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ABSTRACT

The Dendi Caldera is located on the West Central Ethiopian Plateau, approximately 120
kilometersto West of Addis Ababa. It is located betweetd880" - 08°52'00"* North latitude

and 3758'00" - 38°04'00"* East longitude in Dendi kebele, Ginchi woreda, western showa

zone, Oromiya regional state of Ethiopia. The caldera has almost elliptical shape with about 8.5

km diameter in its longest direction and 6.5 km in the shortest direction. There are two crater
lakes making the shape of 686 within this cal
about 7.5 km and 4 sqg. km respectively. The altitude varies bed88@m- 3270 m a.s.I..

The main objective of this research work is to study the geology, gestiyeand petrology of

the Dendi caldera rocks, to construct the geological evolution of the caldera and to study the
effect of the geology on the composition of the lake sediments in order to help reconstruct the
palecclimate using lake sediment core.

The methods involved to achieve the objectives are desk studies about the area, fieldwork for
mapping and sampling, petrographic studies, XRF analysis both on the lake sediment and rock
samples, analysis and interpretation of data using different computeases.

The caldera comprises different felsic volcanic products including trachyte, rhyolite and
obsidian overlain by the pyroclastic deposits ignimbrite, volcanic surge and tuff. The rhyolite
and trachyte are formed both as lava flow and lava dome. Ire soeas they show columnar
joints. The surge deposit shows sedimentary structures like bedding -bBaddixg. In thin
section, the rhyolite, trachyte and ignimbrite has aphanitic and porpyritic aphanitic textures with
alkali feldspar phenocrysts. The Trath also shows trachytic texture.

On TAS diagram, the lavas are rhyolitic and trachytes/trachydacite and the pyroclastics are
trachyandesite and basaltic andesite.the spider diagrams (MORB normalized), Ba, Sr, P, Ti
and Cr shows strong negative anognalhich verifies fractionation. The lava shows high Th and

Nb with very low Sr. Rb/Nb and La/Nb ratios are very low while Rb/Sr ratio is very high in the
Dendi volcanic products. These conditions show the only possible mechanism for the formation
of the Dadi caldera is fractional crystallization of basaltic magma with limited or no crustal
contamination.

Five different sections have been identified based on the variation of different chemical and
physical parameters applied on the lake sediment eetion 4, with high grain size, MS, K,
Si/Ti and Mn and low inc/coh, Sr/Ca, Zr/Rb and Rb/K, shows the driest period in the
stratigraphy while section 2 shows the most humid period in the stratigraphy. The remaining
sections spans between these two exseme

Key words: Dendi, Caldera, volcanic, felsigctional crystallization palecclimate
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CHAPTER | INTRODUCTION

CHAPTER ONE
1. INTRODUCTION

1.1. Background of the study

This researctprojectis conducted in the Dendi caldera with the aim of characterizing the rocks
that constitute the caldera and to reconstruct the geological evolution of this caldera. Moreover, a
geomorphological assessment of the catchrhaatbeerconducted in order to characize the
sediment input to the Dendi Lak&he contribution of the geological and geomorphological
setting of the caldera on the type and rate of sediment input to the Dends lad&estudied on

a sediment core collected from Dendi Lake under the Cie{egi, which aims at reconstructing
thepalealimatic andpale@nvirnmentahistoryof the area.

The Dendi Caldera is located on the Ethiopian Plateau, approximi2tékflometers to the west
of Addis Ababa. A caldera is a geological feature formed by thetagdreruption of magma
from beneath a volcano, leading to collapse of the volcanic structure into thenmaty magma
chamber. This collapse typically leaves ater or depression where the volcano stood, and later
volcanic activity can fill the caldera with yourrgavas, ash, pyroclastic rocked sediments. A

crater lakecan be formed, if the caldera is later filled with water.

The Dendi caldera and trsairrourding area were studied before under regional level and the
map produced was amall scale The previousstudies were not detailed arnack lots of
information about the calderdherehave not been angetailed geological worksonductedn
the Dendi calera. The area was oniyappedas part of the Ethiopian plateawlcanic and

regionally mapped in small scale with the surrounding areas

The current study aims at investigating the Dendi caldera and surrounding in order to
characterize the geological and geomorphologic evolution of the caldera and to characterize the
sediment input into therater lakes within the calderm order to helpn interpretation of the

pale@nvironmental an@alealimatic records in the sediment cores recovered from the lakes.
Geochemistry of lake deposits

Geochemical data from lake sediments is one major archiymletenvironmental changes.
Climate variationsare one of the factors that influence the sedimentation processes in lakes.

Geochemical data provides information about the source region of clastic material and about in
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situ deposition within the water column. Changes in the geochemistry along sedicwaisr

can be read in terms of variations in local climate pattern. For the interpretation of geochemical
data it is more advantageous to use element ratios instead of the distribution of single elements
(Weltje & Tjallingii 2008. Furthemore the accurag of the gathered data increases with a good
understanding of the pidepositional and diagenetic processleat affect the sedimentation.

Lake sediments are generally composed of a limited number of elements representing the
chemical composition of the gh crust. The abundance or limited amount @s¢helements,

other trace elements and ratios among some of these elements are used to tell about the
paleaclimate of an area. Also the grain size variation of the sediments and changes in the

magnetic suscéibility of the sediments are useful indicators of paleoclimatic changes.

The geochemistry of the lake sediment is highly dependent on the geology of the Caldera. All
sedimentinputs to the lakdaveto come from the caldera because the catchment dde¢neli

lake is restricted to the highest pick of the calddifae minerals that constitute the caldera
determinewhich element has higher/lower concentration in the lake sedimentx&opke,we

do not expect high concentration of Mg/Fe in the Dendi caderhere the caldera is
predominantly constituted by felsic volcanic rocks. The high altitude contrast (steeposltpee)

area gives advantage to the increase in the sedimentation rate. But both the sedimentation rate
and geochemistry of the lake sedinseate somehow dependent on the climate of the area. For
e.g. during arid environment, where the situation is dry and there is little or no water, the
sedimentation rate is very low and weathering of minerals decrease due to lack of the main agent
of weatheing i.e. water. During humid conditions, in contrast, the rate of sedimentation is very

high plus we will have high amouatcumulation of sediments.

1.2. General and specific objectives
1.2.1. General Objective

The general objective of this project is to study teelggy, geochemistry and petrology of the
Dendi calderaocks to construct the geological evolution of the caldera and to studsffent
of the geology on theomposition of thelake sedimentsn order to help reconstruct the

paleclimate using lake s&dent core.
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1.2.2. Specific Objectives
The specific objectives of ththesis workare:
U To produce the geological map and geologic eceestion of the Dendi Caldera
U To characterize the petrology and geochemistry of the rocks constituting the caldera
U Toreconstructhe stratigraphy of the area
U To reconstruct thpetrogenesis angkeologic evolution of the caldera

U To study the effect of the geology of the area on the composition of the Dendi lake
sediments in order to heipterprettheir paleclimatic recaods.

U To compile and characterize the modern climate and hydrologic setting of the Dendi

catchment.
1.3. Location and access

The project area is the Dendi caldera, which is found in the Ethiopian plateau, located along the
road from Addis Abab& Ginchii Boda- Dendi at a distance of approximatdlgkm Westof

Addis Ababa. The Dendi caldera is located betwe?a800™ - 08°52'00™ North latitude and

37°58'00"* - 38°04'00™ East longitude in Dendkiebele, Ginchiworeda, western showa zone,

Oromiya regional state of Ethiopit.falls in the eastern margin of Agerywet sheet and the

western margin of Boda sheet of the Effigm Mapping agency topo sheet. Tearest town is

Boda about 11 km away from the calderhe caldera has almost elliptical shape with algdt

km diameter in its longest directiaand 65 km in the shortest directioThere are two crater

|l akes making the shape @aidardaBeafaatecdkmanddsh. a cir

km respectivelywithin this caldera.
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1.4. Physiography and drainage

Physiographically, th®endi calderas found partly in the Central Lava Highlands avidssifs

within the Western Highland Plateaus. The study area is featured by varied topography ranging
from plainlandsandsteep slope areas to vertical clifithearea is situated in a top@gphically
elevated area with the lowest point, at the lake level33r8 a.s.l., while the highest point, at

the top of the mountain in the North East side of the caldera, is 32&l.m a
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Fig. 1.2: Relief Setting of Dendi and the surrounding éaéler AbenezeKefeni, 2007)

There are many springs located mostly in the steep slope areas and flows as streams towards the
lake with the exception of tributaries of HuluRaver which flows away from the caldend
join the Blue Nile(Abay) basin Some of the streams flow throughout the year while the others

flow only duringrainy seasons.

The geomorphology of the area can be groupedfaungeomorphiaunits: The flat lands at the

top of the mountains, the vertical cliffs, the steep slope afeagientle slope areas and the flat
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land surrounding the lak@ brief description of each unit given in the unit which describes

the geomorphology of the area.
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Fig 1.3: Topographic magf the study arewith collectedsamples.
1.5. Climate

Ethiopia has complexopography, with altitudes ranging from hundredsnaders below sea
level in the northeagifar depressionjo over 4000 nabove sea level in the northern highlands
As a result of itdatitude andaltitude variation Ethiopian rainfall exhibits high variabilityoth
spatially and temporally (Degefu, 1987; Bekel997). Three main rainfall regimes are
commonly identifiedas shown in Figure 4.(Diro et al. 2009)Regme A in the western padf
the country has a monomodal rainfall pattern (Febrtamiovember). Regime B (comprising
central and easteparts) has twa@onsecutiveainy periodsBelg (February to Mayfollowed by
Kiremt (June toSeptemberwith the dry season Bega (October to JanuaRggime C in the
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south andsoutheast has two distinct rainy periedsich are separated by two dry periogrch

to May (long) and October to November (short).
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Figure 14: Location, topography (in metersydrainfall regimes in Ethiopidhehistograms are
climatological monthly rainfall (January to December) averaged over the rainfall regimes A, B
and C.(afterDiro et al., 2009)

Ethiopia is located in the tropics and variations in altitude heraduced avariety of
microclimates. Mean annual rainfall ranges fr@@00mm over some pocket areas in the
southwest highlands, and leggan 250mm in the lowlands. In general, annual precipitation
rangesfrom 800 to 2208mm in the highlands (>1500 meters) andiesifromless than 200 to
800-mm in the lowlands (<1500 meters). Rainfall alleereases northwards and eastwards from

the high rainfall pocket area the southwest (Bekele, 1992)

In Central Ethiopia there are three seasons based on climatological ofeeainfall and
temperature namely Bega, Belg and KiréBekele F., 1992Bega(dry season) is from October
to January. It is characterized by dry aal period. Belg (small rainy season) is from February

to May. It ischaracterized by varying dry ameet days. Kiremt (main rainy seasonfrnsm June
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to September violent thunderstorms in the highlands@remon in late June.

The study area itocated inthe central plateau, its relief is very essenimakcontrolling the
climatological condition. Comderable rainfall isreceived in thestudy areadue to High Point
Mountains that posesrographic influence

The main features that affettte climate of East Africa, specifically Ethiopiare: thelnter
tropical ConvergenceZone (ITCZ), the positions amstrengths of the nearby subtropical high
pressure systemsipperlevel jet streams and tropical cyclor(@sro et al, 2009) In Africa, the
ITCZ oscillates annually between an extreme northwardtion of 15 °N in July and an extreme
southwardlocation of 15 °S in January (Asnar2005). Thisgives rise to the bimodal rainfall
pattern in southerikthiopia and the monomodal pattern in northern Ethidpiaaddition, the
rainfall in East Africa is affected by meridional arm of the ITCZ, which arisescausef the
difference in heat capacity of the land surfaoe the Indian Ocean, thus producing rainfall over
the southwest of Ethiopia in February/March even thotighmain ITCZ is still in the southern
hemisphere (Kassahuh987).

