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Preface

The work presented i n t hi Pabtohor sdurse ta sink rplationshipo f  t
around the northern Traf@®@ondwana Mountain Belt (East Africa, Arakban which Palaeozoic
sandstones in Saudi Arabia and Ethiopia were studied) alifferent provenance techniques. This PhD

thesis covers the Ethiopia part of the project. The cumulative thekigles three published articles on

the provenance of two Palaeozoic glaciatielated sandstone formations in Ethiopihe Ordoviciai

Silurian Enticho Sandstone and the CarboniférBesmian Edaga Arbi Glacials. A multiethod
provenance analysis hiasen conducted on samples of these two formations. The articles cover different
methodological approaches to sandstone provenance. In the following, a brief overview over the
structure of the thesis is given.

Chapter 1is an introductory chapter into tbgerall topic of the thesis. A brief general literature review
aboutthe two ice ages, which are recorded in the studied formapomgnance studies on correlative
sandstone formations the region and previous studies on the Ethiopian Palaeozo&ssiumtis given
Afterwards, the aims and objectives of this thesis are presented and an overview of the methodological
strategy is given.

Chapter 2 (first article):

Lewin, A., Meinhold, G., Hinderer, M., Dawit, E.L., Bussert, R., 2018. Provenancedst@aes in

Ethiopia during Late Ordovician and Carboniferédfermian Gondwana glaciations: Petrography

and geochemistry of the Enticho Sandstone and the Edaga Arbi Glacials. Sedimentary Geology 375,
188202.

This article covers methods applied to the bsdinples: petrographic anailyf thin sections and
analyss of the bulk chemical composition of the sandstone. By this, the questions of proximal vs. distal
provenance and climate and weathering conditions that led to the petrographic and geochemical
chaacteristics are discussed. The results are set in context with published models on extent and
configuration of glaciers and ice sheets during the two glacial peribgizng which the studied
formations formed.

Chapter 3 (second article):

Lewin, A., Mehold, G., Hinderer, M., Dawit, E.L., Bussert, R., Berndt, J., 2B28venance of

Ordoviciari Silurian and Carboniferotig?ermian glaciogenic successions in Ethiopia revealed by

detrital zircon U Pb geochronology. Journal of the Geological Societygdon177, 141152

In this article, results of radiometric dating of detrital zircons from the two studied formations are
presented. The age populations of zircons are compared to ages of potential source rocks on the super
continent Gondwana. Furthermore, datistical comparison with published zircon ages in
stratigraphically equivalent and older sandstone formations of northern Gondwana is performed,
discussing regional homogenisation of the sediment and the possibility of sedimentary recycling.

Chapter 4 (third article):

Lewin, A., Meinhold, G., Hinderer, M., Dawit, E.L., Bussert, R., Lunsdorf, N.K., B@2ry minerals

as provenance indicator in glaciogenic successions: An example from the Palaeozoic of Ethiopia
Journal ofAfrican Earth Science$65, 103813

This article covers the study of the heavy mineral assemblages in the studieds seonpiéemented
with chemical analyses of rutile and garnet minefBEiee ideas of the previous two articles are further
developed and the provenance and the issgediment recycling are further constrained.

Chapter 5 is a synthesis of the results and conclusions of the three articlesthéeneethodological
strategy is revised and conclusions about the methods usettheindhelpfulness iransweringthe
researchguestions are drawrn integrated discussion of the new insights into the provenance of the
two studied formations is presented with implications for the evolution of the regional sediment transport
system




In this PhD project, furthermore, a contribution was made to the aii@tigtal zircon provenance of
north Gondwana Palaeozoic sandstones from Saudi A@&ideinhold, A. Bassis, M. Hinderer, A.
Lewin and J. Berndt), whidis in revision for publication in the Geological Magazifike contribution
included part of theircon U Pb analysisising LAICP-MS and assistance during preparation of the
manuscript.
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Summary

The Gondwana supercontinent veasnpletelyassembled in #hlLate Neoproterozoic by closure of the
Mozambique Ocean and formation of thd@ensiveEast African Orogeat the suture of East and West
Gondwana. A peneplain formed on the northern margin of the supercontinent, on which a vast blanket
of Palaeozoic sedient was deposited. Major amounts of sediment are assumed to have been eroded and
transported from the East African Orogerthe continental margwia large sediment fans (Gondwana
supeffan system).

The Palaeozoic sedimentary succession of northdrofa evidences two Gondwana glaciations,
which are recorded in the Upper Ordovigiaower Silurian Enticho Sandstone and the Upper
CarboniferousLower Permian Edaga Arbi GlacialsThese formations have been studied
sedimentologically and palynologicallgut their provenanceemained uncleaiThis thesigpresentsa
multi-method provenance study on samples of these two formations. Thin section petrography provides
the basisthenthe bulk sandstone samples were analysed for their major and trace element geochemistry.
Heavy mineralswere separated from the samples and their assemblage was determined. Mineral
chemical analyses were conducted on rutile and garnet grains from bottiémsn Finally, detrital

zircon ageswere determined The study followed the objective to fill a data gap in correlation of
provenance patterns across Palaeozoic sedimentary rocks of northern Gondwana, providing further
insights into the Palaeozoic sedimalispersal system and the influence of the two glaciations
sediment provenance

The Enticho Sandstone is composed of tillite at the base followed by glaciogenic sandstone, probably
representing meltwater deposits. At the top of the formatimtter sorting and distinct cross
stratification showshallow marinaeworking andevidence the pogjlacial transgression. The Edaga

Arbi Glacials comprise tillite and finely laminated samid siltstone with dropstones, interrupted by
sandy layers.

The twoformations differ strongly in theimineralogicalmaturity. The Enticho Sandstone isghly
matureand unusually quartzose for glaciogenic sandstone.mdmne sukunit showseven higher
guartz contentslhe geochemical composition underlines this higkunity and yields a high chemical
index of alteration (85), pointing to intenskemicalweathering and reworking of the materiklis

likely thatthe alteratiorhastaken place before the glaciatiorhe Edaga Arbi Glacials feature lower
maturity with higher amounts of feldspar and rock fragmantsa chemical index of alteration of. 62
Trace and rare earth elements indicate a higher influence of juvenile source material than for the Enticho
Sandstone. Juvenile crustal rocks are abuniatite underlying Nubian Shield. Comparison of the
geochemical data with agmjuivalent formations in Saudi Arab&hows similar patterns for the
Ordovician Silurian, but major differences in the Carbonifeiidsrmian, supporting previous
assumptions of &rge, uniform sedimentary system during the Late Ordovician glaciation and more
localised sediment transport during the Carbonifér@asmian.

Detrital zircon chronology resulted in main age populations otAdoan (700 550Ma), Tonian
(90G' 700Ma), Seniari Tonian (1200900 Ma) and minor Palaeoproterozoic and Archaean ziréams
both formations. The relation of the Tonian and Steérfianian populations, however, differs strongly
between the two formation¥he Enticho Sandstone is characterised lpyominentSteniaf Tonian
population, which can be used to trace the Gondwana -fupetystem Correlation with Upper
Ordovician (glaciogenic) and Cambrigdrdovician sandstonés northern Africaand the Middle East
yields high similarity with those in lael, Jordan and Libya, which are assumed to represent a super
fan. It further shows that no change in zircon age patterns occurs with the onset of the gldciation.
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thus likely that theenticho Sandstoneontains recycled supéasn material. The Edagarbi Glacials
have a characteristic Tonian populati®uchages are omnipresent in the southern Nubian Sareld
represent its earliest formation stage, supporting the assumption of a rather proximal proWmance.
regional or stratigraphic trends couddd observed within one of the studied formations.

The heavy mineral assemblages of both formations are highly different as well. The Enticho Sandstone
is characterised by a large proportion of the wdtable heavy minerals zircon, tourmaline and eutil
(ZTR). In the lower, glaciogenic suimit, significant amounts of garnet aisopresentln the Edaga

Arbi Glacials, on the other hanapatite and garnet make up most of the heavy mineral assentidage.
stratigraphic trends were identified within the Edaga Arbi Glacials. Neither could regional trends be
observed in one of the studied formatiolkese patterns underline thdferences inmineralogical
maturity revealed by petrography and geochemisteyy little chemicaklterationmust have affected

the Edaga Arbi Glacials, whereas the material forming the Enticho Sandstone is stronglylaltbesd.

well sorted and permeable marine subunit of the Enticho Sandstone it is likely that diagenetic
modification by corrosive pore fluids took place and reinforced the high mineralogical maRusiiig.

and garnet chemical analyses point to a combinationagimatic and metamorphic source rocks with
metamorphidemperatures of mainly amphibolitdout alsogranulitefaciesgradefor both formations

For the Enticho Sandstone, the heavy mineral analysis confirms the assumption that it contains recycled
superfan material, which was strongly weathered before on the North Gondwana peneplain. The garnet
is thoudnt to have been delivered by varying erosion of the basenfi¢ié Saharan Metacratdand

maybe alsdahe NubianShield) by the glaciersThe proximal provenance of the Edaga Arbi Glacials is
confirmed again by the high amounts of unstable heavy min8iats the directly underlying basement

does not contain higbrade metamorphic rocks, a provenance from the southern hinterland is likely,
where the Nubian Shield merges the Mozambique Belt and higher metamorphic grades were reached.

Combining all methds and their outcomevith information from the literaturethe following
provenance modgtan be inferred for the two studied formatiohse Enticho Sandstone was formed
during the Late Ordovician (Hirnantian) glaciatiovhena large ice sheet covereduain of northern
Africa with a spreading centre in NottNest Africa.The ice reacheds farsoutheastasthe study area.

Ice and meltwater transporteelddmentdo the study areaedimentswhich werespread before via the
Gondwana supdian system andtongly weathered on the North Gondwana peneplain during the
Cambrian and prglacial Ordovician.The original provenance of thisuperfan material remains
unclear.Material of the Saharan Metacraton basement was elndgthciers and admixed variable
amouns. During the posglacial transgression in the Early Silurian, the upper part of the sedimentary
succession was reworked by seawatignout adding new detritugn contrast,te Edaga Arbi Glacials

are sourced from the southern hinterland of thbiah Shield at the transition to the Mozambique Belt.

In the Late Palaeozoic, a complex regional topography led to mountain glaciers that eroded the uplifted
basement and transported material to nearby depressions, in which proglacial lakesAqrenied. of
nondeposition between the two formations may have been causaddysecutive combination of
isostatiecrebound after the Late Ordovician glaciatieustatic setevel fall in the late Silurianearly
Devonianand updoming prior toNeo-Tethys rifting No recyclng of the Enticho Sandstone by the
Edaga Arbi Glacials took place on a grand sc@les was eithebecause the deposition of the former
was limited to northern Ethiopia and the source area for the latter was to therdmaidwse the Enticho
Sandstone was eroded in the source area of the Edaga Arbi Glacials before the Carlid?efientars
glaciation
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Zusammenfassung

Der endguiltige Zusammenschluss d8siperkontinert Gondwana ereignete sich im spaten
Neoproterozoikum, mit SchlieBung des Mozambique Ozeans und der Bildungusigsdehnten
Ostafrikanischen Orogens entlang der Verbindung vonudst Westgondwana. Am nordlichen Rand
des Kontinents entstand eine weitlaufige Ebelieedurch paldozoische Sedimente Uberdeaktde.
Ein Grof3teil dieser Sedimente wurde vermutlich vom Ostafrikanischen Orogen abgetragdeund
grolRe Sedimentfacher (Gondwana sdperSystem) transportiert.

Die paldozoische Sedimentabfolge imfdathiofpen entstand im Zuge zweier Gondwanereisungen

und setzt sich zusammen aus dem Enticho Sandstone (Oberes Ordavizieras Silur) und den
Edaga Arbi Glacials (Oberes Karhidinteres Perm). An beiden Formationen haben bereits
sedimentologische und palygische Untersuchungen stattgefunden, deren Provenienz blieb jedoch
unklar. Im Rahmen dieser Doktorarbeit wurde eine Aputiixy Provenienzanalyse an Proben beider
Formationen durchgefiihrt. Die Basis bilden Dunnschliffanalysen, gefolgt von -Haunut
Spureelementanalysen der Gesgegteinproben. Die Schwerminerale wurdenvon den
Gesangesteinproben abgetrennt und ihj@weiligen Anteilebestimmt. Mineralchemische Analysen
wurden an Rutil und Granat aus beiden Formationen durchgeAfilat. detritische Zkone wurden
datiert. Die Arbeit verfolgte das Ziel, eine Datenliicke in der Korrelation voovéhienzmustern
paldozoischer Sandsteine Nordgondwanas zu schlieBen, um den Wissensstand Uber
Sedimenttransportsysteme in Nordgondwana und den Einflusdbeaiden Vereisungerauf die
Sedimentprovenienzu erweitern.

An derBasis des Enticho Sandstorefibhdet sichTillit, gefolgt vonglaziogenem Sandstein, vermutlich
Schmelzwasserablagerungen. Am Top zeuger bessere Sortierung und eine charakteristische
Schréagschichtung von mariner Aufarbeitung und weisen aubatieglaziale Transgressiomin. Die
Edaga Arbi Glacials setzen sich aus Tillit und feinlaminierten Sand Siltsteinenzusammen
unterbrochen vosandlagen

Die beiden Formationen untersaten sich tark in ihrer mineralogischen Reifeer Enticho Sandstone

ist sehr reif und fur glaziogenen Sandstein ungewdhnlich quarzhaltig. In der marinen Untereinheit sind
sogar noch hoéhere Quarzgehalte zu finden. Die geochemische Zusammensetzungichttelisse

hohe Reife. Ein hoher Chemical Index of Alteration (CIA) von 85 lasst eine intecseraische
Verwitterung und Aufarbeitung des Materials vermuf@iese hatvahrscheinlictschon vor Beginn der
Eiszeit stattgefunden. Die Edaga Arbi Glacialxlzeen sich durch eine geringere Reife mit h6heren
Anteilen von Feldspat und Gesteinsfragmenten und einem CIA von 62 aus. Spurenelemente und seltene
Erden deuten auf einen hoheren Einfluss von juvenilem Ausgangsgestein hin, als beim Enticho
Sandstone. Juwnde Krustengesteine finden sich im unégggrnderNubischen Schild. Ein Vergleich

der Geochemiedaten mit solchen von &quivalenten Formationen in-Aabin zeigt &hnliche
Elementverteilungen fir das OrdoviziuBilur, aber deutliche Unterschieita Karboni Perm. Dies

stitzt Hypothesen eines grolen, homogenen Sedimentsystems wahreisgdatdedovizischen
Vereisung und lokalerem Sedimenttransport im KarBamm.

Die Datierung detritischer Zirkone in beiden Formationen zeigt Hauptpopulatiameafrikanischen

(700 550Ma), tonischen (900' 700Ma), stenischitonischen (1200 900Ma) and untergeordnet
paléoproterozaschemandarchaschen Alters. Das Verhaltnienischer undtenisch tonischer Zirkone
unterscheidet sich zwischen den Formationen stark. Im Enticho Sandstone lberwiegt eine prominente
stenischi tonische Population, welche charakteristisch fir Sedimente des Gondwantasigystems

ist. Ein Vergleich mit anderen glazigen8andsteinen aus dem Oberordovizium und Sandsteinen aus
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dem Kambrium bis Mittelordovizium in Nordafrikand dem Mittleren Osterergab starke
Ahnlichkeiten mit Sandsteinen in Israel, Jordanien und Libyen, die vermutlich eineriesupideten.
Weiterhin fdlt auf, dass mit Beginn der Vergletscherung keine Anderung in den Zirkonaltersspektren
erfolgt. Es ist also wahrscheinlich, dass der Enticho Sandstone rezyklierteascdaterial enthalt.

Die Edaga Arbi Glacials zeichnen sich durch eine charaktehistisnische Population aus. Diese Alter

treten haufig in Gesteinen des sudlichen Nubischen Schildes auf und représentieren dessen frihe
Bildungsphase. Die Vermutung einer eher proximalen Provenienz der Edaga Arbi Glacials wird
hierdurch bestétigtnnerhdb der beiden Formationen konnten keine regionalen oder stratigraphischen
Trends identifiziert werden.

Die Schwermineralzusammensetzungen der beiden untersuchten Formationen unterscheiden sich
ebenfalls stark. Der Enticho Sandstone weist einen hoheril Aeteultrastabilen Schwerminerale
Zirkon, Turmalin und Rutil (ZTR) ayfvas die zuvor attestierte hohe mineralogische Reife bestétigt

der unteren, glazigenen Einheit sind auch héhere Anteile Granat enthaltebheren, marinen Teil
wurden wahrschelith Minerale durch korrosive Porenwasser diagenetisch geldst, wodurch die hohe
Reife verstarkt wurddn den Edaga Arbi Glacials ist die Schwermineralfraktion von Apatit und Granat
gepragtHier konnten keine stratigraphischen Trends beobachtet w@teBedimente missaxtrem

wenig chemische Verwitterung erfahren halbiRagionale Trends konnten in keiner der Formationen
festgestellt werderRutil- und Granatchemie in beiden Formationen deuten auf eine Kombination von
magmatischen und metamorphen Auggaesteinen hin, wobei metamorphe Temperaturen im
amphibolitfaziellen bis teilweise granulitfaziellen Bereich erreicht wurden. Fir den Enticho Sandstone
wird durch die Schwermineralanalyse die Vermutung bestétigt, dass er rezykliertelasipeterial

ernthalt, welches zuvor stark verwittert wurde. Der Granat wurde wahrscheinkctienBasement des
SaharaMetakraton (eventuell auch des Nubischen Schildes) beigemengt. Die Hypothese eines
proximalen Liefergebiets fur die Edaga Arbi Glacials wird durchhdieen Anteile weniger stabiler
Schwerminerale bestétigt. Da das direkt uaggtndeBasement jedoch nur geringmetamorphe
Gesteine aufweist, ist ein Liefergebiet im stdlichen Hinterland wahrscheinlich, wo das Nubische Schild
in den Mozambique Belt Gbergalmd hohere Metamorphosegrade erreicht wurden.

Fuhrt man die Eebnisse alledurchgefiihrten Untersuchungen und Informationen aus der Literatur
zusammen, lassen sich folgende Provenienzmodelle fur die beiden untersucht&ioRemableiten.

Der Enticho Sandstone wurde wahrend der Hirnantischen Vereisuggaten Ordoviziunund der
nachfolgenden Transgression gebildet. Ein Eisschild bedeckte grof3e Teile Nordafrikas, wobei das
Zentrum in NordWestafrika lag. Das Eisichte bis ins Untersuchungsgebiet. Eis und Schmelzwasser
transportierten Sedimente in Richtung des heutigen Athiopiens. Bidienentevurden zuvor im
Gondwana supdan-System transportiert und auf der Tiefebene im Norden Gondwanas abgelagert, wo
sie wahrend des Kambriums ungtéglazialen Ordoviziums stark verwitterteBie urspringliche
Provenienz desuperfan Materials bleibt unklatMaterial aus dem Sahakdetekraton wurde teilweise

von Gletschernrediert und dem Sediment beigemengt. Wahrend danspression im frihen Silur
wurde der obere Teil der glazigenen Sedimentablagerungen vom Meerwasser aufgeztheittass

neues Material dazu kanbie Edaga Arbi Glacialkingegenwurden vom sidlichen Hinterland des
Nubischen Schildes am Ubergang zumzZdmbique Belt gespeist. Im spaten Paldozoikntstand eine
komplexe regionale Topographie und fuhrte zur Bildung Emkappenn ausreichenderddhenlage.

Diese erodierten exponiertes Basementmaterial und transportierten es in nahegelegene Vertiefungen,
wo sich proglaziale Seen bildeten. Zwischen dem Enticho Sandstone und den Edaga Arbi Glacials sind
keine Ablagerungen erhaltenriiade daftir kdnnte ein Aufeinanderfolgen voisostatischen Rebound

nach despatordovizischen Vereisungustatischem Meeressgelabfall im spéaten Silufrihen Devon

und Aufdomen vor der Offnung der Nd@@thys sein Interessant ist zudem, dass kein bedeutendes
Recycling des Enticho Sandstone durch die Edaga Arbi Glacials stattgefunden hat. Dies ist




wahrscheinlich so, weil die Aiagerung des Enticho Sandstone auf Nordathiopien beschréankt war,
wahrend das Liefergebiet fir die Edaga Arbi Glacials im Stideodagweil der Enticho Sandstone im
Suden erodiert wurde

Xl






1. Introduction

Reconstructing sedimentary systems of the past deliveuable information about palaeo
environments, climate and tectonics and their evolution. This, in turn, can be of use for assessing future
developmerd. Furthermore, understanding the sedimentary system is an important asgpldration

of groundwaer andhydrocarbon reservoirs or sedimentary mineral dep@é@dimentary provenance
analysis aimso reconstruct and to interpret the history of sediment from the erosion of parent rocks to
deposition and buriddased on its mineralogical and chemiaainposition(Weltje and von Eynatten,

2009.

In this thesisa combination of differergedimentary provenance methaglapplied totwo Palaeozoic
sandstone formations in Ethiopia.provides a piece of the puezdisentangling the provenance and
sedimentary history of largeblanket ofPalaeozoic sandstone deposited along the northern part of the
supercontinent Gondwaiadterits assembly in the Late Neoproterozoic.

Core Gondwana comprised the modern contsx@hSouth America, Africa, Antarctica and Australia,

as well adMadagascar and the Indian Subcontin@iotrsvik and Cocks, 20)3Gondwana was built of
sever al Precambrian cratons fwel ¢ @&hdsefooeda@utinger o0 |
the PapAfrican Orogeny and the largely contemporaneous Brasiliano and Pampean orogenies in South
America, the Cadomian Orogeny in south&urope and North Africand the Kuungan Orogeny
between India and East Antarcti€eorsvik and Cocks, 20)3The ParAfrican Orogeny formed the

East African Orogen (EAQpb ne of the | argest accr etSteonnl®I4y or o
Collins and Pisarevsky, 200Squire et al., 208, Figure 11). Products of weathering and erosion of

this extensivemountain rangeand the other Neoproterozoic orogerextended over large parts of
Gondwana and covered millions of square kilomei@funkel, 2002Avigad et al., 2006 Outcrops

of sandstonedeposited in this timeccurnowadays in many places in northern andh-easterrmifrica

and across the Arabian Penins@evigad et al., 200p Two glaciations affected the sedimentary
systens of Gondwana, the Hirnantian glaciation in the Late Ordovician and the Late Palaeozoic Ice Age
(LPIA) in the CarboniferousPermian.
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Figurel-1: Configuration of Gondwana in the Palaeozoic with its cratons and orogenic belt3 aftsik and Cocks (2013)
andAvigad et al. (201@nd siper-fan model forthe East African Orogen proposed Bguire et al. (2006)




1.1. Gondwana glaciations

Late Ordovician (Hirnantian) glaciation

During the Late Ordovician, the South Pole was in the region of -matern Africa(Eyles, 1993

Torsvik and Cocks, 20)3A large polar ice sheet evolvégimilar in size to the modern Antarctic ice
sheeti that s@nned over much of northern Africa and Araliigyles, 1993 and references therein;
Figure 12). Ghienne (2003pssumes a minimum configuration with a large ice sheet in Ndetht

Africa and smaller ice sheets in the area ofAhabiari Nubian Shield ANS), in South Africa and the

centre of South Americashienne et al. (20073uggest a small and a large sa@nain the small
scenario, an ice sheet covered whole northern Africa and the Arabian Peninsula with satellite ice sheets
in South Africa and the centre of South America; in the large scenario, these three ice sheets are
connected. This large scenario vedso drawn byaslet (1990)Le Heron and Craig (200&ssume a
continuous ice cover of northern Africa from Mauritania to Egypt with a northern ice margin following
the margin of the modern African continemdan undefinedce extent to the south.

Uplift related to the Taconic orogeny along the West African plate margin in combination with high
palaeolatitudes may have triggered the glacidtitytes, 1993 Late Ordovician climate was probably

al so affected by changes i(8utclfféet al. 2000 €he Himandan t y o f
glaciation was shorW/illas et al. (2006kuggest a time span of less than a million yeBmsnchley et

al. (1994)infer a time span of 03 million years from changes irxygen isotopes of brachiopod
samples. Two phases of the Late Ordovician mass extinction can be correlated with changes in oxygen
and carbon isotopes indicating onset and ending of the Hirnantian gla¢imchley et al., 2003

The age of glacially related deposits is well constrained across northern Africa byossdrof
assemblages in the strata and those bé@lewHeron and Craig, 2008Within the Hirnantian strata of

North Gondwana, two firsbrder cycles of ice sheet advance and retreat can be recognized with a major
mid-Hirnantian deglaciation event between th@hienne et al., 2007Each cycle included'3 glacial

phases separated by ice front retreats of several hundreds of kilo(fstiesne et al., 2007 At the

basal glacial unconformity, large palaealleys are present, which can be traced ovekmdin West

Africa and are of similar scale in the centgalhara and Saudi Arak{igyles, 1993. Their location and

extent may be controlled by faults and lineaments in the underlying bas@Eyd, 1993 These

tunnel valleys are created by isgeams, corridors of fafiowing ice (Ghienne et al., 20Q0Le Heron

and Craig, 2008 Such ice streams are areas of preferential glacial erosion and sediment deposition
during glacier retregiGhienne et al., 2007They define an ice stream network flowing outward from

the central or southern Sahara regibe Heron and Craig, 2008The large amount of danent that
accumulated on the North Gondwana platform is striking assuming a polar icé gsheeiodern
Antarctic ice sheet is characterised by eo#ded glaciers and releases very little meltwater into the
oceangEyles, 1993 Eyles (1993) therefore, suggest that the extensive sedimentary volume of the
North Gondwana platform records the final decay phase of the ice sheet when climate was more
temperate. Based on sediment structures, Le H@@d4 2005 andKeller et al. (2011)propose a

model of a polythermal regimeitly an oscillating ice front and alternating céddsed and warfhased
phases, followed by a late glacial surge and deglaciation for Libya and Saudi Arabia, respectively.

Carboniferous Permian glaciation/Late Palaeozoic Ice Age (LPIA)

The Late Palaeozoilce Age lasted for about 100 Ma (ca. B860Ma) and hence was the longest

period of glaciation in the Phaneroz@iyles, 1993 However, the glaciation was not chatexized by

one single large ice sheet, but rather by several smaller ice masses that waxed and waned across the
supercontineniCrowell, 1983 Eyles, 1993; Figure-2). Fielding et al. (20083uggest a series of glacial

events of ca.-B Ma duration with periods of warmer climate in between. In general, the glacial record




is oldest in the west and youngest in the east of Gond{ylas, 1993 The ice age began with
localized glacial events in South America in the latest Devonian and early Carboniferous and then spread
further over South America, South Africa and Austréfielding et al., 2008 In the late Carboniferous
(Middle to Late Pennsylvanian), a warmer period with a eustatitesehrise is inferred from the
landward progradation of marine sedimentary systems, marine faunaoahdieposits on land
(Montafiez and Poulsen, 2013he acme of the LPIA was reached in the early Permian when glaciation
affected South America, South AfacAntarctica, Australia, the Arabian Peninsula, India and the South
Asian crustal blockg¢Fielding et al., 2008Montafiez and Poulsen, 20Q1&lacial deposits in Siberia
point to a bipolar glaciation at that tirfieielding et al., 2008 The extensive occurrence of glaciomarine
deposits indicate that glaciers reachedlseel, which requires widespread coolifigbell et al., 201p

The decline of the LPIA is recorded in marine transgressive deposits and the lossootéot deposits
across Gondwan@lontafiez and Poulsen, 2013
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Figurel-2: Ice configurations during the two Gondwana glaciatigdsndwana palaeogeography aSduth Pole positions
from Torsvik and Cocks (2018)esheet locations and transport directions for the Late Ordovieiéer Ghienne et al. (2007)
Le Heron and Craig (200&8)d Torsvik and Cocks (2013or the CarboniferoudPermian aftelBussert and Schrank (2007)
Fieldng et al. (2008andIsbell et al. (2012)n the CarboniferousPermian, ice cover was diachronous.

