice field is associated with a belt of graben along which some edifices 

are preferentially oriented (C1-MIBR.15N352 browse).
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18.25 N

17.20 N
356.5 E 100 km 354.00 E

Figure 3.30 Enlarged image of Olosa Colles. The graben to the SE can be traced through the 

edifîce field. Relatively rough flows extend to the SW, some are topographically controlled by 

wrinkle ridges which cut the regional plains. Olosa Colles is a relatively young edifîce fîeld 

which postdates regional plains materials (C1-MIDR.15N352;1 framelet 21).
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13.20 N

12.55 N

314.50 E 10km 315.04 E

Figure 3.31 Enlarged view of the centre of the edifice field located at 13.5® N, 314.5® E (Figure 

3.28). The edifice field postdates the local regional plains and is surrounded by a series of flow 

materials, it is considered relatively young. From the image, it is seen that the edifices show a 

variety of morphologies: 1 - edifices with digitate flows of variable radar return, 2 - edifices 

with a weak homogeneous radar backscatter, 3 - edifices which show relatively greater relief 

(possible cones). The margins of the edifices are generally well delineated. Compare this 

image with Figures 3.32 and 3.33 which show relatively older edifice fields. G marks a small 

graben (C1MIDR.15N317; framelet 35).
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T his category  of ed ifice  fie ld  is o ften  assoc ia ted  w ith 
stra tig raph ically  older m aterials such as m ottled  and lineated  
plains. Exam ples include an edifice field  located w ithin lineated 
and m ottled plains m aterials centred at 34.0® N, 331.O^E (V19, 
Figure 3.32) and at 42.0^ N, 314.O^E (Guinevere Planitia). A t the 
latter exam ple, younger regional plains m aterials clearly  embay 
the edifices, leaving some isolated as inliers. A sim ilar situation is 
observed with small volcanoes contained in edifice fields and s p l m  
m aterials in V I 9; edifices are em bayed and iso lated  by s p r
materials (e.g. around 39.0^ N, 350.5^ E, Figure 3.33).

(3) Patch edifice fields
These fields of volcanoes are composed of the am algam ation 

o f d istinc t c ircu lar radar-b righ t patches, typ ically  20 km in 
diam eter. Individual patch edifice fields are often am algam ated 
and form  coherent areas typically  hundreds of k ilom etres in 
diam eter. The individual patches show no re lief in M agellan data, 
and are interpreted to be relatively flat; no central construct is 
observed  and the patches rare ly  show p its. W here p its are
observed, they occur near the centre of the patch and are usually
less than 300 m in diam eter. Sm aller pits may exist below the
resolution of Magellan S AR.

Large scale linear structures (such as graben) are not typically 
associated with this category of edifice field. However, a detailed 
polygonal fracturing, sim ilar to that seen w ithin the lineated and 
m ottled  plains, m ay be observed. The style of deform ation is 
unclear owing to its fine nature and the lim iting resolution of the 
radar instrum ent. The structure is typ ically  res tric ted  to the 
patch. Examples occur in V19 at 41.5® N, 333^ E (Figure 3.21), and 
are observed elsewhere on Venus (e.g. 1.0® N, 1640 E Figure 3.34). 
The ed ifice  fie lds may predate  or postda te  reg iona l p la ins 
materials.

Interpretation
How do edifice fields form, and what styles of volcanism  do 

they  rep re se n t?  A ubele  et at. (1992), A u b e l e  (1995), and
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35.50 N

34.00 N
330.50 E 10 km 331.90 E

Figure 3.32 An example of a relatively old edifîce fîeld situated in lineated and mottled plains 

materials (V19). The edifîce field lacks prominent flow materials. Edifices have relatively 

uniform morphologies with diffuse boundaries. Some edifîces are deformed by the local 

fabric. (C1-MIDR.30N333;1 framelet 12).
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347.50 E

35.00 N

31.75 N

100km 352.80 E

Figure 3.33 An example of a relatively old edifice field situated in the Sedna lineated and 

mottled plains, southern Sedna Planitia. The edifice field has been embayed by Sedna regional 

plains to the NE. When compared with a relatively young edifice field, such as those seen in 

western Guinevere Planitia (Figure 3.28), which overlie regional plains materials, the edifices 

of the older field are less defined and show less diversity in morphology. Older edifice fields 

generally have less flow material associated with them. It is suggested that the older edifice 

field has undergone a degree of degradation (C1-MIDR.30N351;1 browse).
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01.60 N

02.65 S
161.70 E 100 km 166.60 E

Figure 3.34 Example of a Patch edifice field. The field is composed of an amalgamation of 

circular radar-bright volcanic edifices with little relief, and associated flow materials. The 

edifice field postdates the regional plains. Few pits are seen within individual volcanic edifices 

(C-MIDR.00N163 browse).
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G rum pier  et al. (1997) have suggested that edifice fields represent 
islands of topographically high, old plains m aterials which have 
been flooded and isolated by younger volcanic plains. This model 
implies an areally extensive unit existed prior to flooding such as 
the ‘Hilly M ottled Plains M aterial’ described earlier {Aubele, 1995; 
Grumpier et al., 1997).

W hile the observations p resented  here show that ed ifice  
fields may be embayed by younger plains m aterials, this is not 
the case with all edifice fields; Olosa Colles postdates local regional 
plains materials in V31, as do others in the study area. The actual 
emplacement of edifices fields is considered a consequence of local 
melting, with the area of the field controlled by the extent o f a 
shallow regional reservoir or trap {Aubele et al., 1992; Guest et al., 
1992).

Associated with relatively young edifice fields are graben (e.g. 
Olosa Colles, Figure 3.30). This observation im plies local crustal 
extension is im portant in the formation of some edifice fields. The 
variation in m orphology and radar characteristics of edifice fields 
seems to correlate with their relative ages. The processes which 
give rise to edifice fields are considered to have been active over 
a relatively long period of time.

3.4.6 Isolated Flows - /

These m aterials are recognised as isolated small patches with 
a w eak radar backscatter (see A ppendix  IV). T ypically , the 
m aterials can be traced to small pits (< 650 m in diameter) seen 
with full resolution data (Figure 3.35). The longest dim ension of 
the m aterials is usually less than 50 km, however m aterials from 
a num ber of pits merge at 4.5^ N, 333.2® E (Figure 3.35). Isolated 
flow  m ateria ls show no re lie f  on M agellan  im agery . Some 
m aterials are topographically controlled by wrinkle ridges, (e.g. at 
3 .1 0  N 3 3 2 . 3 0  E). In the V31 quadrangle, the un it overlies 
hom ogeneous and regional plains m aterials (Figure 3.36), and 
lineated and mottled plains.
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05.20 N

04.40 N
332.80 E 50 km 333.60 E

Figure 3.35 Example of the Isolated flow unit (/). The three radar-hright pits situated to the 

west of the centre of the radar-dark flows are interpreted to be the source. The flows 

superpose both the Guinevere regional and homogeneous plains. The flow material are 

interpreted to he relatively smooth owing to the weak radar backscatter, and must have been 

emplaced relatively rapidly with little surface disruption. The style of volcanism is thought to 

be analogous to eruptions from basaltic shields observed in Iceland (C1-MIDR.00N333;1 

browse).
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336.40 E

06.00 N

02.10 N
332.05 E 100 km

Figure 3.36 Isolated flow units (/) seen overlying on plains materials of southern Guinevere 

Planitia. Sati canali is marked in the SE portion of the image. The radar-dark, delta-shaped 

flow material seen at the western end of Sati is situated at a greater elevation than the canali 

themselves. The image also shows the backscatter difference between the regional igpr) and 

homogeneous (gph) plains (C 1-MIDR.00N333; 1 browse).
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Interpretation
The sm all isolated flow m aterials are considered to be the 

m an ifesta tion  of local areas o f m elting, p roducing  volcanoes 
lacking edifices. Instead, flow m aterials originate from pits which 
lie at or near the surrounding surface level. The m aterials are 
in terpreted  as sm ooth, owing to a weak radar backscatter, and 
hence  the c ru sts  o f these flow s are p ro b ab ly  re la tiv e ly  
undeformed. Since wrinkle ridges can control the flow m aterials, it 
is inferred that the m aterials were relatively fluid when erupted. 
The low viscosity of the erupted m aterial would also explain the 
lack of edifice construction.

3.4.7 Volcanic Centre -vc, and Sif and Gula Materials -s, g

V olcanic centres (vc) constitu te  m ateria ls w hich o rig inate  
from  an edifice (typically betw een 15 and 40 km in diam eter), 
which may extend up to 200 km from  the source (m ean apron 
extent is approxim ately 100 km). Two prom inent exam ples occur 
in V19; Evaki tholus (37.510 ]Sf̂  342.17® E) and Toci tholus (29.50® 
N, 3 5 5 . 2 9 0  E, F igure 22). Evaki and T oci m ateria ls  are 
superim posed on Sedna regional p lains m aterials. Evaki has a 
sum m it w hich has a num ber o f pits and dom es. Two E-W  
elongated pits (less than 4 km in length) occur on the southern 
flank. The summit is surrounded by flow materials with a digitate 
appearance, extending up to 160 km from  the central sum m it 
peak.

Toci exhib its a prom inent circu lar central peak  w ith two 
central depressions, the smaller (4 km in diameter) being partially 
nested within the larger (10 km in diam eter). A concentric series 
o f frac tu res w hich m easure 35 km in diam eter surround the 
summit. To the SW, a number of fracture sets intersect to form a 
polygonal pattern. A finer fabric radiates to the SE from the centre 
o f the volcano. As m entioned earlier, synthetic stereo data show 
that flow s from  Toci have been w arped by uplifting  since the 
southern flow apron flows 'uphill'. The warping is in terpreted to
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be associated the uplift of W estern E istla  Regio (Stofan et al.,
1995). Flow m aterials extend in a sem i-radial fashion away from 
the sum m it reaching up to 180 km (to the SW) and have a 
relatively  constant radar return only slightly greater than Sedna 
reg ional p lains m aterials. A num ber o f volcanic centres are 
contained w ithin the lineated and m ottled plains m aterials (see 
V31 map) typified by edifices with a sum m it caldera and radial 
flows.

Two larger volcanic centres, Sif and Gula M ontes {s and g)  
occur w ithin V31. The volcanoes are defined by a prom inent 
radial extension of flow m aterials (with a mean distance greater 
than 300 km) which originate from central edifices identified in 
topographic data. The flow m aterials overlie the regional plains 
m aterials of Guinevere and Sedna Planitia. The two large shield 
volcanoes display com plex eruption h istories recorded by flow 
units of varying radar backscatter and m orphology. A full account 
of the stratigraphy and interpretation of S if and Gula M ontes is 
presented in Chapter 5.

Interpretation
V olcanic centres identified  w ithin the m apping quadrangle 

are in terpreted  as volcanoes with a central conduit. The mean 
diam eter o f the flow aprons associated with these volcanoes are 
m arginally greater than 100 km and hence may be called large 
volcanoes according to the classification of Head et al. (1992). 
M u ltip le  phases o f m agm a ex tru s io n  and w ithd raw al are 
considered  responsib le  for the calderas and sum m it structures 
observed at some volcanic centres (e.g. Toci), analogous to caldera 
formation on Earth.

Sif and Gula Montes are interpreted as large central volcanoes 
associated with the topographic highland of W estern E istla Regio. 
W hile the volcanoes are considered to have form ed from volcanic 
co nstruc tion  by the effusion  o f m agm a con ta ined  w ith in  a 
reservoir (C hapter 5), the highland on which they are situated 
(W estern Eistla Regio) is referred to as a volcanic rise. Some of the 
topographic expression of W estern E istla Regio is considered the
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result of processes other than volcanic construction, for instance 
therm al support {Senske et al., 1992; Stofan et al., 1995, Figure 
3.37).

3.4.8 Coronae

C oronae are described  as dom inan tly  c ircu la r struc tu res 
consisting of an annulus of concentric ridges and/or fractures with 
e ither a topograph ica lly  positive  or negative  in te rio r and a 
peripheral rim  and/or trough {Barsukov et al., 1986; Head et al., 
1992; Stofan et a l ,  1991, 1992, 1997). Nine coronae lie within the 
area defined  by the V19 and V31 quadrangles w ith  others 
occurring elsewhere within Guinevere Planitia.

C oronae contained  w ithin the m apping quadrangles have 
various units associated with them including flows, volcanoes and 
edifice fields. As coronae are of considerable im portance in the 
stratigraphy and overall geological processes on Venus, the next 
chapter has been set aside to present the results of a study of 
coronae from  the V31 mapping quadrangle, two of which overlap 
into V19 (to the north) and one into V43 (to the south). The units 
associated with coronae in the m apping areas are described in 
detail there.

In te rio r units o f coronae include vo lcan ic  ed ifices w ith 
associated flow m aterials (see Heng-o Corona, V31) edifice fields, 
some of which also have associated flow m aterials (e.g. Benten 
Corona, V31), and plains materials. The age of interior units varies 
co nsiderab ly  (d iscussed  in C hapter 4). M any coronae have 
extensive flow m aterials associated with them (e.g. Benten Corona, 
V31) which can extend for 1 to 2 corona radii from the rim  and/or 
annulus (M agee-Roberts and Head, 1993; Stofan and Smrekar,
1996). In m any cases, the flow  m ateria ls  m ay be fu rther 
subdivided into units based on radar characteristics, m orphology, 
and spatia l extent. Such extensive units are im portan t w hen 
considering the composition and stratigraphy of the plains.
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m ajo r
vo lcan o es c o ro n ae v o lcan ic  rises

la rge-sca le  
m an tle  p lu m e

rising
m an tle
d iap ir

Figure 3.37 Different scales of melting and convection considered responsible for the 

formation of hot-spot related volcanism on Venus. Large shield volcanoes (left) are associated 

with large bodies of magma. Large-scale mantle plumes are considered responsible for 

volcanic rises such as Western Eistla Regio (the site of Sif and Gula). Intermediate between 

the two are coronae. After Stofan etal. (1992).
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Interpretation
The volcanic units and tecton ic  features associated  w ith 

coronae are interpreted as the result of in itial diapiric upwelling 
and early stage volcanism, im pingem ent of the diapir against the 
underside of the lithosphere, and final gravitational relaxation and 
late stage volcanism  as the diapir cools and losses buoyancy 
{Stofan et aL, 1991, 1997; Squyres et aL, 1992). A detailed  
descrip tion  of the proposed three stage m odel of for corona 
e v o lu tio n  is p re sen te d  in  C h ap te r 2 (2 .6 .1 ) . R eg ard in g
stra tig raphy , new observations from  coronae in V31 show 
considerable evidence of a protracted history ranging from before 
to after local regional plains em placem ent. A fu ll treatm ent o f 
corona evolution and stratigraphy is presented in Chapter 4.

3.4.9 Great Flow Fields

An exam ple of a great flow field is Neago Fluctus, which 
extends into the northern sector of V I9, and consists of a suite of 
flow  un its  o f vary ing  m orpho log ies and rad a r b ack sca tte r  
properties (Appendix V). The total assem blage covers an area of 
744,000 km^ with its longest dim ension m easuring approxim ately 
2000 km. The assem blage is subdivided into four stratigraphie 
units (Arvidson et al., 1992; and Lancaster et al., 1995) Neago 
Fluctus flow units 1 to 4, nfl to nf4 (Figure 3.38).

The bulk of flows associated with Neago Fluctus originate 
from N-S trending graben associated with the southern m argin of 
Clotho Tessera {Lancaster et al., 1995). Nf3  is m ost ex tensive 
(approx im ately  167,000 km^) and has the strongest radar return 
(Appendix V). Nf4  has the w eakest radar retu rn  and sm allest 
spatial extent and can be traced to a small cluster of edifices to 
the north o f V I9. The edifices are superim posed on older Neago 
Fluctus units. Nf3, Nf2  and N fl  are deform ed by w rinkle ridges 
(Figure 3.39).
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52.35 N

46.50 N
339.75 E 300 k m 352.50 E

Figure 3.38 Neago Fluctus superposed on northern Sedna regional plains. This great flow is 

composed of four main units {nfl, oldest to nf4) which have considerably different radar 

characteristics (C1-MIDR.45N350;1 browse).
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48.00 N

47.50 N
348.75 E 40 km. 349.50 E

Figure 3.39 Wrinkle ridges clearly cut Neago Fluctus flow 2 materials (nfZ) and extend into 

n/3, but are difflcult to observe as the flows have a similar backscatter to the ridges. Neago 

Fluctus postdates regional plains materials and belongs to the Atla Group within the global 

stratigraphie model described by Basilevsky and Head (C1-MIDR.45N350;1 framelet 20).
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Interpretation
Neago Fluctus is classified by Lancaster et al. (1995) as a great 

flow field. Great flow fields are recognised by an area greater than 
50 ,000 km2 and are typically a few hundred thousand k m ^ in  
extent (Guest et al., 1992; Head et al., 1992; Lancaster et al., 1992, 
1995). G reat flow fields are relatively com m on on Venus, are 
typ ically  associated  w ith rift zones, and are in te rp re ted  as 
extensive volcanic flow m aterials. Lancaster et al. (1995) noted 
that a lesser num ber of great flows orig inate  from  volcanoes, 
coronae and edifice fields interpreted to be younger than the 
background (regional) plains.

The association of great flow fields with rift-related  settings 
s trong ly  in d ica te s  cond itions of lith o sp h e ric  ex ten sio n  and 
thinning (Magee-Roberts et al., 1993). Great flow fields which are 
connected to smaller local centres of volcanism  (coronae, and large 
shields) m ay originate  from  isolated plum es (Lancaster et al., 
1995). An in-depth study of M ylitta Fluctus (55^ S, 355^ E) by 
Roberts et al. (1992) estimated that here the flow units erupted at 
betw een ICF and 10^ m^ s 'l ,  with typically a duration of a few 
days to a few m onths. These calculations were based on the 
ex trapo la tion  of te rrestria l flow lengths versus effusion  rates 
(W a lk e r ,  1973). W hile the results represent a first order estim ate, 
and do not allow for periods of inactivity between em placem ent of 
flow episodes, the values are similar to estim ates of eruption rate 
and duration obtained for units w ithin the Roza M em ber of the 
Columbia River Basalts (Shaw and Swanson, 1970; Swanson et al., 
1975). H ence it is considered that great flow s on Venus are 
analogous to major units within terrestrial flood basalt provinces.
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3.4.10 Impact and Surfîcial Crater Materials

V19 and V31 contain a total of 16 and 21 craters, with 5 and 
6 su rfic ia l ‘sp lo tch ’ im pacts respective ly . The cra ter average 
d en sity  fo r the com bined  area  o f the  tw o q u ad ran g les  
(1 4 .6 8 3 x 1 0 ^  km^) is 1 cra ter per 3.97x10^ km^. Including  
splotches, the average density equals 1 im pact related feature per 
3.12x10^ km2.

Surficial splotch impacts typically have a weak interior radar 
back sca tte r surrounded  by stronger re tu rn ing  m ateria ls . The 
deposits have diffuse boundaries and are approxim ately circular. 
Im pact c ra te rs  w ith in  the study area  range in size from  
approxim ately 5 km to 100 km in diam eter (m easured from  the 
crater centre to the distal edge of the mean ejecta apron).

For craters >30 km in d iam eter, th ree  un its m ay be 
distinguished: central peak m aterials (cp), crater floor m aterials 
(c f)  and ejecta m aterials (ce).  Craters sm aller than 35 km are 
m arked ce  only. Both ce  and cp  have strong radar returns with a 
m ottled hum mocky appearance. Crater ejecta m aterials may have 
deposits with a flow -like m orphology extending beyond the main 
ejecta margin (e.g. Cunitz, V31, 14.4® N, 350.8® E, Figure 3.40). The 
flow m aterials may be topographically controlled (e.g. Enid, V31, 
16.40® N; 352.20® E). Crater floor m aterials typically have a weak 
radar backscatter. The crater floor m aterials of Cunitz show a 
pervasive fabric  o f ridges w ith approxim ately  2 km spacing 
(Figure 3.40). Surrounding many im pact craters are radar dark or 
bright haloes some of which are parabolic in shape. In some cases 
the d istribu tion  of the dark haloes is con tro lled  by surface 
fea tu res such as w rinkle ridges. E xcept w here bounded by 
topographic obstacles, these haloes have indistinct boundaries.

O f the 37 craters within the mapping area, one is tectonically 
m odified by fractures (Rhoda, V31, 11.50® N, 347.70® E), and one 
em bayed by flow m aterials (H eidi, V31, 20.36 N, 350.10 E) 
interpreted to originate from Sif Mons or a nearby volcanic centre. 
W here a rela tion  can be established, crater m aterials typically  
postdate wrinkle ridge formation. No correlation between unit and
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17.25 N

12.00 N

348.70 E 100 km 354.00 E

Figure 3.40 Cunitz and Enid craters. Cunitz is surrounded by a radar-bright surHcial 

deposit, ce - crater ejecta materials (which include flow-like materials to the west of the 

impact), cm - crater margin materials, cp - central peak materials and cf - crater floor 

materials. Enid is surrounded by a local radar-dark halo and has materials which are 

topographically controlled by the local regional plains fabric (south of the crater) (CI- 

MIDR.15N352;1 browse).
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crater density is observed.

Interpretation
Apart from Heidi and Rhoda, the craters within the mapping 

q uad ran g les  are in te rp re ted  to be lo ca lly  young fea tu res .
H ow ever, as w ith tessera, an age re la tion  betw een ind iv idual 
cra ters cannot be estab lished . The average density  of im pact 
related features w ithin the mapping quadrangles is sim ilar to that
for the global surface area of Venus, calculated as 1 crater related
feature per 3.38x10^ km^ (calculated using 1333 im pact related
features identified by Strom et al. (1994) from 98% of the surface
of Venus).

Splo tch  im pacts are in te rp re ted  to be surface m ateria ls
disturbed by the incom ing shockwave of a bolide which either 
form ed a crater too small to be detected by the M agellan SAR 
radar, or w hich fa iled  to create a c ra ter ow ing to bo lide
disin tegration  and/or vaporisation before im pact {Schultz, 1992). 
R adar bright and dark parabolic haloes are considered to have 
form ed from  crater fallout m aterials {Schultz ,  1992; Campbell et 
al., 1992). Flow m aterials associated with ejecta and the interior 
floors of the larger craters (e.g. Cunitz, Benton and Heilm an) are 
in terp reted  as m elt m aterials form ed during and shortly  after 
im pact {Schu ltz ,  1992). The interior fabric seen within Cunitz is 
considered  to have form ed by the coo ling  and subsequen t
contraction of floor melt materials.

3.5 A quantitative Measure of the Amount of M aterials 
Associated with an Identifiable Source

From  the suite o f units identified w ithin the study area, a 
quantitative m easure of the percentage of plains m aterials which 
can be attributed to a volcanic or tectonic source was calculated. 
To achieve this, the study area (Guinevere and Sedna Planitiae) C2 
photoproducts were divided into 33 10® by 10® boxes. The total 
area of the 33 boxes is 32.41x10^ km^ and represents 7% of the
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venusian surface, an area similar to that analysed by B a s i l e v s k y  
and Head  (1995a, 1995b, 1996, 1997) and Basilevsky et al. (1997) 
in tbeir global stratigraphie model. In each box an estim ate of the 
percentage of m aterials which could be attributed to a source was 
noted. The categories for sources were: edifices and edifice fields, 
in te rm ed ia te  volcanoes (w ith a m ean d iam eter approxim ately  
<200 km), large volcanoes, coronae, and great flow s associated 
with ex tensional deform ation. For each box, the percentage of 
m aterials h idden by im pact crater m aterials and by structural
m odification  was estim ated. All m aterials w hich could not be 
confidently  traced to a source were sum m ed and recorded as 
unidentified flow materials (UFM). The use of full resolution data 
and syn thetic  stereo helped to aid source iden tifica tion . The 
results o f the study are presented in Tables 3.2 and 3.3 and
graphically in Figure 3.41.

N eg lec ting  m ateria ls  obscured  by im pact m ateria ls  and 
structures, it is shown that approxim ately 40% of m aterials within 
the study area can be traced to a source. The greatest contribution 
comes from  small edifices and edifice fields, follow ed by larger 
volcanoes (both large shields, such as Sif and Gula and sm aller 
central volcanoes) and coronae. The percentage here is considered
to be an underestim ate since some m aterials had well defined
flow m orphologies but could not be confidently traced to a source, 
for instance where a flow has later materials superimposed on it.

Clearly the statistics of this area may not be representative of 
Venus as a whole. This fact may be illustrated  w ith m aterials 
attributed to coronae. W hile the plains o f Guinevere and Sedna 
contain some coronae, Stofan et al. (1997) state that coronae most 
commonly occur along chasmata systems. It is probable that in the 
vicinity o f chasmata, the degree of plains m aterials which can be 
attributed to coronae will be greater. This theory is supported by 
a prelim inary investigation of the U lfrun Regio which contains a 
greater num ber of coronae. W ithin 18 10® by 10® boxes, 30% of 
m aterials in the U lfrun area (~ 150N, 225®E) o rig in a te  from  
coronae (Brian, per. comms.) and 63% of observed m aterials are
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Box
No.

Lat/
Long

iCM 2VC 3LS 4e f Coronae SEx+GF %TR Data
Gap

7UFM

1 -10 350 10 10 0 15 10 0 7 15 33
2 -10 340 3 0 0 40 0 0 3 17 37
3 -10 330 3 0 0 20 0 0 1 25 51
4 -10 320 0 0 0 0 0 0 0 100 0
5 -10 310 5 0 35 5 0 0 1 10 44
6 00 350 15 20 0 5 10 0 5 3 42
7 00 340 12 0 5 10 0 0 3 15 55
8 00 330 5 7 0 10 0 0 3 25 50
9 00 320 3 0 0 0 0 0 0 80 17
10 00 310 0 0 35 0 25 0 3 25 7
11 10 350 3 0 15 10 0 0 2 3 67
12 10 340 2 5 10 10 12 0 3 10 52
13 10 330 5 0 0 5 25 0 7 3 55
14 10 320 30 0 0 0 0 0 0 30 40
15 10 310 5 0 0 50 25 0 0 5 20
16 20 350 3 10 40 3 10 0 8 5 21
17 20 340 15 15 5 10 10 0 15 15 15
18 20 330 10 0 0 25 0 0 5 3 47
19 20 320 3 10 0 12 0 0 5 30 50
20 20 310 0 0 0 28 18 0 5 0 49
21 30 350 8 0 0 20 0 0 10 5 57
22 30 340 1 10 0 30 0 0 6 15 38
23 30 330 1 0 0 30 0 0 20 0 49
24 30 320 10 0 0 5 10 0 7 28 40
25 30 310 2 10 0 7 30 0 15 3 33
26 40 350 1 0 0 10 8 15 17 2 48
27 40 340 1 0 0 5 0 45 3 10 36
28 40 330 0 5 0 30 0 1 7 2 55
29 40 320 1 0 0 25 0 0 2 30 42
30 40 310 3 15 0 20 7 0 10 1 44
31 40 300 0 0 10 20 5 20 20 2 23
32 40 290 4 0 30 7 0 30 5 0 24
33 40 280 0 0 40 8 0 25 10 0 17

 ̂Crater materials - percentage of area within box obscured by craters and associated materials. Underlying 
materials cannot be identified.
 ̂Central volcanoes with a mean radial flow field of approximately 100 km 
 ̂Central volcanoes with a mean radial flow field greater than 100 km (e.g. Sif and Gula Montes).

^Edifice Fields and edifices, edifices smaller than approximately 10 km.
 ̂Great flows (as defined by Lancaster et al. 1995), associated with extensional structures.
 ̂Structures - Percentage corresponds to sum of all forms structure within box 
 ̂Unidentified flow materials - materials to which a source could not be confidently attributed.

Lat. long, corresponds to lower right band comer of each box

Table 3.2 Percentages of materials which can he associated vrith a source from 33 10  ̂hy 10*̂  boxes 

covering Guinevere and Sedna Planitiae. The percentage of structure, data gap and crater materials 

are also given.
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Crater
Materials

Volcanic
Centres

Large
Shields

Edifice
Fields

Coronae ^Extension 
+ GF

Structure Data Gap 2UFM

Total % of 
materials in the 33 
boxes

4.88 3.55 6.82 14.24 6.21 4.12 6.12 15.67 38.12

% after data gap 
subtraction

5.79 4.20 8.08 16.89 7.37 4.89 7.26 45.20

Total surface of 33 
boxes (10^ km

32.408 32.408 32.408 32.408 32.408 32.408 32.408 32.408 32.408

Total surface area 
of materials in 33 
boxes (10^ km

1.876 1.361 2.618 5.474 2.388 1.585 2.353 14.648

 ̂Great flows (as defined by Lancaster et al. 1995), associated with extensional structures.
 ̂Unidentified flow materials - materials to which a source could not be confidently attributed.

Table 3.3 Quantitative measure of materials within Guinevere and Sedna Planitiae calculated as a percentage and surface area. 

Surface areas for each hex latitude were calculated using spherical trigonometry.
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Figure 3.41 A shows the percentage of unidentified flow materials in each of the 33 
boxes. B shows the cumulative total of fiow materials attributed to a volcanic landform 
seen in the 33 boxes.
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seen to originate from a volcanic landform . Hence here, coronae 
are im portant sources of plains m aterials. There is still some 
debate concerning a d istinction betw een volcanoes and coronae 
{Stofan et al., 1992, 1997) and so the percentage associated with 
each landform  may depend on individual interpretation. However, 
the qualitative study is generally useful in accounting for the bulk 
of m aterials which have an identified origin. The significance of 
these observations regarding stratigraphy are discussed below.

3.6 Stratigraphie Observations from Guinevere and Sedna 
Pianitiae

The stra tig raph ie  conclusions, based  on the observations 
p resen ted  above from  G uinevere  and Sedna P ian itiae , are 
sum m arised below . Stratigraphie correlation charts for V31 and 
V19 are shown in Figures 3.42 and 3.43 respectively.

1. The oldest m aterials in the area are interpreted as Tessera and 
deform ed plains, but this does not imply all the outcrops are the 
same age. Both units are embayed by lineated and m ottled, and 
regional p lains, for instance tessera in the area 40^ N 356® E 
(Figure 3.14). However, the age of tessera and deform ed plains 
un its re la tiv e  to one another cannot be e stab lish ed  and a 
considerable tim e period m ay exist betw een the form ation  of 
different outcrops of these units (see discussion below).

