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Abstract

The rift systems of southern East Africa and Beta Regio, Venus are similar in a number of ways. The rifted East African
and Venusian lithospheres have effective elastic thicknesses of ~ 30 km, suggesting that both lithospheres maintain
significant flexural strength during rifting. Both rift systems have maximum fault segment lengths of ~ 100 km. The
effective elastic thickness and maximum fault segment length of both rifts are greater than those seen in many other active
extensional regions on Earth, despite the high surface temperatures on Venus. We suggest that the southern East African and
Venusian elastic thicknesses and maximum fault segment lengths are due to stronger lithosphere. The rift systems differ in
the maximum width of their half graben. East African half grabens are up to ~ 50 km wide, whilst those on Venus are up to
~ 150 km wide. To support the topography associated with such half grabens requires shear stresses to act on the bounding
faults. In East Africa the greater elastic thickness (compared to most other terrestrial extensional regions) means that wide
half grabens can form without requiring the shear stresses acting on the bounding faults to be greater than the ~ 1-10 MPa
(10-100 bars) stress drop typically seen in earthquakes. However, on Venus the absence of sediment infill, greater widths
and larger effective topographic steps of the half grabens require shear stresses of up to ~ 80 MPa (800 bars) to act on the
bounding faults. This difference is significant; Venusian faults must be stronger than those on Earth.
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1. Introduction

Earth and Venus are approximately the same size
(1° of latitude is ~ 111 km on Earth and ~ 106 km
on Venus), and both planets have well-developed rift
systems. When viewed at a regional scale the geome-
try of the fault systems bounding the rifts of East
Africa and Beta Regio, Venus are similar (compare
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the morphology of Fig. 1a and b). In this paper we
present new data from Beta Regio, and compare the
two rift systems in terms of their effective elastic
thickness (7,), maximum fault segment lengths and
maximum rift basin widths. These parameters are
used to characterise extensional regions on Earth,
and may be related; in general extensional regions
with a greater 7, are characterised by longer faults
and wider basins [1-5].

The East African Rift System runs from the Red
Sea/Gulf of Aden/Afar triple junction in the north
to offshore Tanzania and Mozambique in the south.
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The rift bifurcates around Lake Victoria into the
Eastern and Western branches (Fig. 1a), which lie
mainly in Archean and Proterozoic basement. Vol-
canism began at ~ 30 Ma in the north [6] and at
~ 9 Ma in the south [7]. Cumulative extension across
most of the rift system is small. Estimates of total
extension based on reconstructions of surface fault
geometries in the Western branch of the rift are
~ 3—4 km, but may be up to ~ 10 km in the wide
basins of Lake Tanganyika and Lake Malawi [8,9].
Current plate models suggest approximately east—
west extension across the rift at a rate of ~ 3-5
mm/year [10]. The broad topographic plateaux of
East Africa (Fig. 1a) and Afar are characterised by
long-wavelength negative Bouguer gravity anomalies
[11]. These anomalies are attributed to the presence
of low density asthenosphere beneath the plateaux. A
convecting region within the asthenosphere has been
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proposed to explain the dynamic component of sup-
port for the plateaux [12].

Several people have reported earthquake centroid
depths in East Africa which are deeper than the 5-15
km range typical of most other regions of active
continental extension (e.g. Greece, Turkey, western
USA, Tibet, SW China, Italy, Suez) [2,13-15]. The
Baikal Rift is similar to East Africa in also having
deeper earthquakes [16]. Most of the deep East
African earthquakes lie away from the topographic
expression of the rift, and all lie towards the southern
end of the rift system. Crustal thicknesses in most of
the epicentral areas are poorly constrained, but are
probably in the range 30-40 km [17]. Hence, we
cannot be sure whether centroid depths in the range
of 25-35 km lie in the crust or in the upper mantle.
These centroid depths suggest that the seismogenic
thickness in parts of East Africa is 30-35 km,
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Fig. 1. Mercator projection regional maps of the southern East African and Beta Regio rift systems showing long-wavelength topography
(contoured at 1000 m intervals) and border fault systems (faults have ticks on downthrown side). Both rift systems lie on top of broad
topographic domes. Both maps are drawn to the same scale (1° of latitude is ~ 111 km on Earth and ~ 106 km on Venus). (a) The East
African Rift System bifurcates around Lake Victoria into the Eastern and Western branches. Topography was produced by applying a 100
km full width median filter to the ETOPOS dataset, and gridding the output at 5-min intervals. Darker shading indicates topography above
1000 m. Border fault systems taken from [8,9,12,17,29,30,38]. Lines of profiles in Fig. 5 and Fig. 6a are shown. (b) In Beta Regio the rift
systems of Devana Chasma radiate out from the volcanic construct of Theia Mons. Border fault systems taken from [19]. The sense of
movement across most border faults is unknown. Topography calculated at 0.5 degree intervals from 360th degree and order spherical
harmonics using /= 2 to 360. Darker shading indicates topography above 2000 m. Lines of profiles in Fig. 6 are shown.
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approximately double that found in most other active
extensional regions.

