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Abstract 

The Weyto area lies within the Southwestern Ethiopian shield. Field geological 

mapping at scale of 1:50,000 and augmented with petrographic analysis, digital 

elevation model and google earth images are used to study the lithological distribution, 

deformation history and metamorphic features of the area covering 90 km2 around 

Weyto town.  

The result of the data shows that the area is covered by high-grade Precambrian 

metamorphic rocks, with minor Cenozoic volcanic rock and rift basin filling 

unconsolidated sediments. The area has experienced four phases of Precambrian ductile 

deformations (D1-D4) and a Cenozoic brittle deformation (D5). The first two 

deformational phases (D1 and D2) are progressive shortening deformation and produced 

major N-S trending composite regional foliations.  The metamorphic minerals defining 

the S2 fabric are characteristic of upper amphibolite facies and suggest that peak 

metamorphism (M1) has attained during the D2 event. D3 is characterized by north-

south sinistral shearing produces north-south tight drag-folds with S3 shear fabrics 

defined by retrograde metamorphic minerals of upper greenschist facies (M2). D4 

deformation locally produces a weak east-west trending open upright folds (F4) with no 

recorded axial planar fabric. D5 deformation is associated with the extensional 

deformation which produced the East African Rift System. It is characterized by north-

south trending normal faults and joints in the study area and produced a series of 

grabens and horsts; here termed the Buraele Graben, the Weyto Graben and the Guyle 

Horst. The faults have varied magnitude of throws along the strike of individual faults. 

The down throw reaches up to 600m when the fault plane is parallel to the Precambrian 

ductile structure and minimal when the faults dip opposite to the Precambrian structures 

indicative of the control of Tertiary rift faulting by the Precambrian structural grain.  

 

Key Words: - Brittle structure, Deformation, Drag-folds, Ductile structure, 

Metamorphism, Tight-isoclinal fold 
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1. Introduction 

Two important tectonic features of Precambrian and Tertiary age controlled the 

geological and geomorphological setting of the part of East Africa. These are the 

Neoproterozoic East African Orogen (EAO) and the Tertiary East African Rift (EAR) 

tectonics. The interference between the two important tectonic episodes is clearly 

exposed in Southwestern Ethiopia where the structure of tertiary rift tectonics is 

superimposed over the Precambrian ductile structures. The current study area, the 

Weyto area, lies within this interference zone and is a key location to study the 

relationship between the two. 

The Precambrian geology of Southwestern Ethiopia in general and specifically the 

Weyto area is among parts of the country which received less research attention. The 

previous sampling and mapping in the area are at a reconnaissance scale, as a result, the 

stratigraphy, deformational history, and metamorphic pattern are not well established.  

This work is therefore directed towards to map the geology of the Weyto area at a scale 

of 1:50,000 to establish the structural sequence, examine and infer conditions of 

metamorphism, and deduce the temporal relationships of metamorphic mineral growth 

and deformation within the metamorphic rocks. The work also will attempt to establish 

the geometrical features and relationships between the Tertiary rift-related faults and 

their Precambrian ductile metamorphic fabric which has been argued as the older 

affecting the young and counter-argued by many previous researchers.  

1.1. Description of the study area 

1.1.1. Location and accessibility  

The study area is located in the Weyto area along the border between the South Omo 

and Konso Zones of the Southern Nations Nationalities and Peoples (SNNP) regional 

state.  The area lies within the main EAR system, north of the Lake Chew Bahir 

(fig.1.1). Geographically, it is bounded between UTM zone 37N between 277000m-E 

to 291000m E longitude to 589000m N to 597000m N latitudes covering an area of 

about 90 km2.   

Weyto town is situated along the road that leads from Arba Minch to Jinka towns. It is 

located around 150 km from Arba Minch and 140 km east of Jinka town. The study 
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area can be accessed either by air or using vehicles. There are daily flights from Addis 

Ababa to Arba Minch and Jinka from which the study area can be reached by vehicle 

via an all-weather asphalt road. Within the area, there are a few dry weather gravel 

roads for access using a four-wheel-drive vehicle. There are also foot trails used by the 

cattle raisers and villagers which are useful for traverse either by foot or using motor 

bicycles. 

 

Fig.1. 1. Location and accessibility map of the study area. 
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1.1.2. Physiography and drainage pattern 

Weyto is situated within the main EARS and has its physiographic feature shaped by 

the rift structure.  It is characterized by high rising north-south trending rugged terrain 

interleaved with wide lowland (fig.1.2 & 1.3).  

 

Fig.1. 2. 3D Physiographic map of the study area. 

 

 

Fig.1. 3. 2D Elevation map of the study area 
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The study area is generally characterized by a low elevation as it is located within one 

of the world’s few places experiencing active lithospheric extension. Specifically, 

within the limit of the study area, the recorded minimum and maximum elevations are 

550m and 1000m respectively which correspond to the rift floor and the picks (or 

horsts) exposed within this rift floor. The western and eastern side of the study area has 

a relatively higher elevation compared to the central part. 

The study area is drained and dissected by rivers and streams forming moderately deep 

and wide gullies with moderate to steep slopes. The major perennial river is the Weyto 

river which flows southwards from NNE into lake Chew Bahir. It transects the study 

area from north to south. The most common drainage pattern within the study area is 

parallel with most of the tributaries flowing to the Weyto river.  

 

Fig.1. 4. A drainage pattern of the study area 

1.1.3. Climate, vegetation covers and human settlement 

Weyto is characterized by a very hot climate having daily temperature exceeding ~35 

C˚. The low elevation area (~550m) of the study area has a very hot climate while the 

higher elevation (~880m) ridge areas on the peak of a horst are relatively cooler as 

perceived during the field traverse.  Generally, the Weyto area belongs to the “Berha” 
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traditional classification of the country’s climate condition (Deresa et.al., 2010). 

Vegetation cover reflects climatic conditions and related elevations. Shrub, grassland 

savannah, treed savannah and sparse scrub forests characterize the vegetation cover of 

the study area. Riverine forest occurs in narrow strips along a stream levee and is 

dependent more on groundwater than on rainfall. Such restricted narrow strips of 

vegetation are widely developed along the Weyto valley. Tsemay, Buraele, Ale and the 

Konso people are the majority of the ethnic tribes living in the study area. More than 

90% of the population are farmers and cattle raisers. 

 

Fig.1. 5. The vegetation covers of the study area including bushes, scrubs, and savannah 

grassland. 

1.2. The objectives of the study 

1.2.1. General objective 

The general objective of this study is to analyze the structure and metamorphic 

evolution of the Weyto area. 
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1.2.2 Specific objectives 

 Identify the deformation phases and their respective sequence of 

development  

 To conduct a petrographic examination of representative rock samples, 

understand the mineralogical composition, metamorphic grade and 

sequence of metamorphic mineral growth using microstructural data 

 To evaluate whether the Precambrian ductile structures had governed 

the trend of the Tertiary rift faulting of the Southwestern Ethiopian rift 

system in the locality 

 Finally produce a geological map of the study area at a scale of 1:50,000. 

1.3. Methodology  

Field description, petrographic and structural data analysis method using stereonet were 

used to accomplish this study. In these methods, different instruments, sampling 

techniques, and analyzing methods were used to perform the study and come up with 

the result. This study was carried out into three main phases i.e. office, field, and post-

fieldwork phases.  

1.3.1. Office work (desk study) 

Office work includes all of the activities carried out before the field works were 

arranged. These include preparation of materials and instruments that were used during 

the fieldwork, collection of secondary data that were relevant for literature review, 

topographic map, geological map, and aerial photographs were used extensively to 

identify and locate major geological structures and lithological contacts. The project 

areas were delineated and traverse lines were traced from topographic maps before 

fieldwork.  

The 3D map of the study area, drainage pattern and preliminary brittle structural maps 

of the area were produced using high-resolution shuttle radar topography mission 

digital elevation model (SRTM) and google earth images. The traverses were designed 

across the regional foliation direction and denser traverse lines and observation points 

were taken where the exposure of the rock is clear and abundant. Accordingly, eight 

traverse lines where selected potentially targeting to cross the regional structure or 

foliation.  
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Fig.1. 6. A generalized flow chart showing the methodologies used in the progress of the 

study starting from the literature review until the final conclusion. 



 

8 

 

1.3.2. Fieldwork 

Throughout the course of mapping, lithological contact delineation and tracing of 

structural continuity were plotted on 1: 50,000 topographic maps. Litho-stratigraphy 

relationships, observation, classification and measurement of all structural data (i.e. 

foliation, lineation, micro folds, xenolith orientation, etc.) were recorded. Field 

observations were sketched and photos were taken to illustrate the observation.  

All of the lithological variations in color, texture, mineral composition, kind and degree 

of weathering, fabric and etc. were described and noted. 23 representative fresh 

unweathered samples were collected some of which are oriented. Any veins (quartz, 

pegmatites) that possibly occur in a sequence of metamorphic rocks and massive 

intrusives including their aerial extent, attitude and contact relationship were described 

and sampled. Finally, field maps and crossections were produced that later on modified 

using the petrographic analysis.   

1.3.3. Post fieldwork 

In a post-field study, a geological map of the study area was refined by integrating field 

and lab data. Structural data were analyzed using a stereonet and 23 selected samples 

taken from the field for thin-section analysis were sent to the Ethiopian geological 

survey central laboratory and the prepared thin-sections were analyzed in Addis Ababa 

Science and Technology University petrography laboratory. Finally, field information 

was compiled using GIS software and presented as plots illustrative diagrams and 

plates. These post field studies were carried out using two methodologies i.e. the 

petrographic analysis and the structural data analysis. 

1.3.3.1. Petrographic analysis 

The petrographic analysis including mineral identification and microstructural analysis 

was carried out using rock thin sections in the AASTU petrography laboratory using 

Leica transmitted light microscope. The microphotographs were acquired by 

connecting the microscope with a computer having Leica software installed. The results 

of the petrographic studies of the thin-sections were used to clear the doubts of the field 

naming of the rocks, identify, metamorphic mineral assemblage, the grades of 

metamorphism and the microstructure of the study area. Furthermore, it is used to the 

relationship between deformation and metamorphism and study microstructure in order 
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to support the idea that the study area has been experienced polyphase deformation 

based on the recorded field data.   

1.3.3.2. Structural data analysis 

Field mapping and data collection of each structural element such as folds, foliation, 

lineation, and joints were conducted from each unit and those data were analyzed by 

using different methods. Field information was compiled using Arc GIS software 

version 10.4 to generate a detail geological map at 1: 50,000, which shows lithological 

units and orientations of major geological structures. Stereonet version 10.01 is used to 

analyze each structural element associated with each phase of deformation individually 

and also used to illustrate structural and geometric relationships. To get the overall 

orientation of the foliations, folding and fractures, the poles of these planes were plotted 

and contoured on the stereonet.  

1.4. Review of previous works 

As early as 1955 the occurrence of copper mineralization in the Surma region adjacent 

to the study area is reported (Mitiku and Yirgu, 2003).  Kazmin (1975), in his 

compilation of the geology of Ethiopia, described the occurrence of granulite facies 

rock, discussed the stratigraphy and evolution of the Precambrian rocks of the region.  

A major geological and geochemical works have been conducted by a joint Ethio-

Canadian Project from 1972-1974 covering large area in Southwestern Ethiopia. This 

work completed geological mapping at the scale of 1:250,000 together with the 

accompanying report and produced final compiled map at a scale of 1: 500,000 

(Davidson, 1983). According to this report, the crystalline basement rocks of 

Southwestern Ethiopia is broadly classified into three domains; namely; the Hamar, 

Akobo and Surma domains. The classification was based on grade of metamorphism, 

structural and lithological contrast (fig.1.7), the boundaries of which are either 

structural (shear zone) or metamorphic break. 

The Hamar domain contains two major rock groups: a complex of older high- grade 

gneisses and granulite, highly deformed, recrystallized, partly migmatized, which are 

intruded by a suite of younger plutonic rocks (fig.1.7). Davidson, (1983) noted the 

occurrence of kyanite in the pelitic rocks, almandine garnet together with clinopyroxene 

in mafic rocks and argued that the rocks in this domain were metamorphosed to high 
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P&T conditions. 

 

Fig.1. 7. The Southwestern Ethiopian Shield metamorphic facies (Davidson, 1983). The black 

vertical rectangle shows the location of fig. 1.7 and the horizontal rectangle within it is the 

location of the current study area. Letters H, A, S represents the Hamar, Akobo, and Surma 

domains respectively. 

The Akobo domain (fig. 1.7) is made up of a variety of supracrustal schist and gneiss 

intruded by a large quantity of gabbroic to granitic rock with metamorphic grade 

ranging from green-schist to middle amphibolite facies. The Surma domain, on the 

other hand, is characterized by uniformity of amphibolite facies schists which are 

prevalently gneissic layering and foliation indicative of highly strained rocks (fig 1.7). 

Metamorphism in the Hamar domain (fig.1.7 and, 1.8) contains high-grade 
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metamorphic rocks ranging from middle amphibolite to granulite facies (Davidson, 

1983). From the observation of the rare occurrence of Kyanite in politic gneiss and the 

lack of cordierite in equivalent rocks of granulite, (Davidson, 1983) concluded the 

prevalence of relatively high-pressure conditions of metamorphism in the area. 