The triggers for the LPIA were probably a combination of several fadtorsell and Veevers (1987)
suggest that the main control was the closure of the Palaeotethys ocean joining Gondwana and Laurussia
and orogenic uplift was a secendder control. Anospheric pCefluctuationsprobablyhave played a
fundamental roléEyles, 1993 Fielding et al., 2008 During the Carboniferoii®ermian, the lowest

pCG; valuesof the whole Phanerozoic prevailesimilar to the modern icehou@erokoph et al., 2008

A major factor causing this drop in p@as the spread of vascular plants to uplareas in the
Devonian, with, due to deep rooting and good drainage affected the chemical weathering of silicate
rocks(Berner 1999. Roots and root symbionts remove nutrients from silicates and enhance chemical
weathering, which, in turn, removes £fbom the atmospher@eerling and Berner, 20D5Another

factor is the increased burial of pladdrived organic matter, as evidenced by the formation of vast coal
deposits in the Mississippian and Pern{@arner, 1998Beerling and Berner, 20p3ncreased organic

burial is also indicated by elevatetfC in marine carbonates, while a decrease in seawater temperature

is marked by an increase in®O (Veizer et al., 1999Prokoph et al., 2008 The diachronous
development of ice sheets and glaciers across different regions of Gondwana was probably caused by
the migratiorof the continent across the south p@gles, 1993Fielding et &, 2008 LopezGamundi

and Buatois, 2070 However, since there igtle immediate correlation between the apparent polar
wander path for the Carboniferous and the patterns of glacial growth, an additional, yet unknown, control
may have been involvdéFielding et al., 2008




North-East Africa and Arabia were not in polar position during the late Palaeozoic, butiatitides

(50i 60° south aftefforsvik and Cocks, 2013¥laciation most probably was of plateau or mountain

type (Bussert and Schrank, 200A prominent upland in the Horn of Africa may have exigi®assert

and Schrank, 2007, and references thgrehecording toEyles (1993) the glaciogenic deposits in
Yemen, Saudi Arabia and Oman are placed on top of an unconformity surface recording Hercynian
uplift. The tectoniestratigraphic setting may be that of intracratosubsidence accompanying and
immediately postdating Hercynican uplfiyles, 1993 Sharland et al., 2001 The setting is directly
comparable to upper Palaeozoic strata of the Parana (South America) and Karoo (South Africa) basins
(Eyles, 1993

1.2. Provenance studies on North Gondwana sandstones

Cambrian to Ordovician sandstones in Israel and Jordan have been gitatisively. They show an
exceptionally high raturity, especially in the Middle Cambrian to Ordovici@Weissbrod ad
Nachmais, 1986Amireh, 1991 Avigad et al., 2003Avigad et al., 200p Avigad et al.(2003 2005
suggesthat these sediments are ficsicle sediments and largely derived from the Araldvubian

Shield (ANS), thenorthern part of the EAQFigure 1-1). They explain their igh maturityby strong
chemical weathering due to a corrosive CaaribiOrdovician atmosphere amearm, humid climate.
Kolodner et al. (2008)ropose the ANS as main source area fotdiver Palaeozoic sandstoas well

but inferred a progressive influence of source areas further south as stratigraphic ages getrgounger f
a change in detrital zircon age spechMmrag et al. (2011yonfirmed a significant contribution from
source areas outside the ANS by Hf isotopic analyses of detrital zircons, which do not fit the signature
of the ANS. They sggest that a significant proportion of the sediment is sourced from areas in the centre
of Gondwanawhich would mean that the ANS has been levelled bynilddle of the CambrianBen

Dor et al. (2018tame to the saenconclusion by usingr, Nd andPbisotopes of feldspars and clays in
Cambriafi Ordovician sandstones in Isra@h early levelling of orogenic topography is also suggested

by Avigad et al. (2017jrom detrital rutile cooling ages in lower Palaeozoic sandstones of Israel and
Jordan combined with zircon chronology. They inferragid cooling and exhumation of the source
area ad no direct linkage of thewer Palaeozoic sediments with active tectonics

In Saudi Arabia, a Palaeozoic sandstone succession from the Cambrian to the Permian can be found.
Knox et al. (2007studied heavy minerals in the whole succession and iderpifcacgtnance changes

in the course of the Cambria@rdovician They describe a sharp boundary towards the demdghs
Hirnantian glaciation, but with the same heavy mineral composidn the deposits below.nather

changean heavy mineral composition could be identifiadhe DevonianCarboniferous. The deposits

of the Late Palaeozoic Ice Ag&PIA) show a great variability in heavy minerals ascribed to a
combination of different sources. Further studies on the Palaesedimentary succession of Saudi
Arabia were performed bassis et al(2016a 20161: they found an overall high mineralogical
maturity, but assumed the Cambii@rdoviciansandstones to be firsycle sedimentdikely derived

from the underlying basement of the ANS. As proposedJigad et al. (2005)hey assuméhatthe

ANS has been exposed to intense chemical weathering. For the Hirnantian deposits they suggest
recycling of these firstycle sediments. A higher influence of fresh basement material in the Late
Palaeozoic, inferred from unstable heavy minerals, is associatethevitasing tectonic activity at the
northern margin of Gondwana during that ti(Bassis et al., 2018ar his activity is attributed to crustal
updoming and rifting prior to opening of the Neotethys oqé&drarland et al., 20Q01Detrital zircon
chronology on sandstones of the Saudi Arabian Palaeozoic succession points to a main provenance from
igneaus rocks in the ANS with significant contribution of material of the Gondwana-$apetystem
described below and Palaeoproterozoic and Archaean zircons of uncertain proy&teamoeld et al.,

in revision.




Palaeozoic sandstones in northern Africa preservedirom Egypt to Morocco and especially the
Hirnantian glaciogenic sandstones are well studied allow reconstructions of the palaee sheet
(Ghienne et al., 2007.e Heron and Craig, 2008hat is further described iSection 1.1 Lower
Palaeozoic sandstones in Egypt are-sbure to mature anbdasedon bulk geochemistrytheir
provenance is assumed to be mainly the felsic plutons in the northerr{Ad&sh and ElGohary,
2008 Tawfik et al., 201Y.

In Libya, sandstones of the whole Palaeozoic are preserved anstudgtd Three major provenance
changes aralentified from heavy mineral analysiShea areascribed tdl) the final pulse of the Late
Ordovician (Hirnantian) glaciatioand the subsequent transgress®neustatic sedevel fall in late
SilurianEarly Devonian that led to a change in river systems3atite Late Palaeozoic Ice Age (LPIA)
in the Carboniferotid?ermian(Morton et al., 201l The main sourcefor the Libyan Palaeozoic
sandstoness assumed to be the underlying Sahara Metacr@ti@inhold et al., 2011Morton et al.,
2012 Altumi et al., 2013. Altumi et al. (2013puggested alddeoproterozoic orogenic belts to the west
and the West African Craton based on detrital zircon. &g@date Mesoproterozoic zircondginhold

et al. (2011 andMorton et al. (2012proposesource areais the Congo and Taaniacratons, implying

a long transport distancer, Mesoproterozoiéggneous rocks irastern Chad.

Cambriafi Ordovician sandstones in Algeria are studied petrographically and geochemicailidoyu

et al.(2009) They describe high mineralogical matusatyd infer deeply weathered cratonic landmasses

or recycled sediments as source rodkenemann et al. (20113tuded detrital zircons of these
sandstones and found ages consistent with a provenance in th&s@hama or Brasiliano belts and the

West African or Amazonian cratons of West Gondw@igure 1-1). They exclude source areas in the

ANS or the EAOA separation of two major provenance zones in northern Africa is evident based on
detrital zircon age spectra with the boundary between Algeria and (liftyjaemann et al., 2011

Stephan et al., 20)9named byStephan et al. (20199 he @A West African zircon
AfricaniAr abi an zircon provinceo.

Avigad et al. (20123tudied Cambrian sandstones in Morocco regarding {Bb-Hf isotopes of detrital
zircons. They found the lower Cambrian units to have valefscting the local AntiAtlas crustal
evolution. In the upper and mineralogically more mature Cambrian sandstones, they found a higher
influence of a source area dominated by crustal reworking and ascribed it to a more distal source,
possibly the Tuareg Shield to the west of the Sahara Metacraton.

In summary,lower Palaeozoic sedimentary rocBENorth Gondwanare wellstudied in many places.

They aregenerallyhighly mature, probably due to intense chemical weathering or recycling of earlier
sedimentsthe latterespecially assumed for sediments of the Hirnantian glaciationBasgis et al.,

20163. In most studies, a provenance from the underlying baseowmnbined with variable
contribution of further distal sourc@s central Gondwan&s assumedAn extremely distal provenance

is suggested birdsel et al. (2014for the Hirnantian glaciogenic Lederschiefer in Germany (Saxo
Thuringia, which lay to the north of Gondwana during that tiroayed on a characteristic population

of Steniafi Tonian zicons they speculate that part of the material is derived from the Rayner Cédmplex
Eastern Ghats regions of Antarctica and India and has been transported several thousands of kilometres,
either in a single or multiple sedimentary cycles.

i Mass pr of Cambriai Qrdovician sediment and largeale homogenisation of the distally
sourced material that spread over the Gondwana peneplain after tAdriean orogenies is likely
(Garfunkel, 2002Avigad et al., 200p For the EAO Squire et al. (2006)proposed a model of large
sedi ment -fans 0] is addetritus tonardsshe continental margiRigurel-1). They




based their model @imilar zircon age spectraliower Palaeozoic sandstones from India, Israel, Africa,
Australia, New Zealand, South America and Antarctiéar north-easternAfrica and theArabian
Peninsula however, the model is very speculatifeinhold et al. (2013tonstrained the supéan
model for this area by correlatimgptrital zircon ags from Morocco, Algeria, Libya, Israel and Jordan
(Figure1-1). Theyassumed that there was a fstemin this area that reached Libya and the north
western Arabian Peninsula, but not Algeria and MoroStephan et al. (2018jatisticallyanalysed an
extensive dataset of zircon agesm northern Gondwana and the p&ondwana terranes and found
three zircon provinces, one of which, namely the East Afiideatbian zircon province, is in accordance
with the assumed supéan in this arealately, a detrital zircon study of Palaeozaimdstones in Saudi
Arabia could confirm that the suptamn reached Saudi Arab{#einhold et al., in revision

The upperPalaeozoic sandstones of North Gondwana are less intensively stodestigations show

a lower mineralogical maturity, more variable composition and algloeh variations between the
different study areage.g. Knox et al., 2007 Morton et al., 2011 Bassis et al., 201%aThe late
Palaeozoitopographyof North Gondwana was more complex and regionally variable than it was in the
early Palaeozoic and was influenced by Hercynian nésito and Neotethys riftingSharland et al.,
200%, Laboun, 2010Torsvik and Cocks, 20}1

1.3. Palaeozoic sandstones in Ethiopia

The peculiarity of the Palaeozoic sedimentary succegsi@thiopiais that it consistgnainly of two
formations that were deposited during aliréctly after the two major Gondwana glaciations in the Late
Ordovician (Hirnantian glaciation) and Carboniferid@ermian (Late Palaeozoic Ice Age, LPIA): the
Upper Ordovicianlower SilurianEnticho Sandstame and theupper Carboniferotisower Permian
Edaga Arbi Glacials. Their spatial extenin outcropsis limited: they occur mainly in the northern
Ethiopian province Tigray and to a very minor extent in the west of the coluvy.et al. (1971)
presented the first evidence for Palaeozoic glaciogenic rocks in northern Ethiogyadescribedato

facies, tillite facies and sandstone facies, and ascribed both to one single glaciation, either the Late
Ordovician or the CarboniferolBermian.Beyth (1972a 19720 confirmed the ocurrence of these
sandstones in other localities in northern Ethiopia and provided facies descripdiomsa and Assefa
(1983)foundDiscophyllum a fossilhydrozoain glacianarinesandstone near the town of Enticho and
concluded an Ordovician agéased on trace fossilkkumpulainen et al. (200@ssumed an Ordovician

age for equivalent deposits to the Edaga Arbi Glacials in ErBussert and Schrank (200Rpwever,

were able to refute this assutigm: palynological analyses of the Edaga Arbi Glacials in northern
Ethiopiaprove a Carboniferoii®ermian age. They suggest that the Enticho Sandstone, which was
assumed to be a lateral equivalent of the Edaga Arbi Glacials, as well as the rocks déscribed
Kumpulainen et al. (2006ih Eritrea represent older sedimentary units. The sedimentary record of two
different Palaeozoic glaciations in northern Ethiopia was confirmdgusgertand Dawit (2009and
complemented with detailed sedimentological descriptions, trace fossil and palynological observations.
The CarboniferoidPermian Edaga Arbi Glacials were further studied regarding their glaciogenic
landforms and depositional envwimments byBusseri{201Q 2014). A summary of the sedimentological
descriptions of both formations, complemented with own observations and field photographs is given
in Section2.2

The provenance of the two Palaeozoic glaciogenic formations in Ethiopia has not been studied so far
and data on geochemistry, heavy minerals or zircon chrgyale not yet available. Such analyses are
provided by work presented in this thesis.




1.4. Aims and objective

By the work presented in this thesis, the data gap of specific provereecant data for the Palaeozoic
sandstones of Ethiopia is filled. Suchtalaomprise geochemical composition, heavy mineral spectra,
mineral chemical analyses and detrital zircon agjkeyare published for many Palaeozoic successions

in North-East Africa and the Arabian Peninsula (Seetion 1.2), but are not yet provided for the
Ethiopian sandstones. By complementing existing data on sedimentology, biostratigraphy and facies
analyses (se8ection1.3) with provenancespecific datafurtherinsights into the configuration of the
sedimentary systems during the two time slices recorded in the Enticho Sandstone and the Edaga Arbi
Glacials are possibléhe fact that two major Palaeozoic Gondwana glaciations are recorded i
Ethiopian succession makes it possible to study aspects of ice sheet extent and glacier dynamics in
comparison with existing mode(s.g.Ghienne et al., 200 Fielding et al., 2008Le Heron and Craig,

2008 Bussert, 2010isbell et al., 2012; Section }.1n southern LibygMorton et al., 201)land Saudi

Arabia (Knox et al., 2007Bassis et al., 201%a&hanging heavy mineral spectra in the Carboniferous
suggest a rerganisation of the sediment dispersal system inateePalaeozoi¢Section1.2). These
changes may also be visible in the Ethiopian Palaeozoic formations. Thdasupssdeldescribed in
Sectionl1.2 (Squire et al., 20Q8Meinhold et al., 201,3Stephan et al., 2018 based owletrital zircon
chronology ands still not well constrained for northern Gondwarar confirmed with other methods
Ethiopia lies more proximal on the assumed sediment pathway of thefanpesind is thus highly
interesting to test the model.

In summary, the objectives of this thesis are the following:

1 provide provenancspecific data for the OrdoviciaBilurian Enti©io Sandstone and the
CarboniferousPermian Edaga Arbi Glacials to enable comparison and correlation with
corresponding successions across nedstern Gondwana

T test the Gondwana supamn modelat a more proximal location,

9 contribute to research on icee®t extent and glacier dynamics during the Hirnantian glaciation
and the Late Palaeozoic Ice Age (LPI)identifying source regions

By this, abetter understanding of the Palaeozoic sediment dispersal system of northern Gondwana and
the influence of the two glaciations is possible.

1.5. Methodological strategy

1.5.1. Samping

Samples for this thesis wersainly collected during a two weeks field trip the province Tigray in
northern Ethiopia in October 201bigure 1-3). A second field trip has taken place to the Blue Nile
region in western Ethiopia in April 2017 biatthat area the sandstone formations of interest are hardly
present Thereforethe focus of this thesis is on samples from Tigyme samples were provideg

Robert Bussert (TU Berlin), who collected them during previous field iavk.samples fromhe Blue

Nile region (sample Hd and Hu2) were provided bhim as well Sampling in the field was based on
previous stratigraphic and sedimentological work of Robert Bussert and Dawit Enkurie Lebenie
(University of Mekele at that time, nouniversity of Gondar, Ethiopia). They studied many sections in

the region, provided facies analyses and stratigraphic classification through palynology, trace fossils and
facies correlationgBussert and Schrank, 20@ussert and Dawit, 2008ussert, 2014Brocke et al.,

2015. Sandstone samples were taken from surface outcrops at sections that were studied by the two
colleagues before witpriority to sctionsthat are biostratigraphically constrainé&tbreover, we made

sure that the sampling locations covered a large geographical spread. In long sections, several samples
were taken to capture stratigraphic variations. However, in many places, espedralyower part of




the Enticho Sandstone, the sediments are rather massive, suggesting that they have been deposited in
relatively short time and little stratigraphic variations can be expected.

During samplig, homogeneous areasthe outcrops were picked and samples with the grain size of
fine sandwere taken, where possiblé&pproximately 12 kg sandstonewas taken per sample.
Additionally, some samples were taken from granitoids, metasediments and metabasites from the local
basenent. Furthermore, boulders of granitoid, basalt and gneiss incorporated in tillites of the Edaga Arbi
Glacials were sampled at two locations. In toi&l,samples were taken from the Enticho Sandstone
(additional 11 samples were provided by R. Bussebt)sdimples from the Edaga Arbi Glacials (plus

two additional from R. Bussert) from the basement and 11 from boulders in tillite of the Edaga Arbi
Glacials.A list of all taken samples with sampling location and short lithological classification can be
found in the appendixT@ble Al). Prepared for analyses wet® samples from the Enticho Sandstone,

13 from the Edaga Arbi Glacialg,samples from basement aalll bouder samples The selection of
samples for analyses was made by giving priority to samples that are biostratigraphically constrained
for the sandstoneto cover a large geographic and stratigraphic spread and by the quality of the samples
(little weathemg, uniform grain size)An overview of the selected samples for analysestandpplied
methodss given in the appendixT@ble A2). Section2, 3 and4 contain lists of the samples used in
therespective study as well as maps with the sample locations. All samples are stored at the Institute of
Applied Gesciences, Technical University of Darmstadt.

1.5.2. Multi-method provenance analysis

The composition of a sandstone is rarely the exact image of the source rocks contributidgttittise

A sediment is altered by many different processes on its way from source toFgjoke (1-4):
weathering in the source area, breaking and abrasion, sorting during transport, addition of intraclasts,
weathering during alluvial storage, recycling, sorting during deposition and processes acting during
burial diagenesi(e.g. Morton and Hallsworth, 1999Veltje and von Eynatten, 2004This makes it

difficult to trace back the provenance of the sediment and to ascribe features to a certain cause or process.
Since none of the various methods that can deliver provenance information yields unique results, it is
necessary to use several methods on the same sampled.gérplte 1-5 gives an overview over the
methods used in this thesis and their systematics. In the following, the methods and how they
complement each other are desedlin brief.

Petrography

Thin sections of the sandstan¢he basemeand balders were studied under a polarizing microscope

at the Institute of Applied Geosciences, Technical University of Darmstadt. The samples fromsboulder
and the basement were studied only qualitatively to determine the rockvtypeagor the sandstone
samplesthe proportions of quartz, feldspar and lithic fragments were coubétdils on the counting
procedure are given in Sectidr8. Theseproportionggive informatim on t he sedi ment 6s
maturity, which is essentially influenced by chemical alteration during surface weathering (in the source
area, at temporal storage during transport, or in the outcrop) or during diag@viedisn and
Hallsworth, 1999Garzanti, 201). The textural maturity, i.e. roundness of the mineral grains and degree

of sorting, can be assessed during petrography as well. It is influenced by procesged ity
transport, such as transport medium, hydrodynamics and to a minor degree transport(Mstdone

and Hallsworth, 1999Garzanti et al., 2035Garzanti, 201y, The matrix content can further reveal
information on the transport process and depositional environment (e.g. beach sand vs. moraine
deposits). While petrography provides rather a first approach on the nature of the samples and a bunch
of possible procees that acted on the sediment, an advantage is that primary and secondary signals
(such as authigenic phases that grew during diagenesis) can be separated.




Figurel-3: Impressions of the landscape in tteern Ethiopia, where most dhe sampls were taken, from the field trip in
October 2015. ajear Edaga Robi; b) near Zalambassa; ¢) near Atsbi; d) near Adwa.

Bulk geochemistry

Bulk geochemical analyses where carried out usingayX fluorescence spectcopy (XRF) and
inductively coupled plasma mass spectrometry {M3¥) at the Geoscience Centre, University of
Gottingen. Analyses were conducted on powders of sandstone, basement and boulderBetaitdes

on the procedure are given in Sectib8 Major elements and certain trace elements were determined

by XRF; further trace element, including rare earth elements (REE) were measuredM$.|Gy

analysis of the major elements, information from petrography can be confirmed and quantified. For
example, the degree of chemical weathering (or diagenetic modification) can be assessed by the
chemical index of alteration (CIA) introduced Nesbitt and Young (1982Major and trace elements

can point to the presence of certain minerals or mineral groups. A high proportion of Al, for instance, is
often associated with a high clay or feldspar content, whereas a high P coaygmbint to apatite. Zr

and Th may indicate the presence of heavy minerals, such as zircon or monazite. Furthermore, the major
and trace element compositions of the studied sandstone samples are compared to those of the
underlying basement to test a pbssiprovenance from the local basement. Many of the studied
elements are, however, highly mobile and thus easily affected by processes altering the sediment,
including weathering in the outcrop, from which the sample is taken. The interpretation should,
therefore, be done with caution. An element group, which is less mabilee group ofrare earth
elementgMcLennan, 198p The pattern of REE in a sandstone sample, normalized to the composition
of a standard chondrite, gives first hints to the parent rocks, from which the sedimenfsténssance,

rocks from dfferentiatedandundifferentiatednagmas feature different REE pattefiieLennan et al.,

1993.




generation parent lithology

topography
- weathering climate
- erosion
= breakage
depersal
chemical modification
- recycling
= sorting
- addition of intraclasts ©
- compaction composition & texture
- authigenesis . . burial history
- intrastratal solution diagenesis fluid chemistry

Figurel-4: Processes altering @diment on its pathway from source to sink and controlling factorgHese processes
(Figure fromWeltje and von Eynatten (2004)

Conventional heavy mineral analysis

Heavy minerals are minerals with a specific density higher than arougécth®Mange and Maurer,

1992. They can be rock forming in their parent rock (such as amphiboles, pyroxenes and micas) or
accessory (such as zircon, apatite or tourmaline). In clastic sediments they usually make up less than
1 wt-% of the sedimeniMange and Maurer, 1992Heavy minerals areften specific in origin and can

be diagnostic for a certain source rock or rock type (e.g. metamorphic rocks, felsic igneous rocks, etc.).
Some metamorphic minerals, such as andalusite, sillimanite and kyanite, even stand for certain pressure
and temperare conditions. By conventional heavy mineral analysis, a study of the heavy mineral
assemblage, i.e. counting the proportions of the various heavy minerals in the sample, is meant. Since
the minerals have different potentials of being altered by phyaiththemical process@sg.Morton

and Hallsworth, 1999Garzanti, 201y and different hydrodynamic behavioufs.g. Rubey, 1933
Garzanti et al., 20Q8the study of mineral proportions may be misleading. Therefore, pairwise indices
comparing the mportions of minerals with similar typical grain size, hydrodynamic behaviour and
resistance to alteration can be used to assess, for instance, the influence of metamorphic versus magmatic
parent rockge.g. Morton and Hallsworth, 1994For conventional heavy mineral analydise grain

size fraction of 68125um has been used to ensure comparability with previous siiMiaton et al.,

2011 Bassis et al., 201%aSome samples were further studied in theit®and 126250 um fractions

to reveal the influence of the studied grain size window (for details see SEgjidrhe heavy minerals

have been separated from the light ones using a liquid with a densitygd€i@38and scatter mounts of

the obtained heavy mineral concentrates were studied under a polarizing microscope at the Institute of
Applied Geosciences, TechnicBniversity of Darmstadt. For some samples the heavy mineral
proportions were additionally determined using Raman spectroscopy at the Geoscience Centre,
University of Gottingen.

Mineral chemistry

The bulk of the heavy minerals in a sandstone is sgtliscantly influenced by the aboxdescribed
processes of alteration affecting a sediment on its way from source to sink. Théoefosyminerals

it is still not possible to discriminate, whettikeir presence/absence or ratios are due to certanceo

rocks that are involved, or due to later alteration. In most cases, it is probably a combination of both. To
overcome this problem and get isolated provenance information, the study of single mineral species is
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a powerful complementary techniq(ge2g. von Eynatten and Dunkl, 2Q12he elemental or isotope
composition of some heavy mineral species reflects certain chemical, pressure or temperature conditions
during formation, which may poi to a certain host rock type. In this thesis, the chemical compositions

of rutile and garnet are studied. Rutile is one of the most stable heavy minerals and very resistant to
physical and chemical alteration. Its chemical composition is dependent ometaenorphic
temperature during formation and also on whether the mineral grows in a metafelsic or a metamafic host
rock (e.g. Triebold et al., 2007Meinhold, 2010 Triebold et al., 2012 Garnet chemical composition
depends on host rock lithology, temperature and pressure conditions @davih, 1987 Mange and

Morton, 2007. For this thesis, rutile and garnet grains were fa#okied from the heavy mineral
concentrates of ten samples under a binocular microscope, mounted in epoxy and polished. The chemical
compositions were studied using electron microprobe sisadiy the Geoscience Centre, University of
Gottingen.

Multi-method provenance analysis

Bulk sample Heavy minerals

Bulk geochemistry Certain mineral species

Mineral chemistry

O

Petrography Major and trace Rare earth Heavy mineral Rutile Garnet Zircon
elements elements assemblage chemistry chemistry chronology

Figurel-5: Overview othe methods used in this thesis and their systematics.

Detrital zircon chronology

Another suite of provenance methods applied to single mineral spedies radiometric dating of
minerals. In this thesi$Ji Pbdating of detrital zircons is appliedircon, similar to rutile, is one of the

most stable heavy minerals and very resigamhysical and chemical alteration. Furthermore, zircon

is an abundant heavy mineral in many kinds of source rézk#ng growth, it incorporateld, but no

or little Pb (Roberts and Spencer, 201%/hen the mineralaols below the closure temperature of the

Ui Pb system, no exchange with the environment can take place anymore and during radioactive decay
of U, the daughter product Pb beconrpped andnriched in the crystalhe decay reactions used

here are

Ca C4
€ Ex
Ca C4
€ Ex

Y 0 p and
% 0 0.

Knowing the decay constant values, the crystallisation age t of the zircon can be determined by
measuring thgroportionsof 2°Pb/*8J and?°’Pb/**U in a zircon crystalA common diagram fothe

Ui Pb dating of zircon and monazite is the Concordia diagRlotting the ratios of°Pb/*%U and
207PpA*U of many zircons of different agegainst each other after subtractidithe initial lead content

yieldsa curve, along which the ages determined fron?#Rb?%8U and?°’PbF3U ratio, respectively,

are the same. A zircon grain which plots on the Concordia curve has been a closed system since its
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crystallisation and itsgee can unequivocally be determined. A zircon grain plotting besides theigurve
discordant due to diffusion of radiogenic &t of the crystallf this lead loss occurred during a single
(metamorphic) event, the intersections with the Concordia curve indicate the original crystallisation age
and the age of lead log®krusch and Matthes, 2005However, theclosure temperaturef zircon
regarding its WPb systernis very high withO900°C (Lee et al., 1997 This meanghat the UWPb

system can survive most metamorphic and-gegsitional processes without being modiged lead

loss due to a single metamorphic event is.riranost cases, lead loss of discordant zircons occurs
continuously due to damage of the cri/staucture by its own radioactivity and the crystallisation age
cannot be determing@krusch and Matthes, 200%-or provenance analysis, theeagopulations of
zircons in the studied sand(stone) samples can be linked to potential source rocks if the ages of these
source rocks are known. A problem with the study of ancient rocks is, however, that the source rocks
may not be present anymore nowasldiyor this thesigs for rutile and garnet chemistgrcons were
handpicked from the heavy mineral concentrates 1df sandstone samples under a binocular
microscope, mounted in epoxy and polished. ifeasurement of U and Pb isotopes wadormed

using laser ablation inductively coupled plasma mass spectrometrCe-MS) at the Institute of
Mineralogy, University of Minster.

