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a b s t r a c t

The Ali Sabieh Range, SE Afar, is an antiform involving Mesozoic sedimentary rocks and synrift volcanics.
Previous studies have postulated a tectonic origin for this structure, in either a contractional or exten-
sional regime. New stratigraphic, mapping and structural data demonstrate that large-scale doming took
place at an early stage of rifting, in response to a mafic laccolithic intrusion dated between 28 and 20 Ma
from new K-Ar age determinations. Our ‘laccolith’ model is chiefly supported by: (i) the geometry of the
intrusion roof, (ii) the recognition of roof pendants in its axial part, and (iii) the mapping relationships
between the intrusion, the associated dyke-sill network, and the upper volcanic/volcaniclastic sequences.
The laccolith is assumed to have inflated with time, and to have upwardly bent its sedimentary roof
rocks. From the architecture of the w1 km-thick Mesozoic overburden sequences, ca. 2 km of roof lifting
are assumed to have occurred, probably in association with reactivated transverse discontinuities.
Computed paleostress tensors indicate that the minimum principal stress axis is consistently horizontal
and oriented E-W, with a dominance of extensional versus strike-slip regimes. The Ali Sabieh laccolith is
the first regional-scale magma-driven antiform structure reported so far in the Afro-Arabian rift system.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Antiform-synform structures can form in several tectonic envi-
ronments, in response to either compressional or extensional stress
regimes. In continental rifts, such structures usually develop over
awide range of scales. They are often associatedwith extensional or
transfer faulting (Withjack et al., 1989; Schlische, 1995, and refer-
ences therein). Alternatively, they can be connected with either salt
diapirs or high-level magmatic intrusions (Rowan, 1995). Most
folds described so far within the Cenozoic Afro-Arabian Rift System
have been assigned to basin inversion, in response to regional and/
or local compression, e.g. in the Rukwa and North Kenya rifts (Ring
et al., 1992; Morley et al., 1999; Le Gall et al., 2005). Active
compression is also well documented further north, in parts of the
Afar rift, along individual seismogenic reverse faults that cut
through the <3 Ma-old Stratoid basalts filling the Afar depression
(Fig. 1a) (Hofstetter and Beyth, 2003). Contractional strain was
assumed to have operated at an earlier stage of rifting in SE Afar
(Clin and Pouchan, 1970) from the antiformal structure of Mio-
Pliocene volcanics in the Ali Sabieh Range (ASR hereafter) (Fig. 1).
x: þ33 2 98 49 87 60.
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However, the causal mechanisms of early compression within the
overall Afar kinematic framework were not fully understood.
Alternatively, the ASR was later regarded as a horst-type structure
(Clin, 1991; Eagles et al., 2002).

These early interpretations of the ASR as a tectonic structure are
challenged in the present work. Instead, we propose a magma-
driven doming model from new geological mapping, field struc-
tural analysis, and ASTER remote sensing interpretations, combined
with K/Ar radiometric dating and geochemical analyses of Oligo-
Miocene mafic volcanics. The growth of the ASR is here assigned to
the emplacement of a mafic laccolith in Late Oligocene-Early
Miocene, under extensional stress conditions.

2. Geological setting of the Ali Sabieh range

The Afar rift systemwas initiated during the Oligocene with the
emplacement of 30 Ma-old flood basalts, currently exposed in the
Ethiopian plateau and in Yemen (Rogers, 2006). The major down-
throw of the ca. 105 km2 fan-shaped Afar depression (Fig. 1b) took
place during extensional faulting, at 29e26Ma, along the Ethiopian
escarpment to the west (Wolfenden et al., 2005). Much more
controversial are the causal mechanisms and timing of the uplift of
the Ali Sabieh and Danakil ranges (DR) that limit the depression to
the east (Fig. 1b and d). In these elevated areas, the tectonic style of
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Fig. 1. Major topographical and geological structures in the Afar Triangle. (a) Plate kinematic setting of the Afar Triple Junction. Thick arrows indicate plate motion vectors and the
box corresponds to the location of Fig. 1b. (b) Main geological units. 1. <3 Ma-old series in the Afar depression, 1a. Lacustrine deposits, 1b. Stratoid basalts; 2. 29e3 Ma-old synrift
volcanics; 3. 30 Ma-old trap complex; 4. >30 Ma-old substratum. AH, Aisha horst; ASR, Ali Sabieh range; ATZ, Arta transverse zone; AWM, Afar west margin; NDR, North Danakil
range; SDR, South Danakil range; TG, Tadjoura Gulf. The trace of the topographic profile of Fig. 1d is shown and the box is the location of Fig. 1c. (c) Landsat image showing the
contrasted morphotectonic expression of the Ali Sabieh triangle-shaped antiformwith respect to the Asal depression to the NW. (d) EW-oriented topographic profile across the Afar
Triangle at the latitude of the Ali Sabieh range. Vertical exaggeration w30.
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Miocene synrift volcanic terranes greatly contrasts with those of
younger basaltic trap-like complexes surrounding the ASR (Soma-
lieDalha series), and the DR (Stratoid series) (Barberi et al., 1975;
Barberi and Varet, 1977).

