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ABSTRACT

The stratigraphic sequence of the Sana'a basin ranges in age from
Precambrian to Recent with some periods missing. Lithological
outcrops of the Sana'a basin ranging in age from Jurassic to
Quaternary, while the subsurface data reveals the occurrences of the
Precambrian rocks.

Current research discusses the sedimentary and structural evolution of
the Sana'a basin and indicates that significant tectonic phases occurred
during the Jurassic, Cretaceous, Tertiary and Quaternary periods.
Structural effects of these tectonic phases include uplift and
subsidence for several times. However, the Sana'a basin formed
during the Jurassic time under an inherited and reactivated structural
control from the old N-S trend. Field studies indicate that the Sana'a
basin was subjected to compression stage during the Paleocene time
which resulted in the formation of an anticline with N-S axis, and then
at the end of the Paleocene the area is affected by extensional faults to
form half grabens such as Wadi Dhahr, and Haddah half grabens.
During the Tertiary Sana'a area has been affected by huge of volcanic
activities especially in the southern part of the Sana' a basin to form
the Yemen Plateau, then the major tectonic trends were reactivated by
extensional stage which coincided with the NS - NW and ENE -
WSW trend. However, most of these faults and fractures are filled by
volcanic dykes of different composition. In Quaternary time another
volcanic activity has occurred to form a lot of plugs and cones
intruded into the old rock units.

Keywords: Structural Evolution, Extensional Faults, Tawilah
Sandstone, Sana’a Basin, Yemen.

INTRODUCTION

The Sana'a basin is about 3200 km? in area with flat alluvium deposits
covering an area of about 500km?. (Fig.1). It is intermountain plain within the
Yemen plateau and is surrounded by irregular topographic features. The
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elevation of the Sana'a area ranges from 2150m in the plain to 3760 m in highest peaks in
the Arabian Peninsula as in “Jabal Al-Nabi Shuaib” to the west of Sana'a city.

The Sana‘a plain slopes gradually from 2350m in the southern part to about 2150m in
the northern part. The bedding of the sedimentary and stratified volcanic rocks dips
gradually from zero in the north, as in the Thomah area, to about 15° in the south, as in Al-
Quthi area. (Italconsult, 1973). The major tectonic elements of Yemen are controlled by the
main trends of the Gulf of Aden, the Red Sea, and the Najid fault systems (Fig.2).

The Sana' a basin is not studied structurally in detail and there is only limited studies
from seismic and drilling information’s. The basin area consists of crystalline basement
rocks overlain by sediments of the Jurassic to Recent (Fig.3). Here, the basement rocks are
considered only so far as they may influence the development of younger structures. The
structural style of extensional basins depends not only on the orientation of the controlling
stress regime relations to the zone of crystal extension and the amount of extensional stress,
but also on the availability of pre-existing basement heterogeneities and on the lithological
heterogeneities within the sedimentary basin fill which can be reactivated by tension.
However, during the evolution of the Sanaa basin, the stress regime governing its
development can change with time where the orthogonal extension may give way to trans-
tensional faulting and or trans-compression deformation. The Sana'a basin is located close
to very active and more complicated structural trends where oceanic floor spreading is
going on now in the Red Sea, to the west, and the Gulf of Aden to the south. Two other
active boundaries: the Zagrous Thrust, to the east, and the Dead Sea strike slip fault to the
north (Khanbari, and Huchon, 2010) (Fig.2). These boundaries represent the major tectonic
trends and the most important structural elements, which have controlled the formation of
any reactivation structures, occurred in nearby areas. As mentioned before, the structural
trends which controlled the formation of the Sana'a basin are inherited from the Proterozoic
trends which have been rejuvenated during the early Jurassic time where a deep depression
was formed with a NW-SE trend. The Sana’ a basin is subjected to different tectonic trends
of compression and extensional regimes. The extensional regime is the most dominant
structures in the area and obscured all old structures (Al-Ubaidi and Al-Kotbah, 2003 and
Khanbari, 2004). Several field trips of the Sana'a area are carried out and field
measurements of faults and fractures are made. Investigation of rock units, faults and
fractures in the study area were delineate all over the area, and detail recognize of faults and
fractures show the main structures of normal faults with extensive fractures of three trends
such as, E-W, NW-SE and N-S to NNW-SSE. More detail will be described below.

