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[1] GPSmeasurements adjacent to the southern Red Sea and
Afar Triple Junction, indicate that the Red Sea Rift bifurcates
south of 17° N latitude with one branch following a
continuation of the main Red Sea Rift (∼150° Az.) and
the other oriented more N‐S, traversing the Danakil
Depression. These two rift branches account for the full
Arabia–Nubia relative motion. The partit ioning of
extension between rift branches varies approximately
linearly along strike; north of ∼16°N latitude, extension
(∼15 mm/yr) is all on the main Red Sea Rift while at
∼13°N, extension (∼20 mm/yr) has transferred completely
to the Danakil Depression. The Danakil Block separates the
two rifts and rotates in a counterclockwise sense with
respect to Nubia at a present‐day rate of 1.9 ± 0.1°/Myr
around a pole located at 17.0 ± 0.2°N, 39.7 ± 0.2°E,
accommodating extension along the rifts and developing
the roughly triangular geometry of the Danakil Depression.
Rotating the Danakil Block back in time to close the
Danakil Depression, and assuming that the rotation rate
with respect to Nubia has been roughly constant, the
present width of the Danakil Depression is consistent with
initiation of block rotation at 9.3 ± 4 Ma, approximately
coincident with the initiation of ocean spreading in the Gulf
of Aden, and a concomitant ∼70% increase in the rate of
Nubia–Arabia relative motion. Citation: McClusky, S., et al.

(2010), Kinematics of the southern Red Sea–Afar Triple Junction

and implications for plate dynamics, Geophys. Res. Lett., 37,

L05301, doi:10.1029/2009GL041127.

1. Introduction

[2] The Afar Triple Junction is a Late Oligocene ‐ Early
Miocene structure that continues to accommodate the di-
vergent motions between the Arabian, Nubian, and Soma-
lian plates along the Red Sea, Gulf of Aden, and the East

African rifts [e.g., McKenzie et al. 1970; Le Pichon and
Gaulier, 1988]. The Triple Junction lies above the Afar
Hot Spot that is responsible for the voluminous volcanic
activity and high elevation that has characterized the region
since the Late Oligocene [e.g., Hoffman et al., 1997], and
which continues to the present time [e.g., Wright et al.,
2006]. Interaction between tectonic extension and the Afar
Hot Spot has resulted in spatially distributed, and temporally
evolving deformation around the Triple Junction [e.g.,
Garfunkel and Beyth, 2006], although Arabia–Nubia–
Somalia relative plate motions have remained approxi-
mately constant since at least 11 Ma [McQuarrie et al.,
2003; Garfunkel and Beyth, 2006; ArRajehi et al., 2009].
Better constraints on the kinematic evolution of the
Triple Junction therefore promise to advance our under-
standing of the dynamics of Arabia–Nubia plate motion
[e.g., Bellahsen et al., 2003] as well as interactions be-
tween mantle dynamics and crustal tectonics [e.g.,
Ebinger and Casey, 2001; Wolfenden et al., 2005;
Keranen and Klemperer, 2008].
[3] In this paper we present new geodetic constraints on

the spatial distribution of active deformation associated with
the Afar Triple Junction. We use these constraints and the
morphology of the Danakil Depression to investigate the
spatial and temporal evolution of the southernmost Red Sea
and the Afar Triple Junction. Our analysis suggests that
rifting associated with the separation of Arabia from Nubia
initiated along the southern extension of the main Red Sea
Rift. The rift bifurcated around 9 ± 4 Ma, with extension
being partitioned between the two rift branches, roughly as
observed at present. We suggest here that the change from
extension principally confined to the main Red Sea Rift to
the partitioning of extension between the main Rift and the
Danakil Depression was associated with the change in
Arabia plate motion around 13 Ma [Le Pichon and Gaulier,
1988; McQuarrie et al., 2003], and was facilitated by
weakening of the Nubian continental lithosphere due to
heating from the Afar Hot Spot.

