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EXECUTIVE SUMMARY

This reportis part of the Water Global Practice efforts to support ithke Chad Basin
Commission (CBC) and its Member States (Cameroon, the Central African Republic, Chad,
Niger and Nigeria)ulfill their mandateto better monitor and understanehter resources
dynamcsin the Lake Chad BasiWhile parallel work is leveraging remote sensing to improve
the monitoring of surface water resources,
resourcesHydrologic modeling is essential foepresenting current undeastling, putting

existing data to good use, informing new data collection efforts, and supporting water resources
planning and management.

Theinitial objectives of the effortsportrayed in tis reportwereto (a) integrate all available
groundwater datavalable in the Lake Chad Basin an updated database; @gvelop an
updatedandintegrativeconceptual groundwater modslthe Lake Chad Basjimcluding all
old and new information anceflectingthe best current understanding, and developthe
equivalennhumericalgroundwatemodel of thd_ake Chad Basinwith emphasis otwo focus
areas the Komadougwobe and CharlLogone river basis) given their relevance for
groundwater recharge andeuEven though the overall conceptual model and the numerical
model need to bdurther improved, thebasinwide perspective presented in this wprk
integrating multiple sources of available dgieovides a foundatioto better understanahd
guantify basinwide hydrogeological dynamic$his enables future efforts to asspssential
impacts of future investmenésd climatdutures

Thetasksof this activity startedwith the extensiveollection and integratin of all available
information and data from national and regional databases, previous studies, projects and
partnersto provide the data basis for an updated conceptual understanding of groundwater in
the Lake Chad BasiThe integration ofnformation and kowledge enabled thareparation

of an improved basirwide numericalgroundwatermodel. Thus, his database andodel
represent the best available understanding of groundwater resources in the Lake Chad Basin to
date.

This modeis expected to be a fountitan for further regionahumericaimodellingefforts Due

to limited availability and lackof time-seriesdata, as well as the complexity of the aquifer
systems and the large geographical atbka, conceptual model was tentatively validated
through a steadystate numerical model only. A steadystate model considers that the
piezometric levehas reached a pdisin of equilibrium and its outputs represent a snapshot of
the groundwater syster@®nce sufficient data is availablée conversion tatransient model
would allow the analysis déiture investment and climate scenatmsformdecisioamaking
andwater resources management.

This reporthasfour chaptersfirst, a brief introductionof context and goalseconda review

of the geology, hydrology and hydrogeologgta and informatiom the Lake ChadBasin;

third, a description of the numerical model and simulations;fandh, a conclusions chapter.
This report also contas 7 annexes (A to G) providing information and background on a range

12



of variables and topics. A digital database of information, probably th&t womplete
compilation of available groundwater data in the Lake Chad Basin is also available, with a
subset database including all the data used win the numerical model and simulations.

The Lake Chad Groundwater System

The Lake Chad Basin is @amland drainage system covering an area of about 2,355,080 km

the eastern part of the Sahel region of Africa that is shared by Algeria, Cameroon, the Central
African Republic, Chad, Libya, Niger, Nigeria and Sudan, to a larger or lesser extpars|t

a wide range of climates from Saharian in the North to tropical in the.stheh_ake Chad

itself, mainly fed from the Chailiogone System Rivergs highly variable across seasons and
years. It is currently greater than,@00 kn¥. It provides a sourcef livelihood for about 2

million people along its shore and contributes to food secimitgbout 50 million people in

its hydrographic basin.

The Lake Chad Hydrologic Basin

UNEP 2010

Alge'_l:ial',.“,/x Libya

Severalaquifers have been identified in theke Chad Basinand the sedimentary Chad
Formation is of special interest. The Chad Formation, a recent geologic formation, is an aquifer
system that extends along the entire basin, and is composed of the followimsjriaydjraphical

units or wateibearing formations (FAO, 1973): Quaternary (unconfined aquifer), Pliocene
(aquitard, impervious), Lower Pliocene (confined aquifer) and Continental Terminal
(semiconfined aquifer). The Quaternary aquifer, composed of aesdiads and fluviodeltaic
deposits, outcrops in the whole basin area, and the Continental Terminal (CT) to the south of the
basin is mainly confined. Hydraulic connectivity exists between different aquifers, and also
between surface water (lakes and riyensd groundwateiGroundwater recharge takes place
directly from precipitation and irrigation return flow, where aquifers are unconfined, and by
surface water from river systems. Groundwater exploitation takes place mainly in the
Quaternary aquifer or tHeT in southern areas where it outcrops. Only deep boreholes in cities

13



(i . e.: N6 Dj amen a) In gerepal, the groundveaterpleviak theubiasinieas
lowered because of increased abstractions and decreased recharge.

Geology of the basin areaThe red lineshows the areaof

the Lake Chad Hydrologic

Basin, modeled in thishydrogeologic study.
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Lake Chad Basin Geology
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To date, a limited number of groundwater models for
developedat the basin levebased on different tools andmerical methods, and with various
goals Eberschweiler, 1993at.eblanc, 2002; Boronina and Ramillien, 2008). Locally,
groundwater models have been developed for different objectives for the Kazdell, Lake Chad
vicinity, Chari Logone and ChaBaguirmi. Although these efforts are most valuable, no
existing model covers the entire hydrogeologic basin and hydrostratigraphical units of the Chad
Formation Aquifer System.

" —re”
Coordinate Reference System: WGS 84 (EPSG: 4326)

the Quaternary aquifer have been

The Chad Formation water-bearing formations (hydrostratigraphical units) schema:
Quaternary (gray), Upper Pliocene (yellow), Lower Pliocene (brown), Continental
Terminal (dark yellow) and bedrock (cretaceous and crystalline rocks)
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Integrating Data from Diverse Actors

Thefirst half of the reportprovides an updated picture of tberrentknowledge 6 the Lake

Chad Basin groundwater resources. The data anadyhis product of direct interactions with

a range of institutions and actors that have worked on topics that are relevant for groundwater
resources in the region. It also summarizes the hydrologic research outcomes for groundwater
studies conducted by a range of different international and national organizations involved in
the Lake Chad Basin. A significant amount of the collected datapwasded by CDIG

ResEau and LCBC.

Todatet he most quantitative data in repositori
national organizations) are available for the basin area iRe¢peblicof Chad. For the other
LCBC Member States, informatios limited. Reports or research studies and quantitative data
(climate, hydrological, hydrogeological, groundwater, groundwater exploitation and
geological) that relate mainly to the projects undertaken wdtimaestiovater supply objective
focus mostlyon the centrapart of theLake Chad Basin and the Quaternary aquifer (shallow
unconfined aquifer)Scarce information has been found for deep aquif@rsundwater
information is lacking for the Northern part of the Chad Formation Aquifer System (N. Chad
and Niger), the Sudan area and Nigeria. This aspect also applies to the Komadob§auea
(mostly inNigeria), one of the model focus argatiere major agricultural developments take
place, and where surfageoundwater interactions need to be assessed

The quantitative data analysis inclsdke review, understanding and a quality assessment of
the followingdata:i) daily rainfall and temperature data series from ground stations to assess
natural recharget) lithologic logs to better define aquifer geometny; spatial distribution of
water points (wells, boreholes), groundwater head observations and grourekpateation

to define groundwater status and ;u$® aquifer testing to define key hydrodynamic
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parametersy) land use/land cover and soil mapping for natural recharge assessmenis;
defining agricultural areas.

Spatial distribution of all the water points used to exploit the aquifer system in the area
(from the RESOPIEZ, SUIVPIEZ and SITEAU databases) UNIRES: (year) and
[number of data] for the UNIRES campaign

LEGEND /j

| Available groundwater level data
9FED
= Water points 9FED [1979]

10FED

= Water points 10FED [821]
BGR
o Water points BGR [724] /
Yaere

= Water points Yaeré (2013) [28]

UNIRES
= Komadugu Yobe (2009) [79]

S
y
L
\
\L

200 400 600 800 1000 km

Coordinate Reference System: WGS 84 (EPSG: 4326)

The spatietemporal coverage of groudmhsed hydrological andneteorological data
(measurement stations, gaps and time periods) is very variabited.groundbased weather
stations with accurate daily datasets of precipitation and temperature for th2@a0geriod

are available for estimating natural rechafee geological subsurface information coverage
(lithological logs) of the sedimentary package provided a highly accurate hydrostratigraphical
description (aquifer layers) of sedimentary thicknessewentralpart of theLake Chad Basin.
Reliable goundwater abstractigrfrom spatially distributed wellsloes not existGroundwater
abstractions werestimated from population data and irrigated areas identified rfeomote
sensing productssétellite photos). Finally, hydrodynamic parameters to define duylr
properties of aquifer media and groundwater level measurements are mainly available for the
Quaternary aquifeand in the central part of the baslimere was very scarce data for the Lower
Pliocene and CT aquiferdack of data limited seriously thieasinscale hydrogeological
assessment.
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An updated understanding of the groundwater dynamics in the basin

The existing conceptual model of the Chad Formation Aquifer System (Quaternary, Lower
Pliocene and CT) has been assessed and improved with the new information to more accurately
represent aquifer system behavior on the basin scale to account for aditakelavlata today.

The following improvements to the previotegional hydrogeological conceptual model were
made:

1 At the basin levelthethreedimensionakonceptual model of the groundwater system
was pdatedbased on the additional data obtainemhfrcurrenthydrostratigraphical
and hydrodynamic parameters and groundwater l€ielswaterbearing formations,
rechargedischarge processes, etc.)

1 Revising and expanding the aquiEometry definition of the Chad Formation Aquifer
System (Quaternary and Lower Pl i ocenel/ C
boundaries, as presented in the previous figures.

1 Natural recharge distribution and amount (2@081) independently estimated ki
soil-plantwater distributed model. It is based on a review of crop irrigation dose, the
distribution of agricultural areas and the daily precipitation data series from the
meteorological ground stations provided by the TAMOH platform.

1 Updated Quatermg aquifer groundwater level mapping for the 2&T8.1 period.
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Input -output processes in the basinl) Natural recharge; 2) Evapotranspiration; 3)
Groundwater inflow; 4) Recharge from rivers; 5) Discharge from rivers; 6)
Recharge from Lake; 7) Upflowfrom deep aquifers; 8) Vertical recharge from
shallower aquifers to deeper ones. Lateral rechargieom the weathered crystalline
bedrock alsotakes place

A numerical model to simulate the entire basin

Thesecond half of the report presentgshe development ofthreedimensional (3D)
hydrogeological numerical flow model of tlighad Formation Aquifer Systenit involves
developing a steadstate numerical model for the 20@811 period based on the improved
conceptual model.

The modeling approach followed reflects the discussions held during two participatory
workshops with the LCBC and regional stakehdddaevhich took place when ithactivity

began. An agreement was met on the need to: deterthiee asi nds boundary ir
groundwater; model the entire basin, and also focus in more detail on specific key areas in a
multiresolution approachn paticular, the need for a model that can support operational water
resources management was discusasdyell asthe creation of a 3D conceptual model to

capture all the data, including quantity parameters for any new abstsaction t he mod el
database.
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The Lake Chad formation aquifer system flow mdukd been numerically programmeadh

the opersource MODFLOW 2005 code with the ModelMuse 3.10 graphical user interface.
The steadystate model is used to understand the Lake Chad Formation aquifer sghtarior

and to identify possible groundwater depletion hot spots.

Groundwater Model Domain.

The spatial coverage (1,900,000 %wof the model domain) and four layers (Quaternary,
Pliocene, Lower Pliocene/CT and Bedrock) were defined basedistinghydrostratigraphic
units. Model layers are a numerical tool defined for modelater fluxesin confinedor
unconfined conditionsncluding confining layers and by simulating the vertical structure of
the aquifer and flow path$he model was run in a 10x10 km grid over the entire flow domain.

The model performance was validated by evaluating simulateldservedyroundwater head
(piezometric map with a reference to sea level for the-2004 period) and by relative error.
Apart fromoverall basin calibration, the model performance was also asesthe Chari
Logone and KomadougeYiobé areasalsoby evaluatinghe piezometric head
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Conceptual Model layers extent. Gray: Quaternary; pale yellow: Upper Pliocene;
yellow: CT and Lower Pliocene; brown: Basement.

Parametrization was based on the previously colledéddon lithology, aquifer thickness,
transmissivity and permeability. The initial parameters set on the larger catchment scale were
obtained through estimations based on collectedfdatadatabaseand in literature research.

The calibration procedure was basedadjustingestimated recharge, transmissivity and river
influence

The spatial distribution of recharge from precipitation and irrigation return flow (independently
calculated) was directlgpplied to the top level of the modeled area as initial input for further
recharge assessment by the numerical model. Groundsvaface water interactions (water

flux among groundwater, rivers and lakes) were estimated based on groundwater head
(piezomettic level), river water level and literaturesearchestimatesRiver levelsgenerally

interact with the topmodel layer as a river boundary condition. Groundwater abstraction,
estimated following the water demand for t he
takes place mainly in the shallow wells of the Quaternary aquifer. For modeling, abstraction

(as wel fields) was spatially distributed anthe pumped amoust wereallocated to the
corresponohg aquifer layer and cell.
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Crosssection across the centrapart of the basin showing thedifferent layers (vertical
scale enhanced by 500). Gray: Quaternary; pa yellow: Upper Pliocene; yellow: CT and
Lower Pliocene; brown: basement.

Model results

The system outpst i.e. flows of wateteaving the groundwater system, :ageoundwater
discharge to surface water (water is drained from the aquifer if the groundwater head lies above
the river head); evapotranspiration (already considered in the net recharge estimation); and
groundwater abstraction from pumping wells for doticesupply and agriculture.

Model calibrationto fit the groundwater level simulations to field observationsyask in
progresdor the upper aquifemostly impacted by the poamnatch between simulations and
field observations in the depressed ardasamadougotYobé and ChasBarguirmi. Given
the steadystate simulation conditions, the groundwater heads at the-Baguirmi and in the
SW part of the lake were natell captured by the model amgeoverestimatedThe simulated
groundwater levels at@gherthan the measured onésiproved ajustment to the conceptual
model ando boundary conditions might also be proposed in the next modeling step.