1.5.3. Statistical analysis of obtained data

Somedata obtained in this thedis.g. bulk geochemistry, mineral chemysand zircon chronology)

were statistically evaluated to explore the internal variability of the datasets and compare them to
literature data.

The data from petrographic and heavy mineral point countijgpchemicaland mineral chemical
analysedelongto the class of compositional data meaning that tueyain relative informatigrare
nonnegativeand sum up to a whole, e.g. 1 or 10@RawlowskyGlahn and Egozcue, 2006standard
statistical methods cannot readily be applied to this class of datassairttmethods are designéor

datain the real spacthat range fromb t oandtc@n lead to spurious effects when applied to parts of
a composition(Pavlowsky-Glahn and Egozcue, 2006The sample space for compositional data
however s the simplex with the respective dimens{erg. Egozcue et al., 20L1A way to transform
compositional data from the simplex to the real space is takingtagg, that is, the logarithms of ratios

of componentgAitchison, 1982 1986. Aitchison (1982)introduced the additive and the centred-log
ratio transformations. For the formene of the components is taken as the denominator, all others are
divided by this one ahthe natural logarithms are taken. For the latter, the components are divided by
the geometric mean of the whole composition and the natural logarithm is Egjoacue et al. (2003)
later introduced the isometric lagtio transformation, which is more corngalted to perfornand the
ratios more complex to interprehut has some advantage when processing the data further
(PawlowskyGlahn and Egozcue, 2006olosanaDelgado, 201

In this stuly, centred logatio transformation (clr) is applied frepare data foprincipal component
analysis (PCARs suggested BiolosanaDelgado (2012)This methodPCA) reduces the dimensions
of a multivariate dataset to principal components (§tl)containing the most important information
and aimingto find the best summary of the data with a limited number of(B€sr et al., 201)7 The
PCs are linear combinations of the original variables of the datadetan be seen as the directions in
the dataetthat explain a maximal amount of variarftever et al., 201)¢ There are as many PCs for a
datasess it contains variables and they are constructed in a way that the first PC represents the direction
of the maximum variance within the dataset, the second PC the seconddargest ofvariance and
so on. The result of a PCA can be displayed in aobipl the first two PCs, making it possible to
visualize the most important informaticontained in the datasettwo dimensiongFigurel-6 ). In a
clr-biplot the orgin represents the centre (geometric mean) of the dqiaseEynatten et al., 2003
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Both the samples and the variables are represented in the Biplate(l-6 a). Variables are displayed

as arrows pointing to their eloadings in the first two PQ3 olosanaDelgado, 201p The length of an
arrow represents the variance of the correspondirgacisformed variable,g. long arrows imply large
variance, short arrows imply small variarfelosanaDelgado, 2012 A small angle between an arrow
and one of the axes implies high influence of the respective variable on the corresponduag PC
Eynatten et al., 20Q3A collinear set of arrows meariat the respective variables are correlated,
orthogonal arrows indicate that their pairs of-tagjos are uncorrelatddolosanaDelgado, 202). The
samples are displayed as points in the biflloé distance between data points is a measure of similarity,
that is, strong clustering of data points/samples implies that these samples have strong similarities in
composition(von Eynatten et al., 2003During interpretation of a compositiorRCA biplot it must be
kept in mind that only a portion of the total variability of the dataset is explained by tiérhe&asional
projection. The calculated percentage of variability represented by the two BO@#lit is a measure

of strength of the biplot for data interpretatimon Eynatten et al., 2003t is also possible to combine
different datasets in one PCA, as it is done in Se&iarin this case, it is necessary to standardize the
variables so that they have unit variance to account for the different units in the damsatst al.,
2017).

For geochronological data, PCA is inappropriat¥éermeesch (2013) therefore suggests
multidimensional scaling (MDS) to facilitate muthmple comparison of geochronological dMBS

is a superset of PCA and makes less assumptions about tiié¢etateesch, 20)3MDS is used in this

study to compare detrital zircon age spectra obtained for the two studied formations to data from the
literature. This technique prodwesa simple twedimensional magFigure1-6b)i n  whi ch fsi n
samples plot close toget her (Memdesch dnd &azani,i20l&r 0 s
The KolmogorovSmirnov statistics can be used as a dissimilarity mea@/eemeesch, 2013
Vermeesch and Garzanti, 2015he MDS algorithm produces Rdimensional configuration of points

for which the Euclidian distance between two points approximates the disparity between the respective
samplegVermeesch, 20)3For R = 2, the result can be visualized as a map. For the most general case,
making least assumptions about the data;metricMDS is usedThe goal here is not to approximate

the dissimilarities themselves, but rather their relative révikemeesch, 2093 The solution for non

metric MDS is not found analytically but numericallyermeesch, 20)3As for PCA, it is important

to note that MDS makes an abstraction of the data and does not always cover all the details of complex
datasetgVermeesch, 2013
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Figurel-6: Simple sketch of a) a typical principal component analysis (PCA) biplot and b) a multidimensional scaling (MDS)
map.
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Abstract

We compare Ethiopian glaciogenic sandstone of the Late Ordovician and CarbonhRerouan
Gondwana glaciations petrographically and geochemically to provide insight into provenance, transport
and weathering chacteristics. Although several studies deal with the glacial deposits in northern Africa
and Arabia, the distribution of ice sheets and contiédé glacier dynamics during the two glaciations
remain unclear. Provenance data on Ethiopian Palaeozoic segiyneocks are scarce. The sandstones

of the Late Ordovician glaciation are highly mature with an average quartz content of 95% and an
average chemical index of alteration of 85, pointing to intense weathering and reworking prior to
deposition. No evidemcfor sediment recycling was found. In contrast, the CarbonifidPaumian
glaciogenic sandstones are less mature with an average quartz content of 75%, higher amounts of
feldspar and rock fragments and a chemical index of alteration of 62. Trace amedrthrelement
concentrations indicate a higher input of juvenile material, most probably from proximal sources.
Comparison with stratigraphically corresponding formations in Saudi Arabia shows similar geochemical
patterns for the Upper Ordovician, but mrajtifferences in the Carboniferdd®ermian. This supports
previous assumptions of a large, uniform sediment dispersal system during the Late Ordovician
glaciation, in which a combination of long transport paths and exceptionally strong weathering prior to
the glaciation produced mature sandstone. During the Carbonif@emwsian, the glacial systems seem

to have been more localised and glacial abrasion exposed fresh basement material.

2.1. Introduction

During the amalgamation of the Gondwana supercontinent in the Neoproterozoic (between 650 Ma and
600 Ma), the East African Orogen was fornfied ne of the | argest accret]
history (Stern, 1994 Collins and Pisarevsky, 2005quire et al., 2006 In Northeast Africa, a stable
platform developed after the consolidation of the newly formed continent, on whiakt blanket of
Palaeozoic sand was deposi(€drfunkel, 2002Avigad et al., 2006 The sediment transport direction

is generally assumed to have been towards #rgimof northern Gondwarfe.g.Meinhold et al., 2011

Morag et al., 201)1 However, the exact provemeze of the sediment and its pathways are still poorly
understood. Palaeozoic sedimentary rocks in Ethiopia are related to the two major Gondwana
glaciations: 1) the Late Ordovician glaciation and the following transgression, probably up to early
Silurian and 2) the Carboniferoii®ermian glaciatiofSaxena and Assefa, 1983umpulainen et al.,

2006 Bussert and Schrank, 20umpulainen, 200;/Bussert, 2010with a large hiatus between them.
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Although several studies deal with the glacial deposits in northern Africa and A@Gibenne, 2003

Le Heron et al., 200Bussert, 2010Keller et al., 201}, the distribution of ice sheets and continrent

wide glacier dynmnics remain unclear. For the Late Ordovician glaciation, a scenario of a large ice sheet
covering the whole Saharan region or even whole central Gondwana is pré@gs€dhienne et al.,

2007 Le Heron and Craig, 2008During the Carboniferoii®ermian glaciation, a moreroplex spatial

and temporal pattern of ice sheets is likely. Different authors propose a system of several local ice centres
that developed asynchronously across Gondwarta Eyles, 1993 Fielding et al., 2008 The late
Palaeozoic topography in northern Gondwana was influenced by the Hercynian tectonic event and by
thermal uplift prior to the formation of the Zagros rift zone thatrlédemed the Nedlethys ocean
(Sharland et al., 2001in such elevated areas mountain glaciers may have formed in the Carboniferous
Permian(Konert et al., 2001Bussert and Schrank, 200Ze Heron et al., 2009 In southern Liga

(Morton et al., 201jland Saudi ArabigKnox et al., 2007Bassis et al., 201¢§aprovenance changes

were idatified during the Carboniferous based on heavy minerals, pointingdamisation of the
sediment dispersal system. A comparative field study on deposits of both Gondwana glaciations in Saudi
Arabia has been carried out Kgller et al. (2011%)detailed petrographic and bulck geochemical

data on these formations were providedBassis et al. (2016b)'hough, in these studies, common
glacial and proglacial sedimentary features can be found in both formations, the sedimentary rocks of
the Late Ordovician glaciation are significantly more quartzose than those of the late Palaeozoic
glaciation. The high maturity of lower Palaeozoic seditagrocks of northern Gondwaiaintypical

for postorogenic sediment was also discussed bgarfunkel (2002)and Avigad et al. (2005)
Recycling of older sedimentary units cannot be ruled outAbigad et al. (2005kuggested strong
chemical weathering undecarrosive CambridarOrdovician atmosphere in a vegetatioge landscape

to be the reason for this high sandstone maturity. Strong chemical weathering is indicated by the highest
marine®Srf%Sr |1 evel i n Ear t hdeg. $guire etalr, 3B) addunmay hage beem at t i m
enhanced by acidic precipitation due to Ordovician volcafiéelier and Lehnert, 20)0Morag et al.

(2011) assumed a far distant sediment source for lower Palaeozoic sedimentary rocks in Israel and
Jordan based on pRanAfrican detrital zircon ages. In Ethiopia, sedimentological and palgicab

studies on Palaeozoic glacial successions have been carried Dawbgt & (1971) Beyth (1972a

19728, Saxena and Assefa (198Bussert and Schrank (200Bussert and Dawit (200@ndBussert

(201Q 2014, providing evidence that two different glations are recorded. Geochemical and heavy
mineral data to assess the provenance of these sedimentary rocks are lacking so far. A likely proximal
source area is the Arabiadubian Shield, which forms the northernmost part of the East African Orogen
and eaches south to the northern Ethiopian baserfenirg2-1). It consists of Neoproterozoic juvenile

arcs, younger sedimentary and volcanic basins, voluminous granitoid intrusions and minor remobilised
pre-Neoproterozoic crust and further contains ophig¢liern, 1994Meert, 2003Johnson et al., 2011

Stern et al., 2002 Potental distal source areas are the Archean cratons and the Proterozoic mobile belts
in the centre of Gondwan&igure2-1).

In this study, we provide petrographic and geochemical data for the two Palaeozoic glaciogenic
successions in Ethiopia in order to:
9 Differentiate both formations based on petrography atlgemistry making it possible to
assign unknown samples to one of them,
1 Show that different weathering and transport conditions prevailed during both glacial periods,
91 Point out a change in regional correlation with Saudi Ar@béler et al., 2011; Bassiet al.,
2016a; 2016bbetween the two glaciations, reflecting different extents of the pataesheets.
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Figure2-1: Eastern Africa and Arabia with occurrences of Precambrian rocks and major tectit\id lne outline of Ethiopia
and the study regions are indicated in blue.

2.2. Geological setting

Palaeozoic sedimentary rocks crop out in the northern Ethiopian province Tigray around the Mekelle
Basin and to a minor extent in the Blue Nile region in the west of the cditatzynin, 1972 Garland,

198Q Tsige and Hailu, 2007 The Palaeozoic units comprise sediments of the two major Gondwana
glaciations in the Upper Ordovician and the Caifssous Permian(Saxena and Assefa, 1983
Kumpulainen et al., 200®8ussert and Schrank, 2Q0umpulainen, 200;Bussert, 2010 They overlie
Neoproterozoic basement rocks and are in turn overlain by Mesozoic clastic and carbonate sediments
(Beyth, 1972aTefera et al., 199@awit, 2010.

The basement in Ethiopia represents the junction of the Mozambique Belt in the south and thé Arabian
Nubian Shield in the NorttKazmin et al., 1978Tefera et al., 19965tern et al., 2012; FigureD. In

the southern part of the Ethiopian basement, Neoproterozoicgrade metavolcanic and
metasedimentary rocks record submarine volcanism and marine sedimentation at the northera rim of th
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closing Mozambigue OcediKazmin et al., 1978Miller et al., 2003 Miller et al., 2009. In northern
Ethiopia, the basement comprises two main units: the metavolcanic/metavolcaniclastic Tsaliet Group
and the overlying Tambien Group, a slate and metacarbonate succession, pathgpéanschist facies
(Beyth, 1972b Alene et al., 2006 Syn and posttectonic granites and diorites intruded both units
(Beyth, 1972bKazmin et al., 1978Tefera et al., 1996
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The Palaeozoic glacial deposits of Ethiopia were first describ&btwet al. (1971and Beyth(1972a

19721 as two facies (tillite facies Edaga Arbi Glacials and sandstone fagidsnticho Sandstone),
which interfinger léerally and both, in places, lie unconformably on the basement. They assigned both
facies to one glacial episode. Later, early Palaeozoic trace fossilg\(gugphycus alleghaniengis

were found in the upper part of the Enticho Sandstone and gave raumirdge for the underlying
glaciogenic depositsSaxena and Assefa, 198mpulainen et al., 2006In the Edaga Arbi Glacials,
CarboniferousPermian palynomorphs provide age conBissert and Schrank, 2Q@ussert, 2014

The Enticho Sandstone unconformably overlies the Neoproterozoic basement anllittasess of up

to 200m (Saxena and Assefa, 1983awit, 2010). Bussert and Dawit (2009) provide detailed facies
descriptions. It consists of basal tillite, a lower glaciogenic sandstone unit and an upper shallow marine
sandstone unit. The tillite is exposed only in the area east of Wkilgior€2-2). Its matrix is red medium

sand. Clasts are angular boulders of metavolcanics, metapelites and conglomerates, probably from the
local basement and wetbunded quartz pebbles, igh may be recycledHgure 2-3 g). Since large
volumes of sandstone are not present in the local basement, the matrix material may have been
transported fronfurther away. Associated with the tillite are soft sediment deformation structures in
underlying sandstond-igure2-3 h) and in the tillite itself, which may represestitallow marine push

moraine or grounding line complexes (Dawit, 2010). The glaciogenic unit consists mainly of massive,
partly largescale cros®edded fineto mediumgrained sandstone, with intercalated gravel bEidgi(e

2-3f) interpreted to represent pulses of glacial outw@slssert and Dawit, 200®awit, 2010. The

shallow marine unit comprises Walorted sandstones with bipolar crdiesl sets and rhythmic mud
drapes suggesting a tideminated shallow marine depositional sett{Byissert and Dawit, 2009

Dawit, 201Q. The Enticho Sandstone occurs along the eastern rim of the Mekelle Bgsireg-2 a).

The Edaga ArbGlacials unconformably overlie the Enticho Sandstone and, in places, lie directly on the
basemente.g. Beyth, 1972b They crop out along the western and southwestern margin of the Mekelle
Basin and to a minor extent in the Blue Nile region in western Ethiemarne2-2). Their thickness is

around 200n in northern Ethiopia, but significant lateral thickness variations q&ussert, 2010

Bussert and Dawit (2009) and Bussert (2014) give detailed descriptions of the sediment facies. The
Edaga Arbi Glacials consist of tillite at the base overlain by laminatedasiaysiltstones, which contain
scattered ousized clasts and lenses of sdode (Beyth, 1972b Bussert and Dawit, 200Bussert,

20149). In the tillite, mostly rounded boulders of gitaid, metabasic and metasedimentary rock are
found and often exhibit striated surfacésg(re 2-3 c). Outsized clasts in rhythmic lamination of
sandstone ansilt- to claystone Figure2-3 b) are interpreted as dropstones (Bussert and Dawit, 2009;
Bussert, 2014). The sandstone lenses may represent channelized glacial aldywasits or
hyperpycnal sediment flows (Bussert and Dawit, 2009; Bussert, 2@d4gsert (2014proposed a

model for the generation of this succession with initial glacier advance and deposition of tillites,
followed by the formation of subaerial and subaqueous outwash fans during the glacier retreat and the
final suspension settling of silt and clay in calm water of a proglacial lake or fjord. Periodic hyperpycnal
sediment flows and the deposition of dropstones umpéed the suspension settling. The association of

the Edaga Arbi Glacials with glacial landforms on the basement surface, such as roche moutonnées,
rock drumlins as well as glacial striae confirms a glacial origin (Bussert, 2010). In the Blue Nile region
(Figure2-2 b) Permiaii Triassic continental sandstones partly overlie the Edaga Arbi GléDiavsit,

2014. The Palaeozoic successiori isnconformably in northern Ethiopiaoverlain by the Mesozoic
Adigrat Sandstone, the Antalo Limestone, Agula Shale and Amba Aradam Forgisiah, 1972b

Dawit, 2010.
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a) Edaga Arbi s

TR

Figure2-3: Field photographs. (a) Sandstone labsve tillite with muddy matrix and rounded clasts of various compositions
at the base of the Edaga Arbi Glacials. (b) Dropstones in rhythmically laminated sandstone @ncajistone in Edaga Arbi
Glacials. (c) Striated boulder in tillite at the basé&daga Arbi Glacials. (d) Rhythmic mud drapes on-bemssin marine part

of the Enticho Sandstone indicating intertidal environment. (e) Herringbone -taosgation in marine part of Enticho
Sandstone indicating tidal environment. (f) Alternatiorgodvel bedsind sandstone iglaciogenic part of Enticho Sandstone.
(g) Tillite at the base of glaciogenic Enticho Sandstone. (hs&difnent deformation structures in sandstone underlying
tillite in the basal part of Enticho Sandstone.
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2.3. Sampling and metods

Thirty-two sandstone samples were taken from surface outcrops, 19 from the Enticho Sandstone and 13
from the Edaga Arbi Glacials. The focus of the sampling campaign was on northern Ethiopia since
Palaeozoic glacial sediments are more abundant tinettee Blue Nile region in the west of the country,
glacial sediments could be identified at only one locakigre2-2 b). In addition to the sedimentary

rocks, 7 samples from the local basement of northern Ethiopia were studied, as well as 11 samples from
boulders in tillite of the Edaga Arbi Glacialgure2-2 shows the sample locatiorisable2-1 provides

the corresponding coordinatedampling sites were chosen in order to cover a laterally extensive area
based on previous stratigraphic and sedimentological work of R. Bussert and E. L(Eessért and
Schrank, 200;Bussert and Dawit, 2009; personal communicatidfe paid attention to select sampling

sites where there is biostratigraphic control on the sediments. Furthermore, we distinguished the Enticho
Sandstone and Edaga AfBlacials based on honibeterogeneity in grain size and mineralogy and on
sedimentary structures: the outcrops of the Enticho Sandistypert from the tillite at the base of one
outcrop (see Sectid?) i appear uniform in grain size and mineralogy (hjgiliartzose). The Edaga

Arbi Glacials are much more heterogeneous (see Sex@hnn the Edaga Arbi Glacials, we mainly
sampled from the sandy lenses. Three samate from the tillite matrixT@ble2-1). One sample was

taken with highly uncertain stratigraphic assignment (sample5SEdable 2-1). For reasons of
comparability, we focused on the figeained parts of the sandstones during sampling, i.e. a dominating
grain size of 6B250um, using the graisize comparator chart for field woby Stow (2005)

Petrography

Thin sections were prepared from all samples. The samples from basement and tillite boulders were
studied only qualitatively in to determine the rock type. The framework composition of the sandstone
samples was assessed by pominting of 30@rains pers ampl e using the Atra
method(e.g. Decker and Helmold, 1983n contrast to the Gazbickinson methode.g.Ingersoll et

al., 1984 Zuffa, 1985, minerals within lithic fragments are counted as the type of fragment they occur

in. We used this method to make sure that information conveyed by the type of lithic fragment is not
lost. However, only few lithic fragments are presienthe samples so that the choice of the counting
method does not have a significant effect on the result. The matrix content was estimated based on the
comparison chart dfolk (1951)with an upper graksize limit for the matrix of 3Qum. Sorting and
roundness of the framework grains were estimated accordirgoteers (1953) For sandstone
classification, we used the scheme of McBride (1963; #). We did not use the scheme [dtt
(1964)that includes wackes, even though many samples have a high matrix ¢dat#atA3). This

is, because in many cases it cannot be decided whether the matrix is primary or secondary.

Major and trace element geochemistry

For geochemical analysis, ~§0of each of the 50 samples were uised to a particle size <@@n

using an agate vibratory disc mill. Geochemical analyses were carried out at the Geoscience Centre at
the University of Goéttingen, Germany. Concentrations of major elements and selected trace elements
were determined by -Xay fluorescence analysis (XRF) on fusion tablets. For each samg@RrB8ck

powder were mixed with 56 of a dilithium tetraborate/lithium metaborate fluxing agent
(Spectromelt® A12, Merck) and 0.@glithium fluoride and fused in platinum cruciblas 1250°C.

XRF analysis was performed using a PANalytical AXIOS Advanced sequentay Ruorescence
spectrometer equipped with a rhodium target tube for sample excitation and the software4SoperQ

data processing. Further trace elements, includang earth elements (REE) were quantified using
inductively coupled plasma mass spectrometry {M%) on the dissolved sample. For each sample
100mg of rock powder were digested in the following steps using a PicoTrace® acid sample digestion
system: (1) pe-reaction with 2nl HNO; at 50°C overnight, (2) first pressure phase wittmnBHF (40%)
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and 3ml HCIO4 (70%) at 15C0C for 8 hours, (3) evaporation at 180 for 16 hours, (4) second pressure
phase with 10nl double deionised water, 2nl HNOs and 0.5ml HCI at 150°C for 4 hours. The
resulting solution was diluted to 108 with ultrapure water. Analysis was performed using a
ThermoElectron VG PlasmaQuad 2 quadrupole-M3$ Measurements were calibrated to the standard
JA-2 of the Geological &vey of Japan.

Table2-1: Samples, corresponding locations ag@bgraphic coordinates (WGS84). The stratigraphic assignment is based on
biostratigraphic evidence (B) or lithofacies characteristics (LBginutcropor it is uncertain (U).

# Sample Formation  Age Location North(°) East(°) Position Facies/ Strati-
within Fm.  Lithology graphic
assignment
1 Enti4 Enticho Upper Ordovician Atsbi south 13.83465 039.71262 Base Tillite matrix U
2 Enti5 Enticho Upper Ordovician Atsbi north 13.88828 039.74783 Base Glacial B
3 Enti7 Enticho Upper Ordovician Atsbi north 13.88842 039.74259 Base Glacial B
4 Enti9 Enticho Upper Ordovician Wollwello 14.22037 039.65014 Base Glacial B
5 Enti13 Enticho Upper Ordovician Zalambassa 14.49275 039.41911 Base Glacial LF
6 S1 Enticho Upper Ordovician Sinkata 13.96861 039.61167 Base Glacial B
7 S2 Enticho Upper Ordovician Sinkata 13.96861 039.61167 Base Glacial B
8 Nib-1 Enticho UpperOrdovician Adigrat south 14.25194 039.48972 Base Glacial B
9 Nib-2 Enticho Upper Ordovician Adigrat south 14.25194 039.48972 Base Glacial B
10  North-1 Enticho Upper Ordovician Adigrat north 14.31333 039.46000 Base Glacial B
11 North-2 Enticho UpperOrdovician Adigrat north 14.31333 039.46000 Base Glacial B
12 Enti6 Enticho Upper Ordovician Atsbi north 13.88842 039.74827 Top Marine B
13  Enti10 Enticho Upper Ordovician Wollwello 14.21839 039.64994 Top Marine B
14  Entil2 Enticho UpperOrdovician Zalambassa 14.49627 039.41911 Top Marine LF
15 S3 Enticho Upper Ordovician Sinkata 13.97056 039.61111 Top Marine B
16 S4 Enticho Upper Ordovician Sinkata 13.97056 039.61111 Top Marine B
17  Nib-3 Enticho Upper Ordovician Adigrat south 14.25222 039.49583 Top Marine B
18 Nib4 Enticho Upper Ordovician Adigrat south 14.25222 039.49583 Top Marine B
19  North-3 Enticho Upper Ordovician Adigrat north 14.31944 039.45889 Top Marine B
20 Eda2 Edaga Arbi  CarboniferousPermian  Enticho 14.28166 039.14725 Base Tillite matrix B
21 Eda3 Edaga Arbi  CarboniferousPermian  Enticho 14.27929 039.14836 Base Sand lens U
22  Eda4d Edaga Arbi  CarboniferousPermian  Edaga Robi 14.38906 039.18161 Base Tillite matrix U
23  Eda6 Edaga Arbi  CarboniferousPermian  Edaga Arbi west 14.05667 039.07095 Base Sand lens LF
24  Eda8 Edaga Arbi  CarboniferousPermian  Megab south 13.90944 039.32301 Base Sand lens B
25  EdalO Edaga Arbi  CarboniferousPermian  Dugum 13.84957 039.49003 Base Sand lens LF
26  Edall Edaga Arbi  CarboniferousPermian  Abi Addi 13.61842 039.00042 Base Sand lens LF
27  Hul Edaga Arbi  CarboniferousPermian  Bure, Blue Nile 10.31057 037.05068 Base Sand lens LF
28 Eda9 Edaga Arbi  CarboniferousPermian  Megab south 13.90915 039.32235 Top Sand lens B
29 Edal2 Edaga Arbi  CarboniferousPermian ~ Samre 13.17844 039.19745 Top Sand lens B
30  Hu2 Edaga Arbi  CarboniferousPermian  Bure, Blue Nile 10.31057 037.05068 Top Sand lens LF
31 Edal Edaga Arbi  CarboniferousPermian  Adigrat west 14.31171 039.40472  Uncertain Tillite matrix LF
32 Edab5 Uncertain Uncertain Adwa east 14.19102 038.93957 Uncertain  Sand lens U
33 Basl Unknown Megab 13.93496 039.36520 Metabasite
34  Bas2 Unknown Megab 13.93496 039.36520 (Meta)basite
35 Gnl Unknown Megab 13.93496 039.36520 Paragneiss
36 Gr3 Boulders  Unknown Adigrat west 14.31171 039.40472 Granitoid
37 Gr4 in Unknown Adigrat west 14.31171 039.40472 Granitoid
38 Gr5 Edaga Unknown Adigrat west 14.31171 039.40472 Granitoid
39 Gr6 Arbi Unknown Megab 13.93496 039.36520 Granitoid
40  Gr7 tillite Unknown Megab 13.93496 039.36520 Granitoid
41  Gr8 Unknown Megab 13.93496 039.36520 Granitoid
42  Gr9 Unknown Megab 13.93496 039.36520 Diorite/Gabbro
43  Grl0 Unknown Megab 13.93496 039.36520 Diorite/Gabbro
44  Neopl Basement  Neoproterozoic Atsbi south 13.83374 039.71132 Metagreywacke
45  Neop2 Basement  Neoproterozoic Negash 13.83561 039.61442 Metatillite
46  Neop3 Basement  Neoproterozoic near Negash 13.94186 039.59876 Metabasite
47  Neop4 Basement  Neoproterozoic Zalambassa 14.49276 039.41899 Metapelite
48  Neopb Basement  Neoproterozoic Road Debre Damo 14.37729 039.27883 Metagreywacke
¢ Enticho
49  Grl Basement  Neoproterozoic Negash 13.89164 039.60517 Granitoid
pluton highschool
50 Gr2 Basement  Neoproterozoic Sebea 14.46629 039.48225 Granitoid
pluton

The Eu anomaly of the sandstone samples was calculated as suggédte@fayan (1989)
06 ‘0o
o ™M z'm 8
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The subscriph indicates chondriteormalised values (ségégure2-6). To put the degree of weathering
and leaching into numbers, we calculated the frequently used chemical index of alteration as proposed
by Nesbitt and Young (1982)

0 "00 Zp TLT

The molecular proportions of the respective oxides are used. CaO* is the amount of CaO incorporated
in silicates. Therefore, out of the Edaga Arbi Glacials only five samples without carbonate cementation
are considered. To get an idea of the tectonic tigaaf the sandstones we used the tectonic setting
discrimination diagrams oVerma and Armstrondltrin (2013) based on discriminant functions
employing major oxides antrace elements.

