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Abstract

The study aga, Maychew, is located in the northern eastern corner of the northwestern
Ethiopian plateau. Petrological, petrographic, and geochemical (trace and major elements)
data are presented and integrated for Maychew flood basalts to characterize the gegchemistr
and constrain petrogenetic processes involved in the evolution of these biésadts.
According tothesedatatwo types of basaltic groups have been identified; tilted basaltic units
(Ashenge basalts) and horizontal to sub horizontal basaltic unita (FsbaltsThe studied
samples have low Mg numbers (Mg#:373892, excluding sample T2S8 and T40&8y

low compatible element contents such as Ni and Cr suggesting that these lavas have
undergone fractionation en route to the surface. Moreover Ce/RAb,Land La/Ta ratios,

which are sensitive to crustal contamination, of the studied samples indicates that crustal
contamination is more pronounced on samples of Aiba basalt than Ashenge basalts. Further,
the investigated samples from study area exhibitet element ratios such as Zr/Nb (3.77
10.88), Ba/La (5.783.55), La/Nb (0.74.89) and Ba/Nb (4.6%8.07), which overlap
substantially the field of OIB. This suggests that these lavas are derived from mantle sources
that are similar to OIRBype source®r contain high proportion of OHBype sources at least

on the basis of trace element ratios. Moreover, a plot of two highly incompatible trace
elements, thought to be insensitive to fractional crystallization and partial melting, indicates
that both of tle basaltic groupwereoriginated from a common mantle source. However, the
observed distinct trends of tleebasaltic groups on such plaééidon some major and trace
element variation diagrams could be related to variation in degree of crustal cotitamina
and/ or fractional crystallization, rather than source heterogenégtyce, thetwo basaltic
groups are originated from a common OIB like mantle source following different paths of
petrogenetic processes; crustal contamination and/or fractionalltrgsion.

Key words: Ethiopian plateau, fractional crystallization, crustal contamination, mantle

sourcepetrogenetic processes, OIB
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CHAPTER ONE
INTRODUCTION

1.1Background

The research project is conducted at Maychew area, which is lonatesl northern eastern
corner of thenorthwestern Ethiopian plateau, with the aim of understanding the petrogenetic
evolution of Aiba and Ashenge flood basalts from their geological and geochemical (major
and trace element) characteristics. Further, in this study, detailed stratigraphic section and

geological map will also be constructed.

Ethiopian flood basalt provingevith a total area of as presently 600,000°kand not less

than 750,000 kAbefore erosion (Mohr and Zanettin, 1988, Mohr,1983),embraces the Afar
triple-rift junction, where the African Rift System meets the Red Sea and Gulf of Aden sea
floor spreading anes (Pik et al., 1998; Corti, 2009; Dereje Ayalew and Gezahegne Yirgu,
2003). Further, at present the Ethiopian flood volcanism have a total volume of about
~350000 k3 (Mohr, 1983).The flood volcanism is predominantly composed of basaltic lavas
togetherwith rhyolitic ignimbrites and pyroclasti@ll deposits, and less common basaltic
pyroclastic rocks and rhyolitic lavas ( Dereje Ayalew et al., 2002; Kieffer et al., 2004;
Ukstins et al., 2002;Natali et al.,2011,2013).The main part of the province cubps
Ethiopia, whereas the rest is located on the eastern side of the Red Sea, in Yemen (Pik et al.,
1998).Compilations of 40Ar/39Ar data show that flood basalts and associated rhyolites were
erupted across about 1000 km diameter region between 31 dvid @9ereje Ayalew et al.

2002; Dereje Ayalew & Gezahegn¥irgu, 2003 Baker etal., 1996; Coulié et al., 2003
Hofmann etal., 1997; Rochette etl.a 1998; Ukstins eal., 2002), roughly coeval with the
initiation of NE-directed extension in the southdRed Sea (Wolfenden ak, 2005 and the

Gulf of Aden (Watchorn et al., 1998, as cited in Dereje Ayadtval., 200%. Furthermore,

most studies attribute Ethiop¥emen flood basalt activity to impact of the Afar plume head
beneath the Ethiopian plate@@aker et al., 1996; Pik et al., 1999; Kieffer et al., 2004; Dereje
Ayalew et al., 2002; Beccaluva et al., 2009).

In northern Ethiopia, the Oligocene pi#t flood basalts are believed to contain melts formed
within an upwelling mantle plume and, in someses, also from the overlying continental
crust (Pik et al.,, 1998, 1999; Kieffer et al., 2004). Based on trace element and Ti

concentrations the norhestern Ethiopian flood basalts have been classified into three

BY HAYELOM MENGESHA 1
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distinct geochemical groups (Pik et,&l998, 1999): lowli basalts (LT), higkrlil (HT1)
basalts and highti2 (HT2) basaltgFig.2.2)

Afar Depression_ _

4
74X\
- g

p— ‘/Mc:in Border
faults

-

—

Northwestern
Plateau

Fig.1.1: Digital elevation model map of the Ethiopian plateau (after Gani et al., 2007). Note the
distribution of the flood basalt volcanics along with th& bounding Eastern and western

escarpment.

1.2 General description of the study area
1.2.1. Location

The study area is locateaabout 660 km north of Addis Ababa the northern part of the
country within Southern Tigray Zone of the Tigray Regional State. Gedgedighit is
bounded between the UTM coordinates of 05550963000E and 14110aD418000N
(Fig.1.2). The area coverage of the study area is about 38uM¢man average elevation of

approximately2400m a.s.l.

BY HAYELOM MENGESHA 2
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Legend

~— Road

~— Rivers
Elevation Value(m)
= High: 3052
— Low : 2064

Fig.1.2: Location and Digital Elevation Model(DEM) map of the study area.

1.2.2. Accessibility

The study area is accessed dgphalt road which is running from Addis Ababa through
Alamata, Machewto Mekelle, ancthere is also a gravel road which runs from Maychew to
Mehoni. However,the major part of tle study areafor the field work,is accessed bipcal
footpaths that connect the surrounding villages to the Maychew town.

1.2.3. Drainage pattern

The study area is dominantly characterized by dendritic type of drainage pattern (Fig.1.2).
Most of the streamsuch as Tekelehaymanot, Chelekleka, and Katin rivers are located in the
western and northwestern part of the study area and flows towards Mehoni marginal graben,
which is located on the eastern side of Maychew town. Further, in these parts of the study
area (western and northwestern) the streams are densely distributed than the rest of the study

area.
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1.2.4. Physiography

The study area is characterized by different topographic features such as ridges, hills and flat
terrainsThe nortleastern northwesternand western parts of the study area are mainly
characterized by theindge and hill forming topographic features wheretie central(
including Maychew town) and eastern parts of the study area have relfavétypographic
features. The study area hasxamum and minimum elevation of about 3100m and 1950m

a.s.l.respectively.

Elevation(m)

N

— 2950
— 2850
—=2750
— 2650

— 2550

2450

2350

2250

2150

2050

1950

Scale(m)
00

Fig.1.3: Physiographic map of the study area.
1.2.5. Climatic condition

Accor di ng t o-ecBlogial sefing,aviaychew gnd its surrounding environments
are classified undethe Weinadega (seremperate zone).Further, according Mwolla
Mekonnen (2016), based on climatic data of 19942015, the monthly precipitation
distribution in Maychew is not uniform throughout the year; however, rainy periods
frequently occur in bothusnmer and winter, comparatively with no dry periods throughout
the year, the rainfall being heavy in the summer months. The avenagaltemperature and
rainfall of the study areais 16.2C and 753 mm respectivelyht(p://en.climate

org/region/1505/?page¥2
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1.2.6. Vegetation

The study area is generally characterized by variety of densely distributed vegetation
coverage. The vegetation on the north, south eastern and north western parts of the study
area are relatively denser than the other parts (central and eastern). The vegetation types

found in the study area are mainly Eucalyptus, shrubs, and cactus bushes.

1.3 Statement of the Problem

Most studies on Ethiopian plateau magmatism have been cartied auegional scald’(k

et al., 1999, 1998; Kieffer et al., 20(eife Michael Berhet al., 1987; Dereje Ayalew et al.,
2002, 2006; Derejdyalew and Gezahegne Yirgu, 2003; Mohr, 1983; Hoffman et al., 1997;
Natali et al., 2011). Although the northwesst plateau compared to the other parts of the
Ethiopian plateau is well studied (Pik et al., 1998, 1999; Kieffer et al., B¥ptaluveet al.,

2009; Natali et al., 2011, 2013), detailed investigations and geological map on single sections
of the plateauare scarceThus, the present study will produce a detailed investigation
(geological and geochemical investigations), geological map (at a scale of 1:25,000) and
stratigraphic section of the study area, Maychew, as part of single section of the nerthwest
plateauMoreover,there is a clear tectonic difference between the two formations (Aiba and
Ashenge formations); Ashenge is tilted whereas Aiba is horizontal to sub horizontal and thus
this research work will check weather this tectonic differengranifested in their geology

and/or geochemistry or not.

1.40Objectives

1.4.1. General Objectives

The main objective of this study is to understand the geological, petrographic and
geochemical characteristics of Aiba and Ashenge flood basalts and thus to detbaimine

petrogenetic evolution.

