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ABSTRACT

Detailed multi-beam bathymetry and geophysical surveys in the Northern Red Sea
(25°-26°N area) reveal the complex structure of a large isolated rift zone, the Mabahiss
Deep, located near the Arabian continental margin.

Morphological characteristics and superficial structures point to a complex interfinger-
ing of shallow, locally voluminous, basaltic rocks with Miocene evaporites and Plio-
Quaternary sediments of very different thickness. Sedimentary units are deformed by
various types of tectonism (salt diapirism and flowage, faulting, folding...).

An evolutionary scheme is proposed which takes into account superficial structures
and magnetic anomalies. It assumes that shallow magmatism was initiated very early
in Pliocene times along a transverse zone of weakness whose extent and origin are
uncertain. Extension of the early volcanic zone then occurred during a succession of
magmatic and tectonic phases.

Ultra-slow (about 0.5 cm/year) sea-floor spreading zones such as the Mabahiss Deep
are characterized by important magmatic and tectonic events much less regularly
distributed in time (long cycles) than faster oceanic spreading centres.

Oceanologica Acta, 1990. 13, 2, 145-157.

RESUME

Structure d’un rift océanique dans la région nord de la mer Rouge

Des levés géophysiques et de bathymétrie SEABEAM détailiés, réalisés dans la région
nord de la mer Rouge (25 a 26°N) ont permis de cartographier les structures complexes
d’un rift axial (la fosse Mababhiss) située au pied de la marge arabe.

Les caractéres morphologiques et les structures superficielles résultent d’une juxtaposi-
tion complexe des évaporites miocénes, des sédiments Plioquaternaires d’épaisseur trés
variable et d’'un magmatisme basaltique trés volumineux par endroits. Les unités
sédimentaires sont déformées par des tectoniques variées: fluage et diapirisme salifére,
fractures, déformations souples...

A partir de I'analyse des structures superficielles, de la distribution des anomalies
magnétiques et de leur modélisation, un schéma d’évolution est proposé. Il suppose
I'initiation d’un volcanisme peu profond au début du Pliocéne le long d’une zone
transverse dont 'origine et ’extension sont discutées. Lors des stades ultérieurs, cette
zone de volcanisme s’est agrandie au cours de phases tectoniques et volcaniques
successives.

Les zones d’accrétion océaniques trés lentes (demi-taux: 0,5 cm/an) telles que la fosse
Mabahiss sont caractérisées par de grands événements magmatiques et tectoniques
beaucoup plus épisodiques que dans les centres d’accrétion plus rapides.

Oceanologica Acta, 1990. 13, 2, 145-157.
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INTRODUCTION

The history of the Red Sea is usually subdivided into
two phases of opening that occurred after an intra-
continental rift stage of Oligocene — Early Miocene
age.

The first (Miocene) opening stage is poorly known
because very thick Middle to Upper Miocene evapo-
rites have filled the Red Sea basin, blanketing the
deeply buried basement. Consequently the nature of
the crust is uncertain over a major part of the Red
Sea. From most recent research, it appears that the
crust is certainly thinned continental crust to a distance
of 30 to 40 km from the coasts (Barakat & Miller,
1984; Gaulier ez al., 1988). Further offshore, it could
be either highly thinned and more or less intruded
continental crust (Cochran, 1983; Bonatti & Saydler,
1987; Martinez & Cochran, in press), or entirely new
oceanic crust formed during the last 25 My (Girdler &
Southren, 1987) or 12 My (Izzeldin, 1987; Le Pichon
& Gaulier, 1988).

The second (Pliocene to Recent) phase is characterized
by the formation of an oceanic rift which is clearly
developed only in the southern areas (Fig. 1 a). There,
the oldest oceanic crust dates back to 5 or 6 My
(Roeser, 1975; Izzeldin, 1987). In the northern half of
the Red Sea, no continuous (i. e. with surface expres-
sion), oceanic rift exists. Between 21°20°N and 23°30°N,
it is replaced by a succession of trough and intertrough
zones. Within the trough zones, the topography is
rough and there are extensive outcrops of oceanic base-
ment; in the intertrough zones the evaporite cover is
still continuous across the axis, the sea-floor topogra-
phy is much more subdued and depths are shallower
(<1 500m)(Béckereral., 1975).

In the Northern Red Sea, the characters of the axial
valley are that of the intertrough zones of the Central
Red Sea. No volcanic outcrop in the axial depression
north of 23°30°N was known until recently.