Davidson, (1983) further described the overprinting of retrograde amphibolite facies 

assemblage particularly in shear zones cutting granulite facies rocks with development 

of low-grade minerals such as chlorite, prehnite, and stilpnomelane. 

The Akobo domain (fig.1.7 and 1.8) according to Davidson, (1983), has experienced 

the lowest grade regional metamorphism such that primary volcanic and sedimentary 

structures are only preserved within this domain. The Surma domain on the other hand 

experienced amphibolite facies metamorphic conditions (Davidson, 1983). The Surma 

domain is characterized by the development of mylonites along its north-east margin 

which is formed at somewhat lower grades than that of the rocks prior to mylonitization 

(fig. 1.7).Davidson, (1983) further described the general structural features including 

that, the Hamar domain is generally dipping to the east-northeast with a certain regional 

variation in attitude about a line extending from the Segen river south of Konso 

northwest toward the Bala river valley characterized by synformal trace with 

accompanying tight upright folds. 

The Akobo domain is characterized by northerly structural trends with prevalent dips 

of map units, layering, and foliation within them are to the east, but larger folds are 

defined by east and west dips.  Tightly closed to isoclinal folds are present at various 

dispositions throughout the subdomain. The Surma domain is characterized by a 

distinctive structural character with its north-eastern myolinitic marginal zone of lateral 

shear displacement, both at microscopic and mesoscopic structures suggest 

subhorizontal sinistral displacement.   

Ayalew and Peccerillo (1998) and Gichile (1992), from metamorphic, geochemical and 

geochronological data have concluded that the Konso and Baro groups of rocks (the 

Lower Complex of Kazmin) was also developed in a subduction-collision related 

setting. The authors also established the conditions of granulite facies metamorphism 

at relatively elevated pressure and temperature conditions ranging from 4-9.5 kb and 

520-9000 C° consistent with metamorphic conditions at the root zone of collision-
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related setting. The areas which were covered by this authors are very close to the 

current study area so that, may also have similar tectono-metamorphic evolution.   

 

Fig.1. 8. Major Lithological units and structures of parts of the Hamar domain as mapped by 

(Davidson, 1983). Current study area indicated by a blue horizontal rectangle. 
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Asrat & Barbey (2003), reported the petrology, geochemistry and Sr-Nd isotopic 

geochronology of the Konso pluton, located east of the study area and showed its 

implication from convergence to extension in the Mozambique Belt.  

Mitiku & Yirgu, (2003), from the economic minerals exploration and evaluations 

department of the geological survey of Ethiopia, has reported the geology, 

geochemistry, and geophysics of a small area near Konso. According to this report, the 

area is characterized by complex of gneiss, syn to post-tectonic intrusives that range 

from ultramafic to granitic in composition and various pre to post-rift deposits. Except 

the regional retrograde phase, the overall mineral assemblage of the area shows a high-

grade of metamorphism, which represented by the middle to upper amphibolite facies 

and locally reached to granulite facies. The report also described that the region is 

subjected to at least five phases of deformation (D1 to D5) but this study lacks detail 

description.  

For example, the D3 and D4 deformation phases (the sinistral and dextral shearing) were 

considered as separate deformation events but, fails to be described with full 

crosscutting evidence otherwise, this two deformation phases could be described as a 

single deformation phase (the major shearing event) in the area. This study also lacks 

deformation-metamorphic mineral growth relationship description. 

1.5. Research gaps 

In polydeformed areas, the intensity of each deformation phase varies within the 

orogenic belt (across and along) and hence, several phases of structural elements and 

metamorphic mineral growth may result depending on the P-T conditions during the 

deformation event. Therefore, careful structural, and lithological examination is needed 

to reconstruct the complete anatomy of the orogenic belt. This includes careful 

examination and recording of foliation alignment, lineation and foliation relationships, 

intrusions of various types of veins, recording sense of movement indicators, and any 

difference in the lithology of the area.  

The Precambrian crystalline basement rocks of Southwestern Ethiopia in general and 

specifically the Weyto area is one of the parts of the country with lass geological data. 

Davidson, (1983), contributed one the most valuable work of this region. The works of 

Ayalew and Peccerillo (1998) and Gichile (1992), from Baro and Konso area (very 
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close to the current study area) respectively gives a reasonable result regarding the 

tectonic setting and metamorphic grade of the metamorphic rocks of southwestern 

Ethiopia.  

The other important study of the area was by Mitiku & Yirgu (2003) from the 

Geological Survey of Ethiopia who reported the existence of a shear zone localized 

gold and copper base metal deposit. This report is more or less similar to Davidson’s 

Omo river project reconnaissance study in terms of the lithological description of the 

Konso area and their geological map includes the current study area.  

All of the above-listed works, regarding the crystalline basement rocks of the stated 

areas here mapped at too small scales to fully include what was really happened during 

the Neoproterozoic tectonothermal event in the Southwestern Ethiopian sector of the 

EAO. Their mappable lithological units, the various generations of deformational 

phases both at mesoscopic and megascopic scales lack detail. Additionally, the 

relationship between the Precambrian ductile structures and the Tertiary rift faulting 

traversing the study area was highlighted earlier (Emishaw, et. al., 2017) and this study 

overlooks in detail to this specification. Therefore, this research work is directed to fill 

this gap by conducting detail mapping and petrographic study of the metamorphic rocks 

of Weyto area. 

1.6. Thesis outline 

Chapter One: deals with the general background and related morphotectonics of the 

study area, the description of the study area which includes location and accessibility, 

physiography, drainage pattern, climate, population and settlement of the study area. 

Chapter Two: regional geology and tectonic setup of the study area in which the Pan 

African orogen and East African Orogen are briefly described. The Arabian Nubian 

Shield and the Mozambique Belt which makes up the northern and the southern 

segments of the EAO respectively also gets consideration in this chapter. The 

Precambrian geology of Ethiopia, structure and metamorphic history was briefly 

reviewed. The East African Rift System and its geodynamic evolution also reviewed 

briefly in this chapter. 

Chapter Three: generally, deals with the local geology of the study area; the Weyto 

area, in which six mappable units are described in detail. The description includes the 
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lithological difference based on their difference at the mesoscopic scale in the field and 

microscopic scale in petrographic analysis. The generalized geological map and cross-

sections are finally produced and included in this study.  

Chapter Four: deals with the structural makeup of the Weyto area. The various 

deformational phases in the study area including the major penetrative foliations, 

folding, lineations and the brittle structures such as normal faulting and joints associated 

with each deformational phases are described in detail using illustrative images at 

mesoscopic and microscopic scales.  

Chapter Five: deals with the metamorphic mineral evolution by using petrographic 

analysis from the rock samples collected from the study area. This includes the 

retrograde and prograde metamorphic mineral evolution of the area with their 

description. 

Chapter Six: deals with discussion and interpretation of the results found in this study 

and correlates it to the previous findings.  

Chapter Seven: is the last chapter of this thesis and is targeted in delivering a 

summarized conclusion and recommendation of the thesis from the findings obtained 

in the study. 
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2. Regional Geology and Tectonic Setup 

2.1. Introduction 

The geology of East Africa is a makeup of two distinct tectonic episodes. The East 

African Orogen (Stern, 1994) which controlled the disposition of lithology, tectonic, 

magmatic and metamorphic features of the Precambrian geology which believed to 

have developed as a result of a complete Wilson Cycle, and; the Tertiary East African 

Rift System (EARS) whose magmatic tectonic and depositional patterns represent the 

early to an advanced stage of Wilson Cycle. 

2.2. The East African orogen (EAO) 

The East African Orogen (Stern, 1994), situated in the eastern margin of Africa, 

represents one of the world’s greatest collision zones in the Neoproterozoic (fig.2.1). It 

has evolved from the breakup of Rodina and the final amalgamation of Gondwana from 

~850-500 Ma (Fritz et al., 2013).   

 

Fig.2. 1. Location of the East African Orogen (EAO) showing the reconstructed Gondwana 

supercontinent, modified after (Stern & Johnson, 2010). Pz (Paleozoic), Mz (Mesozoic), and 

Cz (Cenozoic). 
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This orogen, which is correlateable to the Cenozoic Himalayan size collision regime 

(Stern, 1994,2002; Jacobs et al, 1998; Kroner and Stern, 2005, Stern et al.2012; Fitz et 

al., 2013), marks one of the disappearances of a major oceanic basin, the Mozambique 

Ocean (Stern and Johnson, 2010).  

The EAO comprises a college of ~ 6000 km long (fig. 2.1) belt of accreted terrane 

oceanic domains and continental fragments which are situated between the Archean 

Sahara-Congo-Kalahari Cratons in the west, and the India and Antarctic Cratonic mass 

in the east. The EAO extends from the Arabian Peninsula in the north, through Eritrea, 

Ethiopia, and Sudan up to Mozambique in the South (Berhe, 1990; Fritz et al., 2013).  

Some Researchers (e.g. Johnson et al., 2011; Fritz et al. (2013), traced the southern 

extension of the EAO up to Antarctica and termed it East African and Antarctican 

Orogen (EAAO), which makes its overall length ~8000 km.  

The EAO comprises two major and distinct crustal terrains (Kroner and Stern, 2005). 

These are the juvenile (mantle-derived) Arabian Nubian Shield (ANS) in the North and 

the Predominantly high-grade terrane, the Mozambique Belt (MB) in the south (fig.2.1).  

The transition between the juvenile ANS and MB is within Ethiopia, Eritrea, Sudan and 

Somalia (Asrat et al., 2001).  

2.2.1. The Arabian Nubian Shield (ANS) 

The ANS is by far the largest tract of mostly juvenile Neoproterozoic crust among the 

regions of Africa that were affected by the Pan-African orogenic cycle (Johnson et al., 

2011; Fritz et al.,2013). The ANS makes up the northern half of the EAO and stretches 

from Southern Israel and Jordan south as far as Ethiopia, Yemen, Somalia and Kenya 

(fig.2.2), where it transitioned into the Mozambique belt (Kroner and Stern, 2005; Fritz 

et al. 2013). It extends for about 3000 km north to south and about 500 Km wide on 

either side of the Red Sea. 

The ANS is composed of volcanic and volcano-sedimentary rocks together with linear 

belts of mafic and ultramafic rocks of ophiolitic character (Berhe, 1990). These are 

intruded by mafic to felsic plutonic rocks of different emplacement age. Geological, 

geochemical and isotopic data from the Shield indicates that these voluminous volcanic 

and volcano-sedimentary assemblages are formed in an intra-oceanic arc, back-arc 

setting, similar to the modern intra-oceanic, subduction-related destructive plate margin 
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in the Pacific (Johnson et al, 2011; Fritz et al., 2013).  

The linear belts of mafic and ultramafic rocks are thought to mark suture zones between 

arc-arc, accretion or closure of the back-arc basins (Berhe, 1990; Abdalsalam and Stern, 

1996). Plutonic rocks have a typical calc-alkaline geochemical signature with 

emplacement ages spanning ~850 up to 500 Ma (Fritz et al., 2013). 

 

Fig.2. 2. Shows the Neoproterozoic Northern part of the East African orogen (EAO) after 

(Stern, 2002). (NES, EES, WES, and SES respectively represents northern, eastern, western 

and southern Ethiopian shield). 
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From the lithological, structural, and metamorphic disposition of the ANS, it has been 

interpreted as accreted intra-oceanic terranes. Individual terranes have unique rock 

geochemistry and are separated by orogen parallel shear zones, some of which are 

decorated by sheared mafic and ultramafic rocks (Berhe, 1990; Stern, 1994; 

Abdalsalam and Stern, 1996; Kroner and Stern, 2005).  

The ANS is flanked to the west by a broad tract of older crust that has partly remobilized 

during the Neoproterozoic (Abdalsalam et al., 2002; Kroner and Stern, 2005). To the 

east the extent is not well defined but, believed to be also flanked by pre-Neoproterozoic 

older crust (Johnson et al., 2011; Fritz et al., 2013). 

2.2.2. The Mozambique belt (MB)  

The Mozambique Belt (MB) represents a continent-continent collisional zone along the 

eastern margin of Africa and believed to be on the scale of modern Alpine and Himalaya 

orogen (Meert, 2003). This broad belt defines the southern part of EAO and essentially 

consists of medium to high-grade up to granulite facies gneisses and voluminous 

granitoids (Kroner and Stern, 2005). Fritz et al. (2013) reviewed that the central and 

southern MB in Africa and showed that it consists of two crustal domains; the juvenile 

Neoproterozoic crustal fragments of the EAO and the pre-Neoproterozoic crust that 

have been variably reworked during the Neoproterozoic tectono-thermal event. 

Unlike the ANS, the rocks of the Mozambique Belt (MB) are mostly high-grade para 

and ortho-gneiss, intensely migmatized and locally attained granulite facies 

metamorphism (Kroner and Stern, 2005). There is also lack or paucity of the mafic and 

ultramafic rocks in the belt. However geochemical signatures of some mafic rocks show 

that they are of subduction-related destructive plate margin characters, and plutonic 

rocks have either calc-alkaline or collision related granites (Fritz et al, 2013). 