1.4.2. SpecificObjectives

The specific objectives of ihresearctwork are as follow:
V To producealetailedgeological map o$tudyarea at the scale of 1:25,000.
V To construct detailed stratigraphic section of the study area
V To characterize the petrography of the two formations.
V To compare the two formations in terms of their geology and geochemistry.
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V To understanthe petrogenetic relationship between Ashenge and Aiba basalts.
V To understand the elemental composition of the rockstive aim of determining the

source and genesis of the magma.
1.5.Basic Research questions
The basic research questions are as follows:

U What is the petrogenetic evolution of Ashenge and Aiba flood basalts?
0 What is the Geochemical and/or Geological défere and relationship between Aiba
and Ashenge basalts?

U What is the source and genesis of the magma responsible for these flood basalts?

1.6.Methodology and Approaches

In order to achieve the stated general and specific objectives aksdieiarch, théollowing

methods and/or approaches have been followed.

1.6.1. Pre- field work

Before the actual start of the field work several activities were done. The activities that were
carried out before the field work includes revision and collection of previous cabesstu
technical journals, extracting of relevant information from aerial photograph and satellite
image, reviewing and compiling of literatures (published and unpublished reports ) related to
the study area. Further, aey @in fala data,evegeétatidno r me
coverage, accessibility of the area, topographic and lithological set up of the study area were
collected from topographic map, Google Earth, Aerial photo and from other different existing
data. In addition to this, beforeetlactual field work, the study area has been delineated using
Arc GIS software (10.2) from topographic map of Maychew s(®beet 1239 B1; Scale
1:50,000).

1.6.2. Fieldwork

The mainactivities conducted during the field woskhich was held on from September
13/2017 to September 29/2017 for a total of 16 dawewe tracingof traverse lines
measuring and recording ofientation ofgeological structures, taking of representative and
fresh rock samples for further laboratory analysis (petrographic and geoahem
analysisjand detailed descriptions of the rock exposures. Furtheriharieg the field work
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detailed lithological unit logging for each traverse was carried dwditionally,
transformation ofs ever al geol ogi cal lthological rdesaiptions n 6 s
lithological contacts, GP$eadingand the geological structures to a geological mdtp

scaleof 1:25,000have been carried out.

1.6.3. Post field

1.6.3.1Petrographic analysis

After the successful completion of the field work, a total of 16 samphéshvare believed to

be the representative of their respective encountered lithological units were selected for thin
section analysis, and their théection preparation were conducted in the Ethiopian
Geological survey. Moreover, the thin section samplage been examined under Leica
petrographic microscope in the laboratory of Addis Ababa University (School of Earth
Science) to determine the modal proportion and textural relationship of the selected

representative rock samples.

1.6.3.2.Geo-chemical aralysis

After the field work, in addition to petrographic analysis, geochemical analysis (trace and
major elements) of representative rock samples have been carried out. The sample
preparation forgeochemical analysis is done under AA&dis Ababa, Ethiop. During
sample preparation several activities have been conducted including removal of the
weathered part, breaking of the sample into desirable sizes, crushing of the broken sample,
milling of the sample down to micron size particles, and in generasahgleswere cut
carefully to avoid all obvious signs of alteration. Finally, based on their degree of alteration
and lithological variation, 12 of the least altered representative samples were sent to the
Australian Laboratory Science (ALS) to determitme concentration of major and trace
elements.Major elements (including loss on ignition) were analyzed by multi element
Inductively Coupled Plasma06 (MECP06),whereadrace elements were analyzed by Multi
ElementMass Sepectrometry81 (MES81).
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1.6.3.3.Structural data analysis

All the structural data that have been measured and recorded for different structural elements
such as joints, faults and dikes, and the inclined lava flow layers were plotted and analyzed
using a GeoRose software withe aim of determining the overall orientation of these

structural elements.
1.7 Significance of the Research

The detailed petrological and geochemical investigations of Maychew flood basalts will
provide a scientific basis for understanding the tectone @etrogenetic evolution of the
area. In addition, the results and the findings of this research work will provide detailed
information of these flood basalts such as their petrological, geochemical, and petrogenetic
relationships.Further the detailed gdogical map (1:25,000) and stratigraphic section of
study area will serve as a basic source of data for understanding the geological history
(tectonic and petrogenetic evolution) of the study area, even for the northwestern plateau.

1.8.Review of Previous varks

Sinee the work of Blanford (1869870),who have classified th&thiopia plateau into lower

tited Ashenge group and upper horizontal Meqdela group, several regional studies were
carried out on northwestern Ethiopian plateau which includes thentustudy area,
Maychew. According to Beccaluva et al.(2009orthern Ethiopian continental flood
basalts(CFBs)vhich includes the current study arpeeserve a record of magmas generated
from the center to the flanks of a plume head, currently correspandit o t he 6 Af arr
Further,the Oligocene preift flood basalts in northern Ethiopia are believed to contain melts
formed within an upwelling mantle plume and, in some cases, also from the overlying
continental crust (Pik et al.,, 1999; Kieffer dt, 2004). Moreover, according to Dereje
Ayalew and Gezahegne Yirgu (200&)eOligocene volcanic products northern Ethiopian
plateau show a strongly bimodal distribution of basalts and rhyolites, although the province is
predominantly basaltic. Mostfdhe basalts and associated felsic rocks were apparently
erupted in a short time interval (<5 Ma) with the greatest eruption rates occurring from 31 to
28 Ma (Hoffman et al., 1997; Pik et al., 1998; 1999).
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Further, Zanettin et al. (1978b, as cited &f& Michael Berhe et al., 1987) have recognized
two main stages of volcanism in NW Ethiopian Plateau separated by a long period of
volcanic quiescence. The first stage (Oligocene, >45 Ma) of this volcanism is characterized
by its alkaline to tholeiitic bsalts. The second stage (Oligocene to Miocene, 34 to 13 Ma)
started with widespread fissural activity of transitional basalts (Aiba Formation) and

concluded with a central alkaline activity (Termaber Formation).

Moreover, Pik et al. (1998, 1999) have lattclassified the northwestern Ethiopian flood
basalts into three distinct geochemical groups based on trace element and Ti concentrations:
low-Ti basalts (LT), highTlil (HT1) basalts and highi2 (HT2) basalts. These groups are
spatially controlled rathethan temporal control; the entire leiw (LT) basalt groups are
located in the northern part of the plateau whereas all theThighsalts (HT1 and HT2)
groups are exposed in the eastern and southern parts pflateau.Iln addition the new

major and ftace element analyses of the northern Ethiopian plateau confirms also the
existence of three main spatially controlled magma tyBesdaluva et al2009.According

to Beccaluva et al. (2009) LowWi tholeiites (LT), in the NW, are quantitatively predomrmha
(150,000 krﬁ); High-Ti lavas (HT1) predominate southeastwards; ultratitaniferous

transitional basalts and picritdslT2) are concentrated in thealibela area, closer to the

center of the Afar triangle.

Furthermore, Melese Tadesse et al. (2011) hésee carried out a regional wisé:250,000
geochemical and geological studies Maychew sheeincluding the current study area,
Maychev. According to these resultseifiiary volcanic rocks of Maychew area have been
classified following the previous regial classification names like Ashenge, Aiba, Alaje and
Termaber formations. In addition, Kurkukabeto (2010) havénvestigated the volcanic
rocks of the Maychew, including the current study area, and identified six sequences of lavas
from bottom to topbasanite, alkaline basalts, transitional ankaramite, silica rich tholeiitic to

transitional sequence, mafielsic volcanism, and tholeiitic to transitional basalt.
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CHAPTER TWO
REGIONAL GEOLOGY

2.1.Introduction

The Cenozoic Ethiopian continenfidod basalt province is located at the junction of three
rifts: two oceanic rifts, Red Sea and Gulf of Aden, and the East African continental rift (Pik
et al., 1998; Corti, 2009; Dereje Ayalew and Gezahegne Yirgu.2003), and they are the
youngest exampl®f a major continental volcanic platealidffer et al., 2004; Dereje
Ayalew et al., 1999; Dereje Ayalew and Gezahegne Yirgu 2003; @eetrcal., 1998
Continental flood volcanism in Ethiopia and Yemen is presumed to be associated with the
Afar plume (Uksins et al., 2002; Dereje Ayalew et al., 2002) and the initial role of the mantle

plume changes spatially within the Ethiopian province (Dereje Ayalew et al., 1999).

Earliest volcanism in the East African rift system (EARS) occurred in southwesterni&thiop
southeastern Sudan, and northern Kenya @5Ma (Davidson & Rex, 1980; Ebinger et al.,
1993; George et al., 1998). Soon after, between 31 and 22 Ma, volcanism was widespread
throughout Ethiopia, Eritrea and Yemen where flood basalts and assoeiategyroclastic

rocks were erupted (Baket al., 1996; Hofmann et al., 1997; Kieffer et al., 2004; Pik et al.,
1998, 1999; Dereje Ayalew, 2011).Immediately after the peak of volcanic activity related to
the flood basalt emplacement, a number of largeldiolcanoes developed from 30 Ma to
about 10 Ma on the surface of the volcanic plateau (Kieffer et al., 2004).The development of
the EARS (the formation of magmatic provinces, plateau uplift, crustal thinning and rifting)
is attributed to one or severBhleogene mantle plumes (George et al., 1998; Ebinger and
Sleep, 1998). Although all available evidence indicates that estimations of the extent,
magnitude and timing of uplift needs revision (Seife Michael Berhe et al., 1987), rifting and
volcanism havéeen considered in relation to domal uplifts in East Africa (Gass, 1970).