The ASR is a 250 km2 triangular highland that extends to the
south into the Aisha horst (Fig. 1b and c) (Muller and Boucarut,
1975). Its overall map pattern is that of an eroded north-plunging
antiform, cored by intrusive mafic material, and overlain by an
outward-dipping envelope which includes Jurassic-Cretaceous
sedimentary sequences and Tertiary volcanics (Fig. 2). Mesozoic
sedimentary units are well exposed in elevated areas, as high as
1300 m in Mt. Arrey. They comprise: (1) a >350 m-thick succession
of Jurassic limestones (Gasse et al., 1986) which rest unconformably
over crystalline Proterozoic basement rocks, further south in
Somalia (Black et al., 1972), and (2) a >500 m-thick sequence of
Cretaceous fluviatile grits (Gasse et al., 1986). The Mesozoic
substratum series in the ASR are in turn overlain by the effusive and
volcaniclastic mafic material of the so-called Ali Sabieh magmatic
complex (fully described below in terms of volcano-stratigraphy
and age determinations). These early synrift volcanics, as old as
Oligo-Miocene, are the youngest series involved into the Ali Sabieh
antiform, since the overlying felsic sequences of the 20e9 Ma
Mablas Fm (Chessex et al., 1975; Varet and Gasse, 1978; Zumbo
et al., 1995; Audin et al., 2004) are assumed to post-date the
onset of doming in the ASR area. The Mablas felsic volcanics are
onlapped by tilted basalts of the Dalha Fm. (8.6e3.8 Ma) to the NW,
and by nearly undeformed Somali basalts (7.2e3.0 Ma) to the east
(Gasse et al., 1986; Deniel et al., 1994). The pre-Mablas series is
intruded by a dense network of mafic-felsic sills and dykes, and all
these rocks are cut by a number of regional-scale faults, with
a dominant NWeSE trend (Fig. 2).

3. The Ali Sabieh mafic complex

The new volcano-stratigraphy proposed here for the ASR synrift
mafic series is supported by structural and petrological data,
combined with new K-Ar age determinations. Three main units are
identified in the Ali Sabieh mafic complex: the main intrusion, the



Fig. 2. Geological map of the Ali Sabieh antiform from published documents (Barrère et al., 1975; Gasse et al., 1986) with revisions from field observations and remote sensing data
(ASTER) interpretation. The Ali Sabieh dyke swarm is simplified for clarity with only the thickest dykes shown to the north as topographic ridges on ASTER data. The Asal-type fault
system involving the Dalha Basalts, NW of the antiform, is not shown. A, Asamo; AA, Ali Adde; AS, Ali Sabieh; D, Dadin wadi; LP, Lougag plateau; MA, Mt. Arrey. The traces of
structural cross-sections shown in Fig. 3b and c are shown, as well as those of smaller-scale sections shown in Figs. 3a, 4d, 5, and 9a (X, Z, Y, and U, respectively). Faed refer to main
fault structures discussed in the text.
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sheet-sill-dyke network, and the subaerially-emplaced upper units
(lava flows, tuffs, tuffites and volcanogenic conglomerates).
3.1. The main mafic intrusion

The strongly weathered mafic complex that extends structurally
beneath the Mesozoic series in the southwestern part of the Ali
Sabieh antiform (Fig. 2) was previously referred to as the Galile
(Chessex et al., 1975), the Initial (Black et al., 1975), the Adolei
(Barberi et al., 1975), the Ancient (Gasse et al., 1986), or the Old
(Audin et al., 2004) basalts. We consider it as the main mafic
intrusion of the Ali Sabieh igneous complex, the age of which is
discussed below from new radiometric age determinations. In
map-view, the main intrusion comprises two discrete bodies,
bounded to the northeast by NW-SE-trending fault-like structures
(labelled Faeb on Fig. 2).

The Ali Sabieh mafic intrusive rocks show rather homogeneous
aphyric textures, either microlitic or subdoleritic, with no
discernible magmatic flow fabrics. The lack of internal zoning
within the intrusion may be due either to the fact that the body is
only exposed close to its roof or to the lack of field evidence for
multiple emplacement events. While its floor is hidden, the roof of
the main intrusive body is largely exposed in the crestal part of the
antiform, to the SW, where its maximum exposed thickness is
estimated to be ca. 400 m from observed vertical sections (Fig. 3b
and c). In the Mt. Arrey area, the roof of the main intrusion forms
a long wavelength arched surface, in apparent concordance with
the overlying Jurassic strata (Fig. 3d). Further west, mafic intrusive
materials rise abruptly to higher Jurassic stratigraphic levels, via
step-like structures which likely represent feeder zones for the
intricate mafic sheet network intruding the Mesozoic country-
rocks (Fig. 3d).
3.2. The intrusive network

3.2.1. The intrusive sheet
The innermost part of themafic unit surrounding the Cretaceous

grits was previously considered as subaerial lava flows (“Basaltes
fissuraux” of Gasse et al., 1986). On the basis of field observations
(e.g., cross-cutting relationships, presence of sedimentary roof
pendants), it is interpreted that an intrusive sheet cuts discordantly
across the ‘substratum-synrift sequences’ boundary (Fig. 2). The
structural position of the sheet, as well as its shallow attitude that is
discordant with respect to the steeply-dipping Cretaceous strata



