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1. SUMMARY

Shashemene town was built on Mid Pleistocene Ciiilgeimbrites overlain by two units of younger
pyroclastic deposits: yellowish phreatomagmati¢ &urfd Wendo Koshe pumice. The eastern part of
the sub-sheet is dominated by the Wendo Genet,swagre even older rocks crop out. In addition to
silicic volcanic rocks related to the Hawasa Caddevolution, mafic members of the Nazret Group
were also documented. The Hawasa Caldera is timasady a belt of basaltic rocks composed of
scoria- and tuff-cones and basaltic lavas emittethfthe cones. The rest of the Hawasa caldera is
filled with polygenetic deposits of resedimentedrqmyastics, as well as alluvial and lacustrine
sediments.

The geological situation significantly influencdsetwater resources. More welded ignimbrites and
silicic lavas represent fissured aquifers whereagnger ignimbrites with non-welded facies and
pumice fall intercalations represent combined agsif Unconsolidated pumiceous deposits and
sediments are porous and disadvantaged by a higkrdoof fluorine. There are numerous hot springs
clustered in two areas — Shalo and Wendo Genet.

Thick accumulations of unconsolidated sedimentsrasddimented pyroclastics may amplify seismic
effects during the next strong seismic event. Tiea anapped is located to the east of the Wendo
Koshe Volcano, which is in a windward directionveisd blow mainly from west. A future eruption
may again settle 0.5 m of pumice even in the tolvdhashemene.

The steep slopes of the Weransa Ridge are promectofall and toppling whereas slopes around
Wendo Genet are affected by numerous ancient laedsiwhich could be reactivated. A serious
problem in the Shashemene area is represented mynswated waste dumps located in highly
permeable lithologies.



2. INTRODUCTION

A set of earth-science maps of the Shashemenehaat-8738-D3 has been compiled through the
cooperation of the Czech Geological Survey (CGSgpl@gical Survey of Ethiopia (GSE) and
AQUATEST a.s. within the framework of the CzechiBgian Development Cooperation project
entitted “Capacity building in environmental geojog- Mapping of geo-risks including
hydrogeological conditions in Dila and Hosaina ardathiopia”, financially supported by the Czech
Ministry of Foreign Affairs through the Czech Dewpinent Agency and by the Ethiopian Ministry of
Finances and Economic Development.
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Figure 2-1. Political subdivision of the area covered
by the sub-sheet 0738-D3 Shashemene. Names of
regions in bold, names of weredas (counties) inpla
[ W text.

The Shashemene sub-sheet spreads over 763Ikis located on the eastern edge of the Main
Ethiopian Rift in southern Ethiopia, some 190 kmthkoof the capital Addis Ababa by air and 250 km
by road. The map sub-sheet is limited by the ld&td°N on the south and 7.25°N on the north and by
longitudes 38.5°E on the west and 38.75°E on trst. déhe boundary between the SNNPR and
Oromiya regions crosses the area of the Shashesnbrgheet (figure 2-1). The Shashemene sub-sheet
is named after the town of Shashemene, which isngortant commercial hub between southern and
central Ethiopia and has more than 100,000 inhatsitalhe Growth of Shashemene town and its
increasing importance as well as increasing nunolbénhabitants requires better knowledge of the
geological setting of this area giving the limibsdonstruction work and growth of the town. Theaare
of the Shashemene sub-sheet is divided among sseeedas. Arsi Negele, Shashemene Town,
Shashemene and Kofele belong to the Oromiya readrHawasa Town, Wendo Genet with Malga to
the SNNPR region.

Shashemene lies on the Trans-African Highway 4dGaiCape Town connecting this town with Addis

Ababa to the north and with Hawasa and Dilla togbeth, and continuing to Moyale with a border

check-point to Kenya. Another asphalt road conn8ttashemene with Alaba-Kulito to the west and
further with Hosaina and Wolaita Soddo. Shashenienglso connected by an asphalt road with
Dodola to the east. In addition to the main dimeetd to Hawasa, another asphalt road following the
Wendo Genet scarp connects Shashemene with Wendd @&l Hawasa.

Sinkile-Siraro hartebeest sanctuary is locatedhi¢ovtest of the Shashemene sub-sheet area. Fonests 0
the rift scarp to the east of the northeast tipthef sub-sheet belong to the East Langano Nature
Reserve.



The highest point of the map is the Abaro peal@@ s a.s.l., which is part of the Wendo Genet scarp
The lowest point is the level of Tikur Woha Rivehish it exits the Shashemene sub-sheet area
towards Lake Hawasa about 1,690 m a.s.|. Recetitty,channel of the river has filled up with
sediment. Most of the streams and ephemeral streathe south of the Weransa Ridge flow into the
currently sediment-filled Lake Cheleleka. Streamshe north of the Weransa Ridge and east of the
Abaro - Wendo Genet Ridge flow towards Lake Shalla.

Table 1. Used abbreviations.

CGS Czech Geological Survey

GSE Geological Survey of Ethiopia

ICP-MS Mass spectrometer with inductively coupléabma
mg# = 100xMgO/(MgO + Feg) in molar values

RP reference point

SNNPR Southern Nations, Nationalities and Peopgd
syn. synonym

TIMS Thermal ionization mass spectrometer

vol. % volume percentages

wt. % weight percentages

XRD X-ray powder diffraction

XRF X-ray fluorescence

3. METHODS

Compilation of the geological map is based on twetdfcampaigns (figure 3-1) in 2012 and 2013
respectively, each comprising about three weekigetasf work. The lithologies were described in the
field, as well as the superposition or charactectasftact between the lithologies and their thickees
Approximately 150 reference points were documerttedng the field campaign (figure 3-2). The
surface documentation has been complemented wighfidan 24 boreholes, 8 magnetometric profiles
and 1 VES (vertical electric sounding) profile.

Figure 3-1. Field documentation of tectonic features.
Photo V. Zéek.

A field structural analysis was undertaken in orestudy the distribution, orientation and degoée
development of primary structures in volcanic seges and non-volcanic deposits, as well as
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lithological contacts, geological boundaries angesimposed brittle structures. The field structural
data were evaluated in the programs SPHERISTATSAAMEREONET using an equal projection to the
lower hemisphere.

e Surface documentation ~——— VES profile

e Borehole data ——— ground magnetic survey profiles

Figure 3-2. Sketch map of reference points and location otbole data and geophysical profiles used for
construction of the maps.

The flat area of Shalo farmland has been investijghrough ground magnetic profiles using

Geometrics 856 Proton Precision Magnetometer. & tation was carefully selected and established

near the study area where the magnetometer waateelhereturned after each two profiles measured

to correct the daily variations of magnetic fielthish did not exceed 20 nT. The residual magnetic
5



field was obtained by subtracting the regionaldfiehlue (35.000 nT) from the total magnetic field
values at grid cross points.

One Vertical Electrical Sounding (VES) profile wasmpleted near the magnetic profiles. This profile
consisting of 6 points was measured using the singhnnel American Superstring R1/IP automatic
resistivity and IP system. The unit is powered byl2y/ DC external battery and operates at a
maximum power of either 100 or 200W depending ortivbr it is connected to one or two primary
source batteries, respectively. The apparent narstalues were determined automatically using th
voltage difference measured between the potenligitrodes and the electric current injected into
ground with a consideration of the geometric fa&owhich depends upon the mutual arrangement of
potential and current electrodes.

In inaccessible areas, the geology was extrapolsi) supporting studies of aerial photos at tesca
of approximately 1 : 60,000 and satellite imagestelite multispectral image data from Landsat
TM/ETM+ and ASTER were used. As the Landsat TM/ETHElata were obtained in several time
horizons (31.1. and 9.2. 1987, 21.1. and 30.1. 1995 and 12.2. 2000 and 16.12. 2010 and 10.1.
2011), the detection of surface changes was alaitable. The ASTER data were acquired on 27.1.
2006 (day-time data) and 22.11. 2006 (night-time)ddetection of terrain linear structures relaied
brittle tectonics and terrain morphology were ipteted using ALOS/PALSAR satellite radar data.
Terrain morphology was studied mostly on the baskia slope dependent morphometric map as well
as aspect, slope and multidirectional-weighted stiactlief raster layers derived from the SRTM
digital elevation model. Such an approach facdgatapid evaluation of geomorphological forms and
units and their spatial delineation. The autométicamputed apparent resistivity sounding values a
each station were immediately plotted on a logager to check their quality and enable another
observation to be taken whenever poor quality nreasents were observed. VES data were
interpreted in terms of layer parameters (depth @sistivity) using the IPI2WIN Version 3.1.2c
software, which helps provide a the best fit ofekied and calculated curves and mapinfo software.

Thin sections for petrographic classification otks were prepared in the GSE laboratory in Addis
Ababa from twenty samples of representative roblise rock samples were taken in the area of the
Shashemene sub-sheet and an additional sample imetirby surroundings for geochemical analyses.
For comparison, analyses of 4 rocks from the naighihg Hawasa sub-sheet (Rapprich et al. 2013)
were also used. All samples were crushed and pméeein the GSE laboratory in Addis Ababa.
Samples of silicic and intermediate rocks were @l by the wet method for major oxides and by
XRF and ICP-MS for trace elements in the CGS laiooies in Prague. Samples of basaltic rocks were
analysed by the wet method for major oxides an&XR¥ for selected trace elements (Co, Cu, Ni, Pb
and Zn) in the GSE laboratory in Addis Ababa. Aspatrol, the same analyses were later carried out
in the CGS laboratories in Prague using the XRFhowto determine the concentrations of As, Cr,
Cu, Mo, Nb, Ni, Pb, Rb, Sn, Sr, U, Y, Zn and Zr.aMiical data were processed and visualized using
GCDkit software (JanouSek et al. 2006). For théyginal results see Appendix 1.

Seven rock samples (6 from the Shashemene sub-atezet one 1 km south of the sub-sheet area)
were selected for further geochronological analysesg the K-Ar method in the ATOMKI
laboratories of the Hungarian Academy of ScienoeBebrecen (Hungary). After acid digestion and
0.2M HCI dissolution of the samples, the potassaamtent was determined by flame photometry with
a Na buffer and Li internal standard. Measuremesgise checked by inter-laboratory standards (Asia
1/65, LP-6, HD-B1 and GL-O). Argon was extracteahirthe samples by radiofrequency fusion in Mo
crucibles under vacuum conditions *#\r-spike was added to the samples prior to gasoigain Ti

and SAES getters and liquid nitrogen traps, reggdgt The isotope ratios of argon were measured in
the static mode using a 15 cm radius magnetic ise§gte mass spectrometer in Debrecen. Balogh
(1985) and Odin (1982) described the methods emaploy detail. Age calculations were based on
constants proposed by Steiger and Jager (1977)ItRe$ K—Ar dating are given withclerrors.

The minerals present in the precipitate of the &t spring were identified using XRD in CGS
laboratories in Prague.

The Sr-isotopic ratio was analyzed in two travertsamples. The travertine samples were dissolved in
double distilled 6M HCI, transferred to nitrogernrrfoand separated on Sr.Spec resin to obtain a pure
6



Sr fraction. This was measured using Finnigan MATZBMS in the dynamic mode on a single Ta
filament with addition of HPQ,. The quality of the measurement is checked byatgpemeasurement
of the NBS987 standar8'6rf°Sr = 0.710243 + 0.000024 (2SD), n=11).

Hydrogeology of the Shashemene sub-sheet is bastte@ssessment of data collected from existing
reports and maps and during field work. The fielatev point inventory was based on a desk study,
during which the relevant materials like geologi@id drilling reports and maps and aerial

photographs were collected from the regional gepldgpartment of GSE. Important climatic and

gauging station data and topographic maps werdnaatdrom various offices. The desk study also
included preliminary data interpretation and pregian of field maps using satellite images, aerial
photographs and a digital elevation model (DEM}a terrain with the geology as a background.
Data assessment was mainly dedicated to data aegam, processing, and interpretation in the
form of maps and the text of the presented exptapdiooklet. The geographic information system

(GIS) ArcGis was used for compilation of the maps.

The hydrogeological map is compiled based on thehowwlogy and standardized legend for
hydrogeological maps published by the Internatidtyadrogeological Association. The methodology
classifies various lithological units based on thpermeability (porous, fissured, mixed, non
permeable) into aquifer/aquiclude/aquitard systems.

Classification of natural water was used to expthesgroundwater chemistry on the hydrochemical
map. Hydrochemical types are classified based ervtbq% representation of the main cations and
anions. The results of the hydrochemical study wetegrated into a hydrogeological conceptual
model with the aim of helping to understand theugibwater circulation within the aquifers in
addition to comparing the water quality with vagatandards.

Hazardous phenomena were adopted from the geologiap to compile the map of geological
hazards. Similarly, the geological map served &sss for the construction of the hydrogeological
map, displaying the permeability properties of littelogical sequences.

4. PREVIOUS STUDIES

4.1. Geology

The Main Ethiopian Rift cannot be compared with &far region in terms of intensity of geological
research. The area of interest has been coversgugral overview geological maps of large scales.
The early two-million scale map (Kazmin 1972) hasfupdated by Mengesha et al. (1996). The area
of the Shashemene sub-sheet is also covered thathmillion geological maps compiled by Di Paola
(1972), Kazmin et al. (1981) and JICA (2012). Weehtp express our strong criticism of the latter of
the maps, as it does not respect either geologlesdrvations or morphology. A geological map at a
scale of 1: 250,000 comprising the area of Shashemsub-sheet was compiled by Basalfew (2012).
More detailed geological information can be foundhe 1 : 75,000 engineering geology map (Tadesse
and Zenaw 2003).

A set of geochemical and geochronological datailicicsrocks from the central part of the Main
Ethiopian Rift was presented by WoldeGabriel et €@1999). This publication deals with
geochronological data previously published by WGlderiel et al. (1992), but unfortunately lacks the
precise locations of the samples. Two K-Ar geochlogical ages from the area surrounding the
Shashemene sub-sheet are presented in the Repgt@?0{2012).

A detailed study of the geology on the Shashemabeskeet concurs on the work performed on the
neighbouring (to the west) Hawasa sub-sheet (Repptial. 2013).



4.2. Hydrogeology

Compilation of the water resources of the Shasherseb-sheet is based on an assessment of the data
collected from existing reports and maps and dutiedfield work.

Previous hydrogeological work at a scale of 1 :,@60 includes the Hosaina sheet (Kefale and Sima
2013). The area is covered by the hydrogeologicap rof Ethiopia at a scale of 1:2.000,000
published by Tesfaye (1993), and by several regjioydrogeological studies.

The first regional hydrogeological study of the tR¥falley itself was done by Tesfaye in 1982
(Hydrogeology of the Lakes Region, Ethiopia). Hatetl that most of the rift area is covered by
volcanic rocks like basalt, ignimbrite, trachytehyolite and pumiceous pyroclastic with
accompanied lacustrine sediments. The extensivermwe of the lacustrine sediments covers the
rift floor. Most of these rocks have overlappindues of permeability. High fluoride concentrations
in surface as well as groundwater are common.

The project entitled “Rift Valley Lakes Basin Intaged Resources Development Master Plan Study
Project, June 2008, Halcrow Group Limited and Gatien Integrated Rural Development
Consultants, Ministry of Water Resources, The Faldeemocratic Republic of Ethiopia” compiled
studies of both the geology and the hydrogeologamlditions of the Rift Valley Lakes basin.
Representative aquifer characteristics were assdes@ the point of view of water point yield and
the vyield for ignimbrite is 0.1 to 8.0 I/s, for ladis2.7 to 3.0 I/s, for lacustrine sediment 1.@®16 I/s

and for alluvium 1.0 to 6.0 I/s. Springs with redsrof both yield and temperature were also
evaluated. The evaluation shows that most of thimg® with high yields are from thermal spring
sources. It can also be noted that thermal spriglgs are highly variable (from 1.5 I/s up to 7§)l/

An assessment of the potential of various aquifersed on the discharge of wells and springs and
the major lithology by JICA (2012) showed variatyilof the average yield of water points from 2.8
I/s (alluvium) to 6.3 I/s (basaltic tuff). In gerdrhighly productive water sources can be fountthat
foot of the escarpment based on the conclusiotiseodICA (2012) study.

