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Abstract The unconfined aquifer of the Continental Termi-
nal in Niger was investigated by magnetic resonance
sounding (MRS) and by 14 pumping tests in order to
improve calibration of MRS outputs at field scale. The
reliability of the standard relationship used for estimating
aquifer transmissivity by MRS was checked; it was found
that the parametric factor can be estimated with an
uncertainty ≤150% by a single point of calibration. The
MRS water content (θMRS) was shown to be positively
correlated with the specific yield (Sy), and θMRS always
displayed higher values than Sy. A conceptual model was
subsequently developed, based on estimated changes of the
total porosity, Sy, and the specific retention Sr as a function

of the median grain size. The resulting relationship between
θMRS and Sy showed a reasonably good fit with the
experimental dataset, considering the inherent heterogeneity
of the aquifer matrix (residual error is ∼60%). Interpreted in
terms of aquifer parameters, MRS data suggest a log-normal
distribution of the permeability and a one-sided Gaussian
distribution of Sy. These results demonstrate the efficiency
of the MRS method for fast and low-cost prospection of
hydraulic parameters for large unconfined aquifers.
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Introduction

Evaluation and management of groundwater resources
require hydrogeological system parameterization at the
aquifer scale. This parameterization is generally performed
by some local measurements of hydrogeological properties,
and estimating their distribution either by interpolation, by
geostatistical methods or by numerical modelling (De
Marsily et al. 1999). In this framework, non-invasive
geophysical surveys can be carried out for improving the
knowledge of hydrogeological properties and of their
distribution (e.g. Ezzy et al. 2006; Singha et al. 2007).

The magnetic resonance sounding (MRS) method is
particularly adapted to hydrogeological investigations,
being sensitive almost exclusively to groundwater (Roy
and Lubczinski 2003; Legchenko et al. 2004). In natural
conditions, MRS was shown to provide consistent results
on transmissivity, once calibrated using pumping tests
data. However, the calibration process still needs to be
improved with respect to the estimation of storativity
(Lubczynski and Roy 2005; 2007). In a recent review,
Vouillamoz et al. (2007a) reported only two datasets
where the MRS water content could be compared to the
storativity measured by pumping tests: one with six data
in a mixed confined/unconfined weathered granite aquifer
in Burkina Faso (Vouillamoz et al. 2005), the second one
with seven data in a clayey to sandy confined aquifer in
Myanmar (Vouillamoz et al. 2007b).

In the well-known unconfined aquifer of SW Niger, 23
MR soundings were recently carried out. Eleven of these
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soundings were performed near boreholes where pumping
tests were previously conducted. In November 2006, three
piezometers (water table depth between 8 and 24 m) were
drilled near pumping wells in order to obtain additional
information on aquifer storativity. A total of 14 transmis-
sivity values and six specific yield values were finally
obtained for sites where MR soundings were also
performed. To the best of our knowledge, this represents
the largest MRS-pumping test dataset currently available
for a single unconfined aquifer.

Preliminary results (15 MR soundings performed in
2005 with seven values of transmissivity but no specific
yield data) were presented in Vouillamoz et al. (2008).
This article presents additional measurements and com-
plementary analysis of MRS data used for estimating
aquifer parameters. The main goal of the study was to
propose a conceptual model of calibration for estimating
the specific yield using MRS. The second goal was to
assess the reliability of transmissivity values estimated by
MRS, using a reliable dataset of pumping test and MRS
data obtained in a single unconfined aquifer.

Overview of hydrogeological parameters estimated
by MRS

Storage parameters
Several usual hydrogeological parameters describe the
quantity of water stored in aquifers: the total porosity, the
effective porosity, the storativity and the specific yield.
The total porosity (n) is the proportion of voids in relation
to the total volume of rock. The effective porosity (ne) is
the ratio between the volume of mobile water in saturated
aquifer (i.e. water that contributes to flow) and the total
volume of rock. The storativity (S) is the percentage of
water that can be extracted from 1 m of saturated aquifer
thickness under a drop of 1 m of head. The specific yield
(Sy) is the ratio between the volume of water that can be
extracted by gravity and the total volume of drained rock.
The specific yield can be expressed as follow:

Sy ¼ n� Sr ð1Þ

where Sr is the specific retention, which includes bound water
(i.e. water that is attached to the solid grain by molecular
forces), water in unconnected pores and water retained by
capillarity. For an unconfined aquifer, the specific yield and
the storativity can be considered as equivalent, whereas in a
confined aquifer, the storativity depends both on the
compressibility of water and of porous media.

