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Abstract

Geochemical and environmental isotope data were used to gain the first regional picture of groundwater recharge,

circulation and its hydrochemical evolution in the upper Blue Nile River basin of Ethiopia. Q-mode statistical cluster

analysis (HCA) was used to classify water into objective groups and to conduct inverse geochemical modeling among

the groups. Two major structurally deformed regions with distinct groundwater circulation and evolution history were

identified. These are the Lake Tana Graben (LTG) and the Yerer Tullu Wellel Volcanic Lineament Zone (YTVL). Sil-

icate hydrolysis accompanied by CO2 influx from deeper sources plays a major role in groundwater chemical evolution

of the high TDS Na–HCO3 type thermal groundwaters of these two regions. In the basaltic plateau outside these two

zones, groundwater recharge takes place rapidly through fractured basalts, groundwater flow paths are short and they

are characterized by low TDS and are Ca–Mg–HCO3 type waters. Despite the high altitude (mean altitude �2500 masl)

and the relatively low mean annual air temperature (18 �C) of the region compared to Sahelian Africa, there is no com-

mensurate depletion in d18O compositions of groundwaters of the Ethiopian Plateau. Generally the highland areas

north and east of the basin are characterized by relatively depleted d18O groundwaters. Altitudinal depletion of d18O
is 0.1&/100 m. The meteoric waters of the Blue Nile River basin have higher d-excess compared to the meteoric waters

of the Ethiopian Rift and that of its White Nile sister basin which emerges from the equatorial lakes region. The geo-

chemically evolved groundwaters of the YTVL and LTG are relatively isotopically depleted when compared to the pres-

ent day meteoric waters reflecting recharge under colder climate and their high altitude.

� 2005 Elsevier Ltd. All rights reserved.
1. Background

Surface water of the Blue Nile River basin of Ethio-

pia is not widely used for water supply because of its

marked seasonality and lack of proper technology to re-

tain it. In the basin, groundwater is the most important

source of water and is the dominant source for domestic
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supply, especially in the dry areas where surface waters

are scarce (UN, 1989). Groundwater well drilling pro-

grammes have been initiated over the last decades, but

groundwater provision is often unsuccessful because of

poor groundwater productivity of wells, difficult drilling

conditions, drying of wells and springs after prolonged

drought, or sometimes due to poor quality. This is ham-

pered by lack of understanding of groundwater systems.

Information on groundwater recharge, storage, circula-

tion, and chemical evolution is barely known. Ground-
ed.
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water development is being conducted without a good

understanding of its role in the hydrology of the basin.

In contrast to the Blue Nile River basin, many impor-

tant hydrogeochemical researches have been conducted

in the Ethiopian Rift System. The presence of many

lakes, lacustrine deposits, heat flow owing to Rifting

and accompanied thinning of the crust in the East Afri-

can Rift System (EARS) have attracted major geoscien-

tific investigations since the second half of the 20th

century. Many of the geochemical investigations (Craig

et al., 1977; Darling, 1996; Darling et al., 1996; Gizaw,

1996; Chernet et al., 2001; Reimann et al., 2003) showed

the role of water–rock interaction in influencing the

water quality, salinity and F� composition of ground-

waters and thermal systems of the EARS. In many in-

stances the water–rock interaction is induced by

volatile gases from the mantle and by the high heat flow

beneath the EARS. Groundwater circulation pattern,

groundwater recharge source identification and the

interaction between lakes and groundwaters have also

been the subject of many important studies in the EARS

(Schoell and Faber, 1976; Craig et al., 1977; Darling

et al., 1996; Ayenew, 1998; McKenzie et al., 2001).

Many of these studies show riftward groundwater flow

from adjacent highlands. However little is known about

the hydrogeology, hydrogeochemistry and isotopic com-

positions of the groundwaters of the adjacent plateaus to

substantiate the hypotheses of the plateau–rift ground-

water connections.

Therefore, understanding the hydrogeochemistry,

and hydrogeology of the Blue Nile River basin has

atleast a twofold importance. The first is directly linked

to the understanding of the role of the aquifers of the

relatively humid NWP (in which the Blue Nile is a part)

in recharging the groundwaters and thermal waters of

the arid regions of the Ethiopian Rift. The second is re-

lated to groundwater resources assessment in the Blue

Nile River basin where clean water provision is still

not attained.

This work uses geochemical and isotope hydrological

approaches to provide an initial schematic geo-hydro-

logical model on groundwater recharge, circulation,

chemical evolution and its subsurface residence time in

the poorly known hydrogeologic system of the upper

Blue Nile River basin of Ethiopia. The present isotope

data are the first set of data ever obtained in the North-

western Ethiopian Plateau. The specific objectives of this

work are: (1) to characterize the isotopic (d18O, dD,

d13C, 3H) compositions of the groundwaters of the Blue

Nile River basin; (2) to determine sources and mecha-

nisms of recharge of groundwaters in the Blue Nile

River basin; (3) to determine the dominant geochemical

processes that influence groundwater chemical composi-

tion; and, (4) to schematize groundwater flow patterns

and the nature of aquifers in selected important hydro-

geological regions of the basin.
2. Study site description, geology and hydrogeology

The Blue Nile River basin is located in the North-

western Ethiopian Plateau. The Main Nile River gets

70% of its flow from the Blue Nile emerging from the

Ethiopian Plateau and the remaining from the White

Nile emerging from the Equatorial Lakes. About 44%

of the Ethiopian population lives in the Blue Nile basin

(BCEOM, 1999). The basin has an elevation ranging

from 500 m in the western lowland to over 4000 m in

the east and northeast. Spatial variation in rainfall

amount is controlled by topography. Annual rainfall

varies between 1000 mm in the lowland to 2000 mm in

the highland. The Atlantic Ocean is the main source of

rainfall in summer (June, July, August and September).

The eastern mountainous region of the basin receives

rainfall originating from the Indian Ocean in April

and March.

2.1. Geology

The geology of the Blue Nile basin has been studied

by various authors (Yemane et al., 1985; Assefa, 1991;

Abate et al., 1996; Abebe et al., 1998; Chorowiz et al.,

1998; Pik et al., 1998; Kebede et al., 1999; Asrat et al.,

2001; Feseha, 2002). Crystalline basement rocks, volca-

nic rocks, and sediments make up the geology of the ba-

sin (Fig. 1).

The oldest rocks in the region form the Precambrian

basement. They are exposed in the low-lying plain in the

western part of the basin. The various rocks forming the

basement are broadly classified in to two petrographi-

cally and structurally distinct units (Kebede et al.,

1999). These are the high grade gneisses and the vol-

cano-sedimentary green schist assemblages with associ-

ated ultramafic rocks. The Paleozoic is characterized

by erosion and lack of any major rock formation.