Beta Regio (Fig. 1b) is a prominent regional
topographic rise in the Northern Hemisphere of
Venus. Like the East African and Afar plateaux, it
has been identified as a possible plume site on the
basis of topography, gravity and radar images [18,19].
At the centre of the region is Theia Mons, a volcanic
construct showing lava flows radiating outwards, and
occurring at the intersection of several rift valleys.
The composition of these flows, and indeed that of
the crust of Venus, is uncertain. Of three major
element analyses one approximated the composition
of a tholeiitic basalt [20]. The most prominent of the
rifts, Devana Chasma, runs northwards from Theia
Mons for several hundred kilometres into Rhea Mons,
a block of probably older, highly deformed and
crustally thickened terrain (tessera). By measuring
the width of imaged fault scarps across the rift, and
assuming an initial fault plane dip of 45-60° [1], the
total extension across the rift can be estimated at
20 + 10 km, although the age and duration of the
rifting are not constrained.

2. Effective elastic thickness estimates

In recent years many studies have estimated the
effective elastic thickness (7,) of the continental
lithosphere to be between 5 and 110 km ([21,22], and
references therein). It is clear that the strength of the
continental lithosphere is somehow controlled by its
thermal state [23], although the large variations in T,
have not been satisfactorily explained. However, in
regions of continental extension such as the western
USA, the North Sea and Greece, 7, is consistently
10~15 km or less ([21,22], and references therein,
[24-26]).

The rifting and volcanism associated with the East
African Rift System produce topography and gravity
signals which have been used to estimate the 7, of
the East African lithosphere. By using the wave-
length dependence of the coherence between the
topography and the Bouguer gravity anomaly [27]
Bechtel et al. [28] and Ebinger et al. [12] obtained
values of 25 km and 27-31 km, respectively, for the
Eastern branch. Using the same method Ebinger et
al. [12] estimated T, to be 32-36 km in the Western

branch. Ebinger et al. [29] and Upcott et al. [30] used
forward modelling of free air gravity anomalies to
estimate a 7, of 17-38 km and 25 + 5 km, respec-
tively, in the Western branch.

These high values of effective elastic thickness in
the southern East African Rift contrast with much
lower values (less than 10—15 km) found in many
other regions of continental extension elsewhere on
Earth (e.g. [21,22] and references therein, [24-26]).
This suggests that parts of the uppermost East African
lithosphere are stronger than the lithosphere in those
other extensional regions. Since the effective elastic
thickness of continental lithosphere is probably re-
lated to thermal structure [23] we attribute the
anomalously high values in the southern East African
Rift to the cold (and old) Archean and Proterozoic
material being rifted. The occurrence of deep earth-
quakes within the southern part of the East African
Rift System suggests a thicker seismogenic layer,
probably because of the nature of the material being
rifted [3].

The admittance technique [31] has been used to
obtain regional estimates of the elastic thickness of
the Venusian lithosphere [32]. An area covering the
Beta region (60°S to 60°N and 240°E to 310°E)
produced a T, of ~ 30-35 km, greater than the
Venus global average of ~ 20-25 km. Smrekar [33]
used spectral methods to estimate a 7, of 25-35 km
at Beta Regio and 20-35 km at Atla Regio. Phillips
[34] also used spectral methods to obtain a T, of
40-50 km at Atla Regio.

