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Abstract

Geological interpretations of processed satellite images and structural field measurements were used to calculate the
amount of extension and the finite displacement field of two stretched areas located on the northern margin of the Gulf
of Aden, in Yemen. This calculation was done by a comparison between the deformed and the undeformed states of each
studied area. The structural setting established from satellite-image interpretations and fieldwork yields a detailed geometry
of the deformed state. The undeformed state was reconstructed from reference layers chosen on satellite images from folded
and faulted geological markers. The strike and dip of those layers were computed directly from dip indicator measurements,
identified on three-dimensional (3D) realistic views of the sites (derived from SPOT stereoscopic views and topographic
data) and controlled by field measurements. From the previous structural data, a numerical model of the deformed state
was prepared with respect to the structural setting. The two stretched areas were then restored to their undeformed state
successively by (1) an unfolding method (use of the UNFOLD program on each folded piece bounded by faults), and (2) a
best-fit method (fitting along the boundary of the unfolded pieces). The comparison between the deformed and undeformed
states leads to quantifying the amount of strain and to establishing the total finite displacement field. The results point
to differences in the amount of extension and in the finite displacement field between the two areas studied. Within the
regional context of the Afar triple junction kinematics, this leads to the conclusion that there was an early extensional
tectonic phase recorded on the southern Yemen margin, probably linked to the earlier opening of the Gulf of Aden.
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1. Introduction studied area, and (2) to establish the finite displace-

ment field (relative to a fixed line). This displacement

One of the major problems in tectonic studies is to
test the compatibility of the geological and geophys-
ical data in order (1) to quantify the deformation of a
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field may be compared with the local displacements
deduced from other data (for example measurements
on faults slickensides). By matching information on
the displacements, it is possible by trial and error, to
determine the best compatibility between all the data
available in a given area.
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We propose a method including successively (1)
processing of satellite images and structural field
measurements leading to the detailed geometry of
the strain of a reference layer, (2) restoration of this
deformed layer to its initial (undeformed) state, and
then (3) calculation of the total finite displacement
field, by a comparison of deformed and undeformed
states, taking into account microtectonic field data
from faults. This method thus calls for knowledge
of both the deformed state and undeformed state of
the studied area. Application of this method to the
evolution of the southern margin of Yemen during
Cenozoic times gives the amount of crustal extension
and also reveals the detailed kinematics of the crustal
blocks.

The deformed state of extensional areas is directly
accessible and its geometry can be analysed and
precisely described by satellite-image interpretations
supplemented by fieldwork. Field measurements on
slickensides of faults are used with inversion meth-
ods in order to complete the local structural setting.

The undeformed state of a deformed area may be
reconstructed using several methods.

(1) Balanced geological cross-section techniques
were first developed assuming that strain occurs
without volume change (Dahlstrom, 1969; Hossack,
1979; Ménard, 1987; Mugnier et al., 1987). Even if
some of these techniques combine several balanced
cross-sections to produce a map of the initial state
(DePaor, 1988), they consist only in a two-dimen-
stonal (2D) analysis of the strain.

(2) Palinspastic restoration of tectonic features
consists of dividing the entire strained area into finite
elements which are considered as homogeneous and
continuous (Schwerdtner, 1977; Oertel and Ernst,
1978; Cobbold, 1979; Percevault and Cobbold, 1982;
Gratier et al., 1989). Each element is restored to
its initial state. By fitting these restored elements
together, it is then possible to reconstruct the initial
state of the deformed area. At a regional scale, these
techniques allowed several authors (Percevault and
Cobbold, 1982; Schultz-Ela, 1988; Gratier et al.,
1989) to estimate displacement fields (relative to a
fixed line). However, the techniques require areas
of continuous strain, without accounting for their
discontinuous part (major faults).

(3) Other techniques have been developed more
recently, enabling folded and/or faulted layers to be

restored (Barr, 1985; Mc Coss, 1988; Gratier et al.,
1991; Rouby et al., 1993). These methods comprise
different steps: (a) choice of a reference layer over
the entire studied area; (b) numerical modelling of
the geometry of the faulted and/or folded reference
layer; (c) restoration of this layer to its undeformed
state. Several methods have been developed for such
restoration. Barr (1985) described a computer-based
method for restoration of folded and faulted layer,
but with a uniform extension direction. Mc Coss
(1988) used folded lineations to unfold a folded
area (without any fault). Least-square fitting was
used by Audibert (1990) and Rouby et al. (1993)
to restore faulted areas composed of rigid blocks.
Finally, finite-element methods have been used for
the restoration of folded and faulted areas (with
non-cylindrical folds) (Gratier, 1988; Gratier et al.,
1991; Gratier and Guillier, 1993).

Usually, the geological data used with this last
group of techniques correspond to geological cross-
sections, seismic profiles or deformation maps (Cob-
bold and Percevault, 1983; Guillier and Gratier,
1993; Rouby et al., 1993). In this paper, we present a
new application of these restoration techniques using
topographic data and digital satellite images supple-
mented by fieldwork. The amount of extension and
the total finite displacements have been calculated in
the southern Yemen margin, on one of the edges of
the triple junction between the African, Arabian and
Somali lithospheric plates. After a brief overview of
the data used in this study, the methodology devel-
oped to model tilted blocks and to quantify extension
is summarised. Then, the validity of these results is
discussed according to the methodological limits and
the regional kinematics of the Afar triple junction.

2. Structural setting of the southern Yemen
margin

2.1. Geological context

The part of the southern Yemen margin surveyed
in this study extends from about 43°E to 46°E in
longitude and from 12°N to 14°N in latitude (Fig. 1).
This continental margin lies at one of the edges of a
triple junction involving two oceanic rifts (Red Sea
and Gulf of Aden) and a continental rift (Afar rift)
which corresponds to the northern part of the East
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African Rift System. These rifts separate the African,
Arabian and Somalian plates (Fig. 1a).

