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75252 Paris cedex 05, France
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Abstract

We propose alternative kinematics for the Arabia^India^Somalia triple junction based on a re-interpretation of
seismological and magnetic data. The new triple junction of the ridge^ridge^ridge type is located at the bend of the
Sheba Ridge in the eastern gulf of Aden at 14.5³N and 56.4³E. The Owen fracture zone (Arabia^India boundary) is
connected to the Sheba Ridge by an ultra-slow divergent boundary trending N80³E þ 10³ marked by diffuse seismicity.
The location of the Arabia^India rotation pole is constrained at 14.1³N and 71.2³E by fitting the active part of the
Owen fracture zone with a small circle. The finite kinematics of the triple junction is inferred from the present-day
kinematics. Since the inception of the accretion 15^18 Ma ago, the Sheba Ridge has probably receded V300 km at the
expense of the Carlsberg Ridge which propagated northwestward in the gulf of Aden, while an ultra-slow divergent
plate boundary developed between the Arabian and Indian plates. The overall geometry of the new triple junction is
very similar to that of the Azores triple junction. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the establishment in the early 1960s of the
worldwide standardized seismographic network
(WWSSN), the seismicity maps sharply de¢ne
the plate boundaries and the triple junctions in
the oceanic domain. The plate^motion models
calculated since then account satisfactorily for
the kinematics of these boundaries [1^3], and the

kinematics of the main triple junctions has been
constrained with empirical data collected during
geophysical surveys (e.g. [4^10]). However, the
kinematics of the very slow plate boundaries
and associated triple junctions with a low seismic
activity remain poorly known. One of the slowest
plate boundaries on Earth is the boundary be-
tween the Arabian and Indian plates in the Ara-
bian Sea, made up of the Owen fracture zone and
the Dalrymple Trough [11] (Fig. 1). Earthquake
focal mechanisms along this boundary evidence a
right-lateral strike-slip motion (Fig. 1) estimated
at 2 mm yr31 by the plate^motion model NU-
VEL-1A [2,3]. All global models [1^3,12] and re-
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gional studies [11,13^15] assume that the Owen
fracture zone extends southward up to the junc-
tion between the Sheba Ridge and the Owen
transform fault where the Arabia^India^Somalia
triple junction is classically located. However, the
seismicity map shows that the southern Owen
fracture zone is seismically quiet over approxi-

mately 250 km southward from 15³N and then
does not seem to be an active plate boundary
(Fig. 1). Furthermore, the entire Owen fracture
zone cannot be satisfactorily ¢tted by a small
circle centered on the Arabia^India pole of NU-
VEL-1A and going through the Arabia^India^So-
malia triple junction [11] (Fig. 1). NUVEL-1A

Fig. 1. Bathymetric map, shallow seismicity since 1973 (focal depth 6 50 km; magnitude s 2; USGS/NEIC database), and all
available earthquake focal mechanisms for the Arabia^India^Somalia triple junction region [11,16,17]. Inserted stereoplots give
the equal-area projections of the P and T axes of the extensional focal mechanisms for the Carlsberg Ridge, the Aden-Sheba
Ridge, and the intermediate ridge segment between the Carlsberg and Sheba ridges. The mean direction of extension (N33³E)
along this ridge segment is similar to the direction of extension along the Carlsberg Ridge. Right insert shows the new geometry
of the Arabia^India^Somalia triple junction. A small circle centered on the new Arabia^India pole (solid curve) ¢ts better the
Owen fracture zone than does a small circle centered on the NUVEL-1A Arabia^India pole (dashed curve). AFT is Alula-Fartak
transform fault. ST is Socotra transform fault.
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thus predicts a right-lateral motion with a normal
slip component at the southern end of the Owen
fracture zone which is not documented by seismo-
logical data. In the following, we re-examine re-
gional seismological and magnetic data and pro-
pose a new location and new kinematics for the
Arabia^India^Somalia triple junction.

