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ABSTRACT 

This thesis investigates provenance and paleoenvironment based on petrography, facies 

and Paleocurrent analysis of Debre Libanose Sandstone in Lemi within Abay Basin, 

Ethiopia. Detail stratigraphic logging, facies and paleocurrent analysis in the field, 

laboratory petrographic analysis was done on 20 sandstone samples and heavy mineral 

analysis on 10 sandstone samples. Six bed by bed lithostratigraphic sections were 

logged in the field. Based on facies analysis result eight lithofacies are recognized, these 

are Conglomerate facies (Gms), Massive sandstone facies (Sm), Horizontally bedded 

sandstone facies (Sh), Horizontally laminated sandstone facies (Slh), Planar cross-

bedded sandstone facies (Sp), Trough cross-bedded sandstone facies (St), Normally 

graded sandstone facies (Sng) and Mudstone facies (Md). The study identified three 

facies assemblages from the field study these are conglomerate, sandstone and fine-

grained deposits. The quantitative analysis using Markov chain analysis conducted on 

the logged section revealed the genetic relationship between facies. Based on 

paleocurrent analysis and facies assemblages the depositional environment is 

reconstructed as braided river sedimentation. But the upper part of the studied section 

exhibited meandering river sedimentation. Petrographic and modal composition of 

sandstone classification displayed mostly quartz arenite with few subarkosic and 

sublithic arenite. Modal composition of sandstone revealed that the provenances are 

craton interior, recycled orogeny and continental block provenance. From Qt-F-L 

tectonic setting plot all samples fall outside of the tectonic sett ing field as a result of 

intense weathering. Heavy mineral analysis indicates that the source rock is not 

proximity and they have passed high resistant of weathering processes. The diversity 

of these minerals indicates multiple source rocks.   

         

Key words: Abay Basin, Debre libanose Sandstone, Facies, Markov, paleocurrent, 

provenance.    
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CHAPTER ONE 

INTRODUCTION  

1.1. Background  

A fundamental part of sedimentology is facies analysis which is important hence build 

up a picture of the history of the surface of our planet (Nichols, 2009). Facies analysis 

is the description and classification of any body of sediment followed by the 

interpretation of its processes and environments of deposition Anderton (2013). 

Anderton (2013) reviewed facies analysis techniques for clastic sediments to clarify 

the methodology of a fundamental aspect of clastic sedimentology in particular. The 

study followed this technique to study clastic facies analysis. Several studies have 

shown that petrographic investigation of sandstone could also be useful in deducing 

provenance, tectonic setting, and transportation history (Dickinson 1985; Dickinson 

and Suczek 1979; Ingersoll and Suczek 1979; Le Pera and Arribas 2004).   

Blue Nile basin is situated in the central and Northwestern Ethiopian plateau and covers 

an area of 120,000 km2 (Mohammedyasin, 2020). The Mesozoic sedimentary 

succession in Blue Nile basin underlain by Neoproterozoic basement rocks and 

overlain by Early-Late Oligocene and Quaternary volcanic rocks (Gani et al., 2008). 

The current study focused on Debre Libanose Sandstone. It is found on top part of the 

sedimentary sequence in Abay Basin and is of Barremian to Cenomanian in age 

(Ahmed, 2009). 

There have been significant number of studies on clastic sedimentary rocks of Ethiopia 

related to facies analysis example Ahmed (2008) and Enkurie (2010) studied 

depositional environment of Adigrat sandstone. Ahmed (2009) studied the 

sedimentation and depositional environment of Debre Libanose Sandstone. However, the 

work of Ahmed (2009) lacks local details hence required detail study on local 

successions.  The study specifically focused on Debre Libanose Sandstone around 

Lemi area within Abay Basin where the maximum thickness reaches 280m (Ahmed, 

2009).   

It is important to conduct careful study of facies and paleocurrent analysis for 

Paleoenvironmental reconstruction. Additionally, detail petrographic analysis of 

sandstone is very essential to determine provenance and tectonic setting. 
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Previously the regional sedimentation and depositional environment (Assefa 1991, 

Ahmed, 2009) and single section provenance study through petrography and 

geochemistry (Mohammedyasin and Wudie, 2018) of Debre Libanose Sandstone were 

studied. Only general information is available regarding the paleodepositional 

environment of sandstone. The study by (Ahmed, 2009) was done on a large areal 

coverage with limited number of samples, for this reason, detailed study is required in 

selected key localities. Geostatistics researches related to depositional environment 

specifically in quantitative analysis have never been done before. The quantitative 

method is very important to reveal the actual lithofacies transition trend which is 

masked by erosional truncation. Additionally, the paleocurrent analysis in the previous 

studies was not considered in relation to depositional environment. Therefore this 

research is intended to reanalyze, expand and fill the gaps identified in the previous 

studies through detail facies, provenance and paleocurrent analysis of sandstone around 

Lemi area. 
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1.2. Geographic Setting of the Study Area 

1.2.1. Location and Accessibility of the Study Area   

The study area is located in Amhara national regional state, Northern Shewa Zone, 

Insaro Woreda, around Lemi town. The area is found at a distance of 132 km from 

Addis Ababa and Accessed through the main road to Alem Ketema. This road passes 

through the study area (Lemi). The other way to rich the study area is through Addis 

Abeba to Debre Birhan then to Lemi. The study area geographically, bounded between 

(1084000-1090000) latitude and (486000-494000) longitude, covering an area of 86 sq. 

km at an elevation of 2600 m above Mean Sea Level (Fig1.1.). According to the 

Ethiopian Geospatial Information Institute, the study area is found within Lemi 

topographic map sheet (0938 B2) at a scale of 1:50,000.     

 

 

 

 

 

 

Figure 1. 1. Location Map of the Study Area (DB on the map represents Debre Birhan). 
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1.2.2. Physiography and Drainage  

The study area is characterized by various physiography. The major physiographic 

features of the study area are plateau, ridges, flatland and vertical cliffs as shown in 

(Fig 1.2.). The elevation of the study area ranges from 1420 meters in the lowlands to 

2600 meters above Mean Sea Level (a.s.l) near Lemi town. The plateau areas are 

covered by Tertiary basalt whereas at an elevation of 1940-1700m Debre Libanose 

Sandstone is observed followed by Mudstone at Jemma River section, the lithology is 

Antalo Limestone. Physiographically the study area falls in the North Eastern central 

plateau of Ethiopian in Abay Basin. The drainage pattern of the study area formed by 

the third-order stream that form parallel to sub-parallel pattern. (Fig 1.3.).  

 

 

 

 

 

 

Figure 1. 2. Physiographic map of the study area.  
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1.2.3. Climatic Condition and Vegetation  
Generally, the area is largely characterized by a semi-arid climate in lowland areas and 

a wet climate in the highland areas. The rainy season dominates from June to September 

as well as from February to May but is relatively lower than June to September. It has 

a mean annual temperature of 16ºc and mean annual precipitation of 59.4 mm. Most of 

the precipitation falls during the summer mainly in August with an average of 200 mm 

and the minimum amount of rain fall occurs during winter dominantly in December as 

shown in (Fig 1.4.). Plateau areas are vegetated with Eucalyptus camaldulensis, Aloe 

barbadense is miller trees near to villages (Fig 1.5.A). While scarce thorny Bushes, 

Shrubs are scattered at the lowland areas (Fig 1.5.B).  

Figure 1. 3.Drainage map of the study area with logged sections and subsections.  
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1.2.4. Population and Settlement  

Based on Central Statistics Authority Statistical Abstract (2007) the total population of 

Ensaro Wereda is 55,984. Ensaro Wereda is located in the North Shewa Zone of 

the Amhara Regional state and Lemi is the town of the Ensaro Wereda. The study area 

is dominantly populated by Amahara people and they follow mostly Ethiopian 

Orthodox Tewahedo Christian religion. The main economy of the population depends 

Figure 1.4. Climate graph of the study area (https://www.worldweatheronline.com/lemi-

weather-averages/et.aspx).  

Figure 1. 5. Vegetation cover of the study area. A) Plateau area near the village B) Low-land 

area. 

https://en.wikipedia.org/wiki/Ensaro
https://en.wikipedia.org/wiki/Wereda
https://en.wikipedia.org/wiki/North_Shewa_Zone_(Amhara)
https://en.wikipedia.org/wiki/Amhara_Region
https://en.wikipedia.org/wiki/Economy
https://www.worldweatheronline.com/lemi-weather-averages/et.aspx
https://www.worldweatheronline.com/lemi-weather-averages/et.aspx
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on farming and trade. The livelihood of rural people is mainly based on agricultural and 

animal herding. They cultivate maize, sorghum, and wheat. Most of the farmers 

cultivate sorghum on the lowlands and maize and wheat on the highlands. The domestic 

animals that the local people usually have goat, sheep, chickens and cattle.  Donkey, 

Horse and Mule are used as means of transportation for the local people. Merabete, 

Alem Ketema and Fetera are the nearest towns to the study area. Settlements are more 

confined to the highland area where the towns are located, while the villages apart from 

the town are sparsely populated.  

1.3. Previous Studies 

Debre Libanose Sandstone is exposed in the Central and North Eastern side of the Blue 

Nile Basin. According to Mohr (1962), Debre Libanose Sandstone was described as 

part of the upper sandstone. It was also named as Amba Aradam Formation after its 

type exposed at Amba Aradam in Northern Ethiopia (Shumbro, 1968 as cited in Alemu 

and Tadesse 2010). But Assefa (1991) classified Amba Aradam Formation into two 

units: the Mugher Mudstone and Debre Libanose Sandstone based on their type 

sectioned localities. The 280m thick Debre Libanose Sandstone which is dominated by 

braided river deposits overlies the 320 m thick meandering river sediments of the 

Muhger Mudstone (Assefa, 1991; Ahmed, 1997).  

Ahmed (2009) classified Debre Libanose Sandstone into five major facies: (i) 

conglomerate, (ii) sandstone, (iii) siltstone, (iv) mudstone and (v) brownish-black shale. 

The lower and middle succession shows some elements of the Platte type braided river 

sedimentation which is deposited in broad alluvial plains. The upper part of the unit is 

identified as meandering river sedimentation as it show a well-developed cyclicity, 

fining-upward trend, Flood-plain sediments, and Point bar deposit features. The 

decreasing energy suspension-dominated flood water resulted in the deposition of 

siltstones, mudstones, and shales. The uppermost part of Debre Libanose Sandstone 

contains a deposit of black mudstones and black shales which are possibly related to 

lacustrine depositional environments (Ahmed, 2009) 

 

https://en.wikipedia.org/wiki/Agriculture
https://en.wikipedia.org/wiki/Trade
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Table 1. 1. Previous studies of Debre Libanose Sandstone. 

 

1.4. Statement of the Problem  

Detailed facies analysis of a sedimentary basin is important to understand and 

reconstruct the paleoenvironment (Nichols, 2009). The sedimentation and depositional 

environments of the Debre Libanose Sandstone were studied regionally by Ahmed 

(2009) and the Provenance of Debre Libanose Sandstone has been studied by 

Mohammedyasin and Wude (2018). Apart from these significant studies, a study 

conducted by Ahmed (2009) was using limited number of samples. While, a study 

conducted by Mohammedyasin and Wude (2018) focused only on single section to 
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determine the provenance of sandstone samples for the petrographic analysis. Moreover 

the above studies didn’t consider Paleocurrent analysis related it to the depositional 

environment. The vertical relationship between facies has never been studied before 

using quantitative methods and hence the actual lithofacies transition trend was not 

determined. Detail study of facies analysis within each sub-basin will be an input for the 

development of the stratigraphic architecture of a basin. This research is therefore 

intended to work on detail facies, Paleocurrent and provenance analysis of Debre 

Libanose Sandstone around Lemi area. 

1.5. Objective 

1.5.1. General Objective 

To determine provenance and paleoenvironment based on petrography, facies and 

paleocurrent analysis.  

1.5.2. Specific Objective  

 To conduct logging along the selected sandstone sections;  

 Classification of the clastic sediments  and to determine provenance and tectonic setting;  

 To do heavy mineral analysis to complement the petrographic analysis in the 

determination of provenance;  

 To categorize facies and deduce the hydrodynamic condition of each facies;  

 To reveal the genetic relationship between facies quantitatively;  

 To determine Paleocurrent analysis;  

1.6. Significance of the Study  

This research work as fulfillment for the MSc. degree in sedimentary geology. The 

results of this study will play a crucial role in providing detailed information about the 

paleocurrent, provenance and depositional environment of sandstone in Lemi area. For 

the academic society of Ethiopia the study shows the importance of quantitative facies 

analysis for clastic rock to understand the genetic relationship between facies. It helps 

to recognize the actual lithofacies trend that could have been masked by erosional 

truncation. Similarly, the study presents a new approach for the determination of the 

provenance of sandstone in Ethiopia using heavy mineral analysis. It can also be used 

as teaching material for academic institutions.  Finally, the study provides 
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recommendations for research organizations and academic institutions which are 

interested in studying clastic sedimentology of the Ethiopian basins. As well as it will 

help in search of hydrocarbon exploration.  