Ethiopia, since the Cenozoic, was affected by a widespread volcanic activity related to the
geodynamic evolution of the Afar triple junction (Tommasini et al., 2005).The earliest
volcanism in Ethiopia is restricted to two areas: in SW Ethiopia, where the Akobo basalts
give ages as old as 49.4Ma (Davidson & Rex, 1980), and in NW Ethiopia where the Ashenge
basalts underlie the Aiba basalts which are dated at 34 to 30 Ma (Seife Miehnlaelet al.,
1987).According toPeccerilloet al. (2003) volcanism in Ethiopia, which is thought to be
bimodal with respect t&iO.content Dereje Ayalewet al., 2006;Peccerilloet al., 2003)
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built up a thick succession of lavas and pyroclastic rogkscally 5001500 m thick, which
covers an area of about 6 ’5lbm2, and at present forms the western and eastern uplifted

plateau and the Ethiopian rift and Afar. Further, the evolutiorolwianic activity in Ethiopia
consists of three main stages (Peiticeet al., 2003). During the first stage (aboutBDMa),

the Ethiopian plateau was constructed by eruptions of flood tholeiitic to transitional basalt
lava flows, and interbedded mildly alkaline trachytic and rhyolitic ignimbrites (Mohr &
Zanettin, 188). A second stage of activity occurred arounebI@a and constructed several
shield volcanoes made of transitional to-&kaline basalts and minor trachyt®e¢cerillo et

al., 1979). The final stage is Pliocene to Present and is more directly teldtrthation of

the Ethiopian rift and Afar.

2.2. Continental Flood Basalts

Continental flood volcanism (CFV) represents massive outpourings of basaltic lava flows
and, in some cases, rhyolitic lavas and pyroclastic ragikeqr et al.,1996; Derejgyalew et

al., 2002; Kieffer et al., 2004; Ukstins &t, 2003, often with volumes in excess of 1108
km*(Rochette et al., 1998).The continental flood basalt (CFB) province and associated
continental breakip are thought to be related to the upwelling ohtigaplume impinged on

the base of the lithospher&térey,1995 Rooney etal.,2007. Nearly all CFB provinces
contain significant volumes (up to 20% of the total volcanics) of aeidiptive usually in

the upper part of the sequence capping the baBadteje Ayalew, 2011).

In addition,the volcanic suites in nearly all continental flood basalt provinces have a bimodal
basalt rhyolite nature with a distinct lack of intermediate compositions (Dereje Ayalew and
Gezahegne Yirgu, 2003; Dereje Ayalew, 2DAtcording to Pik et al. (1999) most of the
lavas from main CFB provinces (Parana “, Deccan, Siberia, Karoo, etc.) have isotopic and
trace element signatures that are not typical of OIB, suggesting that they are probably not
derived directly from the deemantle. Instead, in most continentimlod-basalt (CFB)
provinces, the magmatism includes variable contributions of melts derived from both
lithospheric anadtconvectingmantle sources, and also readilgible crustBaker et al. 1996;
Hawkesworth et al1999).

Further, Dereje Ayalewt al. (2006have noted that the initiation of continental flood basalt
(CFB) magmatism is spatially and temporally related to continental tloq@awhich results

in the formation of oceanic crust, at least within the g&® Ma.However, the relationships
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between the timing of CFB formation and rifting leading to oefé@or formation are
complex, and can vary in time and space (Courtillot et al., 1999; Hawkesworth et al., 1999).
Hence, magmatisroan predate continentektension by several million years (e.g. Ethiepia
Yemen), magmatism and break can be synchronous (e.g. Par&t@ndeka, North Atlantic
Tertiary volcanic province/ GreenlaidK), or magmatism can postdate bragkby several
million years (e.g. Australidndia).

Moreover, CFBs are generally not primary magmas but evolve through differentiation of
mantle equilibrated, more Mg@ch, parental magmas by fractional crystallization with or
without concomitant crustal contamination (Cox, 19&rnetaniet al, 1996). Most
continental flood basalt provinces (CFBs) are associated with low volume alkaline rocks
(e.g., ParandEtendeka, Ewart et al., 1998 as cited in Dereje Ayalew et al., 200igpka,
Kieffer et al., 2004Map 2.1 shows the distribution of moaj continental flood basalt
provinces in the world. Further, the ages and dimensions &4 pinevinces are also given in
Table 2.1.

“

i Kerguelen Is.

Fig.2.1: Flood basalt distribution in the world (https://www.climate-policy-watcher.org/plate-

tectonics/largeigneousprovince-flood-basalt-a.html)
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Table 2.1.Ages and Dimensions of Major Continental Flood Basalt Provinces.

No | Flood basalt Location Age(Ma) Area(Km?) Thickness(m)
1 Snake River Plain Indaho,USA 16-present | 0.5x1C0 Up to 1200

2 Columbia River WA,ID,OR,USA 166 2 x10 >1500

3 Ethiopia Ethiopia 31-29 6 x10° Up to 3000

4 | Deccan Traps India 65-50 >5 x10 >3000

5 Parana Plateau Brazil 149119 12 x10 1800

6 | Karoo South Africa 206216 >1.4 x10 9000

7 Siberian Traps Russia 245216 >15 x16 3500

8 Keweenaw Lake Superior,USA| 12001050 | >1 x1CG 12000

Data sources: Thedata sources for 1, 2,4,5,6/ and 8are from Frost and Frost (2014. However,
the data sources for Ethiopian flood basaltsare from Hofmann et al., 1997(age), Mohr and
Zanettin, 1988(aea), Dereje Ayalew and Gibson, 2009 (thickness).

2.3. Ethiopian Continental Flood Basalts

The Ethiopian continental flood basalt (CFB) province is onth@fyoungest (30 Myr) large
igneous provinces (Dereje Ayalew and Gezahegne Yirgu, 2003; Kieffer et al., 2004;Pik et
al.,2003), and associated with continental brepkand ocean basin formatigereje
Ayalew et al., 1999;Baker et a., 1996).Further, filo®d basalt province is located near the
Afar triple junction (Dereje Ayalew et al., 2002;Mohr and Zanettin, 9B8;Pik
et.,1998;1999).fie main part of the province crops out in Ethiopia, whereas the rest is located

on the eastern side of the Red Sea, im¥&e (Pik et al., 1998)The trap volcanics cover an

area at least 6* Tkm® (western and eastern plateaus), and the total volume is estimated to
be at least 3.5* Ttkm" (Mohr, 1983; Mohr and Zanettin, 1988) and probably higher than 1.2

*10°%km°, accordingto Rochette et al. (1998). The thickness of the lava pile varies greatly,

reaching up to 2000 m in northwestern Ethiopia and thinning to 500 m towards both north
and south (Furman, 2007).

Moreover, the flood volcanism is predominantly composed of hadaltas together with
rhyolitic ignimbrites and pyroclastifall deposits, and less common basaltic pyroclastic rocks
and rhyolitic lavas (Dereje Ayalew et al., 2002; 2011; Kieffer et al., 2B8dgerilloet al.,
2007). Accordingo Kieffer et al. (2004Yhe mineralogical and chemical composition of the

Oligocene Ethiopian flood basalt is comparatively uniform and most rocks are aphyric to
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sparsely phyric, and contain phenocrysts of plagioclase and clinopyroxene with minor or
without olivine. Further, Ethiopian continental flood basalts have tholeiitic to transitional
chemical composition (Pik, et al., 1998, Mohr, 198®hr & Zanettin, 1988).Moreover,
intermediate lavas are lacking and the volcanism is of a bimodalilvagalite type (Mohr

& Zanettin 088; Dereje Ayalew, 2011), a feature common to most continental flood basalt
provinces (e.g. Karoo and ParanaBurthermore, the Ethiopian Plateau lavas are
characterized by a clear zonal arrangement with-Totholeiites (LT) to the west, Highi
tholeites (HT1) to the east and very Hidh transitional basalts and picrites (HTRO, 4i

6.5 wt. %) close to the afar triple junction (Beccaluva et al., 2009; Kieffer et al., 2004; Pik et
al., 1998, 1999).

Most of these basalts and associated felsic raek® apparently erupted in a rather short
time interval (<5 Ma) with the greatest eruption rates occurring from 31 to 28 Ma ( Hoffman
et al., 1997; Pik et al., 1998; Ukstins et al., 2002; Coulié et al., 2003). This strong eruption
was concomitant with thenset of continental rifting in the Red $&lf of Aden systems

by 29 Ma (Wolfenden et al., 2005), but predates the main rifting phases associated to the
development of the MER (Corti, 2009). According to Mohr and Zanettin(1988) the eruptive
process for e Ethiopian continental flood basalt (CFB) province was particularly active
during midTertiary, and was renewed in Afar some 5 My ago. In addition, Mohr and
Zanettin(1988) have noted thie Eruption rates on the Ethiopian plateaus, averaged over
the 8 My of activity, have been significantly less than in other flood basalt provinces,
perhaps ultimately reflecting a slower rate of lithospheric thinning. This slow eruption rate in
Ethiopia is consistent with the unusually long period over which thisamarovince has
been active,43 My, compared with only a few million years for the rapidly constructed
Columbia River and Deccan Plateau piles (Hooper, 1982; Cox and Hawkesv@@Basl

cited in Mohr and Zanettin, 1988 ).

