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ABSTRACT

Paleozoic sedimentary rocks in the Blue Nile cgintral Ethiopia are related to two major
Gondwana glaciations: namely, the Late Ordovici@iurian and the Carboniferou®ermian
glaciation. The present study investigates sandstone sections cropping out in the Bokotabo
Sentom and Daguja town, bothwhich are foundaroundthe Kuch area, in the western parts of
Blue Nile basin, central Ethiopidhe upper Paleozoigandstones are composed of mudstones,
siltstones and sandstones ithe BokotabeSentom area and deposited as sandstotstonend

tillite in the Daguja area. The present study is aimed at investigating the petrography and
geochemistry of these sandstones to evaluate the provenance, the tectonic setting, and the
paleoclimate conditions under whitihe upper Paleozoigsandstones were depiesl. The study

was conducted using transmitted microscope, inductively coupled plasma mass spectrometry
(ICP-MS), and inductively coupled plasma atomic emission spectroscopyAES). Based on
major, trace and rare earth element analysis and petrograiaita, the upper Paleozoic
sandstones are dominated by Quartz (on average of 64.5% in BolS#atmm area and 58.4%

in Daguja area) and followed by feldspars (on average of 31.0% in BokB&tiom area and
36.6% in Daguja area) and rock fragment (onrage of 3.2% in Bokotab8entom area and
4.9% in Daguja area). The sandstone is medtantoarsegrained, texturally immature to sub
mature, and poorly to moderately sorted. The sandstone was derived from transitional continental
and basement uplift rock§he sandstone could be classified as arkasit lithicarenite The
chemical index of alteration, plagioclase index of alteration, and chemical index of weathering
values identifjthe upper Paleozoisandstone has moderdte high weathering historyn the
BokotabeSentom area anidw to moderate irnthe Daguja areaBased on trace and rare earth

element concentrations, its sources possibly are juvenile material, the basement nearby.

Keywords: uppePaleozoic, 8ndstoneBlue Nile bas, PetrographyGeoclemistry, Provenance
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1. INTRODUCTION

1.1BACKGROUND OF THE STUDY

In the Paleozoico main glaciation eventsave been morted from various locations within

the Gondwana continent. However, the period and the areal coverage of the glaciated areas are
not completely understoodéwin et al., 2018Elhebiry et al., 2019 helower Paleozoic (pper
Ordoviciarr Silurian) glacidion was depicted, relatively, as a limited, momentanl@1Ma)
Hirnantian events anthe upper Paleozoi(Carboniferous Permian event) lasted for tens of
millions of years (>70 Majlsbell et al. 2012)During the Ordovician glaciation, a wide range of
glacial deposits such as sglacial landforms including tunnel valleys, megzale glacial
lineation, and palecce streams have been formed, particularly in northern Gondwana
(Armstrong et al., 2005 During the upper PaleozdieermeCarboniferous) glaetion, the
southwestward migration of the glaciogenic deposits was in response to movement of the
southern pole across Gondwana from NW Africa to central AntarcBcatése and Barrett,
1990; Torsvik and Cocks, 20138o0th Paleozoic glaciations are iddi@d in northern Central
Africa (Niger and Chad), Horn of Africa (Eretria and Ethiopiafd southern Saudi Arabia,
while CarboniferousPermian glaciogenic deposits have been well documented from southern
Arabia (i.e. Yemen and Omartlfebiry et al., 20%). TheupperPalaeozoic glacio..uviatile and
glaciolacustrine deposits occur in East AfriqdVopfner and Kreuser, 198%he upper
Paleozoicsilici- clastic sedimentary rocks are recognized fthmsouth of the Equator, starting

from Ethiopia in the noht up to South Africa in the soutklpebiry et al., 2019)

In Ethiopia, there are two types of Palaeozoic sedimentary rocks which are related to the two
major Gondwana glaciations: Enticho sandstone (Late Ordovician to early Silatat) is
exposed irthe Mekelle basinandthe upper Paleozogandstonegthe Carboniferoyd?ermian)

which are exposed in Mekelldasin(Edaga arbi glacials) and Blue Nile bagBsssert, 2010;

Lewin et al., 2018 They are underlain by Neoproterozoic basement rocks andaiovéry
Mesozoic clastic and carbonate sedimébtskurie, 2010; Lewin et al., 2018).

The study areaKuch area, is located in the Blue Nile Basin, central Ethiopia. The geological

units that cover th&uch area belong to the following three major categgiri) the Precambrian
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basement, ii) the PaleozoidVesozoic sediments, and iii) the Cenozoic Volcanic rqdlssge

2008 Gani et al., 2009) The Paleozoic sedimentary rocks occur in the south and southeastern
part of the study area, in the western p&tige Nile basin(Dawit, 2014;Lewin et al., 2018)

They are exposed in narrow zones and discontinuous bodies that have a generafigutirth
trend. The present study widbvertwo key areas, covering different partsavsbundKuch area

in the Blue NileBasin: BokotabeéSentom and Daguja area.

The present study focused on the petrographic and geochemical characteriz#tierupper
Paleozoicsandstonaroundthe Kuch area, in the Blue Nile Basiimtending to providensight

into the provenance, paleouhte and tectonic setting. Petrographic and geochemical
characterization of sediments is important for the implication of provenance, tectonic, seiting
paleoclimate conditions. Thin sections were prepared at Geological Survey of Ethiopia, Addis
Ababg and then petrographic studies have been conducted using transmitted light microscopes
in the petrology laboratory ahe Department of Earth Science at Bahir Dar University. The
analytical techniques for major, tracand rare earth elements vieabeen pdormed by
inductively coupled plasma mass spectrom@ty>-MS) and inductively coupled plasma atomic
emission spectroscopy (IGRES) techniques at the laboratory of the ALS in Ireland. Other

aspects such as textures are studied to the additional feffiflof the aim of the study.

1.2 Location and accessibility
The study area lies in the Northwestern plateau of Central Ethiopia and Southern plaets of
Kuch area, bounded by 918,09¢N t01024,45:N latitudes and between %D,44¢E to
37°04,40+E longitudes overing a total area of300 knf. It is about 500 km far from Addis
Ababa ands reached through two main routes. The first route is from Addis Abdbebre
Markos, Bure-Bokotabo road. The road from Addis Ababa to Bure is asphalted whereas a road
from Bure to the study area &sgravel road. The other one is through Addis Ababizkemte,
Agemsa- Bokotabo road. The road from Addis Ababa to Nekemte is asphalted and the
remaining route from Nekemte the study are&s a gravel road. lis also accessedang with
Bahir Dar Debre Markos, Bure- Bokotabo road. The study area is accessible by a field car and

motorcycle during all seasons.
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Figure 1(A) The geological map of Ethiopiafter (Billi, 2015); (B) Location Map of the stydarea,
western Blue Nile basimodifiedafter (EMA, 1987)

1.2.1. Physiography
The physiography of the study area is characterized by subdued and rolling terrain dissected by
streams which are tributaries of the Blue Nile River cross the area in a genertlyesias
direction in the central part of the area. The altitude withirsthdy area ranges from about 079
m to 2044m irthe BokotabaSentom area and 1200 to D83 intheDaguja area. The study area,
topographically, is characterized by valleys, flat araad cliff with slope gradient varying from

gentle toasteep slope.
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Figure 2Physiographic map of the study areacluding both areas (BokotabSentom and
Daguja area)

1.3 Previous work

The recent works that have been studienliad the study area include Assefa (19®&i)sso t al.

(1994), Wolela (2007), Tsig008, Gani et al. (2009)nkurie (2010)andLewin et al. (2018).

Assefa (1991)tudied the lithostratigraphy and environment of deposition of the Late Jurassic
Early Cretaceous sequence of the central part of Northwestern Plateau, Ethiopia. Assefa studied
lithostratigraphy andhe depositional environment of the Mugher Mudstone and the Debre
Libanos Sandstone of Northwestern Plateau. Russo et al. (1994) sthdieddimentary
evolution of the Abay River (Blue Nile) Basin, Ethiopia. They gave a detailed explanation about
the formation and evolutions of every succession in the Blue Nile basin wdidbwer
sandstone (Adigrat sandstone), Gohatsion formation, Antalestone, Mugher sandstone
(muddy sandstone), and Debre Libanos sandstone (upper sandstone). Wolela (2007) studied the
source rock potential of the Blue Nile (Abay) basin, Ethiopia. According to his stady,
Permian Karroo Group shale was found toovermaturingfor oil generation; whereas algal

laminated gypsum from the Middle Hamanlei Limestone Formatiasosganic lean and had

4
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little source potentialTsige (2008) studied and matlee generalGeological map and major
structures othe Bure area. Garet al. (2009) studied Stratigraphic and structural evolution of the
Blue Nile Basin, Northwestern Ethiopian Plateau. They outlined the stratigraphic and structural
evoluion of the Blue Nile Basin based drld and remote sensing studieakurie (2010studied
Stratigraphy, Facies, Depositional environmerdad palynology of Adigrat sandstone in
Northern and Central Ethiopia. He gawdetailed investigation of the stigraphy, sedimentary
facies, depositional environmentnd palynology of the tAdigrat Sandstone, succession in the
Mekelle and Blue Nile basind.ewin et al. (2018) studied the Provenance of Paleozoic
sandstones in Ethiopia, including the study areayUsed petrographic and geochemistry (X

ray ...uorescence) analysis to determine the provenance of the sandstone. According to Lewin et
al. (2018)the upper Paleozogandstone is less mature with a geochemical signattine wiore
juvenile source materiaimost likely the ArabigyNubian Shield. Howevelthey only studied

one sample fronthe upper Paleozogandstones dheBlue Nile basin.

1.4 Statement of the Problem
Even though the petrography and geochemistry of all sedimentary succestierBine Nile
basin are well studied by the above authors-ahetailed work has been done on the Paleozoic
sandstone. General geology and major structures of the sandstoeénvestigated bythe
Geological Survey of Ethiopi@esides Lewin et al. (2018) studiedétProvenance athe upper
Paleozoicsandstones in Ethiopia, but their study more focused on Northern Ethaopgianly
one sample was prepared in the Blue Nile basin. Hence, its geochemistry and petrography that
reveal the provenance, paleoclimadad teabnic setting of this sandstone have not been well
studied yet.
Therefore, petrographical and geochemical studies are acquireddress the provenance,
Paleoclimate, tectonic setting tiie upper Paleozoisandstone. Furthermorsiructures and
textures wll provide adequate information about the depositios@ironments othe upper

Paleozoicsandstones.
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1.5.0bjectives

1.5.1. General Objective
The general objective of the present study is to condugétrographical and geochemical
investigation onthe upper Patezoic sandstonearoundthe Kuch area, the Blue Nile basin,
Central Ethiopia, to evaluate the provenance, tectonic sedtimgpaleoclimate during theoper

CarboniferousEarly Permian glaciation.

1.5.2 Specific Objectives

The specific objectives of the presstidy include:
conductinga detailed petrographical investigation to determine the provenantee of
upper Paleozoisandstone;
conducting detailed geochemical analysis (nmeajor,rare and trace element analysis) to
calculate geochemical proxies, such@hemical Index of Alteration (CIA), Plagioclase
Index of Alteration (PI1A)and Chemical Index of Weathering (CIW);
assessing the paleoclimate and tectonic setting duringigper Carboniferouslower
Permian glaciations by using the calculated geochémioaies;
Attempting to conduct regional coragion with coeval deposits in Mekelle basin, in

Ethiopia.
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1.6 Methodology

Based on the availability and relevance, different methods and techniques are employed to

accomplish the abowveentioned objecties.

1.6.1 Field methods
Forty-eight samples were collected from each lithological unit for petrographical and
geochemical investigations. Two field trips were carried out duthingy study to examin¢he
upper Paleozoisandstone succession ihe study area. Té first field trip was conductedn
December 281, 2019 for 6 dayt observeand select welexposed lithology and stratigraphic
sectiors aroundthe BokotabeSentom area. The second field trip was conduotedanuary 11
14, 2020 for 4 days arourtie Daguja area to observe and select veadposed lithology and
stratigraphic sectian Geological traverses and orientations in the field were carried out by Bure
topographic maps of 1:50,000 scales produced by the Ethiopian Mapping Agency. During the
fieldwork, various sedimentary structures and textures; guiam and color variations; mineral
composition were examined. At the fiefifains size \asdetermined by hanténs, and locations

and thicknesses of each lithologic section were measured by GPS &rstrum

Sample collection techniques
Forty-eight representative samples were collected based on sampling inteataisry from 1
m to 15 m for each succession with little or no lithologic chang&smlsampling intervals were
selected for lithology thatapidly changed. 25 (twentwe) sandstones, 9 (nine) mudstones, 6
(six) siltstonesand 5 (five) tillites were collected from various sections for petrographic and
geochemical analysis. These samples were labeled as SST for sandstone; SIT for Mi&Tone;
for mudstone; TIL for tillites; and Gr for granitoid. Field photographs and sketefere
employed to document and illustrate key geological features such as sedimentary lithologies,

structures, textures, and changes in exposure.