For statistical analysis of the data, their compositional natueetors of nomegative values summing

up to a wholé was taken into account. Standard multivariate statistical methods are designed for data
in the real space wheredgetsample space of compositional data is the simplex with the respective
dimension(Aitchison, 1982 Egozcue et al., 20)1To transform compositional data from the simplex

to the real spacditchison (1986)introduced the principle of letatio transformation, that is, taking

the logarithms of ratios of componernits this study, we used the centred-lagjo (clr) transformation

to perform a principal component analysis (PCA) of the major and trace element data. This means that
parts of a composition (e.g., element concentrations of a sample) are transformed by taking the natural
logarithm of the ratio of theespective part and the geometric mean of the whole compdgittohison,

2003. We performed a second PCA not considering the highly mobile elements K, Rb, Ba, Sr, Mn and
Na. The high variability of these elements masks the provenance signal. Btor€avand Mg are
excluded, because they are probably influenced by carbonate cement. The major and trace element data
of the local basement and tillite boulders were used for comparison. For the useatfoeghe data

set must not contain any zerosefefore, those have to be replaced by small values. We chose a
multiplicative zero replacement using 0.65 times the detection limit, as sugge$fiedtinyFernandez

et al. (2003)since only very few values are below the detection limits of the XRF anM&EP

2.4. Results

Petrography

According to the classification scheme MicBride (1963)the glaciogenic facies of the Enticho
Sandstone is quartzarenite to subarkose with an average composition of 90.5% quartz, 7.4% feldspar
and 1.4% lithic fragmentsThe marine facies is quartzarenite with an average composition of 99.0%
quartz, 0.2% feldspar and 0.3% lithic fragmeRigre2-4, Table A3). The lithic fragments are mostly
plutonic or sedimentary. The sedimentary lithoclasts are §ane to siltstone, sometimes with
metamorphic overprint, indicated by foliation. As expected, grain size and roundness are more variable
in the glaciogenic than in the marine urtigure2-5b, ¢, Table A3). The average matrix content is

16% with an average in the glaciogenic unit of 20% and 11% in the marinAaggssory minerals are

mostly zircon, tourmaline, rutile and some opaque phases. The sandstones in the Edaga Arbi Glacials
are subarkose to arkose with an average composition of 74.8% quartz, 18.9% feldspar and 3.3% lithic
fragments Eigure2-4, Table A3). Most lithic fragments are plutonic or sedimentary, as in the Enticho
Sandstone, but few volcanic lithics were also courifadleé A3). Apart from zircon, tourmaline, rutile

and opaque phases, garnet is an additional accessory mineral. The sandstones in the Edaga Arbi Glacials
are generally heterogeneous in composition and texture with variable rounddessderate sorting
(Figure2-5 a, Table A3). The average matrix content is 20%. 4 of 13 analysed samples of the Edaga
Arbi Glacials are strongly cemented with calcite with 22% of the thin section area, 4 samples contain

up to 5% calcite cement and the remaining 5 samples contain almost no. d&citadicators for
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significant sediment recycling, such as abraded quartz overgrowths or abundant sedimentary lithoclasts
were found in either of the two formations.

The samples taken from the basement include two metagreywackes, one metatillite apeétmaine
metabasite and two granites. The boulders sampled from the tillite at the base of the Edaga Arbi Glacials
are classified as six granitoids, two diorites/gabbros two metabasites and one parfghks2sly.

Q A Edaga Arbi

Sample Eda-5 o marine Enticho

glaciogenic Entichc

Subarkose Quartzarenite

Sub-
litharenite

Lithic Feldspatic
arkose litharenite

Figure2-4: Sandstone claddiation diagram afteMcBride (1963)Q = quartz, F = feldspar, L = lithic fragments (thin section
point-counting).

Bulk-rock geochemistry

The Enticho Sandstone, especially the marine unit, is depleted in the mobile elem&zstskRand Sr

but enriched in Th and Zr compared to the average upper continentalFiguse 2-6). Its elemental
composition is highly variable, especially in the niekeélements. The REE pattern is typical for
sedimentary rocks of upper crustal oridghigure2-6; McLennan et al., 1993). The chondiitermalised
Lan/Ybn, which quarifies the LREE enrichment, is on average 10.7. The Eu anomaly is pronounced
(i.e. <1) in the Enticho Sandstone with a mean Eufuthe glaciogenic facies of 0.8 and 0.7 for the
marine facies. The CIA is on average 92 for marine facies and 78 for tiegglaic faciesT{able A4).

The elemental composition of the Edaga Arbi Glacials is more uniform. The depletion in mobile
elements and the Zr enrichment is less than for the Enticho Sandstone. The chonchétesed
Lan/Ybn is on average 5.9 and the mean Eu/Eu* 0.9. The average CIATabR2 A4). Sample Eda

5, with uncertain stratigraphic assignment, differs from the Edaga @lduials sandstone by high
depletion in mobile elements, Zr enrichm@rigure2-6) and a high CIA of 95

In the PCA biplot of major and trace elemenfgg(ire 2-7 a), a clear separation between the two
formations as well as between the glaciogenic and the marine facies becomes obvious: along the rays of
Ni and Th (enriched in Enticho Sandstone) versus Ca, Mg and Na (enriched in Edaga Arbi Glacials) the
two formationscan be distinguished. Along the rays K, Rb, Ba and Sr (enriched in glaciogenic) versus
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P, Y, V, Sc and HREE (enriched in marine), different facies separate. Sampte Hadaa similar
composition to the Enticho Sandstone. The first three Pigarg2-7 b, c) of the principal component
analysis excluding mobile elements and carbonate cement influence together explain 74% of the total
variability. Again, a separation ohé two formations is possible with the Enticho Sandstone being
enriched in Th, Zr, Hf, U, Si and depleted in P and Al compared to the Edaga Arbi Glacials. This
separation is faciesmdependent since no clustering of marine and glaciogenic Enticho Sangstone
visible. No patterns related to stratigraphic or geographic sampling position were detected (not shown

in Fig. 7).

a)

Figure2-5: Thin section photomicrographs of the Edaga Arbi Glacials and the madrgdaciogenic units of the Enticho
Sandstone. Qz = quartz, Pl = plagioclase, Kfs = potassium feldspar, Lp = plutonic lithic fragment, Lv=(meta)volcanic lithic
fragment, St = staurolite, Ky = kyanite, Zrn = zircon (mineral abbreviationKaétzr(1983)Whitney and Evans (2010)

PPL = planpolarised light, XPLerosspolarised light.

In the tectonic setting discrimination diagram\vedrma and Armstrondiltrin (2013) based on major

oxi de concentrations, the Enticho Sandstone plc
in the ficonti nent alFigura2-Ba).dnthe active Veisus palssives mamgin diagfarm e | d
of Verma and Armstrondiltrin (2016; Figure2-8 b) based on major oxides and selected trace elements,

the Enticho Sandstone is assigned to a passive margin setting whereas the Edaga Arbi Glacials plot
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partly in the active and partly in the passive margin field. The Th/Sc and Zr/Sc ratiesarallyg higher

for the Enticho Sandstone than for the Edaga Arbi Gladradgi(e2-9). Significant Zr enrichment that
would lead to a deviation from the compositiotnahd is not clearly visible for either of the formations.

A plot of the Th/Sc versus Zr/Sc ratios of the samples grouped geographically into north, centre and
south Figure2-9 b) reveals a trend towards higher Th/Sc and higher Zr/Sc ratios along the assumed
transport direction from south to north for both formations.
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Figure2-6: Selected major and trace element concentrations normalised to the average upper continental crust (UCC;
normalising values froriMicLennan (200))are shown on the left side. Rare earth element concentrations normalised to
average Cl chondrites (normalising values fitelor and McLennan (19§5re shown on the right side.

Of the basement samples, the granites are enriched in Nb, HREE and Y and depleted in Cr and Ni
compare to the centre of the data set plottedigure2-10. The metasediments are enriched in V, Sc,

Fe, Ni and Cr and depleted in Zr, Th, Hf and U, similar to the metab&sijer¢ 2-10). The overall
composition of the basement samples resembles that of the Edaga Arbi Gagiaks2-10). Of the
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boulders sampled from tillitetahe base of the Edaga Arbi Glacials, the granitoids have similar
compositions to the granites in the baseméngure 2-10a). The diorites/gabbros have variable
compgsitions, one being rich in P and the other in Fe andFrie 2-10a). Of the basalts, one is
enriched in HREE, Nb and Y, the other in V, Sc and Cr. The compositithe glaragneiss is close to
the centre of the data set with slight enrichment in Fe, Sc and Cr.
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Figure2-7: Compositional biplots of (a) tHé'st two principal components of a principal component analysis (PCA) based on
the clrtransformed concentrations of the major and trace elements considered irfFiggre2-6 with the sum of LREE and
HREE, (b) thékst and second and (c) theérst and third principal components of a PCA based on thérarisformed
concentrations of a subset of the elements considered inFrgure2-6, which is assumed to be less affected by diagenesis
and leaching.

2.5. Discussion

When interpreting bubkock geochemical data, grasize effects have to be considered (e.g., Rollinson,
1993; von Eynatten etl., 2012). The gratsize distribution of a sediment is influenced by transport
processes, such as hydraulic sorting and comminution Rugey, 1933Garzanti et al., 2008/0n
Eynatten et al., 20)2nd by theénherited grain size of the respective minerals in the paren{kbmion

and Hallsworth, 1994 Even though we collected samples of the same major grain size, the degree of
sorting of framework grains and the matrix content differ (Se@idnTable A 3). Therefore, for
instance, the high contents of Mg, Ca, Na and K in the glacial sarfidesg2-7 a) are probably not

only related to (little) weathering and (strong) diagenesis but also to the poor sorting and higher matrix
content of the glacial samples as compared to the maraiglg A 3). To account for the facies
differences, we plotted the glaciogenic and marine facies of the Enticho Sandstone separately in the
respective diagramsigure2-4, Figure2-6 to 2-10).
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Figure 2-8: Tectonic setting discrimination diagrams aftéerma and Armstrondltrin (2013; 2016)(a) Discriminant
functions (DF) based on major oxides ¢(SIQ, AbOs, FeOs, MnO, MgO, CaO, Ma, KO, BOs; Verma and Armstrongltrin,
2013) (b) Discriminant function based on major oxides and selected elmaents (Sig TiQ, AbOs, FeOs;, MnO, MgO,
CaO, N#O, K0, BOs, Cr, Nb, NV, Y, Z; Verma and Armstrongltrin, 2016)
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A clear distinction of the two formations is possible, particularly in terms of their major and trace
element compositions (e.gigure 2-7, Figure 2-8). This makes it possible to assign stratigraphically
uncertain samples: amgde Eda5 was tentatively assigned to the Edaga Arbi Glacials by
sedimentological characteristics in the field but without biostratigraphic evidence. Based on the
geochemical characteristics it is likely that it belongs to the Enticho Sandstone instdainkane, the
samples taken from an outcrop in Enticho (samplesZEalad EdeB) i originally the type location of

the Enticho Sandstoriecan be assigned to the Edaga Arbi Glacials based on their petrography and
chemical compositio(iTable A3, Table A4).
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Figure2-9: Th/Sc versus Zr/Sc diagram aftécLennan et al. (1993fa) Samples analysed in this study, stratigraphically
equivalent units from Saudi Arahb{Bassis et al., 201§tboulders in tillite of the Edaga Arbi Glacials (granitoid,

diorite/gabbro, metabasite and gneiss) and local basement (granitoid, metabasite and metasedimentary rocks; this study).
(b) Samples analgd in this study grouped by their geographic position.

The high variability in Ca, Mg, Na, K, Rb and Bédure2-7 a) in the data set reflects thegh mobility
of these elements, which are present in the glaciogenic sedimentary rocks but leached from the marine.
The enrichment of Si in the Enticho Sandstdrigre2-7) indicates a higher quartz content, which is

in agreement with petrographic observatidfigre 2-4, Table A3) and points to high maturityrhe

negative correlation of Al and Sfigure2-7 b) indicates transport processes that remove clay minerals

and feldspars and destroy lithic fragments and thus relatively enrich quartz in the Enticho Sandstone.
Similarly, the negative corrafion of P and ThHKigure 2-7 b, ¢) suggests weathering under acidic
conditions, in which apatite is destroyed and Th persists and which affected the Enticho Samolgtone

than the Edaga Arbi Glacials. This is supported by the higher CIA values for the Enticho Sandstone
(Table A4). The correlations of Hf, Th, U and Nb with Zr afdin the Enticho Sandston&ifure

2-7 b, ¢) suggests that these elements are carried zircon and rutile. The presence of these stable heavy
minerals is an additionahdicator for maturity. The high maturity of the Enticho Sandstone is probably

a consequence of (1) intense chemical weathering in the source area prior to the glaciation and (2) long
transport and/or marine reworking, in which clay minerals produced dweaghering are removed

from the sediment. Intense chemical weathering in northern Gondwana under a corrosive
Neoproterozoic to prglacial Ordovician atmosphere was suggested by,Avigad et al. (2005)The
assignment of the Enticho Sandstone to Acont.
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and trace element compositidriqure2-8; Verma and Armstrondltrin, 2013 2016) is related to the
higher maturity as well.

For the Edaga Arbi Glacials, on the other hand, Al enrichment indicates a higher content of feldspar and
clay minerals and thus a lower maturifigure2-7 b, ¢). Since Eu is enriched in plagioclase, the less
pronounced anomaly in the Edaga Arbi Glaci&igre 2-6) corresponds to a higher feldspar content

as well.This is in accordance with the petrographic observatibitgife 2-4, Table A3). The higher
concentration of HREE in the Edaga Arbi Glacials is probably related to the presence of garnet. The
tendency of the Edaga Arbi GI aciesfigureR-g poitsto! | i s i
fresher, less reworked material deposited in the CarbonifidPensian and does not have to indicate
different tectonic settings.
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Figure2-10: Compositional biplots of (a) therst and second and (b) tHerst and third principal components of a principal
component analysis (PCA) based on thdrainsformed concentrations of the major and teelements in Figzigure2-7 (b,

¢) comparing the samples analysed in this study with stratigraphically equivalent sampleBdssim et al. (2016blocal
basement samples and boulders in tillite of the Edaga Arbi Glacials (this study). Co is left out, because it was nat measure
by Bassis et al. (2016barb. = Carboniferous, Perm. = Perm@m.= Ordovician.

Neither petrography nor th&h/Sc and Zr/Sc ratios give hints to sedimentary recycling being an
important process for one of the formations. The few-§raened and foliated sedimentary lithoclasts
may be due to local erosion of slates from the Neoproterozoic basement. Theosthutitend of Th/Sc

and Zr/Sc ratios in both formatiorSigure2-9 b) may be due to progressive enrichment of stable heavy
minerals, such as zircon, along the transport path. Zircon is a major carrier of Zr dfdguraZ-7).
Another possibility would be the admixture of felsic material.

The enrichment of the Enticho Sandstone in Zr, Hf, Th, U, Nb and the light Rgli€ 2-5, Figure
2-7) points to felsic source rocks. The pronounced negative Eu andrglyg2-5) indicates evolved
crustal material as a source. Possible source areas are the Archean cratons (Congo craton, Tanzania
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craton) or the Mesaand Neoproterozoic mobile belts (Kibaran Belt, IrdenBelt, Mozambique Belt)

in the inner part of Gondwan&igure 2-1). A distal source area in central Gondwana has also been
proposed for Cambri@a®rdovician sandstona Israel and Jordan: Based on detrital zircon ages,
Kolodner et al. (2006nfer a progressive southward migration of the source area during the Cambrian
Ordovician. Hf isotopic data in Neoproterozoic zircons of these formations are incompatible with the
local Arabian Nubian Shield. This l&dorag et al. (2011fo the assumption that the source region might
be within the remobilised crustal areas further sobtgute 2-1). If this trend extends to the Upper
Ordovician, a distal source area in the inner part of Gondwana for the Enticho Sandstone is likely.

In the Edaga Arbi Glacials, the relative enrichment of V and Cr lamdhigher proportion of HREE
indicates a higher influence of mafic and gafimearing source materiéé.g.Bhatia and Crook, 1986
McLennan et al., 1993For example, smetd i commonly a weathering product of mafic precursor
mineralsi can be rich in Cr and YChamley et al., 19%9Garnet is a major carrier of HREHarangi

et al.,, 2001 The poor Eu anomalyF({gure 2-6) indicates contribution of juvenile source material
(McLennan et al., 1993). Similarly, the lower Th/Sc of the Edaga Arbi Glacials compared to the Enticho
Sandstae points to a higher influence of undifferentiated crustal mai@fiellennan et al., 1993A
proximal source area composed mainly of juvenile crust would be the Arahibian Shield, which is

the northernmost edge of the East African Oro@lrinnson et al., 20)10phiolites in the ANS, as
described for instance eert (2003)Johnson et al. (201AndStern et al. (2012xould be the source

for mafic input in the Edaga Arbi Gleds. Volcanic rock fragments in the Edaga Arbi Glacials may
indicate Late Palaeozoic volcanism, as speculategldaghi et al. (2007 However, it cannot be said

with certainty that the rock fragments are not metamorphically overprinted and Mietaxolcanic

rocks are abundant in the Neoproterozoic basement and are a likely source for these fratments.
similar overall composition of the local basement samplegtaé&daga Arbi Glaciald={gure 2-10)
supports the assumption of a local source for these and a different source area for the Enticho Sandstone.

Petrographic and chemical compositions of glacial successions of Upper Ordovician and Carbbniferous
Permian sandstone in Saudi Arabia are simdahose obtained in Ethiopia: a signature of old crustal
material in the early Palaeozoic and a higher influence of juvenile material in the late Palfzas=isc

et al.,, 2016k In the PCA biplot Figure 2-10), however, the Carboniferoi8ermian samples from
Saudi Arabia plot far away frothe corresponding samples of this study, whereas the Upper Ordovician
samples are grouped with the corresponding. Therefore, for the early Palaeozoic a common provenance
for the glacial sandstones of both areas is likely, whereas in the late Palaeozzdithents were
probably supplied from different local sourggsgure2-11). This supports the assumption of a large
North-Gondwanan ice sheet in the Late Ordovidi&@hienne et al., 2007.e Heron and Craig, 2008

and more local glacial systems during the Carboniféfi®esmnian glaciatioiiEyles, 1993 Fielding et

al., 2009.

2.6. Conclusions

The petrographic and geochemicalmparison of sandstones deposited during the two Gondwana
glaciations in the Late Ordovician and the CarboniférBasmian reveals clear differences: The Upper
Ordovician Enticho Sandstone is highly mature with a major and trace element compositiorfdypical

an old differentiated crustal provenance. In contrast, the sandstone of the Carbdritemmien Edaga

Arbi Glacials is less mature with a geochemical signature of more juvenile source material. Its major
and trace element composition resembles tiathe local basement. Stratigraphically equivalent
formations in Saudi Arabia show similar patterns for the Late Ordovician but significant differences for
the CarboniferoudPermian. The distinct petrographic and geochemical differences between the two
formations make it possible to assign stratigraphically uncertain samples.
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The high maturity of the Upper Ordovician Enticho Sandstone is probably a consequence of strong
chemical weathering in the source area before the glaciation combined with longrtrdoysphe
glaciers and reworking in a shallow marine environment after the glaciation. The material is possibly
sourced from Archean cratons and/or Meswd Neoproterozoic mobile belts in central Gondwana, such

as the Congo and Tanzania cratons or tHeat@n, Irumide or Mozambique belts. The Edaga Arbi
Glacials have a proximal source, most likely the Araldvubian Shield. These findings support
previous models of a large ice sheet covering northern Gondwana in the Late Ordovician, leading to a
regionalmixture and homogenisation of source material and a complex pattern of local glaciers in the

CarboniferousPermian.
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Figure2-11: Summary of the maibhdings of this study for the two Gondwana glaciations in Ethiopia. Gondwana
palaeogeography and south pole positions fréorsvik and Cocks (20183e sheet locations and transport directions for
the Late Ordovician are aft&hienne et al. (2007).e Heron and Craig (200#)d Torsvik and Cocks (2018)r the
CarboniferougPermian they are afteBussert and Schrank (200Fjelding et al. (200&)ndIsbell et al. (2012)
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Abdract

Palaeozoic sedimentary successions in northern Ethiopia contain evidence for two Gondwana
glaciations during the Late Ordovician and CarboniférBesmian. We compare sediments of the two
glaciations regarding their detrital zircori Bb ages. Thenain age group for both formations is Pan
African (c. 550 700 Ma). However, the remaining spectra are different: The Upper Orda\liowaer

Silurian Enticho Sandstone is characterised by a Stehaaian €. 1 Ga) zircon population. The
CarboniferousPerman Edaga Arbi Glacials contain a prominen800 Ma population. The Stenian
Tonian zircons are likely derived from the centre of the East African Orogen and were supplied via the
Gondwana supdian system. This material was transported by the Late Oldavigaciers and formed

the Enticho Sandstone. Tonian800Ma) zircons are abundant in the Ethiopian basement and represent
the earliest formation stage of the southern Aralifbian Shield. Glaciers of the Late Palaeozoic Ice
Age must have cut deeplyto the basement for efficient erosion. No recycling of the Enticho Sandstone
by the Edaga Arbi Glacials took place on a grand scabeobably because sedimentation of the former
was limited to northern Ethiopia, whereas the source area for the lasi¢o e south.

3.1. Introduction

The Gondwana supercontinent comprised Archean to Mesoproterozoic cratons surrounded by
Neoproterozoic mobile belts. These belts include juvenile crust and crust that was reactivated in the
orogenic processée.g.Stern, 1994Burke et al., 2003Collins and Pisarevsky, 2005; Figurd3 The

East African Orogen (EAO), which formed between 650 and 600 Ma at the suture of East and West
Gondwana, is regarded as one of the ($tam IPgst ac
Collins and Pisarevsky, 200Squire et al., 2006 In northern Africa, a \v& peneplain developed after

the consolidation of the newly formed continent, on which a blanket eédzlic sandstone was
deposited Garfunkel, 2002Avigad et al., 200b The direction of sediment transport during the early
Pabeozoic is generally assumed to the north towards the margin of Gon@svgrideinhold et al.,

201 Morag et al., 2011Avigad et al., 2012 The highmaturity of the North Gondwana Lower
Pabeozoic sandstones is striking. It can be attributed either to long transport distance and/or multiple
recycling (e.g. Garfunkel, 2002 Morag et al., 201)lor strong chemical weathering at the time of
deposition(e.g. Avigad et al., 2005
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Figure3-1: (a) Map of Gondwana showing the overall geological setting (modifted Torsvik and Cocks, 2018)) Map of

Eastern Africa and Arabia showing exposures of Precambrian rocks and major tectonic units (raftelifiedtz et al, 2013)

ANS, ArabiagNubian Shield; B, Bangweulu; CC, Congo Craton; 1B, Irumide Belt; SES, Southern Ethiopian Shield; TC, Tanzania
Craton; UB, Ubendian Belt; US, Usagaran Belt; WES, Western Ethiopian Shield; WG, Western Graniite Baihabwe

Kalahari Craton. References for age information:Ti@Rlay et al. (1998)2) Woldemichael et al. (2010)3) Kebede et al.

(2001) (4)Kroner et al. (2003)Y5)Bingen et al. (2009)6)Manttari (2014) (7)Fritz et al. (2013)8)Johnson et al. (2011)
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Based on the similarity of detrital zircori Bb age spectra throughout GondweBaulire et al. (2006)
postulated the existence of large sedimenmisféhat brought detritus from the EAO towards the
continental margins. In a compilation of detrital zircon age spdotrm CambriainOrdovician
sandstones of North Africa and NW Aralifeinhold et al. (2013¢xtended the supéan model to the
northern Gondwana margin. Ethiopia would hence lieenpooximal along the sediment path. Here, the
Pabeozoic is mainly composed of sedimentary rocks related to the two Gondwana glaciations: (1) the
Enticho Sandstone, deposited during the l@tdovician (Hirnantian) glaciation and the following
transgressino, probably up to the early Silurian; and (2) the Edaga Arbi Glacials that formed during the
CarboniferousPermian glaciation. The Late Ordovician glaciation was dhadt and affected large
parts of Gondwana synchronous$b/g.Eyles, 1993 Ghienne et aJ 2007 Le Heron and Craig, 2008

Le Heron et al., 2008A more complex spatial and temporal pattern of ice sheets is likely for the Late
Pabeozoic Ice Age (LPIA) that affecteBlthiopia in the CarboniferouBermian(e.g. Eyles, 1993
Bussert and Schrank, 2Q0Hielding et al., 2008Bussert, 2014}

We analysed 11 sandstone samples from the Upper OrdoMiciaer Silurian Enticho Sandstone and

the CarboniferouPermian Edaga Arbi Glacials for their detrital zirconRlb ages to link them to
potential source areas. Our aim was to test the Gondwanafanpggrpothesi{Squire et al., 2006
Meinhold et al., 201)3at a more proximal location and to review the assumption of a distant provenance
for the Enticho Sandstone and a proximal provenance for the Edaga Arbi Glaeveils et al., 2018

3.2. Geological setting

In Ethiopia, outcrops of the Relozoic successions are present around the Mekelle Basin in the Tigray
province of northern Ethiopia and, to a minor extent, in the Blue Nile region in the west of the country
(Kazmin, 1972Garland, 1980Tsige and Hailu, 2007; FigureZ. Sedimentological and palynological
studies on these successions have been carried Bavbgt al. (1971)Beyth(1972a 1972, Saxena

and Assefa (1983Bussert and Schrank (200Bussert and Dawit (2009Bussert (2014and Dawit

(2014) The two formations studied here overlie the Neoproteroragement and are overlain by
uppermost Pakozoic and Mesozoic sedimefiBeyth, 1972bTefera et al., 199@awit, 2010 2014;

Figure 32).

