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Abstract in English

This Bachelor’s Thesis serves as an overview compiled from published
literature that is supposed to summarize information regarding geological
environment and geodynamic evolution of Precambrian rocks in the Southern
Ethiopian Shield, including a broad insight into mineral deposits in this important

geological unit.

The Southern Ethiopian Shield was formed during East African Orogeny (ca.
750 to 620 Ma) as a prominent orogenic episode within the Pan-African orogenic
processes. The Southern Ethiopian Shield consists of complex rock assemblage
including low- to medium-grade metamorphic volcano-sedimentary rocks of the
Arabian-Nubian Shield and polyphase high-grade metamorphic rocks belonging to
the northernmost part of the Mozambique Belt. These sequences are accompanied
by frequent granitoid intrusions emplaced during final stages of the East African
Orogeny. In addition, two main regional shear zones with occurrences of
hydrothermal alteration and secondary mineralization are identified in the Southern

Ethiopian Shield

Numerous deposits of mineral and other resources are present all over
Ethiopia. Although there is significant potential for mining fossil fuels and non-
metallic resources such as salt or limestone, metallic mineralization found in
Precambrian rocks remains the most prominent mineral resource of the country.
Examples of that can be platinum extracted from mafic sequences of the Western
Ethiopian Shield and tantalum deposit found in pegmatites of the Kenticha Belt in the
Southern Ethiopian Shield. The most abundant metallic resource, mined in the
largest amounts, is however gold. Gold mining in Ethiopia has been for a long time
concentrated in Kenticha and Megado metamorphic belts in the Adola area of the
Southern Ethiopian Shield. Gold is generally held here in sulfidic minerals associated
with quartz veins and other quartz occurrences. The origin of gold mineralization is
connected to low-grade hydrothermal alteration related to regional shear
(deformation) zones. Both primary and placer gold deposits are present here, as well

as Ethiopia’s largest active gold mine in Lega Dembi.
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Abstrakt v ceském jazyce

Tato bakalarska prace poskytuje souhrnny prehled sestaveny z doposud
publikovaneé literatury, jehoZz cilem bylo shrnuti informaci o geologickém prostredi a
geodynamickém vyvoji prekambrickych hornin v jiznim etiopském Stitu. Bakalarska
prace dale dava ¢tenari souborny piehled o indikacich vyskytu loZisek nerostnych

surovin v této vyznamné geologické jednotce.

JiZni etiopsky stit byl formovan v obdobi vychodoafrické orogeneze (ca. 750 az
620 Ma) jakozto hlavni orogenni udalosti béhem panafrickych orogennich procesu.
Jizni etiopsky S§tit je tvofen souborem nizce az stfedné metamorfovanych
vulkanosedimentarnich hornin arabsko-nubijského Stitu a polyfazové vysoce
metamorfovanymi horninami nejsevernéjsi ¢asti mozambického pasu. Do prostiedi
téchto metamorfovanych hornin byly v zavérecné fazi orogennich procest vmistény
¢etné granitoidni intruze. Na uzemi jiZniho etiopského Stitu dale vystupuji dvé
regiondlni stfizné zony s vyraznymi projevy hydrotermalni alterace a sekundarni

mineralizace.

Na uzemi Etiopie se vyskytuji ¢etna naleziSté nerostnych surovin. I pres
vyznamny potencidl tézby kaustobiolitli a nerudnich surovin jako jsou stl ¢i vapenec,
rudni suroviny nalézajici se v prostiedi prekambrickych hornin ztstavaji prednim
nerostnym bohatstvim zemé. Prikladem je platina extrahovana z mafickych hornin
zapadniho etiopského Stitu a lozisko tantalu v pegmatitech pasu Kenticha v jiZznim
etiopském Stitu. NejrozsirenéjSim kovem, ktery je v soucasnosti téZen v nejvétSich
mnozstvich, je zlato. TéZba zlata v Etiopii je soustfedéna zejména v oblasti
metamorfnich past Kenticha a Megado spadajici do oblasti Adola v jiznim etiopském
Stitu. Zlato je zde soucasti sulfidickych mineralnich asociaci vyskytujicich se ve
vazbé na kiremenné Zily ¢i dalsi vyskyty kifemene. Pivod zlatého zrudnéni je spojovan
s vyskytem nizkoteplotni hydrotermalni alterace s vazbou na regiondlni stiizné
(deformacni) zény. V této oblasti se nachazi jak primarni nalezisté zlata, tak rozsypy.

Je zde také pritomen nejvétsi aktivni dil na zlato v Etiopii — Lega Dembi.

Kli¢ova slova: jizni etiopsky Stit, arabsko-nubijsky stit, tektonika, loZiska nerostnych

surovin, petrologie
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1. Introduction

The main goal of this bachelor’s thesis is to summarize the overall geological
pattern and geodynamic evolution of the Southern Ethiopian Shield (Tokar-Barka
Unit) with special emphasis on mineral resources and gold deposits. This will be
achieved mainly by using already published literature, where currently available
knowledge and its compilation are the main object of this study. The thesis is divided
into three main chapters that each focuses on one specific part within the overall
topic. The first chapter describes the geological settings of the Southern Ethiopian
Shield (Tokar-Barka Unit), mainly in the context of the East African Orogeny. The
second chapter focusses on detailed description of main structures and lithological
assemblage found in the Southern Ethiopian Shield, which includes the medium- to
high-grade gneissic terrains, low- to medium-grade metamorphic belts, regional
shear-fault zones and numerous granitoid intrusions. The third chapter summarizes
the mineral resources and deposits of the Southern Ethiopian Shield including a

deeper insight into gold mineralization in the Adola-Moyale Unit.

The Southern Ethiopian Shield (Tokar-Barka Unit) is one of Ethiopia’s areas
of exposed Precambrian rocks forming the Neoproterozoic basement of the country.
This exposed Precambrian basement accounts for about 23 % of the overall

Ethiopia’s territory (e.g. Assefa, 1985; Stern et al., 2012).

The geological evolution of the Southern Ethiopian Shield was highly
influenced by partial orogenic events in frame of the “Pan-African” orogenic cycle
(e.g. Kroner and Stern, 2005). As mentioned in Kroner and Stern (2005), the Pan-
African orogeny refers to a complex orogenic cycle which occurred approximately
between ~870 to ~450 Ma. This orogenic cycle consisted of numerous collisional
events between older crustal fragments as the result of the Supercontinent Rodinia
break-up and also subsequent closures (subductions) of multiple oceanic basins
(Kroner and Stern, 2005). The Pan-African orogenic system is of such extent that itis
best described by dividing it into more specific orogenic belts (e.g. East African
Orogenic Belt). One of the prominent exposures of Precambrian rocks in the

northeastern Africa is the Southern Ethiopian Shield belonging to the southernmost



Arabian-Nubian Shield and neighboring Mozambique Belt where the East African

Orogen (EAO) played the principal role (e.g. Meert, 2002).

The Southern Ethiopian Shield in particular is of great interest due to its high
economic potential based on numerous mineral deposits identified there (e.g. Assefa,
1985; Tadesse, 1999 and 2003; Ahmed, 2008; Endalew et al., 2024) and also as a way
to properly understand the origin of Ethiopia’s Precambrian units together with their

development throughout time.



2. Geological Setting

2.1 The East African Orogen

The East African Orogen (EAO) refers to complex orogenic structure of
enormous size (ca.8000 km long and ca. 1000 km wide) that appeared during
amalgamation ofthe Gondwana Supercontinent. It is also referred to as the

Transgondwanan Supermountain (according to Squire, 2006).

The EAO emerged as a result of complex tectonic events. The first stage in
formation of the EAO was described by Stern (1994) as a rifting phase that occurred
after the break-up of Rodinia Supercontinent including formation of passive
continental margin and oceanic crust of the Mozambique Ocean. Evidence of this
rifting episode was found in metasedimentary rocks cropping out the territory from
Kenya to Sudan. Their protoliths are interpreted as originating from a sedimentary
environment of passive continental margin and were deposited prior to ca. 750 to 720
Ma (e.g. Vearncombe, 1983; Kroner et al., 1987; Key et al., 1989; Mosley, 1993). In
addition, the amphibolite-facies mafic and ultramafic rocks found in southern
Tanzania that have been dated to ca. 790 Ma are interpreted as the result of early
rifting processes (Prochaska and Pohl, 1983). Another indication of rifting activity is
the presence of low-grade tholeiitic basalts and rhyodacites in the Arabian-Nubian
Shield, which were dated to ca. 870 to 840 Ma (Kroner et al., 1991, 1992). These rocks
originated from intra-oceanic arcs and share significant chemical similarities with
other rift-associated rocks in the Arabian-Nubian Shield (Reischmann et al., 1984).
Furthermore, the presence of quarzitic and pelitic rocks in this area suggests
contamination by surrounding crustal rocks during the initial phase of rifting.
According to all this evidence the rifting is currently thought to had begun between
ca. 900 to 850 Ma with oceanic basin and passive continental margin developed after

~870 Ma (e.g. Stern, 1994).

Following subduction of the Mozambique Ocean (~800 to 700 Ma) caused large
volcanic arc construction (dated at ~765 Ma). These processes were continued by
Mozambique Ocean closure and led to crustal accretion, including intensive

migmatization and MP-HT metamorphic overprint at depths of ~25-35 km (dated at



~720 to 700 Ma). This event was associated with initial collision of East and West
Gondwana which also caused a significant thickening of continental crust. The exact
timing of this event is indicated by origin of high-grade granulites exposed mainly in
the southern part of the EAO (Stern, 1994; Verner et al., 2021 and references therein).
Dating of granulites from various locations in Sudan, Tanzania, Kenya and southern
Ethiopia suggests that they all underwent granulite-facies metamorphism between
ca. 740 to 650 Ma (Coolen et al., 1982; Maboko et al., 1985; Kroner et al., 1987; Stern
and Dawoud, 1991; Verner et al., 2021 and references therein). In frame of ongoing
compression at ~650 to 620 Ma the key episode of continental collision leading to the
Greater Gondwana assembly took place (Fig. 1) (Verner et al., 2021 and references
therein). The ~E-W oriented compression resulted in regional ~N-S trending foliation
and itis also associated with the syn-tectonic granitoid intrusions yielded at ~650 Ma
to ~620 Ma. Following episode (~620 to 450 Ma) was associated with orogenic
collapse, crustal extension (transtension) and uplift accompanied by emplacement
of numerous post-collisional granitoid plutons, dated in the range ~620 to 530 Ma

(e.g. Yibas et al., 2002; Stern et al., 2012 and references therein).
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Fig. 1 Pan-African collision of East and West Gondwana forming the East African Orogen
(modified after Jacobs and Thomas, 2004)



It is important to mention that even though the east part of the Gondwana
Supercontinent was formed by this compression, it was not result of continuous
process but more of an effect of two major periods of tectonic activity. Meert (2002)
describes the older East African Orogeny (ca. 750 to 620 Ma) which caused the initial
joining of crustal blocks as well as arc terranes of the Arabian-Nubian Shield and
younger Kuunga Orogeny (ca. 570 to 530 Ma). The Kuunga Orogeny was caused by
collision of Australia and eastern Antarctica with the continental block created by the
East African Orogeny. This marks the final assemblage of the Gondwana

