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ABSTRACT

In the semiarid Lake Chad Basin (LCB), the transtany quaternary sedimentary aquifer is the
main source of drinking water. Climate variabilapd the increase in population around the Lake
raise concern on the issues of water supply anérwaganagement. The knowledge about the
availability of groundwater resources in LCB is iied due to the scarcity of information about
hydrodynamic parameters of the aquifers. To fiis thap, geophysical surveys based on Magnetic
Resonance Sounding (MRS) method were performekeiryaere aquifer (Northern Cameroon) and
in the Kadzell aquifer (Southeastern Niger). The 3MRethod is a non-invasive technic which has
the advantages to be directly sensitive to groumelwaand to allow estimating hydrodynamic
parameters. Six representative sites were investigay MRS (three per aquifer) and are presented
in this paper. MRS results are compared to measuiezdmetric level and to geological description
when available. Despite naturally challenging fielshditions (high natural electromagnetic noise,
and low geomagnetic field), MRS data of good qualitere obtained. The piezometric levels
estimated with MRS are close to the water levelsuesd in neighboring wells or boreholes. The
results also show contrasts in MRS water contert @ansmissivity in good agreement with
expected behavior of aquifers: high values of watertent (16%-32%) and transmissivity (210
m?/s— 4 10° m%/s)were recorded near the Lake and the rivers feay. the Komadugu Yobe and the
El beid River), and lower values were obtainedistiatice or in flat clayey areas. These encouraging
results promote the use of MRS at the basin stalbetter estimate the available volume of fresh
groundwater resources.

KEY WORDS: Lake Chad Basin (LCB), Magnetic Resonance SoundMBS), groundwater

resources, hydrodynamic parameters, Quaternargnsetiry aquifer (Chad formation).

INTRODUCTION Water surfaces are more often non-permanent,
Semiarid regions are usually and their presences are linked to rainy season.
characterized by low water resources due to Therefore, most of the water needs in semiarid

harsh climatic conditions for most of the year. regions are supported by groundwater
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resources, which are exploited through several
boreholes and wells. In the Lake Chad area,
the main use of groundwater resource concerns
the domestic needs. These domestic needs
include the irrigation for agriculture (e.g.
sweet peppers in the vicinity of Komadugu
Yobe valley or rice culture near the Logone
valley) and cattle farming which increase
(2012)
mentioned that hydrogeological field surveys

water demand. MacDonald et al.

are rare in Africa and sustainable exploitation
of the aquifers requires urgent knowledge on
the availabilty and the recharge of

groundwater resources. This issue is especially
the Lake Chad

(LCB)because Lake Chad surface area showed

important  in Basin

rapid shrinkages in response to climate
variability during the 26 century(e.g. the
Lake water surface decreased from 15 000to
1800knfin the few years during the 1970-80s
2011). the

management of the LCB water resources is

Lemoale et al. In addition,
particularly complex due to its transbondary
nature. One of the aims of the Lake Chad
Basin Commission (LCBC) is to evaluate the
This
evaluation is an ongoing process that needs

available  groundwater  resource.
global management approach at LBC scale
NgounouNgatcha et al. 2008.

In the LCB, the most accessible aquifer

for the population is the shallow quaternary
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The
studies on

sedimentary aquifer. previous

hydrogeological this aquifer

evidenced several naturally occurring

piezometric depressions systems in
groundwater around the Lake: the Borno
depression in Nigeria, the Yaere depressions in
Cameroon, the Chari-Baguirmi depression in
Chad and the Kadzell depression in Niger.
These depressions have been described in
several PhD thesis such as the works by
Ngounou Ngatcha, 1993; Djoret, 2000; Goni,
2002; Leblanc 2002; Gaultier, 2004; Zairi,
2008; Le Coz, 2010; Abderamane, 2012.
Hydrochemical characteristics of these
depressed aquifers were described by Arad and
Kafri, (1975)but the question about their
possible common origin is still unanswered. A
poor documentation about the hydrodynamic
properties of these shallow aquifers (few
pumping tests in the literature at the basin
scale) is often claimed to strongly limit
modeling of lake — groundwater fluxes and no
comparison between these aquifers exists to
see if hydrodynamic properties are more or
less homogeneous at the LCB scale. Thus, it is
difficult to propose a global functioning and to
build a hydrodynamic model of the whole
transboundary quaternary aquifer.

