




























impact on the regional geology: in the north and east of the Arabian plate the basement 
is depressed and thickly covered with relatively young sediments (platform zone), 
whereas further south and West the Precambrian crystailine basement and its older 
sedimentary cover are uplifted and partly exposed (Arabian Shield zone). 

The overall geological stnicture of Yemen is dominated by the Precambrian Arabian 
Shield in the Western part of the country and an extensive and thick cover of Phanerozoic 
subhorizontal sediments further east. The uplifted shield ('Yemeni horst') is steep-sided 
to the West and south, but slopes gently north-eastwards. It mainly consists of crysialline 
basement, and is partly covered by sediments and volcanic roch. Prominent regional 
tectonic features include the anticlinals known as the southern and northern Hadramawt 
arches, the rift vaileys of the Red Sea and the Gulf of Aden, the Sadah-Al Jawf-Balhaf 
graben System ('Sabatayn structure'), and the Al Ghaydah Depression (Figure 2.2). 

Figure 2.2 Primipal tectonic features 

2.2.2 Geological hktos, 

The Precambrian basement roch of the area were subjected to intensive folding and to 
metamorphism. Aftenivards, in the Palaeozoic Era, the basement was strongly eroded, 
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levelled to a peneplain and warped. Subsequently it was covered by sediments during the 
Cambro-Ordovician, Permian, Jurassic and Cretaceous periods. Parts of these sediments 
are of continental origin, others were deposited in shallow marine or neritic environ- 
ments. 

Rapid subsidence started during the Jurassic period along the line which now defines the 
Al Jawf graben. It enabled the accumulation of organic-rich shales with petroleum source 
potential. 

At the end of the Cretaceous and continuing during the Tertiary, the present-day westem 
part of the Arabian Peninsula and neighbouring East-Africa was uplifted and started to 
break into separate blocks. Lava extruded through faults and fissures, and thick extended 
strata of tuffs and lavas (andesites, basalts, syenites, rhyolites, etc.) covered the 
Precambrian basement and the overlying -predominantly Mesozoic- sedirnents. 

During the Tertiary the Arabian plate drifted north-eastward and caused the folding of 
the Zagros mountains in Iran. To the West and south the rift valleys of the present Red 
Sea and the Gulf of Aden opened between the peninsula and north-eastem Africa. 

* Intensive block-faulting caused the mountains of Yemen and Ethiopia to break into 
numerous blocks, separated by faults running parallel to the axis of the Red Sea (NNW), 
the Gulf of Aden (ENE) and the Eritrean rift valley (NNE). The vertical displacement 
varies from one block to another; in some locations it exceeds 2000 m. 
In the eastern part of the country thick blankets of predominantly carboniferous 
sediments were deposits during the Tertiary period. They dip slightly towards the east- 
north-east. 

Near the end of the Tertiary, local granitic and granodiontic laccoliths, plutons and 
stocks intruded through the older rocks in several zones of the country. 

At the beginning of the Quatemary a new and still continuing phase of volcanic activity 
started. It produced mainly basaltic eruptions along the major fault Systems. 

The morphological features of the country, formed largely as a result of the tectonic and 
volcanic activities during the Tertiary, were modified to some extent during the 
Quatemary period. The main present-day drainage Systems developed; river terraces, 
alluvial plains and coastal plains were formed; and aeolian deposition took place in the 
lowlands, on the plateaux and in the vast areas of the Rarnlat-as-Sabatayn and Rub-al- 
Khali. 

2 2.3 Straiigraphy 

A geological oveMew map of Yemen, derived and generalized from Robertson's 
geological map (1991~) is presented as Figure 2.3. It shows the outcrop zones of the most 
important lithostratigraphic units. For a better understanding, major faults have been 
indicated as well, as far as their location is detectable at the surface. A few schematic 
geological cross-sections (Figure 2.4) illustrate the geological setting. 



Table 2.1 summarizes the stratigraphy. It shows the names, age and a lithological 
characteristic of the main stratigraphic units. To a limited extent a differentiation 
between east and West is made. Names of formations -if available- are mentioned as far 
as deemed useful for those who deal with water resources. That implies e.g. that 
formation names of sedimentary units like the Amran and Tawilah Groups are presented 
in some detail, whereas no differentiation is given for the Precambrian rocks, even 
though the latter information does exist. For some groups or formations more than one 
name is in use. In such cases it has been attempted to select the names that are most 
commonly used and do not give rise to confusion. In the brief descriptions that follow, 
mention is made of such alternative names. 