A detailed hydrogeological and engineering geolsgydy of the Hawasa catchment was done by
Zenaw (Tadesse and Zenaw 2003), including a poirgrtory and calculation of the water balance
of the catchment, which was finalized in the compdn of detailed hydrogeological and
engineering geology maps.

Geothermal studies consisting of geological, geotibal and geophysical investigations were
carried out in the Rift Valley to determine the gmatial and to define feasible sites for geothermal
power development (UNDP 1971).

4.3. Geological hazards

Prominent geological hazards in the Shashemene axeealope deformations and surface erosion.
Geomorphological aspects of gully erosion wereistiddy Billi and Dramis (2003). The rate of gully
development in the area was studied by Moges andeHo(2008). Controlling factors of gully
development related to surface erosion were inyasd by Carnicelli et al. (2009). Temesgen et al.
(1999, 2001) briefly reported about slope defororateatures on the Wendo Genet scarp.



5. GEOMORPHOLOGY

5.1. Geomorphological position

The studied area is located on the eastern mafdimeocentral segment of the Main Ethiopian Rift.
Two main geomorphological regions therefore joinoheather in the area of the Shashemene sub-sheet
(figure 5-1). The western part belongs to the Riftor region, whereas the Eastern Highlands foren th
eastern part of the sub-sheet. The Eastern Higblaegion with altitudes exceeding 2,000 m a.s.l.
differs significantly from the rift floor area withltitudes varying between 1,700 and 1,900 m &ke.

map is transected by the NW-SE trending Werangge ricith prominent tectonic escarpment (figure
5-2).

Figure 5-2. Weransa ridge escarpment above Shalo
hot springs. Photo V. Zék.




6. GEOLOGY

The area of the Shashemene sub-sheet is locathioh lie central part and the eastern edge of the
Main Ethiopian Rift and is dominated by the easteant of the Lower Pleistocene Hawasa caldera.
Upper Miocene to Pliocene volcanic rocks of the ndazroup composed by prevailing rhyolitic
ignimbrites with intercalated basaltic units forihetbasement of the wider area of the Main Ethiopian
Rift. The Nazret Group ignimbrites do not crop outhe mapped area and are covered by younger
volcanic sequences of Lower Pleistocene to Holoegge however basaltic units of the Nazret Group
were documented. Lower Pleistocene volcanic rodkthe® Dino Formation composed of rhyolitic
ignimbrites, crystal-rich rhyolite, rhyodacite atrdchyandesite, belonging to the volcanic actiaty

the Hawasa caldera are present in the centralopaine mapped area, whereas in the majority of the
studied territory, these rocks are also hiddenvbejounger volcanic sequences. The subsequent
volcanic sequence of the Middle Pleistocene agerbé€lti ignimbrites - is exposed in the easterffi hal
of the map, whereas to the west it is covered bio¢éme pyroclastic deposits. Basaltic lavas and
pyroclastics erupted in the Hawasa basaltic bethénsouth-western part of the sub-sheet mostylikel
also during the Middle Pleistocene, and possibsteld until the Upper Pleistocene. The youngest
deposits of the Upper Pleistocene to Holocene simverally low thicknesses, mostly below 10 m but
cover a significant area of the western part ofsihle-sheet. The north-western corner of the subtshe
is covered by phreatomagmatic tuff of an unclears® and pumice from the Wendo Koshe Volcano.
Extensive cover of colluvial and polygenetic todsitine sediments is developed in the south-western
corner of the sub-sheet. The dominant tectonikestrare those of a NW-SE and NE-SW direction.

6.1. Lithology

The lithological units described in the followingxt are arranged generally in stratigraphic ordemf
the oldest to youngest with descending numbering.

UPPER MIOCENE — PLIOCENE

NAZRET GROUP

19 Bale basalts: trachybasalt, trachyandesitelrachybasaltic rock is exposed in a temporary quarr
at Wetera Wendo (RP Sd042). The rock forms a suizdrgally lying or gently inclined body or more
hidden bodies (lava flows), the exposed thicknesshes about 80 m. The overlying rock is either
crystal rich rhyolite or Corbetti ignimbrite; thenderlying rock is not exposed but the presence of
Nazret Group rhyolitic ignimbrite is supposed. Wassify this rock as the Nazret Group according to
the results of K-Ar geochronological analysis (18.8.4 Ma). The mafic members of the lower (older)
part of the Nazret Group are usually named as Balsrsi basalts, alternatively differing from Bofa
basalts forming the top-most part of the Nazretuprée.g., basalt RP Sd061 to the south of the sub-
sheet with a K-Ar age of 5.51 Ma). The rock exposethe Wetera Wendo quarry is deep-brown and
displays a significantly porphyritic appearancegffe 6-1) and differs greatly from all of the other
volcanic rocks in the sub-sheet area. Under theasiope the rock has porphyritic texture with
prismatic euhedral phenocrysts of plagioclase up ¢m or longer. The rock contains about 5-10 vol.
% of altered olivine, 5 vol.% of brown clinopyroxeand 2 vol.% of pale green clinopyroxene along
with 1-2 vol.% of opaque mineral. The matrix hasaghytic texture with dominant prismatic acicular
plagioclase and subordinate pyroxenes, olivine @rahjue mineral. The pyroxenes and olivine form
small phenocrysts 0.1-0.5 mm long and are alse@ptes a part of the fine-grained matrix.

18 Nazret Group ignimbrites (only in the geological cross-section) are nocmyiped in the area of
the Shashemene sub-sheet and its wider vicinityHmyt are exposed in the rift scarps and on the rif
shoulders. Welded and non-welded ignimbrites dotaitfais unit, with intercalations of co-ignimbrite
fall deposits and minor silicic lavas. The chemicamposition of the rocks representing this group
corresponds to alkaline rhyolites and trachytes age of the Nazret group has been determined as
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being between 9.5 and 3 Ma (Kazmin and Seife 19¥Bg. thickness of the Nazret Group reaches
several hundred meters (400 m around Aluto Volcahebe 1984; 600 m on the eastern margin of the
rift WoldeGabriel et al. 1999; 500 m in the rifcaspments Basalfew 2012).

o B

Figure 6-1. Porphyritic texture of the trachybasalt
from the Nazret Group (Wetera quarry, RP Sd042).
Photo V. Zéek.

LOWER PLEISTOCENE

DINO FORMATION-HAWASA CALDERA

17 Hawasa rhyodacite(dome)occurs as an unique small body situated in thehsaestern corner of
the sub-sheet (RP Sd089, KV29), in the southerh gfathe town of Hawasa. The dome forms a
conspicuous “Kike” hill being approximately 800 ®¥@tm in the size, and up to 100 m in height
(figure 6-2), which is excavated from the westend aorthern side by numerous smaller or larger
quarries. The quarried rock is fresh and very hditie superficial weathered parts have probably
already been excavated. The rock is whitish tooye#ih fine- to medium-grained rhyodacite with a
very significant, dominantly steep fluidal strugudominated by lighter and darker parallel or
undulated bands (figure 6-3). The small phenocri&s-1 mm) of alkali feldspars can be observed
with the naked eye. The rock has a low magneticepiibility ranging from 0.20 to 0.26 x $@I.

Figure 6-2. Lava dome of Hawasa rhyodacite§igure 6-3. Hand specimen of the Hawasa rhyodacite
forming Kike Hill (RP Sd089). The rock showingrom Kike Hill (RP Sd089). Photo V. Zk.

vertical flow structures forms a conspicuous Kildé h

excavated by numerous quarries. Photo \teka

16 Hawasa rhyolitic ignimbrites are the oldest rocks exposed in the area of tighlbpeuring Hawasa
sub-sheet (Rapprich et al. 2013), but in the Shraehe sub-sheet they are only exposed in its south-
western edge at Kike village. The rocks exposedhenmain road represent whitish to yellowish
moderately welded and relatively porous pumice fbposits with a dominance of fine (ash) matrix
over mm—cm sized pumice clasts. The sequenceaitifistd with a gentle dip towards the southwest.
Abundant angular lithic clasts of rhyodacite ugbtom coming from the neighbouring dome exposed
at Kike hill indicate the younger age of the pumilmev deposit. The magnetic susceptibility of the
Hawassa rhyolitic ignimbrite (measured at a sidgtmlity at Kike) varies in the range of 0.13 to

11



0.21 x 1@ SI. Following Rapprich et al. (2013) this unit qamises various alternating facies (welded,
non-welded) of rhyolitic ignimbrites and associafatl deposits. Fragments of quartz and feldspars
phenocrysts are enclosed in a groundmass of deforgiess shards and frequent fiamme. The
ignimbrite of the Hawasa Caldera has been datedytke K-Ar method (JICA 2012) to 1.28 Ma using

a sample taken 3 km to the south of the Hawasa&Shaghemene sub-sheets (see also Rapprich et al.
2013). This age corresponds well to the ignimbr#esounding Lake Shalla (1.35 Ma, K-Ar: JICA
2012). Ages of 1.1-1.85 Ma (K-Ar) are also given \WpldeGabriel et al. (1999). Compared to
younger volcanic units, Hawasa ignimbrites arenisiteely jointed and faulted, also in areas where
younger volcanic rocks remain un-fractured. Thekihéss of this unit remains unclear due to the lack
of borehole data.

15 Hawasa crystal-rich rhyolite is exposed mainly along with the escarpment of\tlegansa Ridge
and to a lesser extent also in the area of the W&whet where it occupies the base of the exposed
volcanic sequence. The largest thickness of abbQt is documented in the central part of the
Weransa Ridge at Kulkuliti (RP Sd013). This rocdther with the Hawasa obsidian represents the
volcanic sequence (lava flows and a relic of a dooh¢he former Wendo Genet Volcano of the Lower
Pleistocene (Calabrian) age, as determined by I§efchronology (sample Sd013: 1.18 + 0.12 Ma).
The age is nearly identical to the age of the Hawaissidian (see below).The underlying rock is not
exposed in the localities discussed above butvidtig regional stratigraphy a presence of the Hawasa
rhyolitic ignimbrites is supposed. The overlyingggence is the Corbetti rhyolitic ignimbrite or its
blocky facies exposed along the north-western gfattie Weransa Escarpment. The blocks of crystal-
rich rhyolite in this blocky ignimbrite clearly inchte a hiatus and unconformity between these two
units. The best exposures of mostly very fresh areksituated along the whole length of the Weransa
Ridge. The rock is hard and massive, pale greyolour (figure 6-4) and has roughly columnar
jointing. The rock is weakly magnetic, its magnetissceptibility ranges between 0.15 and 0.30% 10
SI. There is no evidence of stratification but locdluidal textures frequently appear. The fluidal
texture consists of bands with variable a crystad-slistribution (figure 6-5). Numerous conspicuous
phenocrysts of quartz 0.5-5 mm long are enclosed igrey fine-grained matrix. The quartz
phenocrysts frequently display a false cleavagd@wkdlike feldspars and the rock has nearly tréichy
appearance. Under the microscope the rock hasphyritic texture, the phenocrysts are subhedral to
euhedral, mostly 1-3 mm long, and the minerals mostly randomly oriented but locally their
orientation respects the fluidal texture. The magimostly fine-grained and completely crystakizé

is formed by a mosaic of lath-shaped feldsparsngraf quartz, relatively abundant bluish-greenish
strongly pleochroic amphibole and scarcer probabdsvn biotite, along with unidentified tiny semi-
opaque to opaque inclusions. The amphibole eitbems$ a subhedral to anhedral fragment of
phenocrysts or is patchy, skeletal or forms symipiedntergrowths with the matrix minerals. Its
amount in the rock varies between 5 and 15 volS&tne domains originally had a glassy groundmass,
as documented by the presence of spherulites (eepsesulting from the recrystallization of glass).
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Figure 6-4. Outcrop of the massive Hawasa crystal-rickigure 6-5. Microphotograph of two distinct bands in
rhyolite displays a locally significant fluidal sicture. the Hawasa rhyolite (RP Sd013). The originally
Southern edge of the Weransa Ridge next to Shalo ¢lassy groundmass is recrystallized to spherulites
springs (RP Sd015). Photo V.d&k. the right band. Cross-polarized light,
photo V. Rapprich.
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14 Hawasa obsidians well exposed in two big temporary quarries by toad from Shashemene to
Wendo Genet (RP HSRVR002, Sd016, Sd017). It fornenécular body — former Wendo Genet
Volcano or dome, with a maximum thickness exceed0 m. The Corbetti ignimbrite clearly
overlies, with a certain unconformity, the obsidiody whereas the underlying unit is not exposdd bu
the presence of Hawasa ignimbrites is assumed.liffedogy is highly variable; whitish yellowish
significantly fluidal rhyolitic lava flows, alternimg with steeply dipping layers of rhyolitic breas
(autoclastic breccia in the carapace facies ofldha dome — figure 6-6). The lava flows contain
obsidian in various stages of recrystallizatiomnirfresh black glassy obsidian, over obsidian with
white spherules (up to 3 cm in diameter) to neadgnpletely recrystallized glass with a spherulitic
texture. Black obsidian is preserved in patchegrior lenticular domains several dm to several m
long. The whole sequence is intensively faulted lanedciated, and hydrothermally altered zones occur
locally. Sample Sd017 (dated by K-Ar, see below} laa microspherulitic texture and contains
approximately 20 vol. % of glass with scarce anlkduartz phenocrysts and tiny patchy semiopaque
brown mineral. Magnetic susceptibility of the rdsksurprisingly elevated (possibly due to oxidation
but it principally corresponds to high lithologicariability, ranging between 0.30 and 5.5 X*15,

but the majority of measurements fall within theemal 1.0-3.0 x 18 SI. The determined K-Ar of the
Sd017 sample (from the big/lower quarry) yieldedage of 1.02 + 0.14 Ma, documenting the Lower
Pleistocene Calabrian age and fits well with the afgthe crystal-rich rhyolite. These new radiorigetr
data document well the middle Calabrian age ofrtiagmatic activity of the former Wendo Genet
Volcano as the latest period of the Hawasa Calaetrsity .

o O TS S SR
Figure 6-6. Layers of coherent obsidian lavikigure 6-7. Blocky facie of the Corbetti ignimbrite

alternating with autoclastic facies (Herebate quarRP exposed at the NW edge of the Weransa Ridge (RP
Sd016). Photo V. Z&k. Sd007). Photo V. Z&ék.