1.7. Thesis out Line   

This research work contains six chapters. The first chapter deals with the general 

introduction, purpose and the significance of the study. Chapter two briefly discusses 

concepts used to evaluate the studied sandstone and regional geologic setting whereas 

chapter three provides methods that the study followed to complete the study. Chapter 

four introduces the results that include local geology, detail facies analysis with 

hydrodynamic interpretations of sandstone of Lemi area, statistical analysis, 

paleocurrent and petrographic analysis. In chapter five, all the study results are 

discussed. The final chapter six includes the summary of the study and 

recommendation.    
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CHAPTER TWO 

LITERATURE REVIEW  

2.1. Concepts Used to Evaluate Debre Libanose Sandstone in Lemi Area  

2.1.1. Facies  

In geology, the term facies is used in two different ways (Anderton, 1985) and its 

meaning has changed with time (Middleton, 1978; Walker, 2006). The word facies is 

now used in both descriptive and or interpretive sense. Descriptive facies include 

lithofacies used to refer to certain noticeable features of sedimentary rock that can be 

interpreted in terms of depositional processes (Anderton, 1985; Miall, 1990). The 

observable attribute of lithologic features comprises the composition, grain size, 

bedding characteristics, and sedimentary structures (Anderton, 1985). Each lithofacies 

represents an individual depositional event (Miall, 1990). Lithofacies associations are 

facies that are described by the interpretative term. These are groups of rocks that are 

thought to have been formed under similar conditions and they may refer to a particular 

depositional environment (Miall, 1990).  

2.1.2. Clastic Facies Analysis  

Facies analysis is the description and classification of any body of sediment followed 

by the interpretation of its processes and environments of deposition (Anderton, 2013). 

Facies analysis is often the first criterion in the investigation of depositional 

environments of sedimentary rocks (Osayande and Okengwu, 2017). Anderton (2013) 

reviewed the technique of facies analysis as it applies to clastic sediments to clarify the 

methodology of a fundamental aspect of clastic sedimentology. The review is 

summarized as follows:  

1. Clastic facies analysis is conducted by describing and classifying facies into 

descriptive terms. In doing so one has to remember that sandy lithofacies are 

classified based on primarily on primary sedimentary structure (Miall, 2006). 

Also, a good facies scheme has to be simple enough to be memorable and that 

the number of facies should be between two and ten. 

2.  Compile a general description of the features found in the various classified 

facies.  
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3. Treats each facies in isolation and write down every detail that can be 

objectively deduced about such things as flow conditions, variations of flow 

with time and sediment-transport mechanisms (Fig 2.1.).  

The interpretation of hydrodynamic sedimentary structures is one of the most 

important components of facies analysis, particularly in siliciclastic sediments 

(Miall, 1990). And finally  

4. To look at the relationships between facies using quantitative methods and look 

facies association which is a key to interpret the depositional environment.  

Figure 2 1. A bedform stability diagram which shows how the type of bedform that is 

stable varies with both the grain size of the sediment and the velocity of the flow. 

2.1.3. Markov Chain Analysis 

For the study patterns of lithology and facies cycle the implementation of statistics in 

geological science has not been recognized (Michael et al., 2010). To determine the 

facies relationship (genetic relationship) between facies, Markov chain analysis was 

applied for this study.  Markov chain analysis has broad application mainly in a fluvial 

depositional environment (Borka, 2015). By revealing the actual facies transition trends 

which are masked by erosional truncations (Okoro and Ezeh, 2009).  It can also be 

useful to predict stratigraphy in unexplored areas in a basin.  This method is based on a 

simple theory of whether a given lithology is independent or not of the preceding facies 
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within a succession (Miall, 1973). It helps to understand vertical relationships between 

facies (Anderton, 2013). Even though, there are weak cyclic tendencies the method can 

still bring out the genetic relationship between facies (Maill, 1990).    

2.1.4. Sandstone Classification  

The modal analysis was performed using the Gazzi–Dickinson point-counting method 

(Dickinson, 1970). The Gazzi-Dickinson method is a point-counting technique used in 

geology to statistically measure the components of sandstone. Point counting is mainly 

used for ternary diagrams to display the framework grains in it for classification and 

tectonic provenance. A modern scheme of sandstone classification first put forward by 

Pettijohn (1943) did much to promote the study of clastic sediments. Since then, many 

sandstone classifications have been proposed, The most widely used and effective 

methods for classifying sandstones combines the textural Criteria (i.e., the proportion 

of the matrix) with the compositional criteria (i.e., percentages of the framework grains) 

(Dott,1964; Pettijohn et al., 1972; Pettijohn et al., 1973; Folk,1974; Dickinson et al., 

1983; Johnson, 1991). These classification methods are based on the percentages of the 

framework grains (total quartz, feldspar, and lithic fragments). There are presented in a 

triangular plot such that these three components serve as the end members to form a Q-

F-L ternary diagram. Raymond (1995) Reported that Folk’s classification scheme 

provides important information about provenance with the rock’s name showing details 

of its composition. In the current study, the classification of the sandstones is based on 

the classification schemes proposed by (Pettijohn, 1975; Folk, 1980 and Dickinson et 

al., 1983) 

2.1.5. Sandstone Provenance and Tectonic Setting   

The use of quantitative detrital modes, calculated from point counts of thin sections is 

used to infer sandstone provenance (Dickinson and Suczek, 1979). The study of clast 

type present in rock has information about the source of sediment, or provenance of the 

material (Pettijohn 1975; Basu 2003, as cited in Nickols, 2009). Provenance can simply 

be established if a clast present in sediment can be recognized as being characteristic of 

a particular source area by its petrology or chemistry. Oghenekome et al. (2016) 

indicated that each type of provenance usually contributes distinctive detritus 

specifically to the adjacent sedimentary basin. Therefore, the siliciclastic detrital 

framework preserves wide-ranging information on the sediments, mode of 

transportation and deposition as well as the sandstone provenance (Dickinson, 1988). 
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Siliciclastic rocks also hold vital information used for interpreting the tectonic setting 

(Banerjee and Banerjee, 2010; Baiyegunh et al., 2017) see (Table 2.1.) below.  

Sandstone provenance studies are generally based on the concept that different tectonic 

environments have unique characteristic rock types (Dickinson, 1985). Several 

researchers, including (Pettijohn, 1975; Folk, 1980; Dickinson et al., 1983; Yerino and 

Maynard, 1984; Dickinson, 1988; Kumon et al., 1992; Baiyegunh et al., 2017) have 

related detrital framework grains of sandstone to different provenances (i.e., stable 

cratons, recycled orogeny, basement uplifts and magmatic arcs) using the Q-F-L ternary 

diagram. In the current study, the A-F-L components of sandstone was plotted on the 

ternary diagram proposed by (Pettijohn 1975; Folk, 1980 and Dickinson et al., 1983) to 

determine the provenance and tectonic setting of the studied sandstone. 

 

Table 2. 1. Lists of major provenance types in terms of overall tectonic setting within 

or adjacent to continental blocks, with key aspects of derivative sand compositions 

(Dickinson, 1985). 

Provenance 

Type 
Tectonic Setting Derivative Sand Composition 

stable craton  
continental interior or 

passive platform  

quartzose sands (Qt-rich) with high Qm/Qp and 

K/P ratios   

basement uplift  
rift shoulder or 

transform rupture  

quartzofeldspathic (Qm-F) sand low in Lt with 

Qm/F and K/P ratios similar to bedrock   

magmatic arc  
island arc or 

continental arc  

feldspatholithic (F-L) volcaniclastic sands with 

higP/K and Lv/Ls ratios grading to 

quartzofeldspathic (Qm-F) batholith-derived 

sands   

recycled orogen  
subduction complex 

or fold-thrust belt  

quartzolithic (Qt-Lt) sands low in F and Lv with 

variable Qm/Qp and Qp/Ls ratios  

Qt (total quartz), Qm (monocrystalline quartz), Qp (polycrystalline quartz), Lt (total lithic 

fragment), Lv (volcanic/meta-volcanic lithic fragment) and Ls (sedimentary/metasedimentary 

Lithic fragment).  

2.1.6. Sandstone Provenance from Heavy Mineral  
Heavy minerals are minerals that have a specific gravity greater than 2.9g/cm3 are 

higher than that of quartz and feldspar with 2.6g/cm3 (Tucker, 2001). The common, 

non-opaque heavy-mineral grains are apatite, epidote, garnet, rutile, staurolite, 
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tourmaline and zircon. Ilmenite and magnetite are two common opaque detrital 

minerals (Tucker, 2001). Volumetrically they are minor components of arenite usually 

forming less than 1% heavy minerals (Morton, 1985; Mange and Maurer, 1992; Tucker, 

2001). However, they always play a key role in the interpretation of sediment 

provenance and often characteristic paragenesis that positively identifies the 

involvement of particular parent rocks (Table 2.2. Morton, 1985). Because of this 

sensitivity in constraining source rock lithology, heavy mineral analysis is widely 

applied to modern and ancient siliciclastic sequences in the determination of the 

provenance (Morton and Johnsson, 1993; Morton and Hallsworth, 1994). Provenance 

studies in sandstones are therefore often carried out by separating the heavy minerals 

from the bulk of the grains and identifying them individually (Mange & Maurer 1992). 

This method is effective way of determining the source of the sediment (Morton et al. 

1991; Morton 2003). 

Table 2. 2. Heavy minerals that can be used as provenance indicators. (Nichols, 

2009). 

Igneous  

  

Metamorphic  

  
Sedimentary  

Acidic                         Basic  High grade             Low grade  Reworked minerals  

Apatite  Rutile  Garnet                      Tourmaline  Zircon (rounded) 

Zircon                       Augite  Kyanite                       Biotite  Tourmaline (rounded) 

Biotite                       Ilmenite Sillimanite  -  -  

  Magnetite                      hypersthene  Staurolite  -  -  

Hornblende                Epidote  - -  

 

2.2. Regional Geologic Setting  

Introduction  

Long-term subsidence in the earth's crust creating accommodation space for the 

accumulation of sediments are called sedimentary basins (Allen and Allen, 2005, Philip 

and John, 2005). Subsidence can be due to various causes which include: dynamic 

effects in the asthenosphere flow, the thinning of underlying crust, plumes, mantle 

convection, and tectonic loading and changes in the thickness or density of adjacent 

lithosphere (Ingersoll and Busby, 1995). Sedimentary basins are usually associated with 

https://www.sciencedirect.com/science/article/pii/S1464343X18302851?via%3Dihub#bib51
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plate tectonics and can also occur in diverse geological settings (Dickinson, 1974, 

1976).  

In Ethiopia, five sedimentary basins are found in different parts of the country these 

are Ogaden basin, Blue Nile basin, Mekele Outlier, Gambela basin and Southern rift 

basin (Russo et al., 1994) (Fig 2.1.). The development of the five sedimentary basins 

of Ethiopia is geologically interrelated, a process of intra-continental rifting is 

responsible for their formation (Russo et al., 1994; Hunegnaw et al., 1998). 

Sedimentary rocks in Ethiopia account for more than forty percent (40%) of the 

country (Asrat, 2015). The Blue Nile Basin in the central and NW Ethiopian plateau 

covers an area of 120,000 km2 (Mohammedyasin, 2020). It is Cratonic rift basins 

formed during the Permo-Triassic break-up of Gondwana (Ahmed, 2008). Interpreted 

as a failed arm of the Karoo Rift system (Russo et al., 1994; Ahmed, 1997). The Blue 

Nile River canyon exposed up to 2600 m thick Paleozoic and Mesozoic sedimentary 

succession in central Ethiopia (Enkurie, 2010). This sequence is sandwiched between 

Neoproterozoic basement rocks and Tertiary volcanic rocks (Asefa, 1981; Gani et al., 

2008). It is structurally bounded to the E and SE by the tectonic escarpment of the 

uplifted western flank of the main Ethiopian rift and to the N and S by the Axum–

Adigrat and Ambo lineaments, respectively (Gani et al., 2009). The basins contain 

potential sources and reservoir rocks for petroleum exploration (Ahmed, 2009). 
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2.3. Evolution of Blue Nile Basin  

2.3.1. Peneplanation Stage 

This stage is related to the Pan-African metamorphic peneplain, which is covered by 

veneer of pediment sediments (Russo et al., 1994). It represents the situation before any 

tensional stress and before the break-up of Gondwanaland. 

2.3.2. Intracontinental Rift Stage 

The result of the Gondwanaland breakup is equivalent to the early stage of Karoo rifting 

which is the late Paleozoic-Jurassic times. Continental rifts were developed especially 

along the border of the mega continent as a result of NW-SE tensional stresses. With a 

correspondent thinning of the continental crust produced Graben and Half-Grabens. 

Result in the Formation of several rift basins extending from South Africa to Eastern 

Ethiopia (Bosellini et al., 1989).  

Figure 2. 2. The Mesozoic sediments and major sedimentary basins of Ethiopia (Source: 

Ethiopian Institute of Geological Survey, after Tefera et al., 1996), MER (Main Ethiopian 

Rift).  
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The early stage of Karoo rifting initiated the formation of N-S, NW-SE and NE-SW 

oriented rift basins of Ogaden and Blue Nile Basins (Ahmed, 1997). The Blue Nile 

Basin has NW-SE trending which is the result of NE-SW extensional forces. The early 

sedimentation of the Karoo rift in Eastern Ethiopia starts with the deposition of the 

alluvial fan deposits of the Calub Sandstone formation, the lacustrine Bokh Shale 

formation, and the fluviatile Gumburo Sandstone formation (Ahmed, 2004).  