Upperlevel featues affecting Ethiopianainfall is affected by pperlevel featuresncluding the
Tropical Easterly Jet (TEJ) amfrican Easterly Jet (AEJ) during the Kiremt seasom the
Subtropical Westerly Jet (STWJ) during Beldne location and strength of thesdsj modulate
convectionand consequently rainfall (e.g. Camberlin &tdlippon (2002); Nicholson and Grist
(2003); Segele andamb (2005)). The subtropical higitessure zones in thecinity of Africa
influence moisture fluxe$ollowed by rainfall over Ehiopia. The lowlevel moisture sources
during the Kiremt rainy seasare the Atlanticand the Indian Ocean and the flux of moisture
dependon the intensity and position of the St Helena and Mascdmghs (Kassahun, 1987).
Several studies (Inindat al. 1987; Bekele, 1997; Camberlin, 1995) show tthestre is a
relationship between Ethiopian rainfall and sesface temperature anomalies (SSTA) over the
Indian Ocean. They also suggest that SSTAs over the eaBumific may affect the rainy
seasons irEthiopia. PositiveSSTAs in the eastern Pacific are associated with sesede
widespread rainfall deficits in the main (Kiremmginy season and excess rainfall in the short

(Belg) rainy season.

Thealtitude of the Dendi area varies between 2,830 and3r&fers above sea lev&éhe whole

area, lying in a tropical climate, classified as wet, humid region with a areaual rainfall of
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1137.35mm Thereare two seasons of rainfall. The first rainy season spans from late May to late
September and the secoindm mid of March to mid of AprilThe total amount of rainfall and

its seasonal distribution is fairly adequate for crop production. The main cropping season extends
from June through January. The mean maximum temperat8e&'€ and the mean minimum
temperature i47.2C. Thewarmestmonths are AprjlMay and Junavhereas the cdest months

are Julyto October

To characterize the hydrologic property of the area different hydrometerological parameters are

incorporated. These include; precipitation, $ums duration, relative humidity, evaporation,

wind speed and temperature data are obtained from Ethiopian Metrology Service Agency. These
selected seven stations are located surrounding the study area, where Ambo, Asgori, Busa and

Ginchi stations are morgearer to the study area.

i Ambo U Asgori U  Wolonkomi
U Ginchi U Tulubolo
U Woliso i Busa

Two prominent climatical conditions prevail in the study area: wet season (June to September)
and dry season October to May with slight Belg rainfall from Aprii and May.
Hydrometerological data obtained from National Meteorological Service Agency A)Md®
analyzed to understand the hydrometerological nature of the area and presented in the following

manner by AbenezerKefeni (200a)d inherited in this thesis work.
1.5.1. Temperature

Air temperature is a measure of the average speed at which air mokeaule®ving;higher
temperature is achieved Hyigh speedof air molecules and vice versa. The Temperature
variation n the study ares negligiblewhen considered on yearly bagee table 1.1 and figure
1.5 below. The maximum temperature recorcatsout 19.6'C during April while July iswith the

minimum temperature, 17@. Annual mean temperature is &1

1.5.2. Relative Humidity

Relative humidity is defined as the ratio of the partial pressure of water vapor in a gaseous
mixture ofair and water to the satted \apor pressure of water at a given temperature. Relative

humidity is expressed as a percentage and is calculated in the following manner:
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Where:

RH: The relative humidity of the gas mixture being considered.

0 "0 0 : The partial pressure of water vapor in the gas mixture; and

0 "0 0 : The saturation vapor pressure of water at the temperature of the gas mixture.

The relative humidity of a system is dependent not only on the temperature but also on the
absolute pressarof the system of interest. Therefore, a change in relative humidity can be
explained by a change in system temperature, a change in the absolute pressure of the system, or

change in both of these system properties.

The relative humidity datare obtainedfrom two stations, Ambo and Woliso. The maximum
(79.4%) and minimum (44.3%) relativeimidity areduring August and February respectively.
This result is acceptable sinceydust is the month characterized by low temperature and high
rainfall that enhance relative humidity. Generally, the relative humidity is above 50% on
monthly basis. The annual mean relative humidity is about 59.5% implies the partial pressure of

water vapor in the gas mixture is greater.

1.5.3. Wind Speed

Wind is air in motion. It is causelly horizonal variations in air pressure.h& speed of

movement of air relative to a fixed point on the Ea¢fines wind speed

Wind speeds usually mean the movement of air in an outside environment, but the speed of
movement of air inside is importaimt many areas, including weather forecasting, hydrological
cycle, aircraft and maritime operations, building, civil engineering. High wind speeds can cause

unpleasant side effects. Technically, wind speed is given by
Tow¥ o6 o0 0

Where u, v, and w: areonal, meridional and vertical components of wind velocity. Except in
unusual circumstances (e.g. in cumulus updrafts), the vertical component of the velocity is much

smaller than the horizontal comporgnt
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As i tbds shown i n thé&winglspded iS5 loviramdVaylta eptembet while, the
other monthsexperienceelatively higher wind speed. The maximum wind speed of the area is
about 3.3m/s, which is recorded during the month December, computed minimum wind speed is

0.9m/s in August.
1.5.4. Sunshine Hours

The maximum sunshine duration sbout 10 hoursecordedin December and the minimum
sunshine hour iabout 4 hoursecorded duringAugust wlereaghe average sunshine of the year

in the study area is about 7 hours.

20
15
= Mean RH/10 *
10 Mean Temp
— Average SunShine Hour
5 —\Wind Speed
0 T T T T T
1 3 5 7 9 11

Fig 1.5: Meteorological parametagraph showing man nonthly temperatureaverage sunshine
hours wind speed anionthly Relative Humidityof the study area.

* The mean relative humidity in the graphdisided by tenin orderto show it in this graph
without affecting thepeak pattern otie others.

1.5.5. Precipitation

Precipitation isthe process of deposition ahy form of water (either liquid or solid) that falls
from the atmosphere and reaches the ground, such as rain, snow, éshaitropical area,
however, the major portion of precipitation is obtained from rainfall. Rainfall is the main
component of hydrologic cyclehich varies with space and time. The distribution of water on

the Earth surface is governed by evaporation and preepitawhich inturn depends on:
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Physical factorggeographical conditions) arMeteorological factorgwind speed, temperature,

sunshine, ety.

Precipitation amount of a given area is obtained by determining the average of rainfall records
over a given period of tim&he Arithmetical mean is the common method used to compute the

averageArithmetical average is given by the equation:

Where:

P: mean precipitation P:: rainfall records n: is number of stations

The rainfall recording stations are located in the North and South border of the\Koliso

area except Busa station situated near modi more near to the study are#yere orgraphic

control is significant. Tharithmeticmeanrainfall of the area is givemitable 12. Busa station

with 1431.8 mm of rainfall records the highest rainfall showing that the Dendi area receives
higher rainfall than the surrounding area. The highest rainfall is recorded from June to September

while the driest mahs in the Dendi area are from November to January.
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Meteorological Annual
parameters Jan | Feb | Mar | Apr |May [Jun |Jul | Aug| Sep|Oct | Nov | Dec | Average
Mean RH 50.4| 44.3| 50.5| 54| 56.7| 717 78|79.4|76.1| 57.6| 48|47.8| 54.60
Mean Temp 18.1| 19.1| 19.4| 19.6| 19.2| 181 17.2(17.3|17.3| 17.2|17.4|17.3| 18.92
Wind Speed 3.1 32 26| 25| 1.8 12| 09| 09| 11| 22| 29| 33 2.40
Average 86 |95 |7.8 7 7.7 |57 46 |36 |44 |73 |92 |9.7 |7.72
SunShine Hourg

Tablel.1:Mean nonthly temperatureaverage sunshine houmind speed anionthly Relative Humidityof the study area.

Station Jan Feb | Mar |[Apr May | Jun Jul Aug Sep Oct Nov Dec Total

Tulubolo 18.30 | 18.60 | 54.20 | 67.80 | 78.40 | 192.90| 287.50( 277.70| 90.60 | 24.60 | 7.40 | 7.00 1125.00
Asgori 18.50 |32.80|53.60 | 83.60 [67.90 |128.10| 242.50| 239.40| 102.20| 25.70 [ 6.90 |[5.30 |[1006.50
Woliso 23.90 | 27.40 | 66.50 | 84.80 | 122.80| 190.90| 271.90( 257.30| 130.50( 40.40 | 7.60 |[5.30 1229.30
Busa 21.30 |59.00 |55.90 | 73.70 | 84.40 | 179.80| 358.20| 372.50| 164.90( 43.00 | 10.00 | 9.10 |1431.80
Wolonkomi| 22.80 | 29.20 | 66.10 | 72.40 [ 77.90 | 154.40| 240.00| 234.40| 133.70| 36.00 | 12.20 | 6.60 1085.70
Ambo 31.87 |[15.27|52.76 | 74.65 | 73.18 | 149.87| 177.20| 163.20| 87.71 | 45.83 | 9.22 11.30 | 892.06
Ginchi 33.91 [65.93|84.38 [ 105.10| 87.46 | 148.68| 238.70| 224.30| 150.60| 32.04 | 4.00 16.00 | 1191.10
,:\Arithmetic 24.37 |[35.46|61.92 [ 80.29 | 84.58 | 163.52| 259.43| 252.69| 122.89| 35.37 [ 8.19 | 8.66 1137.35

ean

Table 12: The aithmetic mean rainfall of the areaurrounding Dendgnnual mean is 1137.35mm
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1.6. Vegetation andSocicEconomy

The area is vegiated by differentypes ofnatural and planted vegetation. The major vegetation

is: savanna grass, bamboo foresticalyptusand other varietiesThere are several scattered
settlements and villages inhabited the local people who support their life by rain feed
subsistence agriculture and products of their cattle. The main crops cultivated in the area include:
barley,wheat,ensetpotato and cabbageith other minor cultivationsBarley and enset are the

most dominant one amongete agricultural products.

The agricultural activity is still traditional. It depends on animal. The nmygortant livestock
breeds of the region include cattle, sheep, goats, equine (horakss, and donkeysand
poultry. The livestock resource is mainly indigenaugh some number of improved animals
introduced in the region. Livestock are bred thoe source of power for plougmilk and meat

production, hided and skimsoduction, fuel manure and prestige.

The Dendi calderas sparselypopulated Afan Oromolanguage the official language of the
Oromiya regional stateis the dominant language in the study asglaile, some people
communicate with Ambharic, the official language of the country. Medmingesource
degradation is continuously occurring due to the increasing number of human population
pressureand improper farming practicethat by now severely causing and aggravating
deforestationland degradatiorsoil erosion, and loss of habitat ferldlife and loss of wildlife.

In general, loss of forest resources, land degradation &gmculture and loss of habitat and

biodiversity are the results of high population denaitgl growth rates in the region.

The marketing of firewood and forest products (egcalyptus tregs very small numbepf
cottage industries (e.g. weavers, carpenters, potters, blacksmiths, charcoalandkiarsners)
supply the indigenous people with very small amount of extra cash in@omee of the local
people are used to work daily laborers irthe newly planned real state which will build in the

Dendi caldera by Egyptian investors.

1.7. Methods and techniques

1.7.1. Desk study and image processing techniques

Acquisition of backgrand geologica] geomorphological anghalealimatic information and
relevant data of the previoysospectspegin with a literature study and review of open file
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materials availabland collected from different sourcdsandsat ETM+4image was used and the
data analysigind processing were carried out wiERDAS IMAGINE 9.2. Similarly mapping,
geographic analysis, data editing and compilation were carried out with Add@1Software

package
1.7.2. Surface geological mappingand samplingmethods

Geological mapping was done on timgerpretation of satellite inggery. A field trip was
conductedn order to collect rock samples and structural data and to prepare a geolog€ map
the study area at the scale of 1:25,08@andard geological mapping techniquesluding
traversing and detailed description of exposedits were conducted. In addition, a
geomorphological mapng of the catchment was conducted in order to characterize the impact

of landforms on sediment transport to the lake.

