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Abstract 

This review provides a systematic and critical synthesis of the state of knowledge on uranium metallogeny in Ethiopia. 

Employing a structured methodology, we compiled and analyzed data from peer-reviewed journals, geological surveys, and 

technical reports to construct a coherent geological framework for uranium mineralization in the country. The review establishes 

that uranium mineralization in Ethiopia is primarily hosted within three principal geotectonic domains: Neoproterozoic basement 

rocks of the Arabian-Nubian Shield, Paleozoic-Mesozoic sedimentary sequences, and Cenozoic volcanic and sedimentary 

formations associated with the East African Rift System. From these domains, we identify and characterize key deposit types, 

including intrusive-related occurrences within granitic bodies, volcanic and sub-volcanic deposits, sandstone-hosted stratiform 

accumulations, and surficial calcrete-style deposits. Each type exhibits distinct lithological, structural, and geochemical controls 

that govern ore formation and distribution. The metallogenic evolution of these deposits is shown to be intricately linked to major 

tectonic cycles: the Pan-African orogeny, which generated primary enrichments; subsequent Phanerozoic basin development, 

which facilitated sedimentary-hosted mineralization; and Cenozoic rift-related magmatism and hydrothermal activity, which 

remobilized and reconcentrated uranium in younger settings. A critical analysis of the existing literature reveals significant 

knowledge gaps that currently hinder comprehensive resource assessment. These deficiencies include a lack of precise 

geochronological constraints on mineralization events, a poor understanding of the thermodynamic and geochemical controls on 

uranium mobility in different host rocks, and insufficient data on the mineralogical factors that will ultimately affect process 

amenability and extraction. This synthesis underscores the considerable, yet underexplored, uranium potential of Ethiopia. By 

consolidating disparate information, it provides a robust geological framework designed to guide future exploration strategies 

and mineral processing research. The review concludes by emphasizing the critical need for an integrated geology-metallurgy 

approach in future resource assessment to ensure that exploration is both scientifically guided and economically viable. 
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1. Introduction 

Uranium, as a cornerstone of nuclear energy and a strategic 

commodity, has seen renewed global interest in exploration 

and resource definition, driven by the pursuit of low-carbon 

energy sources [1]. Africa hosts several world-class uranium 

provinces, yet the potential within the Horn of Africa, partic-

ularly Ethiopia, remains systematically underexplored and 
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poorly synthesized in international literature [2]. The geologic 

tapestry of Ethiopia, encompassing Archean to Recent for-

mations, offers a unique natural laboratory to investigate ura-

nium metallogeny across diverse tectonic regimes. 

The country's geology is fundamentally bisected by the East 

African Rift System (EARS), a tectonically active continental 

rift that has profoundly influenced magmatic, hydrothermal, 

and sedimentary processes since the Oligocene [3]. Flanking 

the rift are extensive Precambrian basement terrains of the 

Arabian-Nubian Shield and the Mozambique Belt, which have 

undergone complex polyphase deformation and metamor-

phism [4]. This juxtaposition of ancient crystalline rocks with 

youthful rift-related volcanics and sediments creates a multi-

faceted geological setting with high uranium fertility. 

Previous investigations, primarily by the Ethiopian Geolog-

ical Survey and various international collaborations, have 

identified numerous uranium occurrences, ranging from 

anomalous geochemical concentrations to nascent deposits [5, 

6]. However, these studies have often been localized, episodic, 

and reported in dispersed sources, including government re-

ports, conference proceedings, and regional journals, lacking 

a unified metallogenic synthesis. This fragmentation impedes 

the development of a coherent national exploration strategy 

and a robust understanding of resource potential. 

Therefore, this review aims to systematically consolidate 

and critically evaluate all available geological and metallo-

genic data on uranium mineralization in Ethiopia. Its objec-

tives are to: (1) define and characterize the principal uranium-

bearing geologic provinces; (2) classify deposit types within a 

global context; (3) decipher the critical lithological, structural, 

and geochemical controls on mineralization; (4) reconstruct 

the metallogenic evolution within Ethiopia’s tectonic history; 

and (5) discuss implications for exploration targeting and fu-

ture research. By integrating geological genesis with prelimi-

nary mineral processing considerations, this work seeks to 

provide an indispensable reference for academic researchers, 

exploration geologists, and resource policymakers. 