2.3.3. Post-Rifting Stage 

This corresponds to the deposition of the Adigrat Sandstone formation (Russo et al., 

1994) followed by successive events of early flooding related to the early transgression 

by the sea and flooding of the Craton, due to the rifting and thermal subsidence of the 

East African continental margin. The thermal subsidence and Eustatic sea-level changes 

caused the southern arm of Tethys to spread Westward over the Arabo-Ethiopian shield 

(Bosellini et al., 1989). The beginning of the marine transgression is documented by 

the deposition of the Gohatsion formation in the Blue Nile basin (Assefa, 1987). 

Drowning of the craton in this stage related to a major transgression, dated as Callovian-

Early Oxfordian over entire East Africa, is documented by the Antalo Limestone 

deposition (Russo et al., 1994). This is probably related to the drifting phase and major 

sea level high stands. Finally, regression at the end of the Jurassic time, the sea began 

to withdraw from the Horn of Africa probably as a result of the intra-plate effect of the 

separation of South America and Africa (Manspeizer, 1988; Bosellini et al., 1989). The 

withdrawal of the sea initiated the deposition of the transitional facies, Mugher 

Mudstone and Debre-Libanose Sandstone units. From the Late Cretaceous to Lower 

Miocene there were successive uplifting and subsidence events including the volcanic 

eruption related to the Afar mantle plume. At the end of the Cretaceous rifting began in 

the Gulf of Aden area and then the formation of the Red sea and the Main Ethiopian 

Rift (Bunter et al., 1998, Korme et al., 2004). Wolfenden et al. (2004) reported that the 

earliest volcanism may have initiated between 32 and 33 Ma with the greatest eruption 

rates and volumes occurring ~31 to 28 Ma. Today the large parts of Mesozoic sediments 

are exposed on the Eastern Ogaden, central dissected plateau areas in the Blue Nile 

River Basin and in Northern Tigray around Mekele (Fig. 2.2.).  
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2.4. General Stratigraphic Succession of Blue Nile Basin 

Generally the Blue Nile Basin of central Ethiopia consists of Neoproterozoic basement 

rocks, Paleozoic and Mesozoic sedimentary succession and the Quaternary Volcanic 

rocks exposed in the Blue Nile canyon (Fig 2.2.), .Assefa (1991); Russo et al. (1994); 

Ahmed (1997, 2007 and 2008) and Gani and Abdelsalam (2006) reported that the 

successions in the Blue Nile Basin as Basement, Paleozoic sandstone, Adigrat 

Sandstone Formation, Gohatsion Formation, Antalo Limestone Formation, Mugher 

Mudstone, and Debre Libanos Sandstone and Tertiary Volcanic rock (Figure 2.2). Gani 

et al. (2008) included the Glauconitic Sandy Mudstone to the basin stratigraphy. 

Recently Enkurie (2010) reported the complete Paleozoic and Mesozoic sedimentary 

succession in the Blue Nile Basin as Per-Adigrat (I, II and III), Adigrat Sandstone 

Formation, Gohatsion Formation, Antalo Limestone formation, Mugher Mudstone and 

Debre Libanos Sandstone bottom to top respectively (Fig 2.3.).  

 

 

 

 

Figure 2. 3. Geological map of Blue Nile Basin (after Jepsen and Athearn, 1961; Enkurie, 2010). 
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2.4.1. Neoproterozoic Basement Rocks  

Blue Nile Basin consist of the metamorphosed Quartzo-feldspathic Schist and 

Gneisses, Migmatites and plutonic rocks (Gani et al., 2009). The units also are mostly 

gneissic and schistose rocks with veins and dike intrusions, Granites and Migmatite. 

They overlay unconformably by a Permo-Triassic Karroo succession (Ahmed, 1997). 

2.4.2. Adigrat Sandstone 

The adigrat sandstone also known as lower sandstone unconformably overlies the 

Neoproterozoic basement rocks and, successively, is overlain by the middle Jurassic 

shale and gypsum unit called the Gohatsion Formation of Assefa (1991). It is 

considered to be the oldest record of sedimentary deposits and covers the lower most 

of the stratigraphic section in Ethiopian sedimentary Basins. Enkurie (2010) reported 

that this formation rests unconformably on the Pre-Adigrat (I, II and III) Paleozoic 

sediments and consists approximately 300 m thick in Dejen to Gohastion area of Blue 

Nile Basin. The Adigrat Sandstone is widely distributed in the Blue Nile, Ogaden and 

Mekele Basins. It covers an extensive area in the Blue Nile Basin and forms vertical 

cliff exposures in Dejen, Gohatsion, Amuru and Jarty areas (Tamrat and Tibebe, 1997). 

The formation is thought to be Triassic–Early Jurassic in age based on some 

biostratigraphic data and comparison with adjacent areas providing fossil ages of 

(Permian–Triassic age from palynological evidence from Jepsen and Athearn (1961, 

1964); Mohr (1962).  The unit is lithologically characterized by pink to red, fine- to 

coarse-grained sandstones in texture which is rarely interbedded with grey mudstone 

beds. Among the primary sedimentary structures within this sandstone unit include 

dune-scale trough cross-bedding with set thickness ranging between 10 cm and 1m and 

with occasional Pebbles and lithoclasts along foresets (Ahmed, 2008).  Lateral accretion 

surfaces within the sandstones indicate lateral migration of the channels (Nichols, 

2009).  Locally, channels are vertically stacked and produce amalgamated sandstones, 

indicating high-energy and/or depositional settings with low accommodation space 

(Ahmed, 2007). In some places, silicified tree trunks up to 4m long, mud cracks and 

vertebrate tracks are found within this unit. The presence of large mud-cracks and 

vertebrate tracks within the sandstones suggest sub-aerial exposure of the flood plains 

in a continental fluvial environment (Tefera et al., 1996). The unit mostly intercalated 

with layers of siltstone and mudstone, occasional beds of conglomerates and shales 

(Assefa, 1991; Russo et al., 1994; Ahmed, 1997; Enkurie and Bussert, 2009). Ahmed 
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(2008) classified Adigrat Sandstone Formation in the Blue Nile basin into six major 

facies. From bottom to top, the facies are mudstone, finely laminated siltstone, and very 

fine-grained cross-bedded sandstone, coarse to medium-grained sandstone, massive to 

crudely cross-bedded sandstone and massive to crudely cross-bedded conglomerate. In 

a broader sense, however, Adigrat Sandstone in the Blue Nile Basin is divided into two 

facies architecture (Enkurie and Bussert, 2009). These are the lower Red part and the 

Upper White. Incised-valley estuarine system and Barrier–beach–strand plain systems 

are the two inferred depositional paleoenvironments for this unit (Enkurie and Bussert, 

2009).  

2.4.3. Glauconitic Sandy Mudstone  

This unit was reported for the first time by Gani and Abdelsalam (2006) and Gani et al. 

(2008). It is underlain by Adigrat Sandstone Formation and overlain by Gohatsion 

Formations.  Gani et al. (2009) reported that this unit is approximately 30 m thick and 

greenish in color which indicates marine environment. The sedimentary structures 

include hummocky cross-stratification and wave ripples observed in this unit also 

supported this unit was indeed deposited in the marine environment (Gani and 

Abdelsalam, 2006)   

2.4.4. Gohatsion Formation 

This formation corresponds to the initial flooding of the Craton, which is largely 

related to rifting and subsidence of the African continental margin (Russo et al., 1994). 

This unit is previously named the Abay bed and the lower unit of the Antalo group 

(Kazmin, 1975) of the Abay River lying between the lower sandstone (Adigrat 

sandstone) and the Carbonate unit. Later this formation is called the Gohatsion 

formation after Assefa (1987).  Assefa (1987) and Russo et al. (1994) reported that 

this formation consists of a cyclic repetition of facies successions that are composed 

of alternating dolostones, marlstones, shales, bioturbated mudstones with thin beds of 

siltstone intercalations, fine-grained Coquinoid cross-laminated sandstones and thick 

beds of gypsum from bottom to top. The age of this unit is considered as Toarcian to 

Bathonian determine from micro and macrofossil faunal studies (Assefa, 1987). The 

thickness of this unit is about 450m and the presence of scattered small Bivalves and 

Gastropods (Corbiculinae, Lucinids and other) indicates peritidal environments with 

associated lagoon and pond waters bodies (Russo et al., 1994).  
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2.4.5. Antalo Limestone 

The name Antalo Limestone was first entitled by Blanford (1870) after the town Antalo 

in Northern Ethiopia of the Tigray region. Later on, the unit was well-described by 

Levitte (1970); Beyth (1972); Merla et al. (1979) and Bosellini et al. (1997). Russo et 

al. (1994) reported that this carbonate succession formed as a result of a sea-level high 

stand from Oxfordian-Kimmeridgian most probably about 155Ma years ago. Which is 

a product of a major transgression caused both by the formation of the African 

continental margin and Eustatic sea-level rise (Hallam, 2001). In addition, 

Kidanemariam (2010) indicated that the sequence represents upward- deepening of the 

sea-level of the second-order sea-level changes that consists of several transgressive-

regressive cycles of the third-order or smaller order mini-cycles, each depositing 

different lithologies. These cycles are the results of an interplay of tectonics, global sea-

level change, and climate. This formation conformably overlies the Gohatsion 

Formation, which contains about 420m thick carbonate succession (Russo et al., 1994; 

Atnafu, 2003), and can be subdivided into three parts. The lower part has 180 m thick 

and composed of burrowed Mudstones that grade upwards into Oolitic and Coquinoid 

Limestones with or without intercalated marl beds, and massive limestones with 

scattered patches of Corals, and Stromatoporoids, which was indicated a shallow water 

environment. The middle part also contains 200 m thick consists of highly fossiliferous 

interbedding of marly limestones and marls. The presence of Ammonite fauna (e.g., 

Lithacoceras sp. and Subplanites spathi), with Brachiopods (e.g., Terebratula pelagica 

and Nanogyra) and other in faunal siphone feeders (Anisocardia, Venilicardia and 

Somalirhynchia somalica and Zeillleria latifrons) suggests a shelf to open marine 

environment (Russo et al., 1994; Atnafu, 2003). The upper part of Antalo Limestone 

contains about 50m thick comprises planar laminated Oolitic and Refal Limestone, 

which was interpreted to indicate the return of shallow water conditions (Enkurie, 

2010). Recent age determination on Ammonites, Foraminifers, Green Algae and other 

fossils (Kidanemariam, 2010) showed that carbonate deposition excluding the 

Gohatsion Formation in the Blue Nile basin lasted from the Lower Callovian up to the 

Kimmeridgian. The unit is regionally correlated with equivalents of Antalo Limestone 

within NW of the Tigray region and correlated with the Urandab Formation in the 

Ogaden Basin of the SE Ethiopian plateaus. 
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2.4.6. Mugher Mudstone 

 The name of this formation was derived from Mugher River which is a tributary of 

the Abay River (Assefa, 1991). It is 260m thick Mugher Mudstone unit in a section 

of Mugher River (Assefa, 1991) and thickens to the east and attains 320m in the Jema 

river valley. The unit was deposited as the result of the withdrawal of the sea from 

the East African Craton during the Late Jurassic. The unit is exposed in Mugher 

valley, Zaga Wedom, Wesena Adabai and Jemma river section (Russo et al., 1994 

and Assefa, 1991), but it pinches out towards the Abay river gorge (Ahmed, 2004). 

This unit has two characteristic features. The lower part consists of 15m of alternating 

gypsum, dolomite and shales. The upper part constitutes 240m thick Mudstone. This 

part of the Mugher Mudstone unit consists of mudstone and fine to medium-grained 

siltstone. It consists of mainly mudstone and sandstone with gypsum and dolomite. 

The unit is either conformably overlain by Debre Libanose Sandstone or 

unconformably overlain by Tertiary Basalt.  

2.4.7. Debre Libanose Sandstone  

Assefa (1991) firstly reported Debre-Libanose Sandstone exposed in place of a village 

called   Debre Libanose. This unit unconformably overlies the upper muddy to shaly 

sandstone unit and is in turn overlain by volcanic rocks (Ahmed, 2008). The sequence 

thickness varies in different places from 200 to 500m with an average thickness of 

280m near Lemi. The upper sandstone is encountered in the S-flowing segment of the 

Blue Nile below the Tertiary volcanic rocks. It comprises thickly to thinly bedded 

sandstones, with bed thickness ranging from 1 to 40 cm. The sandstones are 

characterized by white to pink in color and are medium to coarse-grained in texture. 

The unit is dominantly exposed in the Lemi, Zega Wodem River Mugher River, Jema 

River and Wenchit Stream their tributaries (Ahmed, 2009). The major sedimentary 

structures within these sandstone bodies have large and small-scale planar tabular and 

asymmetrical through cross, convolute, tabular and massive beds (Assefa, 1991). Some 

fining upward sequence occurs from medium to fine-grained sandstone up to laminated 

claystone and this unit is interpreted as a deposit of sandy-braided rivers on a broad 

alluvial plan (Assefa, 1991; Ahmed, 2009) The AFTA (apatite fission tract analysis) 

method was applied to determine the absolute age of Upper Sandstone formation. 