The following materialsvere used during the field work activitygasemap (opographic maps at
the scale of 1:50,00@nd satellite images), GPS, Digital camera, Sample bag, Geological

hammerHandlenses Compass, and Stationary materials.

A 14.5m long sediment core was recovered from the Dendi Lake which is used for the
paleclimatic reconstructionOne 63 cm long short core and seven 2m long cores were drilled
with an overlap of- 50 cmto reach a depth of 10.2m down from the surface obthi®m of the

lake.

1.7.3. Analytical methods
1.7.3.1. The core sediment

The recovered core sedimsmatre split into two halves, the working half and the archive half.
Then the working half is well describéd terms of color, texture, structure, organic matter and
other materials that might be present in the sediment core. Conseqtlentygdiment core is
photographed under a higasolution core scanning camdrafore it loses its original color as a

result of oxidation

XRF measurements of the core sediments in order to get the geochemistry of the sediments were
analyzed undethe high resolutiodTRAX core scannerXRF core scanner technologylows a
rapid, nondestructive acquisition of geochemical and X radiograghia from sediment cores

To determinethe geophysical parametéMagnetic susceptibilityMS) a high resolutioncore
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logger (Geotek MSCLvith point sensor, which is suitable for continuous measurement of split

half core wasused.

After these analyses, subsampling of the sediment cores by usihgndels for paleomagnetic
studies and subsampling the whole sediment core in everyi@emwalfor further analysewas

done. The wholanalyse®n the core sediments were undergone in the University of Cologne

The rock samples

Two methods of sample preparation were employed to know the elemental concengmations
mineralogical compositioof the various sampte The methodare

Petrographytudy

Fresh outcrops of reprewstative rock samples wemmllected to investigate theineralogical
composition, texture, degree of alteration and variatioltlodlogic units Eight representative
thin-sections were prepared at the Central Laboratory of the Geological Survey of Ellyiopia
splitting each specimen with various diamond blades. They are prepared by mowsntialy @t

and polished sample of rock, using a strong adhesive onto a plgisssf(usually27x46 mm in
size) and themhe exposed surface of the rock is gradually ground or 'lapped’ down to 0.03 mm
thickness to be examined underpatrographicmicroscope using transmitted ligln the

mineralogypetrology laboratory of the schoofl Earth Sciences of Addis Ababa University

X-ray fluorescencéXRF)

The rock and soil samples collected were dried and powdaneldthena pellet is formedrbm
eachsampleto be scanned under XRF and to produce elemental composition of the samples.
Each sample is scanned twice to get rid out of analytical eviadues for major oxides are
recalculated from the major elemental valugbe XRF analysis is done in the Aachen

University, Germany.
Principles of XRF analysis

X-ray fluorescence (XRH}p the emission of characteristic "secondary” (or fluorescéntys
from a material that has been excited by bombarding with-éngingy Xrays orgamma raysit
is a powerful quantitative and qualitative analytical tool for elemental analysis of materials. The

method is fast, accurate, ndastructive, and usually requires only minimal sample preparation.
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When elements in sample are exposed to a source of high intensitgyX, fluorescent Xays

will be emitted from the sample at energy levels unique to those elements.

The basic concept for all XRF spectrometers is a source, a sample, and a detection system. The
source iradiates the sample and a detector measures the fluorescence radiation emitted from the
sample. In most cases for XRF, the source is aaydube. Alternatives are a radioactive source

or a synchrotron.

The analysis of major and trace elements in geolbgiederials by xray fluorescence is made
possible by the behavior of atoms when they interact with radiation. When materials are excited
with high-energy, short wavelength radiation (e.g-yays), they can become ionized. If the
energy of the radiatiorsisufficient to dislodge a tightlgeld inner electron, the atom becomes
unstable and an outer electron replaces the missing inner electron. When this happens, energy is
released due to the decreased binding energy of the inner electron orbital comffaeedouier

one. The emitted radiation is of lower energy than the primary incidealysand is termed
fluorescent radiation. Because the energy of the emitted photon is characteristic of a transition
between specific electron orbitals in a particulamednt, the resulting fluorescentrXys can be

used to detect the abundances of elements that are present in the sample.

XRF analyzers determine the chemistry of a sample by measuring the spectrum of the
characteristic xay emitted by the different elemtsrnin the sample when it is illuminated by X

rays. These Xrays are emitted either from a miniaturizeday tube, or from a small, sealed
capsule of radioactive material.

V A fluorescent xray is created when anray of sufficient energy strikes an atomthe
sample, dislodging an electron from one of the atom's inner orbital shells.

V The atom regains stability, filling the vacancy left in the inner orbital shell with an
electron from one of the atom's higher energy orbital shells.

V The electron drops tdhé lower energy state by releasing a fluorescerastyx and the
energy of this xay is equal to the specific difference in energy between two quantum

states of the electron.

When a sample is measured using XRF, each element present in the sample ewntsiftisue

fluorescent xray energy spectrunvhich helps to discriminate between each element
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Strengths
X-Ray fluorescence is particularly wallited for investigations that involve:

V Bulk chemical analyses of major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) in rock
and sediment

V bulk chemical analyses of trace elements (>1 ppm; Ba, Ce, Co, Cr, Cu, Ga, La, Nb, Ni,
Rb, Sc, Sr, Rh, U, V, Y, Zr, Zn) in rock and sediment

Limitations

In theay the XRF has the ability to detectrdy emission from virtually all elements, depending

on the wavelength and intensity of incidentays. However,

V In practice, most commercially available instruments are very limited in their ability to
precisely andaccurately measure the abundances of elements with Z<11 in most natural
earth materials.

V XRF analyses cannot distinguish variations among isotopes of an element, so these
analyses are routinely done with other instrumentsTHd8& andSIMS).

V XRF analyses cannot distinguish ions of the same element in different vatetes so
these analyses of rocks and minerals are done with techniques such as wet chemical

analysis or Mossbauer spectroscopy.
1.7.4. Data processing and presentation

For satellite image analysisandsat ETM+ image was used and the data analysiprandssing
were carried out with ERDAS IMAGINE 9.2. Similarly mapping, geographic analysis, data
editing and compilation were carried out with ArcGIS 10ahd Global Mapper Boftware
package. For geochemical data plotting and interpretation-BA8el andPetrograph2beta

softwareswvereused.
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CHAPTER TWO
2. REGIONAL GEOLOGIC SETTING
2.1.Summary of The Geology of Ethiopia

The main lithostratigraphic successions that crop out in Ethiopia are: the protenyzstédiine
basement, the late paleozoic to mesozoic continental and marine sedimentary rocks, and the
Cenozoic basic and acidic volcanics and associated veg=imentary and volcanoclastic
rocks. Volcanic rocks are predominant in the central Ethiofi@reas the crystalline basement

and the sedimentary rocks are locally exposed by erosional processes and faulting.

The precambrian rocks of Ethiopia contain a wide variety of sedimentary, volcanic and plutonic
rocks which have been subjected to varyiegrées of metamorphism and deformation. Earlier
studies by Kazmin et al. (1978) suggested a tfokk lithotectonic sequence consisting, the
upper, middle and lower complex. However, recent geochronological and isotopic studies shows
that, the precambriabasement of Ethiopia is composed of the low grade metasedimentary and
metavolcanics complex of the Arabian Nubian Shield (ANS) and the high grade gneiss
dominating Mozambique Belt (MB3ssociated syn to post tectonic plutonic roekéch are the
results @ a contemporaneousvent during Neproterozoic Alene et al., 2000Asrat et al., 2001
Ayalew et al., 1990; Teklay et al., 1998). These rock uaésmainly exposed in the northern
(Tigray), westerngroundWollega), southernafoundAdola) and Easter(Harar) periphery of

the country and coveebout23% of thetotal surface area of the country.

The paleozoic Era is marked by a regional unconformity due to long period of denudation
resulting in near peneplanation of the ancient precambrian basemenérdiis also considered

as a time of glacial deposits of that of the Enticho sandstone and the Edaglaéidis Kazmin
1972;Mohr 1971).

The transgressieregression of the Indian Ocean is the main event that occurred during the
Mesozoic Era in Ethiopi During this time, the sedimentary sequence formation is generally
continental (e.g. Adigrat sandstone?) =Fransitional(e.g. Gohatsion formation) ==marine

(e.g. antalo limestone) ==transitional (e.g. mugher mudstone/shale) =zwntinental(e.qg.
Debre libanos sandstonspdimentary deposit®Recent studies are suggesting that the Adigrat

sandstone is a shallow marine deposit.
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Fig. 2.1: Geological map of Ethiopia
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These very thick sedimentary formations are resulted from the transgresgession of the
Indian OceanThese rock unitgover the whole of the Eastern lowland3géden basin), the
upper valleys of the Blue Nile and its tributaries in central Ethi(ipiiae Nile basin)large areas
of Northern Ethiopia (Mekele outlier) and coverisout25% of the total surface area of the
country.(Getaneh, 1991)

The Cenozoic volcanic rocks are associated with the formation of the Main Ethiopian Rift
(MER), Afar Depression and highland volcanics (trap series) which is the earliest and most
extensve group of volcanic rocks. The rock units are crop out in the eastern and western
Ethiopian highlands and within the Main Ethiopian Rift (MER) and the Afar depression. These
rock units representmore than half, aboub2%, of the surface of the country. Q@zoic
sedimentary rocksire also reported ipastern Ogaden, the Danakil depression and the lower
Omo Valley.(Kazmin 1972 Mohr andZanettin1988; Tefera et al 1996

2.2.Regional Geology

Widespread Cenozoigolcanism in Africa is almost exclusivelgestricted to areas of the
continent affected by the P&irican tectonethermal event. This nerandom distribution
suggests that during the Cenozoic the latme structure of the lithosphere has exerted a

control on the location of volcanic areas.

The Ethiopian Highlands are a rugged mass of mountains in Ethiopia, Eritrea and northern
Somalia in the Horn of Africa. The Ethiopian Highlands form the largest continuous area of its

altitude in the whole continent, with little of its surface falling bel®@@ m, while the summits

reach heights of up to 4550 m. It is sometimes called the Roof of Africa due to its height and
large area. The Ethiopian Highlands began to rise 75 million years ago, as magma from the
Earth's mantle uplifted a broad dome of theiant rocks of the African Craton.

According to Hofmann et al. (1997), most of ththiopian flood basalts erupt&DMyr ago,
during a short 1Myr period, to form a vast volcanic platdenmediately after this peak of
activity, a number of largsehield volcanoes developed on the surface of the volcplateau,
after which subsequent volcanism was largagfined toregions of rifting (Mohr, 1983Mohr
& Zanettin, 1988). The rift that opened along the Red &&h Gulf of Aden separated the

Arabian and Arican continents, and isolated a small portion of the volcatateau in Yemen
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and Sadi Arabia (Baker et al., 1996Volcanicactivity continues to the present day along the

Ethiopianand Afar rifts

The Ethiopian flood basalts (or traps) cover an areabat 600,000 knf with a layer of
basaltic and felsiwolcanic rocks (Fig2.1). The thickness of this layer is highlariable but
reaches 2 km in some regions. The tgtdlume of volcanic and shallow intrusive rocks has been
estimated by Mohr (1982nd Mohr &Zanettin (1988at about 35@00 kn.

In Ethiopian igneous province during Mioceiteliocene there was uplift, rifting ardmbilding of
basaltic shields with associated rhyolites and phonolites. About 10marked by one of the

major episodesf rifting (Kazmin et al., 1980).

The presence of rift related volcanics on the plateaus can be explained by the possiiaility
the Afar plume material may have been channeled to adjacent favorable freystems

all owi ng o6f i s s utoretotakyg maeedaway kdmchatspat.c er u p

The Ethiopian plateau is made up of several distinct volcanierseott different ages and
magmatic affinitiegBruno K.et.al. 2004. Two sequences have beegognizedn the volcanic
succession. The lower volcangequence (Oligocene to Lower Miocene), consists of flood
basalts with associated trachyte to phonolite domes and necks, is considered to belong to the
uplifted Ethiopian Volcanic Plateau. The upper volcanic sequence, which is late miocene to
recent in agegonsists mainly of several central volcanoes such as Défetfichi Konchi, etc

and associated small domes and coAbglfe T.et.al, 2009.

