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The complex plate boundary between Arabia and Africa at the northern end of the Red Sea includes the Gulf of
Suez rift and the Gulf of Aqaba-Dead Sea transform. Geologic evidence indicates that during the earliest phase of
rifting the Red Sea propagated NNW towards the Mediterranean Sea creating the Gulf of Suez. Subsequently, the
majority of the relative movement between the plates shifted eastward to the Dead Sea transform. We propose that an
increase in the strength of the lithosphere across the Mediterranean continental margin acted as a barrier to the
propagation of the rift. A new plate boundary, the Dead Sea transform formed along a zone of minimum strength. We
present an analysis of lithospheric strength variations across the Mediterranean continental margin. The main factors
controlling these variations are the geotherm, crustal thickness and composition, and sediment thickness. The analysis
predicts a characteristic strength profile at continental margins which consists of a marked increase in strength seaward
of the hinge zone and a strength minimum landward of the hinge zone. This strength profile also favors the creation of
thin continental slivers such as the Levant west of the Dead Sea transform and the continental promontory containing
Socotra Island at the mouth of the Gulf of Aden. Calculations of strength variations based on changes of crustal
thickness, geotherm and sediment thickness can be extended to other geologic settings as well. They can explain the

(3]

location of rerifting events at intracratonic basins, of backarc basins and of major continental strike-slip zones.

1. Iniroduction

The past two hundred million years of Earth
history have been characterized by the breakup
and dispersal of the Laurasia and Gondwana
landmasses. Yet, little is known of the factors that
determined the creation of new plate boundaries.
It has been suggested that deep-seated or “active”
asthenospheric processes control the position of
new plate boundaries [1]. Alternatively, it has been
proposed that large regional stresses arising from
the motion of the lithospheric plates drive rifting
[2]. In either case, the preferred location of the
developing plate boundary deformation will fol-
low zones of weakness [3]. Similarly, regions of
high strength could act as barriers to the develop-
ment of plate boundaries or as rigid blocks within
a zone of deformation [4].

Vink et al. [5] considered strength differences
between continents and oceans and concluded that
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continents are always weaker and will prefer-
entially rift. However, a number of other factors
such as geothermal gradients, radioactive heat
generation, sediment thickness, and pre-existing
bending moments need to be considered in analyz-
ing strength variations in continents. We will dem-
onstrate the importance of these factors by in-
vestigating the evolution of rifting at the northern
end of the Red Sea.

2. Evolution of the northern Red Sea Rift

Rifting has been active in the Red Sea since the
Oligocene and sea-floor spreading has been taking
place in its southern part for the last 5 m.y. A well
developed and generally fault bounded axial de-
pression ~ 30 km wide is present in the northern
Red Sea, but with only isolated intrusions and no
evidence of gsea-floor spreading [6]. Hence, the
northern Red Sea is still in the late stages of
continental rifting [7].

The Gulf of Suez is a northern arm of the Red
Sea extending for over 300 km between Africa and
the Sinai Peninsula. The width of the rift averages
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~ 90 km. Except for an early phase of dike intru-
sion from 22 to 19 m.y. [8], there has been no
igneous activity and extension has been accom-
modated by the rotation of tilted fault blocks. The
main directions of faulting are N330° (the Clysmic
trend parallel to the Gulf) and N10° (the Agaba
trend). Both of these trends may be related to
pre-existing structures [9]. Steckler [10] estimated
the total extension in the central Gulf of Suez as
25-27 km corresponding to an average extension
factor (B) of 1.3. The amount of extension in-
creases to the south. The high rift shoulders pres-
ent in the south die out to the north and surface
faulting cannot be traced north of the Bitter Lakes.
At the termination of the rift, there is a splay of
normal faults that extend westward towards Cairo
and several long faults in central Sinai (Fig. 1).

Rifting in the Gulf of Suez began in the latest
Oligocene/ early Miocene (foram. zone N4-N5;
[11]). The early phase of subsidence was char-
acterized by open marine conditions with monoto-
nous shale and mark deposition [12]. Backstrip-
ping of wells in the Gulf of Suez indicate 10-15
km of extension during this phase ([13]; Fig. 2).