Accordingly, its age ranges from 120-94Ma years, which is equivalent to Barremian to 

Cenomanian (Ahmed, 2009). The focus of the current study is on this formation. 



24 
 

2.4.8. Tertiary Volcanic Rock 

These volcanic rocks are formed following the breakup of the Arabian plate from east 

Africa which results in the formation of Red Sea (Abbate et al., 2015). These are post-

Oligocene in age (Hofmann et al., 1997) with composition mainly basaltic and felsic as 

subordinate. Their Geochemical signature depicts either tholeiitic or alkaline magma 

sources (Keiffer et al., 2004). This unit is unconformably overlain sandstone in the 

study area. Blue Nile Basin sedimentary succession are presented below (Figure 2.3.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4. Chronostratigraphic and litho-stratigraphic section of the Blue Nile Basin (Enkurie, 2010) with 

local litho-stratigraphic section of Debre libanose sandstone in Lemi.  
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CHAPTER THREE 

 

METHODS AND MATERIALS  

To achieve the above-stated objectives during the accomplishment of this research, 

different field materials were used and different methods had been followed. The 

methods employed were divided into three phases; pre-field work, field work and post-

field work. The obtained results were discussed with literature related to the study.  

3.1. Pre-Field Work  

The major task that was done during this phase includes the collection and review of 

literature. Followed by identification of research gaps, proposal writing and 

presentation followed by the field work plan. For the field work, preparation of base 

map and required geological equipment were made. Also, the techniques were 

formulated to follow during the study.   

3.2. Fieldwork and Sample Collection  

Two field visits were made from 7- 17 February / 2021 and the second field visit was 

July 30 - 4 August 2021. The sedimentological data such as lithology, geometry, color, 

texture, sedimentary structures and paleocurrent measurements were taken following 

the river cuts, quarry faces, road cut and foot trails where there is an outcrop exposure. 

Vertical and lateral variations of sandstone facies were described.  Sections were logged 

at quarry site and following road cut with accompanying field 

photographs.  Sedimentary facies and paleocurrent analysis were made based on 

detailed field sedimentological data and logged sections. Paleocurrent direction 

measurements were taken from planar cross-bedded sandstone used to determine 

paleoflow direction. Finally, field work was complemented with a collection of 20 

representative sandstone samples for further thin section study and heavy mineral 

analysis to determine provenance and tectonic setting.  

Materials used to conduct the study include a Digital camera, Topo-sheet of Lemi area, 

Base map, Brunton compass, GPS, a geological hammer,  plastic sample holding bags, 

sample bag, Hand lenses, Petrographic microscope and Notebook.  

3.3. Post Fieldwork/Laboratory Activity  

The thin sections were prepared in the Geo-Science Laboratory of Ethiopian Geological 

Survey. The procedure for thin section preparation is the rock samples were cut into 
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rectangular blocks, then grinding to make the surface smooth and flat for adherence to 

glass specimen plats. After samples were mounted to the glass slide roughly grinding 

and polished again until the thickness of the surface become 0.3mm. This is used to 

allow maximum light distribution through glass slides. The mineralogical and modal 

composition analyses of the thin sections were done using petrographic microscopes 

found in the Geology Department at Addis Ababa Science and Technology University. 

Petrographic analyses have been performed under the petrographic microscope on 20 

sandstone samples. To study the mineralogical composition for the interpretation of 

provenance. Similarly, grain size, degree of sorting, roundness and maturity to 

understand transport history.   

The modal analysis is achieved by the digital point counting method with 500 point 

counting per thin section following the procedures suggested by (Dickinson et al., 

1983). It is used to classify sandstone and to determine provenance and tectonic setting. 

For the current study the classification of sandstone was based on (Pettijohn, 1975; Folk 

1980; Dickinson et al., 1983). It combines textural criteria, the proportion of muddy 

matrix, with compositional criteria (quartz, feldspar and lithic fragments). It also 

comprises provenance and tectonic setting  

The heavy mineral analysis was also done in the Geo-Science Laboratory of Ethiopian 

Geological Survey. During heavy mineral analysis sample were panned and weighed 

then sieved to (1mm) oversized (>1mm) will be removed and under sized (<1mm) 

particles was passed through hand-magnet separation which was used to separate 

nonferromagnetic form ferromagnetic minerals. Then nonferromagnetic minerals pass 

through heavy liquid separation (Bromoform: Sp.gr. 2.89), but for the study, the 

equipment that contains the heavy liquid was not working, so the heavy fraction did not 

separated from the light fraction. The unseparated sample was passed through 

electromagnetic separation, to classify the sample based on the magnetic properties as 

strong magnetic, medium magnetic, week magnetic and nonmagnetic. Then 

nonmagnetic heavy minerals were identified under a stereomicroscope and their 

percentage calculated which was used to determine provenance of the studied 

sandstone.  
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Graphical Presentation of Data   

For the study, different software’s were used for the simplified presentation and 

completion of data including tools of Arc GIS10.3 for geological mapping and cross 

section , Grapher used for ternary plots of sandstone classification, provenance and 

tectonic setting, Jmicro Vision applied for digital point counting, Global Mapper17 

utilized to produce drainage pattern of the study area, Rose.Net to plot paleocurrent 

direction, SedLog3.1 to present sandstone sections that were logged during field work 

and Surfer13 used to produce physiographic map.  

 

 

 

 

 

Figure 3. 1. Flow chart showing the methodology of the study  



28 
 

CHAPTER FOUR 

RESULTS 

Introduction   

Lemi area is geologically characterized by volcanic and sedimentary rocks. The 

lithological variations include basalt, sandstone, and mudstone. Mugher Mudstone is 

conformably overlain by Debre Libanose Sandstone which in turn unconformably 

overlain by extensive volcanic rocks. Each lithology is described and discussed 

megascopically during fieldwork and petrographic study of sandstone to determine 

provenance. All lithologies of the study area are compiled in a geological map at a scale 

of 1:25,000 and geological cross-sections (Fig 4.1.). Regionally Debre Libanose 

Sandstone is well exposed at the localities of Lemi, Zega Wodem Stream, Mugher 

River, Jema River, Wenchit Stream, and their tributaries, and reaches a maximum 

thickness of 280m near Lemi (Ahmed, 2009). The study focused specifically on Lemi 

area as the clastic sediment attains maximum thickness. The lithostratigraphic data in 

the field was presented in detail sedimentary section log at a scale of 1: 250, 1: 200, 

1:100, and 1: 50 (Fig 4.5-4.10), and the overall composite log were constructed at a 

scale of 1:250 (Fig 5.1A). Depositional history of the sedimentary basin was traced in 

the field on exposed sandstone lithofacies. The results of statistical analysis were 

presented in Markov Model or Facies Relationship Diagram (FRD). The statistical test 

to identify the randomness of the relationship is given in this chapter. Paleocurrent 

analysis were presented in the rose diagram and interpreted. Finally petrographic 

analysis and modal composition results with ternary plots of sandstone classification, 

provenance and tectonic setting were present.   
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4.1. Lithologic Description  

Figure 4. 1. Geological map (A) and (B), (C) and (D) are Geological cross section of 

the study area along A-B, C-D and E-F respectively, for (B) and (C) the vertical 

scale(VS) is two times horizontal scale(HS) and for the Figure (D) the VS=HS. 

 

 

 



30 
 

4.1.1. Mudstone–Siltstone  

 This unit usually forms a gentle slope at lower topography and this unit has the second 

largest areal coverage after Basalt. It is overlain conformably by sandstone unit and 

underlain by limestone having gradational contact in both lithologies. The principal 

types of rocks in this formation are mudstone, siltstone, and shale. This unit is 

composed of gray shale, yellowish white siltstone, and red to light yellow mudstone 

(Fig 4.2.). It exhibits a high degree of weathering and prominent structures include 

laminations and bedding. 

 

 

Figure 4. 2. Reddish mudstone layer bounded between structures less thickly bedded 

light yellow siltstone deposit (The phone is 16cm long).   
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4.1.2. Sandstone  

Sandstone is observed in the central part of the mapped area and it Covers 15% of the 

study area (Fig 4.1.A). This unit is exposed along the main road, following Ephemeral 

Rivers, quarry sites, and foot trials. Characterized by white, yellow, light yellow, Gray, 

reddish in color. It is mainly friable to rarely compacted, fine, medium to very coarse 

grain sandstone, with sub-rounded to sub-angular quartz grains. Geometrically 

characterized by cliff-forming, tabular, wedge, and structureless irregular or massive 

bodies. Primary sedimentary structures observed include Horizontal bedding, 

Horizontal lamination, Planar cross-bedding, Trough cross-bedding, Convolute 

bedding, Graded bedding, and Load structures. The secondary structures observed in 

this unit are normal faults and irregular fractures. 

 

 

 

 

Figure 4. 3. Reddish to light yellow very coarse to fine grained sandstone exposure (The 

person is 1.67m tall). 
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4.1.3. Basalt  

This rock unit is found at the top of the stratigraphic succession it covers a maximum 

areal extent of 60% of the study boundary (Fig 4.1). It is mainly exposed in the southern 

and central part of the area along road cut and quarry sites. The topmost part of this unit 

is intensively weathered to produce black cotton soil near the villages where the plateau 

landscape prevails. On the outcrops reddish-brown, dark brown weathered color and 

dark to dark grey fresh color. It is usually aphanitic texture. Columnar joint are 

principally visible primary structure (Fig 4.4). The contact between the unit and the 

underlying sandstone is unconformable. It mainly forms cliffs and sometimes gentle 

slopes. In the unit, layering is prominently observed, related to differences in time of 

emplacement of Lava. Mass movement such as landslides and rockfalls are common in 

this lithologic unit. 
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Figure 4. 4. Basalt with columnar joint (The person is 1.83m tall). 
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Logged Sections of Sandstone Outcrop Exposures 

 

Figure 4. 5. Stratigraphic column of sandstone outcrop interbedded with mudstone (the car is 2.27m in height). 
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Figure 4. 6. Stratigraphic column of sandstone outcrop exposure Lemi area (The hummer is 30cm long). 
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Figure 4. 7 Stratigraphic column of sandstone outcrop exposure Lemi area (The person is 1.83m). 
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Figure 4. 8. Stratigraphic column of sandstone outcrop exposure Lemi area (The person is 1.67m tall). 
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Figure 4. 9. Stratigraphic column of sandstone outcrop exposure Lemi area (The person is 1.67m tall). 
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Figure 4. 10. Stratigraphic column of sandstone outcrop exposure Lemi area. 
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4.2. Facies Analysis   

Miall (2006) suggested that sandy lithofacies are classified based predominantly on 

primary sedimentary structure. Accordingly, the classification of sandstone facies for 

the current study was based mainly on this scheme. The study recognized eight 

lithofacies these are Conglomerate facies (Gms), Massive sandstone facies (Sm), 

Horizontally bedded sandstone facies (Sh), Horizontally laminated sandstone facies 

(Slh), Planar cross-bedded sandstone facies (Sp), Trough cross-bedded sandstone facies 

(St), Normally Graded sandstone facies (Sng) and Mudstone facies (Md). The facies 

analysis below is presented in two sections. The first part includes descriptions of facies 

and interpretations of physical processes or hydrodynamic interpretation of individual 

facies. The second part provides facies assemblage, the relationship between facies in 

vertical section by using a geostatistical technique called Markov chain analysis which 

is presented on FRD, and finally paleocurrent analysis.    

4.2.1. Conglomerate Facies (Gms) 

Quartz pebble Conglomeratic facies account for about 8% of sandstone facies with 

thickness varying from 0.5cm to 50 cm. The composite thickness of this facies deposits 

reach 7-8m. It is characterized by a lensoid shape and is rarely stratified in the upper 

part of the succession (Fig 4.11). Matrix supported conglomerate dominantly observed 

in the studied section and show fining upward succession which grades to coarse-

grained sandstone and siltstone. Angular to sub-rounded pebbles are dominated by 

quartz grains 1 to 2 cm in diameter. Matrix has red to brown siltstone and/or sandstone, 

occasionally with coarse rounded reddish quartz grains. The boundaries in the upper 

and lower surfaces are usually gradational but on some occasions erosional.  
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Interpretation  

The clast-supported conglomerate units were deposited most probably as small bodies 

of channel lag or longitudinal braided bars of low sinuous streams (Miall, 1977). The 

conglomerates that are interbedded with the sandstone facies might reflect channel floor 

Figure 4. 11. Conglomerate facies (The key is 5.5cm long).   
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sedimentation favored by a high flow regime. Imbricated clasts of pebbles show this 

facies is attributed to the streamflow process resulting from sediment transport by 

traction (Nilsen, 1982). Laterally migrating channels floors normally contain lag 

deposits (Fielding, 1986).  