1.6.2. Laboratory methods
The analyses were done aethphasizingthe petrographical and geochemical aspects of the
observed rocks. The collected fresh samples were placed into zip lock polythene bags marked
with sample number and location and sent to the Geological Survey of Eftidgdia Ababa for

thin section preparation and the laboratory of ALS for Geochemistry.
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1.6.2.1 Petrographic analysis
The petrographic analysis is used fthre determination of modal composition and textures of
sandstones and it gives insight into the source nahtand the processes involved in the
formation of the rock(Aleali et al., 2013L7(seventeenkamples which include; 11 (eleven)
sandstones, 4 (four) siltstones, 1 (one) mudstcaas one tillite are prepared for thin section.
The selected samples weensfor thin section preparationtae Geological Survey of Ethiopia,
Addis Ababa. They were evenly cut into rectangular slabs and either side being polished for
soft, flat surface then adherence to glass specimen plates. Later than, the samplerslabs we
trimmed and polished to get an even surface (~0.03mm thickness) that allowing maximum light
distribution through the specimen plates. 17 (seventeen)}sé#utions were prepared and
analyzed by usin@ petrographic microscope. Then petrographic studiesewonducted using
polarized transmitted light microscopes in the mineralogy and petrology laboratdhe of
Department of Earth Science at Bahir Dar University. Rock compositions;sjraindegree of
sorting and roundness, and other features wereestuithe modal analyses were carried out by
counting more than 300 points per thin section, using the (Jarkinson pointcounting
method(Gazzi, 1966; Dickinson, 1970After that, rooted in the modal composition, sandstone
classificatiorwasmade usinghe McBride schem@cBride, 1963. Sandstone composition and
tectonic discrimination were recognized by QFL and QmFLt plots proposé&ickinson and
Suczek (1979)

1.6.2.2 Geochemical analysis
Out of the 17 (seventeen) rock samples, 8 (eight) representativdesawgre selected for
geochemical analysisThese samples are 3 (three) sandstones, 3 (three) siltstones, 1 (one)
mudstoneand one tillite The analytical techniques for major, traaad rare earth elements has
been performed by inductively coupled plasmass spectrometry (I@RS) and inductively
coupled plasmatomic emission spectroscopy (IAES) techniquesBefore weathered part of
the samples removed; split into signifitaizes, and the samplediaeen carefully crushed to
chips of micromsize paticles. They were crushed to 76.9% less than 2mm, ruffle split off
0.75gand then pulverized split to 91.4% passing 75um before analysis. This preparation is done
in ALS services plc, Nifas silk sutity. These pulp samples were analyzed by-KES for

mgor oxides together with trace elements analyzed byAEB and ICPMS. Theseanalyses
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were performed at the laboratory of the ALS Loughrea locat&lblin Road, Loughrea, Co.
Galway, Ireland. The process was accomplished by dissolution of the pulfesdypithium
metaborate or tetraborate (LiBQi.B4O;) fusion method. This mixing lithium metaborate or
tetraborate fusion with a prepared sample (0.75g) was fused in a furnace at 1000°C. After that,
an acid mixture (nitric, hydrochlori@and hydro..uoricacids) was used to cool and dissolve the
mixture. The solution was then analyzed by 4€PS and ICPMS. For samples that are high in
sulfides, a NgO, fusion may be substituted to obtanbetter result. Loss of ignition (LOI)
represents the total volatilcontent of the rock that is determined by igniting the rociuak
measured after heating the samples overnight at 100°C to remove water, at 550°C for four hours
to remove organic matter, and at 1000°C for two hours to remove carbofaesiajor and

trace elementoncentrationsvere recalculatetb 100% volatile free.

After geochemical analysis, the@N-K diagram, the CIA, CIW, and PlAand elemental ratios

were calculated to quantitatively measure the source rock composition and degree of weathering.
The relative mobility of certain oxides has helped many researchers in developing some
paleoclimate proxies such as the Chemical Index of Alteration (CIA), Plagioclase Index of
Alteration (PIA), Chemical Index of Weathering (CIW);@N-K ternary diagramand elemental

ratios. In this studythese paleoclimate proxies were appro\gekides, the pattern of REE may

give some indicatioof the weathering intensity. Correspondingly, the pattern of REE, major and
minor element abundancend their ratios have elen used for the interpretation of the
provenance. Bivariate, ternagnd multiple plots have been created by using the @eonical

Data toolkit (GCDkit)(Janou€ek et al., 2006).

1.6.2.3 Summary of petrographic and geochemical methods

No | Analysis methods No of samples| Examination
1 | Petrographic analysis | 17 Modal and source rock composition @
texture
2 | Geochemical analysis | 8 trace and major element for discrimination
(ICP-AES and ICPMS) tectonic setting and provenance
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Figure 3- The flow chart showing the methodology of this thesis work
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1.7 Expected Outcome and Significance of the Study
The outcome of this thesis work will to contribute the understanding of the provenance, tectonic
setting and paleoclimat ofthe upper Paleozogandstone in the Bure area, Western part of Blue
Nile basin, Central Ethiopia. Additionally, the output will be;
a detailed petrographical investigation that determines the provenantee afipper
Paleozoicsandstone;
detailed gechemical analysis (i.e., majaare and trace element analysis) that calculate
geochemical proxies;
a detailed evaluation of the paleoclimate and tectonic setting duringupper
Carboniferouslower Permian glaciations by using the calculated geochéipioaies;
Regional correlation with coeval depositaMekelle basin, irEthiopia.
The Significances of this researchtes give comprehensive information otine prove@ance,
tectonic setting, paleolimate and depositional condition dhe upper Paleozoisandstone

aroundthe Kuch area, western Blue Nile Basin
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2. REGIONAL GEOLOGICAL SETTING

2.1Introduction
The final assemblage of Gondwana was an extended process during the Neoproterozoic between
650 Ma to 600 Ma. During this time, the Eastiéén Orogen was formed which is one of the
largest accretionary orogens in Earth,s hist¢Bpllins and Pisarevsky, 2005; Abate &.,
2015). At the end of the Precambrian time the accretion and dismantle of the East African
Orogen occurred, which was limlved by a long period of erosigMogessieet al., 2002; Dawit,
2014) In Northern Africa, a vast peneplain developed after the consolidation of the newly
formed continent, on which a blanket of Paleozoic sandstone was defAsitgatiet al, 2005)
Between Paleozoic and Triassic, the Precambrian tectonic structures reactivated as extensional
faults that guide the deposition of eolian and glacial deposits (Edaga Arbi Glacials and Enticho
Sandstones), and successively of alluvial plain sediments (Adigaaidstones)(Dawit,
2014;Abate ea al., 201and Sembroni et al., 2016)From three major transgression and
regression cycles, the first cycle was responsible for the formation of the majority of Mesozoic
sediments in EthiopigdKazmin, 1972;Mogesse et al.2002)In Cenozoic, around Eocene, the
impingement of the Afar plume starts to deform the lithosphere causing a regional broad uplift
and the emplacement of the flood basalts on the PaleM®&sozoic sandston@awit, 2014;
Sembroni et al., 2016).

2.2 Stratigraphy of the Blue Nile Basin
The Blue Nile Basin is situated in the northwestern Ethiopian plateau, between latitudes 08745,
to 10730, N and longitudes 36730 to 39700, E and covers an area of 55,000 square kilometers
(Enkurie, 2010).1t is one of a serieof NE and NWtrending intracontinental rifts and
extensional basg which were subsequentfilled with about 2000 meter section of Paleozpic
Mesozoic sediment@logessie et al., 2002Gani et al., 2009)The stratigrphy of the Blue Nile
Basin is characterized by the Precambrian crystalline basement, Palaeozoic ambidviies
sedimentary successignand the Tertiary continental flood basalts (Trap series). Palegzoic
Mesozoicsedimentary rocks unconformably overlying on the Neoproterozoic basement rocks
and unconformably overlain by Eaflyate Oligocene and Quaternargleanic rocks(Gani et
al., 2009.
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2.2.1. The Precambrian basement
The Neoproterozoic basement rock, ranging from 850 to 550 Ma, lies on the base of the
Paleozoie Mesozoic sedimentary succession in the Blue Nile B@ani et al, 2009; Enkurie,
2010). It conssts of lowgrade metavolcanesedimentary succession and mafltramafic
complexes of the Arabian Nubian Shield (ANS) and the -giglile metamorphosed and
deformed Mozambique Belt (MB), produced between West and East Gondwana by the closure
of the Mozamimue Ocean Tadesse et al. 2000; Stern et al. 200Fphese are overlain

unconformably by a Permbriassic €Karrooes succession around 450 m tifidlolela, 1997).

2.2.2. Paleozoic sedimentary successions (pAaligrat sandstone)
The Palaeozoic units comprise sedirtenf one of the two major Gondwana glaciations, Late
Carboniferous to Early Permian glacial.uvio/ lacustrine deposi{f8ussert and Schrank,
2007;Bussert, 2000 According to(Russo et al., 1994Pre Adigrat sediments are considered as
a single unit but after (Enkurie, 2010), Paleozoic sedimentary rocks are classified into three
sections: Prdigratl, PreAdigratll, and PreAdigratlll sediments

2.2.2.1. Pre-Adigrat |
PreAdigrat | sediments are the oldest sedimentary succession in the Blue Nile lasm w
thicknessof up to 50 m(Enkurie, 2010) This rock is composed of poorly sorted, massive to
crossbedded mediunto coarsegrained white sandstones and conglomerg@eakurie, 2010)
. Different structures such as ductile seddiment deformation sictures, largescale trough
crossbedding, crude horizontal beddingnd channetype cut and fill structures have been
found (Enkurie, 2010) These structures lead to correlate this succession with the lower
glaciogenic part of the Enticho Sandstone irrtimern Ethiopia. It overlies the crystalline

basement anid exposed in small isolated outcrafnkurie, 2010)

2.2.2.2. Pre-Adigrat Il
PreAdigrat Il sediments are extensively exposed in the Blue Nile basin and reach a maximum
thickness of 400 m in the Finchallegy of central Ethiopia and it reaches up to 200 m in the
northwest of Blue Nile basin (in Bokotabo area, which is the parts of the gimkgrie, 2010).
These successions are composed of lateral accretion deposits, floodplain fines, crevasse splays.
playalake and eolian dune sedimen®awit and Bussert, 2009; Enkurie, 2018gased on the
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age of the overlying unit, the age of these successoronsidered to be ptate carboniferous.
It is unconformably ovedin either preAdigrat | or the Precamlan basemen(Enkurie, 2010).

2.2.2.3. Pre-Adigrat lll

PreAdigrat Ill sediments have a thickness of 350 m in Fincha and Dedu areas and 100 m in
Fuliya and Dejen areg&nkurie, 2010)It consists of three successive cycles of stacked, multi
story sheet sandstonedies that are capped by overbank fines and crevasse splay deposits.
These successions can be interrelated with Karoo sediments (fluvial and lacustriifé syn
sediments) which are widespread in eastern and southern Afrdairie, 2010).Based on
palyndogical dating, the lower part of these successions are late Carboniferous to Early Permian
age (which is also the parts of the studdrice, 1983; Stephenson et al., 20@BH the top of

the succession indicate a Middle Triassic #Geletu & Wille 1998These successisrare

underlain by PréAdigrat sediments and overlain by Adigrat sandsi@&rekurie, 2010).
2.2.3. Mesozoic sedimentary successions

2.2.3.1. Adigrat sandstone
Adigrat Sandstones hawethickness of ~300 m and deposited above the partially peneplain
Triassic surface that unconformably developed above the Peffm@ssic sediments as well as
of the basement and overlain by Barly, Middle Jurassic Lower Limestone urfBani et al,
2009 Abbate et al., 2015Based on some biostratigraphic data and caticel with adjacent
areas that providing fossil ages, this succession is assigned as JEadgiclurassic in age
(Russo et al., 1994).