A widespread unconformity, the Mid-Clysmic
event at approximately 17 Ma [12,14] marks a
dramatic change in tectonics in the Gulf of Suez.
There is an angular discordance between the Up-
per and Lower Rudeis Formation, and a change
from activity on many small faults to fewer larger
ones [12]. The Upper Rudeis marks the beginning
of major clastic input from the rift shoulders and
shortly thereafter the continuing uplift of the rift
shoulders isolated the Gulf of Suez and Red Sea
from the Mediterranean Sea and evaporitic condi-
tions developed (Fig. 2).

Normal marine conditions returned with the
opening of an Indian Ocean portal through the
southern Red Sea to the Gulf of Aden at the end
of the Miocene. Backstripping reveals that during
the post-Miocene, there is little net tectonic subsi-
dence in the Gulf of Suez. However, because of
the continued regional uplift [10,15] extension at
this time cannot be ruled out by the lack of
tectonic subsidence.

The Gulf of Aqaba—Dead Sea transform sys-
tem branches off from the Red Sea—Gulf of Suez
junction and has a total strike-slip offset of ~ 105
km [16]. Restoration of this motion aligns the
eastern boundary faults of the Gulf of Suez and
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Fig. 2. Correlation of the tectonic development through time of
the Gulf of Suez and Dead Sea Transform. Top shows tectonic
subsidence in Gulf of Suez as deduced from backstripping of
several wells in the central Gulf of Suez. Bottom indicates
strike-slip motion along the Dead Sea Transform. Total offset
is 105 km with 35-40 km of motion occurring in the last 5 m.y.
Dashed line is extrapolation of strike-slip motion assuming its
initiation correlates with mid-Clysmic event in Suez. See text
for further explanation.

Red Sea. Projection of the Suez and Agaba mo-
tions onto probable Red Sea opening directions
indicate that 3/4 of the Africa-Arabian motion
has been accommodated on the Gulf of Agaba.
Movement in the Gulf of Aqaba post-dates the
initial phases of motion in the Gulf of Suez—-Red
Sea as the faults in the Gulf of Agaba offset
Precambrian markers and the early Miocene dikes
by the same amount [8,17]. Thus Gulf of Agaba
motion is younger than 19 Ma and post-dates the
initial sediments in the Gulf of Suez. The Dead
Sea Transform is also younger than the central
Sinai shear zone which is offset by the 105 km of
movement along the transform. The initiation of
motion is probably no younger than the 15.5-11.5
m.y. old lower Tiberias basalt flows [8]. The Raham
and Hazeva conglomerates represent the earliest
exposed sediments related to motion on the Dead
Sea transform. Exact ages cannot be established,
but are presumed to be of Middle Miocene age



[18]. Although it cannot be directly correlated, it is
possible that the initiation of the Dead Sea
Transform corresponds in age to the Mid-Clysmic
event. There is no evidence of activity along the
Dead Sea transform prior to the Mid-Clysmic
event. Furthermore, the reorganization of the fault
blocks and the change in subsidence rates in the
Gulf of Suez at this time is consistent with the
changes expected from the development of a new
plate boundary.

The initial movements along the Dead Sea
Transform were nearly pure strike-slip [19]. In
post-Miocene time, this motion changed to a leaky
transform motion resulting in the opening of the
grabens and half-grabens in the Dead Sea and
Gulf of Agaba [19,20]. Motion along the Dead Sea
transform in this phase is estimated to be ~ 40
km [20]. This corresponds to ~ 35 km of exten-
sion in the direction perpendicular to the Gulf of
Suez. As the total opening at the southern end of
the Gulf of Suez is ~35 km, the Gulf of
Agaba-Dead Sea transform has been the primary
plate boundary for the past 5 m.y.

To summarize, the existing geologic evidence
on the timing of events in the Gulf of Suez and
Agaba, kinematic constraints and recent back-
stripping results [13] indicate that the Gulf of Suez
initiated prior to the Gulf of Agaba as the
northernmost part of the Red Sea. However, soon
thereafter, the Gulf of Aqaba developed and sup-
planted the Gulf of Suez as the primary plate
boundary between Arabia and Africa accommo-
dating at least 75% of the plate motion north of
the Red Sea.