4.2.2 Massive Sandstone Facies (Sm) 

This facies is mainly exposed in the middle and in the top part of the study area with a 

maximum thickness of 4m found in the upper part of the succession. It is characterized 

by structureless irregular or massive bodies, white fresh color, and fine to very fine-

grained sandstone. It is about 10% of the studied sandstone facies. The thickness varies 

between 1m to 4m and laterally continuous up to 20m. It is mainly massive but rarely 

has convolute bedding structure (Fig 4.12.).The contact between this facies is 

characterized by sharp and occasionally loading structure is observed in places overlain 

by medium to coarse-grained sandstone (Fig 4.13). There are thinly bedded Pedogenic 

calcrete Palaeosols that are common in these facies. It passes upward to trough cross-

bedded and graded bedded sandstone bodies in logged sections of the study area.   
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Figure 4. 12. Massive fine grained sandstone facies with convolute structure (The person is 

1.67m tall). 
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Interpretation  

This facies are principally characterized by structureless sandstone deposit which is 

attributed to the deposition that occurred rapidly from an upper-flow regime hyper-

concentrated suspension deposition (Blatt et al., 1980; Nichols, 2009). McCabe (1977) 

suggested that this facies can also be formed as a result of post-depositional 

deformations processes. Water escape and load soft-sediment deformation structures 

Figure 4. 13. Pressure (load) structure in fine grained sandstone overlain by 

medium to coarse grained sandstone (the person is 1.67m tall). 
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observed in Lemi Sub-Section one (LSS1) indicate that the sediments were deposited 

in a channel-floodplain regime under water-saturated conditions (Zakir et al., 2002). 

4.2.3. Horizontally Bedded Sandstone Facies (Sh)   

This facies is widely distributed in the study area and it account 40% of the sandstone 

facies in the study area and is relatively uniform in thickness (Fig 4.14.). The composite 

bed thickness reaches up to 170 m and extends for several hundreds of meters laterally. 

This unit is characterized by white fresh color, fine grain, friable with the bed thickness 

varying from 5cm to 60cm thick.  This Facies dominantly forms vertical cliffs with 

laterally continuous tabular bodies or stack sheet deposits. There are natural cave 

structures observed in these facies due to undercutting by the ephemeral stream. The 

lower bedding surfaces of the horizontally bedded sandstone are sharp and occasionally 

show erosive surfaces. In places, this facies contain thin beds of iron-rich mudstone 

within two continuous beds of sandstone sheets.  

 

Interpretation  

Suspension-dominated decelerating overflows in the upper part of active channels 

result in the deposition of fine-grained horizontally stratified sandstones (Singh and 

Bhardwaj, 1991). High flow regimes Plan-bedded sandstone may also be developed as 

Figure 4. 14. Horizontally bedded sandstone facies (The car is 2.27m in height). 
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the depth of the river decrease above the in-channel dunes (Cadle and Cairncross, 

1983). Shallow channel that carrying fine to medium-grained sand as a sand sheet 

during flood stage deposit lenses and a sheet of plan bedded sandstone in a floodplain 

which is a result from crevasse channel and splay deposit (Dehghani, 1994).  

4.2.4. Horizontally Laminated Sandstone Facies (Slh)  

This facies account for 5% of sandstone facies around Lemi area and are characterized 

by horizontal lamination, fine-grained, friable and light reddish fresh color. Individual 

laminae grades from coarse to fine sand/ silt particles (Fig 4.15.). Occasionally there is 

Pedogenic calcrete palaeosols with 2-5cm thick are present and rarely show ripple cross 

lamination. Stratigraphically found overlying massive fine-grained sandstone facies 

forming tabular bodies. This facies is not common but is typically associated with 

planar cross-bedded and massive sandstone facies.  

 

Interpretation  

An increase in flow speed results in washed out of bedforms this is due to the formation 

of flow separation is suppressed at higher speed. Plane bedding and lamination form at 

higher flow velocities in very fine- to coarse-grained sands. (Nichols, 2009). This facies 

Figure 4. 15. Horizontally laminated Sandstone (The marker is 15cm). 
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is interpreted as upper flow regime, plane bed formed during flood conditions (Fedo 

and Cooper, 1990). This is supported by the presence of primary current lineation which 

are pervasive throughout the beds. This facies indicates periodic flooding conditions 

and not permanent flood conditions (Cotter, 1978; Gibling and Davies, 2012). 

4.2.5. Planar Cross Bedded Sandstone Facies (Sp) 

This Facies account for 15% of the studied sandstone facies in the study area. It is 

exposed in quarry sites and the bed thickness varies from 1-1.5m. Characterized by 

light yellow, medium to coarse-grained, rounded, well sorted and compacted sandstone 

facies. Stratigraphically located in the middle and upper part forming tabular bodies. 

This facies is usually associated with conglomerate and trough cross-bedded sandstone 

facies. Some trough cross-bedded, conglomerate with pebble size clasts and graded 

bedded sandstone pass up vertically to planar cross-beds (Fig 4.16.). The dip direction 

of the foreset is mostly to Southeast direction.   

Figure 4. 16. Planar cross-bedded sandstone facies (The 

person is 1.67m tall and the Pen is 15cm). 
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Interpretation  

Planar cross-bedded sandstone facies is the result of straight-crested dune or two-

dimensional bedform migration, or longitudinal and transverse bars (Collinson, 1970; 

Harms et al., 1975; Cant and Walker, 1978 and Allen, 1983). These facies formed under 

lower flow regime conditions and were interpreted as the result of the combination of 

large and small-scale sand-sheets and sand-wave migration on the channel bed (Harms 

et al., 1982).  

4.2.6. Trough Cross Bedded Sandstone Facies (St) 

Trough cross-bedded sandstone facies is common in beds which are typically up to 

20cm-1 m thick and 15% of the study area sandstone facies. It shows forsets that are 

curved and terminate tangentially to the lower bedding plane. Occur both in very fine 

to coarse-grained sandstone, white to light yellow, well-sorted. The cosets vary from 

small (5-25cm) (Fig 4.17.) and foresets in this facies generally fines upwards from 

coarse to medium sand grain (normally graded) (Fig 4.18.). The base of this facies is 

typically sharp and occasionally overlies massive very fine-grained sandstone.  
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Figure 4. 17. Trough cross-bedded sandstone (the hummer is 30cm long). 
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Figure 4. 18. Trough cross bedding with erosional surfaces. (The hummer is 

30cm long). 
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Interpretation  

This sandstone facies is formed under lower flow regime conditions by migration of 

three-dimensional bedforms dunes and mega ripples (Harms et al., 1982). The infilling 

of a trough like scours when the flow power decrease forms this set of deposits 

(Fielding, 1986).   Large-scale trough cross-bedding is formed mainly by migrating 

linguoid bars and sinuous-crested dunes; and medium and small-scale sets have been 

interpreted as the result of migration of sinuous-crested dune and ripple (Allen, 1983; 

Miall, 1985). This type of facies has also been interpreted as the result of modification 

of fluvial bars by bedform superimposition (Cant and Walker, 1978; Crowley, 1983). 

The dimensions of the resulting sets are related to the channel or flow depth their 

presence in sets indicates that most bars were covered by sinuous crested dunes (Allen, 

1983). These facies usually form deposition in the deeper portion of the river, while Sp 

facies are deposited in a shallow part of the river (Miall, 1981, Maill 1985). Generally, 

trough and planar cross-stratification represent the build-up of sand by migrating mega-

ripple bedforms (Nichols, 2009).  

4.2.7. Normally Graded Sandstone Facies (Sng) 

This facies account for 5% of the sandstone facies coverage of the study area and is 

characterized by light yellow, reddish, light gray fresh color and it fine upwards from 

very coarse-grained sandstone to silt and clay size particle (Fig 4.19.). This facies is 

composed of sub-rounded to rounded and elongated quartz grain which show poor 

sorting. It is found in associated with fine-grained massive sandstone, tabular cross-

bedded sandstone and lensoidal conglomerate facies. The thickness ranges from 50cm-

5m and Form cyclic deposits. Laterally continuous up to 15m and stratigraphically 

found at the top and middle part of the studied sandstone deposit. Usually, fine-grained 

massive sandstone deposits pass up vertically to these facies. The typical characteristic 

of these facies is cyclic deposition patterns in vertical succession. 

 

Interpretation  

This facies is also known to be normal grading formed by decreasing in flow strength 

through time or the settling of particles out of suspension showing a reduction in grain 

size from coarse at the bottom to fine at the top (Nichols, 2009). Normally graded 

sandstone facies in the upper part of sandstone around Lemi area marks deposition by 

a single current when there is a decrease in the strength of the flow condition and energy 

of the channel (Abbasi et al., 2017).  



52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.8. Mudstone Facies (Md) 

This facies account for 2% of the study area sandstone facies dominantly associated 

with horizontally bedded sheet sandstone facies. Characterized by red and composed of 

very fine silt and clay-sized particles. The thickness ranges between 10 to 40cm and 

laterally continuous up to 50m (Fig 4.20.). Sandstones associated with these facies 

exhibits reddish color which is related to intense weathering of the overlying thin mud 

layers.    

 

 

 

 

 

 

 

 

Figure 4. 19. Normally graded sandstone (the marker have 15cm in height). 
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Interpretation  

The presence of shale lenses, mud laminae in sandstone indicates that a high-energy 

environment is interrupted by a low-energy environment (Hassan, 1998).  The color of 

the Mudstone facies indicates deposition in a well-drained and oxygenated environment 

from suspension deposits which is associated with floodplain (Miall, 1996; Abbasi et al., 

2017).   

 

 

 

 

 

 

 

 

 

 

Figure 4. 20. Mudstone facies. 
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Table 4. 1.Summary of Lithofacies characteristic and flow condition interpretation; 

the facies code is based on Miall, (2006). 

Lithofacies Description and interpretation  

Massive Sandstones (Sm)  

 

 fine grain, white, structureless sandstone 

Deposition is formed by very rapid deposition from highly concentrated 

sediment dispersion or suspensions (Maizels, 1993; Maill, 1996) 

Planar cross-bedded 

Sandstones (Sp)  

 

 medium-grained sandstone with well-sorted grain  

 1m thick, 3 m in length  

 overlying trough cross-bedded sandstones (St)  

Downstream migration of bar forms, ripples and two-dimensional dunes. 

(Cant and Walker, 1978 Allen, 1983 and Miall, 1996)  

Trough cross-bedded 

Sandstones (St)  

 

 medium-grained sandstone with well-sorted grain  

 the bottoms of these beds are lined with fine-grained massive 

sandstone with a pressure structure  

Deposition from the migration of ripples and three-dimensional dunes 

(Harms et al., 1982; Miall 1985) 

Horizontally bedded 

Sandstones (Sh)  

 

 White, fine-grained, horizontally bedded and forming sheet-like 

sandstone geometry. 

Deposition from the upper plane-bed flows at the bar tops during low 

water stages or predominantly suspension under plane bed flow 

conditions in flood plain deposits (Dehghani, 1994; Miall, 1996) 

Normally graded 

Sandstones (Sng)  

 

 Normal grading, fine-coarse grained sandstone,  

 50cm-5m thick, up to 15 m in length  

Formed from decelerating flow condition. (Miall, 1996; Nchole, 2009) 

Conglomerates (Gms)  

  

 granule- to pebble-sized clasts 

  crude horizontal stratification and rapid upward fining  

  sub-angular-well rounded clasts  

 clast-supported or matrix-supported  

 thickness between 15cm and over 10 meters, several m in length  

Deposition from hyper-concentrated grain flows lag deposit (Nilsen, 1982; 

Miall, 1996)  

Horizontally laminated 

Sandstone facies (Slh) 

Upper flow regime, plane bed formed during flood conditions.(Olsen, 

1988;  Miall, 1996;  Fielding, 2006)  

Mudstone facies Suspension deposit in the overbank area or floodplain deposits (Miall, 

1996; Bridge, 2006) 
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4.2.9. Facies Assemblages 

From the study of facies analysis above, there are three facies assemblages were 

recognized these are conglomerate, sandstone and fine-grained siltstone/mudstone. The 

conglomerate deposit in the unit shows only one lithofacies called conglomerate (Gms), 

while sandstone facies assemblage includes:  planar cross-bedded Sandstones (Sp), 

trough cross-bedded Sandstones (St), and normally graded Sandstones (Sng). Fine-

grained facies assemblage comprises four lithofacies these are horizontally bedded 

Sandstones (Sh), horizontally laminated sandstone facies (Slh), Mudstone facies (Md) 

and Massive Sandstones (Sm). 

4.2.10. Statistical Analysis for the Vertical Relationship between Facies   

Markov chain analysis relies on a simple concept of whether a given lithology is 

influenced by the lithology lying directly below it (Miall, 1973). Markov chain model 

will be the first order if the transition of facies depends only on previous facies that is, 

the relationship between a given bed and the next bed immediately succeeding it (Mail, 

1973). For the current study, first-order Markov chain analysis were used. (Table 4.2.) 

Shows the TCM for the lithofacies observed in the study area representing the number 

of times one lithofacies overlies another. During the statistical analysis normally graded 

sandstone facies (F7) only found in the upper part of the study section. To avoid bays 

it was not considered in this analysis.   

Table 4. 2. Transition Count Matrix (TCM). 