Supercontinent (Meert, 2002).
2.2 The Arabian-Nubian Shield

As mentioned by several studies (e.g. Kroner and Stern, 2005; Fritz et al., 2013),
the East African Orogen consists of two main distinct geological units (see Fig. 2). The
Arabian-Nubian Shield (ANS) represents the northern part of the East African
Orogen, mostly exposed around the Red Sea. The ANS reaches as far as southern
Sinai Peninsula in the north and Yemen and Ethiopia in the south, where it connects

to the Mozambique Belt as the other of the two geological units within EAO.
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The formation of ANS occurred during the East African Orogeny and was
completed when parts of newly formed (juvenile) crust, originating from intra-
oceanic plate boundaries or oceanic plateaus, and smaller amounts of older Meso-
and Paleoproterozoic continental crust were accreted together with colliding the East
and West Gondwana. The lithological composition of the ANS is characterized by
mostly low- to medium-grade metamorphic rocks that underwent less intense
metamorphic overprint (Kroner and Stern, 2005). The main collisional event in the
ANS is supposed to had happened between 650 to 610 Ma (e.g. Kroner and Stern,
2005; Verner et al., 2021 and references therein) and it lasted until early Cambrian in
some parts of the EAO. Another important factor which influenced formation of the
ANS during final stages of the East African Orogeny was escape tectonics caused by
orogenic collapse. According to Stern (1994), the “escape tectonics” began at some
point between ca. 660 to 610 Ma and lasted until ca. 530 Ma. It led to development of
NW-trending faults that can be found in Egypt and Arabia (Stern, 1994). This event
was also accompanied by intrusions of A-type post-kinematic granitoids, bimodal

volcanic activity and sedimentation of molasses (Kroner and Stern, 2005).

In the Arabian-Nubian Shield there is also common occurrence of ophiolites
which are mostly found by major fault systems indicating sutures dividing specific
terranes of the ANS (Stern, 1994; Kroner and Stern, 2005). These ophiolites are of
great importance since they reflect the production of oceanic crust and crustal
movements of the area. The rocks that these ophiolites contain originate from back-
arc or fore-arc basins and were dated to be ca. 880 to 690 Ma old which makes them

the oldest significantly abundant ophiolite structures on Earth (Stern, 1994).
2.3 The Mozambique Belt

The Mozambique Belt built by medium- to high-grade rocks and numerous
granitoids connects to the ANS in the south (Fig. 2), forming the southern part of the
East African Orogen (Kroner and Stern, 2005). It stretches from southernmost
Ethiopia and Somalia to eastern parts of Antarctica crossing Kenya, Tanzania,

Mozambique, and Madagascar (Kroner and Stern, 2005, Fritz et al., 2013).



MB formed as a result of closure of the Mozambique Ocean during collision of
Congo-Tanzania Craton and continental block known as “Azania” consisting of
Archean and Paleoproterozoic crust (dated to ca. 2.9 to 2.45 Ga) at around ca. 630 to
600 Ma (Collins and Pisarevsky, 2005, Bingen et al., 2009). In comparison to the
Arabian-Nubian Shield the rocks of the Mozambique Belt underwent stronger
compression at higher depths during the East African Orogeny resulting in origin of
intensely deformed medium- to high-grade metamorphic rocks such as granitoid
gneisses and granulite-facies metamorphic rocks. The granitoid gneisses reveal
protoliths yielded to ca. 1100 to 1000 Ma that then underwent intense metamorphism

and deformation during the Pan-African orogenic cycle.

Based on currently known information it is likely that many sequences of
northern MB underwent intense deformation and metamorphic overprint even
before the Pan-African orogenic processes during tectonothermal events of the
Mozambican Cycle that occurred at ca. 1100 to 850 Ma. This cycle was also
accompanied by emplacement of granitic plutons and gabbro-anorthosite massif in
Tete, northwestern Mozambique (Kroner and Stern, 2005, Fritz et al., 2013). The Pan-
African granulite-facies metamorphism reached its climax in Neoproterozoic era, at
around ~640 to ~620 Ma based on dating from granulitic sequences of Tanzania. The
exact time however varies in different parts of the Mozambique Belt (Kroner and
Stern, 2005, Fritz et al., 2013). Timing of most granulite ages between ca. 655 to 610
Ma indicates that collision of Congo-Tanzania Craton with Microcontinent Azania
served as the main cause of metamorphism. Another theory suggests that since both
prograde and retrograde P-T paths have been identified in granulites of Tanzania as
well as evidence of slow cooling, the metamorphism might have occurred in
subduction zone-associated environment related to closure of the Mozambique

Ocean (Collins and Pisarevsky, 2005).

Many areas in the MB underwent another wave of granulite-facies
metamorphism during later Kuunga Orogeny with peak thickening and
metamorphism between ca. 570 to 530 Ma (Fritz et al., 2013). This was especially
significant in southern parts of MB where the Kuunga Orogeny is regarded as the

main granulite-facies metamorphic event. The compression of Kuunga Orogeny was



later followed by abundant post-orogenic magmatism throughout Madagascar,
Antarctica and parts of Mozambique (Bingen et al., 2009). Unlike in the ANS there are

no ophiolitic structures present here (Stern et al., 2012).

In summary, the main difference between the Arabian-Nubian Shield and the
Mozambique Belt is the fact that the Arabian-Nubian Shield consists of newly formed
juvenile Neoproterozoic rocks with significant amount of oceanic crust that
underwent a lower-grade metamorphism whereas the Mozambique Belt is mostly
composed from older (Archean to Paleoproterozoic) crustal rocks that underwent a
medium- to high-grade metamorphic overprint (Stern et al., 2012 and references

therein).
2.4 Ethiopia’s Precambrian shields

There are in total four main exposures of Precambrian rocks in Ethiopia. They
are referred to as the Northern, Western, Eastern and Southern Ethiopian Shields
(Fig. 3). These exposures belong to the southernmost exposure of the Arabian-
Nubian Shield called the “Tokar-Barka Unit” and northern part of the Mozambique
Belt (Miller et al., 2001; Fritz et al., 2013). This sub-chapter includes summarized
geological and petrological characteristic of the Northern, Western and Eastern
Ethiopian Shields (see chapter 3 for information about the Southern Ethiopian

Shield).

The Northern Ethiopian Shield

The Northern Ethiopian Shield accounts for the northernmost exposure of
Precambrian rocks in Ethiopia. According to Megerssa et al. (2020) overall geological
pattern of the area can be summarized into two main groups. Older Tsaliet Group
consisting mostly of low-grade intermediate to felsic lava and welded tuffs
accompanied by lapilli tuffs, agglomerates and limestones. The younger sequence
overlaying the Tsaliet Group is called the Tambien Group and it contains mainly
limestones, quartzitic dolomites and siliciclastic sediments. Both these groups

originate from era between ca. 850 and 735 Ma.
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The Eastern Ethiopian Shield

The Eastern Ethiopian Shield is the easternmost exposure of Precambrian
rocks in Ethiopia, and it is also the smallest Ethiopian Shield by total surface area. It
was divided by Berhe (1981) into three main units: lower unit, middle unit (known as
the Boye Group) and upper unit (the Soka Group). The lower unit was described by
Berhe (1981) as being comprised of biotite, hornblende, biotite-hornblende and
garnet-biotite gneisses as well as migmatites with subordinate quartzofeldspathic
gneisses, amphibolites and schists. The Boye Group consists of biotite, and quartzo-
muscovite schists, meta-arkoses, quartzites, marbles, metapelites, chlorite and
andalusite-garnet schist. The Soka Group includes mostly phyllites, chlorite schists,

metavolcanic rocks and subordinate ultramafic rocks (Berhe, 1981).

The Western Ethiopian Shield

The Western Ethiopian Shield is the largest exposure of Precambrian rocks in
Ethiopia. Based on currently known data from the Western Ethiopian Shield, it can
be divided into three N-S trending units separated by shear belts (Alemu, 2021). The
three distinct units are Asosa Terrane (includes different types of gneisses and
volcano-sedimentary rocks), Nejo Terrane (consisting of metavolcanic and
metasedimentary sequences) and Gimbi Terrane (with abundance of gneisses,
migmatites and metavolcano-sedimentary rocks). Asosa and Nejo Terranes are
divided by Sirkole-Birbir Shear Zone and Tulu Dimtu - Baruda-Akobo Shear Belt

separates Gimbi from Nejo Terrane (Alemu, 2021).
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3. The Southern Ethiopian Shield

The Southern Ethiopian Shield represents one of southernmost exposures of
late-Proterozoic rocks belonging to the Arabian-Nubian Shield. Due to its position on
the boundary of two distinct terrains (ANS and MB) within the East African Orogen it
accounts for important transition domain between the Arabian-Nubian Shield in the
north and the Mozambique Belt in the south (Kroner and Stern, 2005; Stern et al.,
2012).

Overall geological evolution of the Southern Ethiopian Shield fits well
to geodynamic scenario in the context of the Tokar-Barka Unit forming the southern
segment of the Arabian-Nubian Shield (e.g. Fritz et al., 2013; Verner et al., 2021). The
regional tectonothermal and metamorphic evolution underwent upper amphibolite-
facies overprint in the gneissic terrane and lower amphibolite-facies overprint in the
low-grade belts coeval to the folding and thrusting events, greenschist-facies
metamorphism during subsequent shear deformations, late hydrothermal alteration,
and regional uplift (Yihunie and Hailu, 2007). Based on current knowledge it is
possible to distinguish four main stages of geodynamic evolution in the Southern
Ethiopian Shield (Fig. 4): (a) Tonian episode (ca. 870 to 800 Ma) including the
continental rifting, break-up of the Supercontinent Rodinia, spreading of the
Mozambique Ocean and formation of source juvenile crustal rocks; (b) Late Tonian to
early Cryogenian episode (ca. 800 to 700 Ma) when oceanic subduction begun with
continuation in closing the Mozambique Ocean and formation of large volcanic arc;
(c) Late Cryogenian to early Ediacaran episode (ca. 650 to 620 Ma) which represents
the main period of E-W oriented continental collision and crustal accretion that
resulted in creation of N-W trending metamorphic fabrics and consolidation of
Greater Gondwana Continent; (d) Late Ediacaran to Cambrian episode (ca. 630 to 500
Ma) corresponding to orogenic collapse, crustal extension, uplift and emplacement
of numerous post-tectonic granitoid intrusions (e.g. Johnson and Woldehaimanot
2003; Stern et al., 2012; Fritz et al., 2013; Bowden et al., 2020; Verner et al., 2021 and

references therein).
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Fig. 4 Visualization of geodynamic evolution in the Southern Ethiopian Shield (modified after
Verner et al., 2021)

The principal geological pattern of Southern Ethiopian Shield itself is
characterized by presence of two main lithological segments. The first one consists
of high- to medium-grade metamorphic rocks and is intercalated by several N-S
trending low-grade metamorphic belts. These Neoproterozoic rocks are partially

overlayed by Mesozoic sedimentary rocks and Cenozoic volcanic and volcanoclastic
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sequences of the East African Rift System (e.g. Worku and Schandelmeier, 1996;
Yibas et al., 2002; Stern et al., 2012; Verner et al., 2021).