The morphological structure of the Red Sea axial valley
is apparently linked to the varying amount of opening,
which decreases significantly from SE to NW, but its
history can be interpreted in different ways:

— if oceanic accretion began in the Miocene (Early or
Middle?), then the differentiation of axial morpho-
logies may. simply reflect the progressive breaking up
of evaporites under different rates of seafloor spreading
(Le Pichon & Gaulier, 1988). Many observations have
led to the conclusion that the Red Sea evaporites may
have undergone very considerable extension (30 to 50
km) after the end of their deposition and before they
were completely disrupted (Girdler & Whitmarsh, 1974;
Juteau et al., 1983...);

— alternatively, if the Red Sea opening has been mainly
due to the extension of continental crust and diffuse
dike injection, possibly accompanied by crustal under-
plating, then the morphology of axial areas reflects the
northwestward propagation of an oceanic rift through
an intermediate, relatively thin crust. The isolated
troughs of the central Red Sea are then interpreted as
“nucleation points” or “‘oceanization cells” (Courtillot,
1982; Bonatti, 1985). Such cells must progressively

extend laterally and longitudinally in further stages and
coalesce to form a continuous oceanic rift.

Figure la
General distribution of oceanic rift zones in the Red Sea.
Répartition des zones de rift océanique en mer Rouge.

A major question concerning the Red Sea evolution is:
does a continuous oceanic rift exist under the evaporites
in the axial areas or not (ie. are the Arabian and
Nubian plates completely separated?). If not, is the
Northern Red Sea at some intermediate stage of evolu- '
tion?

Much research has been devoted recently to the study
of the Northern Red Sea in order to identify the nature
of the crust and the structures of the axial areas, and
their significance. In the western half, seismic refraction
measurements indicate that a thin and high velocity
crust (i.e. predominantly basic rocks), interpreted as
oceanic crust by Gaulier e al. (1988), exists to a dis-
tance of 30-40 km off the Egyptian coast south of
26°30°N (Fig. 1 b). In the axial areas, detailed surveys
(bathymetry, single channel seismics and magnetics)
have permitted the localization of several outcropping
volcanic edifices, which have been interpreted as evi-
dence of a new, recent magmatic stage (Pautot et al.,
1986; Guennoc et al., 1988). At the southern end of
the Northern Red Sea axial “segment”, a wide volcanic
zone — the Mabahiss Deep — has also been surveyed:
we present here the results of the detailed exploration
of that area.
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Figure 15

General structural map of the Northern Red
Sea. On land: basement fracture trends in Egypt
and Saudi Arabia compiled from 1: 250 000
and 500 000 geological maps. Offshore: stippled
areas — volcanic basement outcrops; broken
line — limit between thinned continental and
oceanic crusts from refraction data (Gaulier et
al., 1988); triangles and squares — oil wells
bottomed in granitic and gabbroic rocks respec-
tively (From Barakat & Miller, 1984; Girdler
& Southern, 1987).

Carte générale des structures de la région nord
de la mer Rouge. A terre: fractures du socle
d’aprés les cartes géologiques au 1/250 000 et
1/500 000 d’Egypte et d’Arabie Saoudite. En
mer: zones en pointillé: affleurements de socle
volcanique; ligne en tireté: limite entre crofite
continentale amincie et croiite océanique
d’aprés les données de réfraction (Gaulier et
al., 1988); triangles et carrés: forages pétroliers
ayant atteint un socle de nature respectivement
granitique et gabbroique (D’aprés Barakat &
Miller, 1984; Girdler & Southern, 1987).
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Figure 2

General bathymetry (100-metre contours) and toponymy of the studied
area and location of the seismic sections shown in Fig. 4 (complete
track map: see Guennoc et al., (1988).

Bathymeétrie générale (contours: 100 m, toponymie de la zone étudiée
et localisation des sections de sismique réflexion de la figure 4 (carte
compléte des levés: voir Guennoc et al., 1988).

MAIN BATHYMETRIC FEATURES OF THE
MABAHISS AREA

The Northern Red Sea depression is usually subdivided
into narrow coastal zones (from the coast to a depth
of 200 m), wide flat marginal areas (between depths of
200 and 900 m) and further offshore, an axial valley
or depression, 1 000 to 1 300 m deep and 20 to 50 km
wide (Drake and Girdler, 1964; Laughton, 1970...).