2. Ethiopia’s Regional Geology and 

Setting 

The geological architecture of Ethiopia is a product of three 

major tectonic regimes, each imprinting distinct characteris-

tics on the country's uranium potential. The oldest and most 

fundamental component is the Neoproterozoic basement of 

the Arabian-Nubian Shield (ANS), which forms the Precam-

brian nucleus of the region [4]. This basement comprises a 

complex assemblage of accreted island arcs, ophiolitic sutures, 

and granitoid intrusions, metamorphosed under greenschist to 

amphibolite facies conditions during the Pan-African orogeny 

(~870-550 Ma). This crystalline basement is unconformably 

overlain by a veneer of Paleozoic to Mesozoic sedimentary 

rocks, deposited in intracratonic basins during periods of rel-

ative tectonic quiescence [5]. These sequences, including the 

Enticho Sandstone and the Adigrat Sandstone, represent sig-

nificant aquifers and host rocks for uranium mineralization. 

The most profound and ongoing geological process is the 

Cenozoic rifling associated with the East African Rift System 

(EARS). Initiated in the Oligocene, rifting has been accompa-

nied by massive flood basalt volcanism (the Ethiopian Traps, 

~30 Ma), subsequent central volcano development, and the 

formation of the Main Ethiopian Rift (MER) and Afar Depres-

sion [6]. This tectono-magmatic event has created a wealth of 

potential uranium sources (U-rich silicic differentiates), 

transport mechanisms (hydrothermal and groundwater sys-

tems), and traps (faults, porous sediments, reductants). The in-

tersection of these three geological domains Precambrian 

basement, Phanerozoic cover, and Cenozoic rift creates a 

uniquely favorable metallogenic environment where multiple 

uranium concentration mechanisms have operated over geo-

logical time. 

3. Methodology of the Review 

This review was conducted following a systematic method-

ology to ensure comprehensiveness, reproducibility, and aca-

demic rigor. The primary data sources were peer-reviewed in-

ternational geoscience journals, national geological survey 

publications (primarily from the Geological Survey of Ethio-

pia), archived technical reports from exploration companies, 

and relevant academic theses and dissertations. Digital data-

bases, including Scopus, Web of Science, and Google Scholar, 

were interrogated using a combination of keywords: uranium 

Ethiopia, East African Rift mineralization, Arabian-Nubian 

Shield uranium, sandstone-hosted uranium Ethiopia, and re-

lated terms. 

Literature selection followed predefined criteria. Priority 

was given to: (1) publications containing original field, geo-

chemical, geochronological, or mineralogical data on Ethio-

pian uranium occurrences; (2) regional geological studies 

providing context for mineralization; and (3) theoretical or 

comparative studies on deposit types relevant to the Ethiopian 

context. Grey literature was included but critically appraised 

for data quality and consistency with published science. 

The analytical approach was both descriptive and critical. 

Data on deposit location, host rock, mineralogy, geochemistry, 

structural controls, and genetic models were extracted into a 

structured database. This information was then synthesized 

thematically to characterize deposit types and spatio-temporal 

distribution. The critical interpretation involved evaluating the 

strength of evidence for different genetic models, identifying 

contradictions between studies, and assessing the implications 

of geological characteristics for potential mineral processing 

pathways (e.g., uranium mineral species, grain size, gangue 

mineralogy, presence of penalty elements). The final synthesis 

constructs a metallogenic evolution model by integrating 

these themes within the established plate tectonic history of 

Northeast Africa. 
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4. Results and Discussion 

4.1. Lithostratigraphic and Tectonic 

Framework of Uranium-Hosting Terrains 

in Ethiopia 

Ethiopia’s Neoproterozoic basement provides primary 

magmatic uranium within peralkaline granites and tectonic 

shear zones of the Arabian-Nubian Shield. The overlying 

Mesozoic sandstones (Enticho and Adigrat) act as secondary 

reservoirs, concentrating uranium in sedimentary traps at re-

dox boundaries. The Cenozoic volcanic-rift system drives 

modern mineralization through hydrothermal activity and the 

formation of surficial calcrete deposits in arid rift basins. 