3. Maximum fault segment lengths

Along-strike segmentation of the border fault sys-
tems bounding continental rifts is common, with
laterally continuous segments stepping en echelon or
changing the polarity of half grabens (e.g. [35,36]).
Jackson and White [1] point out the similarity be-
tween the maximum segment length of ~ 20-25 km
common in many extensional areas and the thickness
of the seismogenic upper crust (~ 15 km) or down-
dip fault width (~20 km) in those areas. They
suggest that the maximum length scale of segmenta-
tion of the border faults is in some way controlled by
the thickness of the seismogenic layer in which they
form. The occurrence of deeper earthquakes in parts
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of southern East Africa suggests a seismogenic
thickness of 30-40 km in those regions; approxi-
mately double that seen in most other active conti-
nental rifts (e.g. Greece, Turkey, western USA).
Hence we may expect East Africa to have individual
fault segments with a maximum length scale greater
than found elsewhere.

In many parts of East Africa large, high-angle
normal fault systems (border fault systems) bound
one side of asymmetric basins (half grabens) (e.g.
[8]). The other side of such basins consists of a
warped margin, often with minor faulting. Individual
half grabens in the southern East African Rift are
often longer than 100 km (Fig. 1a) (e.g. [8,37,38).
In some places the border fault systems bounding

these half grabens consist of several fault segments,
with segmentation at a scale much less than 100 km.
However, in other places segment lengths of up to
50-100 km have been identified in detailed studies
of half grabens and their border fault systems
[8,9,39,40]. These long individual border fault seg-
ments all occur towards the southern ends of the
Eastern and Western branches of the rift, where the
seismogenic thickness is 30-35 km. In contrast,
maximum fault segment lengths at the northern end
of the rift system in Afar, where earthquakes have
normal centroid depths, are much less than ~ 30
km. These faults may have superseded older, longer
segments [3]. Seismic reflection profiles in the rift
lakes of the Western branch suggest that the total
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Fig. 2. (a) Landsat TM image of the Embagai/Lake Natron area in northern Tanzania. (b) Summary line drawing of (a) showing the
Neogene volcanic centres (solid triangles and dotted outlines) and individual, Pleistocene rift-bounding faults which make up the Natron
border fault system (faults have ticks on downthrown side). The long dashed fault bounding the eastern side of the Oldonyo Ogol Hills
separates Proterozoic basement from Neogene volcanics and sediments, and is probably no longer active [41]. The Mosonik fault segment
runs from the monocline in the north (point M) to Embagai crater in the south (point X), a distance of ~ 60 km. Faults of this length and
longer are found elsewhere in the southern part of the East African Rift System. These faults are much longer than the ~ 20-25 km
maximum fault segment lengths seen in other actively extending regions. Displacement across the Mosonik fault segment grows from zero
at the monocline (M) to at least 600 m (the height of the fault scarp) just south of the Mosonik volcanic centre, and back to zero at Embagai

(x).
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throws across the border faults are up to ~ 7 km
[8.9], though the topographic step has been reduced
by sedimentation in the hanging wall.

Fig. 2 shows one example of a long fault segment
from the southern end of the Eastern branch in
northern Tanzania. The Mosonik fault runs from a
monocline in the north (point M, Fig. 2) to Embagai
crater in the south (point X, Fig. 2) and is a single
fault segment whose length is about 60 km. It forms
part of the Pleistocene, east-dipping border fault
system bounding the western side of the ~ 40 km
wide Lake Natron basin. The basin is asymmetric,
with its eastern margin being obscured by later vol-
canism but not being bounded by a border fault
system. The heavily dissected fault escarpment to the
east of the Oldonyo Ogol Hills is of Pliocene age,
and separates Proterozoic basement from the Plio—