The study area is made of volcamcksthat belongo theuppervolcanic sequencenuch of the
volcanic rock around the study araad its surroundings comprised of basalt erupted as part of
the opening of the East African Rift, more siligeh rock typeslike rhyolites and trachytes
(characterized by minerals such as quand fetlspar) are also present.

The approximately.5 kilometers wide Dendi Caldera includes some of this siiica volcanic
rock -- the rim of the caldera is comprised mainly of poabnsolidated ash erupted during the
quaternary periodAbebe T.et al., 19989. K-Ar dating resulton trachyte sample from the
adjacent Wenchi caldera givas age estimate &0.1 Ma age.

A notable feature of the Dendi Caldera is the presence of two shallow lakes formed within the

central depression (center). The image in thetimcanap highlights a radial drainage pattern
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surrounding the remnants of the Dendi volcanic cone. Such patterns typically form around
volcanoes, as rainfall has equal potential to move downslope on all sides of the cone and incise

channels.

No historical volcanic eruptions of Dendi are recorded; howeverWeachi Caldera 13
kilometers to the southwest of Dendi caldera may have been active as "recently” as A.D. 550.
The distal pyroclastic products dfiesecentral volcanes might exist in theDendi caldera.
Therefore, dating the pyroclasproducts, especially the valgic ash, might not give the actual

age of the Dendi volcanics. Even more distal pyroclastic products might deposit from the Main

Ethiopian Rift and Afar Depression volcanoes.

The geochemical analysisot only the geochronologyesults of the lithologic units from these
areas show differing composition. The rock units from the Wenchi caldera are compositionally
trachytic while the Dendi caldera constituted by both trachytic raydlitic volcanic rocks
(Abebe T.,1998.

According to the report of Geological Survey of Ethiopia which is compiled by Efrem

Beshawered (2010)fhe present study area falls in the AkBleseka area which isounded
betweens®00" and 9°00" north latitudeand 37°30" and39°00" eastlongitude. This is a wide area

covering almost the whole lithostratigraphic sequence that crop out in Ethiopia since Proterozoic.

Thereport has forwardethe presence of:

1. PreRift Units: constituting hig grade metamorphic rockbiotite gneiss); Mesozoic
sedimentary rocks comprising Adigr@andstone, shales and marls, and Anttaloestone;
and Oligocene to LatMiocene plateau flood (Jimma, AraAlaje, Makonnen, Tarmaber
Megezez, GuraghAnchar, and Addis Ababa) basalts;

2. SynRift Units: constituting Upper Miocer@uaternary products of Nazret pyroclastic
rocks of welded to partially welded pyroclastic flows with rhyoliticandtrachytic lava domes;

3. Main Rift Units: comprising Quaternaijolocene young central volcanoes@hsh Megal
rhyolites and Wechachtaachytes, ChefeDonsa pyroclastic deposits, scoria fall out and
phyric basaltic lava flows of Akaki, Zikwal@achytes, rhyolitic domes, obsidian lava flow,
pyroclastics and pumice fall deposits of B&wericha, lacustrinesediments, and
phreatomagmatic, scoria cones and fallout deposits of Wonji basalts; and

4. Quaternary alluvial deposits.
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According to this report and references therein the general stratigraphyAKakieBesekaarea

is asgiven intable2.1.

The wechecha trachyte in the main rift unit is found surrounding the Dendi Wenchi pyroclastics

with an age estimate of 383Ma. Therefore, the Dendi Wenchi volcanic centers cannot have an

age older than this unit. The products of Dendi and Wenchi vols&iaeeages less than 3.3Ma.

The age of the Wenchi products mi gkndwntbolkee muc h
historically active. The age giroducts ofWenchi volcanics (<0.1Ma)might not tell us the

actual age of Dendi volcanigsbut they dodb t seem to have that mu c
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GEOLOGICAL MAP OF AKAKI BESEKA AREA
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Fig2.2 Geological map of AkakBeseka areéafter Efrem Beshawered, 2010)
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o~ Abebe et al., 2005
. é"\\‘ Lithology Description
Ao
N Age (Ma) Category Lithologic unit
>0.5 Alluvium: reworked matenals of volcanic ongin Holocene Alluvial Cover
10 Lacustrine sediments: sand, silt, clay, diatomites, limestone, and beach sand <0.5 Lacustrine Sediments
Basaltic lava flows: porphyritic to aphyric alkali- and/or olivine basalts
<16 Wonji Basalts
Scoria cones and fallout deposits: reddish or black in color :
60 Phreatomagmatic deposits: maar deposits intercalated with lacustrine sediments and distal silicic voleanic ashes
200 roclastics and pumice fall deposits: pumice falls with intercalation of fine ash and lacustrine deposits <09 .
) By - P SR = L 2o Main Rift |Bora Bericha Rhyolites
50 il Rhyolitic domes with obsidian lava flows:
L2 g
=
[ e 3 = ¢ | Zikwala trachytes: dark gray, porphyritic trachytes with intercalation of pyroclastic material 1.28-0.85 Zikwala Trachytes
SN Pe]
v T v
5 A ATAETL Phyric basaltic flows: pyroxene and olivine -phyric basalts with microerysts of plagioclase and opaque minerals 2.9-2.0 Akaki Basal
caki Basalts
Scona fallouts:
40 Chefe Donsa pyroclastic deposits: unwelded to poorly welded, fine volcanic ash flow and fall deposits 2.54-1.7 Chefe Donsa pyroclastic deposits
‘Wechacha trachytes: short, thick trachytic lava flows and domes with minor pyroclastic materials 4.6-3.3 Wechacha trachytes
Guder Basalt: aphanitic basalt with coumnar joint ? ?
Gash Megal rhyolites: fine-gramned to alkali-feldspar phyric lava flows with interbedded basaltic lava flows <5 i
g - = Parphy Main Rift Gash Megal Rhyolites
50 Rhyolitic and trachytic lava domes: rhyolitic and trachytic quartz, dine, anorthoclase-phyric lava domes
700 ‘Welded to partially welded pyroclastic flows: ignimbrite 5226 Syn-Rift  [Nazret Pyroclastic Rocks
150 ‘Welded pyroclastic flows: ignimbrite with minor intercalated basaltic lava flows
60 Addis Ababa basalts: fine grained to olivine phyric alkali basalts, olivine basalt and trachybasalt lava flows 7.5-5 Addis Ababa Basalts
300 Guraghe-Anchar basalts:aphyric to plagioclase and pyroxene phyric basalts intercalated with rhyolitic tuffs 10.6-8.3 Guraghe-Anchar Basalts
Tarmaber-Megezez Formation: transitional alkaline basalt M. Miocene Pre-Ruft |7
Makonnen basalts: flood basalt Oligo-Mio. ?
150 Aiba-Alaje basalts: weakly altered, tilted basalt with intercalation of pyroclstic rocks 32-29 Aiba-Alaje Basalts
Jimma upper basalts: rhyolite, trachyte and tuffs with nunor basalt L. Eocene - L.Olj| ?
Jimma lower basalts: flood basalt with minor salic flows ?
25 Antalo Limestone :yellowish gray fossiliferous Jurassic
Antalo-Adigrat Sedimentary Rocks
30 Shales and marls: interbedded marl and shale e Hmentary s
I Pre-Rift
150 " e e Adigrat Sandstone:variegated in color. medium to coarse grained, crossbedded and lami d Triassic
=l
= ‘-\‘:’? N Kella Metamorphic Rocks
Lo B W
150 W Biotite gneiss: strongly weathered, yellowish, coarse gramed often cut by pepmatite veins Precambrian

Table2.1: General stratigraphy of the AkaReseka aregafter Efrem Beshawered, 2010)
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CHAPTER THREE
3. GEOLOGY OF THE STUDY AREA

3.1.Introduction

The Dendi Caldera is one of the volcacenterson western central Ethiopian Plateau. It is
found 13 kilometers east of the recently actienchivolcanoin the AkakiBeseka sheet of the
Geol ogi cal sur vey iothes@uthéast ofpAmbo.towh and souttesb @fat e d

Ginchi town.

The volcaniccalderahas a diameter of abo8tSkm in E-W and 6.5 km in N-S directions, it

covers an estimated areaatfout40 km?. The altitude varies from abou820m at the bas@ake

level) to 3270m at the peakThere are two adjacent crater lakes in the caldera forming a shape
that | ooks 1 i ke t he hasaadrbumferengeBobaboudtblanc h of t he |

The calderacomprises different felsiava flows/domeoverlainby different volcanoclasticand
alluvial depositsThe lithological units that crop out in the area are the lava flows/domes which
consists rhyolite, trachyte and obsidian and pyroclastic dsposiuding ignimbrite, volcanic
ash/pumice and surge depo$ite distribution of these rock units is shown in the geological map
of the Dendi calderaThe field description ofeach unitis summarized heralong with the

petrographic description of tlecks
3.2.Volcanic Successions

The stratigraphy othe Dendi calderés shown inTable 3.1 below, including rhyolitétrachyte
lavaandthe pyroclastic deposi{érom bottom to top).

Thickness Lith. | Lithologic units | Sub units Description
symbol

Volcanic ash The major unit is the surg
deposit, while the remainin

~90m Surge deposit totally doesno
Ignimbrite contour

Rhyolite/trachyte | Obsidian flow | There is an obsidian flow d@he

>350m lava flow/dome top of the rhyolite/trachyt

Rhyolite/trachye | flow/dome

Table 3.1 volcanic successions of the Dendi caldera
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3.3.The lava flows/domes

These rocks are crop out in the area by making a steep stegtieal cliffs and occupy the
elevated areaef the calderaThese units have an outcrop thickness of about 350m and their

lateral extent covers the whole ridge in the caldEnalithological units include:

Fig. 3.1 Rhyolite/Trachyte outcrop; A. makii :
vertical cliff; B. showing flow banding; C.
massive (without flow banding) outcrop

3.3.1. Rhyolite

Rhyolite is a felsic extrusive (volcanic) igneous rock. This type of rock is compositionally
felsic/acidic, i.e. high percentage of silica, and crystallizes from silicaterals at relatively
low temperatures. $t mineral constituents crystallizat the last stage of (low temperature

extreme) of the Bowedn seaction series (magmatic differentiation).

Rhyolite has light colorin comparison with basalt which is blackphis is because of its

composition which is felsic. And it is fine grained which is a result of solidification at or near the

Bahru Z. (2014) Page28



CHAPTER III GEOLOGY OF THE STUDY AREA

surface.Texturally, it is classified as aphanitifine grained). But, early crystallized minerals
might exist formingthe phenocryts of a porphyritic texturelt frequently contains voids and

glassy fragments, evidence of having formed in a surface environment with rapid cooling.

This is one of therock typesexposed in the steep slope aseal making the cliffsin hand
specimen, & texture is fine grained and its color is generally light gray but due to alterations its
color is changed to light brownish, yelloWwjsdark grayish. In the fieldt iwas difficult to
discriminate it from trachyte, because they have similar appeardntes. t ext ur e i s
impossible to identify individual minerals by a naked eye or by using hand lens.

The rhyolite cliff in the north western section of the caldera shows columnasfaioture Part
of the cliff is also broken, a little bitansported and rotated to some angle. ddleamnar joints
have a general orientation of°2014(. In the south eastern section of the caldera, the rhyolite

lava flow shows flow banding structure which is a concrete evidence for having lava flow.

Fig. 3.2:rhyolite lava flow showingA, Columnar joint; B, flow banding.