2. GPS Data Analysis and Present‐Day
Deformation

[4] Details of the GPS observations presented here, and
those used to estimate Nubian, Arabian, and Somalian ref-
erence frames are given in the auxiliary material (Table S1).8

The GPS observations were processed with the GAMIT/
GLOBK software suite [King and Bock, 2004; Herring,
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2004], and uncertainties were estimated following standard
procedures described by Reilinger et al. [2006].
[5] Figure 1 shows and Table S1 lists GPS‐determined

surface velocities and their 95% confidence ellipses with
respect to Eurasia and the residual velocities from a block
rotation model for Arabia, Nubia, and Somalia using the
relative Euler vectors for these plates determined here
(Table 1). As reported previously [e.g., McClusky et al.,
2003; Stamps et al., 2008; ArRajehi et al., 2009], except
for GPS sites along the W side of the S Red Sea, all three
plates move coherently at the level of precision of the GPS
observations.
[6] Figure 2 shows a close up view of the GPS velocity

field around the southern Red Sea and Danakil/Afar
Depression, plotted with respect to Nubia. The bifurcation of
rifting identified earlier on the basis of seismicity [Chu and
Gordon, 1998] is clearly indicated by the increase in veloc-
ities along the west side of the Red Sea from 15.5°N to the
latitude of the junction of the Red Sea and Gulf of Aden

(∼12°N). North of ∼16°N, Nubia–Arabia motion is accom-
modated by extension confined to the Red Sea, while at
∼13°N Nubia–Arabia extension is completely accommo-
dated within the Danakil/Afar Depression [Vigny et al.,
2007].
[7] Prior studies have shown that the Arabian Plate has

been moving at a roughly constant rate relative to Eurasia,
consistent with the present‐day GPS rate, since at least
21 Ma [McQuarrie et al., 2003; McClusky et al., 2003] and
possibly since the initiation of the Afar Triple Junction dated
at 25–30 Ma [ArRajehi et al., 2009]. These same studies
indicate that Nubia Plate motion relative to Eurasia has been
constant since 13 Ma but is ∼70% slower than the rate from
30–13 Ma while Arabia‐Eurasia motion has been largely
constant. This implies a similar ∼70% increase of the rate of
Nubia–Arabia relative motion since 13 Ma [Le Pichon and
Gaulier, 1988; McQuarrie et al., 2003; Garfunkel and
Beyth, 2006]. ArRajehi et al. [2009] further show that
motion of the Arabian plate relative to Nubia and Somalia
would develop the present morphology of the Red Sea and
Gulf of Aden rifts in about 24 ± 2.2 Ma, roughly consistent
with geologic estimates for the initiation of rifting. On this
basis, ArRajehi et al. [2009] suggest that the GPS‐derived
motions reflect the long‐term evolution of these rifts.

3. A Simple Block Rotation Model

[8] Given the present‐day, roughly coherent rotation of
the Danakil Block (Figure 2), and the coherent motions of the
Arabian, Nubian, and Somalian plates, we develop a block
rotation model constrained by GPS to quantify active defor-
mation in and around the Afar Triple Junction. Figure 3
shows one such model including the Nubian, Arabian, and
Somalian plates and a Danakil micro‐plate [Chu and Gordon,
1998; Eagles et al., 2002]. We locate block boundaries based
on tectonic morphology, and earthquake epicenters. The
configuration of block boundaries is well constrained on
major active tectonic structures, but less so within the Danakil
Depression where it is difficult to identify a localized
boundary. Active deformation within the Danakil Depression
may be distributed spatially, or the position of the boundary
within the Depression may vary with time (note in Figure 3
the location of the 2005 Dabbahu dike intrusion event
[Wright et al., 2006] which is ∼50 km west of our proposed
central Danakil Depression spreading boundary). In the ab-
sence of direct constraints, we have chosen to locate the
western boundary of the Danakil micro‐plate along the cen-
tral Danakil Depression, based on the roughly symmetric
shape of the Depression that may indicate symmetric
spreading about this axis (averaged over geologic time).
[9] The simple block rotation model provides a good fit to

the GPS observations, accounting for the coherent motions
of the Nubian, Arabian, and Somalian plates, as well as
counterclockwise rotation of the Danakil Block with respect
to Nubia. The rms for residual velocities on each block is

Figure 1. Map of the Nubia–Arabia–Somalia plate bound-
ary region showing GPS‐derived velocities with respect to
Eurasia and 95% confidence ellipses (black arrows). Red ar-
rows show residual velocities from a block rotation model
for the Nubian, Arabian, and Somalian plates. Relative Euler
vectors for the rotation parameters are given in Table 1.
Topography and bathymetry from SRTM30 PLUS (see
http://topex.ucsd.edu/WWW_html/srtm30_plus.html). Plate
boundaries are shown schematically.