The Ethiopian flood basalts V& been attributed to melting associated with the activity of one
(Afar plume) or two (Afar and East African or Kenyan plumes) mantle plumes impinging the
base of the continental lithosphdfRogers et al., 200Ebingerand Sleep, 1998; George et

al., 199; Pik et al., 2006). In addition, it has been suggested that the flood basalts of Ethiopia
may result from multiple plume stems rising from a single, broad andsdeépd mantle
upwelling rising from the lower mantle (the African super plume; Furman.eR@06).
Additionally, Kieffer et al. (2004) have noted that the heterogeneity of the flood basalts that
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built the Ethiopian plateau supports a magma genesis from a broad region of mantle
upwelling, heterogeneous in terms oftlbatemperature and compasit. Further, the
Oligocene Ethiopian traps present He isotopic ratios characteristic of a deep mantle
contribution (Marty et al., 1996), showing that the early development of the Afar plume
(Stewart and Rogers, 1996) is responsible for the eruptionshadpiEin CFB.However in

the Ethiopianprovince the contribution of mantle plume to magmatismpaars to vary
geographically;ithosphere and mantle plume derived magmas are thought to be concomitant
in the north (Pik et al., 1998), while in the soutlhdéphere derived magmas occur in the
earlier flood basalts and mantle plume contribution increases with time (Stewart and Rogers,
1996).

Furthermore, Kieffer et al. (2004) have noted that Ethiopian Oligocene flood volcanism is
overlain by lowangle shied volcanoes that are magmatically similar to the underlying flood
basalts, i.e. tholeiitic shields overlie tholeiitic flood basalts and alkaline shields overlie
alkaline flood basalts. The deposition of these prominent central volcanoes above the fissure
fed flood basalts, together with a distinct magmatic composition within the province and an
incorporation of high amount of felsic lavas and pyroclastic products, distinguishes the
Ethiopian volcanic province from other typical flood basalt provinces (@agana, Deccan;
Kieffer et al.,2004), which are characterized by thick homogeneous series, continueus, sub

horizontal flows of oceanitype basalts without overlying shield volcanoes (Corti, 2009).

The main Ethiopian rift (MER), whicktarted to develoguring Miocene time (Davidson and

Rex, 1980;Gidey WoldeGabriekt al., 1990; Tadiows Chernett al., 1998), dissects the
Ethiopian dome, which is made of Precambrian crystalline basement, Mesozoic marine and
continental sediments and Tertiar@Quaternaryolcanic rocks (Merla et al., 1979).Similarly
Wolfenden et al. (2004) suggested that the northern Main Ethiopian Rift (NMER),developed
about 11 Ma, dissected the Ethiopian Plateau into northwest and southeast sections
(Fig.2.2)The Ethiopian plateau rocksst either directly over the Neoproterozoic crystalline
basement or over the Mesozoic sedimentary sequeReesd(illoet al., 2003, 2007; Pik et

al., 1999).Furthermore, volcanic fields in Ethiopia and Yemen were adjacent about 30 Ma
ago and have subsemly been separated by the opening of the Red Sea and the Gulf of
Aden (Dereje Ayalew and Gezahegne Yirgu, 2003).

BY HAYELOM MENGESHA 15



MSc Thesisl 2018

T F N LR

Red Sea

-ﬂlm:.“. Flood Basalts Miocene to Recent Volcanics

Fig.2.2: Location map of NW Ethiopian Plateau, Afar Rift and Main Ethiopian Rift (a fter
Kuster et al., 2005). The approximate broken lineseparates the lowTi and High-Ti flood Basalt
province (Pik et al., 1998).

2.4. Northwestern Ethiopian Rateau

The northwestern Ethiopian Plateau, with a mean elevation of 2.5 km, is located on the
western flank of the tectonically active Main EthiopRift and the Afar Depression (Gani et

al., 2007). According to Mohr and Zanettin (1988) the flood volcanic succession in the WEP
includes basaltic lava flows, basaltic tuffs, as well as a considerable volume of rhyolitic,
trachytic and phonolitic product®oreover, the Oligocene northern Ethiopian Plateau (and
its Yemeni counterpart) is characterized at the top by large volumes of rhyolitic volcanics
partly interlayered with plateau basalts (38 Ma, Dereje Ayalew et al., 2002, 2006;
Rochette et al., 199&8Jkstins et al., 2002; Dereje Ayalew and Gezahegne Yirgu, 2003).

Based on theigeochemistry, th&lorthern Ethiopian plateau basalts are dfeegsinto three
magma typesHKik et al., 1998; Beccaluva et al., 2008g.2.9: Low-Ti tholeiites (LT)

distribued in the northwestern areas; higil lavas (HT1) in the eastern areas and
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ultratitaniferous transitional basalt and picrites of the fiigh (HT2) series, which are
concentrated in the Lalibela area close to the A&pression. Further, those authd?g (et
al.,1998;Beccaluva et al., 200@%nd Pik et al.(1999) have stated that the LT and HT1 basalts
display compositional ranges similar to those of the low and Tigjtoups from other main

CFB provinces( e.g. Parana, Deccan, Karoo, and Siberia). \owbe HT2 group exhibits
extreme OIBlike compositions. This unusual geochemical signature suggests the
involvement of deep mantle in the genesis of the HT2 magmas. Moreover, most of the HT1
basalts were emplaced at the end of the flood basalt episetiegeen 29.4 and 26.4 Ma
whereas the two main magma types, LT and HT2, have been extruded contemporaneously in
different areas of the plateau between 31 and 29.5 Ma. Furthermore, the textures and mineral
compositions of the basalts are very homogeneousnagéaich magma group but significantly
different from one to the other. In addition, on the northwestern Ethiopian Plateau, the
extreme LT and HT2 geochemical signatures are the most common in the lavas. On the other
hand, in southern Ethiopia and Yemeansaitic traps display the same characteristics as the
intermediate HT1 group.

Most of the huge volume of basalts in this region of Ethiopia were extruded over a short
period of time (12 my) around 30 Ma (Hofmann et al., 1997). Soon after the northwestern
Ethiopian flood basalt deposition, a number of large central/shield volcanoes developed
sporadically from 23 Ma to about 10 Ma on the surface of the flood basalts (Kieffer et al.,
2004). Furthermore, Piket al. (1998) have stated that the Oligocene msatt the
northwestern Ethiopian Plateau are overlain by less voluminous Miocene lavas, erupted from
large central vent volcanoes whereas in southern Ethiopia, where youngest volcanic activity
is represented by Miocene basalts and ignimbrites, the Edobgecene basalts are rare and

the volcanic sequence is dominated by thick Eoidgiecene acidic lavas and ignimbrites.

Moreover, nearly coeval CFB volcanism is recorded in the Yemen conjugate margin covering
an area of approximate80 000 kni (Baker et al 1996; Ukstins et al., 2002).In addition,
Bosworth and Stockli (2016) have noted that the CFV of southwest Yemen share many
similarities with those of northern Ethiopia. However, the presence of basanite and phonolite
flows underlines the generally moagkaline character of the Yemen flood pile, compared

with the contemporaneous lavas of the northern Ethiopian Plateau.
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The northern Ethiopian Plateau, which mainly consists of tholeiitic to transitional basaltic
lavas (Mohr & Zanettin, 1988), represeithe huge volcanic event related to the Afar plume
(Natali et al., 2011; Beccaluva et al., 2009, Dereje Ayalew et al., 2002,). Similarly, Dereje
Ayalew and Gibson(2009) stated that the large volume and widespread distribution of these
basalts together Wi contemporaneous topographic uplift suggests that their genesis may be
linked to the i-mpadd of the ddanatei pd ume,
currently located beneath the Afar region (Marty et al., 1996).Additionally, Beccaluva et al.

(2009) have stated that the northern Ethiopian continental flood basalts (CFBs) with an
original volume of about 250 000 l?land an eruption rate of the order of-0.3 km3/year,

preserve a record of magmas generated from the center to the flanks of ea h@ad
currently corr els@ptonrpo tn@tierngre, heliadal’s in the northern

Ethiopian Plateau cover an area of 210 00G with a lava pile up to 2000 m thick in the

centrateastern part, thinning to less than 500 m toward ¢hhern and southern boundaries
(Beccaluva et al., 2009).