Under petrographic microscaopéhe rhyoliteis fine grained havingaphanitic or porphyritic

texturewith phenocrysts of dominantly alkali feldspar (sanidine}. 6 s gener al | vy

PPL. These conditions show that rhyolite is composed of felsic minerals and formed at the

surface i.e. i Thedesare aninor antognts ofi hornblermle ik some of the thin
section.It et easier to differentiatbetweenthe rhyolite and trachyteThe absence of quartz
grain in the rhyolite makes the identification difficult. But geochemical data helped a lot for the

rhyolite identification.The presence ofrachytic texture guhedralphenocrysts set in a ground
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mass of smaller feldspar lajhalso helped a lot to identify the trachyfehe feldspar laths are

oriented by the lava flowl he thinsection description is given below.

Color | Generally color less, Colorless
phenocrysts, muddy and brownis
ground mass. And in some thin
sections thereg
of green colored miner& Felsic

Text | Aphanitic, PorphyriticC
ure | Volcanic

Phenoq Alkali feldspar (sanidine
rysts | and/or orthoclase){@5%)
(0- I generally around 15%
30%) [ Opaques and glassy - (0
10%) generally around 3

Mine %
rals | Grou | Feldspars (€10%)
prese| nd Hornblendeg i t 6 s f

nt& | mass | some of the thirsections
descr| (70- |andi t 6s conce
iptio | 100% | ~6%

n ) Opaques, glassy and othi
felsic minerals (not well
visible) (3070%). They
are generally ~ 50%

Rock | Rhyolite
name

Fig. 3.3:Representative hotomicrograph
of of rhyolitic thin-section (objectivé

4X). The top is under PPL and the botto
is under XPL. The alkali feldspar
phenocrysts are well visible.

Table 33: petrographic description of rhyolite
3.3.2. Trachyte

Trachyte is a volcanic rock, generally gray in cplehich is dominated by alkali feldspar. The
Trachyte is exposed along with the rhyolite in the steep slope/ verticdl aokf. In hand

specimen, it has similar characteristics with the rhyolite. Its texture is fine grained and its color is
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generallylight gray but due to alterations its color is changed to light brownish, yellawish
dar k grayi sh. ltés the dominant among the
areas are dominantly made of Trachyte. As mentioned earlier, it has ar sipplearance with
rhyolite. But , iundérgpetragraghic miorgseopes hed easi |l vy

Color | Generally color less, Colorless
phenocrysts, fine dark and mudd
ground mass with the color less
onesC Felsic

1 Aphanitic to medium grained,
Porphyritic (the ground mass is

Text generally medium grained)

ure Volcanic

1 Euhedralphenocrysts (generall
alkali feldspars) set in a groun(
mass of smaller feldspar laths
showing trachytic structure

Phenoq Alkali feldspar (520%)1
rysts | generally around 15%
(5- Opaques and glassy-(0
Mine | 20%) | 10%) generally around 5
rals %

prese| Grou | Feldspars (2& 0 %) .
nt& | nd dominant among the
descr| mass | ground mass.

iptio | (80- | Opaques, glassy and oth
n 95%) | felsic minerals (not well
visible) (2050%). They
are generally ~ 30%

Rock | Trachyte
name

Fig. 3.4 Representative photomicrograp
of trachytethin-section ¢bjectivei 4X).
The top is under PPL and the bottom is
under XPL.

Table 34: petrographic description die trachyte

Under petrographic microscope, the trachyte is fine grained having aphanitic (medium grained)
or porphyritic texture with most of the phenocrysts are alkali feldspar with some opaque and
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glassy materials. Its texte reveals that trachyte is a volcanic rock. It shows generally colorless

mi nerals wunder PPL t el | i nmgch aasier totdentifictioentrachytei t i o n
than rhyolite This is because of the presence of trachytic texeubgdralpherocrysts set in a

ground mass of smaller feldspar IgthShe feldspars laths are oriented by the lava flow. The
thin-section description is given below. All the trachyte show trachytic texture. Most of the
feldspar laths are alkali feldspars. Butt diffisult to identify every component/ composition of

the feldspar laths.

Thetrachyterhyolite flow is followed by an obsidian flow at the t@pbsidian is a volcanic glass

which results from a very rapid coolingof magma Co mp o si t i o n thirhiyoliteand 6 s s i

granite but itdéds very rapid of cooling makes

form minerals at the time of emplacement

Fig. 3.5 Obsidian flow cropping out in the area; tedt is from the nortinortheastern sectio
while therightis from the soutfeastern section.

The Obsidian is exposed sandwiched within the rhyolite lava flow in the ridges located
southeastern and nosthor t heastern part of intérealatedavithdhrer a . I
rhyolite flow. Its thickness reaches a maximum of 1m. In hand specimen, It has a glassy texture
(i.e. it is a volcanic glass) which shows a very rapid cooling of magma where there was no
enough time to form a mineral duringitscrystai z at i on. lts color is bl
the composition of the rock, because, its color is dependent in trace amount of minerals and its

composition is felsic, similar with the rhyolite
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There seems to be a baking effect around the obsldigar where a dark brownish/reddish
materi al i uselegdo s absidian undet p@tsographic microscope, because there are

no or little minerals formed/crystallized.
3.4.The pyroclastic deposits

VolcanicPyroclasic deposits aresults of high gas content magma. When magma with high gas
content erupted it becomes energetic. Therefore, instead of a lava flow, it results in fragmental
deposit of volcanic origin. These fragments might be weldrgllydue to its own pressuend
temperatureor by overlaying pressure to form coherent seem rock like ignimbrite. Otherwise,
itds easier to di s csmdernheynasetfragmentelom thdse whath apef roc|
formed from effusive magmavhich are coherent. This unit covers tileole of the floor of the

calderaand thin ash deposit is found also on the ridges.

The pyroclastic rocks amdassifiedby using their grain size and shape ranging from volcanic ash
to agglomerate. And for ignimbrite by its welding which makes it simliéin that of rhyolite
and trachyteThe volcanic succession of the pyroclastic depasigsven in the following table.

Thickness Lithologic units | Sub units Description

1m-7m | Volcanic ash Very recent deposit overlaying the rhyolite/trach
ridgeseven in some placegbove alluvial deposits.

Volcanic ash | Bright white colored ash with pumice clas

~90m immediately overlying the lapilli tuff.
Surge deposit

Lapilli tuff Bedding, Xbedding showing layer with lapilli size

Agglomerate | Very big rounded fragments underlying the lapilli tuf

5m Ignimbrite Massive lava flow seeming deposit

Table 3.4 stratigraphy of the pyroclastic deposits
3.4.1. Ignimbrite

Ignimbrite is avolcanic rockformed when pyroclastic deposits are welded tonfarcoherent
rock whichsometimegeseanbles the lava flows ignintiie/trachyte But, the presence of rock
fragmentsandfiamme (an elongated/stretched glassy material due to weldegy)y shows it's

formed from a pyroclastic deposit (not a lava flow).

Bahru Z. (2014) Page33



GEOLOGCAL AND GEOMORHOLOGICAL CHARACTERIZATION OF THE DENDI CALDERA, WEST CENTRAL
ETHIOPIA: IMPLICATIONS FOR PALEGENVIRONMENTAL RECONSTRUCTION USING LAKE SEDIMENT CORES

This unit is exposedh the western side of the caldera. It resembles the rhyali in some
casesitwasdifi ul t t o i d e mrlgnimpritewereRhyollee But the fprésence of some

rock fragments helped a ldts thickness reaches up to 5m.

Color | Colorless phenocrysts, muddy
ground mass+ opaque brown
materialsC Felsic

Text | 1 Porphyritic (v.finegrained

ure ground massC Volcanic

1 It shows a primary foliation
(Eutaxitic texture

9 Euhedrabhenocrysts (generall]
alkali feldspars)

Alkali feldspar (514%)i
generally around 13%

Phenocr Rock fragments (5%)
ysts

Mine |7 " [ "Opaques and glassy-(3
rals | (20%)

5%) generally around 5 %
Pre€S€I'Grou | There seems to be a
Nt& | ng | feldspar lath, glassy &
descr

72 mass | opague materiaBut
IPUO | (g0n) | difficult to identify
n individual minerals

Rock | Ignimbrite
name

Fig. 3.8 representativehotomicrograph
of Ignimbrite thinsection ¢bjectivei

4X). The top is under PPL and the botto
is under XPL.

Table 35: petrographic description tfie lgnimbrite

In hand specimen, its texture is fine grained and its color is generally light gray, light brownish,
yellowish having similar appearance with the rhyolite. Its texture is fine grained with no visible
mineral except some rock fragments in somaas.This condition shows the ignimbite is not

sorted. Theighly weldedignimbrite isdifficult to breakresembling rhyoliten appearance.

Bahru Z. (2014) Page34



CHAPTER III GEOLOGY OF THE STUDY AREA

Under petrographic microscope, the ignimbrite is fine grained having aphanitic or porphyritic
texture withphenocrysts of dominantly alkali feldspar (sanidine) and rock fragmsemdsving

the unsorted characteristics of thisrolckk 6 s , @plerdess& muddlyynderPPL. Its texture

and light coloredcolor less}elling usthat this rock is felsic volcaic rockwith the presence of

rock fragments it will fulfill the criteria of being Ignimbrit&he ignimbritealso shows eutaxitic
texture a planar foliation texture formed principally by the welding compaction of pumice and
glass shardd'he feldspar pheocrysts represent the crystals in the ignimbrite, the rock fragments
represent the lithics from the surrounding while the fine ground mass making the eutaxitic

texture represents the juvenile magifiae thinsection description is given Table 3.5 above
3.4.2. The Pyroclastic Surge deposit

The floor of the caldera (flat land immediate to the lake) is composed of the pyroclastic surge
deposits, which showsedimentary structures likeeddingand X-bedding Theseare typical
characteristics of surge deposithis unit is also exposed in a little bit elevated area at the
western side of the caldera. Its size ranges fiiomash at the top to very big bombslfcm
diameter) at the bottonThe description given below is mainly based on their diference
starting from the big bombs dominated the agglomerate degidbi¢ bottom upwards the fine

onesconsisting the volcanic ash depaithe top.
The Agglomerate

The Agglomerate/lappillistone is found at the bottointhe ridge just below the sand sizeurge
deposit and above the ignimbrdeposit Most of the pyroclastic fragments are rounded, i.e. they
are bombs which arghyolitic in composition This unit is exposed in the western side of the
caldera just below the sand sized depositse matesl (ash)is found between thbombsused

as a cementing materidt has a total thickness of about 1 metdalf of it at the top is
dominated by the bombs while the bottom half is dominated by fine materials of ash and the big

pyroclastic fragments araore of angular, i.e. they are blocks.
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Fig. 37: The Agglomerateoutcrop; A.showing|&&:
the whole section B. zoomed to the#s
agglomerateC. fine ash deposit overlaying thZs ===
Agglomerate.

The Lapilli -Tuff

This is the mairunit thattotally constituteghe low land immediate tthe lake (the floor of the
Calcera). It's also exposed in the westddye just above the previouglamerateln this part,
it's underlain by this aglomerate while in the flat land/ the floor of the lakmvisible what's
found beneath iBut, in one of the caves a soil like deposit is found just below this larsbme
parts, it's overlain by voémic ash/pumice deposithile most of this unit is covered by only

alluvial depositsThe grainsizeof this unitvaries from fine ash to fine lapilli

This unitshows sedimentary structures like beddingheiding and even leaf casts are in some
cases visible at the bottom of this unitis structures show the presence of water during its
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deposition.It also forms caves near the lake, may be due to its interaction with the lake water.
These caves were modified by humans and were used as shelters in earlieft tassa

maximum thickness of 90m.

Fig.3.8 lapilli-Tuff (Surgedeposit)outcrop;
A. showing the section with beddimgd X
bedding structie; B. one of the caves. ©
also shows the sedimentary structures (af-
bottom soil like deposit)C. leaf cast on thg
lappili-tuff.