Based on Ethiopia’s geological history, the table categorizes 

Lithostratigraphic and Tectonic Framework of Uranium-Host-

ing Terrains in Ethiopia [7, 9, 12]. 

Table 1. Simplified Lithostratigraphic and Tectonic Framework of Uranium-Hosting Terrains in Ethiopia. 

Tectono-Strati-

graphic Province 
Age Dominant Lithology Tectonic Setting 

Primary Uranium 

Host/Association 

Refer-

ences 

Arabian-Nubian 

Shield Basement 

Neoproterozoic 

(870-550 Ma) 

Metavolcanics, 

metasediments, syn- to post-

tectonic granitoids (including 

peralkaline varieties) 

Island arc accretion 

& continental 

collision; Post-

orogenic extension 

Intrusive-associated 

(alaskitic, peralkaline 

granites); Vein-type 

[4, 7, 8] 

Paleozoic-Meso-

zoic Sedimentary 

Basin 

Ordovician - 

Cretaceous 

Sandstones, conglomerates, 

minor shales & carbonates 

Intracratonic sag 

basin & passive 

margin 

Sandstone-hosted (tabular, 

roll-front) 
[5, 9, 10] 

Cenozoic Ethio-

pian Plateau & 

Rift 

Oligocene - 

Recent 

Flood basalts, ignimbrites, 

rhyolites, rift sediments 

(sand, silt, diatomite) 

Continental flood 

basalt province & 

active continental 

rift 

Volcanic-associated (intra-

caldera, fracture-con-

trolled); Surficial (calcrete, 

playa); Hydrothermal 

[6, 11, 12] 

4.2. Uranium Deposit Types and Their Characteristics 

The synthesis of available data reveals four principal uranium deposit types in Ethiopia, each with a distinct geological signa-

ture. These are summarized in Table 2, which provides a comparative overview of their key attributes. 

Table 2. Characteristics of Major Uranium Deposit Types in Ethiopia (with selected references). 

Deposit 

Type 

Typical Host 

Rocks 

Principal Ura-

nium Minerals 

Key Geometrical & 

Grade Characteristics 

Proposed Genetic 

Model 

Examples in 

Ethiopia 
References 

Intrusiv

e-

Associat

ed 

Peralkaline to 

alkaline granites 

(alaskite), 

syenites, 

pegmatites. 

Primary: 

Uraninite, 

coffinite. 

Secondary: 

Autunite, 

torbernite. 

Disseminations, veins, 

stockworks within and 

around intrusive bodies. 

Variable grade (0.03-0.1% 

U3O8). 

Magnatic 

crystallization of U-

rich differentiates 

followed by 

hydrothermal 

remobilization. 

Bokan Mt. 

analogs (in 

ANS), 

Kenticha area 

prospects. 

[7, 8, 13] 

Sand-

stone-

Hosted 

Paleozoic-Meso-

zoic fluvial to 

marginal marine 

sandstones (e.g., 

Enticho, Adigrat 

Sandstones). 

Coffinite, urani-

nite, with abun-

dant secondary 

hexavalent U-

minerals (carno-

tite, tyuya-

munite). 

Tabular and roll-front ge-

ometries. Grades typically 

0.05-0.2% U3O8. 

Low-temperature hy-

drothermal to ground-

water roll-front pro-

cesses, with redox 

control (pyrite, or-

ganic matter). 

Calub, Daro, 

Elkere occur-

rences (Oga-

den Basin). 

[5, 9, 14] 

Volcanic 

& Hy-

drother-

mal 

Cenozoic silicic 

volcanic rocks 

(rhyolite, ignim-

brite), associated 

Uraninite, pitch-

blende, second-

ary autunite. 