The geology of this margin (Fig. 1b) presents var-
ious types of sedimentary and volcanic rocks, from
Proterozoic to Recent ages, which lie unconformably
on a Panafrican basement. This basement mostly
exhibits complex assemblages of metamorphic and
crystalline rocks related to the Panafrican orogen
(Geukens, 1960; Greenwood and Beackley, 1967)
and strongly deformed as shown by the numerous
isoclinal folds and shear zones. Few outcrops of
Cambrian and Permian sediments are mainly de-
scribed to the east and northeast of the margin
(Greenwood and Beackley, 1967; Menzies et al.,
1990; Davison et al., 1994). The Mesozoic sedi-
mentary cover corresponds to marine series show-
ing an increase of terrigenous components through
times (Greenwood and Beackley, 1967; Menzies et
al., 1990; Davison et al., 1994). The development
of transpressional basins during Oxfordian times is
the major tectonic activity reported during Mesozoic
times (Tard et al., 1991). During Tertiary times, an
important and predominantly alkaline volcanic se-
ries (Moseley, 1969; Chiesa et al., 1983) took place
over about 40,000 km? to form the Yemen Traps
Series (Geukens, 1960). Within this series, numerous
basaltic dikes are observed (Moseley, 1969; Huchon
et al., 1991; Mohr, 1991) and are well-developed in
the lower part of the traps (Davison et al., 1994) as
shown in Fig. 1b. Dike trends are oriented N120°E
to N140°E in the southern part of Yemen (Moseley,
1969; Thoué, 1993) and mostly north—south in the
northwestern part (Bohannon, 1989; Huchon et al.,
1991; Mohr, 1991; Davison et al., 1994). It should
be noticed that the traps outcrops vanish toward the
east, at about 45°E.

2.2. Location of the studied areas along the margin

Two sectors were chosen to study the finite de-
formation of the margin and to quantify extension
and displacement fields. Fig. 1b presents the precise
location of these two surveyed areas. The first sector
(sector of Umm Shatt) is located close to the Bab
El Mandeb Strait which marks the limit between the
Red Sea and the Gulf of Aden, whereas the second
one (sector of Ba’tays) is located northeast of Aden,
along the Gulf of Aden coast.

Those sectors are separated by an important
structural trend striking N140°E and corresponding
mostly to normal faults which cross the southern
Yemen margin (Greenwood and Beackley, 1967,
Grolier and Overstreet, 1978; Tard et al., 1991;
Thoué, 1993). This N140°E trend running approx-
imately from Aden to Dhala (Fig. 1b) corresponds to
a wide major graben studied from a structural point
of view by several authors (Huchon et al., 1991;
Tard et al., 1991; Thoué, 1993) and also referenced
as ‘Dhala Graben’ by Moseley (1969). This graben
is interpreted as a transfer zone (Tard et al., 1991,
Thoué, 1993) which separates crustal blocks along
the margin as pointed out further east by Fantozzi
(1996). The Yemen Traps Series outcrop to the west
of this structural trend where the Umm Shatt area is
located as well as the numerous plutons and dikes
which intrude the volcanic and sedimentary cover
(Moseley, 1969; Capaldi et al., 1987; Bohannon,
1989; Mohr, 1991; Menzies et al., 1992; Davison
et al., 1994). East of this N140°E Aden—Dhala line
where the Ba’tays area is located, no volcanic rocks
linked to the Oligo-Miocene Yemen Traps Series
occur on the Mesozoic sedimentary cover.

3. Geometry of the final state deduced from
fieldwork and satellite imagery

3.1. Numerical data

Digital satellite images acquired by Landsat TM
and SPOT satellites were used during this study
to provide large-scale structural patterns of the de-
formed areas. The numerical scenes correspond to
path and row 165-51 and 166-51 for Landsat TM
and to K-J 146-324 and 149-323 for SPOT. The re-
gions they cover on the southern Yemen margin are
illustrated in Fig. 1a by light-grey shaded boxes for
Landsat TM images and by dark-grey shaded boxes
for SPOT images. SPOT scenes are in the panchro-
matic mode (10 m of ground resolution and a wide
spectral band in the visible and near infrared part
of the electromagnetic spectrum), whereas Landsat
TM images are in the multispectral mode (30 m of
ground resolution and seven narrow spectral bands
from visible to thermal infrared). The SPOT scenes
consist of stereoscopic couples (dark-grey shaded
boxes in Fig. 1a) whose acquisition dates are respec-
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tively 19/05/88 and 02/12/88 for the couple 146-323,
31/07/87 and 03/12/90 for the couple 149-323.

From the stereoscopic capabilities of each couple
of SPOT images, Digital Elevation Models (DEM)
were also computed using a program developed by
the SINTEGRA/TIM3 laboratories at the University
of Grenoble (Mémier, 1991). The DEM calculation
yields a set of several millions of topographic points
referenced by their (x, y, z) coordinates. These points
are computed from the numerical correlation be-
tween the two images of each stereoscopic couple.
The set of topographic points is processed to remove
isolated abnormal elevations that appeared during
the computation. These anomalies are due to random
differences between the images (clouds or seasonal
variations in the vegetation cover for example). This
processed set is then sampled on a regular grid,
with a square mesh, to obtain the final DEM. New
images, so-called ortho-images, are then computed
by removing both the planimetric and the elevation
distortions of the oblique looking SPOT stereoscopic
images and projecting these SPOT images onto the
DEM regular grids. DEM and ortho-images are then
superimposed to built three-dimensional (3D) per-
spective views of both the Umm Shatt and Ba’tays
deformed areas. These perspective views as well as
the satellite images will be used hereafter to precise
the geometry of the final state of deformed areas.

3.2. Structural interpretative maps

Structural maps were built from the processed
satellite images and improved by field data, allow-
ing lithological limits, faults and dikes to be drawn
respectively for the Umm Shatt area in Fig. 2a and
the Ba’tays area in Fig. 2b. Major sites where mi-
crostructural data were measured during fieldwork
are also plotted on the maps of Fig. 2. Differences
in structural pattern appear between the two studied
areas in space image interpretations and microstruc-
tural data. At a regional scale, differences between

the eastern and western part of the margin are also
reported through the conclusions of previous field-
work and structural studies carried out, mostly in the
eastern (Greenwood and Beackley, 1967; Tard et al.,
1991; Thoué, 1993; Thoué et al., 1994; Menzies et al.,
1995; Fantozzi, 1996; Insley et al., 1996) and north-
ern (Geukens, 1960; Greenwood and Beackley, 1967;
Grolier and Overstreet, 1978; Chiesa et al., 1983; Bo-
hannon, 1989; Menzies et al., 1990, 1992; Huchon et
al., 1991; Davison et al., 1994) parts of Yemen. From
our work in the southwestern part of the Yemen mar-
gin, one can summarise the differences between the
Umm Shatt and the Ba’tays areas as follows.