Structural features in the MB show intense shortening and nappe scale folding, thrust 

faulting and crustal thickening (e.g. Meert, 2003; Pisarevsky et al., 2008).  Here it is 

thought to represent continent-continent collision (Stern, 1994; Shackleton, 1996; 

Kroner and Stern, 2005; Collins and Pisarevsky, 2005).  

2.2.3. Evolution of the East African orogen (EAO) 

From the geochronological, geochemical and structural data from the ANS and MB, 

there is a general consensus that the two has evolved contemporaneously during the 
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Pan-African (Kroner and Stern, 2005). Stern (1994) and following that Fritz et al. 

(2013) have suggested the following conclusions regarding the evolution of the EAO.  

Accordingly, it began with the rifting and breakup of Rodina at around 870-850 Ma 

followed by oceanic floor spreading, closure of the oceanic floor through the 

development of arcs, back-arcs, closure of the back-arcs, accretion of the arc terranes 

at about 800-690 Ma. 

 

Fig.2. 3. The evolution of the East African Orogen and Antarctican (EAAO), after Stern and 

Johnson., (2010). 

This is followed by continental and lithospheric reworking as a result of the continental 

collision to form the EAO. Continental compression under oblique NW-SE 

convergence resulted in further crustal shortening in the south (MB) resulted in the 

high-grade metamorphism and escaping of terrains to the north along orogen parallel 

shear zones. This model although locally vary, grossly accounts for the lithological, 

geochemical and metamorphic variation along the tract of the EAO. The Precambrian 

geology of Ethiopia situated at the transition between the MB and the ANS is a key area 

to further refine the understanding of the geodynamic evolution of the EAO. 

2.3. The Precambrian geology of Ethiopia in the context of the EAO 

The Precambrian geology of Ethiopia, despite great interest, is poorly understood. They 

are exposed in the peripheral parts of the country: in the north, in the west, southwest, 
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south and in the East (fig.2.2).  It comprises a wide variety of volcano-sedimentary 

mafic-ultramafic and plutonic rocks metamorphosed to varying degrees from 

greenschist to amphibolite facies, and locally to granulite facies. They are intruded by 

the various generation of granitoids. Several studies have been conducted on the 

basement rocks of Ethiopia (e.g. Kazmin, 1975; Kazmin et al., 1978; Davidson, 1983, 

Berhe, 1990; Ayalew, 1998; Teklay et al., 1998; Tadesse, 1997; Tadesse et al., 1999, 

2000; Alene et al., 2000, 2006; Asrat et al., 2001; Asrat et al., 2003; & Stern et al, 2012).  

Accordingly, Kazmin was the pioneer geologist in the systematic classification of the 

Precambrian basement rocks of Ethiopia. Kazmin introduced a threefold classification 

for the stratigraphy of the basement rocks of Ethiopia. These are Lower Complex, 

Middle Complex, and the Upper complex. They were presumed to be Archean, middle 

Proterozoic and upper Proterozoic in age respectively. 

The lower complex of Kazmin is composed of high-grade gneiss, migmatites intruded 

by pre, syn, and post-tectonic mafic to granitic intrusion formed under higher pressures 

and temperatures. While the Middle Complex is only amphibolite facies rocks located 

in southern Ethiopia. The Upper Complex rocks are generally low grade volcanic and 

volcano-sedimentary rocks mostly exposed in northern Ethiopia but, also exposed in 

western and southern Ethiopia.  

In southern Ethiopia (fig.2.2), what was classified as the lower complex by (Kazmin, 

1975; Kazmin et al., 1978) including Yabelo gneiss, were found to be Neoproterozoic 

deformed granitoids which yielded an age of 780 Ma (Teklay et al., 1998). The upper 

complex and the Adola group is found to be juvenile related materials dated at around 

1157 Ma (Yibas et al., 2001, 2002,2003). Unlike the basement cover relationships 

postulated by Kazmin for the lower and upper complexes, Yibas et al. (2002,2003) have 

shown that the southern Ethiopian shield (SES) are divided grossly into high-grade 

granitoid gneiss terranes and volcano-sedimentary terranes.  

In Western Ethiopia (fig.2.2), a number of researchers (e.g. Kebede et al.,2001; Allen 

and Tadesse, 2003; Alemu and Abebe, 2007; Blades et al., 2015) have also shown that 

it is divided in to different tectonostratigraphic blocks and based on geochronological, 

geochemical and structural data they have concluded that the metamorphic rocks of 

Western Ethiopia have developed over a subduction-related destructive plate margins 

over the time period spans 870-550 Ma. Moreover, in northern Ethiopia, researchers 
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(Tadesse, 1997; Tadesse et al, 2000; Alene, 2006) have shown that what was said to be 

the upper complex is formed of several distinct tectonostratigraphic blocks and intruded 

by generations of intrusives ranging in age from 800 up to 550 Ma. 

In Southwestern Ethiopia (fig.2.2), Ayalew and Peccerillo (1998) and Gichile (1992), 

from metamorphic, geochemical and geochronological data have concluded that the 

Konso and Baro groups of rocks (the Lower Complex of Kazmin) was also developed 

in a subduction-collision related setting. The authors also established the conditions of 

granulite facies metamorphism at relatively elevated pressure and temperature 

conditions ranging from 4-9.5 kb and 520-9000 C° consistent with metamorphic 

conditions at the root zone of collision-related setting.  

Generally, the crystalline basement rocks of Ethiopia show a Neoproterozoic age. The 

difference in grade and structural complexity is due to the fact that, there is an intense 

degree of collision in the southern part of the EAO than in the north due to the oblique 

convergence of continental blocks involved in the buildup of greater Gondwanaland 

during the Neoproterozoic and early Cambrian age as reviewed by Stern (1994).  

2.4. The East African rift system (EARS) and its dynamic evolution  

2.4.1. Introduction 

Continental rift zones are sites of lithospheric stretching that occurs in response to far-

field plate forces, such as slab pull and ridge push, as well as tractions at the lithosphere-

asthenosphere boundary induced by mantle flow (Ring, 2014). The extension of the 

crust is achieved through normal faulting that thins the brittle crust; a weak lower crust 

may thin via viscous flow (Ebinger, 2013; Ring, 2014).  As a result, it shows up at the 

surface as a series of thousand kilometers long aligned successions of adjacent 

individual tectonic basins (rift valleys), separated from each other by relative shoals & 

generally bordered by uplifted shoulders (Chorowicz, 2005; Macgregor, 2015).  

 2.4.2. The East African rift system (EARS) 

The EARS is an intracontinental zone of lithospheric stretching (Chorowicz, 2005; 

Ebinger, 2013; Ring, 2014; Tadesse et al., 2019) and an excellent example of ongoing 

continental rifting in the world (Fletcher et al., 2018). Recent reviews (e.g. Ebinger, 

2013; Fletcher et al. 2018), described the EARS as a cratonic rift underlain by relatively 



 

23 

 

strong crust and thick lithosphere far from subduction or collisional zones, leading to 

strain localization in a single rift zone with broad basins.  

 

Fig.2. 4. The location of the Easter African rift system (EARS) and the main Ethiopian rift 

system (MERS) (the location of fig.2.5 is indicated by a rectangle). 
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The EARS generally runs in the north-south direction with some local deviations. The 

system branched into the eastern and the western rift system (fig.2.5). The eastern 

branch extends for the entire length of the EARS. Grossly it is divided into NS trending 

southern portion and NE-SW trending northern portion in between which there is what 

is called the broadly rifted zone (BRZ).    

The effect of mantle plume is determinant in the evolution of the EARS (Chorowicz, 

2005) as a result the western branch, and parts of the eastern branch including the 

broadly rifted zone of Southwestern Ethiopia evolved coevally (Roberts et al., 2012) in 

response to the East African mantle plume. The northern segment of the eastern branch 

of the EARS i.e., Afar depression, and the main Ethiopian rift, on the other hand, are 

formed in association with the Afar mantle plume was which also known to have 

formed the Afro-Arabian doming before the rifting and breakup of Arabia from African 

continent during the Miocene (WoldeGabriel et al., 2016).                

According to some researchers, the EARS shows variations along its axis and 

subdivided it into three distinct rift segments in the Ethiopian sectors. These are; the 

Afar depression, the main Ethiopian rift system (MERS) and the broad zone (BRZ) 

(WoldeGabriel et al., 2016; Emishaw et al.,2017). The broadly rifted zone (BRZ) in 

Southwestern Ethiopia is the northward extension of the Northern Kenyan rift (Ebinger, 

2012; WoldeGabriel et al., 2016; Emishaw et al.,2017). These authors also reviewed 

that the BRZ of Southwestern Ethiopia is referred to as the basin and range of Ethiopia 

and about 315 km wide. The BRZ consists of three half-graben and two symmetrical 

rift basins. 

These symmetrical rifts and the half grabens are separated by uplifted crystalline 

basement rocks. From east to west, the Ririba and Chew Bahir Rifts are symmetrical 

extensional basins, whereas the Omo, Uno, and Kibish Basins represent half grabens 

(fig.2.5 and 2.6). Even though the earliest volcanism (~45 Ma) started in SW Ethiopia, 

extensional basins and rifting within the broad rift zone did not start to form until the 

early to late Miocene (Emishaw, 2017). 

The EARS is usually thought to has reactivated through pre-existing Neoproterozoic 

EAO sutures and shear zones that are used as sites of strain localization (Katumwehe 

et al., 2015; Koptev et al., 2015; Fletcher et al., 2018). But, there is also contrasting 

arguments in which some of the sectors of the EARS deviates from pre-existing 
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Proterozoic mobile belts; e.g. Eyasi basin of the Northern Tanzanian divergence zone 

(Fletcher et al., 2018). Generally, there is a lack of clear consensus weather or not the 

EARS structural development is controlled by the EAO structure. This is mainly due to 

the lack of sufficient exposure to examine the relationship. This implies that the study 

area is one of the best examples to examine such relationships. 

 

Fig.2. 5. The broadly rifted zone (BRZ) of the East African rift system (the location of the 

current study area is indicated by rectangle while the line A-A’ and B-B’ is the line across 

which sections of fig. 2.6 is drawn. 
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Fig.2. 6. E-W crossections across the Broadly Rifted Zone of the EARS along sections A-A’ 

and B-B’ of fig.2.5. 
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3. The Geology of Weyto Area 

3.1. Introduction  

The geology of Weyto area is constituted by rocks of two main age groups; the 

Precambrian basement rocks and Quaternary volcanic-sediments. The volcanic rock 

unit and unconsolidated sediments occupy the rift floor of one of the many grabens of 

the Broadly Rifted Zone (BRZ) of the eastern segment of the EARS. On the other hand, 

the Precambrian metamorphic rocks exposure is restricted to the relatively elevated 

areas which form the local horsts/ridges. The following geological units which are in 

the area (table 3.1). 

Table 3. 1. Lithological units of the study area 

 

 

 

 

      

Lithology Age 

Fluvial sediment (QfS)  

Quaternary 
Colluvial sediments (QcS) 

Porphyritic to aphanitic basalt (TeBa) Tertiary  

Biotite-hornblende gneiss (PebhG)  

Precambrian 
Leucratic quartz-feldspar gneiss (PeqfGl) 

Sheared quartz-feldspar gneiss (PeqfGs) 

Quartz-feldspar migmatite (PeqfM) 
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Fig.3. 1.Geological map and crossection of the study area 
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3.2. The Precambrian metamorphic rocks  

The Precambrian metamorphic rocks are exposed along Weyto horsts located in eastern 

and the western side of the Weyto river (fig.3.1). The nature of the contact between the 

units is usually gradational. In detail, the Precambrian metamorphic rocks in the area 

include (see table 3.1):  

3.2.1. Quartz-feldspar migmatite (PeqfM) 

This unit is exposed extensively in the western side of the study area (fig.3.1).  The 

contact with adjacent Quaternary fluvial sediment from the southern and western sides 

is sharp, indicative of tectonics that produced the basin/graben. From the eastern side, 

the unit has a gradational contact with the leucratic quartz-feldspar gneiss. The rocks of 

this unit show a variation of light gray to dark brown weathered color and pinkish to 

dark fresh color.  

On outcrops and hand-specimen, it is coarse-grained composed of quartz, feldspar and 

varying proportions of mafic minerals, especially biotite and hornblende. Occasionally 

gneissic banding is visible but, generally discontinuous, partly assimilated and 

obliterated by granitic materials which resulted from in situ melting and granitiztion.  

Grossly, the unit has an N-S regional strike. However, the orientation of the major 

foliation is sometimes difficult to measure because it is highly migmatized and the 

compositional layers are contorted, irregularly oriented and petigmatically flow folded. 

Compositional gneissic bandings are dismembered by the invading of partial melts as 

in the form of dikes through the localized weak zones either parallel to the major 

foliations or across the foliations through the brittle fractures which make the 

recognition of the ideal foliation surface difficult. 