The Magnetic Resonance Sounding
(MRS) method is a non-invasive geophysical

tool which has the advantage to be directly
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sensitive to groundwater, hence allowing the
estimate of hydrodynamic properties. It has
already been wused in sedimentary and
basement context in many countries of Africa:
Benin (e.g. Descloitres et al. 2011, Vouillamoz
et al. 2014);Botswana (e.g. Lubczynski and
Roy, 2004); Burkina Faso (e.g. Vouillamoz,
2005); Cameroon (Kemgang et al. 2014); Chad
(Bernard et al., 2012); Equatorial Guinea
2002);

Madagascar (Baltassat and Legchenko, 2001);

(Portselan  and  Treshchenkov,
Mauritania (e.g. Bernard et al. 2004); Morocco
2003);
(Vouillamoz, 2003); Namibia (e.g. Lange et al.
2000); Niger (e.g. Boucher et al. 2012,
Descloitres et al. 2013); South Africa (e.g.

Meyer et al. 2006); Uganda (Lawson et al.

(Delaporte et al. Mozambique

2015). But, to the best of our knowledge, no
study or comparisons was realized at the scale
of a transboundary aquifer.

In this study, the MRS method was

used with the objective to assess
hydrodynamic  parameters  for  better
understanding the functioning of LCB

guaternary aquifer. Our study focusses on two
parts of LBC area and the comparison of
results obtained in each part can represent the
first step for getting a more complete view of
the quaternary aquifer heterogeneities at the

whole aquifer scale.
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STUDY AREA

The study area (figure 1) focused on
two parts of Lake Chad Basin. The first part is
located in the Far North region of Cameroon,
between the foothills of Mandara Mountains
and the southern shore of Lake Chad. It
the the

Yaéréflood plain. The second part is located in

includes piedmont plain and
Diffa region of Niger, between the Manga
plateau and the borders with Chad and Nigeria.
It includes the Lower Komadugu valley, the
Kadzell plain and the North Lake Chad area
(mostly dry since the 1970s).

The superficial geological formation of
interest in the present study consists of
quaternary deposits (Tillement, 1970; Greigert
and Bernert, 1979). These quaternary deposits
cover a surface area of 550,000 %at the
LCB scale. They consist of sandy-clayey
sediments with gravels from fluvial-lacustrine
origin. These sediments are related with the
transgressions and regressions of Lake Chad
during dry and humid periods of plio-
quaternary age (Servant and Servant-Vildary,
1973). They lie down continental and marine
deposits from tertiary and Cretaceous ages
(Pias, 1970).

Cameroon (the southern border of Lake Chad

In the piedmont plain of

sedimentary basin), the quaternary deposits

directly lie on the Precambrian basement
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formed bygranites and/or gneisses (NgounouNgafd68).
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Figure 1: Map of the Lake Chad study area. Came(Boedmont plain aquifer and Yaere aquifer)

and Niger (Kadzell aquifer) investigated areas.