Various methods (either field experiments or laboratory
measurements) are used to estimate storage parameters
(e.g. Stephens et al. 1998; Healy and Cook 2002).
Pumping tests are known to be difficult to interpret
accurately in terms of specific yield (Meier et al. 1998;
Kollet and Zlotnik 2005; Tartakovsky and Neuman 2007)
but still represent one of the best available methodologies
at field-scale. In this study, data obtained by pumping tests
were used to calibrate MRS outputs, because the radius of

influence of pumping tests (typically ranging in distance
from the pumping well from a few tens to hundreds of
metres) corresponds approximately to the MRS investiga-
tion scale, which typically ranges from 500 to 15,000 m2

at surface (Legchenko et al. 2004).

MRS parameters
Parameters obtained by magnetic resonance soundings are
the water content (θMRS) and the relaxation times (T1 and
T2*) versus depth (Legchenko et al. 2004). θMRS is
defined as the ratio between the volume of water
detectable by MRS and the total sampled volume. The
relaxation times T1 and T2* (usually expressed in ms) are
related to the exchange of energy, respectively between
protons and their environment and between protons.

Up to present (2009), the existing instrumental imple-
mentation does not allow the measuring of signals with
short relaxation time T2* (shorter than the instrumental
dead time of 40 ms). As a consequence, part of the aquifer
water content cannot be detected by MRS, and the MRS
water content is always lower than the total porosity. The
relaxation time T2* depends mostly on the distance
between water molecules and the pore walls: the longer
the relaxation time, the higher the distance of water
molecules to pore walls (and conversely). The undetect-
able part of the water content corresponds to water
molecules located close to solid grain, i.e. typically bound
water. As a consequence, no signal is usually recorded
from clayey formations. The MRS water content is
assumed to be close to the effective porosity (ne), as long
as unconnected and dead-end pores can be neglected
(Vouillamoz et al. 2007a). This assumption is reasonable
for sandstones and quartz-rich clastics but is likely to be
less valid for carbonates where θMRS >ne or for volcanic
rocks where θMRS <ne (Legchenko et al. 2004). However,
additional field validations of this assumption are needed
to better constrain MRS interpretations (Lubczynski and
Roy 2005, 2007).

Relationships between MRS and hydrogeological
parameters
The relaxation times of the MRS signal (T1 and T2*, in
ms) are linked to the mean size of pores that contain
groundwater and therefore provide a flow-related para-
meter. Considering oil industry experience, the followed
relationship was established for estimating the aquifer
transmissivity (Legchenko et al. 2002):

TMRS ¼ Cp � qMRS T1ð Þ2Dz ð2Þ

where TMRS (in m2/s) and θMRS (dimensionless) are the
transmissivity and the water content estimated fromMRS,Δz
is the thickness of the saturated layer (in m), and Cp (in m/s/
ms2) is a parametric factor which ranges between ∼10–10 and
∼10–6 m/s/ms2 and mostly depends on the geological context.
Equation 2 can be used with the parametric factor proposed
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by default in inversion softwares (7×10–9 m/s/ms2), but for a
more accurate estimate of the aquifer transmissivity, calibra-
tion with some local pumping tests is required. This empirical
relationship is now widely used (e.g. Vouillamoz et al. 2007b;
Chalikakis et al. 2008) but the consistency of the parametric
factor heavily depends on the dataset available for calibration.
Once the parametric factor calibrated for a given aquifer, the
equation can be applied to other sites in the same geological
context in order to increase rapidly and at low cost the number
of transmissivity estimates.

The parametric factor Cp in Eq. (2) is usually
expressed for a temperature of 10°C (Vouillamoz et al.
2007b). The transmissivity T depends both on fluid and on
rocks properties, as follows:

T ¼ k � g
u
� Dz ð3Þ

where k is the intrinsic permeability, g is the acceleration
of gravity and ν is the kinematic viscosity of the fluid, that
is strongly temperature-dependent. Thereby, a temperature
correction is necessary for comparing parametric factor of
aquifers in different geological or climatic contexts.