Pleistocene syn-rift volcanics and sediments [41].
The height of the scarp across the Mosonik fault
segment grows from zero at the monocline in the
north (point M, Fig. 2) to at least 600 m just south of
Mosonik itself, and then decreases southwards to
zero at Emgagai crater (point X, Fig. 2). Field
studies have shown that the 4 km bend in the fault
trace around the Mosonik volcanic centre is not a
segment boundary since the fault can be traced con-
tinuously around the bend, with a footwall of roughly
constant elevation that forms a prominent bench. The
displacement across the fault decreases in a regular
manner from at least 600 m near the Mosonik vol-
canic centre to zero at the monocline in the north,
and this pattern is not affected by the bend. Such
bends in the fault trace are common along the faults
bounding the half grabens in northern Tanzania, and
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Fig. 3. (a) Part of Magellan SAR image F-MIDR-30N281 showing part of Devana Chasma. Hiumination is from the left (west). (b) Line
drawing of the area in (a) showing those faults across which a sense of movement can be obtained (thicker pen; ticks on downthrown side).
Some smaller faults /lineations are marked (thinner pen). Because the radar is east-looking, dark or shadowed east-dipping faults appear
wider than bright west-dipping faults. An east-dipping fault (¥-Z) is marked. The fault has zero displacement in the north at point ¥ and
runs south to point Z where the displacement returns to zero. This fault is ~ 130 km long. X marks a large west-dipping fault. The area
between these two faults is marked by numerous N—S-trending lineations which may be small fault scarps. Also shown are the line of
topographic profile B-B’ (Fig. 6) and two adjacent groundtracks (/947 and /948) of the Magellan spacecraft (with direction of flight
marked). The numbered ellipses on each groundtrack are the individual altimetry footprints whose returns are shown in Fig. 4a, b and c.
Each footprint has a 28-km across-track and 18-km along-track radius.
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are usually ~ 2 km in magnitude. They may simply
be small corrugations due to the influence of older
structural fabrics within the underlying Archean or
Proterozoic basement.

Images of Venus were produced using a synthetic
apperature radar (SAR) which uses time of flight and
the Doppler shift to image the surface. Such images
are too complicated to interpret in detail. Planes
sloping towards the transmitter are foreshortened,
whereas those sloping away are dark or in shadow
and appear wider than they actually are. The location
of imaged objects may be incorrect, particularly
where the topography is changing rapidly in space,
and objects change their appearance according to the
viewing geometry. The images have a horizontal
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Fig. 4. Doppler-sharpened altimetric radar returns, showing time
along the horizontal axis (1 time unit is 224.2 ns) and amplitude
of return vertically (arbitrary units). The groundtrack and footprint
number of each return is shown. Sharp returns are marked with
the absolute altitude (in km) of the topography causing that return.
The location of each footprint is shown in Fig. 6 relative to the
topographic profiles. The locations of (a), (b) and (c) are shown in
Fig. 3. The double peaks in each return are due to energy returned
from the top and bottom of the topographic steps which the
footprints straddle (see Fig. 6). (a) Orbit no. 1947, footprint no.
-284. (b) Orbit no. 1948, footprint no. -284, (c) Orbit no. 1947,
footprint no. -277. (d) Orbit no. 1948, footprint no. -265. (¢) Orbit
no. 1949, footprint no. -230. (f) Orbit no. 1934, footprint no. -105.
(g) Orbit no. 1940, footprint no. -110. (h) Orbit no. 1937, footprint
no. -073.

resolution of ~ 100 m. Individual border fault seg-
ments in Beta Regio were interpreted using SAR
images and topographic profiles determined from
altimetric returns.

Fig. 3a is part of a SAR image (F-MIDR-30N281)
of an area of Devana Chasma showing dark and light
lineaments. On the basis of their morphology and the
distinct topographic step seen across some of these
lineations (see below), they are interpreted as scarps
caused by faulting, though the imaged planes them-
selves may be talus slopes. Fig. 3b is a line drawing
of the same area, showing those scarps across which
it is possible to determine a sense of movement.
There is one large, east-dipping plane (Y—Z) in the
centre of the image which appears to be imaged,
rather than being in shadow, since lineations are
visible on the plane. These lineations are not likely
to be correctly placed on the image due to the
rapidly changing topography. The top and bottom of
the surface of this plane are generally clearly defined
and the displacement between them dies away
along-strike from the centre, reaching zero at points
Y and Z. Hence we interpret this plane as one
individual fault segment of length ~ 130 km.