3.1 High- to medium-grade metamorphic terrain

The high- to medium-grade metamorphic basement of the Southern Ethiopian
Shield was firstly described by Worku and Schandelmeier (1996) as consisting of
several distinct domains and belts defined based on different degree of
metamorphism, tectonic pattern and lithology. From west to east these domains are
the Sodda Domain, the Shakisso Domain and the Zembaba Domain. Davidson (1983)
concluded that the westernmost part of the Southern Ethiopian Shield is called the
Hammar Domain and is located west of the Main Ethiopian Rift System. The Sodda
Domain is built by various metamorphic rocks such as biotite-hornblende gneiss,
amphibolite, quartzofeldspathic gneiss, kyanite schist and ultramafic sequences,
intruded by granites and pegmatites (Worku and Schandelmeier, 1996). The Shakisso
Domain is mostly consisted by quartzofeldspathic gneiss, amphibolite schist, biotite
schist, marble and psammo-pelitic schists with intrusions of syn- and post-tectonic
granitoids (Worku and Schandelmeier, 1996). The Zembaba Domain in the east is
comprised of migmatized trondhjemitic gneiss, quartzofeldspathic gneiss and mica
schist with intercalated greenstone associations (mostly ultramafics and
amphibolites) which are all accompanied by syn-tectonic granites and pegmatites
(Worku and Schandelmeier, 1996). Lastly, the Hammar Domain separated from rest
of the Southern Ethiopian Shield by the Main Ethiopian Rift System is mainly
characterized by presence of biotite and amphibole-biotite migmatites, medium-
grained two-pyroxene granulites and amphibolites. These rocks are then
accompanied by intrusions of ultramafics, diorites, gabbros, and syn- to late-tectonic

granites with aplite and pegmatite dikes (Verner et al., 2021).

Yibas et al. (2002) classified the high- to medium-grade metamorphic
basement as simply “granite-gneiss terrain” based on lithology and divided it into two
sub-terrains (Burji-Moyale, Adola-Genale) and four complexes (Burji-Finchaa,
Moyale-Sololo, Adola and Genale-Dolo) (Fig. 5). Important structure that separates

Burji-Moyale and Adola-Genale sub-terrains is the NW-SE trending Geleba-
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Chelanko Shear-Fault Zone which also represents main spot of granitic magmatic

activity (Yibas et al., 2002).
3.2 Low-grade metamorphic belts

The four low-grade belts in the Southern Ethiopian Shield built by
metavolcano-sedimentary sequences are (from west to east) the Megado Belt, the
Kenticha Belt and the Bulbul Domain. Next, southward from the NW-SE trending
Geleba—-Chelanko Shear Zone is located the Moyale-El Kur Belt (Fig. 5) (Yibas et al.,
2002).

The Megado Belt is located between the Sodda and Adola domains. It contains
mostly metabasic and metasedimentary rocks like amphibolites, pyroclastic
metasediments, metagabbros, graphitic schists, amphibole-chlorite schists, phylites
and quartzites (Worku and Schandelmeier, 1996; Yibas et al., 2002). Less common
are other meta-ultramafic to mafic rocks like serpentinites and post tectonic

granitoids (Worku and Schandelmeier, 1996; Yibas et al., 2002).

The Kenticha Belt located in between Adola and Zembaba domains is mainly
characterized by abundance of various ultramafic rocks like talc-tremolite schists,
serpentinites, anthophyllite schists that are all dominant over other mostly mafic
rocks like biotite schist or gneiss, amphibolite, graphitic schist and late to post

tectonic granitic intrusions (Worku and Schandelmeier, 1996; Yibas et al., 2002).

The Bulbul Belt represents the easternmost exposed low-grade area in the
Southern Ethiopian Shield. Itis described in Yibas et al. (2002) as mostly mafic terrain
with minor ultramafic occurrences. Western part of this terrain contains
quartzofeldspathic gneisses and dioritic mylonites as tectonically inserted
intercalations, whereas the eastern part is overlain by Mesozoic sediments.
Dominant lithological types are amphibole-chlorite schists, amphibolites and

metagabbros (Yibas et al., 2002).

As for the last one, Yibas et al. (2002) designated the Moyale-El Kur Belt as the
southernmost low-grade terrain in the Southern Ethiopian Shield that is split in half
by quartzofeldspathic gneisses and schists of N-S trending Roukka Shear Zone and

consists therefore of Moyale sub-belt and Jimma-El Kur sub-belt. Both these sub-
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belts contain metasedimentary rocks (like quartz-feldspar schists, conglomeratic
gneiss, graphitic schists, amphibolites and quartzites) and abundant metabasic and
meta-ultramafic sequences as for example amphibole-chlorite schists, amphibolites,
metagabbros, serpentinites, talc-tremolite schists and talc-magnetite-serpentinite

rocks (Yibas et al., 2002).
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Fig. 5 Simplified geologcial map of the Southern Ethiopian Shield (modified after Yibas et al.,
2002)
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3.3 Magmatism in the Southern Ethiopian Shield

The zircon evaporation ages were used to determine major periods of
magmatic activity within the Southern Ethiopian Shield (e.g. Teklay et al., 1998; Yibas
et al., 2002; Stern et al., 2012; Verner et al., 2021). According to Teklay et al. (1998)
three major periods of significant magmatic activity occurred in the Southern
Ethiopian Shield at ~850, ~750 to 700 and ~650 to 550 Ma. However, Yibas et al. (2002)
concluded that there were five distinct tectonothermal events and seven periods of
magmatic activity from late Mesoproterozoic (ca. 1160 to 1030 Ma) to late
Neoproterozoic (ca. 550 to 500). To take into the account the previous studies, by
Stern et al. (2012), using new data to solve the problem with different ages of
magmatic activity, four major periods of periods of magmatism were established: (a)
Late-Tonian-Early Cryogenian (ca. 890 to 840 Ma), (b) Cryogenian (ca. 790 to 700 Ma),
(c) Moyale event (~660 Ma) and (d) Ediacaro—Cambrian (ca 630 to 500 Ma). Prevailing
zircon xenocrysts described in this study reveal ages in span ca. 900 to 700 Ma,
confirming that the Neoproterozoic rocks are dominant in the Southern Ethiopian
Shield. On the contrary, the study by Stern et al. (2012) discovered also granitic rocks
which might be relicts of crust as old as 2.5 Ga, consequently making this the first
time that presence of Archaean crust is confirmed within the Southern Ethiopian
Shield. For visualization of all known magmatic ages from Ethiopia and the Southern

Ethiopian Shield, see Fig. 6 and Fig. 7.

Even newer study by Verner et al. (2021) focused on describing the evolution
of rocks in the high-grade Hammar Domain in terms of U-Pb zircon dating well
corresponds to the information published by Stern et al. (2012). In this context, two
main geodynamic / magmatic events within the East African Orogeny were defined
(Verner et al., 2021). Firstly, there was the “Late Tonian to Late Cryogenian episode”
(ca. 770 to 650 Ma) that included volcanic (magmatic) arc construction followed by
crustal accretion accompanied by intense migmatization and HT-MP metamorphism
at depths of ~25-35 km. Second “Late Cryogenian to Early Ediacaran” episode (ca.
650 to 620 Ma) represented the main collisional period associated with emplacement

of numerous syn-tectonic granitoids. This collisional stage was followed by a period
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of post-tectonic magmatism, with the youngest manifestations in the Lower

Ordovician period (Asrat and Barbey, 2003).

Precambrian magmatic events in Ethiopia
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Fig. 6 Neoproterozoic to Early Paleozoic magmatic ages in Ethiopia’s Precambrian shields
compiled from existing literature (see list of references)

Precambrian magmatic events in the Southern Ethiopian Shield
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Fig. 7 Neoproterozoic to Early Paleozoic magmatic ages in the Southern Ethiopian Shield
compiled from existing literature (see list of references)
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3.4 Tectonic pattern and shear zones in Precambrian shields

Based on currently available data, four main deformation phases were
identified in the Southern Ethiopian Shield, labelled as D; to D, (Alene and Barker,
1993; Ayalew and Johnson, 2002; Alemu and Abebe, 2007). The most prominent
“folding and thrusting phase” imparted a generally N-S striking regional fabric
pattern (phase D»). Repetitive N-S oriented major antiforms and synforms, thrust and
shear zones and related structures were generated as a consequence of the E-W
compressional regime during the East African Orogeny (Yihunie and Hailu, 2007). In
the southern part of the Southern Ethiopian Shield a gently dipping gneissic fabric of
N-S to NE-SW strike (phase D) is confined to the high-grade migmatitic gneisses.
The migmatitic gneisses were later affected by SE-NW and E-W shortening (phase
D.), which also affected the metavolcano-sedimentary formations and the mafic /
ultramafic intrusions (Hussien, 1999). In the western part of the Southern Ethiopian
Shield an early gently dipping fabric (phase D,) was overprinted by multiple folding
along N-S trending axes forming the prominent fabric with steeply E or W dipping
foliation carrying N-S trending mineral lineations (Genzebu et al., 1994), mostly as
the result of deformation phase D,. These are subsequently overprinted by open,
symmetrical, mesoscopic, small amplitude, folding along an E-W trending sub-
horizontal axis (phase D;). The brittle and brittle-ductile deformation affecting all the
earlier fabric (phase D.) have right-lateral kinematics and steep, N-S striking plane

such as the Amaro Horst Shear Zone (Genzebu et al., 1994).

Shear zones are abundantly present all across Ethiopia and its Precambrian
terrains (Fig. 8). A shear zone is a structure of minimal width that underwent intense
brittle to ductile deformation (Ramsay and Huber, 1997). There are several types of
shear zones present in Ethiopia where each type corresponds to specific deformation
event during geodynamic evolution of the area: (a) “Orogen-parallel” N-trending
shear zones mostly associated with phase D, representing transcurrent syn-tectonic
movement and lateral strike-slip deformation on reactivated shear belts of distinct
tectonic units. For example, the Birbir Shear Zone as localized D, phase resulted in
isotopic resetting initiated by fluid influx (Ayalew and Johnson, 2002). (b) “Oblique”

NW-SE or NE-SW trending brittle-ductile strike-slip shear zones associated with D;
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phase reveal a reactivation during D.. One of the examples is the Adola-Moyale Shear
Zone in southern Ethiopia (Worku and Schandelmeier, 1996; Alemu and Abebe,

2007).
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Fig. 8 Regional faults and shear zones in Ethiopia with highlighted significant shear structures
in the Southern Ethiopian Shield (modified after Verner et al., 2024)

One of the most significant structures within the Southern Ethiopian Shield is
the Wadera-Mutito Shear Zone which is located in the Eastern part of the Adola Belt
(Fig. 8) and stretches from south-central Ethiopia southwards into Kenya where it

continues into sequences of the Mozambique Belt (Worku and Schandelmeier, 1996).



