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ABSTRACT

The bi-modal basalt-rhyolite Ethiopian continental flood basalt, formed by the impinge-
ment of the Afar mantle plume beneath the Ethiopian lithosphere, contains a number of
vertically sided, thought to be feeders of volcanic rocks at the time of their formation,
volcanic plugs. Whole-rock major- and trace-element data including REEs are presented
for volcanic plugs of the Infranz area, northwestern Ethiopia in order to investigate the
petrogenesis of volcanic plugs and to understand petrogenetic inter-plug relationships.
The geochemically phonolite-trachyte-rhyolite alkaline volcanic plugs of the Infranz area,
are mostly characterized by nepheline, alkali feldspar and quartz phenocrysts respective-
ly, set in dominantly alkali feldspar microlites of parallely aligned groundmass that form
typical trachytic texture. The Infranz volcanic plugs have almost similar major- and trace-
element concentrations on the major-element oxide and trace-element versus silica varia-
tion diagrams hence, formed by the little role of fractional crystallization between them.
These volcanic plugs on chondrite-normalized REE patterns show highly fractionated
[La/Y]n ( 8.97-21.66) REEs with negative Eu (Eu/Eu*= 0.43-0.83) anomalies; on the
primitive mantle-normalized multi-element plots they illustrate negative anomalies in: Ba,
Sr, P, and Ti. They are formed from the same, explained by the well- defined trends in-
compatible elements form, by the almost similar Zr/Nb, Zr/Th ratios they have, garnet
free, shown by the greater than 10 x chondrites of sample/chondrite ratios, source formed
by the same, illustrated by parallel to subparallel chondrite-normalized REE patterns,

petrogenetic processes.

The variations in concentration of major elements (TiO2, Fe203, Al203, Na20), trace
elements (Nb, Th, Y) and incompatible trace element ratios (Zr/Th, Zr/Nb) between the
Infranz volcanic plugs and Lima Limo rhyolites demonstrates the heterogeneity of their
source. This implies that the Lima Limo rhyolites are not the fed products of the Infranz
volcanic plugs.
Key words:
Infranz Volcanic plugs
Alkali feldspar

Geochemistry
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HAPTER ONE

1. INTRODUCTION

1.1.  Background Information

Ethiopia, the only place in the world where continental lithosphere is splitting and the be-
ginning stage of sea—floor spreading can be seen on land (Williams, 2016), contains one
of the youngest continental flood basalt province on earth formed by the impingement of
the Afar mantle plume beneath the Ethiopian lithosphere (Marty et al., 1996; Beccaluva et
al., 2009; Dereje Ayalew et al., 2002). Volcanism was started 45 Ma in southern (Da-
vidson, 1980; George et al., 1998; Ebinger et al., 1993) and 30 Ma in northern Ethiopia
(Hofmann et al., 1997; Kieffer et al., 2004; Dereje Ayalew et al., 2002). The formation of
Oligocene, pre-rift Ethiopian continental flood basalt was followed by the central type
Mio-Pliocene shield volcanoes, like Simien (30Ma), Guguftu, and Choke (22Ma) and
Guna, 10.7 Ma (Kieffer et al., 2004). On Plio- Quaternary, volcanism then continued to
occur: on the plateaus, best exemplified by the Tana volcanics (e.g. Prave et al., 2016),
along the main Ethiopian rift (e.g. Rooney et al., 2012; Daniel, 2009) and along the afar
rift, best exemplified by the Erta ale, Afar, Ethiopia. The focus lacking Ethiopian volcan-
ic plugs, have no any well constrained ages other than the one by Natali et al. (2013) to
talk about their history of volcanism parallely with the Ethiopian continental flood basalt.
Even though most researchers agree that the northern and northwestern Ethiopian volcan-
ic plugs are of quaternary (e.g. Daniel Meshesha and Shinjo, 2007; Miruts Hagos et al.,
2010), Mio-Pliocene (e.g. Beyth, 1972) age formed probably by tilting and updoming of
the surrounding rocks (Kazmin, 1975), Natali et al. (2013) constrain the age of Adwa vol-
canic plugs to be 19-15 Ma.

The Ethiopian continental flood basalt (CFB) province is subdivided in to three major ge-
ographical and geomorphological parts: the Ethiopian plateaus (northwestern, southwest-
ern and southeastern), the main Ethiopian rift and the Afar rift (Kazmin, 1979; Berhe et
al., 1987; Hart et al., 1989). The northwestern branch of the Ethiopian continental flood
basalt sequence, based on chrono-stratigraphy, is classified as: the Ashange, Aiba, Alaje
and termaber (Megezez and Gussa) formations (Merla et al., 1979; Berhe et al., 1987,

By: Gedefaw Tadele 1 AAU, CNCS,School of Earth Sciences
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Mengesha Tefera et al., 1996). But, latter on from field observations combined with the
petrological characteristics of the lavas, Pik et al. (1998) conclude that the above classifi-
cation is not valid for the whole northwestern Ethiopian plateau, rather broadly the prov-
ince is classified geographically as high TiO2 and low TiO2 Sub- Provinces. The plateau
rhyolites are geographically correlated with the basalts, low- and high-TiO, rhyolites oc-
curring in association with low- and high-TiO; flood basalts (Dereje Ayalew et al., 2002;

Dereje Ayalew and Gezahegn Yirgu, 2003).

According to Gates and Ritchie (2007), volcanic plugs are tower like landforms consist-
ing of an igneous core of an extinct volcano whose outer layers have eroded away; the
neck is composed of magma that has crystallized in the conduit of the volcano. They form

(https://pubs.usgs.gov/gip/volc/structures.html), when congealed magma, along with

fragmental volcanic and wall rock materials are preserved in the feeding conduits of vol-
canoes upon cessation of feeding activity. These towerlike, conspicuous features of vol-
canic landforms, volcanic plugs, are observed around Infranz (the present study area),
northwestern Ethiopia, and no detailed work is conducted as a whole Ethiopia and partic-
ularly at the study area. This research is aimed to study the petrogenesis of volcanic plugs
and to understand inter-plug petrogenetic relationships with the help of field observation,
petrographic studies from thin section and rock geochemistry by using geochemical anal-
ysis. Since volcanic plugs are thought to be the feeders of the surrounding volcanic rocks,
their relationships with the northwestern Ethiopian felsic volcanic rocks are also studied
with the in light of new, taken from Infranz volcanic plugs, and existing, taken from Lima
Limo rhyolites studied by Dereje Ayalew and Gezahegn Yirgu (2003), geochemical data.

1.2. Statement of the Problem

Numerous researches have been conducted on the Ethiopian continental flood basalt, in-
cluding the northwestern Ethiopian volcanic sub-province. Most of the studies on the
northwestern Ethiopian plateau have focused on basalts (e.g. Pik et al., 1998; 1999; Bec-
caluva et al., 2009), rhyolites and ignimbrites (e.g. Dereje Ayalew et al., 2002; Dereje
Ayalew and Gezahegn Yirgu, 2003). Very little is known about the petrogenetic inter-
plug and plug-felsic volcanic rock relationships of the northwestern Ethiopian volcanic
plugs despite an interesting geological idea that, volcanic plugs are the feeders of the sur-

rounding volcanic rocks (https://pubs.usgs.gov/gip/volc/structures.html) formed when

By: Gedefaw Tadele 2 AAU, CNCS,School of Earth Sciences
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their feeding activity is ceased. Dercq et al. (2001) investigated the genesis of northwest-
ern Ethiopian volcanic plugs and their relationship with the felsic volcanic rocks but, be-
cause of it is not only somewhat regional so that, they didn’t take any sample from the
present study volcanic plugs but also, they rely only on by three volcanic plugs to justify
the feeding nature of those volcanic plugs for the northwestern Ethiopian felsic volcanic
rocks, which is not representative. These authors documented that, from the three volcan-
ic plugs included under their study, the southern plug, located around Debre Tabor, had a
different crystallization history; the northwestern Ethiopian volcanic plugs are not the

feeders of trap volcanism rather for trachytes in shield volcanoes.

Therefore, the presence of adequate volcanic plugs to include as much volcanic plugs as
necessary combined with the absence of detailed work on their petrogenesis, petrogenetic
inter-plug and plug-felsic volcanic rock relationships, raises a question of investigating
the petrogenesis of volcanic plugs and understanding petrogenetic inter-plug and plug-
felsic volcanic rock relationships. This study mainly focuses on investigation of petrogen-
esis of volcanic plugs and petrogenetic inter-plug relationships of the Infranz volcanic
plugs, northwestern Ethiopia with the help of field investigation, petrography and geo-
chemical analysis. The relationships Infranz volcanic plugs, this study, have with the fel-
sic volcanic rocks of northwestern Ethiopia with in the light of existing, Lima Limo rhyo-

lites studied by Dereje Ayalew and Gezahegn Yirgu (2003) are also considered.

1.3.  Significance of the Research

Field observation, petrographic and geochemical analysis of samples from volcanic plugs
provides important information on the relationship between volcanic plugs and felsic vol-
canic rocks. Basically, the result of this study has its own role for scientific community in
that it shows the petrogenesis of volcanic plugs and fills the gap in understanding their
relation with the felsic volcanic rocks of northwestern Ethiopia. Moreover, the geochemi-
cal data serves as a reference tool to understand the northwestern Ethiopian volcanic
plugs which have no more data before. In addition to that, the geochemical and petro-
graphic studies of those volcanic plugs will be used as a reference framework for the stu-

dents, scientific community and other researchers after publication.

By: Gedefaw Tadele 3 AAU, CNCS,School of Earth Sciences
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1.4.  Location and Accessibility

The study area is located around Infranz, Amhara region, northwestern Ethiopia. The area
can be accessed by the major road connecting Addis Ababa to Bahirdar and to Gondar

town. Geographically the area is approximately bounded between 11°49'00> to

12°26'00"N latitude and 37°27'00" to 37°57'00" E Longitude (Fig 1.1).
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Figure 1.1 Location map of the study area, around Infranz, northwestern Ethiopia.
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1.5.  Physiography and Climate

The study area, around Infranz, northwestern Ethiopia is characterized by both rugged
and somewhat flat topographic features (Fig. 1.2). Most part of the study area is con-
trolled by rugged topographic features on the northern, northeastern and southern part and
also on the southern end. Flat topographic features are dominantly found on the south

eastern and western part of the study area.

According to (https://en.climate-data.org/location/1183/), the study area around Infranz is

characterized by mild generally warm and temperate. As documented in this cite the area
is grouped under humid subtropical climate with the lowest precipitation in January on
average 4mm whereas, the highest precipitation is in July on average 328mm. At an aver-
age temperature of 22.0 °C, April is the hottest month of the year; August is the coldest

month, with temperatures averaging 17.6 °C.

I . Om
0 10000 20000 30000 40000
1600

Figure 1.2 Physiographic map of the study area, around Infranz, northwestern Ethiopia.
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1.6.  Objectives of the Study

1.6.1. General Objective

The foremost objective of this study is to investigate the petrogenesis of volcanic
plugs of the Infranz area, northwestern Ethiopia and to understand petrogenetic inter-

plug relationships.

1.6.2. Specific Objectives

The specific objectives of this study are:

e To determine whether the Infranz volcanic plugs, northwestern Ethiopia are the
feeders for the Lima Limo rhyolites or not.

e To understand major-and trace-element signatures of the volcanic plugs of the In-

franz area, with the aim to know the source of magma.

e To know the processes involved in the evolution of magma that form the present

Infranz volcanic plugs.

e To describe the petrography of volcanic plugs of the Infranz area in order to un-

derstand the mineralogical composition.