From a stratigraphical point of view:

The Umm Shatt area (Fig. 2a) is characterised
by the 2500 m thick Oligo—Miocene Trap Series
— so called Yemen Trap Series (Geukens, 1960) —
which overlies Cretaceous and Jurassic sedimentary
rocks. The Yemen Trap Series consist of volcanic
sequences which lie unconformably over Panafrican
metamorphic rocks and their Mesozoic cover. Within
this sedimentary cover, no angular discordance was
found in the field (Thoué, 1993) or in seismic cross-
sections (Tard et al.,, 1991) between Jurassic and
Cretaceous deposits. Numerous mafic dikes striking
about N130°E intrude the basement and the whole
cover in this area.

The Ba’tays area is characterised by thick Juras-
sic and Cretaceous marl and limestone formations
which lie unconformably on the Panafrican base-
ment. Fieldwork shows that the Cretaceous terrains
are slightly discordant (about 10°) with the Juras-
sic formations. This might be due to the Oxfordian
deformation depicted along the eastern part of the
margin (Tard et al., 1991; Fantozzi, 1996). There is
no evidence of volcanic rocks in this area which is
located east of the Aden—Dhala transfer zone.

From a structural point of view, tilted blocks can
be depicted in both zones:

In the Umm Shatt area (Fig. 2a), tilted blocks
(about 2 km wide, 5 km long and dipping about

Fig. 1. (a) Location of the study area. The satellite data are focused on the southern part of the Arabian Peninsula. Large squares
correspond to the ground coverage of Landsat TM images (165-51 and 166-51) while small dark-grey shaded squares indicate the
location of SPOT images (146-324 and 149-323). (b) Schematic geological map of southern Yemen, modified from Grolier and
Overstreet (1978), Tard et al. (1991) and interpretations of Landsat TM images. The two surveyed areas on the southern Yemen margin

are indicated wit hblack rectangles.
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20 degrees southwest toward the Red Sea) are sepa-
rated by N110°E-N130°E normal faults and N160°E
synchronous dextral strike-slip faults. Left-lateral
strike-slip faults trending N40°E cut the whole area
(Fig. 2a). These faults run parallel to the basement
structural trend and to the regional sub-vertical fo-
liation striking about N5SO°E within this area. These
faults might correspond to a basement structure re-
activation during extensive phases and they act as
limits of the strained area.

In the Ba’tays area (Fig. 2b), tilted blocks are
separated by N60°E-N8O°E normal faults and from
place to place by NI140°E right-lateral strike-slip
faults. N60°E-N80°E faults are sometimes difficult
to identify in the field but can be inferred using satel-
lite images (as broken lines in Fig. 2b suggest) due
to a better observation scale. Tilted blocks, dipping
about 35 degrees southeast toward the Gulf of Aden,
have a greater mean size than those from the Umm
Shatt area (about 6 km wide by 25 km long).

3.3. Palaeo-stress reconstruction

The microstructural data were analysed by statis-
tical methods in order to calculate a stress tensor
linked to a given population of faults (strike and dip
of striations which appear on fault planes). Those
methods consist in minimising the angular gap be-
tween computed and measured striations (Bott, 1959;
Angelier and Mechler, 1977; Carey, 1979; Angelier
and Manoussis, 1980; Etchecopar et al., 1981; An-
gelier, 1983; Gephart and Forsyth, 1984; Michael,
1984). Even if some discussions remain in the case
of superimposed tectonic phases (Carey-Gailhardis
and Vergely, 1992; Pollard et al., 1993; Nemcock
and Lisle, 1995), those methods provide estimations
of the local or regional kinematics (Armijo et al,,
1982; Carey-Gailhardis and Mercier, 1987). Stress
calculations derived from striation measures are €x-
pressed in terms of extensional trends, in reference
to the least principal stress direction. The results ob-
tained with Michael’s calculation method (Michael,
1984) applied to the major measurement sites are
plotted on the Schmidt stereonets of Fig. 3 and illus-

trated by white arrows in Fig. 2. Sites are located in
Fig. 2 and referenced by an identification code. As
we could observe and as depicted by several authors
in western Yemen (Mohr, 1991; Davison et al., 1994)
stresses might be locally variable due to plutonism.
So, all the measurements were done over areas con-
sidered to be representative of regional stresses, in
order to avoid as much as possible these local ef-
fects on stresses. In the studied areas, several sites
make it possible to establish a relative chronology
between extensive phases as different striations were
measured on the same fault slickensides (Fig. 3).

In the Umm Shatt area, the results point to the ex-
istence of a major extensional tectonic phase striking
NSO°E. This extensional trend is identical to those
described in northern Yemen by Huchon et al. (1991)
or pointed out by the analysis of dike swarms (Mohr,
1991; Davison et al., 1994). According to several au-
thors (Berhe, 1986; Huchon et al., 1991; Tard et al.,
1991) this event occurred in Middle Miocene times.

In the Ba’tays area, the major extensional trend in
reference to the least principal stress strikes N135°E.
Regarding the chronology of this extensive phase
pointed out in the Ba’tays area, even if no pre-
cise dating exists, fieldwork shows that all the mea-
sured faults affected the whole Mesozoic cover. The
N135°E extensive phase appears to be at least of
post-Cretaceous times. As no volcanic rocks out-
crop in this area and no precise age determinations
are available, it might be difficult to compare the
kinematics results given by regional stress analysis
within the Umm Shatt and Ba’tays sectors. However,
those results will be discussed later in this paper,
in light of extension calculation, interpretations of
displacement fields and regional geological data, in
order to precise the chronology of the extensional
tectonic events along the southern Yemen margin.