2. The Arabia^India plate boundary

46 earthquakes of magnitude greater than 2
have occurred since 1973 along the Owen fracture
zone and the Dalrymple Trough (US National
Earthquake Information Center) and height focal
mechanisms [16] and Harvard CMT solutions [17]
have been computed for earthquakes with magni-
tudes greater than 5.5 (Fig. 1 and Table 1). The
most active part of the plate boundary is the Dal-
rymple Trough. This trough consists of two ba-
sins, a long and narrow basin along the Owen
fracture zone to the south and a rhomboedric
shaped basin to the north. The rhomboedric basin
is bounded to the east and the west by scarps
parallel to the N45³E trending Owen fracture
zone and to the south and the north by E^W
trending scarps. Extensional and strike-slip earth-
quakes occurred in the northern basin [11]. The
dominantly strike-slip focal mechanisms are con-
sistent with right-lateral strike slip parallel to the
Owen fracture zone. The extensional mechanisms
are consistent with normal slip along E^W trend-
ing fault planes. One strike-slip event between the
Dalrymple Trough and the Pakistan coast is also
consistent with right-lateral slip along the north-
eastern extent of the Owen fracture zone. This
overall deformation pattern suggests that the
northern Dalrymple Trough is a right-lateral
pull-apart basin (right insert in Fig. 1).

South of the Dalrymple Trough, two strike-slip
focal mechanisms between latitudes 21³N and
22³N indicate a consistent sense of right-lateral
slip along the Owen fracture zone. The fracture
zone is seismically active up to the 15³N latitude,
but is totally devoid of seismicity farther south up
to the Owen transform fault (Fig. 1). Indeed, the
seismic zone turns towards the west at 15³N and
joins the Sheba Ridge at 56³E. Its mean trend

between the Owen fracture zone and the Sheba
Ridge is N80³E þ 10³. It starts to the east with
an E^W trending trough about 1000 m deep,
where a normal faulting earthquake consistent
with N^S extension occurred (Fig. 1). Farther
west, two strike-slip earthquakes are consistent
with right-lateral strike slip parallel to the Owen
fracture zone [11]. The seismic zone terminates to
the west by a large seismic swarm at the junction
with the Sheba Ridge.

This seismic zone is a segment of the Arabia^
India plate boundary. The extensional focal mech-
anism close to the Owen fracture zone indicates
that the Arabian plate is moving northward with
respect to the Indian plate along this boundary
segment. This motion is consistent with the
right-lateral sense of slip along the Owen fracture
zone. The plate boundary segment thus is of the
divergent type. The trough at its eastern extremity
can be regarded as a tension fracture at the end of
the right-lateral Owen fracture zone. The two
strike-slip focal mechanisms farther west may re-
veal the presence of a minor transform fault. We
propose that the seismic swarm at the junction
with the Sheba Ridge indicates the location of
the Arabia^India^Somalia triple junction (at
V14.5³N and 56.4³E).

3. Kinematics and strain of the Aden^Sheba and
Carlsberg ridges

If the above interpretation is correct, the ridge
segment located between the former and the new
Arabia^India^Somalia triple junction should
rather belong to the Carlsberg Ridge than to the
Sheba Ridge. The two ridges are very similar in
terms of spreading rate and direction as predicted
by NUVEL-1A: 22.7 mm yr31 along N23³E for
the Sheba Ridge at 14.7³N and 55³E, and 23.1
mm yr31 along N30³E for the Carlsberg Ridge
at 10³N and 57³E. The mean directions of the
strike-slip earthquake slip vectors along the
main transform faults are also very close:
N25³E þ 5³ for the slip vectors of the Alula-Far-
tak [18] and Socotra transform faults (Sheba
Ridge) and N28³E þ 4³ for those of the Owen
transform fault (Carlsberg Ridge). The main dif-
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ference between the two ridges is their general
orientation. The Sheba Ridge trends N90³E þ 5³
in the vicinity of the new triple junction, whereas
the Carlsberg Ridge trends N130³E þ 5³. Conse-
quently, the principal strain directions along the
two ridges, determined from the P, N, and T seis-
mic axes of the extensional focal mechanisms, are
also di¡erent since they depend on the spreading
direction and the ridge strike [19^21]. The mean
direction of extension is N11³E along the Aden-
Sheba Ridge between longitudes 46³E and 56³E
(14 mechanisms), and N39³E along the Carlsberg
Ridge between longitudes 57³E and 63³E (19
mechanisms; stereoplots in Fig. 1; Table 1). The
trend of the intermediate ridge segment between
the former and the new triple junction is
VN130³E and the extension direction along this
segment is N33³E (four mechanisms; Fig. 1),
which is similar to the extension direction along
the Carlsberg Ridge. Thus, this segment seems to
pertain to the Carlsberg Ridge, which is in line
with the new geometry of the triple junction dis-
cussed above. In Table 1 and in the following, we
shall refer to this ridge segment as the northwest-
ern segment of the Carlsberg Ridge.