A general bathymetric map of the Northern Red Sea
(Guennoc et al., 1988) shows particular morphologies
in the 25°-26°N area, around the Mabahiss Deep
(Fig. 2), along both a transverse axis and along-strike.
1. The Mabahiss Deep is clearly offset 25 km to the
NE of the median line of the Red Sea. Consequently,
a wide, smooth marginal zone, between 600 and 900 m
deep, is present to the SW while it is absent to the NE
and E: there, reefs unusually extend as far as 30 km
from the coast. It must be noted that near 25°25N and
36°33 E, the reefs lie only 4 km from water depths as
great as 1 300 m, resulting in a mean slope of 16° (the
typical distance associated with this sort of depth range
in the Red Sea is about 70 km). As a consequence of
this depth difference between neighbouring areas, the
flanks of the Mabahiss Deep are also quite different
in shape and width: other axial deeps in the Central

Figure 3
SEABEAM bathymetry of the Mabahiss Deep. Contour interval 20 m.
Bathymétrie Seabeam de la fosse Mabahiss. Contours: 20 m.
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Red Sea such as the Atlantis IT or Nereus deeps present
much greater symmetry (Pautot, 1983).

2. (a) The morphology of the NW axial valley is typical
of the Northern Red Sea (Guennoc ef al., 1988) except
for an elongated trough (Northern Deep, maximum
depth: 1 720 m) on the eastern border. The transition
between the NW axial valley and the Mabahiss Deep
is rather sharp. They are separated by only a small
(1 400 m) arcuate depression bordering the large subcir-
cular Mabahiss Seamount. This scamount with a sum-
mit 4-5 km wide at -880 m, is a most unusual feature
along the Red Sea axis.

(b) Southwestwards, there exists a rapid deepening from
the seamount to the Mabahiss Deep, which is a large
(15%x9 km), 2 180 m deep depression. The depth and
width of this deep are quite similar to those of the
Nereus Deep, while the Atlantis IT Deep is much nar-
rower (6 km).

(¢) Further south there is a wide and complex transition
zone between two axial “segments” of very different
trends: to the south the axial zone intermediate between
the Central and Northern Red Sea trends N-S while
the NW axial valley trends N140°E (Fig. 1 b). The
major features of this transition area, the Southern
axial valley and SE areas (Fig. 2), are:

(1) a significant widening of the area deeper than
1 000 m, the 1 000 m isobath being much offset to the
ENE between 25°00 and 25°30 N:

(2) large, flat structures such as the SE plateau and the
Eastern Basin,

(3) a complex Southern axial valley delimited by the
1 500 m contours.

The SEABEAM map (Fig. 3) reveals greater detail and
clearly displays the juxtaposition of the following, very
different, morpho-structural domains:

1. the flat Eastern Basin, 1 720 m deep, is composed
of two distinct branches trending NNW-SSE and E-W
respectively;

2. the Southern axial valley is made up of a complex,
convolute pattern, of ridges and troughs or valleys, at
depths of 1 700 to 1 900 m, in the area of the 2 120 m
Southern Deep. The Southern Deep is formed of three
arms and its shape is rather typical of small intra-
evaporite deeps (ex. Kebrit deep, Backer ef al., 1975;
Pautot, 1983). More linear NNE-SSW trending ridges
are located to the SE;

3. the Mabahiss Deep shows a clear asymmetry, as the
deepest part is located to the west while the axial ridge
(i.e. the S flank of the Seamount) is offset to the north-
east;

4. several important canyons or valleys, very different
in shape, open into the trough. A high detrital input
of sediment must transit through these pathways from
neighbouring areas towards the Mabahiss Deep.
Despite this supposed high sedimentation rate, a small
topographic high emerges 75 m above the flat seafloor
of the deep.

In conclusion, when compared with other parts of the
axial Red Sea rift, the Mabahiss area presents similar
maximum depths but many differences both in the
axial structures (a wide, asymmetric axial deep and a
wide seamount) and in the morphology of the flanks
or of the neighbouring areas.

These morphological characteristics reflect differences
in superficial structures that have been investigated by
single-channel seismic reflection.

NATURE AND DISTRIBUTION OF ACOUSTIC
SEQUENCES

Sediments

Acoustic access to the Red Sea stratigraphic sequences
is difficult because the thick Miocene evaporite blanket,
which includes high velocity anhydrite, inhibits the
useful penetration of energy even with multichannel
reflection seismics (Tewfik & Ayyad, 1982, ...).
Analysis of about 15 000 km of single-channel seismics
in the Northern Red Sea axial areas (Pautot et al.,
1986; Guennoc et al., 1988) has shown that three dif-
ferent seismic facies or sequences enclosing the upper
Miocene evaporites and the Plio-Quaternary deposits
can be distinguished (Fig. 4-1);

1. Facies or sequence A is composed of a rather thin
Plio-Quaternary unit (<250 msec sometimes only 100-
150 msec thick) overlying, almost everywhere uncon-
formably, a transparent upper Miocene unit believed
to be composed mainly of salt. The two units are
separated by a strong reflector or group of reflectors
named reflector S (Phillips & Ross, 1970).