TCM 

  F1 F2 F3 F4 F5 F6 F8  Rt 

F1 0 4 0 0 1 0 0 5 

F2 3 0 1 1 1 1 1 8 

F3 0 2 0 0 0 0 6 8 

F4 0 1 0 0 1 0 0 2 

F5 1 1 0 2 0 0 0 4 

F6 0 0 0 0 1 0 0 1 

F8 0 0 5 0 0 0 0 5 

Ct 4 8 6 3 4 1 7 T=33 
  

     *Ct (Column total), *Rt (Row total). *T (Total number of transitions) 

An Independent Transition Matrix (ITM) was calculated from Transition Count Matrix 

(TCM) by using Mathematical formula: 

ITM = (Ct x Rt) / T 

Where Ct = Column total; Rt= Row total and T = Total number of transitions. 
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Independent Transition Matrix, (ITM) determines the occurrence within which each 

lithofacies underlies another is proportional to its relative abundance. In the ITM 

lithofacies transition pattern is not obvious (Miall, 1973). (Table 4.3.) Below displays 

the ITM of the studied facies. 

Table 4. 3. Independent Transition Matrix (ITM).   

ITM 

  F1 F2 F3 F4 F5 F6 F8 

F1 0.61 1.21 0.91 0.45 0.61 0.15 1.06 

F2 0.97 1.94 1.45 0.73 0.97 0.24 1.70 

F3 0.97 1.94 1.45 0.73 0.97 0.24 1.70 

F4 0.24 0.48 0.36 0.18 0.24 0.06 0.42 

F5 0.48 0.97 0.73 0.36 0.48 0.12 0.85 

F6 0.12 0.24 0.18 0.09 0.12 0.03 0.21 

F8 0.61 1.21 0.91 0.45 0.61 0.15 1.06 

 

When the DM is computed, the lithofacies transition patterns and their frequencies 

become visible (Miall, 1973). (Table 4.4.) Is the Difference Matrix (DM) computed 

from the TCM and ITM for the logged sections around Lemi.  

DM = TCM – ITM for each corresponding cell.  

The positive values in the Difference Matrix (DM) explain the Markovian property 

which reveals the transitions that have greater than random frequencies. If the facies 

were arranged randomly all values in (Table 4.4) will have Negative values.  In other 

word Positive values indicate transitions that occur more frequently than would be the 

case if the facies were arranged randomly. Negative values indicate transitions that 

occur less often. 

Table 4. 4. Difference Matrix (DM). 

Dm 

  F1 F2 F3 F4 F5 F6 F8 

F1 -0.61 2.79 -0.91 -0.45 0.39 -0.15 -1.06 

F2 2.03 -1.94 -0.45 0.27 0.03 0.76 -0.70 

F3 -0.97 0.06 -1.45 -0.73 -0.97 -0.24 4.30 

F4 -0.24 0.52 -0.36 -0.18 0.76 -0.06 -0.42 

F5 0.52 0.03 -0.73 1.64 -0.48 -0.12 -0.85 

F6 -0.12 -0.24 -0.18 -0.09 0.88 -0.03 -0.21 

F8 -0.61 -1.21 4.09 -0.45 -0.61 -0.15 -1.06 
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The facies relationship diagram (Fig 4.21.) was drawn based on the difference matrix 

results (Table 4.4) by using only those transitions with positive values (Miall, 1973).  

Non Randomness Test: Chi-Square Test 

Testing the statistical hypothesis, a critical value for Chi-square was determined, which 

allows the null hypothesis either to be accepted or rejected.  

d.f= (Ni-1)2-N, (7-1)2-N= 29 

Were N= Total number of facies states in the study area, d.f = degree of freedom 

A significance level of 0.05 (i.e. 5%) and degrees of freedom 29 were applied for the 

facies study of Debre Libanose Sandstone. Since the critical value for 29 degrees of 

freedom at a significance level of 0.05 is 42.56, Which is less than the calculated Chi-

Square value (χ2) = 78.2 Thus, the null hypothesis (Ho) is rejected and the alternative 

hypothesis (H1) is accepted (i.e. sedimentary process is Markovian not randomly 

deposited for the studied sandstone around Lemi area) (Miall, 1973; Banerjee, 1979).  

Table 4. 5. Result of the Chi-Square (χ2) test computed as DM2 /ITM. 

Chi-Square (χ2 ) 

  F1 F2 F3 F4 F5 F6 F8 Rt 

F1 0.6 6.4 0.9 0.5 0.3 0.2 1.1 9.9 

F2 4.3 1.9 0.1 0.1 0.0 2.4 0.3 9.1 

F3 1.0 0.0 1.5 0.7 1.0 0.2 10.9 15.3 

F4 0.2 0.5 0.4 0.2 2.4 0.1 0.4 4.2 

F5 0.5 0.0 0.7 7.4 0.5 0.1 0.8 10.1 

F6 0.1 0.2 0.2 0.1 6.4 0.0 0.2 7.3 

F8 0.6 1.2 18.4 0.5 0.6 0.2 1.1 22.5 

Ct 7.3 10.4 22.2 9.4 11.1 3.1 14.8 78.2 
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4.2.11. Interpretation Using Facies Association and Succession  

The results of the first-order Markov chain analysis are summarized in the Facies 

Relationship Diagram (Fig 4.21) and show the interrelationship of lithofacies in the 

Debre Libanose Sandstone around Lemi area. From constructed FRD of sandstone 

around Lemi area (Figure 4.21), used as the basis for the interpretation of vertical facies 

relationships. Mudstone facies (Md) and fine-grained horizontally bedded sandstone 

facies assemblage have repetitively layered one another which is observed in most of 

the study area interpreted as suspension deposits in the overbank area or floodplain 

deposits (Miall, 1996; Bridge, 2006). Which is overlaid by fine-grained Massive 

sandstone facies (Ms), then overlain by horizontally laminated sandstone facies (Slh) 

or quartz pebble conglomerate (Gms) facies. (Gms) facies overlain by planar cross-

bedded sandstone facies (Sp), (Sp) facies can also overlie Trough cross-bedded 

sandstone facies (St).   

4.3. Paleocurrent Analysis     

Paleocurrent analysis were derived from dip direction measurements of planar cross-

bedded sandstone facies. Analyzed paleocurrent data displayed in a rose diagram as 

shown (Fig 4.22.) below. Concentric circles values (5, 10 and 15) in the rose diagram 

represent the percentage of observed measurements.   

Figure 4. 21. Facies Relationship Diagram (FRD) based on positive values of the 

difference matrix recorded in (Table 4.4.) Presents common upward transition of facies 

states of Debre Libanose Sandstone around Lemi area. Numbers indicate the 

probabilities of passing upward from one lithofacies to another and  F1, F2, F3, F4, F5, 

F6, F8 designate Quartz pebble conglomerate, Massive sandstone facies, Horizontally 

bedded sandstone facies,  Horizontally laminated sandstone facies,  Planar cross bedded 

sandstone facies,  Trough cross bedded sandstone facies and  Mudstone facies 

respectively. 
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LS1:- 105, 95,110, 115, 80, 120, 93, 130, 118, 92, 112, 99, 109, 114, 80, 120, 88, 109, 

86, 77 

LS2:- 110, 140, 150, 100, 91, 112, 99, 79, 110, 116, 130, 105, 124, 114, 112, 100, 95, 

90, 106 

 

Interpretations of Paleocurrent Analysis  

From the rose diagram plotted above, Paleocurrent direction was done for the two 

sections and interpreted as the studied sandstone were deposited prominently by 

Southeast (SE) flowing water.  

4.4. Petrographic Analysis  

Laboratory studies of sandstone include petrographic and heavy mineral analysis. This 

analysis was undertaken to determine the provenance of the sandstone. For the 

petrographic analysis 20 sandstone samples were undertaken similarly for heavy 

mineral analysis 10 sandstone samples were analyzed. The results of the petrographic 

and heavy mineral analysis is presented below. 

4.4.1. Quartz 

A large percentage of detrital grains in the sandstones constitutes quartz, the most stable 

of all minerals under sedimentary conditions (Tucker, 2001). The total quartz content 

in Debre Libanose Sandstones around Lemi area range between 83.6-99%, with an 

average total quartz content of 93% (Table 4.10.)  Both monocrystalline and 

polycrystalline quartz grains are present in the sandstones, with the monocrystalline 

quartz, averaging 90.4% and polycrystalline grain consists of 2.6% calculated from 

(Table 4.9). Quartz grains mostly have sub-rounded to rounded in shape with some 

Figure 4. 22. Paleocurrent direction of the studied sandstone A) Lemi     

Section One (LS1), B) Lemi Section Two (LS2). 
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monocrystalline quartz grains tend to show undulose extinction (Fig 4.23. A, C). Grain 

size variation in the studied samples have fine-grained, medium to coarse-grained with 

medium-grained dominating in samples (Fig 4.28.). The observed contact between 

individual quartz grains shows almost sub-parallel to parallel with some sutured 

boundaries and rarely concavo-convexo contact. Recrystallized quartz mostly 

originated from metamorphic origin occurs mainly as polycrystalline grains, with sub-

equant to equant shape (Fig 4.23.C), while stretched metamorphic quartz (Fig 4.23.B) 

is mostly platy to elongate. Quartz grains with undulatory extinction came from 

metamorphic source rock whereas the grains with non-undulatory extinction originated 

from non-metamorphic rocks (Blatt and Christie, 1963; Tucker 2001). Lemi subsection 

two sample number one (LSS21) and Lemi subsection two sample number five (LSS25) 

show undulose and finely polycrystalline quartz grains indicative of metamorphic 

source rocks, while quartz grains of plutonic and volcanic origin are characteristically 

strain free (Basu, 2003). 
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Figure 4. 23. Photomicrograph of quartz grains: A) Recrystallized 1.5mm monocrystalline quartz 

grain to fine Polycrystalline quartz.  B) stretched Polycrystalline quartz,  C) Polycrystalline quartz 

grain with sutured boundaries, D) sub rounded to rounded quartz grain , E) medium grained, well 

sorted and sub-rounded to rounded quartz with magnification power of 4x, F) quartz with coarse 

grained, sub-angular to sub-rounded and quartz overgrowth (green arrow). (Qtz: quartz, Opq: opaque 

mineral, Qm: monocrystalline quartz, Qp: polycrystalline quartz, Qu: undulatory quartz, Qnu: non 

undulatory quartz). 
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4.4.2. Feldspar 

Feldspar constitutes only a small percentage as compared to quartz and lithic fragments 

on average, the feldspar minerals in the Debre Libanose Sandstone is about 2.4% (Table 

4.11.). Alkali feldspar (orthoclase) and plagioclase feldspar (albite) are the feldspar 

minerals present in the sandstones (Fig 4.24), with plagioclase feldspar being dominant 

in the studied sample. The feldspar grains are partially altered. Albite and orthoclase 

are the dominant feldspar minerals occurring in both twinned and untwinned forms. 

Most of the plagioclase shows twinning, generally elongated and shows parallel 

twinning, while others appear to be untwinned. Microcline is rare in samples and the 

orthoclase grains are usually cloudy. 

4.4.3. Lithic Fragments 

Lithic fragments are pieces of rocks that have been eroded down to sand size and are 

now sand grains in the sedimentary rocks (Nichols, 2009). Lithic fragments constitute 

the second part following quartz in studied samples, they have an average percentage 

of 4.6% of the framework grains (Table 4.10.). Lithic fragments are derived from 

metamorphic (Fig 4.25. A, B), sedimentary (Fig 4.25.C).   

Figure 4. 24. Photomicrograph of feldspar grains: A) unaltered plagioclase feldspar (green 

arrow) and tourmaline mineral (red arrow), B) altered plagioclase feldspar and quartz with 

sutured contact (Qtz: represents quartz, Opq: opaque mineral, Kf: Alkali feldspar, both taken 

on magnification power of 10x). 
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4.4.4. Matrix and Cement 

The matrix serves as binding materials around larger or framework grains while cement 

tends to fill up the pore spaces within the sandstone grains (both matrix and framework 

grains) (Boggs, 2006). The detrital framework grains in the Debre Libanose Sandstone 

are bounded by the matrix of clay minerals and fine-grained quartz, whereas cementing 

materials include calcite (Fig 4.26.A), hematite (Fig 4.26 B and C) and silica (Fig 

4.26.A). The quartz overgrowths make up much of the quartz cement that precipitates 

within the pore space between original detrital grains. The matrix or groundmass is 

mostly clay minerals and they are either detrital or formed diagenetically. The 

diagenetic matrix minerals in the studied sandstone are formed as a result of alteration 

and precipitation of the framework grains, in addition to the recrystallization of other 

matrix minerals (Baiyegunhi et al., 2020). Hematite cement is a common cement type 

in the sandstones (Boggs, 2006), also one of cementing materials in the studied 

sandstone.  

Figure 4. 25. Photomicrograph of Lithic fragments: A) and B) metamorphic lithic 

fragment, C) sedimentary rock fragment (blue arrow), rutile mineral inclusion in quartz 

(red arrow), quartz over growth (yellow arrow) which serve as cement. (Qtz: represents 

quartz, Opq: opaque mineral, both taken on magnification power of 10x). 
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4.4.5. Accessory Minerals  

The observed accessory minerals in the sandstones are muscovite (Fig 4.27.D), zircon 

(Fig 4.27.F), rutile (Fig 4.27.A), tourmaline (Fig 4.26.A), and opaque. Rutile occurs 

both as inclusion in quartz grain and as individual grain, also exists more frequently 

than other heavy minerals observed under thin section. 
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Figure 4. 26. Photomicrograph of Matrix and Cement: A) Calcite cement (red arrow), B) 

hematite cement (brown arrow), clay matrix (green arrow), C) Quartz cement (yellow arrow), 

hematite cement (green arrow). (Qtz: represents quartz, Opq: opaque mineral, both taken on 

magnification power of 10x). 
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0µm Figure 4. 27. Photomicrograph of accessory minerals A) Heavy mineral rutile (green 

arrow) and quartz overgrowth (yellow arrow), B) quartz overgrowth (brown arrow), C) 

hematite cement (yellow arrow) and Authigenic quartz cement (green arrow), D) detrital 

muscovite (blue arrow), F) sub rounded zircon mineral (green arrow). 
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Figure 4. 28. Photomicrograph show grain size distribution, sorting, textural maturity of 

sandstone in the study area both in XPL and PPL A) Fine grained sandstone from sample 

number LSS19 B) coarse grained sandstone sample number LSS13 and C) very coarse 

grained sandstone from sample number LSS23 (all the image took in 4x magnification 

power and Scale bar is 500 µm). 
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Table 4. 6. Mineralogy of the sandstone. 