The stratigraphic characterizations focus on the mainland of Yemen. The geology of 
Socotra and other islands has been studied in less detail so far. Correlation with rock 
sequences observed on the mainland is not always clear yet. 

The Precambrian Baserneni includes a large variety of rocks, intensely folded, faulted and 
eroded. It includes £rom older to younger: the Basement Complex, the Thalab Group and 
the Ghabar Group. The Basement Complex is composed of metamorphic and intruded 
igneous rocks. The Thalab rocks are meta-andesites, meta-basalts and meta-rhyolites with 
tuffs and a basal conglomerate. The Ghabar Group is made up of non-metamorphic 
sedimentary and volcanic rocks and associated intnisives. Extensive outcrops of basement 
rocks can be observed in the Western part of the country, especially on the eastem, 
north-westem and southem slopes of the NNW-SSE running Yemen Mountains. 

The sedimentary Wajid Gmup is present in the north-westem part of the country, with 
continuation in Saudi Arabia. The corresponding sediments are characterized as Cross- 
bedded sandstones and coarse siltstones, unconformably overlying the eroded 
Precambrian Basement rocks. It is generally believed that the sedimentation took place 
from south and south-east to north and north-west. Rather diverging opinions have been 
published on the genetic origin of the sediments; within the Yemen temtory, however, 
the unit is thought to be non-marine, probably deposited under fluviatile conditions 
(Robertson, 1991a). Some authors (e.g. Roland, 1979) make a distinction between a 
yellow-brownish ferruginous lower member and a light-coloured upper member. 
Conglomerate horizons are reported to occur near the boundaries of both members and 
in the basal part of the Wajid Sandstone. The total thickness of the Wajid Sandstone 
reaches in the Sadah area a maximum of approximately 600 m (Van Overmeeren, 
1985a). 

Akbra Shale is observed in a limited area in the north-westem part of Yemen, resting 
unconformably upon Wajid Sandstone or upon basement. The formation consists 
predominantly of glacial and glacio-lacustrine deposits: varved, laminated mudstones, 
siltstones and shales, some of which contain dropstones of rounded striated basement 
rocks (Knick und Thiele, 1983). Previously, several geologists considered the formation 
to be the shaly basal part of the Kohlan Sandstone, but the tendency nowadays is to 
follow Roland (1979) and to consider it as a separate formation. 

The Lower-Jurassic Kohlan Group is a minor unit, consisting mainly of sandstones with 
considerable vertical and lateral variation. Its base is always an unconformity with the 
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The hydrogeological classification of rock units used on these maps first considers a 
subdivision of the territory in tectonic zones: the Nubian-Arabian Shield, the Arabian 
Platform and the Aden Rift, and these are subdivided, in turn, into subzones. The valleys 
and plains of larger wadis with their Pliocene-Quaternary innlls, however, are considered 
as 'independent hydrogeological structures'. The rocks within each of these zones and 
subzones are subsequently differentiated according to geological formation (designated 
by colour), type of void (shown by a symbol) and the estimated quantity of water 
available (potential 'erploitaiional' groundwater resomes (PEGWU), indicated by the 
intensity of the colour). The mapping technique used allows two superimposed 
hydrogeological units to be depicted. This bring the third spatial dirnension in view, 
although the maps fail to show the continuation of important aquifers where they 
underlie two other units, even though these might be less important. The legend to the 
hydrogeological map allows for adding additional features (water quality, depth to 
groundwater, type of voids, local features, etc.). 