West-dipping faults imaged by east-looking radar
appear very foreshortened, but there is no danger of
the scarp base being obscured by shadows. Hence,
there is more certainty that such faults are continu-
ous. An example of a west-dipping fault can be seen
(1abelled X) in Fig. 3b. This fault is clearly continu-
ous for at least 50 km. Investigation of the area
covered by the C1-MIDR-30N279 image revealed at
least 14 east-dipping and 4 west-dipping rift-related
faults of segment length greater than 50 km.

Fault scarps can also be identified by the topo-
graphic step across them. The Magellan spacecraft
determined topography by examining the radar re-
turns (echoes) from elliptical areas of the surface
(the ‘footprint’). Fig. 3b shows the footprints for
three altimetry points, and Fig. 4a—c show the corre-
sponding radar returns, plotting signal amplitude
against time delay. The time delay of the peak
amplitude point is generally used to calculate the
surface height, with the sharpness of the peak indi-
cating how rough the terrain is.

Fig. 4a shows a strong echo from the undeformed
area west of the rift; the double peak is probably due
to slight roughness in terrain and introduces an un-
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certainty of + 150 m in height, typical of the uncer-
tainty away from highly deformed areas. Fig. 4b is a
return from the edge of the scarp Y-Z and shows
two rather weak echoes. It is likely that one is from
the rift flank and one from the rift floor, in which
case the vertical distance between the two is as much
as ~ 5 km. Fig. 4c shows a return from further south
with a clear double echo. This suggests that the
topographic step of ~ 2.7 km is smaller than that
obtained from Fig. 4b. The height of the topographic
step may be less than the original total fault throw if
there has been subsequent volcanism infilling the
rift. The altimetry data therefore suggest that the
scarp Y-Z has a maximum vertical displacement of
~ 5 km and that this displacement dies away along-
strike, which is consistent with the SAR image inter-
pretation. The existence of additional fault scarps
showing vertical offsets of up to 5 km can be
inferred from radar returns where the footprints cross
these scarps (Fig. 4d-h and Fig. 6a). Hence, the
SAR images and altimetric data can be used to infer
the presence within Devana Chasma of faults which
in terms of both length (up to ~ 100 km) and
vertical offset (up to ~ 5 km) are comparable to the
scale of East African faults.

4. Maximum half graben widths

The wavelength of half grabens (the distance over
which tilting is coherent) in continental rifts is prob-
ably related to the effective elastic thickness of the
lithosphere in which they form [1,4,5]. The shear
stresses required to support the half graben topogra-
phy decrease with increasing effective elastic thick-
ness. Since the 7, of parts of the East African
lithosphere is greater than in most other continental
rifts, we may expect wider half grabens for a given
shear stress. The structural profiles shown in Fig. 5
show half graben widths of 50 km and more across
four rift basins in the southern Western branch of the
rift, taken from [8]. These widths are larger than the
maximum of ~ 25 km that is common elsewhere in
terrestrial continental rifts where 7, is lower [1]. Fig.
5 also shows that the basement throw across some
parts of the Western branch may be up to ~ 7 km
(profiles A-A and D-D').

0 50 100 km
Fig. 5. Swuructural profiles across the Western branch of the East
African Rift System showing sediment-filled (stippled) rift basins
bounded by steeply dipping border fault systems, after [29].
Basement topography beneath the sediments is uncertain in sec-
tions A— A" and D~ D'. Basin widths are up to ~ 50 km, with
throws on the border faults of up to ~ 7 km. Section lines shown
in Fig. l1a. Vertical exaggeration is ~ 2:1.