2.2.3.2. Gohatsion formation
The succession haa thickness of 450 m and It is assigned as Eaigdle Jurassic age
(Toarcianto Bathonian)Assefa, 1981)t consists of a cyclic repetition of facies successions that
are composed of alternating dolostones, marlstones and shales, bioturbated mudstones with thin
siltstone intercalations, fingrained coquinoid crodaminated samstones and thick beds of
gypsum Assefa, 1981; Russo et al., 1991)is underlain by the Adigrat sandstone unit and
overlain by a MiddleLate Jurassic Antalo Limestone u(f@ani et al., 2009).
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2.2.3.3. Antalo Limestone
This unit is a carbonate successiontted Middle-Late Jurassic age, based on the Callovian to
Kimmeridgianbenthic foraminifers and macrofaun@usso et al. 1994 and Atnafu, 2008)s
found in the SW...owing segment of the Blue Nile basimich comprises thinly bedded to
massive limestone Wi a thickness of ~400 mGani et al., 200R This unitis sandwiched
between the Gohatsion Formation and eitter Mugher mudstone unit or the Debriddnos
Sandstone unit or the volcanic rockzafi et al., 2009; Enkurie, 2010)

2.2.3.4. Mugher Mudstone
This unt is named by Assefa (1991) after the unit was found alongside the Muger River in the
eastern part of the Blue Nile basin. It is believed to-pastmeridgian to preMiddle Eocene
age based on stratigraphic positiGhssefa, 1991)rhis unit is dominantly xposed in the
canyons of Mugher, Ega, Wodem, Dersena, Beresssa, Adabai, Zhema, Wamthithennli
rivers (Mogessie et al., 2002)It is conformably underlain by the Antalo Limestone and overlain
by eitherthe Debre Libanos Sandstone unit or the volcanaks Enkurie, 2010)

2.2.3.5. Debre Libanos Sandstone
Its thickness varies from west to east; from ~200 up to ~500 mawiiverage thickness of 280
m (Gani et al., 2009; Enkurie, 2010Based on its stratigraphic relationship with overlying and
underlying uiits, its age is assigned to be of Late Juragsdy Cretaceous agéssefa, 1991;
Russo et al., 1994) is underlain by Mugher mudstones and unconformably overlain by the
Early, Late Oligocene volcanic rocké&gsefa, 1991Gani et al., 2009 and=nkurie,2010)

2.2.3.6. Trap series
The basalt series with subordinate trachytes and rhyolites envelop most of the Northwestern
Ethiopian Plateau and overly the Debre Libanos sandstone or Antalo limestone, ifGalacet
al., 2009; Enkurie, 2010)Based on Arage datingnd magnetstratigraphy, these unitare
assigned asower , Upper Oligocene age (26,29.4 Ma) and var in thickness from 500 to
2000 m(Hofmann et al., 1997)
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3. GEOLOGY OF THE STUDY AREA

The studied area is bounded betweel809+N to1F24,45.N and 3700,44+E to 3704,40+E
and are grouped into two sections; the Bokot8katom area and the Daguja area{iig

3.1.The Bokotabo-Sentom area
The upper Paleozogandstone sections are located from the northeast of the Bokotabo wallage t
the southeast othe Sentom village.lt covers 1822,55N to1(’24,45¢N and 3700,44+E to
37°04,40+E. The upper Paleozoisandstone sections in this area reach about 150m. It is
unconformably underlain by the Neoproterozoic basement and unconformably overlain by
Adigrat sandstoe This work categorizes the studiadper Paleozoisandstone into three units
based on lithology and mineralogical composition. This succession is composed of sandstone,

siltstone and mudstone unit.

The sandstone units

This sandstone unit is found det bottom of the formation and exposed in the northeatteof
Bokotabo ara. This unit is unconformably underlain by N&woterozoic granitoid rockst is
approximately, 8m in thickness. This massive sandstone formation is fine to megtaimed,
subangular tosubroundin shape, and moderately sorted with variable color (pale purple, white
and red). This unit is mostly composed of quartz and feldspar minerals. At the bottom, this unit
contains soft sandstone with esized clasts (figl-E). The whitesandstone is spotted by red
color minerals which may indicate féxide minerad such as hematite. The padarple
sandstone is relatile fine-grained in size. Some structures are observed in this section such
that: graded bedding and trough crbgslding(fig-4-B & C) which arealsothe characteristics of
glacial sandstone3his sandstone unig overlain by laminated siltstones.

The siltstone units

This laminated #istones unit is approximatelyO in thickness. lhasa white and redcolor
(fig-4-D). The white siltstone intercalated with mudstones linainly composed of fine quartz
with some pinkish minerals which may be feldspar minerals. Theakeded siltstone may be
due to Feoxide minerals. This formation is fine to medium grained muadleratéy sorted. It is
overlain by laminated mudstone ihe Sentom area and overlain Bdigrat sandstone irthe
Bokotabo area.
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The mudstone unit

This mudstone unit is only exposed time Sentom area and has roughly 50m thickness. It is
entirely redlishwhich may indicate the composition is dominated byokele minerad such as
hematite, as cementing materials. Two types of mudstone are observed in this area. The upper
part is highly laminated and friable, while the bottom one is hard and massive mudstene. Thi
hard and massive mudstone overlies the siltstotieeiSentom area.

Adigrat sandstone

This sandstone is fine to coargmined, medium sorted with variable color (yellow, pwiate
and red sandstones). Its thickness reaches about 100m. Differenirssuare observed in this
section; graded bedding, herringbone ciiosdding trough and plansabular crosdedding and
hummocky crosbedding (fig 4F&G). Tabular and herringbone crelssdding are common in
this unit. It is overlain the siltstone uniits the Bokotabo areaand mudstones ithe Sentom
area

A
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Figure 4- The outcrops view of sandstone units and show (A) partial view of siltstone and mudstone units
overlying by Adigrat sandstone, (Bnhd(C) the sandsine unit showingrough crossedding, (D) thin
white and dark red laminated siltstone, (E) outsized clasts in sandstone, (F) herringbcbeddivgs

(G) hummocky crosbedding.
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3.2.The Daguja area
This areais bounded between 18,09:N to 1019,49¢N and 3701,00+E to 37P03,10¢E. The
thickness of this section is approximatebache to130 metes. It consists of two sections; the

tillite and sandstone and siltstone section-£ig).

The tillite unit

The tillite unit is unconformably underlain by Nd®&oterozoic granitoid rocks. Its thickness
reaches up to 50m. It consists of rounded clasts with white and pinkish cols+¥jigrhe grain

size of these clasts ranges from fine rocks to boulder size. Most of these clasts are granitoids.
The matrixes irthis unit have whitistyellow color and medium to coarse grain sa#@el sub

angular shapelhis tillite is overlain by palgellow sandstonesiltstone unit.

The sandstonesiltstone unit

This massive sandstongiltstone unit has a thickness reaches ug0t. It has yellow and pale

yellow color (fig5-B). The siltstone unit is hard and composed of fine yellowish grains. The
sandstone unit is both soft and hard massive sandstone. It consists of fine to medium grains, sub
angular tosubround in shape,and noderately sorted grain®©nly normal graded bedding

structure is observed in this unit {#gC).
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Figure 5- Field photographs of the outcrops from Daguja geapartial view of tillite and
sandstone in the study are(B) a cliff showing massive yellow sandstone, (C) normal graded
bedding in sandstone (D) tillitboulder outcropthat composed of medium to coag@ined

clasts
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A geological mapwas prepared at scale of 1:50,000, based on their litholajichange. The
vertical exaggeration between the geological map and the-seoen is 1:1A normal fault is
found inthe northwestern parts dhe Bokotabo area. This fauttissectsall sedimentaryunits
(including Adigrat sandstonexceptthe upper Pleozoicsandstone which underlain the siltstone
unit. A-B crosssection was chosen to show all lithological uniihe upper Paleozoic

sandstones in both areas are underlain by the Neoproterozoic granitic basement and overlain by
Adigrat sandstone and tenty basalt.

Figure 6 (A) Geological mapand lithostratigraphic columof BokotabeSentom and Daguja
area with samples for petrography and geochemisayalyses;LP (late Paleozoic), M
(Mesozoic). (B) Geologic crossection ofBokotabeSentom and Daguja area.
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4. PETROGRAPHIC AND GEOCHEMICAL RESULTS

4.1 Petrography
The mineralogical composition dhe upper Paleozoisandstones &s determined by using
Gazzj, Dickinson,s pointcounting method and plotted in a QRbhd QuFLtternary diagam for
sandstone classificatidectonic setting discriminatiofiig-18 & 19).Petrographidescriptions are
presented in (Tabi8). According to the clasktation scheme of McBride (1963), basedtba

modal compositiothe upper Paleozogandstone in both areas is dominated by arkosd §jig

4.1.1 Bokotabo-Sentom area
17 (seventeen) thisections were prepared and analyzed urdgolarized microscope. The
major constituent minerals in these samples are quartz, plagioclasddsiar, the mica
minerals (muscovite and biotite), carbonate (calcaryl accessory mindsa(zircon, tourmahe,
garnefand FeTi oxide), respectively. Framexk grain components dominate 8a@l. % of the
rock samples with matrix and cement constitute ab8utcl. %. Based on the overall analysis,
the upper Paleozogandstone has an average modal compositi@.6fvol. % quartz, 30.1 vol.
% feldspar, 3.7 vol. % lithic fragments and 0.5 vol. % accessory minerals. The sdaaxples
ranges from fineto coarseyrained, sukangular to sulsounded, and moderately to poorly sorted
sandstones (table3). In the sanpled thin section, theock (lithic) fragments are composed of
metamorphic, sedimentary, and plutonic rocks (fi§)7 In thin sections heavy minerals are
dominated byzircon, tourmaline, rutile, garnet, iron oxides (magnetite, and hematite), few
opaque pasesand minor orthopyroxene, while most of théane occurred as inclusions (fig 7
E & F). Grains of heavy minerals are very fine and rounded teraetided grains. All analyzed
samples contain cement such as silica, calcite, and micaJjigSand®ne samples for instance
Sst3bok and Sstdok are strongly cemented with silica; Sbgk and Ssthok are strongly
cemented with calcite and Sdi@k is strongly cemented with hematite. In some samples, quartz,
plagioclase and some lithic fragments aedtered to hematite and calcite. Sandstone samples
(Sst5bok, Sstésen and Sstlébok) are differenfrom their compositiongrom the rest samples;
they are related to Adigrat sandstones.
Quartz is the principal constituent mineral in the studied sampiéis three varieties;

monocrystalline (Qm), polycrystalline (Qp), and stretched quartz (f8).7 The quartz grains
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are generally subngular tosubround in shape. Along with quartz grainsjonocrystalline
guartzis leading ovempolycrystallinequartzwith an average modal volume percentage of 43.3
vol. % and 21.2vol. %, respectively. The majority of the Qm grains shsiwaight to slightly
undulatory extinction andsome quartz grains contain inclusions such as quartz, zircon,
tourmaline and garnet (fig 7-A & H). Feldspar is the second most dominant constituent
minerals with sukangular shapes. Plagioclase, orthoclase, microcline, and perthite are the major
common varieties, respectively (fig-A&K). Plagioclase dominates over-t€ldspar with the
avera@ modal composition of 23.40l. % and 4.1vol. %respectively. Among Keldspar,
microcline is dominanbver orthoclase and miceperthite.Rock (lithic) fragments are the least
framework grain withan average modal composition of78ol. %. In general, te fragments are
subangular in shape. They are abundant with siltstone, metamorphic lithpaadtplutonic
lithoclasts, respectively. Metamorphic lithoclasts are slates, sanidtmetesedimentary rocks
which show foliation (fig 7-E&I). The sedimenty lithoclasts arefne sandstone and siltstones.
Cementing materials occurrirgg pore fillings are composed of silica, carbonate (calcite), iron
oxides (hematite), and mica (muscovite and biotite) minerals, respectively-{fi§ J). Fluid,
lithic fragmentand heavy mineral inclusions are observed in the analyzed thin sectiesAfig

E & H).