The work seems to be based on profound geological knowledge and on many local 
hydrogeological data. Resulting maps are as detailed and complete as the 1: 500 000 
scale allows, and are likely to be reliable. The hydrogeological classification can be 
criticized as being a little confusing and in some details unlogical, and is not always 
followed consistently in the explanatory note. The maps are difficult to read. The 
classification and legend tend to stress geological stnicture and stratigraphy at the 
expense of the more relevant information on the continuity and boundaries of the 
aquifers and on the type of aquifer voids. Furthermore, criteria for the assessment of the 
resources are not well-defined, e.g. the allowable storage depletion is rather arbitrary, 
which reduces the value of PEGWR as an indicator of the groundwater resources 
potential. Nevertheless, the maps and the explanatory note constitute the most important 
summarizing docurnent on the hydrogeology of the former PDRY. Due to the limited 
number of copies available (hand-painted maps) it is believed that only few 
hydrogeologists in Yemen have ever studied or used the map. 

A new schernatic hydrogeological rnap 

Based on the information contained in the maps discussed above, on study of numerous 
reports and on observations in the field during many years, a small-scale schematic 
hydrogeological map was prepared for this report (Figure 6.1). It cannot compete with 
the former maps in terms of detail, because of its much smaller scale (which is 
approximately 1: 3 100 000), but it may serve for a quick and clear oveMew of the main 
features, with corrections for some of the deficiencies observed on the larger-scale maps. 

The UNESCO classification of aquifer units is followed, but in between porous aquifers 
and fissure aquifers a category of rnixed pore/firsure aquifen has been added. This type 
of aquifer is characterized by the storage of groundwater and the permeability of the 
rock being linked to both primary voids (pores) and secondary ones (fissures). The 
following hydrogeological classes then result: 

l a  highly productive Pore aquifers 
l b  moderately or poorly productive Pore aquifers 
2a highly productive fissure aquifers 





2b moderately or poorly productive fissure aquifers 
3a highly productive mixed pore/fissure aquifers 
3b moderately or poorly productive rnixed pore/fissure aquifers 
4a strata with local and limited groundwater resources 
4b units with essentially no groundwater. 

Unlike Robertson's map, this oveMew map attempts to depict the most relevant aquifer 
units within depths that are most relevant for groundwater abstraction (down to some 
400 to 600 m below ground surface), and not necessarily the hydrogeological characteris- 
tics of the outcropping formation. The differentiation into productive aquifers and 
moderately/poorly productive aquifers is based primarily on hydraulic properties such 
as transmissivity and on the assumed stored volume of groundwater. Other aspects, 
playing a secondary role, are: intensity of recharge, the lateral continuity of the aquifer 
beds and hydraulic contrasts with other rock units. Superposition of aquifers is shown to 
a limited extent -only the most important zones- in order to preserve a relatively clear 
map. Symbols identify the aquifer units in terms of geological formations. Finally, major 
zones where groundwater in the mapped aquifers is known to be brackish or saline are 
indicated on the overview map as well. 

The ideas developed by Zarubezhgeologia (1992) on the overall hydrogeological 
structure are reflected in Figure 6.1. They largely determine the boundaries adopted for 
the extensive aquifers in the platform area (Mukalla aquifer and the Um-Er-Radhuma 
aquifer). And they have been used as an additional key to interpret the significance of 
pre-Quatemw rocks in the rifted zones of the Al Ghaydah basin and along the Gulf of 
Aden. 

63 Principal groundwater systems in Yemen 

As shown in Figure 6.1, there are large differences between the aquifer complexes 
present in different parts of the country. This, plus the large variations in hydrological 
conditions leads to a great diversity of groundwater systems. 

On the uplifted shield in the west only the Yemen Volcanics and the Arnran Group 
constitute aquifers of considerable lateral extension, but their productivity is generally 
moderate to low. The best aquifers in the Yemen Mountain Massif region are the 
sediments in the basins of the Highland Plains (tectonic features have contributed to the 
development of these basins). They combine relatively high transrnissivities with 
favourable recharge conditions. 

Much larger aquifer systems exist in the platform region east of the shield. Mention 
should be made in the first place of the Mukalla sandstone aquifer, the largest aquifer 
complex in Yemen. It dips eastward under calcareous rocks of the Um-Er-Radhuma 
Formation which constitutes a moderately productive but very extensive aquifer in the 
east, continuing over luge distances in Saudi Arabia and Oman. 