3.4.3. Volcanic ash/pumice deposits

This unitiswi dely spread in the area where itbs ex
(rhyolite) in the gentle slope area and also at the top of the pyroclastic surge deposits.

In the middle of the lowland at the top of the pyroclastic surge deposit thederightiwhite
colored volcanic ash deposit with pumice clastss linost probably formed just following the

pyroclastic surge deposit. This unit has a maximum thickness of 4 meters.
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In the gentle slope areas below the rhyolite ridges, it shows laredtizaitccumulation of black

colored material in circular shaped openings. The materials that fill these openings are more wet
clayey materials and they have higher magnesium and aluminum content. This deposit is also
wetter than the other volcanic ashdeposi and its color is more |ig
suggesting it most probably is an ash fall. Its thickness ranges from 2 meters up to a maximum of

8 meters. This unit is bedded (laminated) ash. In most cases the bed is horizontal. But, in some
arms ito6s inclined; th®2etrike and dip in aver

B
¥l

g |
PR iEY

A

Fig. 39: The volcanic ashutcrop; A.
showing lareritizatiorand horizontal
bedding B. volcanic ash with pumice
clasts C. the volcanic ash at the top of thq
cliff overlain by alluvial deposit +
vegetation.

The volcanic ash deposit at the top of the rhyolite/trachyte ridges has a different appearance than
the previous two. In this area its exposure is found also above a soil deposit and even intercalated

with soil (see fig. 10). This shows the presence aécemt volcanic deposit, may be from the
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nearby volcanic centers, for e.@/enchicrater. The thickness varies from place to place in some
areas itodos almost absent and in other areas i
varies from place to place (may be due to wea
well sorted and it maintains similar local thickness across the area. These conditions show that
this ash is an ash fall deposit rather than an ash flow deposit. This unit is dipping towards the

lake with varyirg degree reaching a maximum &2

Fig. 310 Volcanic Ash deposif »*
locally intercalated with soil .

|/

Soil + vegetation 4 B

Volcanic ash
> deposit (at the
top)

Soil (in between 2
the volcanic ash 4,
deposits)

Volcanic ash
=~ deposit (at the
bottom)

Soil (at the bottom) 4“&\

3.5. Structural Features

Dendi caldera has almost elliptical shape with about 8.5 km diameter in its longest direction
(NW-SE) and 6.5 km in the shortest direction (S§®/). The total area covereg the caldera is

about 44sg. km with a maximum altitude difference of 440m.

Dendi calderds not that muchaffected bytectonic structures like faulAs a collapse caldera

there has to be a location where the actual volcanic collapse @ocutise actual subsidence of

the collapse has to be determin&tie tectonic collapse i®wt¢ated around the inner rim of the
caldera. This collapse will be the main tectonic and structural feature in the area. This collapse
determines the shape and size of the cald&ug.in this thesis work thactual location of the
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tectonic collapsés not determined. Therefore, the structures included here in this work are the

other structures comparatively smaller than the big collapse structure.

The major structures are the primary structures like bedding apeldding in the lapilli tuff
(Fig. 3.8 A, B) flow banding and columnar joint in the rhyolite/trachyte (Fig. 3.2 A, B) and
bedding/lamination in the volcanic ash deposit (Fig. 3.8 A).

Most of the beddings are horizontal except some disturbed strata and the volcanic ash fall deposit
which is deposéd following the existing inclination. The inclined beds, esp. the volcanic ash
falls at the top of the ridges, are dipping towards the lake with a maximum inclination angle of
25°. The volcanic ash that shows lareritization has either a horizontal re§@me areas a little

bit dipping bed. The inclined bed has a general dipping trend of southward direction with an
inclination of 18. The columnar joints in the rhyolite/trachyte shows a general trend of

70°A 140,
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Fig 3.11: Geological mamand Cross section dahe Dendi CalderaVertical scale is
exaggerated by2X over horizontal scaleThe bottom crosssection is theoretically
extended to locate the bottom unit which is the Wechecha trachyte from literature.
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CHAPTER FOUR
4. RESULTS AND DISCUSSIONS

4.1.Classification

There are different methods used for classificatiomgpoéous rocks. In volcanic rocks we are
more dependent on the chemistry of the rocks because modal composition is difficult to identify
and cannot be relied on it. One of the methods used in general classification of igneous rocks is
just to use the conceation of SiO2. Depending on the concentration of SiO2, the rocks, then,
can be classified into acidic (>63%), intermediate-§3%0), basic (4%2%) and ultrabasic
(<45%). If we classify the rocks from Dendi caldera based only on the SiO2 content, test of

lava flows fall in the acidic region while all the pyroclastic fall in the intermediate region.

16 Legend

b + |Obsidian
Phonolite

o™

Rhyolite/trachyte

12 + Foidite

ephriPhonolite,

5 Ty, # Dz Molcanic ash/pumice
3 10 - Trachydacite that shows

g L1 Trachy- lareritization

£ Tephrite Rhyolit

Basanite Dz Molcanic ash/pumice

at the top of the ridge|

ar Dacite Dz [The lapilli tuff
Basalt
2 r i .
ot Fig. 41A: TAS

0 - classification for Volcanic

1 1 1 1 1 1 1 1

0
35 40 45 50 55 60 65 rocks. All values are wit.

Sio2

According to the Total AlkaliSilica (K20+Na20 Vs. SiO2) classification diagram (after LeBas
et.al. 1986), all the obsidians (cross shapes) are compositionally rhyolitic with another rock unit
formed from an effusive magma (the rhyolite) crop out in the area is also rhyolitic. But, most of
the remaining lavas (triangular shapes) are trachytes/trachydacite. The pyroclastics (diamond
shapes) have different composition. For example the volcanidbast colored) that shows

lareritization is more of trachyandesite. While, the lapilli tuff (red) in the flat land area is

Bahru Z. (2014) Page4d?2



CHAPTER IV RESULTS AND DISCUSSION

compositionally basaltic andesite. The volcanic ash (green) at the top of the ridges is on the line

that separates andesite and hi@sandesite.

This shows all the lava flows/domes are compositionally either rhyolitic or
trachytes/trachydacites. But, the pyroclastic deposits have considerably differing composition
which ranges from trachgndesite, andesite to basaltic andesite. Thight be due to
contamination from the previously existing materials during the explosion and deposition or they
might have different source magma. For example the geochemistry of an indinsioded

layer of dark brownish material within the lapilliff) in the lapilli tuff falls in TephriteBasanite

area. If this unit intercalate with a rhyolitic material the composition of the new mixture will be
between the rhyolite and TephriBasanite region which is most probably the Basaltic Andesite.
And alsothe composition of the lateritic soil at the top of and within lareritization showing
volcanic ash haa basaltic and basaltendesitic composition.

The per alkalinity index (PAI) (Na20+K20/AI203) of the dendi volcanics show variability due

to either irtial composition or later alteration where the highly mobile elements Na a&eK

easily washed awaylhis is especially seen in the volcanic ash. The less altered obsidian is
peralkaline showing an average value of 1.22 whereas the rhyolite/trachytear@7te
pyroclastics 0.23As it s seen in Fig 4.1B, the Dendi ok
which shows it has higher Fe than Al.

20.00

Comendite trachvte
15.00
Comendite Pantellerite trachyte

10.00 +F

+
X
fr

Al203

5.00 - Pantellerite

0.00 ; .
0.00 500 FeQ  10.00 15.00

Fig 4.1 B:FeOt vs Al203 classification diagram for peralkaline volcanic rocks. Diamond shapes
are obsidian from dendi and the cross shapes are from litemtthte MER (Datas are from
Boccaleti et.al. 199®Mazzariniet. al., 1999 Yirgu et al., 1999
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4.2.Major Element Variations

The obsidian has a very high amount of Si02-{30%), K20 and Na20 than the others while

the lappiili tuff and the volcanic ash at the top of the ridges has low amount of Si02 (~55+2%),
K20 and Na20 compared to the others. The rhytietiyte shows SiO2 content between 61
72.5% and the volcanic ashat shows lateratizatidmas SiO2 content of ~ 61 % which is more

or less similar with that of the rhyolite/trachyte samples. This shows that the volcanic ash in this
area has a compositiahat differs from the other pyroclastic deposits and they might have

different source.

The lappili tuff has a higher concentration of MgO (~3.7%), CaO (~8.4%) and TiO2 (~2%)
while the obsidian shows a very low concentrations for these oxides with thelsénce of

MgO (0%) and CaO and TiO2 values are 0.18% and 0.28% respectively. The rhyolite/trachyte
MgO values range from 0.6245% with an average value of 0.16% while the CaO and TiO2
has average values of 0.41% and 0.54% respectively. An inclusiba lapilli tuff which has a

darker color has the highest concentration of these elements. 7.7% MgO, 16.8% CaO and 2.39%
TiO2. This composition and the color of this inclusion show that the inclusion is compositionally

mafic. The legend for all the plota this chapter is identical to that of Fig.4.1.

The volcanic ash at the top of the rhyolite/trachyte ridges has a very high concentration of MnO
(~0.45%) and FeO (13.5%) and AlI203 (25%) compared to the others. The obsidian and the
rhyolite/trachytehavethe lowest concentration in AI203 and FeO and also P205 (~0.05%). The
lappili tuff has higher P205 concentration (0.49%) and the inclusion in this unit also has higher
concentration of P205 (0.58%).

Har ker 6s variati on duneignrofssifita is preasentechirSge4.200nithd e s a
diagram the oxides with different properties correlate with the SiO2 differently. The K20 and
Na20 show a positive correlation with SiO2, i.e. they show an increasing pattern when the
amount of SiO2 in@ases. But, FeO, AlI203, TiO2 generally have a negative correlation with

SiO2, i.e. When the SiO2 concentration increase their concentration decreases and vice versa.

The pattern of SiO2 vs MnO is not that much clear while the pattern of SiO2 vs MgO and CaO
seems a little bit negatively correlated but generally it is constant. When the concentration of
Si 02 increases their concentration generally

low silica in the lapilli tuff.
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4.3 Trace Element Variations

Trace and minor elements are often more sensitive indicatgpetadgenesighan are major
elements. In other words, those rocks, which share a common sshwaé] plot similarlyNote
that all of theDendivolcanic fieldslook quite similar to one other especially in the spidergram

variation diagram.
4.3.1. Trace ElementVs Silica

Har ker s variation diagram for trace 3eOnements
this diagram the trends of the trace elements with increasing SiO2 is well visible. Some elements
show strong correlation with an increasing SiO@ilevthe others show weak correlation. The
correlation also could be either positive (increases with an increase in SiO2) or negative

(decreases with an increase in SiO2).

Variation of Rb has a strong positive correlation with increasing value of thev@8ib2 value

ranging from 50ppm (in the lapilli tuff) to 300 ppm (in the obsidian). Similarly, Zr, Nb, Th,

(High Field Strength Elements, HFSE) La, Ce, Nd (Rare Earth Elements, REE) and Pb generally
shows a positive correlation with increasing SiO2 butcbreelation is not as strong as the Rb

and their distribution is widespread. The concentration of Zr varies greatly from ~400ppm to
~3750ppm. La and Ce also are widely spread with concentration ranging from 0 to 400 (for La)

and 700 ppm (for Ce). The vation range of the other trace elements which shows positive
correlation with the Si O2 i n450),INd (100400)KTeands di a
Pb (1670).

More or less strong negative correlation is shown by Sr and Ba. Both are Large Ighilétho
Elements (LILE) with more or less similar property. The Sr has a higher value in the lapilli tuff
reaching 480ppm but in the remaining rocks its value ranges between 3.2 ppm (for the obsidian)
- 42.9ppm (for the volcanic ash). This very low concditraof Sr in combination with the
positive correlation and relatively higher concentration of Rb, results in a very high value of
Rb/Sr ratio. The average concentration of Ba shows distinct values between the pyroclastics and
the lava flows/domes. Ba cagration in the rhyolite/trachyte and obsidian samples is 19.5
ppm, in the lateritic volcanic ash is 146.5 ppm and in the lapilli tuff and the volcanic ash at the

top of the ridges is 395.17 ppm.
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A series of lavas related by crystal fractionatiosually will plot on a straight line on
incompatible elemerit incompatibleelement scatter plotScattered values in these diagrams
might show either alteration in the samples or the weakness of detecting low concentration
elements in the analysis employed.