4.1.2. The Daguja area
The analyzed samples in this section have the major components of §dantt. ¢o), feldspar
(30.7 vol. %), lithic fragments (8. vol. %), and accessory minerals (0.5 vol. %). The samples
vary from fine- to coarsegrained, sukangular, and moderately to poorly sorted sandstones
(Table3). The lithic fragments are metamorphic, sedimentary, and plutonic in origin.
Framework grain componenaccount for 8 vol. % of the rock samples with matrix and cement
constitute about4vol. %. Accessory minerals are zircon, tourmaline, rutile, garnebxkees,
and minor orthopyroxene (Tab8. Types of cemenrdre silica, calcite, and mica (muscevind
biotite). Siltstones sample (Sitlag) is strongly cemented with calcite followed by muscovite,
Ssttdag strongly cemented with hematite and muscovite withoyicalcite cement Sst2dag
and Sst3dag are moderately cemented with silica, hematite kitite calcite (fig7- 1, J& K).
The quartz grains are generally saigular tosulbround monocrystalline (Qm) is dominated

over polycrystalline (Qp) with an average of 40.5 vol. % and 23.5 vol. %, respectively-B)able
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The majority of the Qm grainsalke undulatory extinction and some quartz grains contain
mineral inclusions such as rutile, zircon, tourmalared garnet.

Feldspar is the second dominant constituent withagular grains. Plagioclase, orthoclase,
microcline, and micrgoerthite are thenajor constituent minerals. Plagioclase dominates over K
feldspar(22.9 vol. % and 7.8 vol. %, respectivelyrable3). Among Kfeldspar, microcline is
dominantoverorthoclase minerals.

Rock (lithic) fragments are the least framework grain \aittaveraye of 4.9 vol. %. In general,

the fragments are stdngular in shape. They are abundant with plutonic lithoclaststone,
claystone,and metamorphic lithoclasts respectively. Metamorphic lithoclasts are composed of
slates, micaceous schist, and re@imentary rocks. The sedimentary lithoclasts are sandstone

and siltstones.
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A B
C D
E F

Figure 7- Photomicrographs dghe upper Paleozogandstoneshowing(A) and(B) monocrystalline and
polycrystalline quartZm and Qp), plagiodase and microcline (xpl and ppl, 4X%7) and (D) mudstone,

monocrystalline quartz and microcline (xpl and ppl, 4K); and (F) mineral inclusion in kyanite (red,
blue and black arrow), pore space(green arrow) (xpl and ppl, 10x)
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G H
I J
K L

(G) monocrystalline and polycrystalline quartz with stretched grains cemented by silicaswitie
hematitemicro-crack on the quartz cryst@dpl, 10X; (H) monocrystalline quartz with inclusion(Qin) and
undulatory extinction (Qu) (xpl, 10x)]) cements such as calcit€d, yellow arrow), muscovite flakes
(green arrow), biotite (red arrow) and hematite (blue arrow) (xpl, @)cements hematite (green
arrow),calcite (red arrow), and siltstone rock fragment (blue arrow), muscovite (yellow arrow) (xpl, 4x);
(K) micro-pertite grains (xpl10x); (L) fluid inclusion in quartz (xpl, 4x).
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4.2 Geochemistry

4.2.1. Source rock compositions
The major and trace element concentration and their ratios of all analyzed samples are given in

(Table 4&5). The sandstones were measured upght average composition dhe upper
continental crusfUCC) (McLennan, 2001)and PAAS (Taylor and McLennan, 1985 The
selected major and trace elements normalizedgprimitive mantle(Sun & McDonough, 1989)

are plotted in (fig 9&11). Besides, REEada were plotted on REE primitive mantle spider plots
(McDonough & Sun, 1995T.he entire samples show comparable patterns with upper continental
crust and Posfrchean sediments that display LREE enrichment and moderatatyHREE
pattern (fig9& 11).

421.1 Bokotabo-Sentomarea sandstone

8 (eight) samples were prepared and analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) for trace and rare earth elements and inductively coupled pkasmméc emission
spectroscopy (ICRAES) techniques for ajor, traceand rare earth elements. The SiOntent

in this sample is an indicator ttie abundance of all silicate minerals present in the sandstone
mainly quartz, feldspars, and clay minerals, while quartz is the important mineral. It adoounts
the highest concentrations in all samples (7495 wt. %).Othermajor elementsire relatively
have low concentration: AD; (3- 14.05wt. %, mean 8.50 wt. %), NgO (0.0% 4.14 wt. %,
mean 1.62 wt. %), KF®3 (0.41- 4.37 wt. %, mean 1.73 wt. %),,® (0.04 2.01 wt. %, mean

0.93 wt. %), TiQ (0.11- 0.75 wt. %, mean 0.30 wt. %), CaO (0-@R67 wt. %, mean 0.23 wit.
%), MgO (0.04 0.49 wt. %, mean 0.18 wt. %),®s (0.01- 0.18 wt. %, mean 0.05 wt. %), and
MnO (0.0% 0.05 wt. %, mean 0.02 wt. %). Some sampiem this area show nearly negligible
concentrations of some major elements such as CaO, MnO, M@Q,dd TiQ. The ratios of
SiOy/ Al,O5 values are range from 5.31 to 32.00. All the studied samples show low C&5)/ Al
values (0.007 to 0.06). Moreovehe low concentrations of T¥O(<1lwt. %) that show low
abundances of Tbhearing opaque minerals such as rutile. When compared with UCC
(McLennan 2001)PAAS (Taylor and McLennan, 198%he studied samples are characterized by
high SiGQcontents and low in BO3, FeOs; CaO, NaO, MgO, KO. However, siltstones (SIT5

& SIT6) havea higher value of NZO than the UCC and PAAS. The depletion ob@d< 1 wt.
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%) in mudstone can be attributed to a relatively smaller amount -oichiglagioclase in them
(Table4). According to KO and NaO contents and their ratiothe mudstone sample has the
highest ratio (KO/NaO =18) Al,O3 content is relativelyhigh in all samples except sandstones
sample # SST5 (3 wt. %). The sandstsaeple(SST5) has the highest value aDg(96 wit.
%), and it has the lowest value of other major oxides such &3 A,0, FeOs; CaO, MgO,
Na&O. Depend on all geochemical vatyehesandstonesample(SST5) might be different from

other samples during their formation, it is possibly fromghali sandstone

The correlation between Si@nd other major elements is negative for the studied samples that
indicate much of the SiJs present as quartz grains. The Sgntent of the studied samples
shows a strong negative correlation with,@d, TiO,, FeOsand BOs and a weak negative
correlation with MgO, NzO, and CaO (Tabl®). Exceptfor SiO,, all major elements hava
positive correlation with AlO; (fig-8); P.Os, Fe0Os, TiO, and K,Ostrongly correlated while

NaO, MgO, and CaO weakly correlted and MnO exhibit no correlation. Mudstone has,
relatively, high concentration of TiCthat indicates Frich opaque mineralsuch asrutile.
Additionally, it has increased trace element concentrations (Th, Y, Zr, and REEs like Ce, Dy,

Gd, La, SmandTb), that indicate heavy minerals such as zircon (Fahle
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Figure 8 - Multiple plots of all major elements against;@k; (A) Al;Osys SiO;, (B) AloOsys
CaO, (C) A£O3vs MgO, (D) AlegVS NaQO, (E) A|203vs Kzo, (F) A|2O3V5 TiOZ, (G) A|203vs ons,
and (H) AbOsys F&Os; all major elements are measured by w.%
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Large-ion lithophile elements Rb, Ba,Pb Cs and Sr)are relatively mobile and incompatible
elements. BaRb, Pb, Sr, Csconcentrations in all samplese well below the values for the
UCC, except siltstoneamplesthat are enriched in Ba compared to the UCC-4f§). These
mobile elementareenriched in mudstone and siltstone than the sandstones. Cs, Bbd $&a
show a strong positive correlation with,8% (Table- 9).All studied sampkeare enriched in Pb
that indicates arkosic sandstone, except sandstones (SST3 and SST5) whiahnbgligible
amountof Pb (< 2 for both samples).

High field strength elements (Th, U, Ti, Hf, Zr, N and Ta)are incompatible andrimobile
elements thaareenriched in felsic rather than mafic rod&auluz et al., 2000)They are used
asanindicator of provenance due to their immobil{fyaylor and McLennan, 19850l HFSE

in the studied sample, except mudstone, are well belowahes for the UCC (fi®-A). The
studied mudstone shows higher concentrations of h&tl strength elements (HFSE) such as
Zr, and Hf compared to UCC. The lower sandstone (SST3) shows depletion in high field strength
elements such as Ga, Ta, Hf, Nb, Srh, U, Zn and Zr. The deaetion of Hf (2.1-4.5 ppn) in

all samplesexcept mudstone (9.1pmimdue to the depletion of mafic minerals in th€fable

5). Th shows weak positive correlation with,@®k (r= 0.6447) and strong positive correlations
with elements, such as Tgand Nb (r = 0.985788 and r= 0.998344, respectively) (Fak®).
Transition trace elements (Sc, Cuand Ni): All transition trace elementare depleted
compared to the UCC (fi§-A). Mudstone is relatively enriched by Cu and Sc, whileisN
enriched in siltstone. Medium correlations between Cu and Ni and selected major elements have
been observed (TabB). The depletion of Sc and Ni in all studied samples indicates the
depletion of mafic rocks in these formations. Sc correlates stropgiytive with ALOs
(r=0.879816), TiQ (r=0.934036), Zr (r=0.884455) and the REEs (r=0.859301; r=0.915178 for
HREES) (Tabler&9).

Rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Yb and Lugrethe least
concentration, insolubjend réatively immobile element during weathering, and have the most
important application for provenance in sedimentary rgbksLennan 1989; Rollinson, 1993).
The presence of heavy minerals such as zircon, monazite possitdycoasiderable effect on

the REE pattern of individual sample®égllinson, 1993)The total REE concentration of the
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studied samplesSREE) is 103.88 ppm, whicis lower than the average PAAS (183 ppm) and

UCC (145.72 ppm) concentrations (TaBle Cl-normalized REE patterns are similar the
PAAS and UCC with slightly enriched LREEs, flat HREEsd a slight negative Eu anomaly

(fig-9-B). TheEu anomalyatter was calculated according(fdcLennan, 1989):

Where N = chondrit®ormalizedvalues.
The Eu anomaly values of greater thanifhdicatea positive anomaly while values of less than
1.0 indicatethe negative anomaly.
Similar to other LREE, Eu is an incompatible element, however is specially incorporated into
plagioclase. Accordingly, the average UCC exhibits Eu depletion thragaghohation effects
(McLennan, 198p In all studied samples, the Eu shaavsegative anomaly (Eu/Eu*<1) with an
average of 0.82, except sample SIT6 (1.03). The mean and median Eu/Eu* is slightly lower than
the PAAS and UCC (Tablg). The (La/Yby value which describes the total slope of the CI
normalized REE trend, is higher than the PAA&ylor & McLennan, 1985 all samples. The
chondritenormalized (La/Smy ratioswhich indicate the LREE enrichment in this sample ranges
from 3.54.0 and hae an average of 3.7. The (Gd/Ypk)alues range from1-3.1 with average
ratios of 1.8 (Tabl8)., that indicate..at HREE pattern (f@B).
LOI values for all samples are range from 0.9% (SST3) to 5.15% (MST1). Mudstone sample
(MST1) has the highest value of LOwhich is expected in felsic rocks. Sandstone sample
(SST3) from Bokotab&entom area has the lowest value of LOI that indicates it is enriched in