Overall n thesuperficialaquifer, the model is able to capture the amplitude of the observed
heads. he generalflow pattern agreeswith field observations for the baseline period.
Modeling the water balance error shows a goocherical accuragydifferences between the
simulated inpuindoutputresults account for 002%%. The observations made for ttheep
aquifer are scarce, whidimits further comparisons with the simulated results.
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Model sensitivity analysis

The sensitivity analysis revealed that the developed model was not very sensitive to the changes
in water abstraction that have taken place locally, but a clear response to natural recharge
variationwas observeds recharge is the main process to comroundwater balance. This

is reasonabl e behavior wlddestaleconsi dering the
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Simulated piezometric level for the unconfined aquifefoutput of layer at 40 m depth)
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Resuts of this Work. Key Findings

The newly developed 3D steadtate groundwater flow model of the Lake Chad Basin allows
groundwater dynamics to be simulated on a basin dogbarticular, the groundwater volume

and associated head are simulated and the model can be used to ideunidyvaiter depletion

hot spots at the basin level and in the Chagone and KomadougeYiobé areaslt also
provides the necessary boundary conditions for further numerical model developments in
selected areas at local level.

However, he current modelannot be used as a reliable Decision Support System (DSS) tool
for water management or planning. Neverthelessg the conceptual model will be adjusted

and the steadsgtate calibration will be adjusted, this model will be ablpravide detailed

water lalances in defined areas and can also identify unknown hot spot areas in the Lake Chad
Basin.

The obtained results refer mainly to theperficialaquifer (unconfined)as scarce data are
available for modeling the deep seaainfined aquifer. The net recharge in the basin (from
precipitation and irrigation return flow, recorded on a daily basis) has been independently
estimated as model input. It also includes the pasameterizationf unconfined and confined
waterbearing formations and upglad geometry and simulates lateral flows graindwater
surface water interactions
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The developed steagstate model constitutes a snapshot of the groundwgtermicsin the
basin. This modeling study is the first step toward a transient flow raotthel basin scaltor
modeling ime-dependent stresses and/or conditions when \gaters ois released from the
groundwater system.

Further development of a transient model would require monitoring the groundwater level,
along with time series datasets, for the spatially distribdidg¢al A transient model can only be
developed if the groundwater level historical data are available for modellmpubving the

data in the hydrogeological database would be the first step.

The model is an important tool for a properly designed radni networkacross the basio
provide considerable spatial coverage monitoring by incorporating: number of observation
wells and locations and spatiemporal coverage of measurements frequency, and new
monitoring wells design to asseg®undwater legl at varying depths in focus areas.

The model 6s results must only be taken as
sources of uncertainty related to the scale of the work done:

1 Local piezometric level changes may be slighter than the adopted mesh resolution. A
10 kmx10 km modegrid is too coarse to identifgmallscalelocal impacts

1 Adopted assumptions for modeling, such as computational and data limitations, or
hydrogeological and hydrological simplifications of groundwatieface water
interactions, to reflect the modeded to be set according to Modflow2005.

Recommendations and Future Work

Insights from this modeling exercise help point towards future veoirkprove théasirwide
understanding of groundwatedynamics and for overall model improvements The
recommendd investments to collecdditional observationslated togroundwateandnew
analytical efforts, are as follows:

1 It is highly recommended that further investments should focus on the unconfined
aquifer which constitutes the major groundwater supply contributor. The Lower
Pliocene and CT aquifers are also an important water resource potential, and research
efforts shalld be targeted to improve current knowledge in the southern part of the basin
(with special focus on Chari Logon and Komadoudy@lé areas) where exploitation
is increasing and main natural recharge takes place.

1 A better aquifer system geometry definition on the northern and eastern boundaries of
the basin where geologic information is lacking, and is important for defining the
aquifer system boundarigglapping of aquifer unit thickness would require geologic
information from oil and gaandnew drilled wells for suhgface exploration purposes.

1 Hydrogeological studies in the Upper aquifer of thsimahould be addressed to:
conduct aquifer tests to estimate hydraulic properties (hydraulic conductivity,
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porosity), to collect new groundwater level thseries data with time in target
monitoring zones (the Chaldogone, KomadougotYobé basins, Salaah, NE, SW and
central part of basin area) and to place monitoring wells throughout the basin

1 Establishing a groundwater monitoring network and a groundwater monitoring plan
based as much as possible on existing new drilledvells. The primary purpose is to
monitor groundwater levels and groundwater fluctuations (and groundyetkty in
a further step) to define the aquiferaos
flows and to detect changes in aquifer status These data are critical to decisions
concerning water management.

1 Research addressing the assessment of contegtivib et ween aqui fers
southern part (CR), and surfacgroundwater interactions (Komadouggobé,
ChariBaguirmi) will help to improve the current conceptual model interpretation
Surface geophysical surveys, e.g. electric resistivity transects, should be conducted to
delineate aquifers contacts in depth.

1 Accurate data provision on theigation practicescrops ad spatial distribution of
existing and newly proposed agricultural developments. Good agricultural management
is a key issue to protect water resouréesgure works need to incluégactquantitative
data on groundwater exploitation and the location ahpng wells, type of crops,
irrigated volume, and timing

1 Collecting and storing data from detailed hydrogeological research and quantitative
fieldwork by the hydrologic agencies inv
States and LCBC)

In order to managgroundwateuse éectivelyy, t he basinds water bal an
additional data. The information that is particularly required includes:
1 Groundwater and surface water extraction data based on real estimations of demand
across the whole basin
1 Placing water level monitoring wells at properly designed hydrogeological sites in river
basins to assess surface wiageoundwater connectivity, and to understand and
guantify recharge/discharge processes
1 The amount of water supptidrom dams and other water storage facilities for irrigation
purposes and the specific locations where transfers take place
1 Placing gauges at specific monitoring sites in river basins to provide streamflow data.
A hydrograph analysis to support conjumetsurface watégroundwater management
practices

In addition,a regular reassessment of the conceptual model is required to increase the level of
confidence in model predictions and to answer the defined questions based on the modeling
objectives:

1 Introducing new datasets with geologic data for geometry improvement, specifically an
in-depth geological description. Updating temporal data coverage as regards climate,
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pumping, the riverbed longitudinal profile, drainage or land use change data for the

mostrecent period

Introducing new aquifer stresses (new groundwater exploitation areas, river water
transfers) not previously considered, but represent anticipated changes for assessing
inflow and outflow in the aquifer system because of the hydrologic chkangde in

the region
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1. INTRODUCTION

Context

TheLake Chadasin is an inland drainage systeaveiing an area of about, 255000 knt in
the eastern part of the Sahel region of Afriwhoseactive basinwhich includes Lake Chad,
is an important freshwater resource for neighboring countries.

Lake Chad is a tropical lake with related wetlands that is shared by Cameroon, Chad, Niger

and Nigeria. Parts of the Central African Republic fall in its activadigdical basin. Over

the past 100 years, the | akeods ar ed&inhdd sign
to about 1,700 kfin January 1985 bubas since then increased again to an average area
measuring approximately 8,000 kmiuring the 2002 015 per i od. This | ake
size is explained by rainfall variations over its basin, which lead to a wide variability in river

flows and lakenput, particularly over the Chaliogone River Basin, which may account for

about 95% of the water inflows to the lake. Although climate change is often mentioned to
explain Lake Chadodds current state andssits p
climate changes forecast rising temperatures, but have not assessed the rainfall regime changes

in the Lake Chad Basin (2050 and the 2100 time period; LCBC, 2015).

Lake Chad, its banks and its islands are a source of livelihood for nearly 2 milljge.pEwey
are also a foo@xporting hub that plays a key food security role of a hinterland with nearly 13

million inhabitants and two metropolitan cc¢
Maiduguri, the capital of the State of Borno in Nigeria. Thiéretasin is home to about 50
million people as of 2015. The | akeb6s rich

perform productive activities based on fishi
dynamism is based mainly on a complggtem that has adapted to environmental variability

and is characterized by mobility, mu#ctivity, and multifunctionality.Mobility refers to

people responding to changing natural resources. fdciivity means that a dominant
proporti on papélation lpracticesas&verd sctivities, such as fishing, livestock,
agriculture, and also trade and crafts, to secure revenue. Multifunctionality refers to the
successive use of the same space for fishing, agriculture and livestock by following the rhythm

of annual floods and flood recessions. In its watershed, Lake Chad is a large productive socio
ecosystem, but one with much poverty, demogr
value, therefore, lies in the ecosystem services that it provithes) are particularly precious

in its SaheleSaharan regional environment, characterized by aridity and erratic water resources
availability.

However, it is also a vulnerable so@&oological system that faces numerous risks: climate
variability and hydological shifts, risks of pollution (pesticides, oil industry, sewage, industrial
and mining effluents), a low human development index and basic services, one of the highest
population growth rates worldwide and insecurity.
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In 2012, the Heads of States LCBC Member Countries adopted the Water Charter for the
Lake Chad Basims abinding framework to promote sustainable development there through
the integrated, equitable and coordinated management of natural resources, particularly the
basi ndés owas dwww.cblterg/en/themes/ lakkadwaterchartervehiclesub
regionalintegrationandsecurity). The Water Charter is ratified by Cameroon, Chad and
Niger.

The Water Charter observes th@tprecipitation and hydraulic flow conditions in the Lake

Chad tributaries are extremely variable and likely to be affected by climate chatigefotal

water use in the Lake Chad Basin 25%knyear ) currently represent ¢
water inflow and, to date, variations in its water level areseduy variability in rainfall and

related river flows. However, amcontrolled increase in abstractions could cause significant

effects on the water level and extent of Lake Chigdgroundwater resources are currently
managed inadequateliv) the bas1's ecosystems are sensitit@ variations in inflows and

pollutant discharge; af) insufficient availability and exchange ioformation limit knowledge

of water resources and aquatic ecosystamnd,restrict the possibility of their transboundary
manag@ment.

Some Water Charter objectives aim to enhance the quantitative management of surface water
resources, including the establishment ipfprinciples and management rules for water
resources by limiting abstractions from the lake and its tributeBiase( Parties agreed in the
Charter to limit total abstractions to 6 Rfyear and establish procedures for recording
abstractions)ii) the environmental flows to be maintained in watercourses during low flow
and high flow periods. However, the total abstraction limit of &/\ear is not based on a
rigorous scientific and evidendmsed analysis, but on an approximate value that does not
account for either climate shifts/drought periods or the spatial allocation of abstraction limits.

Surface water and groundwater in the Lake Chad area are interconnected. While surface runoff
rainfall models, lake models and groundwater models separmtedy; no comprehensive
understanding of the dynamics among surface water, groundwater and abstractions exists.
Hencet here is no understanding of how a sustai
of abstractions and sustainability.

Thus,an overew of the system must be produced to fully understand the hydrologic dynamics
of groundwater and surface water. An updated groundwater model, which includes all the
information available to date, is a useful representation of the current understanladip\as
analytical work to be done on hydrological and water use scenarios. The results of such
hydrologic modeling and analyses can inform about the domains for future investments and
the sustainabilityof new water use abstraction8n updated model (oset of models:
groundwatersurface watgrcan also be used for continuous Resattime monitoring and to
understand the Lake Chad system.
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In the field of hydrology and water resources, specifically in groundwater hydrology, the basin
has beesubject to considerable research by national and international agenoiesd@ater
numerical models for the basin have existed since 2004, but they cover most of the basin at a
very low resolution or certain areas of interest, and do not include dgte information and

linkage to surface water models.

Current modeling at the Lake ChaBasin

Since the previous regional works by Schneider and Eberschweiler (1993b), a number of
hydrogeological models have been or are being developed, as presented in the modeling
chapter.Previous modeling efforts anditiatives focus on very specific local objectives and
areas which cover mainly the centrabuthern part of the basin and thaa@rnary aquifer
(Abderamane, 201Xassan, 2002; Gaultier, 2004; Massuel, 2QHiri, 2008).0Only a few

are on a regional scale (Leblanc, 2007; Boronina and Ramilien, 2008) but they do not cover
the entire hydrogeologic basin and hydrostratigraphiciéd of the Chad Formation.

The current modeling exercise, and the development of adimemsional (3D) flow model

of the Chad Formation for the 20@811 period, include updating and upgrading the last
documented regional models based on additiortal@dlected since 2005. As tirgependent
hydrologic parameters (i.e. groundwater level measurements over time) do not exist, only
steadystate modeling is performed. Therefore, the principal objective is to represent the
groundwater system more realistiy by including updated information to adequately simulate
groundwater head dynamics and groundwater depletion affectdidiayechanges and human
water use.

It strictly focuses on groundwater, and the conclusions he@rewvideddo not address any
ecological or human health toxicological issues that may be associated with the site or potential
issues associated with constituents in surface water oCéaimical and isotopic information

is used only to support the groundwater system (rechargeadig;hmixing waters, flow
direction, circulationdepth) in order to understand the assessment of hydraulic connections,
and the establishment of the boundary conditions of the conceptual moehfolating and
updatingthe mathematical model.

The following changes to the conceptual model of the Chad Aquifer Formation and its
numerical representation are included:

1 Updating theboundarie®f the regional aquifer, its geometry and the new model layers
structural contours at basin level

1 Updating the groundater level contour map for the 26@811 period

1 Updating recharge zones and rates (from precipitation and irrigation return) for the
20082011 period

T Updating the understanding of the basinods

Objectives of this report
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This report describes the Lake Chad groundwater flow model (sgtaidy 20082011 period),

its conceptualization and model development at the basin level, the calibration procedures
carried out, the principal results and findings of the calibration psp@nd thepredictive
analysisresults.

Hence the report provides:
1 An updated baseline of the groundwater conditions in the Lake Chad Basimts
out current data gaps and data quality for the intended objectives
T A conceptual i z adralogical statis anaydelodic systensydasmicsh y
(precipitation, groundwater and surface water, abstractions, environmental status,
vegetation cover) to date
1 A numerical groundwater flow by integrating all the new available data and information

The repor includes detailed information on model inputs (natural recharge) and outputs of
groundwater flux arranged in twoain chapters

Chapter 2: Geology, Hydrologynd Hydrogeology Of The Study AreBhis section presents

current knowledge arelimmarizes previous hydrological works for groundwater studies in the

Lake Chad Basin aquifer system, including: study approach, data sources and review;
conceptualization of the groundwater system,

Chapter 3: Groundwater Modeling This section introduces groundwater numerical model
definition, calibration procedures and results. It describes how the conceptual model is
translated to thaumericalmodél s gr i d. 't includes the defini
layers, spatial discretization, parameters, predictive results and also model limitations.