2. Sequence B is characterized by strong layering both
in the upper Miocene series and in the overlying Plio-
Quaternary sediments. Layered evaporites are presu-
med to represent bedding of anhydrite, gypsum and
shales.

In sequence A, the Miocene unit forms “plateaus” or
“high zones” with local indications of erosion, while
the layered evaporites of sequence B are covered con-
formably by thicker (300 to 500 msec) Plio-Quaternary
sediments in low, basin-like areas; there sedimentation
must have been relatively continuous. Thus the distri-
bution of sequences A & B reflects an Upper Miocene
morphology that persisted until the present time,
despite having been modified by salt tectonics (either
diapirism or downwarping) during the Plio-Quater-
nary.

The facies distribution map (Fig. 5) shows that the
Miocene evaporites (sequences A and B) exist over
major parts of the 25-26°N area except the Mabahiss
Deep zone and its NE flank.

3. On the eastern flank of the Mabahiss Deep a peculiar
facies, sequence C, corresponds to a thick and well-
layered series within which reflector S cannot be distin-
guished (ex. Fig. 4-2).

In some areas (Fig. 4-1), a gradual transition from
sequence A or B to sequence C can be observed so
that one may infer the existence of Plio-Quaternary
sediments that can be as thick as 700 to 1 000 or even
1 500 m in some cases. Such thick, layered series have
been observed in other areas located near the Red Sea
margins (in Izzeldin, 1987; Tewfik & Ayyad, 1982),
along the Sinai coast (Pautot er al., 1986) or in the
Gulf of Agaba (Ben Avraham et al., 1979).

The restricted distribution of sequence C on the NE
flank is explained by high detrital sediment input due
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In the central part of eastern flank of Mabahiss Deep,
a reduced Plio-Quaternary sedimentation (sequence A)
is observed in well-restricted and isolated zones and to
the NE of the axial seamount (Fig. 4-3, 5).

At the SW edge of the deep, layered Plio-Quaternary
sediments (sequence C) are restricted to a small area
on the deeper step of the SW flank.

The volcanic basement

The presence of volcanic basement in the Red Sea is
clearly recognized only when it is outcropping or nearly
outcropping. In some areas the nature of the basement
cannot be ascertained and a mixed composition (vol-
canics and evaporites) may well be surmised.

Indeed, the salt unit and the basalt may both present
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Figure 5

General facies distribution and structural map of the Mababhiss area: 1, 2, 3: sedimentary sequences
A, B and C respectively (see text); 4: volcanic basement; 5: uncertain substratum (volcanics and|or
evaporites?); 6: major faults; 7 a, b: main anticlines and synclines; 8: highly deformed zones; 9: dips

within sequence C.

Carte générale des faciés sédimentaires et des principales structures; 1, 2, 3: séquences sédimentaires,
respectivement A, B, C (voir texte); 4: socle volcanique; 5: substratum incertain (volcanites et/ou
évaporites); 6: principales failles; 7: anticlinaux et synclinaux; 8: zones 4 déformations intenses; 9:

pendages au sein de la séquence C.

the same opaque facies on seismic records. Moreover
a complex intermixing of evaporites and volcanics (sills,
dikes...) must exist in the Red Sea rift zones, especially
at their periphery where shallow magmatism first pier-
ced through the evaporites. Consequently, the presence
of basaltic basement was identified only in the axial
zone over the Mabahiss Deep area and on the SW
flank, and this by taking into account the acoustic
facies, the strong magnetic character, the surface mor-
phology and the results of some dredging and coring.
In some places, such as the top of the SW flank, a
clear limit between the evaporites and the volcanic
substratum is revealed within a sediment trough
(Fig. 4-4, 5).

On the NE flank the distinction between the volcanic
basement and the sequence C should be quite clear
because of their very different acoustic facies. However,
apart from the seamount flanks, the substratum is
buried by sediments 100 to 200 msec thick. It is also
difficult to determine whether the substratum is made
of volcanics, evaporites, or a combination of the two,
because of the similarity of the top reflectors of basalt
and evaporite units.

Northeastwards there is a very rapid downwarping of
either the evaporites or the volcanic basement below
the thick sediments of sequence C (Fig. 4-5) and the

nature of the substratum below this sequence cannot be
ascertained by reflection seismics. As a high-amplitude
magnetic anomaly extends to the south beyond the
limit of the shallow basement area (Fig. 5, 6), the
existence of some volcanic material within sequence C
can be assumed, at least on the NW edge of the SE
basin.