mafic minerals rather than felsic.
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Figure 9 - (A) The slected majorad trace element concentrations normalized to the primitive
mantle after(McDonough and Sun, 1989)B) Rareearth element concentrations, chondrite
normalized afte(McDonough and Sun, 1999 atterns for PAAS fron(iTaylor and McLennan,
1985)and UCC fromMcLennan, 2001have been plotted for comparison.
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4.2.1.2. The Daguja area sandstone
The selected major and trace elements normalized to upper continental crust and shale, and
chondritenormalized REE are plotted in (fijl). SiQ concentrations ithe Daguja area range
from 65.3, 76.5 wt. %. The relative enrichment ofs® (12.2,, 13.95 wt. %, meanl2.97 wt.
%), NaO (1.96 4.81 wt. %, mean 3.7 wt. %), and® (1.0:4.1 wt. %, mean2.28 wt. %) in
this area, is possiblylue to elevated levels of feldsp It is also, relatively, enriched in CaO
(0.42 5.94 wt. %, mean 2.34 wt. %), & (1.27 3.09 wt. %, mean 1.91 wt. %), MgO (0-12
1.85 wt. %, mean 1.03 wt. %), Ti@.15 0.47 wt. %, mean 0.32 wt. %),®s (0.04 0.17 wt.
%, mean 0.09 wt. %), and Mn(®.02 0.11 wt. %, mean 0.05 wt. %)vhen compared with
BokotabeSentom areaThe siltstone samples in this area are relatively enriched in Ca@. SiO
Al,Os3 ratio values of the studied samples range from 5.12 to 6.32. All samples show low CaO/
Al,O3 values (0.034 to 0.466), but relatively higthen compared with Bokotak®ertom area
sandstones. All samples generally have low concentrations of(¥iOwt. %)which indicates
low abundances of dbearing opaque minerals such as rutile (T&hl€he studied amples
show high contents of Sg&and NaO and low in FgOs, Al,03, MgO, and TiG contents, when
compared with UCQOMclennan, 2001)and PAAS (Taylor and McLennan1985. Siltstone
(sampled as SIT1) hashigher value of CaO (5.94%) and enriched in(zecontent. The tillite
(TIL1) hasahigher value of KO (4.1%) than the UCC and PAAfghich ismainly controlled by
the presence of Keldspar (kmica) (Wedepohl, 1978)
The SiQ concentration showa strong negative correlation with £, MnO, CaQ and ROs,
while Al,O3; and KO exhibit no correlation with SiKXTable6). Al,O3; shows a strong negative
correlation with MgOand TiO,a strong positive correlation with JO, and weak positive
correlation with NgO, and no correlation with CaO, Bs, FeOs; and SiOx(fig-10). The
enrichment of NgO (1.96 4.81 wt. %, average3.7%) in these samples can be attributed to a
relatively higher amount of Nach plagioclase in them. The,® and NaO contents and their
ratios (KO/N&O) in all samples are <1. The tillitersples are relatively enriched in £&); and
K>0 content. All samples have correspondingly increased concentrations of trace elements (Zr,
Th, Y, and REEs like La, Ce, Sm, Gd,, Bnd Dy) (Tableb).
All sandstone and siltstone samples have higher LOI v{i84%-4.95%), which is expected

in felsic sediments, while the tillite hadesser value (0.67%).
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Figure 10 - Multiple plots of ALO3 against all major elements the Daguja area(A) Al ,Osys
SIOz, (B) A|203vs Cao, (C) Alegvs MgO, (D) AlegVS NaO, (E) A|203vs K,0, (F) A|203vs Ti02,
(G) Al;O3,5 P,Os, and (H) AbOsys FeOg3; all major elements are measured by (w.%).
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Large-ion lithophile elements:Rb, St and Csconcentrations in all samplesewell below the

UCC values, whe all samplesenriched in Ba compared to the UCC except sandstone samples
(SST1).Rb, Cs and Baconcentrations relatively enriched in the tillitait while Sr enriched in
siltstone sample<Cs, Rhand Ba show a strong positive correlation with@l(Table9).

High field strength elements:Th, U, Y, Hf, Nh and Ta inall studied samples are well below
UCC (fig-11-A). Sandstone sample (SST1) relatively enriched in elements such as Hf, Sm, and
Zr, and depleted in Gand V (Tableb). Siltstone (SIT1) iselatively enriched in Y, V, Znand

Ta, while depleted in Th. And the tillite relatively enriched in Ga, and depleted in Zr, Sm, Y. Th
showsa strong positive correlation with AD; (r=85281§ and strong negative correlations with
elements, such as Ti@d Nb (r =-0.97709 and r=0.99785, respectively) (tab®).

Transition trace elements:All transition trace elementse depleted in the studied samples as
compared to the UCC value. Sample SIT1 is enriched in Sc and Ni while the tillite is enriched in
Cu (Tableb). Strong negative correlations between Cu and NiQv4543) have been observed.

Sc correlates strongly positive with Q= 0. 827788) and correlates weaklyth Al,O3 (r= -
0.20968), Zr (r=0.13618) and the REEs (r= 0.140108) (Taf@l&9).

Rare earth elements:The average total REE concentratidBREE) 87.34667 ppm, much lower

than the average PAAS and UCC concentrations (F&bl€l-normalized REE patterns are
similar to the PAAS and UCC with enriched LREEs, flat HREEs-1figB). In all Daguja
samples, Eu is well above the UCC values, extweptillite unit sample which indicates NgO
enrichment (figl1-B).

The (La/Yb), value, which describes the total slope of then@imalized REE trend, is higher
than the PAASTaylor & McLennan, 185)in all samples. The chondriteormalized (La/Sm)
ratios which indicate the LREE enrichment in this sangukerange from 2.8.1 and hee an
average of 2.9. The (Gd/Yp)yaluesarerange from 0.82.3 with average ratios of 1.8;hich
indicate...at HREE pattern (TaB§
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Figure 11- (A) selected major and trace element concentrations normalized to the primitive mantle after
(McDonough and Sun, 1989)YB) Rareearth element concentrations, chondrite noizedl after
(McDonough and Sun, 1995patterns for PAAS fronfTaylor and McLennan, 1985nd UCC from
(McLennan, 2001have been plotted for comparison.
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Classification ofthe upper Paleozoicsandstones

The chemical classification of sandstone was psedoby(Lindsey 1999) based on major
elements (Tabld). Though, it is controversial to differentiate arkose and lithicarenite.

Using the geochemical classification diagranfReéttijohn et al., 1972)the log (SiQ/Al,Os3) vs.
log (NaO/ K,0), all siltstones and mudstone from BokotaBentom areandtillite unit form
Daguja areaare classified as arkosc, while sandstone and siltstone from Daguja asea
classified as lithicarenifeand sandstone from BokotaBentom area is classified as sub
lithicarente(fig-12). Based omthe classification diagram diHerron, 1988) the log (SiQ/Al,Oz3)
vs. log (FeOs/K;0), mudstone andandstonefrom BokotabeSentom ardall on Fesand field,
while sandstone and siltstone frahe Daguja area fall on lithicareniteefd, and siltstones and
tillite unit form Daguja area fall on arkose field

Table 1Chemical classification dhe upper Paleozogandstonebased orfLindesy, 1999)

Classes log (SIG/AIL03) | log (K2O/N&O) log ((FeOs+MgO)/(K.O+ Na&0))
guartzarenite >=15 _ _
greywacke >1 <0 _
Arkose(sub <15 >=0 <0
arkose)
Lithic-arenite >1.5 <0 >0
(subgraywack an
protoquartzite)
Log
Samples Log Log (K:O/N&O) | ((FeOs+Mg0O)/ | Chemical
(SIO/AIL03) (K20+N&0)) classification
SIT5(BOK) 0.86 -0.37 0.77
Arkose
SIT6(BOK) 0.84 -0.31 1.50
Arkose/Lithicarenite
SST5(BOK) 1.51 0.60 0.41
Quartzarenite
SST3(BOK) 1.49 -0.14 1.02
Arkose/Lithicarenite
SIT1(DAG) 0.71 -0.44 0.89
Arkose
SST1(DAG) 0.80 -0.29 0.16
Arkose
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Figure 12- Geochemical classificatioof (A) the log (SIQ/Al,O3) vs. log (NaO/ K,O) (Pettijohn et al.,
1972), (B) the log (SiQ/AI,Os3) vs. log (FeO/K,0O) (Herron, 1988) foupperPaleozat sandstone, in
both Bokdabo Sentom and Daguja area.
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The ALO5/TIO, vs. (SiQ) plot of (Le Bas et al., 1986)vas used to determine the sample
whetheris felsic or mafic in composition (fid3A). The geochemical differences between
elements such as Th and La (felsic igneouscssuindicator) and V, $Sand Cr (mafic igneous
sources indicator) are used asindicator of contrasting felsic and mafic provenanceubyng
ternary plots such a¥i-V-Th*10 plots (fig-13B) (Condie and Wronkiewicz, 1998jcLennan
and Taylor, 1991 and fcciali et al., 2007).Based on both diagranthe upper Paleozoic
sandstone in both sections is felsic in compositigut. sandstone frorthe Daguja areas close

to the mafic field because it has higher amount of VThe granitoid boulders sampled from

tillite have similar compositions to those in the granitoid which is underline the tilite
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Figure 13, (A) The ALOS/TIO, vs. (SiQ) relationship to determine whetha@pperPaleozat sandstone
is felsic or mafic (Le Bas et al., 1986)B) Ternary N}V, Th*10 diagrams for source rock
discrimination afte(Bracciali et al., 2007)
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4.2.2. Paleoclimate condition
4.2.2.1. Major Oxide€s climate proxies

4.2.2.1.1. CIA, CIW , and PIA
Chemical weathering affects themaralogy of rocks and sediments that leads to affecting their
major element composition. The degree of chemical weathering possibly acquirdte by
chemical index of alteration (CIA), plagioclase index of alteration (PIA), and chemical index of
weathering(CIW) on a molecular basis of the major element oxides to evaluating how these
processes have affected the rocks and sediments, propo@éesiytt and Young, 1982).

CIA:( ; )" 10/Gffff. Equati on (1)
PIA = ( ; )" 10 QffffffeEquation (2)
CIW = ( : )" 10 Gf.fffffffEquation (3)

CaO* represents CaO incorporated in silicate mailseand accepted when C&MNaO (Fedo et
al., 1995)Ca0O was low in all measured samples. Therefore, CaO* was considered as equal to
CaOHigh CIA, PIA, and CIW values (73.00) shows intensive weathering history in the source
area, while low values (60 tess) indicate low weathering in the source area. The CIA CIW and
PIA were calculated and presented in (Table

Bokotabo-Sentom area
The calculated CIA values for studied Bokotghentom samples range from 63.4 (sample SIT6)
to 94.5(sampleMST1), with an average 0o73.9 The PIA values range from 52.1 (sample SIT6)
to 89.7(sampleMST1), with an average d@#4.8 The CIW values range from 71.5 (sample SIT6)
to 99.4sampleMST1) with an average 1.0 ThemudstonesampleMST1) hasrelatively the
highestvalue of CIA,PIA,and CIWthat shows the highesthemicalweathering history.\Wile

the siltstone sample SIT6 has the lowest véhae indicates the lowest weathering history
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Daguja area
The CIA values for these samples are range from 60.5 (for tilitg to 78.3 (sample SST1),
with an average value of 68.3. The PIA values range from 42.8 (for tillite unit) to 71.8 (sample
SST1), with an average of 57.2. The CIW values range from 54.3 (sample SIT1) to 83.7 (sample
SST1) with an average of 70.5. Thiite sample(TIL1) has the lowest value of CIA and PIA
and CIW while the sandstone sam(ST1) has the highest value of CIA, CI\&nd PIA.

4.2.2.1.2. The A CN K diagram
Paleeweathering conditions can also be identified using th®AIl(CaO*+NgO) - KO (A-
CN-K) ternary diagram of Nesbitt and Young (1984), where unweathered rocks are crowded
together alongside the -t€ldsparplagioclase join(Nesbitt and Yong, 1984; Holail and
Moghazi, 1998)All the studied samples examined here in both area plot parallel to-@& A
line (Fig-14). The Bokotho-Sentom sections show mediumhighweathering conditionsyhile
theDaguja section shows low toediumweatherig conditiors.
A bivariate plot of SiQ against total AlO;+K,O+NaO as proposed by Suttner and Dutta (1986)
was usedo classifythe maturity of sandstonegdid and Al Gahtani, 2015andall samples in
both areas lie on serarid fields, except sandsto{®ST3) which lies on senfiumid fields (fig
15).
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Figure 14 - A, CN,K ternary diagramAl,Os- (CaO*+NgO) ,, K,O] ; for both study area Bokotabe
Sentom area Daguja area afBliesbitt and Young, 1984).

Figure 15 Chemical maturity ofthe upper Paleozoisandstonestated by bivariate plots of Si@
Al,O:+K,0+Ng0O after(Suttner and Dutta, 1986)
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4.2.3 Tectonic setting

Based orthe Petrographic approacbickinson and Suczek (1979), and Diclonset al. (1983)
worked on the relationship between sandstone compositions and tectonic setting. Dickinson and
Suczek (1979) proposed that tectonic settings of depositional basins are recognized by plotting
the detrital framework modes of sandstone suiies QFL and QmFLt ternary diagrams
(Dickinson and Suczek, 1979; Dickinson et al., 198Bhe QFL (QuartzFeldspar, Lithics)
diagram is grouped into three main fields that are representative of three different tectonic
regimes, named: €continental block§magmatic arcs,» and €recycled oroge(i3ickinson et

al., 1983),and plotted on (figl9-A). The QmFLt diagram is comparable to the QFL diagram,
except that it plots exclusively monocrystalline quartz (Qm), and total lithicf@ickinson et

al., 1983) and plotted on (figL9-B).