There are seven appendices with background informampendix A on reservoirs and gauge
stations; Appendix B on the lithological logs and geometry of the bagipendix C lists
information availableon aquifer system hydraulic parameters; Appendigrlyroundwater
flow mapping and the groundwater level dateailablefor the 20082011 period; Appendix E
on the natural recharge estimatitor the study periodAppendix F on the data archiving of
collected informationFinally, Appendix Gincludes model layers information.
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2. GEOLOGY, HYDROLOGY AND HYDROGEOLOGY OF
THE STUDY AREA

2.1. The Lake Chad Basin. An Overview

Extending between 6°N and 241&titude, and between 8°E and 24°E longitude, the study
area, otherwise known as the Lake Chad Hydrologic Basin (Fig. 1), covers some 2,381,000
km? (www.cblt.org/en). It extends as far as Algeria and Sudan, and even to a small area of
Libya, as well as tdive LCBC Member States (Cameroon, Central African Republic, Chad,
Niger and Nigeria). A large part of the af@@ound 44%)ies in the Chad Republic.

The Conventional Basin (Fig. 2) is the intervention zone of the Lake Chad Basin Commission
(LCBC) amongCameroon, Chad, Niger, Nigeria and the Central African Republic. In 2012, it
covered an area of 967000 km?,

African

i Republic
X v

Ca 'neroon

Figure 1. The Lake Chad Hydrologic Basin (BGRLCBC, 2009). The hydrographic
network, wetlands and swamps are also shown.

It is characterized by wide spati@imatev ar i abi | i t vy, an arid cl i ma:
subhumid climate in the central part and a humid climate in the south. Most rainfall occurs
between April and October. The region extends from the forestedrsdvan the south, to the

savannah in the central part, and to the desert areas in the north. Intensive agriculture takes
place in areas of Nigeria and Cameroon.
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Figure 2. The Conventional Basin (from 1954 tthe presentday, LCBC).

The basin is an ¢é&nded plairtcoveredmostly by mediurrto fine-grained sand. Surface height
varies from above 3,000 m in the north, NW ¢
central part is characterized by two different landscapes subdivided by thedrétll. Sand

dunes and lack of surface water sources are typical in the northern part. The south is composed

of sandy and clay rich soil with a channel network made up of the two main rivers that discharge

into the lake.

The Conventional Basiii s i sgenecaidlyespread, apdpulationis estimated at about 44
million distributed as so: 3,090,000 in Cameroon, 1,080,000 in the Central African Republic,
10,670,000 in Chad 3,200,000 in Niger, and about 26,090,000 in Nigeria (GIBR016).

The annual pogation growth rate is estimated to be-3.9% (UN Population Division, 2015).
The popul ati onbés wnmalnlg by a snumbgr lofyshallow wetilsoance bye d
exploiting the upper aquifer. Around 20,000 wells have been identified (BGR, 2010).

Agriculture remains the most i mportant acti\
irrigated agriculture is the main water user. The water supply source for agricultural irrigation,
livestock and market gardens irrigation is generally-fathandbased on floodecession, or

is provided by existing dams and also from groundwater in the -Cbgdne (Chad,
Cameroon, CAR), the Komadougdiobé (Nigeria) basins and Niger. In most schemes,

surface water is conveyed from existing dams by a diatribution canal to existing irrigation

zones. Generally, no account is taken of the amount of volume used from dams, the applied
dose or the timing involved. Groundwater is increasingly engudgr irrigation, especially
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during the dry season (GWPO, 2013) am@reas where precipitation is irregular (marginal
lands; BGRLCBC, 2012).

2.2. Hydroclimatic conditions

The area extends over three climate zones (Fig. 3): the desert tdgimeterized by a wide

variability of spatial climate conditions (rainfalhd temperatureXhe humid tropical (south);

the Sahel semarid area and the arid Sahara (nharfhhhe Lake Chad Basi nd
classified into three subtypes (from north to south, according to the Kidppeyer climate
classification system):

1 Hot deset climate (BWh), characterized by less than 180 mm of rainfall per year

1 Hot semiarid climate (BSh) with an average annual rainfall of between 300 mm and
1,100 mm

1 Tropical wet and dry or savanna climate (Aw) with an average annual rainfall exceeding
1,300mm

Only the information and availability of the hydroclimatic parameters providing useful
information (physical quantity) on groundwater conditions are discussed here.

Across the basin, the mean annual rainfall ranges between 10 mm,9@@d Mim, with
temperatures north to south varying from 41°C to 18°C. In the ceptrdiern part, minimum
temperatures are reached in December and January, with maximum values in March and April,
after which temperature lowers during the rainy seaBlo@annual mean temperature depends

on the climate zone and can reach up to 29°C at the 15°N parallel, with 27°C in the south.

Potential evapotranspiratidfiTP (Penman) has maximum values of 230 mm/month in March
(N6 Dj amena) . E BPO0OWm hre@msono f 2, 000

The range of changes in rainfall, as regards the mean precipitation for tHerwngverage
(1972017) at the Faya, Idasddjstationsis @otted mdigure4 Fram gr o u
the visual analysis, it appears that changes are ewdent for the grountiased stations in

southern and middle parts of LCB (Pala and Ndjamena, respectively), and there is no evidence

for a precipitation trend. However, wide periodical variability is observed in the south (Pala).
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Figure 3. Climate zonres inside LCB.BWh: hot desert; BSh: hot semiarid; Aw: wet and

savanna (KoppenGeiger, 1961). Annual precipitation (mm) asrecorded at the Faya,

N6 Dj amena and

Pal

a met el9onaDldpegad,isalso pederded.i o n s

In the Lake Chad Basin, growésed climatic data, mainly precipitation and temperature, are

recorded by a network of some 680 meteorological stations (Fig. 5) with a wide spatial

distribution, time span coverage, maintenance of regular observéinansd number of daily
datasetsand relevant gaps-or the grounébased weather stations and existing records, the

main spatial
areas lying north of Lake Chad.

Reasonably god meteorological data (ground data) are available from a number of platforms

coverage

€es

n

t he

basi

nos

(e-tools) of hydremeteorological datasets from existing weather stations, with stored
information provided by corresponding countriespl&tforms are the most important

guanttative data repositories of PrecipitatieR and Temperatw€ (i.e. TAMOH:
http://tahmo.org/africarclimatedata/ https://en.tutiempo.netichate/africa.html SIEREM:

http://www.hydrosciences.fr/sieremBoyer et al., 2006)The use of remote sensing data

mergeal with groundbased data is an important source of datasets (CHADFE)idtfield et

al., 2018).
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Figure 4. Precipitation variability asregardstheme an f or Faya, NO6Dj amen
from 1975 to 2017 (see also Fig. 3 for spatial location).
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Figure 5. Ground-based meteorological stations in the LCB (various sources).
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2.3.Surface waters. Hydrology

The study area is a closed (endorheic) basin that drains into Lake Chad and extends mainly in
Chad, NE parts of Nigeria, southern Niger, herh Cameroon and, to a lesser extent, in NW
parts of the Central African Republic and western Sudan (Fig. 2). Regionaltiated
published information is found in the BARCBC project (regional pundwater management
project for 2008019). The thorougheport of Shaofeng et al. (2017) focuses on monitoring
(and modeling) surface flows, including Lake Chad. Locally, a number of studies and reports
also exist and are included in the References section.

a) ) Lake Chad basin
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Figure 6. Surfacehydrology in the Lake Chad Basin; a) delimitations and rivers b) lakes,
reservoirs and ponds ¢) dams(LCBC-GIZ, 2016).

The principal per manent rivers are Chari
Komadougou and Yobi# the western part (Fig. 6a). Less important basins (average area
covering less than 15,000 km?) include Yedseram, and Ngadda in Nigeria and El Beid on the
border between Nigeria and Cameroon, all of which drain into Lake Chad. The remaining
hydrographimetwork is made up mainly of a number of intermittent watercourses.
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The two main river basins occupy the area below the 15th southern parallel (Fig. 7). The Chari

and Logone river system, witfeadwaters in the Central African Republic and the Cameroon,

andan area covering 690,000 km? in southern Chad, is responsible for 95% of the inflow to
Lake Chad. Both rivers converge at NODj amena

KomadougotYobé, which descend from the Bauchi plateau, and River Yedseram from the
Biu plateayextend over approximately 148,000 km2 with 57% of its basin lying in Nigeria and

the rest in Niger, provide about 3% of the annual inflow to Lake Chad (RAF/7/011). It has a
generally low streamflow and marked seasonal irregularity, undergoes long petiodsy

water levels and even completely dries up.

From July to December in flat topographic areas, the formation of floodplains takes place
principally in rainy months; the numerous plains (Yaéré, Dérésia, Massenya, Salamat,
KomadougotiYobé) are periodally flooded (after FAO and LCBGIZ, 2016).The Logone

feeds the Yaéré floodplains in Cameroon which, in turn, are drained by the El Beid river toward
Lake Chad when Logone exceeds a flow rate of 1,560(dNESCGBMZ-LCBC, 2002). In

the Komadougowyobé Basin,the Hadejialama'are floodplain (also namidddejiaN 6 Gu r u )
is located upstream of the confluence of bibith Komadougou Gana and Yobé rivers. The
HadejiaJ a ma 6 a r e cdvérsaradea of aver@00 knt at peak flood. Floods begin in

July andthe maximum flood peak is reached in AugBsptember (Acharya, 1998).

The rationalhydrologicalservices in the basiare in charge of collectiyy monitoring, stang
and manaigg of hydrologic data andf maintairing a network of hydrological stations (gauge
stations)madeavailable to the LCBC (Table LCBC-GIZ, 201§.

Table 1.The gauge stationghat formed part of the national networks of LCBC countries
in 2012(LCBC-GIZ, 20186).

O allO ecoraed > allo opera O

Da O

Cameroon 9 0

Libya 0 0

Niger 1 1

Nigeria 40 -

Central African Republic 9 0
Chad 52 36
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Figure 7. Delimitation of the: a) Chari-Logone, KomadoudgouYobé, Yaérés and Lake
Fitri River Basins; location of gauging stations; b) KomadoudgotYobé
(https://r.wikipedia.org/wiki /Fichier:Yobe river catchment area.png.

The sirface water data (streamflow and lake surface level) provided by the LCBC (files from
CDIG-ResEau) include daily values thfe streamflow at different gauge stations in the two
main river basins. Existing records (cm o srobtained from rating curves) are availdiben
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1933 to 2018, but witvidely variable time series length and quality at different hydrometric
stations.

Although streamflow informatiois usually stored on a daily basis, a number of gauge stations
have not been operational due to lack of resowsteE® the midl990s Appendix A presents

the collected information of groundwater interest frahe gauging stabns in the Chari
Logone and Komadougeviobé Basins and that obtained from different sources. Table 2
includes existing informatioan theSIEREM platform.

Table 2. The SIEREM platform. Existing data in the LCBC-DB and time period length.
Gauge stations in Member States.

Country Gauge Daily data monthly data daily data monthly data

Stations = Stations (m3/s) (m3/s) (cm) (cm)
with Period| Data | Period| Data | Period| Data | Period| Data
data series series series series

Chad 169 66 1936 | gaps | 1936 gaps
2008 2009
Nigeria 17 7 1955 | gaps | 1946 gaps
2000 2008
Niger 174 34 1956 | gaps 1956 | few
2003 1977 | gaps
Cameroon 196 79 1940 | gaps | 1951 gaps
2007 1980
CAR 108 62 1911 | gaps | 1911 | complete 1911 | complete
2000 2010 1994

For the KomadougotYobé (Fig. 8), streamflow ranges from 498 R 20092010; 2011

2012) to a maximum of 894 Mhi20122013).Runoff events start at the end of June and may
finish early in March at the latedtlydrograph peaks generalbccurin Novembey and the
decreasing slope of recession (segment of the hydrograph) generally starts at the end of
December.The tydrographs for the period (20@®12) show runoff duration periods
(streamflow from precipitationastingbetween 184 and 222 days.

Figure 9 shows the annual discharge of the Chari and Loforexs after joining at

N6 Dj amena. H i wlbmess dceure feomm fSéptenvber to Novemband floods
generallyoccur n November (Charj)with low values observeds d April.
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Figure 8. The Komadougou-Yobé annual streamflow (Mn?) at the Bagara-Diffa gauge
station (LCBC data). Seehe location in Figure 7a.
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Figure 9. The Chari-Logone annual streamflow (Mn¥) at gauge stationdfN 6 Dj a me n a ,
Lai and Sarh (LCBC data). See alsd-igure 7a for the streamflow gauge location.

Lake Chad, inits curret s ma | | L stake éaro@nld @00 Knt), is an enddreic system
suppliedmainly by the CharlLogoneRiver system (up to 95% of total inputg)ad isalso
supplementebly inflow from other tributaries (Komadougexobé, El Beid and Yedseram (up

to 3.6%),and from direct rainfall (betweertwand 14%). Rainfall on the Chari catchment is
the primarylake sizefactor. When rainfall in the basin varies by 10%, Chari's discharge varies
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by approximately 30%The precise relation between the lake and groundwatillipoorly
understood (LCBC, 2015). Lossescurmainly through evaporation (95% of losses).

Lakes Iro and Fitr{Fig. 6b)belong to two different subcatchments in the certakie Chad
Basin part and ardocatedin two different climates: Saheludanian for Iro and Sahelian for
Fitri. Close to theBahr Salamatvatershedutlet, Lake Iro is a subcatchment of the Chari
Logonesystem(Fig 7a). Both are hydrologically controlled by the rainy season from June to
Septembr, followed by a dry seasoim the northeast, the Ouniang@bir Lake system
corresponds tthe Nubian Sandstone Aquifer Systemtflow, which is also fed by seasonal
streamflow from the Ennedi Mountains during August rainfall.
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Figure 10.The Lake Chad annual and monthly average heigl#(cm) atthe Bol gauge
station (LCBC data).

Apart from Lakes Chad, Fitri and Iro, perennial or seasonal natural or artificial lakes and ponds
exist, generally of a fluviatile origin and associatedinly with floods during rainy seasons.
Existing reservoirs and water capacity are included in Appendix A and logatiorbe found

in Fig. 6¢c New dams are planned for further use in the Nigerian and Chadian area

The Lake Chadwater levelalong timeat Bol (Fig. 7a) is plotted ifigure 10. While the
precipitation period takes place in Ju@etober,its maximumis recordedn August The
maximum valuesre reorded in the lake in DecembelThe effect of thecontributionof the
two main river basins is clearly observed in lthiesd Evel.
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2.4. Geology. Regional setting

From a geological standpoint, the Lake Chad Basin is composed mainly of Late Cretaceous,
Tertiary and Quaternary sandy or sandstone formations, which havepaiit average 300

metre elevation plain, underlain by a Precambrian crystalline basement (Fig. 11). A lowland
depression area located north of the lake (SW of Borkou) is the lowest area in the basin (120
m below the mean Lake Chad water level).