Fig. 3. Interpretative structural cross-sections of the Ali Sabieh antiform (traces shown in Fig. 2). (a) A mafic sheet from the 28e20 Ma Ali Sabieh complex, cutting discordantly
through steeply-dipping (40� to the NW) Cretaceous grits on the western flank of the antiform. Location shown as X in Fig. 2. The vertical relief is ca. 150e200 m (b) NW-SE
structural section, nearly orthogonal to the long axis of the antiform, showing a major step-like structure along the roof of the intrusion. Structural geometry at depth is
unsconstrained. (c) General NNE-SSW structural cross-section illustrating (i) the gross antiformal geometry of the ASR, (ii) vertical step-like structures (labelled Faeb) along which
mafic magmas possibly ascended towards progressively higher levels westwards, (iii) an extensional master fault (Fc) bounding Late Oligocene-Early Miocene half-graben volcanic
infill, and (iv) the asymmetry of the antiform with a rather concordant and regular geometry of the intrusion roof on its western flank, and a much more dissected flank to the east.
(d) Field cross-section close to the axial part of the antiform, in Mt. Arrey area. Note (i) the abrupt rising of mafic material to the west throughout Jurassic strata, and (ii) the presence
of probably early mafic intrusions (an inclined dyke and a concordant gabbroic sill) in the dipping host-rock sequences. Location shown in Fig. 3c. Vertical exaggeration w2. The
orientation of the cross-section is as observed in the field.
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(Fig. 3a), indicates that (1) it is probably the structurally highest
intrusive sheet of the Ali Sabieh mafic complex, and (2) it was
emplaced during doming into previously upwarped Cretaceous
host-rocks.

3.2.2. The sill/dyke swarm
Despite an almost ubiquitous distribution of dykes throughout

the pre-Mablas series of the ASR, one zone of increased density is
observed in the Ali Sabieh effusive mafic series in the northern part
of the study area (Fig. 2). There, the topographically subdued
volcanic material is intruded by a closely spaced and composite
(mafic/felsic) dyke network, forming narrow linear topographic
ridges (Fig. 4b), with predominant NE-SW and N-S orientations
(Fig. 4c) on ASTER satellite images (Fig. 4a). Field and map
measurements indicate that both mafic and felsic dykes display an
average width >20 m (Fig. 4d), and corresponding lengths up to
a few km (Fig. 4a). Their contacts with the country-rocks are
generally very steep. An emplacement mechanism by multiple
injections of magma is locally suggested by the ‘dyke-in-dyke’
arrangement of steeply-dipping basaltic dykes on the cross-section
of Fig. 4d. Further south, the tilted Mesozoic strata coring the
antiform are intruded by generally narrower (<2 m-thick), and
dominantly mafic dykes, in a vertical or steeply-dipping attitude. In
most of cases, steeply-dipping dykes have experienced a rotation
quite similar to that of their tilted host-rocks, a feature which
suggests early emplacement, prior to regional doming.

3.3. The subaerially-emplaced upper sequences

On the revised geological map (Fig. 2), highly weathered mafic
rocks are exposed in a topographically subdued area between the
Cretaceous grits and the Mablas outer hills. Parts of these rocks



Fig. 4. The Oligo-Miocene Ali Sabieh dyke swarm. (a) ASTER remote sensing data showing the trace (white lines) of dominantly felsic dykes in the NNE termination of the antiform.
Note the prominent N-S and NE-SW trends of the main dykes. Z denotes the location of the section in Fig. 4d. (b) Topographic expression of >10 m-thick felsic dykes (Mablas series)
forming linear ridges through the Ali Sabieh effusive series. View towards the north from the SW part of the map in Fig. 4a. (c) Stereonet of dyke orientations (32 data measured in
the field) (Wulff projection, lower hemisphere). Mafic (�26) and rhyolitic (�6) intrusions are shown together. (d) Steeply-dipping attitude (70e80� to the NW) of four mafic dykes
(<20 m-thick in average, including the dyke dj70c dated at w25 Ma), arranged in a ‘dyke-in-dyke’ structure, and cut by parallel and narrower felsic intrusions, probably related to
the Mablas series. Location of the section shown as Z in Figs. 2 and 4a.
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were assigned to either (1) the ‘Basaltes fissuraux’ (Gasse et al.,
1986), or (2) the younger Mablas felsic series (Gadalia, 1980;
Gasse et al., 1986). We consider the innermost part of this map-
unit as a high-level intrusive mafic sheet of the Ali Sabieh complex.
The rest of the unit is regarded as the subaerial (effusive or volca-
niclastic) upper part of this complex. Its map extent varies
considerably, from more than 10 km in the NE termination of the
Fig. 5. Structural section across the upper mafic sequences of the Ali Sabieh complex (28
underlying Cretaceous grits and the Oligo-Miocene volcanic basin infill. Sample dj84/06 is
Location shown as Y in Fig. 2, and on the regional cross-section in Fig. 3c. (b) Interpreted s
antiform to a narrow strip along the flanks of the structure (Fig. 2).
The Ali Sabieh upper sequences show a homoclinal succession of
beddedmafic rocks, dipping consistently 25e30� to the ENE, on the
top of similarly-dipping Cretaceous grits (Fig. 5). Despite intense
weathering, a number of specific volcanic and volcaniclastic facies
were recognized in this sequence. They include (i) porphyritic
picrobasaltic lava flows, (ii) three levels of mafic boulder-bearing
e20 Ma). (a) Exposed section showing the concordant dipping attitude of both the
a picrobasaltic lava flow which yielded a K/Ar age of w26.3 Ma (see paragraph 3.4).
tructural section implying a syn-volcanic half-graben basin, facing to the west.