By: Gedefaw Tadele 6 AAU, CNCS,School of Earth Sciences
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CHAPTER TWO

2. REGIONAL GEOLOGY

2.1. Introduction

The Ethiopian continental flood basalt (CFB) is thought to have formed by the impinge-
ment of the Afar mantle plume (Fig. 2.1) beneath the Ethiopian lithosphere (Beccaluva et
al., 2009; Marty et al., 1996; Dereje Ayalew et al., 2002; Natali et al., 2011) and is asso-
ciated with Africa—Arabia continental break-up (Hofmann et al., 1997; Pik et al., 1998;
Kieffer et al., 2004). According to Berhe et al. (1987) the pre-rift, Oligocene Ethiopian —

Future Afaf Margin
Ethiopia<¢ { | >Yemen
Very high-Ti (HT2) basalts
Oligocene Plateau Basalts Low-Ti (LT) o and picrites
tholeites __High-Ti (HT1) High-Ti (HT1)
Neogene-Quaternary basalfs basalts
(xenolith bearing)
alkaline voicanism
0
Depth
(km) ... Lithosphere/
50 asthenosphere
transition
100
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o0
150 »
i}
»n
A
1.0
Plume-metasomatized 31
mantie material generating i
200 Low-Ti basalts. A8
bt
90
a8
Plume-metasomatized mantie e
material generating High-Ti basalts;
250 Ti-rich phases are additionally required in the
plume head core for very High-Ti basalts and picrites

Figure 2.1 Shows the impinging of the Afar mantle plume beneath the Afro-Arabian litho-
sphere that forms the Ethiopian and Yemen continental flood basalt, from Beccaluva et al.
(2009).
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continental flood basalt were emplaced in three major stages. Stage 1, mainly older than
40 Ma, stage 2, 40 to 30 Ma, and stage 3 spans from 30 to 21 Ma; the overlying shield
volcanics of Ethiopia is considered as the fourth stage with an age spans of 7 to 25 Ma.
This flood basalt forms the huge volume of lavas about 3.5 x 10° km?® (Mohr, 1983),
probably greater than 1.2x10° km® (Rochette et al., 1998); that form a pile on average up
to 2 km thick (Berhe et al., 1987; Dereje Ayalew and Gezahegn Yirgu, 2003; Pik et al.,
1998), and covers more than 600,000 km? (Mohr and Zanettin, 1988). The province con-
sists of rhyolitic and trachytic lavas and pyroclastic rocks that are interbedded with the
flood basalts, particularly at upper stratigraphic levels; volume of the felsic rocks is esti-
mated to be 60000 km®, 20% of that of the trap volcanics (Dereje Ayalew et al., 2002).
The Cenozoic Ethiopian continental flood volcanics contains bimodal basalt-rhyolite suit
of rocks (e.g. Kieffer et al., 2004; Dereje Ayalew et al., 2002) and have erupted approxi-
mately 30 Ma ago, over a period of 1 Myr or less (Hofmann et al., 1997).

The Ethiopian continental flood basalt is subdivided in to three major geographical and
geomorphological parts: the Ethiopian plateaus (northwestern, southwestern and south-
eastern), the main Ethiopian rift and the Afar rift (Kazmin, 1979; Daniel Meshesha and
Shinjo, 2007; Berhe et al., 1987; Hart et al., 1989). Geochemical studies on each of these
geographical and geomorphological parts; northwestern (e.g. Beccaluva et al., 2009;
Minyahl Teferi et al., 2014), southwestern and southeastern (e.g. Dereje Ayalew et al.,
2006; Roony et al., 2017b;), main Ethiopian rift (e.g. Roony et al., 2017a; Furman, 2017)
and the Afar rift (e.g. Mulugeta Alene et al., 2017; Miruts Hagos et al., 2016) have con-
ducted. From the Ethiopian geological map which was prepared by Merla et al. (1979)
and from the explanation of geological map of Ethiopia by Mengesha Tefera et al. (1996),
subdivisions of Ethiopian continental flood basalt has different nomenclature in different
parts of the county. Subdivision of the northwestern Ethiopian continental flood basalt, by

considering both the earlier and recent classifications, is given below.

2.2.  Subdivision of the Northwestern Ethiopian Volcanic Province

The northwestern Ethiopian continental flood basalt, according to the earlier classifica-
tions, is subdivided in to: Ashange basalt, Aiba basalt, Alaje rhyolite and the termaber
(Gussan and Megezez) formations based on the stratigraphy (from oldest to youngest) and
age of the formations (Merla et al., 1979; Mengesha Tefera et al., 1996; Berhe et al, 1987;
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Mohr, 1983). But, latter on from field observations combined with the petrological char-
acteristics of the lavas Pik et al. (1998) conclude that the above classification is not valid
for the whole northwestern Ethiopian plateau. Rather the authors suggest another classifi-
cation scheme for the province; despite their age difference, broadly in to high TiO2 (HT)
and low TiO2 (LT) sub provinces (Fig. 2.2). There are three, 30 Ma magma types which
construct the northern Ethiopian volcanic province, according to Keiffer et al, (2004) : the
almost tholeiitic, low in incompatible element, flood basalts overlain by the same age and
magmatic series of Simien shield, the thin layer of alkaline, moderate in incompatible el-
ement, flood basalt overlain by the same affinity 22 Ma shield volcanoes of Choke and
Guguftu and the more magnesium, incompatible trace element enriched alkaline flood
basalt overlain by, silica under saturated, young Guna shield volcano which have an age
of 10.7 Ma.

According to the modern geological map of northern Ethiopian plateau (e.g. Pik et al.,
1998; 1999; Dereje Ayalew, 2011; Dereje Ayalew and Gibson, 2009), the northern Ethio-
pian volcanics are classified in to three: Oligo- Miocene volcanics, Mio-Pliocene Volcan-
ics and quaternary volcanics, based on absolute ages. The province also contains the con-
spicuous landforms, so called volcanic plugs (Miruts Hagos et al., 2010; Natali et al,
2013; Begosew Abate et al., 1998; Daniel Meshesha and Shinjo, 2007; Kazmin, 1975).
Therefore, here the subdivision of the northwestern Ethiopian volcanic province is better
classified based on the above absolute age scheme. The vertically sided land forms, vol-
canic plugs, of the northern Ethiopian plateau have no well-defined ages, though Natali et
al. (2013) documented their age to be 15Ma; therefore volcanic plugs here are considered

as the fourth part of the province in this subdivision.

2.2.1. The Oligo - Miocene flood volcanics

Based on the traditional way of classification, the Oligocene flood volcanics or the pre-
rift flood volcanics of the northern Ethiopian continental flood basalt are classified in to
three formations (Berhe et al., 1987): the Ashange basalt, Aiba basalt and the Alaje ig-
nimbritic units. Ashange basalt represents the earliest fissural flood basalt volcanism on
the northwestern Ethiopian volcanic province. It consists of predominantly mildly alka-
line basalts with interbedded pyroclastics and rare rhyolites (Mengesha Tefera et al.,

1996) and rests conformably on arenaceous sediments and locally on basements (Merla et
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al., 1979). The Ashange basalt is identified by its uniformly fractured and folded nature
because of the huge Aiba flood basalt overlies it (Zanettin et al., 1978). Aiba basalt,
which represents the second major pulse of fissural volcanism in northwestern Ethiopian
plateau, is entirely composed of massive flood basalt flows, with and sometimes without
intervening agglomerate beds. This basalt unconformably overlies the Ashange formation
and show distinctive tholeiitic nature with transitions to mildly alkaline varieties
(Mengesha Tefera et al., 1996). The average flows of the Aiba basalt ranges from 15 - 50
m thick and are generally composed of dense, dark, fine-grained olivine basalt, common-
ly columnar (Merla et al., 1979; MacDougall, 1988). The third part of the flood basalt
formation, the Alaje formation, unconformably rests on Aiba basalts and in some places
on the Mesozoic sediments. It mainly consists of aphyric flood basalts associated with
rhyolites and subordinate trachytes (Mengesha Tefera et al., 1996). In Alaje formation,
individual flows are up to tens of meters thick, and commonly include both welded and
unwelded units (MacDougall, 1988). The basalts of Alaje formation are tholeiitic of the
transitional type (Merla et al., 1979) and the acidic rocks are more alkaline, associated
with sub-alkaline acidic members (Mengesha Tefera et al., 1996). The secession of the
Oligocene flood basalt forms on average, a pile up to 2 km (Pik et al., 1998; Dereje
Avyalew et al., 2002; Dereje Ayalew and Gezahegn Yirgu., 2003; Beccaluva et al., 2009;
Hoffman et al., 1997) and overlies the Mesozoic sedimentary basement (e.g. in Simien
mountain, Lalibela area) and the Precambrian crystalline basement (e.g. in the Adigrat
area, west of Adigrat) (Merla et al., 1979; Beccaluva et al., 2009; Ukstins et al., 2002).

According to the Newly emerged, principally based on the TiO2 concentration, classifica-
tion of the northwestern Ethiopian volcanic province, the province is classified geograph-
ically as the high TiO2 (HT) and low TiO2 (LT) sub-province basalts (Pik et al., 1998;
Beccaluva et al., 2009) and rhyolitic ignimbrites associated with those basalts (Dereje
Ayalew et al., 2002). The High titanium group (HT2) suites exhibit high TiO, (2.6-5%)
and low SiO2 (44-4%), whereas the Low titanium group (LT) exhibits low TiO; (1-2.6%)
and high SiO2 (47-51%). Rhyolitic ignimbrites of the region which classified as low
TiO2 and high TiO2 suits are characterized by TiO2 (0.3-0.5%) and (0.5-1%) respective-
ly (Dereje Ayalew and Gezahegn Yirgu, 2003). The high TiO2 basalts are exposed on the
eastern part of the northwestern Ethiopian province whereas, the low TiO2 basalts are ex-
posed on the northern part of the province (Pik et al., 1998); rhyolites also follow the

same trend (Dereje Ayalew et al., 2002; Dereje Ayalew and Gezahegn Yirgu, 2003). Of
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the three regionally distinct rhyolites identified by Dereje Ayalew and Gezahegn Yirgu

(2003), Lima Limo and Wegel Tena rhyolites are found in the northwestern Ethiopian

plateau.
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Figure 2.2 Simplified geological map of the northwestern Ethiopian volcanic province

(After, Kieffer et al., 2004). The dashed line shows the proposed boundary between high

Ti and low Ti sub- provinces (from Pik et al., 1998). Note that, for simplicity and to ap-

pend with the above subdivision of the northwestern Ethiopian volcanic province, sedi-

mentary and metamorphic rocks are not shown here in the geological map.
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2.2.2. Mio-Pliocene Volcanics

According to Merla et al. (1979), Termaber basalts (shield group) were erupted from cen-
tral volcanoes of Hawaiian type with still preserved edifices (e.g. Ras Dashen, Choke).
Large amounts of tuffs, lenticular lava flows, scoriaceous lava flows and typical red pale-
osoils construct the termaber formation. In contrast to the pre- rift flood volcanics
(Ashange, Aiba and Alaje), Termaber formation have alkaline affinity (Mengesha Tefera
et al., 1996). Although smaller and steeper edifices occur, the mafic lavas comprising the
Termaber formation are low angled shield, up to tens of kilometers in diameter (Macdou-
gall, 1988).

The Oligocene basalts are overlain by the conspicuous, low-angle shield and less volumi-
nous Miocene lavas erupted from large central volcanoes (Hoffman et al., 1997; Pik et al
1998; Keiffer et al., 2004). This the less voluminous overlying shield volcanics ages 7 to
25 Ma, according to Berhe et al. (1987), represents a localized terminal episode built on
the plateau and are considered a fourth stage of volcanism. Even though there are no
multiple researches done on the shield volcanoes of northwestern Ethiopian volcanic
province, Kieffer et al. (2004) have conducted a detail investigation on the northwestern
Ethiopian shield volcanoes. The composition of shield volcanoes of northwestern Ethio-
pia matches that of the underlying flood basalts and rhyolites (Kieffer et al. 2004). Ac-
cording to Kieffer et al. (2004) shield volcanoes contain lavas that are thinner and less
continuous than the underlying flood basalts. The authors also documented the bimodal
nature of the shield volcanoes like that of the flood volcanics and the presence of se-
quences of alternating basalts, rhyolitic and trachytic lava flows, tuffs and ignimbrites,
particularly near their summits. Simien, Guguftu, Choke and Guna are considered as the
main shield volcanoes which by the earlier researchers grouped under the Termaber for-
mation. The base and the top of simien shield has an age of approximately 30 Ma (Kief-
fer et al., 2004; Rochette et al., 1998) and 18.7 Ma respectively (Kieffer et al., 2004)
which is taken as the oldest shield compared to the other shield volcanoes of Guguftu and
Choke with 22 Ma and Guna 10.7 Ma (Kieffer et al., 2004). Shield volcanoes farther to
the south have ages between 20 and 3 Ma (Ukstinset al., 2002).
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2.2.3. Quaternary Volcanics

Despite their highest destitution along the main Ethiopian and Afar rift, the presence of
Quaternary volcanic rocks (both basalts and felsic rocks) on the northwestern Ethiopian
volcanic province are explained by different researchers at different times (e.g. Kazmin,
1975; Merla et al., 1979; Mengesha Tefera et al., 1996; Daniel Meshesha and Shinjo,
2007). Moreover, the Quaternary volcanics located south of Lake Tana are observed on
the geological map of northern Ethiopian volcanic province (Fig. 2.2). According to
Prave et al. (2016), the northwestern Ethiopian volcanic province around Lake Tana con-
tains the Pre-rift flood basalts, thick and extensive felsic ignimbrites and rhyolites and
localized scoriaceous basalts. The localize scoriaceous basalts have an “°Ar/*°Ar age of
0.033 £ 0.005/0.005 Ma which is very young. The Quaternary volcanics of northwestern
Ethiopia, emplaced south of Lake Tana, according to Daniel Meshesha and Shinjo (2007)
also consists of single lava flows with pahoehoe structure and scoria cones. Petrograph-
ically basalts are characterized by olivine phenocrysts with minor plagioclase and clino-
pyroxene set in the holocrytalline groundmass whereas, scoria cones are characterized by
poorly to moderately sorted loose grains ranging from lapilli —to-bomb — size; rock frag-
ments of scoria cons are mainly olivine to olive- clinopyroxene phyric basalts and mantle
xenoliths. According to Begosew et al. (1998) the Quaternary volcanics of Lake Tana,
northwestern Ethiopia basalts are characterized by the phenocrysts of olivine, plagioclase,

and clinopyroxene and in some cases nepheline in a fine grained groundmass.