Structures

The Sana'a basin shows evidences of rejuvenated old structures, particularly those with
NW-SE trend. The faults and fractures of the ancient Najd fault system have resulted in the
formation of deep basin where the basement surface has subsided to more than 1800m, as
in the Arhab and Al-Hatarish wells of the northern part of the Sana‘a basin. In general, the
Sana'a basin has been subjected to at least four trends of tectonic faults. Field observation
shows that the Gulf of Aden trend had dissected the Sana'a basin into half grabens such as
the Haddah, Wadi Dhahr and Wadi Al-Quthi faults. The Wadi Dhahr faults (Plate 1.B)
belong to the Cretaceous time which affected in the cretaceous sedimentary rocks and not
continues in the tertiary volcanic, while the Haddah and Wadi Al-Quthi faults are Tertiary
faults. The maximum vertical displacement of extensional faults is recorded around Sana'a
city such as in Haddah fault and reaches to more than 300m. This study is coinciding with
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several studies of (Al-Kotbah, and Al-Ubaidi, 2001, Al-Ubaidi and Al-kotbah, 2003, Al-
Subbary et al, 1998, Khanbari, 2004 & 2010). The main trends of faults and fractures
measured in current study as shown in Dhudan area (plate 2.A) are coincided and control
by the major tectonic elements of Yemen and the rejuvenation of the old regional structures
of the Arabian Peninsula.

The structures in the study area are dominant by normal faults (plate 2.C) and fractures
of extensional regime with accommodation structures associated with normal fault (plate
2.E & F), such as the tilting blocks of hanging wall, rollover anticline and sometimes drag
folds. These accommaodation structures are result of the internal compression stress due to
the movement of fault blocks. However, the old tectonic trends play the main role in
formation of tertiary faults and fractures which reveal clear effect in the old rock units

outside the study area.
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Figure (1): Location map of the study Area (Modified After Richard Helmer and Ivanildo Hespanhol,
1997 & WEC, 2001)

Strike Slip Faults
It is not easy to recognize the strike slip faults in the Sana’a area because of the intensive

extensional faults dissecting the Tertiary volcanic rocks and the similarities of the rock
units. Also there is no contrast in lithologic rock units or marker beds to recognize the
horizontal displacement. However, from several field trips and detail survey, horizontal
striations are observed and recorded in several locations within the Sana'a basin; these
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horizontal striations are recorded in the Tertiary outcrops in the Sana'a zoo and in Khawlan
area while vertical slickensides are recorded in the Cretaceous Tawilah sandstones in Wadi
Dhahr area (Plate 2.B). These slickensides are strong support to our view that, Sana’a
anticline is just an accommodation structure with strike slip faults. The horizontal
movement has an E-W direction and the Sana'a anticline is formed an oblique to the major
strike slip fault. Further evidence for horizontal movement probably support by the
occurrence of the folds formed in different locations in volcanic rocks such as the
recognition of thrust faults which recorded in Nagil Yasleh area. All these evidences
indicate that the area is subjected to compressional tectonic which reflected in present of
strike slip fault.
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Figure(2): Regional Tectonic Map of the Arabian Plate, (After Al-Kotbah 1996).
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Yemen Volcanic Tawilah Sandstone
(Tertiary) (Cretaceous)

Plate 1.
A. Map showing the major features of the Sana'a basin, (After Richard Helmer and Ivanildo
Hespanhol, 1997)
B. Panoramatic view of the Tawilah Group, at Wadi Dhahr Indicate the main fractures along
the succession.

Folds

In general, Sana'a Basin as a part of the whole Yemen plateau is subjected to compression
uplift during the late Tertiary time and the Sana’a anticline is formed as accommodation
structure associated with strike slip fault. The Sana'a anticline is most likely related to
horizontal movement and is just an accommodation structure associated with major tectonic
movement. The Sana'a anticline is of N-S axis and plunging to the south with steep dip. The
locations of fold axis in most areas of the Sana’a basin are eroded away and represent the
Sana‘a plain now. The anticline of Sana'a area is of symmetrical type with low angle of two
limbs. In the north, the fold axis becomes horizontal such as in Thomah and Arhab areas. In
addition to this big fold, there are small folds associated with extensional faults as resulting
of tilting blocks and local compression (Al-Subbary, et al., 1999).