Existing daa on the regional geology, obtained mainly from the works of Wolff (1964),
Servant (1973), Schneider (1989chneider and Wolff (1992) aritberschweiler (1993a,b),

are available in the BRGM and LCBC repositories, and constitute the core of the geological
knowledge herein presented, along with information collected on lithological logs from
compiled reports (Table 3). Geological bore logs are available, but do not provide adequate
coverage throughout the study area, as presented in Appendix B. They @ieamainly in

the basinbés central part.

Additional updated information for the northern/eastern parts of Chad from the first ResEau
Project phase (ReseAU, 2017) and peer review comments are included. To date, very few
newly published regional data on teaudy areae.g. Moussa, 2013hat are relevant for
modeling have been found.

Maps as GIS shapefiles can be downloaded from various platforms on different working scales
from IRD (http://sphara.cartographie.ird.fr/pays.php the BGS platform
(http://earthwise.bgs.ac.uk/index.php?title=File:Cameroon_Geology2.pngé&filetimestamp=20
15090808524} or the Nigerian Geological Survey Agencittps://www.ngsa.gov.ng/
Geological maps with a digital support have been developed as part of the@&Rproject.
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Figure 11. Geology of the basin area, geologidormations and age. The red line indicates
the Lake ChadHydrologic Basin limits. The black dotted line (AA ddenotes theFigure
13 crosssectionlocation (according to Schneider, 1989).

From the geological standpoint, in thie a s i oubhsrn and northern parts, the
Precambrian/Paleozoic basemprasents abrupt changes (rises or falls) toimportant faults
that have resulted ideep basins (Termit, Nigérake Chad, BongeBousso, Dob&alamat).
Theydate back teCretaceous times and were filled by sandy and sandstone formfations
the Cretaceous and Paleogene per(dicat et al., 2002; Ganwa et al., 2008he maximum
sedimat thickness reacksd 3,000 m in Termit angoesfrom 6,000 to 7000 m intheBongor,
Doba and Salamat basins.

During Neogene times, the central and northern parts of the Lake Bdsaa received more

important sedimentatidior a longer period than ilméb a s soatliem partwhich hagesuled
inagreaer accumul ation of Neogene and Quaterna
northern parts.
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Table 3. Data source, number of water points and geologitlogs in the Lake Chad Basin
after data set screening fronthe compiled information (files).

3767 (LCBC file) 50 (Schneider, 1989)

409 (20082011)+226 (2013) BGR 22 (USGSNigeria, 1965); some ithe

Schneider thesis

404 (RESOPIEZ) 129 (BRGM, 1992; fronthe 1%0-70s).
SUIVIPIEZ Compilation of many existing works. A

number of deep boreholes from oil
exploratiors (>1000m deep)

171 (UNESCG2000) 31 (KoweitNiger; ResEau: Forages Kowe
2006)
148 (5FED, 19871988) 5 (ACF19xx, Musoro)
232 (6 FED,19811991) 37 (Almy Al Afia I, 2013-2014)
656 (7 FED, 1994998) 52 (Hydraulique Pastoral, Al Afia, 2004
2008)
70 (8 FED, 19941998, PRS)* 296 (9FED,20052014)
43 (8 FED, 20022009, PRS)* 22 (Alkali, 1995)

312 (20012008 ) Almi Nadif
(OuaddaiBiltine)**
2000 (9 FED, 20022014)
750 (10 FED, 2012013)
84 (UNIRES, 2009)
154 (UNESCO, 1966968)
156 Yaéré complet (19xx)

TOTAL 9356 TOTAL 644
*Programme Régional Solaire (I and Il); *CE, Agence Francaise de Développement (AFD) and
Coopération Allemande (KFWXxx: unknown

Fractured Precambrian materials (Gear and Schrdé€¥éB) comprise sandstone, together with
granite.According to exploratory drillingutcomesthe depth to the basement varies from 60
m tooneof about 600 m in thb a s icemte $Mbwou et al., 2012).

Sedimentary formations

The oldest Lake Chalasinsediments are composed of early Cretaceous terrigenous clastics,
as well asshallow marine shales, sands, silts and minor carbonat@stihelate Cretaceous
(Genik, 1992)Sediments seem considerably thicker toward the northeast. thedmttom to

thetop, the following formations are distinguished:

The Continental terminaCT. The Tertiary era is marked by marine regression from the basin
andthedeposition of sandstone adidy series, generally in discordance with Cretaceous rocks.
The upper parts of this formation are usually lateritiméensely particularly in the basin s

border areas. The CT is the major part of the sedimentary formation that overlies the basement
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complex. It mostly outcrops in the southern and northern fringes of the study areda latha n 6 s
central part, the CT is encountered at a depiteedingl00-300 m Schneider and Wolff,
1992.

The PliocenePli. Pliocene formations are madg of several sedimentary unitghose
thicknessranges from ~850 m to ;@00 m. The Lower Pliocene formati¢bPli) consists of
fluvial sands of thickness froml0 m to 40 m, overlain by lacustrine claygh a thickness of
~300 m (the Upper Pliocene formation, Schneider and Wolff, 1998 day deposits
containing diatomite layers mark the end of the Tertiary era.

The limit between the Pliocene and Quaternary is not very sharp due to lateral abfanges
facies, angerhapwariations in the laki Evel have already affected the toptteé Pliocene.

The Quaternan@Q. The Quaternary constitutes the uppermost layer and is opoesands
and clay with different subformations as follows (BGBBC, 2012):

1 The Moji Series (Iom theearly Pleistocene)which is a fluvielacustrine clayey
series with evaporites (gypsum)

1 The aeolian sand dunesdim the "Ogolien" age (lying over the Moji Seridsat
correspond tdhe dunes formed from 2000 to 13000yr BP (Swezey, 2001). These
dunes appear mainhorth of Lake Chad and are compossdentiallyof quartz sands.

The interdunal valleys, up to a distance of 30 km from the ancient lake shore, are often occupied

by sodiumcarbonate evaporite mineralsuch as naon (NaCOsz, 10H0), and arestill
exploited.Tothe south of théake, Quaternary deposits are overlaid by altergaandy layers,
anindicator of past arid conditions, abg clayey layerghat areeither lacustrine or fluvial,

andresult from more hmid periods when thiake size increasedind the Logone and Chari
riverbeds were much wider.n CAR, and on the basinbés south
can also be found lying ov@T deposits.

The stratigraphic sequence ends with formations condpoaely of aeolian sand and fluvio
deltaic deposits. Its thickness varies from ~15 m to ~100 m (Lopez et al., 2016). From the
beginning of the Quaternaty recent times, the sedimentary deposits in the Lake B8hauh

are related to rivers and lake fluctuations.

A schematic diagram of thiayout of the different geologial units (Quaternary, Pliocene,
Lower PlioceneContinentalTermina) and the basement (&@aceous and Precambrian) of the
study area is presentedfigure 12.
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Figure 12. A 3D stratigraphic and hydrostratigraphicschema of the Lake Chad Basin
showing the Quaternary (gry), Pliocene (yellow), Lower Pliocene (brown) Continental
Terminal (dark yellow) and bedrock (Cretaceous and crystalline rocks). Several
lithological logs with a stratigraphic description along with the depth of the lithology
succession are plottedThe inset map show thelocation of the schema inthe basin.

2.5. Hydrogeology

Three sedimentary aquifers of interest are defined for the Lake Chad Basin: the Chad Aquifer
Formation (Quaternasl?lioceneMiocene age), the confined Continental Hammadien (Middle
CretaceoudMaestrichtianage) and the Continental Intercalaire (Diantienwer Cretaceous

age). Precambrian crystalline r osoltlsernedge hi st s
the southern edge of Lake Chad (Hadjer el Khamis), the eastern area of the basin (Moyto in the
sedimentary basin, Guera, Biltine, Ouaddai), MKgbbi and the Baibokoum areas to the

south.

Following FAO (1973) recommendationsn theregional scale and for the Chad Aquifer
Formation the three sedimentary aquifers of interest are defiyede terms Quaternargy,
Lower Pliocene I(Pli) and Continental TerminalC(T) and are hefe used fromthis point
onward Howeveron local and inermediate scales, units are heterogeneousamcbntain a
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mixture of sands and claygpresentwide lateral variability in sediment type and facies
distribution with different aquifer levels and varying hydraulic conductivities (laterally and
depth). Alluvial aquifers associatedwvith riverbeds and local perched aquifers of limited
extensios, also develop in some areas after heavy rain.

The main features of aquifers (or watleearing formation) in the differembuntries sharing
thehydrogeologial basin are also discussed briefly in this sectibrs worth mentionng that

the terminology adopted falifferent hydrogeologil formations may vary from one region to
another. For example, the t er migal"ér€recagdizeé or ma t
on both sides of the Nigdtigerian borderandmaybe the geological formations assigned to

them are not the same (UNESCO, 2004).

Most regionalhydrogeological information relies dhe reports and research studies carried
outmainlyby Schneider (1989), Eberschweiler (1993a,b), Alkali (1995), Bonnet and Murville
(1995), PNUD (2003), Massuel (2001), Leblanc (1997, 2002 and 2007), Zairi (2008) and
ANTEA/EGIS/BCEOMI/CIAT (2012. Many local studies (reports amgsearch have been
conductedin the area by different institutions (e.g. FED, LCBEgember States and
international agencies, and academic institudions

2.5.1. The aquifers in Chad

In Chad, the aquiferderein considered & contained in recent geological formations
(Quaternary ash Tertiary), and correspond to the following groundwttearing layers:

i) the Ogolian sands aquifer (in Kanem in the NW)the Moji series aquifer (also located in
Kanem);iii ) the Lower Pleicene aquifer (Kanem and Bathaj); the Lower Pliocene aquifer
(Kanem and Batha)) the Continental Terminal aquifer (Borkou, Kanem, and Batha in the
north, and Koros and Salamat areas indhéth). A SWi NE geological crossection of the
regional aquifer system is shownfigure 13.

2.5.1.1. Quaternary aquifers

Quaternary aquifersincluding Pleistocene aquifersare essentially composed of aeolian
siliceous sands, witlower levels of clay and fluvialeltaic depositsTheir thickness varies
from 15 m to 100 m (Lopez et al., 201B).Chad they constitute the uppermost groundwater
bearing layer. Quaternary aqudgeare madeup of the following geologial units (PNUD,
2003).

48



SW NE

Maiduguri KANEM
Lake Chad

Faya - 400m
pan AW AR AR Largeau -
e e e s S B i — rgeou

- 200

- 400

- 600

LEGEND

| Quaternary deposits

Piezometric level (Q) Q: Quaternary
l:] Clay Piezometric level (PI) Pli: Pliocene
"7 Sandstone W Recharge CT: Continental Terminal 04,—1(()0 Km
EEEE sandstones-clays M Exfiltration Cr: Cretacic
Bedrock -> Groundwater flow P: Paleozoic

Figure 13.Cross-section of the study area (ecording to Schneider, 1989). Sethe location
in Fig. 11

The Upper Pleistocene.
1 The «Ogolian» aeolian sands aquifer
Ogolian sands correspond to the unconfined aquifer located nottieern part of Lake Chad,
to thewest and south of Kanem. It is constituted by fine to mediiral sands (0.20.5 mm)
of aeolan origin (from 20000 to 13000 yr BP; Swezey, 2001). Thickness ranges from 20 to
70 m. It overlies either the Moji Series aquifer (especialth@Bol and Rig Rig areas) or the
Lower Pleistocene sands aquifer (in Keliganga and Ngduuifer boundaes are:
T To thenorth, up to 1B8of latitude (further up, the Moji Series aquifer becoraes
unconfined aquifer);
T Eastvardly, up to 17 of longitude (furthereast the Middle Pleistocene becomes the
aquifer);
T Soutlwardly, down to 18of latitude (moreto the ®uth the Middle Pleistocene also
becomes the aquifer).

The aquifer is recharged by precipitationaatate between 25 mm/yearwhich leads to
piezometric domes in recharge areas (Kimi Kimi, Harr areas).

This aquifer generallpresents transmissivitiedovel,000 nf/day (around 1 x 1dm?s) and
specific yield (e.g. discharge/drawdowrften over 10 ffh/m, but wells slightly penetrag
the aquifer.
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Except in the dunsystem depressionghere evaporitic deposits are fouridis suitable for
both human consumption and irrigatithanks tdow mineralization (150 mg/L to 400 mg/L).
Thi s a ghigh peenre@bsitytogetherwith its very shallow watetable, neans thatit is
very vulnerable to pollution.

1 The Moji Series aquifer (Upper Pleistocene)

The Moji Series aquifer is an unconfined/confined aquifer mglef calcareous cemented
sandstone, with interlayered marls and clays (fklatustrine clayey serieand some
evaporiic rocks, mainly gypsum. Itovers more tha@0,000 knt in approximately northern
Kanem (Egueil and Moji areas), in Soulia (Kanem and Batha areds)sawkral areas of Chari
Baguirmito the southAquifer thickness ranges between 10 and 20 m. Thewaggrsalinity,
which oftengoesabove 5 g/Landeven 8 g/L, impairs its further use.

The Middle and Lower Pleistocene Aquifer

It has thelargest extension in central Chambveringover 235000km? and constitutes the main
unconfined aquifer in Chari Baguirmi, in northern and western Kaaewoh in the southern
Batha ares

It is composeaf siliceous sands, withlay beingmore or less preserand withrather good
hydraulic characteristics and high spatial heterogeneity, depending on clay @ortdethie
grain size of sediment3ransmissivity (T) varies from 100 to 60C/aay (corresponding to
1.5 x 10*to 7 x 10°® m?/s), and permeability (Kjangesrom 3 to 60 m/day (3 x 10°to 7 x
10% m/s). The storage coefficient (S) is estimated from 4 %tbO1 x 103 Yields in wells
presentvide variability, with flow from 7 to 40 rffh. In some wellshigh discharge rates are
recordel (80 to 360 ¥ h  iDjameNad.

Rechargeoccus through precipitatiorandalso bythe surface water from the Chatbgone
river systemsThis recharge takes plaeeainly during flood events. In the Kanem area
rechargethrough the Ogoliasandy aquifer overlying the Lower Pleistocene aquiéertake
place.

The wide piezometric depressions (Ch&aguirmi, extending from Massaguet to Bokoro),
with adeepegroundwater level between 40 and 60 m than expected, are assotiatesery
high clay content in the aquiféhatacs as a groundwater flow barrier. Their specific yield is
generally low.

Water quality is generally good or acceptable wvitie variatiors from 250 mg/L to values
overl1,500 mg/L (i.e, in thevicinity of the Moji Seres aquifer due to sldte content) and even
5,500 mg/Lnorth of Lake Fitri).