20

The formation of the Wadera-Mutito Shear Zone occurred during crucial strike-slip
deformation in the era of continental convergence in the East African Orogen
alongside lateral escape tectonics. Therefore, the Wadera-Mutito Shear Zone is
referred to as the “orogen-parallel” shear zone. It is implied that the Wadera-Mutito
Shear Zone was repeatedly reactivated because of presence of two sets of subparallel
superimposed stretching lineations. It is also mentioned that unchanging S-C fabric
pattern in the mylonitic foliation represents older sinistral shear, whereas outcrop
and map-scale asymmetric folds indicate younger dextral shear (Worku and

Schandelmeier, 1996).
3.5 Post-collisional intrusions of Ethiopia

Magmatic intrusions of various ages and lithological characteristics are
integral part of the Southern Ethiopian Shield and other terrains with exposed
Precambrian rocks in Ethiopia (e.g. Tadesse et al., 2000; Yibas et al., 2002). Among
these intrusions post-collisional granitoids are of noticeable significance since
various mineral and metallic resources are closely associated with these intrusives

accompanying the surrounding metamorphic terrain (Tadesse et al., 2003).
3.5.1 Post-collisional intrusions in the Southern Ethiopian Shield

Post-collisional granitoids in the Southern Ethiopian Shield refer mostly to
granites and occasionally diorites that were emplaced during era of orogenic collapse
and crustal transtension in the East African Orogen typically at about ca. 600 to 500
Ma (e.g. Yibas et al., 2002). Examples of such granites are numerous. The Berguda
charnockitic granite and Metoarbasebat granite both located within Burji-Moyale
sub-terrane were dated to ca. 540 to 520 Ma. Another example is from Adola-Genale
sub-terrane where Robele granite and Lega Dima granite are found, both dated to ca.
550 Ma (Yibas et al., 2002). In the high-grade Hammar Domain, Verner et al. (2021)
identified syn- to post-orogenic leucogranite dike swarm dated to ca. 630 Ma.
However, the youngest post-tectonic Konso Pluton consisting of leucogranites and
biotite to biotite-hornblende granites was dated by Asrat and Barbey (2003) to ca. 449
Ma.
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The recent study by Zemene et al. (2023) describes granitoids in Kolme area
partly formed by post-tectonic Matera quartz monzonite. This intrusion is
predominantly composed of plagioclase, K-feldspar phenocrysts, quartz and biotite.
It intruded into unit of quartzofeldspathic gneiss and was produced by alkalic
magmatism that reflects beginning of crustal extension caused by orogenic collapse.
The occurrence of such alkalic magmatism in contrast to previous syn- to late-
tectonic high-K calc-alcaline magmatic intrusions represented by granites of Borkara
area symbolizes transition from syn-collisional to post-collisional magmatism

(Zemene et al., 2023).
3.5.2 Post-collisional intrusions of other Precambrian exposures (Ethiopia)

The Northern Ethiopian Shield

In addition to main sequences significant number of plutonic intrusions
occurs in the area of the Northern Ethiopian Shield. Among them are frequently
found calc-alkaline (Neoproterozoic ca. 682 to 545 Ma) to alkaline (Cambro-
Ordovician ca. 510 to 449 Ma) post-orogenic granitoids of ages between ca. 640 and
570 Ma (Gebreyohannes, 2014; Megerssa et al., 2020; Johnson et al., 2011). Several
post-orogenic granitic plutons are mentioned by Megerssa et al. (2020) for example
Hitsas, Sibta, Gurungu and Kisad granites all located within Adi Nebrid metavolcanic
block; Shire Granite located on the boundary between Adi Nebrid block and Chila
metasedimentary block; Mereb Granite found in the middle of Chila block and
granites of Mai’Kenetal block that include Mai Kenetal Granite, Negash Pluton,
Hauzien Granite and Chewo Pluton. Megerssa et al. (2020) studied thoroughly the
Chewo Pluton and described it as medium- to coarse-grained quartz monzonite and
quartz monzodiorite with xenoliths and mafic microgranular enclaves. Most
abundant mineral associations are plagioclase, quartz, amphibole and biotite with
local occurrences of K-feldspar and clinopyroxene. It was geochemically classified
as high-K calc-alkaline and metaluminous unit with enrichment in LREE and LILE and
is therefore part of the Neoproterozoic group of post-orogenic granitoids. The Chewo
Pluton was emplaced diapirically at around 618 Ma which was also supported by

local extension.
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The Eastern Ethiopian Shield

Only a very limited amount of data has been as of now collected in the area of
Dire Dawa within the Eastern Ethiopian Shield. The most recent study by Yeshanew
et al. (2017) focused on U-Pb dating of zircon ages of rocks in this area. The samples
were taken mostly from quartzofeldspathic gneisses and migmatites as well as
bodies of unofliated pinkish granites. The study used high spatial resolution
secondary ion mass spectrometry (SIMS) to determine crystallization ages of
abundant granitic intrusions. The results revealed ages of ca. 790 Ma and ca. 600 to
560 Ma. The study also mentions the fact that some granitoids with crystallization
ages around 560 Ma were slightly deformed indicating orogenic activity in the area

up until ca. 560 Ma.

The Western Ethiopian Shield

According to Alemu (2021) about 40 % of the Western Ethiopian Shield is
accounted for by intrusives. Among these, post-tectonic intrusive rocks are scattered
around different parts of the Western Ethiopian Shield and are represented by
circular to elliptical bodies. Various lithologies are present as intrusives in the area,
according to Alemu (2021) they are mostly granites, syenites, quartz diorite-
monzonites and gabbros. Pink to grayish leucocratic granitic intrusions are
characterized by homogenous massive structure with most abundant mineral
associations being perthitic K-feldspar, quartz, albite and to smaller extent biotite.
Intrusive gabbros are concentrated in the central part of the Western Ethiopian
Shield and are represented by circular to sub-circular shapes of bodies and consist
specifically of olivine gabbronorite, gabbro and olivine diabase. Overall ages of
intrusive rocks in the Western Ethiopian Shield range from ca. 580 to 540 Ma (Alemu,

2021).
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4. Mineral deposits of Ethiopia

Exploitation of various mineral resources including metallic and industrial
minerals in Ethiopia has a long tradition and can be traced back to ancient times
(Assefa, 1985; Marcus, 2002). However, in the recent times overall production and
export of mineral resources has been rather insignificant both, domestically as well
as worldwide. Nevertheless, multiple studies were conducted throughout years (e.g.
Assefa, 1985 and 1991; Tadesse, 2003; Binega, 2006; Ahmed, 2008; Balami, 2023;
Endalew et al., 2024) indicating a notable potential for both, traditionally extracted
resources (i.e. gold or platinum) and newly discovered ones like fossil fuels, building
materials or industrial and metallic minerals. There are however no contemporary
studies presenting overview of current situation regarding mineral resources of
Ethiopia in a similar way like older studies by Jelenc (1966), Assefa (1985) or Tadesse
(2003) did. This chapter relies therefore on older studies as a basis and adds newer

information if they are available.

The overall surface area of Ethiopia is covered by several types of rocks that
differ in lithology, age and origin (Fig. 9) (Yibas et al., 2002, Stern et al., 2012, Verner
et al., 2021). At ca. 23 % of surface area is represented by metamorphic and igneous
rocks of Proterozoic age bearing significant deposits of metallic resources and other
minerals (i. e. gold, platinum, iron, chromite, molybdenite, wolframite, asbestos, talc,
nickel, copper, cobalt, manganese, beryl and other less common minerals) (Fig. 10).
The rest of Ethiopia’s territory mostly consists of platform Paleozoic to Quaternary
sediments and Cenozoic volcanics. Here, mainly industrial minerals and building
materials (i.e. limestone, sand, gypsum, sulfur, clay, sandstone and salt) are present
(Fig. 11) (e.g. Assefa, 1985; Tadesse, 2003). In addition, there is also notable potential
for fossil fuel extraction and mining in platform sedimentary formations in Ethiopia
(Fig. 12). Although there is currently no ongoing fossil fuel extraction that would have
any significance by world standards, there are noteworthy reserves of coal (up to
297,000,000 tons), oil (ca. 650,000,000 to 1,000,000,000 tons) and about 4 Tcf of gas
(for details see Ahmed, 2008).
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Fig. 9 Main rock types present in Ethiopia (Precambrian sequences are red) (modified after
Tefera et al., 1996)

Even though the variety of available mineral resources in Ethiopia seems to be
huge, only few commodities account for most of country’s mining production. Among
these only gold, platinum and Tantalum are significantly common metallic resources
from Precambrian shields, others being mostly rock salt and building materials found
in various locations across the country (Assefa, 1985; Balami et al., 2023). According
to recent study by Balami et al. (2023) only gold and tantalum have notable economic
significance, since they are being extracted in large enough amounts to contribute to
exports and trade of the whole country. General overview of Ethiopia’s most
important mineral resources based on study by Assefa (1985) with added information
from more recent studies (e.g. Tadesse, 2003; Binega, 2006; Endalew et al., 2024) is

as follows:
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Platinum in Ethiopia

Platinum mineralization in Ethiopia is based on currently available data
located and exploited exclusively in mafic rock sequences and products of their
hydrothermal alteration in the Western Ethiopian Shield (Assefa, 1985). The most
prominent area where platinum is mined today and where the only active platinum
mine in Ethiopia exists is Yubdo in Welega Province. The Yubdo platinum deposit
consists according to Molly (1959) from pyroxenites and gabbros that surround
serpentinized dunitic center of the unit and are covered by layer of so called
“birbirites”. Birbirites are special type of rocks named after Birbir River that basically
account for altered crust of dunititc body. They include mostly quartz and limonite
and are result of alteration and concentration. This process is likely shear-related
and led also to remobilization and concentration of platinum (Molly, 1959).
Concentrates of ore from the Yubdo area are described by Mohr (1962), Jelenc (1966)
and Assefa (1985) as being comprised of 79.48 % platinum, 16.58 % iron, 1.41 %
osmiridium, 0.8 % iridium, 0.75 % rhodium, 0.49 % palladium and 0.49 % gold with
average platinum grade being 0.031 g/m°. There are no contemporary estimates on
the overall platinum reserves in Yubdo. However, several decades old study (Assefa,
1985) supposes that in this region could have been ca. 2000 kg of platinum, although
how accurate these estimates might be today is difficult to verify since no new studies
have been made on platinum deposits in Ethiopia. Overall, most of the as of yet
unexploited platinum exists in a form of clay grain-sized fraction located on older

riverbeds of the Birbir River (Molly, 1959; Assefa, 1985; Tadesse, 2003).