The basement in Ethiopia represents the junction of the Aiidiidoian Shield in the north and the
Mozambique Belt in the south, together making up the Ed&rmin, 1972 Tefera et al., 19965tern

et al., 2012; Figure-3). The ArabiainNubian Shiall comprises a collage of Neoproterozoic juvenile
arcs, younger sedimentary and volcanic basins, voluminous granitoid intrusions and a few enclaves of
pre-Neoproterozoic crugtlohnson et al., 20)1Woldemichael et al. (201@escribed the evolution of
the ArabiaiiNubian Shield in a supercontinent cycle from the biga&f Rodinia to the amalgamation
of Gondwana, with early rifting beginning at c. 8860 Ma. With the opening of the Mozambique
Ocean, a passive margin formed in the area and early intrusions were emplac@0z830 Ma.
Subduction and baeirc formatiorbegan at 830750 Ma, followed by terrane accretionetamorphism
and syntectonic intrusions. The ocean closed at d.6Bi0Ma with further accretion and intrusions.
Between 650 and 550 Ma, the assembly of the Ar&blahian Shield was in its final stag&d
metamorphism as well as pdsttonic intrusions occurred. The rocks of the ArabNubian Shield
were metamorphosed at legvade greenschist faciéBeyth, 1972bAlene et al., 2006Stern, 2008

By contrast, the MozambiquBelt to the south comprises mediuto highgrade gneisses and
amphibolites as well as granulites. Here, the Ediacaran collision between East aGbkidesina was

most intense. Mountains rose to a great height and were eroded in the Late Ediacararlyand Ea
Pakeozoic (Stern et al., 2002 The Mozambique Belt contains large amounts of Archean to
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Mesoproterozoic crust that was reworked dulitegpproterozoienetamorphism and anatexis, although
subordinate amounts pfvenile Neoproterozoic igneous rocks are preégtdrn, 2008Johnson et al.,

2017 Fritz et al., 2013
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The basement of northern Ethiopia is considered to be part éfréiari Nubian Shieldbecause it
consists mainly of juvenilsleoproterozoic crustal materigdlene et al., 200Beyth et al., 2003 ritz
etal., 2013 The arc phase is represented by effuBoxes and diverse volcaniclastic roossthe upper
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Tonian TsalietGroup (Beyth, 1972b Miller et al., 2009. When magmatism ceased, the marine
siliciclastic and carbonate succession of the Cryogeh#mbien Group was deptsi (Alene et al.,
20086 Avigad et al., 200;Miller et al., 2009. Both units experienced greenschist fachetamorphism
and the intrusion of syrand posttectonicgranitoids and dioritefBeyth, 1972bKazmin et al., 1978
Tefera et al., 1996 In western and southern Ethiopia, the basement caeglaeded as the transition
between the ArabidMNubian Shield andhe Mozambique Belt because it shows features of both; the
crust ismainly juvenile Neoproterozoic with an age range indistinguisHadhe that of the Arabiain
Nubian Shield(Teklay et al., 1998Stern et al., 2002 The basement also includes a significant
proportion ofophiolitic and volcanesedimentary unitéWoldemichael et al., 201&tern et al., 2012
High-grade metamorphic rocks are abundant in westernsaathern EthiopigYibas et al., 2002
Woldemichael et al., 201Stern et al., 20)2nd Archean protoliths have been recognizeldemlighae
Terrane in southern Ethiop(&tern et al., 2012 The easEthiopian basement, however, represents a
separate crustal domaihlere, the granitoid chemistry, zircon ages and $tdisotopes pointo
considerable reworking of pfgeoproterozoic crugfTeklay et al., 1998 These characteristics extend
to northern Somalia and perhapgen to the southernmostakiian Peninsula because simbasement
has also been found in southern Yer(\&ndley et al., 1996Teklay et al., 1998

The Phanerozoic sedimertver in Ethiopia starts with the Upp@rdoviciari Lower Silurian Enticho
Sandstone. Cambrian or Eafydovician sediments are missing. The Enticho Sandstone awurtins

of the Mekelle BasinKigure3-2 @) and has a thickness of up300 m(e.g.Saxena and Assefa, 1983
Dawit, 201Q. It consists of dower glaciogenic unit and an upper shallow marine (Bitssert and
Dawit, 2009. The glaciogenic part comprises massive and largescassbedded sandstones and
conglomerates, assumed to (sebaerial or subaqueous) meltwater deposits. Foreset dips indicate
transport direction towards teeutheas (Bussert and Dawit, 2008although, in places, the transport
directions are towards the norfKumpulainen, 2007Bussert and Dawit, 2009Diamictites occur
rarely (Bussert and Dawit, 200®awit, 2010. In the upper pariyell-sorted sandstones with bipolar
crossbed sets point to a tidlominatedshallow marine depositional settifgussert and Dawit, 2009
Dawit, 2010. Locally, a mudstone unit separates dgifeciogenic and shallow marine sandstoids

age of the Enticho Sandstone was constrained by bodytracel fossils, as well as palynofiora
(cryptospores)Saxena and Assefa (19883signed an Ordovician age based on fossil siphonophorid
impressionsBussert and Dawit (200@9)iscoveredArthrophycusalleghaniensisanichnospecies that is
largely restricted to the ear8ilurian, in the upper, shallow marine u¢eilacher, 2007/Buatois and
Méangano, 2011 Additional biostratigraphic evidence confesm recently discovered cryptospores,
colonial algae and phosphashbelled inarticulate brachiopods from the lower glacioganit of the
Enticho Sandstone. Thesere assigned bgrocke et al. (20153s postHirnantian (latest Ordovicidn
early Silurian).

The Edaga Arbi Glacials are mainly exposed along the wemtermuthwestern margin of the Mekelle
Basin and to a minor exteint the Blue Nile region investern EthiopiaKigure3-2 b). Their thickness

is up to 200 m in northern Ethiopia, but significant lateral variatimasir(Bussert, 2010 The Edaga
Arbi Glacials lie unconformably otop of the Enticho Sandstone and, in places, directly on the basement
(e.g. Beyth, 1972b They are laminated claystones and siltstarmegaining scattered outsized clasts,
lenses of sandstone anga@ymict glacial conglomerate at the bgBeyth, 1972bBussert and Dawit,
2009 Bussert, 2014 The occurrence is often in nordouthorientedtroughs and channels that carve
into thebasement with aimferred transport direction from south to ngiussert, 2010 The following
model for the generation of this succession Iesn proposed bBussert (2014)(1) initial glacier
advanceded to the depositn of tillites; (2) outwash fans (subaerial asubaqueous) formed during
glacial retreat; and (3) fines settled fréme water column in a proglacial lake or fjdikk environment,
interrupted by periodic hyperpycnal sediment flows andd#osition ofdropstones. In the Blue Nile
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region Figure 3-2b), Permiaifi Triassic continental sedimentary rocks partly overlie tfecial
sediments presumed to bguivalent to the Edaga Ar@ilacials(Dawit, 2014. A more detailed facies
description of thé&nticho Sandstone and the Edaga Arbi Glacials is givaBubgert and Dawit (2009)
Bussert (2014andLewin et al. (2018)The age of the Edaga Arbi Glacials is constrained by the rich
and well-preserved microfloral assemblages, includidgtonieisporitessp., Plicatipollenites sp
Cycadopytes cymbatwasd Microbaculispora sp(Bussert and Schrank, 200These palynotaxare
known from the Early Permian glacial sequences acrosshibke Gondwana region and are used for
stratigraphic correlationgKemp et al., 197;/Backhouse, 1991Stephenson et al., 2003

3.3. Methods

Sandstonsamples were mainly collected from surface outcrops in northern Ethiopia, wierezea
glaciogenic sedimentary rocks are abundant. In the Blue Nile region, in the west of the country, such
sandstones could only be sampled in one locdligufe3-2 b). The choice of sampling sites was based

on previous stratigraphic and sedimentological w@ikssert and Schrank, 2Q(Bussert and Dawit,

2009. Four sections were sampled that were biostratigraphically const(8ngskrt and Dawit, 2009
Brocke et al.,, 2015 The other sampled sections were assigned to one of the two formations by
lithofacies characteristics. The field classification was confirmed by geochemical analyses, which are
well suited to @stinguish between the two formations and assign unknown sathplem et al., 2018

Eleven samples were chosen for detrital zircon geochronology: six samples from the Enticho Sandstone
and five from the Edaga Arbi Glacialsable3-1). This choice was made to cover a large geographical
and stratigraphic spread within each formation.

Table3-1: Sample information. Locations are giveig@ographical coordinates (WGS84). The stratigraphic assignment to one
of the two studied formations is based on biostratigraphic evidence (B) or lithofacial characteristics (LF) in the outarop or
one case, uncertain (U). Detailed information on therpgtaphyand geochemistrpf each sample is given in Lewin et al.
(2018). Last three columns: summary of detrital zircon ages of samples analysed in thikseuflyl dataset is given in the
supplementary material

Sample Longitude Latitude Formation Strati- Lithology Ages Concor- %
°) ®) graphic deter- dant concor-

assignment mined ages dant

ages
Enti-4 039.71262  13.83465 Enticho u Diamictite 54 48 89
Enti-6 039.74827  13.88842 Enticho B Sandstone 85 82 96
Enti-12  039.42093  14.49627 Enticho LF Sandstone 85 66 78
Enti-13  039.41911  14.49275 Enticho LF Sandstone 86 74 86
Nib-1 039.48972  14.25194 Enticho B Sandstone 85 76 89
Nib-3 039.49583  14.25222 Enticho B Sandstone 86 75 87
Eda9 039.32235  13.90915 Edaga Arbi B Sandstone 89 73 82
Edall 039.00042 13.61842 Edaga Arbi LF Sandstone 85 80 94
Edal2 039.19745 13.17844 Edaga Arbi B Sandstone 73 69 95
Hu-1 037.05068 10.31057 Edaga Arbi LF Sandstone 47 41 87
Hu-2 037.05068 10.31057 Edaga Arbi LF Sandstone 77 72 94

To prepare for zircon analysisi 2 kg of each sample was disaggregated using &ljasher followed

by a mortar and pestle and then wet sieved. Heavy minerals were separated fromi the563 ¢ m gr ai n
size fraction using sodium polytungstate with a densi®.8% g ml  We chose this grain size fraction

to ensure comparability with existing data from&akoic sandstones in Libya. Zircon grains were

randomly hanepicked from the heavy mineral concentrates, mounted in epoxy resin and polished to

expose the ierior of the grains. Cathodoluminescence images of the grains were taken to reveal the

internal structures prior to analysi¥e analysed 80 zircons per sample because this appgacsitae

a robust number of ages for deciphering the sourceatafaldetrital samplege . g . SI 8ma and Ko
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2012. For sample&nti-4 and Hul, the zircon fertility was too low to analyse 80 graansl only 54
and 47 grains, respectively, could be daféalfe3-1). If the zircon grains had inherited cores, then the
measuring spowas set, where possible, on the outer rim to consistently ddsdebeevent.

Zircon Ui Pb analyses wemerformed at the Institute dineralogy at the University of Minster using

a ThermoFisheElement 2 singkeollector inductively coupled plasma maggctrometer coupled with

a Photon Machines Analyte G2 laseb | at i on system. TmeVadsessf@02 (s pot
determin€®Hg interference witi®Pb), 204, 206, 207 and 28&re measured. Common Pb correction

was performed aftedtacey and Kramers (1976}he commort°®Pb fraction of the tot&PPbexceeded

1%. The Gdl reference zircor{fJackson et al., 20Q4vas used for calibration by bracketing ten
unknowns with three analysekthe reference zircon. To further ensure the reproducibilityesaison

of the U Pb ages, the 91500 reference zir¢dfiedenbeck et al., 199%vas regularly analysed. The
measured isotopic ratios matched the published vali@Seafenbeck et al. (1995)

Data processing was carried out with afaduse Excel spreadshékboijman et al., 2012 As a result

of the lower precision of®PbF°Pb values for young zircons, the data were filtered based on two
criteria: (1) agreement in thei Bb ages {PPbF®U)/(*°PbF*U)) in the range 90110% for grams
younger than 1200 Ma; and (2)i90.0% concordance in terms 8f%Pb/*%)/(*°"PbF°Pb) for grains
older than 1200 Ma. Zircons younger than 1200 Ma are quoted by*tRbF*®U age, whereas the
201PhP%%Pp age is used for zircons older than 1200 Mas age was chosen due to the natural gap of
zircon ages in the analysed samples. ThméEkage Provenan€ermeesch et al., 201@as used for
visualization of the zircon age spectra as kernel density estimates and fesamyé comparison in
multidimensional scaling maps, as suggesteddiyneesch (2013)

3.4. Results

In total, 852 zircon grains were dated in 11 samples from the studied formations, of which 756 were 90
110% concordant using the respective data filters described earlier. In the Enticho Sandstpaé 181
were analysed, of which 421 (88%) were concordant, and in the Edaga Arbi Glacials 371 grains, of
which 335 (90%) were concordaritable3-1). Most zircons are psimatic or short prismatic in shape

and subrounded to well rounded. They mostly exhibit oscillatory (magmatic) zoning in the
cathodoluminescence imagefigure 3-3). Very few zircons are unzoned and thus probably
metamorphic in origin or metamorphically overprinted.

Five main age groups can be defined in detrital zircons of the Enticho Sandstone and the Edaga Arbi
Glacials Figures 34 to 36): PanAfrican (700550 Ma), Tonian (900700 Ma), Steniaiilonian
(1200900 Ma), Padeoproterozoic (250600 Ma) and Arckean (>2500 Ma). The Paifrican
population is ubiquitous in both formations and comprises c. 40% of the zircon grains. The Tonian age
group is very prominent in the Edaga Arbi Glacials (45% of all zircon grains on avErgges 3-5),

yet less important in the Enticho Sandstone (22% of all zircon grains on avErqges 3-6). An
exeeption is sample Nii, which shows a welliefined peak of Tonian aged zircom$gure 3-4). By
contrast, the Steniaonian age population is characteristic of the éhdi SandstoneF{gure 3-4,
Figure3-6), where it comprises 19% of all ages, antrast with the Edaga Arbi Glacials with 5% of the

ages in this group.

The ratios of Tonian to Steniafionian ages is on average 1.2tie Enticho Sandstone (rangeill.®)
and 13.1 in the Edaga Arlilacials (range 5i®2.0) and can be usedddscriminate betweethe age
spectra of both formations. No stratigraphic pattern in zimge spectra was detected within the
formations. Mesoproterozoages older than Stenian are rare in both formations and coroplysiéeve
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of the 756 concordant ageThe Paeoproterozoic anérchaecan age populations are more prominent
in the EntichoSandstone than in the Edaga Arbi Glacials. The former containayvenage, 9%
Pabeoproterozoic and 5% Arehan zircons, whereas ithe latter 4% of the zircons are
Pdaeoproterozoic and 1% Areban inage. The proportion of Redoproterozoic to Arciean zircons
varieswith the geographical position of the samplegyre 3-6). Four fer centof the zircons in both
formations are younger than 550 Magure 3-6).

Late Neoproterozoic Tonian Eda-9-56 Stenian-Tonian

Hu-2-05 .
652 +/-13 Ma ¢ 786 +/-18 Ma

Nib-1-43
964 +/-29 Ma

51 A Phuz-2s
562 +-14Ma = 791 +/-10 Ma Hu-2-35
100 pm 100 pm 816 +/-15 Ma

Palaeoproterozoic Archaean
Enti-6-25

Enti-12-65 Enti-12-07 1% )
2008 +/-26 Ma 2665 +/- 25 Ma : 1060 +/- 24 Ma

%
\ b ¥
>

Nib-1-74
1051 +/-21 Ma

Eda-9-86

+/-
1854 +/-42 Ma Nib-1-73

100 pm 100 ym = 2672 +/-32 Ma

Figure3-3: Cathodoluminescence images of representative zircons of the defined age gRamp&frican, 70@550 Ma;
Tonian, 909700 Ma; SteniagTonian, 1209900 Ma; Paleoproterozoic, 25091600 Ma; Archean, >2500 Ma.

3.5. Discussion

Enticho Sandstone

The largest zirco population in the Enticho Sandstone is ofRéican age (700550 Ma;Figure3-4,
Figure 3-6). Rocks of this age angbiquitous in the whole EAO and record swmd posicollisional
magnatism associated with the final assembly of Gondwara Fritz et al., 20031t is thus hard to
assign a particular provenancedhese zircons. Of greater interest is the Stéflianian (1200900 Ma)

age group because it is characteristic of the EntgarmastoneNigure3-4, Figure3-6). In the basement

of the ArabiaiiNubianShield, zircons of this age are found in Neoproterozoic metasedimesitsai,

the Elat area in southern Israel and als&€igogenian diamictites intBiopia (Avigad et al., P07,

B e 6-8htevin et al., 200Morag et al., 2012 B e 6-8htevin et al. (2009ostulate a tract of c. 1 Ga
old crust incorporated in the Arabiddubian Shield and conclude a proximal provenance for the upper
Neoproterozoic and lower Rebzoic sediments. Similar consideraticare made byAvigad et al.
(2007)on the origin of c. 1 Gaircons in the Cryogenian diamictites in Ethiopia. It may thysdssible
that the StenidnTonian zircon population in the EnticBandstone is derived from such metasediments
or the postulateéormer crustal tract. The nearest crust with an age of c. 1 Gaxssiting in Northi
EastAfrica, however, is reported from the Central Sah&alh(Toteu et al., 2001De Wit et al., 200b

and the Irumide Belt anglutons in the Ubendian Belt, both part of the Mozambique Bdlamrzania
and MozambiquéBingen et al., 200De Waele et al., 200Fritz et al., 2013
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According to the supefan hypothesigSquire et al., 20Q6Vieinhold et al., 2013 c. 1 Ga zircons were
transported fronregions in the centre of the EAO (the Mozambique Belt) towardsdhénental
margin of Gondwana during the early &adzoic. Thehigh similarity between the Upp&rdovician
Lower Siluriansandstones in Ethiopia and Libya can be revealed in a multidimensgatialg map of
the detrital zircon age spect@idure3-7). TheAlgerian Hirnantian sandstone, however, is not part of
the clusterWe did not consider agequivalent deposits outside the Gondwaranland because the
palaeogeographical position of the p&ondwana terranes is highly uncertain. The differences are
mainlyin the presence or absence of c. 1 Ga zircons, which can be udeglcas for areas within reach
of the supeiffan systenfMeinhold et al., 2013 The boundary between this East AfritAnabian zircon
province and thaVest African province has also been illustratedLiiynemann et al. (2004and
statistically highlighted bytephan et al. (2019The remarkable accondee of the detrital zircon age
spectra in sandstones from Libya and Ethiopia makes a corpm@enance within the Gondwana
supeffan system, which led t@gional homogenization of the detritus, more likely thderavation of

the StenianTonian zirconsrom the local basemeat Ethiopia.

When also including zircon ages from older sandst¢@asbriaii Ordovician) of northern Africa in
the multidimensionakcaling map Figure 3-8), a spatial clustering appears rather thaeraporal
clustering. The Enticho Sandstone clusters v@gmbriaii Ordovician sandstones from Israel and
Jordan and theibyan sandstones are in the vicinity, whereas the AlgeriarViordccansandstones
are further away in the plot, implying the leasnilarity of the age spectra. The high similarity of the
Cambriafi Ordovician age spectra with those of the Hirnantian glaciogeamicistones leads to the
assumption that no change in provenaoceurred with the onset of glaciation. Rather, the glaciers
reworkedthe sediment delivered by the suji@n system, which was stronglyeathered in the source
area or during transport and tempatairaggGarfunkel, 2002Avigad et al., 200b A cannibalization

of pre-Hirnantian sediments by the Hirnantian glaciers is sigmested b&hienne et al. (2018pr the
Upper Ordoviciansandstones in Morocco, although these cannibalized sedimertiably did not
belong to the supdan systemKigure 3-8).

Because no Cambrian or Lower to Middle Ordovician sedimentais exist in Ethiopia, the area was
probably a site of sedimehypass or erosion during this period and was still elevated iaftérnath
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of the ParAfrican Orogeny. If erosion took place, it wpsobably minor compared with the whole
supeffan material: aprominent population of c. 800 Ma zircons, the signature forBtigopian
basement, is not present in the stip@rsedimentgMeinhold et al., 2013 Alternatively, the Ethiopian
basement, ricln c. 800 Ma zircons, may only have been exhumed latecavered by a blanket of
detrital material transported in the sufi@n system. The Hirnantian glaciation probably extended
eastwards taorthern Ethiopia, as witnessed by the tillite from whichgarfnti-4 was takerfsee also
Bussert and Dawit, 2009Massive amountsf sediment were transported to Ethiopia through glaciers
or icestreams and meltwater and were released and deposited during medfdineice sheet. The
lower part of the Enticho Sandstondniterpreted to represent outwash fan dep@Bitssert and Dawit,
2009.

1.0
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Figure3-7: Nonmetric multidimensional scaling map for the Ordovig&iurian period. Only Precambrian ages (>541 Ma)
are used here due to the low reliability of younger ages (see discussion for details). Published datae(iann et b
(2011) (2) Morton et al. (2012)and (3Meinhold et al. (2011)

The postglacial transgression provided increased accommodspiace to store sediment and to allow
deposition of the uppeshallow marine part of the Enticho Sandstone. The origieabsitional sitef

the supeifan sediments that were reworkadd transported to Ethiopia during the glaciation remains
unclear.Assuming an ice spreading centre in sl northern Africa(e.g. Ghienne et al., 20Q071e
Heron and Craig, 2008these sediments magave come from the NWthat is, the area of Libya. This
transportdirection would agree with foreset dips towards the SE, as obserwseltwater deposits by
Bussert and Dawit (2009)

A considerable population of Rabproterozoic to Arcieanzircons is preent in the Enticho Sandstone
(Figure 3-4, Figure 3-6). Suchpre-Neoproterozoic zircons are also detected in increasing amapmnts
section in the Cambri&®rdovician successions in Libya, Israed Jordan and are interpreted to record
the southvards migration ofiver systems associated with the Gondwana sfgresystemKolodner

et al., 2006 Meinhold et al., 2013 Based on the Hisotopic signatures of zircons in Cambiian
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Ordovician sandstoneis Israel and Jordaorag et al. (2011postulated that a largeoportion of the
material was sourced from ancient &gres outsidéhe Arabiafi Nubian Shield. This was confirmed by
Ben Dor et al. (2018nalysing Sr and Nd isotopes in the feldspars and clagscbf sandstones. This
supports a distant provenance of the matamighe Enticho Sandstone and the recycling of stfper
sediments However, the proportion of the oldest zircon populations varies thithgeographical
position of the samples, with the highpsbportion in samples Nith and Nib3 (Figure3-6). Hence it
cannotbe ruled out that these older zircons are a local phenomelaogrove et al. (200&eported
inherited Padeoproterozoic anérchaean zircons in magmatic rocks of the Arabidaobian Shieldn
Saudi Arabia, which may also be the case in the Ethidpémproterozoic basement.

g _ + Ordovician-Silurian
(Hirnantian glaciation):

Shallow marine/transgressive:

] O Ethiopia (this study)
Area outside reach Libya (1)
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A Libya (2)
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O/ .
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+ ¥ Jordan (4)
A Libya (1)
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Figure 3-8: Nonrmetric multidimensional scaling map roparing the detrital zircon age spectra of Ordovig@iurian
sandstones analysed in this study with published data from Ordog@8iamian and Cambrighower Ordovician sandstones.
Only Precambrian ages (>541 Ma) are used here due to the low reliafilitgunger ages (see discussion for details).
Published data: (I¥einhold et al. (2011)(2)Morton et al. (2A.2), (3)Linnemann et al. (2011§4)Kolodner et al. (2006)5)
Altumi et al. (2013)and (6)Avigad et al. (2012Note that the published data are those compiledMdginhold et al. (2013)
augmented by those fronAltumi et al. (2013)

Avigad et al. (2017analysed detrital rutile IUPb cooling ages i@ambriafi Ordovician sandstones in
Israel and Jordan and osample from the Enticho Sandstone in Ethaofihey found/ounger cooling
ages in the Ethiopian sandstone than in the sarfiplesisrael and Jordan and ascribed this to a change
in the drainageystem and supply from new crustal vestiges. The detrital zircoapagérum of that
sample is, howevevery similar to the spectra the Edaga Arbi Glacial$={gure3-5), with a prominent

age peak at. 800 Ma and only a few c. 1 Ga old zircons, leading to a highaflionian to Steniah
Tonian ages. The Ethiopian sample analy®gdAvigad et al. (2017)might therefore be of
CarboniferousPermian and not Ordovicia8ilurian age.

Edaga Arbi Glacials

In addition to the PaAfrican (7005 50 Ma ) 0 b a c khg Tooianricd80GMapageagrodp,is
very pronounced in th€arboniferousPermian Edaga Arbi Glacialigure3-5, Figure3-6). This age
coincides with the earliest stage of formation of the Arat\auian Shield whenRodinia broke up.
Woldemichael et al. (201(@ostulated magmatism in western Ethiopia associated witbpieing of
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the Mozambigue Ocean and constea the pulses of magmatism at B880 and 796785 Ma.Kebede

et al. (2001 dated the granitoids of the Western Ethiopian Shield to an age of 815 Ma. In the Southern
Ethiopian Shield, magmatic episodes can be defined &8890and 790700 Ma(Teklay et al., 1998

Yibas et al., 2002Stern et al., 2002 They overlap in age with the arc and back magmatism of the
Tsaliet Group in Nrthi EastEthiopia and EritregAvigad et al., 200§ Johnson et al. (201 Hssigned
protolith ages of 87840 Ma to the Tok&Barka terrane in the north Ethiopidtritrean basement.
Altogether, 900700 Ma magmatic rocks are abundant in the local and regional basamaesre thus

the most likely source for the zircons of this age in the Edaga Arbi Glacials. This agrees with earlier
considerations of a local provenance for this formation based on sandstone petrography and
geochemistr{Lewin et al., 2018

The glaciers of the LPIA in dtthi EastAfrica were probably of the local mountain glacier tyldenert

et al., 2001 Bussert and Schrank, 2Q0Ze Heron et al., 2009 Uplift of the Ethiopian basement
probably occurred due to Carboniferous Hercynian tectod$rhlusseini, 1992Sharland et al., 2004

On the Arabian Peninsula, this tectonism caused inswtithorientedfaults, sags and swellg\l-
Husseini, 2004 The Edaga Arbi Glacials in northern Ethiopia are presumédve been deposited in

a largenorth-north-easttrending trough in which glacial erosion may have followed and reinforced this
pre-glacial topographyBussert, 2014 Another reason for uplift could be thermaldpming prior to

the formation of the Zagros rift zone, which later formed the-Nethys oceajSharland et al., 2001
Bussert (20103tudied erosional landforms associated with the LPIA in northern Ethiopjarepased

a landscape of areal scouring, in which-vased ice carved deeply into the basement. This would have
enabled the efficient erosion of ¢. 800 Ma zircon bearing rocks, which may also have provided the rutiles
analysed byAvigad et al. (2017)In the Enticho Sandstone, sample Hilalso contains a notable age
peak of c. 800 MaKjgure 3-4). The assignment of this sample to the Enticho Sandstone is through
biostratigraphy and is further confirmed by geochemical analisisin et al., 2018and the ratio of
Tonian to Steniaironian zircons of 1.1. This leado the assumption that the Ordovician glaciers were
locally able to erode the basement effectively due to differences in topography or in glacier dynamics.

Few concordant Phanerozoic zircon ages are present in the two studied formations, rtanigrige
520/450 Ma. Almost all these young zircons are corrected for common Pb, so they may -be over
corrected, leading to younger ages. However, we cannot exclude magmatic activity in the area at that
time. There is no clear evidence for earlyaBakoic magmatism in Ethiopia, althou§lacchi et al.
(2007)identified fresh volcanic clasts in Rabzoic tillite in northern Ethiopia. It is doubtful whether

this tillite is of Ordovician or CarboniferouPermian age. In the explanations of the geological map of

the Mekelle area from 1970, a black lava layer is described that lies on top of the basement peneplain
and is interpreted to have formed before the Mesdta@ieitte, 197(. Even though it is described as
ultrabasic, it may have delivered minor amounts of zircon to thee®alic sediments. Middle
Ordovician volcanic ash beds {entonites) have been reportedLibya (Ramos et al., 2003and
ascribed to volcanic activity in northern Gondwana during that time. Such volcanic productsaseuld h
provided an additional or alternative source. Cambrian-qaiisional plutons in the ArabidtNubian

Shield have been reported Byitz et al. (2013)although it is unknown whether they were exposed at

the times of deposition of the studiidmations.

The preservation of mainly glaciatiwelated sediments in tligabeozoic of Ethiopia is strikig. As an
explanation, we propose ambination of increased sediment delivery by glaciers, ice straaths
meltwater and increased accommodation space at the tideposition. The melting ice sheet released
large amounts adediment towards the endtbe Hirnantian glaciation armccommaodation space was
created in the area of Ethiopia throuph following transgression. The later isostatic rebound may have
caused uplift of the area, leading to another period of nondepoSigatevel fall has also@ompanied
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Siluriani earlyDevonian Palaeotethys riftif@orsvik and Cocks, 20)1In theCarboniferousPermian,
Hercynian tectonism produced a complesal geomorphology. Areas that were uplifted, glaciated and
erodedwere cbse to local depressions in which proglacial lakes provideterous depocentres for the
accumulation of sediment.

A remaining question is why no major recycling of the EntiSlandstone by the Edaga Arbi Glacials
has taken place. This may because thdeposition of the Enticho Sandstone was limitedddhern
Ethiopia(Kazmin, 1972 Tefera et al., 1996 The sourcarea of the Edaga Arbi Glacials was probably
to the south androrthwards transport direction was inferredBussert (2010pasecdn the orientation
and geometry of paladandforms such as rochesoutonnées. Sedimentary rocks presumed to be
equivalent to thé&edaga Arbi Glacials are also prasén the Blue Nile area (samplék-1 and Hu2,
showing the same zircon age signature as stimaples from the Edaga Arbi Glacials) and in other parts
of Ethiopia(e.g. Bussert and Dawit, 2009, and references therein

3.6. Conclusions

The U Pb dating of detrital zircons in the Upper Ordovic{&tirnantian) tolower Silurian Enticho
Sandstone and th@arboniferousPermian Edaga Arbi Glacials in northefthiopiareveals distinct
differences in the age spectra of both formati@ifferences exist mainly in the Tonian (300 Ma)
age population, which is characteristic of the Edaga Arbi Glacetsl the Stenidionian (1200
900Ma) group, which is promintin the Enticho Sandstoné/e can therefore rule out recycling of the
Enticho Sandstone by the Edaga Arbi Glacials on a grand scale.