The quaternary sedimentary (upper
Chad) formation contains the most exploited
aquifer for the population water needs in the
whole regions. At the LCB scale, it is
considered as a continuous unconfined aquifer
(PNUD-FAO-CBLT, 1973).In Niger, the two
main aquifers tapped for water uses are the
Upper quaternary aquifer (unconfined) and the
Pliocene aquifer (artesian waters, mostly). In
Cameroon and in Nigeria, more complex
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systems are observed. In the Yaere plain,
NgounouNgatcha et al. (2007a) evidenced that
the Quaternary aquifer has two separated
layers with different hydrochemical properties.
In the piedmont plain, two hydrogeological
units are also identified: (1) the sub-regional

aquifer up to 40 m thick and (2) numerous

perched aquifers of local importance
(Tillement, 1972 in  Njitchoua and
NgounouNgatcha, 1997). In Nigeria, the
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quaternary formation has three aquifer
horizons separated by thick confining beds
(Barber, 1965 add

comal999). The upper aquifer zone of this

in Edmunds et al.
system ranges from confined to semi-confined
and unconfined in places (Goni, 2006).

At regional scale, the aquifer recharge
during rainy season is controlled by both direct
and indirect infiltration. In the Southern border
of LCB in Cameroon, the aquifer recharge
generally occurs through percolation of water
surface in bed’s river during a rainy season
1970).

NgounouNgatcha et

(Tillement, According to
(2007D),

infiltration of effective rainfall also improves

al., direct
groundwater recharge during the months of
July through September. In the northwestern
part of LCB (Niger), the main recharge
process is indirect infiltration of temporary
surface water bodies (rivers and pounds)
during the rainy season (Zairi, 2008). The
discharge of aquifer is mainly linked either to
direct evaporation process where groundwater
level is near soil surface or to plant (ligneous)
transpiration for the unconfined aquifers. The
discharge by pumping remains limited in
volume to < 1 mml/yr for the unconfined
aquifer (Leblanc, 2002).

The quaternary aquifer is characterized
by piezometric depressions and domes (e.g.
Durand, 1982; Leblanc et al. add coma 2003).
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The depressions also called “hollow aquifers”
are located in Cameroon (Yaéré depressions),
in Chad (Barh Chari-baguirmi depression), in
Niger (Kadzell depression) and in Nigeria

(Borno depression). Various theories to
explain their origins were proposed (e.qg.
Durand, 1982, Dieng, 1987; Aranyossy and
Ndiaye, 1993) but none of these have obtained
unanimous agreement from the scientific
As by

NgounouNgatcha et al. a better

out
(2007a),
understanding of these aquifers

community. pointed
requires
additional data that can be obtained by

geophysical methods.

MAGNETIC RESONANCE SOUNDING
(MRS) METHOD
Basic principle

MRS is non-invasive method which is
particularly adapted to hydrogeological
investigations, being exclusively sensitive to
free groundwater (Lubczinski and Roy, 2004,
Legchenko et al., 2004).Its principle is based
on Nuclear Magnetic Resonance (NMR)
2002). This

principle, illustrated in figure 2, is associated

theory (Legchenko et al,
to the physical properties of hydrogen atoms in
a static magnetic field such as the geomagnetic
field. In the natural state (equilibrium), the

magnetic moments of H protons are oriented

according to the static geomagnetic field.
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When producing an external electromagnetic

field at a specific frequency (Larmor

frequency), the hydrogen nuclei alternately
absorb and emit energy and the magnetic
moments precess from their equilibrium.
When the disturbing field is stopped, the
magnetic moments return to their initial

position and generate a relaxation magnetic
field, which is oscillating at the Larmor

frequency. For generating the excitation field
and for measuring the relaxation magnetic
field, a loop laid out on the ground is used for
injecting and recording an alternating

electrical current. Most often the same loop is
employed for transmission and reception. The
choice of the Larmor frequency for the

injected current ensures the selectiveness of
the MRS method to hydrogen proton of water
molecules. Therefore, this method is less
ambiguous than other classic geophysical
methods (e.g. electric methods) used in
The depth of

is controlled by the pulse

groundwater assessment.

investigation
moment g=1_[7r where } is the current
intensity andt is the duration of the pulse.
Thus a MR sounding in depth is composed of
several signal recordings for different pulse

moments generally obtained in increasing the
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current intensity. More details on the physical
principle of MRS technique can be found in
the literature (e.g. Legchenko and Valla, 2002;
Legchenko, 2013; Behroozmand et al. 2015).