2. The lineated and m ottled plains are in terpreted  to represent 
re la tively  old plains m aterials which have experienced m ultip le 
phases of deformation. The materials are deformed by at least two 
phases of wrinkle ridges one of which is restricted to this unit. 
F u rth e rm o re , rid g e  b e lts  w hich  do no t defo rm  y o u n g er 
surrounding m aterials are observed. Other sets of deform ation not 
represented  in younger plains m aterials are observed. The tim e 
duration represented by the lineated and m ottled plains is not 
clear.
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Figure 3.42 Unit Correlation Chart for units of V31 Sif Mons Quadrangle. The chart is based on unit observations soley from the V31 quadrangle.
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Figure 3.43 Unit Correlation Chart for units of V19 Sedna Planitia Quadrangle. The chart is based on unit observations soley from the V19 quadrangle, 

m and p show the position of Mesca and Purandi Coronae which have no flow materials associated with them.
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3. The regional and hom ogeneous plains embay the m ottled and 
lineated plains. Hom ogeneous plains are typically  em bayed and 
hence predate the more extensive regional plains. Both units are 
deform ed by a younger series of wrinkle ridges and ridge belts 
than those which deform the lineated and mottled plains.

4. The form ation of edifice fields is considered to have occurred 
over a relatively  long period of tim e. Edifice fields pre- and 
postda te  reg ional p lains m ateria ls , coronae and large sh ie ld  
volcanoes.

5. Prom inent flow m aterials from large shields (e.g. Sif and Gula 
M ontes), coronae (e.g . B enten, Idem -K uva) and g rea t flow  
m ateria ls (N eago F luctus) are typ ically  superim posed on the
reg ional p lains units. The w rinkle ridges w hich deform  the 
hom ogeneous and regional plains m aterials also deform  the above 
flow  m aterials locally . W hile flow  m ateria ls associated  w ith 
coronae are typ ically  young (superim posed on reg ional p lains 
m ateria ls), som e coronae in V31 show p ro trac ted  h is to rie s
(C hap te r 4), w ith in itia l stages p o std a tin g  reg io n a l p la in s  
emplacement.

6. In the study area, approximately 40% of materials can be traced 
to a source (edifice fields, coronae, large shield volcanoes etc.). 
These landforms are of different ages.

7. The youngest m aterials are deposits associated  w ith im pact
craters. The crater density  w ithin the m apping quadrangles is 
sim ilar to that calculated for the whole planet. A stratigraphie 
relation cannot be estabhshed between individual craters.
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3.7 C om parison of S tra tigrap h ie  O b servations of 
G uinevere and Sedna P ian itiae  w ith the G lobal 
Stratigraphy Model

The model of global stratigraphy proposed by Basilevsky and  
H e a d  (1994, 1995a, 1995b, 1996, 1997) and Basilevsky et al. 
(1997) is described in detail in Chapter 2 (2.2-2.4). The m odel 
suggests distinct periods during which specific types o f volcanic 
and tectonic activ ity  occurred on a global scale. How do the 
stra tig raph ie  conclusions from  G uinevere and Sedna P ian itiae  
compare with this model?

The d irectional nature of the m odel is not supported by 
o b se rv a tio n s  from  G u in ev ere  and S edna  P ia n itia e . T he 
stra tig raph ie  re la tions betw een vo lcan ic  un its and struc tu res 
suggest a non-directional history is prevalen t w ithin the study 
area; the sam e vo lcan ic  and defo rm ational p rocesses have 
occurred m ore than once over time. The evidence for a non- 
d irectional stratigraphy is now d iscussed  in con tex t w ith the 
proposed global stratigraphy model.

3.7.1 Evidence for Repeated phases of Volcanism

T hroughout G uinevere and Sedna P ian itiae  (and Venus in 
general) various styles o f volcanism  are identified  {Head et al., 
1991, 1992; Copp and Guest, 1995, 1997). The global stratigraphy 
model places styles of volcanism in specific geological periods: the 
A tla Period contains all volcanism  associated with large shield 
volcanoes, great flows and coronae, the Rusalka Period contains all 
volcanism which gave rise to the plains. Observations made during 
this w ork show that the same style o f volcanism  occurs at 
different times in the history of Venus described below:
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Edifice fields and edifices
First, consider the stratigraphy of edifice fields. Edifice fields 

clearly pre and postdate regional plains form ation, as well as large 
volcanoes and coronae. Olosa Colles (18.5^ N, 3540 g  Figure 3.29) 
postdates regional plains, while others are em bayed by regional 
plains materials (e.g. around 39.Q0 N, 350.50 E, Figure 3.33).

The same situation occurs with small volcanic edifices. Small 
volcanic edifices are ubiquitous w ithin the lineated and m ottled 
plains m aterials, and are considered responsible in part for the 
construction of these plains. Other small edifices postdate lineated 
and m ottled , and reg ional p lains m ateria ls , for instance  the 
Isolated flow m aterials (labelled /  in the quadrangle maps. Figure 
3.36, V31) and the small edifices identified with full resolution 
data in areas of regional plains materials {Copp and Guest, 1995, 
1997). H ence, it is considered these younger volcanoes are the 
result of similar volcanic processes to those which form ed edifices 
in the lineated and m ottled plains, and that edifice field and small 
edifice formation is not restricted to any stratigraphie period.

Intermediate and large volcanoes
In term ediate  and large volcanoes are considered  re la tive ly  

young within the Basilevsky and Head global stratigraphie model, 
con fined  to the A tla Period, subsequen t to reg iona l p la ins 
form ation. W hile volcanoes do postdate regional plains m aterials 
(e.g. Toci and Evaki tholi, V19, Figure 3.22), volcanic centres 
w ith in  G uinevere  lineated  and m ottled  p la ins m ateria ls  are 
em bayed  by reg ional p lains m ateria ls . F u rther ev idence  for 
in term ediate  and/or large volcanic construction prior to regional 
p lains em placem ent is inferred from  em bayed circular structures 
seen elsew here on Venus (Figures 3.44 and 3.45). The circular 
structures are upstanding, with in terior depressions analogous to 
sum m it calderas. The largest identified  occurs in A ino P lanitia  
(Figure 3.44). The exposed section of this volcano measures 41 km 
in diam eter and is surmounted by a caldera 18.5 km in diam eter. 
C oncen tric  fractures associated  w ith the volcano sum m it are 
embayed by materials analogous to regional plains materials.
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7-16.70 s

68.55 E

-20.10 S

50 km 73.50 E

50 km

Figure 3.44 Example of burled large edifîce in Aino Planitia. A shows plain materials surround the 

volcano summit, no associated flow materials are observed. B shows the volcano is clearly embayed by 

younger plains materials. Concentric deformation associated with the volcano summit is embayed by 

plains materials, e.g. the northern flank (C1-MIDR15S.077;1 A - browse, B - framelets 41 and 42).
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216.17 E

29.50 N

50k m 220.27 E
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Figure 3.45 Example of buried volcano in Ganiki Planitia. A shows the local geology, a 

mixture of regional plains and more recent flows. B shows the northern Bank of the volcano is 

embayed by regional plains materials, and the southern flank by the more recent flows (Cl- 

MIDR.30N225;1, A- browse B - framelet 26).
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Guest and Stofan  (1997) state, using observations by Copp et 
al. (1996, 1997), that although the flow m aterials of Sif and Gula 
M ontes (Chapter 5) postdate the local regional plains {gpr), the 
topographic rim of Heng-o corona deforms sim ilar regional plains 
m aterials, and hence must be younger. Since m aterials associated 
w ith  the tw o vo lcanoes and corona do no t overlap , the 
stra tig raph ie  re la tion  betw een them  cannot be found. H eng-o 
corona may be younger than the two shield volcanoes.

Plains
In considering  the stratigraphy of p lains m ateria ls , it is 

im p o rtan t to id en tify  the ir source. T he q u a n tita tiv e  study  
discussed in 3.5 shows a significant am ount of plains m aterials 
may be attributed to volcanic and/or tectonic landform s including 
edifice fields, interm ediate and large volcanic centres, rifts and 
coronae. Particularly  significant is the contribution from  edifice 
fields and small edifices. The sources described above are shown 
here to occur throughout the observed stra tig raphy  w ithin the 
study area. It is considered then, that p lains m ateria ls have 
different ages because the sources from which they originate have 
fo rm ed  at d iffe ren t tim es. R eg ional p la in s m ate ria ls  w ith  
unidentified sources can show flow boundaries (e.g. in spr ,  V19). 
This observation  im plies layering  o f m ateria ls  ind ica tive  of 
re p e tit iv e  v o lcan ic  p ro cesses . It is c o n s id e re d  th a t the  
hom ogeneous and reg ional p lains m ateria ls rep resen t sim ilar 
styles of volcanism  acting over a protracted period of time. A 
sim ilar situation is observed with Aino Planitia described by G uest  
and Stofan  (1997). Here, the plains are interpreted to have formed 
from  num erous superim posed flood lavas w hich have varying 
surface textures.

T he e a rlie r  lin ea ted  and m o ttled  p la in s m ate ria ls  are 
considered to have undergone periods of construction, form ed by 
the am algam ation of m aterials from  sm all ed ifices, clusters of 
small edifices and larger volcanic sources. From the study area, 
ev idence ex ists for a p rogressional accum ulation  o f volcan ic  
m aterials, w ith edifices and associated m aterials extruded onto

143



the local regional plains to form new units.

Great flows
In identifying great flow fields, Lancaster et al. (1995) noted 

that the bulk  orig inate  from  rifts . H ow ever as w ith p lains 
m aterials, some sources of great flows include volcanoes, edifice 
fields and coronae. Furthermore, Lancaster et al. (1995) state that 
the great flow fields were identified by their pristine m orphology. 
As explained at the beginning of this chapter, radar backscatter is 
dependent on surface roughness. Flow fields w ith sim ilar radar 
backscatters are likely to be difficult to distinguish. G uest and  
S t o f a n  (1997) cite observations of flow  m argins w ith in  the 
regional plains by Crown et al. (1994) as examples of great flows 
which have the same radar backscatter and w hich form ed at 
different times.

3.7.2 Evidence for Repeated phases of Deformation

As with volcanic activity, structural fabrics identified  w ithin 
Guinevere and Sedna Pianitiae imply a non-directional rather than 
directional nature to deform ational processes. The observations 
con trad ic t those c ited  in the global s tra tig rap h ie  m odel o f 
Basilevsky and Head.

Tesserae
Based on em baym ent observations, tessera is com m only cited 

as the oldest local unit when mapping on Venus (e.g. B in d s c h a d le r  
and Head, 1989; Ivanov and Basilevsky, 1993; Greeley et al., 1994; 
Copp and Guest, 1995, 1997; Tapper and Guest, 1997). W ithin the 
global stra tig raphy  m odel, tessera is used as a g lobal tim e- 
stratigraphic m arker (the Fortunian) and is considered the result 
of a global period of deform ation called tesseration {Ivanov and  
H ea d ,  1995, 1996; Basilevsky and Head, 1995a, 1995b). However, 
tesserae are defined by their structural characteristics which are 
not necessarily an absolute age criterion.
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By way of a terrestrial analogy, before absolute dating of 
rocks was possible, relative ageing was estab lished  using the 
principles o f superposition and cross-cutting relations, sim ilar to 
m apping techniques used with M agellan data today. C rystalline 
m etam orphic rocks were iden tified  as the o ldest m ateria ls at 
separate localities and thus mapped as one age. From more careful 
stra tig raphie  studies (and later, the advent o f absolute dating 
m ethods) it was shown that m etam orphic rocks span the whole 
stratigraphie age of the Earth, and of course, are currently forming 
today {Hansen and Willis, 1996). A sim ilar situation should be 
considered with tesserae on Venus. For exam ple, there is no way 
o f knowing the age relation between M anzan-Gurm e tesserae and 
tesserae elsewhere on the planet.

Ridge belts
W ithin the global stratigraphy m odel, deform ational processes 

responsible from the production of ridge belts are considered by 
B asilevsky and Head to be confined to the L avin ia  Period, 
preceding the Rusulka regional plains form ing period. Ridge belts 
w ith in  the study area do not conform  to th is s tra tig raph ie  
res tric tio n . Exam ples both pre and postda te  reg iona l p la in s 
m aterials. Zorile Dorsa (Figure 3.19) is confined to lineated and 
m ottled plains m aterials, while the ridge belt located at 38.5^ N, 
3 2 9 . 5 0  E, (Figure 3.23) postdates regional and hom ogeneous plains 
materials. Hence, the formation of ridge belts has been repetitive.

Wrinkle ridges
A nother global com pressional event proposed by B a s i le v s k y  

and  H ead  (1995a, 1995b), H ead and B asilevsky  (1996), and 
B a silevsky  et al. (1997) is rep re sen ted  by w rin k le  rid g e  
structures, w hich are claim ed to be confined  to the R usulka 
Period . As w ith ridge belts, observations from  units w ith in  
G uinevere and Sedna Pianitiae suggest m ore than one period of 
w rinkle ridge form ation (Figures 3.15 and 3.16). L ineated and 
m ottled  p lains m aterials contain a set of older w rinkle ridges 
which do not deform the younger regional plains {Copp and Guest,
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1995); hence a period of wrinkle ridge form ation took place prior 
to regional plains emplacement, before the Rusulka Period.

Flow  m ateria ls belonging to the A tla  Period  w hich are 
superim posed on the regional plains are considered not to have 
experienced  w rinkle ridge deform ation {Basilevsky and H ead  
1995a, 1995b; Basilevsky et al., 1996, 1997). Yet wrinkle ridges 
deform  flow units of Neago Fluctus (Figures 3.38 and 3.39), 
m aterials to the NE of an unnamed corona at 9.5^ N, 315.05® B, 
and flows at 04®S, 311®E, which originate from a central volcano. 
Other work has also shown that wrinkle ridge form ation was not 
g loba lly  con tem poraneous. M c G i l l  (1993) found that w rinkle 
ridges have different distribution and in tersection  patterns on a 
global scale. This observation suggests d ifferent regional stress 
regimes in the crust occurred at different times.

Coronae
Perhaps the greatest (incorrect) assum ption o f the global 

stra tig raph ie  m odel rela tes to the fo rm ation  of coronae and 
associated structure and volcanism. Recall from  Chapter 2 (2.3) 
that an ‘idealised’ sequence of corona developm ent is suggested 
by Basilevsky and Head, with the various stages of form ation 
(represented by the same structure at each corona) occurring at 
the same time throughout the history of Venus. O bservations of 
coronae within the V31 mapping quadrangle tell a very different 
story and show that coronae can have a protracted history; stages 
of corona form ation are not specific to any period of geological 
time (Chapter 4).

3.8 Resurfacing Models and Venusian Stratigraphy

Two models were described in Chapter 2 (2.5) to explain the 
crater retention age of the surface of Venus (500-300 M a); the 
g lo b a l (c a ta s tro p h ic )  re su rfac in g  m odel (G R M ), and the  
e q u ilib riu m  re su rfa c in g  m odel (E R M ). O b se rv a tio n s  from  
G uinevere and Sedna Pianitiae provide evidence for repetitive
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volcanic and deformation processes.
Based on this observation, the equilibrium  model proposed by 

Phillips et al. (1992) is more applicable than the global resurfacing 
m odel fo llow ed  by d ram a tica lly  red u ced  v o lcan ism . The 
conclusion is supported by recent observations at Anio P lanitia 
{Stofan and Guest, 1996; Guest and Stofan, 1997) where further 
re p e tit iv e  re su rfa c in g  is co n s id e re d  re sp o n s ib le  fo r the 
interfingering of plains materials.

3.9 Summary and Conclusions

Geological maps for V31 Sif Mons, and V I9, Sedna Planitia 
quadrangles (Venus) have been constructed  using the M agellan 
data sets. M apping of the quadrangles, and a m ore areally  
extensive investigation  covering G uinevere and Sedna Pianitiae, 
has resu lted  in the id en tifica tio n  o f num erous un its  and 
structures. The bulk of the units are in terpreted as volcanic in 
origin, and may be associated with volcanic and tecto-volcanic 
landform s (volcanoes, sh ield  fie lds, rifts  and coronae). Both 
com pressional and ex tensional defo rm ation  have resu lted  in 
w idespread fabrics of varying scales. The relations betw een the 
structures and units w ithin the study area (Guinevere and Sedna 
Pianitiae) are used to construct a stratigraphy which, in turn, tests 
the global stra tig raph ie  m odel o f B asilevsky  and H ead and 
resurfacing models, described in Chapter 2 (2.2-2.4).

In the study area, tesserae and sm all outcrops o f deform ed 
plains are considered the oldest units, as both are em bayed by 
subsequent plains m aterials. The lineated and m ottled plains are 
considered  a consequence of the am algam ation  o f vo lcan ic  
m aterials associated with numerous small edifices, and local flows. 
The unit has experienced considerably m ore deform ation than 
younger p lains m ateria ls. Em baying the lineated  and m ottled  
p la in s m ateria ls  are the hom ogeneous, and reg iona l p la ins 
m aterials. All three plains units are deform ed by sets o f wrinkle 
ridges. M ore than one phase of w rinkle ridge deform ation is
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observed.
V olcan ic  un its are also a ssoc ia ted  w ith  co ronae, local 

concen tra tions o f sm all ed ifices (sh ie ld  fie lds) and cen tra l 
volcanoes which vary in size. The m ost prom inent flows from  
these  sources postdate  the reg iona l p la in s. H ow ever, new 
observations presented here suggest the volcanic landform s have 
a protracted history. A quantitative study on a broad scale shows 
a significant amount (-40% ) of plains m aterials may be attributed 
to volcanic landforms within Guinevere and Sedna Pianitiae.

The new observations show the stratigraphy of the study area 
does not conform with the global stratigraphy model proposed by 
Basilevsky and Head. In contrast to the directional nature of their 
m odel, sim ilar volcanic and deform ation processes have occurred 
at d ifferent tim es within the study area. W hile some o f these 
processes may be more dom inant at certain  tim es (for exam ple 
the form ation of tessera), the processes are not restricted to any 
particular time frame. The non directional nature of stratigraphy 
observed  here favours a resu rfac ing  m odel s im ila r to the 
equ ilib rium  resurfacing  o rig inally  proposed  by Phillips et al. 
(1992), rather than a rapid resurfacing event {Strom et al, 1994).
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Chapter 4

New insights into corona evolution on Venus

4.1 Introduction

Coronae consist of concentric annuli o f ridges and/or graben 
{Barsukov et al., 1986; Stofan et al., 1992; Squyres et al., 1992). 
M ost have a circular or ovoidal planform  shape, with m axim um  
diam eters o f 65 to 2100 km. The topography of coronae varies, 
w ith m ost having a raised  rim  {Stofan et a l ,  1992, 1997). 
V olcanism  is nearly always associated with coronae, the am ount 
and style of which varies both spatially and tem porally {Stofan et 
al., 1992; Head et al., 1992; Roberts and Head, 1993).

As described in Chapter 2 (2.6.1) and 3 (3.4.8), a num ber of 
m odels have been presented to account for the m orphology and 
form ation of coronae. However, current models do not explain the 
m any variations in m orphology which are observed {Stofan et al., 
1992; Stofan and Smrekar, 1996). Coronae occur in a num ber of 
tectonic environm ents including volcanic rises, the p lains and, 
m ost com m only, along chasm ata system s {Stofan et ah, 1997). 
C hapter 2 (2 .6 .1) describes three stages o f corona evo lu tion  
in ferred  from  previous observations. T heore tica l m odels have 
been developed to explain these observations {Stofan and Head, 
1990; Stofan et al., 1992; Squyres et a l ,  1992).

In this study, five coronae contained w ithin the S if M ons 
m apping quadrangle (V31) were observed to tes t m odels o f 
co rona fo rm ation  and g lobal s tra tig raphy  (F igure  4 .1). Two 
coronae overlap  in to  the Sedna P lan itia  m apping quadrangle  
(V I9) and one with V43, south of V31. Stofan et al. (1997) have 
show n th a t corona ch arac te ris tics , such as topography  and 
m orphology, are globally random . U sing fu ll-resolu tion  M agellan 
Synthetic  A perture R adar (SAR) data, the five coronae were 
m apped and their relations w ith surrounding units estab lished . 
The m apping techniques follow  the guidelines of Tanaka et al.
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Figure 4.1 Location Map for the five coronae in V31. Contour interval is 1 km. IK 

- Idem Kuva Corona, N - Nissaba Corona, B - Benten Corona, H - Heng o Corona, 

S - Silvia Corona.
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(1994). From  the observations, it is argued that these coronae 
formed over an extensive period of time, and that coronae have a 
m ore com plex  h isto ry  than the sim ple  th ree  stage m odel 
previously  proposed (Stofan and Head, 1990; Stofan et al., 1992; 
Squyres et al., 1992). This has im portan t im p lica tio n s for 
m odelling  the o rig in  of coronae and constructing  a g lobal 
stratigraphy for Venus described in Chapter 2 (2.2-2.4).

4.2 Observations of coronae in Guinevere and Sedna 
Planitia

The five coronae described are Idem -Kuva, N issaba, Benten, 
Heng-o and Silvia. The margins of these and many coronae show 
two scales of deformation: (1) a broad (25-120 km across), usually 
d iscontinuous, topographic ridge with or w ithout a surrounding 
trough; and (2) closely spaced (5-15 km) arcuate fractures, graben 
and/or ridges. Throughout this chapter, the zone of closely-spaced 
structures is defined as the annulus, follow ing previous practice 
(Barsukov et al., 1986) and the broader scale ridge and trough 
structures as rim  topography. The two scales o f deform ation can 
show  im p o rta n t in fo rm a tio n  reg a rd in g  the  fo rm a tio n  and 
stratigraphy of a corona and hence often need to be discussed 
individually. The section below describes the geological history of 
each corona, then its relation with surrounding units.

4.2.1. Idem-Kuva Corona

Idem -K uva (25® N, 3580 e . Figures 4.2 and 4.3) is situated 
im m ediately  north of the large shield volcano G ula M ons in 
W estern E istla Regio. It is classified by Stofan et al. (1992) as 
having a concentric m orphology dom inated by volcanism . The 
corona m easures approxim ately 280 km in diam eter based on the 
outer m ost extent o f concentric structures. It is circular in plan 
view, with a 600 meters high central domical region which is 100
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300 km

Figure 4.2 Magellan image of Idem-Kuva (IK) and Nissaba Coronae (N). Nissaba Corona 

shows little annulus deformation compared with Idem-Kuva. The southern annulus of 

Idem-Kuva cuts into, and hence postdates, the northern flank of Gula Mons (G). In the 

north, both coronae are embayed by local regional plains materials (spr). However, two 

flows with relatively strong radar backscatter (associated with Idem-Kuva) postdate the 

plains materials. S marks flow materials from Sif Mons (taken from Cl-MIDR 30N351).
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Volcanic Edifices <15 km

Volcanic Edifices >15 km

Small scale fractures and 
ridges

Large scale rim topography: Ridges 

Scarp

Impact crater

Approximate boundary 
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Figure 4.3 Sketch map of Idem-Kuva and Nissaba Coronae. The approximate 
boundary between Idem-Kuva relict plains materials (ikpr) and flow materials from 
Gula Mons is shown with a dashed line. Possible origins for the Idem-Kuva flow 
materials are marked fl and f2. Graben at A are off-set from the main topographic 
deformation. Materials at B are interpreted as regional plains materials (spr). I 
indicates an inlier of Nissaba flow materials (nf2).
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km across (Figures 4.4 and 4.5) {Senske et al., 1992). The central 
domical region has a minor inner depression, the rim  of which is 
delineated  by narrow , radial graben. The h ighest part o f the 
central rise is to the west, where a small central volcano (< 10 km 
in diam eter) is situated (Figure 4.3). Two radar bright, digitate 
flows extend to the north of Idem-Kuva. The SW flow appears to 
originate from  a small edifice situated at approxim ately 24.3^ N, 
3580 E, while the eastern flow originates from graben located at 
approx im ately  24.50 N, 358.50 E (marked f l  and f2 respectively. 
Figures 4.2, 4.3 and 4.6).

The rim  topography of Idem -Kuva (the large-scale concentric 
structure) consists of a well developed inner trough and ridge to 
the south, but only a very shallow inner trough and m inor ridge to 
the north; it has no outer trough (Figures 4.4 and 4.5). The SW rim 
shows an inner ‘terraced ’ topography which coincides w ith an 
annulus of arcuate graben concentric to the central m ound of 
Idem-Kuva. The graben which form the annulus are prom inent to
the SW and SE, on the inner sloping margins of the corona’s trough
and, to a lesser extent, on the outer m argin of the ridge. Some 
arcuate graben, associated with the SW annulus of Idem -Kuva, do 
not coincide with the larger scale topographic rim  but are clearly 
o ffse t ou tboard  (m arked A, F igure  4 .3 , and F igu re  4 .7 ). 
F u rtherm ore , these  g raben  have a d iffe ren t tren d  to the 
topographic rim. To the north of the central dome of Idem -Kuva,
concen tric  graben  are less pronounced  and are considerab ly
shorter (typ ically  less that 25 km) w ith reduced  w idths in 
com parison to those to the SW and SE. The presence of arcuate 
graben w hich do not conform  to the topographic rim  o f Idem - 
Kuva (marked A, Figure 4.3, and Figure 4.7), and the terracing of 
the SW rim  on its inner side are interpreted as evidence of more 
than one phase of annulus formation.

The o ldest m ateria ls o f Idem -K uva are re lic t upstand ing  
plains m aterials (Idem -K uva relict plains, ik p r , Figures 4.3 and 
4.8). The relict plains are interpreted as either m aterials related to 
an early  phase of volcanism  associated  w ith  Idem -K uva, or 
up lifted  old plains m aterials w hich underlie  younger reg ional
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Figure 4.4 Topographic profiles of Idem-Kuva and Nissaba Coronae. These and other 

proGles were constructed from the Global Topographic Data Record (GTDR). Idem-Kuva 

has a prominent central rise while Nissaba has a central depression.
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Figure 4.5 Topographie map of Idem-Kuva Corona. 
Line corresponds to topographie profile in Figure 4.4.
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24.00 N
356.90 E 100 km 358.9 E

Figure 4.6 Interior of Idem-Kuva showing the location of the probable sources of flow 

materials f l  (a volcanic edifice, arrowed) and f2 (graben, arrowed). The image is centred on 

the interior upstanding dome seen in topographic data (F-MIDR.25N357;1 browse).
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Figure 4.7 SW section of Idem-Kuva Corona. The image shows annulus structures (graben) 

which are the result of two distinct phases of deformation. The older structures are offset 

outboard and do not have the same trend as the large-scale topographic rim of Idem-Kuva (F- 

MIDR.25N357;1 browse).

158



:

26.70 N

25.20 N
356.90 E 100 km 358.60 E

Figure 4.8 The northern section of Idem-Kuva Corona. Sedna regional plains materials {spr) 

embay Idem-Kuva relict plains {ikpr) which have undergone more deformation. The arrow 

shows Sedna regional plains materials which have breached the outer topographic rim 

structure. This material has flowed into, and is controlled by, the inner topographic trough of 

Idem-Kuva. The two radar-bright flow units associated with this corona are also labelled {fl 

and f2) (F-MIDR.25N357;1 browse).
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plains m aterials (Copp and Guest, 1995, 1997). Three principal 
phases of deform ation associated w ith corona form ation  have 
deform ed the relict plains m aterials; the oldest is represented by 
arcuate graben form ing the prom inent SW and SE annulus. A 
second phase of deform ation produced the closely spaced radial 
graben fabric to the NW of the central rise. This fabric postdates 
the concen tric  graben w hich form  the annulus. F ina lly , an 
extensional fabric consisting of graben trend NW and NE, and are 
seen to cross each other. This fabric is in terpreted  to be the 
youngest, based on the observed cross-cutting relations.

O verly ing on structures associated w ith the three sets of 
extensional structures are the two radar-brigh t flow s, indicating 
that some volcanism  has occurred after annulus form ation at this 
corona. These two flows represent the m ost recent event in the 
form ation of Idem-Kuva. The flows follow the topography o f the 
corona, curving inwards to the north as they flow into the shallow 
northern  annular trough, show ing that the rim  topography of 
Idem-Kuva had formed before this volcanism.

Relation with surrounding units
Idem -K uva, has a com plex stratig raphie  re la tion  w ith the 

reg iona l p la ins m ateria ls . The northern  edge o f the corona 
displays a sharp contact with Sedna regional plains m aterials (unit 
s p r .  F igure  4.3) w hich overlie  Idem -K uva m ateria ls . Sedna 
reg iona l p la ins m ateria ls ( s pr )  b reached the m inor northern  
concentric ridge of the corona, resulting in partial flooding of the 
concentric trough on the NW side (m arked B, Figure 4.3 and 
labelled in Figure 4.8). This flooding occurred after extensional 
tectonics deform ed the Idem -Kuva re lic t p lains m aterials (ikpr).  
R egional p lains m aterials were subsequently  overla in  by two 
radar-bright flows from Idem-Kuva, indicating that the form ation 
o f Idem -K uva both pre and postdate  local p la ins m ateria ls  
(marked f l  and f2 in Figure 4.8).

As discussed  previously , the southern topographic rim  of 
Idem -K uva is m arked by a dense fabric of concentric graben 
(Figure 4.7). This fabric is seen to cut flows on the northern
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m argin of Gula M ens, clearly postdating them. This observation 
d iffers from  C entral E istla  Regio, w here coronae apparen tly  
predate large volcanic edifices {McGi l l ,  1994) Thus, contrary to 
observations made by Senske et al. (1992) and Senske and Stofan  
(1993), it is clear that Idem-Kuva, at least in part, postdates Gula 
Mons. Furthermore, graben interpreted to be related to Guor Linea 
cut the northern sum m it of Gula Mons and extend to the NW, 
w here they m erge w ith the annulus struc tu re  o f Idem -K uva. 
Hence, Idem-Kuva is considered, in part, younger than Gula Mons.

The above observations ind icate  th a t Idem -K uva has a 
com plex h isto ry , o rig inating  before and con tinu ing  a fte r the 
em placem ent of regional plains m aterials as well as m aterials on 
the north flank of Gula Mons.

4.2.2 Nissaba Corona.

Nissaba Corona (26® N, 3550 E) lies directly NW  of Idem-Kuva 
in W estern Eistla Regio (Figure 4.2). The corona’s topography is 
irregular in plan view, with a central circular plateau and sm aller 
topographic high to the NW (Figures 4.4 and 4.9). The NW -SE axis 
measures approximately 320 km, with a N-S axis of 220 km.

To the w est and SW, the central rise  is surrounded by a 
trough, which shallows to the east. Outside the trough, to the SW, 
is a broad ridge which curves into the central region of Nissaba. 
The ridge is discontinuous around the corona. No outer trough is 
observed.

