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Résumé

En prenant les Basaltes du Golfe (2.8-1.1 Ma) comme marqueurs tectoniques
du rift Tadjoura, et en combinant les données morphologiques disponibles (topo-
graphiques et bathymétriques), la structure générale du rift Tadjoura est assimilée
a celle d’un hémi-graben a vergence sud, d’environ 20 x 30 km, bordé au Nord par
un systéme de failles bordiéres et passant au Sud a une marge flexurée impliquant
un substratum volcanique (séries des traps du Dalha et Somalis). Sur la base de
données géochimiques et géochronologiques (méthode KAr), I’organisation vol-
cano-stratigraphique ainsi que les caractéristiques géochimiques des séries basal-
tiques de la marge sud ont été affinées, avec notamment la mise en évidence d’un
nouveau complexe intrusif (dyke-sill), I’ensemble de Goumarre, daté a 2.4-1.7 Ma,
qui alimente trois chapelets d’édifices volcaniques alignés au N80°E, parall¢lement
a I’axe du Golfe. Les séries basaltiques concernées (Golfe, Somali., Goumarre et
volcan Hayyabley) présentent une signature géochimique de basaltes transitionnels
a affinité tholeiitique, excepté ceux du volcan Hayyabley, plus appauvris et aux
caractéristiques géochimiques particulicres.

L’hémi-graben de Tadjoura est la premiere expression tectonique du rifting
(a polarité Golfe d’Aden) a travers la province magmatique Afar, et il correspond a
une extension cumulée estimée a 25-30%. Le rajeunissement progressif des struc-
tures extensives vers la partie centrale de I’hémi-graben témoigne de la concentra-
tion de la déformation dans I’axe, sismiquement actif, du dispositif.

L’analyse morphostructurale, géométrique et statistique des systémes de
failles extensives exposées sur les marges du rift, au niveau de la zone Tadjoura-
Obock au Nord, et de la Plaine de Djibouti au Sud, permet en particulier de dé-
montrer la plus grande complexité du dispositif faillé méridional qui se marque
par (i) la présence de structures extensives transverses N140°E et (ii) de grandes
variations latérales du style tectonique. Celles-ci témoignent d’un gradient crois-
sant de la déformation vers I’Quest, en direction d’une discontinuité transverse, la

Mohamed A. DAOUD - Kinematics ot the Tedjoura rifi




zone d’Arta. A I’inverse des modéles cinématiques précédents qui interprétaient ce
couloir décrochant subméridien comme partie intégrante du systéme transformant
de Maskali, la zone d’Arta est considérée dans ce travail comme une structure hé-
ritée, & polarité Mer Rouge, qui entrave la propagation axiale, vers |’Quest, des
structures extensives du systéme Golfe d’Aden. Ce blocage frontal de la déforma-
tion provoque le saut du rift vers le Sud Ouest, depuis le Golfe de Tadjoura vers la
zone du Ghoubbet, selon un modéle du type nard 'iulma
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the spreading axis within the rifted zone itself is commonly assigned to (i) its obli-
quity to the extension direction, and (ii) the angle between the axis of individual
rift segments and the general trend of the rifted zone (4 belson and Agnon, 1997).
The resulting complex multi-scale rift architecture is typically expressed along the
Sheba westerly-propagating rift-drift system (Eastern Afar) by two nearly orthogo-
nal first-order arms that, in turn, display specific segmented axial patterns (Figure
| A-B). Along most of its EW-trending path, the Sheba oceanic ridge is systemati-
cally offset to the southwest. This offset occurs through either a left-stepping ridge-
transform network (up to the Shukra El Sheikh discontinuity, e.g. Manighetti et al.
1997) or oblique transfer zones with onlapping fault networks, up to the Tadjoura
rift (TR) to the west (Figure 1B) (Cochran, 1981, Tamsett and Searle, 1988, Mani-
ghetti et al., 1997 Dauteuil et al., 2001). There, the nearly EW-trending axis veers