There are certain features which distinguish the magmatic centers of NW Ethiopia and SW
Ethiopia. According to Merla et al. (1979) the NW Ethiopian Platesua higher proportion

of silicic volcarics within the Flood Basalts. Moreover, the NW Ethiopian Plateau is notable
for the frequent occurrence of major volcanic edifices overlying the Flood Basalts some of
which reach as much as 100 km in diameter (Dainelli, 1943, as cited in Seife Michael Berh
et al., 1987). Large volcanic centers are rare within the SW Plateau. There also appear to be
more phonolitic lavas in the shield volcanics of SW Ethiopia than have so far been reported
in Northern and Central E Ethiopia (Seife Michael Berhe et al., )1987e absence of
Mesozoic sediments between the basement and the volcanics is another distinctive feature of
the SW Ethiopian Plateau (Seife Michael Berhe et al., 1987).
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Fig.2.3: Schematic cartoon depicting the Afar plume impinging on the AfréArabian lithosphere
and the generation of Oligocene Northern EthiopiaYemen Continental Flood Basalts (After

Beccaluva et al., 2009).
2.5. Stratigraphy of Northwestern Ethiopian Plateau

Since the original classification of northeastern part of the Ethiopianaplat¢éo a lower

tited Ashenge Group and upper horizontal Magdala Group (Blanford,, 1859), several

works have been carried out to understand the stratigraphic section of the Ethiopian flood
basalts. According to Seife Michael Berhe et al. (1987) thgo€ene volcanism of the
northwestern Ethiopian plateau were divided into three stages: the Ashenge (Pre Oligocene),
Aiba (34 to 30 Ma) and Alaje (30 to 26 Ma), based on lithology, age and chemical
characteristics. In addition, Merla et al. (1979) and Matd Zanettin (1988) have classifie
northern Ethiopian plateauton Ashenge, Aiba, Alaje and Termaber formations, from oldest

to youngest. Other authors like Mohr, 1983; Mengesha Tefera et al., 1996 have also
supported this regional classification. Thtise regional classification name of Ethiopian
plateaus, northwestern plateau, is summarized as follows from the oldest to youngest

formation.
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2.5.1. Ashenge Formation

Ashenge Brmation, which represents the earliest fissural flood basalt volcanism on the
northwestern plateau, is predominantly consists of mildly alkaline basalts with interbeded
pyroclast and rare rhyolites ,and commonly injected by dolerite sills and dykes (Mengesha
Tefera et al., 199&jurther,Ashengdavas areggenerally quarthypersthae or hyperstherie

olivine normative (with " hypersthene
transitional and tholeiitic basalts (Mohr & Zanettin, 1988).

dominating in both types), and include both

According to Merla et al. (1979) Ashenge basalts have variable thickness: From 600 m to 800
m along the escarpment and in the northern portion of the plateau, to zero meters between
Debre Markos and Addis Ababa. Further, the basalt flows of Ashenge formation are several
hundreds of meters to a kilometer thick of strongly weathdractured tilted basalts which

lie below the major preOligocene unconformity (Zanettin et al., 1980, as cited in Mengesha
Tefera et al., 1996)Moreover, according tdohr & Zanettin (1988), in the Alajéiba-
Maychew region a steeply souitr southeasterbdippingbasal lava sequencenderlies the

rest of the volcanic pile with strong unconformity, which was the basis of Blanford (1869,
1870) subdivision of the flood basaglie into, a lower Ashenge Group, and upper Magdala
Group.

Moreover, over large areas ohet NW Ethiopian Plateau the Ashenge Formation is
unconformably overlain by the Amba Aiba Basalts but it rest conformably on the Mesozoic
arenaceous sediments and locally on the basement (probably by fault)(Merla et al. 1979). In
addition, Seife Michael Bee et al. (1987) have noted that Ashenge Formation of NW
Ethiopia does not extend further south to the Abbay (Blue Nile) Basin, as no unconformity
similar to that observed between the Ashenge and Aiba Formations in NW Ethiopia occurs
within the thin lava ffe. Moreover,Ashenge formatiomasbeenaffected by a compressional
episode, which resulted in the tilting and folding of the basalts prior to eruption Aflthe
basalts (Merla &Minucci, 1938, as cited in Seife Michael Berhe et al., 1987).
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2.5.2.Aiba Formation

Aiba basalts, which umnformably overlay the Ashengeoffnation, represent the second
major pulse of fissural basalt volcanism on the northwestern Ethiopian plateau (Mengesha
Tefera et al., 1996; Merla et al., 1979). According to Mohr &etan (1988), Aiba
Formation (3225 my) is typically composed entirely of massive flood basalt flows, with or
without intervening agglomerate beds. Furthermore, the flows with a thickness of between 15
and 50 m (in extreme cases ponding to 100 m) extebderizontally for at least tens and
possibly a hundred or more kilometers, and are generally composed of dense, dark, fine
grained olivine basalt, commonly columnar. Moreover, its upper limit with the Alaje
Formation is defined by the base of the eatl®licic horizon. Aiba basalts/lavas, which are
almost all uniformly quartnormative transitional basalts (Mohr & Zanettin, 1988), show a
distinctive tholeiitic nature with transitions to mildly alkaline varieties (Mengesha Tefera et
al., 1996).

2.5.3.Alaje Formation

Alaje Formation with an age range of-38 Ma (Mohr & Zanettin, 1988) mainly consists of
aphyric flood basalts associated with rhyolites (ignimbrites) and subordinate trachytes
(Mengesha Tefera et al., 1996).Alaje basalts are chemicallynameralogically very similar

to Aiba basalts, but overall are slightly less stsedurated (Mohr, 1983).Furthermore,
Mengesha Tefera et al. (1996) have noted that the migration of Alaje type volcanism from
north to south is indicated by the occurreraf the older volcans of this brmation on the
northern part of the northwestern plateau. In addition, those authors have noted that on the
northwestern Ethiopian plateaAlaje Formationwhich contains basalts of transitional to
tholeiitic nature, res conformably on Aiba basalts but in some places (e.g. Kassem Gorge,
Mugher Canyon and in most outcrops on the southeastern plateau) it rests directly on the
Mesozoic sediments. Further, in the type area (at Amba Alaje), Aiba basalts are overlain
directly and conformably by silicic (trachyte/rhyolite) ignimbrites, which maintains a similar
thickness over kilometers or, where preserved, even tens of kilometers lateral extent (Mohr &
Zanettin ,1988).
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2.5.4 .Termaber Formation

Termaber Formation, whiclhas an age between -3@ my (Mohr & Zanettin, 1988),
represents Oligocene to Miocene basaltic shield volcanism on the northwestern and
southeastern plateaus (Mengesha Tefera et al., 1996).Accoodihghr & Zanettin (1988)

the mafic lavas comprising thieermaber Formation form large, low angle shields up to tens
of kilometers in diameter, although smaller and steeper edifices also occur. According to
Mohr and Wood (1976) the alkaline basalts of the Termaber Formation comprise about forty
shieldlike piles on the Ethiopian and Harar Plateaus. Among these shields considerable
physical, lithological and chemical wety is exhibited Furthermore, on theorthwestern
plateau the Termabeshield volcanoes become progressively younger from north to south
(Mengeda Tefera et al.,, 1996), and also these authors have described that the central type
Termaber formation basaltic volcanism was followed by fissural eruptions particularly along

the escarpments of northwestern and southeastern plateaus.

Summarized radiomet data reveal that Alaje and Termalbgpe volcanism largely
overlapped in time in the north, and for this reason Mohr & Zanettin (1988) divided
Termaber Formation into an Early Miocene Termaber Guassa and a Middle Miocene
Meghezez Formation. Accordinglyhe name Termaber Guassa Formation is used for the
shield volcanoes of northern Ethiopian plateau with an absolute age range of 26 to 16 Ma
whereasTermaberMeghezez Formation is used for the younger shield volcanoes with an
absolute age range of 16 t8 ih the southern part of northwestern plateau and southeastern
plateau. Moreover, shield basalts of the Termaber Guassa and Termaber Meghezez

formations typically are alkaline and-nermative (Mohr & Zanettin, 1988).

BY HAYELOM MENGESHA 22



MSc Thesisl 2018

12°40'0"N

39°20'0"E

39°40'0"E

12°20'0"N

30 15 0

39°20'0"E

-

39°40'0"E
30 km

E
Legend

Qh | Undifferenciated
alluvial,lacustrine
and beach sediments
Tarmaber Gussa
Formation

Alaje Formation
| Aiba Basalts

p2a Ashenge Formation

E Antalo Formation
Adigrat Formation

Tembien Group

AlKkali granite and
Syenite

Others

[:l Study area

- s a Faults:Observed,
inferred

ebeede Fault barb on
downthrown side

# Field of small
basaltic vents

Fig.2.4: Geological map of Mayche area and its surroundings (Modified from Mengesha
Tefera et al, 1990. Note the distribution of Ashenge, Aiba, Alaje and Tarmaber Formations.

