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ABSTRACT

The Adigrat Sandstone Formation of southeastern Ethiopia was pretiously studied
independently fronthe other Mesozoic sedimentary unitstslenvironment of deposition has

been inferred as hided stream from regionatudies with limited data. The preseesearch

work hastried to study this unit in more detail teconstruct paleoenvironmentefabsitional
processes and environments) that led for the formation of this sandstone unit. The data used in
this study are mainly field data such as lithology, cokedimentary stictures, textures,
compositionand trace fossils together with petrographic analysis otgbations. Using these

field data and laboratory results thirteen facies types have been identified and interpreted. These
facies types arguoorly sorted massive pebbly sandstone facies, poorly sorted medium grained
massive sandstone, trough crbgsided fine sandstone facies, greenish color massive mudstone
facies, brownish yellow sk&dolomitegypsum unit herringbone crosstratified fine andstone

facies, hummocky crosstratified fine sandstonalightly bioturbated normal graded sandstone,
intensively bioturbatel fineemedium grained sandstone, horizontally laminated fine grained
sandstone, massive and well sorted quartz rich sandstdearecais sandstone and sandy
limestone. From these, related faciesetyfhave beegrouped together by which four facies
associations are established and interpreted in terms of depositional environments. These are:
meandering streanshore zonelastic,lagoonaitidal flat andshallow marine mixed carbonate &
clastic facies associations from bottom to top respectiiélg depositional environmerind the
subsequent sediment accumulationthe Adigrat Sandstone Unit of southeastern Ethimuoiald

havea closerelatiorship withthe Late TriassiEarly Jurassic paleogeograpbifyEastern Africa

and to the sea level fluctuation related to the Gondwana breBaged on datings on the
Adigrat Sandstone imore rorthern locations of Ethiopiand by considering the age of the top

part of the presently studied unibhe sea level fluctuation responsible could be that of Norian
Calloviantime. Accordingly, southeastacing andgradually subsiding marginal environment is

the probabl@lepositionakite for this unit.
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1. INTRODUCTION
1.1LOCATION, ACCESSIBILITY AND GEOGRAPHY OF THE STUDY AREA

The study area is located within the Oromia regional state specifically within the East Hararge
Zone (Figure 1 below). Geographically, the study area is part of the southeastern plateau of
Ethiopia which comprises both lowland and highland areas dominatedrioyus geographic
features such as mountains, ridges, valleys, gorges and flatland areas. Elevation is variable
within the study area caused by the irregularity of the local topography which reaches up to 1300
meter above sea level around Didawa citywhereas the highest elevation is about 2300 meter
above sea level around Dengego, Kersa and Lange areas within which the studied sections are
found. The mountains and highest ridges are mostly outcrops of limestdneandstonanits
occasionally coveretly Tertiary volcanic rocks. Exposure of the basement rocks is commonly
encountered along incised valleys and mountain bottoms. On the other hand most of the lowland
areas are covered by Quaternary deposits used as farmland by the local community. The
settement style of the community is following these lowland areas and their farmland is covered
by 6Chaté plantation which is considered as t
ephemeral streams are available and their route is developed fgléveal valleys and gorges.

The study area has also variable rainfall distributions and temperature ranges throughout the year
with two common rainfall seasons (i.e. Belg and Kiremt). Around Diredawa area the rainfall in
the Belg season is about 253.3 mwhereas that of the Kiremt is 310.2 mmith 636.0 mm

annual rainfall andhiie temperature range is in between 21.8 C° and 28.7 C° throughout the year
with mean annual temperature of 25.3(Ethiopian Meteorological Agency, 2013)
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Figure 1: DEM extracted from SRTM showing the physiography and location of the study area and its
surroundings



1.1 PROBLEM STATEMENT

Sedimentary rocks are archives of Earth history as they record various physical, chemical and
biological processes operating on the surface of the Earth. Therefore, a close examination and
analysis of these rocks and their characteristics reflletpast historical evolution of the Earth

and they serve as fundamental tools for paleoenvironmestahstructions. However, many of

the published works that have been done on Ethiopian sedimentary succession are more general
and focused on the general stratigraphy of a particular basin. More specifically, Adigrat
Sandstone Formation of Ethiopia is nstudied independently in terms of depositional
environment except few studies done particularly in Abay and Mekele basins (e.g Wolela, 2008,
Dawit and Busert, 2009 and Dawit, 2010). The Mesozoic succession of southeastern part of
Ethiopia is also little kawn especially the lower sandstone unit/Adigrat Sandstone has not been
studied independently in th#éts depositional environment has beeterpreted from regional
studies. In recent years, Bosellini et al. (2001) conducted investigation on the Mesozoic
succession of Dire Dawa area and came up with a generalized stratigraphy. More detailed study
is required and has to be done to addresscthecity of paleoenvironmental researches which
have enormous applications in broad areas of sciences and disciplines thereby the present
research study is intended to reconstrpateoenvironments for the Early Jurassic Adigrat

Sandstone Formation ofil@ Dawa area in terms of depositional conditions and environments.

1.3 PREVIOUS WORKS

Some researchers have made study and description on the Adigrat Sandstone of Ethiopia at
different localities (Ogaden, Blue Nile and Mekele basins including Dawwaand Harar areas)

at different times and put their generous contribution for the present and future researchers.
Among these, the works of Worku and Astin (1992), Bosellini et al. (2001), Tadesse and
Hailemariam (2006), Gani et al. (2008), Wolela (2008wid and Bussert (2009) and Dawit
(2010) are the most recambrks some otwvhich contain new findings and interpretations relative

to previous studies conducted by other resear¢baysDawit, 201Q)

According to Worku and Astifi1992), the Adigrat Santtme Formation of the Ogadendin has
been studied in detail and subdivided into six facies types. These are massive to poorly stratified

pebble conglomerate, tabular crdmsdded conglomerate, cross bedded sandstone, massive to
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parallel laminated sandste, finely laminated sandstone and massively laminated siltstone

and this rock unit is interpreted as braided to meandering river deposit.

Gani et al. (2008) tried to study the stratigraphic and structural evolution of the Blue Nile basin

in which the identified a repetitive fining upward facies changes overlain by a grayish green
glauconitic sandy mudstone within the lower sandstone unit. Each individual fining upward
cycle starts with erosional surface at the base overlain by very coarse sediagshitg biey also
identified horizontal stratification, ripple cross lamination, large scale trough cross beddings,
lateral accretion surfaces, mudcracks and vertebrate tracks. Therefore, based on the above facies
characteristics, this rock unit is interfwe as fluvial channel deposit.

In the same year, Wolela (2008) carried out much more detailed study by which the Adigrat
Sandstone Formation in the Blue Nile basin has been subdivided into six major facies based on
sedimentary structures, grain size ditdofacies association as mudstone, finely laminated
siltstone, very finggrained cros®edded sandstone, coarse to medgrained sandstone,
massive to crudely crodgedded gravely sandstone and massive to crizblged
Conglomerate. Then, by considegithe overall characteristics of this rock unit, its environment

of deposition is interpreted as being a mixture of alluvial fan, meandering river and lacustrine
deposits. The poorlgorted massive to crudebedded conglomerates and gravely sandstone are
interpreted as alluvial fan deposits, the coarse to medmamed sandstone bodies were
deposited by high beldad meandering fluviatile systems and the presence of carbonaceous
sediments (carbonaceous mudstones, carbonaceous claystones, carbonacedwndhabal

seam}suggests reducing environment, possibly a lacustrine depositional environment.