N issaba shows less annulus deform ation than  Idem -K uva, 
with the annulus again being defined by sm all-scale structures in 
com parison to the larger scale rim topography. The annulus only 
partly  coincides spatially with the rim topography. A fine scale 
annulus fabric is seen in the vicinity of 25.3® N, 354.60 g  as well as 
two long graben which cut flows on the southern m argin (Figure 
4.10). A later phase of deform ation which may or may not be 
associated  with annulus form ation is rep resen ted  by prom inent, 
sem i-concentric graben which occur along the east and NE margin
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Figure 4.9 Topographie map of Nissaba Corona.
Line corresponds to topographie profile in Figure 4.4.

162



26.20 N

344.40 E
24.50 N
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Figure 4.10 Nissaba Corona. The central area of Nissiba Corona consists of relict plains 

materials (npr). To the SW, flow materials (nf2) cover the large-scale topographic rim and are 

overlain by flow materials from Sif Mons (s). An earlier volcano (marked V) is responsible for 

an earlier flow apron (nfl). The dark streak at the top of the image is surflcial materials 

associated with the crater marked c (F-MIDR.25N357;1 browse).
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of Nissaba and extend into Sedna Planitia to the north.
An extensive apron of flows (Nissaba flow unit, n f2  Figures

4.3 and 4.10) is seen on the west, SW and southern topographic 
rim  o f the corona. The flow s orig inate  from  frac tu res that 
surround a circular depression within Nissaba. The flows are up to 
100 km long and are radial to the central rise o f the corona. A 
central volcano at 26.0^ N, 354.5® E (marked V, Figure 4.10) has a 
radial, ill defined flow apron {n f l  ) which covers a significant 
portion of Nissaba’s NW section.

As at Idem -K uva, the oldest unit is p lains m aterial, seen 
w ithin the corona (N issaba relict plains m aterials, m arked np r .  
Figures 4.3 and 4.10). Although considerably less deform ed than 
the relict plains of Idem-Kuva, these m aterials are interpreted as 
having undergone a sim ilar phase o f in itial uplift. The volcano 
(m arked V, Figure 4.10) postdates the relict plains and is itse lf 
postdated by the more extensive apron of flows on the w estern 
and southern ridge. The flows w hich drape the w estern  and 
southern ridge of Nissaba are interpreted as the youngest volcanic 
materials.

In sum m ary, the annulus deform ation is considerably  less 
p ronounced  than  that o f Idem -K uva. Its s truc tu res cu t the 
southern and western flows and thus postdate them. The youngest 
features associated with N issaba are the sem i-concentric graben 
along the eastern and NE margin of the corona. The structures 
postdate not only the formation of the rim  and annulus of Nissaba, 
but also the em placem ent of the regional plains through which 
they cut. Volcanism  has occurred throughout the history o f the 
corona.

Relation with surrounding units.
The corona is em bayed by local regional p lains m aterials 

(w hich constitu te  Sedna Planitia) to the north , NW  and NE. 
Embayment of Nissaba by the m aterials of Sedna Planitia suggests 
that at least part of the form ation sequence of the corona began 
b e fo re  the  d e p o s itio n  o f th e se  p la in s  m a te r ia l ,  o r 
contem poraneous w ith it. On the basis o f a sim ilar m ottled
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appearance and deform ational characteristics, it is considered that 
the N issaba re lic t plains m aterials m ay represen t an up lifted  
p la ins u n it s tra tig rap h ica lly  o lder than  the reg io n a l p la in s 
m aterials w hich form  extensive areas o f G uinevere and Sedna 
Planitiae, described in Chapter 3 (Copp and G uest, 1995, 1997).

The south and SW ridge of N issaba  corona acts as a 
topographic barrier to Sif and Gula flow  m ateria ls, and thus 
existed before em placem ent of these flows. Furtherm ore, there is 
a small inlier of Nissaba material surrounded by Sif flow m aterials 
(m arked / ,  Figure 4.3). To the SW, flows which erupted from 
fractures associated with Nissaba (nf2, Figure 4.3) are overlain by 
Sif Mons flow materials. However, at the southern m argin of the 
corona, N issaba flow m aterials have a more am biguous relation 
w ith surrounding units. Some N issaba flow lobes may postdate 
ad jacent early  S if or Gula M ontes m ateria ls , suggesting  that 
N issaba late-stage volcanism  may postdate em placem ent of some 
Sif and Gula materials.

Nissaba is cut by approximately E-W  trending graben that are 
associated w ith Idem-Kuva. This places the form ation of N issaba 
before this later stage deformation of Idem-Kuva.

4.2.3 Benten Corona.

Benten Corona (Figure 4.11), 14.2^ N, 3410 e , is classified as 
an asym m etrical corona with extensive volcanism  (Stofan et a/., 
1992). On the basis of m apping presented here, the volcanic 
m aterials are divided into four distinct units. These are Benten 
flows 1, 2, and 3, and Benten edifice field m aterials, (labelled 
b f l ,  b f 2 ,  bf3  and b e f  respectively in Figure 4.12). The corona 
has a kidney shaped interior with a maximum diam eter of 320 
km , and is partly  surrounded by a p rom inent broad  outer 
arcuate ridge on its eastern and NE m argin. The annulus of 
com pressional ridges is dom inantly on the inw ard facing slope 
of the broad arcuate ridge (Figure 4.12).
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Figure 4.11 Magellan image of Benten Corona and associated flow materials. The circular 

feature at the top of the image is Chiun Corona (portion of Cl-MIDR 15N335).
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bef - Benten Edifice Field 

bf3 - Benten Flow Materials 3 

ef - Edifice Field 
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bfl - Benten Flow Materials 1

©

gpr Guinevere Regional Plains Materials

gplm Guinevere Lineated and Mottled 
Plains Materials
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Large scale rim topography: Ridges 
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Fig. 4.12 Sketch map of Benten Corona. A, B and C mark the location of 
smaller coronae mentioned in the text. Three distinct flow units are associated 
with Benten Corona.
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The southern end of the arcuate ridge term inates at the edge 
of a flooded graben which is 50 km wide and at least 110 km long. 
The m argins of the graben are delineated by a series of sm aller 
NW -SE trending graben. The corona’s western m argin is composed 
of a linear ridge trending NNE cross-cut by num erous graben 
oriented radially  to the corona. Benten lacks a prom inent outer 
trough (Figures 4.13 and 4.14).

The interior of Benten is an irregular hollow which is lower 
than the outer arcuate ridge of the corona, but at a greater 
elevation than the surrounding plains (Figures 4.13 and 4.14). The 
floor o f the hollow is undulating and deformed by an extensive N- 
S trending graben system (Figure 4.15). These graben are partly  
em bayed by the Benten edifice field unit (bef .  Figures 4.12 and 
4.15) at the southern margin of the central depression. To the SE, 
Benten edifice field m aterials are topographically confined w ithin 
the large graben. No evidence of early stage radial deform ation is 
observed at Benten Corona.

The form ation of Benten is interpreted to have begun with 
substan tia l volcanism . Two of the three principal flow  units, 
Benten flow 1 ( b f l )  and Benten flow 2 (bf2),  are interpreted to be 
the consequence  o f early  vo lum inous phases o f vo lcan ism  
occurring before or coeval with the form ation of the annulus, 
because the annulus and topographic ridge deform  both of these 
flow m aterials. Benten flow 2 materials form the northern interior 
floor of Benten. After the form ation of the annulus, a third less 
ex tensive phase of volcanism  resulted  in the em placem ent of 
digitate flows (Benten flow 3, bf3)  to the east and west o f Benten. 
B f 3  m aterials are inferred as the youngest o f the three exterior 
flow  u n its . They overlie  the annu lus s tru c tu re , and are 
topographically controlled by the large scale ridge. The flows come 
from relatively young radial graben located on the western and SE 
m argins the corona. The Benten edifice field unit postdates b f 3  
and is interpreted as the youngest unit.
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Figure 4.13 Topographic profîles of Benten Corona. Profile A shows an E-W section highlighting 
Benten’s central depression and prominent eastern ridge topography. Profile B also shows the 
central depression and the two smaller coronae to the SW marked A and B in Figure 4.12.
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Figure 4.14 Topographie map of Benten Corona. 
Lines A and B correspond to topographie profiles 
A and B in Figure 4.13.
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Figure 4.15 Central région of Benten Corona. The interior structure is mainly graben which 

have been embayed by flow materials from an edifice field {bef). The flows from fee/flood the 

large NW-SE trending graben. In the SE and NW corners of the image, bf3 flows are seen (F- 

MIDR.15N340;1 browse).
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Relation with surrounding units
The large-scale flow units associated with Benten Corona {bf l  

and b f 2 )  are superim posed on the regional plains m aterials of 
Guinevere P lanitia (unit gpr .  Figure 4.12) to the south, and older 
Guinevere lineated and m ottled plains (unit gpl m.  Figure 4.12) to 
the NW. The flows also overlie g p l m  m aterials to the NW, for 
example in the vicinity of 16^ N, 337® E. To the SW of Benten lies 
an extensive edifice field, with num erous edifices and associated 
flow m aterials. Flows from the edifice field are superim posed on 
Benten flow  1 m aterials, but are overlain  by B enten flow  3 
materials.

Topographic data show four smaller coronae (all less than 150 
km in diam eter) near Benten Corona (Figure 4.12, m arked Chiun 
Corona, and unnamed coronae A, B and C). The largest o f the these 
coronae, Chiun, lies to the north and has a diam eter of 130 km. It 
has a depressed interior. Corona A has an ovoid shape w ith a 
prom inent SW topographic rim in the form of a ridge. This ridge 
displays less deform ation than the m ain ridge o f B enten; the 
deformation is mainly confined to the outer facing slope.

Chiun, and the three sm aller coronae, may or may not be 
related to Benten. However, Chiun m ust have existed prior to the 
extrusion o f Benten flow 2 m aterials, since they em bay Chiun 
d e fo rm a tio n a l s tru c tu res . In co n trast, the  unnam ed  co rona  
deforms Benten flow 2 materials thus post dating them.

The observations indicate Benten flow m aterials are younger 
than the surrounding plains m aterials which constitute G uinevere 
P lan itia . W hether B enten  Corona began form ing  befo re  the 
regional plains of Guinevere Planitia is not known; older units may 
have been subsequently  covered by younger p lains m ateria ls . 
Flow units associated  with B enten Corona record  a sequence 
indicative o f varying amounts and styles of volcanic activity with 
time. The style of volcanism  has changed from  volum inous flood 
lavas to a less extensive digitate flow m orphology with a variable 
backscatter, sim ilar to the sequence observed at o ther coronae 
{Stofan and Smrekar, 1996). The changing style and m agnitude of 
volcanism  is ind icative of a gradual depleting  o f the m agm a
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reservo ir .

4.2.4 Heng-o Corona.

Heng-o Corona in southern Guinevere Planitia (2.0^ N, 355.5® 
E) is the second largest corona on Venus with a mean diameter of 
965 km. It was originally classified as an older, isolated corona 
with a m edium  amount of associated volcanism  (Stofan et a l ,  
1992, 1997). Heng-o extends from the V31 quadrangle into the 
V43 quadrangle to the south (Greeley et a l ,  1994).

Heng-o is approximately circular in plan view and has varying 
am ounts of deform ation around its m argin (F igures 4 .16 and 
4.17). The sim plest large-scale rim  structure is on the w estern 
side. Here the large-scale rim topography is composed of a ridge, 
which has little elevation above the floor o f the corona (typically 
less than 600 m etres) and which has a narrow band (typically 12 
km across) of lineations along the sum m it. No inner or outer 
trench is observed here.

The southern topographic rim  is a double ridge and trough 
(Figures 4.18 and 4.19). The outer ridge displays an annulus of 
two sets of intersecting graben (Figure 4.20). Both sets term inate 
at the summit of the outer ridge and are not seen w ithin the 
troughs. The double ridge and trough topography and associated 
cross-latticed graben annulus decrease to the west and NW along 
the margin. To the east and SW, fragments of old embayed graben 
and ridge structures are observed (Figure 4.17, m arked A and B, 
and Figure 4.21).

The northern rim  topography is dem arcated by a prom inent 
ridge with an inner and outer trough (Heng-o Chasm a, Figures 
4 .18 , 4.19 and 4 .22). A nnulus deform ation  in  the form  of 
com pressional ridges is concentrated approxim ately half way up 
the north facing flank of the ridge. C ontinuing up the ridge, 
narrow er concentric ridges are observed. The m ain ridge rises 
approxim ately 1 km above the local topography. The crest of the 
ridge displays another fabric which is made up o f thin lineations 
oriented radially to the corona.
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Figure 4.16 Magellan image of Heng-o and Beltis Coronae (B). The topographie rim of Heng- 

o deforms the local regional plains. An extensive flow fîeld lies to the west and is thought to 

originate from Beltis Corona (to the NW of Heng-o) and the western annulus of Heng-o. 

Three volcanic centres of different ages lie within the annulus of Heng-o (portion of Cl-MIDR 

00N352).
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Fig. 4.17, Sketch map of Heng-o and Beltis Coronae. The interior of Heng-o Corona 
has three distinct volcanic centres. A and B indicate areas of older deformation 
which may be representative of an older annulus-forming event.
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Figure 4.18 Topographic profile of Beltis Corona and the northern and southern rim 
of Heng-o Coronae. Beltis Corona shows a complex interior topography. The 
northern rim of Heng-o displays both an outer and inner trough while the southern 
rim topography of Heng-o shows two inner troughs separtared hy a ridge.
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Figure 4.19 Topographie map of Heng-o and Beltis Coronae. 
Topographie profiles are marked by fines. N, S eorespond 
to the northern and southern seetion of Heng-o Corona and 
B to Beltis Corona, see Figure 4.18.
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Figure 4.20 Image showing the southern margin of Heng-o Corona. The corona shows a 

marked inner and outer trough with crossing annulus structure which coincides with the 

outer rim topography. Figure 4.18 shows the topography along a cross-section take through 

this area (Cl-MIDR ).
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Figure 4.21 Two phases of annulus deformation are seen at the SW rim of Heng-o Corona. 

The inner annulus structures represent an earlier phase of deformation, and have 

subsequently been embayed. The outer structures are considered to represent a later phase of 

annulus deformation. It is considered from this observation that coronae may have a 

protracted history, with more than one phase of annulus formation (C1-MIDR00N352;1 

framelet 28).
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Figure 4.22 The northern rim of Heng-o Corona. The concentric wrinkle ridges form the 

annulus of Heng-o and are situated on the outer northern slope of the large-scale topographic 

rim (Heng-o Chasma). The rim topography and annulus deform the regional plains materials, 

hence the corona is considered relatively young (C1-MIDR.00N352;1 browse).
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A num ber of volcanic centres lie w ithin the rim  of Heng-o, 
including central volcanoes, and small shields and cones. There are 
three m ajor central volcanoes (Heng-o volcanic centres, 1, 2, and 
3, labelled h v l ,  h v 2  and h v 3 .  Figure 4.17). H v l  is an edifice at 
least 100 km across with a 60 km diam eter caldera deform ed by 
in tense NW  trending graben. A ssociated w ith this volcano are 
clusters of small shields. H v l  m aterials are overlain by flows from 
hv2  (Figure 4.17) which itself is cut by NNE trending fractures. 
These fractures formed after the set which trend NW, and cut h v l  
m aterials. Both fracture sets are oriented obliquely to the rim  and 
annulus and do not parallel regional plains structure. H v 3  has a
prom inent apron of flow materials, the distal margins of which are
superimposed on the fractures that cut the volcano hv2.

From  observations, the stratigraphy o f H eng-o involves a 
num ber of phases of volcanism  and deform ation, but the bulk of 
the corona appears to be com posed o f regional plains m aterials. 
Heng-o volcanic centre 1 is interpreted as the oldest volcanic unit 
{ h v l .  Figure 4.17). H v2  formed next, followed by hv3;  each phase 
o f volcanism  probably overlapped in tim e. The two belts o f 
deform ation which cut h v l  and hv2  are oblique to and do not cut 
the rim  topography of Heng-o, hence it is d ifficult to establish 
their relation to Heng-o.

How do the above phases of volcanism  relate to the annulus 
and topographic rim  form ation of Heng-o? The large volcano h v l  
situated  in the SB quadrant of the corona apparently  form ed
during the early stages of corona form ation, since it is deform ed
by graben confined within the corona. An age relation  betw een 
h v l  m aterials and the annulus cannot be established since they do 
not coincide. The SW margin of m aterials associated with volcano 
hv2  appear to be topographically controlled by the rim  of Heng-o. 
The w estern volcano h v 3 ,  appear to have flows which bank up 
against the western ridge, hence postdating its formation.
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Relation with surrounding units
H eng-o is relatively  rare among coronae in that it occurs 

d istan t from chasm ata or large topographic rises {Stofan et al., 
1997). The re la tion  that the rim  o f H eng-o has w ith  the 
surrounding m aterials is critical in establishing its stratigraphie 
position. To the north and south it is possible to trace regional 
G uinevere plains m aterials (unit g p r .  Figure 4.17) over the rim  
topography inw ard towards the centre of the corona; the rim  
topography clearly  deform s the plains m aterials, and hence is 
younger at these locations. Older structures proxim al to the m ain 
rim  topography are concentric and are em bayed by reg ional 
plains m aterials (Figure 4.17, A and B, and Figure 4.21). These 
m aterials are interpreted to represent an earlier annulus at Heng- 
o, suggesting that, as at Idem -K uva, m ore than one phase of 
annulus form ation has occurred. W hile some m inor volcanism  
associated with h v l  postdates the regional plains, the age relation 
betw een the plains and h v l  is obscured by dense fracturing which 
cuts both units.

The northern rim  topography described above term inates to 
the NW  at a sm aller corona. A veraging  375 k ilom etres in 
d iam eter, Beltis Corona (provisional lA U  nam e) is defined by 
sem i-circular rim  topography in the form  of a ridge. The rim  
topography  lacks annulus deform ation. The floor of B eltis is 
undulating (Figure 4.18) and displays a num ber of different styles 
o f volcanism  including calderas and num erous sm all ed ifices. 
V olcanic deposits extend from Beltis Corona {bf. Figure 4.17) to 
the NW  margin of Heng-o. The flows postdate the regional plains 
m aterials and are topographically controlled by the w estern rim  
topography of Heng-o. However, it is apparent that structures 
associated  w ith the SW m argin of H eng-o have cut the flow 
m ate ria ls  and hence postda te  them . T his rep resen ts  fu rth er 
evidence for multiple stage annulus formation at Heng-o.

W hile it is not possible to precisely  establish  the earliest 
phase o f the developm ent of H eng-o, it is apparent that the 
present topographic rim  and annulus are younger than previously 
suggested  {Sandwell and Schubert, 1992). As w ith the o ther
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coronae in  this study, Heng-o has a com plex structu ra l and 
volcanic history rather than representing a discrete event in time.

The style o f in terior volcanism  has rem ained constant over 
time, i.e. three phases of volcanism have each produced an edifice 
with associated flow materials. This is in contrast to the evolution 
in volcanic style seen at other coronae (e.g. Benten Corona).

4.2.5 Silvia C orona

S ilvia  Corona (provisional lA U  nam e), 12.5^ N, 355.5® E 
(Figures 4.23 and 4.24) has a mean diam eter o f 300 km and is 
approxim ately circular in plan view. The corona has a prom inent 
northern  and southern topographic rim  in the form  of ridges 
(Figures 4.25 and 4.26). Lower topographic ridges are observed to 
the east and west; no internal or external trough is observed. The 
in terior stands higher than the regional plains and has a highly 
irregular undulating topography (Figures 4.25 and 4.26). In terior 
m aterials have a m ottled appearance in the radar im age. W eakly
defined concentric fractures coincide with the northern and NW 
rim topography.

In con trast to the other coronae studied here, no corona 
re la ted  vo lcan ism  is seen superim posed  on reg io n a l p la in s 
m ateria l and little  evidence exists for any in te rio r volcanism , 
except fo r a few sm all (< 10 km) calderas. H ow ever, it is 
c o n c e iv a b le  th a t any ea rly  s tag e  v o lca n ism  has been  
superim posed by the surrounding regional plains. No prom inent 
early  in terior deform ation is observed. The in terior is interpreted 
as older plains m aterials which have been uplifted  prior to the
form ation of the topographic rim by which they are deform ed. 
The regional plains which surround the corona embay the older 
in te rn a l m ateria ls and are also deform ed by rim  topography 
(Figure 4.23). A num ber of wrinkle ridges which are pervasive 
th roughou t the regional plains are seen to cross part of the
w estern m argin of Silvia and hence are presum ed to have form ed
after or contemporaneously with the corona rim (McGill, 1994).
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Figure 4.23 Magellan image of Silvia Corona. The interior of the corona is composed of 

elevated relict plains which have been embayed by the younger regional plains. Little 

volcanism is associated with the formation of the corona (portion of Cl-MIDR 15N352).
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Fig. 4.24 Sketch map of Silvia Corona. The centre of the corona is interpreted as 
older relic plains materials. Silvia Corona lacks small scale annulus structures 
and volcanism.
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Figure 4.25 Topographic profile of Silvia Corona. The corona interior is higher than 
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187



From  the above observations it is considered  that S ilv ia  
Corona began form ing prior to the em placem ent o f the regional 
plains m aterials of Guinevere Planitia. A period of initial uplift bas 
resulted in the preservation of older plains m aterials w ithin the 
corona’s in terio r which were subsequently em bayed by regional 
p lains m ateria ls . D eform ation  con tinued  a fte r reg iona l p la in s 
em placem ent, with the form ation of a discontinuous topographic 
ridge and weak fractures seen to coincide with the northern rim  
topography. No late stage volcanism is observed.

4.3 Implications for corona evolution.

M ost m odels of corona formation are based on a three stage 
sequence (Stofan and Head, 1990; Stofan et al., 1992; Squyres et 
a l . ,  1992). W hile  th is th ree -stag e  sequence  is a u se fu l 
generalisation and does apply well to some individual features, 
som e co ronae  have a m uch m ore com plex , and cu rren tly  
unm odelled, evolution. S to fa n  (1995) described the variations of 
corona topography, and noted that current m odels do not account 
for all the topographic forms observed. How well does the current 
three-stage evolutionary  sequence of corona form ation proposed 
by Stofan and Head (1990) fit the five coronae studied here?

4.3.1 Stage 1: Uplift and interior deformation

In itially  coronae are proposed to go through a sequence of 
uplift with interior deform ation and volcanism  {Stofan and Head, 
1990; Stofan et al., 1992; Squyres et al., 1992). The coronae 
studied here have interiors which have been m odified by varying 
am ounts o f deform ation; Benten and H eng-o show the greatest 
am ount o f in terio r deform ation, while Idem -K uva, N issaba and 
Silvia show relatively little. However, the tim ing of deform ation is 
not always associated with the initial form ation of the corona. For 
exam ple, the in te rio r deform ation  at B en ten  p o std a tes  rim
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topography formation.
Idem-Kuva, Nissaba, and Silvia Coronae all contain m aterials 

w hich are in te rp re ted  to be o lder than the reg iona l p la ins 
m aterials surrounding them. These m aterials are interpreted to be 
uplifted  and subsequently deform ed by la ter stages o f corona 
developm ent. No evidence is seen for p reserved  early -s tag e  
u p lif ted  m ateria ls  at H eng-o C orona. A lthough  ea rly -s tag e  
extensional features are present, the in terio r of H eng-o is not 
higher than the surrounding plains. This is considered to indicate 
that Heng-o has not undergone uplift at any stage in its evolution. 
A t B enten Corona, no early -stage  deform ational fea tu res or 
m aterials are identified . Benten does have a large am ount of 
associated volcanism . W hile Benten m ay have experienced some 
amount of uplift, volcanic construction could account for the bulk 
of its topography. The initial phase of corona form ation has been 
m odelled as a rising diapir with uplift and radial extension {Stofan  
et al., 1991; Janes et al., 1992); the new observations presented 
here indicate that uplift can occur, but in widely varying amounts, 
and that early-stage interior faulting does not occur at all coronae.

The amount of early stage volcanism identified at each corona 
varies considerably. Benten Corona has two extensive flow fields 
which were subsequently deform ed by annulus form ation. Heng-o 
has a less extensive amount of early stage volcanism  in the form 
of large edifices. Idem-Kuva, Nissaba and Silvia Coronae do not 
have exposed old volcanic units, but are em bayed by regional 
plains materials that may cover early-stage corona flows.

4.3.2 Stage 2: Annulus formation

The form ation of the annulus and possib ly  a surrounding 
trough is associated with the second stage of corona form ation 
{Stofan and Head, 1990; Stofan et al., 1992, Squyres et al., 1 9 9 2 ). 
All five coronae have some degree of annulus deform ation, and as 
w ith  in te r io r  d e fo rm a tio n , the am ount and s ty le  d iffe rs  
considerably  betw een coronae and w ithin an indiv idual corona.
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The deform ation is predom inantly graben, although com pressional 
ridges occur, for example on the eastern ridge of Benten. Evidence 
also exists for more than one annulus forming event at Idem -Kuva 
and Heng-o Coronae. These observations im ply a m ore com plex 
sequence of events, with annulus form ation possibly occurring in 
m ultiple events not necessarily  confined to the m iddle or late 
stages of corona evolution. Late-stage radial graben observed at 
Benten postdate the annulus and may reflect a secondary phase of 
uplift (e.g. Stofan and Smrekar, 1996).

Coronae are defined by their concentric annulus of ridges 
and/or graben {Barsukov et al., 1986). However, m ost coronae also 
have an annular rim  of raised topography. How does the annulus 
deform ation re la te  to the larger scale topographic ridges and 
troughs, and in particular, which came first? The two scales of 
deform ation are thought to occur contem poraneously during the 
m iddle stage of corona evolution, how ever the precise tim ing is 
am biguous. No ev id en ce  from  o b se rv a tio n s  o f co m b in ed  
topographic and SAR data of the five coronae resolve the timing to 
a greater accuracy, although as stated above, more than one phase 
of annulus form ation and a protracted topographic rim  history is 
apparent at some coronae. At others, the topographic rim  form ed 
with little or no associated small-scale deform ation structures (e.g. 
Silvia). Initial work by T a p p e r  (1997) suggests that there may be 
a large num ber of c ircular features w ith an annular rim  but 
lacking concentric ridges and/or fractures, suggesting that the 
number of coronae on Venus has been underestimated.

4.3.3 Stage 3: Corona relaxation and the correlation of
coronae relief with age

Previous work suggested that coronae interpreted to be older 
have low relief and late-stage volcanism {Stofan and Head, 1990). 
All the coronae, apart from Silvia, have associated volcanism  that 
p o s td a te s  an n u lu s  fo rm a tio n . H o w ev e r, o b s e rv a tio n s  o f 
topographic profiles for the five coronae in the study area show
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no correlation between age, absolute re lief and the com plexity of 
relief. Furtherm ore, the amount of re lief at each corona studied 
here is similar and does not show great variation, typically 1 km 
or less. Heng-o has low relief, the m ain annulus deform s the 
youngest m ajor plains unit, and hence postdates it, thus the 
corona is in terpreted to be relatively  young. Idem -K uva, which 
began form ation prior to the regional p lains, has greater re lie f 
than Heng-o. Therefore, based on this lim ited study, there is little 
evidence to suggest that re lief can be used to characterise any 
particu lar stage of corona evolution, contrary to Sandw ell  and  
S c h u b e r t  (1992). At the coronae studied here, the amount of relief 
at any indiv idual feature is more strongly  con tro lled  by the 
am ount of deform ation  and/or volcanic construction  that has 
taken place. For exam ple at Benten, volcanism  is probably  a 
significant contributor to topography, while at Heng-o and Idem- 
Kuva, topography is probably the dom inant product o f uplift or 
annular deform ation rather than construction. Janes and Squyres
(1995) dem onstrated that corona topography could be supported 
by isostatic buoyancy and flexure o f the lithosphere, consistent 
with the observation here that height is not a reliable indicator of 
corona age.

The last two stages of corona evolution have been m odelled as 
the form ation of a plateau follow ed by gravitational relaxation 
{Stofan et al., 1991; Janes et al., 1992; Janes, and Squyres, 1995). 
W ith the exception of Benten, none of the coronae studied here 
has a plateau shape. Some have an upraised rim  (Heng-o), while 
others have a ridge encircling an inner dom e-shaped topographic 
high (Idem-Kuva, Nissaba). This diversity in corona m orphology is 
seen on a global scale {Stofan et al., 1997). In addition, form ation 
and relaxation of a plateau have also been called upon to form the 
corona annulus {Stofan et al., 1991; Janes et al., 1992; Janes and  
S q u y r e s ,  1995). However, corona annuli ex ist in coronae with 
widely varying topographic forms. From the above observations, it 
is interpreted that the plateau stage may not be as significant as 
p roposed  p rev io u s ly , and m ay no t occu r at a ll co ronae. 
F u rtherm ore , w idely  vary ing  corona topog raph ic  form s and
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m ultip le  stage annulus form ation provide ev idence that som e 
coronae go through a more com plex evolu tionary  process than 
previously suggested. A few of the shapes of coronae could be 
explained by the stalling of a neutrally buoyant diapir (Koch and  
M a n g a ,  1996). However, Smrekar and Stofan  (1997), who include 
the e ffects o f p ressu re  and tem pera tu re -dependen t v iscosity , 
pressure-release m elting, and a residuum  layer in their upw elling 
model, can model the complete diversity of corona forms, as well 
as explain  m ultiple stage annulus form ation observed at som e 
coronae in this study.

4.4 Implications for corona stratigraphy on Venus

As described in Chapter 2, some workers have suggested a 
specific age of form ation for coronae on Venus using both local 
stratigraphie relations (Basilevsky and Head, 1994, 1995a, 1995b, 
Basilevsky et al., 1997) and crater density statistics (Price and  
S u p p e ,  1994; Namiki and Solomon, 1994; Price et al., 1996). The 
application of these global models to specific areas is considered 
below.