Veins, breccia fillings, 

disseminations in frac-

tured zones & caldera set-

tings. Can be high-grade 

Direct precipitation 

from late-stage mag-

matic-hydrothermal 

fluids or leaching of 

Afdera vol-

canic prov-

ince, Aluto 

Volcanic 

[11, 12, 15] 
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Deposit 

Type 

Typical Host 

Rocks 

Principal Ura-

nium Minerals 

Key Geometrical & 

Grade Characteristics 

Proposed Genetic 

Model 

Examples in 

Ethiopia 
References 

faults & fractures. (locally >0.5% U3O8). U-rich volcanics by 

meteoric fluids. 

Complex. 

Surficial 

(Calcret

e) 

Quaternary to Re-

cent valley-fill 

sediments, 

calcrete/gyperete 

in playa settings. 

Carnotite, au-

tunite, other 

uranyl vana-

dates & phos-

phates. 

Shallow, stratiform layers 

within evaporitic se-

quences. Low to moderate 

grade (0.01-0.08% U3O8), 

but potentially large ton-

nage. 

Precipitation from ox-

idizing groundwater 

in arid environments, 

often controlled by 

water table fluctua-

tions. 

Melka Sede 

(Afar), 

Dulecha area. 

[16, 17] 

 

4.3. Structural and Lithological Controls 

Uranium mineralization in Ethiopia is governed by a hier-

archy of controls operating from the regional scale to the de-

posit scale. At the regional scale, the first-order control is the 

spatial coincidence of uranium sources and transport path-

ways with suitable traps. The ANS granitoids and Cenozoic 

silicic volcanics provide the primary uranium sources. Major 

tectonic structures, particularly the rift-border faults, transfer 

zones within the MER, and reactivated basement shear zones, 

act as crustal-scale conduits for fluid migration over long dis-

tances and geological time [6, 18]. These structures also create 

the subsiding basins that host permeable sedimentary aquifers 

(sandstone hosts) and closed hydrological systems for surfi-

cial concentration. 

At the deposit scale, lithological control is paramount. For 

sandstone-hosted deposits, the presence of porous and perme-

able sandstone units interbedded with impermeable siltstone 

or shale (forming aquitards) is essential. Mineralization is in-

variably associated with reductants, most commonly dissemi-

nated pyrite, carbonaceous plant debris (in Mesozoic units), or 

hydrocarbons [9, 14]. In volcanic settings, mineralization is 

focused in highly fractured and brecciated zones, within po-

rous ignimbrite units, or along contacts between different vol-

canic flows. Structural traps at this scale include fault inter-

sections, fracture networks, and the margins of hydrothermal 

breccia bodies [11, 15]. For surficial deposits, the control 

shifts to the geomorphology of internal drainage basins and 

the geochemical interface between oxidizing vadose zone wa-

ters and reducing or evaporative conditions at the capillary 

fringe [16]. 

4.4. Metallogenic Evolution: A Temporal 

Synthesis 

The Conceptual Metallogenic Evolution Model detailing 

the multi-stage formation and enrichment of Uranium (U) de-

posits over geological time, spanning from the Early Protero-

zoic to the Phanerozoic. The process begins with the develop-

ment of U-rich source rocks in a rift-passive margin environ-

ment approximately 2.0-1.8 billion years ago, followed by 

subsequent phases of continental arc formation and basin in-

version that facilitate the creation of hydrothermal U veins. As 

the model progresses through post-collisional extension and 

sedimentation, it highlights the transition from primary min-

eralization to supergene enrichment. This final stage, occur-

ring in the present Phanerozoic era, is characterized by weath-

ering processes and the formation of calcrete and laterite-type 

deposits near the groundwater table, effectively concentrating 

minerals like Uraninite, Pitchblende, and Coffinite within the 

stratigraphic layers [8, 10, 17]. 