On the other hand a more recent and detailed study also conducted by Dawit and Bussert (2009)
and the unit has been subdivided into a number of differdafdicies types together with the
interpretations of their specific depositional environments. After the analysis of different facies
and their association, these authors generalized their interpretation into two broad depositional
environments for the Adrat Sandsine Formation of the Blue Nileabin based on facies
stacking patterns, presence of tidal influence indicators and ichnofacies distributions. These are:
IncisedValley-Estuarine System and BarrBeachStrand Plain System. Finally, they
concluced differently from the previous researchers in that Adigrat Sandstone Formation of the

Blue Nile kasin is the result of deposition in estuarine and shallow marine environments as a
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resultof Jurassic transgression ovarineast facing passive continentargin during the onset

of seafloor spreading and regional subsidence. They also identified onlap relationship of the
Adigrat Sandstone with the underlying fkdigrat clastic deposit which serves as evidence for
the prevailing transgression event. In g@@ne year these authors interpreted the depositional
environments of the Adigrat Sandstone of the Northern Ethiopia as it includes both continental
and shallow marine environments within intracontinental basin forming passive continental
margin flanking sutheast towards Neotethys. Therefore, this rock is assumed to be formed by
transgression event related to basin subsidence.

The most recent study on the Adigrat Sanastof the Blue Nile and Mekeleabins is that of
Dawit (2010) in which more emphasis has been given fostitatigraphy, facies, depositional
environments and palynological studie&ccording to this author, six broad classes of
depositional systems are identdievithin the Adigrat Sasstone Uit of the Mekelle basin.
These are: fluvial system, fluvestuarinesystem, deltaic system, strandplain system, barrier
island lagoon system, and opecoast tidal flat system. On thather hand, three depositional
systems (fluvieestuarine, barei-lagoon and strand plain systems) are also identified within the

Adigrat Sandstone succession in the Blue Nasin.

Adigrat Sandstone hit of the Harar area is also studied by Geological Survey of Ethiopia.
Accordingly, Tadesse and Hailemariam (20Q6¢d to describe this unit and interpret its
depositional environment. Their description shows that this rock unit has a fining upward trend
of grain size in which very coarse grains are dominant at the base and finer grains at the top
which again overla by mudstone unit. Finally, using the pattern of this succession in
combination with sedimentary structures, they have interpreted the depositionahervritmf

the Adigrat Sandstonerlit to be braided stream.

On the other hand, the most recent waduad Dire Dawa area is that of Bosellini et al. (2001)
which focused on the general Mestc dratigraphy and their result shows the following rock
units from bottom to top: Adigrat Sands&rAntalo Limestone, Dire DawaoFnation, Daghani
Shale, Gil@ssaLimestone and Amba Aradanofmnation respectivelylhis study shows that the
Adigrat Sandtone Brmation of the Dire Dawa area has variable thickness with a maximum

thickness of about 100 meter and has a variable extent even entirely absent in somé&hm#aces.
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composition of this rock unit has also been reported as being arkosic and little interpretation has
been made about the source of sediment, processes and environments of deposition. According
to these authors, this rock unit is considered to be lataléposit and interpreted as fluviatile

origin.

1.4SCOPE OF THE PRESENT STUDY

The primary objective of this research study is toonstruct paleoenvironments thiad the
deposition of the Adigrat Sandstone oFmation in terms of depositional conditions and
environments while the specific objectives are to assess sandstone composition, texture and
sedimentary structures, identifying sediment paleoflow directi@mnstruct representative
sedimentary logs, interpret different processes and depositional emeéinbpbased on facies

analysisand finally to buildafacies model.

1.5 METHODOLOGY
In this study, paleoenvironmental reconstruction for the proposed rock unit has been carried out mait
from field data supported by thin section analysis. The metihadsire employefor this research study
are: feld observation and detailed description of the unit at the outcrop scale, construction c
representative sedimentary logs, sample collection and preparation for laboratory analysis, petrograp
analysis oimajor framework constituents of sandstone using pmanting of thin sections and analysis
and interpretation of facies and facies associations. Finally, using these data obtained from field such
lithology, textures, sedimentary structures, fossild geometry (lateral and vertical changes) of the unit
in combination with laboratory results, a number of facies have been identified and the unit i
subdivided into different facies typeBhe facies present within the succession were first identiied
deduce the depositional processes and environniies identifying different facies types using these
sediment attributes, interpretation of the results have been made in terms of depositional conditions ¢
environments for each facies type or foe ttombination of facies (facies associations) by comparing

with other related works and models proposed by diffexenkers



1.5.1 FIELD WORK

The fieldwork was conducted by selecting three well exposed outcrop sections named as-$ection
Section2 and Sectiot8 which are suitable to clearly observe vertical and lateral facies changes
Preliminary investigation was conducted for searching full sections. Acgtydihe areas along both
sides of Dengeg®ire Dawa, Dengegédele-Kurfa Chele and Dengegi€ulubi-Kobo main roads were
covered as much as possible. However, due to the presence of somewhat clear exposure as well &
convenience and ease of access froajor roads to properly collect the required data with the available
time and resource, these sections are selected around Kersa town alorigaiigesenain road and they

are also characterized by well exposed cliff forming sandstone at the side ofdfsatoall of these
sections were described and logged very well in the field with appropriate descriptions in terms
lithology, composition, thickness, textures, colors and sedimentary structures. 15 representative samy
were collected depending onrtieal facies changes and sketches were prepared to show the gener:
geometry of the unit and its vertical and horizontal relationship with other units. Photographs were al:

taken to show the details of the unit even in a centimeter scale.

1.5.2 LABORATORY WORKS

Laboratorywork is an essential part of most geological studies so as to confirm field results.
Thus, for this studytwelve thinsections have been prepared from representative samples. The
aim of preparing these thsections is to make detailedadysis of composition and texture
which are important data giving vital information for paleoenvironmental reconstruction in
combination with field data recorded at outcropledifferent compments and textural features
have beerstudied under petrogrhjc microscope for each thsection.Major framework grains

have also beenidentified and counted from observation of tsictions and their relative
proportions have been determirt®dusing point counting technique.