Table 1
Unspiked40K-40Ar age determinations on basaltic samples from the Ali Sabieh Oligo-Miocene volcanic complex (see Appendix 2 for sample locations). Analytical methods
described in the text. Ages were calculated using the constants recommended by Steiger and Jäger (1977).

Sample Experiment Split K
(wt%) �1s

Mass molten (g) 40Ar*% 40Ar* 10�11

(mol./g) �1 s
Weighted mean 40Ar* 10�11

(mol./g) �1 s
Age (Ma) �2<s

dj92/06
7419 0.672 � 0.007 1.14897 59.555 2.342 � 0.012
7435 1.03413 54.852 2.356 � 0.012 2.348 � 0.008 20.04 � 0.42
dj85/06
7486 1.515 � 0.012 1.02570 59.789 5.208 � 0.026
7519 0.53711 56.960 5.400 � 0.027 5.301 � 0.019 20.06 � 0.42
dj62/05
7258 0.728 � 0.007 0.44500 37.935 2.932 � 0.015
7274 0.48997 39.211 2.969 � 0.015 2.950 � 0.011 23.22 � 0.49
dj70/05c
7251 0.623 � 0.006 0.97913 30.598 2.692 � 0.014
7267 1.18979 32.084 2.738 � 0.014 2.715 � 0.010 24.95 � 0.53
dj84/06
7453 0.132 � 0.001 1.01047 12.897 0.605 � 0.032
7469 1.04650 12.251 0.609 � 0.033 0.607 � 0.022 26.31 � 0.56
dj124/05
7276 0.666 � 0.007 1.16157 48.359 3.231 � 0.016
7292 0.60841 49.543 3.218 � 0.016 3.225 � 0.011 27.71 � 0.58
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conglomerates interpreted as lahar deposits, and (iii) fine-grained
tuffs and tuffites which form the bulk of the section. Vertical
basaltic and rhyolitic dykes, trending either NS or NW-SE cut the
succession, and might belong to the above-mentioned composite
dyke network. Owing to the lack of significant faults in the section,
the thickness of the exposed volcanic and volcaniclastic series is
estimated to be ca. 200 m. In map-view, this unit is bounded to the
east by a 20 km-long elongate uplifted fault block of Cretaceous
grits, trending NW-SE (Figs. 2 and 5a). The unit is believed to lie
within a narrow SW-facing half-graben basin filled up with synrift
volcanics, and controlled to the east by amaster fault (labelled Fc on
Figs. 2 and 5a).
Fig. 6. Various types of sedimentary country-rocks inliers within the Ali Sabieh Oligo-Mioc
limestones surrounded by mafic magma. The steeply-dipping basaltic dyke to the NNW i
(probably authochtonous) limestone succession (see text for details). Location: west of th
Cretaceous country-rock bodies, still displaying a preserved parallel bedding, and separated b
disruption of an initially homogeneous sedimentary cover by a propagating and inflating m
Further NW, in the Ali Sabieh town area (Fig. 2), stratigraphically
higher picrobasaltic lavas form several meter-thick flows, dipping
gently (w20�) to the north. The lack of accurate strata dip
measurements in the exposed part of the Ali Sabieh volcanic/vol-
caniclastic sequence precludes any accurate estimate of its total
thickness. However, this thickness might be less than 500 m based
on an interpretation of the regional geology (Fig. 3).

3.4. 40Ke40Ar radiometric dating

With the exception of one microgabbro (sample dj67/05 on
Fig. 3d section), the ASR igneous rock samples are picrobasaltic and
ene mafic intrusive complex. (a) Xenoliths (meter-scale) and rafts (>10 m) of Jurassic
s located along a step-like contact between the main intrusion and a gently dipping
e laccolith coring the antiform. (b, c) Map and cross-section of totally disconnected
y an intricate sill-dyke network. These in situ rafts might originate from the progressive
agma-filled fracture system. Location of Dadin wadi area shown in Fig. 2.