The uranium endowment of Ethiopia is not the product of a 

single event but the result of a sequential metallogenic evolu-

tion tied to its tectonic history (Figure 1 Conceptual Metallo-

genic Evolution Model). Cycle I (Neoproterozoic): During the 

terminal stages of the Pan-African orogeny, post-collisional 

extension facilitated the emplacement of U, Th, REE-enriched 

peralkaline and alkaline granites. These intrusions (e.g., in the 

southern ANS) formed primary magmatic concentrations of 

uranium, some of which were subsequently remobilized into 

shear zones and contact aureoles by late magmatic-hydrother-

mal fluids [7, 8]. Cycle II (Phanerozoic): The erosion of these 

uraniferous basement rocks during the Paleozoic and Meso-

zoic provided the detrital uranium source for the overlying 

sedimentary basins. Groundwater circulation, potentially 

driven by tectonic uplift or climate change, mobilized hexava-

lent uranium, precipitating it as sandstone-hosted deposits at 

redox boundaries within the Enticho and Adigrat Sandstones 

[5, 10]. 

Cycle III (Cenozoic-Recent): This is the most intense and 

diverse mineralization cycle. The eruption of the Ethiopian 

Traps (~30 Ma) involved significant crustal melting, generat-

ing juvenile uranium sources in differentiated silicic magmas. 

Subsequent rift development created: (a) Hydrothermal sys-

tems where these magmas drove convection, leaching ura-

nium from volcanic piles and precipitating it in veins and frac-

tures [11, 12]; (b) New sedimentary traps in rift basins, where 

uranium from weathered volcanics was concentrated into 

sandstone and surficial deposits [16, 17]; and (c) Continued 

groundwater circulation in older basins, potentially rejuvenat-

ing older sandstone-hosted mineralization. This cycle remains 
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active today, with ongoing hydrothermal activity in the rift and continued formation of surficial calcrete deposits. 

 
Figure 1. Conceptual Metallogenic Evolution Model. 

4.5. Integrated Interpretation: Linking Geology 

to Mineral Processing Implications 

The genetic model and deposit typology have direct and 

critical implications for mineral processing and resource as-

sessment. The mineralogy dictates processing flow sheets. 

Deposits dominated by refractory uranium minerals like uran-

inite or brannerite may require aggressive acid or alkaline 

leaching at fine grind sizes. In contrast, deposits with abun-

dant secondary minerals (carnotite, autunite) are often amena-

ble to cheaper, less aggressive heap or in-situ recovery (ISR) 

techniques [19]. The sandstone-hosted deposits of the Ogaden 

Basin, with their porous hosts and reported secondary miner-

alogy, are prime candidates for ISR feasibility studies, pro-

vided hydrogelogical conditions are suitable and uranium is 

not tightly adsorbed onto clays. 

The gangue mineralogy is equally crucial. High carbonate 
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content in host rocks (common in calcrete deposits or calcite-

cemented sandstones) consumes acid, making alkaline (car-

bonate) leaching more economical [20]. The presence of pen-

alty elements like arsenic, molybdenum, or selenium in vol-

canic-hydrothermal deposits can complicate processing and 

increase environmental management costs. Furthermore, the 

geometrical and geotechnical characteristics derived from the 

geological setting influence mining method. Shallow, strati-

form surficial deposits suggest low-cost open-pit mining, 

while deep, fault-controlled hydrothermal veins would require 

underground methods. An integrated geological-metallurgical 

model from the exploration phase is therefore essential for ac-

curate economic valuation. 

4.6. Mineral Processing Implications and 

Knowledge Gaps 

The geological characteristics of these deposit types have 

direct implications for mineral processing and resource devel-

opment. For instance, uranium recovery from intrusive-related 

deposits like Kenticha would likely involve conventional mill-

ing (crushing, grinding, acid or alkaline leach) similar to gran-

ite-hosted deposits elsewhere, but may be complicated by the 

presence of refractory uranium in resistant minerals like zir-

con or thorite, and the co-occurrence of valuable by-products 

like tantalum. Sandstone-hosted deposits could potentially be 

amenable to in-situ recovery (ISR) techniques, given their per-

meability and the chemical nature of the mineralization, but 

this depends critically on detailed hydrogeological characteri-

zation to ensure aquifer confinement and prevent environmen-

tal contamination [21]. 