2.5.1.2 The Pliocene Aquifers
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The Lower Pliocene aquifewith highly permeable fluviatile sands, is overlaid by Middle and
Upper Pliocene lacustrine clayand itsthicknesdss up to 300 mlt is generally considered an
aquitard (Schneider and Wolff, 1992 he clayey layer confines the underlying sandy aquifer
(i.e., by the CT clayey sandstone itself and the samndBli aquifer). In Chagdthe Pliocene
Formatiord ®tal thickness ranges froapproximately850 m to 4000 m.

Lower Pliocene

The sandy Lower Pliocene aquifer (confined and often artesian) extends in Klaaden,
Batha, Chari Baguirmi, and also in the northern part of Mayo Kebbi isotité. This aquifer
is found in deep wells at deptbf about250 m in surroundingake Chadareas, and atepths
of more than 450 m in tHe a s centdalgart. Thickness increases fromtihe s bour@aries
(from 30 to 70 m) tats center, where it may exceed 150 m.

Depending on local conditions, it may be considered a single aquifer system with the
underlyingCT aquifer. Productive layers maygsent clay content and thickness often range
from 5mto 10 m.The gain size fraction becomes finer in therth (Kanem and Batha) and
aquifer permeability decreases accordingly. The aquifer presents good transmissivity values
(100-500 nt/day).

The hydrochemical concentration is variable from 500 mg/L to some 1500 mg/L.

Middle-UpperPliocene Aquitard

This geological levels composeaf a 200meterthick clay layer, sometimes up to 300 amd

acts mainly as an aquitard. However, sandy layers can be found locally with rather high
transmissivity values (around 35G/day) and good water quality, as found in Chari Baguirmi

at depths from 145 to 215 m.

Upper Pliocene aquitard contribution to tQeaternary aquifer can be produced by vertical
flows through the overlying clay.

2.5.1.3. The Continental Terminal

The CT period, a regression in which the sea leeHlih relationto land, led to continental
sedimentdeingdeposited fronmthe Upper Cretaceous the Pliocene period. In Chad and the
whole basin, CT is one of the sedimentary formations attributedh®Miocene period. It
discordantly overlies the marine sandstone afay cretaceous series and the basement
complex (Upper Cretaceous and Precambrian). In the southern and western fringes of the study
areait outcrops the Koros zone, with Pala sandstones and Kelo sands (also found in Cameroon)
(Fig. 11). It appears tdso outcrop theb a s i antliesn pamt (Lowlands)ral its SE part the

Batha and Ouaddai foothills).

It underlies the Quaternary aquifer layers inltha s icemttalspart, where it is encountered at
a depth beyond 16800 m (Schneider and Wolff, 1992).
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Northern Continental Terminal

Covering210,000 knt in the Chari Baguirmi, Lake and Kanem, the aquifer is still not-well
known. Froma hydraulic point of viewit is generally confinedo theb a s i antlies pant,
sometimes artesian, bist notconfinedto boundaries. Composeaf a sandy or clayey sandy
formationthat is100-130 m thick, with moderate hydraulic characteristics and yielalsies
generallylower in theeast toward Bathal he fow direction istowardthe Lowlands rforth).

Southern Continental Terminal

Coveing over 14500 knf, it outcrops in thavestern andastern Logone, Tandjile, Mayo
Kebbi, MoyenChari and Salamat areas. It constitutes the most important aquifer in this part of
Chad.As a confinedor unconfined aquifernt presentamportant lithological heterogeneity
When the aquifer is gefficial andis notconfined it is composedjenerallyof sandy lenses

when the aquifers confined by deep sandstone and clayey sandstone.

Thickness is variablend ranges from 70 m to 250 m, but from 150m to 900 m in
Doba/Salamatindfrom 150m to 300 m inthe Bousso basingts hydraulic characteristics are
acceptable (specific yield is around 4/dm).

Water quality is good (salinitys generally lower than 100 mg/Lput presents high Fe
concentratioaand an ecidic pH. Flow is northward and is drained by rivers (mainly Lagon
and Chari). The aquifer is recharged by precipitations and rivers during floods.

2.5.2. The aquifers in Niger

In Niger, the Quaternary and Pliocene aquifers present similar charactengtioseound in
Chad, especially around theke with fine siliceous sandfataregenerally quite productive.
However i n t he Kk mootivewestfiaMfeom gha laked rsbose,0the sandy
guaternary aquifer thickness is probably vérn. The Quaternary and Pliocene aquifers are
separated by a very thick impervious clayey formation (green clays).

In the northern part of Nigethe Chad Formatiotimits are the Ounissoui aquiféContinental
Intercalarie) which is probably connectedhydraulically to the Manga aquifercomposed
mainly of sands and gravel of P}Quaternary origin and Agadem sandstones (Cretaceous).
The sandstones of Koutous and mgr(Cretaceous) constitute the NW linfRNUD, 1991,
Sabljak, 1994; Zairi, 2008)PNUD, 1991 ;Sabljak, 1994; Zairi, 2008).

The Manga Quaternary AquifeiMainly in Niger (alsovest of the Chadian Kanemd/ies in
the whole Diffa regiomnd covers mordéan150,000 kn¥. This aquifer is similar to the Ogolian
in Chad and sand dune formation correspstalthe same timperiod.On a regional scalat

is madeup ofa number okand dunes with topographic depressiitrasg arel5-20 m deep in
centraldunepart (Carter, 1994). The aquifer is mageof alternating decimetric to metric
sand and clayayers In the Manga arid areahe aquifer outcrops at the bottom die
depressiasthatoriginate between dune ridges due to weathering.
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Groundwater flows to thieke and presents a very low gradient. In endorheic depregiens
groundwater level is very shallowanging from the top soil surface to a maximum of 15 m. It
presents lov water salinity, between 100 mg/L and 300 mg/L, except nediakeewherea
very hightotal dissolvedsolids content may occur.

The Manga Pliocene Aquifelt extends to theouth andvest towards Nigeriawith the aquifer
boundaries to thevestof the Mounio crystalline rocks, the Termit basin to the NW &mel
Agadem basito the NE. In the central part of Manga, the top of the Pliocene agtafiedsat

a depth of around 300 m. It overlies the Quaternary aquifer and is generally confined (artesian).
Rechargenayprobably take placenlyin upper reliefareas where the Quaternary and Pliocene
aquifers could merge.

In the southern part of Manga, the higher hydraulic head of the Pliocene aquifer (confined
within an area ofoughly 20,000 knf), compared tdhe Quaternary, leads to vertical flows to
the Quaternary aquifer (artesian)

Water quality is rather poor, even thougis &in important groundwater resource. The Agadem
and Nigeria oil fieldgrobablyplacethis aquifer at risk.

The Kadzk Aquifer. Itcoverst he r at her arid Quaternary Kadz
Mainé Soroasouth of Manga andorth of the Komadougou Yobe alluvial valley (the boundary
between Niger and Nigeria).

It is around 80 m thickandits composition is mobkt clayey: It is alessproductive aquifer. It
overlies the clayey Upper Pliocene layer and the Pliocene aquifer (below 300 m, Descloitres et
al., 2013). Groundwater depth varies from very shallow in the Komadougou area to 40 m in
the centre of the Kadzetlepressionwhich aresimilar valuesto those found in othdrake

Chad Basinareas. Aquifer recharge is produaedinly by rivers during floodsAccording to
isotopic dataalimited contribution from Lake Chaahdfrom precipitatiorexists(Zairi, 2008).

Groundwater quality is poor ( usuvadnitypfther om 7
KomadougotiYobé rivers.

TheKorama Aquifercovers more thasomel2,000 knt in the Korama basin (southern part of
Niger) and is limited by crystallineckson easérnand northern boundass,and with Nigeria
on the southern bordebut with a very limited extensionSabljak, 1994 Sandao, 2013;
UNESCO, 2004). It is composeaf sandyclay layers and alluvial sands fro@T and Q
deposited o bedrock (alsaforming part of Korama aquifer units)An goparently limited
hydraulic connetion exists with Chad Fmation sedimentary materials.

2.5.3.The aquifers in Nigeria.

In East Nigeria andon the boundary with hydrogeologt formations in Niger, three
superimposed aquifeexist (Fig. 14), corresponding to Quaternary, Pliocene and Continental
Terminal (Leblanc, 2002)ffodile, 2002 UNESCO, 2004).
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To the ®uth of Kadzdlon theNigerian side, the Komadoug®&iver Basin and the Quaternary

aquifer in the river valley present similar characterigticoseencountered in Nigef.o the

south of Komadougou, down to the"parallel in theeastern part of Nigeria, near Mai@vn

(Cameroon), the Quatern@Bieistocene aquifeextends named #fAChad Groupo
Close to thdake, the Quaternaiiyleistocene aquifer has very similar characteristichose

in Chad.Onthe border with Cameroon, Quaternary sands are usually veryvhineh makes

waterwell construction rather difficultAt the Quaternary aquifer groundwater leweincave
contours are observed south of Ko ma dooungoo u, k
with poor hydraulic characteristics.
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Figure 14. Crosssection ofthe aquifers in eastern Nigeria from the north of Bama to
Lake Chad (after Miller, 1968 and Offodile, 2002). Sethe location in Fig. 11.

The sandy Lower Pliocene aquifer (known the Middle aquifer inthe Nigerian sector,
UNESCO, 2004) overlaid by the Quaterndrgissimilar characteristics to ¢ise in Chadand
is foundin the Maiduguri area.

The only WntinentalTerminal formation, whch also contains th€T aquifer, referredto as

the LowerAquifer in Nigeria (UNESCO, 2004), outcrothe Lake Chadasinandis the
AKeKei r i ébedded samdstonwrmation {he Paleocene tdhe Miocene). Froma
stratigraphial point of view it underlies the Chad Group in Nigeria in a local atteat lies
south of the Bornu basin. It is limitéd the west by the Bauchi crystalline basement complex,
by the Gombe Sandstone Cretaceous rocks teaste and by the Pleistocene lacustrine clays
of Chadformationto the north(Miller, 1968; Offodile, 2002). The Kererri aquifer,which

is generallynotconfined (Fig. 14)has a water table depth fronndto 20 m.
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2.5.4. The aquifers in Cameroon.

In Northern Cameroon, between’ 28d 10N, the Lake Chad aquifer formation extends over
19,800 kn.

The Quaternary aquifer area is from the bord
South West of Bongor) and to the Lake Chad shore imahth. The aquifer is limited to its
westernpart by the crystalline rocks of the Mandara Mountains and the foothill deposits. The
Quaternary aquifer thickness increases fromstheh to thenorth, and from thevest to the

east.At the northernmost pointby the village of Makary and the Lake Chédbie, the upper
Quaternary aquifer thickness is around 30with blue or green clayat the bottom ofthe

aquifer. In this areghegroundwater level showspiezometric depression.

Underlying the Quaternary, a -B%0 neterthick Upper Pliocene clayey pesit is foundto
overliethe 4080 meterthick Lower Pliocene aquifer which extenstsme14,800 knr.

The deepe€T clayey sandstorequifer covers around 10 knf (BRGM-CIEH, 1979). Both
aquifers are stilkomewhatxploited in Cameroon.

At a depth ofiround2,000 m, the Cretaceous sandstone aquifeichoriginatesfrom a rifting
process, covers an area of abol@0D knf. There is no hydraulic concion with other
aquifers.

2.5.5. The aquifers in the Centralfrican Republic (CAR).

Between the 19th and 23th degrees of longitude, within the Vataga and BaBamgaran
prefectures, sandy and clayey Quaternary and Tertiary sediments are @nelskadn much
deeper Mesozoic layersonstituting a sediment deposihose thickness caeach 4000 m.
For this area, very scarce informatios available (Boulvert, 1983, 199 Global Water
Partnership, 2010; USGS, 2010). Quaternary deposits can beifotiredNE parton the SE
border of the Lake Chad Basin lying GT deposits.

The geologic formations probably contain three superimposed aquifdise syeficial

Quaternary sandsyhich probably merge add e pt h wi t h Pdlebtehadiaesannds ar y i
aquiferd from the CT to possibly form a single aquifeverlying ii) a sandyMaestrichtian

aquifer, iii) a deeper AlbéAptian sandstone aquifer.

According to (Mestraud, BRGM, pers. Comm.), the surficial Quaternary sands would include
both recent alluvi al formations and ol der fAn

The two deep cretaceous aquifers have been foniyan oil exploratory drillingareasmainly
in the Doseo and Salamat grabens locatethe border with Chadh the Bahr Aouk valley
area. The two deep aquifers are separated by an impervious Albidayearl

2.6. The Aquifer System of the Chad Formation. BasirL evel
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The geology, thetratigraphial sequencef formations, the aquifers anter relation with
their associated geological formatioimsdifferent LCBC countries ha& been outlined ira
previous chapterThis paragraph is only concernaldoutthe sedimentary aquifers extending
in the Lake Chad Basin.

Data Collection Sources

The dtasets for this study origirafrom scientific publicationsand from water supply
campaigns carried oowertime, compiled by LCBC, BRGM (reports of Eberschweiler, 1993
and Schneider 1989the US-Geological Survey of Nigeria, FEDBAD, Hydraulique
Pastorale, ResEeau project and a number of tAeBs cited in the rerences. Reports are
availablein the repositores of the LCBC and CDKReseaupoth institutionsare the main
providers of the informatiohereinpresented

Most collectedinformation corresponds to the Quaternary aquéied coves Chad, with
limited data forthe north. Hydrologic information from neighboring countriesscarce, hard
to collect and only a very limited number of local studies have been found.

The nformaton obtained frondatabaseRESOPIEZ and SUIVPIEZ, presently included in
SITEAU, provides data orexploited water points (boreholes and wells with different
characteristics and associated informatidifje ®urces ofthe employednformation (raw
data) arancluded inthetext andthereferences section.\Ailable data, information and time
coverage aroundin AppendcesB, C and D.

2.6.1. Hydrostratigraphial units and aquifers

The basin stratigraphic sequence consisgsnly of detrital layerssand, clay and silof
lacustrine, fluvial an@eolian of continental origsthatcorrespond to the sedimentation of the
Continentalntercalaire CI) overlying the end of Carboniferousrihg the middle Cretaceous,
the CT during the Tertiarf ANTEA-EGIS/BCEOM/CIAT, 2012) and the Quaternary

The sedimentary basin limits are characterized by the relations between the sedimentary infill
onthe basin boundaries (controlleghinly by faults ad basal and lateral unconformities) with

the crystalline rocks (granite, schistgutcropping inthe easern (Guéra and Bhata) and
southern pagof the Chad and Nigeria border, and maiojyysandstones (Tibesti and Nubian
aquifer system) in theorth (Fig 11).