Fig. 7. Photographs of Mesozoic sedimentary xenoliths embedded within the Ali
Sabieh Oligo-Miocene mafic complex (see location on the cross-section in Fig. 3c). (a) A
w10 m-large block of Cretaceous grits enclaved within the structurally highest mafic
sheet of the intruding complex. Note the autochtonous east-dipping Cretaceous strata
in the back of the exposed section. (b) Meter-size inliers of both Jurassic limestones
and Cretaceous sandstones in the axial part of the laccolith. The dominantly east-
dipping limestone strata in the back of the photograph (underlined as white lines)
represent the structurally highest country-rock units in the axial part of the antiform.
(c) Closely-spaced bodies of Cretaceous grits separated by a mafic sill-dyke network
displaying sharp and linear intrusive contacts. (Same location as Fig. 7a).
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basaltic lavas. The major and trace element compositions of 13
samples are given in the Electronic supplement (Appendix 1;
analytical methods described in Cotten et al., 1995). They are
transitional basalts with a dominant tholeiitic tendancy (Barberi
et al., 1975; Gasse et al., 1986; Vidal et al., 1991; Deniel et al.,
1994). Six ASR mafic rocks, including three dykes and sills and
three lava flows (locations given in the Electronic supplement,
Appendix 2), have been dated. Unspiked K-Ar experiments were
carried out at the ‘Laboratoire des Sciences du Climat et de l’En-
vironnement’ (Gif-sur-Yvette), on purified aliquots of microcrys-
talline groundmass (Cassignol and Gillot, 1982; Yurtmen et al.,
2002; Guillou et al., 2004; Scaillet and Guillou, 2004). The volu-
metric calibration of the spike-free introduction line (Charbit et al.,
1998) allows Ar content to be determined with a precision of 0.2%
(�2s). The samples yield ages ranging from 27.71 � 0.58 Ma to
20.04 � 0.42 Ma (Table 1), and the age ranges of the three intru-
sions and the three lava flows clearly overlap. These ages are in
agreement (i) with previous whole-rock K-Ar ages of Ali Sabieh
basalts (26.7 � 1.0 and 20.0 � 0.6 Ma; Barberi et al., 1975; Black
et al., 1975; Chessex et al., 1975, 1979), and (ii) with one 40Ar/39Ar
plateau age of 23.6 � 0.5 Ma (Zumbo et al., 1995). However, these
mutually consistent results do not necessarily mean that the
emplacement of the ASR mafic complex lasted 8 My, an unusual
time span even for a large intrusion or shallow intracrustal magma
chamber (Petford et al., 2000; Annen et al., 2006). Indeed, minor
hydrothermal alteration might lead to significant deviations of the
apparent 40K-40Ar ages with respect to their magmatic emplace-
ment ages. A good example of such disturbance of the K-Ar clock
due to hydrothermal alteration is provided by our test experiments
carried out on the microgabbroic sill (dj67/05), which contains
hydrothermal minerals (chlorite, epidote, pyrite), and accordingly
displays a relatively high Loss On Ignition value (4.38 wt.%). For this
sample, an apparent 40K-40Ar age of 16.45 � 0.50 Ma is obtained
(shown in Appendix 2, but not in Table 1). This age is not consistent
with the geological position of the microgabbro, and therefore is
not the emplacement age.

4. New clues to the structure of the Ali Sabieh antiform

4.1. Insights from sedimentary xenoliths within the Ali Sabieh
intrusions

The contacts between the Ali Sabieh basaltic intrusions and
their country rocks are almost invariably sharp. Narrow thermal
metamorphic aureoles are commonly observed in the host-rocks,
with minor baking effects within a few meters of the contact of the
main intrusion. However, there is no field evidence for the occur-
rence of assimilation processes. We have identified numerous iso-
lated large xenoliths of sedimentary rocks, totally surrounded by
igneous material, within the main intrusive body of the Ali Sabieh
complex (Figs. 6 and 7). Most of these sedimentary xenoliths are
located within or close to the (eroded) roof zone of the intrusion.
Their sizes range from a few m3 to tens of m3, and their local origin
is attested by lithological similarities with the adjacent autochto-
nous Jurassic (limestones) and Cretaceous (grits) successions.
Xenoliths with relatively modest sizes, less than a few m3, show
irregular shapes. They generally occur as randomly oriented slabs
with preserved sedimentary layering, totally discordant from one
xenolith to another, and also with respect to those of adjacent
autochtonous strata (Figs. 6a and 7a,b). They typically resemble
roof pendants which sank, with or without rotation, into the
magma at one stage of its emplacement. By contrast, much larger
sedimentary slabs (up to tens of m3) form closely-spaced bodies
displaying sharp and linear contacts with the igneous material
(Fig. 6b and c). Bedding in many of these sedimentary bodies
exhibit remarkably uniform strike and dip, which might be
inherited from their original position. This observation implies that
significant differential motions between sedimentary blocks did
not occur during the intrusion process (Fig. 7c).

4.2. Geometry and timing of emplacement

The general map pattern and dips (77 field measurements) of
the pre-Dalha/Somali series characterize an asymmetrical fold-like
structure, plunging toward the NNE, and displaying a much wider
and more structurally complex flank to the east (Fig. 2). Strata dip
values range from 0 to 45�, and cluster at ca. 20� (Fig. 8a). The
greatest values correspond to east-dipping strata from the eastern
flank. However, bed dips as large as 45� are locally observed on the
western flank in close association with drag-folds along strike-slip
faults. Most dip measurements were obtained on Mesozoic strata
(�67), and the restricted number of data from the synrift extrusive
sequences (�10) does not allow us to compare rigorously the
overall structure of the ca. 28e20 Ma Ali Sabieh (mafic) series, and
those of the 20e9 Ma Mablas (felsic) units. However, the smaller
dips (5e10�) measured for the younger (Mablas) sequences, with
respect to the steeper (20e40�) Ali Sabieh series, argue for an
angular unconformity within the Miocene section in the ASR area.