Rock salt in Ethiopia

Rock salt is a resource of great value in Ethiopia. Its mining is concentrated in
Danakil Depression in the Afar Region. The Danakil Depression is NW-SE oriented
graben that formed as a result of rifting in Tertiary era. The surface of this depression
is covered by thick crust of rock salt. The most important deposit is located at Assale,
and it also accounts for the largest rock salt deposit in the world. More than 35 000
tons of salt are produced here every year, and the total extractable reserves are

estimated to be over 1 billion tons (Assefa, 1985; Binega, 2006).
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Fig. 10 Significant occurrences of metallic resources in Ethiopia displaying both present and
potential deposits, based on information from existing literature (see list of references)

Industrial minerals and building materials

Large variety of minerals and other materials is extensively mined for building
and industrial purposes. Among them limestone, gypsum, clay, feldspars, quartz
sand, marble, iron and sulfur can be mentioned. Moreover, new deposits that contain
some of these and new resources are constantly being discovered, especially
deposits of iron and nickel. Limestone is found in enormous quantities all around
Ethiopia (for example Welega and Hararghe areas or around Wolega River) and is
mainly associated with Mesozoic to Tertiary calcareous sequences. It is primarily
consumed by cement industry. Limestone, gypsum, sandstone, clay and even
potential coal deposits are common in Nile River basin where they occur as part of
sedimentary sequences. Another abundant resource are feldspars. Feldspars can be
found in multiple areas mainly in Negele and Hararghe. Most of the feldspars is
accounted for by orthoclase and microcline that are associated with pegmatites and
leucogranites. Despite many possible usages of feldspars, its extraction is generally
negligible. Some resources are located mostly in Cenozoic or Quaternary terrains

that reflect their origin like gypsum which is mostly mined in the Danakil Depression
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or sulfur which accompanies volcanoes of the Main Ethiopian Rift System. (Assefa,

1985 and 1991; Endalew et al., 2024).
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Fig. 11 Significant occurrences of industrial mineral resources in Ethiopia based on information
from existing literature (see list of references)
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Fig. 12 Potential deposits of fossil fuels in Ethiopia (based on Ahmed, 2008)
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Gold in Ethiopia

Gold accounts for Ethiopia’s most important metallic resource and one the
most abundant and mined resources overall. Gold has been exploited in Ethiopia for
more than 2000 years (Marcus, 2002) and remains one of the most prominent mineral
resources for future prospection and extraction (Balami et al., 2023). Mining of gold
has been conducted by government, private companies and also local population. As
mentioned by Zenebe et al. (2024) almost 1.3 % of Ethiopia’s population (which is
more than 1.2 million people) participates currently on gold extraction from placer
deposits. According to recent estimations gold accounts on average for almost 13 %
of Ethiopia’s exports every year (Balami, 2023). Gold is present in Ethiopia as part of
both primary and secondary deposits. Primary deposits are associated with quartz
veins within larger bodies, whereas secondary gold deposits are mostly areas with
scattered eroded fraction containing quartz, quartzites, amphibolites and granites,
oftentimes in form of clay or sand that contains gold or quartz mineralized with gold
(Assefa, 1985). Both types of gold deposits are located exclusively within
Precambrian terrains and were likely formed by tectonothermal events during
geodynamic evolution of the area, specifically the low- to medium-grade
metamorphic belts and related intrusives. The areas containing low- to medium-
grade metamorphic belts underwent notable deformation that created numerous
fractures which later allowed alteration by traversing fluids to happen (Assefa, 1985;

Tadesse, 1999).

Primary gold deposits were discovered in most of Ethiopia’s Precambrian
shields, namely in Adola area (Southern Ethiopian Shield), Tigray Region (Northern
Ethiopian Shield), Wollega area (Western Ethiopian Shield) and Akobo area
(southernmost tip of the Western Ethiopian Shield). In context of the entire country,

three main types of gold deposits were classified (Tadesse, 2003):

a) Orogenic mesothermal deposits - The most abundant deposit type that
characterizes almost all deposits in the Precambrian shields. Gold is found
here in connection to N-S trending shear zones near low- to medium-grade

metamorphic belts with mafic to ultramafic sequences (known as greenstone
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belts) and associated intrusions. It is hosted in sulfides related to quartz veins

and other quartz occurrences.

b) Gold-bearing volcanogenic massive sulphides — Gold present in VMS-type
deposits (also known as volcanogenic massive sulfide ore deposit) has been
already discovered in several places in the Arabian-Nubian Shield namely in
Sudan and Saudi Arabia. In Ethiopia little to nothing is currently known about
these deposits, however gold originating from hydrothermally altered zones
connected to submarine volcanism was observed in Kata and Abetselo in the

Western Ethiopian Shield.

c) Epithermal deposits — This gold mineralization here is associated with calc-
alkaline volcanic (and related geothermal) activity of the Main Ethiopian Rift
System. Gold that presumably originates from Precambrian sequences was
brought to surface by hydrothermal fluids through fractures at various
locations for example Gedemsa, Aluto, Corbetti calderas and Tendaho graben.
It is hosted here in sulfides like galena, chalcopyrite and pyrite located within

quartz veinlets (Tadesse, 2001).
4.1 Mineral Deposits in the Southern Ethiopian Shield

The Southern Ethiopian Shield as one of the exposures of Precambrian rocks
in the country is characterized by presence of various mineral resources as well as
industrial and building minerals and materials. However most prevalent are metallic
minerals. Among them nickel, tantalum and gold deposits can be of note (Tadesse,

2003).
4.1.1 Tantalum deposits in the Southern Ethiopian Shield

Tantalum deposit in pegmatites of the Kenticha Belt was first discovered in
1980 relatively later in comparison to other mineral deposits in the area. Since 1989
there is an active tantalum mine that produces Ta.Os at rate of approximately 1.5 tons
annually. Before the mining started preliminary estimations suggested reserves of up
to 25,000 tons ore grading 0.02 to 0.03 % Ta.0Os, however this included only tantalum
in weathered pegmatites and alluvial ore. Tantalum mineralization is closely linked

to post-orogenic granitic and pegmatitic intrusions emplaced alongside N-S trending
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shear and fault zones. Abundant mineral associations of these intrusives include
Columbo-Tantalite group minerals, tourmaline, beryl, lepidolite and phosphate
minerals like apatite. Evidence of magmatic alteration can be recognized in several
granitic and pegmatitic intrusions. Noteworthy is for example sericitization,
greisenization, albitization or presence of amazonite. Tantalum deposits are also rich
in associated elements like niobium, lithium, beryllium and REE, which creates

significant potential for future exploitation (Tadesse, 2003).
4.1.2 Nickel deposits in the Southern Ethiopian Shield

According to Tadesse (2003), around 20 nickel deposits are present within the
area of the Southern Ethiopian Shield. Nickel is found in deposits associated with the
Adola and Kenticha Belts. Notable deposits are for example Ula Ulo, Tulla or Dubicha
and Fulanto in Sidamo. Prospects from 1989 reveal overall reserves of as much as
17,000,000 tons of ore grading 1.3 % Ni. Nickel mineralization in the areas of the
Southern Ethiopian Shield is held by pimelite which is secondary mineral of
garnierite group present here in sequences of laterites. These laterites overlay core
consisting of serpentinized ultrabasic rocks that is surrounded by talc and various
types of schists. Nickel mineralization is commonly accompanied by chromium and

cobalt.
4.1.3 Gold deposits in the Southern Ethiopian Shield

Gold deposits located in the Southern Ethiopian Shield are probably the most
prominent gold occurrences in Ethiopia and also the only ones that have been
actively producing gold for a long time. Gold mineralization is associated with N-S
trending Megado and Kenticha metamorphic belts of the Adola area, where Lega
Dembi and Sakaro, which account for the most significant gold deposits, are both
located. A large portion of areas with gold mineralization can be found in the low- to
medium-grade metamorphic belts or on direct boundary between metamorphic belts
and surrounding gneissic terrain. This mineralization is thus associated with N-S
oriented shear zones that separates these two terrains. As for the type of gold
deposits present here, in area of the Southern Ethiopian Shield primary as well as

placer gold deposits were identified (Tadesse, 1999).
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Primary gold deposits

Primary gold mineralization is closely related to Megado and Kenticha belts
that can also be referred to as greenstone belts because of presence of deformed
metamorphosed mafic and ultramafic sequences. Based on current knowledge it is
implied that these structures significantly contributed to emplacement of rocks
hosting gold mineralization. During brittle deformation, numerous fractures were
created in the area that allowed hydrothermal fluids to enter rocks and led to
transport and accumulation of gold. It is possible that this gold originates from
sources in great depths and was brought to the surface by basic to ultrabasic
magmatism. During subsequent deformation and low-grade metamorphism gold was
probably remobilized by fluids and concentrated in currently known locations
(Tadesse, 1999). Source and characteristics of these fluids were subject of several
studies. Whether the fluids were released during regional metamorphic event or
during intrusion of granitic bodies is unclear. Study by Tsige (2006) focused on
analyzing fluid-originating inclusions in quartz veins of the Kenticha-Katawicha area
in the Adola Belt to determine the origin of fluids and gold mineralization. The study
mentioned that fluids described to be H.O- and CO,-rich with low salinity originated
from mafic to ultramafic sequences of greenstone belts and were released during
low-grade regional metamorphic event. Results of analysis revealed that gold was
most likely deposited during post-peak metamorphism at conditions ca. 350 °C and 2
kbar. P-T conditions and composition of fluids suggests probable origin of fluids to
be metamorphism rather than magmatic intrusion. Regarding the gold origin in Lega
Dembi, studies by Tadesse (2004) and Tsige (2006) both agree that gold
mineralization is associated with retrograde metamorphism possibly related to D;

shearing event.