Profiles across Devana Chasma (Fig. 6a) were
obtained by interpolating nearby altimetry points onto
the line of profile. Some profiles show pronounced
rift-flank uplift, and all show large rift-bounding
faults. The apparent low angle of the fault scarps is
an artefact of the altimetry point separation (about 30
km). The vertical offset between rift floor and flanks
is likely to be underestimated by the profiles because
the profiling averages the altimetric measurements
taken to either side of the line of the profile. This
explains the discrepancy between the vertical step
calculated for the large fault above (Y-Z, Fig. 3b;
Fig. 4b), and that visible in the profile (B-B’, Fig.
6a). The profiles suggest that the graben width varies
from 100 to 200 km, and that the maximum vertical
offset is ~ 6 km. It was argued above that topo-
graphic steps across some of the Venusian faults
may be at least 5 km. This is comparable to the
vertical displacement across the entire rift, which is
not surprising given that in some places there appear
to be only two large faults present. Fig. 6b shows the
four African profiles shown in Fig. 5 at the same
scale as Fig. 6a. Basement topography has been
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Fig. 6. (a) Topographic profiles across Devana Chasma produced by interpolating nearby altimetric measurements onto the lines of section
shown in Fig. lb. Vertical exaggeration ~ 8:1. Also shown on each profile are the projected positions of the radar altimetry ‘footprints’
whose returns are shown in Fig. 4. The footprints straddle the topographic steps in the profiles, resulting in energy being returned from both
the top and bottom of the steps. (b) Profiles of basement topography for the four East African profiles shown in Fig. 5, drawn to the same
vertical and horizontal scale as (a). Basement topography calculated by replacing the water and sediment loads with an equivalent basement

load, assuming p,=2.9 Mg m~>

basin widths are two to three times smaller.

adjusted by replacing water and sediment loads with
an equivalent basement load, assuming Airy isostasy,
a basement density of 2.9 Mg m~? and a sediment
density of 2.5 Mg m™>. This approach is not strictly
correct since the lithosphere has been shown to have
finite strength. Nevertheless it enables a direct com-
parison in terms of rift morphology to be drawn
between Fig. 6a and Fig. 6b. We do not use the
profiles in Fig. 6b to estimate rift dimensions. Verti-
cal displacement of basement across the individual
bounding faults in both cases are ~ 5 km, whilst the
Venusian rifts are two to three times as wide as those
in southern East Africa.

5. Stresses supporting half graben topography

All topography and density contrasts within half
grabens are maintained by elastic stresses which are
greatest near the bounding faults. We investigate the
magnitude of these shear stresses using an extension

and p,=25Mgm~ *. Throws on rift-bounding faults are similar to those in Devena Chasma (a), but

of McKenzie’s method [42]. Note that McKenzie’s
[42] equation 25 should read:

T Uz= k(1 + coskx) + 2““

e

du,
—é_]:=h:0 (])

McKenzie [42] found the maximum resolved shear
stress required to support a specified (cosine) topog-
raphy within a solid elastic layer of thickness T
overlying a liquid of the same density. Given a more
realistic periodic tilted fault block topography we
take the Fourier transform, calculate the stress for
each wavenumber and then perform the inverse
transform to obtain the stress tensor, and hence
calculate the maximum resolved shear stress. We
specify the topography to be the surface of periodic
tilted fault blocks of peak to peak width A and initial
fault dip 60°, with a maximum vertical displacement
from the mean level of # and a basement density of
p,, (Fig. 7a). The hanging wall of each fault is filled
with sediments of density p, to a depth h,. The fill,
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Fig. 7. (a) Geometry of tilted, periodic fault blocks of wavelength
A, initial fault dip of 60° and maximum vertical displacement 2 A.
The basement is of density p, and the fault blocks are filled with
sediment of density p; to a level h;. The fill, £, is defined as
hy /2h. (b) Effect of varying h and A on the maximum resolved
shear stress for a 7, of 15 km (dotted lines) and 30 km (solid
lines). (c) Effect of varying f and A on the maximum resolved
shear stress for a 7, of 15 km (dotied lines) and 30 km (solid
lines).

£, of the hanging wall is defined as & /2 A (Fig. 7a).
We do not use a ‘shape-fitting’ approach to esti-
mate 7, from the topography. We investigate an
entirely different problem and calculate the elastic
stresses which are required to support the topography
given a particular elastic thickness. The magnitude of
these shear stresses increases with the width of the
half graben (A), the vertical displacement on the
bounding faults (24) and with the magnitude of the
density contrast across the bounding fauit. However,
they decrease as the effective elastic thickness of the
lithosphere increases [1,42]. Wide half grabens re-
quire smaller shear stresses to support them if they
form in thick elastic sheets rather than thin ones.
Fig. 7b and ¢ show the maximum shear stresses
needed to support periodic fault blocks as a function
of A, for varying 7., & and f. Fig. 7b illustrates how
h affects the stresses for f= 0 and a 7, of 15 km and
30 km. As 4 increases from 0.5 km to 2.0 km
(equivalent to an increase in vertical offset of the
basement of 1.0 to 4.0 km) the stresses increase, for
any given A. Topography supported by an elastic
layer of 30 km requires smaller stresses than that of
a 15 km thick layer. Fig. 7c¢ shows the effect of
varying f from 1.0 (hanging wall full of sediments)

to 0 (no sediment infill) for A =2.5, p,=2.5 Mg
m~°, and with a 7, of 15 km and 30 km. For a
thicker elastic layer the stresses required are less
than for a thinner layer.