In a first attempt to correlate the MRS water content
with the specific yield, Vouillamoz et al. (2005) proposed
the following equation:

SyMRS ¼ Cy � qMRS ð4Þ

where SyMRS is the MRS specific yield, θMRS is the MRS
water content and Cy is a parametric factor depending on
the geological context. The relevance of this equation will

be discussed below considering the new data obtained in
southwestern Niger.

Field experiments

The Continental Terminal unconfined aquifer
The studied aquifer is located in semiarid southwestern
Niger, eastward of the Niger River and at few tens of
kilometres east of Niamey (Fig. 1). In this area, the
unconfined aquifer belongs to the Continental Terminal
(CT) formation, a large aquifer that spreads over
150,000 km2, and consists in loosely cemented sandstones
of tertiary origin (Lang et al. 1990). Eastward, the valleys of
the Dallol Bosso and the Dallol Maouri are paleo-rivers filled
up with coarse Quaternary sands (Fig. 1, small inset).
Numerous reliable field measurements of water table
level and groundwater salinity were performed for the
past two decades in this well-known part of the aquifer
(Favreau et al. 2009). The water-table depth ranges from a
few metres below the dry valleys to up to 75 m below the
lateritic plateaus; the saturated aquifer thickness is a few
tens of metres. The substratum of the unconfined CT aquifer
is a continuous clayey layer of a few tens of metres in
thickness that prevents any leakage from the underlying
confined aquifers.

MRS implementation
Twenty-three MR soundings were performed in December
2005 and in November 2006 (Boucher 2007). The

Fig. 1 Location of the surveyed sites. The underlined sites were surveyed with MRS in November 2006, while non-underlined sites were
surveyed in December 2005 (Vouillamoz et al. 2008). Small inset: location of the study area in southwestern Niger and aquifer limits
(orange dotted line); large paleovalleys (locally referred to as “Dallol”) are delineated in light blue
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location of the prospected sites was chosen first to make
possible a calibration of MRS parameters with existing
pumping test data (Fig. 1), and to get a representative
dataset of the changing properties of the aquifer (water-
table depth, aquifer thickness). The observed electromag-
netic noise, which is considered as the main source of
error for MRS (Girard et al. 2005) was low and allowed
for a high signal-to-noise ratio, most often > 3, to be
reached (Vouillamoz et al. 2008).

The methodology for data interpretation was presented
in details in Vouillamoz et al. (2008). The data inversion
was performed by considering a single layer for the
saturated zone. The aquifer geometry (depth and thick-
ness) was fixed in the inversion process using previous
geological information, in order to solve the so-called
issue of “equivalences” (i.e. the fact that different
distributions of water content can result in similar MRS
signal; Legchenko et al. 2004); this allowed increased
accuracy on the estimate of the MRS water content. The
effect of groundwater temperature (ranging from 28 to 33°C
in the surveyed area) was taken into account for MRS
interpretation.

Uncertainty in the amplitude of the MRS signal
depends on both the electromagnetic (EM) noise and on
T2* uncertainty. The mean EM noise was calculated from
the amplitude of the stacked noise of each pulse moment,
and uncertainties on the decay time T2* were computed
using automatic inversion conducted with Samovar
inversion software. Uncertainty in the initial amplitude
of the MRS signal was estimated from the uncertainty in
T2* value (used to extrapolate the initial amplitude of the
signal) and within the range of the mean EM noise
(Vouillamoz et al. 2008).

Pumping tests
Pumping tests performed in the Niger part of the
Continental Terminal unconfined aquifer were discussed
in Favreau (2000). For the scope of this study, this data set
was supplemented by drilling three observation piezom-
eters (of 8, 13 and 24 m in depth) near three pumping
wells in order to obtain three additional values of the
specific yield. All pumping test data were fully re-
analysed, except for one site (Kizamou; Fig. 1, small
inset) for which a detailed summary of the interpretation
was available (Pallas 1970).