Within the Mabahiss Deep itself, the acoustic basement
of the axial ridge and of the SW flank is rapidly buried
under a sequence of very strong and flat superficial
reflectors (Fig. 4-4, 4-7). Extrapolating the slope of the
axial ridge along strike, towards the edge of the deep,
a sediment thickness as great as 500 msec can be
postulated. However, volcanic bodies and intercala-
tions must be present there at shallow depths as indi-
cated by the small topographic high emerging in the
centre of the deep (Fig. 3), the sampling of basalt
fragments below 160 cm of sediments just at the foot
of the NE canyon and the high amplitude and conti-
nuity’ of magnetic anomalies over the deep. We thus
interpret this sequence of very strong surficial reflectors
as an interlayering of recent sediments (mainly biodetri-
tal with hydrothermal components) and volcanoclastics
or local basaltic flows.

"At the SW edge, to the NW and NE of Daedalus Reef

(Fig. 5), several small substratum outcrops have been
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interpreted as basaltic intrusions, incompletely buried
by Plio-Quaternary sediments (Guennoc et al., 1988).

MAJOR SUPERFICIAL STRUCTURES

Various kinds of structures and deformation have been
observed, depending on the nature of the substratum:
1. Where evaporites are present, the deformation is
commonly seen in the form of diapirs or collapse struc-
tures, i. e. small narrow troughs, and faults with small
throws (Pautot et al., 1986; Guennoc et al., 1988). All
these features are generally of limited extent, so that the
sedimentary sequences are mainly undisturbed except in
some parts of the axial areas, for example in the NW
axial valley where some long linear faults and troughs
trend N145°E and in the southern axial valley where
deformation is mainly concentrated in the deepest part
around the Southern Deep. In some areas, reflector S
is no longer detected because the whole sedimentary
sequence is highly deformed (ex. Fig. 4-7).

The southern axial valley is bounded by faults that
mainly trend N-S to N20°E. To the SSW the faults are
bounding en-echelon elongated diapirs and are rela-
tively short. To the ESE, a large N-S fault is located
along a more or less linear, 300-400 m high scarp that
limits the NW-SE trending Southern Deep. It is at
that point that the transition occurs between the axial
segments of different trends, the intermediate one (Cen-
tral-Northern Red Sea) to the south and the Northern
Red Sea axial valley to the north.

Landwards of the scarp, there is relatively little defor-
mation and reflector S is continuous everywhere and
well identified, especially on the flat Eastern plateau.
2. On the Eastern flank, where sequence C is observed,
deformation is quite common and easily detected
because of the layered character of the reflectors. Two
main areas can be distinguished:

(a) the SE basin where numerous longitudinal (N160°E)
faults delimit elongated blocks with dip-changes within
the layered series. The basin is bounded to the E by a
large 700 m high fault scarp along which the thick
sedimentary series are tilted northeastwards (in Pautot
et al., 1986). Southeastwards, the scarp deepens pro-
gressively and is buried under recent sediments of
sequence C. On the steep scarp bounding the SE basin
to the north, the thick layered series are horizontal or
only slightly inclined;

(b) the central and northern parts of the Eastern flank
where large synclines and anticlines, probably due to
deep salt movements, are obsetved (Fig. 4-2, 4-4). The
tectonic features within sequence C are consequently
much smoother there. Brittle deformation is more
restricted, being limited to zones between sequences A
and B or to volcanic basement areas (Figs. 4-2, 4-3,
4-4), or to small recent graben within sequence C.

3. In the Mabahiss Deep:

(a) there is a rapid deepening from the top of the
seamount northwestwards and southeastwards along
faults or steep slopes. A similar rapid decpening of the
basement also exists on the eastern and western flanks
(Fig. 4-5, 4-6);

(b) although long linear faults are not common in the

basement outcrop areas, it is possible to distinguish a
N135°E trend on each side of the axial ridge and on
flanks of the NW canyon (Fig. 3, 4). The other scarps
where sequence C outcrops, on the SW edge of the
deep or on the NE one, are slightly but distinctly
oblique (N145°E) to that trend;

(c) the Mabahiss Deep is surrounded by scarps or
slopes where the substratum is very different in nature
and made of thick layered sediments to the NE or SW,
basalt to the N and NW and salt to the S.

The above informations show that the present structure
of the area between 25 and 26°N results from a complex
interplay of sedimentation, volcanism and different
types of tectonism. A precise reconstitution of the geo-
logical history is not possible because there is no
chronological marker except for reflector S. Moreover,

_interpretation of reflector S as a normal time marker

is limited in some areas, as Miocene salt can support
large lateral movements and may consequently cover
much younger substratum.