2.2.4. Volcanic Plugs

According to Gates and Ritchie (2007) definition of volcanic plugs, volcanic plugs/necks
are towerlike landforms consisting of the igneous core of an extinct volcano whose outer
layers have been eroded away; the neck is composed of magma that has crystallized in the
conduit of the volcano. Williams (2016) clearly envisage the two possible ways of for-
mation of Adwa volcanic plugs (Fig 2.3). According to her explanation, the volcanic
plugs of Adwa are exposed either by the eroded away of volcanoes around them or by the
pressure that pushed up bellow like a piston. The volcanic plugs of Adwa, northern Ethi-
opia, according to Williams (2016), which may also applied for the northwestern Ethiopi-

an volcanic plugs follows the following steps in their formation (Fig 2.3):
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Figure 2.3 Sketch Illustrating the two possible ways of formation of volcanic plugs of the

Adwa area, northern Ethiopia (from Williams, 2016).

i.  Extruded lava forms a steep sided volcanic hill surrounding its vent. When volcanic
activity ceases, the whole edifice solidifies.
ii.  Eroded away of the surrounding material, leaving the more resistant one that filled
the vent.
iii.  Recommence of volcanic activity; new lava pushes up the material blocking the vent

and the plug becomes taller.

Even though there are no radiometric age constraints made on the northwestern Ethiopian
volcanic plugs, most researchers (e.g. Daniel Meshesha and Shinjo, 2007; Miruts Hagos
et al., 2010) agree that they are of Quaternary age. Volcanic to hypabyssal igneous
rocks around Adwa, forming steep-sloped plugs and ridges were produced probably
between 7 and 3 Ma (Beyth, 1972). According to Kazmin (1975), the phonolite to tra-

chyte volcanic plugs of Ethiopia are formed probably by tilting and updoming of the sur-
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rounding rocks. Natali et al. (2013) have dated the Axum-Adwa basalt and trachyte com-
plex by “°Ar/*°Ar and K—Ar; 15-19 Ma is recorded as the age of the greater part of the
complex, ca. 27 Ma for Trachyte lavas from volcanic centers. The northwestern Ethiopian
volcanic plugs, according to Daniel Meshesha and Shinjo, (2007); Dercq et al. (2001)
have silica-saturated, alkali-rich trachytic compositions, enriched in incompatible trace
elements with negative Sr, Ba, Eu and Ti anomalies. Dercq et al. (2001) have documented
that the northern Ethiopian volcanic plugs are feeders of trachytes in shield volcanoes but
not to the trap volcanism.

2.3.  Genesis and Evolution of the Northwestern Ethiopian Volcanic Province

Representative studies on well exposed northwestern Ethiopian volcanic province, like
the Lima Limo and Lalibela sections, to understand the genesis of geochemically distinct
basalts (HT2, HT1 and LT suits) and rhyolites, occurred corresponding to those basalts,
with the help of trace element, Isotope ratios (Pik et al 1999; Beccaluva et al., 2009;) and
helium isotope variations (Marty et al., 1996) confirm that the different suits have differ-
ent evolutionary histories. The HT2 Oligocene flood basalts exhibit homogeneous com-
positions, extreme OIB-like REE patterns, relatively higher 8/Sr/®Sr initial-, lower
Nd/***Nd- and higher 2°°Pb/**Pb -ratios than HT basalts and it suggests the involve-
ment of deep mantle in their genesis whereas, the HT Oligocene flood basalts are Charac-
terized by relative depletions in Nb, Ta, Th, and Rb and peaks at Ba and Pb compared to
oceanic basalts, depleted lithospheric signature, relatively lower 87Sr/%°Sr initial-, higher
3Nd/A**Nd- and lower 2°°Pb/***Pb-ratios than HT2 basalts that implies the involvement
of continental crust in their genesis or formed from the melting of a more depleted mantle
component (Pik et al., 1998; 1999). Moreover, the genesis of HT2 and LT basalts are well
explained by the higher *He/*He ratios indicating the contribution of lower-mantle and the
lower ®He/*He ratio suggesting the involvement of crustal materials respectively (Marty
et al., 1996). The Afar mantle plume, According to Beccaluva et al. (2009) petrogenetic
P-T-X model, is assumed to be thermally and compositionally zoned (Fig. 2.1). This
thermally and compositionally zoned mantle plume metasomatizes the mantle at different
degrees as its zonation and generates the HT2 basalts and picrites at the hottest and more
metasomatized zone and the reverse produces LT basalts. Generally the Ethiopian conti-
nental Oligocene flood basalt (both HT and LT) are assumed to be formed as the result of

the Afar mantle plume with little contribution from lithospheric mantle (e.g. Furman et
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al., 2007; Daniel Meshesha and Shinjo, 2007), though the recent work of Furman et al.,
(2016) suggests the far more contribution from the metasomatized lithospheric mantle
and also explained the formation of HT2 basalts as formed by the drip melting and the HT
basalts are originated from shallower, dominantly anhydrous peridotite.

The Oligocene rhyolites of northwestern Ethiopia are formed from the fractional crystal-
lization of associated basalts (Dereje Ayalew et al., 2002; Dereje Ayalew and Gezahegn
Yirgu, 2003; Natali at al., 2011); high TiO2 rhyolites from high TiO2 basalts and low
TiO2 rhyolites from low TiO2 basalts whereas, the Miocene-Pliocene Ethiopian volcanic
province, mostly shields, are formed by the melting of small compositionally distinct re-
gions (Kieffer et al., 2004). The Quaternary volcanics of northwestern Ethiopian plateau
as suggested by Daniel Meshesha and Shinjo, (2007), might have been derived from a
more homogenized plume source. Petrogenetic modeling based on rock chemical data and
phase equilibria calculations, according to Natali et al. (2013), suggest that the SiO2-
saturated trachytes and SiO2-undersaturated Syenites are generated from the that low-
pressure fractional crystallization processes, starting from mildly alkaline- and alkaline
basaltic complexes respectively. The relatively similar, with the above justification, evo-
lution of phonolite-trachyte volcanic plugs are explained by Daniel Meshesha and Shinjo,
(2007); Miruts Hagos et al. (2010) as the northern and northwestern Ethiopian volcanic
plugs are formed by the fractional crystallization of the Miocene- Pliocene (post trap)

basalts.
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CHAPTER THREE

3. METHODOLOGY

Revision of previous works and related topics, field work, petrography and geochemical
analyses are the methods and approaches adopted to achieve the general and specific ob-
jectives of this research.

3.1.  Revision of Previous Works and Related Topics

Miruts Hagos et al. (2010) studied the geochemical characteristics of the alkaline bas-
alts and the phonolite —trachyte plugs of the Axum area, northern Ethiopia (Fig 3.1).
A geochemical (major and trace element) characteristic of Axum phonolites and trachytes
in relation to alkali basalts was their focus. These authors differentiate two magmatic se-
ries for the Axum volcanic rocks: The high TiO2 (2.6 —4.4 wt %), Fe203 (13.4 — 17.4 wt
%) and high Zr/Nb ratio (9 — 18) flood basalt sequence, which erupted contemporaneous-
ly with the Oligocene Ethiopian flood basalts and the low TiO2 (2.0 -2.6 wt%), Fe203
(10.5 -14.6 wt%), Zr/Nb ratio (2.8 -3.1), and high Nb (60 — 84 ppm), Th (3.9 —
7.2 ppm), and Nb/Y ratio (2.2 —2.7) post-trap basalt sequence. The values of trace ele-
ment ratio of phonolite — trachyte plugs are comparable with the trace element ratio of
post — trap basalt sequence, the second magmatic sequence, and are indistinguishable
from each other. Finally Miruts Hagos et al. (2010) concluded that even though there is
the lack of age constraints, from the resemblance of values of trace element ratios of pho-
nolite — trachyte plugs with that of the post — trap basalt sequence, fractional crystalliza-

tion of post — trap basaltic magmas are responsible for the formation of those volcanic

plugs.

Natali et al. (2013) undertook an investigation on the age of Axum-Adwa basalt-trachyte
complex (Fig 3.1) and the relationships between basaltic and felsic rocks (Trachytes and
Syenites). The Axum-Adwa felsic rocks, as studied by these authors occur as volcanic
domes and plugs. The greater part of the complex has an age range 19-15 Ma, whereas

trachyte lavas have an age of 27 Ma with “°Ar/**Ar and K—Ar system of age determina-
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tion. According to these authors using petrogenetic modeling on geochemical data,
trachytes and syenites are formed from the low pressure fractional crystallization of mild-
ly alkaline and alkaline basalts respectively; trachytes are SiO2 saturated and syenites are
SiO2 undereducated.
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Figure 3.1 Relative locations of previous studies, rectangular boxes bounded by red lines, related
to volcanic plugs (after Miruts et al., 2010). The dashed line shows the proposed boundary be-
tween high Ti and low Ti sub- provinces (from Pik et al., 1998).
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Another study related to volcanic plugs is conducted by Dercq et al. (2001). These au-
thors consider somehow sparsely distributed volcanic plugs; starting from the volcanic
plug located on the Lima Limo section through Gondar- Lake Tana to Debre Tabor. The
aim of these authors was to understand the relationships between volcanic plugs of the
northwestern Ethiopia and the felsic volcanic rocks of the area. Finally the authors con-
cluded that volcanic plugs of the northwestern Ethiopia are the feeders of trachytes in

shield volcanoes but, not for trap volcanics.

From field observation: recent basaltic flows, scoria cones and volcanic plugs of Bure ar-
ea (Fig 3.1) are emplaced in the Quaternary (Daniel Meshesha and Shinjo, 2007). The
trachytes form columnar-jointed upright plugs and the plugs contain coarse- to medium-
grained sanidine with trachytic texture. According to TAS and CIPW classification dia-
grams, the authors pointed out two chemically distinct suites; the hy-gz transitional

tholeiitic CFBs and the ne-ol alkaline CFBs, the Quaternary basalts and trachyte plugs.

3.2. Field Work

After the revision of necessary previous works and related topics concerned about volcan-
ic plugs, field work follows. The field work was conducted for a couple of reasons; de-
scription of the outcrop and samples, collection of fresh, representative rock samples for
thin section and geochemical laboratory analysis, record of GPS locations where samples

are taken and take photographs at representative out crop features.

3.2.1. Sampling

The northern and northwestern Ethiopian plateau consists of volcanics of different age
(Fig.3.1); it also contains a number of vertically sided volcanic plugs, the concern of this
study. But, the present study volcanic plugs are almost entirely surrounded by Miocene-
Pliocene volcanics, particularly the Tarmaber Gussa formation (Fig. 4.1). Volcanic plugs
are found in abundance around Infranz. Most of the volcanic plugs of this study are con-
centrated east of Infranz; except two plugs; one (where sample VP1-NG is taken) around
Maksegnt town and the other one (where VVP2-SG is taken) around Amed Ber town (Fig

4.1). At each plug, fresh and representative samples were collected.
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3.3.  Petrographic analysis
Eight samples from eight volcanic plugs have been selected for thin section analysis and
prepared in the Geological Survey of Ethiopia, Ethiopia. The petrographic description of
each sample and their modal proportion were identified from the prepared thin sections
by using petrographic microscope, at the School of Earth Sciences, Addis Ababa Univer-
sity, Addis Ababa Ethiopia.