For selected major elements, trace elements and REEs, valuable comparison can be made with
sandstones derived from known tectonic settings. Various authors have depicted that the
effectiveness of major element geochemistry edfimentary rocks to identify tectonic setting
based on discrimination diagramBh@tia, 1983; Roser and Korsch, 198&xmstrongAltrin

and Verma (2013) proposed two new discrimination fundtiased diagrams fasiliciclastic
sediments from 3 main tectiorsettings; continental rift, arand collision. These diagramsere

used to distinguish the tectonic setting of siliciclastic sediments by employing major elements
and optimized for both low silica (35% to 63% $SiGnd high silica rocks (63% to 95%
Si0,).They are tested on NeogeQeaternary as well as Precambrian sediments with success
rates of 75% to 100%Verma and Armstrong, 2013; Bassis, 201in) these diagrams, three
different tectonic settings were considered: (1) €Areld (Continental and aan island arcs),

(2) €Collision«field (continental collision)and (3) €Riftsfield (continental rifting leading to the
development of passive margins and irgratonic basinsfVerma and Armstrong, 20L3The
equations for the Discrimination functiof®F1 and DF2) were programmed for the halica

([(SiIOy) = > 63 % to <=95 %] sediments) and ksilica (SiQ)adj =>35%- <=63 %) sediments
(Verma and Armstrong, 2013j.excludes all samples with (Sijadj>95% and (Sig) <35% as
suggested by the origihauthors(Verma and Armstrong, 2013%ince the silica content ihe

upper Paleozoisandstones is >= 65, highilica sediment equations were used for this thesis.
Samples with (Sigadj> 95 % are excluded, for the reason that they possibly charadtbgize
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relatively high analytical errors in the determination of the major elem@rgsma and
Armstrong, 2013).
DF1 (arcrift-coly m = (-0.263 * In (TiG/SiO,)aq) + (0.604*In (ALOs/ SiOy) ag) +

(-1.725* In (FeO'y/ SiQy) ag) + (0.660*IN( MNO/ SiQ) ag) +

(2.191* In (MgO/ SiQ) ag) + (0.144*In( CaO/ SiQ) aq) +

(-1.304* In (NgO/ SiQ) ag) + (0.054*In( KO/ SiGp) ag) +

(-0.330* In (ROs/ SiOy) ag) + 1.588
DF2 (arc-rift-coly m = (-1.196 * In (TiGQ/SiO,)aq) + (1.064 *(In ALO3/ SIOy) ag) +

(0.303* In (FeO'y/ SiO) ag) + (0.436*(IN MNO/ SiQ) aq) +

(0.838* In (MgO/ SiQ) ag) + (-0.407*(In CaO/ SiQ) ag) +

(1.021* In (NaO/ SiQy) ag) +(-1.706*(In KO/ SIQy) ag) +

(-0.126* In (ROs/ SiO,) ag) -1.068
The subscript adj in (Sl refers to the SiQ value obtained after volatgee adjustment of
the ten majoelements to 100 wt.%.
The tectonic setting discrimination diagram of Verma and ArmstAdtrgn (2013) based on
major oxide concentrations are plotted on-(f§). All samples fom the Daguja area and SIT5
from the BokotabeSentom area plotted in the €continental rifte and all samples fiwn
BokotabeSentom area, except SIT5, plotted in the €dwd. In the tectonic discrimination
diagram of(Roser and Korsch, 198®gased on major oxides, all sanglexcept mudstone, are
allocated toan active margin setting (fid.7). A passive margin sattj is distinct by silicaich
sands (Si@=70%) with (K:O/ N&O) ratio of more than unit{Bhatia, 1983)and FeO + MgO
content of less than 5%daylor and McLennan, 1985Pepend on these; mudstone frohe

Sentom area is correlated with passive margimsgett

45



Petrographyad Geochemistry of Upper Paleozoic Sandstone around Kuch Area, Blue Nile Basin, Central Ethiopi 2 O 2 ‘
Implication for Provenance, Paleoclimate and Tectonic Setting

Figure 16 Tectonic discriminant function diagrams fine upper PaleozoiBandstong@roposed
by (Verma and Armstrong, 2013).

Figure 17 Tectonic setting discrimination diagrams based on majatesxARC- Oceanic island
arc, AM- active continental margin, P\yassive margin, afteRpser andorsch, 1984
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5. DISCUSSION

5.1Implications for provenance
The most relevant features that are used to interpret the provenance of sandstone are the
chemical composition of the rocks, which helps to interpret source rock lithology and the direct
observation of features (sedimentary structures and grain size and shape) in tH{@oggks
2009)
Sandstonesvith less abundant quartz aedriched inunstable mineta (lithics, feldsparhawe
resulted from short transport distances that will allow less stable materials (such as lithic
fragments) to survive and get deposii@ickinson et al., 1983; Johnsson, 19%jaight to
slightly undubte extinction of monocryatline quartz grains in the sampled thin sections point
towardsthe granitic sourcgPettijohnet al, 1987) Inclusions of heavy minealike zircon and
tourmaline in monocrystalline quarin the studied sampledirect evidence othe granitic
source. Khwever, some monocrystalline quartzis excluftedn theseheavy mineral inclusions
and shows slight undate extinction indicates that the source might be older gneiss or schist
rocks (Pettijohn, 1975)Polycrystalline quartz with stretched grains and dwoundaries are
derivate from metamorphic source, apparently schigi®lsét, 1967; Folk, 1980)Therefore, the
whole quartzanalysisin the studied samples points toward granitic and schistose provenance.
Feldspar is more significant to offer infortitm about primary source rocks composition than
guartz because they are chemically and mechanically less stable and less likely to be recycled
(Boggs, 2009)A high abundance of feldspars in the sampled thin sections proposed the origin
from crystalline ocks (Folk, 1980) Microcling in the studied samples)dicates the origin of
felsic igneous or metamorphic rackBoggs, 2009) According to Pittman (1963unzoned
plagioclase is to be likelfyrom a metamorphic origin(Krainer & Spotl, 1989). Unzoned
plagioclase in the sampled thin sections probably is sourced frorgrexe metamorphic rocks,
such as slat&he pesence of micrperthitic intergrowthsn the sampled thin sectiGuggestst
sourcedfrom an igneous rogkgranites(Folk 1980).The presene of zircon and rutile in the
sampled thin section indicatan acid igneous sour¢Pettijohn, et al., 1987Rased on feldspar
in the studied samplethe upper Paleozoisandstone is feldspar rich arkosic lithology which
indicates that local deposits dexd from low to medium grade metamorphic rocks (slate and
schistose) andranitic basement rock®ettijohn et al., 1972; Miall, 1984Based on feldspar
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content,the upper Paleozogandstone is compositionally immature e Daguja area) to sdb
mature(in the BokotabeSentom area).

Rock fragments are also givirttpe best clue tothe provenance of rocks. The presence of
siltstone and sandstone rock fragments in the sampled thin section indicates sedimentary origin,
while, plutonic lithic fragment incluel clasts of quartz and feldspar are granitoid in origin.

Clay minerals are excellent for provenance studies because individual clay minerals are typically
formed by the weathering of particular bedrock tygat 1985 Nichols, 2009 The pesence

of mica (muscovite and biotite)in the sampled thin sectioprobably indicates lovgrade
metamorphic rocks origins like schist, gneesd granit§Ghazi, 2009).

According tothe QFL triangular diagram(McBride, 1963, the classification ofthe upper
Paleozot sandstones is arkosic.

Figure 18 The QFL triangular diagram shows the classificatiortlad upper Paleozoisandstonesafter
(McBride, 1963).
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The SiQ contents and SifDAl,O3 ratio and the alkali content (N@+ K,O) arethe most used
geochemical criteria for sedimentary maturity. They are reflecting the quantity of silica (quartz),
clay, and feldspar conten{®otter, 1978 and Rollinson, 1993)he negative correlation between
Si0O, and ALOg, indicating that much of thei@, is present as quartz graifgkarish and E
Gohary, 2008; Ahmad and Chandra, 2018).enrichment signifies the abundance of feldspar
and clay minerals which is related to lower maturypositive correlation of AlO; with K0

and NaO indicates thatl distribution considerably influenced by the concentrations of the
feldspars and suggests that the abundance of these elements is mostly controlled by plagioclase
and Feldspabearing minerals such as clay mineral (mica and muscovite) concentrations
(McLennan etal., 1983; Akarish and -Blohary, 2008Al,0; and KO concentration in the
studied samples possibly associated with the presence -f#fldépars (orthoclase and
microcline), and micaThe relative enrichment of M@ over KO in all samples can be
attributed to a relatively higher amount of Iah plagioclase in them, while depleted in
mudstone due ta relatively small amount of Nech plagioclase. The O andNaO ratios
(K2O/N&O) in all samples (except mudstone) are <1% that perhaps accordatagioclase
feldspar dominates over-t€ldspar. Some samples (typically, siltstonghe Daguja area) are
relatively enriched in CaO whichossiblydue to the presence of diagenetic calcite cement.
Somesamples (typically, mudstone and siltstone) aréckad in FeOs; content that is possibly
related to the abundance Béoxide heavy mineralsThe ggochemical classification diagram
proposed by(Herron 1988) and (Pettijohn et al., 1972)shows thatthe upper Paleozoic
sandstones are arkosindLithicarente. Based on the-£N-K ternary diagram, all Formation in
both areas was derived from plagioclasaniticsmectite source terraithe ALO3/TiO, vs.

(SiO,) ratios proposed bfLe Bas et al., 198@ndTernary Nj,V, Th*10 diagramgqBracciali et

al., 2007)implies the wholeéhe upper Paleozogandstone is felsic in compaosition.

The tillite unit isenriched in Al that signifies the abundances of feldspar and clay minerals which
is related to lower maturity. It hae slightly higher amount of N® than the KO indicates
controlled by the presence of plagioclase thafeldspar (kmica) (Wedepohl, 1978)

The most important elements for provenance indisatoe REE, Sc, Th, and lesser Cr, Co.
These elements are unaffected by diagenesis and metamorphismtideie kmw concentration

in sea and river, and low residence time in the ocean and element ratios. Accottiegly

49



Petrographyad Geochemistry of Upper Paleozoic Sandstone around Kuch Area, Blue Nile Basin, Central Ethiopi 2 O 2 ‘
Implication for Provenance, Paleoclimate and Tectonic Setting

reflect their source rock chemistrig@llinson, 1998 Immobile elements such as Zr,,ldhd Sc

are possibly controlled by the distributioof heavy minerals and dispersed according to grain
size. Co, Cr, Fe, Sand Tathatcontrolled by ferromagnesian mineral® low concentrations in

the studied sample@Culler, 1988) Most formatiols (on average, mudstone in Sentom and
sandstones ithe Daguja area) have correspondingly increased concentrations of trace elements
(Zr, Th, Y, and REEs like La, Ce, Sm, Gahd Dy), which are indicativef heavy minerals like
zircon.