Then, the relative proportions of #se major framework grains (Quartz, Feldspar and Lithic)
counted from each thisection are plotted on a triangular diagnasing these major components

as the end members to form a 6Q, F, L6 triang
and textural analysi®r sandstone classification and namusging the Folk (1980) and Pettijohn

et al. (1987)classification scheme3he relative proportions of ntét and cementing materials
havealsobeendetermined in that thBettijohn et al(1987) sanstone classification scheme has

beenappliedusing the relative percentages of matrix in additiom&por framework grains.
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Figure 2:Flow chart summarizinghe methodology of the study

1.6 LIMITATIONS OF THE STUDY

The sedimentary successionsofutteastern Ethiopia (DirBawa & Harar areas) has wider areal
coverage in that it needs large number of data from a number of well exposed complete outcrop
sections to make environmental reconstruction representing the whole unit. Hdvesaerse of
financial and time constraints, lired number of sections were selected which are close to each
other and their selection is due tloe presence of somewhat clear exposure as well as its
convenience and ease of access from major roads to properly collect the required data with the
availabletime and resource. Accordingly, three well exposed sections (one complete & two

incomplete sectionsvith respect to the whole Adigrat Sandstone Umere identified and

8



studied very well to collect the necessary data as much as possible for this sas#ysé@ttions
are foundvery closeto each other separated by a short distance (abotB@D@neter) and thei
selection waglone by considering lateral variations of the unit to observe different features.
However, due to the limited number of studied sectams their relative closenegbe result of
this study may not be representative of the wisgldimentary nit that represents the overall

depositional environment of the unit in this particular basin.



2. REGIONAL GEOLOGY

2.1 TECTONIC EVOLUTION AND SEDIMENTATION

The formation of sedimentary basins is intimately related to plate tectonic processes. In the
following section hereunder, plate tectonic scenarios which give insight how the Mesozoic
sedimentary basin of Ethiopia developed have been discuskedstdrt of the sedimentary
history of Ethiopia is considered to be Ordovickarly Mesozoic following thelevelopment of
north-northeasterly and northwesterly troughs (Assefa, 1991) initiated by Gondwana breakup. As
a result of increasing extension and subsidence which causes sea level to rise, marine
sedimentation was prevailed in the Early Jurassic followiimgse troughs followed by a
regressive phase in Early Cretaceous caused by epeirogenic uplift. This justification given by
Assefa (1991) for the development of Mesozoic rift systems and sedimentation history of
Ethiopia is highly compatible with the tecio scenarios and related sedimentation processes
discussed by Kazmin (1975} hatterjee and Scotese (1998airhead (2009), Worku and Astin
(1991),Binks and Fairhead (1991pelvaux (1991) Hankel (1994), Bosellini (1988), Alour

(1997) and Coffin an®abinowitz (1988).

The breakup of Gondwanaland was preceded by a significant phase -aomirental rifting

and sedimentation within the extensive Karoo basins of East and Southern Africa (Binks and
Fairhead, 1991) which extends to the Ogaden basiniofta. These widespread crustal
extensions (Karoo riftings) began to develop during the Pamassic Delvaux, 1991 utilizing

the weak zones of the Ra&drican mobile belts which surround the cratonic blocks of Southern
Africa.

According toDelvaux (1991) EastAfrica underwent a period of widespread crustal extension
during the Permdriassic (Karoo rifting). Thd?ermaTriassicrifts refer to the development of
Karoo grabens which apparently preceded the onset of Gondwana's breakup. The Karso graben
of the ENEWSW trend are long elongate basins filled with dominantly clastic, continental
sediments. The evolution of these basins is characterized by a tectonically controlled
sedimentation iprogressively subsiding basifiem Late Carboniferous to Mdle-Late Triassic

or Early Jurassic.

The Early Permian basins developed followingsNrend are coinciding with the present East
African coast and southwestern Madagaskacoastalparts of Kenya, Tanzania, Mozambique
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and also on the wesbast of Madgascar, Karoo basins developed since Early Permian along N

S trend.

According to Hankel (1994), these basins were filled by Perfimssic and Earhviddle
Jurassic deposits known as {ohéft sediments which contain a relatively complete stratigraphic
succession rangindgrom Late Carboniferous to Middldriassic with a marked regional
unconformity at the Permiafriassic transition. This is a stage of clastic deposition between
earlier rifting and Jurassic seafloor spreading which corresponds to thstaepof basal clastic
sediments (Lower Sandstone Unit). Recent palynological studies on the karoo sediments of
Madagascar (Sakoa, Sakamena and I§@lonation$y were carried out on outcrop and well
sections within Morondava, Majunga and Diego basinstfersake of timing of rifting and
sedimentation events. These rdt sediments are studied well and dated to be Early Permian
Middle Jurassic in age with major breaks in sedimentation evidenced by the recognition of
unconformities. Comparison is alsnade with equivalent units of Mozambique, Tanzania,
Kenyg Ethiopia and Somalia and the result shows correspondence of strata which is important
for predrift reconstruction of west and east Gondwanas. Chronostratigraphic correlation of the
basal clasticoverlaying the peneplained basement of Gondwana is also madedalini

(1988 which correlates Adigrat Sandstone of Ogaden (Ethiopia) and Mandera Lugh basins
(Somalia), Ngerengere beds of Tanzania, Mansa Guda Formation of northeastern Kenya,
Mazeras Fanation of southern Kenya, Isalo Formation of Madagascar, Kuhlan Sandstone of
Yemen and Lathi Formation of western India. Their age is determined to be THaslyic
Jurassic. The prdrift sediments of the Ogaden basin were also identified from welltakéa

across the basin and have been subdivided into four formations (Worku and Astin, 1991). These
are Calub Sandstone, Bokh Shale, Gumburo Sandstone and Adigrat Sandstone from the oldest to
the youngest respectively. Related Karoofri& sediments ats occur at outcrops in the central

and northern parts of Ethiopia although Adigrat Sandstone is much more widely distributed than
the other formations and it is assumed to be the product of the last phase of continental
sedimentation (Worku and Astin, 199According to these authors, the age of this rock unit is
also considered to be diachronous being older in the south (Ogaden basin)caminge
younger in the Harar areAbay basin and Mekele basin respectively to the north.

During the brealup of Gondvana, East African province experienced several stages of

extension since the beginning of separation of Madagascar from East Africa during Early
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Jurassic.Seafloor spreading between East Africa and Madagascar began abelf91%a
(Callovian Early Oxfodian) which is commonly known as Jurassic Magnetic Quit Zone
evidenced from paleomagnetic studies of the oldest oceanic crust flanking Somalia and
Madagascar (Bosellini, 1988). This separation led to the relative®/ iNovement between
Africa and Madagascand formation of transform fault margin (Davie Fault Zone).

As a result of increasing extension and subsidencedsfgrsedimentation was favored during
Middle Jurassic Early Cretaceous in which the sediments show general facies shifts from
continenal to mixed continentamarine during the intervéletweenroarciian Early Bajocian in

the marginal basins of East Africa, Madagascar and Western Australia (Hankel, 1994). During
this phase of seafloor spreading and subsidence, there was sea leveddiisg te Jurassic
transgression and flooding of East African craton. The flooding of the African continental
margin is also considered to correspond with rifting stage, subsidence and eusiatielsese
(Tadesse et al., 2002).

According to Kazmin 1975), northwesttrending Mesozoic rift systems were formed in Ethiopia

due to crustal extension and subsidence which began 225Mya and extend from Ogaden to
northern, central and western parts of the country. Due to increasing subsidence, sea level raised
ard Indian Ocean started transgressing initially over the Ogaden and continued to the northern,
central and western parts of the country with the deposition of Sandstone (Adigrat Sandstone)
over the peneplained basement rocks and remnants of Paleozodcrolalsti

Using well data taken from Shillabo area in the Ogaden basin which show deepening upward
facies changes (comprising Gumburo Sandstone, Hamanlei and Urandab Formations from
bottom to top) and changes of benthic foraminifera and influx of plankimigcofacies, a
linkage has been made by Brassier and Geleta (1993) between these changes and seafloor
spreading, regional subsidence and flooding of the East African craton in which much of the
carbonate sedimentation took place over the Late Triassittnental Sandstone (Gumburo
Sandstone) formed within fracture controlled intoatinental basin.