Table 1. Rotation Parameters for the Plate Pairs Reported Herea

Plate Pair Latitude (°) +/− (°) Longitude (°) +/− (°) Rate (°/My) +/− (°/My) Correlations lat/lon, lat/rate, lon/rate

Nubia–Danakil 17.0 0.2 39.7 0.2 1.9 0.1 0.708, 0.851, 0.830
Arabia–Danakil 13.4 0.2 42.9 0.2 1.5 0.1 0.093, −0.231, −0.530
Somalia–Danakil 15.3 0.2 39.6 0.2 1.9 0.1 0.502, 0.532, 0.833

aRotation parameters are relative Euler vectors.
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given along with relative Euler vectors in Table 1. The sense
of slip on modeled faults is generally consistent with
earthquake focal mechanisms (Figure 3). The “junction”
where the Red Sea Rift “bifurcates” at ∼17°N involves small
left‐lateral motion consistent with earthquake focal me-
chanisms; the small rate along this boundary is consistent
with the absence of any well defined tectonic features on the
Sea floor. Furthermore, the model results in coherent rota-
tion of the Danakil Block, consistent with its geological
structure and aseismic character.
[10] Figure 4 shows an attempt to “rotate back” the

Danakil Block using the GPS‐derived Danakil–Nubia Euler
vector. Ten degrees clockwise rotation results in overlap of
“unextended” terrains along the northernmost part of the
Danakil Depression (∼15°N) and substantial remaining
opening to the south. An additional 15° of rotation are re-
quired to close the southernmost Depression. Assuming a
constant rotation rate as given by GPS, these rotations imply
an age for the Danakil block of 5.3–13.2 Ma (i.e., 10°/1.9°/
Myr − 25°/1.9°/Myr), or 9.3 ± 4 Ma.
[11] The morphology of the Danakil Depression appears

more consistent with a rotation pole located ∼200 km south
of the GPS pole (i.e., at the northernmost end of the De-
pression at about 15°N). Rotation about this pole results in a
good fit between the western side of the Danakil Block and
the adjacent Nubian plate with a single clockwise rotation of
about 25°. It seems very likely that the rotation pole has
shifted north in geologically recent times, possibly associ-
ated with the accretion of the southernmost Danakil Block to

Arabia (see location of the Arabia–Danakil rotation pole
about 200 km north of the S end of the Danakil Block,
Figure 3) and the separation of the northern end of the
Danakil Block fromNubia. In this case, the older age estimate
may be more indicative of the age of initiation of Danakil
Block rotation. This possibility is further supported by the
relationship between the present width of the depression and
GPS velocities along the Danakil block (Figure 4).

4. Discussion

[12] The bifurcation of rifting in the S Red Sea at about 9 ±
4 Ma may be related to the change in Nubia–Arabia relative
motion that occurred around this same time [Le Pichon and
Gaulier, 1988; McQuarrie et al., 2003; Garfunkel and
Beyth, 2006]. This time was also marked by the initiation of
full ocean spreading in the Gulf of Aden (11–16 Ma)
[Cochran, 1981; Ben Avraham et al., 2008] and the influx of
volcanics from the EAR into the Afar region [Wolfenden et

Figure 2. Map of the Afar Triple Junction showing GPS
velocities and 95% confidence ellipses with respect to Nubia
(see Table 1 for rotation parameters). Focalmechanisms (lower
hemisphere projections) from Harvard catalog, 1976–2009.
Topography and bathymetry as in Figure 1.