4.4.1 Dating coronae using local stratigraphie relations.

Basilevsky and Head  (1994, 1995a, 1995b) and Basilevsky et 
al. (1997) have defined three stratigraphie units associated with 
coronae based on observations from 36 random ly distributed sites 
(C hapter 2, 2.3). Each unit is characterised  by the structure  
present. The oldest unit as classified by B asilevsky  and H ead  
(1994, 1995a, 1995b) and Basilevsky et al. (1997) is in te rio r 
radial or chaotic deform ation in terpreted  to form  early in the 
development of coronae (COdf). The ridges of corona annuli (COar) 
form the second global unit, and the youngest unit, (COaf), is made 
up o f fractures of corona annuli. Basilevsky and  H ead  (1994, 
1995a, 1995b) and Basilevsky et al. (1 9 9 7 ) argue that each of the 
stages of corona evolution represented by these three units is
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norm ally contemporaneous on a global scale. No sim ilar sim plistic 
relations are observed betw een structural deform ation and tim e 
at the five corona studied here. For example, two of the coronae in 
V31 show evidence of more than one phase of annulus form ation. 
Some corona annuli are younger than the regional plains (e.g.
Heng-o) while others are older (e.g. N issaba). Sim ilarly, in terior 
deform ation is not always relatively old at the coronae studied 
here (e.g. Benten). The different stages of corona evolution were 
not sim ultaneous in this region, nor were the same processes
repeated at a single corona. The results here indicate that it may
be prem ature to establish global stratigraphie units for coronae;
the in itial proposed scheme of Basilevsky et al. (1997) is not 
consistent with observations of coronae in V31.

From  detailed mapping, it is established that three (Nissaba, 
Idem -Kuva and Silvia) of the five coronae began form ing before 
the m aterials o f the regional p lains in the study area w ere 
d ep o sited . D efo rm a tio n  and vo lcan ism  at Idem -K uva  has 
continued after the form ation of Gula Mons. W hile some coronae 
may predate large shields {M cG ill,  1994), the study here indicates 
that sim plistic relations between the relative ages of coronae and 
large volcanoes (i.e. Price et a l ,  1996; Namiki and Solomon, 1 9 9 4 ) 
should be used with caution.

4.4.2 Dating coronae using crater statistics

Phillips et al. (1992) calcu lated  that the m inim um  area 
needed to produce statistically  m eaningful crater densities for a 
planet which has 891 craters is approxim ately 5 X 10^ km^. Only 
Artemis Corona is large enough to m eet this criterion. In order to 
overcome the problem  of corona surface areas being too small to 
produce m eaningful ages using crater densities, an area-w eighted 
mean was used in the dating model of Price et al. (1996). As P rice  
et al. state, this is inherently  problem atic  because w here the 
surface areas of coronae are combined, any range in ages will be 
sm oothed. Hence, although an average age for coronae has been
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calculated, the shape of the age distribution curve and its span are 
not known. A further problem is that of the 319 coronae observed 
on Venus, 89% of the population contain no impact craters {N am ik i  
and Solomon, 1994).

The average age for coronae calculated by Price et al. (1996) 
is 120 ± 115 Ma, compared with an age of approxim ately 300 Ma 
for the plains. However, it is shown here that coronae form ation 
both pre and postdates the regional plains units (e.g. Idem -Kuva). 
The five coronae studied here have com plex geological histories 
ind icating  that they form ed over long periods o f tim e. Thus, 
although calculating an average age for coronae using global crater 
densities is possible, the use of the results may be m isleading, 
firstly because an individual corona can have a long life span, and 
secondly because coronae have form ed at different tim es in the 
history o f Venus. D etailed stratigraphie studies are necessary to 
correctly determine the relative ages of coronae.

The Price et al. (1996) m odel assum es that c ra tering  is 
spatially random  and rate-constant since the em placem ent o f the 
plains, and that volcanism  and tectonism  occurred ‘sim ultaneously 
and instantaneously within a terra in ’. W hile the first assum ption 
may hold, the second is a substantial idealisation which Price et al.
(1996) recognise, but still employ. The long period of extrusion of 
flow s associated  w ith Benten is an exam ple that this second 
assumption is not the case at every corona.

Even if  the issue of averaging ages is neglected, in order to 
calculate a m eaningful crater density for coronae, it is o f utm ost 
im portance to map all the m aterials w hich are associated with 
each corona. Namiki and Solomon (1994) obtained crater densities 
for coronae by counting the number of craters which fell w ithin 
the annulus. As Price et al. (1996) indicate, errors in mapping can 
have a significant effect on the crater density and hence age of a 
unit; a reduction in area by as little as 10% for the combined area 
of large volcanoes can result in the crater density of the unit being 
overestim ated by a factor o f 2. Therefore, if  large sheet flows 
which are associated with many coronae {Stofan and Smrekar, 
1996) are not accounted for, grossly inco rrec t ages w ill be
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calculated. The quantitative study of plains m aterials in Chapter 3 
further highlights the probability of a greater am ount of m aterials 
being associated with coronae (and other volcanic landform s) than 
previously considered.

4.5 Summary and Conclusions

W hile the previously proposed three-stage m odel for corona 
evolution is useful, corona evolution can be much m ore complex. 
It is shown here that not all coronae undergo initial uplift, nor do 
all coronae go through a plateau-form ing stage. Annulus form ation 
was previously thought to occur during the second stage of corona 
form ation, how ever, evidence for m ultip le annuli at Idem -K uva 
and Heng-o Coronae suggests that it could occur early  in the 
evolution o f the coronae, and go through m ultip le  cycles. In 
addition, annulus form ation and rim topography form ation do not 
necessarily coincide in space and time, again indicating that both 
large and sm all-scale deform ational processes at coronae can be 
protracted and may not be confined to a single stage.

The am ount and style of volcanism  associated  w ith the 
coronae studied here varies considerably. P redicted early  stage 
volcanism  is not observed at Idem -K uva, N issaba or S ilv ia  
Coronae. Benten Corona has m ultiple phases of volcanism , with a 
decrease in  volum e and change in sty le over tim e. H eng-o 
ap p aren tly  lacks vo lum inous ea rly -s tag e  vo lcan ism , and is 
dominated by central edifice-style volcanism.

Furtherm ore, the use o f g lobal-scale  stra tig raphie  units at 
coronae is problem atic; coronae in the region studied did not form 
sim ultaneously, did have a complex, protracted history, and were 
not affected by the same processes in the same order. This study 
also h igh ligh ts  the po ten tia l problem s in  apply ing  g lobally - 
derived average ages to individual coronae. C ontinued detailed  
m apping studies of Venus are required to accurately  determ ine 
the relative ages of coronae.
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Chapter 5

A geological investigation of Sif and Gula Montes

5.1 Introduction

Using new data from the M agellan spacecraft (full resolution 
FM APs, synthetic stereo images, and ancillary data, described in 
Appendix I), a study of the morphology of Sif and Gula M ontes, 
and associated m aterials was conducted to determ ine styles of 
erup tive  activ ity , and in ternal p lum bing and evo lu tion . The 
volcanoes were m apped using norm al photogeological techniques 
adapted for radar im ages {Tanaka et aL, 1994), w ith surface 
tex tu res o f lava flow s in te rp re ted  using  rad a r b ack sca tte r  
characteristics.

Sif and Gula M ontes are situated on the topographic rise of 
W estern Eistla Regio, an elongate (3200 km by 2000 km) domical 
upland, rising 1.8 km above the plains {Campbell et aL, 1989; 
Campbell and Campbell 1990; Senske et al., 1992; Stofan et al., 
1995, Figure 5.1). W estern E istla  Regio is part o f the m ore 
extensive upland of Eistla Regio in the equatorial region of Venus. 
The upland is classified as a volcano-dominated rise {Stofan et al., 
1995), and is in terpreted  to be the m anifestation of a m antle 
p lum e { S c h a b e r ,  1982; Kozak and Schaber, 1989; Grimm and  
P h il l ip s ,  1992; Senske et al., 1992; B indschadler et al., 1992b; 
Smrekar, 1994; Stofan et a l ,  1995).

Although Sif and Gula Montes formed adjacent to one another, 
their m orphology and associated flow m aterials show a num ber of 
differences. S if Mons (22^ N, 352^ E) is broadly circular in plan 
view and has a mean diameter of 350 km. Gula Mons (22^ N, 359® 
E) is elliptical in plan view with a mean diam eter of 450 km. The 
summits of Sif and Gula stand at 2.0 km and 3.2 km respectively 
above the local topography. S if is surm ounted by a prom inent 
caldera, while Gula has a rift zone which term inates at both ends 
in modified calderas.
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Figure 5.1 Location map for Sif and Gula Montes
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Both volcanoes are surrounded by a suite of flow units, the 
g reatest extent of which is more than 700 km from  the m ain 
edifices. The num ber and m orphology of the flow  units differ 
between each volcano (Figure 5.2).

Two relatively well understood terrestrial basaltic  volcanoes, 
M ount Etna (Sicily) and Kilauea (Hawaii) are used as analogs to 
understand how Sif and Gula Montes developed and, in particular, 
to explain the m orphological differences observed betw een them. 
The study of Sif and Gula Montes can be used to test and compare 
m odels of large volcano form ation on Venus and Earth described 
in C hapter 2 (2.6). Before descrip tions and in terpretations are 
p resen ted , im portant constrain ts in using radar to study lava 
flows are discussed.

5.2 Constraints on the Identification and Interpretation  
of Volcanic Materials using Radar

Studies o f terrestria l volcanoes using airborne and orb ital 
radar are well documented (e.g. E va ns ,  1978; E lachi, 1980; Farr et 
al., 1981, 1983; Fielding et al., 1986; Greeley and Martel, 1988; 
and Gaddis et al., 1989). The identification of lava flows from 
radar im ages on the basis of their planim etric shapes (elongate, 
lobate m orphology and often radial d istribution about a central 
edifice often with a summit depression) is widely accepted {F o rd  
et al., 1989). The m ain purpose of these studies has been to 
e s tab lish  techn iques and baselines w hich can  be used  to 
investigate rem ote volcanoes on Earth, as well as in terpret radar 
data from other planets, in particular Venus.

A num ber of constraints apply when using radar im ages to 
in te rp re t lava flow  surface tex ture and hence em placem ent 
m ech an ism s. The co n stra in s  m ay be subd iv id ed  in to  tw o 
categories: (1) radar instrum ent constraints, w hich include radar 
wavelength, geometry and resolution; and (2) surficial constraints, 
which include surface textural characteristics.
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Figure 5.2 Sif and Gula Montes situated on the rise of Western Eistla Regio. IK = Idem Kuva 

Corona, GL = Guor Linea fracture belt. (C2-MIDR30N335;2 browse).
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The constraints are outlined below, illustrated with exam ples 
from  field observations and radar data of Mt. E tna (Sicily). Mt. 
E tna was imaged using the Space Shuttle’s SIR-C Radar which had 
a resolution of 12.5 m in two radar wavelengths: C-band (6 cm) 
and L-band (23 cm). The HH polarisation of the C band is m ost 
similar to the Magellan SAR instrument.

5.2.1 Radar Instrument Constraints

Radar Wavelength
W ithin a radar image, the brightness o f an individual lava 

flow, or compound flow field, is controlled m ainly by the large- 
scale topographic slope (rms slopes) and the surface roughness at 
radar wavelengths (Elachi et al., 1980; Pettengill et al., 1992; F o r d  
et al., 1989; C a m p b e l l ,  1995). Rms slope values represent the 
standard  deviation  of surface height varia tions on lava flow s 
typically  on the order of 10 to lOO’s o f m eters; broad-scale  
surface m orphology can be inferred from these data. Sm all-scale 
surface  roughness, at scales m uch sm aller than the spatia l 
reso lu tion  o f radar, controls the overall brightness of the radar 
im age at w avelength scales {Ford et al., 1989). The longer the 
w avelength of the radar, the rougher the surface m ust be for 
significant backscatter to occur. The M agellan SAR radar had a 
fixed  w avelength  o f 12.6 cm and hence a b righ t re tu rn  at 
wavelength scales denotes a surface which is rough at m ultiples of 
12.6 cm.

Radar Geometry
B righ tness varia tions in radar im ages are in fluenced  by 

variations in the look angle and/or the direction of illum ination 
{Ford et al., 1989). For instance, with incidence angles less than 
abou t 2 5 0 , sm oother surfaces have g rea ter b ack sca tte r than  
rougher surfaces in Magellan SAR data {Farr, 1993). The M agellan 
SAR radar had a look angle which varied from  14^ to 45® 
depending  on la titude. Flow assem blages at w idely  d ifferen t
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la titudes (hence view ed at d ifferen t look  angles) m ay have 
d ifferen t radar returns w hich m ust be accounted  for before  
inferring and comparing surface roughness (Appendix I). This is 
not a problem  with the d iscrim ination o f S if and Gula flow 
m aterials, as the look angle is relatively constant (approxim ately 
4 3 0  to 4 5 O). Right looking data were not used in this study as it is 
of poor quality.

Radar Resolution
A c o n s tra in t o f any rem o te  sen s in g  in s tru m e n t in  

discrim inating surface features is its lim iting resolution. Gaddis et 
a l .  (1989) describes the d ifficu lty  in  separa ting  ind iv idua l 
terrestrial pahoehoe flows at K ilauea using SIR-B radar im ages 
w ith a reso lu tion  of approxim ately  25 m. The reso lu tion  of 
M agellan SAR data (120 m at best) will lim it the ability to identify 
indiv idual lava flow s and surface structures at S if and Gula 
Montes.

5.2.2 Surfîcial Constraints

Adjacent flow units o f  similar surface textures
A djacent flows units which have the same (or sim ilar) rms 

slope and/or surface roughness properties are likely to be difficult 
to distinguish using radar data. For exam ple, flow s with sim ilar 
surface textures are likely to have sim ilar radar characteristics. 
This w ill make the separation of the individual flows difficult. 
Furtherm ore, non-volcanic deposits w ith sim ilar radar properties 
to adjacent flow m aterials will also hinder d iscrim ination of the 
flow.

An example is noted from the Mt. Etna study. The 1983, 1985, 
and 1991-93 flow s all have a relatively  strong radar return  in 
both C and L bands owing to their relatively rough surface texture 
(Table 5.1, Figure 5.3). However, the 1991-93 flow cannot be 
distinguished from  surrounding m aterials in SIR-C radar images 
as both m aterials have a sim ilar surface roughness, and radar
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backscatter. In contrast, the 1983 and 1985 flow m aterials overlie 
ash deposits. The ash deposits have a significantly weaker radar 
return (owing to a smoother surface texture) than the relatively 
rough aa surfaces of the 1983 and 1985 flow m aterials (Table 5.1, 
Figure 5.3). As a consequence, the radar backscatter contrast is 
great and the 1983 and 1985 flows are easily delineated against 
the ash deposits. An im plication of the above observation is that 
the age of a lava flow cannot be related to radar backscatter; the 
1983 flow is m ore prom inent than the 1991-93 flow in radar 
images, but it is older.

A lava flow may vary considerably in surface texture along its 
length and width. For example pahoehoe and aa can be found as 
parts o f the sam e lava  flow  { M a c d o n a ld ,  1953). W ithout 
supplem entary field  observations, m isin terpretation  m ay arise in 
the subdivision of a discrete flow from radar observations owing a 
change in texture and subsequent changes in radar backscatter. 
Conversely, although the 1983 flow is composed of a m ixture of 
both aa and pahoehoe surfaces {Guest et al., 1987), the variation 
in texture is not apparent from SIR-C radar images.

The identification and discrimination between aa and pahoehoe  
lava

Previously, some authors have classified lava flows on Venus 
as e ither aa or pahoehoe, based on radar backsca tte r (e.g. 
Campbell and Campbell, 1992). However, this classification using 
radar data alone (as is the case for Venus) m ay be m isleading. 
Field observations undertaken here of lava surface textures on Mt. 
Etna serve to highlight this problem.

Lavas which surround Mt. Etna include several historic flows 
that are mainly of pahoehoe texture {Guest et al., 1984). Of these 
the radar characteristics of the 1614-24 and 1651 flows are of 
p a rticu la r in te res t. Pahoehoe flow s are considered  to have 
sm oother surface textures than aa flows, and hence are expected 
to represent relatively  dark areas in radar im ages {Ford et al., 
1989). However, the 1614-24 and 1651 pahoehoe flows have a
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Name of Flow iCHH a - 6 cm) »LHH (>.-23 cm) ^Look Angle, 0

1983 - aa flow

Proximal -15.44 (-25.20, -08.30) -05.20 (-13.01,-00.63) 49.06

Middle -14.85 (-21.56,-10.36) -05.99 (-12.17, -01.16) 49.10

Distal -14.66 (-19.12, -07.96) -05.76 (-10.23,-01.19) 49.21

1985 - aa flow

Proximal -16.38 (-24.25, -09.79) -07.12 (-13.41,-01.67) 48.87

Distal -12.99 (-19.30, -08.38) -04.66 (-09.14, 00.00) 48.70

1991-1993 - aa/ slab -16.25 (-24.52, -10.64) -06.95 (-13.32, -02.33) 49.90

Summit ash -21.69 (-27.06, -15.89) -04.53 (-10.50, 00.00) 48.38

1614-1624 - pahoehoe

Proximal -17.06 (-24.47, -09.58) -04.24 (-11.85, 00.00) 48.10

Middle -14.92 (-23.14, -07.79) -02.93 (-09.93, 00.00) 47.98

Distal -12.64 (-20.25, -05.94) -01.45 (-06.70, 00.00) 47.84

1651 - pahoehoe

Proximal -15.07 (-20.09, -07.94) -04.42 (-09.76, 00.00) 47.58

Middle -14.07 (-19.82, -07.95) -03.56 (-07.91, 00.00) 47.44

Distal -15.02 (-26.71, -08.86) -03.29 (-12.89, 00.00) 47.39

 ̂Values are in linear dB format, mean (min, max) values are shown. 

 ̂Look angle corresponds to the centre of sample box.

Table 5.1 Comparison of SIR-C data for selected flows at ML Etna.
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relatively  strong radar return and appear radar bright at both C 
and L bands of SIR-C data (see Table 5.1, Figure 5.3). Such a 
strong radar backscatter is indicative of a com paratively rough 
surface texture analogous to aa. W hat surface m orphology is 
responsible for the unexpected strong radar return?

Field  observations show the flows are com posed of tum uli 
w hich coalesce to form  chaotic areas of tilted  crustal slabs, 
typically less than 1 m thick {Guest et al., 1984). The tum uli and 
slabs result in a medium to large scale surface roughness which 
accounts for the strong radar return, ind icated  from  the radar 
im ages. The surface texture of the flow s is explained by their 
em placem ent mechanism. The 1614-24 flow was em placed from a 
long-duration flank eruption. A consequence of the long duration 
eruption was the formation of a number of lava terraces { R o m a n o  
and Guest, 1979; Guest et al., 1984). The crusts of the terraces 
experienced deform ation from exogenic and endogenic processes 
as they cooled. Molten lava under pressure forced the crust up to 
fo rm  tum u li and m ega-tum uli s tru c tu re s . The 1651 flow  
experienced a sim ilar emplacement. It is conceivable that sim ilar 
processes have occurred with flows on Venus. Such a flow may be 
incorrectly interpreted as aa lava.

Modification by surficial deposits
Returning to observations from Venus, FM AP data show the 

role o f surficia l deposits from im pact craters is im portan t in 
m odify ing  radar backscatter from  the surface. Im pact c ra ter 
deposits can significantly alter the radar properties of geological 
features, in particular flow surfaces. The deposits are particularly  
good at enhancing fine scale deformation contained in a flow field; 
this aids in delineation of the fabric. Conversely, surficial im pact 
cra ter deposits can m ask flow boundaries, (hence delineation  
becom es m ores d ifficult) and hinders textural in terp reta tion  by 
mantling the surface of the lava flow. M aterials deposited on some 
Gula flows from Annia Faustina crater have resulted in the flows 
having a weaker radar backscatter (Figures 5.2 and 5.5).
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In conclusion, when using radar data to identify and interpret 
the styles of em placem ent of volcanic m aterials on Venus, the 
above constraints m ust be considered. In particu lar, it m ay be 
m islead ing  to label venusian  flow s w ith c la ss ica l te rre s tria l 
nom enclature (i.e. pahoehoe and aa, first introduced by Dutton, 
1884) based on radar data alone. The last conclusion is draw n 
from com parisons between field observations and radar images of 
Mt. Etna flows. W ith the above constraints in mind, the flow units 
of Sif and Gula Montes were mapped and compared.

5.3 Description and Interpretation of Volcanic Units of 
Sif and Gula Montes

Sif and Gula Montes flows are divided into 8 and 4 map units 
respectively (Figures 5.4 and 5.5). Radar backscatter and ancillary 
data for sam ple areas of each unit are presented in Table 5.2. 
Figure 5.6 shows the radar backscatter of sam ple areas for each 
flow unit identified  at S if and Gula M ontes. The m orphology, 
inferred  surface texture, and dim ensions o f the d ifferen t flow 
m ateria ls at each volcano are used to in fe r a num ber of 
em placem ent m echanism s, many of which are considered sim ilar 
to those observed at terrestrial volcanoes. These include sheet, 
tube-fed, channel-fed, flank eruptive and possible pyroclastic flow 
emplacement mechanisms.

5.3.1 Sheet Flows

Common to both volcanoes are m aterials which have a weak, 
hom ogeneous radar backscatter, labelled U nit 1 (see Table 5.2). 
A ncillary  data im ply the surface of the flow m aterials to be 
relatively smooth; rms slope values are less than the global mean 
of 2.840. At Sif M ons, U nit 1 m aterials are areally  extensive 
(typ ically  thousands of square k ilom etres), have a sheet-like  
m orphology, and term inate with broad lobate flow fronts which 
overlie the local regional plains materials (Figure 5.7).
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Location data for sample areas of Sif Mons units.

U nit L a t L ong A(m ) N A n g le R ad iu s (km )

1 25 .080 , 2 5 .330  N; 352 .470 , 353 .200  E 225 47400 43.8 6052 .274 (6052 .232 , 6052 .325)

2 24 .190 , 24 .270  N; 352 .390 , 352 .590  E 225 9152 44.1 6052 .295 (6052 .270 , 6052 .337)

3a 25 .060 , 2 5 .150  N; 351 .560 , 352 .090  E 225 6862 43.8 6 0 52 .240 (6052 .225 , 6052 .255)

3b 18.220, 18 .260 N; 345 .030 , 345 .150  E 225 2430 45 .2 6050.961 (6050 .952 , 6050 .974)

3b 19.590, 2 0 .170  N; 346 .480 , 346 .560  E 225 7579 45 .0 6051 .566 (6051 .543 , 6051 .597)

3b 18.480, 18 .580 N; 349 .070 , 349 .200  E 225 7326 45.2 6 051 .803 (6051 .767 , 6051 .821)

3b 19.090, 19 .190 N; 349 .320 , 349 .420  E 225 6160 45 .2 6051 .983 (6051 .961 , 6052 .003)

3b 20 .570 , 2 1 .170  N; 349 .520 , 350 .500  E 225 67575 44.8 6052 .259 (6052 .168 , 6052 .428)

4 23 .160 , 2 3 .290  N; 352 .110 , 352 .380  E 225 20706 44.3 6052 .377 (6052 .363 , 6052 .387)

5 22 .190 , 2 2 .330  N; 351 .340 , 352 .240  E 225 42688 44 .4 6053 .162 (6052 .658 , 6053 .535)

5 22 .160 , 22 .2 7 0  N; 350 .430 , 351 .060  E 225 14960 44 .6 6052 .662 (6052 .592 , 6052 .795)

6 21 .300 , 2 1 .340  N; 352 .530 , 353 .000  E 225 2030 44 .7 6053 .008 (6052 .800 , 6053 .179)

6 21 .010 , 2 1 .100  N; 352 .590 , 353 .190  E 225 10868 44 .7 6 0 5 2 .714 (6052 .597 , 6052 .838)

6 22 .020 , 2 2 .090  N; 353 .040 , 353 .190  E 225 6844 44 .6 6052 .583 (6052 .575 , 6052 .597)

6 21 .480 , 2 1 .420  N; 353 .010 , 353 .150  E 225 5292 44 .6 6052 .677 (6052 .578 , 6052 .793)

7 20 .560 , 2 1 .020  N; 351 .040 , 351 .120  E 225 3294 44.8 6052 .537 (6052 .452 , 6052 .655)

7 21 .510 , 2 4 .540  N; 351 .040 , 351 .060  E 225 352 44 .6 6 0 52 .486 (6052 .168 , 6053 .246)

8 21 .370 , 2 1 .460  N; 351 .400 , 351 .460  E 225 3648 44.7 60 5 3 .7 2 0 (6053 .541 , 6053 .864)

8 21 .240 , 2 1 .450  N; 352 .030 , 352 .160  E 225 16038 44.7 6 0 53 .662 (6053 .461 , 6053 .974)

fd 18.380, 19 .120 N; 351 .210 , 351 .390  E 225 36305 45 .2 6052 .185 (6052 .128 , 6052 .309)

fd 19.100, 19 .580 N; 352 .000 , 358 .586  E 225 65772 45 .0 6052 .388 (6052 .259 , 6052 .625)

fd 19.450, 19 .500 N; 351 .010 , 351 .140  E 225 4059 45 .0 6052 .479 (6052 .346 , 6052 .720)

T a b le  5 .2  R ad ar  d a ta  fo r  flo w  u n its a t S if  and  G u la  M on s
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Radar data for Sif Mons units.

Unit %  ( d B ) ®rms (dcg) P Fresnel Em issivity Es Er

1 -18.31 (-23.35,-13.54) 2.10 1.40, 2.70) 0.142 (0.125,0.155) 0.806 (0.802,0.812) 3.9, 6.3

2 -11.16 (-15.00, -7.00) 3.07 2.10, 4.20) 0.106 (0.100,0.130) 0.841 (0.820, 0.859) 3.3, 5.1

3a -11.21 (-18.55, -6.55) 1.79 1.30, 3.00) 0.144 (0.125,0.180) 0.818 (0.814, 0.821) 3.7, 5.9

3b -10.13 (-16.33,-6.73) 2.87 2.60, 3.30) 0.101 (0.095,0.115) 0.861 (0.857,0.864) 2.9, 4.5

3b -10.18 (-17.84, -6.64) 2.70 1.90, 4.50) 0.098 (0.075,0.115) —

3b -10.11 (-14.31,-6.70) 1.18 0.90, 1.60) 0.145 (0.115,0.175) 0.817 (0.811,0.824) 3.6, 5.9

3b -16.67 (-21.69,-11.09) 2.46 2.20, 2.70) 0.110 (0.105,0.115) 0.831 (0.825, 0.835) 3.4, 5.4

3b -12.43 (19.40, -6.00) 2.21 1.00, 4.00) 0.154 (0.120, 0.220) 0.802 (0.782,0.812) 3.9, 6.5

4 -15.35 (-21.26,-10.07) 2.41 2.00, 2.80) 0.139 (0.130,0.155) 0.803 (0.792, 0.815) 3.9, 6.5

5 -12.43 (-18.73, -6.13) 2.74 2.10, 3.50) 0.109 (0.090,0.135) 0.820 (0.811,0.836) 3.6, 5.8

5 -14.52 (-20.76, -2.96) 3.35 2.10, 5.60) 0.160 (0.145,0.235) 0.810 (0.799, 0.829) 3.8, 6.2

6 -9.30 (-14.58, -5.58) 2.40 1.60, 3.00) 0.129 (0.105, 0.160) 0.780 (0.775,0.788) 4.3, 7.4

6 -12.73 (-18.40, -6.20) 2.88 2.40, 3.40) 0.119 (0.105, 0.140) 0.788 (0.777,0.797) 4.2, 7.1

6 -10.65 (-17.56, -5.96) 2.64 2.60, 2.70) 0.144 (0.140, 0.145) 0.773 (0.770,0.778) 4.5, 7.7

6 -11.92 (-16.96, -7.77) 2.05 1.60, 2.70) 0.158 (0.150, 0.165) 0.779 (0.777,0.783) 4.4, 7.4

7 -20.26 (-25.20,-11.60) 1.67 0.9, 2.50) 0.164 (0 .115 ,0 .200 ) 0.788 (0.782,0.797) 4.2, 7.0

7 -18.45 (-22.56, -14.96) 2.64 1.10, 4.90) 0.143 (0.095,0.180) 0.810 (0.781,0.831) 3.8, 6.2

8 -13.72 (-18.97, -8.57) 2.49 2.20, 2.90) 0.140 (0.100, 0.160) 0.819 (0.809, 0.831) 3.6, 5.9

8 -12.73 (-17.98, -4.38) 2.71 2.20, 3.70) 0.128 (0.105, 0.155) 0.786 (0.777,0.795) 4.2, 7.1

fu -17.41 (-23.50, -8.72) 2.06 1.40, 2.60) 0.134 (0.085, 0.190) 0.796 (0.790, 0.803) 4.0, 6.7

fu -16.38 (-23.26, -8.09) 1.88 0.70, 4.20) 0.130 (0.100, 0.210) 0.812 (0.768, 0.829) 3.7, 6.1

fu -11.71 (-15.26, -7.66) 2.86 2.10, 4.00) 0.159 (0.145,0.175) 0.803 (0.800,0.805) 3.9, 6.4

Table 5.2 Cent.
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Location data for sample areas of Gula Mons units.

F low  u n it L at L on g A(m) N A n gle R ad iu s (km )

1 16.040, 1 6 .110N ; 357 .490 , 358 .070  E 225 8178 45.5 6 0 5 1 .880  (6051 .844 , 6051 .953)

2 19.450, 20 .000  N; 357 .260 , 357 .540  E 225 30645 45 .0 6052 .559  (6052 .510 , 6052 .638)

2 17.000, 17.360 N; 357 .500 , 358 .040  E 225 32718 45 .4 6 0 52 .240  (6052 .151 , 6052 .298)

2 17.320, 17.480 N; 357 .280 , 357 .460  E 225 17520 45 .4 6052 .321  (6052 .303 , 6052 .332)

2 19.300, 19.520 N; 356 .000 , 356 .170  E 225 22833 45 .0 6052 .459  (6052 .441 , 6052 .486)

2 23 .020 , 2 3 .480  N; 000 .460 , 001 .230  E 225 87932 44 .2 6 0 5 2 .912  (6052 .758 , 6053 .065)

2 25 .560 , 2 6 .050  N; 004 .010 , 004 .060  E 225 2774 43 .6 6051 .422  (6051 .340 , 6051 .487)

2 24 .410 , 2 4 .550  N; 004 .290 , 004 .360  E 225 5616 43 .9 6 0 51 .640  (6051 .634 , 6051 .645)

3 21 .070 , 2 1 .300  N; 359 .000 , 359 .340  E 225 45666 44.7 6053 .321  (6052 .948 , 6053 .742)

3 22 .240 , 2 2 .290  N; 360 .170 , 360 .340  E 225 5000 44.6 6053 .132  (6053 .117 , 6053 .146)

3 20 .400 , 2 0 .490  N; 358 .100 , 358 .160  E 225 3021 44.8 6052 .793  (6052 .772 , 6052 .827)

3 20 .580 , 21 .040  N; 358 .010 , 358 .100  E 225 3332 44.8 6053 .018  (6052 .854 , 6053 .257)

3 21 .280 , 21 .470  N; 356 .230 , 356 .430  E 255 23088 44 .7 6 0 52 .570  (6052 .528 , 6052 .593)

3 21 .280 , 21 .470  N; 356 .230 , 356 .430  E 225 17442 44 .6 6052 .884  (6052 .877 , 6052 .893)

3 21 .300 , 21 .560  N; 000 .210 , 000 .360  E 225 19584 44.7 6052 .831  (6052 .710 , 6053 .010)

4 22 .100 , 22 .2 0 0  N; 358 .010 , 358 .040  E 225 2418 44 .6 6053 .387  (6053 .290 , 6053 .542)

4 21 .210 , 2 1 .270  N; 357 .510 , 358 .040  E 225 4128 44.7 6053 .135  (6052 .883 , 6053 .686)

Sum m it 21 .320 , 21 .460  N; 358 .140 , 358 .280  E 255 11877 44 .7 6054 .003  (6053 .875 , 6054 .334)

Sum m it 22 .250 , 22 .360  N; 359 .000 , 359 .110  E 225 7482 44 .6 60 5 4 .492  (6054 .246 , 6054 .700)

T ab le  5 .2  C ont.
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Radar data for Gula Mons units.