Mesozoic sedimentary rocks are exposed in the Blue

Nile gorge and the gorges of its major tributaries. The

succession is about 1200 m thick. It includes from the

bottom to the top, 5 units: lower sandstone (or Adigrat

sandstone), the lower muddy sandstone (Gohation for-

mation), Antalo limestone, the upper muddy sandstone

(or mugger sandstone and gypsum) and the upper sand-

stone (Debrelibanos sandstone).

The Cenozoic is characterized by extensive faulting

accompanied by widespread volcanic activity and uplift.

The outpouring of vast quantities of a basaltic lava

accompanied by the eruption of large amounts of ash re-

sulted in a basaltic plateau often called trap series bas-

alts. Several shield volcanoes, also consisting of alkali

basalts and fragmental material, cover the center and

the upper part of the Blue Nile basin. Over two third

of the upper Blue Nile is covered by Cenozoic basalts

and ashes. The mineralogical compositions of the basalts

are spatially variable but all the basalt types contain



Fig. 1. Simplified geological and hydrogeological map of the Blue Nile basin (Modified from Abebe et al., 1998, Chorowiz et al., 1998,

and BCEOM, 1999). The western part of the LTG (Chilga sub graben) is highly faulted. Rock blocks dipping inward towards lake

Tana are common around the lake. The zone bounded by the big bracket is the YTVL The prominent features of the YTVL are the

Ambo fault which makes the northern boundary of the YTVL and the two NW–SE transfer zones DL (Didesa Line) and the ABL

(Ambo-Butajira Line). Thermal spring sites and Quaternary volcanoes are almost exclusively located in the LTG and YTVL. The

Quaternary basalts south of lake Tana have the highest infiltration coefficient and metamorphic basement has the lowest infiltration

coefficient.
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dominantly olivines and clinopyroxenes with minor but

variable amounts of plagioclase, K–feldspars, and

brown glass (Pik et al., 1998). The K–feldspars and

brown glass are abundant in basalts of the southern sec-

tor of the plateau and plagioclase dominates in the bas-

alts of the western and northern sectors. Quaternary

lacustrine and fluvio-colluvial sediments and superficial

deposits occur intermittently covering the basement

and filling river channels.

There are two prominent tectonically deformed re-

gions on the plateau. These are the Lake Tana Graben

(LTG) and the Yerer-Tullu Wellel Volcanic Lineament

zone (YTVL). The majority of the geothermal springs,

Quaternary volcanoes, and quaternary basalt flows that
exist in the Blue Nile basin are located in these two

zones. These tectonic structures play an important role

in controlling groundwater flow paths and groundwater

chemical evolution. Although the groundwater flow con-

ditions, the recharge conditions, and groundwater origin

were unknown, the YTVL and the LTG were previously

identified as a potential site of low enthalpy geothermal

energy (Abebe, 2000). This observation was based on the

presence of favorable geological structures, rainfall

amount and heat flow.

The LTG is a circular depression characterized by

faulted blocks dipping towards lake Tana from all direc-

tions (Fig. 1). The faulted blocks in the western part of

the lake have an average width of 1–4 km and strike
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NNE-SSW. Gently inward-directed dips of the Tertiary

basalt toward the center of the Tana basin are present to

the west, north and east of the lake. In eastern (Deber-

etabor subgraben) and the north western (Chilga sub-

graben) subcatchments of the LTG, the late Miocene

ligniteferous lacustrine deposits exist embedded in the

trap series basalts (Chorowiz et al., 1998; Feseha,

2002). The Miocene lacustrine deposits contain mainly

reworked volcaniclastics, thin layers of lignites, clay-

stones, and siltstones. In places these sediments may

have a thickness of 130 m. Basaltic volcanism continued

in the region until 10 ka and basaltic lava covers the

Miocene sediments.

The YTVL is an east–west trending zone that partly

crosses the Blue Nile basin. It has a length of 800 km

and a diameter of 80 km. The YTVL is a kind of half

graben bounded by the Ambo fault from the north

(Abebe et al., 1998). The Ambo fault has a throw of

about 500 m. The major lineaments in the YTVL zone

are the Didesa Lineament (DL) and the Ambo-Butajira

Lineament (ABL). These lineaments are deep faults that

cut across the YTVL. Along the YTVL, 3 main rock

successions crop out: the Precambrian basement, the

Mesozoic sedimentary rocks, and the Cenozoic volca-

nics. The volcanics are predominant whereas the base-

ment and the sedimentary rocks are locally exposed.

The sedimentary rocks (sandstones and limestones) thin

out towards the southern part of YTVL. The Quater-

nary volcanics which cover the YTVL are mainly rhyo-

lites and trachytes with abundant alkali–feldspars, alkali

amphiboles and quartz. Faulting in the YTVL (the

Ambo fault and associated lineaments) for instance jux-

taposes the Mesozoic sediments and the volcanic cover

favoring the formation of high discharge, low tempera-

ture thermal springs in the region.

2.2. Hydrology and hydrogeology

The Blue Nile drainage is the result of river incision

of the Cenozoic basaltic uplifted land. The Blue Nile

River captures much of its runoff from the highlands

in the southern and central part of the basin. The Blue

Nile River is characterized by very high discharge during

the wet season and very low discharge during the dry

season. This reflects that the river discharge is domi-

nated by inputs from rainfall and surface runoff rather

than groundwater.

With the exception of the eastern sector of the basin

just east of the water divide of the Blue Nile basin where

thick intermountain alluvial sediments bear high

groundwater yield, the majority of groundwaters in the

Blue Nile basin are abstracted from the fractured basal-

tic or metamorphic rocks. The well depth in the basaltic

plateau ranges from 30 to 120 m. The majority of cold

springs emerge from the basaltic plateau. Because of dis-

section and fragmentation by river erosion, the basaltic
cover is considered to be perched groundwater systems

with low storage and small aerial extent (BCEOM,

1999). Hydrograph separation shows that infiltration

coefficient ranges from 3% to 20% of the total rainfall

in the basaltic plateau (BCEOM, 1999). The highest

infiltration coefficient and the highest groundwater con-

tribution to surface water occur in the central Gojam

highland region surrounding the Choke shield volcano

and in the Lake Tana Graben. High rainfall on the

shield volcano and the large lateral extent of the aquifers

in that part of the plateau favors good groundwater

storage in that region. Three high discharge springs:

the Bure Baguna Springs, the Andesa high TDS springs,

and the Jiga low TDS springs emerge at the foot of the

shield volcano. Regions on the left bank, particularly the

eastern and the south-eastern part of the Blue Nile River

have generally low infiltration coefficient and low

groundwater storage. This is most likely because of the

strong dissection and fragmentation of the aquifers

and the low rainfall in this part of the basin. Generally

the Mesozoic sedimentary formations are thought to

be good aquifers (BCEOM, 1999). The Mesozoic sedi-

ments, however, are only locally exposed. The relatively

low infiltration coefficient in the southwestern part of

the basin is related to the low permeability of the base-

ment rock underlying that region.