Figure 3. A simple block/plate rotation model constrained
by GPS motions including the Nubian, Arabian, and Soma-
lian plates, and a Danakil micro‐plate. The western boundary
of the Danakil Block is dashed indicating uncertainty in its lo-
cation (see text). Residual velocities (modeled – observed;
green = Danakil, purple = Somalia, brown = Nubia, blue =
Arabia) and 95% confidence ellipses from this model (rota-
tion parameters in Table 1). The red triangles and green
ellipses show the location of theDanakil–Nubia andDanakil–
Arabia rotation poles and 95% confidence ellipses (Table 1).
Red arrows show predicted motion on block boundaries (east
side with respect to west side, or north with respect to south).
The light blue line shows the approximate location of the
2005–2007 Dabbahu dyke intrusion events [Wright et al.,
2006]. Base map as in Figure 1. Focal mechanisms as in
Figure 2.
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al., 2005]. We suggest that the initiation of full ocean
spreading in the Gulf of Aden essentially severed the con-
nection between the Arabian and Somalian plates thereby
reducing the pull on the Somalian and Nubian plates due
to subduction of the Neotethys ocean lithosphere along the
Bitlis‐Zagros and the Makran subdution zones [Le Pichon
and Gaulier, 1988; Bellahsen et al., 2003 ArRajehi et al.,
2009]. The reduction in NNE‐directed pull on Nubia and
Somalia caused the plate pair to slow down with respect to
Arabia resulting in an increase in the rate of Arabia–Nubia
relative motion, and possibly adding an additional N‐S
component of motion across the Red Sea. This new geometry
and increased rate of motion may have initiated the change in
the configuration of deformation in the southern Red Sea that
shifted extension to the east into the Danakil Depression.
Such a scenario is consistent with the notion that slab pull is
the primary driving force for Arabia Plate motion [e.g.,
Elsasser, 1971; Forsyth and Uyeda, 1975; Hager and
O’Connell, 1981; Conrad and Lithgow‐Bertelloni, 2002;
Bellahsen et al., 2003]. It also implies that the Arabian con-
tinental lithosphere is sufficiently strong in relation to plate
boundaries and basal drag forces to maintain stresses over
large distances (i.e., in relation to the thickness of the plate)

with a minimum of internal plate deformation. We further
speculate that the coherent rotation of the Danakil Block
implies that continental lithosphere remains strong in relation
to plate boundaries and basal drag even after extreme heating
and tectonism. The present day, coherent motion of the south
Aegean micro‐plate [McClusky et al., 2000] and the Lesser
Caucasus region [Reilinger et al., 2006] provide further evi-
dence that the continental lithosphere maintains strength
under extreme tectonic/magmatic conditions.

5. Conclusions

[13] Geodetic observations along the Danakil Block and
Afar Triple Junction indicate present‐day, coherent,
counterclockwise rotation of the Block with respect to the
Nubian Plate around a pole of rotation located in the
central Red Sea at ∼17°N latitude (Figure 4, Table 1). We
estimate the age of initiation of Danakil Block rotation at 9 ±
4 Ma based on present‐day rotation rates and the width of
the Danakil Depression. This interpretation implies that the
Danakil Depression is completely composed of new area
(within reported uncertanties), created by mantle intrusion.
We relate the initiation of Danakil Block rotation to the

Figure 4. Back rotation of the western side of the Danakil Block around the GPS rotation pole showing initial overlap of
unextended terrains in the N (15°N) after 10° rotation and closing of the S Danakil Depression at 25°. Also shown is the
relationship between the estimated width of the Danakil Depression and the adjacent velocities along the Danakil Block, and
the implied estimate of the progressively increasing age of the Depression from north to south.
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change in Arabia–Nubia relative motion at ∼11 Ma, which
in turn we relate to the initiation of ocean spreading in the
Gulf of Aden that reduced the northward pull on Somalia
from subduction of the Neotethys oceanic lithosphere along
the Bitlis‐Zagros and Makran subduction zones. To the
extent that these events are causally related, they provide an
observational basis to constrain quantitative models for plate
driving forces and the rheology of the lithosphere.