Significant knowledge gaps hinder both a full genetic un-

derstanding and optimal resource assessment. First, there is a 

striking lack of precise geochronology (e.g., U-Pb on uraninite, 

Re-Os on sulfides) to directly date mineralization events and 

tie them to tectonic phases. Second, fluid inclusion and stable 

isotope (O, H, C, S) studies are virtually absent, leaving the 

source and chemistry of ore-forming fluids largely inferred 

[21]. Third, the genetic link between specific magmatic suites 

(e.g., composition of the Ethiopian Traps rhyolites) and ura-

nium fertility is poorly quantified. Fourth, the hydrogeological 

models for the sedimentary basins are rudimentary, lacking 

3D understanding of paleo-flow regimes. Finally, the environ-

mental geochemistry and speciation of uranium in the active 

rift setting, which impacts both exploration (geochemical 

sampling) and environmental management, require detailed 

study [22]. 

5. Conclusions 

This comprehensive review consolidates the current state of 

knowledge on uranium mineralization in Ethiopia, establish-

ing a nation-wide metallogenic framework. The key conclu-

sion is that Ethiopia's uranium endowment is the product of 

three major, sequential geodynamic episodes: (1) Neoprotero-

zoic crust formation and granite genesis, (2) Mesozoic basin 

development and hydrodynamic activity, and (3) Cenozoic 

rifting, volcanism, and aridification. These episodes have gen-

erated a diverse portfolio of deposit types, including intrusive-

related, sandstone-hosted, volcanic-hydrothermal, and surfi-

cial calcrete deposits, each with distinct exploration criteria. 

The geological controls on mineralization are multifaceted. 

For primary deposits, lithological control (fertile source rocks) 

is paramount, whether it is uraniferous alaskite, volcanic glass, 

or silicic differentiates of flood basalts. Structural control is 

critical for focused fluid flow, from shear zones in the base-

ment to rift faults and sedimentary aquifer boundaries. Geo-

chemical control is exerted by redox boundaries, which are the 

ultimate trap for mobile uranium, manifested as reduction 

spots in sandstone, episyenite fronts in granite, or evaporative 

interfaces in calcrete. Climate has played a decisive role in the 

formation of both sandstone-hosted (via weathering and 

groundwater flow) and surficial deposits. 

From an exploration perspective, this review identifies 

high-priority targets. The ANS province requires detailed fol-

low-up on alaskite bodies and associated pegmatite fields, uti-

lizing radiometrics and structural mapping. The sedimentary 

basins, particularly the Ogaden, need integrated seismic, drill-

hole, and hydrogeological studies to define redox fronts and 

paleo-channels at depth. The MER and Afar rifts are prospec-

tive for both vein-type hydrothermal deposits along major 

fault zones and for near-surface calcrete deposits in internal 

drainage basins, requiring geochemical sampling and shallow 

drilling. 

To advance the scientific understanding and resource poten-

tial of uranium in Ethiopia, the following research recommen-

dations are made: 1) Execute a coordinated geochronology 

program to directly date mineralization events across all prov-

inces. 2) Conduct systematic fluid inclusion and stable isotope 

studies to constrain ore fluid sources and evolution. 3) Per-

form detailed lithogeochemical surveys to map uranium fer-

tility of different magmatic suites, particularly within the Ce-

nozoic volcanic succession. 4) Develop 3D hydrogeological 

models for key sedimentary basins to assess ISR potential and 

understand ore genesis. 5) Integrate modern remote sensing, 

geophysics, and AI-assisted data analysis to identify new 

anomalies and structural targets. 6) The lack of prior research 

on Ethiopian uranium deposits highlights a significant limita-

tion. Addressing these gaps will not only refine genetic mod-

els but also significantly de-risk exploration and contribute to 

the sustainable development of Ethiopia's mineral resources. 

Abbreviations 

ANS Arabian-Nubian Shield 

EARS East African Rift System 

ISR In-Situ Recovery 

MER Main Ethiopian Rift 
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