The few pumping test data (BCEOM, 1999) in the re-

gion shows that the transmisivity is highly variable rang-

ing from 1 to 700 m2/day. The Quaternary basalts

surrounding Lake Tana are characterized by high trans-

misivity (100–200 m2/day) compared to the basalts of

the trap series. Quaternary alluvial sediments have the

highest transmisivity (in places more than 700 m2/day).

The metamorphic rocks in the western lowland have

the lowest transmisivity (as low as 1 m2/day).
3. Methodology and materials

The methods used to achieve the objectives includes:

(a) direct analysis of the raw isotope hydrological and

geochemical data; (b) statistical classification of the data

set accompanied by associating the statistical classes of

the waters with hydrogeological variables; and, (c) geo-

chemical modeling. Furthermore d13C, PCO2
, pH and

carbonate species compositions of the groundwaters

were used to gain additional insight on groundwater

geochemical evolution.

3.1. The chemical and environmental isotope data

The majority of the water samples were collected

from the upstream part of the Blue Nile River basin

(Fig. 2). A total of 140 water samples were collected

from groundwater wells, springs, lakes and rivers be-

tween November 2001 and August 2002. The samples



Fig. 2. Location map of water sampling points and other important sites. The region south of the Ethiopian rift margin is the Main

Ethiopian Rift. Names of some localities are also shown.
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were analyzed for their major ion concentrations as well

as for their isotope contents (d18O, dD). Selected repre-

sentative groundwater samples were analyzed for d13C
and 3H at the International Atomic Energy Agency

(IAEA) and the University of Avignon, respectively.

Chemical analyses were carried out at the Laboratory

of Hydrogeology, University of Avignon (France) while

isotope compositions were measured at the IAEA Labo-

ratory, Vienna. The d18O and dD compositions were re-

ported in & notation calibrated against the V-SMOW.

Tritium concentration is reported in tritium units

(TU). The d13C is reported in & notation calibrated

against PDB. Cation species were analyzed using

Atomic Absorption Spectrometry. Anion species were

analyzed using a Dionex Ion Chromatograph equipped

with automatic sampler. Silica (SiO2) was analyzed using

colorimetric methods. Bicarbonate, CO2�
3 , pH, and

temperature were measured in situ. Missing CO2�
3 are

estimated from pH and the activity of HCO�
3 using the

equation K2 ¼ ½CO2�
3 �½Hþ�=½HCO�

3 �. The partial pres-

sure of PCO2
is estimated using the equation KCO2

¼
½H2CO3�=PCO2

. Saturation indices were calculated from

chemical activities and ionic strength. Thirty two

groundwater chemical data points from a previous study

(BCEOM, 1999) were included in the data set. The

results of the analyses are presented in Appendix 1 (see

web version).

3.2. Q-mode statistical cluster analysis

Statistical classification of geochemical data by Q-

mode hierarchical cluster analysis (HCA) has proven

to provide a suitable basis for objective classification

of water composition into hydrochemical facies and
for geochemical modeling (Alberto et al., 2001; Barbieri

et al., 2001; Meng and Maynard, 2001; Swanson et al.,

2001; Güler et al., 2002; Güler and Thyne, 2004).

HCA is a semi-statistical technique intended to classify

observations (e.g., water chemistry) so that the members

of the resulting groups or subgroups are similar to each

other and distinct from the other groups. The character-

istics of the groups or sub groups are not pre determined

but can be obtained after the classification. The results

obtained in HCA and the robustness of the HCA are

justified according to their values in interpreting the data

and in indicating patterns. It is therefore not the number

of members of a group that determines the robustness of

HCA. It is possible that many single member groups

that do not belong to any of the multi member groups

are placed in separate groups. This classification is useful

especially to understand geological controls on water

chemistry under conditions where useful geochemical

data are available but clear hydrogeologic models have

not yet been developed (Swanson et al., 2001). The

advantage of HCA is that many variables such as phys-

ical, chemical or isotopic composition can be used to

classify waters. In order that the variables have equal

weight the raw chemical data should first be log-trans-

formed and standardized. This restricts the influence of

or the biases caused by the variables that have the great-

est or the smallest variances or magnitudes on the clus-

tering results. A detailed description of the advantages

and uses of the HCA in hydrogeochemistry and the

mathematical formulation behind HCA is thoroughly

discussed in Swanson et al. (2001) and in Güler et al.

(2002).

The ability of HCA to classify groundwater chemis-

try into coherent groups that may be distinguished in
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terms of aquifer type, subsurface residence time and de-

gree of human impact on water chemistry provides a

good opportunity to conduct hydrogeochemical model-

ing and understand groundwater geochemical evolution

among the different groups or subgroups. In this study,

HCA is used to classify waters into objective groups and

to conduct geochemical modeling among the different

facies. A Microsoft EXCEL add-in module XLSTAT4.3

was used to conduct the HCA.

3.3. Inverse geochemical modeling

Inverse geochemical modeling has been widely con-

ducted in groundwater chemical evolution studies

(Plummer et al., 1983; Kenoyer and Bowser, 1992; Vars-

anyi and Kovacs, 1997; Hidalgo and Cruz-Sanjulian,

2001; Wang et al., 2001). It is a useful approach to deter-

mine the type and amount in moles of minerals that dis-

solve or precipitate along a groundwater flow path. In

the cases where information is available on the hydrog-

eology of the basin, the flow paths can be selected based

on the hydrogeological knowledge. The initial and the fi-

nal member can be chosen by taking into account the

location of the point, the hydraulic heads of the aquifer

system and observed trends in chemical evolution of the

water (Kenoyer and Bowser, 1992; Varsanyi and Kov-

acs, 1997; Hidalgo and Cruz-Sanjulian, 2001). In areas

where information on groundwater flow direction is

lacking, the initial and final waters can be selected from

the HCA groups. This is based on the logical assump-

tion that waters which fall in a statistical group may

have similar residence time, similar recharge history,

and identical flow paths or reservoir (Swanson et al.,

2001; Güler and Thyne, 2004). The PHREEQC com-

puter code (Parkhurst and Appelo, 1999) was used to

simulate the geochemical evolution among the average

composition of statistical clusters.
4. Results and discussion

4.1. Chemistry and isotopic compositions of the waters

and their spatial variation

Complementary geochemical and isotope hydrologi-

cal data show that in general there are two types of

groundwater systems in the upper Blue Nile basin. These

are the low salinity, Ca–Mg–HCO3 type, isotopically rel-

atively enriched cold (13–25 �C) groundwaters from the

basaltic plateau and the high TDS, Na–HCO3 type, iso-

topically relatively depleted low temperature (25–40 �C)
thermal groundwater systems from the deeply faulted

grabens.