3. Regional geologic setting

The basement of the Arabo-Nubian shield was
assembled during the Pan-African orogenies
(710-510 Ma) [21,22]. Minor igneous activity has
continued sporadically throughout the Phanero-
zoic [23]. However, heat flow values in the interior
of Egypt are low (42-47 mW /m?; [24]) indicating
a stable platform.

The other major structural province in this
region is that of the Eastern Mediterranean. Inter-
pretation of seismic refraction data from the East-
ern Mediterranean [25] shows an unusually thick
sedimentary section (10-14 km) overlying oceanic
crust or thin stretched continental crust. The thin-
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ning of the continental crust underlying Egypt and
the Levant northward and westward toward the
Mediterranean along with thickening of the sedi-
mentary cover are interpreted as a passive con-
tinental margin of the Arabo-Nubian platform
[26,27]. Rifting in Israel and Sinai began during
the Triassic with the deposition of clastic and
evaporitic sediments in fault activated basins and
erosion of local highs ([28]; ten Brink, unpub-
lished manuscript, 1981). By the Pliensbachian
(200-194 Ma), tectonic activity had stopped and
widespread marine deposition was occurring. The
wedge of late Liassic and younger sediments ex-
tend further landward than the Triassic, similar to
the post-rift stratigraphic sequences at other con-
tinental margins [29]. A major basalt sequence in
the subsurface of northern Israel is dated strati-
graphically and radiometrically as Lower Jurassic
[8,30]. Numerous intrusions and extrusions con-
tinued during the Jurassic and into the Cretaceous
[31] throughout the region.

A major feature of continental margins is the
hinge zone [32] marking the beginning of the
region which underwent substantial extension dur-
ing rifting. The Mesozoic hinge zone in Egypt and
Israel is shown in Fig. 1. The position of the hinge
zone was located using surface and subsurface
geology, seismic refraction data, and the magnetic
and gravity fields [25,27,28,33-38]. At the hinge
zone, there is a rapid increase in sediment thick-
ness especially of Jurassic age, and decrease of
crustal thickness.

The northernmost surface expression of Gulf of
Suez rift dies out to the north and does not cross
the Mesozoic hinge zone (Fig. 1). The Dead Sea
transform is always landward of the hinge zone
where it can be mapped. In the segment between
the Dead Sea and the Sea of Galilee, it maintains
a fairly constant distance east of the hinge zone.
Thus, it appears that the Neogene rift does not
propagate seaward through the hinge zone. The
plate boundary preferentially follows a continen-
tal path by continuing further east.

4. Strength of the lithosphere

The development of a plate boundary requires
the lithosphere to fail mechanically throughout its
thickness. The yield stress envelope describes the
stresses at which mechanical failure occurs [39].
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Therefore, the integrated area of the yield stress
envelope is taken as a representative measure of
the force needed to induce rifting.

A yield stress envelope in tension for oceanic
and continental lithosphere is shown in Fig. 3B. A
linear frictional law known as Byerlee’s law de-
termines the failure stress in the brittle portions of
the curves where strength increases with depth
[40]. This law is independent of rock type. The
differences between the oceanic and continental
curves is due to the variation in overburden of the
respective crusts.

The portions of the curves where the strength
decreases with depth is controlled by ductile flow
laws which are strain rate, stress and highly tem-
perature dependent. The geotherms used to calcu-
late the ductile flow are shown in Fig. 3A. They
correspond to 200 m.y. old lithosphere with an
equilibrium thermal thickness of 125 km. We
choose 200 m.y. as an approximate age for the
formation of the hinge zone in the Eastern Medi-
terranean. The difference in geotherms is due to
radiogenic heat production in the continental crust.
We use the flow laws for olivine given by Goetze
[41] for the lowermost part of the yield envelopes
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Fig. 3. A. Geothermal gradient for 200 m.y. old continental
(solid) and oceanic (dashed) lithosphere with an equilibrium
thermal thickness of 125 km. Radiogenic heat production in
the continental crust is 1.7 exp(— z,/10 km) pW /m? where z is
depth. B. Yield stress envelopes in tension for continental
(solid) and oceanic (dashed) lithospheres with geotherms given
in (a) for a strain rate of 1075 s~!. Different continental
envelopes in the crust correspond to rheologies for different
crustal compositions as labeled. The dotted lines correspond to
the range of rheologies used for model calculations.

which is entirely within the mantle. The yield
stress envelope in the oceans is entirely de-
termined by Byerlee’s law and the olivine flow law
[39,42].