On trace trace elements scatter plots Figs: Rb versusI, U and Cgand Laversus Nb shwas

more or less positive linear correlatioaspecially for the effusive rock3hese linear positive
correlations possiblgxplain the fact that the two highly incompatible elements are fractionated
throughextended amounts of crystal fractionatitthmay also indicate that thBendi Caldera

products are from the same source related by crystal fractionation.

4.3.3. Trace element Ratios

Table4.1 shows selected trace element rafmsthe Dendi volcanicsThe linear enrichments of
incompatibleelement ratios pltted against traceslements aréess diagnostic compared with
element- element plotsin the ratios, some values are missed. This is due to their denominator
value which is zero and dividing a number by zero is impossible. The zero values might be due

to detection limits of the instrumentation used during the geochemical analysis.

Although, in the Dendi caldera, thejso support that the lava seriesthe study area are
resulted from single magmatic source. Ttaee versus trace rat{dlb/Y, Rb/Ba Rb/Sr, Rb/Nb,
Zr/Nb andNb/Th againstRb) plots of theDendi CalderaKig 4.6) showsa generalpositive linear
correlation interpreted as the lavas are fremme magmatic source addfers as a result of

fractionation.
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7.1
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49.15
46.36
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22.98
34
33.64

26.48
0.55
0.58
0.11
0.13
2.45

0.19

0.06
1.46
1.4
11.22
9.95
0.59

3.53
3.51
7.69
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12.35

11.68

1.97
1.95

2.05
2.78
2.85
1.38
1.48
2.37
2.37
3.41
3.41
1.6

1.59
151

1.52

5.12
5.18
10.29
10.3
5.06
5.15
2.34
2.37

41.2

10.61
26.38
57.46
38.95
94.52

22.68
13.47

Table 4.1: Trace element ratios
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4.4. Spidergram

This spider diagram shows selected trace element content and pattern of the Dendi volcanics.
Essentially, it plots trace and minor element contéwoi® Dendi caldera rock unitsormalized
to MORB. The MORB standard values are fr@avins et al. (1984).
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Fig. 4.6 Spider diagram (MORB normalized) showing tratement content of the Dendi
volcanics. Standards are those of Bevins et al. (1984).

The spidergram shows a general decrease from left to right. In other words, it has higher
concentration of incompatible elements than compatible elements which isttla¢ @ase of

such more of acidic rocks. The main reason behind this is, during fractionation the compatible
elements incorporate with the solid residue while the incompatible elements incorporate with the
liquid which remains with the acidic rocks and hdwve highest concentration in the last stage of
the fractionation. The negative anomalies are usuilly tofractionation(removal) of some

minerals.

The Dendi volcanics show strong negative anomaly in Barium, Strontium, Phosphorus, Titanium
and Chromium.This means the Dendi volcanics fractionates thoseerals that consist the
elements listed aboviacluding Apatite (P) and F&i oxides. The negative anomaly of/Rr

shows there might be fractionation of mafic minerals which finally results in such
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compositionally felsic rock. Strontium negative anomaly is usually due to fractionation of Ca
bearing plagioclase while the Barium negative anomaly probably is due to fractionation of alkali

feldspar which is well visible in the thection of the rocks asplenocryst assemblage.

The spider diagram above also shows positive anomaly in Thorium, Niobium, Zircon and
Yttrium. These el ements are incompatible el el
why their concentration is high in the most evolvedk (i.e. rhyolite) thus they show a positive

anomaly in the spidergram.
4.5.Discussion

4.5.1. Petrogenesis

In Ethiopian igneous province during Mioceiteliocene there was uplift, rifting and building of
basaltic shields with associated rhyolites and phonolbsut 10ma is marked by one of the
major episodes of rifting (Kazmin et al., 1980).

The presence of rift related volcanics on the plateaus can be explained by the possibility that
the Afar plume material may have been channeled to adjacent favoralilg@refragstems

all owing 6fissure typed volcanic eruption to

Several models have been proposed to explain the origin of silicic magnti@e Ethiopian
volcanics Barberio et. al. 1999 and references therdihgse include

1 Fractional crystallization of mantle derived basaltic magmid or without (limited)
crustal contamination

1 Partial Melting of the continental crust (anatexispartial melting of under plated basic
igneous rocks/cumulates followed by crystal fractiamabf the resulting magma

The origin of huge volumes of silicic extrusive rocks (usually ignimbritethe Afardepression
andthe main Ethiopian rift (MER) is attributed to fractional crystallization of basaligmas
with limited crustal contaminatio For example, gvious studies in the silicic centers at
DebreZeyitfound that most silicic magmas are the result of fractiamgstallization from
parental basaltic liquids (Gasparenal, 1993)andstudiesfor the origin ofrhyolites throughout
the MER suggests similar interpretation of fractional crystalliza{eg., Ayalew 2011; Ayalew
andlshiwatarj 2011).
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In addition two-stage model has been propofatthe genesis of the AselaZiway pantellerites
in the Main Ethiopian Rift (Tura et all999). It involves small degrees of partial melting of a
basaltic under plate to produce tleast differentiated silicic magmas, which in turn undergo

moderate degrees of fractiormay/stallization to generate the most evolved silicic rocks.

In this thesiswork the Dendi volcanic area and the rock samples from the caldera are
geochemically and petrographically analyzédesegeochemical and petrographic results from
the present work will be more profitably examined for evidenceraxdtibnal crystallization

model rather than the other options mentioeadier.

The fractionating mineral assemblage is normally indicated by the phenocrysts Besethte
early crystallized mineral might successfutlgremoved from the melt and weight not get the
fractionated mineralas a phenocryst assemblage. The petrographic investigadiicates that
the major phenocryst phases in the lavasadkali feldspars (sanidirlerthoclasg and opaque

minerals Fe-Ti oxides.

Major elements chemistrdisplays featurethat agree with fractionation afhe maficmineral

assemblage that is also supported by trace element variation plots.

The Mid Oceanic Ridge Basalt (MORBhnormalized trace element variation diagram
(Spidergram) (Figure 4.4) displays erched highly incompatible elements and a lower
concentration in the less incompatible elemeltitalso shows &harp falls in Sr, Ba, T2 and
P205 and Cr which verifiegactionation of feldspar, plagioclase, apatite and titamagnetite.
Strong deplebns in Sr, Ba, and Ti in the more felsic rocks obviously produced by fractional
crystallization ofsome combination of plagioclgsalkali feldspar, apatite, FE oxides, and
titanaugte (Barker, 1996 and referendbere in)

The lavas also have high amantration of Nb content i.869 392 ppm forthe obsidian~298.5
ppm forthe rhyolitefrachyte for the lapilli tuff ~ 60.2 and for the other volcanic ashes ~300
Similarly, the Th cogentration for these rocks higher, which is 61.2 ppm for the obsidian
~39.3ppm forthe rhyolitefrachyte for the lapilli tuff ~ 12.1 and for the other volcanic ashes
~51.4.Both Nb and Th also show positive anomaly othe Mid Oceanic Ridge Basalt (MORB)

normalizedraceelementvariation diagram (Spidergram).
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A very high Rb/Nb and La/Nb ratiaharacterize crustal rocks and the partial melts derived from
these crustal rock@earce et al 1973. In the tablet.1 below trace element ratio characteristics
of Dendi volcanicsare compared with rhyolite formed byrpal melting of the crust (B) and

the WegelTena rhyolite (4)Gunavolcanics (57), and Chefddonsa Pumice (9which are

mantle derived and that show a limited crustal contamination.

No | Lavas Rb/Nb La/Nb

1 Malusni, peru rhyolite 22-45 0.81.7

2 Loch saridain UK rhyolite 7-9 2.62.7

3 Yellow stone rhyolite 2-5 0.82.3

4 WegelTena rhyolite 0.81.3 0.81.2

5 Guna Rhyolite 0.931.31 0.761.03

6 Guna Trachyte 0.400.57 0.37-0.84

7 GunaPhonolite 0.31-0.89 0.340.70

8 ChefeDonsa pumice <1.34 <1.1

9 Dendi obsidian <0.81 ¢0.79 <0.98 ¢0.77)
10 | Dendi Rhyolite/trachyte <0.61 ¢0.53 <1.02 ¢0.73
11 | Dendi Pyroclastics <0.95 ¢0.62) <1.23 ¢0.79)

Table 4.2: Comparisorof trace elementratios (Rb/Nb and La/Nb)in different volcanic
provinces. Datasources are No 1-4: Ayalew D. and Yigu G. (2003) and references rthén;
No 57: AdiseMekonnen (2006); No 8. O. Roone\et.al. (2012))

The comparison shows that tBeendi volcanicincompatible trace element ratios are different
from those of typicatrustal melts and similar with the WegelTena rhyolieefeDonsa Pumice

and the Gunavolcanicsimplying that they did not originate by partial melting of the crust.
Instead, the geochemical features are consistent with their derivation from mantle derived

basaltic magma by lowressure fractionation.

Partial melting vs. fractional crystallization

Traceelement behavior as a result of silicatelt equilibria is described in a number of familiar
equations (e.g., Shaw, 1970; Arth, 1976). Partial meltiggieerally modeled by an equilibrium

batch melting equation such as:
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#Hi# pi& $ &

Whereas fractional crystallization is described by the Rayleigh equation:

#Hi#t &
(In which# =concentration of element (i) in the liquid,=concentration of elementin the

starting mineraimelt assemblage, F=fraction of liquid).
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Fig 4.7. Model Sr vs. Rb concentrationgl) expected as a result of differing degrees of partial

melting as opposed to Rayleigh fractional crystallization for the same parent composition
(modified afterHalliday et.al. 1991)

As seen in Fig 4,7Strontium is depletechuch more rapidly during crystéiactionation than in

melting. Thus, t is almost impossible to achieve low Sr concentrations (and correspondingly

very high Rb/Sr) through equilibrium partial melting.h er ef or e i t de ondyoncl ud
closed system model capable of generatinghvery highR/Sr characteristicen rhyolitesis

fractional crystallization (Halliday,1989. In addition to this, such very high Rb/Sr
characteristics also show the presence aiignificant crustal magma chamber at the time of
eruption. Many prealdera hyolites with low Sr concentratiorike that of the Dendi caldera

are therefore likely to reflect the presence of a large magma system, rather than small pockets of
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unrelated melt Arzi, 1978 Bacon et al., 1981McKenzie, 1985 Metz and Mahood, 1985;
Wickham, 1987Huppert and Sparks, 1988; Sparks et al., 1;990

400
350 -
300 -
250 -
200 -
150 -

Rb (ppm)

100 - ¢

Fig 4.8 Model Sr vs. Rb concentrationg2) expected as a result of differing degrees of partial
melting (broken line) fractional crystallization(solid line) for the same parent composition
(modified afterHalliday et.al. 1991) and calculated assimilation fractional crystallization from
basaltic crustal magmas where the Precambrian basement rocks are considered as assimilant
(modified afterBarberio et. al. 999)

As it ds s een inimodelédiRgor cbncéntratioh diagem, assimilation might be
occurred during the formation of the dendi volcanics especiallt for the pyroclastics. But,
alteration might be the reason for such values since the unweatisiglibn values clearly

shows pure fractional crystallization with limited contamination.