MIDDLE PLEISTOCENE

CORBETTICALDERA

13 Corbetti blocky rhyolitic ignimbrites are exposed exclusively in the north-eastern pathe
Weransa Ridge escarpment (RP Sd007). Their conigmudo the northeast or other possible
occurrences is obscured by younger volcanic depoSite contact with the underlying crystal-rich
rhyolite is observed well with clear unconformitie thickness of the exposed part of the Corbetti
rhyolitic ignimbrite-blocky facies reaches abou0lfh. The rock is a stratified or layered solidified
pyroclastic flow deposit, with the thickness ofiwidual flow units from several dm to several m.eTh
matrix dominates over the supported clasts andkblffigure 6-7), and the development of degasation
is common. The bedding is subhorizontal with a lgedip towards west or southwest. The rock is
composed of a brownish fine-to medium-grained matith abundant subangular to angular blocks of
underlying crystal-rich rhyolite. The size of ckass commonly 5-20 cm, rarely reaching 1 m. The
magnetic susceptibility of the rocks varies betw8et0—0.50 x 18 SI. The rock is considered as the
basal facies of the Corbetti ignimbrite, the prdbadge, based on analogy and the stratigraphyeof th
recently dated Corbetti ignimbrite can correspandZ00 ka.
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12 Corbetti rhyolitic ignimbrite represents the complex of volcanic deposits of litig@omposition
which dominates in the surface geology of the eadtalf of the sub-sheet (RP Sd048, Sd045, Sd046,
Sd086 and others) although it is frequently covebbgdthin accumulations of Wendo Koshe fall
deposits. The Corbetti Caldera is situated ouhefdub-sheet in the north-western part of its doces
the Hawasa Caldera (Rapprich et al. 2013). Stegilyc relations indicate that the complex can reach
thickness of about 700 m. As the petrography anehposition of Middle Pleistocene Corbetti
ignimbrites resemble the characteristics of theedythg Lower Pleistocene Hawasa ignimbrites, the
boundary between these two can be unclear in thestarea (Rapprich et al. 2013). However, in the
Wendo genet and Weransa Ridge areas of the sub-#irege two units are intercalated or separated
by lavas of the former Wendo Genet volcano. Theémbnite sequence consists of welded (figure 6-8)
and non-welded (RP Sd020, figure 6-9) facies adtiimg a number of times. The welded facies are
formed by greyish to pinkish typical stratified igbrite with more or less conspicuous black fiamme
(figure 6-8), mm—cm sized lithics of silicic rockabundant subhedral fragments of the phenocrysts
(crystaloclasts) of quartz in the size of severah mnd less abundant and smaller crystaloclasts of
green amphibole along with accessory semi-opaquevriish mineral. Non-welded facies are
yellowish or greyish tuffs representing pumice-#skwv deposits and co-ignimbritic ash-fall deposits.
The thickness of individual facies can vary sigrahtly from a few to tens of metres. The ignimbrite
from the Corbetti Caldera sampled at Alaba-Kulia 20 km to the west of the Hawasa sub-sheet) was
dated using the K-Ar method (JICA 2012) to 0.19 WMaree new K-Ar geochronological results from
the Shashemene sub-sheet confirmed the age ofréweops dating. Sample Sd048, from a small
guarry at Jigesa, 8 km ENE of Shashemene yieldedganof 0.20 (+ 0.14) Ma. The second dated
ignimbrite, a sample from a small local quarry neaoad on the mountain ridge, 3 km to the southeas
of Wendo Genet hot spring, yielded 0.67 (+ 0.13). ablished and recent data hence indicate a
polyphase evolution of the Corbetti Caldera imaetspan of 700 to 200 ka with a single age of (t98
0.26) for the sample Sd067.
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Figure 6-8. Hand specimen of welded facies o Figur . Non-welded facies of the Corbetti

Corbetti ignimbrite (RP Sd048). Photo V.c2&. ignimbrite overlying paleo-soils (RP Sd020).
Photo V. Zéek.

UPPER PLEISTOCENE — HOLOCENE

POST-CALDERA MAFIC VOLCANISM

11 Hawasa basaltforms a ridge (RP HSRVR123, HSRVR124, SD091) treinsg the Hawasa
Caldera in an N-S direction. The ridge subdivides ¢aldera into the western part with Lake Hawasa
on the Hawasa sub-sheet and the eastern partheittotmer Lake Cheleleka on the studied sub-sheet.
Lavas of the Hawasa basaltic ridge were emittewh fseveral scoria- and tuff-cones arranged along the
ridge. Most of the cones are located to the sofitheTikur Woha River, but one tuff-cone has been
documented further north on the Hawasa sub-shemppiich et al. 2013). Lava flow most likely
emitted from this tuff-cone has been detected DYES profile embedded within the polygenetic
sediments and covered by younger pyroclastic dep@sjure 6-10). The presence of basaltic lavas
beneath younger pyroclastic deposits and embedd#dnwthe polygenetic sediments was also
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detected by a ground magnetic survey in the Staatoland to the north of Tikur Woha River and to
the east of the Shashemene — Hawasa road (figlilg. 6Fhe gentle anomalies with an amplitude of
about 250 nT in the southwestern and northwesterts pf the investigated area most likely represent
buried basaltic lavas of a small thickness, whetbagprominent anomaly to the east reaching some
500 nT should represent a buried conduit probabbnoeroded scoria/tuff-cone. The thickness of the
basaltic lava flows most probably does not exceaemsl tens of metres. The underlying rocks are
either rhyolitic ignimbrites of the Dino Formatiasf the Lower Pleistocene age or lower parts of
polygenetic sediments of lakes Hawasa and Chelelgka lavas and coherent feeders of pyroclastic
cones (RP HSRVR125, HSRVR177) consist of basatitk rwith relatively large phenocrysts of
olivine (up to 1 mm, mostly discomposed) and plagise (up to 2 mm) and frequently small
phenocrysts of clinopyroxene (not exceeding 0.3 nenglosed in a matrix of plagioclase,
clinopyroxene, olivine and magnetite. The basafts sdightly alkaline and are plotted on the TAS
diagram at the boundary with the basanite (se&twrhemistry chapter).
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Figure 6-10. VES (vertical electric sounding — see figure ®2lécation) profile discovering basaltic lava
(extremely high resistivity) embedded in the pahggie infill of the Hawasa caldera. Measured by &Zr

Figure 6-12. llala (syn. llanta) tuff-cone in the
marshy plain south of Lake Cheleleka.
Photo V. Rapprich.
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Figure 6-11. Sketch map of magnetic field variability in Figure 6-13. Fragent of basaltic scoriaffom the
the Shalo farm area. Measured by Ezra T. cone on Weransa ridge (RP Sd056). Photo Veka

10 Basaltic lapilli-stone (tuff cone)forms the llala or llanta volcanic cone (figure &y1vith a well-
preserved crater structure in the southern patieformer Lake Cheleleka. The cone forms an island
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with a diameter of about 2 km surrounded by a swafrtpe former Lake Cheleleka. The extent of the
lapilli-stones is limited to the size of tuff conaad their thickness to the height of these comke.
lapilli-stones are poorly-sorted clast-supported daminated by massive non-vesicular basaltic £last
with a prevailing grain-size of 1 cm, but largeasts (up to 20 cm), often with xenolith in the ¢ore
may also occur. These pyroclastic deposits werdyaed by phreatomagmatic (Surtseyan) eruptions
in marshy or shallow-lake environments. As theallabne is not accessible most of the year, the
detailed description is based on correlation witlsesved tuff-cones in the area of the Hawasa sub-
sheet (Rapprich et al. 2013).

9 Basaltic scoria (scoria conegan be found forming three cones situated on theada basaltic ridge

in the south-western part of the sub-sheet (RP HER3 = geological locality 1, HSRVR177). An
additional small cone is situated in the north-easpart of the Weransa scarp (RP Sd056). The last
occurrence can be found near the road from ShasteetoeAlaba-Kulito in the north-western edge of
the sub-sheet. The occurrences are small buteallvall exposed by temporary quarries. The scoria is
poorly sorted and clast-supported, dominated bgnfients of scoria predominantly 1-20 cm in
diameter (figure 6-13), frequently with large bomiise bombs are flattened in the crater facies,
whereas in the wall facies spindle shaped bombdednund. The prevailing scoria is associated with
minor basaltic lava flows up to several m thick.culeposits correspond to Strombolian style
eruptions. The magnetic susceptibility is highlyighle depending on the porosity of the rock; the
porous scoria has a magnetic susceptibility of &ali6ux 10° SI, the coherent massive lavas display
values much higher, up to 68 x8lI. Similarly to the lapilli-stones, the extenttbe scoria deposits
does not exceed the size of the scoria cones aitdhickness is equivalent to the height of thees
The age is estimated as being Middle Pleistocene pbssibly lasting until Late Pleistocene. No
current fumarolic activity has been documented @ased with the scoria cones.

SiLicIC PYROCLASTIC DEPOSITS

8 Yellowish phreatomagmatic tuff belongs to the youngest volcanic deposits mostaiigbof the
Upper Pleistocene age. This tuff covers nearlyethiire area of the sub-sheet, except of the sauther
part and stream gorges where the tuff was washebyoerosion. Although the majority of the extent
of this tuff is hidden below the deposits of theiggest Wendo Koshe pumice fall, its presence it wel
documented in numerous mudpits and several largdpga dispersed throughout the territory (RP
HSRVRO009: figure 6-14, HSRVR175, Sd040, Sd063, @hers).

Figure 6-14. Sandpit in phreatomagmatic tuff withFigure 6-15. Roof of the sellers at Shashemene
> 6 m thickness overlain by Wendo Koshe pumice (BiRposing an ash-flow deposit overlain by an aslhtlo
Sd009). Photo V. Z&k. surge and ash-fall deposits (RP HSRVR175).
Photo V. Rapprich.

The thickness of the deposits systematically deseefrom the west (WNW) to the east (ENE). The
maximum thickness exceeding 6 m was documentedsandpit in the north-western quarter of the
sub-sheet (RP HSRVRO009, geological locality 3). Ttheekness of 3—-4 m is supposed within
Shashemene town, whereas in the Sole quarry (RP4K/geological locality 5) the thickness does
not exceed 2 m. Towards the east and southeadhitk@ess of the phreatomagmatic tuff decreases
further. Strong lateritization of the phreatomagmauff as well as the underlying welded Corbetti
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rhyolitic ignimbrite in the eastern part of the ssheet obscures the boundary between these two
lithological units. Where the boundary remains glehe surface of the Corbetti ignimbrite flow is
irregular with pockets filled with the phreatomadimatuff. The depositional processes of the
yellowish phreatomagmatic tuff can be best studiedellars excavated during last 30 years near
Shashemene by a local inhabitant (RP HSRVR175pgaxll locality 2, figure 6-15). The tuff is loose
and poorly solidified, but the textures allow iqextation of depositional processes. The exposed
deposit (with total thicknes of about 6 m) is doated by two ca 2 m thick units of matrix-supported
yellowish to brownish tuff with small clasts of pigm or vitreous rhyolite reaching 10 cm, but mostly
much smaller. The lower matrix supported unit cagslpaleo-soil developed upon Corbetti ignimbrite
and contains in its basal part pieces of this patgbup to 30 cm in diameter. We interpret these
matrix supported units as ash-flow deposits. Thesemain units are separated by a sequence (1-1.5
m thick in total) of well-sorted massive ash layaith abundant accretionary lapilli (ash-fall depg)s
alternating with diagonally bedded layers (ash-g@lsurge deposits). The horizon of the fossil solil
(paleo-soil) with a thickness of 30—80 cm and gode®wn colour is developed on the top of the tuff
sequence, mostly covered by a layer of the youngasiice fall originating form the Wendo Koshe
Volcano. It remains unclear whether this tuff anfied from an ancestor eruption of the Wendo Koshe
Volcano or from the Fike Volcano between the laBbsilla and Abijata, which is built of yellowish
pyroclastic deposits apparently from phreatomagmnetiptions.

NON-VOLCANIC DEPOSITS

7 Laterite is present in the eastern part of the Shashemdnshaet as a weathering product of poorly
consolidated pyroclastic deposits represented Hpwish phreatomagmatic tuff and poorly welded
facies of the Corbetti ignimbrite with associatedignimbritic ash-fall deposits. The thickness loé¢ t
lateritization commonly exceeds 10 m. The lateritage reddish brown colour and when wet become
plastic.

6 Polygenetic sediments (resedimented pyroclasticdjuvial sediments, lacustrine sedimentsijll

the basin of the former Lake Cheleleka in the souwgltern corner of the sub-sheet. The lake orilyinal
occupied the eastern part of the Hawasa Calderaratepl from Lake Hawasa to the west by the
Hawasa basaltic belt. Recently we speak aboutdimeefr lake, because the whole basin, including its
northern part which is marked in the topographigpnaa Lake Cheleleka, is completely filled by
sediment, and its remnants are represented by veorkeof irregular channels surrounded by an
extensive swamp. The sediments are characterizedtdnations of beds and successions with various
origins and lithology. The character of the sediteas a result of tectonic, volcanic and exogenous
processes and fluctuations of water levels in dke.l They represent a mixture of re-sedimentectloos
pumice or mixtures with a low portion of silt, sand soil. Greyish to black mud rich in organic
compounds is locally developed. Locally clasts ehthered ignimbrites, and tuffs occur.

HOLOCENE

5 Wendo Koshe pumice fall and minor flow deposit§>30 cm) cover a large area in the north-
western quarter of the map. We present the extedéposits with thickness exceeding 0.3 m on the
geological map; however thicknesses of 2, 1.5,@.%,0.3 and 0.1 m are also depicted as individual
isopachs. The fall deposits were undoubtedly preduturing the last violent explosive event of the
Wendo Koshe Volcano situated on the neighbouringgd$a sub-sheet (Rapprich et al. 2013). The
underlying rock is yellowish phreatomagmatic tuffpically topped by a well-developed horizon of

paleosoil. The pumice deposits are whitish to geyivell-sorted and clast-supported. They are tppe
by a horizon of relatively poorly developed recesail. The thickness of the deposits increases
continuously from ESE to WNW, the maximum thicknegseeding 2 m was recorded in the NW part
of the map and around the Shashemene-Hawasa réatHfRVR131, figure 6-16). The maximum

size of the clasts correlates well with the thidsef the deposits and with the distance from the
Wendo Koshe Volcano; the following data express tthekness of the pumice deposits in metres
versus the approximate maximum size of the cl&®sm /6 cm, 1.5 m/5cm, 1.0m/4cm, 0.5 m/
3cm,0.3m/15cm,0.2m/1cm, 0.1 m/0.5The poorly developed recent soil upon the pumice
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and the fact that the pumice fall covers the cddludeposits below Weransa Ridge indicate a very
young, most probably Holocene age, however thetegee of this eruption yet to be determined.

NON-VOLCANIC DEPOSITS

4 Colluvial sedimentsoccur exclusively on the western slope of the WeBénet scarp (RP Sd018
and Sd023) and rimming the escarpment of the War&idge. Most voluminous deposits with a
supposed thickness of several tens of metres aituat the steep slopes of the Wendo Genet were
produced by large-scale but mostly fossil rockedidThe alternation of solid ignimbrite layers with
poorly solidifies tuffs and pumice deposits expobethe steep scarps create favourable conditions f
rock-falls and landslides. The ignimbrites, assecigoorly solidified pyroclastics and brownishlsoi
derived from laterite form the dominant litholog¥ the colluvial sediments. The uppermost part of
these deposits is formed by unsorted clast-supgpaposits (figure 6-17) with a prevalence of bfock
reaching up to several metres in diameter but faigatiable in the size. Down the slope, the charact
of the deposits changes to a prevailing structfiteneorted matrix supported deposits with blockd an
boulders of variable size up to 2 m (figure 6-18)ransition to fine-grained polygenetic colluvial
alluvial sediments forming wide flat fans can bers@ the lowermost part of the colluvial deposits.
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Figure 6-17. Blocky colluvia cemented by travertine
exposed along the Werka Stream in the vicinithef t
Wendo Genet hot springs (RP Sd023). Photo ¥eka
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Figure 6-16. More than 2 m thick deposit of Wendo F:;i‘gure -18. oIIuviaI depd its with blocks of rhyolites
Koshe pumice-fall near the road Shashemene-Hawaaad ignimbrites within re-sedimented brown soil (@
(RP HSRVR131). Photo V. Rapprich. Genet area, RP Sd018). Photo Vc&lé

3 Fine-grained polygenetic colluvial to alluvial sdiments form mostly 3-4 km wide rim of the
eastern shore of the former Lake Cheleleka in émral-southern part of the sub-sheet. They ocgur a
very flat and wide alluvial fans passing more @sleontinuously to polygenetic sediments formirg th
fill of the basin of the former Lake Cheleleka twetwest. No sharp boundary can be seen with the
colluvial sediments in the Wendo Genet area to @hst. Alluvial sediments are formed by re-
sedimented soil and fine- to medium-grained sanitls & high portion of weathered volcanic rocks
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and volcaniclastics. Small angular clasts of punaicsilicic volcanic rocks are common within these
sediments. The sediments accumulate due to a datieteof flow at lower gradients, their formation
and creation is related mainly to erosion and dBrsentation of colluvial sediments during the rainy
season.