3.4.  Geochemical analysis

A total of eight samples, from eight volcanic plugs were selected from the collected rep-
resentative samples for major and trace element analysis. The selected samples were sent
to the Australian Laboratory Science (ALS), Akaki Kaliti Addis Ababa, Ethiopia for
sample preparation. Samples were prepared in the following way: (a) using the crushing
instrument (CRU-31 in ALS code) samples were crushed 70 % < 2mm to fine material
(b) with the help of riffle splitter (SPL-31 in ALS code), the finely crushed samples were
split (c) pulverize split (PUL-31 in ALS code) to 85% < 75um (d) Crushing control test
and pulverizing control test (CRU-QC and PUL-QC in ALS code respectively) were
done. After wards, the prepared samples were sent to ALS, Galway, Ireland for major and
trace element determinations. The analytical technique Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) was used to determine the concentration of
major elements and base metals. Whole-rock package-ICP-AES (ME-ICP06 in ALS
code) and four acid digestions (ME-4ACD81in ALS code) were used to determine the
major elements and base metals respectively; total calculations for ME-ICP06 (TOT-
ICP06 in ALS code) for major elements is also determined by the instrument ICP-AES.
Total volatiles Lost on Ignition (LOI) at 1000°C were determined by WST-SEQ (OA-
GRADO5 in ALS code). Inductively Coupled Plasma Mass Spectrometry (ICP-MS) by lith-
ium borate fusion-ICP-MS (ME-MS81 in ALS code) has been used for the analysis of

trace elements.
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Figure 3.2 Generalized summary and procedure of the methodology adopted starting from the
observation based problem identification to the final geochemical and petrographic analysis of the

samples.
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CHAPTER FOUR

4. FIELD DESCRIPTION AND PETROGRAPHY

4.1.  Field Description

The northwestern Ethiopian Plateau consists of a number of vertically sided volcanic
pugs, the concern of this study. Erosional surfaces of volcanic plugs of the Infranz area,
northwestern Ethiopia are almost entirely surrounded by basalts of Tarmaber Gussa for-
mation (Fig. 4.1). The plugs project about an estimated height of 200-300 meters above

the present erosional surface of basaltic rocks with 120-200 meters width.

For the purpose of description, the names of volcanic plugs of the study area are accord-
ing to their local names given by the people living around Infranz, south Gondar zone;
samples taken from those plugs (Fig 4.1) are assigned as VP1-NG, VP2-NG, VP3-NG,
VP4-NG, VP5-NG, VP6-NG, VP1-SG and VP2-SG to mean volcanic plugs from north
and south Gondar, since samples are taken from both north and south Gondar zones. The
abbreviation VP implies volcanic plug, the numbers 1, 2, 3... represents the number of
volcanic plugs in each zone and this number is given from the northern side to southern
side part of the study area in ascending order. The first, six volcanic plugs with the ab-
breviation NG (to mean north Gondar) after hyphen are from north Gondar and the last,
two with the abbreviation SG (to mean south Gondar) are from south Gondar. The de-
scription of volcanic plugs is in order of their arrangement from the northern part of the
study area to the southern part; sample description taken from each plug is also given in
association with the volcanic plug descriptions and the names given for rocks is from the

combined field, petrography and geochemical data.

By: Gedefaw Tadele 22 AAU, CNCS,School of Earth Sciences



Petrogenesis of Volcanic Plugs and Volcanic Rocks of the Infranz Area, Northwestern Ethiopia

37°27'30"E 37°36'0"E 37°44'30"E 37°53'0"E

4

12°24'0"N

12°16'0"N
12°16'0"N

z z
) o
% o %
S (—| <)
= g =

D
-
<
z — z
= S
— =)
o o
~ ~
— y—
Z
>
- o
T T T g)
37°27'30"E 37°36'0"E 37°44'30"E 37°53'0"E =
0 25 5 10 15 20
Legend Km
|:] Alluvial and Lacustrine deposit L. Fauit barb on downthrown side

[:I Tarmaber Megezez Formation ====. Faults, inferred

P Tarmaber Gussa Formation = Road

I Aiba Basalt A Sample Location

. Town

Figure 4.1 The geological map of the study area, around Infranz, (after Mengesha Tefera et al.,
1996) with location and abbreviation of samples taken from volcanic plugs. Since each sample
represents one volcanic plug, the location of samples can be considered as the location of volcanic
plugs included under this study.
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1) Molalit-This volcanic plug is found at the northern side of the study area and is loca-
ed around the town, Maksegnt. The plug is surrounded by bushes, moderately weath-
ered, characterized by the presence of vertical to sub vertical cracks that reach from
the bottom (erosional surface) to the mid and upper part of the volcanic plug (Fig.
4.2A). It ranges from an estimated 200-250m height and 120-150m width. This plug
is defined by its fine grained texture; relatively denser in hand specimen samples
(VP1-NG) than the other samples taken from other volcanic plugs and is generally
dark to light brown weathered and gray fresh color; some dark colored rock fragments
are incorporated with this rock. The dark colored rock fragments range in size from
course to medium grain. The difficult to identify fine grained shiny minerals, probably

alkali feldspar, are observed on this volcanic plug.

Figure 4.2 Field photograph of the volcanic plug, Molalit, found east of Maksegnt town; shows
vertical to sub vertical cracks that elongate from the bottom, erosional surface, to almost the upper
part of the volcanic plug (A). Out crop photograph where sample (VP1-NG) is taken, illustrating
the effect of weathering (B).

2) Mender-Mariam- It is the second (from the northern side of the study area) volcanic
plug found north east of Infranz town. This plug makes unique from other volcanic
plugs in that it is approximately wide (180-200m) in its diameter with 220-250m
height; more or less free of fractures and has massive nature with dark to brown

weathered color (Fig 4.3A, B). It is characterized by fine grained; pale colored tra-
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chyte rock with very sparsely distribute medium grained shiny minerals probably al-

kali feldspar. The sample (VP2-NG, Fig 4.1) is taken from this volcanic plug.

Figure 4.3 (A) Field photograph of the volcanic plug, Mender-Mariam, found north east-east of

Infranz; it illustrates the relatively free of fractures which is best seen in (B) that shows the re-

sistance feature of the plug with somehow smooth surface.

3)

4)

Dur-Amba- This volcanic plug is the third volcanic plug (from the northern side of
the study area) and is found somehow east of the town Infranz. The basaltic rock form
ridge (horst) surrounding the plug and the plug is found at the graben part which
makes it unique from other volcanic plugs. It is the plug with the narrow width (120-
140m) with an estimated height of 250-270m. Developed cracks especially horizontal
cracks (Fig 4.4B) are observed, also degree of erosional differences between the upper
and the more exposed lower part of the plug with brown weathered color. The sample
(VP3-NG) is taken from this plug and it is characterized by the fine grained pale col-

ored trachyte rock similar in character with the above two plugs.

Woyni-Amba- As the first volcanic plug, Molalit, this volcanic plug is also defined-
by the vertical-to sub-vertical cracks with dark to brown weathered color (Fig 4.5A).
It is found east of Infranz town. This plug is relatively wide in diameter (160-180m)
than other volcanic plugs but, it is less than Mender- Mariam, and is short in its height
(200-220m) with dark weathered color. It shows layering/ banding like the rhyolitic
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flow with bell sound when struck with hammer. The sample (VP4-NG, Fig 4.1), is
taken from this volcanic plug. This volcanic plug is characterized by the fine grained
textured, dark gray fresh colored phonolite with sparsely distributed medium-to-fine-
grained shiny minerals probably alkali feldspar and/or feldspathoids.

Figure 4.4 Field photograph of the volcanic plug, Dur-Amba, found east of Infranz town (A).
Out crop photograph of the plug that shows fractures and differences in the degree of weathering

between the upper (reddish colored) and lower (pale colored) parts of the plug (B).

5) Koma- The fifth volcanic plug (from the northern side of the study area) is called-
Koma found east of Infranz and it is the nearest plug for the town Infranz. The area is
covered largely by bushes (Fig 4.6A) and the plug shows dark weathered color with
an estimated height and width of 240-260m and 150-170m respectively. It is defined
by the fine grained, gray fresh colored trachyte with medium-to-fine grained light and
brown colored minerals of probably alkali feldspar and biotite. The sample (VP5-NG,
Fig 4.1), is taken from this volcanic plug.

By: Gedefaw Tadele 26 AAU, CNCS,School of Earth Sciences



Petrogenesis of Volcanic Plugs and Volcanic Rocks of the Infranz Area, Northwestern Ethiopia

Figure 4.5 Field photograph of the volcanic plug, Woyni-Amba, found east of Infranz town;
shows vertical- to sub- vertical cracks that elongate from the bottom, erosional surface, to almost
the upper part of the volcanic plug (A). Out crop photograph of reddish color weathered part of

the volcanic plug (B)

Figure 4.6 Field photograph of the volcanic plug, Koma, found east of Infranz town. It shows
some cracks and surrounded by bushes (A). Out crop photograph of the plug; great boulder like

feature is left and the surroundings are eroded away (B).
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6) Asiba- The third volcanic plug (from the southern part of the study area,) and is found

again east of the Infranz town is Asiba, with an estimated height and width of 250-
270m and 130-150m respectively. Like the plug Mender-Mariam, this plug is almost
free of fractures, less weathered with dark brown weathered color. In this plug, as
shown in Fig 4.7B, the thin, less resistant, fine grained layer is observed, but is not
continuous roundly throughout the plug. Medium- to-fine grained light colored prob-
ably alkali feldspar minerals are set in fine grained light gray colored groundmass.
The sample (VP6-NG, Fig 4.1), is taken from this volcanic plug.

Figure 4.7 The less fractured field photograph of the volcanic plug, Asiba, found east of Infranz

(A). Out crop photograph that shows the thin, less resistant, but not continuous roundly, layer of

the massive volcanic plug (B).

7)

8)

Sebaha- The volcanic plug Sebaha is found north of the town Addis Zemen where the
sample VP1-SG is taken (Fig 4.1). This plug is moderately weathered with dark
weathered color, 240-260m height and 135-155m width, found on the ridge, in oppo-
site to the volcanic plug Dur-Amba. Moderately weathered nature of this volcanic
plug with some fractures is observed in Fig 4.8B. It is fine grained; gray colored tra-
chyte with some medium to fine grained shiny minerals of probably alkali feldspar.

Chalmut- It is the finally sampled volcanic plug during field work and is found at the
southern end of the study area, around the town Amed Ber. It has an estimated 250-
265m and 135-150m height and width respectively with dark to brown weathered col-
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or. This volcanic plug (Fig 4.9A) is grouped under the less weathered and massive
volcanic plugs discussed earlier. It is porphyritic textured rhyolite with coarse-to-
medium grained quartz crystals set in off-white colored fine grained ground mass.
The sample (VP2-SG, Fig 4.1), is taken from this volcanic plug.

Figure 4.8 Field photograph of the volcanic plug Sebaha that emplaced on the ridge (A). Out crop

photograph of the moderately weathered with some fractures (B).

Figure 4.9 Field photograph of the volcanic plug, Chalmut, found around Amed Ber; shows the
somehow non fractured nature of the plug (A). Out crop photograph of slightly massive and rough

surface of the volcanic plug (B).
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4.2.  Petrography

Eight samples from eight volcanic plugs (one sample from each volcanic plug) were se-
lected for petrographic analysis according to their fresh appearance. The petrographic thin
section was prepared in the Geological survey of Ethiopia, Ethiopia. According to Gill
(2010) microscopically, rocks can be classified as coarse grained (>3mm), medium
grained (1-3mm) and fine grained (<1mm). Therefore here after the petrographic descrip-

tion of samples (scale of grain size) are based on Gill (2010) considerations.

In trachytes continuous flow during the cooling and crystallization of lava produces the
alignment of crystals; particularly platy feldspar laths (Philpotts, 2003). These parallel
alignments of crystals in most of the samples of volcanic plugs of Infranz area are ob-
served, an indicator of cooling while lava was flowing. The petrographic description of
each sample is given below; note that the percentage of phenocrysts and groundmass give
in the description is in volume percent. The order of description is the same as the order
of the description of volcanic plugs where those samples are taken, the first petrographic
sample description is taken from the first and the last from the last volcanic plug de-

scribed in section 4.1.

