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P
2 : During this meeting, widely differing interpretations of the sense and direction of movement
= 5 indicated by the geometry of the Wonji fault belt have become evident. The sinistral sense and
anlQ) direction of movement (Gibson & Tazieff, this volume, p. 331, and Ambraseys in discussion)
=w cannot be easily reconciled with the direction of movement indicated by plate tectonics

(Mackenzie, this volume, p. 393). In this discussion, principally of the papers presented by
Gibson & Tazieff, Baker and Mackenzie, I hope to reconcile these difficulties and additionally
to emphasize existing geological and geophysical data which contribute to a more satisfactory
resolution of this problem.

There are three aspects to this problem. The first concerns the correct stress field and there-
fore the sense and direction of motion required to produce the observed fault geometry of the
Wonji fault belt. The second aspect relates to the correct relative rates and directions of spread-
ing between the plates of the present three plate system while the third aspect relates to the
evolution of this three plate system with time.

In this context, therefore, it is important to review critically the nature of faulting in the
Wonji fault belt and Afar Depression. The 037° trending Wonji fault belt is constituted by
NNE (027°) trending faults arranged in a right en échelon pattern. Gibson (1967), Mohr (1968),
Gass & Gibson (1969), Gibson & Tazieff (this volume) have all considered this pattern to be
indicative of sinistral shear. Additionally, the NNE trending faults are sigmoidal in form and
are associated with active tensional separation. The outer parts of the sigmoidal faults lie
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parallel to the rift margin and increase in age away from the rift axis.
Examination of the geometry of this faulting (figure 1) shows that the obtuse angle between

the inner and outer parts of the sigmoidal faults is very large (ca. 170°) and that the angular
difference between the trend of the Wonji fault belt and its constituent faults is very small.
If the Wonji fault belt can be validly considered as representing the shear envelope between
the Nubian and Somalian plates, these angular differences, which indicate a small conjugate
shear angle, show that the confining pressure in the stress field is small and therefore that the
confining pressure is negative, i.e. tension.

This interpretation is corroborated by consideration of the relevant Mohr (1882) diagram
(figure 1). In figure 1, the forces acting across the shear planes have been resolved for varying
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conditions of compressive stress (o) and confining pressure (03). In cases a, b, and ¢ of figure 1,
the confining pressure is negative, i.e. tensional. For case a, where the compressive stress is zero,
the Mohr circle is tangential to the Mohr envelope and tension fissures are developed perpen-
dicular to the axis of confining pressure. In cases b and ¢, where the compressive stress is small
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and the confining pressure is negative, shear planes with very small conjugate shear angles are

T [
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to S50

Philosophical Transactions of the Royal Society of London. Series A, Mathematical and Physical Sciences. IINOIY
WWWw.jstor.org


http://rsta.royalsocietypublishing.org/

GENERAL DISCUSSION

Downloaded from rsta.royalsocietypublishing.org

400

*s1[ney [ePIOWSIS JUSMNISUOD pUe 3[3q J[nej IUop Jo onewayos : (f) *(30) aanssoxd Suruyuod pue (Lo) 9210§ 2a1ssordwiood Surkrea 0§
Jusuodurod Tewriou ‘o Syudsuodurod 1edys ‘L :soueld Ieays $S0I0e SUNOE $3010J JO UONN[OSAI oY) SuImoys weiderp Yoy :(9) 01 (v) *1 TANOIT

uorssaaduwod uoISuL}

Io

®)

o

1)
[ O
L / o
| 4 @
g - 2 % Q
4 ©
)
)

ALIIDOS g\ n115vsnvaL

,;CrOm dH L 1vDIHdOSOTIHd

ALIIDOS gy oiovsnvaL

Yy TVAOY 1H.L 1vDIHdOSOTIHd



http://rsta.royalsocietypublishing.org/

0
'am \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/|

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

GENERAL DISCUSSION 401

developed. In those cases (d and ¢), where the confining pressure is positive, the conjugate shear
angle increases in magnitude as the stress difference (o —0;) necessary to cause movement
increases. Small conjugate shear angles therefore need not be ascribed to horizontal compression
because in cases & and ¢, shear planes separated by small conjugate shear angles have been
developed under conditions of tension.

The sinistral shear interpretations of Gibson (1967), Gass & Gibson (1969), Mohr (1968),
Gibson & Tazieff (this volume) are based on analogy with the classic experiments of Riedel
(1929). In these experiments, en échelon tension fissures were developed in a clay deformed
between two horizontally displaced blocks. The confining pressure used in this experiment was
compression and relative movement occurred parallel to the shear envelope. In cases a, b, ¢
(figure 1), although small sinistral shear has occurred, the main movement is extension in a
direction close to the axis of negative confining pressure. Therefore, in the Wonji fault belt,
the principal direction of relative movement is tension with small sinistral relative movement
of Nubia and Somalia. The trajectory of this movement may be given by the 100° strike of lines
joining conjugate offsets of the rift boundary faults (Mohr 19674, b).