BY HAYELOM MENGESHA

23




MSc Thesis| 2018

CHAPTER THREE

GEOLOGY OF THE STUDY AREA
3.1. Introduction

The study area, which is part of northveza Ethiopian plateau, is mainly constituted by
basaltic rocks with some pyroclastic materials (unwelded tuff unit). Primary name of
lithological units were given during the field work based on textural and mineralogical
compositions. Broadly, from fieldbservations, the basaltic units exposed in the study area
are classified into tilted, and horizontal to sub horizontal basaltic units. These two major
basaltic rock units are separated by unconformity, which is commonly marked by thin layers
of paleosolsThe local classification name of northern Ethiopia plateau; Ashenge, Aiba and
Alaje formations (e.g. Merla et al., 1979; Mohr & Zanettin, 1988), is directly adopted for the
present study. Ashenge formation (tilted basaltic units), which covers mucé stiudy area,

is represented mainly by pyroxeobkvine phyric and pyroxene phyrizasalts wherea&iba
formation (horizontal to sub horizontal basaltic units) is represented almost all by massive
and cliff forming aphyric basaltic unit. Althoughe focts of this study is on Ashenge and
Aiba formations; Alaje formation, which is represented by Olivine phyric basalt and
unwelded tuff unit, is also included on the geological map of the study &w#hermore,

there are also unmappable units intercalatetld pyroxeneolivine phyric basalts of Ashenge
formation such as gfpmeratic basalt, unwelded tuff unit, vesicular and plagioclase phyric
basalts. The different lithological units representing the geology of the study area at a scale of
1:25,000 are showim Fig.3.1. Besideghe study area is associated with different geological
structures (Mainly with Ashenge basalts) such as jointdisfadikes, veinsFurthermore
lineamentswhich are traced from drainage patterns along witellite image and aelia
photographs are distributed in the study area havufifjerent orientations such as notth
northeast, northwest, angestnorthwest to eastest(Fig.3.1) Structural data of the inclined

lava flows and the associated geological structures have beentemli@nd analyzed to
illustrate and evaluate mean orientations of the various structural components. The structural
measurements of thidted lava flows and the geological structures are provided in Appendix
V. Generally,the detailed field description rfahe lithological units and their associated

geological structure is given as follows:
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Fig.3.1: Geological map and cross section of the study area. Abbreviations (Ol. and Pxn.) are as

in list of Acronym.

BY HAYELOM MENGESHA 25



MSc Thesis| 2018

Elevation(m)
3200 Bekura Debri
—4/
3100 | Bolenta
: Belego Section
- Section -
3000 { -t
| b 5
| "
1 -
2900 A »
| :
1| .
k| o 3¢
2800 a3 vV
VvV 20
2700 vyl 1
| { Legend

2600 3 : Rk / Olivine Phyric basalt
! | e
! ! o Unwelded Tuff Unit
2500 e Hizba

= Aohyic basak
2400 —
. Pyroxene-Olivine Phyric basalt
2300 f. 22| Pyroxene Phyric basalt
2200

Fig.3.2: Composite Lithostratigraphic setion of the study area.

3.2. Ashenge Formation

This basaltic group, which covers much of the study area, is characterized by its porphyritic
texture with dominant clinopyroxene, little olivine and very little plagioclase phenocrysts,
later confirmed throgh petrographic analysis (see chapter four). In the study area, Ashenge
basalts are dominantly composed of basalt with varying proportions of aphyric basalt,
vesicular basalt, and porphyritic basalt. The exposures of Ashenge Formation, which have
majorly light black fresh color and light gray weathered color, are strongly weathered,
intensely fractured, jointed and cut by dikes. Because of this tilted and faulted/jointed nature
of the lava flows, it is very difficult to trace the lateral extent and estirtta¢ possible
maximum thickness of this basaltic formatidhoreover,the contact between this foatmon

with the overlaying Aiba érmation is marked by the presence of paleofeis. 3.5).This
paleosol unit has an average thickness of 1m, and its tap Ipas hghly

compacted/consolidated nature relative to its lower part, whichibbtefnature.
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Although Ashenge érmation commonly occurs as a series of stacked flows3flthick
separated commonly by 20cm to 50 cm thick paleosol horiZéigs3(4) and 38 m thick
patchy basaltic agglomerate, it occurs as a series of massive to blocky bodie30om20
thick layers.

This Formation in most part of te study areais characterized by its tilted natungth an
average orientation of N9E/26/SE Fig.3.3).Furthermore it is affected by both systematic
and norsystematic sets of joints having an averagetjspacing from10 cm to 20cm. From
stereonet projection (Fi4.7) these jointshave anaverage orientation dﬂ5—1OOW/61/NE

(Appendix IV for dip amout).Moreoverthis rock unit isalsodissected by highly copacted

olivine phyric basaltic die having an average thickness of &hng with their average
orientaton of N25300W/58/SE (Fig.4.7) .SimilarhQuartz vein structuresvhich are filled
by Zeolite and agate mineralsare also associated witis rock unit with an average
orientation of N28E/55/NW. Furthermore there amormalfaults associateavith this rock

unit with an orientation of &V/50/N (Fig.4.6).

In the study ar@ Ashenge &rmation is maily represented by two mapable units: Pyroxene

olivine phyric basalt and Pyroxene phyric basalts.

Fig.3.3: Panoramic View of Ashenge formation showing its tilted lava flow layers. The photo is
taken from western sice of Maychew town around BekuraRidge (0557325E:1413056N)
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Fig.3.4: Field photograph of series of stacked flows of Ashenge formation separated by2@m
thick paleosols (0556906E:1412738). The average thickness of these lava flows is about 1m.
Further, these stacked series of lavas are dippg towards southeast.

Fig.3.5: Field photograph of paleosol separating the two basaltic groups
(0559085E:1417867NJhe top part of this paleosol unit, which indicates a time gap between the
two basaltic formations, have highly compacted/consolidated nate relative to its lower part,

which has friable nature.

3.2.1. PyroxeneOlivine phyric basalt

This rock unit, which commonly occurs as ridge forming and partly as flat laying topography,
is the major rock unit that represents Ashenge formation in tlty sttea. Moreover, it is
characterized by its porphyritic texture with phenocrysts of clinopyroxene, olivine and few
plagioclases; consistent with the petrographic examination of the analyzed samples (chapter
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four). In the major parts of the study areaisitdominated by phenocrysts of pyroxene
followed by olivine and then very few plagioclase. Further, this rock unit rarely consists of
some rounded to sub rounded vesicles, which are wholly to partly filled by dull appearance
secondary minerals (possildyartz).In addition, this rock unit has light black fresh color and
light grey weathered color, and is highly affected by weathering. However, the degree of
weathering of this rock unit ranges from deeply weathered (majorly in the Eastern part of the
study aiea; e.g. around Hizba Maryam, Tegule and along the gravel road from Maychew to
Mehoni) to weakly/moderately weathered (in the western and northern part of the study area,;
e.g. in Bokura ridge, Tsehafti Maryam). Exfoliation weathering is the common type o
weathering in the study area which predominantly affects this rock unit. Fufifeerock

unit is characterized by its tilted nature with an average orientation oPED(WSE

(Appendix V and Fig.4.7).
Moreover, intercalated with this rock unit therare different unrmppable units such as
agglomeratic basalt, vesicular basalt, plagioclase phyric basalt and unwelded tuff unit (See

their photographs alongith their description below).

Fig.3.6: Field photograph of PyroxeneOlivine phyric basalt. Note its typical exfoliation
weathering (0563066E: 1416734N).
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3.2.1.1. Aglomeratic basalt

This rock unit is exposed in scattered (patchy) form and found mainly in Bekura ridge, Debri
ridge, and in very small amount at around Hizba Marysoreover, this rodk unit is
characterized by its pink to gray fresh color and light gray weathered color, and the presence
of coarse rounded to sub rounded clasts with a size of about 10cm to 50cm (Fig.3.7).The
clasts, which are dominantly dark colored, are hard/consdlidatd pyroxene dominated.
Besides, the rock hosting the clasts are dominantly reddish colored and pyroxene dominated.
Mineralogically, this unit is principally composed of pyroxene and olivine. Like the

mappable units of Ashenge formation, e.g. pyroxahene phyric basalt, it is also

characterized by its tilted nature with an orientation of JE6B0/SE.

Fig.3.7: Field photograph of Agjlomeratic basalt. Note coarse rounded to sub rounded shape
clasts with a size of 1cm to 50cm (0557723E: 1415796N).

3.21.2. Vesicular basalt

This rock unit with an average thickness of about 10 m is mainly exposed around the
northern, western, and south western part of the study area. In most parts of the study area
this rock unit is characterized by its light brownisish color and gray weathered color, and

it is composed of pyroxene with some olivine minerdsrthermore,although it has
dominantly a vesicular texture, in places amygdaloidal texture is also common (Fig.3.8),
where the vesicles are filled by calcitadasome green minerals (possibly malachite and
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chalcedony). The shape of the vesicles ranges from spherical to eldvigegever,in the
study area (e.g. in Belego Michael and Bolonta Giorgis), this rock unit is found near the top

of pyroxene olivine phyric basalt, marking the contact with the overlying basaltic unit

(aphyric basalt of Aiba formation).

Fig.3.8: Field photograph of Vesicular basalt. Note its dominantly vesicular texture and partly
amygdaloidal texture, and note also the green dotstainnd s ( possi bly mal achi i
(0562821E:1417327N).

3.2.1.3. Plagioclase phyric basalt

This rock unit is also found intercalated with pyroxesiwine phyric basalt. Like vesicular
basalt, in most part of the study area, it is found marking théacbbetween pyroxene
olivine phyric basalt andpdyric basalt of Aiba formationlt has porphyritic texturevith
dominantphenocryst®f plagioclase, and is characterized by its highly weathered and friable

nature. Most of the plagioclase phenocrysésedongated and randomly oriented (Fig.3.9)
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Fig.3.9: Field photograph of Plagioclase phyric basalt. Note the white to gray elongated crystals
of plagioclase (0557172E:1417098N).