Ductile flow in the more siliceous rocks occurs
at a lower-temperature range than olivine and is,
therefore, expected to take place within the thick
continental crust. Under geologic conditions,
clinopyroxene will flow at 400-500°C and granite
at 250-300°C compared to olivine which flows at
700-800°C. Ductile flow laws given by Kirby [40]
for a variety of crustal materials are plotted in Fig.
3B. In this paper, we use the range of mafic
rheologies from diorite to diabase, marked by the
dotted lines, representative for the whole crust.

As can be seen, continental lithosphere is
weaker than oceanic lithosphere of the same age.
This is mainly due to the low strength in the lower
crust. We use a 40 km thick continental crust
following the refraction results on the Arabo-
Nubian shield [34,43]. It is evident from the figure
that the thickness of the crust is a major control
on the strength of the lithosphere. This has led
Vink et al. [5] to conclude that continents will
always be weaker than the oceans. However, this
conclusion depends on the geotherms in the ocean
and continent being the same.

Fig. 4 plots the total integrated strength of the
yield envelope versus age of the lithosphere. The
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Fig. 4. Total integrated strength of the yield stress envelope in
tension versus age of the lithosphere. Hachured area spans the
range in strength calculated for the rheologies dotted in Fig.
3B. Geotherms were calculated using the plate model for
lithospheric thicknesses (4 =125 or 175) as given.



oceanic curve shows the increasing strength of the
yield envelope as the oceanic lithosphere cools and
ages. The strength reaches a constant value as the
lithosphere asymptotically approaches its equi-
librium thermal thickness of 125 km. If the same
lithospheric thermal thickness is assumed for the
continent, then at the same age or geotherm the
continent will always be weaker. However, an old
continent can be stronger than a young ocean.
Also, if some parts of the continents have a larger
equilibrium thermal thickness [44], then their
strength could be larger than old oceans. II-
lustrated in Fig. 4 is the case of a 175 km thick
continental lithosphere. Its larger strength at old
ages is due to lower geothermal gradient. The
slight differences in the two continental curves at
young ages ( < 100 m.y.) is due to variations in the
assumed radiogenic heat production. Since the
partition of heat flux between radiogenic and
mantle components is not known for the Nubian
shield, the radiogenic flux was varied to insure
consistency with the measured surface heat flux in
Egypt [24]. ‘

An additional major factor that can modify the
strength of the lithosphere is the sediment thick-
ness. At continental margins, sediment thicknesses
can reach 10 km or more. Fig. 5 illustrates the
weakening of oceanic lithosphere due to 10 km of
sediment cover. We assume that the porosity de-
creases exponentially with depth and that the pore
pressure is hydrostatic in the sediment. The
strength of the brittle part of the yield stress
envelope is decreased due to the lower overburden
of the low-density sediments. The strength of the
ductile part is also decreased due to the high
temperatures in the crystalline basement caused
by the lower conductivity of the sediments. The
net result is a 13% decrease in the total area of the
yield envelope which, as will be shown, is a signifi-
cant variation in terms of strain rate. Large sedi-
ment loads will have a larger effect on the strength
of continental lithosphere since the increased tem-
peratures with the downward displacement of the
lithosphere will cause additional yielding in the
crust. The contribution of the sedimentary cover
to the weakening of the lithosphere is an im-
portant feature which has not been considered by
previous studies.

The age of Eastern Mediterranean continental
margin is about 200 m.y. At this age as shown by
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Fig. 5. Comparison of yield stress envelopes for oceanic litho-
sphere without sediments and loaded with 10 km of sediments.
Porosity (¢) of the sediments decreases exponentially with
depth according to the relation ¢ = 0.6 exp(— z/2 km). Con-
ductivity varies linearly with porosity with conductivities of 1.5
and 2.7 mW /°C-M for water and the average sediment com-
position. Sediment grain density of 2.68 g/cm’. Yield en-
velopes were calculated with a strain rate of 1071 s~ 1,

Fig. 4, the oceanic lithosphere is stronger than the
continental by 14-21% (175 km lithosphere) to
30-37% (125 km lithosphere). Are these strength
differences large enough to control the location of
rifts?