, counter-clockwise into the N120°E-oriented Ghoubbet rift. which is part
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Figure 1: Various types of rift segmentation along the Gulf of Aden plate boundary
between Arabia and Somalia. The active EW-trending Gulf of Aden (Sheba)
rift-drift system evolves westwards into the sub-orthogonal Ghoubbet-Asal and
Manda Inakir rifts. (A). Plate kinematic setting of the Afar Triple Junction. Thick
arfows represent plate motion vectors, and the box indicates the study area. (B).
Main physiographic features of the western Gulf of Aden rift system, modified
from Manighetti et al. (1997). The revised spatial extent of onshore Gulf Basalts,
as well as the Arta transverse zone (shown as the white NS domain centered on
the Arta locality) are shown. (C). Aeromagnetic map of the Tadjoura Gulf, from
Manigheiti et al. (1997), with modified onshore parts. Dashed lines (D, ) repre-
sent transform faults offsetting magnetic segments. Numbers refer to specific
magnetic anomalies. (D). *Overlapping subrift’ model developed by Manighetti
et al. (1997) to account for the relationships between the Tadjoura and Ghoubbet
rifts. The inner floors of the rifts are shaded

Methodology

The 3D-structure of the TR was first investigated in map-view, and along
selected cross-sections, by merging onshore geology with existing offshore data,
which include bathymetric maps (dudin, 1999; Dauteuil et al., 2001) and analog,
single channel seismic reflection profiles acquired during the TADJOURADEN
cruise in 1995. The deep geometry of a number of offshore faults has been deter-
mined using the TADJOURADEN seismic reflection profiles. Onshore field studies
have been focused on poorly investigated areas from the southern margin of the TR,
e.g. the Djibouti Plain, and the Arta transverse zone, where >3 Ma old volcanics
are widely exposed (Figure 1B). Quantitative analysis of fault parameters (length,
azimuth, spacing) was conducted on fault populations extracted from ASTER
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satellite images (lateral resolution 15 m)and corresponding digital elevation models
(vertical resolution 7 m). Estimates of vertical displacement along each fault were
derived from fault scarp geometry. Seriated topographic profiles across each indi-

vidual fault scarp gave the maximum value of displacement at the surface. The age
pattern of faulting within the TR was established from cross-cutting relationships
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All the collected samples are basalts, according to the total alkalies-silica
(TAS) classification scheme of Le Bas et al. (1986). In the TAS plot of Figure 3A,
they lie on both sides of, but close to, the line separating the fields of subalkalic and
alkalic basalts (/rvine and Baragar, 1971), with the exception of Hayyabley Basalts
which are clearly subalkalic. The Gulf. Goumarre and Somali Basalts can therefore
be considered as transitional basalts with a dominant tholeiitic tendency (Richard,
1979; Bizouard and Richard, 1980; Joron et ul., 1980a.b: Vidal et al., 1991: Deniel
et al., 1994). The various groups may be quite readily distinguished using the TAS
plot (Figure 3A), which has been used, together with other major and trace element
data (Figures 3B-D) to draw the boundaries between them in the new geological
sketch map (Figure 2A). Indeed, the Somali Basalts are more silica-rich than the
others (SiO,: 48-52 wt.%). while Hayyabley Basalts are consistently depleted in
alkalies (Na,0 + K,O ~ 2 wt.%), and the Goumarre Basalts are, at equivalent Si0,
contents, richer in alkalies than the Gulf Basalts. Among the latter, the composi-
tions of samples collected on both sides of the Tadjoura Gulf systematically over-
lap, as already noted by Richard (1979), Bizouard and Richard (1980), and Gasse
et al (1983).

Major and trace element features

Selected plots of major and transition elements against total iron as FeO ver-
sus MgO ratios (FeO*/MgO) are shown in Figure 3B. Once again, the Hayyabley
Basalts (Daoud et al., 2010) differ from all the other groups by their more primi-
tive character (lower FeO*/MgO ratios, higher Ni concentrations), and their much
lower TiO, and PO, contents. Gulf Basalts tend to display lower FeO*/MgO ratios
(1.5 to 2. 5) than the Goumarre and Somali Basalts (2 to 3), as well as lower SiO,
(45-48 wt. %), TiO,, P,O, and K O contents. Regarding the transition element Ni
and others not shown (_Co-, Cr), they are intermediate between the relatively primi-
tive Hayyabley Basalts and the evolved Goumarre and Somali Basalts.