Hamanlei and Urandab Formations of Somalia and Ogaden, Antalo Limestone of central and
northern Ethiopia and Amran Group of Yemen are best examples of slugepwvater deposits
formed during this transgression event (Bosellini, 1988 andlodk, 1997). @ the other hand,

around Dire Dawa area, Antalo supersequence (Bat@wdordian) and Urandab sequence
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(OxfordianKimmeridgian) containing Dire Dawa Formation and Gildesa Shale are also
considered to be the results of Jurassic transgression (Bosedliniza01).

Following the cessation of seafloor spreading between East Africa and Madagascar during Early
Cretaceous (120 Ma), tectonic deformation was intensified along the basins of rifted and
transform margins of East Africa and Madagascar (Coffin aaoir®witz, 1988). During this

time the most important processes were low rate of subsidence and high rate of uplift which
produced shallow water condition ultimately leadinghtewithdrawal of the water from the East
African craton. Finally, the prevailg process was deposition of shallowiny sequence
prograding seaward such as Gildessa Limestone and Amba Aradam Formation of Dire Dawa,
Gabredarre Formation of Ogaden and Somalia, Amba Aradam Formation of central and northern

Ethiopia and Tawilah Groupf &emen.
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B Ocearf Rift| | Continen| | Passive masin  Seameuthctive margins

Figure 3: Global paleogeography since 250Ma (Perfigassic boundaryi)Late Cretaceous (Santonian,
M34). (After Stampfli and Borel, 2001).180Ma (Aalenian), 160Ma (Oxfordian, M25), Valanginian(M10)
and Aptian(M0). Ma= Million years ago, M=Magnetic polgéyichron which represents number of

independent magnetic field reversals.
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2.2 REGIONAL STRATIGRAPHY

The geology of Ethiopia comprises Precambrian basement rocks, Palklezmizoic
sedimentary rocks and TertiaQuaternary volcanic rocks and sedimgitazmin, 1973 &1978,
Merla, 1973).

The geology of southeastern Ethiopia also comprises Precambrian basement rocks, Paleozoic
Mesozoic sedimentary rocks, Tertiary sediments and volcanics and Quaternary covers (Berhe,
1985, Tadesse and Hailemariam, 2006he Tmost recent work on the general Mesozoic
Stratigraphy of Dire Dawa aa is that of Bosellini et al. (2001) which compridies following

units from bottom to top: Adigrat Sands&rAntalo Limestone, Dire DawaoFmation, Daghani

Shale, Gileéssa Limestamand Amba Aradamdfmation respectively
A) PRECAMBRIAN BASEMENT ROCKS

The basement rocks sbutteastern Ethiopia have been studied and classified as Lower, Middle
and Upper complexes (Kazmil973 &1978). The middle angbper complexes are also named

as Boge Group and Soka Group respectively (Berhe, 1985). From these, highly metamorphosed
Lower-Middle complexes are more common and dominant. The lower complexes comprise high
grade biotite and amphibole gneisses with subordinate feldspatic gneissesliazks and
amphibolites whereas the middle complexes comprise psammitic and pelitic metasediments with

some subordinate marbles, calticates and amphibole schists.
B) ADIGRAT SANDSTONE

The Lower Sandstonerit is the clastic deposit unconformably overlibe basement rocks
(Kazmin, 1975) This unit is also known as Adigrat Sandston Formation which is Mesozoic in
age and contains interbeds of mudstone, siltstone anld(fadesse and Hailemariam, 2006). It

has also variable thickness from place to plach witnaximum thickness of 100 meter (Boselini

et al., 2001 and Tadesse and Hailemariam, 2006) with dominantly arkosic in composition.
According to these authors, this rock unit is considered to be braided stream deposit and
interpreted as fluviatile originn some places Paleozoic clastic rocks named as Wauy Sandstone
(Berhe, 198bmost probably of Upper Paleozoic in age are also present.
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Figure 4: Gener@ed geological and mineral occurremoapof Ethiopia (After Mengesha et al., 1998)
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Figure 5: Geological map of Lange, Dengego and Dire Dawa ext¢@stedrom the regional geologic
map of Dire Dawa (1:250,000) prepared by Ethiopian Mapping Agency (After Berhe, 1985).

C) ANTALO LIMESTONE

Thisis very thick carbonate unit $0-350 meterpverlying the Lower Sandstonenit which has
been subdividedni to Lower and Upper Limestonenits/membergBoselini et al., 2001 and
Tadesse and Hailemariam, 2008hreefold division of this unit wadormerly proposed by
Greitzer (970 asLower Limestone, Upper Limestone and Dogoméstone. According to
Boselini et al. (200), the lower member is the cyclical portion of the unit with strongly

bioturbated dark grey marl and marlstone and a cap of dark grey grainstone while the upper
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memberis 4050 meter thick and comprises thick and massive limestone beds with grainstone of
skeletal and nonskeletal carbonate grains, laminated in places and cross bedded at the top.

D) DIRE DAWA FORMATION
This is newly named uniity Bosellini et al (2001) whit overlies Antalo imestone and consists
of slightly nodular blackbluish mudstone at the bottom and fine grainstone beds alternate with
marly wavybedded limestone at the top. Bioturbation is common with calcareous skeletal debris

and coral fragments.

E) DAGHANI SHALE
Daghani Shale is the unit found overlying the Dire Dawa Formation and underlying the Amba
Aradam Formation with variable thickness from place to place which consists of marly and
shaley succession rich in fossils of calcareous organiBoeelini et al., 2001) This unit also
contains a lower segment of bioturbated, dark to grey color marly limestone which alternates

with thin layers of black shale interbeds.

F) GILDESSA LIMESTONE
The name Gildessa Limestone is also gibgnBosellini et al. (R01) for the carbonate unit
which disconformably overlies Daghani Shale in the type locality with a thickness-20 15

meter.

G) AMBA ARADAM FORMATION
Amba Aradam Brmation is the upper uniGfeitzer, 197pof the Mesozoic succession of Dire
Dawa and Haramareaswhich overlies the Limestone rit and contains interbeds of thin
limestone layersmore specifically in Graua are@ortani, 1973 of AptianAlbian in age
Limestone intercalation within the Upper Sandstone was also identified from Hirnaarafu(
1991). According toBosellini etal. (2001, the Upper Sandstoneni of Dire Dawa area is
coarse, cross stratified and very mature with lenses of quarttocosigte and 30-200 meter
thick fining-upward pattern associated with quite thin overbank shale at the top which has been

interpreted as meandering fluvial system
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H) TERTIARY VOLCANIC ROCKS
Tertiary volcanic rocks of the Harar and Dire Dawa provinces comprise basaltic and silicic rock
types (Tadesse and Hailemariam, 2006 Bedhe, 198h The basaltic rocks are different in
composition and contain transitional and alkaline basalts whilécsibcks comprise rhyolites,

ignimbrites, tuffs, ash and lava flows.