Unit Oq (dB) ®rms (dcg) P Fresnel Em issivity Es Er

1 -16.94 (-22.00,-10.60) 2.55 1.90, 3.20) 0.098 (0.095, 0.105) 0.822 (0.816,0.827) 3.5, 5.7

2 -21.35 (-26.86,-11.46) 1.65 1.30, 2.00) 0.146 (0.120,0.185) 0.814 (0.805,0.824) 3.7, 6.0

2 -15.89 (-22.37. -8.37) 1.53 0.70, 2.30) 0.113 (0.100,0.130) 0.817 (0.802,0.828) 3.6, 5.9

2 -15.80 (-23.16, -9.36) 1.55 1.30, 1.90) 0.108 (0.100, 0.115) 0.828 (0.826, 0.830) 3.4, 5.5

2 -19.48 (-24.48, -9.27) 1.72 1.40, 2.10) 0.110 (0.100,0.125) 0.810 (0.808,0.812) 3.7, 6.2

2 -15.45 (-26.04, -6.68) 4.47 1.30, 8.20) 0.078 (0.050,0.105) 0.855 (0.830,0.890) 3.0, 4.7

2 -11.67 (-18.10, -4.69) 2.25 1.60, 3.10) 0.090 (0.075,0.115) 0.830 (0.815, 0.854) 3.5, 5.5

2 -12.19 (-19.58,-4.18) 1.96 1.80, 2.10) 0.056 (0.050,0.065) 0.895 (0.890, 0.899) 2.5, 3.6

3 -13.20 (-20.82, -7.62) 2.57 2.50, 2.60) 0.129 (0.120,0.140) 0.798 (0.797,0.798) 4.0, 6.7

3 -14.92 (-19.60,-10.20) 3.11 2.50, 4.20) 0.130 (0.115,0.155) 0.792 (0.785,0.795) 4.1, 6.9

3 -15.80 (-23.38,-8.17) 2.17 2.00, 2.50) 0.130 (0.120,0.150) 0.800 (0.797,0.804) 3.9, 6.5

3 -19.28 (-24.56, -9.56) 1.89 1.50, 2.40) 0.166 (0.145,0.175) 0.796 (0.790,0.802) 4.1, 6.7

3 -17.27 (-25.98, -7.60) 3.67 2.70, 4.50) 0.145 (0.125,0.190) 0.784 (0.775,0.790) 4.3, 7.2

3 -16.75 (-23.56, -10.76) 2.55 2.40, 2.80) 0.128 (0.125,0.145) 0.783 (0.780,0.786) 4.3, 7.2

3 -17.45 (-25.17,-9.98) 3.09 2.30, 3.60) 0.129 (0.105,0.145) 0.785 (0.782, 0.789) 4.2, 7.2

4 -23.40 (-27.76, -17.56) 1.79 1.50, 2.20) 0.231 (0.200,0.275) 0.784 (0.781,0.787) 4.3, 7.2

4 -22.92 (-28.38, -15.98) 2.43 1.80, 4.50) 0.200 (0.155,0.290) 0.786 (0.760, 0.799) 4.2, 7.1

Summit -4.88 (-16.57, 8.42) 2.36 1.60, 3.80) 0.164 (0.140,0.190) 0.726 (0.698, 0.746) 5 .7 ,10 .0

Summit -8.25 (-19.76,3.44) 3.47 2.30, 4.30) 0.189 (0.145,0.230) 0.698 (0.682,0.714) 6.5, 11.7

Table 5.2 cont
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F igure 5.7 U nit 1 flow  m aterials. T hese flow  m aterials have a sim ple sheet-like m orphology, 

w ith  a relatively  w eak radar backscatter. A rrow s show  the w eakly deflned  flow  fron t w hich  

overlies an earlier  U n it 1 flow . A t A , the con tact betw een  U n it 1 and  the Sedna R egional 

Plains m aterials is observed; U nit 1 overlies w rinkle ridges. E ach flow  field  is typically  100 km  

across (F -M ID R .25N 351;1 brow se).
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W eakly defined  in te rio r flow  fro n ts  show  th a t b road  
individual sheet-flows overlie each other (e.g. in the vicinity of 
25.5Q0 N, 3 5 3 . 3 5 0  E, Figure 5.7). Surface structure is lacking. Flows 
associated with U nit 1 overlie (and so postdate) w rinkle ridge 
structures that deform the local regional plains (e.g. seen in the 
region of 26.3Q0 N, 353.15® E, Figure 5.7).

The Unit 1 materials of Gula Mons are less well exposed, show 
m ore flow  structure , and appear m ore m ottled  than U nit 1 
m aterials at S if Mons. The m aterials are deform ed by w rinkle 
ridges at 16.50 n , 3570 e  (Figure 5.8).

Eruptive Style
Radar characteristics of the Unit 1 m aterials imply a relatively 

smooth, constant surface texture at 12.6 cm and rm s-slope scales. 
W hat eruptive style do these observations im ply? The type of 
surface texture which develops on a lava flow  depends on a 
num ber o f factors, in particular, for a given rheology, on the 
thickness of the crust and the amount and rate o f shear the crust 
experiences (Guest et al., 1995, 1996). A flow which comes to rest 
before the formation of a surface crust is likely to later develop a 
crust which undergoes practically no shear deform ation, hence is 
likely to be smooth (hence relatively radar dark). A thin crust 
which develops while the flow is still m oving may deform  into 
ropes, typical of pahoehoe textures seen at terrestrial volcanoes. 
Thicker crusts may break into slabs, and with continued cooling 
and consequential crustal thickening, produces block and clinker 
crusts associated with terrestrial aa (Guest et a l ,  1995,1996).

Observations from Mt. Etna (Sparks and Pinkerton,  1978) and 
Hawaii (Roland and Walker, 1990) show pahoehoe and aa form by 
low and high effusion rates respectively, but this may not be the 
case with flows on Venus. It is considered that the formation of an 
extensive uniform  smooth lava crust on Venus (sim ilar to that of 
U nit 1) m ay be achieved by m ore rap id  e ffusion  rates in 
com parison to those on Earth, with the crust form ing after the 
eruption ceases.
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17.50 N

16.85 N

358.00 E
25 km

358.50 E

Figure 5.8 Gula Mons Unit 1 flow materials. The materials overlie the Guinevere regional plains 

materials but appear to the deformed by wrinkle ridges which deform the regional plains 

(C1MIDR.15N352;1 Framelet 26).
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The am bient tem perature and pressure on Venus may aid in the 
em placem ent of such rapid extensive flows; flows on Venus are 
predicted to be generally longer with thinner crusts {Head and  
Wilson, 1986).

The m orphology, areal extent, and inferred surface texture of 
Unit 1 flows (particularly at Sif Mons) are analogous to terrestrial 
basaltic flows. Furthermore, the observed dielectric coefficient for 
U nit 1 (3.9 to 6.3 see Table 5.2) is consistent w ith terrestrial 
m aterial of basaltic  com position {Ulaby et aL, 1990; Campbell,  
1995). At Etna, early stage volcanism is represented by extensive 
basaltic flows, for instance early tholeiitic basalts { C r is to fo l in i ,  
1973; R i t t m a n n , 1973). W hile the m aterials o f U nit 1 are 
established as being older than subsequent overlying flows, it is 
not possib le  to determ ine if  they represen t in itia l volcanism ; 
preceding flows may have been covered by Unit 1 materials.

O ther volcanoes show sim ilar rela tively  early  units. Sapas 
M ons (8 . 5 0  N, 188.QO E, Keddie and Head,  1994), Sekm et Mons 
(44 .20  N, 240.80 e , E d m u n d s ,  1995), four large shields in Dione 
Regio {Keddie and Head, 1995), and Kali Mons (9 . 3 0  N, 29.30 E) all 
display early m aterials typified by a relatively  weak backscatter 
and a hom ogeneous surface texture (inferred from  radar data). 
The m aterials are areally extensive and have been extruded onto 
local regional plains materials. At Kali Mons the flow thickness is 
considered rela tively  thin as the m aterials are topographically  
controlled by wrinkle ridges locally.

5.3.2 Compound Flow Fields of Sif and Montes

Overlain on the Unit 1 materials of Sif and Gula Montes are a 
sequence o f com pound flow fields (mapped in Figures 5.4 and 
5.5). Terrestrial compound lava flows are defined as those which 
are divisible into smaller individual flows, in comparison to simple 
flows which are not divisible { W alker ,  1971). The m aterials of 
U nit 1 (described above) are in terpreted  as dom inantly  sim ple 
flows, full resolution data show them to be discrete and extensive.
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The bulk of subsequent flow units at Sif and Gula M ontes are 
considered as compound flows. Full resolution data show the flow 
fields consist of many individual flows. However, as stated above, 
care should taken when applying this classification  to venusian 
volcanic m aterials as the age relation  betw een flow s is often 
difficult to establish owing to the lim ited resolution of 120 meters, 
and com plications arising from  iden tification  and in terp retation  
using radar data.

5.3.3 Sif Mons

Units 2 and 3 of Sif Mons display a range of morphologies and 
radar backscatter values which im ply varying surface tex tures 
and em placem ent mechanisms (Figure 5.9). The bulk of units are 
d is tin g u ish e d  by a co n sid erab ly  g rea te r  rad a r  re tu rn  in  
comparison with Unit 1 materials. Many flows show greater aspect 
ratios (aspect ratio is defined here as the ratio o f the length to 
width of the flow as seen in planim etric form ), and consequently 
have a pronounced digitate appearance (Figure 5.9). The distal 
m argins o f some flows are topographically  contro lled  by pre
existing  structures, for exam ple linear structures in terpreted  as 
graben located  at 24.70^ N, 351.60^ E (Figure 5.10). Flows 
a sso c ia te d  w ith  U n it 3a ex tend  the  g re a te s t  d is ta n c e , 
approximately 700 km from Sif Mons.

A radar-dark sinuous channel (20.0^ N, 350.0^ E) enhanced by 
superfic ial c ra ter m aterials, occurs in U nit 3b (F igure 5.11). 
M agellan reso lu tion  ham pers the iden tification  of this feature, 
however, its sinuous nature and radar bright inner right wall is 
indicative o f a depression. The channel has a relatively  constant 
width (3 km) which can be traced for approxim ately 60 km, and 
term inates dow nslope in a fan of flow m aterials with a strong 
radar backscatter.
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27.00 N

22.40 N
348.50 E 100 km

355.30 E

Figure 5.9 Flow units observed on the northern flank of Sif Mons. Numbers correspond to 

flow units described in the text. Note the diversity of morphology and radar backscatter of 

these materials. C marks an embayed crater. V marks a small volcano, considered the source 

of the flow unit to the west (extending north) with a relatively strong radar return (Cl- 

MIDR351;1 browse).
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352.70 E

25.40 N

350.80 E
24.10 N

100 km

Figure 5.10 Controlled flows of Unit 3a. A shows flows which have been captured and 

channelled by fractures (graben) which trend N-S. At B, the flow is ponded against the 

topographic barrier of lineated and mottled plains materials (C-MIDR.25N351;1 browse).
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20.70 N

19.30 N
349.50 E 50 k m

351.10 E

Figure 5.11 Identifîcation of a channel within the flow materials of Unit 3b. The channel has 

been enhanced by the surficial deposit from the nearby crater (F1-MIDR.20N351;1 browse).
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Units 4, 5 and 8 show variable m orphologies, which range 
from sheets to more sinuous flows which have lob ate and digitate 
m argins (Figures 5.8 and 5.12). W ithin a western flow of Unit 5, 
full resolution FMAP data show a line of oval depressions or pits, 
25 km long, w hich range betw een 450 and 600 m etres in 
diam eter (Figure 5.13). The pits parallel the direction of flow. No 
resolvable extruded materials are associated with the pits.

5.3.4 Gula Mons

In contrast to the number of Sif Mons units described above, 
only two major units are identified which overlie Unit 1 m aterials 
o f Gula Mons (labelled Units 2 and 3 Figure 3.5). The radar 
characteristics and m orphology of these two units are relatively  
sim ilar. Radar images show the bulk of flows have a pronounced 
m ottled appearance (Figures 5.14 and 5.15). Flow m aterials of 
U nit 2 have highly dendritic, sinuous m orphologies frequently  
delineated  by radar-b righ t m argins. U nit 3 m ateria ls show a 
sheet-like structure on the order of 10s of kilom etres proxim al to 
the sum m it, how ever, their m orphology changes dow nslope to 
flows which have greater aspect ratios and dendritic flow fronts; 
the change in morphology typically occurs near the lower break of 
slope at the foot of the main edifice.

Captured flows are identified at Gula M ons, associated with 
extensional structures of Gour Linea and SW graben which extend 
from near the sum m it of the volcano (Figure 5.14). At 22.0^ N, 
3 5 9 . 1 ® E  a sinuous flow  crosses N E-SW  trend ing  graben, 
approxim ately 1.2 km wide, and m aterials have flowed downslope 
along the graben and emerged from the term inus of the graben 
some 25 km to the SW. The flows are cut by bright linear and 
curve-linear features which have lengths on the order o f 100s of 
kilometres (Figure 5.5).
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■ 22.50 N

20.55 N
350.70 E 50 km 352.60 E

Figure 5.12 The summit region of Sif Mons. A and B mark smaller nested calderas within the 

main caldera. All but the southern region of the main caldera has been breached by flows. 

Units 7 and 8 are marked. Unit 7 has the weakest radar backscatter of all Sif flow materials 

and is interpreted to have a smooth surface, possibly of pyroclastic origin. Unit 8 is 

interpreted as compound flow materials; the most recent materials identifîed at Sif Mons. f 

marks a flank eruptive site (F-MIDR20N351;1 browse).
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IP 21.75 N

350.05 E
21.55 N

10 km 350.20 E

Figure 5.13 Site of possible collapsed lava tube seen within Unit 5 of Sif Mons. Approximately 23 

depressions (skylights) are observed (between 450m and 600m in diameter) and extend for 

approximately 20 km (F-MIDR.20N351;1 Framelet 11).
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21.00 N

18.90 N
357.90 E

100 km.
J 359.60 E

Figure 5.14 Digitate flows located on the southern flank of Gula Mons. CF show flows captured 

by graben associated with Guor Linea, f mark sites of possible flank eruptive sites (F- 

MIDR.20N357;1 browse).
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27.50 N

22.30 N
0.00 E 100 km.

5.50 E

Figure 5.15 Compound flow field seen to the NE of Gula Mons. The flows have a mottled 

appearance, sinuous morphology and do not show a great variation in radar backscatter 

(C1MIDR.30N009, Browse).
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Eruptive styles
W hat eruptive styles may be inferred from  the observations 

at Sif and Gula? Empirical data from Mt. Etna show that whether a 
flow is compound or simple may be linked primarily to the rate of 
extrusion  and duration of eruption; a low rate, long duration 
eruption favours com pound flow form ation, w hile a h igh rate, 
short duration eruption favours sim ple flow form ation ( W a lk e r ,  
1967, 1971). F urtherm ore, W a l k e r  (1971) suggests that the
critical extrusion rate at which a com pound flow form s over a 
simple flow is controlled by viscosity, with greater viscosity giving 
rise to more compound style flow units.

If  s im ila r p rocesses described  by W a l k e r  (1971) are 
applicable to large venusian volcanoes, the observed change from 
simple flows (Unit 1) to compound flows at Sif and Gula M ontes, 
m ay indicate  an in itia l high effusion rate  fo llow ed by low er 
effusion rates. S if Mons shows a stratigraphie sequence which 
consists of less extensive flows over tim e. An evolving m agm a 
may explain a change in viscosity and observed flow m orphology 
seen at Sif Mons.

In terpretation  of structures w ithin individual flow s suggests 
bo th  channel and tube-fed  em p lacem en t m echan ism s have 
occurred at S if Mons. The line of pits w ithin U nit 5 resem bles 
aerial photographs of Sullivan’s Cave and Bear Trap lava tubes in 
the Eastern Snake R iver Plains volcanic province, Idaho, USA 
(Greeley and King,  1977). Here, the pits represent segm ents of 
roof collapse along the tube. A sim ilar interpretation may explain 
the pits in Unit 5 (S if M ons). No associated effusive m aterials 
preclude the surface manifestation of a dyke.

S w a n s o n  (1973) showed the transport of lava from  tube-fed 
flow s at K ilauea (1969-1971 eruption) was alm ost iso therm al, 
cooling at a rate of about l^C  per kilom etre. Such a cooling rate 
combined with an adequate volume of lava can produce long tube 
fed flows at very low effusion rates (approxim ately 12 km long 
for an effusion rate of 4 m^/s). A survey of M auna Loa by G r e e le y  
et al. (1976), concluded that more than 80% of exposed lava flows 
at least partly involved flow em placem ent through lava tubes and
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channels. How ever at Hawaii, many such flows are term inated 
when they meet the chilling effect of the sea. If the flows were 
allowed to cool to their solidus, such eruptions m ight form flows 
200 km long, provided they rem ained tube-fed {Sw anson ,  1973, 
M a l i n ,  1980). Hence the longer flow lengths observed at many 
venusian  volcanoes, in com parison  w ith te rre s tria l volcanoes 
{Schaber ,  1990) may be a consequence of tube-fed emplacem ent. 
However, flows at Sif and Gula Mons are considered to be channel 
fed as well as tube fed.

5.3.5 Flank Eruptive Sites a t Sif M ens

F lank eruptive sites are com m on at te rrestria l volcanoes 
(Wadge et al., 1975, 1977; Fisk and Jackson, 1971). Throughout its 
h istory , num erous flank eruptions have occurred at M t. E tna, 
owing to the lateral extension of dykes which transport m agm a 
away from the central caldera {Wadge,  1975, 1977; Chester et al., 
1985).

Contrary to the conclusion that large venusian volcanoes lack 
flank  eruptive sites {Keddie and Head,  1994), S if M ons offers 
evidence for ju s t such a style of eruption. Iden tified  on the
eastern flank of Sif Mons are six relatively small flow fields which 
rad ia te  fan -lik e  from  sm all ed ifices (<5 km  in d iam eter) 
surm ounted by sum m it pits (Figure 5.16). The m aterials which 
compose the fans have a relatively strong radar backscatter and 
are m ottled in the imagery (Figure 5.16). Ancillary data show the 
m aterials are relatively  rough at rms scales (Table 5.2). Flows 
w ith in  the f ie ld s  have a d en d ritic , s inuous m orpho logy . 
T opograph ic  data  show the loca tion  o f the sm all ed ifices 
correspond with the break of slope of the m ain edifice o f Sif,
measured approximately 100 km from the centre of the summit.

The pits, from  which the fan shaped flows orig inate , are
surrounded by a diffuse, radar-dark  deposit. The dark deposits 
are topographically  contro lled , the m inim um  extension  of the
m aterial occurs up-slope, while greatest extension (a m axim um  of 
8 km) occur downslope of the pits.
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22.50 N

20.20 N
351.40 E 100km 354.10 E

Figure 5.16 Location of interpreted flank eruptive sites (f) on the eastern flank of Sif Mons. The 

sites are identiHed by a small bright pit, surrounded by diffuse topographically controlled 

materials which have a weak radar backscatter. Flow Helds are associated with the pits, and 

show a digitate morphology at their termination. The flow materials have a strong radar 

backscatter (F-MIDR.20N351;1 browse).
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Eruptive style
The ra d a r-b r ig h t fan -sh ap ed  d ep o sits  o f U n it 6 are 

interpreted as the product of flank eruptions. The sm aller, radar- 
dark topographically controlled m aterials which surround the pits 
of the sm all edifices are in terpreted  as thin, re la tive ly  fine 
grained pyroclastic deposits. In comparison, Gula Mons has only 
two possible flank eruption sites located in the vicinity of 358.30^ 
E, 21.850 N (Figure 5.14). No diffuse m aterials surround these 
sites.

The lack of flank eruptive sites at Gula Mons is considered to 
be a consequence of different internal plumbing, discussed later in 
the chapter. The em placem ent of undifferentiated flow m aterials 
(U nit fu l and fu2) which lie approxim ately 300 km  from  the 
sum m it o f S if (351.300 E, 19.200 N) are in terp reted  as either 
m aterials orig inating from either flank eruptive sites, or from  
separate volcanic centres.

5.3.6 Diffuse Volcanic Materials near the Summits of Sif 
and Gula Montes

Located near the sum m its of both volcanoes are m aterials 
w hich d isp lay  a sim ilar m orphology and rad ar backsca tte r, 
labelled Unit 7 (Sif Mons, Figure 5.12) and U nit 4 (Gula Mons, 
Figure 5.17). The units have the w eakest radar backscatter of 
m aterials seen at both volcanoes. They have a prom inent m ottled 
surface appearance in radar images. The boundaries o f the units 
are irregular, lobate, and in places, diffuse. The m aterials are 
topographically  controlled. Full resolution data show a w eakly 
defined striated texture contained within U nit 7 m aterials closest 
to the summit of Sif Mons. Similar deposits are observed near the 
summits o f other large shield volcanoes including Kunapipi Mons 
(86.Q0 E, 3 3 0  S) and Sapas Mons {Keddie and Head, 1994).
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23.40 N

357.50 E
100 km

21.10 N

0.0 E

Figure 5.17 The summ it region of Gula Mons. Two modified calderas (marked C) are joined  

by a series o f fractures interpreted to represent a rift. Unit 4 (marked 4) has the weakest 

radar backscatter of all Gula Mons materials and is analogous to Unit 7 near the sum m it of 

Sif Mons (C2-MIDR.30N335;2 framelet 40).

231



Eruptive style
Based on radar and ancillary data, Keddie and Head,  (1994), 

interpreted the m aterials at Sapas Mons as ‘young’ m ass-w asting 
deposits which surround two sum m it dom es. The m aterials at
Sapas have a strong em issivity and weak reflectivity , contrary to 
m ost m ateria ls near the sum m its o f high vo lcanoes, w hich 
typ ically  show the reverse, considered sym ptom atic o f in -situ  
w eathering {Pettengill et a l ,  1988; Klose et al., 1992). Unlike the
m aterials near the summit of Sapas, those at Sif and Gula Montes
have a strong reflectiv ity  and com plem enting w eak em issivity , 
hence may have undergone weathering. Furtherm ore, they have a 
considerably greater areal extent.

An a lte rn a tiv e  in te rp re ta tio n  p roposed  here  is tha t the
m aterials may represent pyroclastic deposits. Pyroclastic deposits 
at Kilauea {Gaddis et al. 1989) and Mt. Etna (compare linear dB 
values in Tables 5.1 and 5.2 and Figures 5.3 and 5.6) have similar 
radar characteristics to Unit 7 and 4 of Sif and Gula M ontes. The 
p y ro c la s tic  dep o sits  at the te rre s tr ia l vo lcanoes rep re se n t 
m aterials which have the w eakest radar backscatter and locally  
display a m ottled appearance in radar data. U nits 4 and 7 are 
interpreted as having sim ilar smooth surface textures to those at 
Mt. Etna and Kilauea, and may have formed from similar styles of 
eruptive activity.

U nits 7 and 4 may represent w elded pyroclastic  deposits 
sim ilar to those predicted by Kief fer  (1995, see Chapter 2, 2.6.3). 
In contrast to pyroclastic deposits on Earth, pyroclastic flows are 
predicted to travel greater distances on Venus owing to the hotter 
am bient tem perature {Head and Wilson, 1986; Kieffer ,  1995). Such 
a m ech an ism  w ou ld  acco u n t fo r  the  m a te r ia ls  b e in g  
topographically  controlled, and may explain the observations o f 
stria tions w hich para lle l the long-axis of the m ateria ls . The 
striations may have arisen from flow emplacement.
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5.4 Comparison of Flow Materials at Sif and Gula Montes

The observations from radar data o f S if and Gula M ontes
presented above show that the m aterials which compose the two 
volcanoes have both sim ilarities and differences. In common, the 
first identified flow materials are relatively smooth and extensive, 
in te rp re ted  as a re la tive ly  rap id  volum inous ex trusive  event. 
Second, both volcanoes have a sequence o f units which overlie 
U nit 1 m aterials. The bulk of these units are in terp reted  as 
compound flows. Third, the two volcanoes have relatively  young 
d iffuse  m ateria ls  located  near the ir sum m its. H ow ever, the
contrasts in the flows at each volcano outnum ber the sim ilarities, 
summarised below:

1. It is noted that many Gula Mons flows are considerably longer 
and have a greater sinuosity than those at Sif.

2. M aterials within individual flow units show a greater variation 
in radar backscatter and morphology at Sif Mons.

3. A greater d iversity  of radar backscatter and m orphology is
observed at S if Mons when flow units are com pared with each 
other.

4. Six flank  eruptive sites are identified  at S if M ons. F lank
eruptive sites are generally lacking at Gula Mons.

The differences outlined above are considered  a resu lt of 
d ifferent in ternal and evolutionary styles o f the two volcanoes. 
B efore considering  the differences, the gross m orphology and 
summit structure of the volcanoes are discussed.
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5.5 Description and Comparison of the Gross Morphology 
and Summit Structure of Sif and Gula Montes

Perhaps the m ost distinctive contrast betw een Sif and Gula 
M ontes is their gross morphology and summit structure. Synthetic 
stereo images show Sif has an approxim ate conical shape, while 
Gula is more elongate, with its long axis trending NE-SW . Both 
volcanoes have pronounced central edifices w ith rela tively  high 
angles of slope in comparison to their distal flanks (Figures 5.18 
and 5.19). The slope angle is reduced abruptly approxim ately 100 
km and 150 km from the summits of Sif and Gula respectively.

W hile the diam eter of Mt. Etna is considerably sm aller than 
the venusian volcanoes, (-4 0  km compared with 350 km and 450 
km for Sif and Gula respectively), the variation of flank slope is 
similar. Mt. Etna has concave slopes rising from the base at <5® 
increasing to <10® below 1800 m. H ow ever, the cone of the 
volcano has slopes of 20^ or more (Guests 1982). The consequence 
is a volcanic edifice which has a relatively steep cone surrounded 
by much shallow er sloping flanks. M easurem ents of the southern 
flank of Sif Mons show distal flank slopes of betw een 0.15 and 
0 . 2 5 0 , while the slope of the cone is approxim ately ten tim es 
greater: a m arked break in slope is observed (Figure 5.18). The 
distal flanks of Gula Mons are typically 0.20, with the slopes of the 
central edifice varying between 2 and 3.50 (Figure 5.19).

Guest  and M urray  (1979) and G u e s t  (1982) suggest the 
steeper sided summit region of Mt. Etna probably owes its form to 
num erous eruptions near the summit region, resulting  in greater 
edifice construction than the outer flanks which, by com parison, 
form from less frequent flank eruptions. A sim ilar process at S if 
and G ula M ontes may explain the steep prom inent cone and 
shallower flank morphology.

The sum m it o f S if Mons is surm ounted  by a c ircu la r 
depression 40 km in diameter, interpreted as a caldera { C a m p b e l l  
et aL, 1989; Campbell and Campbell, 1990; Senske et al., 1992). 
The m ain caldera has a prom inent southern rim  from  which a 
series of small (<1.7 km in diameter) linear pits extend to the SE
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Figure 5.18 Topographic profiles o f S if M ons. The slope o f  the central edifice (A) 

is considerable greater than the outer flanks (B). A  sim ilar situation is observed  

at ML Etna.
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Figure 5.19 Topographie profîles of Gula Mons. Three distinctive breaks in 

slope are identified by A, B and C. The main slope of the edifice is 

approximately 10 times greater than the flanks of the volcano.
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for approxim ately 50 km (Figure 5.12). The northern, western and 
eastern sections of the main caldera rim  are lower and less well 
defined. U nit 8 flow m aterials originate from two interior nested 
calderas approxim ately  10 km in diam eter (F igure 5.12) and 
breach all but the southern section of the main caldera.

In con trast, the sum m it of G ula is dem arcated  by an 
upstanding zone of NE-SW trending fractures. The fracture zone ( -  
155 km long and 35 km wide) terminates at each end in a circular 
and arcuate landform  (Figure 5.17). Topographic data show both 
circular structures have centres which appear upstanding. The SW 
structure is higher and covers a larger surface area than the NE 
structure. The NE caldera has a num ber of sm all sem i-circular 
collapse structures associated with it (<15 km in diam eter). Both 
frac tu re  zone and c ircu la r s truc tu res have a strong  rad a r 
backscatter.

As w ith  te rre s tr ia l vo lcanoes, o b se rv a tio n s o f sum m it 
structures at Sif and Gula Montes may be used to infer internal 
processes. Calderas on Earth form by collapse in three ways: (1) 
exp losive erup tions w hich resu lt in the rap id  evacuation  of 
m agm a; (2) by the am algam ation of m inor in trusions (dykes) 
which result in an increased density and lead to subsidence; and 
(3) owing to magma withdrawal from a high level reservoir. The 
presence of a large caldera and subsequent sm aller nested caldera 
at the summit of Sif is significant in indicating phases o f magma 
withdrawal from a reservoir over time.

The fracture zone at the summit of Gula Mons is considered 
analogous to rift zones associated with terrestrial volcanic centres 
for instance Kilauea, albeit on a larger scale at Gula. The circular 
features are in terp reted  as calderas w hich have subsequently  
been m odified and possibly contain lava domes. Hence, two styles 
of summit structure are observed at Gula, m odified calderas and a 
prim ary rift zone. Along with flow m orphology, the contrasting 
sum m it structures observed at S if and G ula im ply  d iffe ren t 
m agm a storage and stress regim es for each volcano which have 
occurred over time, which are now discussed.
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5.6 The Internal Dynamics and Evolution of Sif and Gula 
Montes.