The main MRS recorded parameters
are the signal amplitudegfasually expressed
in nanovolt), and the decay times,{Tand
potentially T, or Tyusually expressed in
millisecond). The amplitude of MRS signal is
directly linked to MRS water conten®(rs):
high amplitude of MRS signal corresponds to
high water content (%) and vice ver€arsis
defined as the volume of water per unit
volume of rock with a sufficiently long ;T
decay time constant (>30 ms) (Legchenko et
al.,, 2002). Signals with short decay time
constants are generated by bound water, i.e.
water attached to rocks due to forces of
molecular attraction. Due to an instrumental
dead time between pulse injection and signal
recording, signal with short ;T decay time
cannot be detected by the available MRS
equipments. Consequently, clayey formations
which have a high water content but only
bound water are not “seen” by the current
MRS equipmentsOwurs is often considered as
a good estimate of effective porosity
(Lubczynski and Roy, 2004).
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Figure 2: Typical sequence of magnetic resonan@suarement (modified after Legchenko 2013)

The decay times i;Tand T, (usually
expressed in millisecond) are related to the
exchange of energy, respectively between
protons and their environment and between
protons. The estimate of these decay times
requires a complex measuring sequence. The
simple MRS measurement only allows
estimating the 7 decay time which is related

Kwrs= CPOwrs.(Ti)?

T MRS— Cp QMRS- (Ti)Z.AZ

where Kurs (in m/s), Turs (in M/s), Ours

(dimensionless), iT(in ms),andAz (in m) are
respectively MRS hydraulic conductivity,
MRS transmissivity, MRS water content,
decay time (T or T;¥)and thickness of
saturated layer. Using of ;Tor Ty* are

specified in Vouillamoz et al., (2014). Cp (in
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to T, and the spatial inhomogeneities in the
static geomagnetic field caused by magnetic
particles. Decay times (JTdepend on the mean
distance between the water molecules and the
solid surface, i.e. mean pore size in saturated
media. MRS can thus be used for estimating
permeability and transmissivity by applying
empirical equations (Legchenko et al., 2002):
Equation 1

Equation 2

m/s’) is a parametric factor which depends on
geological context and should be calibrated
with at least one but preferably several
pumping
permeability and transmissivity (Legchenko et
al., 2002). Without accurate calibrationys

and Turs can be used in relative values.

tests for absolute value of
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Field implementation
In this paper, we present six MR

soundings: three in Cameroon and three in
Niger (table 1). These soundings are
representative of different units of LCB: the

piedmont plain, the border of the Limani-

Yagoua sand ridge, the Yaere plain in
Cameroon, the Komadugu Yobe valley, the
Kadzell plain and the Lake Chad area in Niger.
The sites were preferentially selected where
geological log and eventually pumping test
data were available for comparison with MRS
results. The comparison of MRS results with
independent information (geological log, water
level measured in well /boreholes and
pumping test) can allow us to confirm the
ability of MRS method to characterize this
complex aquifer.Our MRS surveys were
carried out with Numis© equipments

manufactured by IRIS Instruments (www.iris-

instruments.com) and with  Numrrun©

software. In Niger, MR soundings were
performed with Numi$™* equipment in order

to reach the maximum depth of investigation.
In Cameroon, as the aquifer is shallower, we
Lite

used Numis
transport (~100 kg instead of ~300 kg for the

equipment which is easier to

Numis "9. The theoretical maximum depths
of investigation for Numi$™* and Numis-"®
are respectively 150 m and 50 m in favorable

conditions (Bernard, 2007). In our field
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conditions, we were limited to 80-100 m in
Niger and 30-35 m in Cameroon.