A number of authors (e.g. [1,4,5]) have suggested
that the maximum width of continental half grabens
is dependent on the effective elastic thickness of the
lithosphere and the maximum shear strength of the
bounding faults. Given that the typical stress drop
seen in continental earthquakes is in the range 1-10
MPa (10— 100 bars) [43] we can calculate the elastic
stresses supporting the half grabens for a range of
wavelengths, throws and elastic thicknesses. If these
elastic stresses exceed ~ 10 MPa, we would expect
movement on the faults to reduce the stress.

Fig. 8 shows how the elastic stresses calculated
using the periodic fault block model vary with elastic
thickness and wavelength of topography for East
African and Venusian grabens, using values of £ and
f that are typical of those rifts (Figs. 5 and 6a). We
also show the stresses obtained by approximating the
fault block topography to a cosine curve {1], where
the amplitude of the cosine curve is calculated such
that the area of material above the mean level is
equal to that for the fault block, since the stresses are
primarily controlled by the mass contrast between
the hanging wall fill and the basement. Fig. 8a shows
the stresses calculated for East African Rift basins,
modelled as periodic fault blocks, using values of
g=98ms™%, p,=29Mgm™?, p,=25Mgm™’,
f=0.8 and k= 2.5 km. The value of stress at which
the curves for different values of T, converge is
dependent on 4 and f (Fig. 7b and c). For the cosine
approximation the topography is filled with sedi-
ments to the same level as for the fault block model
(f=0.8). Fig. 8b shows the Venusian calculations
using g=89 m s %, p, =29 Mg m™3, no infill
(f=0) and A= 2.5 km. The calculated stresses dif-
fer from those calculated for Africa mainly because
of the greater topography on Venus.

From Fig. S typical values of A, £ and f in East
Africa are 50 km, 2.5 km and 0.8. Fig. 8a shows that
using these values the stress required to support such
topography, with a T, of 10 km, is ~ 25 MPa. For a
T, of 30 km (comparable with values obtained for
rifted East African lithosphere [12,27-30]) the stress
required is ~ 10 MPa. Thus, in East Africa, 50 km
wide half grabens can be supported without requiring
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Fig. 8. The variation of maximum resolved shear stress as a
function of wavelength and elastic thickness using both the cosine
approximation of Jackson and White [1] (dotted lines) and the
periodic fault block geometry of Fig. 7a (solid lines) (see text).
Paired lines are the cosine and fault block solution for the elastic
thickness (T,) shown between each pair. The dashed line shows
the typical maximum stress drop observed in earthquakes on Earth
(10 MPa). (a) Results using typical East African values: g =9.8
ms 2, p,=29Mgm 3 p=25Mgm~ >, f=08and h=25
km. (b) Results using Venusian values: g =89 m s™2, p, =29
Mg m™?, no infill and h=235 km. For both East Africa and
Venus the cosine approximation stresses were calculated by equat-
ing the area of the cosine topography above the mean level with
that above the mean in the fault block model. Maximum resolved
shear stresses were calculated by filling the cosine topography
with the same sediment thickness as for the fault block model
(f=0.8 for East Africa and 0 for Venus).

shear stresses on the bounding faults that are signifi-
cantly greater than the stress drops seen in continen-
tal earthquakes.