The new geometry of the triple junction also
implies that the southern part of the Owen frac-
ture zone is not an active plate boundary. It could
represent the fossil trace of the Owen transform
fault.

4. Kinematics of the Arabian and Indian plates

We revised the Arabia^India kinematics taking
into account the modi¢cation of the geometry of
the plate boundary. The Owen fracture zone is
assumed to be a pure strike-slip boundary from
15³N to 23³N and therefore must lie on a small
circle centered on the Arabia^India pole. We ¢t-
ted with the best small circle (in the least-square
sense) the epicenters of the 46 earthquakes which
occurred along the Owen fracture zone and the
Dalrymple Trough since 1973, and the bathymet-
ric crest of the Owen fracture zone between 15³N
and 23³N (10 points). The center of the resulting
best small circle is located at 14.1³N and 71.2³E
and its radius is 11.5³ (standard error 0.15³). This

small circle (solid curve in Fig. 1) ¢ts better the
Owen fracture zone than does the small circle
centered on the Arabia^India pole of NUVEL-
1A (dotted curve in Fig. 1), which ¢ts well the
Owen fracture zone between 17³N and 21³N,
but not so well farther to the north and to the
south. The new pole is within the 1c error ellipse
of the NUVEL-1A Arabia^India pole (Fig. 2).

The location of the Arabia^India pole can be
independently obtained from the intersection of
the great circles perpendicular to the slip vectors
of the strike-slip earthquakes along the plate
boundary [22]. For the ¢ve predominantly
strike-slip earthquakes of the Owen fracture
zone, we took the fault plane to be the nodal
plane closest in strike to the fracture zone. Most
of the great circles intersect between 15³N and
22³N and between 67³E and 76³E (Fig. 2). This
result is in reasonable agreement with the location
of the Arabia^India pole determined above, which
is closer to the intersection zone of the great
circles than the NUVEL-1A pole.

The Arabia^India angular velocity can be de-
duced from the velocity triangle at the Arabia^
India^Somalia triple junction. For this purpose,
we used recent magnetic pro¢les along the Carls-
berg [23,24] and Aden [25,26] ridges, which were
unavailable for previous studies [2,11,14], to con-
strain the present-day India^Somalia and Arabia^
Somalia Euler vectors.

5. India^Somalia and Arabia^Somalia kinematics

The clear shape of the anomaly A2 on the
£anks of the Carlsberg and Aden-Sheba ridges

Table 2
Arabia^India^Somalia Euler vectors

Plate pair Latitude Longitude g Reference
³N ³E ³ myr31

in-so 23.60 29.70 0.430 this work
in-af 23.6 28.5 0.41 [3]
ar-so 24.01 24.57 0.393 this work
ar-af 24.1 24.0 0.40 [3]
in-ar 14.10 71.20 0.050 this work
in-ar 3.0 91.5 0.03 [3]

in = India, so = Somalia, af = Africa, ar = Arabia.
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makes easy its unambiguous identi¢cation. How-
ever, for low spreading rates of the order of
10 mm yr31 as in the western gulf of Aden, it is
not always well developed. After discarding the
ambiguous pro¢les, we carefully picked the
anomalies A2 (old edge of the Olduvai subchron)
along each original pro¢le. The quality of the re-
sultant isochron map (Fig. 3A and B) is relevant
to the density of the picks, being satisfactory for
the Carlsberg Ridge and poor for the Aden-Sheba
Ridge. The picks along the Aden-Sheba Ridge are
indeed unevenly distributed on either side of the
ridge, and some of them come from old cruises
navigated without satellite positioning system.
Nevertheless, the few good data used for the
superposition are fortunately located at the two
ends of the ridge, which garantees a proper result.

First, the rotation vectors were determined by
¢tting the isochrons without the use of transform
faults and earthquake focal mechanisms. A ¢t cri-
terion (minimization of the triple vectorial prod-
uct [27]) was computed for each solution and the
¢t criteria were contoured and plotted in Fig. 3C
and D. The acceptable rotation vectors corre-
spond to the best ¢t values. Second, the location
of the poles was constrained with the great circles
perpendicular to the slip vectors of the strike-slip
earthquakes along the Alula-Fartak and Socotra
transform faults for the Sheba Ridge and along
the Owen transform fault for the Carlsberg Ridge
(Fig. 3C and D). This kinematic constrain com-
bined with the previous magnetic constrain al-
lowed to drastically restrict the possible location
of each pole. Third, the sum of the Arabia^Soma-