The StenianTonian zircons are correlative with characterigtopulations of this age in Hirnantian
sandstones in Lia andCambriafi Ordovician sandstones in Libya, Israel and Joréafowing the
hypothesis of a Gondwana sugian system in th&arly Pabeozoic that can be traced by c. 1 Ga zircons,
the EntichdSandstone can be regarded as stgesediments reworkday theLate Ordovician glaciers

and during the subsequent transgressidre Tonian zircon population, which is prominent in the
CarboniferousPermian Edaga Arbi Glacials, is probably derifran the local basement of Ethiopia.
Here, 900700 Ma magmaticdocks are abundant and represent the earliest formation stage of the
southern ArabiaiNubian Shield. These basement rocks must Hmen uplifted and exposed for
efficient erosion by the glaciers of theIA.

The preservation of mainly glaciatioelatedsediments in thé&abeozoic of Ethiopia is probably a
consequence of (1) the highdiment supply due to the erosional and transport potengiaiérs, ice
streams and meltwater and (2) the creatiocscebmmodation space during these times. For tkieten
Sandstone, the latter resulted from blEsel rise due to postglacidtansgression that reached
southwards (in present dagordinates) as far as Ethiopia. For the Edaga Arbi Glasiad®smmaodation
space was created in proglacial lakes in latgpressions. Because the deposition of the Enticho
Sandstone waprobably limited to northern Ethiopia and the inferred source ardaedEdaga Arbi
Glacials is to the south, no major recycling of fimener by the latter took place
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Abstract

We use heavy minerals and rutile and garnet chemical compositions to constrain the provenance of two
glaciogenic sandstone formations that build up the Palaeozoic succession in Ethiopia. Y hateray
assemblage of the Upper Ordoviditmwer Silurian Enticho Sandstone is dominated by +sitadle
minerals, implying high maturity of the sediment. Variable amounts of garnet are present as well. The
CarboniferousPermian Edaga Arbi Glacials comtanainly less stable heavy minerals, such as garnet
and apatite, suggesting little chemical alteration. A combination of magmatic and metamorphic source
rocks is likely for both formations. Rutile and garnet chemistry point to mainly amphifasdits ad

to a lesser extent granukfacies metamorphic source rocks with generally slightly higher metamorphic
temperatures for detrital heavy minerals in the Enticho Sandstone. We conclude that the Enticho
Sandstone is mainly the product of reworked matureliam Ordovician sediment, which may have

been supplied via the Gondwana sufagr system. Locally, glaciers of the Late Ordovician glaciation
eroded fresh basement material, delivering the garnet. For the Edaga Arbi Glacials, a rather proximal
provenancas likely. The potential source area is the southern hinterland, where Precambrian low
higher grade metamorphic rocks of the ArabMubian Shield occur at the transition to the
Mozambique Belt.

4.1. Introduction

Two glaciations affected the supercontin€gadndwana in the Palaeozoithe Late Ordovician
(Hirnantian) glaciation was shelived and reconstructions propose a large ice sheet covering much of
northern Gondwange.g.Eyles, 1993Ghienne et al., 200T.e Heron and Craig, 2008e Heron et al.,
2018. The Late Palaeozoic Ice Age (LPIA) affected Ethiopia in the CarbonifdPeuasian(Bussert
and Schrank, 2007and is considered more complex in its spaiia temporal exteng.g.Eyles, 1993
Fielding et al., 2008 The Palaeozoic sedimentary succession in Ethiopia is the prodietsef tivo
glaciations and comprises the Upper Ordoviciawer Silurian Enticho Sandstone and the
CarboniferousPermian Edaga Arbi Glacialse@imentological and palynological studies of the two
formations byDow et al. (1971,)Beyth(1972a 1972) Saxena and Assefa (198Bussert and Schrank
(2007) Bussert and Dawit (200@9nd Busserf201Q 2014 provide stratigraphic control and evidence
that two different glaciations are recorded.
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Petrographic and bullgeochemical analysdiewin et al., 2018 reveala very highmineralogical
maturityfor the Enticho Sandstonahich is striking for glaciogenic sedimenta contrast,tie Edaga

Arbi Glacialsare less mature and more variable in composifitiese trends have also been observed
in ageequivalent formations in Saudi Arakfeller et al., 201;1Bassis et al., 201¢bin the Lower
Palaeozoic, high maturity is a common feature of sandstones in northern Gori@®agoakel, 2002
Avigad et al., 2005Morag et al., 201)1 The high similarity of early Palaeozoic sedimentary rocks
across Gondwana, not only inatmrity, but also in their detrital zircon age spectra,3edire et al.
(2006)to propose a model of large sediment fans that transported masses of detritus from the East
African Orogen in the centre of Gondwarkgure 4-1) towards the continental margins. The long
transport, possibly in combination with strong chemical weathering under a corrosive Cambrian
Ordovician atmosphere, may have led to the high matiitigad et al., 2005Morag et al., 201)1 The
superfan hypothesis was confirmed for northern Gondwan#binhold et al. (2013andStephan et

al. (2019) Detrital zircon ages in the Enticho Satwee in Ethiopia are very similar to those of the
presumed supdan sediments, suggesting that the formation contains reworked-fanperaterial
(Lewin et al., 202D

|:| Late Neoproterozoic to Early
Cambrian orogenic belts

East African Orogen

Mainly Mesoprc

Mainly Palaeoproterozoic

Mainly Ar chaean

4

i

Sout h pole location
during the -Carboniferous
Per mian glaciation

Figure4-1: Map of Gondwana showing theverall geological setting (modifieafter Torsvik and Cocks, 2013; Avigad et al.,
2017)

For the Edaga Arbi Glacials, the low maturity and zircon ages similar to those in the Aklagan
Shield make a local provenance likgélyewin et al., 20182020. A re-organisation of the sediment
dispersal system during the Carboniferous ie aiferred for southern Liby@Morton et al., 201jland
Saudi ArabiagKnox et al., 2007Bassis et al., 201%&ased on changes in the heavy mineral spectra.
Heavy mineral data for the Ethiopian Palaeozoic sandstones are missing so far.

Heavy minerals in sediments and sedimentary rocks
by assigning the minerals @duitheir parageneses to certain source rock lithologies, for which they are
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characteristic. Because the heavy mineral assemblage in a sediment is not only influenced by source
rock lithology, but also by processes operating during weathering, transpadijtibepand diagenesis

(e.g. Morton and Hallsworth, 1984ingle grain geochemical analyses on specific mineral species are

a powerful complementary technig@n Eynatten and Dunkl, 201 Rutile is one of the ultratable

heavy minerals and very resistant to physical and chemical alterations. Furthermore, its trace element
composition is dependent on the metamorphic temperature conditions during growth and the lithology
of the host rock, making it a good candidategimvenance studi€se.g.Triebold et al., 200;Meinhold,

201Q Triebold et al., 201 Similarly, garnet composition depends on host rock lithology and pressure
and temperate conditions during growth and its use in provenance analysis is well estal§ésiped
Morton, 1987 Mange and Wright, 200 Krippner et al., 2014Stutenbecker et al., 20117

In this study we use the heavy mineral assemblages and rutile and garnet cherffigtigr constrain

the provenance of the two Palaeozoic sandstone formatid&tkiopia. This study tests the assumption
that the Enticho Sandstone contains reworked material from the Gondwandasuggstem and that

the Edaga Arbi Glacials originate from proximal source areas in the Ar&bibran Shield We also
examine whether aegional correlation of changes in the heavy mineral spectra from early to late
Palaeozoic with sedimentary rocks in Libya and Saudi Arabia is possible. This allows a better
understanding of the Palaeozoic sediment dispersal system of northern Gondiv&iaftuence of

the two glaciations.

4.2. Geological setting

Both the Upper Ordovicidrower Silurian Enticho Sandstone and the Carboniféf@esmian Edaga

Arbi Glacials are exposed around the Mekelle Basin in the northern Ethiopian province(Kagrayn,

1972 Garland et al., 1978Tsige and Hailu, 2007; Figure-2). The Enticho Sandstone lies
unconformably on the Neoproterozoic metamorphic basement. In some areas, also the Edaga Arbi
Glacials lie unconformably on the Neoproterozoic basement while in others on the Enticho Sandstone.
Both theEnticho Sandstone and the Edaga Arbi Glacials and are overlain by Mesozoic sediments
(Beyth, 1972b Tefera et al., 1996Dawit, 2010; Figure ). In addition, glacial sediments
corresponding to the Edaga Arbi Glacials occur in the Blue Nile region in western Ettigpiee (

4-2b).

The basement in Ethiopia is part of the tEsican Orogen, comprising the Arabiddubian Shield in
the north and the Mozambique Belt in the sqithzmin, 1972 Tefera et al., 19965tern et al., 2012;
Figure 41). The ArabiaihnNubian Shield is composed of mainly juvenile Neoproterozoic crust, which
experienced greenschisto amphibolie-facies metamorphisnie.g. Johnson et al., 2011in the
Mozambique Beltamphibolite to granulitefacies metamorphic grades can be found, bedrio the
intense Ediacaran collision between East and West Gond{@aeian et al., 2002 The basement of
northern Ethiopia is considered to belong to the Ardiabian Shielde.g.Stern et al., 2032ohnson,
2014. The upper Tonian Tsaliet Group consistsetifisive flows and diverse volcaniclastic rocks
(Beyth, 1972bMiller et al., 2009. The Cryogenian Tambien Group is madenarine siliciclastic and
carbonate rocks deposited in pasigmatism basin@lene et al., 2006Avigad et al., 2007Miller et

al., 2009. Both units were metamphically overprinted to greenschifsicies grade and syand post
tectonic granitoids and diorites intrudé®eyth, 1972bKazmin et al., 1978Tefera et al., 1996 The
Westernand Southern Ethiopian Shields contain higade metamorphic rocks of the Mozambique
Belt (Yibas et al., 2002Noldemichael et al., 201&tern et al., 2012

The Palaeozoic sedimentary succession starts with the Upper Ordbhaeian Silurian Enticho
SandstoneCambrian Lower and Middle Ordovician sediments aressitig.Body and trace fossils as
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well as palynoflora (cryptospores) constrain the age of the form@#tena and Assefa, 198issert

and Dawit, 2009Brocke et al., 2015 its thickness ispto 300m (Saxena and Assefa, 1983awit,

2010. The lower part is glaciogeniMassive, largescale trough or sigmoidal crebedded sandstones

and conglomerates occur, which are interpreted as subaqueous meltwater deposits. Diamictite occurs in
one location, which is probably a tillite. In the upper part of the Enticho Sandstefiesorted
sandstones with bipolar crebed sets indicate a tidal deposition in a shallow(Beasert and Dawit,

2009 Dawit, 2010.

Between the Upper Ordovicialower Silurian Enticho &dstone and the CarboniferoBgrmian
Edaga Arbi Glacials there is a long hiatngiddle Silurian tomiddle Carboniferous rocks are not
preserved. The Edaga Arbi Glacials have a thickness of up tm 20@orthern EthiopiéBussert, 2010
andlie unconformably either on the Enticho Sandstone or directly on the badengef@eyth, 19720

They are biostratigraphically constrained by their ypedserved microfloral assembla@gussert and
Schrank,2007). At the base, a polymict conglomerate probably represents a tillite; it is followed by
laminated claystones and siltstones with scatteredineatl clasts and lenses of sandstone, interpreted
as suspension setibrits in a preglacial lake or fjod-like environment, with periodic hyperpycnal
sediment flows and the deposition of dropstof@syth, 1972b Bussert and Dawit, 200Bussert,
2014. For a more detailed facies description of the two studied formations and field photographs we
refer toBussert and Dawit (2009Bussert (P14)andLewin et al. (2018)

4.3. Sampling and methods

The selection of sampling sites was based on previous stratigraphic and sedimentological work and
priority was given to sections that are biostratigraphically constrgidegsert and Schrank, 2Q07
Bussert and Dawit, 2008Brocke et al., 2015 In other sections, the assignment to one of the two
formations was through lithofacies characteristics in the field and could be confirmed by geochemical
analysegLewin et al., 2018; Table-4). Only one sample (Eel) was erroneously clagigid in the field

and could be assigned to the Enticho Sandstone by bulk geochemistry. We chose 20 samples from the
Enticho Sandstone and 11 samples from the Edaga Arbi Glacials for heavy mineral aratysis1).

The selection was made to cover a large spatial and stratigraphic range.

Approximately 1 kg of sample material was disaggregated using a jaw crusher followed by mortar and
pestle. The material was treated with 10% acetic acid to dissolve carbonate, which was found in many
samples as cement, especially in the Edaga Arbi Gla¢tatshermore, a mixture of sodium citrate,
sodium bicarbonate and sodium dithionite ¢¢@g and 20, respectively, in L of water) was used

to remove iron oxide coating, which was especially strong in samples of the Enticho Sandstone. After
being pla&ed in an ultrasonic bath for five minutes, the samples were wet sieved to obtain the grain size
fractions 4063 um, 63 125um and 125500um. For further analyses, we focused on the grain size
interval of 63 125um to ensure comparability with correspamglidata from previous studies in Libya
(Morton et al.,, 2011 and Saudi ArabigBassis et al., 201§aThe other grain size intervals were
additionally considered in four samples during conventional heavy mineral analysis to assess the
influence of chosen grain size windows on the heaineral assemblagd éble A8). These samples

were selected due to their relatively large grain size variation compared to the other samples and to cover
a large geograptal spread. Heavy mineral separation was done using sodium polytungstate with a
density of 2.8/cm?3 in a separatory funnel. The separation procedure was performed two times per
sample to ensure proper separation of the heavy and the light minerals.
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Table4-1: Sample information. Locations are given in geographical coordinates (WGS84). The stratigraphic as&igrat)ent

to one of the two studied formations is based on biostratigraphic evidence (B), lithofacies charactef3tiostiie outcrop

or geochemical analyses (C). Detailed information on the petrography and geochemistry of each sample is given in Lewin et
al. (2018).HMA0 ¢ heavy mineral analysis using an optical microscope, #IdAeavy mineral analysis using Raman
spectroscopy, HMAY ¢ heavy mineral analysis with both optical microscopy and Raman spectroscapyytite chemical

analysis, grt garnet chemical analysis.

# Sample Formation  Age Location North(°) East(°) Facies/ Strat Methods
Lithology

1 Enti4 Enticho Upper Ordovician Atsbi south 13.83465 039.71262 Tillite matrix C HMA*r, rtl, grt

2 Enti5 Enticho Upper Ordovician Atsbi north 13.88828 039.74783  Glacial B HMATr, grt

3 Enti7 Enticho Upper Ordovician Atsbi north 13.88842 039.74259  Glacial B HMAo

4 Enti9 Enticho Upper Ordovician Wollwello 14.22037 039.65014  Glacial B HMAr, grt

5 Enti13 Enticho Upper Ordovician Zalambassa 14.49275 039.41911 Glacial LF HMAr, rtl

6 S1 Enticho Upper Ordovician Sinkata 13.96861 039.61167 Glacial B HMAo

7 S2 Enticho Upper Ordovician Sinkata 13.96861 039.61167  Glacial B HMA0

8 Nib-1 Enticho Upper Ordovician Adigrat south 14.25194 039.48972  Glacial B Rtl

9 Nib-2 Enticho Upper Ordovician Adigrat south 14.25194 039.48972  Glacial B HMAr, grt

10  North-1 Enticho Upper Ordovician Adigrat north 14.31333 039.46000 Glacial B HMA0

11 North-2 Enticho Upper Ordovician Adigrat north 14.31333 039.46000 Glacial B HMAo

12 Enti6 Enticho Upper Ordovician Atsbi north 13.88842 039.74827 Marine B HMAr, rtl

13  Enti10 Enticho Upper Ordovician Wollwello 14.21839 039.64994  Marine B HMAo

14  Entil2 Enticho Upper Ordovician Zalambassa 14.49627 039.41911 Marine LF HMA*-r, rtl

15 S3 Enticho Upper Ordovician Sinkata 13.97056 039.61111 Marine B HMA0

16 S4 Enticho Upper Ordovician Sinkata 13.97056 039.61111 Marine B HMA-0

17  Nib-3 Enticho Upper Ordovician Adigrat south 14.25222 039.49583 Marine B Rtl

18 Nib4 Enticho Upper Ordovician Adigrat south 14.25222 039.49583  Marine B HMA-0

19  North-3 Enticho Upper Ordovician Adigrat north 14.31944 039.45889 Marine B HMA0

20 Edab Enticho Upper Ordovician Adwa east 14.19102 038.93957 Sand lens C HMAr

21 Eda2 Edaga Arbi  CarboniferousPermian  Enticho 14.28166 039.14725  Tillite matrix B HMA*r, rtl

22  Eda3 Edaga Arbi  CarboniferousPermian  Enticho 14.27929 039.14836 Sand lens C HMAr, rtl

23 Eda4 Edaga Arbi  CarboniferousPermian  Edaga Robi 14.38906 039.18161 Tillite matrix C HMAo

24  Eda6 Edaga Arbi  CarboniferousPermian  Edaga Arbi west 14.05667 039.07095 Sand lens LF HMA-0

25 Eda8 Edaga Arbi  CarboniferousPermian  Megab south 13.90944 039.32301 Sand lens B HMA0

26  Eda9 Edaga Arbi  CarboniferousPermian  Megab south 13.90915 039.32235 Sand lens B HMAr, rtl, grt

27  Edalo Edaga Arbi  CarboniferousPermian  Dugum 13.84957 039.49003 Sand lens LF HMA0

28  Edall Edaga Arbi  CarboniferousPermian  Abi Addi 13.61842 039.00042 Sand lens LF HMAr, rtl, grt

29  Edal2 Edaga Arbi  CarboniferousPermian ~ Samre 13.17844 039.19745 Sand lens B HMAr, grt

30 Hul Edaga Arbi  CarboniferousPermian  Bure, Blue Nile  10.31057 037.05068 Sand lens LF HMA*r, grt

31  Hu2 Edaga Arbi  CarboniferousPermian  Bure, Blue Nile  10.31057 037.05068 Sand lens LF HMAr, grt

Conventional heavy mineral analysis

For optical analysis of the heavy mineral assemblage, representative subsamples of the heavy mineral
concentrates obtained with a miaitile splitter were mounted oglass slides embedded in Cargille
Meltmount™ with a refraction index of 1.662. Mineral species were identified using a potari
microscope and 200 translucent grains per sample were counted where possible. Since the grain size
windows analysed are naw, no aressensitive counting method was used and all grains encountered

under the microscope were counted until 200 counts were reached. The proportions of translucent and
opaque minerals were assessed based on 100 counts per sample.

Ramanspectroscopy

To confirm the results from the optical analysis of the heavy mineral assemblages, we applied a semi
automatic identification and counting method based on Raman spectroscopy at the Geoscience Centre
of the University of GoéttingefLinsdorf et al., 201%to 15 of the samplesTéble4-1). The samples

were chosen to cover all different minerals and assemblages ieentifiring optical analysis.
Representative subsamples of the respective heavy mineral concentrates were embedded in epoxy resin
and polished to reveal t heresglutianimosaiéimagesiofehe moums on a
were taken using a &s Axio Imager M2m polarizing microscope with the ZEN Pro software at high
magnification (50x, 0.75 NA) in transmitted and reflected light. Measuring spots were selected on these
mosaics using the Coordsetter software introduceldilmgdorf et al. (2019 nd the coordinates were
transferred to a Horiba Scientific XploRA PLUS Raman microscope. Raman spectroscopy was
performed with a laser wavelength of 588, laser power of 25% (of 1@0W) and circular polarization
(lambda/4 retarder plate). The followingeasurement parameters were used; spectral grating:
1200gr/mm, spectrometer position: 13&0r’, objective: 50x, 0.5A, LWD, exposure time: 0.4
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(min.)/30s (max.), number of accumulations: 1, max. intensity: 5@€0Automated identification of
heavymineral species was done with anhiouse program using a modified version of the RRUFF
database in combination with the segmental hit quality index appradoisdorf et al., 2019
Depending on the quality of the mount and pineportions of translucent and opaque grains, between
87 and 937 translucent minerals per sample were confidently ider(liibte A7).

Electronmicroprobe analysis

Rutile chemical analyses were performed on six samples from the Enticho Sandstone and four samples
from the Edaga Arbi Glacials; garnet chemical analyses were performed on four samples from the
Enticho Sandstone and five samples from Buaga Arbi Glacials. The choice was made based on the
amount of the respective mineral in the heavy mineral concentrate. Rutile and garnet grains were
randomly handpicked under a binocular microscope from the heavy mineral concentrates of the 63
125umg ai n size fraction, embedded in epoxy resin
surface. The mounts were carbowated to ensure conductivity. Chemical analyses of the mineral grains
were performed with a JEOL JXA 8900 RL electron micotyer equipped with five wavelength
dispersive spectrometers at the Geoscience Centre of the University of Géttingen. Rutile was analysed
with a beam current of 80 nA and an accelerating voltage of 25 kV. A counting time sfx230used

for Al, Cr, Nb, V and Zr, 100s were used for Fe, Si, Sn and W ands I6r Ti. Garnet was analysed

with a beam current of 20A and an accelerating voltage of 15 kV. The counting times per spot were

15 s for Al, Ca, Fe, Mg and Si and 30 s for Cr, Mn and Ti. Detection landsstandard errors are given

in the supplementary material together with the analytical data.

To visualise the datasets obtained from electron microprobe analyses and their variability, a principal
component analysis (PCA) was performed with the cdmigeratio transformed chemical data for rutile

and garnet, respectively. The {agfio transformation is necessary to account for the compositional
nature of the datéAitchison, 198§. Values below the detection limit were replaced by 0.65 times the
detection limit, as suggested bylartin-Fernandez et al. (2003p make sure that the dataset for-log

ratio transformation does not containy zeros.

Rutile growth temperature was assessed using the latestuile thermometer introduced Bymkins
et al. (2007)n the U-quartz field after the following equation:

T(°C) = ((83.9 + 0.41®) / (0.1428 RIn(Zr[ppm])))i 273.

R is the gas constant with 0.0083144 kXA default pressure P of 10 kbar was used, as proposed by
Triebold et al. (2012jor detrital rutile with unknown growth pressure conditions. The dependency of
Cr and Nb concentrations in rutile on host ratiemistry was used to deduce the proportions of
metamafic and metafelsic rutiles with the following Bb separation line aftérriebold et al. (2012)

X =5 (Nb[ppm]i 500)7 Cr[ppm].

Here, rutiles from meimafic rocks yield negative values for x, while for rutiles from metafelsic rocks x
is positive.

The assignment of detrital garnet to certain source lithologies is difficult given the complex control of
garnet composition by host rock chemical composiiond pressure and temperature during formation
(e.g.Krippner et al., 2014TolosanaDelgado et al., 2098To account for the overlap of compositional
fields of garnets from differd host rock lithologies and the need for robust multivariate statistical
methods for garnet classificatioffplosanaDelgado et al. (2018proposed a new discrimination
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scheme, which is applied in this study. It is hienéral, based on linear discriminant analysis and gives
a set of probabilities for a garnet grain of belonging to one of the five host rock categories: igneous
rocks, ultramafic rocks or eclogiteamphibolite and granulitefacies metamorphic rocks.

4 .4. Reslts

Heavy mineral analysis

The full data set obtained during optical heavy mineral analysis and Raman spectroscopy is available in
the supplementary material to this arti€l@able A7). The proportions of heavy minerals with respect

to thebulk of the respective grain size fractions used for separation aréléavy mineral yields vary
between 0.0Wt% and 3.94vt% of therespectivegrain size fractions with most yields belowvi%

(Table A7). No systematic difference between the two formations is visible in the heavy mineral yield.
Theratio between translucent and opaque grains is highly variable and no pattern is ob§Eaddle

A 7). An overview of photomicrographs of the most common heavy @ser the studied samples is

given inFigure4-3. The analysis of the heavy mineral assemblages reveals distinct differences between
samples of the Enticho Sandstone and the Edaga Arbi Glacials. The heavy mineral suite of the Enticho
Sandstone, especially the upper, marine, subunit, is dominatedud{rabetable minerals zircon, rutile

and tourmalingFigure4-4). The lower glaciogenic subunit contains significant amounts of garnet and

in some samples apatite artdwolite Figure4-4). The highest garnet content in the Enticho Sandstone

is found in sample En#d, which is taken from the basal tillite. Moreover, monazite isvaneoon mineral

in the Enticho Sandstone.

Zircon

Rutile

Tourmaline

Staurolite Monazite

Figure4-3: Photomicrographs of the most common heavy minerals in the studied samples. The bars represent 50 pum,
respectively.

In the Edaga Arbi Glacials, th@oportion of the ultrestable heavy minerals is much lower. Instead,
apatite and garnet make up the largest heavy mineral groups, but with strongly varying rélafioas (

4-4). Garnet contents range from zero to 86% and apatite contents from 7 to FigtPé4-4, Table

A 7). Remarkable is the exceptionally high epidote content in two samples from the Edaga Arbi Glacials
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(Eda6b with 45% and Edd2 with 50.6%). Regarding the TiQpolymorphs (rutile, anatase and
brookite), differentiated by Raman spectroscopy, rutile constita@® than 80% in most studied
samples(Table A 7). However, some samples, especially in the Edaga Arbi Glacials, contain
considerable amounts of anatase and brookigegrawths.

For four samples, two from each formation, the heavy mineral assemblages in the grain size fractions
40i 63 um and 125250um were analysed additionally to reveal the influence of the chosen grain size
window (Figure4-5). Generally, the same heavy mineral assemblage can be observed within different
grain size fractions of one sample, but with varying proportions of the respective minerals. It is evident
thatzircon preferentially occurs in the finest grain size fraction, whereas tourmaline and garnet are more
abundant in the largest grain size fraction. An exception is sampid Bwitiere staurolite and monazite
occur in the largest fraction, which are nogsent in the two finer fractiongigure 4-5 also reveals
differences in heavy mineral identification optically and using Raman spectroscopy:;i t5 At

fraction of these four samples was counted with both methods. The result is similar, however, tourmaline
and minerals of the epidote group aemerally overestimated during optical counting, whereas garnet

is underestimated-{gure4-5).
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Figure4-4: Heavy mineral assemblages in theg635 pm grairsize fractions of the studied samples. For samples marked
with an asterisk (*) the heavy minerals were identified using Raman spectroscopy, for the other samples witlisagolar
microscope. The samples are arranged according to their stratigraphic order as inferred during field work.

The two studied formations can well be discriminated using heavy mineral irfdigesvlorton and
Hallsworth, 1994; Table -2). The dominance of the ultsiable heavy minerals in the Enticho
Sandstone is shown in the zir¢oourmaliné rutile (ZTR) index of 79.7 on average. In theal§d Arbi

Glacials ZTR is on average 13.4. On the other hand, the high proportions of garnet and apatite in the
Edaga Arbi Glacials are reflected in a gartmirmaline index (GTi) of 88.3 and an apdtitairmaline
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index (ATi) of 88.7. In the Enticho Sandsk these indices are on average 17.3 and 14.6, respectively.
The rutilg zircon index (RZi) is higher in the Edaga Arbi Glacials with a mean of 43.0, while in the
Enticho Sandstone RZi is 20.4 on average. The stalitolitanaline index (STi) is higher the Enticho
Sandstone (14.4) than in the Edaga Arbi Glacials [taBle4-2).

Hu-1
o))
N
0
[&)]

=
3

125-500 ym
63-125 pm*
63-125 uym

40-63 um

Eda-2

125-500 pm
63-125 ym*
63-125 um

40-63 pm

Enti-12

125-500 uym
63-125 pm*
63-125 um

40-63 uym

Enti-4

0% 10 % 20% 30% 40 % 50 % 60 % 70% 80 % 90 % 100 %
m Zircon mRutile mTourmaline mGarnet mApatite mEpidote Group 11Staurolite mMonazite m Titanite m Other

Figure4-5: Comparison of the heavy m@ral assemblages in the graize fractions 4§63 pm, 68125 yum and 126250 pm
for four samples. Note that the €325 pum fraction was studied by both optical microscopy and Raman spectroscopy (*).