2 Fluvial sedimentsare poorly developed on the Shashemene sub-sheatidee of a lack of fluvial
systems in the lowlands (Cheleleka lake basin)]entiie small rivers and brooks in the highlands
in the eastern and north-eastern part of the sebtshave an erosional character. The limited
occurrence of fluvial sediments consisting of sdtyd muddy unconsolidated deposits is related to
a drainage channel connecting Lake Hawasa witlfdhreer Lake Cheleleka (Tikur Woha) in the
south-western part of the sub-sheet. The fluvihbfithe small rivers within the area of polygeicet
colluvial to alluvial sediments is similar but ihe upper parts of the flow in the valleys of the
Wendo Genet area sandy material gravel or everdeosiprevail.

1 Anthropogenic depositsare represented in the area of the Shashemenensebisy waste dumps
around the town of Shashemene. One of these dusnjpgated on the south-eastern edge of the
city in an abandoned sand-pit. The second onecaténl some 4 km to the west of Shashemene.
The mixed communal waste is deposited in a thickmeaching 6—10 m without any insulation on
permeable unconsolidated pyroclastic depositsessrted mostly by pumice. Deposition of such
material, frequently containing spent chemical lesttand containers, on highly permeable rocks
without any insulation (plastic foil) representstimost serious risk to human health and the
environment in the area of Shashemene.

Travertine occurrences (not polygons, only point marks on the map) asoaiated with several

calcium-carbonate hot springs in the area. Theeftine cements the colluvial deposits (RP
Sd023, figure 6-17) or forms small travertine maul@RP HSRVR178, figure 6-19). Periodic
precipitation of carbonate causes the bedded streicof the carbonate. The origin of the
travertines is discussed in the chapter Hydrogeolog

Figure 6-19. Travertine at the hot spring north of
Wesha (RP HSRCR178). Photo V. Rapprich.

6.2. Tectonic setting

The geological map at a scale of 1 : 50,000 Shasheraub-sheet is situated on the eastern margin of
the NNE-SSW to NE-SW trending Main Ethiopian Rittigh belongs to the regional East African
Rift System (e.g., Hayward and Ebinger 1996; Bominal. 2005). This rift structure accommodates
the active extension between the Nubian and Somaliges since the Late Miocene (e.g., Ebinger
2005). This area underwent a typical evolution ohtmental rifting, from fault-dominated rift
morphology in the early stages of the continentmsion (transtension) toward magma-dominated
extension during break-up (e.g., Agostini et all20Accocella 2013). Minor Holocene re-sedimented
pyroclastic deposits with intercalations of lacugrsediments dominate the southern part of the map
sheet. In other lithologies such as effusive roakd rhyolithes with cognate pyroclastics, a set of
primary volcanic fabrics (e.g., flow-banding andwtfoliation) was observed. The origin of these
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structures is related to a flow-stretching of visgailicic lava or hot fragmentary density flowd| &f
these primary fabrics were affected by brittle-riftated deformation.

PRIMARY AND DUCTILE STRUCTURES

The rhyolites reveal flow-banding structures delfingy the planar preferred orientation of rock-
forming minerals or domains with variable amourften@ro-vesicles or micro-crysts (figures 6-20 and
6-21). In the Wendo Genet area (central part oftap sheet) their orientation is mostly subhoriabnt
(figure 6-22 left; maxima in centre of the diagramdpwever along the ~ NNE-SSW regional faults
the original flow-banding was folded into asymmetfolds. Corresponding fold limbs dip under
various angles to the ~ ESE or WNW (figure 6-22)le€orresponding fold axes and associated
stretching lineation plunge under low angles towaleg ~ NNE or SSW (figure 6-22 left).

Figure 6-20. Original steeply diping row—banding in Figure 6-21. Asymm —baning reted
rhyolites (active quarry in Hawasa, RP KV29). to ~ NNE-SSW regional faults (Ebicha).
Photo K. Verner. Photo K. Verner.

Rhyolitic lava flows Rhyolitic lava flows Holocene pyroclastic deposits
Ignimbrites and tuffs
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Flow-banding (poles) © flow-banding (poles) *® Bedding (poles) =

Flow-foliation (poles) =

Lineation a Fold axis =
Figure 6-22. Orientation diagrams of primary and ductile strus: (left) fabrics in rhyolites and ignimbrites;
(centre) fabrics in rhyolites (active quarry in Ase&g; (right) sedimentary bedding in Holocene defso§ioles).
Equal projection to the lower hemisphere.

The axial planes have a steep to moderate orientdipping to the ~ ESE (figure 6-22 left). On the
locality of active quarry of Hawasa (southern pdrthe map sheet) flow-banding has ~ SW or ~ NE
steeply dipping orientation (figure 6-22 centrelgnimbrites display well-developed flow-foliation
dipping predominantly at low angles to the ~ SSEpINNW (figure 6-22 left). The bands of ~

20



centimetre scale often contain elongated mineraihgrand lithic fragments or stretched and welded
pumice fragments. The Holocene deposits show sedémebedding in a subhorizontal orientation or
gently dipping to the south (figure 6-22 right).

BRITTLE STRUCTURES

Across the map sheet normal and strike-slip fanitéault zones were identified (figure 6-23). The
faults dip steeply to ~ ESE (E) or WNW (W) bearingll developed steeply plunging slickensides
(figures 6-24 and 6-25 left). Observed slickensa®ymmetry reveals normal movement in the
direction of the lineation. These faults are mogthrallel to the main axis of the East African Rift
System and morphological escarpments. Subordimasec$ faults predominantly have a (figure 6-25
centre): (a) ~ WNW-ESE trend mainly bearing dexsteke-slip kinematic indicators, (b) ~ NE-SW
trend also showing a dextral strike-slip compor@mhovement and (c) ~ N-S trend with indicators of
sinistral kinematics. At several localities acrtss mapped area the strike-slip faults appear wder

than normal regional faults. Extensional jointswda four sets across all of the lithological snithe

main trends of their orientation are mostly patatethe regional faults, predominantly ~ NNE-SSW,
NNW-ESE, WSW-ENE and also in some cases WNW-EgHri6-25, on the right).

Figure 6-23. Regional NNE-SSW trending fault witlirigure 6-24. Normal fault bearing well developed
normal component of movement (Wendo Genet, &Peply plunging slickensides (Wetera, RP KV31).
KV35). Photo K. Verner. Photo K. Verner.
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Figure 6-25. Orientation diagrams of brittle structures: (leffjormal faults (poles) and associated steeply
plunging slickensides; (centre) strike-slip fauligh dextral and sinistral kinematics; (right) extgonal joints
(poles). Projection to the lower hemisphere.
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6.3. Geochemistry

Nine rock samples were taken in the area of Shashersub-sheet and additional 1 sample in the
nearby surroundings for geochemical analyses. Fwonpearisons, analyses of 4 rocks from the
neighbouring Hawasa sub-sheet (Rapprich et al.)28&8 also used. One sample (Sd042) represents
Miocene Bale basalt, one sample Late Miocene—Ried&ofa basalt (Sd061 south of the sub-sheet),
two samples represent Lower Pleistocene rhyolti@$ of the Hawasa Caldera (Sd013 and Sd017),
and four samples characterize Middle Pleistocenebélth Caldera (Sd036, Sd048, Sd067 and
HSRVRO010 from the Hawasa sub-sheet: Rapprich eR@L3). The composition of the Middle
Pleistocene Hawasa basalts (HSRVR035 and HSRVR1a% already been presented for the Hawasa
sub-sheet (Rapprich et al. 2013), the samples veeamalysed in the CGS laboratories. One sample
(HSRVRO009) represents yellowish phreatomagmatitanél data from one sample of young Wendo
Koshe pumice (Sd007) is compared with the analytdata of two samples (HSRVRO041 and
HSRVRO069D) from the Hawasa sub-sheet. Due to faikfrthe ICP-MS machine in the CGS labs,
trace element data for the samples HSRVR009, HSBBRBSRVR177, Sd042, Sd061 and Sd067
could not be completed before the compilation & éxplanatory text.

In the TAS diagram (figure 6-25a) the analyzed Wi@seocks of the Nazret Group are plotted in the
field of basalt or basaltic trachyandesite respefti These rocks are weakly alkaline with sodium
dominating over potassium (3.47-4.22 wt. %,Qlavs. 1-1.27 wt. % pO). The basic, nearly
intermediate composition is reflected in the moteeMgO content (5.5 and 1.35 wt. % respectively).
The younger Bofa basalt (Sd061) seems to be of mam&tive origin with an Mg# value of about 48
compared to 17 in the Bale basalt sample.
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Rhyolite lavas of the Hawasa Caldera are plottatierfield of rhyolite (figure 6-25a) or alkali rolte
(figure 6-25b), respectively. These silicic ($i04.45-75.16 wt. %) alkaline (Ma+K,O 9-9.23 wt.
%) rocks are low in MgO (0.02-0.03 wt. %) and cotitpa elements (Cr ca 5 ppm, Ni 11-12 ppm).
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The crystal-rich rhyolite (Sd013) appears moreetdédhtiated compared to the obsidian (Sd017) of the
same formation in terms of trace element contenis Ihigher in less-compatible and lithophile
elements such as Rb (143 ppm compared to 65 p@d0a7), Th (21 ppm compared to 12 ppm) and
Zr (1452 ppm compared to 878 ppm). Sample Sd013 tes a pronounced Eu-anomaly (Eu/Eu* =
0.11 — figure 6-26).

Three samples of Corbetti ignimbrites (Sd036, Sd&t®67) are compared with sample HSRVR010
from the Hawasa sub-sheet (Rapprich et al. 2018nEhough all four samples are plotted in one
narrow cluster in the rhyolite field in the TAS dgiam (figure 6-25), the HSRVR010 sample differs in
higher Nb/Y and lower Zr/Ti ratios suggesting a entmachytic tendency. In addition to lower Y and
Zr concentrations (see Annex 1), this rock alstedsfalso in lower REE conterEREE = 367.5 ppm
vs. 605.4-719.8 ppm — figure 6-26) accompaniedidpyificantly higher La/Yby ratio (11.15 vs 6.4—
7.7 in other rocks of this unit).
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The new analyses of Hawasa basalts (HSRVRO035 afVR%77) suggest lower silica content (only
43.46 or 44.82 wt. % respectively) and higher @kéB.6—3.8 wt. %) than obtained from the GSE
analytical data. Analytical data for single sampdes connected by a solid line in the figure 6-25a.
Despite low silica content, low mg# values (37-62rfew analyses), low MgO content (5-8.44 wt. %)
as well as low content of compatible trace eleméts= 30-36 ppm, Ni = 22—-29 ppm) suggest that
these basalts do not represent primitive melts.

The yellowish phreatomagmatic tuff (HSRVRO009) diss a rhyolitic composition like the other silicic
volcanic rocks in this area (figure 6-25a). Alldhrsamples from the Wendo Koshe pumice fall deposit
are plotted within a narrow span in all of the déags suggesting an alkali rhyolite compositionu(fiy
6-25). This pumice is characterized by an increasaotent of fluorine (0.2-0.25 wt. %) and a
significant Eu- anomaly (ca 0.5 — figure 6-26).

6.4. Geochronology

Seven rock samples were analysed for K-Ar geochiognmal data in the ATOMKI laboratories of the
Hungarian Academy of Sciences in Debrecen (tall¢. 6-he oldest of the analysed rocks (Sd042)
yielded an age of 10.3 + 1.4 Ma, suggesting théyaed basalt belongs to the lower part of the Nazre
Group. Basaltic rocks of such a position are knewiBale basalts in the wider area. Similar ag&s (9.
and 8.39 Ma) were obtained for basaltic lava embddaktween rhyolitic ignimbrites of the Nazret
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Group on the western scarp of the Main Ethiopidft, Rear Butajira and Kela (JICA 2012). Another
basaltic rock sampled just south of the mappedssaet (Sd061) yielded an age of 5.51 + 3.8 Ma.
This age corresponds to the basaltic unit in tpentwst part of the Nazret Group known as Bofa basalt
(e.g., Astatke and Sima 2012). Ages of the rhyoliivas (Sd013 and Sd017) are of 1.18 + 0.12 and
1.02 + 0.14 Ma, respectively, suggesting effusietiviy of the Hawasa Caldera post-dating the
climactic ignimbrite forming eruption ca 1.28 MalGA 2012). Several ages obtained from the
Corbetti ignimbrites (Sd038, Sd048 and Sd067) dasrthe multi-episode evolution of the Corbetti
Caldera. The obtained ages suggest at least tymeskrite forming eruptions 0.98 (£ 0.26), 0.669 (+
0.129) and 0.2 (+ 0.14) Ma. Even though the erfdhe last event nearly reaches the value of tlee ag
this value is confirmed by the previously publistaggs of 0.19 and 0.21 Ma (JICA 2012).

Table 6-1. K-Ar analytical results of dated samples from $feshemene sub-sheet.

40
Sample K (wt. %) (ch_rl_r;j/g) AT 1q (%) K/Ar age (Ma)
1.5522x10
Sdo13 3.677 1.8434x10 12.7 1.18 +0.12
1.6978x10*
Sdo17 3.448 1.3675x70 10.4 1.02 +0.14
Sd036 3.715 9.6643x10 7.2 0.669 + 0.129
Sdo48 3.849 2.9929xF0 2.1 0.20+0.14
Sdo42 0.822 3.3012x10 10.3 10.30 + 1.40
Sdo61 0.813 1.7449x70 2.1 551 + 3.8
Sdo67 3.568 1.3692x70 5.2 0.98 + 0.26

* replicated measurement of 40Ar, the average dtlime) value was taken for further calculations.

6.5. Geological evolution

Nazret Group volcanic rocks erupted during the Mitecene and Pliocene. Rhyolitic ignimbrites were
intercalated by at least two units of basalt toaliéts trachyandesite lavas (ca 10 and 5 Ma).
Subsequently the Hawasa Caldera with a diamet@badfit 30 km formed in the mapped area. After the
1.3 Ma ignimbrite-forming eruption, several lavantes erupted along the caldera margins ca 1.2-1
M.y. ago. The original shape and scarps of the ldawaaldera were strongly modified by on-going
tectonic activity on the marginal rift-faults. Aftehe formation of the Hawasa Caldera, the new
Corbetti Volcano began to emerge in its north-westector (west of the mapped area) producing
several ignimbrite units (<1, 0.67 and 0.2 Ma) dgrihe Middle Pleistocene. The Hawasa Caldera was
transected by a belt of basaltic lavas eruptedutiitaseveral scoria and tuff cones after the Carbett
ignimbrite-eruptions. These basaltic cones arenofi@vered by younger silicic pyroclastic deposits.
The yellowish tuff possibly erupted from the Fikelvano, northwest of the mapped area. The latest
volcanic rock is represented by Wendo Koshe puif@teovering a large area in the western part of
the sub-sheet. Already synchronously with posterald/olcanism, the Hawasa Caldera started to be
filled with polygenetic deposits comprising re-sadnted pyroclastics, as well as alluvial and
lacustrine sediments. The prominent slopes areeptorslope deformations and therefore are rimmed
with colluvial deposits. Ongoing hot-spring actwiesults in a continuous accumulation of travesin

6.6. Geological localities

1. Hawasa scoria conés exposes by a temporary quarry (figure 6-27 HFRVR125). This locality
belongs to the Hawasa basaltic belt transectingHawasa Caldera. Accumulations of ill-sorted
scoriae with a clast-supported structure as wedlasdant spindle-shaped volcanic bombs can be well
observed in the quarry.
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2. Shashemene “cave* cellars excavated during the last 30 years lycal linhabitant (figure 6-28,
RP HSRVR175) provide exposure in the yellowish ptomagmatic tuff in its entire thickness of
about 6 m. In the walls and roof of the cellarg Harious textures of the pyroclastic deposits ssgg
variable depositional processes comprising ash;flasih-cloud surge and ash-fall with accretionary
lapilli. The base consists of 2 m thick massive rireupported ash-flow deposits followed by a
sequence of alternating layers of fall and surgeé amother massive ash-flow deposit. The entire
sequence is topped by well-developed brown-colodosdil soil buried by about 1.6 m of Wendo
Koshe pumice fall.