Aquifer conditions are generally less favourable in the rifted zones, except in the Red 
Sea Rift and in the Western part of the Gulf of Aden Rift. Thick blankets of Quaternary 



sediments have accumulated in these latter zones; they constitute excellent aquifers with 
high transmissivities and good exposure to recharge. Similar but less thick and less 
productive Quaternary aquifer systems are found along the eastem boundary of the 
basement outcrops of the shield, at the margins of the desert. Numerous small alluvial 
aquifer systems are scattered all over the country, but considerations of scale prevented 
them from being depicted in Figure 6.1. 

A brief description of the main groundwater systems in Yemen follows. 

6.3.1 Alluvial wadi filk (stip aquifen) 

Alluvial deposits in wadi valley bottoms constitute aquifers of limited dimensions that are 
widespread all over Yemen. They are the most convenient places to look for shallow 
subsurface water and not so many years ago groundwater abstraction in Yemen was 
largely confined to this type of aquifer. Because their width (a few metres to a few 
hundred metres) is small compared to their length, they are known under the name strip 
aquifen. The deposits are usually unsorted but coarse and uncemented, and thus highly 
permeable. Their thickness tends to increase in downstream direction and normally does 
not exceed a few tens of metres. 

Wadi £ill aquifers have extremely favourable recharge conditions: their permeable 
deposits cause part of eventual wadi floods to be intercepted by infiltration, and they may 
also collect water from spring and seepage zones along the wadi. But due to their small 
aquifer volumes and relatively high permeabilities they are liable to become depleted 
during prolonged dry periods, especially in the higher parts of the wadi channel network. 

Impervious basement prevents downward percolation of water from the wadi beds. In 
some areas (e.g. in the Sirwah area, between Sana'a and Marib) this leads to pools in the 
wadi bed where stagnant surface water remains for several months after the last rains, 
even in the upper branches of the wadi channel network. The associated Quaternary 
wadi bed sediments are then likely to contain some water permanently. 

6.3.2 Quatemary aquifen of plains, alluvial fans and deltm 

Quatemary aquifers of plains, alluvial fans and deltas are usually situated at the mouth 
of one or more large wadis. They are actively recharged by these wadis, partly by 
subsurface flows (underfrows) via the interconnected wadi fill aquifers. The most 
important representatives of this category of aquifers are the Quaternary aquifer 
complexes of Tihama and the southem coastal plains, those at the Western and southern 
edges of the Ramlat Sabatayn, and the Pliocene-Quaternary deposits of Wadi 
Hadramawt. They also occur in isolated small tectonic basins, scattered over the country, 
e.g. in the Highland Plains Zone. 

The Quatenuuy aquifer system in the Tihama 

The Red Sea graben, formed mainly during the Tertiary, is filled to a total thickness of 
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several thousand metres with fluvial, marine and coastal sediments. The arid Tihama 
Zone in the Republic of Yemen is in the eastern part of this graben system. Most of its 
Cenozoic graben fill consists of T e r t i q  sediments, generally poorly permeable and 
containing saline formation water. However, these are overlain by Quaternary deposits 
containing predominantly fresh groundwater. They constitute the most productive aquifer 
system of the Republic of Yemen, extending over more than 400 km along the coast over 
a width of 30 to 60 km between the escarpment of the Yemen Mountain Massif and the 
Red Sea. This aquifer system is recharged by the streams descending from the 
mountains; part of this recharge is produced by infiltration through the wadi beds, 
another part infiltrates after the floods have been routed through a Spate inigation 
system. 

The Tihama Quaternq aquifer system is not a single, laterally homogeneous aquifer: 
observed patterns of hydraulic conductivity, piezometric level and groundwater 
mineralization suggest that it is composed of a nurnber of semi-independent 'groundwater 
flow domains' (Ritsema, 1986; Van der Gun, 1986a; Van der Gun et al, 1992). These 
domains are more or less fan-shaped and are considered to act as preferential zones for 
groundwater flow. In the hydrogeological overview map (Figure 6.1) they are shown as 
the darker coloured zones bordered by lighter coloured ones. 

A groundwater flow domain includes a recharge zone, one or more corresponding 
discharge zones, and the aquifer part connecting them. Recharge zones are associated 
with streams and can be found in the eastern part of the Tihama, while natural discharge 
of groundwater occurs at the western side, by evaporation on the coastal salt flats 
(sebkhas) or by submarine groundwater outflow. Outside the groundwater flow domains, 
groundwater is almost stagnant. Such 'stagnation zones' produce a certain hydraulic 
isolation between the groundwater flow domains. 