Devana Chasma is wider than most parts of the
East African Rift (Figs. 5 and 6). Fig. 8b shows that
for an elastic thickness of 30 km, a topographic step
of 5 km and a rift width of 150 km (see Fig. 6a), the
stresses required to support the topography are ~ 80
MPa. This is considerably greater than the stress
drop observed in normal-faulting earthquakes on
Earth, and arises from the greater width of the
graben and the greater density contrast across the
bounding faults. This suggests that Venusian faults
can withstand greater stresses than those in East
Africa, even though the elastic thickness of the

lithosphere is similar in both cases. If Venusian
faults were no stronger than those on Earth then the
observed topography could not be supported elasti-
cally. If we have overestimated the width of Venu-
sian grabens by a factor of two, then the shear stress
required is reduced to ~ 40 MPa. This is still greater
than the typical earthquake stress drops seen on
Earth.

6. Discussion

The rift systems of southern East Africa and Beta
Regio are remarkably similar in a number of ways.
Within rifted areas, the effective elastic thickness in
each case is ~ 30 km, suggesting that both litho-
spheres maintain significant strength during rifting.
The large T, of the Venusian lithosphere is interest-
ing because the surface temperature is about 450°C.
It has been suggested that on Earth the depth to the
450°C isotherm approximates the elastic thickness
for oceanic and continental lithosphere [24,44]). Given
that the surface of Venus approximates a basaltic
composition, it seems that the absence of water
greatly increases the near-surface strength of the
lithosphere [45). Hence a large 7, can be maintained
despite the surface temperature. Similarly, because
of the high surface temperatures we would not ex-
pect brittle deformation to occur on Venus if the
near-surface rheology were the same as on Earth.
Since we do see extensive surface faulting, we con-
clude that the near-surface rheology must differ from
that of the Earth. The faults bounding the rifts on
both planets have a maximum length scale of ~ 100
km, with throws across such faults being ~ 2—7 km.
It is interesting that the maximum fault segment
length seen in southern East Africa is two or three
times the seismogenic thickness, in contrast to faults
seen in other extensional areas where the maximum
fault length is approximately equal to the down-dip
fault width [1].

The southern East African and Beta Regio rift
systems differ in their widths. Parts of southern East
Africa have maximum half graben widths of ~ 50
km, whilst Beta Regio grabens are ~ 150 km wide.
Such a difference in maximum widths may be signif-
icant. The elastic thicknesses of both southern East
Africa and Beta Regio are similar, and therefore the
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greater width of the graben and absence of sediment
fill on Venus requires the shear stresses supporting
the topography to be greater than in East Africa. It
seems plausible to suggest that the bounding faults
on Venus may be stronger than in East Africa, and
are therefore able to accommodate greater shear
stresses before slip occurs. If they are not stronger
than faults on Earth then the topography observed
could not be supported elastically. Faults on Earth
are weak zones [46] and the ~ 1-10 MPa stress
drop seen in earthquakes may be close to the total
shear stress acting on the faults. This poses an
interesting problem; how can faults be weak on
Earth and strong on Venus, even though Venus is
hotter? One possible explanation may be the absence
of water on Venus. On Earth, it is suggested that
over-pressured pore fluid within a fault gouge may
lubricate the fault and reduce the total frictional
stress acting on it [47]._ It is not clear that fluid
pressure does reduce the frictional stress in such a
way, but if it does then faults on Venus cannot be
lubricated in this way. Drawing yield strength en-
velopes even for Earth is problematic; despite their
popularity such curves cannot account for the con-
stant stress drop seen in earthquakes at all depths. On
Venus we have even less information regarding rhe-
ology and stresses at depth.

7. Conclusions

The purpose of this paper was to show that parts
of the rift systems of East Africa and Beta Regio,
Venus are similar in several respects. Both rift sys-
tems have effective elastic thicknesses of ~ 30 km
and maximum fault segment lengths of ~ 100 km.
However, the rift systems differ in their maximum
widths. The wider rifts seen on Venus suggest that
the faults bounding Venusian rifts are stronger than
faults on Earth. We attribute the greater lengths of
fault segments and greater widths of half grabens in
East Africa, compared to other actively extending
regions, to the presence of cold lithosphere. We have
little information on the rheological properties of the
Venusian lithosphere, but we suggest that the ab-
sence of water on the planet may increase the strength
of the uppermost lithosphere and of the faults. If the
stresses due to convective mantle circulation on the

two planets are of approximately the same magni-
tude, the fact that much greater stresses are required
to cause fault movement on Venus than on Earth
may explain why large scale plate tectonics are not
currently seen on Venus.
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