[14] Acknowledgments. We are grateful to UNAVCO for logistical
support for GPS survey observations and CGPS station installations.
R.R. thanks colleagues at the University of Montpellier II and CNRS for
hosting his visit there while this paper was being prepared. We benefitted
from reviews by V. Acocella and C. Ebinger. This research was supported
in part by NSF grants EAR‐0337497, EAR‐0305480, and EAR‐0635702
to MIT, and NSF grant EAR‐0635696 to the University of Montana.

References
ArRajehi, A., et al. (2009), Geodetic constraints on present‐day motion of
the Arabian Plate: Implications for Red Sea and Gulf of Aden rifting,
Tectonics, doi:10.1029/2009TC002482, in press.

Bellahsen, N., C. Faccenna, F. Funiciello, J. M. Daniel, and L. Jolivet
(2003), Why did Arabia separate from Africa? Insights from 3‐D labora-
tory experiments, Earth Planet. Sci. Lett., 216, 365–381, doi:10.1016/
S0012-821X(03)00516-8.

Ben‐Avraham, Z., Z. Garfunkel, and M. Lazar (2008), Geology and
evolution of the southern Dead Sea Fault with emphasis on subsur-
face structure, Annu. Rev. Earth Planet. Sci., 36, 357–387,
doi:10.1146/annurev.earth.36.031207.124201.

Chu, D., and G. Gordon (1998), Current plate motions across the Red Sea,
Geophys. J. Int., 135, 313–328, doi:10.1046/j.1365-246X.1998.00658.x.

Cochran, J. R. (1981), The Gulf of Aden: Structure and evolution of a
young ocean basin and continental margin, J. Geophys. Res., 86,
263–288, doi:10.1029/JB086iB01p00263.

Conrad, C. P., and C. Lithgow‐Bertelloni (2002), Howmantle slabs drive plate
tectonics, Science, 298(5591), 207–209, doi:10.1126/science.1074161.

Eagles, G., R. Gloaguen, and C. Ebinger (2002), Kinematics of the Da-
nakil microplate, Earth Planet. Sci. Lett., 203, 607–620, doi:10.1016/
S0012-821X(02)00916-0.

Ebinger, C. J., and M. Casey (2001), Continental break‐up in magmatic
provinces: An Ethiopian example, Geology , 29 , 527–530,
doi:10.1130/0091-7613(2001)029<0527:CBIMPA>2.0.CO;2.

Elsasser, W. M. (1971), Sea‐Floor Spreading as thermal convection,
J. Geophys. Res., 76, 1101–1112, doi:10.1029/JB076i005p01101.

Forsyth, D. W., and S. Uyeda (1975), On the relative importance of the
driving forces of plate motion, Geophys. J. R. Astron. Soc., 43, 163–200.

Garfunkel, Z., and M. Beyth (2006), Constraints on the structural de-
velopment of the Afar imposed by the kinematics of the major sur-
rounding plates, Geol. Soc. Spec. Pub., 259, 23–42, doi:10.1144/
GSL.SP.2006.259.01.04.

Hager, B. H., and R. J. O’Connell (1981), A simple global model of
plate dynamics and mantle convection, J. Geophys. Res., 86, 4843–
4867, doi:10.1029/JB086iB06p04843.

Herring, T. A. (2004), GLOBK: Global Kalman Filter VLBI and GPS Anal-
ysis Program Version 4.1, Mass. Inst. of Technol, Cambridge, Mass.

Hoffman, C., V. Courtillot, G. Feraud, P. Rochette, G. Yirgu, E. Ketefo,
and R. Pik (1997), Timing of the Ethiopian flood basalt event and impli-
cations for plume birth and global change, Nature, 398, 838–841.

Keranen, K., and S. L. Klemperer (2008), Discontinuous and diachronous
evolution of the Main Ethiopian Rift: Implications for development
of continental rifts, Earth Planet. Sci. Lett., 265, 96–111, doi:10.1016/
j.epsl.2007.09.038.