The envelopes of the incompatible multi-element patterns of the studied ba-
salts, normalized to the Primitive Mantle (Sun and McDonough, 1989) are shown
in Figure 3C. While Hayyabley Basalts have flat to slightly depleted patterns, the
Gulf, Goumarre and Somah Basalts dlSpldy moderateiy enrtched patterns t\rDlL.al
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from the upper Gulf Basalts to the underlying Somali Basalts. Some of the diffe-
rences observed between the Gulf Basalts, on one hand, and the Goumarre and So-
mali Basalts, on the other hand, may be attributed to olivine fractionation. Indeed.
the latter basalts display higher FeO*/MgO ratios, lower Ni and other compatible
transition element contents, and higher Si0,, TiO,, PO, and K,O contents than the
Gulf Basalts (Figure 3B). Olivine fractionation might also account for their higher
incompatible element contents compared to the Gulf Basalts (Figure 3C). However,
as this process does not fractionate appreciably ratios between highly incompatible
elements (e.g. Th/Nb and Th/Ba, Figure 3D), nor strongly modifies the shapes of
REE patterns (and consequently the La/Yb ratios: Allégre et al., 1977). it cannot
account for the differences shown in Figure 3D plots. These differences might re-
sult from variations affecting partial melting degrees, mantle source heterogeneity.
crustal contamination, or more likely a combination of these processes (Joron et
al., 1980a, b; Barrat et al., 1990, 1993: Vidal et al., 1991: Deniel et al.. 1994). In
addition, the different La/Yb ratios of the Goumarre and Somali Basalts, which dis-
play nearly equivalent enrichments in most incompatible elements, might indicate
that the former derive from a deeper (i.e. garnet-bearing) mantle source than the
latter, as garnet incorporates selectively heavy REE.
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The Gulf Basalt pile reaches a maximum thickness of 220 m in boreholes
drilled in the PK20 area to the west (Figures 2A and 4E), where they overlie the
top of the Somali Basalt pile. The uppermost sequence of Gulf Basalts is exposed
in the Ambouli-Chabelley area to the south (Figure 4E). It includes a succession of
thin (<l m-thick) subaerial lava flows, interdigitated with conglomeratic alluvial
horizons (basaltic boulder-rich facies). The latter probably derived from uplifted
reliefs in the Arta and Somali surrounding domains. The young and flat-lying Gulf
Basalts flows onlap previously tilted Somali Basalts along the Ambouli flexural
zone (Figure 4E).

Available K-Ar and Ar-Ar ages of Gulf Basalts from the Djibouti Plain range
from 2.8 to 1.5 Ma (Richard, 1979; Gasse el al., 1983; Zumbo et al., 1995, Figure
2A). This range can be extended to 1.19 Ma and 1.09 Ma (Table 2) taking into
account our new results on Gulf Basalts flows from the Wea paleo-valley (Figure
2A). In the Warabor wadi cross-section, the Gulf Basalts pile is overlain by the
Hayyabley volcano lava flows which yielded ages of 1.06 + 0.09 Ma and 0.93 +
0.06 Ma (Daoud et al., 2010). 3.3 Ma-old basaltic rocks located to the south-east
of the Ambouli wadi were previously assigned by Richard (1979) to the Gulf Ba-
salts. Their geochemical features allow us to consider them as part of the Somali
series. Therefore, the revised longitude versus age plots drawn for the southern and
northern Gulf Basalts (Figure 2B) can no longer be used to support the idea of an
age decrease toward the west (Richard, 1979; Manighetti et al., 2001; Audin et al.,
2004).

The ca. 7.2-3.0 Ma-old Somali Basalts (Chessex et al., 1975), which cover
most of the Djibouti Plain south of the Ambouli regional-scale flexure, form a mo-
notonous and weakly incised plateau (Figures 4A, B, and E). They likely represent
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the Dey Dey central corridor in the Goumbourta Atar strombolian cone area (Figure
2A). There, lava flows seem to either radiate from small-scale vents, or diverge on
both sides of N80°E-trending fault/fissure structures which correlate in the field
with narrow (1-2 m-thick) dykes and thicker (15 m) sills crosscutting the Somali

Basalts. Most of the Goumarre Basalts are therefore likely to have been emitted
from transverse fault/dyke corridors, nearly parallel to the present-day Gulf axis.
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SSW. Its inner and deeper part is occupied by the Tadjoura trough, which is boun-
ded to the north by a prominent fault system, including the Tadjoura master fault,
and its highly faulted footwall block. partly exposed in the NCFB. To the south, a
ca. 20 km-long typical flexural margin shallows gradually southwards, up to the

Djibouti Plain, where Gulf Basalts are locally dissected by a high density antithetic
fault system in the SCFB. The flexure is locally punctuated by shield volcanoes.