When the ambient electromagnetic
noise was low, we employed a simple square
loop. Otherwise, we used an eight-shape loop
formed with two squares (table 1). In
Cameroon the eight-shape loop was
systematically required because of the
relatively dense electrification network. The
size of the square side was: 100 m and 50 m
for respectively simple square and eight-shape
loop in Niger, and 40 m for eight-shape loop in
Cameroon. The Larmor frequency that
depends on the geomagnetic field ranged
between 1473 and 1504 Hz with minimum
values in the south (Cameroon) and maximum
values in the north (Niger). The other
acquisition parameters were selected for
compromising between quality and duration of
measurements. Note that, in the study area, we
often observed an increase in the natural
electromagnetic noise in the afternoon. This
noise is probably dueto distant stormy
activities and it makes impossible MRS
measurements after 2 P.M. Finally, we

managed to perform one sounding per day.

Data inversion and interpretation
All MRS data were inverted with
Samovar© software (version 11). We first

applied a smooth inversion with 40 layers in
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order to have a rough idea of the water content
distribution versus depth (fig. 7). A use of one-
layer inversion allow to estimate the depth of
aquifer, the average water content, thickness of
aquifer and the mean T2* value. Note that, as
often the case in geophysics, the solution of
the inversion is not unique and several models
can fit the data (figure 3). On all the models of
figure 3, one can observe that the depth of
water table is similar. The total quantity of
water (water content multiplied by thickness)
Is also almost the same for each model. Then
these models are equivalents. These two
parameters are thus robust in the inversion.
Time Domain Electromagnetic

(TDEM) results (Descloitres et al. add coma
2013;not described in this paper) was used on
each site to take into account the electrical
resistivity of the ground in the MRS inversion
processes in order to improve their accuracy.
The frequency shift due to the diurnal
variation of geomagnetic field was also

considered in the inversion.
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the

transmissivity, we used the typical empirical

For estimating aquifer
equation (equation) with ;. We chose¥*
because the signal was low in some sites, then
T,* is more accurately measured than The
parametric factor (Cp) was calculated for two
sites (one in Cameroon and one in Niger)
where short pumping tests (2 hours) were
available in technical reports. Most often, the
estimate of MRS transmissivity is more robust
than permeability because the transmissivity is
determined with the produdiyrs times Az
(eq. 2) which is sturdily resolved in MRS
inversion, wherea8yrs alone is less accurate
(Legchenko et al., 2004). However, it was not
possible to assess the aquifer thickness with
MRS on one of our calibration site (MRS
caml). For determining the Cp on this site we
The

permeability was calculated by dividing the

used the permeability (equation 1).

pumping-test transmissivity by the thickness

of the screened layer (available on the

technical report of borehole).
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Figure 3: Example of non uniqueness in the MRSrsive (site MRS nigl). (a) Measured and
modeled MRS signal, (b) Different models of watentent distribution that fit the data.

RESULTS
Raw MRS signal
The low values of mean nois& (18

nV, Table 1) indicate MRS data of good
guality. A mean noise of 18 nV corresponds to
an uncertainty of 2% on the MRS water
content for a eight square loop of 40 meter
length and to 0.7% for a square loop of 100
meter length, in our measurement conditions.
The mean noise is similar on each site
(standard deviation of 1.8 nV). This implies
that the soundings with low signal-to-noise
(S/N) ratio (MRScam3 and nig2) are not
related to higher noise (i.e. lower quality) but
to lower signal (that can be explained by less

water).
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The maximum of signal amplitude do
not exceed 150nV in southern part of LCB (
Cameroon)while it locally reaches 1100 nV in
the northern part near the Niger-Chad border
(figure 4). the signal
amplitude is high (> 100 nV) in the Lake
(MRS nig3) and close to the rivers (MRS nig1,

cam?2); it is low for other sites far from surface

More generally,

water reservoirs (MRS cam3 and nig2). The
difference of signal amplitudes on different

site can be due to the loop size, the water
content and/or the depth of aquifer. When the
same loop is used (e.g. all sites in Cameroon),
the variation of signal amplitude only depends
water

on the hydrogeological properties:

content and depth of the aquifer.
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Table 1. MRS parameters