Fig. 8. Main structural features of the Ali Sabieh antiform. (a) Stereographic projection (Wulff projection, lower hemisphere) and histogram of strata dips in synrift volcanics (Ali
Sabieh and Mablas Fms.) and pre-rift (Mesozoic) sequences involved in the Ali Sabieh antiform (77 data, undifferentiated). Poles and cyclographic traces of strata typically suggest
a fold structure with a majority of dips in the range 15e45� . (b) Sketch structural map of the Ali Sabieh antiform showing (i) the main fault pattern (Fab,c), (ii) the distribution of
strata dips, and (iii) paleostress tensors (from 15 selected sites of measurements) typical of an extensional regime (the corresponding principal stress axes are depicted on Fig. 9c).
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This interpretation is consistent with mapping results on the
eastern flank of the antiform. There, the Ali Sabieh upper (volcanic/
volcaniclastic) series disappear progressively southward up to
Asamo, where the overlying Mablas rhyolites rest directly over
Cretaceous strata (Figs. 2 and 8b). The inferred regional-scale intra-
Miocene unconformity likely resulted from the eruption of Mablas
rhyolitic lavas and pyroclastic flows over previously tilted mafic
sequences. The modest dip of the Mablas sequences might result
from their deposition over a preserved flank topography. On the
other hand, the apparent conformity of the Ali Sabieh mafic
sequences over the top of Cretaceous grits (Fig. 5) further indicates
that (i) the earliest synrift volcanics in the ASR were emplaced as
nearly-horizontal flows over a flat-lying pre-rift land surface, and
(ii) the Mesozoic substratum series had not undergone an earlier
(pre-rift) compressive event in contradiction with previous models
(Barrère et al., 1975).
These relative timing constraints suggest that the onset of strain
in the ASR occurred prior to the Mablas magmatic event, and
probably during the Ali Sabieh mafic activity (28e20 Ma).
4.3. Regional fault pattern

Interpretation of ASTER remote sensing data in the ASR shows
a dominantly NW-SE-oriented brittle-style fault array, oblique to
the NNE-SSW axis of the antiform and crossing through the Ali
Sabieh mafic complex and its Mesozoic host-rocks (Figs. 2 and 8b).
One of the NW-SE transverse faults (Fc) is regarded here a as
a major half-graben-bounding structure, coeval with the Ali Sabieh
effusive event (Fig. 5a). Two additional parallel fault-like structures,
ca. 20 km-long (labelled Fa,b), bound to the east two map-scale
bodies of mafic material. They limit asymmetric steep-sided



Fig. 9. Fault data and computed paleostress axes in the Ali Sabieh antiform. (a) Typical 2D fault arrangement observed in the field, showing a conjugate network of extensional
faults in slightly tilted Cretaceous grits and a mafic sill-dyke swarm. Sill offsets indicate dip-slip displacements of w10 m across most of individual faults. Location shown as U in
Fig. 2. (b) Rose diagrams of strike (left) and dip (right) of 438 striated fault planes measured in the field. (c) Orientation of reconstructed principal stress axes for all measurements
(30 tensors, top) and for extensional regimes (15 tensors, bottom). See text for discussion.
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intrusions, rising to progressively higher levels westwards, up to
the apex of the dome in the Mt. Arrey area (Fig. 3c).

NW-SE-trending brittle faults are also observed in the field as
smaller-scale extensional structures cutting, with minor displace-
ment (typically <10 m), through Mesozoic host-rocks and their
intruding mafic dyke-sill swarm (Fig. 9a). They are generally
spatially associated with NE-SW structures that are probably
conjugate. Fault measurements (438 data) in Mesozoic (�243), Ali
Sabieh (�137), and Mablas felsic (�58) rocks indicate two main
modes of fault strikes at N-S and NE-SW (Fig. 9b), i.e. nearly parallel
to the composite dyke swarm intruding theAli Sabieh effusive series
in the northern termination of the antiform (e.g. Fig. 4c). Fault dips
range from 90� to 40�, with 65% of fault dips >60� (Fig. 9b).

The dynamic analysis of fault-slip data (Sperner et al., 1993;
Angelier, 1994) led us to compute 30 tensors in Mesozoic rocks
(�17), Adolei mafic volcanics (�10), and Mabla felsic intrusions
(�3), respectively. According to our tensor determinations, s3 axes
are consistently horizontal, with an E-W direction, whilst the
maximum principal stress s1 is either subvertical (15 tensors
typical of a pure extensional regime, Fig. 8b and 9c), or sub-
horizontal (15 tensors typical of a strike-slip regime). Our results
definitely exclude dominantly horizontal compressive stress
conditions in the ASR during the onset of doming, in contrast with
previous interpretations (Clin and Pouchan, 1970). One should note
that a majority (10 data) of strike-slip tensors were measured close
to regional transverse faults, striking either NW-SE (7 tensors) or
NE-SW (3 tensors), hence suggesting local s1/2 permutations in the
vicinity of probably reactivated pre-existing discontinuities.

The network of NS-oriented intrusions in the Ali Sabieh
composite feeder dyke swarm is nearly orthogonal to the direction
of regional extension and it likely formed as Mode I magma-filled
fractures. Their pattern suggests that mafic magmatic activity and
brittle extensional faults occurred simultaneously in the ASR
during Late Oligocene-Early Miocene times.