A first interpretation of the drawdown and recovery of
pumping test data was performed using the simplified
Cooper and Jacob (1946) approximations of the Theis
(1935) equation, in order to get an approximate estimate
of the unconfined aquifer parameters. In a second step,
considering the characteristics of each pumping well, a
more refined interpretation was performed using a
commercial program (Aquifer Test Pro, Schlumberger
Water Services) for solving equations. Most of the
pumpings were performed in large diameter (1.80 m)
hand-dug wells, with a few cubic metres of groundwater
filling the wells. The analytical solution of Papadopoulos
and Cooper (1967), which takes into account the capacity

effect in wells of large diameter, was chosen to interpret
the drawdown in pumping wells. As drawdown was
usually less than 10% when compared to the saturated
thickness of the aquifer (Table 1), the drawdown in the
observation piezometer (when existing) was interpreted
with the Theis (1935) analytical solution. The recovery
curves were interpreted with the Agarwal’s (1980)
solution which is not affected by well effects. The
uncertainty on both transmissivity and specific yield was
estimated by sensitivity testing of the different interpreta-
tions. The averaged uncertainty on transmissivity was
between +70% and –50%, with maximal uncertainty be-
tween +330 and –96%. The uncertainty on the specific yield
was on average of 40%, for a maximum value of 55%.

Investigated aquifer volumes
The radius of influence (R) of each pumping test was
computed with Dupuit’s formula, which gives the draw-
down in permanent state, and from the Jacob-Cooper
logarithmic approximation (in De Marsily 1986):

R ¼ 1:5
ffiffiffiffiffiffiffiffiffiffiffi
T t=S

p
ð5Þ

where Tand S are the estimated transmissivity and storativity
(here, the specific yield), and t is the duration of the pumping
test. The calculated radiuses of influence ranged between 74
and 280 m. Another estimate of R was obtained by
simulating the drawdown (using Aquifer Test Pro) according
to the analytical solution that was chosen for the pumping-
test interpretation. This method provided similar results as
those obtained by Eq. (5), with radiuses of influence ranging
between 56 and 350 m. Direct observations confirmed this
range of values, with drawdowns of respectively 0.14 and
0.20 m in piezometers located at 64 and 100 m from two
different pumping wells. Comparatively, the radius of influ-
ence investigated by MRS ranged from ∼100 to ∼300 m,
mostly dependent upon the size of the loops (75×75 m or
50×50 m). In depth, the thickness investigated by MRS
corresponds to a mean value of the whole saturated thickness
of the aquifer, whereas pumping tests mostly characterize the
superficial layer that is dewatered during pumping of the
unconfined aquifer.

Results

MRS transmissivity
MRS transmissivity was estimated using the standard
conversion Eq. (2); the averaged parametric factor (Cp)
value for the CT aquifer was of 1.4×10–8 m/s/ms2—which
corresponds to 8.7×10–9 m/s/ms2 at 10°C when taking
into account the change of permeability with temperature;
cf. Eq. (3). This value remains close to that obtained after
the first field acquisition (1.0×10–8 m/s/ms2 at 10°C),
computed with seven points of calibration (Vouillamoz
et al. 2008; Fig. 2). Considering the possible range of
Cp values (from ∼10–10 up to ∼10–6 m/s/ms2; Vouillamoz
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et al. 2007a), the 13% change in the Cp value obtained
when adding seven new transmissivity data in the
calibration dataset is fairly minor. When using the seven
more recent pumping test results as a validation dataset,
the mean uncertainty on computed TMRS was of 150%,
compared to the transmissivity value estimated by pump-
ing test.

MRS transmissivities remained mostly close to those
estimated from pumping tests (Table 1; Fig. 2). The bulk
uncertainty on MRS transmissivity was computed consid-
ering both the uncertainty on the MRS water content
(θMRS), and on the relaxation time T1. The resulting
uncertainty lied between –60 and +100% (Fig. 2). This
range remains close to the mean uncertainty on transmis-
sivity values obtained by pumping tests.

MRS water content and specific yield
The MRS water content appears positively correlated with
the specific yield; sites with higher specific yield also
present higher MRS water content (Fig. 3; coefficient of
correlation is 96%). A second result is that MRS water
contents are always higher than specific yield values.