Age Lithology Thickness Formation SS. Subdivision
APTIAN Amba Aradam
BARR. 200-300m Formation
O - Unconformity
ETITH 20-50m i Gildessa kt.
KIMMERI - LST
DGIAN
50-100m Daghani Shale
HST
Urandab
Sequence
Dire Dawa ST
30-90m Formation
Flooding surface !
OXFORDIAN Upper member HST
Antalo
Antalo Limestone Suppersequence
CALLOVIAN
Lower member TST

BATHONIAN

— _?_

Flooding surface
Adiarat Ss.

Basement

Figure 6: Regional Stratigraphy of the Mesozoic succession of Dire Dawa area (After Bosellini et al.,
2001).
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Figure 7: Regional Stratigraphy of the Mesozoic successiblaedr aredafter Greitzer, 1970)
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The geology of Dire Dawa area is structurally e which is affected by fauétnd most of the
sedimentary successions are characterized by tilted blocks of limestone and sandstone. These
units are found adjacent to each other tlu¢he effect of faulting by which it is difficult to
determine their stratigraphic position in some places.

The Adigrat Sandstone Unit within the study area is laterally variable both in thickness and
lithology that generallycontains a fining upwardandstone, mudshale and dolomitenud

sandstone intercalati@nd calcareous sandstdhat can be easily noted and logged very well.

Generally, the geology of the study area comprises Precambrian basement rocks at the bottom,
Mesozoic sedimentarynits (Adigrat Sandstone Unit, Limestonenity and AmbaAradam
Formation) at the middle and Tertiary volcamucks at the top. Trachyte intercalas
sandwiched with the Lower Sandstongittare found outcropping over some localities (Wolde,
1986). On the othehand, exposures dfasalts, tuffs and volcanic brecciase found around

Kulubi areastratigraphicallyin between tk Limestone Unit and the Upperfiistone Wit

(Canuti et al., 1972).
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3. LOCAL GEOLOGY

3.1FACIES ANALYSIS
3.1.1INTRODUCTION
The termfacies represents a unit of rock distinguished in the field by a specific combination of
lithological, physical and biological structures that differentiate it from other rock units above,
below or adjacent to it (Walker, 1992). Generally, fheies concept refers to the sum of
characteristics of a sedimentary umsulting from some particular set of physical, chemical and
biological processes that work to produce a unit with specific textural, structural, and
compositional propertiePetailed obervation and description was carried out through each bed
SO as to recognize various sedimentary features which enable us to make facies analysis in order
to subdivide the whole unit into a number of lithofacies typésrefore, thefacies types found
within each studied section have been briefly discuasédilow.

3.1.2Section1
Sectionl is found at 081117%&asting,104567Northing and 2121 meter above sea level in

which the Lower Sandstoneni overlies the basementick separated by scoured surface at the
bottom and overlain by the limestone unit at the top in which full section representing the total
thickness of the unit in the type locality can easily be logged. It starts with a@ayseoarse
grained sandstone bedoataining randomly distributed pebbles that progressigefdeinto
mediumfine grained sandstone together with semiconsolidated mudstone beds alternating with
sandstone beds. The sandstone beds comprise crudely developed planar and trobgls;ross
bimodal/bipolar cros®eds, hummocky crossratification, horizontally laminated sand sheets

and slightly bioturbated beds of sandstone. It also contains dolomite and calcareous sand beds
making the top most part of the unithe lower part of the unit withithis section has very
detailed information vital for the interpretation of depositional environments. But, in the scaled
sedimentary log of the section, it has been represented in a way which an able to show these
details. However, a second stratigrapgection has been projected for the sake of showing these

detailed sedimentary features.

22



Plate-1: Field photos showing the lower most part of the Lo®andstone Unit in &tionl. A. Fine
medium grained sandstone containing hummobkyringbone, bioturbated and thinly laminated beds B.
Pebbly sandstone progressively fining upward overlain by mudstone facies.
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: - Description
Lithology =~ Samples taken Facies Code Sed. Structures
Scale Oolitic-Peloidal packstone facies
(m) overlying Adigrat Sandstone
120 CH-6/K-2
IN-3
108 CH-5/K-1 Intercalation of Sst.,
calcareous Sst., dolomite
and mudstone beds
S34
96
IN-2
Fm
84
Sm Massive
7 Sp planar x-beds
IN-1 A succession of mudstone
sh Hummocky and sandstone beds.
. cross-stratification The sandstone beds are
6 sl characterized by bioturbation,
HCS, Herringbone stratification,
horizontal laminations & wave ripples.
4 Sm
= z S| Horizontal laminations
3 Sr Bioturbation
trough-herringbone
St x-stratificatins
e Fm
2
CH-4 Sr A fining upward succession of
sandstone overlain by mudstone.
planar-trough x-beds The Sst. beds start with very
St/Sp coarse sand-pebble grains
12 , overlying scoured surface.
Gm
32 Scoured surface
¢ sm{ P98
0
Basement Rocks

Figure 8: Sedimentary log for Sectiett The labels at the bottom show grain size (c=clay, s=silt,
m=mud, f=fine sand, mediusand, c=coarse sand, g=granule, p=pebble & b=boulder respectively).

24



3.1.3Section?2
Section? is found betweeBection1 and Sectiof8 which is taken to see lateral variations. This

section is characterized by rhythmically arranged thick beds of cornedlidzassive muéine

grained sandstone and semiconsolidated greenish color mudstone beds at its lower part whereas
the upper most part of this section comprises dolomite and calcareous sandstone beds in addition
to mudstone and sandstone beds. The topopdnis section is dominantly calcareous sandstone
corformaly overlain by peloidal packstone facies of thenestone Wit by which its contact

with the limestone unit could easily be traced. In this section the lower limit of the unit could not

bedefined due to lack of exposed basement rocks.

Plate-2: Field photoshowing outcrops of the Lower Sandstondtlih Section2
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Lithology : Sedimentary
?n(:?le Facies Code | giructures Description

Qolitic-Peloidal packstone facies
overlying Adigrat Sandstone

110

100

90

80

Sandstone, mudstone, dolomite

and calcareous sandstone intercalation
where the sandstone beds are massive &
consolidated

70

There is no any sedimentary
structure within all sandstone]
and mudstone beds.

60

50

40

30

20

10

A cyclic succession of massive
sandstone and mudstone beds

Bedding

g wot e fR T

Figure 9: Sedimentary log for Sectiet The labels at the bottom show grain size (c=clay, s=silt,
m=mud, f=fine sandnedium sand, c=coarse sand, g=granule, p=pebble & b=boulder respectively).
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3.1.4Section3
Section3 is located at 08111@Basting,1045877/Northingand 2084 meter above sea levétre

the Lower Sandstone bit does not make a complete sec due to thebsence of the Limestone
Unit overlying it. However, some part of it is exposed along quarry and road sides forming well

defined cliff exposure overlying the basement and-gregnish color intrusion.