Sample 

No   
Maturity Cement type   

Accessory 

minerals  
Grain shape  Sorting 

LSS21 Mature 
Clay, silica  

overgrowth 

Muscovite, biotite, 

opaque, rutile 

Subangular-

subrounded  

Moderately 

sorted 

LSS11 Submature  Clay -  
Subangular-

rounded  
Poorly sorted 

LSS12 Mature Iron oxide  opaque Muscovite Sub-rounded 
Moderately 

sorted 

LSS13 Submature  Iron oxide  
opaque Muscovite 

zircon 
Subrounded Poorly sorted 

LSS14 Submature  Clay Opaque Subrounded 
Moderately 

sorted 

LSS15 Mature 
Iron oxide, 

Clay 

opaque Muscovite 

rutile 
Subrounded Well sorted  

LSS16 Submature  Iron oxide  - Sub-rounded Well sorted  

LSS17 Submature Iron oxide  
opaque, Muscovite 

rutile 
Subrounded 

Moderately 

sorted 

LSS18 Immature  Calcite Opaque, Muscovite Subrounded 

Poorly-

moderately 

sorted 

LSS19 Mature Iron oxide  Opaque 
Subangular-

subrounded  
Well sorted  

LSS110 Submature  Iron oxide  - Sub-rounded Well sorted  

LSS21 Mature Iron oxide  opaque, Muscovite Sub-rounded Well sorted  

LSS22 Submature  Clay Opaque 
Subangular-

rounded  
Well sorted  

LSS23 Mature Iron oxide  opaque  Subrounded 
Moderately 

sorted 

LSS24 Submature 
Iron oxide 

clay 
opaque, zircon  

Subangular-

subrounded  

Moderately 

sorted 

LSS25 Mature 

Iron oxide, 

silica  

overgrowth 

Muscovite, biotite, 

opaque  

Subangular-

subrounded  

Moderately 

sorted 

LSS26 Immature  Clay Opaque zircon  
Subangular-

subrounded  

Poorly-

moderately 

sorted 

LSS27 Mature Clay opaque  Subrounded 
Moderately 

sorted 

LSS28 Submature Clay - Sub-rounded 
Moderately 

sorted 

LSS29 Submature  
Clay, silica  

overgrowth 
Opaque Subrounded 

Moderately 

sorted 

LSS210 Submature Iron oxide  - 
Subangular-

subrounded  

Moderately 

sorted 
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4.5. Sandstone Modal Composition Analysis.  

Table 4. 7 Framework parameters of detrital modes (After Dickinson, 1985). 

A Quartzose Grains  

(Qt = Qm + Qp)  

Qt = Total quartz grain  

Qm = Monocrystalline quartz grain  

Qp = Polycrystalline quartz grain  

B  Feldspar Grains 

F = (P+K)  

F = Total feldspar grain  

P = Plagioclase feldspar grain  

K = Potassium feldspar grain  

C  Unstable Lithic Fragments  

L = Lv + Ls,  

Lv = Volcanic lithic fragment 

Ls = Sedimentary/metasedimentary lithic fragment  

D  Total Lithic Fragments  Lt = (L+ Qp), Total lithics  

 

Table 4. 8. Modal composition of Debre Libanose Sandstone. 

Sample 

No Qm QP K P Lm Ls Lv Matrix Total 

LSS21 440 16 5 4 10 3 2 20 500 

LSS22 440 7 0 0 0 18 12 23 500 

LSS23 450 2 0 0 0 0 10 38 500 

LSS24 432 10 0 0 30 0 0 28 500 

LSS25 423 3 1  0 6 30 37 500 

LSS26 432 1 5 21 2 4 10 25 500 

LSS27 382 4 12 33 0 7 2 60 500 

LSS28 385 44 9 10 15 0 0 37 500 

LSS29 422 8 6 2 3 7 4 48 500 

LSS210 470 3 0 1 0 1 3 22 500 

LSS11 441 7 2 4 20 2 0 24 500 

LSS12 400 46 3 2 7 2 10 30 500 

LSS13 445 28 1 0 2 6 7 11 500 

LSS14 415 3 0 0 0 16 40 26 500 

LSS15 400 3 30 0 20 0 0 47 500 

LSS16 437 0 0 0 0 1 14 48 500 

LSS17 386 19 5 10 4 2 2 72 500 

LSS18 452 5 0 1 0 1 2 39 500 

LSS19 396 8 0 32 17 30 0 17 500 

LSS110 388 29 11 10 16 12 19 15 500 
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Table 4. 9. Percentage of framework grain and matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

No Qm% QP% K% P% Lm% Ls% Lv% Matrix% Total% 

LSS21 88 3.2 1 0.8 2 0.6 0.4 4 100 

LSS22 88 1.4 0 0 0 3.6 2.4 4.6 100 

LSS23 90 0.4 0 0 0 0 2 7.6 100 

LSS24 86.4 2 0 0 6 0 0 5.6 100 

LSS25 84.6 0.6 0.2 0 0 1.2 6 7.4 100 

LSS26 86.4 0.2 1 4.2 0.4 0.8 2 5 100 

LSS27 76.4 0.8 2.4 6.6 0 1.4 0.4 12 100 

LSS28 77 8.8 1.8 2 3 0 0 7.4 100 

LSS29 84.4 1.6 1.2 0.4 0.6 1.4 0.8 9.6 100 

LSS210 94 0.6 0 0.2 0 0.2 0.6 4.4 100 

LSS11 88.2 1.4 0.4 0.8 4 0.4 0 4.8 100 

LSS12 80 9.2 0.6 0.4 1.4 0.4 2 6 100 

LSS13 89 5.6 0.2 0 0.4 1.2 1.4 2.2 100 

LSS14 83 0.6 0 0 0 3.2 8 5.2 100 

LSS15 80 0.6 6 0 4 0 0 9.4 100 

LSS16 87.4 0 0 0 0 0.2 2.8 9.6 100 

LSS17 77.2 3.8 1 2 0.8 0.4 0.4 14.4 100 

LSS18 90.4 1 0 0.2 0 0.2 0.4 7.8 100 

LSS19 79.2 1.6 0 6.4 3.4 6 0 3.4 100 

LSS110 77.6 5.8 2.2 2 3.2 2.4 3.8 3 100 
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Table 4. 10. Normalized to 100% without including matrix for sandstone 

classification, provenance and to infer tectonic setting. 

Sample no Qt F L total 

LSS21 95.00 1.88 3.13 100 

LSS22 93.71 0.00 6.29 100 

LSS23 97.84 0.00 2.16 100 

LSS24 93.64 0.00 6.36 100 

LSS25 92.01 0.22 7.78 100 

LSS26 91.16 5.47 3.37 100 

LSS27 87.73 10.23 2.05 100 

LSS28 92.66 4.10 3.24 100 

LSS29 95.13 1.77 3.10 100 

LSS210 98.95 0.21 0.84 100 

LSS11 94.12 1.26 4.62 100 

LSS12 94.89 1.06 4.04 100 

LSS13 96.73 0.20 3.07 100 

LSS14 88.19 0.00 11.81 100 

LSS15 88.96 6.62 4.42 100 

LSS16 96.68 0.00 3.32 100 

LSS17 94.63 3.50 1.87 100 

LSS18 99.13 0.22 0.65 100 

LSS19 83.64 6.63 9.73 100 

LSS110 85.98 4.33 9.69 100 
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4.6. Sandstone Classification, Provenance and Tectonic Setting Results  

 

 

Figure 4. 29. Q-F-L ternary presents classification of Debere Libanose Sandstone from 

Jema sub-Basin A) (After Folk, 1980) and B) (After Pettijohn, 1975). 

Figure 4. 30. Qt-F-L and Qm-FL-t ternary plot of data presented in (Table 4.10.) display 

provenance of Debre Libanose Sandstone Formations A) (After Pettijohn, 1975) B) (After 

Folk, 1980). 
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Figure 4. 32. Total quartz-feldspar-lithic fragment (Qt-F-

L) scheme proposed by (Yerino, and Maynard, 1984) to 

display the tectonic provenance of the Debre Libanose 

Sandstone. 

Figure 4. 31. Qt-F-L ternary plot of data presented in (Table 4.10.), A) provenance and 

B) classification of Debre Libanose Sandstone from Jema sub-basin, Lemi area (After 

Dickinson et al., 1983). 
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4.7. Heavy Mineral Analysis  

Table 4. 11. Heavy mineral analysis Results. 

Sample 

No. 
Lab.No. TW/HWT(gm) Total Mineral composition volume % 

      Ilmenite Hematite Limonite Garnet Rutile Tourmaline 

LSS-

21 
1268/21 15.8/14.74 0.4  -  - Tr Tr -  

LSS-

25 
1269/21 15.36/15.31 0.3 Tr Tr 0.2 0.1 -  

LSS-

27 
1270/21 15.95/15.87 1.2 Tr -  Tr Tr -  

LSS-

28 
1271/21 16.64/16.54 0.3 Tr -  0.2 0.1 -  

LSS-

29 
1272/21 15.55/15.42 1.6 Tr  -  - -  0.1 

LSS-

10 
1273/21 15.16/15.09 Tr Tr  - Tr -   - 

LSS-

11 
1274/21 14.46/14.35  - Tr -  Tr -   - 

LSS-

22 
1275/21 14.30/14.21 Tr Tr Tr Tr  - Tr 

LSS-

12 
1276/21 14.49/14.40  -  - -  Tr  - Tr 

LSS-

14 
1277/21 15.39/15.35 Tr Tr Tr Tr Tr Tr 

Tr (trace concentration), TW/HWT (gm) (Total weight/ Half fractionation weight)  
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CHAPTER FIVE 

DISCUSSION  

5.1. Depositional Environment  

 5.1.1. Braided River 

The unimodal palaeocurrent flow (Fig 4.22.) and the scarcity of overbank fine cohesive 

sediments suggest a braided fluvial system (Rust and Jones, 1987). The crudely 

stratified, horizontally bedded and imbricated conglomerates, coarse to pebbly 

sandstone (Gms) deposit of Lemi area indicates channel lag deposits. Indicating 

accretion on longitudinal gravel bars during high stand water conditions and bedload 

discharge within a heavy loaded fluvial system (Allen, and Fielding, 2007). Similarly, 

Miall (1977) reported that the deposition of pebbly sandstone conglomerate lithofacies 

occurs as channel bodies which may correspond to deposition by longitudinal channel 

bars of low sinuous braided streams. Abundant large-scale trough and planar cross 

stratified sandstone sequence may be attributed to down current migration of sand 

dunes, sand waves, and transverse bars in shallow water stream channels, which is 

prominently observed in the study area (Miall, 1992). The abundance of coarse-grained 

facies and a relative scarcity of mud-dominated facies in the current study suggests that 

deposition occurred principally in a bed load-dominated stream system (Schumm, 

1977; Galloway, 1981).  

5.1.2. Meandering River  

The high percentage of fine grain size deposit and cyclic fining upward sequence is 

consistent with meandering rivers deposit (Walker and cant, 1984; Miall, 1990). 

Specifically, sand, silt and clay-sized particles are predominantly deposited by 

meandering rivers (Nichols, 1998) are also observed in the upper part of the sandstone 

of Lemi area. This facies marks deposition by a single current when there is a decrease 

in the strength of the flow condition and energy of the channel (Abbasi et al., 2017).  

Generally, the depositional environment of the studied sandstone is reconstructed as a 

sandy braided river deposit and the upper part of the sequence is show characteristics 

of the meandering river deposit that is cyclic fining upward sequence. This 

interpretation can also be supported by the lithostratigraphic log (Fig 5.1. A and B). The 

vertical sections (Fig 5.1.A) show consistent with braided channels of the sedimentation 

model constructed by Selley (1970) (Fig 5.1.B) presenting thickness and grain size 

evolution related to typical depositional environments. Debre Libanose Sandstone 
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depositional environment reconstruction of the current study is similar to earlier 

interpretation by Ahmed (2009) except that there is the absence of lacustrine 

depositional environment around Lemi area.    