-~

Figure 6-27. Teporary qurry in the cori coneFigure 6-28. Owner and creator of the cellars dug in
Photo V. Zéek. the yellowish phreatomagmatic tuff. Photo Vcela

3. Sandpit near Shashemene Alaba-Kulito roadRP HSRVRO009) is easily accessible from the
asphalt road. This sandpit exposes more than 6 asloffall deposits of yellowish phreatomagmatic
tuff with abundant spectacular accretionary lagflure 6-29). The tuff is also covered by ca hf
Wendo Koshe pumice fall.

Figure 6-29. Abundant accretionary lapilli in the Figure 6-30. Shalo hot spring beneath the Weransa
yellowish phreatomagmatic tuff (RP HSRVR009). PhdRidge escarpment. Photo V.dék.
V. Rapprich.

4. Shalo hot springis located below the Weransa Ridge. The hot spisngssociated with the
intersection of NW-SE and NNE-SSW trending faultao big and numerous smaller springs have a
productivity of tens of litres of hot water per ead (see more in the chapter Hydrogeology). The
spring is not associated with travertines but otirénerals precipitate from the hot water. The
precipitate was identified using X-ray diffracti@s a mixture of troona (hydrous sodium hydrogen
bicarbonate) and kogarkoite ({&Q,).

5. Sole quarry (RP KV44) is a large active quarfjgure 6-31) located in the vicinity of Sole vija
to the east of Shashemene. The quarry exploitseddiacies of Corbetti rhyolitic ignimbrite overlain
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by ca 2 m thick lateritized phreatomagmatic tuffieTignimbrite contains well-visible fiamme, lithics
and fragments of quartz crystals. The rock is ¥e¥gh and hard.

Figure "6-31.\ Columnary jointed welded CorbéttiFlgure 6-32. e of the Wendo Genet hot springs with
ignimbrite overlain by lateritized tuff at Sole qua travertine cementing the colluvial deposihoto V.
Photo V. Zéek. Zacek.

6. Wendo Genet springs- a row of numerous hot springs can be foundénuthper part of the Werke
Brook Valley in the hills above Wendo Genet. Theirggs are located in colluvial deposits, where
travertine precipitation causes cementation of dodgposits (figure 6-32) and creation of small
travertine moulds.

7. HYDROGEOLOGY

The eastern part of the Shashemene area (aboubtb@8é sub-sheet) is located on the rift floor and

has a subtropical (Weina Dega) climate. The wegtarh of the area (about 50% of the sub-sheet) is
located on the western escarpment and has a temg@ega) climate. Sedimentary formations and

unconsolidated volcanic materials form the flatirplaf the Hawasa Caldera and coherent (solid)
volcanic rocks outcrop mainly in the escarpmenaaRocks are eroded by rivers forming deep gorges
and valleys in the escarpment area. The rain gaarggesinnual rainfall averages are shown in Table 7-
1. An average of 1,300 mm of rainfall was adoptedtie Shashemene area.

Table 7-1. Climatic stations of the Shashemene area

Station Class Coordinates Altitude A\{erage Sub-basin
X Y [ma.s.l]| rainfall [mm]
Hawasa 1 442915 780888 1,765 969 Hawasa
Shashemene 4 455884 795851 1,934 835 Shalla
Wendo Genet 4 457547 782775 1,765 1,135 Hawasa
Kofele 1 476356 782064 2,679 1,184 Wabe Shebelle

The Shashemene area is part of the Rift Valley taltesed basin and its sub-basins of the Hawasa
and Shalla lakes. The south-eastern corner of #ebrlongs to the Wabe Shebelle basin. The Wesha,
Werka Gomesho, and Wedesa rivers drain water flmneastern escarpment (eastern scarp of the
Hawasa Caldera) and feed the swampy area of theefdrake Cheleleka (Shalo). Lake Cheleleka is
drained by the Tikur Woha River which feeds Lakevdsa (figure 7-1). The Debaba, Guta, and Denbi
Rivers feed Lakes Shalla and Chitu.
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The lakes represent the drainage basin of the @heg. represent flooded calderas distinctly sepdrat
from the surrounding highlands and even the rifbflby steep mountain slopes. The maximum depth
of Lake Hawasa is 20 m. Fluctuation in levels oké&lawasa has been measured since October 1969.
The specific runoff of 12 I/s/km2 and 5 I/s.km2 five escarpment and rift floor areas and specific
baseflow of 6 I/s/lkm2 and 1 I/s.km2 for the escaptrand rift floor areas was adopted for the Rift
Valley Lakes basin. The adopted average specifiofftand specific baseflow was 8.5 5 I/s.km2 and
3.5 5 I/s.km2 for the Shashemene sub-sheet. The ohairacteristics of the rivers of the Shashemene
sub-sheet and rivers surrounding the Shashemeaawsrehown in table 7-2 and figure 7-1.

Table 7-2. Main river characteristics

River Station Meéan flowAnnual flow Areg Specific runoff| Specific baseflow
[m/s] [mm] [km? | [I/s.kn"] [I/s.km?]*

Tikur Woha | Hawasa 6.6 ? ? ? ?

Tikur Woha | Dato village 3.62 199 625 4.25 1.54

v giig’vo”do 0.26 200 41 6.3 ?

Wesha Wondo Genet 0.63 197 4( 15.8 13.3-15.3

Debaba Kuyera 1.04 201 163 6.4 0.9-4.9

Guta Melka Oda 0.32 135 75 4.3 ?

*Specific baseflow was assessed by Kille and hydpdgseparation methods.

A
L. Ziway (5

| | | |:| Shashemene subsheet

Figure 7-1. The river scheme of the Hoseina 1:250 000 sheeafibn of the Shashemene sub-sheet in red,
surface water divides in dotted blue lines).
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7.1. Elementsof the Hydrogeological System of the Area

The qualitative division of lithological units isabed on the hydrogeological characteristics of
various rock types using water point inventory datan the Shashemene map sub-sheet and from
the surrounding area. The lithological units wereidd into groups with dominant porous and
fissured permeability and mixed permeability. Thdsvision served for a definition of the
aquifer/aquiclude system of the Shashemene mapslsedt: Since quantitative data such as
permeability, aquifer thickness and yield are ni¢cuate or evenly distributed enough to make a
detailed quantitative potential classification, lagg was used for characterization of rocks without
the adequate number of water points. The hydrogémb map shows aquifers and aquicludes
defined based on the character of the groundwhder (pores, fissures), the yield of springs and the
hydraulic characteristics of boreholes. The follogvaquifers/aquicludes were defined:

1. Extensive and moderately productive or locally deped and highly productive porous
aquifers (T = 1.1-10 m2/d, g = 0.011-0.1 I/s.mhvapring and well yield Q = 0.51-5 I/s).
The aquifers consist of Quaternary polygenetic reedis (spQ) and alluvial, fluvial and
colluvial sediments (aQh, fQh, cQh), and scorid)@gp The aquifers are shown in light blue.

2. Local and moderately productive fissured aquiféfs=(1.1-10 m2/d, q = 0.011-0.1 I/s.m,
with Q = 0.51-5 I/s). The aquifers consist of btsg&bQp), basaltic lapilli-stone (IbQp),
ignimbrite (igpQph), rhyolite (pQph, epQph) andctrgandesite (tbQph). The aquifers are
shown in light green.

3. Extensive and moderately or locally developed aighliz productive mixed porous and
fissured aquifers (T = 1.1-10 m2/d, g = 0.011-01m, with spring and well yield Q = 0.51—
5 1/s). The aquifers consist of sequences of sedliang, coherent volcanic rocks, pyroclastic
rocks and ignimbrite pumice fall (igpQc, ppQwf, tp€ bpQpc), and the underlying Nazret
Formation (igpN) which is only show on the hydrolggical scheme. The aquifers are shown
in light green and light blue horizontal hatching.

4. Formation consisting of a minor fissured aquifethmiocal and limited groundwater resources
— Aquiclude. The formation consists of Hawasa albsidopQph). The rocks are shown on the
hydrogeological map in light brown.

7.1.1. EXTENSIVE AND MODERATELY PRODUCTIVE POROUS AQUIFERS

Extensive and moderately productive porous aquiferger about 145 ki(20%) of the sub-sheet
area. Porous aquifers are aquifers where groundwsagecumulated in and flows through pores of
an unconsolidated or semi-consolidated materiass$ital porous unconsolidated sediments of the
Quaternary age are represented by polygenetic raatarcluding re-sedimented pyroclastics and
lacustrine sediments around lakes (Hawasa and leka)eand alluvial, fluvial and colluvial
sediments. Particularly lacustrine sediments ardakds can reach a thickness of several tens and
even hundreds of meters. Scoria cones also represgerial with dominant porous permeability,
but they are relatively small with steep slopes #mar hydrogeological activity is minimal. The
rocks with porous permeability forming aquifers axpressed on the hydrogeological map in blue.

A porous aquifer on the western shore of Lake Qakéeis large and thick and its groundwater is
developed by a large number of drilled and dug sviellHawasa town. The porous aquifer is a very
good source of groundwater depending on the thekngorting and recharge conditions. Lacustrine
sediments and re-sedimented pyroclastics are magalyarged by direct infiltration by percolating
rain water, but can be also recharged by banktiiafibn during floods with high levels of water in
river channels as well as in lakes. Deep regionaligdwater flow from the eastern highlands and
escarpments can also recharge lacustrine sedirmpdtee-sedimented pyroclastics in the depression
of lakes Hawasa and Cheleleka by lateral flow.

Volcano-sedimentary rocks are developed in shallepressions and are generally represented by
volcaniclastic strata associated with volcanic &oms, which have hydrogeological characteristics
of sedimentary materials. Small scoria cones inwestern part of the sub-sheet also represent
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material with dominant porous permeability. These dominated by clastic sediments of a volcanic
origin intermixed with lacustrine and fluvial unigad tuff materials. Moderate yields may be found
locally where the aquifer provides important losapplies.

The yield of boreholes drilled to the aquifer varigom 1 to 5 I/s. The average thickness of the
aquifer is about 50 m but we can say that the tlésk varies from 40 m to more than 200 m. The
frequency of yield of water points from porous dgqrs of the Shashemene sub-sheet and its
surroundings as well as their basic statisticsgaren in table 7-3.

Table 7-3. Basic statistics of yield of water points from @as aquifers in I/s

Number of data sets| Max [ Min | Median| Average

90 75 0.029 2.5 4.61

Drilled wells in this aquifer on the Shashemene-subet were observed to strike groundwater at a
depth of 10-80 m with discharge of 2.7 to 8.3 disthe wells. There are also some shallow wells and
dug wells taping the shallow groundwater, despigefact that most of the shallow wells have a high

content of fluoride and relatively high value of $Qvhen drilled nearby Lake Hawasa. The fluoride

content is particularly high when thermal watestizick by the well.

7.1.2. LOCAL AND MODERATELY PRODUCTIVE FISSURED AQUIFERS

Fissured aquifers developed in coherent volcaniksaover 12 ki (1.5%) of the sub-sheet area.
Fissured aquifers are aquifers where groundwatenraalates in and flows through the weathered
and fractured parts of volcanic rocks. The porositiava flows may be high but the permeability is
largely a function of a combination of the primgjyores) and secondary structures (joints and
fissures) within the rock. In addition, the permiigb of lava flows tends to decrease with
geological time. The pyroclastic rocks between |&8leavs are generally porous but usually less
permeable due to poor sorting. They can be repteddry impermeable non-welded tuffs in some
parts of the volcanic sequences. Hence, extensiveanic ash beds may form semi-horizontal
barriers to water movement (infiltration) resultimglower productivity of basaltic units located at
greater depth. Layers of paleosoils of various kifésses in between lava flows are also less
permeable and usually consist of clay materiall@n dne hand, whereas layers of fluvial and lake
sediments and pumiceous pyroclastic deposits betwekvidual lava flows can enhance well yield
on the other hand.

Quaternary volcanic rocks like basalt, basaltiglizgbones, rhyloitic ignimbrite, rhyodacite, rhyta

and trachyandesite have dominant fissured pernmigahitd represent fissured aquifers of the sub-
sheet. The units with fissured permeability formmgderately productive aquifers are expressed on
the hydrogeological map in light green.

Welded ignimbrites usually alternate with non-weldacies and are interbedded with tuffs, pumice
and lacustrine or alluvial deposits. Groundwatemws through joints, fractures and pores of non-
welded layers and interbedded sediments, howesgsure flow is the dominant hydrogeological
characteristic of these rocks. Open faults and feydtems may also provide significant groundwater
flow paths, which may allow regional transfer obgndwater where they are extensive.

Outcrops of ignimbrites are mostly well jointed yiding good possibility for direct infiltration as
well as indirectly by overlaying porous aquifersthim the Corbetti sequence. The continuity of
fractures in both horizontal and vertical planesviites the aquifers their hydraulic continuity with
adjacent units and aquifers. Yields from both bole& and springs may vary widely. The basic
statistics of the yield of water points of fissuraduifers of the Shashemene sub-sheet and its
surroundings area are shown in table 7-4.
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Table 7-4. Basic statistics of yield of water points fronsfieed aquifers in I/s

Number of data sets| Max Min | Median | Average
190 70 0.035 3 4.67

Wells developing groundwater from fissured aquiflesated on the Shashemene sub-sheet have a
yield ranging from 0.3 to 18.3 I/s, documenting tm@derate productivity of the aquifers. The
groundwater level is about 20 to 60 m below thdéagerin the western part of the sub-sheet. Thd leve
of groundwater is between 15 and 30 m below thfaserat the foot of escarpment in the eastern part
of the sub-sheet, but can vary significantly basedhe topographical position of the drilled wefls

the escarpment area. The yield of springs in teeeaapart is about 7 I/s.

7.1.3. EXTENSIVE AND MODERATELY PRODUCTIVE MIXED POROUS AN
FISSURED AQUIFERS

Mixed aquifers developed in volcanic rocks cove8 ¥ (77 %) of the sub-sheet area. Volcanic
rocks in the Rift Valley are often mixed with sedints accumulated by rivers and lakes in between
lava flows of different volcanic episodes. The r@eke also intercalated with relatively thick laser
of non-welded tuffs, ash-flows and pumiceous pyastit deposits. These intercalated porous
materials do not act as independent aquifers layt ibrm a mixed fissured and porous multilayered
aquifer together with the volcanic rocks. Poroudarials can significantly contribute to the safe
yield of wells when they are developed togetherhwiblcanic rocks. The permeable porous
sediments in between lava flows form a body that aecumulate large volumes of groundwater by
draining the surrounding fissured aquifers and bute to the vyields of wells developing
groundwater from this mixed aquifer, which is magseoductive than fresh basalt, ignimbrite,
trachyte and rhyolite that are normally consideasdocks with moderate and/or low permeability.

Wendo Koshe pumice fall with subordinate flow ddfmand phreatomagmatic tuff covering large
areas of the north-western part of the sub-sheet parous permeability, but they are compacted in
some parts which shows combined fissured and pgreuseability. These two lithological units are
several meters thick and generally do not represwatividual aquifers. They are connected with
underlying aquifers developed in ignimbrite, whiake also frequently intercalated with various
sedimentary and pyroclastic porous materials. Ahese lithological units together represent large
and thick multilayered aquifers with combined pa&@nd fissured permeability. Neogene volcanic
rock of the Nazret Group also forming a mixed aguifinderlies outcrops of volcanic rocks of the
sub-sheet. The units with mixed permeability forgnmoderately productive aquifers are expressed
on the hydrogeological map in light green and lighie horizontal hatching.