The basin sedimentary infill presents several structural horst and graben féaitoleselop
on the geologic formations of the basement and local depocairitinesthickness of rare than
1,000 m (e.g. Doba, Lake Chad, Bahr el Gazal with recent tectonic acthaty)inch out to
theb a s ibauridaries. The infill is composedainly of low-permeability sediments (clay,
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silts) with interlayered higipermeability material (sands)f different hydraulic
interconnectiond_ayerscanshow lithologi@l variability and low continuity duto changesn
sediment faciedhat result in heterogeneous hydrostratigraphic urofsdifferent aquifer
properties, water storage and water transimmdsothin depth and laterally.

The development of a basstale hydrostratigraptatframework for the Chad Formatioa

an important objective of this project. The iga®r constructig 3D conceptual geologit

model data and sources of litholodpgs appearsn Appendix B. Knowledge of thbasird s
hydrostratigraphy derivefrom previous groundwater studiéisat centerednainly on the

Quaternary aquifer due tboth high yield and good water quality, andfrom the new
hydrogeological analysis based new collected information.

Previous existing hydrogeological researchs beenconducted ona regional scale by
Schneider (1989) and Leblanc (2002). Research has also focused estédeaspects, and

has provided important detailed contributi@®utthe characterization of existing aquifers.
For the Nigerian sidesuch work ha®een done by Alkali (1995), Hassan (2002), Le Coz
(2010), and Zair{2008); by Ibrahim (2013) and Gaultier (2004) in SE Niger; in the €hari
Logone Basin by Bouchez (2015), Djoret (2000) and Hamit (2012); Massuel (2001) in the
Chari Baguirmi; andNgounouNgatcha (1993) in the Yaérés (Cameroun), among others (e.g.
reports)asincluded in the references paragra@hirrently, new hydrogeologicaésearchy

the Swiss cooperatias taking place mainly in Chad.

The Chad Formatignwhich is generally exploitedthroughoutthe basin, comprises the
following hydrostratigraphial units from top to bottom) the upper phreatic aquifer, present
throughout the basin and made up of Quatern@yyépositsji) the Upper Pliocene aquitard
of clay depositsiii) the Lower PliocenelLfPli) material, which is the intermediate confined
aquifer,and issome areas artesian (flowing)) a deep confined or unconfined aquifer made
up of CT deposits (Oligocen#liocene).Therefore, the hydrogeolagsystem is constituted by
deep confinedinconfired aquifers (Upper Pliocene, a@d, of Tertiary age) and a Quaternary
unconfined shallow aquifer-or the wateibearing formations (Quaternary, Pliocene and
Tertiary-CT) outcropping geology, a S\ME hydrogeological crossection inthe Chad area
and a hydostratigraphial diagram are shown in BBgl1, 12 and 13espectively. A summary
of aquifers characteristicsfisundin Table 4.

Aquifers are exploitedby 18964 water pointgFig. 15) of which around 11395 are in the
Quaternary aquifellCBC inventory, source: RESOPIEZ, SUIVPIEZ and SITEAU datahases
BGR, 2010). Data from 1990 (BRGM/LCBC, 1993) on groundwater exploitation estimate 252
Mm?3yr, which represents more than 90% of the water sypghgd only 28% of the
groundwater for domestic sugptomes fromCT. For the present period, the detailed water
management in the area ath@ amount ofemployedwater of groundwater origiarebarely
known.
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Figure 15. Location of boreholes that exploit the aquifers in the study area. Red:
Quaternary aquifer; green: Lower Pliocene, Continental Terminal or basemen{BGR,
2010).

Three main aquifer unitgre foundn the basirand arepresented below frorie youngest at
the top to the oldest atthe bottom They contain varying quantities and qualities of
groundwater, angresentdifferent depths and spatial distributgon

The Quaternary unconfined aquiferincludes depositsf Holocene and Pleistocene agad
coves most of the surface area geology (Hi§). The aquifer, considerdd becontinuouson
the LCB scale, is heterogeneowusth considerabldateral variability in sediment type and
facies distribution.

The basird $oundarieson the northern lintioutcrop Paleozoic and crystalline rocks in the
Termit basin and SW (Djajiri) and KoutouSdntinental Intercalaire) in Niger and NE Chad
(Guera, Ouaddar), the Cretaceous sandstones (Agadem) &b (lso presensouth ofthe
basin). The aquifer souttrelimit is constituted by the presence of crystalline rdabksare the

basin bedrockBoundaries arelelineatedbased on unconformity surfaces with underlying
geologic formations (Tertiary. Cretaceous and crystalline roGk&r most of the area over

the Upper Pliocene clays (aquitard); lies down over the Lower Pliocene, Continental Terminal
(Bongor area in the southern part of the Basin, Chad), or Precambrian Baggeagmb(t

plain of Cameroon at the stwtrn border of Lake Chad, Niger. Therthernpart are thdimits

of the sedimentary basin

The main aquifer units identified in the aresed alsgparagraph 2.5) correspond to the
Ogolian sands aquifer (Manga sahthes north of Lake Chadnd west and south of Kanem)
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and calcareous ceanted sandstone with interlayered fliacustrine clayey series and
evaporitic rocksof the Moji series (northern Kanem and Bhatajresponihg to the Upper
Pleistoceneii) the middle and upper Pleistocene aquilfetextend over most of the basin,
including the Nigerian part of tf@hariBaguirmi and Kadzell plaingomposeaf sands with

a variable amousbf clay. In the Yaérés (northern Camerqadhg upper and lower Pleistocene
are separated by a compact clay lapet is abou2 m thick,butcan be as much &m thick
(Ngounou Ngatcha, 1993).

The Ounissoui aquifer of PliQuaternary sands and gravelgjich lies north of Manga,
appears to be hydraulically connect&édthe north of Nigeraccording to Liu et al. (201,the
Holocene and Pistocene material of the Termit basin outcropsit information on
hydrogeologial characteristics has not been found.

The Quaternary aquifepredominantlyconsistsof alternating unconsolidated or loosely
consolidated interbedded sand and clay layernfinental originandthickness(ANTEA-
EGIS/BCEOM/CIAT, 2012PNUD, 199} vaiiesfrom 15 m to more than 100 m to the North
of the basin (e.g. 190 m at Kosaki, 80 m at Kanem, Chad; 200 m at Araga, Nigegafavo
types are described (Schneider, 198®)e of fluvial origin associated with riverbeds (Lower
Pleistocene)anotherof aeolian origin (Upper Pleistocernteptconstituesthe phreatic aquifer
in Kanem (Chad) and Manga (Chad and Niger). Locally, sandyslagebe confined by clays
to form a multilayered aquifer that can be artesian.

Therefore, the ydraulic parametenwithin the aquifersignificantlydiffer. In hydraulic terms,
it behaveslike a multilayer aquifer with considerable variability both vetticaand
horizontally. A hydraulic connection with tH@T exists in the Bongor area (Chdubgone),
where theCT outcrops and also constitutes the upper aquifer.

Recharge is controllegrimarily by rainfall, dune systems and rivgroundwater interactions

from seasonal or perennial surface watdRainfall recharge take place mainly in the
mountainous areas of thea s sonitbesn and western parts (characterized by a humid tropical
climate) from the Kanem and Harr areas located in the north, seasonal streams and the
infiltration of perennial rivers oa dune system. According to isotope data (Eberschweiler,
1993a,b; among othersyater exfiltration may occur at a rate e#2nm/yr in the areasfo
ChariBaguirmi, Lake Chad and polders, Bornu, Kadzell, NW, NE and Bar el Ghazal.
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Figure 16. Contour and outcropping surface of the Quaternary hydrostratigraphial
unit. Hydraulic tests, distribution and estimated parameters (K: hydraulic conductivity;
T: transmissivity, S: storage coefficient) are indicated.

The Quaternary aquifer is characterized by the existence of nata@diyrring extended
piezometric depréovwi ags, fearso ¢ &l lged Dumalnd,
Boronina and Ramilien, 20D8epressions are in Cameroon (Yaéré), Chad (Bahr El Ghazal,
Charibaguirmi), Niger (Kadzell) and Nigeria (Borndlhe current piezometric level is the

result ofa groundwaer level decline from the last pluvial Holocene period (corresponding to
total aquiferreplenishment). Several mechanigmexplain their origins have been suggested:
aquifer overexploitation, subsidence, structurally conditioned deep drainhgegesin
seawater level and evapotranspiration loss (e.g. Durand, 1982, Dieng, et al., 1990; Aranyossy
and Ndiaye, 1993). Howevehe scientific communitias reachedaunanimous agreement

Nowadaysthe most accepted approach is basemhsignificant recharge (natural infiltration)

due to low permeabilitynaterials, along with considerable evapotranspiration (Aranyossy and
Ndiaye, 1993). Deep drainage has been also proposed by Abderamane (204123 exstig
naturally groundwater levels lower with timéey are expectedo movetoward theb a s i n o s
lowest discharge point elevatiorth¢ Lowlands, Bodelé). Cruciapoints of accurate
stratigraphial and sedimentologat aspects in the area remain mostiyesolvedbecause
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more complex hydrogeological syst@mobably existshanthatstated to explain possible deep
drainage.

The Lower Pliocene confined aquiferconsists ofacustrine clayayers with some alternating
layers of alluvial sand at theottom of the formation (red sand, Lower Pliocen&his is
detected only ifboreholesdeegerthan 100 m, at around 300 m and 200 m in the central part
of Manga in Niger (Sabljack, 1998) and 450 m south of Lake CHhENTEA-
EGIS/BCEOM/CIAT, 2012 With extremelyvariable thickness, between-30 m on the
boundariegshatmay reach 150 m in the central part of Chadxtends over most of the Chad
area(Fig. 17)toward Niger (Mangayvith boundarieon Mounio crystalline rocks (W), the
Termit basin (NW)the Agadem basin (NE) arl the Nigerian part of the Lake Chad Basin.
Lack of boreholes in the western part of Nigeresinot allowedto assessts subsurface
presencén other areas.

It hasa limited hydraulic connection with other existing aquifers (@alloWater Partnership
GWP, 2013)Informative aquifer data are lackirg largescale presence and characteristics.
The conceptual aquifer behavior moaahot wellknown.

The LPli is overlaid by a thick silbglayey impervious material (26800 m thick) fromthe
UpperMedium Pliocene age (Fig. 13). So thieL| acts as a confined aquifdmroughouthe
study area and is artesian in thex s icamtéalspart (Niger) anoh thesouth (Nigeria). In the
Bhata regiongiventhe changen depositional faciesnaterials are mostlgomposed otlay
ata depth ofaround 60 m.

This aquifer is exploited iNE Nigeria and in theorthernmosCameroon regionandby the
deep boreholes (over 200 madtge lksprjesianpressuteésd nor
currently loweringwhich ispossibly due to pumping this aquifer.

The CT confined/unconfinedaquifer is madeup of sandyclayey deposits, with the presence
of laterites and iroisand (Bhata). Thickness is around 2bmsedimentary boundaries (Bhata,
Fitri), butcanreach 600 m in existing tectonic grabgestis generally around 100 m.

It underlies Lower Pliocene depos#isa depth of more tha650 mat Madama andne of150
m at laguil (Niger)jt is 700 m deep in the Kanem and 450 m from the soil surface iratte
ChadsurroundingsANTEA-EGIS/BCEOM/CIAT, 2012PNUD, 2004. In the Kanem region
(Chad), sands are directly depositedddmmaterialsand generallpehavdike a single aquifer
systenthat isover 275 m thick (Eberschweiler, 1993). A narrow outcrop zone is loratied
northern part of Chad and the Chhadgone basin (sdbern) where it is unconfined and
currently used for water supes (Fig. 17).
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Figure 17. Contour and outcropping surface of the Lower Pliocene and Continental
Terminal hydrostratigraphic unit. Hydraulic tests distribution and estimated parameters
(K: hydraulic conductivity; T: transmissivity, S: storage coefficient) are indicated. CT
outcrops in the areas marked dark yellow

In the northern part, impervioldpperMedium Pliocendayers confine the aquifer, according
to data from deep boreholes. In the Bongor area (S Cied} T cropsout and constitutes a
phreatic aquifer that is hydraulically connected to the Quaternary aduaittends to the
South where recharge takes @aaevith a water level of approximately 10 m deep. The
hydraulic relations with thePli and theQ aquifer are barely known in most of the study area.

2.6.2. Hydraulic parameters

Manylocal studies have done field testdich aremostly included if-ED projectavith water
supplyaims forpopulatiors. Most existing data on hydraulic parameters correspond to the tests
performed in the QuaternaMihereverpossible, original hydrdic test reports were assessed
Very few hydraulic testdhave not beeglearly identified in the areanostof they have been
used to determine specifieell yieldsand gnerally,haveshort test duratianThese tests do

not characterize aquifer parameters and do not allow storage coefficients essirttdtedpto
guantify parameters for further groundwater modeling.
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Collecied informationcomesdirectly from specific reports opastpumping tests ancheir
assessmesin terms of characteristics gfast ests, spatial location (X, Y coordinates), aquifer
hydraulic parameters and data soussepresented in Appendix The ajuifer-testing data to
define key parameterQ(@ndLPli-CT) are available a few locationsput somepresentittle

or no useful information due to unknown test proceslareshort testing pericd The spatial
distribution ofthe hydraulic tests dne inQ aquifer unit§54 in al) andLPIi/CT (25in all) are
shown infigures16 and 17.

The data from the BRGM/LCBCHEberschweiler1993a,b) regional simulation model indicate
thatthetransmissivity (T) values for the Quaternary aquifer fall within the range ®fd.00

4 m?s. The storageoefficient (S) reposgvariationsbetween 18 to 10°. In Leblanc (2002)
thedata fromthenumerical model simulatiotioneat the end of the calibration processvide

a rough range of transmissivity values in different grieas 10“ to 103 m?/s inthe southern
and western patand from102 to 10! m?%s inthe eastern and central padf the basin. In
local areas inthb a s icemtér $e.g. Chari Baguirmi, Manga, Kanethg model shows lower
T values.