The majority of the groundwaters from the basaltic

plateau are characterized by low TDS (generally less

than 500 mg/L). Calcium and Mg dominate the cation
species. They are characterized by Ca–Mg–HCO3 type

water in the Piper plot (Fig. 3). In the general groundwa-

ter chemical evolution model (Plummer et al., 1990;

Adams et al., 2001; Edmunds and Smedley, 2000), these

types of waters are often regarded as recharge area

waters which are at their early stage of geochemical evo-

lution. Rapidly circulating groundwaters which have not

undergone a pronounced water–rock interaction may

also have similar characteristics.

The majority of the low temperature thermal ground-

water springs from the YTVL and the LTG have high

TDS (generally greater than 1000 mg/L). Sodium and

K+ dominate their cation species and HCO�
3 is the dom-

inant anion. These groundwaters fall in the Na–HCO3

type groundwaters in the Piper plot. This is because with

further hydrolysis of silicate minerals by the Ca–Mg–

HCO3 type waters, the concentration of Na, K, Mg

and HCO3 increase but Ca enrichment is limited by an

earlier saturation and precipitation of carbonates. The

high TDS and the enrichment of sodium therefore testify

that the thermal and the high TDS groundwaters have

undergone a relatively pronounced degree of groundwa-

ter chemical evolution. High pH values are more often

observed in the groundwaters of the basaltic plateau

than in the high TDS Na–HCO3 groundwaters of the

YTVL and LTG.

High F� is observed in few water points issuing from

acid volcanic rocks of the Quaternary acid volcanics in

YTVL and in the groundwaters associated with thermal

systems (e.g., samples SK2, SK3, SK4, SK80, SK93, and

SK102). The high F� in the groundwaters associated

with acid volcanism has its source from leaching of F�

bearing accessory minerals. Fluoride from leaching of

acid volcanic rocks is a widely accepted explanation of

high F� in the East African Rift Valley groundwaters

(Darling et al., 1996; Gizaw, 1996; Chernet et al.,

2001). Some rock forming minerals of acid volcanic

rocks such as alkali amphiboles, alkali mica or accessory

minerals such as apatite often contain F� replacing OH�

groups in the minerals (Kilham and Hecky, 1973).

Shallow unprotected springs and unprotected wells

contain high NO�
3 and Cl�. The source of high NO3 in

groundwater of the region is often attributed to anthro-

pogenic activity (agricultural or domestic waste) exacer-

bated by lack of well head or spring protection

(McKenzie et al., 2001; Reimann et al., 2003).

Despite the high altitude (mean altitude �2500 masl),

the low mean annual air temperature (�17 �C) in the ba-

sin, and the furthest distance of Ethiopia from the

Atlantic moisture source, the cold groundwaters of the

basin do not show commensurate d18O depletion com-

pared to modern meteoric waters of Sahelian Africa.

This confirms the previous observation made from the

isotopic composition of East African rainfall (Rozanski

et al., 1996) and from the few groundwater isotope data

across Sahelian Africa (Joseph et al., 1992).
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Unlike the Ethiopian Rift groundwaters and the

groundwaters of shallow systems of the Sahel region,

the groundwaters of the Blue Nile basin are character-

sied by high (>15) D excess. All the groundwaters plot

above the Global Meteoric Water Line (GLWL) in a

d18O vs. dD plot (Fig. 4). Lakes and rivers draining

the lakes are enriched and they plots below the GMWL

following a slope of 5.4. The Blue Nile River sampled at

Khartoum (Farah et al., 2000) shows similar d18O and

dD compositions to the groundwaters of the Blue Nile

basin. This reflects both a rapid water transfer time from

the Northwestern Ethiopian Plateau to the Sudan and

lack of strong en route evaporative effects. A clear differ-

ence exists between the d18O and dD compositions of

surface water originating from the Equatorial lakes re-

gion and the d18O and dD compositions of meteoric

waters of the Blue Nile River. The former shows isotopic

enrichment and plots below the GMWL owing to evap-

oration in the equatorial lakes. This distinct signal has

been used as a basis for groundwater tracing (Farah

et al., 2000) in Central Sudan where the two hydrologic

systems merge. The low temperature thermal waters

(hypothermal waters) and the high TDS Na–HCO3 type

waters of the LTG and the YTVL are characterized by
relatively highly depleted d18O compositions (Figs. 4

and 5). A tendency of depletion (�0.1&/100 m) of

d18O with altitude is observed in the low TDS cold

groundwaters (Fig. 5). In general, the low TDS cold

groundwaters in mountainous regions east and north-

east of the Blue Nile basin are characterized by relatively

depleted d18O.

The d18O and dD compositions of the groundwaters

are distributed around the average summer d18O and

dD composition of Ethiopian rainfall. The average

d18O of Ethiopian summer rainfall is �2.5& (Kebede

et al., 2003). Some previous works (Gizaw, 2002) indi-

cate the presence of dissimilarity and imbalance between

groundwater and the annual average rainwater d18O and

dD compositions. In the Blue Nile basin the groundwa-

ters d18O and dD composition very well represents the

average isotopic composition of Ethiopian summer rain-

fall as recorded at the Addis Ababa IAEA station. Lack

of influence of evaporative concentration of the isotopes

in groundwaters and the similarity between the isotopic

compositions of the groundwaters and that of the com-

position of summer rainfall indicate that recharge occurs

principally from summer rainfall. This rules out the

importance of evaporative fractionation prior to re-
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charge in affecting the isotope signals. The spring rain-

fall O isotopic signature having d18O > 0& (Kebede

et al., 2003) is not commonly observed in the groundwa-

ters. This testifies to the recharge to groundwaters taking

place only from the summer rainfall ruling out the

importance of the spring rainfall as a source of recharge.

Representative samples collected from the low TDS

groundwaters from the basaltic plateau have appreciable

concentrations of 3H: SK46 (5.8TU), SK47 (3.6TU),

SK48 (5.8TU), SK52 (3.8TU) and SK92 (6.8TU). The

thermal and the high TDS groundwaters from the

YTVL and the LTG contain low 3H concentrations:

SK80 (0.7TU), SK93 (0.5TU), and SK102 (0.5TU). This

reflects deeper circulation of groundwater and older ages

of the high TDS Na–HCO3 groundwaters.