This section contains highly consolidated quartz sahdstone beds at the bottom part, light
brown shalenaristone, fine grained sandstone, dolomite, greenish color semiconsolidated
mudstone and shalgypsum beds at the middle and poorly exposed massive medium grained red
sandstone at the topn this sectn, ®me mudstone beds are characterized by traces of
organisms such as vertical burrows identified within the bed by their contrast in sediment type

relative to the host bed (mudstone).
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Plate-3: Photomosaishowing outcrops of the Lower Sandstone Unitéct®n3

28



Lithology

Facies Code

g

Basement

3 T

T<

=S Sedimentary
structures

Description

Laminae of shale and
gypsum

Bedding

Trace fossil
(Skolithos)

Redish color medium grained and medium
sorted quartz rich sandstone bed.

It is thick bed of yellowish shale,
dolomite and gypsum laminae

Thick bed containing thin layers of
dolomite, sandstone and mudstone/shale|

A succession of medium-fine sandstone
and mudstone beds. Both the sandstone
& mudstone beds are massive except
color bandings and trace fossils in some
mudstone beds.

Figure 10: Sedimentary log for &tion3: The labels at the bottom show grain size (c=clay, s=silt,
m=mud, f=fine sand, medium sand, c=coarse sand, g=granule, p=gdirbit®ulder respectively).
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3.2 LITHOFACIES TYPES

Generally, using lithological differences and their association, itogsiple to subdivide the

Lower Sandstone hit of Dire Dawa area (KulubiDengego road sides) into two major
subdivisions. These arde lowe and upper parts of thenit. The lower part is dominantly
sandstone together with associated mud and shale beds whereas the upper part is composed of
dolomite, mud, sandstone, calcareous sandstone and sandy limestone beds which are poorly
exposedn the type locality. The umgp part of the Lower Sandstonanitycovers more than two

third of the total thickness comprising sandstonedatone and dolomite beds. Its thickness is
approximately in tb range of 10A50 meter. This andstonedolomitemudgonecalcareous
sandstone intercalatios conformably overlain by the oolitigeloidal packstone facies of the
Limestone Wit. At the contact zone clearly exposed®Dcm thick sandy limestone can easily

be observed and noted. Interbeds of mudstoaraeithin the Lower Sandstoneriit with a
maximum thickness not more than 1 meter. It is well exposed in the lower part as a result of road
cut forming road side cliff exposure whereas in the uppet the mudstone as well amdstone

beds are poorly exped. Generally, Adigrat Sandstone Formation of Dire Dawa area could
possibly be subdivided into a number of lithofacies types differentiated based on lithology,

texture, color, sedimentary structures and trace fossils.

F1. Poorly sorted massive pebblyandstone facies

Description: This facies is medium to coarse grained white brown with very coarse sand grains
occasionally gravehpebbly grains at the base and medium to fine sand grains at the top and it
has concave upward tabular and belt like geoneteylying scoured surface. The sediments are
coarse with fine grained matrix between sandy grains, poorly sorted containing lags and pebbles
(quartz and feldspars ranging in size from+om). These pebbles are angedabrounded, light

color with yellowi$ stain and abundant pebbles dispersed throughout the bed together with
minor amount of mud clast inclusions. The diameter of larger quartz clasts is aboutl0 cm. It is
also consolidated, immature, non calcareous with crude, small scale plandreztessserved

in the lower, middle and upper part. The approximate dip direction of thelmedsss west with

dip amount of 12 degree.
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Plate-4: Pebbly andstone overlying scoured surface progressively fining upward with crude-planar
trough cross bedsverlain by mudstone bed.

F»: Poorly sorted medium grained massiveandstone

Description: This facies comprises 110 cm thick purple color, poorly sorted, mechanse
sandstone with muddy matrix and sparsely distributed fine pebbles throughout thighbesel.
pebbles are concentrated at the middle of the bed but they are sparsely distributed at the bottom
and upper part of the bed. The sand grains are angular to subrounded. It is consolidated with very
crude planar crosseds. The foreset of the crdssds is dominantly of very coarse sand grains
which is important to recognize these crudely developed-stostifications. At the top this bed

is composed of fine sand grains whereas the underlying bed is very coarse sandstone showing a

fining upward succssion.
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Plate-5: Poorly sorted massive medium grained sandstone with randomly distributed fine pebbles

F3. Trough crossbedded fine sndstone facies

Description: This is ine-grained reddish grey coloasdstone with small scale trough cross
beddings andvery thin, parallel and horizontal laminations in which the ctmds have
tangential contact with the Wwer bounding surfaceThe bottom of this bed is horizontally
laminated sheet of fine sandstone and the top part is low angle trougtbedolesirelative to

the middle part. These crebed sets have the same direction to the east and they are of the same
in lithology (fine sandstone) even though they are separated by reactivation surfaces. In this case
the lower bounding surface of the crdiesd £t is sharp with trough shaped geometry. The shape

of the crossheds is somewhat concave upward especially at the lower part of the foresets. There
is no any lithologic and grain size changes across the foresets of this sand bedform and within
the crosshed set. The middle crodsed set has a set height of 13 cm and a set thickness of 18

cm.
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Plate-6: Finegrainedsandstone with eeets of trough cross beds bounded by reactivation surfaces and

horizontal lamination at the bottom

Interpretation: FaciesF; F, &F3together show a fining upward trend with coarser pebbles at
the bottom overlying scoured surface. Thesoggtion of very coarse sandstone bed with
randomly distributed pebbles at the base overlying scoured surfacefptartgr cross stratified
sandstone bed overlain by sandstone bed containing ripples at the middle and mudstone facies at
the top in a veital succession is interpreted as meandering stream deposit as a result of lateral
migration of the channel and vertical aggradation in which theugkeplanar cross stratified
sandtone beds are interpreted as in channel bars/point bars with lagsbaiséhevhereas the
mudstone bed is interpreted as floodplain deposit (Sultan et al., 2002, Posamentier and Walker,
2006 and Miall, 2006)The development of the crebgds is due to the lateral migrationtbé
bedforms. The fingrained andstone with small scale trough crbeslding is linguoid sand bar

of shallow channel deposit formed by the migration of dunes of sinuouslioesstor 3D
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linguoid form sand waves (Colinson, 1978). Reactivation surfaces indicate fluctuating flow
velocities causing the erosion of the underlying bedform during low water flow stage and their
preservation is due to burial by deposition of sediments during high flow stage that reactivate lee
side deposition (Collinson, 1970jhe laminatedand sheet (Shyith minor trough crosbedded
sandstone (St) is interpreted as flash flood deposits deposited under upper flow reginbeglane
conditions €.g.Miall, 1977, Bridge, 2006).

F4: Greenish color massive mudstone facies

Description: It is semiconsolidated, msise fine grained unit showing color mottling without

any sign of lamination. Its thickness ranges fromX% meter. Within this rock uinthere are
interbeds of thinandstone layers. It has variegated colors with the alternations of grey, reddish
and \ellowish color sediments. In some places this facies contains black shale composed of fine
(mud-clay) sediments with dark grégtack color. This mudstone bed occurs cyclically with the
sandstone beds throughout the unit as well as with dolomite and ocale@@ndstone beds at the

top most part of the unit. Trace fossils (vertical burrows) are also preserved in some beds of this
facies. The contact between the overlying sandstone bed and even the sandstone bed itself has

wave like appearance.