According to locdly conduced studies (Schneider and Wolff, 199Rgaverage permeability

in theKanemupper Holocene is 2.3 x #0n/s ; for the Ogolien sangds lies between 2.5nd

3.5x 16 m?s, and in Bol a third deep aquifer level directly connedttethesand layegives
values from 1.6 to 2.2 x #n?/s. For the same area, and Bahr el Ghazal, the average T value
from pumping tests i8 x 10° m?%/s. Theestimated K, basedn Darcy by considering 15%
porosity, is 6.4 x 10m/s ANTEA-EGIS/BCEOM/CIAT, 2012)

For theChari Baguirmj the valuefromthepumpi ng tests perfor med
T valuesof between 3.2 and 6.2 x 20m%s and Svalues liesbetween 4 x 16and 10°
(Schneider and Wolff, 1992). According to Hamit (2Q1Bg maximumtransmissivity value

was found at Tourba, 7.6 x £0n%/s and the minimurone atGoz, 1.1 x 16 m?%s (average 4.5

x 102 m?/s). Massuel (2001), based previous pumping tesesults and model simulatign
presents the spatial permeability distributismosehighestvalue is9 x 10° m/s andts lowest

is 1.4 x 10° m/s.

Ngounou Ngatcha (1993) provides transmissivity and permeability values féreaeYaére
northern Camemon based on short test durat®onmvith limited validity. The dtained
transmissivity ranges from 4.6 x #@n?%/s to 2.1 x 16 m?s.

In the HadejiazJama'areYobé river valley flood plain torthern Nigeria),the aquifer
parameters from pumping testslicate T values from 3 x o 2 x 10> m%s and Svalues
between 0.05 and 0.28 for the Jama'are valley aquifer. In the Hadejizges between 120
3and 2 x 1¢ m%s andthemean S value is 6.7 x TQwhich correspond to a confineatjuifer
(Alkali, 1995).

63



Table 4. Summary of the characteristics of aquifer formations (Q, LPli, CT)

Hydrostratigraphical | Thickness S K T m
Unit (m) Storage Hydraulic  Transmissivity Porosity

coefficient conductivity

Quaternary 5t0100 |103%to 10° | 10%to 1x10 | 8.7x10"to 16 to 32
Fluvio-lacustrine 2 1.6x10*

deposits and aeolian ) .
sands 10“to 10
(aquifer, unconfined)

Pliocene 300
(Middle/Upper)
Clays
(aquitard)
Lower Pliocene 45 102to 10° | 105-1 to 10? | 10%to 10°**
Alluvial sand (aquifer,| (average)
confined)

Continental Terminal | 70to 600 | 102to 10° | 10°to 1x10 | 102 to 105**
Sandyclay deposits 2
(aquifer,
semiconfined)

* data from reviewedhydraulic tests;** from BGR-LCBC (2010)

For theKazdell and Bornulepressions after model calibratpdairi (2008) obtained range

of spatially distributed permeability values from 5 X816 5 x 10° m/s andfrom 7 x 10°to 5

x 10*m/s; 1 x 1@ m/s; 5 x 1@ m/s and 3 x 1& m/s. InKazdell and BornouK wassetat 3

x 10° m/s. In the workby Gaultier (2004), K from modeling shows a very homogeneous
distribution,with a valuein most of the plairf 2 x 10° m/s,with highervalues, 6 x 18 and
10°, in the central part of the plain and close to the riverbed.

In Manga with a numerical flow model Leblanc (1997) obtainédalues between 4.5 x £0
and 8 x 1" m/s, with the highest valuem the NE. For the same region abg numerical
modeling, Zairi (2008) estimatedkavalueto bebetween 18 and 5 x 1& m/s.

For theLower PlioceneCT aquifer, atthe basin level T valuesare between 18 and10°
m?/s and Svalues go froml0? to 10° (Eberschweiler1993a,b).

In Miganan the Chari Baguirmi areaT is 7 x 10* m?%/s, 9.3 x 16 m/s for permeability (K)
and 1@*for S (data from pumping testdjothen or t h o f , TNvallRg ramge detwaen
1.3 and 5.2 x 1®m?%s (Schneidr and Wolff, 1992).

ForKoros Schneider and Wolff (1992) provide T values of 5.5 ¥ &f/s in Bédoko and 6 x

10° m?/s for Bebonin southern Koros. These values are based on short time period pumping
tess and cannot be considered representative of aquifer parameters.
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2.6.3. Groundwater flow

For the Quaternary aquifeat the regional basin scalggiezometric maps were drawn by
Eberschweiler, (1993)sing data from th&960s,and byLeblanc(2002,) andBoronina et al
(2005) based on UNESCOPNUD-CBLT (1972) information. Updated piezometric
information has been mapped as part of the B@BC (2010) framework project, based on
LCBC database information and SRTM90 DEM for waiemts elevation imatiors; the
observation water poinf3B, field measuremestindthedatasetsisedto plot this map anthe
mapped perioeverenot available.

According tothecurrentcompiled information (Table 3)hegroundwater level measurements
data coveragérom different sources ranges from 2004 to 2017 (Fig. 18) wigjor gaps.
Groundwater level observations are available mainly for the Quaternary adjfar the
central and southern parf the areaGroundwater level/head observations for the Lower
PlioceneContinental Terminadre scarcely availahle

~ 2 2
Source of data | 1998 2001 2004 2006 ; 2008 , 2009 2010, 2011 , 2013 2015

9FED

10FED

BGR

UNIRES § —

ALMY AL-AFIA . ' N

UNHCR

UNICEF
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BD FORAGES .

MISSION TIBESTI ' ' .
(EST-OUEST 2015) '

Figure 18. Existing water level measurements and period ithe Chad Basin. Timespan
of data coverage and source of information.

In data availabity and spatial distributioterms the most complete spatial coverage with
existing records was obtained frotihhe observations for the 206811 periodand was
therefore selected to draw the piezometric map and &sdurther modeling Appendix D
presents the total number of water pairdong with their information for the 20a8011
period. It also includes wells wittihe groundwater level depths and groundwater elevation
(m.a.sl.) used to draw the groundwater lewabs on sdicial and deep aquifer.

The contour map displaying the potentiometric contour lines and the flow direction efhiéoth
water table aquiferd andLPLi-CTaquifers) andhesemtconfined aquiferl(Pli-CT), together

with hydrogeological crossectionsare presented ifigure 19.Themap is an indication of a
complex regional flow pattern in a dynamic system during the considered perisd;dnable

with time. On the mapthe contours of both aquife@replotted; thescarce groundwater level
data for the deep aquifer only alldthe groundwater contours in the southern part (Kotos)

be displayed. The esults are consistent with previous piezometric maps (Schneider, 1989;
Leblanc, 2002 anBGR, 2010)
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The regional groundwater flow trend is theb a s icemtfalspart, i.e. to the Lake Chadw
hydraulic gradients are showniia central part. From the Kaneamd Harr groundwater divide

line, the hydraulic gradiemboves northwardly (i.e. to the Lowlands). Two piezometric domes

are present north of Lake Chad (i.e. in Kanem and Harr on both sides of Bahr El Ghazal) and
are associatedith therecharge areas lated in dundield sectors. Piezometric depressions
exist in Bornu (Nigeria), Yaéré and Ch&aguirmi (Chad), Kadzell (Niger) anthe
interfluvial zone of the Komadougolihe water level depth variesom a few meters in the
lowland area of the lake to alnt 4060 m below the soil surface in depressions

Hydraulic connectivity between the two aquife@sL(Pli/CT) clearly exists in the southern part

of the area (Chail.ogonebasin mouth where the ContinentaléFminaloutcrops possiblyon

the aquifer bondaries near Bonga@Bousso wheré is unconfined. Groundwater may also flow
upwardy into the upper aquifer from lower aquifers or from the deeper aquitard. Determining
the connectivity between aquifers is important to accurately assess exchanges among
hydrostratigraphical unitsUnfortunately, verylittle, or even no informatignis currently
available to support and assess such exchanges.

Hydraulic heads arbigheralong river channels and their vicinity (Komadougtebé and
CharitLogone, mainlyChari) in theb a s leastérs and southern parts, where the topographic
gradient is relatively flat. This suggests that groundwater recharge/discharge via surface water
inflow is a significant mechanism in these areas, mainly during flood periods.

Exchangs between Lake Chad and the Quaternary aquifer argigmiticant (IRD-LCBC,
2016) and are observedainly up to a distance of 50 km from tHaked shore according to
isotopic data (Vassolo com.pers. 2016; Zairi, 2008).

Groundwater level time seridsave been onlyocally described for Nigeria and fahe
piezometers located in Maidiguri (FIR®amaBorno and Damaturu shown fiigure 20
(provided by Dr. Goiii, Maidiguri University, Nigerialpuring the 20082011 period the
groundwater leveloweredin the Maidiguri aredo around 2 m, which is also observed in
BamaBornofor a differentshorter time span. The Damaturu data behavior may correspond to
measurementtakenin wells by diversduring the transient calibration period and cannot be
consideredo berepresentative of aquifer tresidror the consideretime periodat basinarea,

the absencef groundwater levetime seriesmpairs asse@sg changes along time.
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Figure 19. A) Potentiometric map of the water table aquife(Quaternary and Lower
PlioceneContinental terminal) for the 20082011 period (20m contour lines) B) and C)
hydrogeological crosssections transects and wells used fothe subsurface cross
sections.The inset map showsthe piezometric map location within the basin area

extension.
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Figure 20. Piezometric level recorded athe FIRS observation borehole (Nigerian
Hydrological Service). See also Fig. 19 for piezometers location.

2.6.4. Recharge and discharge

Very few studies have directigddressed recharge assessmant if they have theyhave
mainly focugd on the Quaternary aquifer (i.e., Leblanc, 2002; Gaultier, 2004; Goni, 2006).
Although recharge mechanisms are not well understbatens that there are four major
recharge mechanisms in the basindirect recharge from rainfall infiltration; ii) irrigation
return flow in intensely irrigated areasi;) recharge via surface wateespecially during
flooding periodsiv) vertical leakage thragh aquifers.

On thebasinscale, recharge from rainfall predominantly occurs via infiltration directly into
outcropping aquifers (unconfinethlatmainly takes place on southern margins (a narrow zone
for theCT) in the study area were high precipitatioccurs, adin the Harr and Kanem areas
to thenorth (Quaternary aquifer). This fact is obsereedhe enclosed piezometric map (Fig.
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19). According to data from some local areas (Goni, 2008; Leblanc, R@o2nou Ngatcha
2007) natural recharge isvery variable (accountingor between @ and 13% of total
precipitation).

For the 2008011 period the quantification of natural groundwater recharge from
precipitationwas obtained by a setlantwater distributed modeM|SUAL-BALAN V2.0),
which performs daily water balarem soil, unsaturated zos@and the aquifern areaswith
intense agricultural activity, therigation-derived rechargeolume is obtainecccording to
theirrigated surface area and water demfmdultivated cropsA description is presented in
Appendix E.

Surface water systems (rivers) predéetloss andain flows forthe syerficial aquifer, when

they are hydraulically connected according to streamflow conditisoree previous studies
have quantifed the surface watergroundwater relation for Chatiogone (Leblanc, 2002;
Massuel, 2001), Komadougd(pbé (Leblanc, 2002; Hassan, 2002; Massuel, 2001) and Lake
Chad (Leblanc, 2002; Zairi, 2008; Gaultier, 2004; IROBC, 2016). For the 2008011
period and river bass unithydrographs describing high rainfall events, streamflow and
groundwater level timseries are nogenerallyavailable Therefore, a full analysigs not
possibleto descrile and quantify groundwater contribution to rivers (bfiee/ separation).

Also, o accurate estimate of surface water inflow into the groundwater system is available for
the basin.

The lateral inflow from weathered crystalline bedrock in the southern midhlaf the study
area Were precipitation is important alsacurs

There are currently no reliable groundwater abstraction estimateailable for either
domestic/industrial water supply needs or irrigation. Howerethe working scale, local
withdrawd from domestic watewells does not ampently have a strongmpact on local
groundwater flow and aquifer status. Orthe estimateddata from previous reports exist
(Leblanc, 2002BGR, 2012), andhe current abstraction isasedon the population seec

and crop water demaadRegardingural use as no other real informatiors available, a 20

36 anda 75 L/person/day water quantity for rural and urban inhabiteadseemespectively

assumed (Leblanc, 2002Jhe population estimates are base®009 figures, collecteffom
www.citypopulation.de/Chad.htnaindthe World Bank (1988and further updated according

to population growth (UN Population Division, 2015) 6 The wat er amfdr sani t
t he Darfur refugeesd cover f$kethasevierDjabasaangGozi n Ch
Beida, over 30@00 L of water are supplied daily (cf. Water for the Refugee Camps in Eastern
Chad, Oxfam). It imoteworthythatthe geolocatiorof water pants (numerous wells) chaag

with time andabstraction was basedwell-fields spatialdefinition.

For husbandrypurposeswithdrawals for breeding are estimated by applying a rate for each
animal category. It has been appraised that about 50% of cattle Reedssured by
groundwater (1990 datRroject 507/RAF/4b
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2.6.4.1. Regional water balance estimagtion

Water bahnce quantitatively assesses the amount of water (infleatentes a system, the
amount of water | eaving the system (outfl ow)

InflowsT Out fl ows = @S

A first step to assess the regional water balance in a simplified steddysystem is taken.

This section summarizes the key elements of water budget estimates for both Quaternary and
Lower-Pliocene/CT aquifersand estimated inpuisutpus areprovidedin Tablkes 5 and 6
Concerningthe water bdgetanalysis, the 2008011 timeperiod and previous assumptions

on rechargalischarge of the aquifer system (p&#.4) are considered.

Recharge from precipitation (i,&concerning rainfall) where the aquifer oufps Q, andCT

in the b a s isouthern part) and irrigation return to aquifers in areas with agricultural
cultivation, has been estimatadth a watersoil-plant distributed modahat computes daily
water balanceslhe valuesobtainedin this study by using the method described in Appendix
E are similar to previoug obtainedvalues(Leblanc, 2002)However, as calibration wamsot
possible due to lack afroundwater level time serigkata, rechargeates could be loweA
crosscheck oftheresults is further carried out heréhrough modeling

Inflow and outflow to Lake Chad and to aquifer systé@®inconsidered (to and froQ, CT/
LPIli and lateral inputs from weathered bedroclerewderived from the groundwater flow
analysis othepiezometric maglow (Fig. 19)in: the Lake boundaries of Kazdell (Lake input
to Q), Bol and CharBaguirmi Q input to Lake) in the Chari Logone river head, Koros area
(CT to Q). Directly computed flowby unit lengthwas based on groundwateontour map
elevations flow directiona nd Da r c¢ yH§dsaulid parameterand thicknessn the
correspondin@rea of interesvere taken from literature (2.6.2 and AppendiBable C).
Vertical leakage, upwartiow from deep aquifers and dowsard flow to deeper aquifers are
unknown.