Lenses (up to 10 m thick and several 10s of meters along the strike) of pure leucocratic 

quartz-feldspar gneiss occur within the migmatite. These lenses strike parallel to the 

gross migmatite layers. The proportion of these leucratic layers increases towards the 

adjacent quartz-feldspar gneiss in the east. The unit is intensely intruded by two sets of 

pegmatite veins; one of which is traversing parallel to the main foliation and the second, 

cutting across the main foliations. Both of the pegmatite vein generations are deformed 

and folded.   
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Thin-section analysis of this rock unit indicates that it is coarse-grained with well-pres- 

erved granoblastic textures. It is composed of mainly plagioclase, hornblende, 

orthoclase, microcline biotite, and quartz. In some of the samples accessory minerals 

like sphene, pyroxene, hornblende, and opaque Fe-oxide minerals are also found. In 

addition, epidote, sericite, and muscovite occur as the newly formed retrograde 

minerals. The modal analysis of the samples shows that this unit is composed of 35% 

Or, 30% Pl, 16% Mc, 16% Qtz, 1% Hbl, 1% Bt and the rest, accessory minerals like 

Sp, opaque minerals and apatite. 

 

Fig.3. 2.A migmatite rock unit exposed by a road-cut exposure at about 2 Km along the main 

asphalt road from Weyto town to the Weyto river. A) shows the remnant pre-existing gneissic 

foliation   B) shows a paleosome surrounded by later formed melanosome and leucosomes and 

C) shows nearly completely melted rock intruded by later coming aplitic dike.   All the photos 

are taken at 279378 E longitude and 593000 N latitude facing to the Southwest direction. 

3.2.2. Quartz-feldspar gneiss (PeqfG) 

The quartz-feldspar gneiss unit constitutes the largest mappable crystalline basement 

rocks of the study area. It is exposed extensively in the eastern and the western sides of 

the Weyto river extending N-S along strike forming outstanding topographic feature 

especially at the western side which dies out southwards. Based on the degree of 

deformation that this unit has experienced, it can be spatially classified into two. The 

first one is the less sheared leucratic quartz-feldspar gneiss unit and the second, sheared 
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quartz-feldspar gneiss. The leucratic quartz-feldspar gneiss differs from the sheared 

quartz-feldspar gneiss by having less amount of biotite minerals that constitutes 

prominent amount in the sheared quartz-feldspar unit. Intense shearing event was 

perceived in the sheared quartz-feldspar unit characterized by mylonitization 

(protomylonite) of this rock units.   

3.2.2.1. The leucratic quartz-feldspar gneiss (Peqfg) 

The leucratic quartz-feldspar gneiss unit is exposed extensively in the western side of 

the Weyto river. It forms an elevated topography with the highest elevation recorded in 

the study area (~1200 m above mean sea level). This unit forms a gradational contact 

with the migmatite unit from the western side. From the eastern side, it is faulted with 

down-drop to the east. The Weyto river nearly follows this major fault line.  

The leucratic quartz-feldspar gneiss is sparsely traversed by shear zone controlled 

biotite hornblende quartz feldspar gneissic unit of up to ~ 100 m wide at places. This 

unit is also intruded by syn-tectonic aplitic dikes and tertiary basalt unit. At hand 

specimen, the quartz-feldspar gneiss exposed at the western side of the Weyto river is 

leucratic, creamy, light grey, pinkish to white fresh color and light brown weathered 

color. It is usually coarse-grained with gneissic fabric forming foliated and layered 

gneiss. This rock unit is slightly to moderately weathered.  

Quartz and feldspar are the major components of this rock unit. Biotite flakes are visible 

as observed by both naked eye and hand lens. Within this rock unit, the intrusion of the 

aplitic dike is common at several places composed mainly of quartz and feldspar 

minerals. Petrographical examination of the samples shows that it is a coarse-grained 

rock with well-developed granoblastic texture with clear bimodal grain size distribution 

in more sheared rocks.  

The porphyroclast in most of the samples is plagioclase, orthoclase, and quartz. In 

addition, some of the quartz, biotite, and orthoclase also exists as a recrystallized 

groundmass.  Epidote, muscovite, and epidote and chlorite occur as newly formed 

minerals. Bulk modal composition is constituted by 40% Or, 35% Pl, 15% Qtz, 7% Mc, 

and 1% Bt.  Additionally, apatite, sphene and opaque minerals are present as less 

important minerals of the modal composition of this rock. 
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Fig.3. 3. The leucratic quartz-feldspar gneiss unit; A. is a road-cut exposure adjacent to Weyto 

river located at 281504 E and 591976 N, B. is a hillside exposure located at 279547E and 

593000 N, C. is a local ridge or horst located adjacent to the Weyto river from the west roughly 

representing the morphology oh this unit. 

3.2.2.2. Sheared quartz-feldspar gneiss (PeqfGs) 

The sheared quartz-feldspar gneissic unit is widely exposed in the eastern side of the 

Weyto river. Topographically it is situated at a relatively elevated area of the rift basin 

(~750 m) and forms one of the many local horsts mantled by the graben filling 

Quaternary sediments. This unit forms unconformable contact with the overlying 

colluvial sediments from the eastern side.  

The sheared quartz-feldspar gneiss is similar to the leucratic quartz-feldspar gneiss in 

the west of Weyto river, but it differs slightly by its mineralogical composition and 

significantly, by the degree of deformation experienced during their evolution. It is 

usually coarse-grained, strongly deformed, dark to a gray color and composed of a 

significant amount of mafic minerals (biotite and hornblende) together with the main 

constituents (quartz and feldspars).  

The gneissic banding is weakly developed but, enhanced by late shear deformation 

where shear zones are defined by more mafic minerals which are usually altered to a 

greenish color. This rocks too are cross-cut by pegmatite veins. Petrographical analysis 
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of the samples shows that it is a coarse-grained rock with well-developed proto-

mylonitic, mylonitic and grano-lepidoblastic texture with clear bimodal grain size 

distribution in more sheared rocks. The porphyroclast in the sheared samples is 

plagioclase, orthoclase, and quartz. In some of the samples, mafic minerals also exist 

as a porphyroclasts. 

 

Fig.3. 4. Sheared quartz-feldspar gneiss unit; A. a mylonitized intercalation of quartz and 

feldspar with biotite and hornblende rich layer taken facing to the NW; B. highly foliated and 

sheared quartz-feldspar gneiss taken facing to the NE, C, sheared and moderately mylonitized 

quartz-feldspar gneiss taken facing to the SE and D. highly mylonitized quartz-feldspar gneiss 

taken facing to the SE.  

Mafic minerals including biotite and hornblende constitute significant amounts of 

modal composition in most of the analyzed samples. In some of the samples, these 

mafic minerals also exist as a porphyroclasts. In addition, some of the quartz, biotite, 

and orthoclase also exists as a recrystallized groundmass. Epidote, muscovite, epidote, 

chlorite, zeosite and clinozeosite occur as newly formed minerals. The modal 

composition of this rock is composed of 40% Pl, 35% Or, 17% Mc, 7% Qtz and the rest 

is constituted by Bt, Hbl and less abundant minerals like sphene, apatite, and opaque 

minerals.  
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3.2.3. Biotite hornblende gneiss (PebhG) 

The biotite-hornblende gneiss unit is not a widely exposed unit throughout the study 

area. It occurs as lenses (up to 100 m wide and more than 1 km long along the strike) 

within the quartz-feldspar gneiss.  Clear exposure of this unit is located approximately 

at about 150m from the Weyto river bridge to the west along a road-cut. It is strongly 

sheared and appears to be controlled by shearing.  

The Biotite hornblende gneiss forms a gradational contact from both sides (east and 

west) with the leucratic quartz-feldspar gneiss. It is exposed as small lenses and even, 

the southern and the northern extension of this unit is not clearly identified. This is 

maybe, either due to the soil cover or the nature of the mafic minerals which are 

susceptible to weathering.  

 

Fig.3. 5. Biotite-hornblende gneiss unit exposed by a road cut near Weyto river. A. shows shear-

controlled two zones on a single outcrop; one more mafic and the second slightly lower in the 

composition of mafic minerals, B. shows biotite-hornblende gneiss unit which is controlled by 

local shear zone within the deformed aplitic dike intruding the leucratic quartz-feldspar gneiss 

and C is highly weathered biotite hornblende gneiss.  

This unit is characterized by dark greenish-gray fresh color, light gray weathered color, 

fine to medium-grained and highly foliated texture. It is highly sheared during its 

evolution as evidenced by several asymmetric folding showing sense of transportation. 

This unit is oriented in the N-NW direction, commonly transected by two sets of 
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pegmatite vein generations which are both deformed and retain folding and shearing 

ductile structures. Biotite and hornblende are the dominant mafic minerals within this 

unit and can be observed by the naked eye. The degree of weathering within this 

lithologic unit is also so intense.  

A thin-section study from this unit reveals that it is a coarse-grained rock with 

pronounced schistosity. Hornblende and biotite with less amounts of plagioclase, 

orthoclase, and quartz constitute the rock. The alteration product such as epidote, 

sericite, and chlorite is common giving the rock a tint of greenish coloration. The nodal 

composition of this rock unit indicates 33 % Bt, 23% Hbl, 21% Pl, 20% Or and the rest 

is established by accessory minerals like sphene, and opaque minerals. 

3.2.4. Pegmatite veins and aplitic dike intrusions 

3.2.4.1. Pegmatite vein intrusions 

Three generations of pegmatite veins (P1, P2, and P3) are identified in the study area. 

These pegmatite vein generations are related to a fixed phase of deformation in the 

area and important to distinguish one phase of deformation from the other. The 

first pegmatite vein (P1) is folded by tight isoclinal upright folds of the D2 

deformation (F2). This suggests that the P1 veins which are folded by the D2 

deformations to form the F2 folds are syn-D1 or pre D2 deformation.  

The second pegmatite vein (P2) is intruded during the D2 deformation. These 

pegmatite veins are usually crosscut the regional S2 foliation and highly sheared 

by the D3 deformation or shearing event. The P2 pegmatite veins from west 

verging sinistral drag folds (F3) of the D3 deformation. The last pegmatite vein 

generations are two types (parallel and crosscutting the regional foliations) and 

they are identified in the field by intruding the D3 shearing event. Both of these 

pegmatite vein generations are less or not deformed.  

3.2.4.2. Aplitic dike intrusion 

The aplitic dike intrusion is exposed in the leucratic quartz-feldspar gneiss unit. They 

are light gray or to pinkish in color. This aplitic dike is deformed and intruded syn-D2 

deformation phase as identified in the field from cross-cutting relationships. 
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3.3. Cenozoic volcanic rock and sediments 

3.3.1. Tertiary basalt (TeBa)  

This unit is exposed only at about 4km north of the Weyto river bridge, at the left flank 

of the Weyto river (fig. 3.1). It is Tertiary fault controlled and forming conical surface 

topography. Its diameter exceeds about 500m and its height is also about 750m from 

the main sea level.  

This unit is characterized by black fresh color, dark brown weathered color, fine to 

medium-grained texture and slightly columnarly jointed. Plagioclase, Pyroxene and 

hornblende minerals constitute the majority of the minerals forming this rock unit as 

seen at the mesoscopic scale. Two sets of joints are observed trending towards NW and 

NE direction with about 50 cm joint spacing.   

 

Fig.3. 6. A) the outcrop of basalt unit B) 10x, xpl microscopic view showing flow foliation 

defined by plagioclase laths. 

Petrographically this unit (basalt) is characterized by fine-grained rock composed 

mainly of pyroxene phenocryst embedded in the plagioclase matrix. This rock unit is 

composed of plagioclase 75%, 20% pyroxene and 5% opaque minerals. The minerals 

show flow foliation and look like deformed but, careful examination shows that 

individual minerals are clear and no indication of deformation has taken place. There is 

no intra or inter-grain boundary deformation, and the alteration process is seen except 

Pl 

Hbl 

Pl 

A B 
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the flow foliation defined by plagioclase laths. This indicates that this basalt unit is 

post-tectonic and related to the magmatic process of tertiary volcanics and its 

emplacement is controlled by the main fault which controlled the course of the Weyto 

river. 

3.3.2. Quaternary undivided colluvial sediments (QucS) 

This Neogene Pleistocene (Davidson, 1983) deposit is the oldest soil deposit covering 

a large part of the project area which is about 6km wide bounded from the eastern side 

by the Precambrian quartz-feldspar gneiss unit and underlain by the Quaternary fluvial 

sediments filling the bases of the Weyto river basin. Its contact with the underlying 

Precambrian quartz-feldspar gneiss unit and overlying Quaternary fluvial sediments 

respectively are unconformity. This unit is derived from the disintegration of the 

preexisting crystalline basement rocks and post-rift volcanic successions due to the 

prolonged weathering effect following the uplifting of the landmasses. It is 

characterized by orange-brown to grey color and clayey or silty sands with some gravel 

beds.  

3.3.3. Quaternary fluvial sediments (QufS) 

This lithologic unit is extensively exposed along the Weyto river basin and its 

tributaries. It is composed mainly of clayey sand, silty sand and riverbank deposits like 

gravel and conglomerates. They are characterized by orange to reddish color along the 

ridgelines forming the Weyto river valley and light gray weathered within the floor of 

the Weyto river. Local communities along the Weyto river use this sediment as 

irrigation land for cultivating crops as it is rich in nutrients for cultivation.  