Sr shows a very low concentration and strong negative anomaly on the spidergram (the Mid
Oceanic Ridge Basalt (MORBhormalized trace element variation diagram).Note that
contamination cannot be responsible for the very low observed Sr concentrations. In fact,
exceedingly low Sr concentrations in a rhyolite are inconsistent withffa@sionation crustal
contamination (Halliday et al., 1989)he observed low Sr coenctration also ruled out the
hypothesis that suggests partial melting of underplated basaltic magma. Since basalts are
enriched in Sr, their product will not give such a very low Sr values in rhyolite/trachte (Barberio
et. al. 1999).
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4.5.2. Caldera Formation

Collapse calderas are sabcular depressions, wolcanic areas, whose diameter is considered to
be largerthan that of explosive vents and craters (Williams, 19ddgsibly reaching many tens
of km, as La GaritaJSA (Lipman, 2003). Calderas may bkaracterized by aariable amount

of subsidence, ranging from femvetersto few kilometers Their shape may be subcircular, or
more commonlyelliptical, possibly reflecting the influence of a regiortattonic control
(Holohan et al., 2005, and referentiesrein).

Calderas are formed under various tectaregmaticconditions, as along felsic (or silicic)
volcanic arcs in convergent settings (De Silva, 1989; Cole, 1¥2&hida, 2001), mafic and
felsic oceanic and continentdivergent settings (Mohr and/ood, 1976;Gudmundsson1998
Bosworth et al., 2003), felsic strilghip settinggBellier and Sebrier, 1994) and mafic hot spots
(Newhalland Dzurisin, 1988, and references therein). Despitevéinigbility, there is a tendency
for felsic explosiveeruptions to be related to calderas formed in a shtner span (hours to
days), triggering catastrophic even@onversely, moderate effusive mafic activity is usually
associated with calderas formed over broader time gpays to yeaps(Newhall andDzurisin,
1988, andeferences therein).

Two mechanisms have been proposed to expglaltera formation. In the most popular model,
calderasare the surface expression of the emptying of the magramber during effusive or
explosive eruptions. As egesultof an underpressure within the magma chambeoate point
before the collapse, the roof of the reseryodlds, forming a depression at surface (Williams,
1941;Druitt and Sparks, 1984; Branney, 1995; Lipman, 199 amountof magma that must
be eruped toinduce collapse varies between a fesvcent to 40%Almost all of the volatile rich
magma will be forced out from the magma chamber after the collapse is inMeeti.et al.,
2000).The alternative mechanism explains caldera collapseesuliof an overpressure within
the chamber; theverpressure induces doming and subsequent dpitsile stresses, which may
lead to the initiation otollapse (Gudmundsson, 1988; Gudmundsson et al.,1997; Burov and
Guillou-Frottier, 1999; GuilloUwFrottieretal., 2000).

Primarily based on fieldlata, five endmember caldera geometries or sty|piston, piecemeal,
trapdoor, downsag, funnel) hatbeen proposed (Fig. 3.1&.g. Lipman, 1997) and commonly

referred to in the literature (e.g. Cole et al., 2005, rafetences therein).
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Fig. 49: Established caldera emmdembers proposed in the literataéter Lipman, 1997; Cole et
al., 2005).

Pistontype calderas are bordered byirgg fault, delimiting the sinking central block; piecemeal
collapsegesult from the differential vertical movementrotiltiple independent blocks; trapdoor
collapses areaymmetric depressions, with an unfaulted hinge; dowrtsdderas are broad
depressions characterized inyvard tilted margins; funnel calderas are narawd deep cone

shaped depressions, often associated gvakitational slumping

A study byAcocellaV. (2007) on theanalogue models of calderdentifiesthe following points

which clearly show the main mechanisms by which most of the natural caldefasnaed.

V The experiments simulating an overpressure within the reservoir, even if in agreement,
require unrealistic uplifts to develop depressions; therefore, they do not explain most
natural calderas.

V All experiments simulating calderas resulting framderpressure within the reservoir
point to a consistergcenario defining the evolution and structure of caldeeamrdless
of any experimental boundary conditigmaterials, apparatus, scaling, volcanic edifices,
regional stresses). These models maystitute asuitable analogue.

V In underpressure experiments, caldera collapse develgpstages, proportional to the
amount ofsubsidence, progressively characterized by: a) downsag, b) reverse ring fault,

c) peripheral downsag and d) peripheral nornmaj fault.
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Fig. 4.10: Schematic representation of the four stages of evolution of caldera collapse, obtained
in all the underpressure experiments, as a function ddirtimunt of subsidencéafter Acocella
V., 2007)

Most of the available geological aggophysical datat known calderas are consistent with the
experimentalstructural features, as well as with their progressidns consistency between
experiments and geologicalgeophysical data has two main implicatio(e) the experiments
allow anunderstanding of theubsurface structure of natural calderas by knowheg surface
structure; (b) considering the surfeateucture of calderas it may be possible to discrimitiati

deeper structure and belonging to any offthe experimental stagp.

Several calderas, with a defined overall structure, maybe suitable natural examples foluthese
stages, definingaldera types along a subsidence continuum. Ndimgr natural calderas, when
their surface structure sufficiently known,may be recociled with any of thefour evolutionary

stages, to infer their subsurface structure.

The obtained relationship between the evolutionatage of a caldera and its d/s
(diameter/subsidenceatio shows that stadiecalderas are characterized dg>40, stag@ by
18<d/s<40, stagedy 14<d/s<18 and stagé by d/s<14. The consistency betweemperiments
and nature suggests that, in principle, di'e ratio may permit to evaluate the overall structure

and evolutionary stage of a caldera even whesurtiacestructure is poorly known.
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Fig. 4.11. Evolution of natural calderas geometries, summarizedour stages from a
combination of experimental data and actual exampleghe right:caldera enanembersand
related conditions to forngafter AcocellaV., 2007 and references there in)

The d/s values of the Dendi caldera falls insteg® and/or stagerange ofthis category where
the actualalue falls around 18. The st&jevolution of the caldera suggests that it is a reverse

ring fault and stadgeis peripheratiownsag

While the d/s ratio has an overall relation with gwlutionary stage of a caldera, it may be
independenbf the volume of erupted magma. However, the locabibsyn and posicollapse

volcanism may depenabt only upon the ama of collapse, but also on tiheof aspect ratio.

The evolutionary stages explain the architecturedavélopment of the established caldera-end
membersalong a continuum, where one or more -emeinbersmay correspond to a specific
stage. While such eontinuumis defined by precise structural featuresntrolled by progressive
subsidence, specific geometriessult from secondary factors (roof aspect ratollapse

symmetry, preexisting faults), not diagnostf the collapse stage. These considenst allow
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proposing an original classification of calderas, incorporatitigeir structural and genetic

features.

Different experiments may explain the ellipticity of a partnatural calderas elongated parallel
to the regionaéxtension, while the controf pre-existing structureghough not simulated, may
explain the elongation délliptic calderas oblique or parallel to the regiosalcturesin the
case of the Dendi caldera, it has a general elongation ofSEWirection which is almost
orthogonalto the NNESSW trending regional structure of the Main Ethiopian Rift. This shows
the influence of the MER might affect It or

influence on the ellipticity of the caldera.

The main sequenséncludedfor the formation of the Dendi caldeaae as follows.Thefirst to
form is thedoming byrhyolite/Trachytdava and subsequently followed by the rhyolite trachyte
lava flow forming an elevated are@ghe DendiMountaing and leaving the magma chamber
emptynear empty/ Then, cracks are initiated due to an empty magma chaarbéhe lava
dominatedDendi Mountains These cracks might be forced tggional tectonics gore-existing
structures.The subsidence of the caldeis followed when the empty magma cHhaen cannot
support the overlying body anymovéhich is accompanied bgnergeticpyroclastic eruptions
duringand/or aftethe collapsdorming pyroclastic deposits in the caldera and might also out of

the caldera.

The Crater Lakes the vent through whichll the volcanic products from the magma chamber
forced out prior, during or after the formation of the collag3des other option might be, after

the formation of the Dendi caldera a secondary eruption takes place which leaves its vents now
as the Dendi tater Lake.

Thevolcanic surgaleposit in the caldemnaight also behe result ofa latereruption where there

has beenvater body during its deposition. This is clarified when we see that the lapilli tuff is a
surge deposit with different sedimentary structures. But the time gap between these eruptions,
i.e. the eruptiorthat form the lava flowsbgfore/during the calderfarmation) and the eruption

that formthe surge deposit (durirajter the caldera formatipnis unknown. But there might be a
significant gap between these two eruptions as theeens to ba paleosoil developed beneath

the lapilli tuff. There exists ab leaf casts at the bottom of the lappili tuff (see Fig 3.8 B & C).
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CHAPTER FIVE
5. GEOMORPHOLOGY

5.1. Introduction

TheDendi calderas found partly in the Central Lava Highlands avidssifs within the Western
Highland Plateauslhese plateaus are well known for their rugged topografig study area is
featured by varied topography ranging from plinds and steep slope areas to vertical cliffs
Thearea is situated in a topographically elevated area with the lowest poimd,|ake level with

the highest point, at the top of the mountain in the North East side of the caldera.

The Dendi Mountains with the neighborhood Wenchi Mountains are more elevated than the
surrounding area. This is evidenced by the presence of outfloiverg from these mountains to

join the Blue Nile basin. There might be many reasons for such topography. The first reason
could be either these mountains were uplifted or the eruption from these central volcanoes gives
these mountains higher elevatiorhelother reason might be with the surrounding area where

this area has been collapsed or eroded and peneplained sometime in the past. But, the first one
gives more sense and it is most probably the main reason why the Dendi and Wenchi mountains

stood highethan the surrounding area.
5.2.Geomorphic Units

The study area is featured by varied topography ranging fromlptais and steep slope areas to
vertical cliffs. Thearea is situated in a topographically elevated area with the lowest point, at the
lake level, is 2830m above sea level, while the highest point, at the top of the mountain in the
North East side of the caldera, is 3270 m above sea THwelgeomorphologgf the area can be
grouped intdour geomorphiaunits: The flat lands at the top of the mountains, the vertical cliffs,
the steep slope areas, the gentle slope areas and the flat land surrounding thAebladde.

description of each unit is rendered below

The flat lands at the top of the mountains: this area is covered by soil and some indigenous
vegetation plus small grasses. The bed rock also crops out in some areas. In limited areas the
local community uses it for farming purpose. In the westerndfitlee caldera, the people use it

as a settlement area. Some pictures of this unit are given below.
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GEOLOGCAL AND GEOMORHOLOGICAL CHARACTERIZATION OF THE DENDI CALDERA, WEST CENTRAL
ETHIOPIA: IMPLICATIONS FOR PALEGENVIRONMENTAL RECONSTRUCTION USING LAKE SEDIMENT CORES

Fig. 5.1: The flat land at the top of the mountains; A, exposed bed rock; behind thedak&8&

to NW direction; B, plaghing activitiesshowing thicker soil.
The vertical cliffs: It is just above the steep slope area where the hard rock is well exposed and

climbing becomes impossible. Most of my fresh hard rock samples of rhyolite/trachyte are

coll ected fr om h ethsovegetatiGnsandasoil forenation. lo some ptates thed  wii
vertical cliffs have dome shape which is seen in Fig. 5.2 below.

Fi. 5.2: The vertical cliffs; In the right overlying the eep slope areas.
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CHAPTER V GEOMORPHOLOGY

The steep slope areas: This area is just below thad f f s . Il tés widely used
also the source of most of the springs in the
and intensive activity of improper farming (Fig 5.3 B, C). Because its slope is steep contour
farming and terracing are suggested method of farming to conserve the soil and protect it from

erosion. Some big gorges are also present in this area (Fig. 5.3 A).

C

Fig. 5.3: The steep slope areas; A, big gorge; B, farming land; C viitikal soil profile at the
boundary between the gentle and steep slope areas.

The gentle slope area: It is located below the steep slope areas, where most of the people living
in the Dendi locality settled in this area and also farming is widlggticed here. Even if it has a

gentle slope the farming practices has to be changed like the steep slope areas. This unit has thick
soil cover. But due to the problems mentioned above Soil erosion also attacks this area. In
contrary with the steep slogeea, this area has more trees which can potentially conserve some

amount of soil (Fig. 5.4 A).
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