GEOMETRICAL ANALYSIS OF FAULTS AND FRACTURES

Detailed analyses of faults and fractures have been carried out to deduce their geometrical
structures and trend of extension. The strike and dip of fault and fracture planes were
measured using the Brunton compass. More than sixty fault and fracture planes are
measured in addition to the major faults mapped. The plotting of fault and fracture planes
are plotted as poles on the lower hemisphere equal area net (Fig. 5), by using the computer
program, the Fabric, version 1.8 (Strakcy, 1977). The plotting shows four trends of faults
and fractures detected in the area. The dominant Trends of faults are NW-SE and ENE-
WSW and these trends are most probably synchronous with the rifting of the Red Sea and
the Gulf of Aden. The other two trends are rejuvenated from old tectonic movements such
as the N-S and the NE-SW direction. All these faults and fractures show very steep to
moderate dips which may indicate these faults and fractures extend to a great depth. Some
faults and fractures are passages of igneous dykes of different compositions. The slip
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movement of these faults is very steep. The principal stress axis is nearly vertical with
occasional slight oblique component.

Plate 2.

A) Deferent trends of fractures in Dhudan Area, Hamdan. B) Vertical slickenside’s, Tawilah Group
in Wadi Dhahr. C) Basaltic dyke intruded the Tertiary volcanic in Wadi Dhahr, Hamdan.

D) Escarpment of normal fault resulted in the uplift of Amran Group in Wadi Bani Assim. E) The
contact between the Amran group and Tertiary volcanic rocks reveal normal faults affected in
Amran Group in Wadi Shaiban, Nihm. F) Escarpment due to normal fault resulted in the exposed
of Tawilah Group and Amran Group in Wadi Bani Assim, Nihm.

Yellow circle shows the scale
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Figure (3): Simplified Stratigraphic Sequence of NW Yemen (After Al-Subbary 1995)

The stratigraphic sequence of the Sana'a basin is obtained from previous field studies and
data. The stratigraphic sequence ranges in age from Precambrian to Recent with some
periods missing. The Phanerozoic rocks of the Sana'a basin mainly consists of sedimentary
and volcanic rocks. The sedimentary rocks in the Sana'a basin are exposed as outcrops
ranging in age from Jurassic to Quaternary, while the subsurface data reveals the
occurrences of the Precambrian rocks as in the Arhab well. The stratigraphic column
(Fig.3) summarized the different rock units of the NW Yemen. The Kohlan Formation is a
siliciclastic unit and is exposed in the Jabal Salab (Al-Wosabi, 2001 and Al-Wosabi, &
Wasel, 2010) in Nehim area, and recorded in Sana'a basin from subsurface data of Arhab
and Al-Hatarish wells (Fig.6 & 7). The maximum thickness is about 45-50m thick (Sawas,
1996), and ranges in age from lower to middle Jurassic (Bydoun, 1982, Diggens, et al.,
1988). The Kohlan Formation consists of course to medium grained sandstones together
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with, conglomerates in the lower pan with interbedded shales and siltstones with plant
remains. It is light grey to white or pinkish in color and it fines upward and passes
conformably into carbonates of the Amran Group (Geukens, 1966)

The Middle Jurassic-Early Cretaceous rocks, represented by the Amran Group exposed
in the northern part of the Sana'a basin as in Thomah area and Nagil bin Ghaylan. This
group consists mainly of limestones and gypsum with intercalated shales in some horizons
as in Wadi Al-Ahjur Formation. Throughout Sana'a area the Amran Group is recorded from
subsurface only and at different depths depending on the vertical displacement of faults
(Fig.7). The thickness of the Amran Group ranges from 320m in the northern part of Sana’a
basin to 100m thick in the southern part as recorded in well DS1 & DS2 (Fig.6). Most
recent aquifer delineation study of Sana’a Basin carried out by Hydrosult, 2010, indicated
that the thickness of Amran Group decreases as we move toward south. This can be
probably confirmed the southern edge of the Basin. This thickness decrease of Amran
Group indicates the edge of the basin.
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Figure (4): Regional Geology of the Sana’a Basin (after Stephen Foster et al 2003).
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Figure (5): Stereonet plot of Fault trends of Sana’a Basin
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Figure (6): Subsurface lithologic logs of boreholes in Sana’a Basin along with location map.
(Based on Kruscman, 1996).
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Figure (7):Hydro-geological Cross-Section across the Sana'a Basin, (After Hydrosult, 2010)