The two major physiographic provinces that can be
distinguished are respectively a wide deep zone to the
south comprising the Mabahiss deep, the Southern
axial valley and the Eastern basin, and a high volcanic
area to the N (seamount and adjacent flanks).

The imbricated low areas to the S and SE must have
been formed during successive tectonic phases:

- the SE basin, bounded by large faults, probably
foundered during a major tectonic phase;

- the marked deepening of the S axial valley occurred
afterwards judging by the inversions of relief between
sequences A and C (ex. Fig. 4-8) (Pautot et al., 1986).
We assume that this deepening was contemporaneous
with the beginning of the formation of Mabahiss Deep;
- the more recent tectonics led to the formation of the
Southern Deep, to increased deepening of Mabahiss
Deep and to renewed faulting within the SE basin, as
well as to considerable salt tectonism further north on
the Eastern flank.

The volcanic areas to the N and NW must have been
formed during several magmatic phases. In an attempt
to obtain indications about the chronology of the mag-
matic events, some K/Ar dating was performed on
basalt samples taken on the top of the seamount and
at the foot of the SW flank (Dupuis, 1986). However,
the absolute ages, which are within a relatively narrow
range (2.7 and 42 + 0.6 My and 3.5 + 0.6 My
respectively), are problematic when one considers the
different structural position of these sites.

Some additional information about the relative ages of
the volcanic substratum may be obtained from the
magnetic anomaly map and model.

MAGNETIC ANOMALIES OVER THE MABA-
HISS DEEP AREA

The most important element revealed by the detailed
magnetic anomaly map (Fig. 6) is the existence of
clearly linear, high amplitude anomalies trending
roughly NW-SE over the Mabahiss Deep (Pautot ez al.,
1986). Very good correlations from profile to profile
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Figure 6

Total field magnetic anomaly map of the
25-26°N area (DGRF 1985). Contour
interval 50 nT. Full line (from A to B):
profile used for model (¢f. Fig. 4-4 and 7).
Carte des anomalies magnétiques du
champ total (DGRF 1985). Intervalle des
contours: 50 nanoTeslas. Ligne continue
(de A a B): profil modélisé (voir Fig, 4-
4et 7).

are observed mainly for the zone from the Mabahiss
seamount to the southern edge of the deep, and over
the flanks for a total width of about 22 km.

The effect of the topography of the Mabahiss seamount
is expressed as a dipole with a large negative anomaly
to the NE, and a positive anomaly along the prolonga-
tion of the axial anomaly. This dipolar effect tends to
change slightly the orientation of the axial anomalies
from NNW-SSE to NW-SE.

On the SW flank, the linear aspect progressively disap-
pears as the anomalies become essentially dipolar. Very
high amplitude anomalies (+500 to —1100 nT) are
localized over the top of the SW flank, suggesting the
existence of several shallow magnetic sources.

On the NE flank, the positive anomalies are shorter
(10 to 15 km in length). The larger anomalies (+ 500
to — 600 nT) probably correspond to the dipolar effect
of the shallow basement area mapped to the east of
the Mabahiss seamount (Fig. 5).

Near the Mabahiss area, dipolar anomalies have been
observed both to the SW, in the Deadalus area, where
they are superposed on outcropping or nearly outcrop-
ping basement highs and to the NNW, in the axial
valley, where two groups of anomalies indicate the
presence of rather shallow intrusions which have not
been detected in surficial structures.

The whole SE area, the eastern basin and SE plateau
and part of the southern axial valley, contitute a very
quiet magnetic zone devoid of any large or localized
anomalies.

MAGNETIC ANOMALY MODELS

The Mabahiss Deep magnetic anomalies were modeiled
using a N45°E trending profile (Fig. 7) designated A-
B on Figure 6. In the direct modelling, the topographic
effect was included in the geometry of the Vine and
Matthews normally and reversely magnetized blocks.
The magmatic axis was assumed to be fixed along the
middle line of the axial ridge shown on Fig. 4-4. The
calculated model (Fig. 7) shows that the best fit for
the axial anomalies is obtained for accretion rates of
0.45 cm/yr to the SW and 0.35 cm/yr to the NE.
Further away from the more linear axial anomalies,
the correlations between observed and calculated
anomalies are less good and the inferred accretion rates
are less well constrained. A slight NE gradient can be
seen in the observed anomaly profile. Removal of this
gradient would further improve the fit between the two
profiles.