1) VP1-NG (from Molalit)-Phenocrysts of large, elongated sanidine, are set in the fine-
grained sanidine, albite and opaque to glassy groundmass (Fig. 4.10B).The pheno-
crysts are elongated, subhedral-to-euhedral, account about 5% and the remaining 95%
is the groundmass. The groundmass is composed of thin laths (microlites) to fluidal
sanidine (40 %) and albite (30%), fluidal opaque (15%, Fig 4.10A) and glassy matrix
(10%). The groundmasses, thin laths of sanidine and albite are settled randomly;

hence, it form pilotaxitic texture. It is a pilotaxitic textured sanidine-phyric trachyte.

2) VP2-NG (from Mender-Mariam)-It is composed of micro- phenocrysts of medium-
sized, parallely aligned sanidine (50%) set in the fine grained groundmass containing
microlites of sanidine and albite (Fig. 4.11B). The groundmass is composed of micro-
lites of sanidine (~35%) and albite (~15%). A minor amount of opaque minerals with
fluidal nature is also observed on the top left corner of Fig 4.11A. The microlites of

alkali feldspar and plagioclase on this thin section are parallely aligned in the same di-
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rection as the phenocrysts, indicator of flow while cooling and the rock is sanidine-

phyric trachyte with typical trachytic texture.

Figure 4.10 Photomicrographs (VP1-NG) of (A) fluidal dominated nature of opaque groundmass
under PPL. (B) The elongated, subhedral-to-euhedral phenocrysts of sanidine under extinction
and the fine grained sanidine and sodium plagioclase with some glassy groundmass under XPL.

10X magnification.

Figure 4.11 Photomicrographs (VP2-NG) of (A) fluidal nature opaque minerals at the top left
corner under PPL. (B) The micro-phenocrysts of sanidine are set in trachytic textured trachyte

under XPL. 4X magnification.
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3) VP3-NG (from Dur-Amba) - Phenocrysts of medium sized, elongated sanidine (~10-
15%) and opaque minerals (~2-3%) are set in the fine grained groundmass. The phe-
nocrysts of sanidine here (Fig 4.12B) are not set parallely rather randomly. The
groundmasses in this thin section are controlled by the fluidal natured opaque miner-
als (20-23%) which can be better seen in Fig 4.12A, under PPL, sanidine (25-29%)
and albite (15-20%). The groundmasses sanidine and albite microlites are parallely
aligned and give the trachytic texture of the rock. The rock is sanidine — phyric tra-
chyte.

Figure 4.12 Photomicrographs (VP3-NG) of (A) some, sparsely distributed, phenocrysts and con-
siderable amounts of fluidal opaque PPL. (B) The medium sized randomly oriented phenocrysts

of sanidine and some glassy groundmass under XPL. 4X magnification.

4) VP4-NG (from Woyni-Amba)-Is composed of coarse-to-medium sized phenocrysts
and micro-phenocrysts set in fine grained to glassy groundmass. The phenocrysts ac-
count about 45%; nepheline- (30%), sanidine (13%) and micro-phenocrysts of ae-
girine-augite (2%). The phenocrysts of nepheline appear as subhedral-to-anhedral and
some of them show prismatic nature. The colorless mineral under PPL (Fig 4.13A)
found at the center of field of view and dark to light colored with again at the center
of field of view under XPL (Fig 4.13B) all are nepheline. The groundmass constitutes
about 55%; sanidine accounts about 25%, sodium plagioclase 10%, nepheline (15%),

opaque 2% and glass about 3%. The groundmasses of sanidine and sodium plagio-
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clase are aligned around the phenocrysts and make trachytic textured nepheline-

sanidine- aegirine-phyric phonolite.

Figure 4.13 Photomicrographs (VP4-NG) of (A) fluidal nature opaque minerals, especially at the
top left corner under PPL. (B) The phenocryst nepheline at the center of field of view and the san-
idine with simple twining; aegirine-augite micro phenocryst is also indicated under XPL.4X mag-

nification.

5) VP5-NG (from Koma)- Is composed of phenocrysts of coarse -to -medium size-
(~45%) sanidine, biotite and some opaques set in a fine grained sanidine, albite, and
opaque groundmass. The phenocrysts are subparallely-to-randomly oriented, subhe-
dral-to-anhedral sanidine (30%) biotite (~10%) and opaques (~5%). The biotite crys-
tals (Fig 4.14A, B), at the upper left corner, show preferred direction from upper cen-
ter to upper left corner; some sanidine and opaque crystals exist as inclusions inside
the biotite phenocryst. The groundmass constitutes about 55%, of which the sanidine
accounts about 33%, albite 15% and opaque 2%. The groundmasses of sanidine and
albite are aligned somehow parallely in the direction biotite crystals are aligned,
hence form the trachytic textured, sanidine-biotite-phyric trachyte.

6) VP6-NG (from Asiba)- It is composed of phenocrysts of coarse -to -medium sized-
(~50%) sanidine and some opaques (e.g. see at the lower left corner of Fig 4.15A) set
in a fine grained sanidine, albite, opaque and small proportion of glassy groundmass.
Most of the phenocrysts of sanidine are parallely-to-subparallely aligned, subhedral-
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to-anhedral; phenocrysts constitute sanidine (45%) and opaques (~5%). The ground-
mass constitutes about 50%, equal volume with that of the phenocrysts of sanidine
(32%), albite (15%), opaque (2%) and glass (1%). The groundmasses of sanidine and
albite are aligned parallely forming the trachytic textured, sanidine-phyric trachyte.

Figure 4.14 Photomicrographs (VP5-NG) of (A) some opaque phenocrysts and two parallely
aligned biotite crystals under PPL. (B) The phenocrysts of sanidine under extinction and the fine

grained sanidine and albite groundmass under XPL. 4X magnification.

Figure 4.15 Photomicrographs (VP6-NG) of (A) small phenocrysts, micro phenocrysts and
groundmass of opaque minerals, under PPL. (B) The subparallely-to-parallely aligned pheno-
crysts of sanidine, some of them are under extinction and the fine grained alkali feldspar ground-
mass; small proportion of glassy groundmass is also evident.4X magnification.
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7)

8)

VP1-SG (from Sebaha)- Is composed of phenocrysts of coarse -to -medium sized -
(~35%) sanidine and small anhedral opaques set in a fine grained groundmass. The
phenocrysts of sanidine which accounts about (30%) are parallely-to-subparallely
aligned, subhedral-to-anhedral and opaques are anhedral with an estimated volume of
(~5%).The groundmass is composed of alkali feldspar, particularly sanidine, albite,
opaques and small proportion of glass. The groundmass constitutes about 65%, which
is more than that of the proportion of phenocrysts; an estimated volume percentage
for the groundmass is of sanidine (38%), albite (20%), fluidal opaque (5%), and glass
(2%). The microlites or very fine grained groundmasses of sanidine and albite are

parallely aligned, so that it forms trachytic textured sanidine -phyric trachyte rock.

VP2-SG (from Chalmut) -It is composed of phenocrysts of large -to —medium sized
quartz, large sized sanidine, elongated biotite and opaque minerals set in almost
glassy groundmass. Phenocrysts are characterized by the subhedral-to-euhedral shape;
micro-phenocrysts of quartz and probably pyroxene are also observed. Phenocrysts
account about 52 %; quartz (25%), sanidine (22%), biotite (3%) and opaque (2%).
The groundmass constitutes about 48%; glass (30%), microlites of sanidine (9%),
quartz (7%) and opaque (2%). sanidine microlites show slight parallel to subparallel

orientation that form trachytic textured quartz-sanidine-biotite phyric rhyolite.
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Figure 4.16 Photomicrographs (VP1-SG) of (A) fluidal opaque groundmass especially observed
at the bottom left corner and anhedral phenocrysts under PPL. (B) The parallely aligned pheno-
crysts of alkali feldspar particularly sanidine, partly under extinction and the fine grained alkali

feldspar groundmass under XPL.4X magnification.

Figure 4.17 Photomicrographs (VP2-SG) of (A) subhedral-to-euhedral opaque phenocrysts and
fluidal nature opaque groundmass under PPL. (B) Phenocrysts of dominantly quartz, some of

them are under extinction and alkali feldspar under XPL. 4X magnification.
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CHAPTER FIVE

5. RESULT OF GEOCHEMICAL ANALYSIS

5.1. Major Elements

The data of major elements determined by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) and trace elements by Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) for the representative samples of volcanic plugs from Infranz area are
presented in table 5.1. The plots of major element oxides in all the preceding diagrams are

anhydrous normalized.

Samples from volcanic pugs of the Infranz area, northwestern Ethiopia, Table 5.1, show
concentrations of SiO2 between 59.6 and 75.4 wt. %, but most of them are clustered
around 66 wt. %; TiO2 less than 0.5 wt. %, except two samples, VP1-NG, 0.73 and VP4-
NG, with 0.54 wt. %; Al203 varies between 13.9-19.2 wt. %. The MgO and CaO concen-
trations for the majority of the samples are less than 0.34 and 0.76 wt. % respectively,
however VP1-NG (Mg0O=1.22, CaO= 2.01 wt. %), VP4-NG (CaO=1.19 wt. %) have rela-
tively higher values. Na20 wt. % is greater than K20 wt. % in all the samples; there are

no any significant differences on other major element oxide concentrations.

The Lima Limo rhyolites taken from Dereje Ayalew and Gezahegn Yirgu (2003) of (see
appendix one) selected to understand the feeding nature of volcanic plugs for the sur-
rounding volcanic rocks, ranges in SiO2 concentration approximately from 60 to 76 wt.
%. The difference in the concentration of samples from volcanic plugs (This study) and
the Lima Limo rhyolites is that: AI203 content is higher in the samples of volcanic plugs
13.9-19.2 wt. % than rhyolites 11.8-15 wt. %. In terms of Na20 and K20 wt. % concen-
trations, there is a great difference; Na20 is higher in all the samples of volcanic plugs
(Na20>K20), whereas the later shows more K20 is higher in all the samples of the Lima
Limo rhyolites (K20>Na20). Otherwise there are no significant variations in the concen-

tration of major elements between Infranz volcanic plugs and Lima Limo rhyolites.
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Table 5.1 Major and trace element geochemical analysis result of representative rock samples

from volcanic plugs of the Infranz area, northwestern Ethiopia.

Sample: VP4-NG  VP1I-NG VP2-NG VP3-NG VP6-NG  VP5-NG  VP1-SG VP2-SG
Rock type:  Phonolite  Trachyte Trachyte Trachyte Trachyte Trachyte Trachyte Rhyolite

Lat. E: 12°15'39”  12°22'10" 12°17'56" 12°16'08” 12°15'01” 12°15'39” 12°10'35” 11°54"12"
Long. N: 37°47'12"  37°34'42"  37°41"42" 37°47'12"  37°46'28" 37°41'21" 37°45'36” 37°55'13"
Sio2 59.6 61.2 66.2 66.4 66.5 66.6 66.9 75.4
TiO2 0.54 0.73 0.28 0.36 0.3 0.3 0.27 0.26
Al203 19.2 16.85 16.85 16.85 17.25 17.05 16.5 13.9
Fe203t 3.14 5.33 3.5 3.19 3.65 3.46 3.41 1.29
MnO 0.32 0.49 0.25 0.37 0.26 0.21 0.3 0.02
MgO 0.33 1.22 0.34 0.31 0.23 0.15 0.15 0.15
CaO 1.19 2.01 0.76 0.54 0.52 0.44 0.51 0.23
Na20 8.45 6.66 6.66 7.48 6.59 6.71 6.68 4.89
K20 6.09 4.99 5.63 571 5.6 5.66 5.69 4.99
P205 0.09 0.15 0.13 0.11 0.12 0.1 0.12 0.06
LOI 1.36 1.64 0.43 0.4 0.89 0.75 0.49 0.71
Total 100.31 101.27 101.03 101.72 101.91 101.43 101.02 101.9
CIPW Norm

Q 4,98 2.05 5.74 5.45 5.97 26.99
C 0.18
Or 36.37 29.60 33.07 33.30 32.76 33.22 33.33 29.14
Ab 37.23 55.68 54.99 54.16 55.20 55.81 54.51 40.89
An 1.35 0.94 0.74
Ne 15.34 0.48

Di 1.80 5.50 1.82 1.51 0.64 0.80 0.80

Hy 0.06 0.27 0.37
0] 0.35

Mt 0.00 0.16 0.19

I 0.69 1.05 0.53 0.67 0.55 0.45 0.51 0.04
Ap 0.21 0.35 0.30 0.25 0.28 0.23 0.28 0.14
Ac 5.92 0.90 7.32 0.52 1.34