Stratigraphic Sequence in the Sana'a Basin

The age of the Amran Group is middle Jurassic-Early Cretaceous (Geukens, 1966 and El-
Anbaawy (1985). The principal lithofacies is well cemented, limestone and dolomite
intercalated with marls and shale containing macro and micro fossil. These fossils include
skeletal marine mollusks, echinoderms, coral reefs, stromatoperids and foraminifer
(Lamare, et al., 1930). EI-Anbaawy, 1985 described very distinctive interval algae-rich in
the Amran Group and named it Wadi Al-Ahjur Formation which represents the beginning
of sea regression.

The queries in the Amran Group are particularly evaporating dominant in the Sabatain
Formation (Bydoun, 1964, EI-Anbaawy, 1985, which is raised to group by Al-Thour 1992).
It consists of salts and lenses of gypsum with interbedded with marls and shale (Fig.3).

The Tawilah Group is a clastic dominated sequence exposed in a large area around
Sana'a region, especially the northwestern part as in Wadi Dhahr and in the northeasterner
part of the basin such as in Bani-Hushaish area (Fig.4). The age of this group ranges from
Late Cretaceous to Eocene (Al-Subbary, et al., 1993). The thickness of the Tawilah Group
reaches to more than 400m thick in the Al-Ghiras area and thins westward to 150m which
may point toward the source area (Al-Subbary, 1995). Beds with a nodular texture and
distinct multicolored horizons indicate that pedogenic processes were responsible for
important hematite concentration in the uppermost paleosol accumulations of the Tawilah
Group (Al-Subbary, et al, 1998).

The Tertiary volcanic is called as Yemen Volcanic Group which consists of alternating
lava flows of basalt, andesitic or trachyitic porphyries. These Tertiary volcanic rocks
formed today the Yemen plateau which reaches to more than 3660m above sea level such
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as Jabal Al-Nabi Shuaib to the west of the Sana'a. All studies reveal that the Yemen
volcanic are occurred as series of eruptions during stages of volcanic activity, and thickness
is excess to 2000m thick, while some different studies determine the age of Yemen
Volcanic and give wide range of Oligo-Miocene age, (Menzies et al., 1991, Baker, et al.,
1993 and Al-Kadasi, 1994). The Quaternary volcanic rocks are dominated by alkali basalt.
It occurs widely in the study area and particularly to north and northeastern part, and the
age determination is about 5ma (Al-Kadasi, M., 1994). The Quaternary volcanic can be
recognized two types of eruptions; the first eruption involves the cinder cones eruption
which is explosive type volcanic, and are found in the north and northern part of the Sana' a
basin (Fig.4). The second eruption is the lava sheet rocks and occurs along the Sana‘a-
Amran road to the northwest part of the Sana'a basin. The Quaternary deposits are mainly
alluvial sediments and conglomerates which reach in thickness to more than 30m thick in
the middle of the Sana'a basin such as in the Sana'a university campuses

Historical Evolution of the Sana'a Basin

Historical evolution of the Sana'a basin started in early Cambrian following the old tectonic
trend in the N-S and NW direction. These two trends were probably reactivated from Hijaz
and Najid orogenies representing the oldest and dominant tectonic trends affected Yemen
and the Arabian Peninsula (Al-Kotbah, 1992). During the Cambrian-Ordovician, the initial
main trend of the Sana' a basin has formed and the continental clastic sediments were
deposited the Kohlan Formation. During the Jurassic time subsidence increased and formed
deep depression of NW-SE trend. During this time the Amran group was deposited given
rise to a thickness of more than 1600m as measured in Arhab and Al-Hatarish wells (Fig.6).
The main trend of the Sana' a basin parallels to the Al-Jawf-Marib basin which was
probably belonged to the same age and both were formed by the same tectonic movement
rejuvenated from the Najid trend (Fig.2), and this may require more detail studies. During
the Cretaceous time the Sana' a basin was subjected to uplifting and received a lot of clastic
rocks of Tawilah Group. Current study indicated that, both Amran and Tawilah Groups
were affected by tectonic movement of E-W trend resulted in the formation of extensional
faults such as the Wadi Dhaher and Al-Sabbeen faults (Al-Kharpy, 1996). This movement
is recorded for the first time in the Sana'a basin based on field observations and subsurface
data (Fig.7). The extensional faults, which strike E-W, are more likely a proof that the Gulf
of Aden is an old trend and was formed before its opening.