The deep structure of the Tadjoura inner trough is constrained down to about
2 s (two-way travel-time), or depth of 4-5 km, by selected single- nel [
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.2 km, and 90% of length values less than 2.8 km (Figures 6A, ). Fault population
is homogeneously distributed, but with a marked increase of fault spacing wes-
twards (Figure 6A,). Individual faults are clustered into 4 to 5 major faults facing
the south, and causing the downwarping of the Gulf Basalts towards the gulf axis.
Very few antithetic structures, with minor associated displacement, do occur (e.g.,
F,, in Figure 5B). Along-strike variations of individual fault profiles are observed
on the three orthogonal cross-sections shown in Figure 5B. The horizontal surface
of most individual footwall blocks suggests non-rotational structures. The largest
throw values (>50 m) systematically occur along the oldest (pre-alluvium) faults to
the north. However, estimates of throws along the youngest (post-alluvium) faults
to the south might be underestimated because of syn-faulting alluvial screes at the
foot of some fault scarps. Vertical throw in the oldest fault network to the north in-
creases markedly southwards from 65 m (F ), 100 m (F,) to >130 m (F,). A compa-
rison of the three topographic sections shows that the total fault-induced elevation
slightly decreases westwards from 310 m (section |) to 280 m (section 2), and to
200 m (section 3).
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Figure 6: Geometrical and statistical characteristics of extensional fault networks in the
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along fault systems in the Afar region is re

ated to their ié‘mc—%pau” growth and
propagation history, and they proposed a best-fit linear curve with D=0.04L. The
authors indicated that the maximum D/L values are characteristic of restricted '.‘z-miis
which plot above the D=0.04L iine while unrestricted faults plot below this line
In the present work, the D/L ratios calculated for N100°E faults (29 J:'i a) are in the
ange 0.0062 - 0.15, and mus _;IfJiOf below or along the line D=0.04L ptec
hm:eu value due to measurement error) (Figure 7A). In agreement with iﬁ;c— mods

Vanighetti et al. (2001), this feature indicates that the N100°E extensional fa
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The sketch structural map in Figure 9A shows that very few transverse and
Gulf-parallel TR-related faults crosscut the >3 Ma-old volcanic terranes forming
the Arta zone. In this area, the 8.6-3.8 Ma-old Dalha Basalts and the overlying
Ribta felsic lavas (3.6 Ma) are involved into a broad, 10 km-wide, upright arched
structure, oriented N-S, i.e. nearly orthogonal to the E-W axis of the TR. This Arta
anticline is in turn dissected by a dense network of NS-N20°E fault/fractures, paral-
lel to the anticline axis and locally intruded by felsic bodies of the Ribta Fm. Most
of these submeridian fractures were later reactivated as strike-slip faults (4rthaud
et al., 1980). From these structural relationships, the Arta anticline is inferred to

have formed as a magma-driven structure overlying a felsic intrusion emplaced
during the 3.6 Ma Ribta event.

Timing of faulting in the Tadjoura rift

The combination of published and new age determinations on both sedi-
mentary and volcanic rift sequences exposed on the onshore margins of the TR
supplies temporal constraints on the sequential development of the Tadjoura half-
graben during the last 3 Ma. The Gulf-parallel extensional fault network in the two
coastal belts shows a relatively clear age progression depicted on the NS cross-
sectional diagram in Figure 10A. As already argued by Manighetti et al. (1997),
two successive extensional fault sets are evidenced on the northern flank of the TR.

i.. in the NCFB. The most external faults are post-dated by 1.4-0.8 Ma-old allu-
vial fans (Gasse, 1991), while vounger similarly-trending §
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map-view, the TR rhomb-shaped structure involves a composite network of domi-
nantly extensional faults, striking EW (Gulf-parallel) and NW-SE
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Kinematics of rift propagation throughout the Tadjoura-Ghoubbet connection
zone. (A). Timing of faulting along a synthetic cross-section of the Tadjoura
Rift. Despite age uncertainties, a pattern of younging of strain is observed
from the margins to the inner part of the Tadjoura Rift, indicating progressive
axial focusing of extension. NCFB: Northern Coastal Fault Belt; TMF: Ta-
djoura master fault SCFB: Southern Coastal Fault Bc!t {B) Rift kinematic
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The latter trend occurs in the western termination of the TR at the longitude
of ca 42° 45°, i.e. in the northern offshore prolongation of the Arta zone. The TR-
related faults which exclusively involve the Gulf Basalt-filled half-graben recorded

a complex his within an overall westerly migration of tectonic activity (Ma-
' ). The dating