Wo 1.02 0.24 0.11 0.29

Hm 1.13 5.35 3.16 0.51 3.61 3.26 2.78 1.27
Tn 0.02 0.15

Ru 0.23

By: Gedefaw Tadele 38 AAU, CNCS,School of Earth Sciences



Petrogenesis of Volcanic Plugs and Volcanic Rocks of the Infranz Area, Northwestern Ethiopia

Pf 0.31 0.30
Li 20 30 20 20 20 20 20 20
Sc 1 10 5 4 8 8 7 1
V 11 60 <5 5 5 6 <5 9
Cr 10 30 10 20 10 10 10 10
Co <1 9 1 <1 1 <1 <1 <1
Ni 3 5 24 2 1 <1 1 2
Cu <1 8 1 <1 <1 <1 <1 <1
Zn 142 244 131 173 125 116 132 20
Ga 29.4 31.8 24.8 30.1 234 23.7 22.2 21.6
As 8 5 5 <5 <5 <5 <5 5
Rb 161 1375 1115 150 1125 116.5 1355 175
Sr 139 157 214 3.3 17.4 114 11.6 127.5
Y 50.4 435 46.3 50.9 425 39.4 404 31.9
Zr 989 986 750 1250 852 912 826 314
Nb 259 270 1825 285 204 224 202 135
Mo 20 4 3 <1 3 3 4 3
Ag <0.5 0.6 0.5 0.5 <0.5 <0.5 <0.5 <0.5
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sn 3 4 3 5 3 4 3 4
Cs 2 0.91 0.24 0.52 0.16 0.34 0.42 0.84
Ba 300 110 248 19.8 196 117 1345 185
La 187 103 126 156 120 108 117 57.9
Ce 329 177.5 232 295 208 190 210 133.5
Pr 30.3 16.35 22.7 28.6 19.4 20.7 20.9 10.7
Nd 103 55 82.3 101 73.8 69.7 75.5 35.3
Sm 14.4 8.92 135 15.7 11.2 11.25 12.3 5.74
Eu 2.83 2.08 2.32 2.47 211 2.08 1.9 0.63
Gd 9.04 6.53 8.68 8.95 7.58 7.58 8.26 3.57
Th 1.59 1.18 141 1.6 1.35 1.14 1.27 0.74
Dy 8.48 7.13 8.48 9.11 7.47 7.28 7.86 4.38
Ho 161 151 1.6 1.78 151 151 1.52 1.03
Er 5.38 4.43 4.48 5.57 4.71 4.46 5.02 3.52
Tm 0.84 0.86 0.77 0.85 0.75 0.67 0.73 0.59
Yb 5.82 5.82 5.85 6.57 5.23 5.56 5.53 4.35
Lu 0.89 0.89 0.97 0.9 0.85 0.89 0.85 0.67
Hf 19.2 21.4 16.5 25.3 17.6 19.6 17.5 10.8
Ta 15.7 16.1 10.7 17 11.8 13.7 12.2 10.2
By: Gedefaw Tadele 39 AAU, CNCS,School of Earth Sciences



Tl
Pb
Th

Petrogenesis of Volcanic Plugs and Volcanic Rocks of the Infranz Area, Northwestern Ethiopia

2 2 1 1 2 1 3 3
<10 <10 <10 <10 <10 <10 <10 <10
3 13 9 23 2 <2 4 5
26.7 25.3 18.85 28.7 19.95 214 20.5 26.9
8.49 702 4.48 6.93 4.29 4.44 5.19 5.73

Major elements including LOI and CIPW norm in weight percent (wt. %), trace elements

in parts per million (ppm), LOI= total volatiles lost on ignition, total Fe as Fe203. CIPW

norm calculations are from spreadsheet (Lowenstern, 2000) with Fe2+/Fe3+ ratio=1:1.

On the total alkali versus silica (Les Bas et al., 1986) classification diagram (Fig.5.1),
most samples of the volcanic plugs plot in the field of trachyte. Of the eight samples of
volcanic plugs, two plot in the other fields: one in the phonolite and the other in the rhyo-
lite; the entire samples plot in the alkaline region, except one sample (VP2-SG) which
plots in the transitional region. Most samples of the volcanic plugs are quartz normative
(table 5.1), which ranges between approximately from 2-27 wt. %, except two samples
(VP1-NG and VP4-NG) which rather are nepheline normative. Most of the samples con-
tain normative acmite and so, they are peralkaline. All the samples of previously studied,
Lima Limo rhyolites, plot in the subalkaline region and are dominated by the rhyolitic
composition with the exception of two samples, one in the trachy-andesite and the other
in the trachyte fields.

The variation diagrams of major element oxides versus silica are plotted in Fig. 5.2. It is
difficult to say there are strict negative, positive or inflated trends that could be solely ex-
plained by fractional crystallization between Infranz volcanic plugs themselves and with
that of the Lima Limo rhyolites. But, somewhat weak trends are observed between the
Infranz volcanic plugs and again between Lima Limo rhyolites. To express the trends in
relative terms: MgO, MnO, TiO2 and P205 versus SiO2 wt. % plots highlight the pres-
ence of negative trends of the Infranz volcanic plugs and Lima Limo rhyolites, especially
the earlier one. Fe203t, AlI203 and CaO versus SiO2 wt. % plots illustrate the presence
of distinct trends, all negative, between the Infranz volcanic plugs and the Lima Limo
rhyolites whereas, K20 versus SiO2 wt. % variation diagram tend to show distinct-
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Figure 5.1 A plot of total alkali (Na20+K20 wt. %), versus silica (SiO2 wt. %), (Les Bas et al.,
1986) for samples of volcanic plugs from Infranz area and volcanic rocks from Lima Limo area;

with data for Lima Limo volcanic rocks from Dereje Ayalew and Gezahegn Yirgu (2003).

opposite, negative for Infranz volcanic plugs and positive for the Lima Limo rhyolites,
trends. The Na20 versus SiO2 wt. % variation diagram clearly illustrate the negative
trends between Infranz volcanic plugs and no trend between the Lima Limo rhyolites. In
most of the major element oxide variation diagrams, the sample VP2-SG (rhyolitic in

composition) goes along with the samples from Lima Limo rhyolites.
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In the MnO versus SiO2 wt. % variation diagram, most of the Infranz volcanic plugs tend
to show higher values of MnO at a given value of SiO2 but, one sample from the volcanic
plugs show the lowest MnO content than all the Lima Limo rhyolites. Similarly, in the
variation diagrams of Al203 and Na20 versus SiO2 wt. %, most of the Infranz volcanic
plugs show higher concentration of AI203 and Na20 at a given SiO2 content. On the
contrary, Infranz volcanic plugs tend to show lower concentrations of TiO2, Fe203t and
Ca0 in TiO2, Fe203t and CaO versus SiO2 wt. % variation diagrams. Unlike the other
variation diagrams, there is no/little clear concentration variation in K20, MgO and P205
versus SiO2 variation diagrams between the Infranz volcanic plugs and the Lima Limo

rhyolites.

One distinct feature of most of the compositionally trachyte volcanic plugs of the Infranz
area is that they cluster around the same SiO2 and other major element oxide concentra-
tions in most of the major element variation diagrams; this may suggest the little effect of
fractional crystallization, between them, in their formation, This clustering of samples
around the same SiO2 and other major oxide concentrations exclude the samples from
three volcanic plugs; two samples of normative quartz free phonolitic VP4-NG and tra-
chytic VP1-NG and one sample which is not only by normative, but also by modal quartz
rich-rhyolitic VP2-SG.
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Figure 5.2 Variation of the major element oxides versus SiO2 (wt. %) for the Infranz volcanic
plugs and Lima Limo rhyolites. Data source for Lima Limo rhyolites and symbols are as in Fig.
5.1.

The distinct trends Lima Limo rhyolites form and rather similar concentrations Infranz
volcanic plugs show in most of the major element oxides versus silica variation diagrams

may be due to source heterogeneity.
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5.2.  Trace elements

Selected incompatible trace elements versus silica variation diagrams (Fig.5.3) reveal that
the Infranz volcanic plugs form from slightly negative trends to dispersed ones (no
trend). The Nb and Yb ppm versus SiO2 wt. % diagrams between volcanic plugs show a
little bit negative trend, correlates with SiO2 negatively, whereas trends are not observed
on the other variation diagrams, rather they illustrate almost similar concentrations of in-
compatible elements at a given SiO2 content. Ba ppm versus SiO2 wt. % plot for Infranz
volcanic plugs and Lima Limo rhyolites show slight trend but, all other variation dia-
grams do not form any trend.

Like that of most major element oxides do in most of the Infranz volcanic plugs, especial-
ly trachytic ones, show limited rang in the concentration of trace elements in the variation
diagrams of trace elements versus silica (Fig 5.3). Trace element concentrations between
the Infranz volcanic plugs and the Lima Limo rhyolites ranges from highly variable in
Nb, Th and Yb, slightly variable in Ba to almost similar in Zr and Rb. In the variation di-
agrams of Nb, Th and slightly Ba ppm versus SiO2 wt. %, the Infranz volcanic plugs tend
to show higher concentrations of Nb, Th and Ba than the Lima Limo rhyolites at a given
SiO2 content. On the contrary, in the Yb ppm versus SiO2 wt. % variation diagrams, In-
franz volcanic plugs tend to show lower Yb concentration than the Lima Limo rhyolites.
In the Zr and Rb ppm versus SiO2 wt % variation diagrams, almost similar concentrations
of Zr and Rb at a given SiO2 concentrations are observed between Infranz volcanic plugs

and Lima Limo rhyolites.

The almost similar concentrations of trace elements, as major element oxides do, between
Infranz volcanic plugs and the slightly negative to no trends trace elements form with sili-
ca may suggest the little effect of fractional crystallization between those volcanic plugs
in their formation. The noticeable variations in the concentrations of trace elements be-
tween the Infranz volcanic plugs and the Lima Limo rhyolites may suggest the source

heterogeneity.
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Figure 5.3 Selected incompatible trace elements (ppm) versus silica (wt. %) variation diagrams.
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Data source for Lima Limo rhyolites and symbols are as in Fig. 5.1.
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The most incompatible trace element-element and trace element ratio- ratio variation dia-
grams are plotted in Fig.5.4. All of the incompatible trace element-element variation dia-
grams illustrate slightly-to-well define positive trends between the Infranz volcanic plugs.
These well-defined trends between those volcanic plugs are an indicator of the most
probable formation of Infranz volcanic plugs from the same source of magmatic lineage.
In all of the incompatible trace element-element variation diagrams the Lima Limo rhyo-
lites tend to show their own distinct trends. The trace element variations between the In-
franz volcanic plugs and the Lima Limo rhyolites are clearly observed; at a given concen-
tration of Zr and Nb ppm (Fig 5.4A, D), the Infranz volcanic plugs tend to show higher
Nb and Th ppm concentrations than the Lima Limo rhyolites respectively; on the other
hand, the Lima Limo rhyolites tend to show higher concentrations of Y ppm at the given
values of both Nb and La ppm than the Infranz volcanic plugs (Fig 5.4B, C). The noticea-
ble differences in the concentrations of trace elements and the Lima Limo rhyolites form
their own distinct trends suggest the most likely condition of the formation of these rocks

from different source of magmatic lineage.

Incompatible trace element ratio-ratio, assumed to be not affected by fractional crystalli-
zation (Fig 5.4E) also support the above justification; in that incompatible trace element-
element ratio (Zr/Th versus Zr/Nb) for Lima Limo rhyolites and the Infranz volcanic
plugs illustrate noticeable differences. These noticeable differences are the cause of most
probably the source heterogeneity between the two rock suits. The Infranz volcanic plugs
rather illustrate almost similar ratios in the Zr/Th versus Zr/Nb suggesting the most likely

condition of formation of those volcanic plugs from the same magmatic lineage.
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In chondrite-normalized rare earth element (REE) diagrams, the Infranz volcanic plugs
(Fig. 5.5B) are characterized by strongly enriched light rare earth elements (LREES) with
[La/Yb]n (8.97-21.66), on average (14.4). The samples from those volcanic plugs show
parallel-to-subparallel REE patterns with relatively flat HREE patterns and almost similar
negative Eu anomaly, except one sample (VP2-NG) which show strong fractionation in
Eu (below 10). The parallel-to-subparallel chondrite-normalized REE patterns between
the Infranz volcanic plugs and the negative Eu anomalies suggest the formation of those
plugs by the same petrogenetic histories and controlled mainly by fractionation of feld-

spars respectively.