The Burule nongovernmental agricultural land mainly cultivating cotton is also lain 

within this fluvial sediment of the Weyto river basin. It is bounded from the western 

side by the Weyto horst leucratic quartz-feldspathic gneiss and from the east, it is 

bounded by the Quaternary colluvial sediment deposited east of the Weyto River.  The 

northern extension of this lithologic unit is undifferentiated alluvial, fluvial and 

lacustrine sediment around the Weyto Lake Northerly outside this study area. The 

southern extension of this lithologic unit also terminates to lake Chew Bahir southwards 

out of the current study area Davidson, (1983). 
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Fig.3. 7. Quaternary sediment deposits filling the Weyto graben exposed by the Weyto river. A 

is fluvial sediment while B is colluvial sediment exposed by a river cut. 
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4. Structural Geology of the Area 

4.1. Introduction 

Southwestern Ethiopia in general and the Weyto area specifically has experienced 

polyphase ductile deformations during the Neoproterozoic and superimposed by the 

Tertiary rift-related brittle faulting. The ductile deformations leading to the formation 

of ductile structure is observed in the crystalline basement rock units. Four phases of 

ductile deformations: D1, D2, D3, and D4 associated with folding (Fn), foliations (Sn), 

and lineation (Ln) are observed and recorded based on the principle of crosscutting and 

superposition. A composite structural map of the area is shown in fig.4.1 and that of rift 

related faults is shown in fig.4.13. Detailed description of each phase of deformation is 

given in the following sections. 
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Fig.4. 1.Geological structural map of the study area 
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4.2. The D1 deformation 

The first phase of deformation (D1) at a mesoscopic scale in the area produced foliation 

(S1). The corresponding F1 folds of the D1 deformation is completely destroyed by the 

later deformation phases and not exposed in the area. No Primary (S0) structure is 

generally examined within the limit of the study area. Evidence of the D1 deformation 

usually occurs at mesoscopic scale as folded pegmatite veins. The examined S1 

foliations are coplanar to the S2 foliations and are restricted to where the F2 folds are 

exposed. 

 

Fig.4. 2.Equal area lower hemisphere stereographic projection of D1 deformation. A, and B, 

respectively representing the poles to 20 S1 foliation planes and contours of the poles to the S1 

foliations. 

4.2. D2 deformation 

The structural elements of second phase of deformation in the study area are the product 

of east-west non-coaxial shortening event and forms the major fabric in the study area. 

The D2 deformation produced F2 folding, S2 foliations, and L2 lineations as identified 

in the area. 

4.2.1. The F2 folds 

The F2 folding is locally exposed at the mesoscopic scale. A representative of F2 

mesoscopic fold is common in the sheared quartz-feldspar gneiss exposed east of the 

Weyto river, at Kerkerte locality.  Less prominently, they are also exposed within the 
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quartz-feldspar migmatite in the west. In sheared quartz-feldspar gneiss, F2 folding is 

sub-horizontal (fig. 4.4) ~17°→ 355° tight isoclinal fold. Within the quartz-feldspar 

migmatite, F2 folds are also common and very tight in nature but, their exposure is rare 

due to migmatization. This F2 folding must have been produced due to the high intensity 

of shortening stress as the folds are intrafolial, have a very tight inter-limb angle and 

highly stretched and boudinaged limbs.  

 

Fig.4. 3. Photo and sketch of D2 deformation, the associated F2 folding and S2 foliation observed 

on the quartz-feldspar gneiss unit at the eastern side of the Weyto river taken facing to the NE. 

Location: 288240 E and 593578 N. 

 

Fig.4. 4. The lower hemisphere stereographic projection of the F2 fold axis. 

N= 5 

Boudins 
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4.2.2. The S2 foliations 

The S2 foliation forms the major structural element in the study area. Megascopically, 

it is defined by gneissic banding and alignment of minerals like quartz and feldspars. 

They are crosscut by pegmatite veins, aplitic dikes and local shear zones within the 

main foliation fabric. S2 foliations are generally oriented in N- S direction dipping to 

the E (fig.4.1, 4.5 a & b).  

S2 foliation is uniformly developed over the whole Precambrian units of the study area. 

But, the quartz-feldspar migmatite unit has undergone a prolonged period of 

migmatization and highly intruded by veins and hence, the general continuity of the S2 

foliation is highly disrupted. It is possible to infer its overall orientation by carefully 

examining the contacts of rock units, e.g. lenses of quartz-feldspar gneiss within the 

quartz-feldspar migmatite. These lenses of leucratic quartz-feldspathic gneiss are less 

affected by late coming melt which has the trend of N- S and dipping in the E direction 

similar to the other Precambrian lithologic units of the study area. 

 

Fig.4. 5. Lower hemisphere equal area stereographic projection of S2 foliations. A and B 

respectively represent the poles and contours to 69 planes of S2 foliation. 

Some aplitic dikes and granitic gneiss exposed within the quartz-feldspar migmatites 

and leucratic quartz-feldspathic units also show weak S2 foliation compared to the other 

Precambrian metamorphic rocks of the study area. This is due to the fact that they are 

resistant to deformation due to competence and they appear to be young, intruded syn-

D2, most probably during the late stage of the D2 deformation. This implies that the D2 
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deformation took extended period during which the early formed S2 fabric was invaded 

by migmatization and veining which were subsequently affected by late D2 deformation 

and retained weak S2 fabric.  

The S2 foliations at microscopic scale are locally defined by the preferred orientation 

of platy minerals and usually by the grain-shape foliation of non-platy minerals like 

quartz and feldspars.  

4.2.3. The L2 lineations 

L2 lineations are generally characterized by mineral elongation lineations of biotite and 

expressed in terms of preferred orientations of prismatic grains of hornblende. The L2 

lineations have an orientation (plunge) sub-parallel to the F2 fold axis. 

 

Fig.4. 6. The L2 lineations on the plane of S2 foliations; A, is exposed by a river-cut at a Kerkerte 

area and B, a road cut exposure near Weyto river bridge. Location: A; 287919 E and 596198 N 

and B,281550 E and 591856 N. 

L2 lineations are common throughout the study area especially in the leucratic quartz-

feldspathic gneiss, and biotite-hornblende gneiss. They are rare within the quartz-

feldspar migmatite units. The overall trend of these L2 lineations is plunging sub-

horizontally ~15˚to the north (fig.4.7) although there are some measurements showing 

shallowly W-NW. This variation is may be due to the effect of superimposed late 

deformation events. 
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Fig.4. 7. Lower hemisphere equal area stereographic projection of the L2 lineations 

4.3. The D3 deformation 

The D3 deformation in the area has developed F3 folds and S3 foliations. This phase of 

deformation is essentially a major shearing event in the area.  

4.3.1. The F3 folds 

F3 folding formed by D3 deformation are widely exposed over the biotite-hornblende 

gneiss and sheared quartz-feldspar gneiss units.  

 

Fig.4. 8. Shows F3 asymmetrical folds of D3 deformation with a typical west vergence. A. Two 

folded pegmatite vain crossing the sheared quartz-feldspar gneiss located at 2888083 E and 

596286 N. B, is a folded pegmatite vain crossing the biotite-hornblende rich exposure located 

at 281504 E and 591976.  

N=15 

N 
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They are characterized by N-S trending axial planes, asymmetrical, sub-horizontal and 

plunging ~16˚→355˚ drag-folds (fig.4.8, 4.9). F3 fold show west vergence and are 

characterized by hinge thickening and limb thinning (fig.4.8). Moreover, the limbs of 

F3 folds are stretched, tailed and occasionally cut off from the fold and occur as boudins 

forming part of the transposed metamorphic layering (fig.4.8). The majority of the F3 

fold axis plunges to the north with rare exceptions plunging to the W-NW. This is 

maybe due to the effect of superimposed D4 deformations. 

  

Fig.4. 9. Lower hemisphere equal area stereographic projection of F3 fold axis 

4.3.2. S3 foliations 

The S3 foliation forms a shear-fabric which is superimposed over the S1 and S2 

foliations. These S3 foliations are produced by a localized shear zone striking parallel 

to the major S2 regional fabric. They are defined by prominent amounts of mafic 

minerals at mesoscopic and microscopic scales. S3 fabrics differ from the S2 foliations 

by the change in color from leucocratic to melanocratic, defined by the strong alignment 

of altered hornblende and biotite minerals.  

S3 occurs as discrete narrow shear zones in west of the Weyto river but, the intensity 

increases to the east, where the original S2 fabric is nearly completely destroyed and 

superimposed by continues S3 myolinitic and phyllonitic fabric. Where S3 is discrete 

and zonal, it is clearly observed that the central part of the shear zone is depleted in 

quartz and feldspar grains as a result of grain-size reduction by dissolution, solution 

transfer, and subsequent removal of the quartz and feldspar minerals. This has produce 

N 
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hornblende and biotite rich, phyllonitic schist with minor quartz and feldspar grains 

forming porphyroclasts (fig.4.10).  

 

Fig.4.10. S3 proto-mylonite manifested by a porphyroclast inclusion formed by a sinistral sense 

of shearing with the S3 fabric overprinting the S2 fabric. The photo is taken from a river cut 

exposure from the north-eastern part of the study area (287919 E longitude and 596198 N 

latitude). 

Elsewhere, S3 is characterized by a range of shear zone fabric; from less affected 

protomylonite up to highly sheared and dynamically recrystallized mylonite with 

asymmetrically deformed porphyroclasts of quartz and feldspars (fig. 4.10) accounting 

for up to 20-25% set in finer-grained hornblende, mica, quartz, and feldspar matrix. The 

shear zones are usually associated with retrograde minerals such as chlorite, epidote, 

and muscovite which appear to have partially replaced biotite and hornblende. 
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Fig.4. 11.Lower hemisphere equal area stereographic projection of poles to 10 planes of S3 

sheer fabric 

4.4. The D4 deformation 

D4 Deformation is the last ductile deformation phase observed in the study area. It is an 

N-S directed compression forming open-upright folds with nearly east-west trending 

fold axial planes and gently wets plunging axis. The D4 deformation is not associated 

with any planar fabric development. It is weak north-south deformation and appears to 

have modified the D2 and D3 fabric from steep to shallow dip.  

4.4.1. F4 folds 

F4 folds are widely exposed over the leucocratic quartz feldspathic gneiss and the 

quartz-feldspar migmatite units. The F4 folds are open upright in their nature with their 

axial plane trending in the E-W direction. F4 folding affects the whole former composite 

S1, S2, and S3 fabrics. The fold morphology as exposed by a road cut exposure at the 

side of the Weyto river bridge looks wavy with the modification of the former D1-D2 

and D3 structures to different orientations (fig.4.12).  

N=10 
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Fig.4. 12.A road-cut exposure of F4 folds and lower hemisphere equal area stereographic 

projection of its fold axis. Location: 288220 E longitude and 593578 N latitude. 

4.5. The D5 deformation 

D5 deformation in the study area is characterized by a brittle structure and associated 

with the Tertiary rift faulting which formed the regional East African Rift System 

(EARS). The majority of these brittle structures are oriented parallel to the major ductile 

S2 and S3 foliation surfaces (see later). The D5 brittle structures which are recorded in 

the field are normal faults, lineaments, and joints.   

4.5.1. The D5 normal faults  

Normal faults are common brittle structures observed in the study area. They are formed 

as bounding faults of series of rift-related grabens and horsts within the area. The 

evidence for the existence of normal faults is indicated by the disruption of lithological 

units, change in the elevation of the units and extrusion of basaltic magma (fig.3.1, 

4.13).  Two major grabens namely the Buraele and Weyto grabens separated by one 

major horst, the Guyle horst (fig.4.13) were developed in the area due to the normal 

faulting. These grabens and horst contain subsidiary grabens and horsts forming rift-in-

rift structures aligned parallel to each other in the N-S direction in the study area 

(fig.4.13,4.14).  
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Fig.4. 13. D5 brittle structure normal faults of the study area. 
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Fig.4. 14. Cross-sections along section A-A', and B-B' of fig 4.10.



52 
 

4.5.1.1. The Buraele graben and associated faults 

Two major faults are clearly traced west of the Weyto river and form a Buraele graben 

from the west (fig.4.13 and fig.4.14a, and b). The faults propagate in the NW direction 

for the entire length of the study area. The faults produce a step fault geometry in the 

north and converge to the south. Along their strike, they are segmented by NW-SE 

linking faults and appear to have a side-stepping zig-zag trace on the surface. The down-

throw direction is in the W-SW direction. The average down-throw reaches up to 150 

m.  

The Quaternary sediments usually cover the major Buraele graben and currently used 

for commercial farming. The magnitude of downthrow shows a general decreasing as 

one goes from south to north. The southern part is more down-dropped than the northern 

part of the area as clearly seen in the field by a dramatic decrease in elevation from the 

north to the southern part of the study area.  The eastern segment of the Buraele graben 

bounding fault marks the western margin of the Guyle horst (fig.4.13, fig.4.14a).  