Site/Abbreviation Loop shape, and | Frequency Mean Max Signal/Noise
size (H2) noise (nV) Signal ratio
(nV)
Ouroungoulmo/MRS eight square, 40m 1486.3 17.4 76 1.82
caml
Abirou/MRS cam?2 eight square, 40m 1473.2 13.4 146 .66 3
Ngaba/MRS cam3 eight square, 40m 1475.Q 13.§ 30 8 1.1
Ngagam/MRS nigl eight square, 50m 1492.5 14.3 168 .61 4
Kosseyri/MRS nig2 square, 100m 1496.1 17.2 59. 1.27
Blabrim/MRS nig3 square, 100m 1504.3 18.0 1106 25.2
160 1200
(A ¢ VRS Cam1 i ¢ MRS Nigl
b ® NRS Cam2 1000 ® MRS N?gz
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Figure 4: Measured MRS signal in the LCB (A-sites<Gameroon and B-sites in Niger)represented
with error bars.

Estimate of hydrodynamic parameters content Qurs~ effective porosity), the water

The hydrodynamics parameters level in favorable case, the thickness of whole
estimated by MRS method with Samovar aquifer(AZ) and the transmissivity {(jks).
software in the study are (table 2): MRS water
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Table 2: Hydrodynamic parameters

site/ MRS Measurements in
Abbreviation wells or boreholes
Omrs (%) water level T,* 5 3 SWL >
AZ (m Turs (M?/s Cp(nfls T (mPls
Ouroungoulmo/ 20 18 / 4.1x10° , ’
210 2.55x10 19.6 4.1x1

MRScam1 (16-20) | (16.5-18.5)

Abirou/MRS 16.5 1 8 2.5x10°

cam?2 275 / 34 /
(16 - 19.2) 1-3) (6.5-9.5

Ngaba/MRS <3 > 35 m if / / / / Dry /

cam3 exists

Ngagam/MRS 24 23 47 7.0x10°

nigl 135 3.40%10* 24 7.0x10?

(24 - 27) (23 - 27) (30 -65
Kosseyri/lMRS 6 40 / } } / ,
. 40

nig2 (6 - 6.5) (38 - 45)

Blabrim/MRS 32 6 64 4.7x10"

nig3 260 / 9.5 /
(31 - 32.8) @4-7 (63 - 76)

Onrs: Water contentAZ: aquifer thickness; T2*: decay timejds: transmissivity estimated by

MRS; Cp: parametric factor; SWL: static water leygbm soil surface); T: transmissivity from

pumping test. Uncertainties are shown in brackets.

Water content
The MRS water content or effective

porosity ranges from less than 3 to 32%, and is
related to signal amplitudes when comparing
similar loops (table 1). The highest value (32
%) is recorded on the site located in the Lake
(MRS nig3). The lowest values (<3% and 6%)
are recorded on sites located in clayey areas:
MRS cam3 in the piedmont plain near a sterile
area identified by Tillement (1970), and MRS
nig2 in Kadzell plain. Intermediate values (15-
25%) are recorded in sandy areas near rivers or
stream (MRS caml near El Beid river, MRS

cam2 very close to a seasonally flowing
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stream and MRS nigl in Komadugu Yobe
valley).
Geometry of the aquifer