The strength of the lithosphere represents the
force needed to induce rifting. Because of the
power law form of the ductile flow laws, the
strength of the lithosphere is strain rate depen-
dent. Fig. 6 shows the strength of lithosphere as a
function of ‘strain rate. The curves indicate that
the force needed to rift the lithosphere is only
slightly smaller for deformation proceeding at a
much slower rate. Although the strength of the
oceans is not much larger than that of continents,
an applied force which is capable of rifting con-
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Fig. 6. Variation in strength of the oceanic and continental
lithosphere versus log strain rate. Note that for a given applied
force, the strain rate in oceanic lithosphere is several orders of
magnitude lower.

tinental lithosphere at geological rates will rift
oceans at a rate of 2-3.5 orders of magnitudes
slower. This implies that propagation of a rift
from continent to ocean causes deformation rate
to drop from geologically reasonable levels
(30-0.3% m.y.~ ! or 107 14-1071¢ s~ 1), to negligi-
ble levels. This will be true not only when the two
regions are continent and ocean, but also for two
adjacent continental regions of different strengths.

5. Implications for the northern Red Sea

A profile based on seismic refraction and
surface and subsurface data [27] across the margin
at the southeastern corner of the Mediterranean is
shown in Fig. 7A (see Fig. 1B for location). The
profile has been extended landward as it would
have been prior to initiation of the Neogene rifts.
The corresponding strength profile is shown in
Fig. 7B and vyield stress envelopes for several
positions along the profile are given in Fig. 7C.
The hachured area in the strength profile corre-

sponds to the range of crustal rheology from di-
orite to diabase. The strength profile was calcu-
lated using a geotherm for lithosphere 200 m.y.
after rifting including extensive heating well land-
ward of the hinge zone (> 100 km) in accord with
recent results [10,45]. Radiogenic heat sources were
thinned with the crust. The lithospheric thickening
towards the center of the Arabo-Nubian shield is
unknown and we have, therefore, indicated a pos-
sible increase in the upper bound of the strength
profile towards a lithosphere of 175 km thickness
and an age of 500 m.y. Sediment compaction
parameters increase linearly seaward across the
margin with surface porosity and characteristic
compaction depth varying from 0.5 to 0.7 and 1
km to 2.5 km, respectively [45]. A surface temper-
ature of 20°C was used on land and 13°C (Medi-
terranean bottom water temperature) offshore.

The calculated strength profile shows large
variations in strength in the region. In particular,
a sharp increase in strength occurs in a zone 60
km wide where the crust thins by 25%. In the
absence of sediments, the strength increase would
be even larger. A minimum in strength occurs at
x =160 km where the crust attains its full thick-
ness.

The changes in strength can be explained by
examining the yield stress envelopes in Fig. 7C.
The rapid increase in strength from x = 160 km to
x =120 km is due to the decreasing crustal thick-
ness in accord with observation that Triassic rift-
ing extends as far landward as Har Loz (x = 150).
The crustal thinning has the effect of replacing
low strength crustal rocks with higher strength
mantle rocks. This first 25% of the crustal thin-
ning removes the bulk of the “bite” introduced
into the yield envelope by the crustal rheology. By
x = 60 km, the weak zone in the crust is entirely
gone. The increasing strength with crustal thin-
ning is partially offset by the weakening due to the
increasing sediment thickness. Seaward of x = 30
km, this actually causes a slight decrease in total
strength.

The strength increase landward of x =160 km
is caused by two factors, the pinchout of the
flexural sediment wedge and the decrease in geo-
therm away from the continental margin. The
strength minimum would be more pronounced in
a younger continental margin where the heat flux
would be greater.
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The sharp increase in the strength of the litho-
sphere across the continental margin may have
acted as a barrier to the propagation of the Gulf
of Suez into the Mediterranean. Indeed, as shown
in the gravity map of Fig. 1B, rifting in the Gulif
of Suez does not penetrate the hinge zone. Fig. 7B
indicates the location of the termination of the
Gulf of Suez with respect to the strength profile.
The major expression of the rift dies out as the
strength begins to increase. All surface faulting
disappears at the hinge zone. Furthermore, the
faulting in the Cairo—Suez district and central
Sinai are also confined landward of the hinge zone
(Fig. 1A).