4. Methodology of initial state restoration

In order to obtain the geometry of the initial state
of the deformed areas, we propose a method that
combines the use of both field structural data and im-
agery data such as SPOT and Landsat images, DEM

Fig. 2. Detailed structural and geological map of the Umm Shatt (a) and Ba’tays (b) areas. The sectors chosen for geometry modelling

indicated with black rectangles.
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Fig. 3. Stereoplots of the fault data measured at major sites in the Umm Shatt and Ba’tays areas during fieldwork (see location of each
site in Fig. 2). Results of stress calculations using Michael’s method (Michael, 1984) are plotted as o 1, 02 or 63 symbols as well as the
relative chronology. Data are plotted on a Schmidt stereonet according to a lower-hemisphere projection.

and 3D perspective views (Thoué, 1993; Thoué et eral major steps. We (1) choose in the studied area a
al., 1994; Insley et al., 1996). Thus, we investigated geological layer as a reference layer, (2) cut its entire
the extension of the southern Yemen margin in sev- faulted surface into several tilted blocks, (3) model
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Fig. 4. 3D perspective view focused on the eastern part of the Ba'tays area and built from DEM and SPOT ortho-image combinations.
White lines named ‘geological marker’ correspond to the chosen geological reference layer. Dip indicators are used to determine the
strike and dip of exposed geological surfaces. See text. (The small black arrow in the lower right corner of the figure is N-oriented.)

the geometry of the layer within each block, (4) re-
construct the initial state of each tilted block using a
restoration method and (5) fit all the restored blocks
together to build the initial state of the deformed
layer, and (6) estimate the total amount of exten-
sion and the finite displacement field, by comparing
initial and finite states of the reference layer.

4.1. Choice of a reference layer

In the Umm Shatt area as well as in the Ba’tays
area, tilted blocks were identified and a represen-
tative sector for the whole area deformation was
defined by the combined use of satellite images and
field criteria. Each sector is indicated by a rectan-
gle in Fig. 2. The first step consists of identifying
a reference layer, that is to say the same geologi-
cal layer over the entire deformed area. This refer-
ence layer is identified on Landsat TM images by
its spectral signature and on 3D perspective views

by its geomorphologic properties on the fault scarp
(Fig. 4). During the field study, the continuity of the
geological marker over the whole area was system-
atically checked and the geomorphologic properties
were confirmed. The marker is then used as a strain
marker. In the Umm Shatt area, the marker corre-
sponds to a trachytic horizon located in the upper
part of the Traps Series. In the Ba’tays area, the
marker is a massive calcareous unit forming part of
the Lower Jurassic formations (Fig. 4). In both areas,
the topmost surface of the marker is used. No thick-
ness variation of each reference layer was recognised
in the field.

4.2. 2D mapping of tilted block boundaries

Our method consists in modelling the surface of
a geological marker belonging to the tilted blocks
rather than the faults separating the blocks, where
identification errors may creep in due to the erosion
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processes. From the structural maps, we identified
several tilted blocks within each studied sector (rect-
angles in Fig. 2). From Landsat TM images and
perspective views, a reference layer was chosen and
each tilted block corresponds now to the topmost
surface of the geological marker. The 2D mapping
of the tilted block boundaries consists of differ-
entiating the area composed by the tilted surfaces
of the geological marker from the area composed
by the faults. This 2D mapping requires SPOT or-
tho-images allowing a high ground resolution for
definition of tilted block boundaries (ortho-images
computed from panchromatic SPOT images with 10
m ground resolution) and a reliable field geological
and structural study. According to field observa-
tions, two assumptions are made before drawing the
boundary of the tilted blocks. First, the erosion is
considered to be the same at each point along the
margin. Second, a rigid rule of bedding/fault angles
is assumed, with an initial dip of the fault plane taken
as 60° (Brun and Choukroune, 1983).

Without taking into account the erosion, a part of
the tilted block boundary follows the edge of the refer-
ence layer that is well-defined by its geomorphologic
expression in the fault scarp (Fig. 4). In the theoreti-
cal case of block #2 presented in Fig. Sa, this part of
the boundary is given by the trace of the geological
marker. On the C1-C2 cross-section view (Fig. 5b),
this corresponds to point A. However, the fault line
joining the two points A and B may verify the as-
sumption concerning the bedding/fault angles. If nec-
essary, this allows one to define a small uncertainty
for the exact location of the tilted block boundary due
to the eroded part of each tilted block (Fig. 5b).

On the back side of each tilted block, the bound-
ary is more difficult to identify because of the sed-
imentary filling. Fig. 4c illustrates the uncertainty
of the exact position of the fault/marker limit loca-
tion. Without sedimentary filling (cross-section C1—
C2 in Fig. 5b), the location of the fault can be easily
detected on the ortho-images. In the C3—C4 cross-
section view (Fig. 5c), the boundary of a tilted block
still corresponds to point B but different sketches can
be drawn from the ortho-images depending on the
limits of the sedimentary filling (Fig. 5a and c). Two
extreme locations can be defined for the fault trace
(points Bl and Bu in Fig. 5c) without any geological
sense but that express the uncertainties of the bound-

a| Simplified image view

—

Geological
marker

Fault trace

C1

C3

Block #1

b| Cross-section view (C1-C2)

Uncertainties on contours

i

Block #1 ‘j /\/ R

Geological marker Fault trac‘é'.
location

€| Cross-section view (C3-C4)

Uncertainties on contours

Block #1

Geological
marker

Fig. 5. Identification of deformed block boundaries. The uncer-
tainties are underlined on a map view (or simplified satellite im-
age view) in Fig. 4a and on cross-sections views (Fig. 4b and c).

ary location. These uncertainties which depend on
the tilt of the geological markers (blocks 1 and 2),
the fault (F) geometry (considered as a plane in this
example), the amount of sediment filling and the
position of the geological marker in the sedimentary
log, may be reduced by a realistic geological drawing
on ortho-images and controlled by field data.
Finally, the location of the tilted blocks boundary
corresponds to the projection of point B (Fig. 5) on
an horizontal plane. This boundary is then expressed
by numerical (x, y) coordinates. Thirteen and nine
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tilted blocks were identified respectively in the Umm
Shatt and Ba’tays areas (see Fig. 8a and ¢ for the
geometry of the final deformed state).