Table4-2: Heavy mineral indicg®/orton and Hallsworth, 1994ZTR = zircon + rutile + tourmaline; RZi = 100 rutile / (rutile +
zircon); GZi = 100 garnet / (garnet + zircon); ATi = 100 apatite / (apatite + {nen&Ti = 100 staurolite / (staurolite +
tourmaline). Samples marked with amsterisk (*) are studied with Raman spectroscopy, other samples using optical
microscopy.

Sample Formation ZTR RZi GZi ATi STi
Enti-4* Enticho Sandstone 22.4 25.0 84.5 61.9 0.0
Enti-5* Enticho Sandstone 49.5 19.3 56.3 0.0 23.9
Enti-6* Enticho Sandstone 86.2 22.9 0.0 0.0 23.1
Enti-7 Enticho Sandstone 82.5 20.3 16.2 8.3 24.1
Enti-9* Enticho Sandstone 70.1 45.7 49.0 0.0 11.8
Enti-10 Enticho Sandstone 90.5 315 0.0 54 2.8
Enti-12* Enticho Sandstone 99.9 10.8 0.1 0.0 0.0
Enti-13* Enticho Sandstone 94.9 10.1 0.2 0.0 0.0
S1 Enticho Sandstone 67.9 143 6.7 30.3 30.3
S2 Enticho Sandstone 79.0 17.9 2.8 60.0 9.1
S3 Enticho Sandstone 85.1 20.2 3.7 12.5 22.2
S4 Enticho Sandstone 86.0 12.6 1.0 0.0 23.2
Nib-2* Enticho Sandstone 87.6 29.2 16.2 0.0 0.0
Nib-4 Enticho Sandstone 91.2 35.4 0.0 4.5 4.5
Nord-1 Enticho Sandstone 85.0 12.4 13.0 0.0 10.0
Nord-2 Enticho Sandstone 74.5 15.6 26.0 0.0 0.0
Nord-3 Enticho Sandstone 86.5 22.4 3.2 0.0 15.0
Eda2* Edaga Arbi Glacials 21.7 33.3 4.0 88.6 1.6
Eda3* Edaga Arbi Glacials 325 40.7 0.0 81.7 0.0
Eda4 Edaga Arbi Glacials 23.0 26.3 54.8 83.5 0.0
Eda5* Enticho? 96.2 12.7 0.0 20.7 4.4
Eda6 Edaga ArbiGlacials 4.0 50.0 96.6 87.5 0.0
Eda8 Edaga Arbi Glacials 6.0 375 91.9 97.0 0.0
Eda9* Edaga Arbi Glacials 311 64.4 72.8 77.5 2.3
Edal10 Edaga Arbi Glacials 6.5 23.1 94.5 100.0 0.0
Edal1* Edaga Arbi Glacials 10.8 47.4 93.3 93.9 0.0
Eda12* Edaga Arbi Glacials 5.1 92.3 98.2 99.3 0.0
Hu-1* Edaga Arbi Glacials 4.3 16.0 95.8 97.1 0.0
Hu-2* Edaga Arbi Glacials 2.4 0.0 95.3 99.2 0.0
Enticho mean 79.7 20.4 17.3 14.6 14.4
Edaga Arbi mean 13.4 43.0 88.3 88.7 0.9
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Rutile chemistry

The PCA biplot of the rutile chemical dgféigure4-6) gives a first overview of the variability within

the data set. The colour code by formatieveals clustering of the samples from the Enticho Sandstone
and the Edaga Arbi Glacials, respectively. Rutiles from the Enticho Sandstone are enriched in Zr, V and
Nb, whereas rutiles from the Edaga Arbi Glacials contain more Al anéifaré 4-6). A group of

rutiles from the Enticho Sandstone is enriched in Fe as well and is dominated by rutiles in sample Enti
6 (Figure4-6). When looking at the first and third principal componé&igre4-6 b), a group of rutile

grains in the Enticho Sandstonesisiking that is significantly depleted in Al compared to all other
grains. This group is not from one single sample but contains grains from all analysed Enticho Sandstone
samplesKigure4-6).

According to the Zin-rutile thermometry aftefomkins et al. (2007)nost analysed rutiles have grown
underamphibolite/eclogitefacies thermal conditions (ca. 500 °C for metapelitic rutilesfollowing

Zack et al., 200¢ while both formations contain also granufiéeies rutiles (>750C, following Zack

et al., 2004figure4-7). The proportion of granulitéacies rutiles is higher in the Enticho Sandstone
(mean: 17.7%, range: 10282.7%) than in the Edaga Arbi Glacials (mean: 15.8%, range33.80).
According to thesource rock lithological assessment using the Cr and Nb contents most of the rutile
grains in both formations are probably from metafelsic host réegare4-7). TheEdaga Arbi Glacials
contain a higher proportion of rutile grains that might be derived from metamafic sources (mean: 39.8%,
range: 28.848.7%) than the Enticho Sandstone (mean: 27.0%, rangé3160%5).

Garnet chemistry

Garnet chemical analyses yieldndiar compositions for garnets from the Enticho Sandstone and from
the Edaga Arbi Glacials. In a PCA biplot no clear clustering is vishitpi(e A3). However, garnets

in the Enticho Sandstone appear to be slightly moreibin(spessartine), while garnets in the Edaga
Arbi Glacials are more Fech (almandine). According to the garnet sddication scheme after
TolosanaDelgado et al. (2018nost garnets are derivdtbm metamorphic rocks. Both formations
contain also a significant amount of garnets classified as from felsic igneous rocks, which is higher in
the Enticho Sandstone (11.5%) than in the Edaga Arbi Glacials (FigUre 4-8). Only one garnet

grain in a sample from the Enticho Sandstone is classified with the highest probability as from an
ultramafic source. The metamorphic garnets are mostly classified as derivednfigmbolitefacies

and to a minor extent from granulitecies metamorphic rock&igure4-8). Only a few metamorphic
garnets are with high probabilities from eclogiéeies sources. The proportion of metamorphic garnets
probably from granulitéacies rocks is higher in the Enticho Sandstone (average: 29%, rangje 16.7
43.8%) than in the Edaga Arbi Glacials (average: 16.9%, range348080; Figure 4-8). Within the
formations, intetsample variations can be observed. In the Enticho Sandstone, samplearthinti

5 contain more higigrade metamorphic garnets than the otlaenplesKigure4-8 a). In the Edaga Arbi
Glacials, a tendency to high metamorphic grades can be observed for sarml@é-gdae4-8 b).

4.5. Discussion

Enticho Sandstone (Ordovicig8ilurian)

The very high proportion of ultratable heavy minerals (ZTRjgure4-4) and monazite, hence the very

high mineralogical maturity, is untypical for glaciogenic sediments. In ahdase climate chemical
weathering is poor. An explanation for the high maturity loarthe recycling of older sediments or
sedimentary rocks that have undergone substantial diagenetic modification dissolving unstable minerals
(Garzanti, 201} Typical indicators for recycled sedimentary rocks, such as abraded quartz overgrowth
or sedimentary lithoclasts, have not been identified during petrographic analyses. However, if the
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Figured-6: PCA bilot based on the centred legnio (clr) transformed concentrations of the measured trace elements in rutile
from Enticho Sandstone and Edaga Arbi Glacials. (a) First and second principal component. (b) First and third principal
component. (c¢) First and ttd principal component with coloucode by sample.

sediment incorporated and transported by the glaciers and meltwater of the Hirnantian glaciation was
not significantly lithified, suchindicators are less pronouncels parent sediment for the Enticho
Sandstone, theCambriaf Ordovician quartzarenites that covered much of north@ondwana
(Garfunkel, 2002Avigad et al., 200pare a likelycandidate. It is unlikely that these sediments have
been buried to depth in which substantial diagenetic dissolution of unstable mineckplace beaifre
they were taken up by the Hirnantian glaciétswever, the high maturity of the parent sediment may
have beertaused by strong chemical surface weathering due to warm and tlinmate conditions
combined with a low relief and low sedimentati@tesin the aftermath of the Pakfrican orogeny
under a corrosiv€ambriaii Ordovician atmosphere, as suggestedbigad et al. (2005)The Enticho
Sandstone may thus represent reworked Canil@iaiovician sediments leading to its strikingly high
maturity. This assumption is also made for Hirnantian glaciogenic sandstones in Saudi(Acadsiain

et al., 2004Knox et al., 2007Bassis et al., 201620168H.

The glacogenic basal part of the Enticho Sandstone, however, does also contain substantial amounts of
less stable minerals, mainly garnet. This is particularly true for samptd Bmitiich was taken from the

basal tillite Figure4-4). High proportions of garnet have also been observed in Hirnantian sandstones
in Israel(Weissbrod and Bogoch, 200and ascribed to proximal sources since ghliciagial channels

cut deeply into the basement. In Libya, an increase in garnet content, together with an increase in RZi
is dbserved at the base of the Tanezzuft Formdtibeinhold et al., 201 IMorton et al., 2012 which

is equivalent to the shallow marine part of the Enticho Sandskagar€ 4-9 b). This $ift is ascribed

to the final pulse of the Hirnantian glaciation, during which glaciers have cut deeply into the hinterland
and brought new material, which was then reworked during transgression. In the Enticho Sandstone,
there are numerous indications sdveral glacier advangetreat cycles, such as large and intense
deformation structures in the glaciogenic sediments and the occurrence of tunnel valleys filled with
glaciogenic sediments and eroded into older glaciogenic sediments. The unstable heealg mithe

basal glaciogenic sediments may thus have been derived from intensive erosion during the first glacier
advance. The subsequent glacial advances probably did not erode these glaciogenic sediments down to
the basement, so that fresh basemenensdtwas not admixed during the subsequent advances. In
SaudiArabia, Hirnantian sandstones are devoid of ggBassis et al., 201§aso glacial erosion of the
basement was probably geographically variable. The absence of garnet in the shallow marine upper part
of the Enticho Sandstone may be a consequencesatisel removal during diagenesis. Corrosive pore
fluids could penetrate the wedbrted and highly permeable marine sandstone better than the less
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permeable glaciogenic part of the formati@urroded garnet surfaces that could be observed during
optical investigation of the heavy mineral concentratégure 4-3, lower leftimage) further indicate
such dissolution effectsThe interpretation of the garnet content as av@mance signal should,
therefore, be taken with caution.
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Figure4-7: Left: histograms of the calculated formation temperatures frominZtile thermometry afterTomkins et al.
(2007) Approximate temperature boundaries of metanptric facies for metapelitic rutile followirgack et al. (2004Right:
CrNb crossplot and pie charts for classification of rutiles derivem metamafic and metafelsic source rocks afteéebold
et al. (2012)

Despite theabovementionedlifferences in garnet content, the heavy mineral assemblages in Ethiopia,
Saudi Arabia and Libya are lagly similar in the OrdovicigiSilurian successionas illustrated in the

heavy mineral index cross plot§idure 4-9). This supports the hypothesis obntinentscale
homogenisation of the sediment in the early Palaeozoic. RZi is notably higher in some Libyan samples,
likely implying a higher influence of metamorphic sourdagre 4-9). In the Enticho Sandstone, the

ratio of metamorphic and magmatic sources, as mirrored in RZi, is rather constant with little variation
between the sampleEigure 4-9). Rutile and garnet chemical analyses point to mainly amphibolite
facies metamorphic source rocks, while both provide evidence for a certain contribution of granulite
facies sources as welrigure4-7, Figure4-8). For rutile, the ratio of granuliteacies to amphibolite

facies grains is quite constant fraample to sample in the Enticho Sandstone, while garnet displays
significant intersample variationgHigure4-10). In samples En# and Enti5 the proportion of garte
probably from granulitéacies sources is much higher than in the other sanipigsré4-10). These
samples are those with the highest garnet content, so thatithenay be more reliable than for the
other samplesPostdepositional dissolution may have affected different gayyps differently.
Additionally, it must be noted that the ratios are based on probabilities that grains grew under the
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respective metamphic conditions and not on a distinct classificatjidnlosanaDelgado et al., 2018

If the inter-sample differences are not an artefact, they indicate that in the Enticho Sandstone there have
been geographical differences in the contribution of different source areas and that garnet and rutile are,
at least partly, from different sources.

(@)Enticho Sandstone (b)Edaga Arbi Glacials
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facies
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Figure4-8: Garnet classification aftarolosanaDelgado et al. (2018)z4 A y 3 (i K S EdNthedinthar3, fgdnets Weted
assigned to one class if the highest probability was calculated for the respective class, even if it was < 50 %. Tesns®y diag
further classify the metamghic garnets.

Rutile, as a chemically and physically very stable heavy mineral, can have been sourced from the
reworked sediment incorporated in the Enticho Sandstone. The original provenance of this material is
unclear, but following the Gondwana suffan hypothesis, it may have originated in the central part of
the East African Orogen (Mozambique Belt). Amphibelite granulitefacies metamorphic rocks are
abundant therée.g.Stern et al., 201 ZFritz et al., 201Band may have supplied the rutilehe group of

Ferich rutiles in sample Ent (Figure 4-6) shows that differences in provenance exist within the
Enticho Sandstone. Since this sample is taken from the shallow marine upper part of the formation, it
may indicate that locally different material is brought to the basin during the transgression.

The garnet is probably derived from fresh basement rajterich was eroded by the glaciers of the
Hirnantian glaciation. The local basement in northern Ethiopia comprises mainly greefsibsst
metamorphic rockgBeyth, 1972b Kazmin et al., 1978Tefera et al., 1996 but in the vicinity of
intrusions, higher temperatures may have led to amphidatites metamorphism. Reconstructions of
the Hirnantian ice sheet assume the iceaging centre to be in norttest Africa(Ghienne et al., 2007
Le Heron and Craig, 2008Torsvik and Cocks, 20)3 making a western provenance likely.
Amphibolite- to granulitefacies rocks are present in the Sahara Metacr@gn Abdelsalam et al.,
2002 and may have supplied the garnet. Garnet chemistryefuidlieals a certain proportion of garnets
that originate with high probabilityrdm felsic igneous rocks={gure 4-8). Such rocks are, however,
abundant in all parts of the East African Orogen and elsewhere in northern and central Gondwana,
making it difficult to deduce any source area.

Summarizing, the heavy mineral assemblage of the Enticho Sandstone is probably a consequence of 1)
reworking of mature sand by glaciers of the Hirnantian glaciation, 2) admixing -getmehaterial

eroded by the glaciers from the basement and 3)}dmgssitional modification by dissolution of
chemically unstable minerals, especially in the welited and highly permeable marine part of the
formation. The reworked mature sediments may have belonged to the postulatethrsuipgbat
transported large amotsmof material towards the Gondwana margins during the early Palaeozoic
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(Squire et al., 20Q8Meinhold et al., 2013Stephan et al., 20),9a hypothesis that is also underlined by
detrital zircon age spectra in the Enticho Sandstbewin et al., 2020 The variably admixed fresh
basement material that delivered the garnet wrégin from sources in the Sahara Metacratan.
northwesterly source area for the Enticho Sandstone is supyrigalacocurrent directions derived
from the dip direction oforeset beds within crodsedded sandstor{Bussert and Dawit, 2009
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Hgure4-9: Crossplots of heavy mineral indices for the studied formations (Table 2) and for stratigraphically corresponding
formations in Saudi Arabia and Libya. BBssis et al. (2016a2)Knox et al. (2007)3)Morton et al. (2011)(4)Morton et
al. (2012)

Edaga Arbi Glacials (Carboniferoii®ermian)

In the Edaga Arbi Glacials, apatite and garnet, and in two samples epidote, are pitbsestywiigh
proportions Figure4-4). This means that 1) the formation cannot be (solely) the product of recycling
of the Enticho Sandstone and 2) very little chemadtdration of the sediment must have taken place.
Besides the generally low influence of chemical weathering in glaoidtonmentsit may indicate

short transport of the material, with little time for temporal storage and weathExrigermore, the
potential of postepositional intrastratal dissolution was lower in the Edaga Arbi Glacials, because the
sandstone is poorly sorted with significant proportions of.clde clay may have filled the pores
avoiding the penetration of cosiwe fluids(see also petrographic descriptiarLewin et al., 2018).

An increase in garnet content in the Upper Palaeozoic is also observed in Libya at the base of the
Carboniferous Mrar FormatigiMorton etal., 201} and in Saudi Arabia in the CarboniferoBgrmian
glaciofluvial Juwayl FormatioriBassis et al., 201%and interpreted as a change in provenance. The
comparison of heavy mineral indices of the Upper Palaeozoic sandstones in these regions to the Edaga
Arbi Glacials Figure4-9), however, reveals substantial differences. In all plots presenkéglire4-9,

the Edaga Arbi Glacials differ significantly from all other formations. The heavy mineral assemblage is
thus not regionally correlative and probably the result of local provenance and gadjngenditions.

Striking is particularly the high abundance of apatite and the absence of staurolite in the Edaga Arbi
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Glacials as compared to stratigraphically equivalent formations in Saudi Arabia andHigaya4-9).

Apatite is abundant in many magmatic and metamorphic rocks and widespread in the northern Ethiopian
basement. This is supported by geochemical analyses of some samples from the local basement that
revealed relative enrichment in phosphofiuswin et al., 2018; Figure-20 g. The high epidote content

in two samples, Edé and Edal2 (Figure4-4), may also be due to a very proximal provenance of the
material and could be derived from the greensdhiges metavolcanics of the Tsaliet Grq@eyth,

1972k Miller et al., 2009.
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Figure4-10: Comparison of the proportions of amphibolite/eclogftecies and granulitéacies rutiles and garnets for the two
studied formations, respectively, as inferred fromiZrutile thermometry after Tomkins et al. (2007and the garnet
classification scheme aftéfolosanaDelgado et al. (2018).arge pie charts show the respective total proportions for the
whole formation, which are broken down to the single samples in the small pie charts.

Garnet and rutilehemistry indicate mainly amphibolitbut also granulitéacies metamorphic rocks

as sources, though to a smaller proportion as in the Enticho Sandsture4-7, Figure4-8, Figure

4-10). The ratio of granuliteand amphibolitdacies garnet ahrutile is similar so that both minerals
could be derived from the same source roékgure4-10). The separation of rutile in both formations
according to itshemical composition, as revealed in the PCA bigtagure4-6), indicates that rutile

in the Edaga Arbi Glacials is, at least partly, derived from a different saneeethan rutile in the
Enticho Sandstone. This is also indicated by the different proportions of rutile assigned to metamafic
and metafelsic host rocks by theiriGib contents with a higher proportion of metamafic rutiles in the
Edaga Arbi GlacialsHigure 4-7). The greenschidacies metamorphism of the local basement in
northern Ethiopia, as discussed above, questions a very local provenance for the rutile amdtbarnet
Edaga Arbi Glacials. The transport direction is inferred from south to north based on the orientation and
geometry of palaetandforms, such as roche moutonnéBsissert, 2010 The amphibate- and
granulitefacies garnets and rutiles may thus be derived from thegnaghe metamorphic rocks in the
Southern and Western Ethiopian Shigldghas et al., 2002Woldemichael et al., 201(Btern et al.,

2012). Striking is the exceptionally high proportion of granuféeies rutiles and garnets in sample Eda
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9 (Figure4-10). Raman spectroscopy of this sample revealed that it contains also significant amounts of
anatase and brookite, which may have led to erroneous resultsrefudile thermometry. However,

for Raman spectroscopy, randgrain mounts were analysed and we assume that during picking of
rutile grains for microprobe analysis rutile is selected intuitively. An analysis of the picked rutile trace
element composition aftdiriebold et al. (2010)esulted in rutile being the dominant Lifolymorph

in the mounts for singlgrain analysis (99.4% of all grains, in sample Bd#8%). Furthermore, garnet
chemistry shows a similar proportion of granufieies grains in sample E@a which is much higher

than in the other sampleBigure 4-8, Figure4-10). This leads to the assumption of geographic (and
maybe also stratigphic) differences in provenance within the Edaga Arbi Glacials. Such differences
are also indicated by the generally less uniform and systematic heavy mineral assemblage in the Edaga
Arbi Glacials compared to that of the Enticho Sandstéiigu(e 4-4) and by the variations in RZi
(Figure 4-9).

A rather proximal provenance for the Edaga Arbi Glacials is in accordance with earlier findings from
petrographic and geochemical analyses and detrital zircon geochrofictedgy et al., 2018Lewin et

al., 2020 and supports the assumption of a complexepatf ice sheets during the Late Palaeozoic Ice
Age(e.g.Eyles, 1993Fielding et al., 20081n northreast Africa, complex local genorphology evolved

during Hercyniardtectonism(Al-Husseini, 1992Sharland et al., 20Q1leading to mountain glaciers
during the Late Palaeozoic Ice Afi¢onert et al., 2001Bussert and Schrank, 2007 Heron et al.,

2009. Alternatively, thermal updoming prior to the formation of the Zagros rift zone, which later
formed the Neélethys ocean, could have caused basement (Bhifirland et al., 2001The glaciers

then could effectively erode material from the uplifted areas and transport it to nearby depocentres,
leading to the immature heavy mineral assemblage found in the Edaga Arbi Glacials.

The findings show that no major recycling of the Enticho Sandstone by the Edaga Arbi Glacials took
place. This is probably because the deposition of the Enticho Sandstone was limited to northern Ethiopia
(Kazmin, 1972 Tefera et al., 1996 while the inferred source area of the Ealdgbi Glacials is to the

south.
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Figured-11: Overview over the main findings of this study. Extent and ice flow directions for the Hirnantian ice sheet are after
Ghienne et al. (2007)e Heron and Craig (2008hd Torsvik and Cocks (2013he contour of Ethiopia is given in red. SMC
Saharan Metacraton, ANSArabiargNubian Shield, MB Mozambique Belt.
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4.6. Conclusions

A summary of the main findings of this study is giverfFigure4-11. The study of heavy minerals in

the OrdoviciaiiSilurian Enticho Sandstone and the CarboniférBesmian Edaga Arbi Glacials
revealed significant differences inethheavy mineral assemblages. The Enticho Sandstone is
characterised by a highly mature heavy mineral assemblage, which is uncommon for glaciogenic
sediments. We, therefore, conclude that it is composed of recycled material of older sediments.
Additionally, various proportions of garnet, especially in the tillite, indicate an admixture of fresh
basement material through glacial erosion. Heavy mineral assemblage and rutile and garnet chemical
analyses point to magmatic and metamorphic source rocks with mptamtemperatures of mainly
amphibolite, but also granulitéacies grade. Garnet and rutile are not necessarily derived from the same
metamorphic host rocks. The recycled/reworked sediments incorporated in the Enticho Sandstone may
have been part of tH@ondwana supdian system that transported large amounts of sediment from the
inner part of the continent to the margins. The original provenance of the material remains unclear. The
fresh basement material delivering the garnet could originate from tiaeeSdetacraton.

The heavy mineral assemblage of the Edaga Arbi Glacials is dominated by less stable minerals, mainly
garnet and apatite. Therefore, very little chemical weathering of the sediment must have taken place.
We assume a more proxinyalovenance for the Edaga Arbi Glacials. The source area is characterised
by magmatic and metamorphic rocks as well. Rutile and garnet chemistry indicate mainly amphibolite
metamorphic temperatures, while also grandlides host rocks were inferred. Rein the Edaga Arbi
Glacials and the Enticho Sandstone are probably from different host rocks, as inferred from differences
in trace element compositions. The local basement in northern Ethiopia experienced only greenschist
facies metamorphism, but higheretamorphic grades were reached in the southern Aidibidgoian

Shield (Western and Southern Ethiopian Shields). This agrees with an assumed transport direction of
the Edaga Arbi Glacials from south to north. Since the deposition of the Enticho Sandstqmelvably

limited to northern Ethiopia, no recycling by the Edaga Arbi Glacials took place.

These findings confirm previous assumptions of reworked mature sediment as the major constituent of
the Enticho Sandstone and a proximal provenance for the EdégaGlacials. They also support
previous models for the two glaciations with a large ice sheet covering northern Gondwana in the Late
Ordovician and a complex pattern of local glaciers in the CarbonifidPeasian.
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5. Synthesis

5.1. Comparison and validity of methods

In this thesis, methods on different scales werdieghdrom bulk sample to certain mineral species. An
overview of the methods used is given in SeclidlandFigure1-5. In the following, a shorsynopsis

of the validities and informative values of the respective methods in answeringahrcheguestions
shall be given.

The petrographic study of thin sections provided the basis for further steps in provenance analysis. It
helped to get a general understanding of the nature of the samples, their texture and main constituents
and mineralogical and textural maturity. It alsped to assess the relevance of matrix and authigenic
phases. The bulk geochemical analyses of major and trace elements mainly confirmed the results of
petrography and heavy mineral analysis. It turned out as an excellent tool to distinguish thdigslo stu
formations. With this, samples of uncertain stratigraphic classification can be assigned to one formation,
as has been shown by the example of samplebEdaginally classified as belonging to the Edaga Arbi
Glacials in the field. Using the geochemali data, it could clearly be assigned to the Enticho Sandstone.
The typical diagrams for assessment of the tectonic setting in which the sediments were deppsited
Verma and Armstrondltrin, 2013 2016 did not provide much additional information to the mere
assessment of the geochemical data via multivastatestical methods (e.g. PCA) but are another tool

for discrimination of the two formations. The measurement of rare earth elements (REE) could provide
the first hint to differences in provenance of the two formations by their different patterns ilatioe re

of heavy and light REE and in Eu anomaly. The conventional heavy mineral analysis was able to confirm
the previous findings on maturjtyassess the influencef chemical weathering and diagenetic
modificationand gve further insights into provenance. In the heavy mineral assemblages, the strongest
differences between the two formations were revealed. Especially with Raman spectroscopy, efficient
determination ofheavy mineral species was possible and the operator bias could be reduced. The
conventional heavy mineral analysis further provided the basis for single grain analyses, e.g. if the
necessary humber of grains of a certain mineral species could be reagtiedarnrl garnet chemical
analysis yielded rather similar results for the two formations. Furthermore, the information obtained is
not directly assignable to a certain source terrain but rather to a type of (metamorphic) rock, all of which
are present in amy places in possible source areas. However, slight differences in rutile chemistry
between the two formations indicated that the rutiles were (partly) from different sources. Moreover,
the indicated metamorphic gleshigher than greenschifdcies couldule out a major provenance from

the directly underlying basement for the Edaga Arbi Glacials. The tool which could most precisely
indicate a certain source (area) in this study was detrital zircon chronology. Impressive differences
between the two form@ans could be revealed and the sos@auld be constrained.

To sum up, the most helpful methods for addressing the research questions of this thesis were thin
section petrography, REE analysis, conventional heavy mineral analysis and detrital zinoorogiyr

Major and trace element analysis turned out as a tool to distinguish the two formations clearly and assign
unknown samples (chemostratigraphy). This evaluation is, of course, only valid for this certain study
with its specific research questiohs . other cases, another combination of provenance methods may be
most useful An overview of the used methods, the characteristic results for the respective formation
and the kind of information that is revealed by the methods is givEahie5-1.
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Table5-1: Overview of the methods used in this study, the characteristic results for the two formations from Ethiopia, the
kind of information that could be revealed by the respective method and an evaluation of the helpfulness to answer the

research questions of this thesis (the more + the more helpful the method was).