Structural data suggest that strong submeridian terranes, including the Arta
zone, transect orthogonally the western end of the TR (Figure 10B). To the south,
these terranes extend towards the Ali Sabieh anticline (Le Gall et al., 2010). They
are bounded to the east by the so-called Arta-Asamo discontinuity, the > 60 km-long
map trace of which is outlined by a variety of structures that indicate its long-lived
history. To the north, the decrease of vertical motion along the NW offshore course
of the N140°E transverse fault network (see Figure 4D) suggests the occurrence of
a stronger substratum offshore the Arta zone. The strong mechanical behaviour of
the Arta transverse zone during recent rifting is also confirmed by (1) the restricted
location of earthquakes and aftershocks linked to the 1978 seismic crisis in the Tad-
joura gulf (Lépine et al., 1980; Lépine and Hirn, 1992; Doubre, 2004) (Figure 9A),
and (2) the abrupt arrest of the EW-trending Ghoubbet rift fault network against its
NS-trending western edge (Figure 10B). .

Further south, the continuation of the Arta-Asamo discontinuity along the
eastern flank of the Ali Sabieh anticline is deduced from the restricted distribution
of the N80°E Goumarre fault-dyke corridors which do not penetrate westwards
into the Ali Sabieh substratum series (Figure 10B). The inherited and deep-seated
origin of the Arta-Asamo discontinuity is suggested by the NS alignment of Somali
(7.2-3.6 Ma) volcanic vents along its inferred map trace (Figure 10B). This discon-
tinuity might have been guided at depth by a large-scale Proterozoic fracture zone
belonging to the Marda system (Boccaletti et al., 1991).

During the recent SE Afar rift history, the Arta preexisting submeridian
structures are therefore assumed to have provoked the frontal pinning of axial fault
growth in the TR, and then the lateral jump of rifting in the Ghoubbet area, in
response to inferred higher strength contrast, together with their orthogonal orien-
tation to rift propagation. This abrupt change in rift kinematics probably occurred
at ca. 900 ka, when diffuse volcanism and associated faulting started in the Asal-
Ghoubbet rift (Manighetti et al., 1998; Audin et al., 2001).

Conclusions

The major and trace element analysis of young basalts collected from onland
Tadjoura Rift units (especially from the Djibouti Plain) allows us to distinguish four
distinct types, namely the Gulf, Somali, Goumarre and Hayyabley Basalts. These
results, together with new and previously published radiometric age data, lead us
to propose a revised volcano-stratigraphic sketch map of the southern (SCFB) and
northern (NCFB) margins of the TR. With respect to former studies (Richard, 1979;
Gasse et al., 1983, 1985, 1986), the Goumarre Basalts (2.46-1.69 Ma) are reco-
gnized as a distinct unit and the southern limit of the Gulf basalts in the Djibouti
Plain is shifted ca. 10 km northwards. A consequence of this revision is that the
progressive westerly younging of the Gulf Basalts suggested by previous authors
(Richard, 1979; Manighetti et al., 2001; Audin et al., 2004) for the southern and
northern borders of the TR is no more supported by the new longitude versus age
trends for these basalts.
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New structural data based on fieldwork and remote sensing analysis allow
us to interpret the overall structure of the TR as an asymmetrical south-facing half-
graben, about 35 km-wide, dominated by a large boundary fault zone to the north
and extending southwards as a >20 km-long shallower flexural margin, partially
exposed in the Djibouti Plain. There, it is lo disrupted by an antithetic southern
coastal fault belt, and by the Goumarre transverse fault-dike corridors close to the
inflexion point of the Somali Basalts monocline. Recent faulting is spatially restric-
ted to the Gulf Basalts which form two narrow strips on the northern and southern
margins of the TR.

The temporal ¢
gh of the half-graben indicates the progressive focusing of strain with time within
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