3.2.1.4. Unwelded Tuff unit

This unit with an average thickness of 1m iarfd intercalated with pyroxene phyric basalt

of Ashenge formation in Bekura Ridge. Furthermore, this unit is petrologically(field
description) similar to the tuff unit of Alaje formation that overlain Aiba formation( e.g.
around Belego Mikael and Bolonfaiorgis), which is characterized by its gray to brown
fresh color and light gray weathered color, and its friable and unconsolidated nature,
pyroclastic texture. In addition, this rock unit contains k feldspars, quartz and lithic
fragments However,unlike the tuff unit that overlain Aiba basalt, which has horizontal to

sub horizontal alignment, it is tilted with an orientation of N46E/z8. Moreover, it is

affected by closely spaced (about 10cm) systematic joints which have atatioie of
N20W/55/SE
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Fig.4: Field photograph of unwelded tuff unit. Note the sub rounded to angular lithic fragments
of this unit (0556986E: 1411951N).

3.2.2. Pyroxene phyric basalt

This basaltic unit is the secondapableunit of Ashenge formation in the study area,
following pyroxene olivine phyric basalt. It is majorly exposed around Bekura Ridge, Debri
Ridge and Hizaba Ridge (Fig.3Mpreover, petrologically this rock unit resdmtes to
aphyric basalt of Aiba érmation, which hasphyric texture, compact/massive aimérd
nature, cliff former topography. Howevétyroxene phyric basal characterized by its tilted
nature unlike the horizontal gub horizontal pattern of AibaoFmation. Like the other units

of AshengeFormation this rock unit is also characterizeditsytilted, jointed and faulted

nature. The mean orientation of thitted lava flow layerand the associated joints is
N670E/26/SE, N40W/61/NE respectively (Appendix V). In the field, this rock unit is

characterized by its porphyritic texture with pherysts of dominantly pyroxene .However,
petrographic examination (chapter four) indicates the presence of olivine and few plagioclase
phenocrysts in addition to the dominant pyroxphenocrystsFurther,this rock unit is also
affected by an EasWest stiking and north dipping normal faulig.4.6).
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Fig.4.1: Field photograph of Pyroxene phyric basalt. Note its characteristics massive and

consolidated nature, and note also the systematic joints which are intersected at about

90°(0556772E:1413342N).

3.3 Aiba Formation
3.3.1. Aphyric basalt

This basaltic unit, which occurs between an elevation of around 2800m and 2900m, attains a
maximum thickness of about 80m.In the study area; this rock unit is the only mappable unit
thatrepresents Aibadfmation Furthermorethis unit comprises many horizontally stratified
massive basaltic flows of-3 m thickness. Uike the lava flows of AshengeoFmation,

which are highly tilted and laterally limitethva flows of Aiba Brmation( aphyric basalt)

are tracede and extend for at least tens or more kilometelsreover,the characteristics
features of this unit are its black fresh color and light gray weathered color, aphyric texture,
compact/massive and hard nature, cliff former topography. In the northeimestetn parts

of the studyarea (around Bolonta Giorgis and Belego Michatdjs rock unit is
unconformably underlain by pyroxewdivine phyric basaltic unit of Ashenge formation, and
conformably overlain by unwelded tuff unif Alaje Formation. The lowr part of aphyric
basalt is marked by laterally continuous reddish color and thin (about 1m thick) paleosol
layers. Further, associated with this rock unit there are systematic joints which have an
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average joint spacing of from 50cm to 1.5m, and the geeomientation of these joints is

N50° E/65/SE (Appendix V).

Fig.4.2: Panoramic view of Aibafer mat i on showing itds horizont al
lava flows. The photo is taken from western side of Kola Bolonta Abagabir
(0562270E:1417482N).

Fig. 4.3: Field photograph of aphyric basalt and the joint associated with it{tA) Aphyric basalt
showing its hard/consolidated and massive nature (0562114E:1417907N). (B) Widely spaced

(about 1m) systematic joints with an orientation of N6gW/680/NE are affecting aphyric basalt

(0558987E:1418651N).
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3.4. Alaje Formation

3.4.1. Unwelded Tuff unit

In the study area, this unit is found around Bolonta Giorgis and Belego Michael. Further, it is
found overlying the aphyric basailt Aiba Formation. Petrlogically (Field descriptions), this
rock unit is generally similar to that of unwelded tuff unit thataand intercalated with
Ashenge Brmation (See section 3.2.1.4.). However, this unit has a horizontal to sub
horizontalpatternnature rather thathetilted nature of Ashengedfmation. Further, like that

of the other units of the study area, this rock unit is also affected by joints and faults which

have an average orientation of generally Nez86/SE and NPE /60/SE respectively.

Fig.4.4: Field photograph of unwelded tuff unit with its characteristic unconsolidated and
friable nature. Note also the systematic joints affecting it (0561650E:1417549N).

3.4.2. Olivine Phyric basalt

This unit is found, in the study area, around Bolonta Giorgis (RigS3ratigraphycally,
olivine phyric basaltic unit is found overlayinget unwelded tuff unit of Alaje dfmation.
Further, this unit is characterized by its highly porphyritic texture with the dominant
phenocrysts of olivine. In study area, this rock wappears to have affected by exfoliation
weathering like that of pyroxer@ivine phyric basalt of AshengeoFmation, and thus have a
boulder forming appearance. In addition, this unit is found generally as gentle forming

topography which could be relatealits highlyweathered and eroded nature.
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Fig.4.5: Field photograph of Olivine phyric basalt. Note the Exfoliation weathering and the
boulder forming appearance of this unit(0561670E:1417926N
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Fig.4.6: Field photograph of geological structtes associated with Ashenge formation (A) East
west striking and North-dipping (55°) normal fault on the pyroxene phyic basalt of Ashage
formation. The Photo is taken from western side of Maychew town, Bekura Ridge€)$57588E,
139869N). (B) Closely spaceslystematic joints (25cm50cm) with an averagestrike direction of
N22°W are affecting the pyroxendolivine phyric basalt (0555749E:1415102N). (G)30°W
striking basaltic dike cutting the pyroxeneolivine phyric basalt (557588E, 139869N).The dike
has ghyric texture and compacted nature, and attains a thickness of about 1 m. (D) Quartz
vein associated with pyroxenelivine phyric basalt of Ashenge formation with an orientation of

N20E/40/NW (0559471E:1415303N).

A " B
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Fig.4.7: Steremet plots of thetilted lava flows, joints and dikes. (A) Equal area plots of the tilted
lava flows (for both Pyroxene- olivine phyric and pyroxene phyric basalts). Poles to the tilted
lava flows are generally clustered on the NW quadrant of the stereonet with some scase
plots. This indicates that the tilted beds (lava flows) are dipping towards SE. (B) Rose diagram
of the tilted lava flows: The longest wedge of the rose diagram represents NG®E and this
value indicates that the mean value of the strike direction fothe tilted beds of Ashenge
formation. (C)Equal area plot of the joints showing the scatter distribution of the poles majorly
on the SW guadrant of the stereonet and this could be as the result of the existence of different
sets of joints dipping towardsNE. (D) Rose diagram plot showing two sets of joints where one
set of the joint system is represented by an average strike direction of N6°W whereas the
second joint set have an average strike direction of N2025°W. (E) Equal area stereonet plot of
the dikes. The poles to dikes are clustered on the SW quadrant with few scatters and this shows
that the dikes are dipping towards NE. (F) Rose diagram of the dikes: The longest wedge of the
rose diagram represents N2530°W, which indicates mean value othe strike direction of the

associated dikes.
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CHAPTER FOUR
PETROGRAPHIC STUDY OF THE STUDY AREA

4.1. Introduction

To further characterize the petrogenetic history of the two basaltic units in the study area, 16
thin sections from representativeckosamples have been prepared and examined. Out of this
thin section 12 are from Ashendermation (pyroxen®livine phyric basalt and pyroxene
phyric basalt) whereasé¢ rest (4) are from Aiba basalts. The studied samples are selected
based on their stigraphic position and/or field description. The observed textures of most
samples include porphyritic, glomerophyric, sythitic, seriate and rarely poikilitic. Aiba
basalts (aphyric basalt) are generally characterized by their aphyric to sparsly piarphyri
texture with phenocrysts of dominantly plagioclase. Hmvethe lava flows of Ashenge
Formation pyroxenephyric and pyroxenelivine phyric basa$) are characterized by their
highly porphyritic textures with phenocrysts of clinopyroxene, plagiockse olivine
embedded in a fingrained matrix of plagioclase, opague minerals and to a lesser extent
clinopyroxene andlivine. Plagioclasecrystals in some flows (aphyric basalt) generally
exhibit trachytic textures, but in the majority of samplpgrgxene phyric and pyroxene
olivine phyric basalt) the crystals ammndomly alignedPhenocrysts proportion ofdistudied
samples range fromi 6 vol. % (aphyric basalt) through 25 vol. @y(oxenephyric basalt) to
3540 vol. % (pyroxenalivine phyric basd). Most of the phenocrysts in hoAshenge and

Aiba basalts areuhedral in shape whereas the interstitial materials are anhedral. Detailed

petrographic desiption for each basaltic unit/formatiasgiven below:

4.2. Ashenge Formation

Petrographically it is characterized by its porphyritic texture with a phenocrysts of
principally clinopyroxene, little olivine and plagioclase. The proportion of the phenocrysts is
about 3635 % by volume. The groundmass is dominated by plagioclase with considerable
amaunt of clinopyroxene and olivine and few opaque minerkisithermore, euhedral
clinopyroxene, olivine and plagioclase phenocrysts, up to 5 mm diameter, are alibidant
25 vol %( Fig.4.1) However, there is also subhedral/anhedral phenocrysts of thesalmine
associated with this basaltic formation. The samples from this formation are mostly
glomerophyic (plagioclase/clinopyroxene,lggioclase plus clinopyroxene and/or olivine),

and some rarely aphyric. Thaesence ofcolodess to pale green fibrousinerals with
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moderatebirefringence asn amygdule (possiblyeolite), reddish brown high birefringence
mineral (iddingsite, altered olivine), partly to wholly altered clinopyroxene crystals, zeolite
and quartz filled vein (Fig.4)lindicatesthat this basailt unit have undergone an alteration
process, consistent wiits lithologicaldescription. The detailed petrographic description for

eachlithological unit of this formation is given below:

4.2.1. PyroxeneOlivine phyric basalt

Petrographically, thisack unit is characterized by its highly porphyritic texture with
phenocrysts of clinopyroxene, olivine and plagioclase set in intergranular and intersertal
textured groundmass of the same mineral assemblage as the phenocrysts with some oxides.
From the stdied samples the proportion of the phenocrysts ranges fred® 3l %. The

modal composition of this rock unit is dominated by clinopyroxene, followed by olivine and
plagioclase. Furthermore, very few scattered opaque minerals also present both in the
groundmass and phenocrysts assemblage. Besides, the phenocrysts, in some Sawges,
seriated texture i.e. theshows a wide range of grain size from fine grained (1mm) up to
coarse grained (5mm). Most of the phenocrysts, particularly clinopyroxene aime olire

found showing compositional zoning.

In places, olivine phenocrysts show hexagonal euhedral shape with irregular cracks and slight
iddingsite alteration along the crackaurthermore, scarce iddingsitised olivine phenocrysts
are also present ithese basalts. Moreover, clinopyroxene occurs as euhedral, elongated
variegated color (dominantly pinkish) phenocrysts wilsich partially embayed and resorbed.
Besides, in places, olivine and clinopyroxene occur together as glomerocysts. Opaque
minerals & also included in some clinopyroxene phenocrysts. For a complete petrographic

description of the samples, ssgpendix Viand Fig. 4.1
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4.2.2. Pyroxene phyric basalt

Petrographic examination of this rock unit indicates that, with the exceptione sample
(T4S3, which has aphyric texture), it is porphyritic texture with phenocrysts of principally
clinopyroxene, olivine and very few opaque minerals. Although the proportion of
phenocrysts for pyroxene phyric basalt (abouv@5%) is less thathat of pyroxenelivine

phyric basalt (abou5-40 vol %), it is much higher than apig/basalt of Aiba Formation
(0-10 vol. %). Like phenocrysts of pyroxemdivine phyric basalts, the phenocrysts of
pyroxene phyric basalts are glomeophyric, and aretlyneshedral to subhedral in shape.
Pyroxene phyric basalt is different from pyroxesiwine phyric basalt in that it lacks
plagioclase phenocrysts, which exists in pyroxelidne phyric basalt both as a phenocrysts
and groundmass. Further, the groundsnaf pyroxene phyric basalt is much glassy than
pyroxeneolivine phyric basalt. Moreover, thin section analysis of this unit shows signs of
alteration which is evidenced by the presence of partly and wholly altered clinopyroxene
crystals, and zeolite anduartz filled vein (Fig.4.2) Its modal proportion is principally
dominated by clinopyroxene with very few olivine and opaque minerals. For a complete

petrographic description of the samples, &ggendix ViandFig. 4.1

4.3. Aiba Formation
4.3.1. Aphyric basalt

From petrographic study, this rock unit is characterized by its aphyric to sparsely porphyritic
texture with micro to mega phenocrysfsdominantly plagioclase {80 vol %), and very few
clinopyroxene (& vol %) and olivine (< 2 vol %). Thes&@nocrysts are set in a pilotaxitic
groundmass of predominantly plagioclase microlites, clinopyroxené&j Beides and glass.

The interstices between the plagioclase laths in the groundmass are filled by clinopyroxene
and partly olivine (i.e. they showtargranular texture).The plagioclase phenocrysts in the
phenocryst assemblage are randomly oriemtiegireas, in placethey show trachytic texture.
Further, plagioclase phenocrysts are elongated and euhedral shaped, and show concentric
zoning. Like the dter units of Ashenge basalts the phenocrysts of aphyric basalt have partly
glomerophyric texture but their abundance is very small (up to 4%phMoreover, the
proportion of thephenocrysts ranges from 0 t&5 of which plagioclase is about 95% and
clinopyroxene is about 5%. For a complete petrographic description of the samples, see

appendix Viand Fig.4.2
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Fig.4.1 (A-L): Microscopic photo-pictures of Ashenge Basalts. (A)Glomerophyric textured

phenocrysts ofclinopyroxene, olivine and some opaque (probably F&i oxides) are embedded

in a glassygroundmass. (B) Vein which are filled by quartz and zeolite (showing radial pattern)
minerals. Note also the clusters of clinopyroxene phenocrysts, and the presence of anhedral
shape opaque minerals both in the groundmass and phenocrysts assemblage.(C) Phenocrysts of
clinopyroxene (showing brownish color and seriate texture) and olivine marals are set in
cryptocrystalline textured groundmass.(D) pentagonal euhedral shaped altered phenocryst of
clinopyroxene is set in intersertal textured plagioclase dominated groundmass. (E) Partly to
wholly altered subhedral to euhedral shaped clinopyrogne phenocryst is set in a glassy
groundmass. Note also the glomereoporphyritic nature of clinopyroxene phenocryst (on the

bottom right side of the thin section photo). (F) Low interference colored euhedral shaped
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megacrysts of clinopyroxene is set in miccrystalline -textured groundmass. Note also the
vesicles within this crystal (irregular dark appearance under XPL whereas light appearance
under PPL). (G) Phenocrysts of clinopyroxene, plagioclase, and iddingsite (reddish brown
coloured altered olivine) ae embedded in interstitial textured plagioclase dominated
groundmass. Note also the resorbed olivine (bottom right of the photograph, dark appearance).
(H) Euhedral shaped megacrysts of clinopyroxene are set in brownish colored glassy material
rich groundmass. Note also the cumlophyric nature of the phenocrysts, and zoning of
clinopyroxene crystal. (1) Sub to euhedral shaped glomerophyric textured clinopyroxene and
light gray colored plagioclase laths are embedded in a groundmass of dominantly fine grained
plagioclase laths and some reddish brown interstitial glassy material(lJ) Phenocrysts of
subhedral to euhedral olivine, euhedral clinopyroxene and opaque minerals are embedded in a
groundmass of dominantly light gray elongated mgioclase crystals. (K Megacrysts of
clinopyroxene, plagioclase and olivine are set in a medium to coarse grained plagioclase lath
dominated by interstitial textured groundmass.(l) Tabular to prismatic euhedral shaped
phenocrysts of clinopyroxene is set in a plagioclase dominatedicrocrystalline groundmass.
Note also the flow of plagioclase crystals arround the clinopyroxene phenocry$tote that all the
photographs taken are under XPL onlyicroscopic photepicturesfrom A to F are from Pyroxene phyric

basalt ,whereas from Go L are from pyroxeneolivine phyric basaltsFrom all the thin section photos
(A to B note the absence of plagioclase phenocrysts, the glomereoporphyritic nature and

alteraton of some athe clinopyroxenghenocrysts.
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Fig.4.2 (A-F): Microscopic photo-pictures of Aiba Basalts (aphyric basalt). (A) Micro
phenocryst of plagioclase crystal showing its diagnostic polysynthethic twining is set in a
plagioclase dominated microcrystalline groundmass. Note ais the interstitial textured
groundmass wherein the interstices between plagioclase laths are filled by olivine and redish
brown colored glassy minerals (possibly cpx).Further,note also the plagioclase phenocrysts have
euhedral crystal form.(B)Subhedral to euhedral shaped phenocrysts of clinopyroxenelivine
and plagioclaseare set in plagioclase plagioclase dominated groundmaséC) glomerophyric
textured phenocrysts of plagioclase are set in intersertal textured groundmass where the
interstices between theplagioclase laths are filled by redish brown glassy minerals,and dark
colored opaque minerals.(D) This thin section shows trachytic texture where plagioclase laths
are arrenged in a well defined manner.(E) Megacryst of elongated plagioclase crystals are
embeded in fine grained plagioclase rich groundmass. Furthenote the flow of the plagioclase
laths of the groundmass suurounding the megacryst of plagioclase. Note also the inclusion of
clinopyroxene within megacryst of plagioclase (i.e. poiklitic texire). (F) Phenocryst of euhedral
and elongated plaioclase crystals are embedeih intersertal textured plagioclase( light gray
elongated minerals) and paque mierals(anhedral dark minerals;possibly FeTi oxides)
dominated groundmass. Note also the cuntaphyric nature and concentric zonnig of the

plagioclase phenocryst.
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