This interpretation of lateral zoning within the Tihama aquifer system is consistent with 
curent views on Quaternq sedimentation and on groundwater flow between natural 
recharge and discharge zones. The predominant role of the major streams (wadis) and 
their topographic position in relation to the aquifer system and to the natural drainage 
base (Red Sea) explain the observed patterns. These factors account for the observed 
distribution of coarser and finer sediments, the diverging groundwater flow Pattern from 
recharge zones of limited areal extent to a virtually continuous discharge Zone at the Red 
Sea coast, and the presence of certain zones where groundwater is relatively stagnant. 

Recent studies on the Tihama Quaternq aquifer system include those of WRAY (Van 
der Gun, 1986a), TBWRS (DHV, 1988) and NORADEP (DHV, 1993). They subdivide 
the Tihama aquifer into separate groundwater provinces which correspond to the 
groundwater domains described above. The main groundwater provinces are those of 
Wadi HarddlWadi Hayran, Wadi Mawr, Wadi Surdud, Wadi Siham, Wadi RirnalWadi 
Zabid, Wadi Rasyan and Wadi Mawza. 

A cross-section through the Wadi Surdud province (Figure 6.2) illustrates the position 
of she Quaternq deposits. A special feature in this particular case is the salt tectonics 
which have resulted in a salt diapir outcropping in the western Part of the area. The 
thickness of the Quatemq deposits is cornmonly between 50 and 250 m in these 





Tiharna groundwater provinces. Transmissivities tend to range from 500 to 3000 m2/day, 
with highest values in the westernmost half of the area. The general direction of 
groundwater flow is from east to West, with piezometric levels between 150 and 250 m 
+ msl at the eastem boundary of the aquifer system (see Figure 6.3). Depth to 
groundwater is usually between 10 and 50 m. 

There is also an east-west increase in the minerai content of the groundwater. Brackish 
groundwater close to the land surface is common along the coast, but coastal zones of 
shallow brackish groundwater altemate with zones where groundwater at the coast is still 
fresh over a depth of 100-200 m. These differences are attributable to different discharge 
mechanisms: groundwater discharge respectively by evaporation (sebkhas) and by 
concentrated submarine groundwater outflows. Anomaious groundwater salinity Patterns 
occur in the Wadi Mawr and Wadi Siham provinces; they still need to be studied. 

The deltas of the southem coastal plains 

The southern coastal plains are located in the Gulf of Aden Rift and show a certain 
similarity to the Tiharna, in the sense that they are also situated in sediment 
accumulation zones between the mountains and the sea, and are actively recharged by 
mountain rivers. A differente is that the graben system is less developed than that of the 
Red Sea, especially in its eastem part. As a result, the thickness of the Quaternary 
deposits is less than in Tihama, but it is still sufficient to host important aquifer systems. 
The basal parts of the aquifer systems are probably of Pliocene age (Zarubezhgeologia, 
1992). A number of more or less independent flow domains, that are even more 
pronounced than those in Tihama, can be distinguished. The most important ones are 
from West to east: Tuban Delta, Abyan Delta, Ahwar Delta and Maifa'ah Plain. 

The aquifer system of Tuban Delta is highly heterogeneous in the Zone of the Upper 
Delta, north of Lahej. The thickness may increase from 30 m to some 120-170 m, but no 
highly transmissive zones are observed at depths below 90 m. Aquifer depths increase 
in the Lower Delta, at least to 200 m, which is the largest known drilling depth in the 
area. Slightly cemented Quatemary sediments have been observed in the Lower Delta, 
and phreatic conditions are said to change to serni-confined conditions near the coast 
(Zarubezhgeologia, 1992). Groundwater is known to be brackish in the coastal fringes. 