The segment of the Dead Sea transform from
the Dead Sea to the sea of Galilee is located at the
minimum of the strength profile. This explains
why the trend of the rift valley formed subparallel
to the older structures and isopachs of the con-
tinental margin. The crust in Jordan immediately
east of the rift valley is unthinned (40 km thick;
K. Fuchs, personal communication, 1985) while
west of the rift valley, it shows the Mesozoic
thinning [46].

We, therefore, envision the following scenario
for the evolution of the plate boundary in the
northern Red Sea region. Red Sea rifting initially
propagated up the Gulf of Suez until it reached
the hinge zone of the Mesozoic continental margin.
The development of the Cairo—Suez district fault-
ing and central Sinai shear zone followed a region
of minimum strength lying landward of the hinge
zone. The new plate boundary eventually con-
tinued northwards along the Dead Sea transform.
This model predicts that the transform initiated in
the Dead Sea-Hula Valley segment where the
transform parallels the earlier margin. It then con-
nected to the Red Sea along the Gulf of Aqaba
and the Arava Valley. This connection is preferred
over the central Sinai shear zone because motion
in the central Sinai would have been transpres-
sional while the Gulf of Agaba motion was pure
strike-slip. The strength of rocks under compres-
sion is much greater than for strike-slip or exten-
sion. Also field evidence in the Eastern Desert of
Egypt shows that the Gulf of Aqaba trend was a
preexisting structural trend (K. Gerdes, personal
communication, 1986). Furthermore, the Gulf of
Agaba was already thermally perturbed by a zone
of dikes related to the development of the Red

Sea. Once the Gulf of Aqaba developed, the
majority of motion took place along the Dead Sea
transform.

6. Application to the Gulf of Aden

The Eastern Mediterranean plate boundary is
but one example of the tectonic control of the
hinge zone. At the other end of the Red Sea,
opening of the Gulf of Aden seems to be in-
fluenced by the earlier continental margin. Fig. 8
shows that the propagation of rifting from the
Carlsberg Ridge towards the Afar did not follow
the shortest path. Rather, it deviated to the north
along the Owen Fracture Zone taking a longer
path and creating the continental promontory of

(A)

ARABIA

AFRICA

Somali
Basin

Somali Basin &

Fig. 8. A. Map of the plate boundaries and tectonic features of
Gulf of Aden.”Separation of Arabia and Africa created con-
tinental promontory around the island of Socotra. Error and
Sharbithat ridges are of uncertain origin. B. Reconstruction of
Gulf of Aden [65] shows circuitous path of the rift propagating
from Carlsberg ridge to the Afar. The rift avoids the Somali
Basin and then continues parallel to continental margin creat-
ing the continental promontory.



Socotra Island. The reconstruction of the region
prior to opening the Gulf of Aden (Fig. 8B) shows
the relationship of the rifting to the continental
margin. The rifting avoids going through the
Somali Basin which is thought to be at least
mid-Jurassic in age (J.R. Cochran, personal com-
munication, 1985). Instead it develops 300 km to
the north where the Owen Fracture Zone is closer
to the Arabian continental margin. The rift di-
vides the Sharbithat and Error Ridges which may
be either constructural features created during rift-
ing or pre-existing structures [47], possibly of con-
tinental origin (D. McKenzie, personal communi-
cation, 1985). It continues parallel and landward
of the continental margin for over 450 km to the
Alula-Fartak Fracture Zone. The rift then propa-
gates inland to the pre-existing thermal anomaly
of Afar.

The longer, more circuitous route is a result of
the variations in strength in the region. The litho-
sphere of the Somali and Owen Basins is expected
to be stronger than the Arabian continental
margin. The longer route is the easiest to break.
The northern detour of rifting would be even more
favored if the Sharbithat and Error Ridges were
an already existing structure.

7. Discussion

The variation in strength of the lithosphere
appears to be a major control in the development
of plate boundaries. Our analysis used conserva-
tive estimates of the variation in strength of the
lithosphere. We used a uniform mafic composition
for the continental crust although granites are
widely exposed in the Nubian shield. Yield stress
envelopes constructed for continental lithosphere
have usually used a quartz rheology for the entire
crust [5,48]. Other authors have used a multiple
layered crust with the upper crust composed of
quartz [49,51]. Yet others have totally ignored the
strength of the crust altogether [52,53]. Using these
rheologies this would greatly increase the strength
variation due to changing crustal thickness.