4.3. Modelling the geometry of the deformed
reference layer

We first compute the tilt (strike and dip) of each
block of the deformed system directly on the per-
spective views of each area and check the validity of
the numerical measure with field data. Second, we
compute the geometry of the topmost surface of the
geological marker in order to obtain the numerical
model of the whole tilted block system. Before start-
ing the modelling processes, and according to field
observations, an other assumption is made, that the
reference layer keeps a constant length during strain.

Due to a low vegetation cover and an excellent
quality of outcrops in Yemen, dip indicators linked to
geological surfaces are clearly visible in the field and

easily detectable on 3D perspective views, as under-
lined by a white strip in Fig. 4. Using the XVOLTER
software developed at the Parallelism Computer Sci-
ence Laboratory (ENS Lyon) it is possible to directly
collect on the perspective views the (x, y, z) co-
ordinates of points belonging to the dip indicators
exposed on the geological surfaces (bedding planes).
For each dip indicator, (x, y, z) coordinates of no
less than fifteen constitutive points are determined
(Fig. 4). From these coordinates, its strike and dip
are computed by a planar regression. A comparison
with field measurements shows that no major differ-
ence exists with dip computations from perspective
views as illustrated in Fig. 6.

In the studied areas, dip measurements are taken
on the topmost exposed geological surfaces which do
not necessarily correspond to the geological marker
itself (Figs. 4 and 5). Each measurement had then
to be transposed to the exact depth of the reference
layer according to its relative position in the strati-

Field measurements (Bedding)

Fig. 6. Comparison between field dip measurements of tilted blocks (upper part of the figure) and computed dips from 3D view
coordinates (lower part of the figure). Data from the two areas are plotted on a stereonet using Schmidt projection in the lower

hemisphere.
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graphic column. This is done assuming a constant
thickness of the strata over the entire studied area.
As shown by the field survey, tilted blocks differ
in the Umm Shatt and the Ba’tays areas (Fig. 2)
regarding the structural setting. Two models were so
chosen to handle these differences.

In the Umm Shatt sector, the size of the thirteen
defined tilted blocks is small. Dip measurements did
not show any significant dip variation between the
tilted blocks. Thus, in that area, a planar model is
used where each tilted block is considered as a plane
and rigid. The corresponding numerical model of the
reference layer is deduced from only one orientation
(strike and dip) determined for each tilted block. The
model is then obtained by sampling each tilted block
on a common (x, y) mesh where the step (square grid
size)is fixed. The z coordinate of each point of the grid
is determined over the entire surface of the block, ac-
cording to the orientation chosen for each tilted block.

In the Ba’tays area, the nine identified tilted
blocks are very big. Roll-over structures were evi-
dent during fieldwork and major dip variations could
be measured from the top, close to the fault scarp,
towards the back side of each block. A planar model
could not account for these dip variations and a
folded model was chosen. According to these varia-
tions, all the strike and dip measurements are used
to produce the geometrical model of the geological
marker surface. As the z coordinates measured from
perspective views correspond to the topographic sur-
face (Fig. 4), a new z value is computed for each
of the (x, y, z) points assuming a constant thickness
of the strata over the entire study area for extrap-
olation at the depth of the reference layer. The x,
v, z coordinates are then interpolated on a Cartesian
regular grid using the GMT package (Wessel and
Smith, 1991) in order to produce a surface modelling
of the reference layer. The choice of such a folded
model is clear from Fig. 7 where two profiles are
shown across the surface modelling of block #3 of
the Ba’tays area (see Fig. 8b for all the tilted block
numbers). The initial (L0O) and final (L1) lengths are
measured for these profiles. The length variation be-
tween the deformed state (L.1) and the restored (or
initial) state (LO) reaches an average value of 20%
for the planar model (broken line) and only 3% for
the folded model (continuous line). This comparison
between L1 and LO corresponds to a relative short-

1500—3
10004
500

o]

------ Planar model cross-section

—— Flexured model cross-section
L0 [Initial length (undeformed state)
L1 Final length (deformed state)

Fig. 7. Appropriateness of the folded model in the Ba’tays area.
Contour lines in map view refer to the surface modelling of
the geological marker using the folded model and built from
computed dip values (see Fig. 3 and text). The cross-section
view illustrates the difference between the planar and the folded
model of the surface. Dotted lines are obtained by planar approx-
imation from dip data, whereas continuous lines are obtained
by approximation with the folded model. LO corresponds to the
initial length of the reference layer, whereas L1 refers to its final
length. The ratio L1/L0 is significantly different when using the
two interpretations. See Fig. 7 for block 3 location.

ening with our basic assumption (constant length of
the reference layer during strain processes). This ex-
ample shows the considerable over-estimate on the
extensional amount that might be made during the
structure restoration procedure, by using a planar
model rather than a folded model. Hereafter, the sur-
face modelling of each tilted and folded block of the
Ba’tays area is referred to as the ‘deformed pieces’
in order to distinguish it from the rigid ‘tilted blocks’
depicted in the Umm Shatt area.

Finally, the boundaries that were previously de-
fined for tilted blocks or for deformed pieces (see
previous section) are used to limit the surface mod-
elling of each block or piece.
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d Ext = 35%

# of tilted blocks

{sxes] Contour of final state

Untilting or unfolding directions Final deformed state

Referential line

Fig. 8. Models of initial and final states of the two study areas. Fig. 7a and c correspond to the final (present) state in the Umm Shatt
and Ba'tays areas, respectively. Arrows represent untilting or unfolding directions deduced from a comparison between deformed and
restored states of each block. Fig. 7b and d illustrate the initial (restored) state (after unfolding or untilting and best fitting of the restored

blocks). The computed extension is given for the two areas.

4.4. Untilting and unfolding processes

This stage comprises two steps of calculation with
either untilting or unfolding procedures depending
on the geometry of the reference layers.

In the case of the planar model, each block is
individually rotated by its dip angle around its strike
in order to find its initial horizontal state. All z
coordinates so become identical and we arbitrarily
decided they equal O assuming no rotation about a
vertical axis exist (Thoué, 1993).