The specific yield was first estimated from MRS water
content using Eq. (4). The best fit, obtained with Cy=
0.38, achieves a residual error of 60% (Fig. 3). The higher
misfits are observed for the lowest values of specific yield
for which the difference can reach 400%. The main
drawback of Eq. (4) is that the computed differences
between the MRS water content and the specific yield
increase for higher values, whereas the difference between
the total porosity and Sy is known to decrease for higher
values of Sy (Fetter 2001).

In order to improve the fit, the conversion equation was
modified in:

SyMRS ¼ Cy0 � qMRS � z ð6Þ

where Cy′ and ζ are two parametric factors. Using this
equation, the residual error is 30%, with the best
parametric factors (Cy′=0.59 and ζ=5.49). However, this
relationship provides negative values of SyMRS for 5 out
of the 23 surveyed sites, where the MRS water content is
lower than 10% (Table 1). As the MRS water content
ranges between Sy and the total porosity, a linear
relationship between SyMRS and θMRS can not fit the data;
a more conceptual approach should be considered.

Discussion

Reliability of the parametric factor Cp
Fourteen values of transmissivity were used for computing
the averaged parametric factor Cp; this represents one of the
largest dataset for an unconfined aquifer (Vouillamoz et al.
2007a). The Cp values ranged from 2.5×10–9 up to 3.3×
10–8 m/s/ms2 with an average value of 1.4×10–8 m/s/ms2

(Fig. 4). With a single point of calibration, the uncertainty on
the Cp value was between –80 and +130%. With an
increasing number of calibration data points, the uncertainty
on the Cp value decreased (for instance, with three points of
calibration, uncertainty lies between –70 and +90%). All
combinations with at least seven points of calibration would
provide an acceptable Cp value differing by less than 50%
from the average Cp value (Fig. 4). Given the possible range
of Cp values reported in the literature (from ∼10–10 up to
∼10–6 m/s/ms2; Vouillamoz et al. 2007a), a single point of

Fig. 2 Transmissivity estimated by MRS reported as a function of
transmissivity estimated by pumping test. White diamonds represent
data discussed in Vouillamoz et al. (2008), while blue diamonds
correspond to additional data (this study)

Fig. 3 MRS water content in the saturated part of the aquifer as a
function of the specific yield obtained by pumping tests. Data labels
refer to site names as reported in Table 1
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calibration was shown to significantly improve the estimate of
TMRS compared to the use of the Cp value proposed by default
in inversion software.

A complementary parametric function for determining
TMRS was suggested by Plata and Rubio (2008):

Cp ¼ m F�n ð7Þ

where Cp is the parametric factor of Eq. (2), F ¼
�MRS T

2
1 Dz, and where m and n are fixed values determined

by a “universal” (i.e. valid for all aquifers) function. The
computed values of the parametric factor Cp were reported
as a function of F; a negative trend was observed, with no
clear grouping of data as a function of MRS site character-
istics (Fig. 5). The coefficientsm and n proposed as universal
by Plata and Rubio (2008; i.e. m ¼ 4:05� 10�7 and n=
0.4186 for high values of F) did not allow for data fitting.
Consequently, these coefficients probably depend also on the
geological context. In the case of the CTaquifer, the adjusted

coefficients (m ¼ 5:89� 10�6 and n=0.5423) were used to
compute TMRS from Eqs. (2) and (7). Results showed only a
slight improvement when compared with the use of a
constant Cp value (residual mean square between TMRS

and TPt of 75% instead of of 86%). This improvement is
poorly significant considering the requirement of two
additional parametric factors (m and n).

Calibration of the specific yield
A review of the expected relationship between the MRS
water content (θMRS) and the specific yield (Sy) was
proposed by Lubczynski and Roy (2007). For an
unconfined aquifer, key remarks are as follows: (1), θMRS

shoud be higher than Sy, and (2), θMRS could be
considered as roughly equal to the effective porosity
(ne). However, in situ measurements at site scales were
lacking to validate these assumptions.

Results of the MRS surveys in SW Niger provided
confirmation of the first of these two hypotheses. In
addition, it was shown that θMRS for silty to fine sand
formations was in a range from 5 up to 25%, whereas
coarser sands from the Quaternary valleys showed θMRS

of up to 43% (Table 1). It was therefore assumed that for
sandstone aquifers, θMRS should increase with grain size.