Fig. 2. The Arabia^India pole is located at the center of a small circle (solid circle) that best ¢ts the seismicity and the bathymet-
ric crest of the Owen fracture zone. It is within the 1c error ellipse of the NUVEL-1A Arabia^India pole. The great circles (solid
curves) perpendicular to the slip vectors of ¢ve predominantly strike-slip earthquakes along the Arabia^India plate boundary in-
tersect in the vicinity of the new pole.
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lia and Somalia^India rotation vectors must be
collinear to the newly determined Arabia^India
pole. The best solution is given in Table 2 and
compared with the NUVEL-1A solution in Fig.
3E. The main di¡erence between the two models
is the location of the Arabia^India pole, the mis¢t
between the magnitudes of the Arabia^Somalia
(Arabia^Africa in NUVEL-1A) and India^Soma-
lia (India^Africa) rotation vectors being lower
than 5%. The Arabia^India rate of motion pre-

dicted along the Owen fracture zone is 1.1 mm
yr31, which is in agreement with the slip rate pre-
dicted by NUVEL-1A between 0.2 mm yr31 and
7 mm yr31.

6. Kinematics of the Arabia^India^Somalia triple
junction

The former Arabia^India^Somalia triple junc-

Fig. 3. Determination of the India^Somalia and Arabia^Somalia Euler vectors. (A and B) Geographic plot of the magnetic
anomaly A2 picks on the £anks of the Carlsberg and Aden-Sheba ridges. (C and D) Contoured ¢t criteria computed by ¢tting
the isochrons of anomaly A2, and great circles perpendicular to the slip vectors of the strike-slip earthquakes along the Owen
(OT), Alula-Fartak (AT), and Socotra (ST) transform faults. The Euler poles are located in the intersection zones of the great
circles and the best ¢t values (in black). (E) Best solution for the Arabia^India^Somalia kinematics compared with the NUVEL-
1A solution (Table 2).
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tion located at the northern end of the Owen
transform fault involved two transform faults
and one ridge (FFR triple junction). It was con-
sidered to be stable because the two transform
faults have the same strike (VN30³E). The triple
junction proposed in this work is of the stable
ridge^ridge^ridge type (RRR; Fig. 1). The veloc-
ity^space diagram calculated from the rotation
vectors determined above is very £at because the
spreading rates and directions along the Sheba
and northwestern Carlsberg ridges are very close.
The Arabia^India relative plate velocity is esti-

mated at 1.4 mm yr31 along N180³E (Fig. 4).
The triple junction traces on the adjacent plates
do not appear on the marine gravity ¢eld map
[28] and cannot be used to estimate the velocity
of the triple junction relative to the African, Ara-
bian, and Somalia plates. At the regional scale,
the orientations of the three plate boundaries at
the triple junction are N90³E þ 5³ for the Sheba
Ridge, N130³E þ 5³ for the northwestern segment
of the Carlsberg Ridge, and N80³E þ 10³ for the
Arabia^India plate boundary. It is possible to
have these three ridge orientations meeting at a

Fig. 4. Velocity triangle and stability of the new RRR triple junction. The dashed lines represent velocities which leave the geom-
etry of the boundaries unchanged. Two extreme con¢gurations are shown: (a) the Sheba and the northwestern Carlsberg ridges
strike VN90³E at the triple junction and (b) the Sheba and the northwestern Carlsberg ridges strike VN130³E at the triple junc-
tion. The intermediate con¢guration (c) is calculated in the hypothesis that the triple junction has been stable since the inception
of the accretion in the eastern gulf of Aden 15^18 Ma ago.

Fig. 5. Evolution of the Arabia^India^Somalia triple junction during the opening of the gulf of Aden. (a) Possible con¢guration
at the beginning of the opening 15^18 Ma ago. The present-day Arabia^Somalia pole was used for the reconstruction (relative to
stable Arabia). The nascent Sheba Ridge probably connected with the Owen fracture zone. The unstable FFR triple junction
evolved in the stable RRR triple junction (b) which still prevails today. Since then, the Carlsberg Ridge propagated about 300
km northwestward at the expense of the Sheba Ridge, and the slow Arabia^India boundary lengthened 360 km.
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point in the space^velocity diagram within the
uncertainty bounds, but spreading on one or ei-
ther of the Sheba or northwestern Carlsberg
ridges must be very asymmetric. This asymmetry
is not con¢rmed by the few magnetic pro¢les
available around the triple junction, where the
spreading appears nearly symmetrical. Assuming
that the spreading has been symmetrical, the two
ridges must be almost collinear at the triple junc-
tion. Two extreme geometries of the triple junc-
tion can then be considered with both ridges
trending VN90³E in the ¢rst case (Fig. 4a) and
VN130³E in the second case (Fig. 4b). For both
con¢gurations, the triple junction moves west
with respect to the adjacent plates, and the Ara-
bia^India plate boundary and the Carlsberg
Ridge propagate westward at the expense of the
Sheba Ridge. In the ¢rst case, the Sheba Ridge
recedes at 52 mm yr31 (Fig. 4a), a too large value
when extrapolated to the whole duration of open-
ing of the gulf of Aden (i.e. since 15^18 Ma
[13,29,30]). In the second case, the Sheba Ridge
recedes at 12 mm yr31 (Fig. 4b).