The mixed aquifers are exposed in the northerngfaitie sub-sheet where they form gently sloping
eastern to north-eastern plains of the rift flood dn the eastern part of the sub-sheet where they
form the eastern escarpment.

The aquifers are recharged directly by percolatimig water as well as indirectly by overlaying

porous aquifers of the Corbetti complex. Aquifersows both watertable and confined aquifer
systems. The basic statistics of the yield of tla¢ewpoints of the Hawasa sheet and its surrousding
area are shown in table 7-5.

Table 7-5. Basic statistics of yield of water points from eabaquifers in I/s

Number of data sets| Max [ Min | Median| Average
132 78 0.01 2 4.84
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Wells developing groundwater from mixed aquifersalied on the map have a yield between 0.3 to 2.2
I/'s, documenting the moderate productivity of tieiter. The groundwater level is about 20 to 50 m
below the surface in the western part of the shigwt.level of groundwater is between 100 and 150 m
below the surface in the elevated eastern parh®fsheet, but can vary significantly based on the
topographical position of drilled wells in the egmaent area. The yield of springs in the easterhipa
from 0.03 to 15 I/s.

7.1.4. FORMATION CONSISTING OF A MINOR FISSURED AQUIFER -
AQUICLUDE

Volcanic rocks with local and limited groundwateesources - Aquicludes are units where

groundwater is neither stored nor transmitted tghotlhe rock. Groundwater development for limited

individual water supply is very difficult and evampossible in places. These are groundwater
resources with poor or no exploitation potentiad aare represented by Hawasa obsidian. The
fissures in the obsidian are well developed buy tlie open and the infiltrated water is transmitted
very fast and the unit has no ability to store walée units with limited groundwater resources are
expressed on the hydrogeological map in light brown

7.2. Hydrogeological Conceptual Model

The general concept of infiltration and groundwatieculation on the Shashemene sub-sheet consider
the relevant parts of the rift floor, the easteightands and the escarpment area.

The eastern plateau area is covered with varioleanix rocks forming a gently undulating plain that
receives adequate rainfall and has moderate ruasffiting in good infiltration and the formation of
extensive and moderately productive or locally dmwed and highly productive fissured and mixed
aquifers. Infiltration is particularly good in aseavhere the plateau is covered by thick eluvias and
laterites. Aquifers outcropping in the plateau aadso feed deeper fissured aquifers developed in
underlying volcanic and sedimentary rocks. The g@goant area is relatively steep for infiltration;
however, some of its parts provide a good oppantufor water to percolate underground and feed the
aquifers on the escarpment as well as rift flodre Groundwater flow system and direction in the
escarpment area are mainly controlled by its fadltere are also some faults which seem to act as
barriers to flow and some faults are used by haemwt circulate from deep regional flow to the
surface, where it emerges as hot springs in WerglteGand other areas. The escarpment is a part of
the hydrogeological system of the Rift Valley piivig a transfer of groundwater from the highlands
to the rift floor.

Springs at the foothills of the escarpment aredangd there are even hot springs at Wendo Genet and
Shalo representing deep local and/or regional gheater flow. Groundwater flowing from the eastern
escarpment feeds the aquifers developed in volcamicsedimentary rocks of the rift bottom. Local
ridges on the rift floor generate shallow local grdwater flow and form local groundwater divides
which conform to the surface water divides. Thislkhv local as well as deep groundwater flow
recharges the lacustrine sediments of lakes wtocm fregional drainage of the Rift Valley Lakes
basin. Lake Hawasa represents drainage of the-smsdtern part and Lake Shalla represents drainage
of the north-western part of the sub-sheet. [{3s possible that the lacustrine sediments areargeld

from rivers and lakes when the water level in thvers and lakes is higher than the surrounding
groundwater level in the aquifers. A conceptualrbgéological model is shown in figure 7-2.
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Figure 7-2. Conceptual hydrogeological model of the Shasherassee

The principles of the general conceptual modelhef $hashemene sub-sheet are based on the main
mechanisms of recharge as well as discharge asviall

» direct recharge to outcropping aquifers

» vertical recharge from overlying aquifers into urigieg aquifers

» horizontal recharge from neighbouring aquifersemsvand lakes

» direct discharge by springs from outcropping agsif€old and hot springs at the foot of the
escarpment and the rift floor)

» direct discharge to rivers and lakes

» indirect discharge from one aquifer to anothert{galas well as horizontal)

Groundwater is under watertable conditions; howeaeiesian conditions are also known from the
mixed volcano sedimentary aquifers of the plateagarpment and rift floor.

Groundwater flow is in general parallel with thefaoe water flow system and is from the highlands
through the escarpment to the rift floor. On thi¢ ftbor itself, the groundwater flow direction is
governed by the relative elevations between thévishdal sub-basins and elevation of the lakes
Hawasa and Shalla.

Groundwater (drilled and dug wells) remains thenradurce of water supply for towns and villages
within the Shashemene sub-sheet. Halcrow (2008nha&&ts groundwater makes up 92 % of the water

supply.

7.2.1. ANNUAL RECHARGE IN THE AREA

There is a large volume of data from different me@bout the assessment of recharge; however,
these data vary significantly. The regional mectianof recharge of aquifers in the area has been
described above. As is the case in other areagythendwater is recharged from precipitation
depending on its intensity and annual distributimpographical gradient of the area, as well as the
lithological composition (particularly in verticarofile) of outcropping rocks and their permealilit

A substantial part of the groundwater is rechargenh direct precipitation. There is also a seasonal
but less significant amount of recharge to localizequifers from the permanent as well as
intermittent streams and lakes after rains whenldkel of water in rivers and lakes is above the
groundwater level in the surrounding aquifers.
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Tesfaye (1993) characterized recharge to be less1B0 mm in the highland and between 70 to 100
mm in the rift basin based on baseflow data of Katad Meki rivers. Recharge based on rainfall

infiltration according to the rainfall infiltratiomactor (RIF) was defined by WWDST (2003) to be

about 6 % for alluvium and basaltic rocks if theps of the terrain is less than 20 %.

Tadesse and Zenaw (2003) assessed recharge fblath@sa basin to be about 5 % of the rainfall
(67 Mn/year). WABCO (1990) in Water Resources Developnaster Plan for Ethiopia refers to
5 % recharge to the aquifers in RVLB representingua 57 mm of annual recharge.

Taking into consideration the variation of baseflealues for the rivers in highlands, escarpment

and the rift floor, the recharge is about 200 mmd & mm. Compared to the adopted average depth
of precipitation of 1,300 mm the calculated averag#tration (recharge) can be assessed as being
104 mm or 8 % of the precipitation depth.

7.2.2. HYDROCHEMISTRY

A study of the groundwater quality was carried ontthe different aquifers (geological formations)
of the area. The results of the hydrochemical stady help to understand the groundwater
circulation within the aquifers in addition to coarpg the water quality with various standards. A
total of 34 water samples from cold and hot springsreholes and dug wells were analyzed for
chemical composition. One sample was taken fronfiasarwater of the Tikur Woha River. The
analytical results were presented graphically ohydrochemical map (inset map) to facilitate
visualization of the water chemistry, TDS and fider content. Suitability of groundwater for
drinking, industrial and agricultural purposes s$s@ssed based on the pertinent quality standards.

CLASSIFICATION OFNATURAL WATERS

Hydrochemical types are classified based on the 9egpresentation of the main cations and
anions. Basic hydrochemical type is the only typehie area and its content of the main cation and
anion is higher than 50 Meq%. This chemical typexpressed on the hydrochemical diagram by a
solid colour.

The hydrochemical types of groundwater in the stadya are calcium-bicarbonate and sodium-
bicarbonate. The type of groundwater within thet Rifalley Lake basin depends on the
morphological position of the aquifer and whetheisilocated on the plateau (Ca-HERasic and
transient), escarpment (Na-HgQtransient and basic) and/or rift floor (Na-Hgasic).
Groundwater residence time along flow paths, lengthwater-rock interaction, lithology, ion
exchange, and evaporation may play a significate no the increment of TDS in groundwater
composition. The contact of water and hot rockgluiding groundwater enrichment by carbon
dioxide, is believed to form the sodium bicarbongteundwater chemistry of the majority of the
groundwater on the rift valley bottom. An importamteraction is the leaching of fluoride from acid
volcanic rocks, mainly from obsidian and rhyolipamice. The chemistry of groundwater in the
Shashemene area reflects it position on the higllaescarpment and rift floor and changes from
transient Ca-HC@®type at higher altitudes of the escarpment indmgient at lower altitudes of the
escarpment and basic Na-HE@ype on the rift floor. To facilitate the visuaditton of the
classification of water types, the percentage efrttajor cations and anions of the analysed samples
is plotted on the Piper diagram shown in figure. 7-3

The same development as in groundwater types isredd in total of dissolved solids where
groundwater with low TDS (less than 200 mg/l) isirid in the highlands and the upper part of the
escarpment in the eastern part of the map. It atdicthe fast hydrogeological regime of the area
receiving a relatively high volume of precipitatiand where groundwater flows in young fractured
volcanic rocks. Higher TDS of cold groundwater (be¢n 200 and 1,000 mg/l) as well as higher
content of fluoride (between 2 and 6 mg/l) in thestern part of the sub-sheet indicate a slow
hydrogeological regime in the drainage area whaeegtoundwater flows mainly in various aquifers
of the rift floor. TDS of hot water can reach ngadlg/l with fluoride content between 1 and 40 mg/I
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Figure 7-3. Piper diagram for classification of natural waters

The water of the Tikur Woha River is also of baNig-HCO3 type but has lower TDS (397 mg/l)
than the groundwater in the lacustrine sediments.

WATER QUALITY

Water quality of the mapped area was assessedtfrerpoint of view of drinking, agriculture and
industrial use.

To assess the suitability of water for drinking pases, the results of the chemical analyses were
compared with the Ethiopian standards for drinkimgter published in the Negarit Gazeta No.
12/1990 and the Guidelines of Ministry of Water ®ases (MoWR, 2002).

Results of chemical analyses show that groundwadtéte Shashemene area is good for drinking in
the eastern part of the sub-sheet but is not caemtfor drinking because of high fluoride content
the western part of the sub-sheet. Fluoride conisotlly exceeds the maximum permissible level
(2.5 mg/l) in porous aquifers hosted by lacustsediments and mixed aquifers in the western part
of the sub-sheet and in hot groundwater.

Agricultural standards for the quality of grounderaused for irrigation purposes are determined
based on the Sodium Adsorption Ratio (SAR), totakalved solids and United States Salinity
Criteria (USSC). The Sodium Adsorption Ratio (SAR)good to fair for irrigation with moderate
salinity. There is no limit for the use of groundesafor livestock watering.

Groundwater is not suitable for direct use in modustries without the appropriate pre-treatment.
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7.3. Thermal Water

Thermal water is very common in the Rift Valley. tHsprings are known in the Shashemene sub-
sheet in the Wendo Genet and Shalo (Cheleleka} ara water is known from wells drilled along
the main road from Dila to Hawasa. There is alsglominent hot spring of Graha Quhe located a
few kilometres to the south of the border of thb-sheet. A detailed geochemical study of thermal
waters in the area is presented in a study of UNEF 1) and the following text is taken from this
study.

Hawasa geothermal area is represented by two groups of springs emerdioggafaults at the
bottom of the Main Ethiopian Rift. Two spring graupe. Shalo and Graha-Quhe are hot springs
located in the bottom of the Hawasa caldera atrthegin of the swamp which is a remnant of the
former Cheleleka Lake.

Shalo springs (figures 7-4 and 7-5) are locatethatfoot of Weransa Ridge and two groups of
springs form the eastern and western arms of tladl $ake where gas rises in considerable quantity.
This small lake is a part of the larger but notnpenent Lake Cheleleka. Spring UHS-48 was said to
be the hottest in the area and was hot enoughitabaeegg. Around August 1970 the spring was
excavated and dammed (the head was raised appBmedier) to form a bathing pool. This caused
the temperature to drop to 43 °C, and the dischtogeease. The water of the spring has recently
been developed and water is pumped to the westised for water supply of Gotu Onoma (Wesha)
town (spring condition during the visit on the™af June, 2012). Spring UHS-52 is 150 m west-
southwest of the spring UHS-48; it is one of theos®l group of springs and is close to the area
where gas rises in the lake and only a few cm altogdevel of the lake. It emerges through sand,
and is about 20 cm in diameter. The hot water lalghown in figure 7-4. Clear water splashes up 5
cm high (temperature 96 °C), but there are no sidéposits and the discharge is only 0.1 I/s. Di
Paola (1976) states that the discharge from thisigiof springs is “not calculable, but high”. No
springs with significant surface discharge wereeobsd during this survey but hot water enters Lake
Cheleleka (Shalo) at the position of the gas emssi he potential for hot water is high in thisare

T I, - :
Figure 7-5. Shalo hot spring. Photo V. Z&k.

Figure 7-4. Shalo hot water lake. Photo J. Sima.

Hot springs of Graha Ricata in Graha-Quhe Weredergenclose to the watertable on the northern
and eastern base of a small rhyolite dome on ththszastern edge of a swamp (Lake Cheleleka).
The area is accessible from the main road to Weaedpet. Very few springs can be approached
closely because of their hot swampy surroundingsti@ northern side of the dome spring UHS-2,
0.6 m in diameter and 10 cm deep, discharges ©0of klear natural water at a temperature of 70 °C.
There are no mineral deposits but there are algawtlys in the overflow channel. Spring UHS-3
emerges at the east-south-east base of the domeed.2 m in diameter, and “boils” up to 5 cm high
from amongst rhyolite blocks which have been plageér the vent. The temperature is 89 °C and
the flow is 0.1 I/s. A few meters west, Spring UHSlso ejects water 5 cm high. Its eye, also
infilled with blocks, is around 0.8 m in diamet@he surface temperature is 87 °C and discharge is
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1.0 I/s. At both springs UHS-3 and UHS-4 some nadbluff and white coloured sinter encrustation
blocks are wetted by splashing. The eastern grégprings (Spring UHS-2 and UHS-3) is used for
inhalation and for drinking of hot water to treabhchitis. The measured discharge of 2.0 I/s from
accessible springs at Graha-Quhe represents ofrigction of the total discharge, most of which

emerges directly in the swamp. The total disch&@gstimated to be at least 10-15 I/s.

The Wendo Genet group represents springs located along the eassgarpment several hundred
meters above the plain. Belle hot springs just veésthe Shashemene road near the north-eastern
boundary of Wendo Genet farm are the source oeBgtieam. Springs UHS-38-43 and UHS-40 are
collectively known as Belle Springs. They deposivértine; in the past spectacular 2 m high cones
were built but now the water emerges from holethenbase of the disintegrating cones. Spring UHS-
38 and UHS-39 are the hottest (71 °C) and depinsitniite close by their vents, but the other four
springs and innumerable small seepages deposittavgrtine sinter which forms an apron, partly
overgrown by sedges, extending southwards to tihé& bé Belle Stream. Here, discharge of 2.0 I/s
supplies two bath houses.

Many hot springs at Kike (known as Wendo Genet i), located to the east of Wendo Genet,
discharge water on the right bank of the WashaRRiviéh some up to 40 meters above the river-bed.
Two of the higher springs supply large swimming Isa&pring UHS-44, source of the eastern-most
pool). The waters are clear, and extensively depwavertine and limonites near their sources.
Temperatures range from 67 to 69 °C and the tidahdrge is approximately 6.5 I/s. Both the Wendo
Genet and Kike springs emerge on an east-westathlin the Wendo Genet Caldera, the former on
the floor, and the latter high on the caldera w@ther hot springs emerging further south at alami
elevation to Kike are known as Kenteri (Spring UBES; but permission was refused to observe them.
There are said to be six hot springs with simieanperatures and total discharge similar to the Kike
springs. The last spring in this area is known abi€ho (Spring UHS-46). The Dobicho hot springs,
situated south of Kenteri, issue from below a thgikimbrite sheet in a gully cut back into the gcar
end, draining the highlands beyond. There are rie 20 sources and the larger ones are used for
bathing by the local people. These springs diseéhartptal of 10 I/s at a temperature of 43 °C.