Most probably the rift of Aden was formed during the Cretaceous time and had been an
exposed continent receiving no sediments. The Wadi Dhahr faults were confirmed as
having formed during late Cretaceous where they crossed cut the Tawilah Group prior to
the development of the Tertiary Volcanics (Plate 1.B).

In general, Yemen was subjected to a major volcanic activity during the Tertiary time to
a state-wide series of volcanic eruptions. This volcanic activity resulted in the formation of
Yemen plateau which stands today to more than 3660m above sea level. However, the
Sana'a stratigraphic sequence was intruded by these volcanic rocks and covered all old
sedimentary rocks of the Sana'a area. At the final stage of volcanic eruption, the Sana'a area
was subjected to a compression stage where the Sana'a anticline was formed whose axis
trends N-S. This axis dies out in the north with steep plunge in the south, then another stage
of extensional faulting resulted which shaped up the present area, and represents an
extensional tectonic regime contemporaneous with the opening of Gulf of Aden and the
Red Sea (Khanbari and Huchon 2010). This stage produced the most dominant structures
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where it obscured all old structures. The extensional faults include the Haddah, Aser and
Wadi Al-Quthi faults. The vertical displacement of Haddah fault reaches more than 300m.
All these faults are striking E-W. However, a horizontal movement has affected the Tertiary
volcanic in an E-W direction and was created by reactivated faults in this direction. After
the volcanic quiescence these major faults and fractures were subjected to a late volcanic
activity occurred where a lot of dykes and plugs (Plate 2.C) of different trends (the
dominant trends are N-S, NW-SE and E-W) and composition have intruded all the
stratigraphic sequence from Precambrian to the Tertiary rocks, along N-S fractures of the
present area of the Sana‘a city, the rocks were eroded away forming the intermountain plain
of Sana'a Basin.

The quaternary post tectonic movement is accompanied by a volcanic activity intruded
older rocks with a very distinctive morphology characterized by a distribution of scatter
cones, cinders, dykes and plugs and occasionally spread as lava flow in the low lands.

Subsurface Geological Cross-Section
a. Northeast - Southwest Cross Section (A-A")
This cross-section has NE-SW direction and constructed based on data of well logs (12P,
ST-7, ST-8, R-4, R2, EX-4, SE-3, EX-3, 9P, 13P, C1849, C1564 and 14p) (Fig.7 A-A"). It
extends from Al-Maleka Village (Bani-Hushaish) located northeast of the basin to Wadi
Hamadan located southwest of the basin. It shows the lithostratigraphical sequence of the
geological units from the Jurassic Amran limestone at its base followed by Cretaceous
Tawilah Sandstone Group and Quaternary Alluvial Deposits at its top. Tertiary Volcanic
Flows exist at the northeast part of this cross-section.
The cross-section did not show any structural elements disturbing the different
stratigraphical units. It shows the following aquifer system:
- Aquifer 1: Quaternary Alluvium
- Aquifer 2: Quaternary and Tertiary Volcanic
- Aquifer 3: Tawilah Cretaceous Sandstone and
- Aquifer 4; Jurassic Amran limestone
This sub-surface cross-section confirmed that:
e  The alluvial aquifer has attained its maximum thickness at the area
between airport and Al-Rawdaa and
e  The geological sequence has been intruded by volcanic rocks at the
south-western part of this cross-section.
e  No structural element were detected along this cross-section as all the
faults are of E-W direction

b. North —South cross section (B-B")