Further timing constraints for the onset of faulting in the ASR
area are supplied by the map distribution of the regional-scale fault
network. First, the fact that the NW-SE-trending fault pattern dis-
secting the antiform does not transect theMablas rhyolitic series on
the outer rim of the fold structure suggests that it formed during
a late stage of the emplacement of the Ali Sabieh mafic laccolith
prior to the Mablas volcanic event. On the other hand, the arrest of
younger extensional Asal-type faults within the DalhaeStratoid
basaltic cover, onlapping the western flank of the antiform (Fig. 1c),
demonstrates that (i) the ASR area later behaved as a tectonically
stable domain during younger rift stages, and that (ii) the NW-SE
fault system was not reactivated.

5. A magma-driven uplift model for the origin of the ASR

Although it is often difficult to discriminate the tectonic effects
of an intrusion from those of regional deformation, the magma-
driven origin of the Ali Sabieh antiform is argued below from the
following structural evidence. First, a compressional origin for the
ASR is inconsistent with paleostress reconstructions, which instead
favour either pure extensional or strike-slip conditions during the
onset of magmatism in the ASR. In addition, the previous inter-
pretations of the Ali Sabieh antiform as a regional-scale horst
structure (Clin, 1991; Eagles et al., 2002) are contradicted with the
observation that basement/synrift highs in the ASR are not spatially
linked to clear fault rift shoulders, and more generally to any



Fig. 10. Structural and geometrical characteristics of the Oligo-Miocene Ali Sabieh mafic laccolith. (a) Diagrammatic cross-section illustrating the restored geometry (before
erosion) of the antiform and its coring laccolith in a magma-driven model. The geometry and dimensions of the laccolith (length (L), thickness (T) and corresponding depth of its
basal contact) are not accurately constrained. The Ali Sabieh mafic dyke swarm is not drawn. Vertical exaggeration w1.5.). (b) Log T (thickness) versus Log L (length) diagram for
laccolith intrusions. A thickness of ca. 2 km is deduced from the estimated length value (10 km) proposed in the text for the Ali Sabieh laccolith. The thick solid black line
corresponds to the best-fit slope, and the two dashed lines are the 95% confidence limits, according to Corry (1988), McCaffrey and Petford (1997), and Cruden and McCaffrey
(2001). (c) Plate reconstruction of the Afar rift system at 24e20 Ma showing the position of the Ali Sabieh magmatic area (i) at the eastern periphery of the (earlier) Ethiopian
flood province, and (ii) in the southern continuation of the incipient Red Sea rift and its associated axial dyke swarm (modified from Bosworth et al., 2005). ASR, Ali Sabieh range;
GA, Gulf of Aden; RS, Red Sea.
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extensional map-scale fault structures. The few synrift extensional
faults are either local structures associated to the Ali Sabieh lava-
filled half-graben, or alternatively younger structures that bound
the uplifted Somali Basalts in the Lougag plateau area (Fig. 8b), and
thus largely post-date the antiform.

Moreover, the magma-driven origin proposed here for the
arched geometry of the Jurassic-Cretaceous sedimentary cover at
the apex of the Ali Sabieh intrusion is consistent with the results of
experimental modelling of high-level magma emplacement
beneath overburden layers (Roman-Berdiel et al., 1995). Although
the present erosion level in the ASR area precludes a precise loca-
tion of the base of the main coring intrusion, the finite geometry of
the Ali sabieh antiform is depicted on the diagrammatic cross-
section shown in Fig. 10a. The overall asymmetry of the antiform is
marked by the step-like geometry of the intrusion roof on its much
more intricate eastern flank.

This section is nearly orthogonal to the NNE-SSW axis of the
NNE-plunging antiform and is constructed with the following
assumptions: (i) The total thickness of the Mesozoic overburden
(ca.1000m) is nearly constant laterally. (ii) Frommap arrangement,
and regional strata dip attitudes, the Ali Sabieh effusive series is
<500 m-thick on the preserved limbs of the antiform. Its thickness
is likely to decrease laterally outward, away from the feeder
intrusive complex coring the antiform. (iii) From these thickness
estimates, the Proterozoic/Mesozoic undeformed interface should
lie at a depth of approximately 1.5 km beyond the antiform. It might
continue horizontally, at a constant level, beneath the antiform. To
establish the length (L) of the underlying intrusion, additional
geometrical constraints are supplied by the dipping attitude of the
synrift overburden. On the basis of exposed geology alone, it is
difficult to determine exactly where the limbs of the antiform
terminate beneath the Mablas unconformable felsic series.
However, the decreasing dip attitude of the Mablas lavas and
pyroclastic flows from 5 to 10� on the eastern edge of the antiform
to nearly horizontal in the Goubetto area, 5 km NE of the flank of
the antiform (Fig. 10a), suggests that the Ali Sabieh antiform does
not extend laterally far beyond its present map exposure. Assuming
a symmetrical dip pattern for the western flank of the structure
would lead to estimate a maximum width of ca. 15e20 km for the
Ali Sabieh antiform, and its underlying intrusion (Fig. 10a). On a Log
T-Log L diagram, themaximumwidth value estimated above for the
Ali Sabieh laccolith lies out of the main range of published data
(Fig. 10b). Although more accurate geometric data are needed to
better constrain the width of the Ali Sabieh laccolith, a smaller
width of ca. 10 km is more likely (A.R. Cruden, personnal commu-
nication), and would better fit within the Log T-Log L diagram. That
in turn indicates (i) a thickness value in the range 0.6e1.6 km, close
to the thickness drawn in the section (Fig. 10a), and (ii) an aspect
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ratio (amplitude/diameter) typical of laccolithic intrusions (Dixon
and Simpson, 1987; Corry, 1988; McCaffrey and Petford, 1997). In
addition, the assumption of a regular arch-shaped geometry for its
outermost envelope would indicate ca. 1 km of erosion in the axial
part of the antiform since the Lower Miocene (post-Ali Sabieh
magmatism).