On the other hand, the chondrite —normalized rare earth element (REE) diagrams of the
Infranz volcanic plugs and Lima Limo rhyolites (Fig.5.5A) illustrate almost similar, en-
riched light REE (LREESs) patterns, albeit differences in the sample/chondrite ratios of
heavy REE (HREES). Differences on the HREE patterns, but relatively flat in both cases,
are observed between the Infranz volcanic plugs and Lima Limo rhyolites; the Infranz
volcanic plugs show relatively lower sample/chondrite HREE ratios than Lima Limo rhy-

olites. The Chondrite normalized (La/Y)y ratios of the Infranz volcanic plugs are higher

than that of the Lima Limo rhyolites with (La/Y)y ratios (7.79-10.29), on average (9.05).
Both Lima Limo rhyolites and the Infranz volcanic plugs show negative Eu anomalies
with Eu (Eu/Eu*= 0.27- 0.90), on average (0.46) and (0.43-0.83), (0.66) on average re-
spectively. The negative Eu anomalies in both cases indicate the fractionation of feldspar
from the system. There is some overlap in the Chondrite —normalized REE patterns be-
tween the Infranz volcanic plugs and the Lima Limo rhyolites. The difference in the sam-
ple/chondrite ratios of HREEs between the Infranz volcanic plugs and the Lima Limo
rhyolites combined with the crossing patterns in the LREEs on the Chondrite —normalized

REE diagrams suggest most probably the differences in the petrogenetic histories.
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Figure.5.5 Chondrite normalized REE plots (A) for the Infranz volcanic plugs and Lima Limo
rhyolites and (B) for the Infranz volcanic plugs only. Normalization values are from Boynton
(1984). Source of data and symbols for Fig. A are as in Fig 5.1.
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Similarities, at same time differences are observed between the Infranz volcanic plugs
and the Lima Limo rhyolites on the primitive mantle normalized multi- element plots (Fig
5.6A). Here the relations, on the basis of primitive mantle normalized multi-element
plots, between these two rock types can be explained as: similarities that show positive
(Rb, Zr and a little bit La and Nd) and negative (Ba, Sr, P and Ti) anomalies, almost simi-
lar sample/primitive mantle (K) ratios, relatively positive Pb anomalies for Lima Limo
rhyolites and erratic concentrations for Infranz volcanic plugs, slightly positive Nb and
Th (>100 times) and slightly negative (< 100 times) to that of chondrites for Infranz vol-

canic plugs and Lima Limo rhyolites respectively.

The negative anomaly in Ba and Sr indicates the fractionation of feldspar, P fractionation
of apatite and Ti is due to Iron-Titanium oxide fractionation. The negative anomaly of Nb
and Th in the Lima Limo rhyolites is an indicator of crustal contamination whereas, the
absence of negative anomaly in Nb and Th in the Infranz volcanic plugs indicate no evi-
dence of crustal contamination. The erratic behavior of Pb may be due to its mobility. The
Infranz volcanic plugs act almost similarly except, one sample VP2-SG that illustrate the

higher negative anomalies in Ba, Sr, P and Ti.
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Figure.5.6 Primitive mantle normalized incompatible, multi-element plots (A) for Infranz volcan-
ic plugs and Lima Limo rhyolites and (B) for Infranz volcanic plugs only. Normalization values
are from Sun and McDonough (1989). Source of data and symbols for A are as in Fig 5.1 and
symbols for B are as in Fig 5.5B.
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CHAPTER SIX

6. DISCUSSION

6.1.  Field, petrography and Geochemistry

Volcanic plugs, fossil remains of innards of volcanoes, are thought to be the feeders of

the surrounding volcanic rocks (https://pubs.usgs.gov/gip/volc/structures.html) at the time

of their formation. Despite the feeding nature of volcanic plugs, the Infranz volcanic
plugs are entirely surrounded by basaltic rocks, no any felsic volcanic rock nearby that
gives an evidence of their feeding nature. This, the absence of felsic volcanic rocks
around Infranz volcanic plugs, is probably due to the effect of erosion that may took felsic

rocks fed by those volcanic plugs.

From field sample descriptions (Chapter Four), it is indicated that the compositionally
phonolite-trachyte-rhyolite Infranz volcanic plugs (Fig 5.1) are dominantly characterized
by the fine-grained textured groundmass with some medium-sized phenocrysts that range
probably from nepheline (in VP4-NG), quartz (in VP2-SG) to alkali feldspar (in the rest
of the samples). This field observation is consistent with petrography; petrographically
most of the samples from the volcanic plugs of Infranz area show higher abundances of
alkali feldspar, most importantly sanidine, which occur as phenocrysts, micro phenocrysts
and the microlites of groundmass that oriented parallely to subparallely forming trachytic
texture. This, the petrographically abundant alkali feldspar and trachytic texture, seems
universal for the northern (e.g. Miruts Hagos et al., 2010, Natali et al., 2013) and north-
western (e.g. Dercq et al., 2001, Daniel Meshesha and Shinjo, 2007) Ethiopian volcanic
plugs. The abundant petrographic alkali feldspar nature of the Infranz volcanic plugs is
also supported by: the high concentration (Table 5.1) of alkali element oxides Na20
(4.89-8.45 wt. %) and K20 (4.99-6.09 wt. %) in the geochemical analysis, the higher or-
thoclase and albite wt. % abundance in the CIPW normative mineralogy and the peralka-
line character, which is manifested by the presence of normative acmite. The sample

VP1-NG (Fig. 4.1), from the volcanic plug of Molalit, the plug found near Maksegnt,
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contains coarse to medium grained, dark colored basaltic rock fragments that makes it
exceptional than samples from other volcanic plugs. The presence of dark colored rock
fragments in field observation of this sample is also manifested in geochemical analysis
(Table 5.1), higher MgO, Fe203t, Co and Cr, though not the lowest SiO2, concentrations
relative to not only the volcanic plugs included in this study, but also the volcanic plugs
of the northern (e.g. Miruts Hagos et al., 2010) and northwestern (e.g. Dercq et al., 2001)
Ethiopia and in the CIPW normative mineralogy (Table 5.1), it is the only sample with
normative olivine. However, these characteristics are not more consistent in the petrogra-
phy, may be because of those rock fragments are excluded while thin section is prepared.

According to (https://pubs.usgs.gov/gip/volc/structures.html), igneous materials in vol-

canic plugs may contain fragments and blocks of denser, coarse grained rocks higher in
iron and magnesium, lower in silica, thought to be samples of Earth’s deep crust or upper
mantle. Thus, it is suggested that the materials of this plug may originate from deep with-

in the earth.

6.2.  Source Relations
Incompatible trace element-element (Fig 5.4A to D) and trace element ratio-ratio (Fig 5.4
E) variation diagrams between Infranz volcanic plugs form slightly straight line, except in
the Th versus Nb ppm (Fig 5.4D) diagram where the phonolitic plug show higher Th con
centration than other trachyte-rhyolite volcanic plugs. The relatively straight line Infranz
volcanic plugs form in trace element- element plots are best explained by the formation of
those volcanic plugs from the same source. Another supportive evidence for the for-
mation of the Infranz volcanic plugs from the same source is that the almost similar con-
centration of Zr/Th and Zr/Nb in the Zr/Th versus Zr/Nb diagram (Fig 5.4E). On most
major element oxides versus silica variation diagrams (Fig. 5.2), the Infranz volcanic
plugs and the Lima Limo rhyolites show different concentrations (e.g. TiO2, Al203, and
Ca0). Moreover, the Lima Limo rhyolites form their own distinct trends which in most
cases not observed in samples of volcanic plugs rather, they cluster around the same
point. The variations in concentration of major element oxides show the Infranz volcanic
plugs and the Lima Limo rhyolites are also observed in trace elements (Fig. 5.3). In this
variation diagram, Fig 5.3, the Infranz volcanic plugs tend to show higher (e.g. Nb) and
lower (e.g. Yb) concentrations than the Lima Limo rhyolites at a given SiO2 wt. %. The
concentrations of trace elements between most of the volcanic plugs are clustered around

the same point, as they do in major element oxides. Trace element- element and trace el-
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ement ratio-ratio plots (Fig. 5.4) between the Infranz volcanic plugs and Lima Limo rhyo-
lites best strengthen the concentration variations and distinct trends observed in Fig. 5.2
and 5.3. In most of this variation diagrams both Infranz volcanic plugs and the Lima Li-
mo rhyolites form their own distinct trends with varying concentrations. The consistent
variations in the concentration of major element oxides and trace elements observed tells
that the Infranz volcanic plugs and the Lima Limo rhyolites are formed from different

magmatic lineage.

The Infranz volcanic plugs, each other, form parallel to subparallel chondrite-normalized
REE patterns (Fig 5.5B). As illustrated in this diagram the samples from those volcanic
plugs show strong REE enrichment especially, the LREEs. They show relatively flat
HREE patterns but, ten times greater than chondrites. This, 10 x greater concentration of
samples from those volcanic plugs than chondrites, according to Wilson (1989) reveals
the formation of those volcanic plugs from garnet free source.

6.3.  Petrogenetic Processes

On most of the major element oxide and trace element versus silica variation diagrams
(Fig. 5.2 and 5.3) respectively, most of the samples from volcanic plugs of the Infranz
area, are clustered around the same SiO2 and also other major oxides (e.g. P205) and
trace elements (e.g. Yb) concentrations. The clustering of SiO2, other major oxides and
trace element concentrations around the same point in most of the samples may be due to
the little effect of fractional crystallization on the formation of those volcanic plugs. The
major element oxide and trace element versus silica variation diagrams (Fig. 5.2 and 5.3)
respectively between the Infranz volcanic plugs and the Lima Limo rhyolites demonstrate
that these suites of rocks are not related by simple suit-wide differentiation trends that can
solely be explained by fractional crystallization. The major element variation diagrams
(Fig 5.2): TiO2, CaO, Fe203t, Al203 and Na20 versus SiO2 wt. % and trace element
variation diagrams (Fig 5.3): Nb, Th and Yb ppm versus SiO2 wt. % clearly, though other
variation diagrams are not too much discriminant, illustrate the difference between those

two rock suits in that they are not related by fractional crystallization.

Both, the Infranz volcanic plugs and the Lima Limo rhyolites, on the chondrite-
normalized RRE plots (Fig. 5.5A) show negative Eu anomaly. The negative Eu,
(Eu/Eu*=0.43-0.83) 0.66 on average, anomalies observed in the samples from those vol-
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canic plugs suggests the fractionation of feldspar from the system (e.g. Wilson, 1989,
Rollinson, 1993). Fractionations of other minerals in the formation of Infranz volcanic
plugs are also observed on the primitive mantle normalize plots (Fig. 5.6B) in: Ba, due to
the fractionation of K-feldspar, hornblende and biotite, in Sr due to the fractionation of
plagioclase and K-feldspar (Wilson, 1989), in P due to fractionation of apatite and in Ti

due to the fractionation of Fe-Ti oxides.

On the chondrite-normalized REE diagrams (Fig. 5.5B), the Infranz volcanic plugs form
parallel-to-subparallel patterns. The parallel-to-sub parallel patterns between the Infranz
volcanic plugs suggest the formation of those volcanic plugs by the same petrogenetic
processes. On the contrary, the chondrite-normalized REE diagrams (Fig 5.5A) between
the Infranz volcanic plugs and Lima Limo show crossing patterns. These crossing pat-
terns on the chondrite-normalized diagram suggest the formation of the Infranz volcanic

plugs and the Lima Limo rhyolites by different petrogenetic processes.

On the primitive mantle normalized incompatible, multi-element plots (Fig. 5.6 B), the
Infranz volcanic plugs illustrate more or less similar patterns, nonetheless, the somehow
unique behavior of the rhyolitic sample, because of it is more evolved, as observed in the
chondrite-normalized REE plots (Fig 5.5B), with the exception of Pb which show erratic
anomaly, may be due to its mobility. These similar patterns the volcanic plugs form sup-
ports the interpretation given for the chondrite-normalized plots. On the primitive mantle-
normalized plots, it is evident that there is no (little) negative anomaly in Nb and Th be-
tween the Infranz volcanic plugs. The absence of negative anomalies in these elements
suggests the free (little) crustal contamination formation of those volcanic plugs which is
also observed in most of the northern (e.g. Miruts Hagos et al., 2010) and northwestern
(e.g. Daniel Meshesha and Shinjo, 2007) Ethiopian volcanic plugs. The Lima Limo rhyo-
lites form their own parallel trends and show crossing patterns with that of the Infranz
volcanic plugs, as do in the chondrite-normalized REE plots. The crossing patterns the
Lima Limo rhyolites form with the Infranz volcanic plugs strengthen the interpretation
given in the chondrite-normalized REE patterns that those two rock suites are not formed
by the same petrogenetic processes. Moreover, the relatively opposite, slightly positive to
no (little) for Infranz volcanic plugs and negative for Lima Limo rhyolites, Th and Nb
anomalies give a good supportive evidence as they pass though different petrogenetic his-
tories. Note that, Dereje Ayalew et al. (2002) interpreted the negative Th and Nb anoma-
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lies observed in the Lima Limo rhyolites as the contamination of parental magma by low-

er crust material.