From  o b serva tions o f the m orpho logy  and in te rp re te d  
erup tive  and em placem ent m echanism s o f S if and G ula flow  
m ate ria ls , in feren ces m ay be m ade reg ard in g  the in te rn a l 
dynam ics and evolution of the two volcanoes. These inferences 
may be used to explain the m orphological differences observed 
between the two volcanoes.

5.6.1 Edifice Morphology and Summit Structure

W hy do the two adjacent volcanoes have different edifice and 
sum m it m orphologies? Fiske and Jackson  (1972) concluded from 
m aterial m odelling and observations of H aw aiian volcanoes that 
the local structure and stress regime can play an im portant role in 
determ ining the shape and magma m ovem ent w ithin an edifice. 
First, the geometry of a volcano can be controlled by the regional 
structure, and second, magma em placem ent and m ovem ent may 
be constrained by the stress orientations in a pre-stressed volcano 
{Fiske and Jackson, 1972).

Gula Mons is situated on an extensional rift zone (Gour Linea, 
Figures 5.1 and 5.5) which strikes NW-SE. Guor Linea predates the 
bulk of materials from Gula Mons. Furthermore, Gula Mons abuts 
Idem-Kuva Corona (Figure 5.20). The corona is interpreted to have 
a p ro trac ted  h isto ry , w hich post and p reda tes the volcano 
(Chapter 4, 4.2.1). It is considered here that the initial m orphology 
and subsequent extrusion of flow m aterials from  Gula Mons may 
have been controlled by the stresses im posed from  either Gour 
Linea or Idem-Kuva Corona, or both. In consequence, the edifice of 
Gula is elongated in planimetric view and is surmounted by a rift 
zone which trends in the same direction as the volcano’s long axis.
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Figure 5.20 The NE flank of Gula Mons is constrained by Idem-Kuva Corona. The gross 
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In con trast, S if M ons is in te rp re ted  to have developed  
re la tive ly  uninh ib ited  by reg ional structure or stress regim es. 
Consequently, the edifice is approxim ately circular surm ounted by 
a prom inent circular caldera indicative o f h igh-level storage of 
magma during the volcano’s history.

5.6.2 Comparative Flow Morphology

Processes which have resulted  in the observed d ifferences 
betw een flow m orphologies at S if and Gula M ontes m ay be 
analogous to the explanation  for tem poral va ria tion  in flow  
m orphology iden tified  at Mt. E tna by H ughes et al. (1990). 
Examination of historic flows from 1750 to the present at Mt. Etna 
show two d is tin c t m orphologic  categories: those w hich are
relatively narrow and sinuous, and those which have considerably 
broader dimensions.

The distribution of the two categories is seen to be sectorial; 
the broad flows are confined to the eastern  sector, w hile the 
w estern  and northern  flanks contain  the long narrow  flow s. 
Hughes et al. (1990) state that the different flow m orphologies are 
the product of different eruption rates. Typically, the broad flows 
which occur on the eastern flank of Mt. Etna, are associated with 
low effusion, long duration eruptions (W a d g e , 1981). In contrast, 
the narrow long flows on the w estern and northern flanks are 
considered to be the product of relatively greater effusion rates of 
shorter duration.

It is considered that the difference in eruption style reflects 
in teractions betw een the volcanic system  and the regional and 
localised  gravitational stress fields (Hughes et al., 1990). The 
unsupported eastern flank of Mt. Etna shows evidence of seaward 
g rav ita tion  (Guest et al., 1984) which produces the d ilation  of 
fissures. Owing to fissure dilation, eruption rates are longer and 
flows broader on this flank. In contrast, the western and northern 
flanks are buttressed  against the Peloritan i M ountains and so 
fissures dilate less easily. Consequently, effusion rates are greater 
but shorter, and more sinuous flow morphologies occur.
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The above terrestria l observation  m ay re la te  d irec tly  to 
different flow morphologies of Sif and Gula Mons. Sim ilar control 
of effusion rates and duration may have occurred (or is occurring) 
at Gula Mons owing to buttressing by Idem -K uva Corona. In 
common with the western and northern flows of Mt. Etna, Gula 
Mons has long sinuous compound flow m orphologies seen within 
Units 2 and 3 (Figures 5.14 and 5.15) In contrast, Sif Mons has 
broader, shorter flows, sim ilar to those observed on the eastern 
flank of Mt. Etna, a consequence of low effusive, longer duration 
eruptions uninhibited by the stresses associated with buttressing.

5.6.3 Internal Plumbing and Evolution

How is m agm a transported and stored w ithin S if and Gula 
M ontes? The observation of a prom inent caldera com plex at the 
sum m it o f S if M ons suggests that rep e titiv e  in tru sion  and 
w ithdraw al of m agm a has occurred. Furtherm ore, evidence for 
drainage is shown by the flank eruptive sites situated along an arc 
at the base of the central edifice. It is considered here that magma 
is transported to a relatively high-level storage reservoir which 
resides (or has resided) within the volcanic pile of Sif Mons.

S im ila r in te rn a l p lum bing  is considered  fo r te rre s tr ia l 
volcanoes. G eodetic and seism ic data from  H aw aiian volcanoes 
indicate the bulk of intrusive activity occurs w ithin their volcanic 
piles. Hawaiian shield volcanoes (e.g. Kilauea), also display flank 
eruptive sites throughout their history {Fiske and Jackson, 1972). 
W a d g e  (1975, 1977) id en tifie s  num erous flan k  eru p tio n s
associated with Mt. Etna and suggests they are a consequence of 
the failure of the central conduit (the Chasm). The failure occurs 
by fracturing resulting in the horizontal propagation of a vertical 
fissure which drains the Chasm periodically.

W hat size was/is the reservoir beneath Sif M ons? Ryan et al. 
(1983) in v estig a ted  the d iam eter o f co llapsed  struc tu res at 
Kilauea and noted that at least one was closely correlated with the 
horizontal dimension of the underlying reservoir. Keddie and Head
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(1994) stated that when estim ating the size of an underlying 
reservoir, the stresses which give rise to a caldera may only be 
associated with its shallowest portion. Hence, for Sif Mons, the 40 
km  caldera may be indicative of a m agm a reservo ir w ith a 
m inim um  horizontal dim ension of sim ilar proportions. This is 
con siderab ly  la rger than te rre s tr ia l b asa ltic  vo lcano  m agm a 
reservoirs, but sm aller than those associated w ith large shield 
volcanoes on Mars {Crumpler et al., 1996).

In contrast, the lack of a large central caldera at Gula Mons 
m ay suggest that, owing to internal stresses, h igh-level magma 
reservo ir storage at this volcano is in frequent, and that the 
m agm a resides m ainly  beneath  the ed ifice . H ow ever, som e 
ind ica tion  of tem poral h igh-level m agm a is in ferred  by the 
observation of the two small calderas at each end of the rift. In 
considering the internal plumbing and evolution of Gula, attention 
is drawn to the conclusions of G uest and D uncan  (1981) and 
Duncan and Guest (1982) from Mt. Etna.

The eruptive history of Mt. Etna shows a m arked dichotom y 
betw een pre and p o st-1669 eruptions {Guest and D uncan, 1981, 
D uncan  and  G uest, 1982). P re-1669 e rup tions w ere m ore
volum inous and are pe trog raph ica lly  d is tin c t from  post-1669  
eruptions. Larger plagioclase phenocrysts in  the pre-1669 lavas 
are indicative of a period of high level storage whereas p ost-1669 
m agm as have much sm aller phenocrysts and are in terpreted  to 
have risen directly from a magma reservoir betw een 20 and 25 
km  below  sea-level. The changes in in te rn a l p lum bing  are 
considered to be a consequence of changes in the local and/or 
regional stress patterns. Based on the geodetic and pétrographie 
studies of Mt. Etna, Guest and Duncan (1981) concluded that there 
is no simple model of volcano pluming which can be applied to 
cen tral basaltic  volcanoes; a long-lived  volcano m ay disp lay  
num erous eruption episodes and yet have changing sty les o f 
plum bing throughout its history. The observed rift and calderas at 
the sum m it of Gula imply sim ilar com plex changes of internal 
plumbing at this venusian volcano with time.
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5.6.4 An Evolutionary Model for Sif and Gula

Incorporating  the observations and in terpretations discussed 
above, an evolutionary model for Sif and Gula M ontes may be 
sum m arised. It is evident that S if has had d istinct phases of 
form ation, resu lting  in an edifice which, in general, shows a 
sequence of flows which are considered younger near the summit, 
sim ilar to that observed at Sapas Mons {Keddie and Head, 1994). 
The first identified  volcanism  is represented by the volum inous 
flows (U nit 1), on which subsequent com pound flow units were 
extruded. The flow units have become less extensive over time.

This observation may be explained by two processes. First, a 
decrease in erup tion  volum e ow ing to increasing  hydrosta tic  
pressure over the time required to erupt magma from the summit 
caldera. Second, shorter summit eruptions have becom e dom inant 
over flank eruptions. The latter process has been used to describe 
the morphology of Mt. Etna, as discussed in 5.5. If such a process 
has occurred, the relative age between the distal and summit flow 
materials of Sif Mons may be great.

The presence of the caldera is indicative of m agm a storage 
w ithin a reservoir followed by drainage. Flank eruptions indicate 
lateral magma em placem ent has also occurred during the history 
of Sif. It is considered that the magma reservoir for Sif Mons has 
remained within the volcanic pile.

In contrast, while Gula Mons show flows which are considered 
younger nearer the sum m it than those on the lower flanks, less 
variation in flow morphology is observed with time in com parison 
with Sif. The first identified flow materials exposed at Gula Mons 
are sheet flows, similar to Sif Mons. The subsequent flows of Gula 
Mons are considered to be the product of a m agm a reservoir 
which erupted m aterials through a volcanic pile controlled by the 
regional structure and the resulting  stresses. These stresses are 
considered responsible for the elongate m orphology and sum m it 
rift structure, and resulted in effusion rates which gave rise to 
long sinuous flows which compose the observed flow fields.
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The storage of magma within the volcanic p ile  of Gula is 
considered to be interm ittent. W hile two m odified calderas are 
seen, the dom inant summit structure is a feature analogous to a 
rift. The suggestion here that the magma source of Gula lies at 
g reater depth may be supported by the greater height o f the 
volcano. M agm as located  at depth are sub jected  to g rea ter 
hydrostatic pressure. Greater pressure can result in m agm a being 
pushed  h igher w ith in  a cen tra l condu it, re su ltin g  in the 
construction of a comparatively taller edifice.

5.7 Implication for Models of Large Shield Volcanism on 
Venus

How do the observations and in terpretations presented here 
compare with predictions of models of venusian volcanic activity 
discussed in Chapter 2? Based on num erical m odelling. H ead and  
W ilson  (1992) concluded that for edifices less than approxim ately 
2.5 km in elevation, the m agm a reservo ir w ill not en ter the 
edifice. However, the prom inent nested sum m it calderas of Sif 
im ply periods o f m agm a storage w ith in  the vo lcan ic  p ile ,
an a lo g o u s to the  H aw aiian  v o lcan o es . F u rth e rm o re , the
iden tifica tion  of w hat are in terp reted  as flank  erup tive  sites 
suggests that magma may have drained from w ithin the volcano 
in a sim ilar fashion to the drainage of the Chasm at Mt. Etna 
{W a d g e , 1975, 1977). Sif Mons stands only 2 km above the local 
topography and so, according to the Head and W ilson m odel
should lack a magma reservoir within the volcanic pile.

In comparison, Gula stands 3.2 km above the local topography 
and does not have a well developed nested  caldera  system . 
Instead, its sum m it is dem arcated by a p rom inent rift. It is 
considered here that the storage of m agm a w ithin the volcanic
pile has been lacking, or at best intermittent. Hence, the Head and 
W ilson model of magma reservoir position and neutral buoyancy 
zones does not adequately explain the structures at S if and Gula 
Montes. The local structure and internal stress regime of a volcano
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may play a greater role in the m ovem ent and storage of magma 
than direct environmental conditions, as in the case of Gula.

A further view  on the position  of m agm a reservo irs is 
presented  by M cG overn and Solom on  (1997) in light of recent 
m odelling. Large shield volcanoes on the Earth and Mars typically 
have a flexural m oat which surrounds them, induced by volcanic 
loading. The lack of flow m aterials seen controlled by troughs 
around large venusian shields has led M cG overn and Solomon, 
(1995, 1997) to suggest that flexural m oats associated  w ith
venusian edifices are filled  in. On Earth, lithosphere  flexure 
typ ically  leads to surficial c ircum feren tial fau lting  and m oat 
form ation. However, moats on Venus are predicted to fill during 
form ation by flooding from extrusive m aterials {M cG overn and  
S o lo m o n ,  1997). Such a method of construction is considered to 
have implications for the position of magma reservoirs. The model 
presented by H ead and Wilson (1992) neglects the depth of the 
v o lcan ic  p ile  f illin g  the f lex u ra l d ep re ss io n . W hen th is 
accum ulation  o f ed ifice  m ateria l (w hich res id es below  the 
surrounding topography) is taken into consideration, it results in a 
greater overall thickness of the volcanic pile.

In calcu lating  the g reater ed ifice  heigh t, M cG overn  and  
S o lo m o n  (1997) suggest the magma reservoir is likely to reside 
w ithin the volcanic pile. Hence, although a volcano such as Sif 
Mons stands 2 km above the local topography, the true thickness 
of the volcanic pile is greater. The model of volcanic construction 
proposed by M cG overn and Solomon  (1997) may account for the 
fact that S if lies below the threshold considered necessary for 
magma to reside within a volcanic pile (-2 .5  km. H ead and Wilson, 
1992) and yet shows landform s and eruptive styles indicative of 
magma residing within the edifice.

The p red ic tion  that la tera l m igration  o f venusian  m agm a 
reservo irs dom inates over vertical m igration  is considered  to 
produce larger calderas (where applicable) and significant lateral 
dyke propagation, a consequence of a predom inant lateral stress 
regim e {Head and Wilson, 1992). The observations from Sif and 
Gula support these predictions. Sif has a large caldera (-4 0  km) by
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te rrestria l standards, im plying a large m agm a reservoir. G ula 
Mons has a num ber of bright lineam ents which radiate from the 
summit (Figures 5.2, 5.13). The radial features are considered to 
be the surface m anifestations of dykes, sim ilar to those identified 
by M cKenzie et al. (1992). Furthermore, the observation of flank 
eruptive sites located at a horizontal distance of approxim ately 
100 km from the summit of Sif Mons implies that dykes or dyke 
sw arm s have transported  m agm a la tera lly  fo r a considerab le  
distance, greater than observed at most volcanoes on Earth.

A greater horizontal dimension of the magma reservoir is also 
considered responsible for the observed large height to basal ratio 
of venusian volcanoes {Head and Wilson, 1992). Sif and Gula are 
no exception to this observation and lateral m ovem ent o f magma 
m ay explain  the ir large d iam eters and shallow  slopes. The 
am bient atm ospheric conditions are predicted to lead to longer 
lava flows {Head and W ilson, 1986) and hence a greater mean 
diam eter. Lava tubes are considered  an e ffective  m ethod of 
transporting lava on Earth {Swanson et al., 1973; Greeley et al., 
1976). If tube fed flows on venusian volcanoes occur (supported 
by the observation of what is interpreted as a tube fed flow at Sif 
M ons), this style of em placem ent may resu lt in  lava reaching 
grea ter d istances from  the source, as the lava is therm ally  
insulated.

Pyroclastic eruptions are considered to be inhibited on Venus 
owing to the great atmospheric density {Head and W ilson, 1986, 
C hapter 2). H ow ever, possib le  py roclastic  ac tiv ity  near the 
summits of Sif and Gula M ontes, (Units 7 and 4 Sif and Gula 
respectively) and diffuse m aterials associated w ith flank eruptive 
sites (U nit 6 at S if M ons) support the theory  that bubble 
coalescence, or the formation of a chilled carapace, could result in 
vo la tile  concen tra tion  and even tual p y ro c la stic  e rup tions on 
Venus {Garvin etal., 1982; Fagents, 1994).
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5.8 Summary and Conclusions

Sif and Gula Montes represent two large shield volcanoes on 
V enus, w hich average 350 km and 450 km in  d iam eter 
respectively . The two edifices stand 2 and 3.2 km above the 
surrounding topography of W estern E istla Region, a rise 1.8 km 
above the surrounding plains.

M agellan radar observations are used to in terpret the flow 
m aterials and structures associated with the two volcanoes, which 
in turn  help to in fer their volcanic evo lu tion  and in te rnal 
plum bing. However, the use of radar may lead to a num ber of 
m isinterpretations regarding flow delineation, classification (based 
on in ferred  surface roughness) and stra tig raphy . E xam ples of 
potential m isinterpretations are h ighlighted from  the com parison 
of field  observations and SIR-C radar of Mt. E tna. From  the 
observations it is considered inappropriate to use terrestria l lava 
flow classifications when discussing flow on Venus. Furtherm ore, 
stratigraphy of flow units should be analysed with care as radar 
backscatter is unhkely to relate to the flow age.

D etailed observations and mapping show 8 and 4 flow units 
associated w ith S if and Gula respectively . Evidence exists for 
com pound and single flows which have sheet, channel fed, tube 
fed, flank erupted and pyroclastic em placem ent m echanism s. S if 
M ons is considered to have at least 6 flank  erup tive  sites, 
contradicting the previous conclusion that venusian volcanoes lack 
th is sty le  o f erup tion  {Keddie and H ead, 1994). The flank  
eruptions are in terpreted  as a consequence o f drainage o f an 
in te rnal m agm a reservo ir (through la tera l dykes) w ith in  the 
volcanic pile.

W hile the two volcanoes formed adjacent to each other, Sif 
and Gula show a number of differences between their flow field 
m orphology, gross m orphology and sum m it structure. By using 
analogies from terrestrial volcanoes (K ilauea and Mt. Etna) it is 
considered here that stress regim es w ithin the volcanoes have 
been different during their evolution.
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Gula Mons abuts Idem -Kuva Corona which is interpreted to 
have a protracted history (Chapter 4, 4.2.1). Furtherm ore, it sits 
on Gour Linea, an extensive rift w hich predates the bulk of 
m aterials associated with Gula. The evolution of Gula Mons, and 
consequential flow and edifice morphology are considered to have 
been controlled by stress regimes which occur w ithin the volcanic 
pile and local surrounding materials. In contrast, S if Mons owes its 
a p p ro x im ate  c irc u la r  shape and re la tiv e ly  b ro ad e r flow  
morphology to a more unrestricted growth regime.

N um erical m odels p red ic t tha t neu tra l buoyancy  zones 
generally rem ain below the volcanic pile o f volcanoes on Venus 
{Head and Wilson, 1992). However, it is considered here that the 
position of any magma reservoir may be at least partly controlled 
by the stresses within, and surrounding, the volcano. Furtherm ore, 
the m odel predicted larger calderas and greater lateral in trusion 
m anifested by dykes, both a consequence of predicted  greater 
lateral spreading of magma. These predictions are consistent with 
the large caldera which surmounts Sif Mons, as well as numerous 
(approxim ately radial) lineam ents associated with both volcanoes, 
considered the surface manifestation of dykes.
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Chapter 6 

C onclusions

The detailed studies presented in this thesis, u tilising  the 
latest data from the M agellan m ission, have led to a num ber of 
new  co n c lu sio n s  w hich  have  im p o rta n t im p lic a tio n s  fo r 
u n d e rs tan d in g  the geo logy  o f V enus. T h is f in a l ch ap te r 
sum m arises the ach ievem ents o f the w ork , d iscu sses  the 
im plications of the findings in a broader geological context, and 
suggests direction for further work.

The bulk of the surface of Venus we see today is probably 
older than 500 Ma. M agellan images have shown that geological 
processes on the planet have been extremely dynamic. This is not 
a surprising observation since Venus is of sim ilar dim ensions as 
the Earth and is expected to have a com parable heat budget, 
hence one would expect a sim ilar level of geological activity on 
Venus as on Earth. However, the processes o f volcanism  and 
deform ation inferred from features on the venusian surface show 
the geological processes contrast considerably from  those seen on 
o ther te rrestria l p lanets. In o rder to understand  fundam enta l 
geological questions, such as the mechanism of heat loss on Venus, 
we need to unravel the geological processes which have occurred 
on the planet w ith time. This thesis has added m ore w ork by 
investigating the stratigraphy of G uinevere and Sedna Planitiae, 
and by testing evolutionary models of specific volcanic landform s 
(coronae and large shield volcanoes) using observations draw n 
from detailed mapping within the study area.

As with any branch of science, m odels are typically created 
in o rder to sim plify  and characterise  p rocesses w hich have 
resu lted  in an observed end product or p roducts. M odels o f 
venusian geology explain processes which have not been directly 
observed, and are bu ilt around static observations o f surface 
landform s and their relations with each other. Hence the m odels 
are particu larly  dependent on accurate observations. A m ajor
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conclusion from the work presented in this thesis is that as better 
data have becom e available, more detailed  observations show 
prev ious m odels are too sim ple to exp lain  fu lly  geo log ical 
processes that have occurred on Venus. In particu lar, m odels 
proposed for global stratigraphy and coronae form ation on Venus 
have tended to com partm entalise  events, suggesting  processes 
which act in a directional fashion. The directional nature of these 
models are now widely accepted within the general understanding 
of venusian geology and have been extrapolated into a global 
context. It is hoped the w ork p resen ted  here (and pending  
publications e.g. Copp et al. 1997b, Copp and Guest, 1997) will 
dispel this way of thinking, for it is considered a superficial view 
of understanding venusian geology.

First consider the stratigraphy of Venus as a whole. The 
stra tig raphie  m odel proposed by B asilevsky  and H ead  (1994, 
1995a, 1995b, 1996), H ead and Basilevsky  (1996) and B a s ile v s k y  
et al. (1996, 1997) im plies a strongly d irectional stratigraphie 
h istory  (described in C hapter 2, 2.2-2.4). The m odel contains 
periods of extensional and com pressional tectonism  w hich are 
considered to have occurred on a global scale, together w ith 
d istinc t styles o f volcanic activ ity , resu rfacing  the p lane t at 
d ifferent tim es. Subsequently, global volcanism  has dw indled to 
local volcanism. Applying this model globally means each style of 
volcanism  and structural landform  can easily  be accounted for 
w ithin the stratigraphy since the process which gave rise to it is 
specific to a period of geological history. Is this really how Venus 
works? And if  so, why? An explanation for the directional nature 
is not provided by the authors of the model.

The directional nature of the global stratigraphie m odel does 
not apply to Guinevere and Sedna Planitia (Chapter 3). The study 
a rea  from  w h ich  the  o b se rv a tio n s  com e fro m  co v ers  
approxim ately 7% of the planet, a sim ilar area to that considered 
by the global stratigraphy model. Unlike the areas considered by 
B asilevsky and Head, the planitiae represent a contiguous area 
rather than sm aller individual areas o f the planet. O bservations 
made here show a more complex stratigraphie history. The picture
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that emerges is one of styles of volcanism and deform ation which 
have occurred on m ore than one occasion and which are not 
restricted to any specific time period.

A considerable amount of plains m aterials is associated with 
volcanic landform s; landform s which are shown here to be of 
different ages. The im plications are that Venus may well have a 
non-d irec tional stratigraphie h istory m ore akin to that o f the 
Earth. The global stratigraphie model, while serving as a start in 
constructing a time frame from processes which have acted on 
Venus, does not adequately explain the observations seen w ithin 
the study area here. Furtherm ore, other recen t detailed  studies 
support this conclusion {Guest and Stofan, 1997).

A considerable problem  with m ost previous m odels which 
explain venusian stratigraphy and volcanic processes is that they 
appear to have been constructed w ithout reference to stereo and 
fu ll reso lu tion  FM AP im agery. A dding a th ird  d im ension  to 
ob se rv a tio n s  (using  stereo  data) show s c o n sid erab ly  m ore 
com plexity in the evolution of individual volcanic landform s on 
Venus. This is shown in Chapter 4, where stereo imagery and full 
resolution (FMAP) data are used to interpret coronae evolution in 
the Sif Mons quadrangle V31 {Copp et al., 1997a).

For some time, the evolution of coronae has been explained 
by a sim ple  th ree  stage m odel designed  to f it p rev ious 
observations. As with the global stratigraphie model, the processes 
and re s u l ta n t  lan d fo rm s a sso c ia te d  w ith  c o ro n a e  w ere  
com partm entalised within the model; a specific process occurring 
at each corona form ed sim ilar features at the same tim e. Each 
corona was considered to undergo in itia l up lift and volcanism  
accom panied by in terio r, rad ia l ex tensional deform ation . This 
stage was followed by the formation of an annulus of either ridges 
or graben or both, and ended with the reduction of topographic 
re lie f  and continued  volcanism . This m odel was accep tab le  
because it was inferred from observations made at that time.

However, stereo imagery shows this m odel does not apply to 
all coronae. Coronae studied here are considered to have a m ore 
com plex evolution inferred  from  the rela tion  of structures and
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v o lcan ism  asso c ia ted  w ith  them  (C h ap te r 4); these  new 
observations cannot be explained fully  by the previous three- 
stage corona m odel of evolution. The p rocesses w hich have 
resulted  in their present m orphologies are not restric ted  to any 
particular period of time (as suggested by the stratigraphie model 
of B asilevsky and Head) and have occurred repeatedly at some 
co ronae . F u rtherm ore , the coronae stud ied  have p ro trac ted  
histories (e.g. Heng-o and Idem-Kuva).

The im plications of these observations are im portant for two 
reasons. First, they strongly support the general argum ent of the 
thesis, that the global stratigraphy of Venus is non-directional and 
does not fit a compartm ental history. Second, the observations of 
co ronae  p resen ted  here m ust be accoun ted  fo r w ith in  any 
subsequent models developed to explain coronae form ation.

The m ulti-stage annulus form ation, annulus and topographic 
rim  relations, and the protracted histories seen at coronae studied 
here (in particu lar Idem -Kuva and Heng-o Coronae) have been 
used to test a new coronae model by Sm rekar and Stofan  (1997). 
The model predicts upwelling with delam ination at the edge of a 
rising  plum e head and deform ation of a p re-ex isting  depleted 
mantle layer. When run over a time period in the order o f 100s of 
m illions o f years, the model shows the evolution of topography 
over the lifetim e of an upwelling plume can produce the full range 
of topographic form s of coronae. Sm rekar and  S to fan  (1997) 
consider the delamination process an effective way of heat loss on 
V enus. The in ferred  protracted h istory  o f coronae (show n in 
Chapter 4) im plies that if  the delam ination m odel is applicable, 
coronae are im portant mechanism of heat loss on Venus over an 
extended period of geological time.

A second p rom inent landform  on V enus are the large 
volcanic shields (Chapter 5). Unlike coronae, which appear unique 
to V enus, a considerab le  am ount can be lea rn t about large 
venusian volcanoes by com paring them  w ith large shields on 
Earth. The approach has proved usefu l in understand ing  the 
volcanic processes and evolution of Sif and Gula M ontes (Chapter 
5). As on Earth, venusian volcanoes are constructed by a series of
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eruptions and subsequent em placem ent of lava flows. Establishing 
the s tra tig raphy  and em placem ent m echanism s of the flow  
m ateria ls is im portan t as it p rov ides in fo rm ation  about the 
evolution and internal plumbing of the volcano.

At present, the geologist only has radar data with which to 
observe venusian volcanism and a num ber of constraints m ust be 
taken into consideration when trying to establish the evolution of 
large volcanoes using these data. It is critical to consider how flow 
units are rep resen ted  in radar data. The com parative  study 
between SIR-C data and field observations at Mt. Etna (Chapter 5) 
showed potential m isinterpretation can easily occur and that it is 
unw ise to use the same terrestria l c lassifica tion  of lava flow 
m orphology on Venus.

O bserva tions from  fu ll reso lu tio n  data  show  th a t the 
em placem ent m echanism s of flows which surround large shield 
volcanoes are sim ilar to those observed at terrestria l volcanoes. 
The observation of flank eruptive sites are particularly  im portant 
as they are indicative of either drainage from a magma reservoir 
contained w ithin the volcanic pile or the propagation of dykes 
through the volcanic pile to the flank of the volcano. Despite the 
in h ib itin g  e n v iro n m en ta l c o n d itio n s , m a te r ia ls  w h ich  are 
analogous to pyroclastic  deposits at terrestria l volcanoes show 
that explosive volcanism may occur on Venus.

W hile m odels have been proposed for the m orphology of 
large shield volcanoes on Venus controlled by the position of the 
neutra l buoyancy zone of m agm as {Head and W ilson, 1992), 
observations here im ply that large sh ield  evo lu tion  is m ore 
complex. The development of large volcanoes is considered here to 
be partly  controlled by internal stresses and stresses associated 
with the regional geological setting on Venus as on Earth.
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F urther work
The o b serva tions w ith in  the th esis  have s ig n ific an tly  

contributed to the understanding of venusian geology. How ever, 
fu rth er observations and quan tita tive  w ork focusing  on the 
contributions o f volcanic landform s are needed to further refine 
models of stratigraphy and volcanic processes. The com pletion of 
investigating the 62 venusian quadrangles w ill allow a detailed 
stratigraphie p icture to emerge. How ever, this is a long term  
project. In the meantime, investigations of a more local nature will 
be useful in understanding stratigraphy. A com parison of plains 
areas w ith areas that incorporate  volcan ism  from  rifts  and 
coronae, is considered  particu larly  usefu l in estab lish ing  the 
am ount of resurfacing by these tecto-volcanic landform s. Careful 
atten tion  should be paid towards the stratigraphie positions of
volcanic landform s; a quantitative study in which the stratigraphy
of these landform s can be constructed will aid in resolving the
d ire c tio n a l v e rsu s n o n -d ire c tio n a l s tra tig ra p h ie  a rg u m en ts . 
Establishing the density and timing of broad scale structures will 
be useful in further refining and testing the conclusions o f this 
w o rk .

The thesis highlights the fact that the evolution of some 
coronae are not consistent with previous models of formation. Five 
coronae were studied in detail from V31. These represent a small 
fraction of the coronae identified in the survey by Stofan et al. 
(1992) and more recently T a p p e r  (1997). To fully understand the 
evolution and stratigraphie significance of coronae, the follow ing 
relations should be established at each corona: (1) the nature of
interior m aterials along with the degree and tim ing of any interior 
and exterior deform ation. Observations of in terior m aterials w ill 
help establish  the degree and tim ing of up lift versus volcanic 
construction; (2) the relation betw een annulus and topographic 
rim , which w ill help to determ ine the am ount and tim ing of 
crustal flexure; (3) the amount of volcanism  and its stratigraphie 
relation  with annulus and rim structure; and (4) the relation  of 
the corona and any associated flow m aterials w ith surrounding 
un its . These observations w ill allow  us to test fu rther the
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evolution and stratigraphie relations of individual com ponents of 
coronae as well as coronae evolution in a global context.