Considering this scenario, a few assumptions are tentatively
proposed for the kinematics of emplacement of the Ali Sabieh
laccolith. The generally concordant nature of the main mafic
intrusion underlying the Ali Sabieh antiform suggests that the
intrusion originated as a sill, and then expanded into a laccolith,
flexing the Mesozoic overburden. The lifting of the intrusion roof
was probably assisted by the rejuvenation of pre-existing (NNW-
oriented) discontinuities. These steep structures might have guided
the ascent of mafic magma at higher structural levels in the
uppermost crust, whilst large portions of the sedimentary cover
were concomitantly displaced in a step-wise fashion over the roof
of the laccolith. The preferred location of locally-derived cover
xenoliths, or roof pendants, near the roof of the intrusion might
result from the downward collapse of the brittly fragmented roof,
over the center of the laccolith. Such a process has been demon-
strated by experimental modelling (Pollard and Johnson,1973), and
further confirmed by field studies of intrusions (McColl, 1964;
Jackson and Pollard, 1990; Zak and Patterson, 2006, and refer-
ences therein). In addition, the lack of bedding-plane slip surfaces
in the Mesozoic overburden suggests that it behaved as a single
mechanical layer during the growth of the laccolith, hence
increasing its resistance to bending.

According to results of experimental or numerical modelling,
the basal contact of laccolithic intrusions typically extends along
major flat-lying weakness zones (Roman-Berdiel et al., 1995, and
references therein). In the present case, the ProterozoiceMesozoic
interface might be a plausible candidate for the floor of the Ali
Sabieh laccolith. However, a shallower stratigraphic position,
within the Mesozoic section, is proposed from the overburden
thickness data used to construct Fig. 10a.

6. Conclusions

The magma-driven model proposed here for the Ali Sabieh
antiform, at the SE periphery of the Afar plume-induced magmatic
province, not only supplies new insights about strain recorded by
Mesozoic and synrift layered overburden during early magmatism,
but it also provides a structural understanding of a mafic magmatic
complex. The so-called Ali Sabieh complex comprises, from bottom
up, (i) a shallow and <2 km-thick laccolith, from which uprose (ii)
a dense interdigitated sill-dyke swarm which, in turn, fed, (iii)
a relatively thin (<500 m) subaerially-emplaced effusive and vol-
caniclastic sequence.

New K-Ar age determinations indicate that the onset of mafic
magmatism in the ASR took place between 28 and 20 Ma, i.e.
sligthly later than the initial basaltic trap event that occurred at ca.
30 Ma over the Ethiopian and Yemen plateaus (Hofmann et al.,
1977; Coulié et al., 2003). On the other hand, the time range
28e20 Ma marks a major period of magma-assisted crustal dila-
tation and extension in eastern Afar sensu lato (Fig. 10c). It corre-
sponds to (i) the main magmatic event recorded between 24 and
21 Ma along the Red Sea coast of Southern Arabia (Féraud et al.,
1991; Sebai et al., 1991), and (ii) the main plutonic activity that
occurred in Western Yemen from 22 to 21 Ma (Zumbo et al., 1995).

From a structural point of view, the Ali Sabieh antiform is
assumed to have formed at an early stage of rifting in response to
the emplacement of a mafic laccolith-type intrusion at shallow
crustal levels, beneath aw1 km-thick Mesozoic sedimentary cover.
Our ‘laccolith’model is chiefly supported by: (i) the geometry of the
pluton roof, (ii) the recognition of roof pendants in the axial part of
the pluton, and (iii) the mapping relationships between the main
pluton, the associated dyke-sill network, the upper volcanic/vol-
caniclastic sequences and the various types of faults that crosscut
these units. From the arched geometry of the Mesozoic overburden
sequences, approximately 2 km of roof lifting was achieved, prob-
ably along reactivated transverse discontinuities. This magma-
driven model is therefore inconsistent with previous hypotheses
that postulated a tectonic origin in either a compressional or
extensional stress regime for the antiform.

Although shallowmagma chambers are commonly documented
beneath axial volcanoes in most rift systems, as for example along
the Icelandic rift (Bransdottir and Menke, 1992), the role of high-
level intrusions in generating regional-scale folded structures in
synrift cover sequences is a newhypothesis for the Afro-Arabian rift
system. Syn-magmatic fold structures have been seismically
imaged as small-scale domes above recent volcanoes along parts of
the East African Rift System, e.g. in the Turkana rift segment, North
Kenya (Dunkelman et al., 1988; Le Gall et al., 2005). The magma-
driven model applied here to the ASR might supply some clues for
the origin of a number of synrift antiforms, of still unknown origin,
in the SE Afar rift, such as those involving the Ribta (3e4 Ma), and
Mablas felsic series, north of the ASR, in the Arta transverse zone
and in the DR, respectively (Fig. 1b).
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