Plate-7: Greenish color mudstone with fine grained sandstone lense (A) and vertical burrows (B) overlain
by fine sandstone with wavy contact
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Interpretation: The greenish color mudstone facies is interpreted as offshore facies deposited
from suspension whereas the overlying sandstone bed was deposited during relative sea level
fall. During the initial stage of sea level fall, sandy sediments started filliog like vertical
burrows found within the mudstone békhe presence of these vertical burroB&dlithos3 is
evidence of shallow marine environment for this mudstone bed indicating semiconsolidated
ground most probably along upper shorefaceddle shoredce environments with low tidal
influence(Johnson and Baldwin, 1978, Nichols, 20B8mbertoret al., 1992 an€lifton, 2009.
According to Pemberton et all992, the Skolithosichnofacies is indicative of relatively high
levels of wave or current erggr typically developed in slightly muddy to clean, well sorted,
loose or shifting particulate substrates commonly occurs on foreshore and shoreface
environments. The wavy nature of the contact is indicative of oscillatory flow. Bioturbation is
common on sélif mudstone facies during low sedimentation (@@hnson and Baldwin, 1978)

which does not inhibit the existence of the trace maker organisms.

Fs: Brownish yellow shale-dolomite-gypsumunit

It is 190 cm thick semiconsolidated brownigkllowish color shale overlying quartz rich fine
medium grained massive sandstone bed and contairngni thick lense of well consolidated
grey-brown sand composed of roundsabrounded grains.

There is alsoyellowish grey semconsolidated fine gined bed which is 140 cm thick
containing interbeds of dolomite aneBlm thick laminae of gypsum.
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Plate-8: A. Marly shale overlying quartz rich medium grained sandstone B. Doleshaée bed with an
interbed of red color medium sandstone C. Gypshaie bed

Interpretation: Marginal environmentsuch as arid coast/sabkhas, arid lagoons, brackish ponds
and high salinity shallow to deep marine water bodies are the major sedimentary basins for
evaporite precipitation both in subaerial and subaqueous conditions (Schreiber, 1980, Kendall,
1989, Einsele 1992, Harwood and Kendall, 199@nd Nichols, 2009). According to these
authors, the necessary conditions for evaporite precipitation are isolation from ocean realm and
high rate of evaporation relative to the influx of water from outside sources tlete cre
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hypersaline condition leading for precipitation. The rates of evaporite precipitations as well as
the thickness of the resulting deposits in subaerial environments are not similar with that of
subaqueous environments which can be taken as criter@vyoonmental interpretation. Thus,

the dolomiteshale bed with the associated gypsum laminae (BlafeC above) is interpreted

as the result of dolomite and gypsum precipitation togetlidr tive supply of fine terrigayus
sediments in subaerial dmnment along sabkhas. Assefa (19%l)eady interpreted such
dolomite and gypsum beds in Abay river basin to be the deposits of shallow lagoonal and

supratidal environments.

Fe: Herringbone crossstratified fine sandstone facies

Description: It is reddishcolor highly consolidated fine grained sandstone with well developed
low angle planar crodsed sets throughout the whole bed. The chmsk sets are bipolar/
bidirectional mostly of east and west directions. The cross bed sets are composed of thin laminae
of fine sand grains. This sandstone bed is underlain by mudstone bed and overlain by intensively

bioturbated thick and medium grained sandstone bed.

Interpretation: Herringbone crosstratification is the result of ebb and flood tidal currents
operating bong coastal areas (Nichols, 2009). These bipolar statfications are mainly used
as an indicatiorof shore wavecontrolled deposition (Dalrymple, 1992). Dawit and Bussert

(2009) also interpreted similar bed in Abay basin as deep to shallow tetathannel fill.
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Plate-9: Herringbone crosstratification in fine grained sandstone beds

F7: Hummocky crossstratified fine sandstone
Description: It is consolidated fingrained reddish grey sandstone with low angteulatory
lamination. The laminae are wavy with indistinct orientation and different -besssets

stacking together.

Interpretation: Shoreface and offshore transition environments are known as oscillatory wave
zones (Ellott, 1986)The sandstone bedstivihummocky crosstratification are interpreted as
stormwave generated deposits in offshdransition to shoreface depositional systems (Ellott,
1986, Johnson and Baldw 1978 & 1996, Nichols, 2009 and/alker & Plint, 1992). The
interplay of unidirecthnal and oscillatory flows is considered as the important and responsible
process generating hummocky cregstifications.According to Walker and Plintl@92, the
preservation of hummocky crestatifications is mainly in the areas of weak tidal attithat

lie below fair weather wave base (FWWB).
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Plate-10: Hummocky crosstratification in fine grained sandstone beds

Fg: Slightly bioturbated normal graded sandstone *

Description: It is thickly bedded (210 cm) reddish/purple color fine sandstone with thin
lamination and low angle planar cross beds at the middle, normally graded bedding at the top in
which there are slight bioturbation within the coarser sand grains at the bottamdaihel of the

graded beddingasdstone showing somewhat light color bands. The grains are quartz rich, well

sorted and rounded medium to coarse sands.
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Plate-11: Normally graded, mediuroarse grained bioturbated sandstone. The dotted ellipses show

intensively bioturbated zones.

Fo: Intensively bioturbated fine-medium grained sandstone

Description: It is 140 cm thick, brownisigrey color, poorly sorted, mediunoarse grained
sandstone with subroundedunded grains and matrix. It is characterizedsimall scale planar
trough crosseds. The lower 60 cm is planar crobedded (pebbles @arcommon along cross
beds) andn the middle about 10 cm thick thinly bedded (aver&gem) bioturbated zone is its
common feature along the length of the bed whetesagper part is massive with thinly bedded
to small scale trough cro$®ds at the top. Laterally, there is gmelyite brown, poorly sorted,
fine-medium sandstone containing small scale plamargh cross beds and intensively

bioturbated zones.
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Plate-12: Biotrubated sandstone facies $kolithos B. Thalassinoide®, C.Fine sandstone with slightly
undulating bioturbated zones.

Interpretation: Bioturbation is a common feature where the environment is favorable for
organisms to live. Bioturbation within the coarser sediments is interpreted as deposition by high
energy condition that brought nutrient for organisms to live thetbisrsand deposit along most
probably of foreshore environment. This sandstone facies is slightly bioturbated that may show
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the influence of energetic condition affecting the existence of the organisms and further
reworking of the sediment grains destrayitmeir traces (reducing their preservation potential).

Well sorted and rounded sand grains also show deposition of this bed in foreshore environment.
From the nature and their ordered arrangement (track pattern) of the traces shown in the above
photographof coarse sandstone, they are interpreted as walking traces (Seilacher, 2007). A
transitional ichnofacies named Bsiloichnusichnofacies which is found betwe&kolithosand
nonmarine ichnofacies comprises surface tracks and trails of many animalsingradeng
backshore beach deposits, coastal sand dunes, washover fans and supratidal flats (Frey, 1975).
Thus, the above trace fossil which has been interpreted as walking trace/track falls under this

ichnofacies type.