The concentrations of B&b, and Cs are controlled by feldspar. The enrient of Ba and Rb in
mudstone and siltstone is strongly influenced by the presence feldspar and mica (biotite

and muscovite)Strong positive correlatisof Cs, Rb, Srand Ba with A}Os in the studied
samplesshow phyllosilicate ¢lay minerals andmicag as a controlling factor of LILE
concentrationgEtemad Saeed et al., 2011Yhe enrichment of LILEs ithe upper Paleozoic
sandstones is possibas a result of less weathering and metamorphic processes and controlled
by K- feldspar and mica.As high field strength elementare incompatible and immobile
elements, they ar@good indicator of provenand@&aylor and McLennan, 1985Y, Pb, Ti and

Zr enriched in most sandstones and mudstones that indicates felsic source rather than mafic
rocks. Th Bows strong positive correlations with elements, such agafi@®Nb, which indicats

that itis possibly controlled by clays or -Tand Nb bearing phases associated with clay minerals.
Sc correlates strongly positive with TiQhis may indicate heavy nenals as controlling factors

for Sc concentrationfEtemad Saeed et al., 201The depletion of Sc, V, Co, Nand Cr in

most samples is due to the depletion of mafic minerals in tteaow concentration of these
elementsin the studied samplas relaed to felsic provenance rather than mafic composition.
Although rare earth elementare the least concentratl they are an excellent indicator of
provenance due to their immobility during weatherifMcLennan, 1989; Rollinson, 1993).
Chondritenormalized patterns show moderate LREE enrichment andt HREE segments.
LREE enrichment indicates the souragfsfelsic crust. Eu whichs mostly incorporated in
plagioclasas relatively enriched in siltstones in both areas.
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5.2Implications for paleoclimate
Climate is one of the factors that has an intense impact on the composition and maturity of
siliciclastic sediments and the climatic signatures are well preserved in the deposited sediments
(Suttner and Dutta, 1986
Based on Petrographic evidence, paleoclimataditions ofthe upper Paleozoisandstone can
be determined. For instance, less abundance of rounded quartz-graamsd feldsparsand
sub-angular grain sizes are related to a lonmoderate degree of chemical weatheriBgsides
angularities of qudz grainsand detrital components, textural immatuiitgdicatethefirst cycle
of erosion sediments or short distance of transportation before depoBhi®sediments which
havea high amount of feldspar are immatyf@sae et al., 2006)he high propdion of feldspar
and the dominance of chemically unstable plagioclase ovi@ldspar inthe upper Paleozoic
sandstones suggest that the source was exposed to low to moderate weatheringAlmistory.
abundance of unaltered feldspars and lithics in thesgssames suggested that it is sourced from
moderate to high relief and rapid erosion and deposition in nearby basingheairisignificant
alteration. Color alsocan givehelpful information on lithology, depositional environmeior
instanceferric irons frequently occuras the mineral hematitend providea red color to the rock.
Hematite formed under oxidizing conditions and these awdten found within sediments
originated undersemtarid environmentsMudrocks formed underthese environments (e.g.,
desers, lakes and rivers) arerepeatedlyreddened through hematite pigmentatiobhe
dominance of unstable grains (feldspar and other rock fragmentsglatigdy low percentage
of monocngtalline quartz (especially ithe Daguja area), and the leskeaation of feldspar
grains implied that the source area experienced a shoat nmderate period of chemical
weatheringPettijohn et al., 1987; Amireh, 1991).
The degree of chemical weathering can be achieved by calculation of the chemical index of
alteration (CIA), plagioclase index of alteration (PIA), and chemical index of weathering (CIW)
(Nesbitt and Young, 1982)hese CIA and PIA values indicate moderate degrees of weathering
of the source, or during transport before deposition, which may rdifilscstage recycling in
semtarid and semhumid climate conditions in the source ar@écLennan et al., 1993; Osea et
al., 2006; Bakkiaraj et al., 2010)The studied sam@eMST1 in Sentom and&ST1 inthe
Daguja area) hee the highest value of CIA, ClWwand PIA which may indicate higher
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weathering historyThe highest values of chemical proxiestive mudstone are due to high
chemical weathering such as oxidizinghe rest studied samplegalues indicate low to
moderate degrees of weathering of the seuGenerally chemical weathering values die
upper Paleozoisandstone showshoderate to highveathering history irthe BokotabeSentom
area, and low tanoderatedegrees of weathering ithe Daguja area, that reflect moderate
recycling in semiarid andsemthumid climate conditions in the source area or during transport
(McLennan et al., 1993; Osea et al., 2006)

A, CN,K ternary diagram of molecular proportions ot®@4- (CaO*+NgO) ,, K,O proposed by
after (Nesbitt and Young, 1984jo determine the pab-weathering ofthe upper Paleozoic
sandstone falls between plagiockgganite smectite fields. ACN-K- diagram shows low
medium to high chemical weathering conditions in both areas. A bivariate plot ph&aihst
total ALO3+K,O+NgO as proposed bySuttner and Dutta., 1986)as usedio identify the
maturity ofthe upper Paleozoisandstone as mle of climate. This plot shoswhat the upper
Paleozoicsandstones fall in the semrid climatic conditions excedbr sandstone fronthe
BokotabeSentomarea which falls omsemihumid field.

The tillite unit has the lowest value of CIA and PIA that indicates low weathering history, or
direct input of immature continent detrital minerals into the depositional syB@kRkiaraj et al.,
2010).
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5.3Implications for tectonic setting
A variety of ternary diagramgDickinson and Suczek, 1979; Ingersoll and Suczek, 1979;
Dickinson, 1985)were applied to constructhe relationship between detrital mineralogy and
tectonic setting. Sandstone compositi@mns related to major provenance types such as stable
cratons, basement uplifts, magmatic arcs, and recycled org@eakinson et al., 1983).
Sandstones enriched in lithics and less abundant in quartz resulted from short transport distances
that decrease physil sediment sorting and chemical weathering and characterized by magmatic
arc depositional systeniBickinson et al., 1983; Johnsson, 1993).
The upper Paleozogandstone was plotted on the QFL and QmFLt ternary diagraf@akison
et al., 1983)to intempret the tectonic discrimination source fielffgg-19). In the QFL plot
(Dickinson, 1985) the selected samples are plotted in transitional continental region of
continental block provenance fieldBhis indicates the detritus derived from transitionaaar
between craton interiors and basement uplift masses. The detritus sediments derived from this
field have intermediate compositions between craton (pure quartzose sand) and uplifted
basement (arkosic sands).the QmFLt plot (Dickinson, 1985)most ofthe samples fronthe
Daguja area, fall in basement uplift fields while most of the samplestfreBokotabeSentom
area plotted ithetransitional continental region.

Figure 19 The QFL and QmFLtternary diagram fotectonic dscrimination ofthe upper Paleozoic
sandstonafter (Dickinson et al., 1985).
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Different tectonic environments do hawe distinctive geochemicalsignature, therefore,
geochemical data can be used to extract important environmental information frons suatce

that assign tectonic environmerfidclennal et al., 1990; Rollinson, 199%Fe, Mg, Ti, and Al

are more abundamn Arc-derived sediments rather than cratonic and recycled sediments. Most
of the studied samples from both areas are enriched in AlFdSediments derived from
transitional recycled sources are moderately enriched in the light rare earth elements (REE) and
flat HREE slopes, without the pronounced flattening seen in other cratonic sediments. All
studied samples from both areas show matgéy enriched in the light rare earth elements (REE)
and flat HREE slopes.

The discriminant function diagram which is used to evaluate the tectonic settitige fapper
Paleozoicsandstones suggests thihe upper Paleozoisandstone possibly derivedoin the
continenta arc and continentalift. Based on major oxides, on active versus passive margin
diagram of(Roser and Korsch, 1986all samples, except mudstone are derived from active

margin setting. Mudstone is derived frapassive margin setting
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Comparision ofthe upper Paleozoicsandstone in Blue Nile Basin and Mekele Basin
The upper Paleozogandstones ithe Blue Nile Basin consist of tillite sandstone and siltstone,
aroundthe Daguja area and sandstone, siltsicar@d mudstoneroundthe BokotabeSentom
area. In Mekelle basin, it consists of tillite at the base overlain by laminatedadl@dysiltstones
(Edaga Arbi Glacials) and basal tillite, a lower glaciogenic sandstone unit and an upper shallow
marine sandstone unit (EntickandstonejLewin et al., 2018
The upper Paleozogandstone in Blue Nile Basin and Edaga Arbi Glacials in Mekele Basin has
similarity in source composition and provenance, based on petrographic and geochemical results.
Both show juvenile, crustal sags such as the Arabigdubian Shield.The upper Paleozoic
sandstones in the Blue Nile Basin are arkanse lithicarenitewhile subarkose to arkose in the
Mekele Basin. Accessory minesakuch as zircon, tourmaline, rutile, garnand opaque
minerals ae observed in both formatien Both formations show ANa, and K enrichment that
indicates a low maturity of the rocklowever, there is a slight difference between their CIA
values which indicates paleweathering and tectonic setting discrimination.s& on CIA
value, the upper Paleozoisandstones in the Blue Nile Basin show low to medigh
weathering history whiléhe Mekele Basirhas low weathering history. In the tectonic setting
discrimination diagram of Verma and ArmstreAfdrin (2013) basedon major oxide
concentrationsthe upper Paleozoisandstones in the Blue Nile Basin shows €continental rifte
and €arcy while in the Mekele Basin it shows €continental rifte and €collisibakds. In the
active versus passive margin discriminatitnee upper Paleozoisandstones in the Blue Nile
Basinare assigned in the passive margin setting whilee Mekele Basirare assigned in the

active and passive margin setting.
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6. CONCLUSIONS AND RECOMMENDATION

Based orthe petrological and geochemical analysish&f upper Paleozoigandstones (Permo
Carboniferous), the following conclusions can be drawn:
0EThe upper Paleozm sandstone has a provenance transitional continental and basement
uplift with a mixture of acid igneous, mesadimentaryand lowgrade metamorphic
rocks. It is compositionally immature to sulature and habeen classified as arkosic
and lithicarenitean composition. Additionally, some euhedral heavy minerals (zircon and
tourmaline grains) show short transport distances. Therefore, it was derivedhifom
basement rocks nearby, possibNeo-Proterozoic granitoid rocks antbw-grade
metamorphic rock (sta and schist). Based dhe above statement and trace element
geochemistrythe Neoproterozoic basement of the nearby ANS is almost certdialy
source.
0 The upper Paleozogandstone hamoderatdo highweathering history inhe Bokotabo
Sentom area,ral low to moderateweathering history inthe Daguja areaPaleoclimate
data forthe upper Paleozoisandstone suggests seamid climate conditiog for all
sandstones in both aseand semhumid climate conditios for sandstone fronthe
BokotabeSentom aga.
dZ The ectonic setting discriminant diagram suggests that deposition of the sediments is in
thecontinentalarc and continental rift fields. Based theactive and passive diagraai|
sediments are derived frothe active marginand mudsineis derived fromthe passive

margin

Recommendation
Isotopic analysis (that redugthe influence of sedimentary sorting on provenance studres)
required to have a better understanding of the provenance, tectonic, settingpleeveathering

history.
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Appendix

Table 2- Locations ofthe upper Paleozoisandstones sampling sites and outcropth GPS
coordinate.

SamplgLocationNorthingEasting PositionLithologycolor size considerable features
Mstl-seentom 1023.65237°01.72%0p mudstonered - Laminated silty mudstone
SST2-f@loko Tald°22.16377°00.82Fottom sandstonérown medium Soft, friable sandstone
SST3-fdloko Taldd°22.23397°00.9540ttom sandstonevhite coarse Hard, massive Sandstone wit
SST4-f@loko Tald°22.0067°01.1960ttom sandston®inkish whi¢eium Sandstone with muds
SST5-f@loko Taldd°23.073x7°01.38%0p sandston&hite medium Massive, hard sandstone
SST6-94&entom 10°23.88%7°02.55f0p sandston@hite fine Slightly crumbled sandstone
SST8-hdloko Tald°22.2307°00.96H0ttom sandston®ale greemedium Hard Sandstone with speckle
SSTO-fdloko Tadd°22.297°00.97Rottom sandstonwhite coarse Oxidized sandstone

SST10{lbelntom 10°24.3827°00.770p sandstoneed coarse Massive sandstone with seco
Sit2-bdqBoko Tald°22.587°00.99@iddle siltstoneDark red fine laminated Silty mudstone
Sit5-hgBoko Tald°22.7F7°00.91Middle siltstonewhite coarse Black and white lamination
Sit6-bdBoko Taldd°22.8137°01.02m'iddle siltstonered midium laminated siltstone
SST1-d®dpguja 10°18.92397°02.92tbp sandston®ale pinkcoarse Massive, crumbled (soft) san
SST2-d®pguja 10°18.937°02.93%p sandstongellow  fine Massive hard

SST3-d®dpguja 10°18.6%27°03.13p sandstonérown medium Soft sandstone
Sitl-dg@aguja 10°18.537°03.07top siltstone Pale yellowedium Hard sandstone
till-dapDaguja 10°18.5487°03.17thiddle tillite  pink

Table 3 Pointcounted data and the derived QFL indicethefupper Paleozogandstongezi (zirconium),

tou (tourmaline), ru (rutile), gar (garnet), opx (orthopyroxene), hem (hematite), cal (calcite), mosc
(muscovite), bio (biotite), sit (siltstone), sst ( sandstone), FS (fine size), MS (medium size), CS (coarse
size), PS (poorly sorted), MS (modeigtsorted), WS (well sorted).