Two major wadis dissect and recharge Abyan Delta: Wadi Bana and Wadi Hassan. 
Between the small northem Zone and the large southem Zone of the delta there is a 
small uplifted central Zone with scattered basement outcrops and a relatively shallow 
basement elsewhere. Sandstone underlies the Quatemary sediments in the northem Zone 
and the southem zone, and locally in the central Zone as well; the sandstone in the 
northem Zone is Mukulla sandstone, whereas the stratigraphy of the sandstone (arkose) 
in the southem Zone has not yet been defined. The maximum thickness of the 
Quatemary deposits is 100 m and more in the northem zone, some 50-60 m in the 
central Zone and approximately 100 m in the southern zone. Basement near the coast, 
however, is at great depth (probably 800 m or more). In most of the southern Zone of 
the delta a clay layer separating permeable Quaternary sediments from the thick 
sandstone unit undemeath seerns to be present. Transmissivities of the Quaternary series 
are thought to vary from 300 to 10 000 m2/day; the sandstone transmissivities are 









effective in trapping surface water flows from the surrounding mountains and thus 
contributing to the recharge of the Wajid Sandstones. These Wajid Sandstones are poorly 
cemented sandstones with low porosity, in which flow is dominantly intergranular. They 
generally have low hydraulic conductivities, but their thickness under the Sadah Plain is 
mostly between 300 and 600 m (Van Overmeeren, 1985a). The resulting moderate 
transmissivities coupled with uniformity and large permissible drawdowns make the 
sandstone aquifer easily exploitable. The abstraction rates exceed the average recharge 
by one order of magnitude. In 1984 the WRAY project made a prognosis of groundwater 
level declines to be expected under uncontrolled pumping (Elderhorst and Van der Gun, 
1985); these were later confirmed by continued monitoring by the GDH (See e.g. Al- 
Barakani and Kamphuis, 1992a through 1993b) and by NORADEP's well inventory 
(DHV, 1993111). Regional groundwater levels fell by some 40 metres on average in the 
period 1983-1992. 

The Amrun b& is filled with Quaternary alluvial deposits, with intercalations of 
Quaternary basalts (Tibbits and Aubel, 1980). The former ones constitute an aquifer with 
the latter functioning as aquitards. Measured transmissivities of the aquifer range from 
75 to 860 m2/day; transmissivity is thought to increase towards the centre of the valley. 
Groundwater quality is generally good, except in some zones West of Amran town. 
Groundwater pumping in the Amran basin is intensive and has caused general water 
level declines of 70 to 140 m during the period 1977-1991 (DHV, 1993s). Present-day 
groundwater flow is mainly towards the centres of concentrated abstraction. 

The Suna'a barin is characterized by a complex groundwater System which -in spite of 
several major studies carried out during the last 20 years (including Italconsult, 1972; 
Mosgiprovodkhoz, 1986; Bloemendaal et al., 1994a; TS-HWC, 19921)- is oniy imperfectly 
known. Figure 6.5 gives an impression of the geology. Hydrogeologically important units 
are the Quaternary alluvial deposits, the Tertiary Yemen Volcanics, the Cretaceous 
Tawilah Sandstones and -perhaps- the Kohlan Sandstones. Alluvial deposits used to be 
an important source of groundwater in the past, but serious declines of the groundwater 
levels have reduced their role. The Tawilah Sandstones have become the most important 
exploited aquifer unit since they were explored in the early 1970s. Flow in this aquifer 
is believed to be through fissures and pores (mixed aquifer type). These sandstones are 
absent in the northern part of the Sana'a Basin, probably partly due to erosion; perhaps 
the unexplored Kohlan sandstone may provide water there. South of Sana'a the Tawilah 
Sandstones dip under a complex of Tertiary volcanic rocks and intercalated alluvial 
sediments. Productive wells have been sunk in the Tawilah Sandstone in the southern 
zones of the urban area, but further south the volcanic/alluvial complex is the only 
significant aquifer known. High rates of abstraction have severely affected the 
piezometric levels in the Tawilah Sandstones (See Figure 6.6). Studies are being 
undertaken by the SAWAS projeci to determine the remaining life-time of the Tawilah 
sandstone aquifer as a source of water for Sana'a's urban water supply. Groundwater 
quality is generally good in the Sana'a basin, but polluted zones have been observed in 
the urban area and north of Sana'a city, where untreated sewage water is infiltrating. A 
review of hydrogeological studies and data related to the Sana'a basin is given by Nash 
(1991). 

The Central Highland Plains or Ma'abar-Dhamar-Kitab Plaim consist of a number of 






























































































































































































































































































































