4.5.1.2. The Guyle horst and associated faults 

The Guyle horst is formed of quartz-feldspar gneiss. It is the most outstanding 

topographic feature bounded to the west by a Buraele basin boundary fault and to the 

east by a major N-S normal fault expressed itself as a major cliff-forming topographic 

relief and the trace of which is followed by the Weyto river (fig.4.13). Minor, synthetic 

faults with the same strike and downthrow direction supplement the eastern horst 

bounding fault.   

To the north, the fault zone is intruded by basaltic plug indicating that the fault is deep-

sited (fig.3.1). The eastern horst bounding fault has an eastward downthrow with an 

estimated displacement of up to 300 m to the east. The relief of Guyle horst decreases 

to the south and eventually dies out to the south where the Weyto and Buraele grabens 

merge to form one of the major rift basin, the Chew Bahir basin in the south. 

4.5.1.3. The Weyto graben and associated faults 

The Weyto graben starts from the eastern bounding fault of Guyle horst and widens to 

the east outside the limit of the study area (fig.4.13, 4.14). It is over 5 km in width. 

Faults within the Weyto graben have generally N-S strike and are also associated with 

ENE-WSW major lineaments with undifferentiated downthrow magnitude and direc- 
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ions.  

Numerous, grossly N-S faults can be traced within the Weyto basin essentially from the 

topographic break (fig.4.13) and google earth images. The faults have either westward 

or eastward downthrow direction, locally producing step-fault geometry (fig.4.11b). 

The eastward dipping faults are synthetic to the major basin bounding fault in the west, 

while the west-dipping faults are antithetic in geometry. The overall fault architecture 

produced minor grabens and horsts within the Weyto graben (fig.4.14). The minor 

horsts form small undulating hills and occupied by sheared metamorphic rocks while 

the grabens are completely filled by alluvial, colluvial and fluvial sediments.  

4.5.2. The D5 lineaments  

Several of linear brittle structures seen in the study area during the field-work, DEM 

analysis, and from Google Earth images. These lineaments usually oriented at an angle 

to the major normal faults and the majority of them trending in the NW-SE. Local NE-

SW trending lineaments are observed but, they are less important than the NW-SE 

(fig.4.13). These linear structures link the major normal fault structures in the area. No 

significant displacement amount has been recorded for the majority of them and they 

are traced on the surface at an angle to the Precambrian ductile structures.  

 

Fig.4. 15. Normal faults of the Weyto area. A) the hanging wall is traveled to the southwest 

direction. B) groups of tear faults that show a south-eastward offset. C) and D) are mega faults 

that also shows rotation indicated by the northward direction increase in surface topography. 
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A.) and B) are located 279318 E longitude and 592572 N latitude. C is a panoramic photo view 

of normal fault zone taken standing from the basalt unit at 283871 E longitude and 59 5515 N 

latitude facing to the west.  D is also a panoramic view taken from a ridge within a migmatite 

unit facing to the southwest direction.  

4.5.3. D5 joints  

The area is pervasively jointed. Jointing is more intense, closely spaced and continuous 

in hard units. They are commonly open with aperture width in the range of 10s of mm 

to a few cms. The orientation of the joints is measured, and most of them have an N-S 

orientation, parallel to the major faults described above. 

4.5.4. Orientation analysis of D5 structures    

Fault surfaces are generally modified by secondary weathering, erosion and vegetation 

growth. Therefore, it has been difficult to find the original fault plane to take 

measurements. However, where possible, the strike and dip measurements were taken 

and presented. The general trend of major faults (the strike) is deduced from the traces 

on the map using a compass.  

The strike data of all the faults are presented. Joints are usually vertical and only their 

strike is measured and presented. The rose diagram of strike of faults (fig.4.16d) shows 

generally N-S. Likewise the S2 & S3 strike orientations are also N-S (fig.16a & b). The 

strike data of all faults (fig.4.16d) and the strike data of all joints (fig.4.16c) presented 

as a rose diagram shows the dominant N-S. This orientation is coplanar to the strike of 

the regional foliation (fig.4.16a & b). This relationship suggests that the orientation of 

Precambrian ductile structure has truly controlled the orientation of the rift structure. 
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Fig.4. 16. Rose diagrams of the orientations of faults, joints and Precambrian structures. a) S2 

foliation, b) S3 shear fabric, c) D5 joints d) faults  

4.6. Concluding remark 

F1 folding is not observed in the area. Intrafolial folding (F2) produced due to D2 

deformation by extensive shortening of the preexisting fabric (S1) with prominent axial 

planar foliation (S2). A shear zone (S3) which is mainly parallel to the S2 foliation 

surface and west verging asymmetrical drag folding with hinge thickening and limb 

thinning is associated with sinistral N-S shearing or D3 deformation.  E-W trending 

open upright folding produced by N-S directed weak compression (D4 deformation) has 

affected the whole pre-existing Precambrian composite fabrics. The orientation data of 

D5 structures indicate that; the rift structure is coplanar with the Precambrian ductile 
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structures. It is interesting to note that, although the faults and joints have a general N-

S orientation, the downthrow magnitude varies along the strike of a single fault 

(fig.4.13). This may indicate that, either the extension is not orthogonal to the layer or 

such varied displacement along the fault plane is produced due to the control of pre-

existing structure on the strain rate during extension. 

 In general, (including the horst, graben, synthetic, antithetic faults and etc.) D5 

extension is classical structures associated in extensional tectonic regime (Fossen and 

Rotevatn, 2015). The variation in the magnitude of the throw along a single fault zone 

has resulted in of scissor fault geometry. Such fault systems develop in oblique 

extension (Fossen and Rotevatn, 2015). Therefore, it can be concluded that the D5 

extension in the area is a result of the non-orthogonal extension. 
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5.Metamorphism 

5.1. Introduction  

Metamorphism according to (Miyashiro, 1994) is a collective name for the 

mineralogical, chemical and textural change of rocks that take place in essentially solid-

state, that is, without substantial melting, in deeper parts of the earth at various 

temperatures higher than those encountered on the earth’s surface.  

It is typically associated with elevated temperature and pressure, thus it affects rocks 

within the earth’s crust and mantle (Bucher & Grapes, 2011). Metamorphism, 

metamorphic processes and mineral transformations in rocks at elevated temperatures 

and pressures are fundamentally associated with chemical reactions in rocks.   

These changes usually involve the formation of new minerals by various mechanisms, 

including nucleation and of metamorphic minerals at the expense of preexisting 

amorphous, submicroscopic and/or clastic sedimentary materials, as well as of older 

metamorphic and igneous minerals.  

These changes are collectively known as metamorphic crystallization. Metamorphic 

crystallization will lead to the formation of appropriate equilibrium mineral 

assemblages under the appropriate conditions if those conditions continue for a long 

period of time. The mineral assemblage depends on the bulk chemical composition of 

the rock and on the physical conditions of metamorphism (Spry, 1969). 

Following the tectonothermal event that has affected the East African Orogen during 

the Neoproterozoic to the early Cambrian, the Weyto area of Southwestern Ethiopia has 

experienced various deformation and metamorphic mineral growth that has been 

examined at mesoscopic and microscopic scales.   

The mesoscopic and microscopic scale study of the selected 23 representative samples 

reveals that various deformational phases and mineralogical assemblage changes had 

taken place in the area. The modal abundance of the mineralogical assemblages, degree 

of deformation, alteration and the presence of index minerals has been studied under a 

petrographical microscope. At least two metamorphism phases are recognized 

associated with the deformation phases of the area.     
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5.2. Metamorphic mineral assemblages and microstructures 

5.2.1. The metamorphic mineral assemblage of quartz-feldspar migmatite  

The metamorphic mineral assemblage for most of the studied samples in the area 

consists of: Or +Pl +Mc + Qtz + Hbl ± Ap and the alteration products include Bt + 

Ms + Chl ± Ep. The minerals are typically characterized by coarse-grain dimensional 

preferred orientation defining the regional S2 fabric.  

Orthoclase in most of the samples has subhedral to euhedral grains with 0.3-0.4mm 

grain size and forms a porphyroclastic phase. It is usually altered to sericite (muscovite), 

and in sheared rocks, it is recrystallized to fine grain size. Plagioclase grains are usually 

calcic (labradorite) and in most of the studied samples show twinning and in some 

samples shows polysynthetic twinning. The grains are mostly altered to sericite 

(muscovite) and epidote. Where shearing is intense, plagioclase is altered to fine-

grained albite.  In rare cases, the alteration is so intense that one can only see the pseudo-

morph of plagioclase. 

Microcline usually found as cross-hatched twinning subhedral to euhedral grain 

boundaries. In some of the samples, microcline is found as porphyroclast and 

groundmass of platy minerals (usual biotite) deflected around it following the localized 

shear zone. Quartz grains usually occur both as porphyroclastic and recrystallized 

groundmass. The porphyroclast grains sometimes show undulose extinction while 

recrystallized groundmass has straight grain boundaries.  

Biotite grains are usually elongated, either interlocked between the quartz-feldspar 

grains or deflected around the feldspars porphyroclasts where there is shearing. 

Hornblende is among the rarely found mafic minerals in some of the samples. Usually, 

hornblende is euhedral in shape with two sets of cleavages.  

The low-grade minerals (muscovite, biotite, and chlorite) grow along with the narrow 

shear bands or at the proximity of the shear zones. While the assemblage (Or +Pl 

+Mc + Qtz ± Hbl) indicates that this rock is metamorphosed to medium to high grade, 

upper amphibolite facies condition of metamorphism. The coarse-grained granoblastic 

texture and the co-existence of hornblende and calcic plagioclase may indicate an 

amphibolite facies, the migmatization of the rock constrains temperature in excess of 

700°C (above wet granite melt). This assemblage is an M1 and regarded as prograde 
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from the parental rock. The alteration products (Ms + Chl ± Bt + Ep ± Ab) are 

indicative of hydration reactions which might have taken place during uplift or D3 

sheared zone related to fluid migration. This marks low-grade greenschist facies and 

marks the second metamorphic event (M2) in the area. 

 

Fig.5. 1. Photomicrograph of the quartz-feldspar migmatite unit; A) granoblastic texture of 

plagioclase and orthoclase in subhedral grains of hornblende, B) microcline porphyroclast 

showing sinistral sigmoidal structure rimed by biotite, C) alteration products (biotite, chlorite, 

sericite or fine grain mica and epidote)  on plagioclase and orthoclase porphyroclasts D) felsic 

granulite showing recrystallization of a large plagioclase porphyroclast surrounded by fine 

grains of biotite, quartz microcline, plagioclase, and orthoclase. 

5.2.2. The metamorphic mineral assemblage of leucocratic quartz-feldspar gneiss  

The leucocratic quartz-feldspar gneiss unit shows two slightly different metamorphisms 

mineralogical assemblages compared to the quartz-feldspar migmatite. It shows a less 

amount of mafic minerals such as hornblende. These assemblages represent two phases 
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of metamorphism (M1 and M2). Or + Pl + Mc + Qtz ± Sp is the metamorphic mineral 

assemblage indicating prograde metamorphism while Chl + Ms ± Bt ± Ep mineral 

assemblage represents retrograde metamorphism in this unit.  

 

Fig.5. 2. Photomicrograph of the leucratic quartz-feldspar gneiss unit; A) large orthoclase 

porphyroclast showing recrystallization, B) retrograde metamorphism showing biotite growth, 

recrystallization following the localized shear zone and sericitization of plagioclase, C) 

myrmekitic texture (intergrowth of quartz within a plagioclase grain, and D) compositional 

banding of quartz and K-feldspars. 

The mineral assemblage (Or + Pl + Mc + Qtz ± Bt ± Sp) is characterized by a coarse-

grained texture with well-developed granoblastic texture and clear bimodal grain size 

distribution in more sheared rocks. This mineral assemblage is characterized by 

dimensional preferred orientation defining the major S1 and S2 fabric.  

Orthoclase is the dominant constituent in most of the analyzed samples. The larger 
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 grains usually occur as a porphyroclasts with some subhedral to anhedral grains 

reaching 0.2-0.3 mm in diameter. It is surrounded by fine to medium-grained, 

recrystallized groundmass of quartz, plagioclase, biotite, and orthoclase. In most of the 

samples analyzed, orthoclase is altered to sericite (muscovite). 

Plagioclase is the second abundant mineral in most of the samples. Plagioclase grains 

occur as subhedral and elongated grains having a length up to ~0.4mm. It is usually 

highly altered to sericite and epidote and even in some of the samples, the plagioclase 

grains are replaced pseudomorph and hence the shape is preserved. The dominant 

anorthite content in most of the samples is usually andesine (An35-An38).  

Quartz usually occurs as groundmass in most of the samples but there is also quartz 

porphyroclast in some of the analyzed samples. Easily distinguished by their undulose 

extinction and characterized by anhedral to euhedral grains of about 2 mm in diameter. 

Microcline occurs as subhedral to anhedral porphyroclast. There are also local 

conditions of microcline occurrence as recrystallized groundmass.  In most of the 

sample, microcline is unaltered and the polysynthetic crosshatched twinning is clearly 

seen. Biotite is the major mafic mineral in the rock. The grains are platy and elongated 

forming aggregates with clearly observable one set of cleavage.  