The highly depleted d18O composition of the high

TDS Na–HCO3 springs of the YTVL and the LTG

(Figs. 4 and 5) indicate that recharge must have taken

place at higher altitude sources. However the d18O of

present day highest altitude cold springs are not as de-

pleted as the d18O of the high TDS waters (Fig. 5). This

indicates that recharge of the high TDS waters probably

took place under a colder climate regime than today.

The absence of an appreciable amount of 3H in high

TDS waters also testifies to a lack of any modern day

meteoric water mixing with them. These waters must

have followed deeper circulation pathways before they

emerged as low temperature thermal waters.

Recharge to the high TDS waters of the LTG most

likely takes place around the Guna and Debretabor
Shield volcanoes (north of the Blue Nile basin). The

Choke shield volcano in the center of the Blue Nile basin

is the principal site of recharge to the Bure (SK15) high

TDS springs. The Wolliso (SK80) and the Ambo

(SK102) high TDS thermal springs are most likely re-

charged around the highland midway between the two

regions.

The Wanzaye alkaline thermal springs (SK19) show

specific isotopic and chemical characteristics. These

springs are characterized by the most depleted d18O
and dD isotopic compositions but they are also the most

dilute with TDS less than 200 mg/L. The depletion in the

isotopic composition reflects the presence of groundwa-

ter which has been recharged under colder climatic con-

ditions in the Miocene lacustrine deposits.

Groundwaters in the Ethiopian Rift Valley east of

the Blue Nile basin just out side the basin (Fig. 5) are rel-

atively enriched in d18O compared to the groundwaters

of the bordering highland. This indicates a lack of a

strong subsurface link between the plateau in the eastern

part of the Blue Nile basin and the shallow Rift Valley

aquifers. The relative enrichment of the Rift Valley

waters is related to the importance of evaporative frac-

tionation before recharge (Kebede et al., 2003).

An important water body which may play a role as a

recharge source for aquifers in the LTG is Lake Tana.

But its influence on the nearby groundwater is not evi-

dent from the isotope plots. Groundwaters collected

from around the southern, eastern and northern parts

of the lake do not show any sign of enrichment caused



Fig. 5. Spatial and altitudinal variation of d18O in groundwaters of the basin. The size of the symbols reflects the degree of depletion in

d18O. The average depletion of d18O vs. altitude is �0.1&/100 m. The most depleted waters around lake Tana (Andesa and Wanzaye)

and in the YTVL (Ambo, Woliso, Wonchi and Dedesa) are the high TDS low temperature thermal spring.
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by mixing of lake water into them. This lack of ground-

water outflow from the lake is the result of the lake-ward

dipping blocks of rocks that favor groundwater flow to

the lake rather than loss of lake water into the surround-

ing aquifers.
4.2. Statistical clusters and their correlation with

hydrogeology

Statistical classification of the hydrochemical data is

used here to elaborate the fore going water geochemical
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types and associated chemical processes. Eleven vari-

ables (pH, Ca2+, Mg2+, K+, Na+, HCO�
3 , CO

2�
3 , Cl�,

SO2�
4 , TDS) were considered to classify the 86 ground-

water samples with complete chemical analysis (Appen-

dix 1, see web version). In HCA the variables are log

transformed and normalized so that each variable will

have equal weight. Groups were selected visually from

the dendrogram (Fig. 6) which is the output of the clus-

tering. From the dendrogram, 2 major groups and 9 sub-

groups were chosen using an index of similarity = 0.25.

This index of similarity was chosen because the 9 sub

groups of waters that result were very clearly distin-

guishable in terms of their hydrogeological and geolog-

ical variables. The two major groups are distinguished

by their TDS. Group I (deep systems) waters have

TDS greater than 1200 mg/L. Group II (shallow sys-

tems) waters have TDS less than 800 mg/L. The two

groups also have distinct d18O, dD, 3H and d13C compo-

sitions. Group I waters are depleted in d18O and dD,

they are almost 3H free, and they are enriched in d13C.
Group II waters are generally enriched in d18O and

dD, they contain appreciable amount of 3H and have de-

pleted d13C. Group I waters have 5 subgroups and

Group II waters have 4 subgroups. Group I contains 5

fairly distinguishable subgroups. Group II have 3 distin-

guishable subgroups.

The samples grouped under each subgroup and the

average physico-chemical composition of each subgroup

are presented in Table 1 and Fig. 7. There is a good sta-

tistical coherence among the average subgroups, that is,

the chemical composition of the subgroups can be

clearly explained in terms of geologic history, aquifer

type, and the human impact on water quality. Correla-

tion of the average composition of the subgroups and

the accompanying geological features is given in Table

2. The ability of the statistical analysis to classify the

groundwaters into these distinct categories of geological

context helped the authors to gain additional insight on

groundwater flow patterns and to conduct inverse geo-

chemical modeling on the subgroups.

The HCA also shows that groundwaters which plot

near each other in a simple Piper plot (Figs. 3 and 7)

may not be necessarily similar in their chemical evolu-

tion history. Waters of subgroups II, III, VII and VIII

which plot near each other in the Piper plot are statisti-

cally and geologically distinct. The same is true for

waters of subgroups IV, V and VI.

The concentration of Ca2+ decreases generally from

the more dilute groups to the high TDS groups (except

in subgroup I). This may reflect precipitation of calcite

along the flow path when the groundwater is transferred

from the shallow to the deeper systems. Many of the

ions (K+, Na+, Mg2+, HCO�
3 , F

�, Cl�, SiO2) increase

from the dilute systems to the high TDS systems. Excep-

tions to these are subgroup I and subgroup VI. The gen-

eral increase in Mg2+, Na+, K+, SiO2 reflect the
increased amount of hydrolysis of silicate minerals such

as olivines, pyroxenes, plagioclase and alkali feldspars.

The pH generally decreases from the shallow to the dee-

per systems testifying additional input of CO2 gas. The

concentration of NO�
3 is generally higher in the shallow

systems than in the deep systems indicating a recent in-

crease in pollution of the shallow groundwaters. Gener-

ally high TDS groundwaters from the YTVL contain the

highest F� contents. All the water groups are saturated

or supersaturated with respect to silica. This reflects a

relatively rapid hydrolysis of ferromagnesian minerals

of the basaltic aquifers. The silica content however is

higher in the high TDS systems because the high temper-

ature of these groundwater systems increases the solubil-

ity of silica.