The finemedium grained sandstoneldf-12) is intensively bioturbated relative to very coarse
sandstone beds that shows the energy condition was suitable that brought nutrient and not
influencing their existence. The association of symmetrical and asymmetrical ripples as well as
laminatedand bioturbated sandstone facies is interpreted as shoreface deposit above the fair
weather wave base (Ellott, 1986). The undulatory nature of the contact separating the bioturbated
zone from underlying unbioturbated bed (Plate: C above) is indicativeciatory wave action

mainly of offshoretransition environment related to the development of hummocky -cross

stratification.

F10: Horiz ontally laminated fine grained sandstone
Description: The whole thickness of this facies (B0 cm) is composed of thiaminae of fine
consolidated sandstone sandwiched by dark grey shale. It is generally reddish grey in color being

dark grey at the bottom and top at the contact zone with the shale.

Interpretation: Horizontally laminated fine grainedasdstone is interpted as upper shoreface
facies (Ellott, 198&ndJohnson &aldwin, 1978.

42



F11: Massive and well sorted quartz rich sandstone

Description: This facies type has grdight color with rounded mediurnoarse sand grains
dominantly of quartz. It is massivegnsolidated and well sorted sandstone bed interbedded with
mudstone and dolomite beds (Ptate D).

Interpretation: Well sorted quartz dominated sandstone with rounded, medium to coarse sand
grains is interpreted as shallow marine sandstone deposived &reshore environment
(Baldwin & Johnson,199@&ndNichols, 2009).

F12: Calcareous sindstone

Description: This facies comprises roundsdbrounded monocrystalline quartz grains with
minor amounts of polycrystalline type and randomly distribuieldspar grains mainly of
plagioclase. The matrix is microcrystalline calcite (carbonate mud) and the cementing material is

dominantly of spary calcite with minor amount of biotite (brownish color) (RlateA & B).

F13: Sandy imestone

Description: This facies dominates the upper part of the lower sandstone unit at the transition to
the limestone unit. It is massive highly consolidated light grey wackstone dominated by
carbonate grains mainlof peloids, poorly developedoids, micrite and shell fragments

(Bivalveg together with randomly distributed quartz grains (P1ateC, E & F).

Interpretation: Both R, & Fi3 are interpreted as deposited in mixed carbonate and clastic
shallow marine environment. The wackestpaekstone sandy limestone facies iglipteted as
deposited in lowenergy shallow marine shelf or ramp environments on warm water platforms
where current activity is insufficient to remove the mud (Jones and Desrochers, 1992).
According to these authors, the accumulation of the mud couldtther éiom the inorganic
precipitation of calcite from sea water or from the breakdown of green calcareous algae and large
skeletal particles in quit water bodies free from the influence of tidal and strong oceanic currents
mainly below the wave base whesethe deposition of carbonate mtmhether with poorly
developed peloid andoad grains and large bioclasts could be interpreted as deposition in
medium energy condition in open rnree -restricted environments ¢gne rimmed and rimmed

carbonate shelves respectively). The presence of terrigenous sediment mainly of quartz grains
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clearly shows deposition in carbonate ISle@vironment receiving terrigmus sediments from

the continental landmass (Nichols, 2009). Thie calcareous sandstone facies which is
dominated by quartz grains was deposited during high supply of clastic sediments from uplifted
continental source areas that inhibited carbonate production. The clastic supply was
progressively reduced which is @mpreted to be due to local subsidermcel sea level rise
creating favorable conditions for carbonate production manifested by the formation of sandy

limestone containing randomly distributed sand sized quartz grains.
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3.3PETROGRAPHY

Petrographic study has been conducted usimve thinsectionsprepared from representative
samples. From the analysis of these #®ctions using petrographic microscope, different
components have been identified and the percentages of major frangraiokare determined

by point counting technique. From the analysis of both compositional and textural characteristics
under microscopemediumwell rounded and mediwwell sorted quartzareniguartzwacke
petrofaciestypes have been identifiedGenerally, this sandstone unit comprises subrounded
rounded quartz grains, minor proportions of feldspad rock fragment, flakes of uscovite,
significant amount of muddy matrix and reddish brown cementing material with carbonte mud
and spary calcite ceznt in same of the samples . Heavy minerals are also identified mainly from

calcareous sandstone and insignificant amount within other sandstone samples.

Table-1: Compositional description of Adigrat Sandstone of Dire Dawa

Composition Description

Quartz Quartz is the dominant mineral grain found within all thetions as
a major component ofasdstone. There are two varieties of qui
grains named as monocrystalline and polycrystalline quartz g
Their major difference is that monocrystalline gmait a single
quartz crystal while polycrystalline quartz is an aggregate of twg
more quartz crystals. Most of the quartz grains agaly fractured

with small holes (vacuole&) some of the samples

Feldspar Oneof the important components adredsone used in composition
classification is feldspar. There are different varieties of feldspa
plagioclase feldspar and microcline are the two common typg
feldspar encountered from almost all samples even though

proportion is small relativeo quartz grains.

Lithic fragment These a also the major components dadnglstone composed
different mineral grains/polymineralic which can be easily recogn
and identified under microscope especially under epotarized
light observation.Rock fragmentsof sedimentary origirare found

within someof the samples
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Cement Reddishreddish brown anddark brown color cementing mater
(Hematite) is present typically occurs as a coating around grain
partially or fully fills intergranular poe spaces. Carbonate cemen

also a major component of calcareous sandstones.

Matrix This is very fine and dense muddy part filling the irgeanular pore
spaces. Sand size quartz grains also serve as matrixes which
space between larger graimssome samples and carbonate mu

also found in other samples as matrix.

Other mineral grains The presence of other minerals is rare. However, some mica
(Biotite and Muscovite) and insignificant amouwftheavy minerals
most probablyof Zircon and Sillimanite crystals are found with

somesamples.

Table-2: Textural description of Adigrat Sandstone of Dire Dawa

Texture Description

Grain size | There are different grain size distributions as noted from hand spe
observation inthe field andfrom thin-section analysis under petrograph
microscope in the laboratory. These grains range from medium sand to pebl
and their size has been determined based on the Wdldatworth grain size

scale.

Shape The shape of most of the grains is ditbladed with some elongated, rod li

grains.

Roundness| The roundness of the grains is variable with subrounded and rounded

dominating almost all samples.

Sorting Each rock sample contains variable grain sizes starting from very fine n

matrix-very coarse sand grains. Thus, most of the samples are medium sortg

Surface The surface oifmost of the quartz grains is highly fractured and striated w|
features vacuoles observed as black lines and dots respectively under crossed p
light.
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Plate-13: Photomicrographs showing plagioclase feldspar with well defined polysynthetic twinning, well
rounckd quartz grains and sheets afsoovite (A), subroundedounded quartz grains and rock fragment
of sedimentanporigin (Ls) with medium sorting (B), subroundeslinded quartz grains with microcline
and Zircon crystal (C). All are under crossed polarized light (XPL). A, @XI@agnification whereas B,

C and D, in &X magnification.The quartzgrains appear different shades of grey under crossed polars

due to different orientations of the grains.
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