Quartz (% Feldspar (% Rock Fragent (% . .
Samplp MQ  PQ (Q-)total Moo ﬁlg( )F-Iota\ SRF MRF PlgRF R(F-zotallmalco il Opg. cementRoundm Grain ¢ Sorti
SST2-pok6.4 443 70.7| 8.8 195 283 0.3 0.7 1 307 2zi,1tou,1ru 2 hem,musc,calibangularM$S PS
SST3-pok2.9 27.2 70.1 6.4 1.9 191 274 0.8 0.3 _  L1]| 357 doulru 2 qriz,hem,cadubangularCS WS
SST4-pok9.9 235 63.4 6.4 077 25.6 32.77f 0.26 2.8 _  3.06 391 3zi, 2tou 3 cal,hem angular MS  PS
SST5-pokf0.8 28.6 99.4] 0.3 0.3 0.6 _ _ _ _ 339 2zi,1tou,2ru 2 sit,sst  subround MS  MS
SST6-peB0.7 15.6 96.3) 0.3 03  _ 0.6 _ _ 1.3 13 301 5zi,3tou,lru 2 sit subround FS  PS
SST8-pokl.7 23.4 65.1 7.4 05 23.7 3L.6| 05 _ 0.5 393 3zi, lrultou,l op@,2gar qr,hem calsub angulaMS  PS
SST9-po7.3 204 67.7 7.5 0.3 23.2 31 0.3 0.6 _ 0.9 319 3zi,2tou, ru,1gad cal,musc,hemubangularCS ~ MS
SST10-bal6.1 23.3 99.4 03  _ 0.3 0.6 _ _ _ _ 305 4zi3tou, Lry 1 qr,sit,hem,cadubround CS  MS
Sit2-bpk50.7 11,1 61.8 3.7 3.4 244 3L5( 2.3 34 57| 353 6tou,Lru 1 cal, hembio,mumsgular FS  PS
Sit5-bpk 36.8 20.2 57 5 3295 31| L L1 271 302 5zi,2tou 1 musc,he,calangular CS  PS
Site-bpk42.5 17.5 60| 5.3 1 22 2831 9.6 15 11 395 5zi,1tou 3 hem,musc,cakngular  MS PS
SST1-flag7.6 311 48.7] 154 26,7 42.1] 5.3 3.8 9.1 318 1z _ hem,musc subangularCS  MS
§ST2-fla@l.9 353 57.20 11 3.5 22,2 367 21 4 6.1 374 5zi,3toulru 2 cal, hem subangularFS  MS
SST3-fag9.5 30.7 60.2 142 1.8 211 371 2.1 271 332 121, 4tou _ cal,musc, subangularMS — MS
Sitl-dpg24.8 42,6 67.4) 6.1 2.9 216 30.6 1.9 1.9 310 2zi,3tou,lru,lopd musc,cal subangularMsS PS
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Table 4- Major element composition with CIA, CIWand PIA values of Late Palaeozoic sandstones
Element concentrations were measured-KES are given in weigh®o.

SAMPLEiIO2 AI203 Fe203 Ca0 MgO Na20 K20 Ti02 MnO P205 Sum %LOI CIA CIW PIA
SITI(DAG)65.3 12.75 3.09 594 1.11 481 1.73 0.47 0.11 0.17 95.488 4.94 66.1 54.26 57..
SIT5(BOK) 80 11.1 1.22 0.67 0.49 3.19 135 0.22 0.01 0.02 98.272 2.84 68.06 74.2 59.
MSTL( 74,6 14,05 4,37 0.05 0.14 0.04 0.72 0.75 0.01 0.18 94.918 5.15 94,55 99.36 89
SIT6(BOK)78.7 11.25 1.98 0.34 0.13 4.14 2.01 0.26 0.05 0.0598.915 1.22 63.42 71.52 52.I
SST1(DAG)6.5 12.2 1.38 0.42 1.85 1.96 1.00 0.33 0.03 0.04 95.723 4.95 78.26 83.68 71.
SST5(BOK) 96 3 0.41 0.02 0.040.01 0.04 0.15 0.01 0.01 99.68 1.23 97.72 99.01 96..
SST3(BOK)95.1 3.09 0.68 0.09 0.09 0.74 053 0.11 0.03 0.01100.473 0.9 69.44 78.83 57.!
TILL(DAG)74.8 13.95 1.27 0.66 0.12 4.33 4.1 0.15 0.02 0.0599.453 0.67 60.55 73.65 42.

Table 5 Trace elements composition of Late Palaeozoic sandst&esient concentrations were
measured with ICAMS and ICRPAES are given in ppm.

SAMPLBa Ce Cr Cs Dy Er Eu Ga Gd Hf

SIT1(DAG) 608 34.3 40 0.24 4.07 2.8 1.42 11.7 4.64 4
SIT5(BOK) 727 20.7 10 0.89 1.2 0.77 0.49 9.6 1.47 4
MST1( 536 104 50 1.17 6.73 3.58 1.96 15.6 8.82 9
SIT6(BOK) 607 19.5 30 0.31 1.65 1.11 0.68 10.5 2.01 3
SST1(DAG)298 47.1 10 0.64 3.1 1.61 1.36 11.4 4.33 6
SST5(BOK)22.6 24.5 10 0.09 1.29 0.64 0.44 2.4 1.78 3
SST3(BOK)88.5 18.2 10 0.21 0.81 0.51 0.34 2.3 1.16 2
TILL(DAG) 914 14.7 10 2.46 1.36 0.88 0.33 13.9 1.24 2
SAMPLHO La Lu N b Nd Pr Rb Sm Sn Sr

SIT1(DAG)0.81 17.7 0.34 5.9 19.6 4.68 34.9 4.37 3 31
SIT5(BOK)0.24 10.4 0.12 3.4 9.5 2.47 34.2 1.64 2 110
MST1( 1.24 57.2 0.48 15.9 54.9 13.8 28.4 9.81 5 29
SIT6(BOK)0.36 11.3 0.2 3.5 11.2 2.78 39.6 2.01 2 14
SST1(DAG)0.6 28.5 0.23 5.7 28.1 7.05 25.5 5.59 2 53.
SST5(BOK).24 12.3 0.12 2.9 11.3 3.06 1.5 2.06 2 6.
SST3(BOK).16 9 0.06 1.8 8.6 2.13 11.6 1.63 1 27
TILIL(DAG)0.28 7.4 0.14 4.8 6.5 1.64 132.5 1.52 1 22
SAMPLEa Tb Th Tm u \Y w Y Y b Zr

SIT1(DAG) 0.6 0.66 2.28 0.39 1.01 75 2 26.8 2.36 15
SIT5(BOK) 0.3 0.16 2.42 0.12 0.43 13<1 6.3 0.85 17
MST1( 1.1 1.2 12.7 0.51 2.2 67 3 30.2 3.4 33
SIT6(BOK) 0.4 0.25 2.1 0.18 0.65 38 1 9.8 3.4 12
SST1(DAG)0.4 0.57 3.35 0.24 0.74 17 1 15.7 3.4 28
SST5(BOK) 0.2 0.22 2.64 0.12 0.6 6 1 6.8 3.4 13
SST3(BOK)O0.3 0.14 1.46 0.08 0.2 12 1 4.1 3.4 8.
TILL(DAG) 0.4 0.18 6.65 0.15 1.52 19 2 8.2 3.4 7¢
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Table 6 -Values of Pearson,s coefficient of correlation of major elements ottléeed sampleg(A) for
BokotabeSentom area, (B) for Daguja area.

Si02 Ti02 AI203 P205 Fe203 K20 Na20 Ca0O MgO MnO Eu/Eu*(La/Yb)N&d/Y
Si02 1
Tio2 -0.73627 1

Al203 [INEs 01759916 1

P205 -0.710210.99350.7299 1

Fe20 3| NS00 80B0827> 04984261 1 A

K20 -0.67501048181636305052882225122 1

Na20 -0.44468.26601404650.27600.10 08088276 1

CaO  -0.43399.21921419995.28540.141D7695585814287 1

MgO  -0.4595D.014664656450.101D.0027444838653 1 J0MGR079 1

MnO  -0.060130.2845005246.20098.09762643303605201069200.28763 1

Eu/Eu* -0.32290.39369282490.40534.24 501521484597334 1
(La/Yb)R.582703060388.55067078443-0.0 780.71796.44330.51 782 1

(Gd/Yb)N.390364330220.35443.35318.18 758.58600.51 167 1
(La/Sm)No.25009.03721257125.09738.025092109483262791695 670.30950.25754.1986D.24

Si02 Ti0O2 AI203 P205 Fe203 K20 Na20 Ca0O MgO MnO
Si02 1
Tio2 -0.74053 1
Al203 0.06980.72214 1
P205 M0.7870310.1416 1

Fe203 10185682D.26 434 1
K20 0.157090.78 148.227860.34569 1

Na20 -0.73308085783627240.68216.58722556533 1

cao |JBONEE) 02805590.17 738.25764659394 1

MgO  0.058026627 69).72193044753 1
MnO 0668803920.3( 860.389965408 IBOS0 05183725 |

182014007136

oe
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Table 7 - Values of Pearson,s coefficient of correlationthé selected trace element of the studied

samples
Cs Rb Ba  Sr Th U Y Zr Hf Nb  Ta Sc Cu Ni SREE SLREE SHREH
Cs 1
Rb 0.563737 1
Ba 0.701941964581 1
St 0.846706643104644501 1
Th 0.766281184403231005868211 1
U 0.721084237703253560.88904 986112 1
Y 0.742309292698301604918364985188.99531 1
VAl 0.8674093173863986038938D03964963958506951539 1
Hf 0.86704731040539144088943229692879606487954696999787 1
Nb 0.787805260556298243905104996788989387993288969301973096 1
Ta 0.774294346508355402935089968803960904982347920266926007981513 1
Sc 0.76530366328162960998780583100787649590315Q.85326852307872588905855 1
Cu 0.859.505608542703959148917991943161945705969200.96675940608916082945984 1
Ni 0.08300685776976318819613D.30969.22245.1769D.17342.1838D.23319.1420226189Q2.05324 1
SREE  (.746202181802217347869221998589985608987692.9516.956663996004976245834766.90814.30895 1
SLREE 0.744946.17428211142865276.99860L984502986286950706955984995405074901829926.9051-0.31690.99996 1
SHREE 0.7584022905593064401919102989064992905999286954982958581996402986808898109943528.18881991365990154 1

Table 8- Selected rabs forthe upper Paleozogandstones

1.

P NODNDNENDN

SAMPLEREE SLREE SHREESLREFHREEuU/Eu*(La/Yb)Ma/SmjEd/YH
SIT5(BOK)50.1 46 .7 3.5 13.5 1.0 8.3 4.0
MST1( 267.6 250.5 17.1 14.6 0.6 11.4 3.7
SIT6(BOK)54.5 49.5 5.0 9.9 1.0 6.2 3.5
SST3(BOK)43.3 41.1 2.2 18.3 0.8 12.7 3.5
SST5(BOK)58.8 55.4 3.4 16.5 0.7 11.5 3.8
SITI(DAG)94.9 83.5 11.4 7.3 1.7 5.1 2.5
SST1(DAG)29.9 122.0 7.9 15.5 0.8 12.6 3.2
TILI1(DAG)37.2 33.3 3.9 8.6 0.7 5.6 3.1
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Table 9 - Linearcorrelationcoefficientsfor selectecelementistributionin the analyzedsamplegA) for
Bolotabo, Sentom area, (B) for Daguja area

Selected elemearnrelation coe

Selected elemeaxarrelation coef

TiO2- Zr
TiO2-Th
TiO2-Sc
TIOBREE
Al203-V
Al203- La
Al203- Yb
AlI208REE

Al203 -Th
Al203-Sc
Al203-Cs
Al203-Rb
Al203-Sr
Al203-Ba
P20OSREE
Zr- La
Zr- YDb
Cr-V
Th-Nb

A

0.972
.985
.934
.925

.575
.419
-0.17
0.43]

0.641
0.879
0.763
0.794
0.870
0.821

0.73(
0.908
0.024
0.954
0.918

OO O oo

TiO2- Zr
TiO2-Th
TiO2-Sc
TIOBREE
Al203-V
Al203- La
Al203- Yb
AlI208REE

Al203 -Th
Al203-Sc
Al203-Cs
Al203-Rb
Al203-Sr
Al203-Ba
P20OSREE
Zr- La
Zr- Yb
Cr-V
Th-Nb

B

0

0

0

O O o o

.44308

.67148
-0.17988
-0.97481
.03759
-0.9975(

.07133

.99245
.13618
.99953

-0.977
0.827

0.851
-0.209
0.885
0.972

0.482
0.976

-0.997
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