All the waters subgroups except subgroup I are under-

saturated with respect to gypsum and anhydrite testifying

that these minerals which abundantly exist in the sedi-

mentary layers are not the main limiting factors of the

concentrations of SO2�
4 . Only one cold spring sample

(SK9) which emerges from theMesozoic sedimentary lay-

ers is near saturation with respect to gypsum and anhy-

drite. The high TDS Na–HCO3 low temperature

thermal springs are undersaturated with respect to the

carbonate minerals (calcite, aragonite and dolomite),

though deposition of these minerals are common around

the springs. This may testify that disequilibrium (under-

saturation) in these waters is caused by external input

of CO2 gas from deeper sources which joins the ground-

waters at shallower depths. Under this condition the

groundwatersmay not have enough time to dissolvemore

carbonate minerals to reach equilibrium conditions.

The statistical classification also shows that at least

two geochemical types of groundwater exist in the basal-

tic plateau. Waters of subgroup IX generally represent

shallow circulation while those in sub group VII repre-

sent deeper circulation in the basaltic plateau. The con-

centration of all the major elements (except SiO2 and

Ca2+) the pH and the TDS increase from subgroup IX

to subgroup VII. The waters of subgroup VII are satu-

rated with respect to silica and calcite while waters of

subgroup IX are under saturated with respect to these

minerals. These compositional differences imply the

presence of at least two groundwater layers in the basal-

tic aquifers. Hydrolysis of volcanic minerals leads to in-

crease in pH and the increase in the concentration of

major elements when the water is transferred from the

shallow basaltic aquifers to the deeper basaltic aquifers.

Subgroup VIII represents polluted members of the shal-

low groundwaters from the basaltic plateau.

4.3. Geochemical modeling and groundwater chemical

evolution

Inverse geochemical modeling was conducted on the

water subgroups that resulted from HCA. The average
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chemical composition of waters of subgroup IX was as-

sumed to represent a pristine recharge area groundwa-

ter. Its composition is therefore taken as �initial� water
in the inverse geochemical modeling. The remaining sub-

groups were considered to be derived from this sub-
group. Two exceptions are waters of subgroup VI and

I. Subgroup VI has lower TDS and high pH so that it

is not possible for it to originate from the average of

subgroup IX under the logical assumption that the final

waters in the inverse modeling have higher TDS than the
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initial waters. Field evidence shows that waters of sub-

group I get their recharge directly from rainfall without

passing through chemical characteristics of waters of

subgroup IX. Therefore the lowest TDS groundwater

(SK92) was used as the initial water to simulate the com-

position of subgroups VI and I.

The mineral phases were selected based on the satu-

ration indices and the general mineralogical composi-

tions of the rocks in the basin. The result of the

inverse geochemical modeling (Table 3) shows that, ex-

cept in the evolution towards subgroup I, the hydrolysis

of silicate minerals (principally feldspars and ferromag-

nesian minerals) without a major involvement of the

sedimentary minerals (e.g., carbonates, evaporites) can

satisfy the simulation. The major minerals that are re-

quired to dissolve were olivine, pyroxene, plagioclase,

K–micas and K–feldspars. Dissolution of gaseous CO2

is required in all cases. Removal of clay minerals such

as illite or Ca–montmorillonite was required during

groundwater transition in the aquifers. Precipitation of

calcite or chalcedony or both were required in the mod-

els. Dissolution of gypsum, dissolution of dolomite and

cation exchange (CaX M NaX) were required to simu-

late the composition of subgroup I. While hydrolysis

of olivines and pyroxenes were the principal reactions re-

quired to simulate group II and III waters, Plagioclase,

K–feldspars and K–mica were the major phases required

to simulate subgroups IV and V.

4.4. Further insight on groundwater chemical evolution:

the role of CO2

4.4.1. Geochemical evidence – carbonate species

One important observation that emerged from the

carbonate species composition of the groundwaters

and the HCA is the presence of 4 types of groundwater

system as far as the role of CO2 is concerned. This dis-

tinction is made based on the relation between pH,

HCO�
3 and TDS (Fig. 8). The 4 systems represent differ-

ent degrees of involvement of CO2 in the chemical evo-

lution. The 4 systems can also be distinguished based on

their d13C. The 4 systems are, (a) subgroups III and V: a

very low pH, high HCO�
3 and high TDS thermal springs;

(b) subgroup II and IV: a near neutral pH, high HCO�
3

and high TDS groundwaters; (c) subgroup VI: a very

high pH low TDS and low HCO�
3 ; and, (d) subgroup

IX, VIII, VII, and I: near neutral pH, low HCO�
3 and

variable TDS.

One important point about the chemistry of thermal

groundwater springs of subgroups III and V is the pres-

ence of high partial pressure of CO2 and high HCO�
3 .

Partial pressure of CO2 high as 0.9 atm (Table 1) and

concentration as high as 4000 mg/L have been reported

(BCEOM, 1999) in these springs. All the waters with

these characteristics emerge as hot springs exclusively

in the LTG and in the YTVL. The high partial pressure
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of CO2 coupled with the high mineralization, the low

pH, the relatively high temperature, and the fact that

they emerge along the deep grabens and associated lin-

eaments testify that the system is open to an external in-

put of CO2 from deeper sources. The relatively depleted

d18O composition of these waters and the very low 3H

content reveals a recharge source at high altitude far

from the emanation point of the springs. These in turn

reflect a deep circulation of groundwater and long sub-

surface residence time. The source of CO2 may be a di-

rect source from the mantle along the deep faults or

from metamorphic decarbonation of the underlying sed-

imentary sequence by heat from a magma chamber – the

same magma chamber which has led to the eruption of

the Quaternary volcanoes in the YTVL and the forma-

tion of Quaternary basalts in the LTG.

Two exceptions of the high TDS Na–HCO3 waters

that may not be completely explained by the above mod-

el are the Bure cold springs (subgroup II) and the Woll-

iso thermal springs (subgroup IV). These two waters

evolve with lower amounts of CO2 involvement com-

pared to subgroup III and V waters. While lack of heat-

ing from below restricts the decarbonation and major
influx of CO2 from the Mesozoic sediments in the Bure

cold spring area, lack of or the thinning of the Mesozoic

formation in the southern part of the YTVL restricts

major influx of CO2 from deeper sources.

Waters of subgroup VI shows unique characteristics.

They have very high pH, extremely low PCO2
and very

low TDS. They are associated with a faulted area in

the eastern part of the LTG. The isotopic signature of

these waters indicates that they have meteoric origin.