Representative samples of the Hawasa and Wendo Genet areas were collected to the east of Lake
Hawasa. Three samples (UHS-4, UHS-40 and UHS-52% waken from springs discharging to a
swampy plain, and two samples (UHS-44 and UHS-dSinfsprings in the escarpment to the east. In
general these five samples show low Cl/total caabmspecies (< 0.14), low Cl (< 130), and low EBO
content. Except for Spring UHS-12, these waters ase characterized by low fluoride content
(although CI/F ratios are low), moderate Ca and ddgtent and generally low Cl/Q@atios. The
springs also have certain differences. Those omplia have higher temperatures (96, 87, 68 °Q) tha
those of the escarpment (43, 69 °C) and a loweraftiow. SQ content is much higher in the former,
and this is also true to a lesser degree for Cl,|,Bri, HBO, and HS. Even for major constituents
HCO; and Na, the springs on the plain are mineraliaed, have TDS nearly 3 times higher than that
of the springs on the escarpment. Furthermoren§pdHS-40 (Belle Spring) has the lowest Na/Li
ratio in the lakes district and the highest Cl/fora the group.

These chemical analyses can be interpreted in aeweys. Firstly, it is likely, because of the ssli

that Springs UHS-44 and UHS-46 are meteoric wigh@t underground residence time, and that water
of Lake Shalla is derived from the same source. dihendance of HCOand low fluoride seems to
confirm the shallow nature and low temperaturethete waters. Secondly, springs UHS-4, UHS-40
and UHS-52 may receive steam from a deeper sowarening shallow HC@waters. However, this
hypothesis does not adequately explain the relgthvigh Cl and K content of these springs. Perhaps
as an alternative to steam heating, hot (Na—K)—&tlevg escaping from a deep reservoir ascend to
mingle with bicarbonate waters. This would betteplain the high subsurface temperatures inferred
from Na/K ratios, but it fails to explain the 118 tifferences in subsurface temperatures derived by
the SiQ method and by N/K ratios for Springs UHS-44 andSJ46.

The waters in the more highly mineralized spring$S4, UHS-40 and UHS-52 probably give a better
indication of the subsurface conditions althouggytprobably contain some shallow groundwater as
indicated by the high magnesium contents. Tempersitof 150-200 °C may be found especially near
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Spring 40. However, steam heating and some mixiitlyg surface water renders these estimates only
an approximation.

The low mineralized springs UHS-44 and UHS-46 aghlig diluted which suggests that the Na/K
ratios are strongly out of equilibrium in these &wemperature sodium and calcium bicarbonate
waters. This is supported by their similarity tckeaHawasa water. The cold shallow wells are similar
to the hot springs (UHS-4, UHS-40 and UHS-52) @f pitains in their degree of mineralization. Their
colder temperatures result in lower Na/Ca, CI/F higther Na/Li ratios. Lake Hawasa appears to be
fed principally by water similar to that dischardagdstrongly flowing springs on the escarpmenhi t
east, with a minor subsurface contribution from algeiifer which supplies springs in the plain, asd i
tapped by the shallow wells. The chemistry corrates the hypothesis that it is fed predominantly by
direct runoff from rainfall on the highlands to thast of the eastern Rift escarpment, and frormggri
on the eastern escarpment that discharge a sityflarof water of short underground residence time.
The lake has no surface outlet. In the east, gnoatet flow towards the lake is indicated by simiiar

in chemistry between spring waters at Graha-Quhk vaells near the eastern lake shore. Hence,
subterranean discharge from the lake is probabifired to the south through west to north quadrants
It is conceivable that this could be the sourcéhefWagere springs and springs on the south-western
shore of Lake Shalla.

Two occurrences of travertine associated with hot-springs in the Wendo Genet atere sampled for
Sr-isotopic ratios (table 7-6). As the geochemigahaviour of Ca is close to Sr (e.g., Faure and
Mensing, 2005), the detected source of Sr showdd alentify the source of Ca. The Sr isotopic
signature for the travertine samples (ca 0.7048)oise to the composition of basaltic rocks witthia
Main Ethiopian Rift (ca 0.703—0.7045: Stewart araj&s 1996, George and Rogers 2002). The Sr is
not likely to be derived from the sedimentary rookshe eastern plateau (Urandab, Gabredare and/or
Hamanlei limestone) because the Sr isotopic cortipnsdf marine sediments of the age ranging from
the Upper Jurassic to the Paleocene is in the agip@a7068—-0.7079 (McArthur et al. 2001, Veizerlet a
1999), well above the values measured. Similarlycimhigher Sr-isotopic ratios should be expected
for the crystalline rocks of the East-African uppeust due to the high time-integrated contenthef t
radiogenic strontium. The rhyolitic ignimbrites smrnding the hot-springs with travertine are very
poor in Ca and Sr and therefore could not repretamtsource of the carbonate precipitated in
travertine heaps. The Sr-isotopic ratios much bétteo the mafic volcanic rocks and hence thejiori

of the fluids responsible for the precipitationtadvertine may be related to the primary magmas or
dissolution of the pre-rift or rift basalts undénly the Late Miocene to Pliocene rhyolitic sequence
However, this ratio confirms deep circulation obgndwater in the escarpment area.

Table 7-6. Sr-isotopic ratios in travertine of Wondo Genet siorings

Sample North East 8'Srfosr 2 std. err. of the mean
HSRVR178 | 07.110354 38.614162 0.704500 0.000011
Sdo23 07.078633 38.645062 0.704814 0.000013

7.4. Environmental | sotopes

The environmental isotopes analyzed in the stuép &or hydrogeological purposes are oxygen-18,
deuterium, carbon-13 and radioisotopes: tritium eadon-14. These isotopes together with chemical
analysis data contribute to the understanding of:

* Recharge processes, rate and source
* Residence time of groundwater in the hydrogeoldgigsiem
» Construct conceptual models and calibrate numemicalels

The Local Meteoric Water Line (LMWLﬁzH = 7.5 x5'%0 + 13.3, established by this study (Tadesse
and Zenaw 2003) has been applied to interpretttigesisotope data. Almost all of the samples from
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shallow wells including samples taken from Lake ldaw are plotted along a line which is
significantly shifted to the right of LMWL. This rie, §°H = 55 x50 + 7.6, represents the
evaporation line for the study area.

By applying the equation obtained from the relalip of oxygen-18 versus elevation, the major
recharge elevation of about 2,000 m a.s.|. wasutatked. A similar elevation (2,100 m a.s.l.) wasoal
assessed based on the relation of elevation wiitifiataand evaporation as an elevation from which
rainfall prevails over evapotranspiration. Thisesssnent confirmed the hypothesis about massive
infiltration in the highlands and lower infiltraticof rain water in the rift floor.

JICA (2012) also states that the majority of gramatdr in the study area originates from rainfall
because values are in the proximity of a metednie. IProbably, the low value @& presents the
elevation effect of the origin, whereby most of tawater is infiltrated in the eastern highlands.

Tritium values of all of the samples range betw&eb2 and 4.8 TU. Very low TU is related to deeper
groundwater (boreholes and springs), whereas shaNater points including the water of Lake
Hawasa show relatively higher tritium values. Gatlgr tritium activity decreases along the flow Ipat
whereas TDS values increase. However, in the stmdg the direction of flow inferred from TDS
values is not supported by the tritium values bsedugh tritium is related to high TDS and vicesaer
This may suggest that the higher mineralizatiamoisdue to longer residence time along the flovhpat
but a high evaporation rate. The effect of evapamabn shallow dug wells is clearly depicted by the
relationship between deuterium and oxygen-18. Tgje FiU value (3.8) for Lake Hawasa may suggest
that the lake is predominantly feed by surface fiuno

7.5. Water Resources

Water resources of the area depend mainly on tharfd other climatic characteristics, as well las t
hydrological, geological and topographical settingshe study area. As part of an integrated water
resource and development program the use of suafattgroundwater must be dealt with keen interest
in addressing the acute problems of adequate dedvsaer supply schemes in the study area.

The long-term mean annual rainfall of the area lesn assessed to be about 1,300 mm/year. For
further calculations, the area is 720%uhe value of specific surface runoff is 8.5 Ifg’kand specific
baseflow is 3.5 I/s.kffor the aquifers of the Shashemene sub-sheeta$$mssed water resources of
the Shashemene area are shown in table 7-7. Treegoad water resources to be used for irrigation,
as well as for drinking water supply of peopleniyiwithin the area.

The total water resources of the area have beessess to be 193 Mifyear. The surface water of
rivers flowing from the eastern escarpment showdplimarily used for irrigation; construction of
irrigation dams on the intermittent rivers of theseern escarpment can support agricultural proalucti
The irrigation plans, including assessment of atign potential and environmental impacts, are
discussed in detail by Halcrow (2008) for the Rifley Lakes basin.

Table 7-7. Assessment of water resources of the Sashememe are

Input Area [km?] Resources total Remark
Precipitation 1,300 mm 720 720 Mityear
Total water resources — map| 8.5 I/s.knf 720 193 MnVyear 21 % rainfall
Renewable groundwater 3.5 I/s.krd 720 79 Mr¥lyear 8 % rainfall
resources aquifers

The river gauge measurements show that nearly 21 ptecipitation is drained as total runoff from
the area and about 8 % of precipitation infiltratesd appears as baseflow. There are good
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groundwater resources to be used for the suppbrioking water to people living within the area;
however treatment of water (defluoridation) is resegy because of the high fluoride content in the
groundwater in the western part of the sub-shele¢rd is also the potential to use groundwater of
the area to support irrigation. The total volume rehewable groundwater resources of active
aquifers in the area has been assessed to be 80ykbn.3

Most of the people within the area live in Shasheentwn and in small towns and villages along
main roads in the western part of the sub-sheeatsd@lpeople are supplied from drilled and dug wells
and cold springs. Additional to further developmehprotected springs and dug wells, water supply
based on drilled wells represents the most sanitmgure water and should be applied for
Shashemene and small towns as well as for rurabiténts.

To select appropriate areas, data from regionaledisas detailed surveys have been evaluated and a
strategy was chosen which consists in siting tlirdgeological wells for supplying the population on
the following basis:

1. Groundwater accumulated in the volcano-clastic\aidano-sedimentary materials in the
western part of the sub-sheet contains increaseckotrations of TDS as well as fluoride,
which overreach standards for potable water.

2. Volcanic rocks like basalts and ignimbrites in daestern part of the sub-sheet contain
groundwater, the quality of which mostly correspomdth the standards for potable water.

3. The yields of the wells which penetrate volcanickso(fissured and mixture aquifers) fluctuate
between 2 and 10 I/s, and they are sufficientHersupply of as many as 8,000 to 40,000
inhabitants, the consumption of per person beinijd2y.

The strategy for the layout of the wells, resultirmgm the above-mentioned presumptions, is as
follows:

1. To prefer the location of the boreholes on the rys of dark rocks (basalt, trachyte, rhyolite
and ignimbrite).

2. If there are only light-colour volcanic-sedimentaogks, to perform a geophysical survey to

determinate the boundary line between these raukshee underlying volcanic rocks.

To locate the open section of the well in the fissiypart of the volcanic rocks.

To obdurate the overlying volcanic-sedimentary soickthe boreholes by cement seal to avoid

fast penetration of the water from these rocksatbe stem of the well. This strategy as also

the most important particularly in the north-westarea where Wendo Koshe pumices fall and

yellowish phreatomagmatic tuffs cover a large afethe rift floor.

k> w

Table 7-8. Proposed sites for drilling of water supply wells.

Site Coordinates (UTM) Site tested by
Site Elevation| geophysical Aquifer / lithology
No. X Y ; A
m a.s.l. | investigation
Mixed aquifers, ignimbrite
1 Sole 462384 792602 2160 VES, EP | covered by Wendo Koshe
pumice fall and yellow tuffs
2 Faji 465783 790674 2340 VES, EP | Mixed aquifers, ignimbrite
Bomba next Mixed aquifers, ignimbrite
3 to DW 454032 790987 1950 VES, EP | covered by Wendo Koshe
pumice fall
Mixed aquifers, ignimbrite
4 Jigesa 464114 796448 2120 VES, EP | covered by Wendo Koshe
pumice fall and yellow tuffs
Mixed aquifers, ignimbrite
5 Wetera 466482 799091 2120 VES, EP | covered by Wendo Koshe
pumice fall and yellow tuffs
Wendo Genet (general) 1900 VES, EP Mixed aquifers, ignimbrite
escarpment

Remark: VES—Vertical Electrical Sounding, EP-eliegbrofiling *) not located on the map — generalllilng site
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The chosen strategy should be applied in the sedéme rocks around Lake Cheleleka, which
corresponds to the situation developed on the masteore of Lake Hawasa, where ignimbrite and
basalt ridges can be found within lacustrine sedtsiand in the northeast where the surface is edver
by Wendo Koshe pumice fall and yellow tuffs. ltaissumed that a borehole drilled in accordance with
the above proposal will have a sufficient yield ahat the water will not contain an excessive
concentration of fluoride. Other areas for drillim§ water wells are in the fissured and mixed
aquifers of the Shashemene sub-sheet. Table 7-8ntods the location of the sites proposed for
drilling of wells. These sites are shown on therbgéological map but the exact well setting should
be checked by individual geophysical investigatiprier to drilling. These drilled wells are propdse
in the western part of the area to support drinkirader supply for people working in dynamically
developing state farms.

The proposed depth of boreholes should be desigased on the optimum cost and yield of individual
wells depending on the local situation in the aguiDuring the final siting of each well it is nssary

to consider that the final depth of the proposetlswe governed by the level of groundwater whish i
given by the drainage level (surface water levethim river or lake) and the surface level of the si
selected for well drilling. The drainage level (gnadwater level) for each specific site should be
derived from the nearby surface water level inrtther and should be confronted with the site specif
surface level of the drilling site and wells drilldefore in the vicinity of the proposed well. Qthe
technical, quantitative and qualitative data faygmsed drilled wells are shown in table 7-9.

Table 7-9. Technical, quantitative and qualitative data feoposed drilled wells.

ﬁig.a Site D(en?)th Drill (ciri]anr;;eter mzmlod SWL (m) \E:fsl;i (‘;Ej) T(ecn;)p.
1 Sole 250 356 / 305 DTH 80 25 500 15
2 Faji 250 356 / 305 DTH 80 3 500 15
3 Bomba next to DW 250 356 /305 DTH 100 3 500 15
4 | Jigesa 250 356/ 305 DTH 100 4 500 15
5 | Wetera 250 356 / 305 DTH 100 25 500 15
Wondo Genet area 200 356 / 305 DTH 50 500 17

The most difficult question will be supply to rueas with a widely spread population. This should
be done from local centres where water wells willdrilled and connected to places of water use
with relatively long distribution pipes. The effacness and cost of water supply systems for the
rural population should be studied as a site sjgeprbblem in the future.

The potential of groundwater resources is not eigffit for the current needs of people living in
these areas. There is a chance to use the grousdofathe eastern highlands and escarpment for
water supplies of the central part of the rift egll particularly where there is a problem with wate
guantity and quality (high TDS and fluoride condent

Deeper wells currently represent a safe type oewatipply; however, they have to be protected
against pollution from local sources like human andnal waste (sources of pathogens and nitrates)
as well as from potential industry (tanneries, itexhdustry, flower plantations, etc.). The minimu
required distance of water supply wells and potmollution sources should be maintained during
water resource development in towns and villageég Jame level of interest should also be applied
to the development and protection of groundwatepueces for rural communities. It should be
necessary to start with relatively concentrated moomities where the feasibility and impact of
developed schemes will be most significant.
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In addition to priority in development of groundwatfor safe drinking water supply, it should be
possible to select the most fertile soil nearby anreettlements and adequate water resources to be
developed for irrigation based on groundwater wense the stability of food supply in prolonged
periods of drought. Development and protection lné twater resources of the area and the
environment as a whole have a principal importdioceghe development of the infrastructure with
subsequent impacts upon the eradication of povédgvelopment of irrigated agriculture,
maintaining livestock during drought).