It is the most important cross-section. It has N-S direction and constructed based on data of
well logs (F-2131, P, F1445, German well, R-4, TP2, SE-1, 6P, 1P, SE-1, SE-4, H12, ST-3,
SE-5, M-18, HZ1) and geoelectrical data (Vertical Electrical Sounding VES, N1 to Nig)
(Fig.7 B-B"). It extends from Jabal Al-Sama (Arhab) on the North to Dar Salm on the
South. It shows the stratigraphical sequence of the geological units from the Jurassic
Amran limestone at its base followed by Cretaceous Tawilah Sandstone Group and
Quaternary Alluvial Deposits at its top. The Tertiary Volcanic flows and Amran Limestone
Group are exposed at the most northern part of this cross-section (i.e. beyond the limit of
this cross-section).
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A set of normal faults of approximately E-W directions have been detected along this
cross-section. The first structural fault has been detected at the southern part of this section
(Dar Salm Fault, south of Sana'a city). It is showing a down throw side toward north of
about 350 to 400m. The second structural fault has been detected at the central part of the
cross-section (Al-Jeraf Fault, North of Sana'a city). The third structural fault has been
detected at the most northern part of the cross-section (Jabal Al-Sama Fault). This fault is
located at the contact between the recent alluvial deposits and the Jurassic Amran
limestone.

It is indicated from the cross-section that these normal faults represent a full graben
structure. This graben structure accommodates an appreciable thickness of the alluvial
deposits especially at the area between Al-Rawda and Jabal Al-Sama.

As mentioned earlier, Sana’a basin was subjected to compression uplift during the late
Tertiary time to form the Sana’a anticline. The Sana’a anticline is of n-s axis and plunging
to the south with steep dip. The location of fold axis in most areas of the Sana’a basin is
eroded away and represents the Sana’a plain recently.

This cross-section provides useful information and helped in resolving and confirming
the following issues:

a. The use of the additional borehole logs and the geophysical resistivity (vertical
electrical sounding ves) data confirm that the tawilah sandstone aquifer has
been completely eroded at the area located between the airport and al-rawdaa.

b. The sana’a basin has been subjected to tectonic activities which play a major
role on the hydro geological regime.

c. The cross-section indicated that the sub-surface as well as surface faults are
having the trend.

SUMMARY AND CONCLUSION

This paper discussed and investigated a basis for prediction of subsurface structures within
the Sana'a basin which is suitable for the containment of the main source for drinking water
of the Sana’ a city. However, the understanding of the tectonic setting within the Sana'a
basin is of high importance, since such a study has proved beneficial and received much
attention in the last few years. This study is considered the first attempt to establish a
detailed structural study. Stratigraphically, the Sana' a basin has a geological column
ranging in age from Precambrian to Recent. These stratigrathic units from top to bottom as
follow:

Quaternary (volcanic rocks and wadi deposits)

Tertiary volcanic (sheeted volcanic and basal basalt)

Tawilah Group (clastic rocks)

Amran Group (carbonate rocks)

Kohlan Formation (clastic rocks)

Precambrian rocks (Basement rocks).

Four tectonic movements are recorded from field relationships and structural analysis of
the faults and fractures in addition to correlation of units. These are summarized as follow:

1. The Jurassic tectonic movement resulted in the formation of the Sana'a basin. This

tectonic movement is a reactivation of the old trend of the Najid fault system. The
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formation of the Sana' a basin is contemporaneous with the formation of the Marib-
Al-Jawf basin of NW-SE strike.

2. The second tectonic movement occurred during the Cretaceous time with an E-W
trend. It is herein proved that this trend had existed prior to the opening of the Gulf
of Aden.

3. The third tectonic movement affected the Sana’a basin, is the volcanic activity that
had occurred during the Tertiary time and resulted in the formation of Yemen
plateau.

4. The fourth tectonic movement accompanied by a volcanic activity took place during
the Quaternary time where all older rocks were injected by dykes and plugs of
different trends and is still active now.

The use of the additional borehole logs and the geophysical resistivity (vertical
electrical sounding) data in the subsurface geological cross section confirm that the tawilah
sandstone aquifer has been completely eroded at the area located between the airport and
al-rawdah as clearly indicated in cross-section b-b’.
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