This simple model indicates that oceanic spreading,
beginning about 4 My ago, became more and more
organized in the axial zone of the Mabahiss area as of
about 2.5 My ago. Away from the axis, the conditions
which are necessary for two-dimensional modelling
progressively disappear over the flanks of the deep.
The main difference between the observed and calcu-
lated anomalies is associated with the NE flank positive
anomaly. This may be due mainly to the uncertainty
about the basement depth in that area (ex. Fig. 4-4)
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and consequent underestimation of the topographic
effect. An edge effect may also be assumed, as the
profile lies near the limit between the shallow basement
zone and the thickly sedimented area of the NE flank
(Fig. 4-4, 4-5, 5).

Stochastic inverse models (Le Quentrec, 1988) have
confirmed:

(a) that an acceptable amplitude can be obtained with
slight changes in the magnetic basement height;

(b) the distribution of the magnetic sources in the axial
areas and the validity of the Vine and Matthews block
model for the central linear anomalies.

From the preceding model and those established in
other Red Sea arcas we emphasize that:

(1) the calculated opening rate (total: 0.8 to 0.9 cm/yr)
and the trends of the anomalies in the axial area are
in very good agreement with those predicted from
kinematic models (ex. Joffe & Garkunkel, 1987; Le
Pichon & Gaulier, 1988).

(2) a spreading asymmetry is observed like in the oce-
anic rift zones of the Southern Red Sea (Roeser, 1975;
Miller et al., 1985, ..);

(3) even with such very low spreading rates, linear
anomalies are present, which casts doubt on the
assumption made by several authors (ex. Roeser, 1975;
Tisseau, 1978) that oceanic-type anomalies would be
suppressed through contamination by neighbouring
sources for half-spreading rates lower than 0.5 cm/yr.
The magmatic processes themselves might be highly
discontinuous in areas where spreading rates are low.
Such areas may evolve through a succession of tectonic
and magmatic cycles relatively spaced in time (a few
hundreds of years?) and rather irregularly distributed
in space (Courtillot et al., 1984; Karson ef al., 1987, ...).
Within a scheme of cyclic history, the large Mabahiss
seamount would represent the most recent phase of
voluminous magmatism. Such discontinuity in the sea-
floor widening processes would normally lead to great
complexity in the distribution of the volcanic episodes
and, consequently, in the distribution of the magnetic
sources.

The observations made over the Mabahiss Deep show
that mapping of the magnetic field anomalies at the sea
surface cannot discriminate short wavelength anomalies
from local magnetic sources, thus limiting the interpre-
tation. Nevertheless, the magnetic map and our model
suggest that magmatic accretion could have started on
the SW corner of the Mabahiss area, where more
localized intrusions first formed in the Early Pliocene,
about 4-5 My ago. From then on, the new oceanic rift
progressively grew in length both transversally and
longitudinally, forming an organized rift in the axial
areas.

EVOLUTION OF THE MABAHISS DEEP

Taking into account the magnetic anomaly model and
the relative ages of the various structures, a schematic
evolution may be proposed (Fig. 8): ]
(A) A transverse zone of weakness can be inferred to
have existed in the Daedalus — SW Mabahiss area
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Figure 7
Magnetic anomaly model along a profile perpendicular 10 Mabahiss
Deep (from A to B on profile 4-4).

Modéle d’anomalies magnétiques le long d’un profil perpendiculaire
4 la fosse Mababhiss (de A & B sur le profil 4-4).

Thecratical age  10% yr.

early in Late Miocene-Early Pliocene times. Such a
zone was quite isolated, as the nearest shallow volcanic
zone at that time was located in the Southern Red Sea
(between 19 and 20°N).

The causes of such precocious shallow-magmatism in
the Northern Red Sea are not elucidated as they are
to be found at depths out of reach: higher extension
stresses and thinner crust, thinner evaporite cover,
mantle temperature anomalies and voluminous magma
production... The possible influence of large N10°-
N20°E paleoshear zones (Crane & Bonatti, 1987) can-
not be substantiated because information on deep base-
ment tectonics is lacking.

By Early Pliocene times (4.5 to 5 My ago), the “mag-
matic axis” was definitively fixed near the Arabian
margin in the SW Mababhiss area. Such an offset posi-
tion may have been induced by a change in the kine-
matic pattern, as it coincides well with the beginning
of the second phase of strike-slip movements along the
Levant frontier dated 4.7 My (Le Pichon & Gaulier,
1988).