Their depleted d18O relative to nearby groundwater

bodies may indicate that recharge takes place at high

altitude. Unlike the other thermal springs in the Blue

Nile basin, this water contains an extremely low amount

of dissolved CO2. Sodium, HCO�
3 and SiO2 dominate

the chemistry. Calcium and Mg2+ are extremely low.

One of the most plausible explanations for the existence

of these hyperalkaline, very low TDS thermal springs is

that these waters interact with a metamorphosed Mio-

cene lacustrine lignite and mud rock beds imbedded be-

tween the trap series basalts. This metamorphosed zone

could act as major sink zone for CO2, Ca
2+ and Mg2+

with an increase in Na+, K+, pH, and SiO2 leading to

this unique characteristic. These kinds of hyperalkaline



Table 2

Description of the geologic characteristics accompanying the statistical subgroups

Cluster Geology

Subgroup I1 The only cold spring from Mesozoic succession of the Blue Nile gorge. This

spring emerges at a contact between evaporite beds and a thick sequence of

limestone

Subgroup II1 A high TDS slightly alkaline pH cold spring from the Bure fault zone in the

Ethiopian Plateau, no indication of thermal activity is observed in the

region, the spring emerges at a contact between the Cenozoic trap basalt

and the underlying Mesozoic sandstone. These springs have depleted d18O
Subgroup III1 A high TDS, very low pH, thermal/cold spring from the LTG. Travertine

deposits were observed at the issuing point of these springs. These springs

have depleted d18O
Subgroup IV1 A near neutral pH, high TDS thermal spring in the southern part of YTVL.

Underneath the area where these springs emerge the Mesozoic strata is very

thin or absent. This spring is similar to sub group V waters but it contains

lower PCO2

Subgroup V4 A low pH group of thermal springs in a deeply faulted region of the YTVL,

these subgroups are distinct from subgroup III water by their Mg content.

While basalts are the dominant rock outcrop around subgroup III waters,

quaternary acid volcanic rocks dominate the recharge region of subgroup V

waters. Thick travertine and silica sinter deposits are ubiquitous around the

issuing point of these springs

Subgroup VI1 A hyperalkaline, very low TDS thermal spring east of the LTG. The

geology of the area where this spring emerges is distinct by the presence of

beds of late Miocene lignite, organic marls and Pliocene lacustrine deposits.

There are 3 springs of this nature within a radius of 5 km

Subgroup VII21 Low TDS, relatively high pH springs and groundwaters from the basaltic

plateau. The majority of these waters are deep wells from the basaltic

plateau. These waters are saturated with respect to calcite. The relatively

high pH and HCO3 and the saturation indices shows that these subgroups

are derived from the subgroup IX waters by silicate hydrolysis

Subgroup VIII16 Low TDS, relatively high pH, high NO3 and high Cl cold springs and

groundwater wells from basaltic plateau. These waters are affected by

pollution because of lack of well-head or spring protection

Subgroup IX38 Very low TDS, low pH, Ca–HCO3 type cold springs and shallow wells

which may represent geochemically unevolved young meteoric waters from

the basaltic plateau. These waters are mainly collected from hand-dug wells

and cold springs. These waters are under saturated with respect to calcite,

aragonite and gypsum. Some members of this group contains appreciable

amount of 3H testifying shallow circulation
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very low TDS waters are not uncommon. Clark et al.

(1994) have reported the presence of a similar type of

thermal springs in an area characterized by a similar

geologic condition (high heat flow and covered by meta-

morphosed organoclastic deposits).

The remaining subgroups (subgroup VII, VIII, IX, I)

evolve under relatively closed system silicate hydrolysis

and dissolution reactions. Under such conditions, the

initial H+ produced by the reaction between soil CO2

and the infiltrating water will be consumed by the sili-

cate hydrolysis reaction. Because of lack of additional

CO2 from deeper sources both the pH and HCO�
3 in-

crease along the evolution direction SK92 ! IX! VII

or along SK92 ! I until saturation is reached with re-

spect to carbonate minerals. The relatively deeper sys-
tems of the basaltic plateau (subgroup VII) are more

closed to external input of CO2 than the shallower sys-

tems of the basaltic plateau (subgroup IX).
4.4.2. Carbon-13 evidence

Carbon-13 were measured in 6 samples each one rep-

resentative of different groundwater subgroups. The

d13C content of the high TDS Na–HCO3 groundwaters

varies between �4.2& and +6.3& PDB. These compo-

sitions are more enriched than the d13C compositions

of mantle CO2 which varies between �3& and �8&

(Hoefs, 1997). This enriched range of d13C is most likely

the result of interaction of groundwaters with CO2 from

metamorphic decarbonation of carbonate rocks beneath



Table 3

Summary of inverse modelling for selected paths

Path Reaction

SK92-Subgroup I Gypsum + Dolomite + Halite + NaX from ion exchange + CO2 (g)! Ca–

SO4 water + Ca loss to ion exchange + Chalcedony

IX-Subgroup II Plagioclase +Olivene + Pyroxene + K–mica + CO6 (g)! Na–Mg–HCO3

water + Illite + Calcite + Fluorite

IX-Subgroup III Plagioclase +Olivine + Pyroxene + K–mica + trace gypsum + CO2

(g)!Na–Mg–HCO3 water + Calcite + Illite + trace fluorite

IX-Subgroup IV Plagioclase + Pyroxene + K–mica + trace fluorite + CO2 (g)!Na–HCO3

water + Chalcedony + Ca montmorilonite + trace Gypsum

IX-Subgroup V Plagioclase + Pyroxene + K–feldespar + trace gypsum and fluorite!Na–

HCO3 water + Chalcedony + Calcite + Illite

IX-Subgroup VII Plagioclase + Pyroxene + K–mica + trace gypsum + CO2(g)! Ca–Mg–

HCO3 water + Illite

The majority of the phases and thermodynamic data are taken from PHREEQC database (Parkhurst and Appelo, 1999) and from

Kenoyer and Bowser (1992).
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the YVTL and the LTG. This is the most plausible

mechanism because the d13C of CO2 of carbonate rocks

ranges between �4% and +4% (Craig, 1963). This con-

firms the geochemical evidence from pH, HCO3 and

TDS of the influence of deep CO2 from deeper metamor-

phic decarbonation sources on the high TDS waters.

Waters of subgroup III and V are relatively more de-

pleted in d13C than waters of subgroup II and IV con-

firming the hypotheses from the carbonate species

compositions that relatively lower amount of deep

CO2 is involved in the geochemistry of these springs.