In the case of the folded model, the UNFOLD
program (Gratier, 1988; Gratier et al., 1991; Gratier

and Guillier, 1993) was used to process each de-
formed piece separately. These pieces are first rep-
resented by a network of rigid triangular elements.
Each of the deformed pieces is then restored to a hor-
izontal surface, by laying flat the triangular elements.
The best fit of each triangular element in the hole
defined by its neighbours is obtained by minimis-
ing voids and overlaps using a least-square method.
The reliability of the geometry of each unfolded sur-
face is tested by the degree of fitting between all
the triangular elements (Guillier, 1991; Guillier and
Gratier, 1993). Following these rules, all the restored
pieces were considered as true developable surfaces
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(equivalent to folded and torn sheets of paper). This
supposes that the strain process occurs without sig-
nificant elongation along the folded surface.

4.5. Fitting the restored elements

After untilting or unfolding, the restored blocks
(Umm Shatt area) or pieces (Ba’tays area) have to be
fitted together in order to built the initial state of the
deformed areas. This step depends on the boundary
geometry of restored elements. If the geometry of
boundary is reliable (especially the fault geometry
which is always the most difficult to acquire), voids
and overlaps may be minimised (1) automatically
using a least-square method (Audibert, 1990; Rouby
et al.,, 1993), or (2) by hand using graphical soft-
ware able to process vectorial objects (Gratier et al.,
1989). If the geometry of boundary is not accurate
enough (for example if the geometry of the fault is
not very well known), it is often more reliable to
use the directions of unfolding or untilting (deduced
from a comparison between each deformed and re-
stored element) as indicator for fitting the faults.
In the case of the folded model, folding induced
by roll-over is related to the displacement of faults.
The best compatibility may be established between
the directions of unfolding of the deformed pieces
and the fault displacements (Gratier and Guillier,
1993), especially in the case where tectonic features
correspond to normal or thrust faults.

In both Umm Shatt and Ba’tays areas, displace-
ments of the faults are known (field study) rather
better than their geometry. If some common points
between two adjacent blocks exist, such as dikes
crossing basement and cover, the compatibility be-
tween fault displacements (measured in the field)
and directions of restoration (untilting or unfolding)
is clear. The fault can easily be ‘closed’ between
the two blocks. In other cases (no connected points
between blocks), a compromise between both previ-
ously exposed rules was sought in order to minimise
voids and overlaps between restored blocks, and to
match the directions of unfolding and fault displace-
ments. At the end of this step, our method leads to an
initial state of the two studied sectors (Fig. 8b and d)
that might be compared with the final state of these
sectors. Fig. 8 (a and c) illustrates the projection onto
a horizontal plane of this final state.

4.6. Extension and displacement fields

The comparison between undeformed (initial) and
deformed (final) states gives the amount of extension
and allows one to draw the displacement field. For
both the Umm Shatt and Ba’tays zones, the exten-
sion is calculated as the ratio between the mathemat-
ical area of the initial surface and the final surface
(Fig. 8). The mathematical area of the final state
is determined from the projection of the entire de-
formed area onto a horizontal plane, including fault
gaps and deformed geological surfaces, as illustrated
in Fig. 8 (a and c) by dotted lines. The mathemat-
ical area of the initial state is drawn following the
external boundary of the restored area.

As the initial and final states are known, the fi-
nite displacements of each block (represented by the
geological marker) can be calculated with respect
to a reference (fixed line) chosen within each stud-
ied area. In the projection of the final state onto a
horizontal plane, the 2D contours of tilted blocks or
folded pieces have well-defined (x, y) coordinates.
The unfolding and untilting procedures do not pro-
duce any change in the number of points which
define this contour, so that each set of (x, y) co-
ordinates can be compared between the two states.
2D displacements are defined by the geometrical
changes between both initial state and final state and
expressed as vectors which are described by a length
and an azimuth (see Fig. 9).

4.7. Reliability of the method

To model deformed areas and to compute exten-
sion and displacement fields, our method involves the
tilted block geometry rather than the fault geometry.
Indeed, topographic data yield better constraints on
geological surfaces than on their limiting faults (even
if fault dips are checked by field measurements). The
validity of each step of our method and the accuracy of
the amount of extension calculation might be precise.
Field arguments have still been discussed regarding
the choice of the geological reference layer. No thick-
ness variations nor important internal strain were ob-
served at the scale of each studied area. The main
source of errors is in the 2D mapping step. This 2D
mapping of tilted block boundaries is directly inferred
from the interpretation of satellite ortho-images. Sev-
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Fig. 9. Total finite displacements vectors drawn from initial (restored) state to final (present) state in the two studied areas. Fig. 8a and ¢
illustrate the displacements field within both areas whereas Fig. 8b and d correspond to an interpretative sketch map of the displacement
distribution associated with block rotation and regional shear as indicated by black arrows or dotted lines. See text for explanations.

eral interpretations must be made taking into account
the sedimentary filling, the erosion or the errors in
fault/marker location. Several configurations corre-
sponding to the final state were tested. Errors linked to
this step do not exceed an average of 5% variation in
the computed amount of extension (Thoué, 1993). It
is also important to notice that the geometrical model
(plane or folded) chosen strongly depends on the geo-
logical settings of each studied area. The appropriate-
ness of such a model needs to be checked before mod-
elling as we did before by computing length variations
in surface modelling (Fig. 7). The interpretation we
made from the structural analysis of both the Umm
Shatt and Ba’tays sector corresponds to the most real-
istic structural interpretation and yields a non-unique,
but most probable solution, for the initial state re-

construction. Finally, the 2D displacements represent
a combination of both continuous and discontinuous
strain. So, the displacement fields may vary with the
chosen reference layer. However, this method is val-
idated by strictly checking each modelling step with
field geological data or structural observations from
satellite images. This method can be efficiently used
to quantify deformation of the southern Yemen mar-
gin.

5. Application to the southern Yemen margin
5.1. Choice of the reference layer

In the Umm Shatt area, fieldwork and microstruc-
tural] studies reveal that N4O°E left-lateral strike-slip
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faults are early tectonic features. They might cor-
respond to structures older than the normal faults
which separate tilted blocks (Fig. 2a). Their orienta-
tion is also sub-parallel to the direction of extension
derived from the regional studies and the inversion of
fault striations. This implies that no major rotation of
these structures would have occurred during strain.
Consequently, one of these faults which appears in
this area (the eastern limit of block 6, see Fig. 8) was
considered as a fixed line.