Exchanges (input/output depending on seasonal streamflow) thher@hariLogone river
existsin the southermasinpart Q-CT) and with KomadougolYobé in the Kazdell region
(Q). The xchange flows betweetihe groundwater and surface waters shown in theswat
balance correspond mainly tihe estimates and calculatisrfrom the modeling works
performed by Massuel (2001) for the Chlaogone areaand by Gaultier (2004) for the
KomadougotiYobé area (Table 5).

Table 5. Quaternary aquifer water-budget based on estimated and referenced data
(average for the 2008011 period).

Recharge from 7x1C Pumping for 63
precipitation irrigation
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From irrigation return 22 To Lake Chad** 4.6x1CG
flow
From LPIi/CT ** 20 To river (Chari - 1.5
Logone)*
From Lake Chad** 6 Pumping for 2.4x10°
water supply
River (Komadougou From1.2to 1.6, To LPli /CT** 2.8
Yobé)*
River (Chari-Logone)* 1.6
Bedrock lateral input ? Bedrock lateral ?
output
Total input é Total output ?

*Range according to the literature review: IRICBC (2016); Gaultier (2004); Leblanc (2002);
Massuel (2001); Zairi (2008)* Darcy estimates

The @lculation of domestic groundwater abstractions (pumping for water supply) was obtained
based on water allocation according tt@ population in rural and urban areas ahe
agricultural areasdemand. The groundwater abstraction estimate based on thHsemom
works tapping the aquifer does not seem a reliable mdtboausét is difficult to assess the
number of existing traditional open wells. (Leblanc, 2088).refugee settlements, well fields

of abstraction were defined and abstraction was caétlilédr each area separgtdby
consideringheamount of water demardandthe balancéime period.

The water balance assessment also relies on key assumptions, in¢)udiegher the aquifer
extension is continuous over the arey;whether rivers a flowing; iii) areas of deeper
formations encountered in the basin outcenp] areable to provide a recharge for such deep
aquifers.

A guantitative attempt of inflows/outflows into/from the systeas been made amsshown
in Tables 5 and 6. The discrepancy betweereiienated valuetr input/output highlights
the largéy uncertain assessment due to numerous data gaps.

Table 6. Lower Pliocene and CT watetbudget based on estimated and referenced data
(average for the 2008011 period).

Input Mm3/yr Output Mm3/yr
Recharge by 1.3x16¢ Pumping for 2.7x1¢
precipitation irrigation

by irrigation return flow 3.7x10 To Lake Chad -
From Quaternary** 2.8 To river (Chari - -
Logone)
For water From 3* to
supply 0.8x1G*
Bedrock lateral input ? To Q** 0.8
Total input Total output ?

*From BGR(2012);** Darcy estimates
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2.6.5. Hydrochemistry

Updated hydrochemical information has besstaired as part of th&8GR/LCBC (2017)
framework projecithe BGR/LCBC (2017),UNESCO/LCBC (2002and UNESCO (2004)
project3. The IAEA has also been working in the basin areavard the isotopic
characterization of aquifers and other contributing waters (precipitation, sudac@portthe

groundwater origin and age (IAEA, 2017).

In general terms, the upper aquifer watea éaldum/sodium bicarbonate water type with low
mineralization, with a dry residue of less than 500 nig4t isfrequently less than 200 mg/L.

The electric conductivity in the south centr
northwardlyto reachaverage valuesfar ound 350 €S/ cm, which may
north of N'Djamena. The existence of recharge from the Logone and Chari near river channels

is reflected by increasing sodium in groundwaterftinther thedistance fronrivers.

The Lower Pliocene aquifer is characterized by a sodium bicarbonate watevitiggagh
mineralizationandbye | ect ri ¢ conduct i vi t,whidhiedreasesemth 6 0 0 a
aquifer depth, (i.e. north of the region). pH varies between 6.7 and fippefature, which is

rather highvaries between 36°C and 41°C.

According to Eberschweiler (1993he water from the upper level of CT deposits may show

a dry residue dssthan 100 mg/L. As it dips beneath the Pliocene deposits, aquifer
mineralization inceasesorth of the project area, and shifts from a sodium/calcium bicarbonate
water type with electrical conductivity arou
and electrical conductivitgbovel 2 00 € S/ ¢ m.

2.7. Theconceptual modelof the Chad aquifer system

The overall objectivef a conceptual model, a schematic or simplified representation of the
geohydrological system and its behavimr,to identify and evaluate the hydrogeological
conditions(including the relation to surface water, whareappropriate)of the Lake Chad
Basin aquifer systemvera selected timperiod

It is worth mentioning that a conceptual model does not need to be able to answer or solve
every hydrogeological problem, dam all the available data and be very detailed, but should

be made as easy as possible for the problem to be solved, be easy to update and can acquire
data from, and provide, good visualization possibilities.

The onceptual model design concerny:the definition of the aquife® geometry and
boundariesii) the thickness of the defined hydrogeological ynitg how the hydraulic
parametersvere selected and spatial distribution) a hydrogeological interpretation of the
groundwater flow systenv) the groundwater and surface water relatiosexternal stresses
(groundwater abstraction, recharge and evapotranspiration assessment and distribution).

This involves the following steps:
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1 Updating the existing database with new hydrological, geological, meteorological
and groundwater levels information for the whole area andaimpleteconsidered
time period

1 Analyzing the Lake Chad aquifer systemnand aquifer dynamics (mainly
groundwate flow and water balancelusing existing information on natural
rechargedischarge from rainwater, Lake Chad, flooded areas and.rivers

1 Revising thenatural rechargdistribution from rainfall and irrigation return

1 Establishing the conceptual mogek. constructing a conceptual model for the
aquifer system based on the hydrostratigraghumits, water budget and flow
system definition according to the analyzed information

It includes data collection and a critical data review to ensagck of erras and the
interpretation of a variety of existing geological and hydrological datasets, and other relevant
ones such as topographic, geophysical and remotely sensed data for further modeling. One
critical issue regarding hydrological interpretations etertimeframe assessments, mainly

for hydrologic processes and stresses. This requires a thorough and detailed analysis of data
series availability with time for further tirgeriod selections.

Figure 21 presents a schematic 3D hydrogeological condepiodel diagram with the
stratigraphical distribution of the Chad Formation. This figure provides details of the
groundwater relation between the aquifers, the broader regional groundwater flow system, the
inter aquifer flow, and the local recharge andhé&ge mechanisms and dominant irpuiput
processes that occur in the basin.
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Figure 21. A schematic 3D conceptual model diagram (partial section of the study area)
with the input-output processes in the basin.(1) Natural recharge, (2)
evapotranspiration, (3) groundwater inflow, (4) recharge from river, (5) discharge from
river, (6) recharge from lake, (7) up flow from the deeger aquifer, (8) vertical recharge
from the shallower aquifer tothe deeper aquifer.

The groundwater system consists of the following hydrostratigraphical layers limited by
impervious rocks of the baseme@t{uncafined aquifer)Pli (confining layer)LPli (confined

aquifer),CT (semiconfined aquifer) and the basement constituted by cretaceous or crystalline
rocks. Only the Quaternary outcrops and extends over all the area, while the Lower Pliocene is
always subgrface. The thickness of individual layers varies significantly with the greatest
thickness found in the central basin part an

Figure 22 displays a graphic output of the sedimentary basin geometry and getdodiye
database retrieval of boreholes with lithological logs from the RockWorks tihgdel code.

Sedimentary infill depth ranges between 10 m on boundaries and more than 1,000 m in grabens,
and layers show continuity in most of the area with frequent changes in facies. Maximum
thickness is found in the central basin part and all the stratigraphi¢alpimch out on the

basin boundaries, although scarce quantitative data exist for defining vertical and lateral
boundaries Gernerally,lithological logs records are located in the central basin part and,
consequentlyn areas with a high density of pagntvhere the sedimentary thickness estimated
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for the stratigraphical model is believed to better represent more accurate geometry (less
uncertainty).

Most lithological logs records do not show to@l thickness; scarce information has been
obtained on he subsurfacelepth to the bedrockCretaceous, crystalline rocks) as deep
boreholes only exist in a few spots. Gitkea uncertainty in the position of the bedrock surface

level, this deep boundary was not considered. For further hydrologic modelingsparpnd

working scale constraints (it is very difficult to represeRti aquifer thickness due to data
availability), a decision was made to group tt&i and CT hydrostratigraphic units into a
single aquifer | ayer, which is also the mode

Two multilayer aquifers are defined from the hydraulic point of view: the upper unconfined
aquifer (Quaternary) and the deeper aquifer confunezbnfined composed of the Lower
Pliocene and the Continental TerminBhe connection between the upper &ower aquifers

is restricted by the clay layers of the Upper Pliocene, which are mainly in contadhe&vith
basi nés sout her nandis kydraulcdllecomected to thelQuaternary s

In the unconfined aquiferhé general groundwater flosvfrom S to N, and perpendicularly to

the groundwater contour lines. In depressed (e.g. Kazdell, Chari Baguirmi) or recharge (e.g.
Kanem) areas, it takes a different direction.The highest measured groundwater level was 370

m above sealevel (m.asl)and observed in the basinds sout |
recharge takes place. The groundwater level generally lowers toward Lake Chad and to the
upper northern part of the basin (the Lowlands). However, very little information exists for this
lastarea. The lowest values are always observed in depressed zones with a minimum value of
240 m.a.s.l. (Chari Baguirmi).

As previously mentioned in previous paragraph, in order to explain the existence of these
anomalies, different hypotheses bfdrologic processes have been proposed, and this
conceptualmoded onsi ders | ack of a natural recharge
(Lowland).
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Figure 22. Subsurface geology (crossection) obtained afterretrieving the lithological
logs from the Rockware geeamodel code. For illustrative purposesthe vertical scale is
enhanced (x 50psregardsthe horizontal scale.

The main mechanisms of groundwater inflow for the upper aquifer are rainfall infiltration
(direct recharge) followed by river infiltration, return irrigation flow (mechanisms also for the
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lower aquifer), and by lateral inflow from other aquifers (Ounis€¢outos) and contributions

via weathered bedrock on the eastern and southern bounte@srge form rainfall takes
place where aquifers outcrop, mainly from 152 N of latitude to the south. The local recharge
from the CharLogone and Komadougou Rivdekes place by floods during extreme events
Important irrigation return flows take place in tlaad surrounding Lake Chad (Nigeria),
irrigation areas of Niger (Komadougdobé) and Cameroon, and most irrigation water comes
from existing dams. In additim the verticaflow to the Quaternary aquifeccurs mainly south

of Manga, where the Upper Pliocene is confined.

Discharge is produced mainly through pumping for domestic water\summbandry and
agricultural irrigation purposes, and through rivelb@&omadougoly obé and CharlLogone)

during the dry season. A limited connection exists with Lake Chad. High evaporation and
evapotranspiration (ET) losses are expected mainly in wetlands and surface waters. However
for saturated porous medgwmhen the gsundwater level exceeds 10 m deep the water table is
generally not subject to direct evapotranspiration, except for the areas covered by acacias trees,
where the net recharge may be less than the EXallt is also assumed that substantial
groundwater les may take placto the upper northern araa the lowest discharge point
(Lowlands, Bodelé), but mechanisms remain uncertain.

2.8.A review on modeling

This section summarizes different Lake Chad Basin numerical models built mainly on a
regional scale, as well as previous modeling works performed locally in the basin. They have
been developed for groundwater and surface water based on different to@scaumethods

and areal extension coverage (Fig. 23). The scope covered by these models described below
focuses mainly on the central basin (Lake Chad and its surroundings), and more specifically
on the ChariBaguirmi area. Generallythe detailed numerial documentation of previous
models has not been obtained and this paragrapasmsdmainly onthe literature review of
published papers.

I n the early 199006s, Eberschweiler (1993a)
aquifer and thd. Pli and CT. Data include existing lithological logs, pumping tests and
piezometric datand rainfall from early reports of the 1960s. The modeled, based on the
GARDENIA code, includes an area coverage of some 500,08thkarmodel grid sized 12.5

x 25 km in the modeled central part of the domain. Existing piezometric depressions (e.g. Chari
Baguirmi and Kazdell) were simulated by considering lack of recharge infiltration and major
evapotranspiration, besides the exisgmngundwater exfiltration from deeper zones.

i) Leblanc (2002) and Leblanc et #2007) built a transient modély combining satellite
imagery data (Remote SensiRg) and GIS methods to better define groundwater recharge
and discharge areabgegroundwaer/surface water interaction apdleohydrological settings;

and to alssimulate all the major changes that have affected the Lake Chad Basin from 1960
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to 2000, including hydroclimatic chang@&heir work focused on the Quaternary aquifer and
central Lale Chad Basin part that covered more than 500,06QFkiq. 24).
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Figure 23. Developed models and area coverage.

To build his modeling work (steady state and transient simulation from 1960 to 2000), he used
the MODFLOW 96 modeling platform andsagle layer; each cell size ranged from 100 to
400 knt. The input data were:

1 aquifer geometry; lateral flow with bordering aquifers; pumping rates; time series of
the river and lake levels; time series of the lake area; recharge and dischargtheones;
initial piezometric level.
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The alibrated parameters were:
1 Transmissivity, lake/river conductance, and recharge and discharge rates.

Figure 24. Model developed by Leblanc et al. (2007). Study zone coverage.

A

Concerning groundwater modeling, remstnsing products were used to improvetieed e | 0 s
calibrationwith a finer definition of the recharge and discharge aseakfor mapping major
recharge and discharge areas. Satdiiiteed relevant applicatiorier the delineation of
recharge and discharge zones inctideentifying and mappingonding areas; soil moisture
distribution; vegetation activity and surface water bodies. Different parameters, based on
satellitesensors measurements, were used for thi&,wg.: thermal Nleteosat, Advanced

Very High Resolution Radiometer (AVHRR)), elevation (Shuttle Radar Topography Mission
(SRTM)), optical (Moderate Resolution Imaging Spectroradiometer (MODIS), Landsat TM,
AVHRR) and vegetation index (MODISyJhe emplogdRS data improved the quality tife
recharge results.

The most important result was the delineation of the recharge and discharge areas, together
with their calculation, which included some key parameterssuch as infiltration,
evapotranspiration andlso exfiltration which control the occurrence of large piezometric
depressions (ChaBaguirmi, Bornu, and Kazdell). Lack of lofigrm piezometric
mesurements impaired good transient calibration and modeling results have to be qualitatively
taken
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