 

 

 

Figure 5. 1. Composite section log of the study area (A) and (B) is the typical examples of 

thickness and grain size evolution related to typical depositional environments (Selley, 

1970). 
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5.2. Sandstone Petrography and Mineralogy 

Debre Libanose Sandstone around Lemi is mainly made up of quartz, with minor 

feldspar, rock fragments, matrix, cement and accessory mineral including muscovite, 

rutile, zircon, tourmaline, and opaque. The percentages of quartz, feldspar, and lithic 

fragments vary between 83.6-99%, 0-10.23%, and 0.65-11.81%, respectively (Table 

4.10.). The average percentages and characteristics of the quartz grains in the Debre 

libanose Sandstones indicate igneous, metamorphic, and pre-existing sedimentary rock 

provenances. This assumption is supported by general variation in the relative 

abundance of the diverse types of quartz and feldspar grains. Both monocrystalline 

(Qm) and polycrystalline quartz (Qp) occur, suggesting derivation from both igneous 

and metamorphic sources (Tucker, 2001). As stated by Folk (1974) and McBride (1985) 

genetic and empirical classification of the quartz types, monocrystalline quartz grains 

are mostly plutonic, while polycrystalline quartz is recrystallized and stretched 

metamorphic types. Adams (1977) reported that the presence of dominant 

monocrystalline quartz grains indicates that the sandstones were mostly derived from a 

granitic source. On the other hand, according to Dabbagh and Rogers (1983), abundant 

monocrystalline grains in the sandstone samples could be a result of the disintegration 

of original polycrystalline quartz grain in a long-distance transport from the 

metamorphic source. Additionally, some of the polycrystalline quartz grains have two 

or more crystals with straight to slightly curved inter-crystalline boundaries, indicating 

that sandstones were sourced from plutonic igneous rocks (Blatt, 1973). The presence 

of strained and unstrained quartz grains indicates different source rocks, that some of 

the strain was inherited, indicating a granitic and/or metamorphic source for the quartz 

grains (Young, 1976). Similarly, some of the monocrystalline quartz grains exhibit 

undulatory extinction, indicative of metamorphic and pre-existing sedimentary rocks in 

the provenance (Blatt, 1973). Also Basu, et al. (1975) documented that pure fragments 

of feldspar grains in sandstones indicate igneous source area, while altered feldspar 

grains are mostly of metamorphic sources. Both altered and a few pure feldspar grains 

are observed in the sandstones of the study area, indicating that the sandstones are 

probably sourced from igneous and metamorphic provenance. In general mature 

transport regime and a cratonic source favor low percentages of feldspar and lithic 

fragments in sandstones (Akarish and Gohary, 2008) 
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5.3. Heavy Mineral Analysis  

The presence of ultra-stable heavy minerals such as zircon, rutile and tourmaline has 

been used to describe the nature of materials derived from provenance (Mange and 

Maurer, 1992; Mange and Morton, 2007). Heavy mineral analysis of Debre Libanose 

Sandstone (Table 4.11.), shows the presence of rutile, ilmenite and zircon minerals 

depicts sandstone is sourced from igneous rock (Tucker 2001; Boggs, 2006; Nichols 

2009). Similarly, the presence of garnet implies the involvement of metamorphic 

provenance (Tucker 2001; Boggs, 2006; Nichols 2009; Fossum et al., 2019).  Finally, 

the observation of rounded tourmaline and zircon reflects the studied sandstone came 

from the preexisting sedimentary origin (Tucker 2001; Boggs, 2006; Nichols 2009). 

The significant concentrations of ultra-stable heavy minerals (Table 4.11.), suggest that 

these heavy minerals and their associated sediments were recycled from older 

sediments within the provenance (Aubrecht et al., 2017; Fossum et al., 2019). 

Provenance and tectonic setting studies of Debre Libanose Sandstone revealed that 

some samples fall in recycled orogeny which indicates older siliciclastic source rocks. 

The presence of these ultra-stable minerals (rutile, tourmaline, zircon and ilmenite) also 

indicates a high degree of weathering conditions at the provenance terrains (Fossum et 

al., 2019). According to, Mohammedyasin and Wudie (2018), the chemical index of 

alteration (CIA=91.08) and chemical index of weathering (CIW=96.75) values of 

Debre Lebanese Sandstone show very strong chemical weathering. The climatic 

conditions that would have generated this sort of high degree of weathering would have 

been moist and warm (combination of high heat and heavy rainfall) weather which 

suggests tropical climatic conditions (Akinlotan and Rogers, 2021). In conclusion 

presence of ultra-stable heavy minerals indicate that the source rock is not in proximity 

and they have passed high resistant of weathering processes. The presence of different 

kinds of heavy minerals indicates multiple source rocks; sedimentary, igneous and 

metamorphic (Badir et al., 2019) 

5.4. Sandstone Classification  

The most widely used and effective methods for classifying sandstones combines the 

textural Criteria (i.e., the proportion of the matrix) with the compositional criteria (i.e., 

percentages of the framework grains) (Dott, 1964; Pettijohn, 1972; Pettijohn, 1973; 

Folk, 1974; Dickinson et al., 1983; Johnson, 1991). Percentages of the framework 

grains classification methods are based on the percentages of the framework grains 
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(total quartz, feldspar, and lithic fragments). Which will be presented in a triangular 

plot such that these three components serve as the end members to form a Q-F-L ternary 

diagram. (Raymond, 1995). Folk’s classification scheme provides important 

information about provenance with the rock’s name showing details of its composition. 

In this study, the classification of the Debre Libanose Sandstones around Lemi area is 

based on the classification schemes proposed by (Pettijohn, 1975; Folk 1980; Dickinson 

et al., 1983). 

The classification method of (Pettijohn, 1975) revealed that 70% of sandstones were 

classified as quartz arenite, while the remaining 30% plotted in the subarkose and 

sublithic arenite field (Fig 4.29.B). The QFL ternary diagram proposed by (Folk 1980) 

also shows the classification of the Debre Libanose Sandstone as quartz arenite, 

subarkose and sublithic arenite (Fig 4.29.A). Based on Dickinson et al. (1983) 

classification sandstones could be classified as 80% ultraquartzose and quartzose, 5% 

subfeldsphathic and 15% sublithic sandstone (Fig 4.31.B). According to Pettijohn 

(1987); Nichols (2009), if the amount of matrix present in sandstone is less than 15%, 

the rock could be referred to as arenite and if the percentage varies between 15 and 

75%, the sandstone is a wacke. Based on the percentages of the matrix presented in 

(Table 4.10.), the sandstones can be classified as arenites. In addition, (Pettijohn, 1987; 

Nichols, 2009) reported that at least 25% of feldspar must be present in sandstone for 

it to be called a feldspathic arenite or arkosic arenite. Using the same principles, at least 

25% of lithic fragments in a sandstone make it a lithic arenite. Similarly, a sandstone 

with intermediate percentages of feldspar or lithic fragments varying between 5 and 

25% can be called subarkosic arenite and sublithic arenite (Pettijohnb et al., 1987; 

Nichols, 2009). Based on the matrix content shown in (Table 4.9.), the sandstones are 

classified as arenites, subarkosic and sublithic arenites which is similar to the results of 

QFL ternary plot. 

Samples taken from Lemi sub-section one and two (LSS1and LSS2) did not show any 

discrimination in the QFL sandstone classification diagram it shows they have similar 

source and transportation history.   

5.5. Sandstone Provenance and Tectonic Setting  

Different tectonic environments have unique characteristics of rock types that can be 

revealed through the study of sandstone provenance (Dickinson, 1985). Several 

researchers, including (Pettijohn, 1975; Folk, 1980; Dickinson et al., 1983; Yerino and 
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Maynard, 1984; Dickinson, 1988; Kumon et al., 1992; Baiyegunh et al., 2017) have 

related detrital framework grains of sandstone to different provenance settings (i.e., 

stable cratons, recycled orogeny, basement uplifts and magmatic arcs) using the Q-F-L 

ternary diagram. Q-F-L (quartz- feldspar-lithic fragment) is one of the methods used to 

infer the provenance of a given sandstone (Mohammedyasin and Wudie, 2018). Debre 

Libanose Sandstone was plotted on the Q-F-L ternary diagram proposed by (Pettijohn 

1975; Folk, 1980; Dickinson et al., 1983). In the Qt-F-L ternary diagram (Fig 4.30. A), 

some of the Debre Libanose Sandstone plotted in the craton interior and some are in 

the recycled orogeny field. The one plotted in the recycled orogeny field are an 

indication that the sources of the sediment were derived from recycled orogeny. 

(Dickinson et al., 1983) suggested that sandstones derived from subduction complexes 

or fold-thrust belts are mostly associated with recycled orogeny. Which indicates that 

sandstones were mainly sourced from siliciclastic rocks. Having lesser volcanic rocks, 

with some rocks have been metamorphosed and open to erosion as a result of orogenic 

uplifted fold-belts and thrust sheets (Dickinson et al., 1983). Similarly, in Qm-F-Lt 

ternary diagram (Fig 4.30.B) dominant of the studied sandstone were plotted in a craton 

interior field and one sample was plotted in Quartzose recycled. Sandstones that plot in 

the craton of low relief field are matured sandstones (quartzose sands) and are possibly 

sourced from relatively low-lying granite–gneiss basement and recycling of earlier 

sedimentary strata. Which is deposited on the cratons or transported to passive 

continental margins (Dickinson et al., 1983; Tucker, 2001). The dominance of 

monocrystalline quartz as well as the low percentage of unstable grains, like feldspar 

and lithic fragments, also support the fact that the sandstones are matured and have 

undergone long-distance transport. The Qt-F-L plot by Dickinson et al. (1983) (Fig 

4.31.A) also shows the sandstone falls mainly in the continental block provenances field 

(with stable craton sources and uplifting in the basement complexes) and some samples 

fall in recycled Orogeny provenances. About 90% of the samples are plotted in the 

continental block provenance. According to Dickinson et al. (1983), sandstones plotting 

in the craton field are matured and are possibly derived from relatively low-lying 

granitoid and gneissic sources, supplemented by recycled sands from an associated 

platform. The results of the petrographic and modal compositional analyses revealed 

that the studied sandstones have similar characteristics to those of the passive margin 

setting. Passive margin sandstones derived from plate interiors or stable continental 

margins usually have a high quartz content Kumon et al. (1992) which is also evident 
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in the Debre Libanose Sandstones. Geochemistry study of Debre Libanose Sandstone 

signature further signifies that the Debre Libanos Sandstone was deposited in a passive 

continental margin (Mohammedyasin and Wudie, 2018). But the tectonic setting of 

Debre Libanose Sandstone from modal analysis Qt-F-L plot all the samples fall outside 

of the tectonic setting fields (Fig 4.32) are possible as a result of the effect related to 

intense weathering that the sandstone experienced in the depositional basin (Baiyegunhi 

et al., 2020).     
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATION  

6.1. Conclusion  

 Facies analysis recognized eight sandstone facies based mainly on primary 

sedimentary structure as Conglomerate facies (Gms), Massive sandstone facies 

(Sm), horizontally bedded sandstone facies (Sh), horizontally laminated 

sandstone facies (Slh), Planar cross-bedded sandstone facies (Sp), Trough 

cross-bedded sandstone facies (St), Normally graded sandstone facies (Sng) and 

Mudstone facies (Md). From Statistical analysis results, the study identified that 

the vertical relationship between facies is Markovian. The paleocurrent analysis 

of sandstone show it was deposited by SE flowing water.  

 The unimodal palaeocurrent flow, the scarcity of overbank fine cohesive 

sediments, crudely stratified, horizontally bedded and imbricated 

conglomerates, coarse to pebbly sandstone, indicating accretion on longitudinal 

gravel bars during high stand water conditions, bedload discharge within a 

heavy loaded fluvial system the deposition of pebbly sandstone conglomerate 

lithofacies occurs as channel bodies which may correspond to deposition by 

longitudinal channel bars of low sinuous braided streams. 

 Similarly abundant large-scale trough and planar cross stratified sandstone 

sequence may be attributed to down current migration of dunes, sand waves, 

and transverse bars in shallow water stream channels. 

 The abundance of coarse-grained facies and the relative scarcity of mud-

dominated facies in the study suggests that deposition occurred principally in a 

bed load-dominated stream system. 

 Sand, silt and clay-sized particles deposition in the upper part of the study area 

mark deposition by a single current when there is a decrease in the strength of 

the flow condition and energy, which is characteristic of the meandering river.  

 The depositional environment of the sandstone based on the facies and 

peleocurrent analysis is concluded that deposited dominantly by Braided River 

and in the upper part of the study area, meandering river sedimentation 

dominates.  

 The classification of studied sandstone of Lemi area is concluded as mostly 

Quartz arenite with few samples fall in subarkoses and sublithic arenite field.  
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 The modal composition analysis of sandstone provenance is summarized as 

craton interior, recycled orogeny and continental block provenance.  

 The Debre Libanose Sandstone from modal analysis Qt-F-L plot all the samples 

fall outside of the tectonic setting field as a result of intense weathering that the 

sandstone experienced in the depositional basin. 

6.2. Recommendation  

 Erosional truncation masks the actual lithofacies transition trends the current 

study shows using Markov chain analysis to understand the actual facies trend. 

So the study recommends Markov chain analysis in areas that expose this 

lithology will be important to determine and define lithofacies trends or cycles. 

When such cycles are established which can be used for local and regional 

correlation.  

 In Ethiopia, this kind of local detail facies analysis in areas that expose this 

lithology is very useful to understand facies distribution and architectural 

element on a regional scale which helps during the exploration of hydrocarbon.    
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