Primary gold mineralization in the Adola area of the Southern Ethiopian Shield
occurs in several different types. Tadesse (1999) introduced classification including

four main types:

a) Auriferous quartz veins in schistose rocks of the Chakata Formation - Lega
Dembi, Sakaro, Korkoro and Bedakassa deposits represent this type of

mineralization. It is located mainly within volcano-sedimentary sequences of
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the Chakata Formation (amphibolites, quartz-mica and chlorite-actinolite
schists) or its contact with surrounding gneisses and is characterized by
presence of several hundred meters long veins (ca. 400 to more than 2000 m).
Auriferous veins consist mostly of quartz and carbonates and contain golden
grains held in sulfides like galena, chalcopyrite, arsenopyrite, pyrrhotite and
pyrite. Sulfides however comprise only about 2 % of the overall composition
of the veins. Significant alteration is also present here with types varying
greatly, but some examples can be sericitization, chloritization,
serpentinization or sulphidization. General gold content of this type of

mineralization is around 10 g/t.

b) Gold mineralization in quartzites of the Chakata Formation - Quartzitic
rock sequences intercalating rock assemblages of the Chakata Formation are
found in area of the Megado-Bore ridge and Serdo. These quartzites are
comprised of quartz (up to 90 %) and minor occurrences of graphite, biotite
and iron oxides or hydroxides. Gold is here mostly dispersed throughout the
unit with average content being between 3 to 4 g/t. There are several quartz

veins located in this quartzitic body, however they do not contain any gold.

c) Gold mineralization in conglomerates and arkoses of the Kajimiti Beds —
This type of mineralization was observed at locality in Burikaro in the Kajimiti
Beds. Gold is hosted here in several centimeters wide lenticular quartz
veinlets found within conglomerates and meta-arkoses. Gold content varies

from ca. 1 up to 8 g/t.

d) Auriferous quartz veins within gneissic terrains — As of now the only
location where this type of mineralization was identified is in Digati. Gold
mineralization is associated biotite-hornblend gneiss located on the boundary
between low- to medium-grade metamorphic belts and surrounding high-
grade gneissic terrain. Gold occurs here as a part of quartz veins and sericite-
carbonate alteration zones, mostly hosted within sulfides like pyrite,
chalcopyrite and galena. Several estimations on the average gold content have
been made, most showing content between 1.5 to 30 g/t. Some studies

however suggested content as high as 100 g/t.
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Placer gold deposits

Placer gold in the Adola area was the source of most gold production
throughout the history. Before modern extraction methods were discovered and
utilized in larger scales (like in the Lega Dembi mine) local population produced gold
mostly from various elluvial to alluvial placers. Gold placers are located primarily
within the Megado Belt. Gold is found mostly in older river terraces or beds, valleys,
dried streams and hillsides, where it is incorporated into gravel-sand-silt-clay
sedimentary sequences. Placer gold originates from erosion of primary gold deposits
and subsequent sedimentation of gold particles. Golden particles have rounded to
unrounded shape and reach sizes of several millimeters (ca. 0.5 to 8 mm). Some
other minerals accompanying gold in the sediments are titanium rich minerals
(ilmenite, rutile or magnetite), pyrite, garnet, tourmaline and apatite. The most
important placer gold deposit in the area was identified in in the Bore valley. Average

gold content of placer deposits is around 0.1 g/t (Tadesse, 1999).
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5. Discussion

Geodynamic evolution of the Southern Ethiopian Shield and associated areas
occurred as series of complex events starting with break-up of the Supercontinent
Rodinia, followed by assembly of the Arabian-Nubian Shield as well as the
Mozambique Belt and ending with post-orogenic processes following formation of the

East African Orogen (Kroner and Stern, 2005).

Pre-Pan-African episode

The Supercontinent Rodinia was a large Mesoproterozoic mass of continental
crust that was assembled between ca. 1300 to 900 Ma (Cawood, 2005; Li et al., 2008).
Shortly after its amalgamation several causes including thermal isolation induced
emergence of mantle superplume under continental crust of Rodinia and led to its
break-up at ca. 860 to 840 Ma. This resulted in extensive rifting period between ca.
840 to 740 Ma which is characterized by opening of multiple new oceanic basins (Li
et al., 2008). Among them, the Mozambique Ocean separated continental
assemblages of East and West Gondwana and served as a place of intense juvenile
crust formation as well as pelagic sedimentation (Cawood, 2005; Fritz et al., 2013).
This rifting period accompanied by calc-alkaline magmatism and formation of back-
arc basins is widely accepted (e.g. Kroner and Stern, 2005; Fritz et al., 2013; Johnson,

2021) as initial origin of most sequences within the Arabian-Nubian Shield.

On the other hand, rock assemblages of the Mozambique Belt, their exact
origin and relationship to the Arabian-Nubian Shield is still unclear in certain
aspects. Samples from various parts of MB reveal protolith ages from Archean to
Paleoproterozoic era (ca. 3300 to 2400 Ma) (Fritz et al., 2013). These sequences were
then reworked during several amphibolite- to granulite-facies metamorphic events
associated with pre-Pan-African orogenic processes (Kroner and Stern, 2005; Fritz et

al., 2013).

Pan-African processes
Following the widespread rifting period the tectonic regime changed and
extension was instead replaced by convergent processes as part of the Pan-African

orogenic events. The term “Pan-African” itself was firstly designated to refer to
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complex tectonothermal event at ca. 500 Ma, but in contemporary literature its usage
incorporates all significant tectonothermal and orogenic events that occurred during
Neoproterozoic era (Stern et al., 2012; Fritz et al., 2013). Important events for
formation of the Southern Ethiopian Shield (Tokar-Barka Unit) are the pre-orogenic
Bulbul-Awata event (ca. 875 Ma) marking the initiation of subduction related
processes accompanied by amphibolite- to granulite-facies metamorphism; Megado
event (ca. 800 to 750 Ma) associated with obduction of ophiolites, crustal thickening
and intense metamorphism; and lastly Moyale event (ca. 700 to 550) related to
oceanic basin closure and emplacement of late- to post-tectonic granitoids. (Yibas et

al., 2002; Stern et al., 2012; Fritz et al., 2013).

The overall process of convergence led to subsequent closure of the
Mozambique Ocean and gradual accretion of juvenile crustal terranes that formed
the Arabian-Nubian Shield (Fritz et al., 2013; Johnson, 2021). Based on the latest
knowledge the western terranes within ANS are thought to be comprised of
exclusively juvenile oceanic crust, whereas the easternmost parts contain both
oceanic as well as continental crust (Abd El-Wahed and Attia, 2022). This might be
related to contamination by microcontinental crustal rocks from East Gondwana
during convergent processes (Kroner and Stern, 2005). The collision of West and East
Gondwana during Pan-African era led also to consolidation of the Mozambique Belt
mostly from previously reworked rock assemblages. However, the overall assembly
of the area was a multistage process that was not fully completed before several other

post-Pan-African orogenic events took place (Fritz et al., 2013).

Post-orogenic evolution

Post-orogenic period starts around 620 Ma, when compression loosened and
led to orogenic collapse. This caused uplift and exhumation of granulites as well as
reactivation of N-S shear zones allowing emplacement of granitoids alongside them
(e.g. Johnson et al., 2011; Fritz et al., 2013). It is implied that origin of granitic
magmatism in the post-orogenic era is connected to melting of lower crust during
crustal thickening (Yibas et al., 2002; Stern et al., 2012 and references therein). This
period was also influenced by other tectonothermal events and orogenic processes.

The ca. 570 to 530 Ma Kunnga Orogeny led to HP granulite-facies metamorphism
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followed by exhumation and emplacement of another wave of post-tectonic
granitoids (e.g. Kroner and Stern, 2005; Fritz et al., 2013). The Berguda
tectonothermal event (ca. 550 to 500 Ma) is accepted as the final stage of the
Neoproterozoic orogenic events being marked by late granulite-facies
metamorphism (evidence of this was found in the Berguda charnockitic granite) and
emplacement of post-tectonic granitoids in southern Ethiopia (Yibas et al., 2002;

Stern et al., 2012).

Mineral deposits

It has been known for a long time that Ethiopia is rich in occurrences of mineral
resources (Jelenc, 1966; Assefa, 1985; Marcus, 2002; Tadesse, 2003), but as of now
most of its mineral wealth remains unexploited (Balami et al., 2023). It is difficult to
judge the overall potential of Ethiopia’s mineral resources since contemporary
estimates and accurate studies are scarce. The only mineral resource with economic
significance as of now is gold, since its exports accounted for around 12 % of
Ethiopia’s GDP in the recent years (Balami et al., 2023). Noteworthy gold occurrences
were found in several Precambrian sequences (Johnson et al., 2017) and some of
them are even being exploited by local population (Zenebe et al., 2024), but the only
active primary gold mines are Sakaro and Lega Dembi in Megado Belt, Southern
Ethiopian Shield (Johnson et al.,, 2017; Balami et al., 2023). Primary gold
mineralization in this area is held in sulfidic mineral associations within quartz veins
(Tadesse, 1999 and 2003). Gold was likely brought there during processes of
remobilization and concentration by H.O- and CO,-rich low saline fluids (Tsige,
2006). The exact event(s) corresponding to release of these fluids remains unclear.
Whether it was one or multiple regional metamorphic events or direct influence of
granitoid magmatism is uncertain. Nevertheless, it is implied in Tadesse (2004) and
Tsige (2006) that due to chemism and P-T conditions the origin of fluids was more
likely associated with regional metamorphic event (possibly related to D;

deformation period) rather than directly with granitoid magmatism itself.
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6. Conclusion

The aim of this bachelor’s thesis was to describe the currently known
geological structure of the Southern Ethiopian Shield in the context of the origin and
geodynamic development of East African Precambrian terrains belonging to the
Arabian-Nubian Shield and the Mozambique Belt. An integral part of the work was
also to create a consistent overview regarding the occurrence of mineral resources
in this area. This bachelor’s thesis will be thematically followed by a diploma thesis
on the topic of evaluating hydrothermal mineralization along regional shear zones in
the area of the Southern Ethiopian Shield and the potential for occurrence of critical

mineral resources.

The Southern Ethiopian Shield represents the southernmost exposure of
Precambrian rocks in Ethiopia. It is located in the southern part of the Tokar-Barka
regional unit, which itself represents the southernmost terrane within the Arabian-
Nubian Shield. The southwestern edge of the Southern Ethiopian shield probably
belongs to the highly metamorphosed rocks of the Mozambique belt. The overall
geodynamic evolution of the Southern Ethiopian Shield Unit includes several sub-
stages that resulted in the consolidation of the Gondwana Continent at ca. 620 to 550
Ma. Overall consolidation of the Gondwana Continent began ca. 900 Ma ago. The main
orogenic event that significantly influenced the assembly of the Gondwana Continent
in NE Africa was the "East African Orogeny (EAO)" at ca. 890 to 550 Ma (e.g.
Abdelsalam and Stern, 1996; Fritz et al., 2013; Verner et al., 2021 and references

therein).

In the polar regions of the southern hemisphere a successive collision
(accretion) occurred involving a partial segments of juvenile volcano-sedimentary
protolith of the Arabian-Nubian Shield (ANS) and extensively remobilized older crust
of the Mozambique Belt (MB) with the Sahara and Congo-Tanzania Cratons, Azania
and Afif terranes giving rise to an extensive orogenic belt called the East African
Orogen (e.g. Abdelsalam and Stern, 1996; Fritz et al., 2013 and references therein).
These processes were followed by post-orogenic magmatic activity and overall
extension which took place in individual episodes from ca. 620 Ma until the Cambrian

era.



38

The surface of Ethiopia includes many different lithological environments,
which also provide the opportunity for extraction of a large number of mineral
resources. Common resources such as salt, feldspar or limestone are currently
mined in mainly Mesozoic to Tertiary areas, but although there is considerable
economic potential, their production remains rather low. However, the metallic
resources found in the Ethiopian Precambrian shields have not only been mined for
some time, but also in remarkable quantities. For example, gold mining has
traditionally been prevalent for many centuries. Tantalum, nickel and gold are
particularly important in the Southern Ethiopian shield. The Adola Region, with the
associated Kenticha and Megado metamorphic belts, is the center of Ethiopia's gold
production, as well as the location of Ethiopia's largest active gold mines in Sakaro

and Lega Dembi.

Gold is found here both in placers and in primary deposits. The origin of gold
mineralization can be traced to low-grade hydrothermal fluids that were released
into the faults and fractures after previous deformation events and caused
remobilization and alteration, producing gold-bearing sulfidic minerals associated

with quartz veins.