W ith venusian large shields, observations of the relations of 
flow units w ill further help to constrain em placem ent m echanism s 
(e.g. tube and channel fed flows and the identification of potential 
p y ro c la s tic  d eposits) and give fu rth er in fo rm a tio n  on the 
evolution of the volcano. In particular, attention should be paid to 
volcano m orphology and sum m it structure  as a function  of 
a ltitude. These observations may be used to fu rther test the 
m odelled  positions of the neutral buoyancy zones o f m agm as 
associated with large volcanoes. The establishm ent of the volcanic 
h istory  of further large volcanoes w ill perm it a m ore detailed 
comparison of volcanoes in different geological settings, and allow 
an assessm ent of the im portance of setting in contro lling  the 
form ation and evolution of volcanoes on Venus.
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Appendices

Appendix I - Magellan Radar Products: Acquisition and
Reduction

1. Magellan Data Acquisition

M agellan  radar data w ere ob tained  by a ‘b u rst m o d e’ 
operation process in which the sensor acquired SAR, altim etric 
and radiom etric data sequentially in batches several tim es each 
second (Figure 1). The bursts were interleaved with the returning 
pulses from the surface received by the HGA. The acquisition of 
data commenced when M agellan was located above the north pole 
with the HGA pointed towards the venusian surface, traversing 
from  north to south (Figure 2), each observation period lasted 
37.2 m inutes. A fter each 37.2 m inute m apping phase, M agellan 
was rotated and the HGA aimed to playback the recorded radar 
data to a Deep Space Network station on Earth. After completion of 
playback and spacecraft housekeeping data, M agellan was rotated 
to orientate the HGA ready for the next mapping phase (Figure 2).

Ow ing to the area of new terra in  observed in equatoria l 
latitudes being much greater than at the poles, it was possible to 
m ap high la titudes on a lternating  orb its w ith an accep tab le  
m arg in  o f o v erlap , re su ltin g  in red u ced  red u n d an cy  and 
maxim ising spatial coverage. During the first m apping cycle (Cycle 
1), m apping  com m enced at the north  po le  co n tinu ing  to 
approx im ate ly  570. The next m apping orbit started at 7Q0 north 
and extended to 740 south. These styles of orbits were alternated. 
M agellan com pleted 7.3 orbits in 24 hours, each orb it lasting 
3.259 hours {Saunders and Pettengill, 1991; Ford, 1993).
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Transmit

Receive

SAR intevai Altimeter Interval
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(50 ms)

25 to 250 ms 1 ms
-250- to 1200-ms Burst Perlod-

SAR Interval 
(next burst)
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-* -{  }-*-26.5 us

Transmit

Receive SAR Echo Receive
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 170 to 220 n s -----------
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Figure 1 B urst-M ode m ethod o f data collection (a) tim e-dom ain  m ultip lexing o f  SA R  altim eter, 

and rad iom eter intervals; (b) detail o f the receive interval betw een transm itted  SA R  pulses. A fter  

Ford  (1993), adapted  from  Pettengill et al. (1991).
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F igure 2 M agellan  m ap p ing  orb it p rofile . A fter  F ord , (1993) ad ap ted  from  Young  (1990).
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2. SAR Products

SAR data products were obtained by processing the scattering 
coefficient oq (sigma-0) returned from the surface of the planet. 
The scattering coefficient is defined as the scattering cross section 
per surface area (m^), a dim ensionless quantity  w hich can be 
trea ted  as an in trin sic  p roperty  of the surface at a g iven 
w avelength, polarisation, and incidence angle {Tyler et al., 1991, 
1992; Tanaka et al., 1994; C am pbell, 1995). The value has several 
term s in the literature: sigm a zero, specific backscatter cross 
section  and absolute backscatter cross section. In this thesis, 
sigm a-0 is referred  to as radar backscatter. The backscatter 
values from which the M agellan CD-ROM and photoproducts are 
produced have been scaled using an em pirical m odel for radar 
echoes, derived by M u h le m a n  (1964). The ‘M uhleman law ’ is a 
best-fit approxim ation to the average backscatter as a function of 
incidence angle w hich incorporates both the quasi-specular and 
d iffuse  com ponents, treated separately  by H a g fo rs  (1968). The 
scaling allows the dynamic range of the data to be com pressed 
into 8-bit format of the pixels, regardless of the incidence angle of 
the observations.

The M uhlem an m odel has been m odified  fo r V enus by 
P e tte n g ill  (1988). The prescribed reference backscatter coefficient 
(Go) model as a function of incidence angle (0) is given by:

Go = a  cos 0 / (sin 0 -i- (3 cos 0)^ Eq. 1.1

where the constants a  = 0.111 and |3 = 0.0188 (em pirically derived 
from  Pioneer-Venus data) describe the radar scattering behaviour 
of the ‘average’ Venus surface.

However, because of a document m isprint, the SAR processor 
was im plem ented using the follow ing values: a =  0.111 and p = 
0.0118. Furtherm ore, an error was found in the SAR processor 
such that 0 + 0.5® was used instead of the intended value o f 0 
{Saunders et al., 1992). Consequently, the pixel values are based 
on the following function:
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Go = 0.0118 cos (0 + 0.50) / (sin (0 +0.50) + 0.111 cos (0 +0.50))3
Eq. 1.2

The norm alising (scaling) of SAR data means the interpretation 
o f radar backscatter over a wide la titud inal range cannot be 
achieved since the incidence angle for the two areas w ill be 
different. In order to compare the true changes in backscatter, the 
data must be un-norm alised (re-scaled) into a linear value before 
perform ing arithm etic operations such as averaging {Saunders et 
a l., 1992; Wall et al., 1995). This is an im portant consideration 
when in terpreting M agellan SAR im ages. The raw pixel values 
which are observed relate to Muhleman such that:

Pixel value in dB = 10 x logjo (G gbs/G o) Eq. 1.3

The re la tio n  betw een real p ixel values and the im age 
brightness is given by:

Pixel value in dB = 0.2 (pixel DN - 101) Eq. 1.4

The scaling of the data allows a range of backscatter-pixel values 
from 1 to 252 (0 and 253 to 255 were used as tags) represented 
w ithin -25 to +25 dB in 0.2 dB steps. Any averaging of pixel 
w ithin M agellan  im ages m ust be carried  out by find ing  the 
backscatter coefficient (gq) from the raw image data.
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3. Non-SAR Products, Altimetry and Radiometry data.

D ata obtained from  the altim eter and radiom eter m odes are 
im portan t com ponents in  the understand ing  of the venusian  
surface and give fu rther d im ensions to geo log ical m apping. 
A ncillary data were refered to while m apping the quadrangles,
and during the detailed study of coronae and Sif and Gula Montes
in V31.

The altimeter, with a nadir-looking geometry, was designed to 
determ ine the distance betw een the spacecraft and the surface
d irec tly  below . From  these data topography  was ca lcu la ted .
K now ledge of the orbital position of M agellan rela tive to the 
centre of the planet is com bined w ith the spacecraft-to-surface 
d is tance  dete rm ined  by the ro u nd -trip  trave l tim e o f the 
a ltim eter signals to produce a topographic map of the surface 
{Ford and Pettengill, 1992; Ford and Plant, 1993). The footprint 
size depends on the altitude of the spacecraft, which varies with 
latitude ranging from 10 and 30 km betw een 10^ N and 80® N 
respectively; best vertical resolution approximates to 80 metres.

The echoes were used to estim ate the surface e levation , 
Fresnel reflectiv ity  and rms slope by fitting  data to an echo 
'tem plate' for each footprint, of which there were approxim ately a 
thousand per orbit. The echo tem plate represents the strength of 
the received echo as a function of time delay and are based on 
Hagfors scattering function {H agfors, 1964). This model assumes a 
gently  undulating surface w ith no w avelength-scale  roughness. 
N atural surfaces generally  depart from  this assum ption, so a 
correction is made to the reflectiv ity  for diffuse scattering by 
w avelength-scale rocks. The Hagfors expression {H ag fors, 1964, 
1968) which predicts the intensity of radar backscatter (ao) from 
planetary surfaces as a function of incidence angle (0) Fresnel 
reflectiv ity  coefficient (p) and the large scale roughness o f the 
surface (rms slope, C) is:

Gq=  0.5 p C (cos4 0 + C sin2 0) -3/2 Eq. 1.5
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Where rms slope in radians is C -1/%

The function has proven to be appropriate for the m ajority of 
surfaces on Venus where the incidence angle for the altim eter is 
less than 150, which corresponds to the a ltim eter system . For 
sm ooth areas the resu lts are reasonably accurate, how ever, on 
rougher terrains the Hagfors m odel is no longer applicable and 
re fle c tiv ity  estim ates should  be trea ted  w ith  som e cau tion  
{ C a m p b e ll ,  1995). On Venus a typical value of C is 175 which 
corresponds to a rms slope of approxim ately 40 and a Fresnel 
reflectivity of 0.12.

Fresnel reflectivity is a measure of the efficiency of a surface 
in  reflecting electrom agnetic radiation. A Fresnel reflectiv ity  of 
1.0 represents perfect, total reflection. Fresnel reflectiv ity  (p) is 
related to the dielectric constant (e) of the surface such that:

p = (1 -Ve/1+Ve) 2 Eq. 1.6

M agellan  co llec ted  m easurem ents o f the passive  therm al 
em ission from the surface of Venus at the same wavelength (12.6 
cm) and viewing geometry as the SAR instrum ent {Pettengill et. 
a l., 1992). Surface em issivity was derived from  the radiom etry 
m easurem ents made by the HGA in the passive mode. Em issivity 
is a m easure of how well an object approxim ates to a perfect 
blackbody radiator, ranging between 0 and 1, with a good em itter 
needing to be a good absorber to m aintain  therm al balance. 
E m issivity  increases with increasing tem perature and decreases 
with conductivity and dielectric constant and gives an insight into 
the d ie lec tric  p roperties of the surface m ateria ls . D ie lec tric  
p roperties are con tro lled  partly  by the m etallic  con ten t and 
density of the materials. Hence, emissivity can be a useful guide to 
the chem ical com position of the surface m aterials (see P ette n g ill  
e ta l ,  1992).
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To solve for em issivity, the tem perature and radiance for any 
given area is needed. The temperature was assumed to be a well- 
behaved function of surface elevation, the radiance was m easured 
by the HGA. The energy emitted (the radiance) is recorded as a 
tem p era tu re  b righ tness Ty; em issivity  can then be calculated  
using Stefan’s Law:

R = a e T 4  Eq. 1.7

Where R = total radiance in Wm-^ (Stefan-Boltzmann constant) 
a  = 5.67 X 10-8 Wm~2 
e = emissivity 
T = temperature, K

If a surface is perfectly smooth, the em issivity will be the 
com plem ent o f the Fresnel reflection  coefficien t for the same 
polarisation and incidence angle:

E = 1- p Eq. 1.8

However, if  a surface is rough or tilted (on any scale) a greater 
surface area is exposed along any surface area o f the same 
angular distance as seen from  the antenna. Since the flux is 
constant but the presented surface area larger, the total amount of 
energy radiated from  the rougher region will be greater from  a 
smoother region.

The rad iom etry  m easurem ents w ere in te rleaved  w ith the 
collection of the SAR data and so the two data sets have the same 
geometry; the incidence angles of the SAR data are equivalent to 
the em ission  angles o f the rad iom etry  data. The radiom etry  
footprint size is a function of spacecraft latitude. The dielectric 
constant e can be found from:

0 = sin-1 (sin 0 / Ve ) Eq. 1.9
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Appendix II: DESCRIPTION O F M AP UNITS - V31 
SIF MONS QUADRANGLE

PLAINS MATERIALS

gpr Guinevere regional plains m aterial — Extensive unit
comprising approximately 45 % of quadrangle. Radar 
backscatter coefficients are locally homogeneous and 
are comparatively weak. Unit characterised by a 
pervasive wrinkle ridge fabric of varying orientation, 
although a dominant trend of NW-SE is observed. Local 
reticulate pattern of wrinkle ridges is common.
Individual flows not resolved. Small volcanic edifices 
are identified that have a similar radar backscatter to 
surrounding plains. Majority of unit lies below the 
planetary radius (MPR) of 6051.8 km. Type locality: 
1 7 .9 4 0  N, 333.280 E. Interpretation: Extensive volcanic 
plains materials erupted as lava with low effective 
viscosity with a relatively smooth surface later 
deformed by compressional stresses

gph Guinevere homogeneous plains m aterial — Generally has
moderate radar backscatter coefficients, giving a 
homogeneous appearance. Deficient in small edifices. 
Contains less wrinkle ridges than gpr. Boundaries of unit 
are often diffuse and sometimes difficult to delineate. 
Embayed by gpr. Type locality: OlON, 3350 E. 
Interpretation: Volcanic materials (lava flows) with a 
relatively rough surface texture at cm-scale deformed 
by compressional stresses

gplm Guinevere lineated and mottled plains m aterial — Radar
backscatter coefficients variable on a local scale. 
Contains abundant edifices typically 2 to 5 km in 
diameter and predominantly of a shield morphology.
Unit has a greater elevation than gpr. Displays 
numerous styles of deformation (ridges, graben and 
fractures). A fine polygonal fabric is common. Embayed 
by gpr and gph. Type locality: 21.94® N, 337.8® E. 
Interpretation: Numerous small volcanic edifices and 
associated flows forming volcanic plains cut by ridges 
and graben
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pd Deformed plains material — Small outcrops of deformed
material with strong radar backscatter coefficients. Can 
display multi-directional deformation. Embayed by gpr 
and gplm. Type locality: 11.25^ N, 336.5® E. 
Interpretation: Small outcrops of earlier plains materials 
embayed by gpr and gplm

EDIFICE FLOW MATERIALS

f Isolated flow material — Small irregular outcrops
characterised by relatively weak radar backscatter 
coefficients. Unit has digitate to lobate boundaries which 
are often topographically controlled. Small pits are 
frequently observed. Some outcrops appear to have 
been modified by surficial crater materials. Superposed 
on all plains units. Type locality: 04.80® N, 335.20® E. 
Interpretation: Erupted as flows with low effective 
viscosity; small pits represent vents

s Sif Mons material — Materials with a flow like form
associated with Sif Mons. Individual flows have 
different morphologies. Radar backscatter coefficients 
vary from flow to flow and within a particular flow unit. 
Individual units typically have distinct lobate 
boundaries and extend up to 400 km from the caldera. 
Superposed on gpr and gplm. Type locality: 20® N,
351.7® E. Interpretation: Large central shield volcano 
formed from multiple eruptive events. A number of 
flank eruptive sites are observed

g Gula Mons material — Materials with a flow like form
associated with large edifice Gula Mons. Individual 
flows have different morphologies, predominantly 
digitate. Radar backscatter coefficients vary from flow 
to flow and within a particular flow unit. Individual 
units often have distinct lobate boundaries. Superposed 
on gpr. The summit is dehneated by parallel lineations. 
Type locality: 20® N, 358® E. Interpretation: Large 
central shield volcano formed from multiple eruptive 
events
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VC Volcanic centre material -  Typically intermediate sized
edifices greater than 15 kilometres in diameter with 
associated flow materials. A summit pit or caldera may 
be present surrounded by materials with variable radar 
backscatter coefficients which may extend to form an 
apron approximately 100 km wide. Individual flows can 
be recognised. Superposed on gpr and gplm materials. 
Type locality: 19^N, 344®E. Interpretation: Central 
volcanoes of either monogenetic or polygenetic origin 
and associated lavas

ef Edifice field material — Characterised by a concentration of
small (normally less than 10 km in diameter) volcanic 
edifices of variable morphology but dominantly shields. 
Size, shape and density of the edifices varies 
considerably; typical dimensions are on the order of 100 
kilometres. Some edifice fields have associated 
compound flow aprons. Backscatter coefficients vary 
considerably. Unit is seen superposed on both g, gpr, 
gplm, bf2 and gph. Type locality: 18^ N, 3530E. 
Interpretation: Local eruptive centre producing 
collection of small edifices with or without associated 
flows

CORONAE MATERIALS 

Silvia Corona Materials

si Silvia corona material — Upstanding materials with moderate
mottled radar backscatter coefficients. Has undergone 
greater deformation than the surrounding plains, gpr, 
by which it is embayed. Contain a number of small 
edifices. Type Locality: 12.5® N, 356.0® E. Interpretation: 
Earlier volcanic plains materials uplifted and deformed 
during the formation of Silvia Corona

Benten Corona Materials

bef Benten corona edifice field material — Irregular field of
small edifices in interior of Benten Corona. Numerous 
edifices observed with different morphologies. Type 
locality: 12.5® N, 340.7® E. Interpretation: Late stage 
volcanism associated with Benten Corona
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bf3 Benten corona flow material 3 — Digitate flow material,
radar backscatter coefficients change from moderate to 
strong with increasing distance from corona. Flows 
emanate from western and southern margin of Benten 
Corona and extend for approximately 180 km. 
Superposed on bf2, b fl, and ef. Type locality: 14®N,
3 3 9 0  E. Interpretation: Materials represent the youngest 
flow apron of lavas, associated with late stage effusive 
activity of Benten Corona

bf2 Benten corona flow material 2 — More extensive than bf3,
unit consists of compound flows seen mainly north of 
corona and display variable radar backscatter 
coefficients. Flow boundaries have a more lobate 
morphology than bf3 and are clearly deformed by the N 
and NE annulus of Benten Corona. Superposed on gpr, 
gplm and bfl, embayed by bf3. Type locality: 16.50 N, 
3410 E. Interpretation: Relatively voluminous volcanism 
(lava flows) associated with Benten Corona

bfl Benten corona flow material 1 — Most extensive materials
originating from Benten Corona, generally with 
homogeneous moderate radar backscatter coefficients. 
Few individual flows can be delineated within unit.
Type locality: 15.?o N, 337.50 E. Interpretation: Early 
flow material associated with Benten corona, 
superposed by bf2 and bf3. Early stage flood lavas from 
Benten Corona

Nissaba Corona Materials

cnf2 Nissaba corona flow material 2 — A minor unit exhibiting
weak radar backscatter coefficients; erupted from small 
edifice situated on rim of corona. Type locality: 24.90 N, 
3560 E. Interpretation: Volcanic flow material associated 
with small edifice

cnf 1 Nissaba corona flow material 1 — Materials with digitate
morphology drape southern and SW margin of Nissaba 
corona. Unit exhibits variable radar backscatter 
coefficients. Type locality: 24.800 N, 355.5Q0E. 
Interpretation: Volcanic lavas associated with the 
formation of Nissaba Corona
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Idem-Kuva Corona Materials

if Idem-Kuva corona flow material — Characterised by strong
radar backscatter coefficients. Typified by digitate 
boundary. Western materials originate from a small 
edifice; eastern materials extend from graben. Type 
locality: 29.5^N, 357.20E. Interpretation: Later stage 
effusive activity that occurred after the formation of the 
corona annulus

ikpr Idem-Kuva corona relic plains material — Plains materials
with moderate radar backscatter coefficients similar to 
gph. Unit is moderately to severely deformed by 
compressional and extensional fractures. Unit is 
superposed by materials. Type Locality: 25.8^ N, 
358.Q0 E. Interpretation: Earlier volcanic plains 
materials having undergone uplift and deformation 
during the formation of Idem-Kuva Corona.

Heng-o Corona Materials

hvc3 Heng-o corona volcanic centre material 3 — Materials with
moderate radar backscatter coefficients associated with 
a prominent edifice located at 1.78® N, 352.01® E. Unit 
post-dates hpm and is contained by western annulus of 
Heng-o Corona. Type Locality: 2.43® N, 351.80® E 
Interpretation: Late stage lava flows which postdate the 
large scale deformation of Heng-o Corona

hvc2 Heng-o corona volcanic centre material 2 -  Materials with
moderate radar backscatter coefficients associated with 
prominent edifice located at -0.62® S, 353.22® E outside 
the southern boundary of V31. The edifice is cut by 
NNW trending fractures. Type Locality: 0. 25® N, 354.0® 
E. Interpretation: Volcano with radiating lava flow field 
which predates fracturing superposed by hvc3
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hvcl Heng-o corona volcanic centre material 1 — Materials with
moderate but variable radar backscatter coefficients 
associated with a large edifice approximately 50 km in 
diameter centred at -Q.6Q0 S, 356.97® E. The large 
edifice is circled by numerous smaller edifices and is cut 
by NW trending fractures. Type Locality: 0.5® N, 356® E. 
Interpretation: Early flow materials with a variable 
surface roughness.

hpm Heng-o corona mottled plains material — Plains materials
within Heng-o Corona with variable backscatter 
coefficients similar to gplm. Unit is moderately 
deformed and contains a number of small edifices. The 
age relationship between gplm and hpm cannot be 
established. Type Locality: 3.5® N, 352® E.
Interpretation: Volcanic materials that have been 
deformed by later tectonics associated with the 
formation of Heng-o Corona

Beltis Corona Materials

bf Beltis corona flow material — Materials which originate from
the centre of Beltis Corona. Unit has weak to moderate 
radar backscatter coefficients, with a digitate boundary. 
Interior lobes of materials with strong radar backscatter 
coefficients are seen. Materials are topographically 
controlled by the outer rim of Heng-o Corona. Materials 
superpose hpm and spr. Type locality: 0.0®N, 350.0®E. 
Interpretation: Volcanic flow materials associated with 
Beltis Corona

TESSERA MATERIALS

Tessera materials — Blocks of upstanding materials with
strong radar backscatter coefficients. Contains numerous 
closely spaced fractures oriented in more than one 
direction. Type locality: 20 ®N, 355 ®E. Interpretation: 
Highly deformed materials which may represent earher 
plains materials
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CRATER MATERIALS

ce Crater ejecta material — strong backscatter coefficients
radiating from craters. Has gradational distal 
boundaries. Material may be markedly asymmetrical 
with lobate boundaries. Type locality: 14.70N, 350.7 % . 
Interpretation: Ejecta excavated by cratering. 
Asymmetrical ejecta provides an indication of entry 
direction of meteoroid.

cf Crater floor material — Weak radar backscatter coefficient
materials within interior floors of larger craters. Embays 
both crater walls and cp unit where present. Small 
wrinkle ridges are observed in some craters. Cymaterial 
is only mapped in craters with diameters greater than 
35 kilometres. Type locality: 14.4®N, 350.80E. 
Interpretation: Relatively smooth material; either 
impact melt or volcanic lava or both

cp Crater peak material — Isolated upstanding with strong
radar backscatter coefficients, single or multiple peaks 
embayed by c/materials. Only mapped in craters with 
diameters greater than 35 kilometres. Type locality: 
14.460 N, 3 5 0 .9 7 0  E. Interpretation: Materials deformed 
and uplifted from beneath crater floor during late stage 
excavation by meteoroid impact

cm Crater margin material — Weak radar backscatter
coefficients. Unit has sharp proximal boundaries which 
may fade distally and are often topographically 
controlled. Superposed on plains units but truncated by 
crater ejecta. Type locality: 14.90 N, 351.20 E. 
Interpretation: Smooth deposits produced by 
atmospheric and ground shockwave interaction with 
surficial deposits
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Appendix III; DESCRIPTION OF MAP UNITS - V19 
SEDNA PLANITIA QUADRANGLE

PLAINS MATERIALS

spr Sedna regional plains material — Extensive unit comprising
approximately 40 % of quadrangle. Radar backscatter 
coefficient is locally homogeneous and is comparatively 
weak. Large scale weakly defined boundaries are 
observed within unit in the NW sector of the 
quadrangle. Unit is deformed by wrinkle ridges.
Deficient in small edifices. Majority of unit lies below 
the planetary radius (MPR) of 6051.8 km. Type locality: 
400 3500 E. Interpretation: Extensive plains erupted
as lava with low effective viscosity and a with relatively 
smooth surface showing weakly defined flow fronts, and 
later deformed by compressional stresses

sph Sedna homogeneous plains material — Generally has a
moderate radar backscatter coefficients, giving a 
homogeneous appearance. Deficient in small edifices. 
Contains wrinkle ridges. Boundaries of unit are often 
diffuse and sometimes difficult to delineate. While 
contact with spr is not always clear, embayment by spr 
is observed. Type locality: 450^ N, 3330 g  
Interpretation: volcanic materials (lava flows) with a 
relatively rough surface texture at cm-scale deformed 
by compressional stresses

splm Sedna lineated and mottled plains material — Radar
backscatter coefficient variable on a local scale. Contains 
abundant edifices typically 2 to 5 km in diameter and 
predominantly of a shield morphology. The unit has a 
greater elevation than spr. Displays numerous styles of 
deformation (ridges, graben and fractures). A fine NW- 
SE trending fabric is pervasive in the SW sector of the 
quadrangle. Embayed by spr and sph. Type locality: 330 
N, 3520 E. Interpretation: Numerous small volcanic 
edifices and associated flows forming volcanic plains cut 
by ridges and graben
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pd Deformed plains material -  Small outcrops of deformed
material with strong radar backscatter coefficients. May 
display multi-directional deformation. Embayed by gpr 
and gplm. Type locality: 42^ N, 3480 g  Interpretation: 
Small outcrops of early plains materials embayed by 
gpr and gplm

EDIFICE FLOW MATERIALS

f Isolated flow material — Small irregular outcrops
characterised by a relatively weak radar backscatter 
coefficients. Digitate to lobate boundaries which are 
often topographically controlled. Small pits are 
frequently observed. Superposed splm. Type locality: 
26.Q0 N, 3 5 0 .4 0  E Interpretation: Volcanic flow 
materials with low effective viscosity; small pits 
represent vents

s Sif Mons material — Small outcrop of materials with a flow
like form associated with Sif Mons located to the south 
of the quadrangle. Individual flows show a pronounced 
difference different morphologies and radar backscatter 
coefficients. Superposed on spr and splm units. Type 
locality: 25.5^ N, 353^ E. Interpretation: Volcanic 
materials (lava) erupted from large central volcano

g Gula Mons material — Small outcrop of materials associated
with large edifice Gula Mons to the south of the 
quadrangle. Individual flows have different 
morphologies, predominantly digitate. Radar backscatter 
coefficients are variable within materials seen.
Individual units often have distinct lobate boundaries. 
Superpose jp r materials. Type locality: 25.8^ N, 359.8® 
E. Interpretation: Volcanic materials (lava) erupted from 
large central volcano
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VC Volcanic centre flow material — Typically intermediate
sized edifices greater than 15 kilometres in diameter 
with associated flow materials. A summit pit or caldera 
may be present surrounded by materials with variable 
radar backscatter coefficients which may extend to form 
an apron approximately 100 km wide. Boundaries are 
often diffuse. Individual flows can be recognised. 
Superposed on spr and splm materials. Type locality: 
37.60 N, 3 4 2 .5 0  E Interpretation: Central volcanoes of 
either monogenetic or polygenetic origin and associated 
lavas

ef Edifice field material — Characterised by a concentration of
small (normally less than 10 km in diameter) volcanic 
edifices of variable morphology but dominantly shields. 
Size, shape and density of the edifices varies 
considerably; typical dimensions are on the order of 100 
kilometres. Some edifice fields have associated 
compound flow aprons. The unit is seen superposed on 
spr, splm, sph and vc but also embayed by spm and vc. 
Type locality: 35.0^ N, 343.0® E. Interpretation: Local 
eruptive centre producing collection of small edifices 
with or without associated flows

FLOW MATERIALS

fd Dissociated flow material — A NW-SE trending outcrop of
materials with moderate radar backscatter coefficients. 
The unit consists of numerous individual rafts of 
various sizes with separated by spr materials. The 
majority of the unit appears to originate from a NW-SE 
trending lineament. Type locality: 39.2^ N, 355.5® E. 
Interpretation: Volcanic flow whose crust is relatively 
rough, has been broken into rafts

nf4 Neago fiuctus flow material 4 -  Small outcrop of materials
with weak radar backscatter coefficients. Unit has a 
lobate to dendritic boundary. Source of materials not 
observed within quadrangle. Type locality: 49.7® N, 
3 5 0 .7 0  E. Interpretation: Volcanic flow materials with a 
relatively smooth surface texture
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nf3 Neago fiuctus flow material 3 -- Extensive unit contained in
the north sector of the qu adrangle which has strong, 
homogeneous radar backscatter coefficients. Unit is 
deformed by wrinkle ridges, however deformation 
structure is difficult to identify as the wrinkle ridges 
have a similar radar backscatter as unit. Boundary of 
the unit is lobate. Source is not seen in quadrangle. Nf4 
materials superpose unit. Type locality: 49.0^ N, 347.1® 
E. Interpretation: Extensive volcanic flow materials 
which have a relatively rough surface texture

nf2 Neago fiuctus flow material 2 -  Unit of moderate
homogeneous radar backscatter coefficients. Deformed 
by wrinkle ridges and superposed by nf3. Type locality: 
48.4® N, 350.5^ E. Interpretation: Volcanic flow 
materials

nf 1 Neago fiuctus flow material 1 — Unit of moderate
homogeneous radar backscatter coefficients. Deformed 
by wrinkle ridges. Superposed by nf2, superposed on 
spr materials. Type locality 45^ N, 3480 E. 
Interpretation: Volcanic flow materials with a relatively 
rough surface texture

fs Sachs patera flow material -  Small outcrop of materials
with moderate to strong radar backscatter coefficients. 
Unit originates from elliptical depression delineated by 
arcuate fractures. Greatest dimension of depression is 
approximately 75 km. Unit boundary is digitate. 
Materials superpose sph and ef. Type locality: 49.40 N, 
3 3 4 .4 0  E. Interpretation: Volcanic flow associated with 
caldera

CORONAE MATERIALS

cu Unnamed corona flow material — Materials which radiate
from central area of an unnamed corona. Unit has 
moderate radar backscatter coefficients similar to splm 
materials which they superpose. Materials deformed by 
radial graben. Type locality: 3Q0 N, 3480 E. 
Interpretation: Volcanic flow materials associated with 
corona
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Nissaba Corona Materials

cnf3 Nissaba corona flow material 3 — A minor unit exhibiting
weak radar backscatter coefficients; erupted from small 
edifice situated on rim of corona. Type locality: 25.2^ N, 
356®E. Interpretation: Volcanic flow material associated 
with small edifice

cnf2 Nissaba corona flow material 2 — Materials with digitate
morphology drape southern and SW margin of Nissaba 
corona. Unit exhibits variable radar backscatter 
coefficients. Type locality: 25.5^N, 354.7® E. 
Interpretation: Volcanic lavas associated with the 
formation of Nissaba Corona

cnf 1 Nissaba corona flow material 1 — Weak radar backscatter
coefficients; erupted from an edifice situated in the NW 
sector of Nissaba Corona. Unit is embayed by spr and 
superposes cnf I and npr. Type locality: 26.1® N, 354.3®
E. Interpretation: Volcanic flow material associated with 
an edifice

npr Nissaba corona relic plains material — Plains materials
with moderate radar backscatter coefficients similar to 
sph. Unit is weakly to moderately deformed by 
compressional and extensional fractures. Unit is 
embayed by spr and superposed by n f fn f l ,  and nf3.
Type Locality: 25.5® N, 355.5® E. Interpretation: Earher 
volcanic plains materials having undergone uphft and 
deformation during the formation of Nissaba Corona.