An intermediate geometry of the triple junc-
tion can be obtained considering that it has
been stable, in the sense of McKenzie and Mor-
gan [31], since the inception of the accretion in
the eastern gulf of Aden 15^18 Ma ago. The
closing of the gulf of Aden requires a westward
migration of the triple junction with respect to
the three adjacent plates (Fig. 5). When the ac-
cretion started, it is likely that the Sheba Ridge
connected with the Owen fracture zone (Fig. 5a).
Since then, the triple junction migrated west-
ward, the Arabia^India plate boundary length-
ened V360 km, and the Carlsberg Ridge propa-
gated about 300 km northwestward in the gulf of
Aden at the expense of the Sheba Ridge (Fig.
5b). The propagation rate of the Arabia^India
boundary would thus range from 20 to 24 mm
yr31 and that of the Carlsberg Ridge from 17 to
20 mm yr31. Assuming mean values of 22 mm
yr31 and 19 mm yr31 for the propagation rates,
the azimuths of the Carlsberg and Sheba ridges
at the triple junction are constrained at 112³E
and 111³E, respectively, in the hypothesis of
symmetrical and orthogonal spreading (Fig. 4c).
In this con¢guration, the triple junction moves

west relative to the Arabian and Indian plates
at V20 mm yr31.

7. Discussion and conclusion

Even if the triple junction has been stable since
15^18 Ma, the amount of ¢nite extension along
the ultra-slow Arabia^India plate boundary
would not exceed 30 km at its eastern end near
the Owen fracture zone, where it is the largest. It
is suggested that because the relative motion be-
tween the Arabian and Indian plates was very
slow, the di¡use extension never gave birth to a
new spreading center. Alternatively, the ultra-slow
boundary could be a young crack in the Arabian
plate and the present geometry of the triple junc-
tion could be transient. In any case, a geophysical
survey involving seismics and multibeam sonar is
urgently needed to image the extension zone pre-
dicted by our model.

Mitchell (personal communication) noticed that
numerous similarities exist between the Arabia^
India^Somalia and the Azores triple junctions,
in terms of both overall geometry of the plate
boundaries and of their plate velocity^space dia-
grams. The Azores triple junction consists of a
long transform fault, the Gloria fault, which
ends westwards in an obliquely opening rift called
the Teiceira Rift connecting the transform fault to
the Mid-Atlantic Ridge (MAR) [4,32^34], just as
the ultra-slow Arabia^India plate boundary con-
nect the Owen fracture zone to the Sheba Ridge.
The velocity^space diagrams of the two triple
junctions are very similar, with two slow spread-
ing ridges having similar rates and directions, and
one ultra-slow spreading boundary forming the
third arm [4]. The MAR changes its general ori-
entation at the point where the Terceira Rift joins
it, just as the Sheba Ridge changes its orientation
at the junction with the ultra-slow rift. The Ter-
ceira Rift comprises a series of basins including
the Formigas Trough which occurs at the end of
the active Gloria transform fault, just as a basin
occurs at the southern end of the Owen fracture
zone. Therefore, the large-scale geometry of the
Azores triple junction is strikingly similar to
that of the Arabia^India^Somalia triple junction.
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Moreover, the triple junction active when Iberia
was moving independently from Eurasia at the
time of opening of King's Trough (from V44 to
25 Ma) also had a similar geometry to the Ara-
bia^India^Somalia and Azores triple junctions,
with an oblique rift (King's Trough) connecting
a transform fault to the MAR [35]. This geometry
thus seems to be common in a context of connec-
tion of a transform fault with a spreading ridge. It
is likely that the RRR con¢guration with an ul-
tra-slow rift is more stable than the RRF con¢g-
uration.
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