Water level ranges from 1 to 40 m in
the studied area. The lowest value is recorded
in MRS cam2 which

seasonally flowing stream, while the highest

is located near a
value is recorded in MRS nig2 in the center of
the Kadzell piezometric depression. For the
site MRS cam3, the water level cannot be
determined because no significant signal is
recorded (signal to noise ratio ~ 1.2, table 1) In
this case MRS reveals absence of aquifer
within the investigation depth(~35 m in our
field conditions).
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The thickness of aquifer ranges from 8
to 64 m, for the soundings where the bottom of
aquifer is assessed by MRS (in only half of
sites). The two higher values are recorded in
Niger and the lower value in Cameroon. This
can be due to difference of aquifer structures
(generally thinner in the border of the
sedimentary basin like in Cameroon), but these
the depth

investigation which depends on the equipment:

results could be biased by

~90 m for the Numi§"used in Niger and less
than 35 m for the Numii& used in Cameroon.
This maximum depth of investigation limits
the possibility 1) to determine the bottom of
deep aquifers (e.g. in MRS nig2 / MRS caml)
2) to detect a second aquifer as suggested by
Tillement (1970) in the area where MRS cam?2
Is located and where a deep sub-regional

aquifer was expected.

Parametric factor and Transmissivity
Parametric factor (Cp in equation 1)
are very different for each country: Cp
is2.55x10°'m/s’in  Cameroon and 3.40x10
'm/sin Niger. The parametric factor in Niger
is very close to the value(Cp= 1.3%10/s’)
calculated by Descloitres et al. (2013) in the
Komadugu Yobe valley. Descloitres et al.
(2013) asserted that

exceptionally low compared with other Cp in

this Cp value is

similar geological context and is probably
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valid only very locally in the vicinity of the
Komadugu Yobe. The Cp value obtained in
Cameroon is closer to the ranges usually
encountered in sandy aquifers (e.g. Cp=
1.4x10°m/s’in continental terminal aquifer in
western Niger after Boucher et al., (2009) or
Cp=8.4x10'm/s’ in alluvial sandy aquifers in
Denmark after Ryom Nielsen et al. (2011)).
The calibration of these parametric factors
would be improved by using more numerous
and/or longer pumping test.

MRS transmissivity was calculated for
3 sites where the thickness of aquifer is
assessed by MRS, and for one site where
thickness is estimated from technical report of
borehole. The order of magnitude of
transmissivities is Thm?/s for the two sites in
Cameroon and TOm?/s for two sites in Niger.
These differences intransmissivity, combined
with the variability of MRS water content
mentioned above, illustrate the heterogeneity
of quaternary deposits in the Lake Chad Basin
such as described by Tillement (1970) or

Servant and Servant-Vildary (1973).

DISCUSSION: COMPARISON OF MRS
RESULTS WITH INDEPENDENT DATA
Comparison with water level measured in
wells or boreholes

Static water level (SWL) was measured

simultaneously with MRS acquisition in
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neighboring boreholes and/or wells (less than
few hundred meters from the MR soundings).
MRS water levels are in a good agreement
with SWL measured in wells/boreholes (table
1, figure 5). However, we observe that MRS
water levels are occasionally slightly
underestimated. This is particularly the case
for MRS Nig3 site, where MRS water level is
significantly shallower than the water level
measured in the well. This difference can be
due to the detection by MRS of capillary water
in the unsaturated zone. This phenomenon is
probably amplified for MRS Nig3 which is
located in a site where the Lake has withdrawn
and where, the static level has certainly
decreased in the past few years. There, MRS
may detect water in the capillary fringe
without distinction with water in saturated

50

zone. In MRS Cama3 site (represented by the
point (0;0) in fig 5), the MRS results agree
with the observation in wells: no or very low
MRS water content recorded near dry wells.
According to Tillement (1970) this area is
sterile, which confirms that the absence of
MRS-detected water corresponds to a reality.
The uncertainties on MRS water level
(few meters in average) are more important
than direct measurements in wells (few
millimeters or centimeters). Thus, MRS cannot
improve our knowledge about water level in
well-known aquifer, but for sites without SWL
information (no wells/boreholes), the MRS
method allows assess rough estimate of these
levels. This information can be used, for
example, in preliminary studies before drilling

boreholes.