Generally, the low-grade minerals (muscovite, chlorite and epidote and biotite) grow 

along the narrow shear zones.  The mineral assemblage (Or + Pl + Mc + Qtz ± Sp) is 

an indication of high grade, upper amphibolite facies metamorphic rocks. The existence 

of coarse-grained texture of orthoclase, calcic plagioclase and the disappearance of 

anhydrous minerals (pyroxene) indicate this rock unit is characterized by upper 

amphibolite facies metamorphism. The alteration products, sericitic muscovite, 

chlorite, and biotite are indicative of retrograde metamorphism which may have taken 

place during uplift or D3 shear zone related fluid migrations. 

5.2.3. The metamorphic mineral assemblage of the sheared quartz-feldspar gneiss   

The sheared quartz-feldspar gneiss from the eastern side of the Weyto river especially 

around Kerkerte area, show slightly different metamorphic condition in terms of the 

mineral sequences and the intensity of deformations. The abundance of mafic minerals 

(biotite and hornblende) are high compared to the leucratic quartz-feldspar gneiss. But, 

the overall metamorphic minerals show two mineral assemblages that show two phases 
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of metamorphism (M1 and M2). The prograde mineral assemblage (M1) is defined by 

Pl + Or + Mc + Qtz +Bt ± Hbl ± Sp while the retrograde metamorphic mineral 

assemblage consists of Ms + Zo+ Czo + Chl. 

The gneissic banding is well developed but, enhanced by late shear deformation where 

shear zones are defined by more mafic minerals which are usually altered to a greenish 

color. The minerals are characterized by coarse-grained rocks with well-developed 

grano-lepidoblastic texture with clear bimodal grain size distribution in more sheared 

rocks. The porphyroclast in most of the samples is plagioclase which is usually calcic 

(andesine) and orthoclase. 

Plagioclase is the dominant constituent in most of the analyzed samples. Usually, calcic 

(An57-An60 or labradorite) and the larger grains occur as a porphyroclasts surrounded 

by fine to medium-grained, recrystallized groundmass of quartz, plagioclase, biotite, 

and orthoclase. It is usually highly altered to sericite and epidote and even in some of 

the samples, the plagioclase grains are replaced pseudomorph and hence the shape is 

preserved.   

Orthoclase usually exists as a subhedral to euhedral porphyroclasts surrounded by a 

groundmass of biotite mica and quartz. It is usually altered to sericite (muscovite). 

Microcline is characterized by crosshatched twin lamellae, medium-grained, subhedral 

and less elongated. In some of the samples, antiperthitic microcline (intergrowth of 

potassium and sodium-rich feldspar when the host rock is potassium-rich feldspar) is 

common.  

Quartz is elongated, medium-grained with undulose extinction. Easily distinguished by 

their undulose extinction and characterized by anhedral to euhedral. Biotite is flaky, 

elongated and deflected around the rigid porphyroclasts (usually orthoclase) showing 

well-foliated structure and localized to the shear zones. Hornblende is rarely occurring 

and is usually altered to epidotes (zoisite and clinozoisite).  

Generally, the coarse-grained main assemblage (Pl + Or + Mc + Qtz+ Hbl ± Sp) 

indicates that this rock is metamorphosed to medium to high-grade, upper amphibolite 

facies metamorphism. The co-existence of coarse-grained and partly recrystallized 

calcic plagioclase (labradorite) and local existence of hornblende in the assemblages 

may also indicate upper amphibolite facies condition of metamorphism.   
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Fig.5. 3. Photomicrograph of the sheared quartz-feldspar gneiss; A) compositional banding of 

biotite and quartz-feldspar minerals showing the S1S2 and S3 fabric, B) plagioclase 

porphyroclast showing recrystallization surrounded by fine grains of quartz and feldspars, C) 

epidotization (zoisite and clinozoisite) overprinting hornblende- plagioclase grains and biotite 

growth, D) plagioclase polysynthetic twinning, E) biotite growth following localized shear 

zone, F) Sericitization of plagioclase, G) deformed, slightly boudinaged, and marginally 

recrystallized plagioclase porphyroclast and H) strongly flattened quartz and feldspar.  

5.2.4. The metamorphic mineral assemblage of the biotite-hornblende gneiss  

As described in chapter three, the biotite and hornblende rich quartz-feldspar gneiss are 

difficult to have a representative sample. They are widely exposed almost throughout 

the major quartz feldspathic gneiss, especially near Weyto bridge at about 100 m to the 

west along the road to Jinka. But from this site, the representative sample is lacking. 

They are also highly prone to weathering as they highly composed of mafic minerals 

like biotite and hornblende. The sample representing this unit from which thin-section 

is prepared is exposed within the quartz feldspathic rock unit as this rock unit is fresher 

and easily taken. Metamorphism in this unit shows two phases, M1, M2. 

Bt +Hbl +Pl + Or + Qtz is the mineral assemblage defining the prograde 

metamorphism while usually, Ep ± Chl ± Ms defines retrograde metamorphism. The 

hornblende grains are highly altered to epidote and chlorites. The grains are usually 

very course under the microscope. Biotite appears platy and exists in equilibrium 
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conditions with hornblende. The plagioclase grains are coarse-grained usually calcic 

(andesine) subhedral to anhedral in shape and slightly altered to sericite at places. 

Orthoclase also usually occurs as porphyroclast and locally as a groundmass. The low-

grade minerals epidote, chlorite, and muscovite grow as alteration products. 

The main assemblage (Hbl + Bt +Pl + Or + Qtz) indicates that this rock is also 

metamorphosed to medium to high grade, upper amphibolite facies condition of 

metamorphism. The course grained granoblastic texture, and the co-existence of 

hornblende and calcic plagioclase may also indicate upper amphibolite facies 

metamorphism. 

 

Fig.5. 4. Photomicrograph of the hornblende-biotite gneiss; A) granoblastic texture of 

plagioclase, hornblende and orthoclase minerals with alteration overprint (zoisite and chlorite), 

B &C) chloritization, epidotization and sphene growth overprinting the hornblende, biotite, 

orthoclase, and plagioclase minerals. 
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5.3. Temporal relationship between metamorphic mineral growth and 

deformation 

As described in chapter four, the area is affected by four phases of Precambrian ductile 

deformation and a phase of brittle extension which produced rift-related graben and 

horst structures. The metamorphic minerals and related microstructures are described 

earlier. Although no distinct porphyroblast growth is observed, from the textural and 

fabric relationships, the timing of peak metamorphism and retrograde metamorphism 

is related to two major phases of deformation. The major dimensional alignment of 

metamorphic minerals is generally parallel to the S1-S2 gneissic banding and hence M1 

has attained during the D2 deformation. The retrograde minerals, defining the D3 sheer 

fabric (S3 surface) and represent the M2 metamorphism. The M1 is a prograde event 

which might have evolved from D1 up to D2 deformation. The alteration products, 

chlorite muscovite, epidote and biotite indicative of hydration reactions which might 

have taken place during uplift and or D3 shear zone related to fluid migration.  

Table 5. 1. A summary of metamorphic mineral growth with respect to deformation 

 

Metamorphic 

minerals 

Phases of deformation 

                     Pre D2 Syn D2 Syn D3 

Quartz  

 

  

Plagioclase 

(An45) 

 

 

  

Orthoclase    

Hornblende    

Biotite    

Chlorite    

Epidote    

Muscovite    

Condition of 

metamorphism 

       middle amphibolite upper 

amphibolite 

greenschist 
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5.4. Concluding remark   

Two metamorphic events have been identified in the rocks of the Weyto area. These 

are the regional prograde metamorphism forming the major foliation and gneissic 

banding and the retrograde metamorphism overprinting the high-grade prograde 

metamorphism. The prograde metamorphism forms the M1 metamorphic event in each 

lithologic unit while the retrograde metamorphism is characterized by the alteration of 

the high-grade M1 assemblage and are M2 event in the area.  

The retrograde mineral assemblages that are commonly found in most of the studied 

samples include chlorite, muscovite (sericite), epidote, zeosite clinozeosite and in some 

of the samples albite. The existence of the low-grade mineralogical assemblages 

overprinting the relatively high-grade metamorphic mineral assemblage indicates that 

either there is an abrupt addition of volatiles (such as H2O and CO2) following the pan 

African shear zones during the final stage of the EAO or there is a regional uplifting 

period followed by erosion that is responsible for the decrease in the P-T condition to 

which these lower grade minerals exists.  

 

 

  



68 
 

6. Discussion and Interpretation 

6.1. Introduction 

The geology of the Weyto area is among the less-studied parts of the country. Previous 

works are either at a small scale (Davidson, 1983) or too specific (Mitiku and Yirgu, 

2003). The details of the structural and metamorphism condition are not sufficiently 

studied considering the location of the area and its significance. This study tried to 

contribute some of the required geological pieces of information of Weyto area from 

field data and petrographic studies.  

As presented in the previous chapters Weyto area is affected by four ductile (D1, D2, 

D3, and D4) and a brittle (D5) deformation phases as described in chapter four. The data 

shows that the four ductile deformation phases are associated with two generations of 

metamorphic mineral growth. The relationship of this ductile deformation with 

metamorphic mineral growth and the brittle structure of the fifth deformation phase 

(D5) are important findings of this study. The interpretation, correlation, and 

implications of these findings to the understanding of the geological evolution of the 

region are discussed below. 

6.2. Correlation of the lithology to the regional geology 

The lithological association in the area (quartz-feldspar migmatite, leucocratic quartz-

feldspar gneiss, sheared quartz-feldspar gneiss, and hornblende biotite gneiss), though 

the source of metamorphism has obscured their original natures, may represent granitic 

and volcano-sedimentary protoliths. These were previously mapped under the Hamar 

domain (Davidson, 1983) and were thought to be composed of quartz-feldspar gneiss. 

This study, however, described much more detail lithologic associations.  

6.3. Correlation of structure and metamorphism in the area to the regional setting 

The rocks in the study area were affected by five (5) phases of deformation. The major 

structural trend which is composite S1-S2 is generally N-S suggestive of fabric 

development under E-W directed possibly pressure compressive stress. During the D1-

D2 intense deformation, the metamorphic grade attained upper amphibolite facies. 

Migmatization in the area is indicative of the condition of metamorphism under 

elevated temperature (in excess of 700°C) and pressure conditions.   
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The D1-D2 deformation is similar to those described by Davidson (1983) in Hamar 

domain and Gore-Gambella (Ayalew and Peccerillo, 1998). These phases of 

deformation and metamorphism are thought to have occurred during the continent-

continent convergence and eventual collision phase of East Africa (Stern, 1994).  

The superimposed D3 phase of deformation is characterized by shear deformation and 

associated with low-grade metamorphic conditions. The structural trend of D3, 

especially of S3, is sub-parallel to the N-S regional S1S2 composite fabric. It is typically 

produced phyllonitic, myolinitic fabric of variable intensity. Discrete zones of D3 shear 

fabrics are widespread throughout the area but more pronounced in the eastern part.  

This event is not similar to the Surma shear zone described by (Davidson, 1983) which 

has an NW-SE trend. In other parts of Ethiopian Precambrian rocks such N-S trending 

late shear zones are abundantly mapped (e.g. Abdalsalam et al., 2008). So the D3 shear 

zone in the study area is believed to be part of the orogen parallel shear zones of the 

EAO which were developed in response to oblique convergence and resulted in escape 

tectonics at the waning stage of the EAO (Stern, 1994).  

The last ductile deformation (D4) in the area is characterized by E-W open folds without 

any fabric development. This deformation is may be due to an N-S directed weak 

compression. However, given that it is local and not intense, it is possible that such 

open folds are developed in response to buckling due to rigid body indentation along 

the deformation front of D3 shearing.  

6.4. Tertiary extensional structure (D5) and implications  

D5 brittle deformation is major extensional tectonics which forms the blocks of the 

normal faults and the associated sets of joint structures. The D5 normal fault structures 

formed successive two major grabens and one horst in the area (fig.3.1; fig.4.13). All 

of the grabens in the area are asymmetrical and are interpreted to be formed from the 

oblique extension as referenced in Fossen and Rotevatn (2016). This deformation is 

part of the East African rift-related extensional deformation. The transverse lineament 

structures mostly act as a transfer structures to limit the length of normal fault structures 

that makes the major fault blocks of the EARS.  
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6.4.1. The relationship between the Precambrian ductile structures and the brittle 

Tertiary rift faults  

In Weyto area, the tertiary rift faults show nearly the same orientation to the majority 

of the Precambrian ductile structures regional foliations (fig.4.13, fig.4.14 a & b.). As 

indicated in the figures almost all of the D1, D2, and D3 ductile structures show a similar 

trend with the normal faults (D5) of the Tertiary. Additionally, Maximum downthrow 

on the faults occurs when the fault slip direction is parallel to the dip direction of the 

regional foliations. The role of pre-existing Precambrian structures is among the key 

factors controlling the propagation of rift faulting in both orthogonal and non-

orthogonal extensional regime (e.g. Fossen and Rotevatn, 2016; Smets et al.,2016; 

Lemna et al., 2019). Smets et al. (2016) reviewed that rifting in the Kivu basin, the 

western branch of the EARS reactivated the NE-SW oriented structures probably 

related to the Precambrian basement, creating transfer zones and influencing the 

location and distribution of volcanism. The pre-existing basement structures in the 

Weyto area is interpreted as the key factors for the EARS propagation by transferring 

fault strain from one side of the rift to the other and forms arcuate faults bounding sub-

basins (half-grabens) in the rift system. Similar interpretations were made by (e.g. 