In the western part of the Ba’tays area, tilted
blocks are locally limited by N140°E right-lateral
strike-slip faults. These N140°E faults (Fig. 1b)
are parallel to the major normal faults that limit
the Dhala Graben and cross-cut the whole southern
Yemen margin (Tard et al., 1991; Thoué, 1993). The
strike of these faults is also close to the N135°E
direction of extension determined over this area.
According to microstructural evidence in the field,
we consider that the N140°E faults act as strike-
slip faults during the N135°E extensional event. The
NI140°E fault which appears on block #1 in the
Ba’tays area has been chosen as a fixed line.

5.2. Umm Shatt area

Fig. 8a shows the initial state obtained using the
planar model and after fitting each restored block to-
gether taking into account fault displacements and/or
untilting directions, whether the geometric bound-
aries of blocks are well-constrained or not. Untilt-
ing directions correspond to the major dip of each
tilted block as shown by black arrows in Fig. 8a.
The distribution of displacement vectors shown in
Fig. 9a is obtained with reference to the N40°E
fixed line. Vectors are drawn from the initial state to
the final state. This distribution can be divided into
three distinct zones (zones 1, 2 and 3 in Fig. 9b)
separated by N110°E-N130°E faults. As an illustra-
tion of the fitting procedure, it may be noticed that
blocks in zone 1 (blocks 1, 2, 3 and 4 in Fig. 8a)
have been fitted together according mostly to the
fault displacements (common points between adja-
cent blocks), whereas adjacent blocks belonging to
different zones (zones 1 and 2 for example) have
been fitted together mostly using untilting directions.
With such a fitting, the amount of extension over
the whole area reaches the value of 14% with a 5%

error linked to the computation method as previously
described.

Displacement values increase from west to east
and are not always parallel to the untilting directions.
This is the case along N110°E-N130°E normal faults
and is also mostly the case for the N160°E strike-
slip faults (northern part of the Umm Shatt area in
Fig. 9a). The finite displacement field indicates that
the whole area undergoes a sinistral shear. Fig. 9d
illustrates an interpretative displacement field that
can be drawn by lining up the displacement vectors
along segments of circles. These segments of circles
may indicate that rotation of tilted blocks along the
N110°E-N130°E normal faults could locally accom-
modate the sinistral shear. These N110°E-N130°E
faults may present a slight strike-slip component,
as inferred from field data (Figs. 2 and 3). Indeed,
field observations and satellite image interpretations
locally point out a slight component of dextral strike-
slip motion on N110°E-N130°E faults and show a
sinistral strike-slip component on all N160°E faults.
It may also be noticed that the size of the displace-
ment vectors appears to be different on either side of
the N40°E strike-slip fault used as a fixed line. This
confirms a posteriori the role of the N40°E pre-exist-
ing faults which may guide the block displacements
in the Umm Shatt area. Even if the extensional di-
rection is difficult to precisely determine from such a
displacements field, it is estimated at around N40°E.
The finite displacement field is so compatible with
the stress calculations obtained from fault planes
and striations analysis, indicating a N50°E exten-
sional tectonic event. This motion is slightly oblique
to the system boundaries (N40°E-trending strike-
slip faults) and the strike-slip component is locally
accommodated by synchronous NI60°E strike-slip
faults and block rotations (Fig. 2b, Figs. 8 and 9).

5.3. Ba’tays area

Fig. 8c illustrates the initial state of the Ba’tays
area built after fitting together restored pieces ac-
cording to the folded model used to describe blocks
in that area. As an example of the fitting procedure,
more structural constraints exist on boundaries lim-
iting blocks 1, 2, 3, 4, 5 and 6 rather than on the
N60°E-N8O°E fault, which limit zones 1 and 2 in
Fig. 8d. Over the whole area, the amount of exten-
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sion is estimated at 35% (Fig. 8d) with the same 5%
methodological error as for the Umm Shatt.

Fig. 9c displays the corresponding displacements
field which could be simplified to two zones as
pointed out in Fig. 9d. The regional displacement is
associated with the relative displacement of blocks
belonging to zone 1, versus the blocks of zone 2,
along the N60°E-N8O°E normal fault. The displace-
ment direction varies from N125°E (eastern part) to
N145°E (western part) with an increase of vector
length toward the west. In the field, the N60°E-
N8O°E normal faults may correspond to composites
of different trending segments of normal faults sep-
arated by small linked strike-slip faults. All these
faults develop during an extensional event with a
trending direction compatible with the N135°E di-
rection of extension derived from field data analysis
(Figs. 2 and 3). As for the Umm Shatt area, we tried
to line the displacement vectors up on segments of
circles (Fig. 9¢). However, from such a simplified in-
terpretation, it is difficult to deduce rotation of tilted
blocks along the N60°E~N80O°E normal faults as we
discuss hereafter.

Indeed, some remarks have to be made regarding
the interpretation of the displacements field in the
Ba’tays area. Small vectors striking about N30°E—
N60°E appear in the northeastern part of the area
(Fig. 9c). This orientation could be due to poor con-
straints on block 6 located on the other side of a
N140°E strike-slip fault, which perhaps belongs to
another tilted block system, toward the east. The dis-
placement field is also associated with the restoration
of one major fault striking N60O°E-N80°E. This ma-
jor limitation means that the extension value is still
imprecise and probably over-estimated. This makes
the interpretation of displacement fields more ques-
tionable especially concerning local rotations which
may reflect some local effects rather than being rep-
resentative of the whole margin. However, inversion
of field measurements yields one major extensional
trend striking N135°E and matching the computed
displacements well.

6. Regional interpretations of the results

With our method combined with several scales of
observations, from satellite to field, we could analyse
and quantify the deformation and the regional kine-

matics of a wide part of the southern Yemen margin.
We obtained results showing very good agreement
between the regional measurements (derived from
satellite image interpretations, and geometrical strain
modelling) and local measurements (derived from
stress tensors computed from field data). In both
studied areas, large normal faults present a slight
strike-slip component in order to accommodate a
regional shear. This strike-slip component yields to
small rotations (5—10°) of tilted blocks.