Idem-Kuva Corona Materials

if Idem-Kuva corona flow material -  Characterised by strong
radar backscatter coefficients. Typified by digitate 
boundary. Western materials to emanate from small 
edifice; eastern materials extend from graben. Type 
locality: 26.5® N, 358.5® E. Interpretation: Later stage 
effusive activity that occurred after the formation of the 
corona annulus

305



ikpr Idem-Kuva corona relic plains material — Plains materials
with moderate radar backscatter coefficients similar to 
gph. Unit is moderately deformed by compressional and 
extensional fractures. Unit is embayed by spr and 
superposed by //"materials. Type Locality: 26.2^ N, 
358.0® E. Interpretation: earlier volcanic plains 
materials having undergone uplift and deformation 
during the formation of Idem-Kuva Corona.

TESSERA MATERIALS

Tessera materials -  Blocks of upstanding materials with
strong radar backscatter coefficients. Contains numerous 
closely spaced fractures oriented in more than one 
direction. Type locality: 40.2® N, 356.5® E. Interpretation: 
Highly deformed materials which may represent earher 
plains materials

CRATER MATERIALS

ce Crater ejecta material — strong backscatter coefficients
radiating from craters. Has gradational distal 
boundaries. Material may be markedly asymmetrical 
with lobate boundaries. Type locality: 27® N, 336.8® E. 
Interpretation: Ejecta excavated by cratering. 
Asymmetrical ejecta provides an indication of entry 
direction of meteoroid.

cf Crater floor material — Weak radar backscatter coefficient
materials within interior floors of larger craters. Embays 
both crater walls and cp unit where present. Small 
wrinkle ridges are observed in some craters. C/"material 
is mapped in craters with diameters greater than 35 
kilometres. Type locality: 26.8® N, 336.7® E. 
Interpretation: Relatively smooth material; either 
impact melt or volcanic lava or both
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cp Crater peak material — Isolated upstanding with strong
radar backscatter coefficients, single or multiple peaks 
embayed by c/materials. Only mapped in craters with 
diameters greater than 35 kilometres. Type locality: 
26.7® N, 336.7® E. Interpretation: Materials deformed 
and uphfted from beneath crater floor during late stage 
excavation by meteoroid impact
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Key to mapping symbols for USGS V31 and V19 Quadrangles.

Contact - Dashed where approxim ately located  or 
arbitrarily located based on edifice densities.

W rinkle ridge. I n t e r p r e t a t i o n :  c o m p re s s io n a l
deform ation analogous to lunar and m artian  
wrinkle ridges

Lineament/fracture

Graben - Bar and ball on downthrown side

Scarp - Line marks top of slope; hatches point 
downslope

Ridge - Large scale topographic featu res often 
commonly associated with coronae, barbs point 
downslope from ridge crest

Trough - Large scale topographic fea tu res often 
associated with coronae, symbol marks the bottom 
of the troughs

Channel, narrow and sinuous. In te rp re ta tio n  : Formed 
by lava erosion

Volcanic edifice <15 km 

O Volcanic edifice > 15 km

Volcanic Dome 5 - 40 km 

Inferred flow direction of flow lobe.
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/  /  
/  - /

I J  -  /

Impact crater

Supe r f i c i a l  cra ter  ma t e r i a l  wi th  s t r ong r ada r
backscatter coefficient

Sup e r f i c i a l  c ra t er  m a t e r i a l  wi th  w e a k  r a d a r
backscatter coefficient
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Appendix IV
Location data for radar sample areas for V31 - Sif Mons Quadrangle units.
Unit Lat Long N A(m) Angle Radius (km)

gpr 14.290, 15.190 N; 347.340, 348.190 E 205,530 225 45.7 6050.766 (6050.630, 6051.022)

gpr 16.240, 17.120 N; 342.300, 343.360 E 192,750 225 45.5 6050.569 (6050.325,6050.769)

gpr 07.200, 08.1 ION; 339.560, 341.700E 223,512 225 45.9 6050.218 (6050.001, 6050.541)

gpr 16.040, 16.550 N; 330.540, 332.100 E 225,834 225 45.5 6050.493 (6050.349,6050.696)

gph 01.490, 02.420 N; 333.200, 334.310 E 231,712 225 45.4 6051.093 (6051.017,6051.192)

gph 03.500, 04.400 N; 334.460, 335.410 E 170,640 225 45.6 6050.982 (6050.771,6051.223)

gph 03.490, 04.160 N; 345.130, 345.400 E 044,099 225 45.6 6051.288 (6051.120, 6051.415)

gph 04.560, 05.200 N; 345.120, 345.340 E 032,448 225 45.7 6050.904 (6050.729, 6051.068)

gplm 21.150, 22.010 N; 339.180, 340.220 E 172,674 225 44.6 6051.300 (6050.564, 6051.659)

gplm 12.310, 13.220 N; 333.080, 333.480 E 125,955 225 45.8 6050.798 (6049.867, 6051.009)

gplm 16.390, 17.090 N; 345.340, 346.050 E 054,747 225 45.5 6051.185 (6050.745, 6051.587)

gplm 11.070, 11.420 N; 342.520, 343.570 E 134,534 225 45.9 6050.818 (6050.513,6051.148)

f 04.500, 04.560 N; 335.040, 335.120 E 003,100 225 45.7 6050.911 (6050.909, 6050.915)

f 04.010, 04.050 N; 333.170, 333.230 E 001,734 225 45.6 6051.255 (6051.238, 6051.273)

f 03.350, 03.420 N; 346.260, 346.430 E 008,083 225 45.6 6051.204 (6051.185, 6051.215)

f 04.070, 04.200 N; 344.140, 344.280 E 011,000 225 45.6 6050.982 (6050.970, 6051.010)

VC 07.560, 08.420 N; 347.480, 348.500 E 199,892 225 45.9 6050.985 (6050.774,6051.286)

VC 21.430, 22.140 N; 344.470, 345.160 E 054,312 225 44.6 6051.948 (6051.591,6052.641)

VC 19.420, 20.250 N; 339.110, 339.260 E 040,560 225 44.9 6051.236 (6050.927, 6051.451)

VC 01.240, 02.090 N; 332.210, 332.520 E 088,250 225 45.3 6051.329 (6051.243, 6051.564)

ef 17.330, 18.1 ION; 353.010, 353.360E 079,864 225 45.4 6052.618 (6052.382,6052.755)

ef 12.120, 12.470 N; 340.380, 341.120 E 076,713 225 45.8 6050.877 (6050.708,6051.120)

ef 21.580, 22.250 N; 336.220, 336.520 E 045,333 225 44.5 6050.779 (6050.712, 6050.865)

ef 18.400, 19.140 N; 341.520, 342.290 E 077,452 225 45.1 6050.970 (6050.722, 6051.342)

t 20.090, 20.150 N; 354.560, 355.070 E 004,150 225 45.0 6052.997 (6052.806, 6053.151)

t 20.060, 20.130 N; 355.410, 355.480 E 002,900 225 45.0 6052.633 (6052.622,6052.649)
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Location data for radar sample areas for V31 - Sif Mons Quadrangle units.

Unit Lat, Long N A(m) Angle Radius (km)

pd 19.380, 19.500 N; 343.140, 343.240 E 007,296 225 45.0 6051.412 (6051.356, 6051.462)

pd 10.390, 10.500 N; 338.170, 338.300 E 007,938 225 45.9 6050.584 (6050.422, 6050.722)

bef 13.270, 13.380 N; 339.330, 339.550 E 014,705 225 45.8 6051.291 (6051.154,6051.338)

bf3 13.180, 13.510 N; 340.460, 341.140 E 059,701 225 45.8 6051.139 (6050.622, 6051.485)

bf3 14.090, 14.570 N; 338.330, 339.010 E 083,276 225 45.7 6050.880 (6050.541,6051.389)

bf2 14.430, 15.340 N; 341.470, 342.310 E 140,298 225 45.7 6050.528 (6049.918, 6050.938)

bf2 16.220, 17.040 N; 340.370, 341.200 E 110,544 225 45.5 6050.637 (6050.414, 6050.917)

bfl 15.240, 16.010 N; 337.310, 338.130 E 095,016 225 45.6 6050.721 (6050.616, 6050.943)

bfl 11.020, 11.370 N; 339.590, 340.220 E 049,775 225 45.9 6050.340 (6050.129, 6050.562)

cnf2 24.540, 25.010 N; 335.110, 355.420 E 013,320 225 43.9 6051.842 (6050.704,6052.650)

cnfl 24.490, 24.590 N; 355.560, 356.040 E 004,880 225 43.9 6052.529 (6052.454, 6052.639)

if 26.010, 26.160 N; 358.290, 358.430 E 008,840 225 43.6 6052.416 (6052.387, 6052.442)

if 25.400, 25.530 N; 357.000, 357.110 E 013,750 225 43.6 6052.475 (6052.438,6052.511)

hmp 02.500, 03.060 N; 350.500, 351.350 E 045,234 225 45.5 6051.106 (6051.000,6051.431)

hvcl 00.050, 00.430 N; 355.330, 355.530 E 058,435 225 45.1 6051.396 (6051.275,6051.485)

hvc2 -01.040, 00.380 N; 352.160, 352.560 E 065,508 225 44.9 6051.339 (6051.305,6051.375)

hvc3 02.070, 02.220 N; 350.390, 351.360 E 053,788 225 45.4 6051.078 (6051.018,6051.261)

bf -00.621, 00.274 N; 349.738, 350.475 E 128,412 225 44.9
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Radar data for sample areas for V31 - Sif Mons Quadrangle units.

Unit Qrms (deg) PFresnel Emissivity

gpr -19.34 (-26.03, -02.04) 1.78 1.10, 2.40) 0.103 (0.080,0.130) 0.832 (0.825,0.839) 3.3, 5.4

gpr -17.89 (-23.39, -06.99) 2.31 1.70, 3.30) 0.098 (0.075,0.125) 0.838 (0.828,0.866) 3.2, 5.2

gpr -17.37 (-23.30, -05.10) 2.54 1.40, 5.10) 0.122 (0.090,0.185) 0.812 (0.786,0.843) 3.6, 6.1

gpr -16.14 (-22.20, -06.01) 1.40 0.80, 2.60) 0.082 (0.065,0.105) 0.848 (0.832,0.858) 3.1, 4.8

gph -16.11 (-21.99, -07.18) 2.47 1.30, 3.50) 0.103 (0.075,0.145) 0.809 (0.781,0.830) 3.7, 6.2

gph -15.81 (-21.43, -07.64) 2.35 1.50, 3.40) 0.112 (0.085,0.150) 0.802 (0.783,0.826) 3.8, 6.5

gph -15.96 (-22.03, -07.83) 1.83 0.70, 2.80) 0.081 (0.070,0.095) 0.841 (0.827,0.850) 3.2, 5.1

gph -16.15 (-21.06, -08.05) 2.64 2.00, 3.60) 0.102 (0.090,0.110) 0.826 (0.821,0.834) 3.4, 5.6

gplm -13.54 (-20.54, -02.17) 2.99 1.60, 6.30) 0.101 (0.070,0.190) 0.855 (0.848,0.863) 3.0, 4.7

gplm -13.71 (-19.88, -04.68) 3.90 1.90, 5.80) 0.073 (0.060,0.095) 0.865 (0.849,0.874) 2.8, 4.3

gplm -16.78 (-23.38, -03.18) 3.00 1.50, 6.30) 0.105 (0.075,0.175) 0.833 (0.820,0.851) 3.3, 5.3

gplm -15.25 (-22.50, -05.50) 1.65 0.80, 3.00) 0.088 (0.060,0.130) 0.856 (0.834,0.867) 2.9, 4.6

f -18.95 (-23.25, -12.85) 2.47 2.20, 2.80) 0.092 (0.085,0.095) 0.827 (0.826,0.827) 3.4, 5.5

f -20.07 (-24.83, -12.23) 2.00 1.90, 2.10) 0.122 (0.115,0.135) 0.803 (0.802,0.804) 3.8, 6.4

f -19.74 (-23.82, -10.22) 2.92 2.80, 3.10) 0.099 (0.095,0.100) 0.836 (0.834,0.839) 3.2, 5.2

f -18.15 (-22.64,-11.83) 2.38 2.10, 2.80) 0.103 (0.100,0.105) 0.832 (0.826,0.836) 3.3, 5.4

VC -14.43 (-20.90, -05.50) 1.98 1.00, 3.60) 0.075 (0.060,0.105) 0.852 (0.846,0.859) 3.0, 4.7

VC -15.76 (-20.77, -05.96) 3.07 1.80, 4.10) 0.091 (0.055,0.130) 0.848 (0.836,0.864) 3.1, 4.9

VC -17.69 (-22.63, -06.63) 2.17 1.50, 2.90) 0.104 (0.090,0.120) 0.837 (0.834,0.842) 3.3, 5.2

VC -17.25 (-23.57, -03.15) 2.22 1.60, 2.80) 0.119 (0.105,0.135) 0.799 (0.795,0.805) 3.9, 6.6

ef -14.51 (-21.94, -01.96) 1.78 1.00, 2.90) 0.155 (0.135,0.185) 0.761 (0.742,0.778) 4.7, 8.2

ef -17.74 (-23.49, -05.88) 1.95 1.10, 3.10) 0.101 (0.085,0.130) 0.822 (0.816,0.829) 3.5, 5.7

ef -15.61 (-21.53, -06.33) 1.97 1.30, 2.40) 0.095 (0.080,0.110) 0.854 (0.846,0.860) 3.0, 4.7

ef -14.50 (-20.91, -04.28) 2.46 1.60, 3.20) 0.083 (0.070,0.115) 0.860 (0.853,0.868) 2.9, 4.5

t -14.49 (-22.44, -02.24) 2.60 1.70, 3.60) 0.111 (0.075,0.140) 0.812 (0.808,0.816) 3.7, 6.1

t -12.78 (-20.44, -03.64) 1.35 1.20, 1.60) 0.138 (0.130,0.150) 0.809 (0.808,0.809) 3.8, 6.2
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Radar data for sample areas for V31 - Sif Mons Quadrangle units.

Unit 0̂ (dB) ®rms PFresnel Emissivity Eg Ej.

pd -10.88 (-19.26,-01.65) 2.83 (2.30, 3.60) —  0.856 (0.854,0.858) 3.0, 4.6

pd -12.19 (-19.50,-02.70) 2.52 ( 2.10, 3.00) 0.082 (0.080,0.085) 0.833 (0.826,0.843) 3.3, 5.3

bef -16.65 (-22.27,-05.07) 3.10 ( 2.40, 4.90) 0.090 (0.070,0.115) 0.846 (0.840,0.854) 3.1, 4.9

bf3 -16.38 (-21.87,-09.47) 2.22 (1.30, 2.80) 0.084 (0.070,0.110) 0.834 (0.826,0.849) 3.2, 5.3

bf3 -15.83 (-22.25,-08.46) 2.98 ( 1.70, 4.10) 0.100 (0.080,0.115) 0.854 (0.843,0.871) 2.9, 4.6

bf2 -15.84 (-22.04,-01.82) 2.56 (0.70, 9.70) 0.103 (0.080,0.145) 0.834 (0.818,0.864) 3.3, 5.3

bf2 -15.42 (-21.19,-03.38) 2.10 ( 1.40, 3.20) 0.084 (0.055,0.105) 0.856 (0.832,0.876) 3.0, 4.6

bfl -14.82 (-20.22,-06.42) 1.30 ( 0.70, 2.30) 0.099 (0.080,0.135) 0.843 (0.838,0.848) 3.1, 5.0

bfl -15.25 (-21.09,-04.69) 2.23 ( 1.40, 3.30) 0.086 (0.065,0.095) 0.850 (0.831,0.869) 3.0, 4.8

cnf2 -15.17 (-20.56,-08.17) 2.09 (0.30, 5.40) 0.135 (0.075,0.250) 0.816 (0.776, 0.849) 3.8, 6.0

cnfl -17.85 (-23.36,-10.16) 1.92 ( 1.50, 2.30) 0.147 (0.135,0.160) 0.809 (0.807,0.814) 3.9, 6.2

if -08.94 (-14.91,-04.11) 1.50 ( 1.20, 2.00) 0.110 (0.085,0.135) 0.838 (0.834,0.842) 3.4, 5.2

if -11.11 (-19.49,-03.48) 2.71 (2.20, 3.10) 0.121 (0.110,0.125) 0.819 (0.816,0.821) 3.7, 5.9

hpm -16.96 (-22.40,-10.20) 3.23 (2.40, 6.30) 0.098 (0.075,0.170) 0.836 (0.818,0.858) 3.2, 5.2

hvcl -16.62 (-22.71,-05.69) 3.00 (2.10, 3.70) 0.107 (0.095,0.120) 0.819 (0.815,0.825) 3.6, 5.8

hvc2 -16.85 (-23.24,-00.64) 2.06 (1.30, 2.90) 0.101 (0.080,0.130) 0.835 (0.828,0.845) 3.3, 5.3

hvc3 -16.82 (-21.78,-04.18) 3.20 ( 1.50, 4.70) 0.090 (0.080,0.100) 0.840 (0.831,0.849) 3.2, 5.1

bf -16.95 (-22.87, -07.05)
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Appendix V
Location data for radar sample areas for V19 - Sedna Planitia Quadrangle units.
Unit Lat Long N A(m) Angle Radius (km)

spr 31.490, 32.380 N; 357.520, 359.080 E 204,580 225 41.5 6051.291 (6051.163,6051.479)

spr 36.460, 37.320 N; 350.190, 351.240 E 176,250 225 39.6 6050.465 (6050.351,6050.638)

spr 39.460, 40.320 N; 350.020, 351.260 E 184,912 225 38.2 6050.501 (6050.366, 6050.571)

spr 44.240, 45.000 N; 351.550, 352.480 E 086,904 225 36.0 6050.818 (6050.713, 6050.890)

sph 48.450, 49.270 N; 336.240, 337.220 E 081,344 225 34.0 6051.525 (6051.487, 6051.600)

sph 44.290, 45.150 N; 332.390, 334.020 E 175,570 225 35.8 6051.210 (6051.097,6051.344)

sph 48.120, 48.530 N; 335.590, 337.090 E 127,834 225 34.3 6051.546 (6051.484, 6051.612)

sph 37.180, 38.080 N; 330.160, 331.180E 152,880 225 39.2 6051.103 (6051.060, 6051.197)

gplm 23.360, 24.230 N; 340.400, 341.240 E 125,060 225 44.1 6052.007 (6051.481,6052.299)

gplm 35.250, 36.150 N; 336.560, 338.140 E 199,136 225 40.1 6051.083 (6050.920, 6051.321)

gplm 27.040, 27.480 N; 338.270, 339.270 E 151,983 225 43.1 6051.185 (6050.992, 6051.298)

splm 39.350, 40.150 N; 359.300, 359.500 E 085,228 225 38.3 6051.129 (6050.941,6051.329)

splm 40.550, 41.150 N; 357.210, 357.570 E 033,896 225 37.7 6050.886 (6049.137, 6051.674)

VC

E. N. 37.550, 38.410 N; 341.480, 342.570 E 142,882 225 39.1 6050.787 (6050.602, 6051.486)

E. S. 37.090, 37.250 N; 341.570, 342.560 E 046,860 225 39.5 6050.686 (6050.589, 6050.789)

VC

T. N. 29.510, 30.200 N; 354.530, 355.510 E 0941,92 225 42.3 6051.810 (6051.442, 6052.208)

T. S. 28.040, 28.250 N; 354.440, 355.130 E 032,074 225 43.0 6052.099 (6052.067, 6052.140)

ef 33.130, 33.500 N; 349.020, 349.410 E 072,790 225 41.0 6051.022 (6050.838, 6051.390)

ef 34.240, 35.110 N; 330.490, 331.510E 144,279 225 40.5 6051.448 (6051.343, 6051.546)

ef 31.270, 31.580 N; 331.450, 332.210 E 058,072 225 41.6 6051.429 (6051.294, 6051.554)

ef 47.420, 48.030 N; 334.360, 335.060 E 029,754 225 34.7 6051.541 (6051.478, 6051.621)

t 33.130, 33.490 N; 360.080, 360.440 E 072,448 225 41.0 6051.595 (6051.324,6051.808)

t 40.240, 40.440 N; 356.470, 357.240 E 035,568 225 37.9 6050.774 (6049.180, 6051.540)

t 44.130, 44.260 N; 356.380, 356.540 E 010,395 225 36.0 6051.039 (6050.772, 6051.164)

t 44.110, 44.430 N; 337.140, 337.250 E 022,932 225 36.2 6051.194 (6051.130, 6051.236)
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Location data for radar sample areas for V19 - Sedna Planitia Quadrangle units.

Unit Lat Long N A(m) Angle Radius(km)

ik
West 25.480, 26.090 N; 356.530, 357.030 E 013,182 225 43.6 6052.483 (6052.414, 6052.570)

East 25.590, 26.170 N; 358.270, 358.430 E 017,568 225 43.6 6052.421 (6052.382, 6052.572)

ikpr 25.172, 25.024 N; 358.136, 358.312 E 087,465 075 43.8

nfl 49.570, 49.530 N; 352.140, 352.210 E 001,116 225 33.3 6051.520 (6051.499, 6051.540)

nf2 48.130, 49.050 N; 347.420, 349.160 E 195,286 225 33.9 6051.332 (6051.201,6051.490)

nf2 48.300, 49.140 N; 343.120, 345.000 E 183,848 225 33.8 6051.273 (6051.203, 6051.400)

nO 47.400, 47.270 N; 347.190, 348.060 E 033,565 225 34.6 6051.026 (6050.958, 6051.077)

nf3 48.430, 49.000 N; 350.490, 351.450 E 040,528 225 33.9 6051.406 (6051.336, 6051.486)

nf4 44.180, 45.040 N; 346.470, 348.230 E 190,212 225 36.0 6050.548 (6050.533, 6050.672)

nf4 46.430, 47.020 N; 346.430, 347.490 E 053,808 225 35.0 6050.871 (6050.783, 6050.994)

fd 38.530, 39.070 N; 355.260, 355.430 E 012,650 225 38.7 6050.484 (6050.458, 6050.557)

fd 39.190, 39.160 N; 355.170, 355.230 E 001,184 225 38.7 6050.477 (6050.473, 6050.479)

cnD 25.142, 25.065 N; 355.670, 355.762 E 087,283 075 43.6

cnf2 25.612, 25.323 N; 354.766, 354.930 E 144,117 075 43.7

cnfl 26.011, 25.718 N; 353.940, 354.154 E 087,283 075 43.6

npr 25.733, 25.453 N; 355.504, 355.839 E 159,470 075 43.7

cu 30.972, 30.079 N; 347.968, 348.682 E 083,743 225 42.2

fs 49.643, 49.349 N; 333.945, 334.387 E 016,650 225 33.2
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Radar data for sample areas for V19 - Sedna Planitia Quadrangle units. 

Unit Ojjj (dB) Qrms (deg) PFresnel Emissivity

spr -20.50 (-25.76, -10.57) 2.40 1.30, 3.20) 0.139 (0.115,0.165) 0.819 (0.802, 0.831) 3.9, 6.0

spr -15.82 (-24.55, -08.35) 1.59 0.90, 2.30) 0.102 (0.080, 0.125) 0.849 (0.844, 0.855) 3.5, 5.0

spr -16.12 (-20.85, -06.56) 1.22 0.70, 2.20) 0.117 (0.090,0.150) 0.846 (0.842, 0.854) 3.7, 5.1

spr -15.05 (-19.19, -09.19) 1.88 0.80, 2.70) 0.118 (0.100,0.140) 0.846 (0.844, 0.849) 3.8, 5.1

sph -13.03 (-18.56, -08.29) 2.16 1.40, 3.00) 0.111 (0.090, 0.135) 0.852 (0.847, 0.857) 3.8, 5.0

sph -13.83 (-18.69, -08.73) 3.60 2.40, 4.90) 0.112 (0.095,0.130) 0.862 (0.855, 0.870) 3.5, 4.7

sph -13.29 (-18.39, -08.47) 2.26 1.20, 3.20) 0.111 (0.090,0.140) 0.857 (0.851, 0.861) 3.7, 4.8

sph -14.16 (-18.91,-06.71) 2.14 1.20, 2.90) 0.085 (0.070, 0.100) 0.870 (0.861,0.879) 3.1, 4.4

gplm -13.05 (-22.83, 02.96) 3.15

gplm -14.34 (-20.08, -04.18) 2.52

gplm -19.56 (-26.16,-04.00) 2.65

splm -13.59 (-20.44, -01.06) 2.73

splm -14.38 (-19.47, -06.06) 2.73

VC

T.N 

T. S

VC

E.N

E.S

■19.13 (-24.57,-08.94) 2.90 

■19.07 (-23.31,-11.50) 2.00

■13.39 (-19.19,-00.08) 2.52 

■13.07 (-18.55, -02.98) 2.56

1.20.9.00) 0.114 (0.085,0.210) 0.832 (0.820,0.841) 3.4, 5.4

1.60,3.80) 0.089 (0.075,0.105) 0.869 (0.861,0.876) 3.1, 4.4

1.70.3.70) 0.119 (0.095,0.135) 0.824 (0.821,0.827) 3.7, 5.7

1.80, 3.50) 0.132 (0.105,0.165) 0.829 (0.809,0.849) 4.0, 5.7

0.80, 6.20) 0.107 (0.070,0.170) 0.862 (0.838,0.896) 3.4, 4.6

1.60.6.70) 0.120 (0.035,0.260) 0.827 (0.819,0.837) 3.7, 5.7

1.50,2.40) 0.127 (0.115,0.145) 0.829 (0.824,0.834) 3.6, 5.6

1.20.3.70) 0.129 (0.105,0.155) 0.836 (0.826,0.845) 3.8, 5.4

1.90.3.00) 0.127 (0.110,0.135) 0.835 (0.831,0.848) 3.8, 5.4

ef -12.73 (-20.43, 01.60) 2.47 1.30, 3.80) 0.116 (0.105,0.165) 0.854 (0.847, 0.857) 3.3, 4.8

ef -14.26 (-20.42, -01.82) 2.83 1.90, 3.80) 0.085 (0.065,0.095) 0.870 (0.865,0.881) 3.1, 4.3

ef -17.48 (-23.78, -03.35) 2.72 1.70, 3.60) 0.091 (0.080,0.100) 0.863 (0.857,0.865) 3.1, 4.5

ef -14.76 (-20.16, -02.36) 2.35 1.20, 3.50) 0.125 (0.105,0.140) 0.865 (0.863, 0.868) 3.5, 4.6

t -10.26 (-21.58, 01.37) 2.85 1.50, 8.20) 0.079 (0.065,0.125) 0.870 (0.840, 0.887) 3.0, 4.3

t -08.37 (-18.15, 03.07) 3.10 0.60, 8.90) 0.100 (0.070,0.170) 0.858 (0.826, 0.889) 3.4, 4.7

t -07.96 (-16.61, 04.20) 4.02 2.00, 5.80) 0.121 (0.095,0.135) 0.872 (0.863,0.881) 3.3, 4.4

t -09.17 (-17.82, 01.21) 4.90 3.30, 7.60) 0.128 (0.105,0.165) 0.885 (0.879,0.888) 3.0, 4.0
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Radar data for sample areas for V19 - Sedna Planitia Quadrangle units.

Unit % WB) ^rms Ŵ g) PFresnel Emissivity Eg

ik
West -08.96 (-15.89,-02.91) 2.18 ( 1.10, 3.10) 0.131 (0.110,0.155) 0.821 (0.805,0.832) 3.7, 5.8

East -11.18 (-19.49,-03.09) 1.37 ( 1.10, 2.00) 0.115 (0.085,0.155) 0.837 (0.834,0.842) 3.4, 5.3

ikpr -15.57 (-27.76, -05.95)

nfl -16.57 (-19.51,-10.31) 2.92 (2.30, 3.40) 0.092 (0.085,0.100) 0.870 (0.867,0.873) 3.5, 4.4

nfZ -09.89 (-14.90,-05.19) 3.36 ( 2.40, 4.60) 0.080 (0.060,0.115) 0.902 (0.872,0.907) 2.8, 3.6

nf2 -08.78 (-13.66,-04.83) 3.61 (2.20, 5.20) 0.086 (0.055,0.115) 0.898 (0.873,0.907) 2.9, 3.7

nf3 -12.99 (-17.10,-07.51) 1.93 ( 1.60, 2.60) 0.138 (0.110,0.160) 0.831 (0.828,0.837) 4.2, 5.7

nf3 -15.13 (-19.10,-10.29) 1.57 ( 1.20, 2.60) 0.141 (0.100,0.165) 0.851 (0.841,0.871) 3.9, 5.0

nf4 -12.10 (-16.90,-05.38) 1.67 ( 1.00, 2.60) 0.120 (0.060,0.160) 0.844 (0.838,0.853) 3.9, 5.2

nf4 -12.40 (-16.42,-08.43) 1.98 ( 1.00, 3.80) 0.130 (0.105,0.160) 0.841 (0.835,0.857) 4.0, 5.3

fd -13.35 (-19.56,-08.76) 1.56 ( 1.00, 2.70) 0.115 (0.090,0.145) 0.865 (0.860,0.868) 3.3, 4.5

fd -13.05 (-18.52,-09.71) 1.90 ( 1.80, 2.00) 0.125 (0.125,0.125) 0.861 (0.859,0.863) 3.3, 4.6

cnf3 -17.56 (-28.74, -07.89)

cnf2 -15.55 (-27.72, -05.32)

cnfl -16.72 (-29.10,-05.50)

npr -17.34 (-28.12, -07.92)

cu -14.10 (-15.98,-04.98)

fs -10.96 (-15.98, -04.98)
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Basemap 2 - Sedna Planitia Quadrangle
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