It is pertinent to emphasize here that the sinistral sense of movement given by application
of the Riedel analogy to the East African rift system is entirely different from the extension
indicated by earthquake mechanisms (Isacks, Oliver & Sykes 1968). A similar application of
the Riedel analogy to Iceland by Einarrson (1967, 1969) indicates a N-S relative movement
which is in total disagreement with the directions of movement indicated by earthquake
mechanisms (Sykes 1969) and geodetic observations (Tryggvason 1968).

Finally, in terms of the plate tectonics of this area, to be compatible as a shear with the Le
Pichon & Heirtzler (1968) pole, the Ethiopian rift system must lie on a small circle whose strike
is locally greater than 035° (045° at 11° N and 42° E). The trends of both the Wonji fault belt
(037°) and its constituent faults (027°) are therefore inconsistent with shear about the Le Pichon
pole, so implying a separate pole of rotation for the Nubian and Somalian plates.

This interpretation of general east—west extension across the Ethiopian rift system must be
reconciled with the data of plate tectonics. It is therefore important to review the criteria from
which the relative rates and directions of movement of the Arabia—Somalia and Arabia—Nubia
have been derived and also the development of the present three-plate system with time.

The principles of plate tectonics have been developed by Mackenzie & Parker (1967), Morgan
(1968), Le Pichon & Heirtzler (1968), Le Pichon (1968) and Mackenzie (this volume, p. 393).
For the NW Indian Ocean, Le Pichon & Heirtzler (1968) showed that the relative movement
of Arabia and Africa could be illustrated as a rotation about a pole at 26° N and 21° E. The
close agreement of this pole position, obtained from the aximuths of fracture zones in the NW
Indian Ocean and Gulf of Aden, with the pole position obtained by Mackenzie (this volume)
from a fit of the 200-fathom (366 m) contour in the Gulf of Aden implies that this pole has been
static since the initiation of rifting in the Gulf of Aden during the Late Eocene (Laughton
1966a). Properly this pole position is only representative for the rotation of the Arabia—Somalia
plates.

In the Red Sea, however, the aximuths of fractures zones are poorly known and are them-
selves controversial. Nevertheless, known rates of movement along the Dead Sea rift (Freund,
Zak & Garfunkel 1968; Freund, this volume, p. 107) impose severe constraints on possible pole
positions for Arabia—Nubia. The post-early Pliocene movement of 40 to 45 km quoted by
Freund et al. is the total relative movement of Arabia and Nubia across the Dead Sea rift. Since

27 Vol. 267. A.
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the Dead Sea rift can be regarded as a ridge-arc transform fault, this total rate of move-
ment must be halved before it can be correctly compared with spreading rates computed from
magnetic anomalies by the Vine-Matthews hypothesis. The correct value for comparison with
values of about 1 cm a—! per limb quoted by Vine (1966), Roberts (1969), Allan (this volume,
p. 1563), Phillips et al. (this volume, p. 143) is therefore 0.3 cm a—! per limb (base of the Pliocene
7 Ma ago). The rapid decrease in spreading rate northward along the Red Sea implies that
the pole position for Arabia—Nubia must be located relatively close to the Dead Sea rift and
cannot therefore be located in Italy as suggested by Mackenzie (this volume, p. 393). The
cut off in seismicity (Fairhead & Girdler, this volume, p. 49) and the absence of any well-
defined linear magnetic anomalies in the northern part of the Red Sea (Phillips, this volume,
p. 205) may be caused by the rapid decrease in spreading rate. A third implication of a pole
position located close to the Dead Sea rift is that the tectonics of this rift north of Galilee may
not be representative of a simple plate boundary.

The very rapid increase in spreading rate southward down the Red Sea indicates that in the
critical junction area of Afar, the rate of opening of the Nubia—Arabia plates will be very much
higher (1.4 + 0.3 cm a~* per limb; Roberts 1969) than the rate of 0.9 cm a~—* per limb given by
Laughton, Whitmarsh & Jones (this volume, p. 227) for the western part of the Gulf of Aden.
The trajectories of relative movement of Nubia—-Arabia and Somalia—Arabia in this critical
Jjunction area will therefore be highly critical in determining the rate and direction of opening
of the Somalian—Arabia plates.

In the Afar area, the azimuth of movement of Arabia—Somalia computed from the Le Pichon
pole is 045°. In the case of the Red Sea, the trajectory of Arabia-Nubia cannot be precisely
determined on the available data. It is worth noting here that movement along the N-S fracture
zones of Phillips would, allowing for azimuthal change with distance from a pole located
near the Dead Sea rift, result in unacceptable compression along the Ethiopian rift system.
The fault plane solution of Fairhead & Girdler (this volume) is generally compatible with the
azimuth of the bathymetric scarp at the foot of the Sinai peninsula, the azimuths of transform
faults postulated by Girdler (1969) and with a pole position located close to the Dead Sea
rift. An analysis by Roberts (1969) on this basis indicates that the trajectory of opening of
Nubia—Arabia in Afar is 065° at 11° N and 42° E. The approximate relative movement of Nubia
and Somalia predicted using these data is slow east-west extension with small sinistral shear.