The Jiga cold springs (SK103) representative of the

shallow Ca–Mg–HCO3 type groundwaters show a d13C
of �11.6& reflecting soil CO2 as a principal source of

carbonate species in the shallow groundwaters. Cold

groundwaters from basaltic aquifers around Addis Aba-

ba (on the southern water divide of the Blue Nile Basin)
show a d13C ranging between �4& and �12& (Gizaw,

2002). These testify to the dominant source of CO2 in the

shallow groundwaters of the basaltic plateau being soil

CO2.

The Wanzaye thermal springs (subgroup VI) are the

most depleted in both d13C (d13C = �15.5&) and d18O
(�5.4&) contents. The very high pH of these springs,

the extremely low PCO2
, its Na–HCO3 nature, and the

depletion in d18O shows that these springs represent

evolved groundwater systems which have undergone a

significant degree of water–rock interaction. The ex-

treme depletion of d13C of these springs confirms the

hypothesis from geochemical evidence that they must

have interacted with organic matter at depth. These re-

flect that the Wonzye thermal springs interact with or-

ganic matter of the Miocene organic rich sediments in

the LTG.



Fig. 9. Schematic sections showing origin and evolution of selected groundwater systems/springs. 1 – Thermal springs in the YTVL, 2

– Wonzaye thermal springs in LTG, 3 – Bure cold springs on the plateau, 4 – Andesa thermal spring in LTG.
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5. Summary and conclusions

The Hierarchical Classification Analysis elaborately

classified the groundwaters of the upper Blue Nile basin

into two major groups and 9 subgroups. The advantage

of the method was that the subgroups were objective and

a clear geo-hydrological patterns were recognized. The 9

subgroups show different degrees of water–rock interac-

tion, subsurface residence time, aquifer composition,

influence of CO2, and exposure to pollution, etc. In a

poorly known hydrogeological system the exercise of

associating the results of the cluster with geo-hydrolog-

ical conditions facilitates the understanding of the

groundwater flow systems in the basin. Traditionally,

it was thought that two groundwater layers (shallow/

deep; fresh/saline, unconfined/confined) exist in volcanic

aquifers of the region (Chernet, 1982, 1990). However,

the Hierarchical Classification Analysis and the geo-

chemical approach show that more groundwater flow

patterns can be distinguished in the region adding more

understanding to the previous knowledge of the Ethio-

pian plateau volcanic hydrogeology.

The geochemical, isotopic, stratigraphic and struc-

tural data, and the Hierarchical Classification Analysis

helped to schematize geo-hydrological characteristics

of important zones in the Blue Nile basin and to gain

for the first time a general picture of the groundwater

circulation and its chemical evolution in the basin. Con-

ceptual models that schematize the major geochemical

processes and recharge source for selected groundwater

systems are presented in Fig. 9.

In the basaltic plateau recharge is rapid, groundwater

circulation is shallow and the waters are characterized

by low TDS. Two structurally deformed zones, namely

the LTG and the YTVL plays a major role in favoring

the existence of regional and probably deeper ground-

water flows. The geologic processes which formed the

two structural basins resulted in juxtaposition of the

Mesozoic sediments with the Cenozoic volcanic cover

and this promotes the presence of artesian springs at

the contact between the Mesozoic sediment and Ceno-

zoic volcanic cover. Furthermore CO2 from deeper

sources (CO2 produced by metamorphic decarbonation

of the Mesozoic sediments underlying the basaltic trap)

along the deformed zones influences geochemical evolu-

tion of the high TDS thermal groundwaters of the

YTVL and the LTG. The CO2 gas from depth promotes

acid hydrolysis of the volcanic cover, which explains the

generally low pH and high HCO�
3 of these ground-

waters.

Despite the similarity in climatic conditions and the

general similarity in Mesozoic lithology, the hydrogeo-

logical characteristics of the Blue Nile basin are different

from the Hydrogeology of Sahelian Africa. The majority

of groundwaters of the Blue Nile basin are often highly

flushed, young, low TDS groundwaters with rapid re-
charge through fractured rocks. These characteristics

are mainly the result of uplifting and erosional fragmen-

tation of the aquifers of the Blue Nile basin. In the shal-

low sedimentary aquifers of the Sahel, evaporation prior

to recharge seems an important hydrologic process

(Sonnntag et al., 1982; Dodo and Zuppi, 1997). This

process seems unimportant in the upper Blue Nile basin.

The classical sedimentary basin aquifer (Intercalaire

aquifers) that underlies the majority of the Sahel and

Northern African countries (Sudan, Chad, Senegal,

Mali, Niger, Tunisia, Egypt, etc.) containing late Pleisto-

cene or early Holocene groundwaters (Sonnntag et al.,

1982; Andrews et al., 1994; Edmunds et al., 2003; Da-

bous and Osmond, 2001) is represented by uplifted

Mesozoic sediments which are not accessible to ground-

water circulation due to the thick (often greater than

1 km) basaltic cover. In some places such as the LTG

and the YTVL, however, the Mesozoic sediments play

an indirect role in influencing the hydrogeochemistry

of the groundwaters by supplying CO2 for water–rock

interaction.

The important role that CO2 from deeper sources

plays in groundwater chemical evolution is a widely ac-

cepted model in the East African Rift System also. In

general, the d13C content of the high TDS groundwaters

of the Blue Nile basin is more enriched than the d13C con-

tent of groundwaters of the Ethiopian Rift Valley, the

d13C of the latter as documented in Darling et al.

(1996) and Craig et al. (1977). This reflects that CO2 from

decarbonation of marine carbonates is more important

in the Blue Nile basin high TDS thermal groundwaters

than in the Rift Valley groundwaters. Many previous

models (Darling et al., 1996; Gizaw, 2002) consider the

source of CO2 in thermal groundwaters of the Central

Ethiopian Rift or that of the Addis Ababa region is the

mantle and the influence of Metamorphic CO2 is non

existent or minor. Structural evidence coupled by geo-

chemical data shows that the YTVL is an extensive

east–west zone that intersects the Ethiopian Rift Valley.

The influence of the Mesozoic sedimentary layers as a

source of CO2 in thermal groundwaters may not be min-

or beneath Addis Ababa and the Main Ethiopian Rift

Valley as was previously thought.

The information obtained and the major conclusions

found in this study will help to select future targets of

detailed groundwater resource assessment programs.

The schematic diagrams may be used to select suitable

sites for groundwater resource development. The re-

cently flourishing Ethiopian Gaseous Soda Spring

bottling plants may find the schematic diagrams and

the water quality data very useful. The isotope and geo-

chemical data from the Blue Nile basin also allowed the

authors in an independent work (Kebede et al., 2003) to

trace the subsurface hydrogeologic link between the

Northwestern Ethiopian Plateau and the Ethiopian Rift

Valley.
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