39

References

Abdelsalam, M.G., Stern, R.J., 1996. Sutures and shear zones in the Arabian Nubian
Shield. Journal of African Earth Sciences 23 (3), 289-310.

Abd El-Wahed, M., Attia, M., 2022. Genesis of the gneissic core complexes in the
Arabian-Nubian Shield and its tectonic implications: A regional overview. Journal
of Asian Earth Sciences 236 (105337), 1-28.

Ahmed, W., 2008. Fossil fuel energy resources of Ethiopia. Bulletin of the Chemical
Society of Ethiopia 22 (1), 67-84.

Alemu, A., 1998. Geochemistry of Neoproterozoic granitoids from the Axum area,
northern Ethiopia. Journal of African Earth Sciences 27 (3-4), 437-460.

Alemu, T., Abebe, T., 2007. Geology and Tectonic Evolution of the Pan-African Tulu
Dimtu Belt, Western Ethiopia. Online Journal of Earth Sciences 1 (1), 24-42.

Alemu, T., 2021. Tectonic Evolution of the Pan-African Belt in Western Ethiopia,
Southern Arabian-Nubian Shield, in: The Geology of the Arabian-Nubian Shield,
Regional Geology Reviews. Springer International Publishing, Cham, pp. 81-108.

Alene, M., Barker, A.J., 1993. Tectonometamorphic evolution of the Moyale region,
southern Ethiopia. Precambrian Research 62 (3), 271-283.

Asrat, A., Barbey, P., 2003. Petrology, geochronology and Sr-Nd isotopic
geochemistry of the Konso pluton, south-western Ethiopia: implications for
transition from convergence to extension in the Mozambique Belt. International
Journal of Earth Sciences 92 (6), 873-890.

Asrat, A., Barbey, P., Ludden, J.N., Reisberg, L., Gleizes, G., Ayalew, D., 2004.
Petrology and isotope geochemistry of the Pan-African Negash Pluton, Northern
Ethiopia: Mafic-Felsic magma interactions during the construction of shallow-level
calc-alkaline plutons. Journal of Petrology 45 (6), 1147-1179.

Assefa, G., 1985. The mineral industry of Ethiopia: present conditions and future
prospects. Journal of African Earth Sciences 3 (3), 331-345.

Assefa, G., 1991. The Mineral Resources Potential of Ethiopia. Bulletin of the
Chemical Society of Ethiopia 5 (2), 111-137.

Avigad, D., Stern, R.J., Beyth, M., Miller, N., McWilliams, M.O., 2007. Detrital zircon
U-Pb geochronology of Cryogenian diamictites and Lower Paleozoic sandstone in
Ethiopia (Tigrai): age constraints on Neoproterozoic glaciation and crustal evolution
of the southern Arabian-Nubian Shield. Precambrian Research 154 (1-2), 88-106.



40

Ayalew, T., Bell, K., Moore, J.M., Parrish, R.R., 1990. U-Pb and Rb-Sr geochronology
of the western Ethiopian shield. Geological Society of America Bulletin 102 (9),
1309-1316.

Ayalew, T., Johnson, T.E., 2002. The geotectonic evolution of the Western Ethiopian
shield. SINET: Ethiopian Journal of Science 25 (2), 227-252.

Balami, K.G., Ketema, M., Goshu, A., 2023. Evaluating Ethiopian Commodity Export
Diversification: A Comprehensive Overview. Journal of Equity in Sciences and
Sustainable Development 6 (2), 56-82.

Berhe, S.M., 1981. The Geology of the Dire Dawa area. Memoir of the Ethiopian
Institute of Geological Survey.

Beyth, M., 1972. Paleozoic-Mesozoic sedimentary basin of Mekele outlier, northern
Ethiopia. AAPG Bulletin 56 (12), 2426-2439.

Binega, Y., 2006. Chemical analysis of the Assale (Ethiopia) rock salt deposit.
Bulletin of the Chemical Society of Ethiopia 20 (2), 319-324.

Bingen, B., Jacobs, J., Viola, G., Henderson, I.H.C., Skar, @., Boyd, R., Thomas, R.J.,
Solli, A., Key, R.M., Daudi, E.X.F., 2009. Geochronology of the Precambrian crust in
the Mozambique beltin NE Mozambique, and implications for Gondwana assembly.
Precambrian Research 170 (3-4), 231-255.

Blades, M.L., Collins, A.S., Foden, J., Payne, J.L., Xu, X., Alemu, T., Woldetinsae, G.,
Clark, C., Taylor, R.J., 2015. Age and hafnium isotopic evolution of the Didesa and
Kemashi Domains, western Ethiopia. Precambrian Research 270, 267-284.

Bowden, S., Gani, N.D., Alemu, T., O’Sullivan, P., Abebe, B., Tadesse, K., 2020.
Evolution of the Western Ethiopian Shield revealed through U-Pb geochronology,
petrogenesis, and geochemistry of syn- and post-tectonic intrusive rocks.
Precambrian Research 338, 1-14.

Cawood, P.A., 2005. Terra Australis Orogen: Rodinia breakup and development of
the Pacific and Iapetus margins of Gondwana during the Neoproterozoic and
Paleozoic. Earth-Science Reviews 69 (3-4), 249-279.

Collins, A.S., Pisarevsky, S.A., 2005. Amalgamating eastern Gondwana: The
evolution of the Circum-Indian Orogens. Earth-Science Reviews 71 (3-4), 229-270.

Coolen, J.J.M.M.M., Priem, H.N.A., Verdurmen, E.A.T., Verschure, R.H., 1982.
Possible zircon U-Pb evidence of Pan-African granulite facies metamorphism in the
Mozambique belt of southern Tanzania. Precambrian Research 17, 31-40.

Davidson, A., 1983. The Omo River Project: reconnaissance geology and
geochemistry of parts of Ilubabor, Kefa, Gemu Gofa and Sidamo, Ethiopia. Ministry
of Mines and Energy, Ethiopian Institute of Geological Surveys.



41

Endalew, S.A., Ejigu, A.A., Ketemu, D.G., Assen, W.Y., 2024. Geochemical
Characterization of Sedimentary Materials (Limestone, Gypsum, Coal, and Iron Ore)
along the Nile River Basin, South Wollo, Ethiopia. Journal of Spectroscopy 2024, 1-
10.

Fritz, H., Abdelsalam, M., Ali, K.A., Bingen, B., Collins, A.S., Fowler, A.R., Ghebreab,
W., Hauzenberger, C.A., Johnson, P.R., Kusky, T.M., Macey, P., Muhongo, S., Stern,
R.J., Viola, G., 2013. Orogen styles in the East African Orogen: A review of the
Neoproterozoic to Cambrian tectonic evolution. Journal of African Earth Sciences
86, 65-106.

Gebreyohannes, G.W., 2014. Geology, geochemistry and geochronology of
Neoproterozoic rocks in western Shire, Northern Ethiopia (Master’s Thesis in
Geosciences). University of Oslo, Faculty of Mathematics and Natural Sciences,
Oslo, pp. 75.

Genzebu, W., Hassen, N., Yemane, T., 1994. Geology of the Agere Mariam area (No.
NB37-10). Ethiopian Institute of Geological Surveys, Addis Ababa, pp. 1-112.

Grenne, T., Pedersen, R.B., Bjerkgard, T., Braathen, A., Selassie, M.G., Worku, T.,
2003. Neoproterozoic evolution of Western Ethiopia: igheous geochemistry, isotope
systematics and U-Pb ages. Geological Magazine 140 (4), 373-395.

Hussien, B., 1999. The Geology, Structure and Geochemistry of the Crystalline
Rocks of the Moyale Area, Southern Ethiopia: Implication for Tectonogenesis of the
Precambrian Basement. Tubin, Geowissens, Arbeit (TGA), Band 50, pp. 1-102.

Jacobs, J., Thomas, R.J., 2004. Himalayan-type indenter-escape tectonics model for
the southern part of the late Neoproterozoic—early Paleozoic East African— Antarctic
orogen. Geology 32 (8), 721-724.

Jelenc, D.A., 1966. Mineral Occurrences of Ethiopia. Ministry of Mines, Addis
Ababa, pp. 720.

Johnson, P.R., Woldehaimanot, B., 2003. Development of the Arabian-Nubian
Shield: perspectives on accretion and deformation in the northern East African
Orogen and the assembly of Gondwana. Geological Society, London, Special
Publications 206, 289-325.

Johnson, T.E., Ayalew, T., Mogessie, A., Kruger, F.J., Poujol, M., 2004. Constraints
on the tectonometamorphic evolution of the Western Ethiopian
Shield. Precambrian Research 133 (3-4), 305-327.

Johnson, P.R., Andresen, A., Collins, A.S., Fowler, A.R., Fritz H., Ghebreab, W.,
Kusky, T., Stern, R.J., 2011. Late Cryogenian-Ediacaran history of the Arabian-
Nubian Shield: A review of depositional, plutonic, structural, and tectonic events in



42

the closing stages of the northern East African Orogen. Journal of African Earth
Sciences 61 (3), 167-232.

Johnson, P.R., Zoheir, B.A., Ghebreab, W., Stern, R.J., Barrie, C.T., Hamer, R.D.,
2017. Gold-bearing volcanogenic massive sulfides and orogenic-gold deposits in the
Nubian Shield. South African Journal of Geology 120 (1) 63-76.

Johnson, P.R., 2021. The Arabian-Nubian Shield, an Introduction: Historic
Overview, Concepts, Interpretations, and Future Issues, in: The Geology of the
Arabian-Nubian Shield. Springer, Cham, pp. 1-38.

Kebede, T., Koeberl, C., Koller, F., 2001. Magmatic evolution of the Suqii-Wagga
garnet-bearing two-mica granite, Wallagga area, western Ethiopia. Journal of
African Earth Sciences 32 (2), 193-221.

Kebede, T., Horie, K., Hidaka, H., Terada, K., 2007. Zircon ‘microvein’ in peralkaline
granitic gneiss, western Ethiopia: origin, SHRIMP U-Pb geochronology and trace
element investigations. Chemical Geology 242 (1-2), 76-102.

Key, R.M., Charsley, T.J., Hackman, B.D., Wilkinson, A.F., Rundle, C.C., 1989.
Superimposed Upper Proterozoic collision-controlled orogenies in the Mozambique
orogenic belt of Kenya. Precambrian Research 44, 197-225.

Kroner, A., Stern, R.J., Dawoud, A.S., Compston, W., Reischmann, T., 1987. The
Pan-African continental margin in northeastern Africa: evidence from
geochronological study of granulites at Sabaloka, Sudan. Earth and Planetary
Science Letters 85, 91-104.

Kroner, A., 1991. African linkage of Precambrian Sri Lanka. Geologische Rundschau
80, 429-40.

Kroner, A., Todt, W., Hussein, I.M., Mansour, M., Rashwan, A.A., 1992. Dating of late
Proterozoic ophiolites in Egypt and the Sudan using the single grain zircon
evaporation technique. Precambrian Research 59, 15-32.

Kroner, A., Stern, R.J., 2005. Pan-African Orogeny, in: Encyclopedia of Geology.
Elsevier, Amsterdam, pp. 259-270.