In any discussion of the plate tectonics of this area it is highly important to consider the
evolution of the present-day-three plate system through time. There is widespread evidence in
this general area of a renewal in spreading beginning in the late Miocene to early Pliocene
which was preceded by a hiatus. In the Gulf of Aden and NW Indian Ocean, a marked topo-
graphic break coupled with a change in character of the oceanic magnetic anomalies occurs
at a point corresponding to this time (Le Pichon & Heirtzler 1968, Laughton ¢t al., this volume).
A distinctive change in sediment thickness occurs at this point in the NW Indian Ocean
(Ewing & Ewing 1967). Major evaporite deposition in the Red Sea ended in the Miocene
(Heybroek 1965). Phillips & Ross (this volume, p. 143) indicate deformation of a presumed
Miocene reflector in the Red Sea. The major phase of taphrogenesis occurred in the Kenyan
and Ethiopian rifts in the early Pliocene (Baker 1965, this volume, p. 383; Gibson & Taziefl,
this volume). Freund (this volume), Freund ef al. (1968) have shown that a post-Cenomanian—
pre-Pliocene movement of 80 km followed by a post-Pliocene movement of 40 to 45 km has
occurred along the Dead Sea rift.
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It is important to recognize that the post-Cenomaian—pre-Pliocene movement along the
Dead Sea rift is contemporaneous with the pre-Pliocene development of the Gulf of Aden.
Partial opening of the Red Sea had therefore occurred before the latest post-Pliocene phase.
This pre-Pliocene opening occurred at a time when there was no major expression of the East
African rift. Before the Pliocene therefore, when there was no major expression of the Ethiopian
rift system, spreading of the two crustal plates of Arabia and unrifted Nubia—Somalia occurred

a) pre-Miocene b) late-Pliocene
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Ficure 2. Schematic evolution of the Afar depression. — — — —, present-day coastline; , major rift boundary
faults; —— — —, incipient rifting; <-———, trajectories of relative movement of crustal plates. W.F.B.:
Woniji fault belt.
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about the Le Pichon pole, resulting in opening in the Red Sea and shear along the Dead Sea
rift.

The development of a three-plate system from a two-plate system in the early Pliocene and the
lack of contemporaneity of a part of the Red Sea with the Ethiopian rift system therefore places
in error any attempt to derive the pole position for Nubia—Arabia from a best fit of Red Sea
coastlines. This type of reconstruction involves a further error in the arbitrary assumption of
oceanic crust throughout the width and length of the Red Sea. The width of the northern
Red Sea, south of Sinai, is approximately 200 km. If the Red Sea is underlain by oceanic crust,
this width must be reconciled with the post-Cenomanian movement of 100 km (Freund 1965)
along the Dead Sea rift. Closure of the Gulf of Suez is inadequate to compensate for this large
inconsistency which must, therefore, be attributed to attenuated continental crust.

A better reconciliation with the existing geological data may result if the pole positions are
recalculated making due allowance for these important factors.

A fourth problem which has caused some confusion is the overlap of the continental Aysha
horst (Mohr 19674a; Azzaroli 1968) with the Yemen in predrift reconstructions of the Gulf of
Aden by Laughton (19664, b), Beydoun and Mackenzie (this volume, pp. 267 and 393). Baker
(this volume, p. 383), following Mohr (1968), attempted to obviate this difficulty by altering the
trajectory of the Somalian plate. No evidence for such a change in trajectory is indicated by the
fault plane solutions (Sykes 1969) which are in complete agreement with the direction of
movement of Arabia—Somalia given by the azimuths of fracture zones in the Gulf of Aden. As I
have pointed out earlier in this discussion, the 065° trajectory of opening of the Arabia-Nubia
plates shows that Nubia must necessarily be diverging from Somalia, thereby producing
dilatation along the Ethiopian rift system. The overlap can be more simply resolved by con-
sidering the Aysha Horst to have integrally rotated with the Danakil Horst (figure 2), to which
it is structurally similar (Mohr 1967 a), in post-Miocene time (Laughton 1966 5). A rotation of the
integral Danakil-Aysha Horsts implies that the E-W rift boundary fault which forms the
southern side of the Aysha Horst and the Afar Depression was a region of transcurrent faulting,
until the rifting apart of the Danakil and Aysha Horsts in the Gulf of Tadjura (figure 2)
(Roberts & Whitmarsh 1968). The rotation of the Danakil-Aysha Horsts is probably at hinge
points in the Gulf of Zula and Straits of Bab-el-Mandeb. This type of hinged rotation, which
transforms the active-spreading axis of the Red Sea into the Afar Depression, theoretically
should result in NNW-SSE trending magnetic anomalies in Afar. The theoretical NNW trend
disagrees with the E-W trend of the observed magnetic anomalies (Girdler, this volume, p. 359).
The cause of this discrepancy is not clear and may be better understood when detailed studies
are made of the geometry of spreading and the timing of the relative movements of the plates
in Afar.
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