However, our results demonstrate that the stud-
ied areas present multiple differences regarding the
structural setting as pointed out in Figs. 2, 8 and
9. In the Umm Shatt area, the size and dip of the
tilted blocks appear to be smaller than in the Ba’tays
area. The major set of faults that limit the tilted
blocks strikes N110°E-N130°E and N60°E-N80°E
in the Umm Shatt and the Ba’tays sectors, respec-
tively. The computed amount of extension differs
too as illustrated in Fig. 8 (b and d). This amount
(computed over the entire surface of the areas, see
Section 4) is much greater in the Ba’tays area (35%)
than in the Umm Shatt area (14%). Our methodology
is based on the assumption that no length variation of
the reference layer occurs during deformation. This
means that the internal strain such as for dikes is not
taken into account. In the Umm Shatt area, numer-
ous dikes were depicted during field surveys. Even
if the amount of extension might be slightly under-
estimated in the Umm Shatt area, the part of the
extension associated with the dikes could not explain
the difference with the Ba’tays area. Regarding the
direction of extension determined from fault striation
analyses, the major extensive event strikes N5SO°E
in the Umm Shatt area whereas it strikes N135°E
in the Ba'tays area (Fig. 2). Finally, the displace-
ment fields indicate two different major directions of
displacements in the Umm Shatt and Ba’tays areas,
respectively (Fig. 9).

All these differences suggest different kinematics
behaviours for these two parts of the Yemen margin.
Previous fieldwork (Tard et al., 1991; Thoué, 1993)
shows that a NSO°E extensional phase affects Oligo—
Miocene traps in the Umm Shatt area up to the Dhala
area (Fig. 2a). This extensional event is related to the
major Miocene extensional phase as depicted by
Huchon et al. (1991). However, no volcanic traps
are found in the Ba’tays area and beyond a line
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going from Aden to Dhala (see previous sections
and Fig. 1b; Greenwood and Beackley, 1967; Tard
et al., 1991; Menzies et al., 1992, 1995; Thoué,
1993). Consequently, no precise age can be attributed
to the N135°E extensional event depicted in the
Ba’tays area. The major structures associated with
this event affect Cretaceous series and can just be
dated as a post-Cretaceous event. But this extensive
event does not appear in the Miocene to Recent
evolution of the Arabian plate (Gaulier and Huchon,
1991; Jestin and Huchon, 1992). So, all these facts
support the existence of two distinct extensional
phases, as illustrated by the sketch in Fig. 10, and
they are consistent with the existence of several
crustal blocks which compose the southern Yemen
margin.

The first extensional phase, striking N135°E,
would have occurred in Late Cretaceous or Early
Miocene times. It is mainly located around the
Ba’tays area and more generally in the eastern part
of southern Yemen as several authors may indicate
(Tard et al., 1991; Menzies et al., 1995; Fantozzi,
1996). This event would appear to be responsible
for the development of N6O°E-N80°E normal faults
and their associated tilted block systems. The latest
extensional phase, striking N50°E, occurred during
Middle Miocene times (Fig. 10) and affects mostly
the entire western and southwestern parts of Yemen
(Huchon et al., 1991; Menzies et al., 1992, 1995;
Thoué, 1993; Davison et al., 1994), whereas it may
disappear toward the east or, alternatively, be still
present in other crustal blocks in that direction (Fan-
tozzi, 1996).

Geological observations along the southern
Yemen margin argue for the existence of a major
transfer zone between both areas, in the northwest
of Aden (see Fig. 1b and Fig. 10) (Greenwood and
Beackley, 1967; Tamsett, 1984; Tard et al., 1991;
Smith, 1993; Thoué, 1993) and for a westward
migration of deformation to Afar, during Miocene
times (Gaulier and Huchon, 1991; Jestin and Hu-
chon, 1992). The early N135°E phase, evidenced in
this paper, could correspond to a preliminary exten-
sional phase, linked to the earlier opening of the Gulf
of Aden, and predating the major N50°E extensional
event recorded over the whole southeastern part of
the Arabian Peninsula. Thus, some complementary
structural studies and determination ages are neces-

sary to confirm this interpretation, especially in the
area located in the vicinity and eastward of the major
graben northwest of Aden (Ad Dhala Graben).

7. Summary

This work pointed out the efficiency of re-
gional structural studies which combine topographic
data, digital images, tectonic data and a restoration
method. In the southern Yemen stretched margin,
this approach makes it possible: (1) to build a geo-
metrical and numerical model of a folded and faulted
geological layer, from satellite images, topographic
data and field structural data; (2) to restore (by un-
tilting or unfolding) this deformed layer and to fit
each restored piece along faults, in order to recon-
struct its initial undeformed state; (3) to compare
deformed and undeformed states, in order to esti-
mate the amount of extension and the total finite
displacement field (relative to a fixed reference) in
the two study areas.

Comparison between the computed numerical
model of the deformed areas and fieldwork mea-
surements (strike and dip of tilted blocks) shows
very good agreement attesting to the reliability of
the modelling procedure. The calculations present
the first quantification of the amount of extension
in the southern Yemen margin. Amounts of exten-
sion vary from place to place along this stretched
margin. In the Umm Shatt area, Miocene extension
reaches 15% with a mean displacement direction
corresponding to a N50°E transtensional regime. In
the Ba’tays area, post-Cretaceous extension is about
35% with a mean displacement corresponding to a
N135°E normal extensional regime.

Comparison between the computed displacement
fields and the measured (incremental) displacements
(deduced from stress analysis using slickensides in-
version) attest to the accuracy of the method. In both
areas, normal faults present a small strike-slip com-
ponent with relative rotation of the blocks (about 5 to
10 degrees) and local accommodation of the exten-
sive strain by synchronous strike-slip faults (mostly
in the Umm Shatt area). Most of the methodological
uncertainties come from the contouring of the tilted
blocks on satellite images, but the use of untilting
or unfolding directions and field data as constraints
for the fitting procedure of restored blocks greatly
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Fig. 10. Local kinematics interpretations of the Umm Shatt and Ba’tays areas replaced in the regional geological and structural context

of the African, Arabian and Somali plates triple junction.

improves the coherence between computed models
and field measurements.

Finite deformation and displacements suggest an
earlier extensional phase which occurred in the

northern margin of the Gulf of Aden, even if the
detailed chronological timing of those extensional
phases in the entire southern margin needs to be
confirmed.
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