8. GEOLOGICAL HAZARDS

8.1. Endogenous hazards

8.1.1. SEISMIC AND TECTONIC HAZARDS

SEISMICITY OF SOUTHERN ETHIOPIA

Southern Ethiopia reveals seismic activity, whiadmbines several types of earthquakes. Shallow
seismic swarms are connected with the movementaginma and magma-derived fluids (vapour,,CO
etc.). The swarms consist of many thousands of weahkoderate earthquakes with magnitudes of less
than 5. Another type of earthquake accompaniestdi@canic eruptions as observed several times in
history (Gouin, 1979). Strong tectonic earthqualeee believed to be connected with normal
movements on faults parallel to the rift valley. w&ver, alternative models are possible as well.
Young tectonic movements of various orientationgnenon-parallel to the rift, have been observed on
the surface. Historical earthquakes are poorlytemtand cannot be assigned to known faults. The
focal mechanisms of historical earthquakes are tetelg unknown and their hypocentral depths are
undetermined too. The seismic exploration of thieaas inadequate to define the source zones for
seismic hazard assessment. This means that a stramlyquake should be considered possible
anywhere in southern Ethiopia. For this reason,sttape of the sub-chapter was extended from the
sub-sheet area to the whole of southern Ethiopia.

There are two reported earthquakes with epicefittieg) to the area of the Shashemene sub-sheet. Th
earthquake from Septembef £944 is likely to have taken place in the soutlstern corner of the
sub-sheet, but the location and even the occurrehites event is very uncertain. There was, howeve
another earthquake (magnitude 5.1) on DecemBetB3 most likely in the area between the Lake
Cheleleka basin and the Wendo Genet scarp to thth sbWendo Genet. Due to the poor coverage of
seismic stations in the area, not even the latesitas localized with a precision exceeding + B@. k
For this reason, we have not plotted the epicerdfabese earthquakes on the map at the scale of
1:50,000.

LocAL AMPLIFICATION OF SEIsMIC WAVES

Generally speaking, localities with thick sedimeyntiyers (characterized by low S-wave velocities)
reveal the strongest amplification of seismic muti®hese areas are shown on the map. However,
many other factors are also important, namely tpegraphy of the surface and of the bottom of the
sedimentary layers, types of propagating seismiwewatheir azimuth and angle of incidence,
frequencies close to eigen-frequencies of the tstrecmodel, depths of earthquake hypocenters,
propagation effects along the wave path betweesdhbece and the site, etc. For this reason, thesare
shown on the map should be considered only asr8tepproximation of the most hazardous areas.

FISSURES

Ground cracks have not been documented in thecdrdee Shashemene sub-sheet. Nearly 5 km long
N-S trending crack is developed to the south ofeL8kalla, more than 7 km north of the Shashemene
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sub-sheet. This prominent fissure might potentiadpand southward to the area closer to Shashemene
in the future.

8.1.2VOLCANIC HAZARDS

The Shashemene sub-sheet area is located to thefehe active volcanoes of the Corbetti volcanic
system (Wendo Koshe and Chebi — Biggs et al. 2&Rpprich et al. 2013). Such a position is
vulnerable in the zone of predominating westerndain

Figure 8-1. Isopach (in m) scheme of the young Wendo Kosheedail deposit (Shashemene sub-sheet in red).

EXPLOSIVE ERUPTIONS

According to the geological record, explosive eiupt in the area of the Corbetti Caldera do not

happen as frequently as effusive eruptions dufegHolocene. The main polygenetic explosive vent

remains Wendo Koshe in the central part of the €iriCaldera on the Hawasa sub-sheet. The time
since the last explosive eruption and the frequefi@xplosive eruptions are not known. Should a new
Plinian style eruption take place on the Wendo kogblcano, even Shashemen would be covered by
a 0.5 m thick deposit of pumice preventing catttef feeding and also covering sources of water. An
isopach map of the thickness of pumice fall frora thst explosive eruption of the Wendo Koshe

Volcano is shown in figure 8-1.

MAFIC MONOGENETICV OLCANISM

Monogenetic cones of the Hawasa basaltic belt ypeesumed to be extinct. Recent studies have
shown, that mafic monogenetic volcanism in thisaanecurred repeatedly in various episodes and
could therefore repeat again. Small volume basalboogenetic eruptions would affect a limited area
(several square kilometres), but would represesérious risk if they happened within the densely
populated area (Town Hawasa). We have also toitd&eaccount two possible scenarios for such an
eruption. On the basaltic ridge, a dry Stromboldyle eruption could be expected, but if such an
eruption took place in the swampy area around LGlkeleleka, the water would cause more intense
fragmentation and the eruption would more likely dfeSurtseyan style, emitting more dust to the
atmosphere and affecting a larger area windward.
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8.2. Exogenous hazards

The eastern part of the Shashemene sub-sheetsarbharacterized by expressive escarpments. Rapid
expansion of settlements and the associated needsgficulture and other human activities have

changed the land use abruptly over the last tengeafs. By consequence, exogenous geological
hazards are becoming an ever more serious prolethet people living in the area. The area is

strongly affected by various types of erosion eslato loss of land and creation of fissures on the
surface of the rift floor.

8.2.1.EROSION-RELATED HAZARDS

GULLY AND RILL EROSION

Gully and rill erosion is associated with ephemetatams and occurs in the eastern part of the sub-
sheet with gentle slopes upon Corbetti ignimbritesrlain by phreatomagmatic tuffs. The erosion cuts
through the lateritized and loose non-welded pyrstid deposits being stopped on the top of the
welded facies of the Corbetti ignimbrite. Down e tlowlands, the streams decelerate and most of the
water is infiltrated into non-welded, poorly coridaked pyroclastic deposits. For that reason, gully
erosion is not developed in the western part oftiesheet.

The gullies are several metres deep at most arel@tendency to propagate in depth or in width.

SHEETEROSION

Sheet erosion does not significantly affect theaarethe Shashemene sub-sheet. Despite the fact, we
must not exclude the future possibility of expansid sheet erosion in the case of improper land use
and agriculture not respecting the lithological agdomorphological factors influencing the
vulnerability of the landscape.

8.2.2.SLOPE DEFORMATION HAZARDS

We documented two areas with slope deformationrdazan the map. The first is located southwest of
Shashemene on the steep fault scarp of Werans& R&tw@lo area) and the second is in the Wendo
Genet mountains area. Both areas are charactdyyzédiferent types of movement. The Shalo scarp is
typical for rock fall and toppling and Wendo Gelgetcharacterised by landslides or complex slope
deformations including small earth flows.

ROCK FALL AND TOPPLING

The areas endangered by rock fall and topplinglecated especially on the southern slopes of
Weransa Ridge. The scarp is 100-300 m high andtabdum long. The rock walls rise nearly
vertically, with talus of debris cones and old rdak deposits on the foothills (figure 8-2). The
thickness of deposits could exceed 50 m. Largekbldfigures 8-3 and 8-5) and debris deposits
(figures 8-2 and 8-4) from extensive rock falls @@cumented over the entire length of Weransa
Ridge. Slopes are formed by Hawasa crystal-ricloliteyand in the western part by Corbetti blocky
rhyolitic ignimbrite. Both lithologies are charadgi#d by columnar jointing which predisposes the
rocks to decomposition and slope movement (figude) 8The slope is of tectonic origin and columnar
jointing results from cooling contraction of voléanrocks and welded pyroclastic deposits
(ignimbrites). The main rock-fall triggering facsofor are heavy rains and seismic events.

Recommendation: The dirt road along the foot-hill is at permaneisk rof rock-falls. Therefore, we
recommend shifting the road away from the slopanl§ buildings were constructed with an aim of
balneological use of the Shalo thermal spring, nex protection of the site would be necessary.
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Remediation of the site is possible using dynaraitiér systems at the foothill of the slope (Gegbru
AG, Maccaferri S.p.a.). More detailed site investign is necessary before any work is performed.

Figure 8-2. Rock-fall deposits at the foothill of the F|ge 8-3. Some colapsd blocks have volumes
Weransa Ridge slope. Photo P. Kycl. exceeding 20 MPhoto P. Kycl.

Figure 8-4. Coluﬁér jointing of olite with the Fiure 8-5. Collapsed block on the foothill road. Photo
collapsed part of the massif. Photo P. Kycl. P. Kycl.

LANDSLIDES

Landslide occurrences were mapped from remote rsguaisita and field work. Published studies from
the area were also used for recognition of zonesepto slope deformation hazards. The large extent
of ancient landslides became clear from the resflthe field work (figure 8-6). Especially in the
middle part of Wesha River, on the slopes to tist ebthe Wendo Genet hot springs area (figure. 8-7)
Concerning to geology, Wendo genet area is craatedorbetti rhyolitic ignimbrites those surface is
deeply lateritized. According to the mapping metilody, only landslides more than 100 m in length
were mapped. Old landslides of such dimensionsrdbeesiopes around Gulbicha, Dabicho Ridge and
Mt. Abaro (2,580 m a.s.l.). Moreover a total of &®all landslide indications were identified and
mapped. The area of the Shashemene sub-sheetdad@Bdf them (figure 8-8).
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° Slope deformation events (Temesgen et al. 2001)

—— Main landslide scamps

[] Contours of landslides and landslide areas mapped in 2012-2013

Figure 8-6. Scheme of mapped landslides and published slojperdgtion events.

Figure 8-7. An ancient landslide covers a large area on slopeigure 8-8. anslide dpdsits — blocks of
east of the hot springs. Photo P. Kycl. ignimbrites in a silty matrix. Photo P. Kycl.

8.3. Hydrological and hydrogeological hazards

Water-related hazards are mainly limited to théofeing phenomena: heavy rainfall causing erosion
and floods, increasing depth of rainfall over sal/feonsecutive years accompanied by a rise in water
levels of Lake Cheleleka and floodings in its vitgin
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8.3.1INUNDATION

Inundation does not represent a serious probletinerarea of the Shashemene sub-sheet as the fluvial
system is not very dense and drains small catclemelawever, heavy rainfall may cause flash floods
in many ephemeral rivers systems and erosionayall

Water level fluctuation of Lake Cheleleka may reygre a serious natural hazard for the scarce
population scattered in the swamps around the [Bke.rise in the water level of Lake Cheleleka is
caused by sediment aggradation in the basin. iSittaff Lake Cheleleka was documented by Tadesse
and Zenaw (2003). The surface area of Lake Chelelads about 12 Kfrin 1972, but currently it is
completely filled by sediment transported from #astern highlands due to deforestation in this. area

8.3.2. FLUORIDE

The problem with théigh fluoride contentin the water of the Hawasa and Shashemene areayis v

well known and is described in many studies. Therfde concentration frequently exceeds 3 mg/l
which will cause mild fluorosis (mottling of teetthligher fluoride concentrations in drinking water

cause both dental and skeletal fluorosis resultingerious public health problems. The treatment of
fluoride in groundwater, if viable, could resolvenamber of pressing water supply problems in the
area.

Fluoride concentrations are particularly high ieas with an occurrence of thermal waters or near
areas of recent volcanism (e.g., around the CarBettdera). There is a direct correlation between
silicic volcanic rocks such as obsidian and punaicé high concentrations of fluoride in groundwater.
It is considered that leaching of water solubleflMarides coating pyroclasts is the most likely iU

of fluoride. The rhyolitic rocks are extremely pdarphosphorus which would lead to fixing of the
fluorine in apatite and they lack calcium which Wwbuweact with fluorine producing non-leachable
calcium fluoride. The interaction of the rhyolifiyroclastic rocks with a large effective surfacel an
percolating groundwater and carbon dioxide at hogh causes the release of fluoride into the
groundwater. It is suggested (Rango et al. 2008) the fluoride concentration in groundwater is
inversely related to the concentration of Ca. Tpésmits free mobility of the fluoride ion into
groundwater at lower Ca content. This effect (Clactiancy) is magnified where cation exchange takes
place within the sediments (fluvio-lacustrine, \@io-lacustrine) causing the removal of ions from th
solution (mainly C&) and replacement with Naons from the clay. Such hydrogeochemical processe
are responsible for the evolution of Ca (Mg)—-HQ¢bes of water of the highlands and the escarpment
area to Na—HCetypes of groundwater (including the thermal watkthe rift floor).

Thermal water tends to have a higher fluoride aurtiean cold water as the water temperatures allow
greater dissolution of fluoride. This probably exipk the preponderance of high fluoride in waters
around Hawasa town. It was also mentioned thaedl¢ésrminal lakes attain high fluoride, salinitydan
alkalinity as a result of evaporation and the gdwater flux that comes through the acidic rockgHi
concentrations can also be observed in the nodtesaarea of the Bilate River, the surroundings of
Lake Hawasa as well as in the lake itself.

It was shown by Tadesse and Zenaw (2003) and b& @012) that fluoride contents decrease with
increasing depth of the water source (testing Wellkis confirms that the main source of fluoride i
related to infiltration of rain water through yourdeposits of silicic volcanic activity. The
concentration of course can be enhanced in geo#thesystems. The same is also valid for the
concentration of chlorides as well as nitrates.€Bad and Zenaw (2003) noted that the decrease of
fluoride with depth in the area indicates that shallower lacustrine aquifer has a high concemtnati

of fluoride (figure 8-9).

UNDP (1971) listed the content of fluoride of Chabbsidian of 2,500, pumice 440, obsidian 400,
rhyolite 300, and ignimbrite 410 ppm. Samples aksowere collected from the tuff and pumice of the
Shashemene area during the field trip of 2012.id&adsults of the chemical composition of samples

46



analysed in the laboratory of CGS are shown inetabll as well as the composition of leachate
analysed in the laboratory of AQUATEST.
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Figure 8-9. High content of fluoride is caused by its leachfiram silicic pyroclastic deposits. A decrease in

fluoride content in groundwater with increasing tfefs most likely the effect of depletion of olggroclastic
deposits and lacustrine sediments due to higheraageonger leaching of fluoride in the past.

Table 8-1. Chemical composition of rock samples in wt. % emeimical composition of leachate from these
rocks in mg/l. See Annex 1 for details of sampiation and complete geochemistry.

Rock sample composition Leachate composition
Sample

CaO NaO | K,O F Ca Na K F
HSRV009 1.18 3.52 4.76 0.209 25 32.8 5.28 4.16
HSRVRO069D 0.58 4.13 4.19 0.199 4.2 6.42 0.74 1.37
HSRVR069C 0.30 4.05 4.17 0.192 1.1 9.39 0.66 1.89
Sdoo7 0.28 4.96 4.39 0.21§ 54 4.25 <05 0.7¢4

A number of fluoride removal methods are practicedasic water treatment plant design. The method
of adding gypsum to the artificial sand-pack filtdra borehole and mixing of hot water with cold
water was successfully tested in fluoride rich giabwiater in Mexico (Carrillo-Rivera, 2002).

8.4. Anthropogenic hazards

Waste dumps in the area of the Shashemene subrsheetent a serious hazard to human health. The
mixed communal waste containing spent cans antebdtbm paints and toxic chemicals is deposited
in abandoned sandpits without any insulation. Tighli permeable rocks enable the migration of
toxic substances from the waste dumps towards sswtdrinking water. Such deposits are located
close to the town of Shashemene; one is on thdaewuedge of the town (figure 8-10) and the second
is some 4 km to the west of the town.
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Table 8-10. Waste dump in an abandoned sandpit in
permeable pyroclasti deposits. Photo V. Rapprich.
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