Category Method Characteristics in Enticho  Characteristics in Edaga Information revealed Eva-
Sandstone Arbi Glacials luation
Bulk Petrography Quartzarenite (especially Subarkose, lithic Mineralogical maturity, ++
sample marine part), subarkose; subarkose, arkose; variable  textural maturity;
well sorted and rounded in roundness, moderate Chemical alteration
marine part, poorly in sorting (weathering, diagenesis),
glaciogenic transport mode
Major and CIA of 92 (marine part) / 78 CIA of 62; relative Mineralogical maturity; +
trace (glaciogenic part); relative enrichment in Al, P, Sc, V Chemical alteration
elements enrichment in Zr, Th, Hf, U (weathering, diagenesis)
Rare earth Strong enrichment in LREE,  Less enrichment in LREE Mineralogical maturity, ++
elements strong Eu anomaly (flat pattern), little to no Eu provenance;
anomaly Chemical alteration
(weathering, diagenesis),
type of source rocks
Heavy Conventional ZTR of 79.7; variable ZTR of 13.4; high amounts Mineralogical maturity, ++
minerals heavy mineral amounts of garnet of garnet and apatite, but provenance;
analysis (especially in glaciogenic with strongly varying Chemical alteration
part) relations (weathering, diagenesis),
type of source rocks
Rutile Relatively enriched in Zr, V Relatively enriched in Al Provenance; +
chemistry and Nb, temperature mainly ~ and Fe, temperature mainly ~ Metamorphic temperature
amphibolite-facies, host amphibolite-facies, host and lithology (felsic/mafic)
rock lithology mainly felsic rock lithology mainly felsic, of source rocks
slightly higher mafic
contribution than for
Enticho Sandstone
Garnet Most garnets metamorphic Most garnets metamorphic Provenance; +
chemistry (mainly amphibolite-facies, (mainly amphibolite-facies, Type and metamorphic
some granulite-facies), less granulite-facies than in ~ grade of source rocks
some felsic igneous Enticho Sandstone), less
felsic igneous than in
Enticho Sandstone
Zircon Characteristic Steniani Characteristic Tonian (9001 Provenance; +++
chronology Tonian (12007 900 Ma) 700 Ma) population, ratio of  Age of source rocks

5.2. Multi-method provenance analysis

population, ratio of Tonian
to Steniani Tonian zircons
is 1.2

Tonian to Steniani Tonian
zircons is 13.1

In a principal component analysis (PCA; explanation in Sedtibr8 results obtained from different
methods can be combined. final PCA has been carried out, suranzing the most significant
parameters characterising the two studied formations, as inferred from the three &didiess(2, 3
and 4). Biplots of this PCAare presented irFigure 5-1. They contain data from petrography, bulk
geochemistry including REE and conventional heavy mineral analysis. 8ataefrom mineral
chemistry and zircon chronolodpaveonly been obtained from few samp|élsey were not integrated
All data integrated in thRCA are compositionahaking it necessary toansformthemby centred log
ratio transformation before the operati@ee explanation in Sectidn5.3. Furthermorethe variables
have been standardized to unit variance to account for the differentLavies et al., 201)7

Two biplots are presented for the integrated PE&yure 5-1). In Figure 5-1 a, all parameters are
summarized that have been identified as characterising the wedtarmations most. IRigure5-1 b,

the apatite and garnet contentshich have a large influence on the variability structure, are left out to
enhance the visibilit of the remainingvariability. The two studied formations can be separated very
well. The separation is mainly along the line 2P (Figure5-1 a). This is the direction of variability

in mineralogical maturity: the highly mature Enticho Sandstone is characterised by high amounts of the
ultra-stable heavy mineral assemblage zirtmwrmalinerutile (ZTR). This is accompanied by a high
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Th content, a trace element, which is often present in stable heavy minerals such as zircon or monazite.
Furthermore, the Enticho Sandstone is characterised by an enrichment in quartz and Zr, urttierlining
high mineralogical maturityHigure5-1 a). Onthe other handhe enrichment of the Edaga Arbi Glacials

in apatite indicas lower mineralogical maturity and little influence of chemical weathering
Furthermore, the high Al proportions in Edaga Arbi Glacials point to higher amounts of feldspar and
clays.Garnet is enriched in samples from both the Edaga Arbi Glacials and the glaciogenic part of the
Enticho SandstoneHRigure 5-1 a). In the latter, diagenetic modification and garnet dissolution had a
much lower effect than in the marine subunit due to lower permeabiléyd{seussion in Sectioh5).
Interestingly, the rays of garnet and apatite contents are orthogonal to each other implying that the
variables are uncorrelated. Howevémust be kept in mind that the biplothigure5-1 aexplains only

65.1% of the total variance of thiésplayeddataset.

In the biplot without the apatite agdrnet contentsg-{gure5-1 b) the two formations are again separated
along a fimineralogical maturity axindicateshehmh es ent
apatite content in the Edaga Arbi Glacials. The relative enrichment of Fe, Ni, Sc and HREE in the Edaga
Arbi Glacials points toa higher influence of mafic source rocks. This is also indicated by rutile
chemistry, though not very pronounced (see paxagraph). In the second bipl&tidgure 5-1 b), the
samples of the glaciogenic and marine parts of the Enticho Sandstone appear largely in clusters.
Interestingly, met samples of the glaciogenic subunit cluster along the rays of quartz content and LREE.
This is difficult to interpret, because the quartz content is generally higher in the marine stigurst (

2-4). Both subunits show similar enrichment in LREE, while the sample with the strongest enrichment
is in the glaciogenic parE{gure2-6). It may be that the relative enrichment in Zr and Th in the marine
subunit is so high that these two variables mainly influence the clustering of the two subunits. Again, it
must be noted thidhe biplots are only a projection onto a plane and explain only part of the variability

of the dataset (iRigure5-1 b it is only 596%), so the relations should nw# overinterpreted. The same

holds true for the Eu anomaly (Eu/Eu*), which is not very indicative in the biplots.
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Figure5-1: (a) Biplot of a the first and second principal component of a principal component analysis condaitarigppm
different methodsobtained for all studied samples. (b) Biplot of the first and second principal component of a principal
component analysisf the parameters in (aleaving outhe garnet (Grt) and apatite (Ap) contents of the respective samples
to enhance visibility of the variabilities in the remaining varialftes both plots, all variables have bedarslardized to unit
varianceto accountfor the differentscales
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Mineral chemical analyses and zircon chronology are not included into the final PCA because they have
been conducted only on few samplé&bese are the indicators that are typically independent from
weathering and sorting effadbecause only one mineral type is investigdRedile and garnet chemistry

yield rather similar results for both formatiofutile and garnet metamorphic temperatures are similar
(mainly amphibolitefacies but also granulitéacieg, with a slight tendecy in the Enticho Sandstone
towards higher temperatures. This supports the assumption that niedespbrted via the Gondwana
supeffan systenfrom the centre of the EAOvhere metamorphism was strong,cisntained in the
Enticho Sandstone. Rutile Glb analysisyields contribution of mainly metafelsic host rocks, but also
metamafic host rocks for both formatiokowever, there is a slight tendency to more mafic input for

the Edaga Arbi Glacials, which confirms the assumption of a higtilerence of the ANS. Chemical
differences between rutiles from the two formations are indicated by a PCA of the measured elements,
showing that rutiles from the Enticho Sandstone are enriched in Zr, V and Nb, whereas rutiles from the
Edaga Arbi Glacialgenerallycontain more Al and Fé-{gure4-6). Hence rutiles of the two formations

are probably froni at least partly different sources. For garnet, no such clusteappears

The differencesn heavy mineral aemblages between the two studied formatibasome clearly

visible in the heavy mineral charts in Sectib(Figure4-4). They are largest in ZTR characteristic

for the Enticho Sandstorieand garnet and apatitonteni characteristic for the Edaga Arbi Glacials
(while the glaciogenic part of the Enticho Sandstone does also contain significant amounts of garnet).
These characteristics indicate mainly differences in chemical alterajatite is highly sensite and

garnet moderately sensitive to surficial weathe(Meglbel, 1984 Bateman and Catt, 200van Loon

and Mange, 20Q7Morton et al., 201 However, indirectly they may indicate differences in
provenance, because when transpistance is short, there are few occasions for weathering during
transport and temporal storage on the way. It may even be that the material contained in the Enticho
Sandstone originally contained as much garnet and apatite as is now found in the bi&jackals

but was so strongly weathered that almost all these minerals were leSahkedstrong alteration,
however needs timgsupporting the hypothesis that the Enticho Sandstone contains recycled material
that was strongly weathered on the North @@ana peneplain before taken up and transported by the
glaciers of the Hirnantian ice age. The garnet in the glaciogenic part of the Enticho Sandstone is probably
derived from glacially eroded basement material (Saharan Metacraton and/or Nubian Shield} tha
admixed in variable amounts to the recycled stigersedimentgsee also discussion in Sectib). It

is unlikely that tlis garnet comes from thecycledsuwerfan sediments, sindfiey were so strongly
weathered that garnet should have been largely removed. Furthermek;nargian sandstones in

Libya (Morton et al., 201)land Israe(Weissbrod and Bogoch, 200assumed to belong to the super

fan sediments, contain only very alinamounts of garnet, much less than the Enticho Sandstone. The
strong difference in garnet content between the glaciogenic and the marine part of the Enticho Sandstone
is probably highly affected by dissolution during burial diagenesis, to which garrseisceptible
(Morton and Hallsworth, 20QAndo et al., 201R

Zircon chronologyshows unequivocal differences between the two studied formations. These are mainly
in their characteristic populations of Tonian (B@00Ma, typical for zircons in the Edaga Arbi
Glacials) and SteniéiTonian (1200900 Ma, typical for zircons in the Enticho Sandstone). The relation

of these two populations is a useful indicator to separate the two formations. The iSiemicm
populationis characteristic for the Gondwana sufser system in NorihEast Africa and the Arabian
PeninsulaMeinhold et al., 201,3Stephan et al., 20)19The age spectra in the EnticBandstone are
correlative with CambridrOrdovician sandstones in Libyigrael, Jordan and Saudi Aralji&olodner

et al., 2006Meinhold et al., 201 IMorton et al., 2012Altumi et al., 2013Meinhold et al., in revision
indicating a common origin in the Gondwana suifiaer system and a recycling of sugfan sediments

by the Hirnantian glaciergircon chronology of sample Erdi could confirm its belonging to the
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Enticho Sandstonas inferred from field relationships. Thésan important finding, since it is the only
location where tillite was found in this formation. It underlies glaciofluvial/glaciomarine deposits of the
Enticho Sandstone. This evidences that glaciers of thhtian glaciation reached the study aféde
Tonian population is characteristic for the local basemktiesouthern Nubian Shiel@eeSection3).

Geographic intesample trends within the respective formations are almost not present. The only
geographic pattern is the variation in Th/Sc and Zr/Sc, which both become higher from south to north
for both formationsKigure2-9). The progressive enrichment of Th and Zr may be due to the enrichment

in stable heavy minerals such as zircon along the transport path. However, a transport from south to
north is only assumefdr the Edaga Arbi Glacial8ussert, 2010 For the Enticho Sandstone, palaeo
transport indicators, such as foreset dips of meltwater deposits point to varying directions, mainly
towards the soutkast or the nort{Kumpulainen, 2007 Bussert and Dawi 2009. A general
provenance of the material from the (neytvest is likely, because the ice spreading centre of the
Hirnantian ice sheet is assumed to have been in N@ast Africa, which also corresponds to the
direction of tunnel valleygGhienne et al., 2007Le Heron and Craig, 20p8Locally, transport
directions may have varied due to differences in ice dynamics or topograptheArxplanation for

the Th and Zr enrichment from south to north could be progressive marine reworking towards the north
due to the transgression. The stratigraphic iséenple variations within the respective formations are
mainly between the glaciogierbasal part of the Enticho Sandstone and the marine upper part. They can
be attributed to facies differences rather than to provenance changes with stratigraphy. Within the Edaga
Arbi Glacials, no systematic stratigraphic pattern could be observed of gy studied parameters.

A comparison of data obtained in this study with stratigraphically corresponding formations in other
regions of northern Africa and the Arabian Peninsula complementgadabenanceénterpretationgor

the Enticho Sandstone and the Edaga Arbi Glacials. Bulk geochemical data of this study was compared
to data from Saudi Arabia in a PCA bipl&igure2-10) yielding similaities in the OrdovicianSilurian

samples and dissimilarities in the Carbonifei®ermian sample€omparing heavy mineral indices
(Figure 4-9), stratigrapically equivalent sandstones in Saudi Arabia, Libya and Ethiopia are rather
similar in the OrdovicianSilurian, while stronger differences occur in the Carbonifé®aamian.

These patterns point tdargescale sedimentary dispersal system with strong regional homogenisation
of sediment and continemtide provenance patterns in the Early Palaeozoic (Gondwana-fanper
system and large iesheet of the Hirnantian glaciation). In the Late Palaeozawekier, sediment
dispersal systems were more complex and provenaas more locally confinedComparing detrital

zircon age spectraf the Enticho Sandstone tilose inHirnantian sandstones form Libya and Algeria
could prove the belonging of the EnticBandstone to the East Afridakrabian zircon province sensu
Stephan et al. (20193 s do the Libyan sandstones. This zircon province is assumed to represent a super
fan(Meinhold et al., 201 3Meinhold et al., in revision Including preHirnantianPalaeozoisandstones

of North-East Africa and the Middle East the comparisomevealed that no change in provenance
occurred with the onset of the glaciatibot the glaciogenic sandstones contain recycled sigver
material (se€igure3-8 and Sectior8.5). Recycling of preHirnantian sediments by Hirnantian glaciers

and a higher influencef fresh basement sources during the Late Palaeozoic Ice Age is also assumed
for the Saudi Arabian successi@dinderer et al., 20Q9%eller et al., 2011 Bassis et al., 201%a
Meinhold et al. (in revisionompared detrital zircon age spectra in Saudi Arabian glaciogenic
sandstones with those in Ethiopia dodind high similarities in the Hirnantian spectra. A spatial
correlation could be observed: the nortimost samples from Ethiopia resemble most those of the
northern study area in Saudi Arabia, whereas those form the southern study area cluster with the
Ethiopian samples further south. Hence, slight changes in provenance or spatial differences probably
occurred during the Hirnantian glaciati@deinhold et al., in revision For the Carboniferoi®ermian
sandstones, a clearer clustering appears between Saudi Arabia and Hthepiaultidimensional
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scaling mapHoweverthe samples from both countries are still in close vicinitgaoh other leading
to the assumption that the Saudi Arabian sandstones contain major amounts of material from the Nubian
Shield, as do the EthiopigMeinhold et al., in revision

Altogether, the integrated provenance analysis using several complementary methodsulestzaital
differences between the two studied formations in several parameters. It shows that the lower Palaeozoic
Enticho Sandstone is highly maturenusual for glaciogenic sedimeiitand that this high maturity is
probably due toecycling of sedimets that have been transported in the Gondwana -$apesystem

and strongly weathered the source area amh the North Gondwana peneplain before taken up by
glaciers and ice streams of the Hirnantian ice sfiget material was transported to the stadsa from

the NorthWest. It is likely that glacial erosion admixed material from the basement of the Saharan
Metacraton (and maybe also the Nubian Shié¢ld).the Edaga Arbi Glacials, a much lower maturity is
indicated by the used methods andss disal provenance from Neoproterozoic basement rocks of the
Nubian Shieldn the southern hinterland likely.

5.3. Finalsynoptic provenance model for the two studied formations as inferred from the
results of this thesis

Taking into account all results oltaid in this study and the discussion and conclusions of all three
articles, a final provenance model for the two studied formations is inferhéch ispresented ifrigure

5-2. The regional configuration and depositional mediet the Enticho Sandstone and the Edaga Arbi
Glacials are drawn iRigure5-2 b, ¢ and eThe depositional models result from observations made in
the field and previous studies of Robert Bussertanidirie L. DawitBussert and Dawit, 2008ussert,
2010 Bussert, 2014 Figure5-2 a and d represetfiterature information antheoretical considerations

on regional evolubn before and between deposition of the two studied formations.

Cambrian Ordovician (Fig.5-2 a)

After the PapAfrican orogeny in the Neoproterozoic, which led to the final amalgamation of the
supercontinent Gondwana, tf haen sy d tehmdt itcraaln sip@a nt devda
of detritus from the respective orogens, especially the Afastan Orogen, to the continental margins

(Squire et al., 20Q8Meinhold et al., 2013 On the northern margin of the continent, a large peneplain

existed, on which the sediments were depogitegl Garfunkel, 2002 The study area was no major

site of deposition by that time, probably because it was still elevated as part of the Dhegelimate

was warm and humid and the atmosphere corrosive leading to strong chemical weittiegisgurce

areas anthe sediments stored on the penep{Awigad et al., 200b

Late Ordovician (Hirnantian, Fig5-2 b)

During the Hirnantian glaciation, a giant ice sheet developed with its centre in-\NeshAfrica
(Ghienne et al., 200Le Heron and Craig,d8). The ice reached the study area, as witnessed by tillite

in northern Ethiopia (sample E#t). Ice streams or glaciers and associated meltwater transported super
fan material soutleast to the study area. Since the material was strongly weatlefoed, nusudf

mature glaciogenic sediments result. Variable amounts of basement material (from the Saharan
Metacraton and maybe also the Nubian Shield) were admixed to the recycledasupediments,
supplying minerals such as garnet (Seetiord). The tillite may represent a terminal moraine, marginal
moraine or basal till, whereas the sandstones are probably from subaerial or subaqueous outwash fans
(Busset and Dawit, 200Q Most of the glaciogenic part of the Enticho Sandstone are meltwater deposits
and a thick succession could be observed in the field. Probably, large amounts of sediment were
deposited in a short time interval. Therefore, it is likbbt these sediments were mainly released during

the final meltdown of the ice sheet, when high amounts of meltwater were produced.
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Superfans fransported detritus from East African Qrogen;
strong chemical weathering of the sediments in the source
area and on the North Gondwana peneplain;

study area no major site of deposition.
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Figure5-2: Final model of the provenance and depositiosattings of the two studied formations and considerations of
regional setting during these times and the phases before and betwHea time slices b, ¢ and e are inferred based on the
results of this study, literature and personal discussions on the démpaal environments of the two studied formations
(Bussert and Schrank, 20ussert and Dawit, 2008ussert, 20102014). Extent of the transgression in c is aftarening

et al. (2000)Assumed ice sheets on the Arabian Peninsula in e areBifitesert and Schnk (2007)Fielding et al. (200&)nd
Isbell et al. (2012)Time slices a and d illustrate hypotheses based on literature and theoreticatlematgins(Squire et al.,
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2006 Craig et al., 2008 orsvik and Cocks, 20Meinhold et al., 2013Stephan et al., 201Meinhold et al., in revisionThe
contour of Africa and Ethiopia (green) are depicted for scale and orientafio®.green numbers indicate the respective
palaeolatitude of the study area after Toilsvand Cock$2011; 2013. The African continent was in the centre of the
Gondwana supercontinent (see also Big.). SMQ; Saharan Metacraton, ANSArabiargNubian Shield, MB Mozambique
Belt.

Early Silurian (Fig.5-2 c)

The postglacial transgression in the Early Silurian reached the study areseandtereworked the

upper part of the sedimes¢équence. Fines were washed out and the material became well sorted. The
study area was probably in the tidal zone, as witnessed by bipolabetbsets observed in the field.

Mid-Silurian to Mid-Carboniferous (Fig5-2 d)

No sediments of this time terval are present in the study arkutially, the area may have become a
site of nonrdepositiondue toisostatic rebound after the meltdown of the Hirnantian ice sBastatic
sealevel fall occurred in the latest SilurigiBarly Devonian(Craig et al., 2008and is ascribed to
Palaeotethys riftingTorsvik and Cocks, 20)1Crustal updoming prior to Neerl ethys rifting starting

in the latest DevoniafTorsvik and Cocks, 20)3urther led to uplifiat the northern Gondwana margin.

Part of the Late Ordovician to Early Silurian succession of the Enticho Sandstone mustdrave be
eroded, as indicated by channels and troughs to which sedimentation of Late Palaeozoic sediments in
central and southern Ethiopia is limited. Furthermore, the Edaga Arbi Glacials contain mainly fresh
basement material, hence, little sediment must haee hvailable to be incorporatdttosion is also
indicated by a clastic pulse in the Palaeozoic succession of Samda in the DevoniagAl-Ajmi et

al., 2015.

Late Carboniferous to Early Permian (Fi§-2 e)

In the Late Palaeozoia,compleXocal geomophologyevolved Uplift of the Ethiopian basement may
have occurred due t o t he(AlGHssding h9B2Stearandwesal., 20 r cy ni an
In uplifted areas, mountain glaciers or small ice sheets formedrisladf the uplifted local or regional
basement to the soufArabiari Nubian Shield at the transition to the Mozambique ,Beli. Western

and Southern Ethiopian Shiejdsas eroded and transported to nearby depressitvescold climate

and short transpb left little room for significant weathering of the material. The tillite probably
represents moraine material. The fines and dropstones are thought to have been deposited in proglacial
lakes or fjords, in which episodic hyperpycnal sediment flows unpéed the settlingut and deposited

sand bodiegBussert, 2011 A similar setting with lake sediments containing dropstones is observed in

the Saudi Arabian Juwayl FormatigHinderer et al., 20QXKeller et al., 201}l The dropstones are
assumed to be sourced from the southern hinterland, which has been (diifiderer et al., 20Q9

Keller et al., 201)L A vast glacial lake or a series of lakes probably existed in sadtern Saudi Arabia

and Omanand in Ethiopia(Keller et al., 2011 No recycling of OrdoviciaiSilurian sediments is
evidencedn the Carboniferou$?ermian succession. This may be either because the sedimentation of
the Enticho Sandstone was limitedrtorthern Ethiopia, whereas the source area of the Edaga Arbi
Glacialswasto the south. Another possibility is that all Ordovi@iSilurian sedimentm the soutthave

been eroded in theme interval before the Edaga Ar@ilacials formed.

5.4. Conclusions

Provenancanalysis of ancient rocksin comparison to modern sedimentfacesdifficulties, e.g. due

to diagenetic overprint and leaching of minerals. A direct connection to potential parent rocks and areas
cannoteasilybe drawnandit is not even known if the parent rocks still exBespite these difficulties,

using a combinatio of different methods, valuable new insights could be revealed on the provenance
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of the two studied formations and the study showed once more that provenance analysis of ancient rocks
is possible and helpfiibr the reconstruction gfast sedimentary sysns.

Thin section petrography provided the basis for further analyses and revealed first insights into
mineralogical and textural composition and maturity. The maturity patterns could be confirmed by bulk
geochemistry, which furthermore turned out agxacellent tool to distinguish the two formations and
assign unknown samples (chemostratigraphy). Analysis of the REE provided first insights into
provenance.Conventional heavy mineral analysis revealed extreme differences between the two
formations, espeally in the ultrastable versus unstable and metastable minerals, and provided further
constraints on chemical weathering and diagenetic modification. Rutile and garnet chemistry did not
turn out as very helpful for distinction of the two formations buatvjsted some further constraints to
provenance. The most helpful method for provenance interpretation was detrital zircon chronology.

For theUpper Ordovicianlower SilurianEnticho Sandstonea relation to the Gondwana sugn
system can be drawn, piaularly by means ofietrital zircon age spectra, which contain the typical
fingerprint for the supefan sediments The spectracan be correlated witlthose of Hirnantian
sandstones in Libya and Cambii@rdovician sandstones in Libya, Isralrdanand Saudi Arabialt

is concluded thahie material of the Enticho Sandstoneniginly the product of&cyclingof superfan
sediments stored and strongly weathered on the North Gondwana penEpéaimaterial was then
transported to the study arfggaice streams, glaciers and meltwater of the Hirnantian glaci&yothis,
unusudly mature glaciogenic depositeudd be producedThe original source of the material remains
unknown and may be in the centrfiethe East African Orogen, from which the sufss are assumed
to have come offVariable admixture of material from the basement ofS8akaran Metacratamd/or
the NubianShield is indicated by the presence gdrnet.The supeifan model as well as models of a
large ice sheet covering NortAfrica in the Hirnantian, reachingoutheast until Ethiopia and
transporting material fronts centre tahemargin n the study area can be confirmed.

For theupper Carboniferotisower PermianEdaga Arbi Glacials, anore proximal provenancés
concluded based on major and trace element signatures and zircon age spectra resembling those of the
local basementLarge amounts of garnet and apatite point to little time for weathering and alteration
during temporal storage along the transport path. Geochemical and heavy mineral signatures are
significantly different from those in stratigraphically equivalent fororatiin NorthEast Africa and the

Arabian PeninsulaHence, a more complex supply pattern existed, probably resulting from a
rejuvenation ofopography in the Late Palaeozaidhe course of rifting and opening of the NBethys

ocean along the continentalargin of NorthEast Gondwanalowever, an exclusive provenance from

the directly underlying basement is unlikely, side¢rital rutile and garnet indicatéggher metamorphic
temperatures than reached in the local basementag@tes with a previouslyassumed source area of

the Edaga Arbi Glacials to the south, where the Ardiambian Shield merges the Mozambique Belt

(e.g. Western and Southern Ethiopian Shielttg] higher metamorphic temperaturegere reached.
Variable admixture of the local basemenbwever, is likely as wellThe data of this thesis confirm
previous assumptions of a complex local pattern of ice sheets and glaciers during the Late Palaeozoic
Ice Age.

Strikingly, no major recycling of the Enticho Sandstone by the Edaga Arbi Gldaaltaken place.

This waseitherbecause the deposition of the Enticho Sandstone was limited to northern Ethiopia and
the source are@r the Edaga Arbi Glacials was to the soattdue to complete erosion of the Enticho
Sandstonén the source area dii¢ Edaga Arbi Glacialsefore the Late Palaeozoic Ice Age
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Another interesting aspect is the almost exclusive preservation of glagielived sediments in the
Palaeozoic othe study areand the long hiatus between the Enticho Sandstone and the Edaga Arbi
Glacials An explanation could be the increased accommodation space and sediment supply during the
glacial periods. The glaciers formed troughs and valkbyd could take up sedimentBurther
accommodation space is provided during the transgression. For the Edaga Arbi Glacials, proglacial lakes
in local depressions offered space for sediment deposition. The sediment supply during the glacial
periods was high due to erosion and transgbmassive amounts of sediment by ice streams, glaciers
and meltwater. Before the deposition of the Enticho Sandstone, the study area was probably still elevated
as part of the East African Orogen. The Siluiri@arboniferous hiatus can be explained byeréase

in accommodation space due to uplift of the area, leading to erosion.

5.5. Outlook

To improve statistical analysis of the two studied formations and make it possible to detect geographic
or stratigraphic patterns within one formation, it would be helpful to complement the analyses performed
so that there are more samples, on which athods are applied. This could provide further insights

into variations in provenance and glacier dynamics in the course of the respective glaciations.

To further constrain the provenancé the two studied formationg;omplementary singlgrain
analysese.g. Hf isotopes in detrital zircons could be used. Detrital rutiRdthronology can provide
insightsinto cooling and exhumation of the source area followlinigad et al. (2017)For the Enticho
Sandstone, however, it must be kept in mind that it mainly contains recycled naatdribe sediment
pathway is uncertain. This makasdifficult to use the data toorrelateprovenance patterria the
Cambriafi Ordovician succession of northern Gondwana as it is dodeigad et al. (2017)

Zircon chronology othe basemerih the study area and the Western and Southern Ethiopian Shields
(assumed source region for the Edaga Arbi Glacials)provide more specific provenance information

for the Edaga Arbi Glacials and enable an assessment of the contributions of the directly underlying
basement versus the southern hinterland. This is of importance to further constrain the ice sheet extent
in the study area during the Late Palaeozoic Ice Age.

A remaining question, which was not in the focus of this thesis but may be interesting for future studies,
is the question of Palaeozaiolcanismin the study area. Cambria@rdovician zirconglated inthis
thesismay origin from such volcanic rocks or from pasogenic plutons in the ArabiaNubian Shield.

Lithic fragmentsn the Edaga Arbi Glacial®f which it is uncertain if they are volcanic or metavolcanic
underlinethis question. It cantherebre, be of interest to further study lithic fragments in the two
formations to addressatopic.

Finally, to continue reconstruction of the sediment dispersal syistamorthern Gondwana and its
evolution the study of proveance data can be extendedytmnger stratigraphic ages in Ethiopia.
Samples of the Permiafiriassic Fincha Sandstone have been taken during the second field trip, which
took place in the Blue Nile region in westdfthiopia andare studied in another Phidojectat the
Institute of Applied Geosciences in Darmstadt. Provenance studies d?albeozoitMesozoic
sedimentary successions in Eritrea and Sudanldvbe of interest for regional correlation and
broadening of the geographical scope.
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