The flexural bending which occurs at continen-
tal margins contributes to weakening of parts of
the margin. The bending moment due to the sedi-
ment loading decreases the strength of the yield
envelope and, therefore, lower axial forces are
needed to break the lithosphere. This flexural ef-
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fect will be maximal beneath (1) the sediment load
and (2) halfway to the axis of the outer high with
a minimum in between. The location of the second
maximum in the Levant margin may lie close to
the zone of minimum strength in Fig. 7. Flexural
bending will have little effect when rifting is per-
pendicular to the margin as in the Gulf of Suez,
but may be a factor in determining the location of
rifting parallel to a margin as in the Dead Sea
transform and the Gulf of Aden. When the factors
considered above are taken into account, the vari-
ation in strength across a margin are likely to be
larger than we have estimated.

At a continental margin the weakest site will
generally be landward of the hinge zone, as in the
cases of the Levant and Gulf of Aden. This pro-
vides a mechanism for creating thin slivers of
continental crust as in the Seychelles, Rockall
Plateau, Lomonosov Ridge [5], Norfolk Ridge,
Dampier Ridge, and Lord Howe Rise [54] which
may ultimately end up as exotic terranes.

Crustal thinning, sediment accumulation and
heating is not confined to continental margins, but
also occurs at intracratonic rift basins. Reactiva-
tion of these rift basins may take place to the side
of the old rifts where crustal thickness is larger.
Rerifting to the side of the Mesozoic intracratonic
basin off Norway created the North Atlantic Oc-
ean and left the Voring Plateau behind [55]. Re-
activation will take place within the rifted basin if
the sediment thickness and/or geotherm are
higher. Jurassic rifting in the Central Graben of
the North Sea occurs asymmetrically within the
Permo-Triassic basin [56].

Calculations of strength variations based on
changes in crustal thickness, geotherm and sedi-
ment thickness can be extended to other tectonic
settings. When the sense of motion at a plate
boundary changes from subduction to strike-slip,
the plate boundary moves inland. Examples of
this include the Fairweather and Queen Charlotte
Faults in Canada and Alaska [57] and the San
Andreas Fault system in California [58]. Further
south, the oblique opening of the Gulf of Cali-
fornia took place inland from the subduction zone
at the volcanic arc. The thicker crust and elevated
geotherm at this site indicate that it would have
been the weakest lithosphere.

Fitch [59] has shown that oblique subduction
will decouple into normal subduction and strike-
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slip. Our model predicts that the preferred lo-
cation of the strike-slip motion will be at the
weakest lithosphere, generally near the volcanic
arc (e.g. Sumatra [60]; Western Aleutians [61]).
Backarc spreading, as in the Andaman Sea [62]
Lau-Havre Trough and Philippine Sea [63] ini-
tiates in this location.

In more complex cases of convergence, trans-
forms will develop at the site of the weakest
lithosphere. The collision between Arabia and
Anatolia is accommodated by the westward expul-
sion of Turkey. The North Anatolian Fault, which
parallels the southern coast of the Black Sea,
forms the northern boundary of the deforming
region. The thicker continental crust of the
Anatolian block is weaker than the Black Sea
which is thought to be a remnant of old oceanic or
thin stretched continental lithosphere [64].

In summary, variations in the strength of the
lithosphere can be a major control on the develop-
ment of new plate boundaries. The main factors
contributing to changes in strength of different
provinces are the crustal thickness and composi-
tion, the geotherm, and thickness of the overlying
sediments. Together they produce a characteristic
strength profile across continental margins. This
strength profile shows a marked increase in
strength across the hinge zone and a zone of
minimum strength immediately landward. The lo-
cation and magnitude of these features will
strongly depend upon age and geometry of the
margin. In the Gulf of Suez, the change in strength
hindered the northward propagation of the rift.
The Dead Sea transform accommodated the rela-
tive motion of Africa and Arabia further north by
utilizing the weak zone parallel to the Mediter-
ranean margin. This variation in strength across a
continental margin provides a mechanism for
creating thin continental slivers. Application of
yield strength analysis to other tectonic settings
can explain the locations of many extensional and
transform features.
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