45
40
35
30
25
20
15
10

MRS water level

(]
T

0 AL

0 5

10 15 20 25 30 35 40 45 50

Water Level in wells / boreholes

Figure 5: Comparison of MRS water level with direeasurement in wells / boreholes. Each

measured point is presented with their error bars.
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Comparison with geological log not allow reconstituting all fine variations in
The distribution of MRS water content  the lithology such as described on geological

versus depth on each site is compared with logs, but the formation which contains water is

geological log (when available) in figure 6. always marked by an increase of MRS water

One can remark that MRS water content does content.
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Figure 6: comparison between MRS aquifer geometdygeological log description of boreholes in

Cameroon (top) and in Niger (bottom)
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No obvious link are observed between
the mean relaxation time value;fJand the
material depicted in geological logs (figure 7).
In our case, the classification based on grain
size - b* relationship such as proposed by
Schirov et al. (1991) seems too simplistic for
the

composed of several layers with more or less

heterogeneous  quaternary  aquifer
clay. In addition, the description of geological
logs has been realized by different authors
with different geological perceptions. The
types of materials (clay, clayey silt, fine and
coarse sands) within geological logs are not
derived from quantitative analyses and may be
fairly subjective. The same materials could be

described differently by different observers.

results with borehole data. Nevertheless, at a
MRS

integrative information are consistent with the

regional scale, results which give
main tendencies documented in literature. Low
MRS water content and,¥ are observed in
the clayey formations in the piedmont plain
(Cameroon) and in the Kadzell plain (Niger);
high water content and,T are recorded in
sandy formations in the Komadugu Yobe
valley (Niger) and in perched aquifers in
Cameroon that are known to be of local
importance (Tillement, 1970). In the vicinity
of the lake, the MRS results show a high water
content and F on a site where no geological
information does exist locally but where

surface observation shows Aeolian sand dune

Consequently, it is difficult to compare MRS  morphology  (Olivry et al.  1996).
300 e ===

| 2s —— 1 , Abirou
:E 260 E ! Blabrim =
[ 210 I ' X Ouroungoulmo §
"’é 180 4 R I|___________' F
.6 1 21035_—— .E‘l __________ J' Ngagam
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25-50% 50-75% >75%

Figure 7: Correspondence betweeh dnd water containing strata

84



Kemgang et al.

Water Resources (2015) 25: 69-91

CONCLUSION AND PERSPECTIVES
Magnetic Resonance Sounding (MRS)
method was successfully applied to study the
quaternary aquifer at the LCB scale. Despite
difficult conditions due to the tropical context
(low geomagnetic field and high natural
ambient noise), six MRS of good quality
(maximum uncertainty on MRS water content
~2%) were obtained in representative sites of
southeastern Niger and northern Cameroon.
MRS water content and decay time
T2* which characterizes pore sizes show
the
investigated aquifer units. Both reveal high

contrasted values depending on
values in the Lake Chad area and near rivers.
Low values are evidenced in clayey area
(Kadzell plain in Niger and piedmont plain in

Cameroon). The transmissivities are also
contrasted at the LCB scale. However, due to
this

parameter was assessed only on 4 sites,

limitation in depth of investigation,
reducing the possibility of interpretation in

different contexts. Moreover, the calibration of
the empirical equation that allows estimating
transmissivities is based on few data (2 short
pumping
improved with several other pumping test /

duration tests) and could be
MRS comparisons.

MRS results are in a good agreement
with independent data: water level measured in

neighboring wells and with geological

85

tendencies at basin scale. However, MRS is
not able to resolve all the lithostratigraphic
variations described within geological logs.
MRS hydrodynamic parameters are integrative
and represent means values for the whole
aquifer thickness.

Based on these results,
MRS be

hydrogeological investigation in LCB context

interesting

can recommended for

and for improving groundwater resources
knowledge. However, the result interpretation
should be careful adapted in geological context
for suitable determination of hydrodynamic
parameters that could be used for numerical
groundwater modeling and long-term aquifer
management.
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