The initial stage in the formation of the Mababhiss
structures would then correspond to the intrusion of
shallow volcanics on the SW edge of the present
Mabahiss Deep some 4.5 to 5.0 My ago. We surmise
that there were large intrusive bodies and probably
numerous sills, within the evaporites or within the
early layered series to the NE. As for other so-called
oceanization cells (Guennoc et al., 1988), the most
important cause in the breaking of the evaporite cover
was the voluminous magmatism. Important differences
in basement levels (up to 2 to 4 km) were then created
between very closely separated areas. The dipolar
anomalies observed on the SW and NE edges of
Mabahiss Deep would represent this intra-evaporite
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Figure 8

Four-stage evolution of the Mababhiss area in
plan views (left) and simplified cross-sections
(right) (see text). 1. continental crust; 2: basic,
oceanic crust; 3: shallow volcanic basement; 4:
volcanic sills; 5: Miocene evaporites (sequences
A & B); 6: layered series (sequence C); 7:
reflector S and overlying Plio-Quaternary sedi-
ments.

Schéma d’évolution de la zone Mababhiss en 4
stades principaux (voir texte); a gauche: carte

simplifiée, 4 droite: coupes transversales. l:
croite continentale; 2: croiite basique (océani-
que); 3: socle volcanique peu profond; 4: sills
volcaniques; 5: évaporites miocénes (séquences
A & B); 6: séries litées (séquence C); 7: réflec-
teur S et sédiments plioquaternaires.

stage that is observed presently at the axis in other
areas (e. g. Conrad or Vema Deep: Guennoc et al.,
1988).

(B) Later, as shallow magmatism was preferentially
concentrated in the zone of weakness, volcanic base-
ment formed large outcrops on what is now the SW
flank of the Mabahiss Deep. On the NE side, the
volcanics only rarely outcrop, as they were rapidly
buried under detrital sediments. Many volcanic sill-
sediment complexes may have been formed on the NE
flank during the Pliocene. Comparable complexes habe
been drilled in the Gulf of California, where a young
accretion centre is forming in a similarly high sedimen-
tation environment (Einsele, 1985).

On the SW flank, the earliest outcropping intrusions
may have formed a structure similar to that of the
Shaban Deep or the proto-Atlantis IT stage (Guennoc
et al., 1988) i. e. a volcanic ridge surrounded by evapo-

rite scarps and possibly small basins filled with brines.
(C) With increased extension and opening, the volcanic
zone extended both laterally and longitudinally. How-
ever, this stage of evolution should be characterized
by extensional tectonism. We assume that, between
approximately 1 and 2 My, the deep axial valley was
formed, although some volcanic topographic highs
were also built to the W and E of Mabahiss seamount.
Important tectonic movements should have also occur-
red on the NE flank, where the SE basin was created
by large vertical movements along major faults, while
neighbouring areas remained in a high-standing posi-
tion (the S.E. plateau) or were uplifted (on the south-
eastern scarps).

(D) During the most recent stage (<1 My), the major
event was the formation of the volcanic ridge and
seamount in the Mabahiss Deep. In addition to mag-
matism at Mababhiss axis, tectonic activity would have
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continued in the SE basin and the southern axial valley.
Considering the intense deformation in the Southern
Deep area, its great depth compared to other intra-
evaporite troughs and the magnetic anomaly to the
west, magmatic intrusions should soon break through
the evaporite cover in that area.

In the Mabahiss Deep, any two-dimensional scheme is
oversimplified because there are important differences
in basement levels along-strike. The presence of Vine
and Matthews-type lineations over the Mabahiss Deep
and its flanks indicates that the Pliocene to Recent
opening (representing 40 to 45 km) was due entirely to
shallow accretion of “oceanic crust”.

To the NW and S of the Mabahiss Deep, the same
amount of opening has also been produced, but there
the processes must have been different; possibilities
include large intra-continental extension, diffuse forma-
tion of new (gabbroic?) crust, infra-evaporite axial sea-
floor spreading, and possible combinations of these.
Whatever may be the processes of opening in these
areas, evaporites have not been disrupted because mag-
. matism was not voluminous enough to reach shallow
levels. The main cause of the breaking up of the evapo-
rites is the volume of magma and not the progressive
stretching of the evaporite cover.

In the NW axial valley, large magnetic anomalies
(Fig. 6) suggest the existence of shallow intra-evaporite,
intrusive bodies; the axial zone may thus be mainly
underlain by basic crust.

To the south and south-east of the Mabahiss Deep,
the magnetic anomaly pattern and the superficial struc-
tures are very different. In the axial zone there was
intense salt tectonism, and numerous small faults are
observed; the transverse magnetic anomalies indicate
that basic crust may exist at depth. To the east, the
tectonic pattern is characterized by large faults bound-
ing wide areas; this and the very quiet magnetic charac-
ter are more likely to be related to continental crustal
blocks. Indeed, continental crust may well extend to
about 50-60 km from the coast, i. e. not far from the
continent-ocean limit deduced from refraction measure-
ments (Fig. 1 b).

In summary, the very different seafloor environments
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