6.4.  Comparison of Infranz and Previously Studied Volcanic Plugs

Following the classification of northwestern Ethiopian continental flood basalt as high
TiO2 (HT) and low TiO2 (LT) sub-provinces (Fig. 2.2) by Pik et al. (1998), Dereje
Ayalew and Gezahegn Yirgu (2003) classified the felsic volcanic rocks of northwestern
Ethiopia as high TiO2 (HT) and low TiO2 (LT) sub-provinces that follow similar trends
as the flood basalt volcanics. According to these authors the HT felsic volcanic rocks
(Wegel Tena rhyolites) have higher TiO2 concentration (0.5-1 wt. %) whereas, the LT
felsic volcanic rocks (Lima Limo rhyolites) have low TiO2 concentrations (< 0.5 wt. %).
The Infranz volcanic plugs geographically are grouped under the LT sub provinces of ba-
saltic and felsic volcanic rocks. Of the studied eight samples, two (VP1-NG and VP2-
NG) show higher TiO2 concentrations (> 0.5 wt. %), which is proposed by Dereje
Ayalew and Gezahegn Yirgu (2003) for high TiO2 felsic volcanic rocks (Wegel Tena
rhyolites). This higher value of TiO2 concentrations in the two samples of Infranz volcan-
ic plugs are comparable with the two samples (98-100 and 98-101) of Dercq et al (2001)
around Amed Ber (Fig. 4.1). Other six samples show lower TiO2 concentrations (< 0.5
wt. %) as Dereje Ayalew and Gezahegn Yirgu (2003) proposed for low TiO2 felsic vol-
canic rocks (Lima Limo Rhyolites), but generally are greater than the northern Ethiopian
phonolite-trachyte volcanic plugs (Miruts Hagos et al., 2010, Natali et al., 2013) and the
volcanic plug from Simien shield (Dercq et al.,2001).The Axum-Adwa- and the Simien
volcanic plugs show lower TiO2 (generally < 0.15 Wt. %) concentrations (Fig 6.1) than
all the volcanic plugs included under this study (generally > 0.26 wt. %). This suggests
the lower TiO2 concentrations of Axum-Adwa- including Simien volcanic plugs, though
the difference is not too much as proposed by Pik et al. (1998) for basalts and Dereje
Ayalew and Gezahegn Yirgu (2003) for rhyolites, than the northwestern Ethiopian vol-

canic plugs.

The TiO2 concentration differences in the northern and northwestern Ethiopian volcanic
plugs are also observed in some selected trace element- element (Fig 6.2A, B) and trace
element ratio-ratio plots (Fig 6.2C, D). On the Nb versus Zr (ppm) diagram (Fig 6.2A),
the volcanic plugs of northern and northwestern Ethiopia form a slight straight line with

high concentration of Nb in the Addis Zemen volcanic plug and low in the Amed Ber
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volcanic plug and slightly low in the Adwa volcanic plugs. The Y versus Nb (ppm) dia-
gram (Fig 6.2B) is rather somehow discriminant; Axum-Adwa volcanic plugs tend to
show higher concentrations of Y than the Infranz and Addis Zemen volcanic plugs which
tend to show the lowest concentration of Y.

=T
. * Addis Zemen Volcanic Plug
™ *‘z’fﬁ + Adwa Volcanic Plugs
b * Amed Ber Volcanic Plug

o _ "2‘*@ & Axum Volcanic Plugs
- 2 ® Bure Volcanic Plugs

&) A |nfranz Volcanic Plugs
o _ * Lima Limo Rhyolites

B Simen Volcanic Plug
m —_—
L ]
B
= Plugs with
. 0.16<T102<0.5
N
A xum-Adwa Plugs,
o Ti02<0.16
L] | I I
55 60 65 70 75 80

Si02 (wt. %)

Figure 6.1 TiO2 versus SiO2 (wt. %) variation diagram for the northern and northwestern Ethio-
pian volcanic plugs and that of the Lima Limo rhyolites. Data are from Miruts et al. (2010); Natali
et al. (2013); Dercq et al. (2001); Daniel Meshesha and Shinjo (2007) for volcanic plugs and
Dereje Ayalew and Gezahegn Yirgu (2003) for Lima Limo rhyolites.

The two ratio diagrams (Fig 6.2C, D) support the difference in the concentration of TiO2
concentration between the northern and northwestern volcanic plugs. Nb/Y versus Ti/Zr
diagram (Fig 6.2C) illustrates the lowest Nb/Y and Ti/Zr ratios of Axum-Adwa volcanic
plugs, the intermediate ratio of Infranz volcanic plugs and the relatively highest Ti/Zr ra-
tio of Amed Ber volcanic plug. On the contrary, Addis Zemen and Simien volcanic plugs
tend to show the highest ratio of Nb/Y. The Nb/Y versus Rb/Y (Fig 6.2D) diagram also
support the ratio diagram Nb/Y versus Ti/Zr. Axum-Adwa volcanic plugs show the low-
est, but, greater than the Lima Limo rhyolites, Nb/Y and Ti/Zr ratios followed by the In-

franz volcanic plugs and finally, highest ratio, Addis Zemen and Simien volcanic plugs.
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no trend the northern and northwestern Ethiopian volcanic plugs form in the Nb versus Zr
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Figure 6.2 (A) Nb vs. Zr (B) Y vs. Nb (C) Nb/Y vs. Ti/Zr and (D) Nb/Y vs. Rb/Y diagrams for
the northern and northwestern Ethiopian volcanic plugs and that of the Lima Limo rhyolites. Data

sources and symbols are as in Fig. 6.1.
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CHAPTER SEVEN

7. CONCLUSION AND RECOMMENDATION

7.1. Conclusion

Volcanic plugs of the Infranz area, northwestern Ethiopia, projects an estimated 200-300
meters from the present erosional basaltic surface with 120-200 meters of width. They are
entirely surrounded by the basaltic rocks, may be because of the eroded away of felsic
volcanic rocks that are thought to be fed by those volcanic plugs. Most of those volcanic
plugs are characterized by fine grained, pale colored with sparsely distributed medium
grained alkali feldspar phenocrysts; petrographically those samples show considerable
amounts of alkali feldspar in trachytes, nepheline in phonolite and quartz phenocrysts in
rhyolite plugs set in fine grained parallely aligned alkali feldspar and plagioclase
groundmass which is an indicator of the formation of those volcanic plugs while magma

is flowing.

Volcanic plugs of the Infranz area, northwestern Ethiopia ranges in composition from
phonolite through trachyte to rhyolite that plots in the alkaline region. Of the studied eight
volcanic plugs, six are trachytic in composition and the remaining two are phonolite and
rhyolite. Major- and trace-element concentrations of the Infranz volcanic plugs show
clustering around the same point which is explained by the little effect of fractional crys-
tallization in the formation of those volcanic plugs. The majority of volcanic plugs of the
study area are silica saturated peralkaline rocks characterized by the absence of modal,

but, normative quartz.

On the chondrite-normalized REE plots volcanic plugs of the Infranz area are character-
ized by highly fractionated REEs [La/YDb]n (8.97-21.66), LREEs [La/Sm]y (5.87-7.26)
with negative Eu (Eu/Eu*= 0.43-0.83) anomaly; the primitive mantle-normalized plots
illustrate positive in the incompatible trace elements: Rb, Th, Nb, La, Nd and Zr, negative

in the Ba, Sr, P and Ti and erratic in Pb anomalies.
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From major element oxide and trace element versus silica variation diagrams in combi-
nation with chondrite-normalized REE and primitive mantle normalized incompatible,
multi-element plots the following conclusions are drawn: volcanic plugs of the Infranz
area, northwestern Ethiopia are formed from the same, garnet free source by the same
petrogenetic process with little role of fractional crystallization between them and are free
(little) crustal contamination involvement in their formation and the Lima Limo rhyolites
are compositionally distinct from those of the Infranz volcanic plugs, implies the Infranz
volcanic plugs are not the feeders for the Lima Limo rhyolites.

7.2. Recommendation

There is no well-defined age data for the volcanic plugs of the northern and northwestern
Ethiopian volcanic plugs except the one by Natali et al. (2013), therefore it is better to
have a good age record for those volcanic plugs to well understand their age relationship
with the Ethiopian continental flood basalt.

The difference in the TiO2 concentration, Nb/Y, Ti/Zr, Nb/Y and Rb/Y ratios, though
from slight observation, between the northern and northwestern Ethiopian volcanic plugs

needs detail study to put any justification for this simple observation.

Isotopic data are also not documented in an adequate amount for the northwestern Ethio-
pian volcanic plugs which also are recommended for volcanic plugs of the present study

to further constrain the source regions.
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APPENDEX I

SECONDARY GEOCHEMICAL DATA

Geochemical analysis results of Lima Limo rhyolites used in plots, from Dereje Ayalew

and Gezahegn Yirgu (2003).

Sample: 98-139
Si02 58.9
TiO2 1.33
Al203 15.0
Fe203* 7.8
MnO 0.16
MgO 1.77
CaO 4.21
Na20 3.3
K20 3.9
P205 0.43
LOI 3.2
Total 99.98
Ba 787
Cs 0.8
Ga 24
Hf 15
Nb 21
Pb 14
Rb 70
Sr 484
Ta 1.3
Th 2.2
U 0.87

98-150 98-149

65.5
0.45
13.3
6.3
0.17
0.21
1.26
3.6
4.9
0.07
4.3

99.91

56
1.6
28
25

68
29
118
18

4.0

6.0
2.31

67.2
0.37
12.7
5.0
0.15
0.12
1.20

0.05

4.6
99.88
42

1.6
27
23
68
32
143
16

2.49

98-162
69.4
0.32

125
3.9

0.09

0.12

0.90

2.6

5.6

0.04

4.4

99.87

28

1.6

30

21

60

30

138

11

3.7

6.9

2.65

AD 26
74.1
0.30

12.4
2.3
nd
nd
0.39
4.0
5.0
0.06
1.0
99.55
31
0.35
35
23
48
32
129

3.2
5
1.7

98-138
75.0
0.30
11.8
2.9
0.21
0.08
0.10
3.8
4.8
0.09
0.9
99.98
113
0.22
32
22
49
43
116
11
2.9
6
1.6
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Y 43 78 84 71 83 94

Zr 636 988 821 728 837 833
La 49 104 115 110 119 142
Ce 112 207 232 233 237 384

Pr 15 27 31 30 30 38
Nd 60 104 17 113 120 144
Sm 11 20 22 20 21 27
Eu 3.1 21 19 16 3.0 3.6
Gd 10 16 18 17 17 20

Th 1.4 25 26 2.3 2.7 3.0
Dy 9 15 16 14 14 17

Ho 1.6 2.7 3.1 26 31 3.4

Er 4 8 8 7 7.8 8.6
™™ 0.71 128 1.38 1.17 1.2 1.6
Yb 4 9 9 8 7.8 9.5

Lu 0.70 136 151 120 122 1.52

By: Gedefaw Tadele 69 AAU, CNCS,School of Earth Sciences



Petrogenesis of Volcanic Plugs and Volcanic Rocks of the Infranz Area, Northwestern Ethiopia

APPENDEX II

ABBREVIATIONS

Ab= Albite

Ac= Acmite

An= Anorthite

Ap= Apatite

C= Corundum

Di= Diopside

Fig. = Figure

Hm= Hematite

HREEs= Heavy Rare Earth Elements
Hy= Hypersthene

[I= llmenite

LRREs=Light Rare Earth Elements
Mt= Magnetite

Ne= Nepheline

Ol= Olivine

Or= Orthoclase

Pf= Perovskite

PPL=Plane Polarized light
Q=Quartz

REE= Rare Earth Element
Ru= Rutile

Tn= Titanite
Vs. =Versus
Wo= Wollastonite
Wt. % = Weight percent
XPL= Cross Polarized Light
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