Smets et al., 2016; Lemna et al, 2019) for the basement rift interference in the western 

branch of the EARS. 

6.5. Summary of discussion and interpretation 

A summarized tectonic evolution of the area is presented in an idealized diagram (fig. 

6.1). Accordingly, the first two phases of deformation (fig.6.1. a and b) are shortening, 

but not co-axial. Because of the obliquity of D2 stress, the S1 fabric has been rotated 

and folded by D2. As a result of intense D2 deformation, the S1 and S2 become parallel. 

During prolonged deformation metamorphic grade reached upper amphibolite facies. 

The third phase is shearing which developed zonal shear zones, more spaced in the west 

and continuous in the east (fig. 6.1c).  

The extension phase comes much later in the history of the geological evolution of the 

area. During the extension, asymmetrical horst and grabens are formed. Displacement 

along fault plane is not uniform, usually high displacement (throw) occur when the dip 

of the fault plane is similar to the regional fabric. Likewise, along the single fault plane, 

the down throw is not uniform giving it “scissor” fault geometry. 
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Fig.6. 1. Not to scale a simplified model of the deformation and metamorphism of the study 

area. 

D5 

 D5 
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7. Conclusion and Recommendation 

7.1. Conclusion 

Geological map of Weyto area covering 90 km2 is produced. The structural and 

metamorphic aspects of the area have been studied and described in the previous 

sections.  On the bases of field and laboratory data, obtained from this study the 

following conclusions were drawn: 

The Weyto area is characterized by metamorphosed and polydeformed medium to high-

grade metamorphic rocks that are intruded by three generations of pegmatite veins and 

an aplitic dike. Four Precambrian map units (quartz-feldspar-migmatite, leucratic 

quartz-feldspar gneiss, sheared-quartz-feldspar gneiss, and hornblende-biotite gneiss) 

were identified and mapped. These are unconformably overlain by Quaternary volcanic 

(basalt) and unconsolidated sediments (fluvial, and colluvial sediments).  

Structural detail in the area reveals that there are four phases of ductile deformations 

(D1, D2, D3, and D4) and a late brittle structure characterized by jointing and normal 

faulting (D5). The first two deformation events of the ductile deformations are 

synchronous with the regional prograde metamorphism (M1), while the third phase 

forms the retrograde (M2) metamorphism. The last phase of ductile deformation (D4) is 

weak and has no metamorphic mineral growth associated with it.  

The brittle deformation (D5) is responsible for the formation of the major normal fault 

systems and joints in the area. Association of magmatism with one of the D5 normal 

faults in the area reveals that these normal faults penetrate deep. The normal faults are 

responsible for the formation of the graben and horst structures in the Weyto area as 

referred in this study as the Weyto graben and horst. D5 structures are usually controlled 

by the Precambrian ductile structures of the study area such as the regional foliation 

and shear fabric.  

Primary structures which may indicate the stratigraphic way-up direction is generally 

missing as the area has undergone extensive shortening and shearing deformation, a 

period of partial melting and intruded by several pegmatite veins and aplitic dike. The 

distribution of the rock units and structural trend in the area now appears regionally to 

be controlled by the D1-D2 deformation. However, further study is needed for the 

establishment of the exact stratigraphy and the correlation of the rock units of the stu- 
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dy area with the existing stratigraphic units of Southern Ethiopia.  

The mineral assemblages of the mapped Precambrian metamorphic rocks in the area 

are typical of high-grade upper amphibolite. This conclusion agrees with the conclusion 

drawn by earlier work (Davidson, 1983). The highly coarse-grained nature and the lack 

of porphyroblast growth in the assemblage precluded the detail examination of 

metamorphic mineral growth with respect to the phases of deformation described in the 

area.  

Nonetheless, from existing data such as the porphyroclast-groundmass relationship, it 

is concluded that the regional fabrics (S1-S2 foliations) are controlled by the D1-D2 

deformation phases while the growth and recrystallization of all matrix-forming 

minerals and hydrous minerals are synchronous with the D3 deformation. The relatively 

high degree of alteration and retrograde metamorphism in the sheared quartz-feldspar 

gneiss unit suggests that shearing was intense in this unit. D4 deformation is weak and 

of local importance. The Quaternary sediments fill the core of several grabens in the 

area. The widening nature of the spatial distribution of these quaternary sediments as 

one goes from north to south suggests that the extension leading to the normal faults of 

the area is non-orthogonal and the resulting basins are non-symmetrical.   

5.2. Recommendation 

Weyto area is one of the least studied areas of the country. The previous studies are at 

too small scales to fully describe the geology of the area. This study recommends the 

following for further study in the future: 

 Systematic lithological and structural mapping covering large area 

 Systematic geochemical analysis and geochronological dating of suitable 

lithologies 

 The area is highly characterized by shear zones, the need for exploring shear-

zone localized economic mineral deposits is vital. 

 The Quaternary sediments filling the graben structures in the study area 

provides a large agricultural land but, farming in the area for the local farmers 

is a difficulty because the area receives small amounts of annual rainfall. 

Therefore, the government needs to plan large agricultural farming that benefits 

the local and the national community using irrigation from Weyto river.  
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Appendix 1: Symbols of rock forming minerals after Butcher and 

Grapes (2011) 

Ab Albite 

An Anorthite 

Ap Apatite 

Bt Biotite 

Cal Calcite 

Chl Chlorite 

Czo Clino zoisite 

Ep Epidote 

Hbl Hornblende 

Kfs K-feldspar 

Mc Microcline 

Ms Muscovite 

Or Orthoclase 

Pl Plagioclase 

Qtz Quartz 

Sph Sphene 

Zo Zoisite 

 

 

 

 

 

 

 

 

 

 



80 
 

Appendix 2: Planar structural data 

No. Measured 

structural 

data 

Strike Dip 

amount 

 

Dip direction Location 

Easting (m) Northing (m) 

1  

 

 

 

 

 

 

 

 

 

Foliations 

(S1) 

352 39 082 282005 592362 

2 
352 33 160 283154 595406 

3 
360 86 090 281020 594959 

4 
340 50 070 281219 595000 

5 
360 33 090 281482 594956 

6 
357 33 087 281963 594901 

7 
342 29 072 289034 590458 

8 
356 67 084 279229 594898 

9 
358 66 082 279256 594903 

10 
355 75 085 279386 594933 

11 
340 62 070 279401 594934 

12 
349 40 079 279855 594945 

13 
355 68 086 281696 594418 

14 
351 54 081 282115 594446 

15 
342 32 072 282493 594614 

16 
360 86 090 279023 595630 

17 
042 30 132 290078 594553 

18 
010 30 100 290080 595141 

19 
015 44 105 290442 59554 

20 
020 40 110 289673 595588 

21  

 

 

Foliations 

(S2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

340 74 070 279378 593000 

22 
350 40 080 281102 592065 

23 
345 40 075 281504 591973 

24 
350 40 080 281550 591856 

25 
355 34 085 282348 593742 

26 
353 60 085 282403 593896 

27 
335 21 150 279113 592754 

28 
360 45 090 279118 592667 

29 
348 81 078 279344 592586 

31 
003 57 093 281101 591533 

32 
005 38 095 281179 591545 

33 
349 54 079 281730 591842 

34 
355 45 085 278591 594603 

35 
002 54 092 280014 594969 

36 
351 54 081 280150 594964 

37 
342 32 072 280338 594921 

38 
354 52 080 278598 594587 

39 
341 48 071 278955 594645 
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40  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Foliations 

(S2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

345 43 075 288240 593619 

41 
356 42 086 288240 593578 

f42 
347 58 077 288220 593578 

43 
354 44 084 280736 594847 

44 
030 10 120 287992 595819 

45 
020 15 110 287992 595819 

46 
040 30 130 287919 596198 

47 
010 30 100 288083 596286 

48 
015 44 105 288083 596286 

49 
020 40 110 288323 596456 

50 
349 53 079 289775 590798 

51 
359 30 089 281046 594673 

52 
345 25 075 281788 594968 

53 
343 39 073 282199 594949 

54 
355 68 086 282199 594949 

55 
349 53 079 280884 590304 

56 
356 67 084 281234 590920 

57 
358 66 082 281164 593117 

58 
355 75 085 281542 593145 

59 
340 62 070 281934 593509 

60 
349 40 079 280982 593271 

61 
359 30 089 280982 593817 

62 
345 25 075 281626 593775 

63 
343 39 073 281150 594209 

64 
340 50 070 279610 595546 

65 
360 33 090 280100 595798 

66 
357 33 087 278995 596162 

67 
342 29 072 279624 596008 

68 
354 52 080 278100 596442 

69 
341 48 071 279484 596778 

70 
345 43 075 280968 595714 

71 
356 42 086 281556 595588 

72 
347 58 077 280548 596050 

73 
354 44 084 281388 596204 

74 
340 74 070 280800 596526 

75 
350 40 080 281360 596778 

76 
345 40 075 282647 595714 

77 
350 40 080 283137 596134 

78 
355 34 085 282633 596484 

79 
352 39 082 283361 596162 

80 
352 33 160 283263 596582 

81 
353 60 085 283795 596386 

82 
335 21 150 278475 596736 
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83  

 

 

Foliations 

(S2) 

330 10 060 288049 596862 

84 
320 15 050 289351 594889 

85 
322 10 048 298428 596162 

86 
23 15 113 289477 590261 

87 
357 30 003 289099 591688 

88 
007 30 087 289728 592038 

89 
347 44 257 288763 592430 

90 

 
016 40 106 289379 592822 

91  

Shear 

fabric (S3) 

 

 

 

 

357 37 087 279378 593000 

92 
350 40 080 281504 591973 

93 
356 26 084 281555 591856 

94 
357 32 087 282348 593742 

95 
355 35 085 282005 592362 

96 
350 30 080 281786 591918 

97 
349 29 079 287992 595819 

98 
358 33 088 287919 596198 

99 
352 36 082 288083 596286 

100 
357 31 087 288023 596236 

  
1  

 

 

 

 

 

D5 normal 

faults 

 

 

 

 

 

 

 

 

 

 

 

 

D5 normal 

faults 

355 61 265 279333 589689 

2 
335 63 265 278747 591502 

3 
325 57 235 277300 593205 

4 
360 66 270 276637 594762 

5 
005 64 275 277080 596740 

6 
360 71 270 278949 597143 

7 
358 68 268 279040 592857 

8 
357 73 267 281274 597509 

9 
351 67 259 241403 594414 

10 
359 58 271 281439 588425 

11 
003 76 093 281604 591026 

12 
008 78 098 282318 593406 

13 
048 74 139 283436 596612 

14 
046 67 147 283729 595403 

15 
009 66 279 286219 597665 

16 
356 69 266 285743 596318 

17 
005 52 275 283417 592399 

18 
360 50 270 283436 588974 

19 
322 54 232 287483 588810 

20 
357 59 267 287410 592381 

21 
360 61 090 290505 595539 

22 
359 67 091 289370 591722 

23 
016 56 164 289699 588974 
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Appendix 3: Linear structural data 

No. Measured structural  

data 

Plunge  Trend Location 

Easting Northing 

1  

Fold axis (F2) 

15 178 279475 593232 

2 17 360 281102 592065 

3 13 350 288318 592835 

4 10 359 288159 596042 

5 07 356 281253 593232 

 

1  

 

 

 

 

 

 

L2 lineations 

08 350 288082 593351 

2 11 360 278704 594565 

3 13 355 279035 595187 

4 14 345 279868 596457 

5 19 354 279895 594045 

6 04 349 281601 591655 

7 03 359 281773 592012 

8 25 357 281932 393110 

9 18 356 282990 596801 

10 09 360 287602 596709 

11 05 348 288302 596144 

12 16 352 288682 591843 

13 05 354 289454 591438 

14 12 557 289655 594966 

15 06 360 290420 595092 

 

1  

 

 

 

 

 

F3 fold axis 

09 357 279378 593000 

2 08 350 279378 593000 

3 17 347 281102 592065 

4 20 357 281102 592065 

5 18 353 281102 592065 

6 04 358 281504 591973 

7 06 359 281504 591973 

8 25 286 281550 591856 

9 03 310 281550 591856 

10 30 297 281779 591849 

11 15 355 282403 593896 

12 10 280 282403 593896 

13 18 295 279118 592667 

14 15 355 288083 596286 

15 10 358 288083 596286 

16 10 179 288083 596286 

17 20 183 288323 596456 

 

1 F4 fold axis 75 85 279378 593000 

2 67 87 279378 593000 

3 74 89 281779 591849 

4  78 80 282348 593742 

5  68 79 282348 593742 

 