King, R. W., and Y. Bock (2004), Documentation of the MIT GPS analysis
software: GAMIT, Mass, Inst. of Technol, Cambridge, MA.

LePichon, X., and J. M. Gaulier (1988), The rotation of Arabia and the
Levant fault system, Tectonophysics, 153, 271–294, doi:10.1016/
0040-1951(88)90020-0.

McClusky, S., et al. (2000), Global Positioning System constraints on
plate kinematics and dynamics in the easternMediterranean and Caucasus,
J. Geophys. Res., 105, 5695–5719.

McClusky, S., R. Reilinger, S. Mahmoud, D. Ben Sari, and A. Tealeb
(2003), GPS constraints on Africa (Nubia) and Arabia plate motion,
Geophys. J. Int., 155, 126–138, doi:10.1046/j.1365-246X.2003.02023.x.

McKenzie, D. P., D. Davies, and P. Molnar (1970), Plate tectonics of the
Red Sea and East Africa, Nature, 226, 243–248, doi:10.1038/226243a0.

McQuarrie, N., J. M. Stock, C. Verdel, and B. P. Wernicke (2003), Ceno-
zoic evolution of Neotethys and implications for the causes of plate
motions, Geophys. Res. Lett., 30(20), 2036, doi:10.1029/2003GL017992.

Reilinger, R., et al. (2006), GPS constraints on continental deformation in
the Africa–Arabia–Eurasia continental collision zone and implications
for the dynamics of plate interactions, J. Geophys. Res., 111, B05411,
doi:10.1029/2005JB004051.

Stamps, D. S., E. Calais, E. Saria, C. Hartnady, J.‐M. Nocquet, C. J.
Ebinger, and R. M. Fernandes (2008), A kinematic model for the East
African Rift, Geophys. Res. Lett., 35 , L05304, doi:10.1029/
2007GL032781.

Vigny, C., J. de Chabalier, J. Ruegg, P. Huchon, K. L. Feigl, R. Cattin,
L. Asfaw, and K. Kanbari (2007), Twenty‐five years of geodetic mea-
surements along the Tadjoura‐Asal rift system, Djibouti, East Africa,
J. Geophys. Res., 112, B06410, doi:10.1029/2004JB003230.

Wolfenden, E., C. Ebinger, G. Yirgu, P. R. Renne, and S. P. Kelley (2005),
Evolution of a volcanic rift margin: Southern Red Sea, Ethiopia, Geol.
Soc. Am. Bull., 117, 846–864, doi:10.1130/B25516.1.

Wright, T. J., C. Ebinger, J. Biggs, A. Ayele, G. Yirgu, D. Keir, and A. Stork
(2006), Magma maintained rift segmentation at continental rupture in
the 2005 Afar dyking episode, Nature, 442, 291–294, doi:10.1038/
nature04978.

A. Amleson and G. Ogubazghi, Department of Earth Sciences, University
of Asmara, P.O. Box 1220, Asmara, Eritrea. (ogubazghi_ghebrebrhan@
yahoo.com)
L. Asfaw and S. Fisseha, Geophysical Observatory, Addis Ababa

University, P.O. Box 23999, Addis Ababa, Ethiopia. (wmikel99@gmail.
com)
R. Bendick and L. Kogan, Department of Geosciences, University of

Montana, 32 Campus Dr., Missoula, MT 59812, USA. (bendick@mso.
umt.edu)
B. Healeb, Department of Mines, Eritrea Geological Survey, P.O. Box

272, Asmara, Eritrea. (biniamh@uoa.edu.er)
S. McClusky and R. Reilinger, Department of Earth Atmospheric and

Planetary Sciences, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA. (simon@.mit.edu)
J. Sholan, Yemen National Seismological Observatory Center, P.O. Box

87175, Dhamar, Yemen. (sholan20@hotmail.com)
P. Vernant, Geosciences Laboratory, University Montpellier 2, 35095

Montpellier, France. (vernant@gm.univ‐montp2.fr)

MCCLUSKY ET AL.: KINEMATICS OF THE SOUTHERN RED SEA–AFAR L05301L05301

5 of 5