Li, Z.X., Bogdanova, S.V., Collins, A.S., Davidson, A., De Waele, B., Ernst, R.E.,
Fitzsimons, I.C.W., Fuck, R.A., Gladkochub, D.P., Jacobs, J., Karlstrom, K.E., Lu, S.,
Natapov, L.M., Pease, V., Pisarevsky, S.A., Thrane, K., Vernikovsky, V., 2008.
Assembly, configuration, and break-up history of Rodinia: A synthesis.
Precambrian Research 160 (1-2), 179-210.

Maboko, M.A.H., Boelrijk, N.A.I.M., Priem, H.N.A., Verdurmen, E.A.T., 1985. Zircon
U-Pb and biotite Rb-Sr dating of the Wami River granulites, Eastern Granulites,
Tanzania: evidence for approximately 715 Ma old granulite-facies metamorphism



43

and fianl Pan-African cooling approximately 475 Ma ago. Precambrian Research 30,
361-78.

Marcus, H.G., 2002. A History of Ethiopia, Updated Edition. University of California
Press, California, 336 pp.

Meert, J.G., 2002. A synopsis of events related to the assembly of eastern
Gondwana. Tectonophysics 362 (1-4), 1-40.

Megerssa, L., Verner, K., Burianek, D., Slama, J., 2020. Emplacement and thermal
effect of post-collisional Chewo Pluton (Arabian-Nubian Shield); implication for late
East-African Orogeny. Journal of African Earth Sciences 162 (103695), 1-17.

Miller, N. R., Alene, M., Sacchi, R., Stern, R. J., Conti, A., Kroner, A., Zuppi, G., 2003.
Significance of the Tambien Group (Tigrai, N. Ethiopia) for snowball Earth events in
the Arabian-Nubian shield. Precambrian Research 121 (3-4), 263-283.

Miller, N.R., Avigad, D., Stern, R.J., Beyth, M., 2011. The Tambien Group, Northern
Ethiopia (Tigre), in: The Geological Record of Neoproterozoic Glaciations.
Geological Society of London, London, pp. 263-276.

Mock, C., Arnaud, N.O., Cantagrel, J.M., Yirgu, G, 1999. 40Ar/39Ar
thermochronology of the Ethiopian and Yemeni basements: reheating related to the
Afar plume? Tectonophysics 314 (4), 351-372.

Mohr, P.A., 1962. The Geology of Ethiopia. University College of Addis Ababa Press,
Addis Ababa.

Molly, E.W., 1959. Platinum Deposits of Ethiopia. Economic Geology 54, 467-477.

Mosley, P.N., 1993. Geological evolution of Late Proterozoic "Mozambique Belt" of
Kenya. Tectonophysics 221, 223-50.

Prochaska, W., Pohl, W., 1983. Petrochemistry of some mafic and ultramafic rocks
from the Mozambique Belt, northern Tanzania. Journal of African Earth Sciences 3,
183-93.

Ramsay, J.G., Huber, M.I., 1997. The Techniques of Modern Structural Geology,
Folds and Fractures. Academic Press, London, 462 pp.

Reischmann, T., Kroner, A., Basahel, A., 1984. Petrography, geochemistry, and
tectonic setting of metavolcanic sequences from Al Lith area, southwestern Arabian
Shield. Pan-African crustal evolution in the Arabian-Nubian Shield 6 (164), 365-79.

Rogers, A.S., Miller, J.A., Mohr, P.A., 1965. Age determinations on some Ethiopian
basement rocks. Nature 206 (4988), 1021-1023.



44

Squire, R., Campbell, 1., Allen, C., Wilson, C., 2006. Did the Transgondwanan
Supermountain trigger the explosive radiation of animals on Earth? Earth and
Planetary Science Letters 250 (1-2), 116-133.

Stern, R.J., Dawoud, A.S., 1991. Late Precambrian (740 Ma) charnockite, enderbite,
and granite from Jebel Moya, Sudan: a link between the Mozambique Belt and the
Arabian-Nubian Shield? The Journal of Geology 99, 648-59.

Stern, R.J., 1994. Arc Assembly and Continental Collision in the Neoproterozoic
East African Orogen: Implications for the Consolidation of Gondwanaland. Annual
Review of Earth and Planetary Sciences 22 (1), 319-351.

Stern, R.J., Ali, K.A., Abdelsalam, M.G., Wilde, S.A., Zhou, Q., 2012. U-Pb zircon
geochronology of the eastern part of the Southern Ethiopian Shield. Precambrian
Research 206-207, 159-167.

Swanson-Hysell, N.L., Maloof, A.C., Condon, D.J., Jenkin, G.R., Alene, M.,
Tremblay, M.M., Tesema, T., Rooney, A.D., Haileab, B., 2015. Stratigraphy and
geochronology of the Tambien Group, Ethiopia: Evidence for globally synchronous
carbon isotope change in the Neoproterozoic. Geology 43 (4), 323-326.

Tadesse, T., Suzuki, K., Hoshino, M., 1997. Chemical Th-U total Pb isochron age of
zircon from the Mareb Granite in northern Ethiopia. Journal of Earth and Planetary
Sciences 44, 21-27.

Tadesse, S., 1999. Geology and Gold Mineralization in the Pan-African Rocks of the
Adola Area, Southern Ethiopia. Gondwana Research 2 (3), 439-447.

Tadesse, T., Hoshino, M., Suzuki, K., lizumi, S., 2000. Sm Nd, Rb Sr and Th U Pb
zircon ages of syn- and post-tectonic granitoids from the Axum area of northern
Ethiopia. Journal of African Earth Sciences 30 (2), 313-327.

Tadesse, S., 2001. Epithermal gold occurences in the lakes district of the Main
Ethiopian Rift and Tendaho are of the Arar Rift: discovery of metallogenic province.
SINET: Ethiopian Journal of Science 24 (1), 69-91.

Tadesse, S., Milesi, J.-P., Deschamps, Y., 2003. Geology and mineral potential of
Ethiopia: a note on geology and mineral map of Ethiopia. Journal of African Earth
Sciences 36, 273-313.

Tadesse, S., 2004. Genesis of the Shear Zone-related Gold Vein Mineralization of the
Lega Dembi Gold Deposit, Adola Gold Field, Southern Ethiopia. Gondwana
Research 7 (2), 481-488.

Tefera, M., Chernet, T., Haro, W., 1996. Geological map of Ethiopia, second edition,
sheet at scale of 1:2,000,000. Ethiopian institute of Geological surveys.



45

Teklay, M., Kroner, A., Mezger, K., Oberhansli, R., 1998. Geochemistry, Pb-Pb single
zircon ages and Nd-Sr isotope composition of Precambrian rocks from southern

and eastern Ethiopia: implications for crustal evolution in East Africa. Journal of
African Earth Sciences 26 (1), 207-227.

Teklay, M., Kroner, A., Mezger, K., 2001. Geochemistry, geochronology and isotope
geology of Nakfa intrusive rocks, northern Eritrea: products of a tectonically
thickened Neoproterozoic arc crust. Journal of African Earth Sciences 33 (2), 283—
301.

Teklay, M., Berhe, K., Reimold, W.U., Armstrong, R., Asmerom, Y., Watson, J., 2002.
Geochemistry and geochronology of a Neoproterozoic low-K tholeiite-boninite
association in Central Eritrea. Gondwana Research 5 (3), 597-611.

Tsige, L., 2006. Metamorphism and gold mineralization of the Kenticha-Katawicha
area: Adola belt, southern Ethiopia. Journal of African Earth Sciences 45, 16-32.

Vearncombe, J.R., 1983. A proposed continental margin in the Precambrian of
western Kenya. Geologische Rundschau 72, 663-70.

Verner, K., Burianek, D., Megerssa, L., Vacek, F. (eds.), 2014. National Geological
map of Ethiopia, Czech Geological Survey, in print.

Verner, K., Burianek, D., Svojtka, M., Peresty, V., Megerssa, L., Tadesse, T., Kussita,
A., Alemayehu, D., Hroch, T., 2021. Tectonometamorphic evolution and U-Pb dating
of the high-grade Hammar Domain (Southern Ethiopian Shield); implications for the
East-African Orogeny. Precambrian Research 361 (106270), 1-18.

Verner, K., Megerssa, L., Burianek, D., Dvorak, S., Martinek, K., 2024. The Synopsis
of Regional Geology and Hydrogeology of Ethiopia, Part I.: Regional Geology of
Ethiopia. Czech Geological Survey, Czech Republic; Ministry of Water and Energy,
Ethiopia; Charles University, Faculty of Science, Czech Republic; Geological
Institute of Ethiopia, Ministry of Mines, Ethiopia; SG-Geotechnika, Czech Republic,
pp. 200.

Woldemichael, B.W., Kimura, J.I., Dunkley, D.J., Tani, K., Ohira, H., 2010. SHRIMP
U-Pb zircon geochronology and Sr-Nd isotopic systematic of the Neoproterozoic
Ghimbi-Nedjo mafic to intermediate intrusions of Western Ethiopia: a record of
passive margin magmatism at 855 Ma? International Journal of Earth Sciences 99,
1773-1790.

Worku, H., Schandelmeier, H., 1996. Tectonic evolution of the Neoproterozoic
Adola Belt of southern Ethiopia: evidence for a Wilson Cycle process and
implications for oblique plate collision. Precambrian Research 77 (3-4), 179-210.

Yeshanew, F.G., Pease, V., Abdelsalam, M.G., Whitehouse, M.J., 2017. Zircon U-Pb
ages, & ¥ O and whole-rock Nd isotopic compositions of the Dire Dawa Precambrian



46

basement, eastern Ethiopia: implications for the assembly of Gondwana. Journal of
the Geological Society 174 (1), 142-156.

Yibas, B., Reimold, W.U., Armstrong, R., Koeberl, C., Anhaeusser, C.R., Phillips, D.,
2002. The tectonostratigraphy, granitoid geochronology and geological evolution of
the Precambrian of southern Ethiopia. Journal of African Earth Sciences 34 (1-2),
57-84.

Yihunie, T., 2003. Chemical Th-U-total Pb isochron ages of zircon and monazite
from granitic rocks of the Negelle area, southern Ethiopia. Journal of Earth and
Planetary Science 50, 1-12.

Yihunie, T., Hailu, F., 2007. Possible eastward tectonic transport and northward
gravitational tectonic collapse in the Arabian-Nubian shield of western Ethiopia.
Journal of African Earth Sciences 49 (1-2), 1-11.

Zemene, D., Chekol, T., Meshesha, D., 2023. Geochemistry of Kolme granitoids:
Implication for crustal growth in the Mozambique orogenic belt of southwestern
Ethiopia. Journal of African Earth Sciences 198 (104819), 1-13.

Zenebe, M., Birhane, E., Teka, K., Haile, M., Tadesse, T., Taye, G., 2024. Traditional
gold mining in the highlands of Ethiopia: Its effect on soil loss and possible
reclamation measures. Journal of Degraded and Mining Lands Management 11 (3),
5565-5574.