The general relationship between the median grain size
and storativity parameters indicate that both the total
porosity (n) and the specific retention (Sr) decrease when
grains become coarser (e.g. DeMarsily 1986; Stephens et al.
1998). For the smallest grain sizes, the specific retention
changes more rapidly than the total porosity, and the specific
yield reaches a maximum for intermediate grain size
(Fig. 6a). At the scale of a grain, the relationship between
the specific yield and the grain size is due to the fact that the
amount of bound water is directly linked to the specific
surface, while the amount of capillary water is linked to the
pore size distribution. Both specific surface and pore size
distribution depend on the median grain size. However, as
outlined by De Marsily (1986), this relationship is a
simplified view and should not be applied when estimating
the specific yield from the median grain size. An illustration
of this statement is provided in Figure 6b; although the shape
of this relationship is unique, the value of the specific yield
for a given median grain size may change by more than 20%
depending on the considered relationship. Similar conclu-
sions can be drawn for the total porosity, with discrepancies
of up to 15% for a given range of grain size.

The proposed relationship between the MRS water
content and the specific yield is based on the assumption
that the specific retention (Sr), and the amount of water
undetectable by MRS �u ¼ n� �MRSð Þ follow a similar
pattern as a function of grain size. This hypothesis is built
on the fact that the amount of undetectable water depends
first on the mean relaxation time T2*, which itself depends
on the pore size; the standard deviation of T2* could also
have a minor influence on the amount of undetectable
water, but this was not taken into account. In order to get a
pattern that follows the relationships available in literature
(cf. Fig. 6), a model of Sr and θu changes as a function of

Fig. 5 Parametric factor Cp as a function of factor F =
θMRS(T1)

2Δz (After Plata and Rubio 2008)

Fig. 4 Change of the computed parametric factor Cp as a function
of the number of calibration data. The range of acceptable values
stands for a deviation of ±50% around the mean value
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Fig. 7 Calibration of the MRS water content in the Continental Terminal unconfined aquifer. a Model of total porosity, specific yield,
specific retention (Eq. 8), MRS water content and water undetectable by MRS (Eq. 9) as a function of grain size. b Corresponding diagram
of the MRS water content as a function of the specific yield; the proposed relationship between the MRS water content and the specific
yield is based upon the model of changes in the MRS water content and the specific yield as a function of the median grain size reported in
Fig. 7a

Fig. 6 Total porosity, specific retention, and specific yield versus the median grain size of the aquifer matrix. a General shape of the
relationships; b Different graphs of the total porosity and of the specific yield as a function of grain size: Grey blocks represent data from
Johnson (1967; in Fetter 2001); the dashed-dotted lines represent data from De Marsily (1986); the dashed lines represent data from
Stephens et al. (1998)
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grain size was built (Fig. 7a) using the following
equations:

Sr rð Þ ¼ n rð Þ � Srminð Þ � 1� exp �A1 � r�B1
� �� �

þ Srmin ð8Þ

qu rð Þ ¼ n rð Þ � qu minð Þ � 1� exp �A2 � r�B2
� �� �

þ qu min ð9Þ

where r is the median grain size, A1,2 and B1,2 are
parametric factors; and Srmin and θu_min are the lower
values of, respectively, the specific retention and the
amount of water undetectable by MRS (corresponding to
the coarsest grain sizes). The total porosity was arbitrary
chosen at a maximum of 55% for grain sizes of 0.001 mm,
and then linearly decreased by 1–5% per log cycle
(Fig. 7a).

Parametric factors A1,2 B1,2 Srmin and θu_min were
adjusted considering the following criteria: (1) the model
should reasonably fit field data (Fig. 7b); (2) MRS is
unable to detect water in clay (Legchenko et al. 2002); (3)
granulometry of the studied aquifer corresponds mainly to
fine sand (Massuel et al., 2006). Considering these
conditions, the best set of parametric factor was found to
be (cf. Fig. 7): A1=0.16; B1=0.8; Srmin=17%; A2=0.16;
B2=0.6; and θu_min=1%. The resulting relationship be-
tween the specific yield and the MRS water content is
clearly non-linear; the fit with the data showed a residual
error of 60% (Fig. 7b). This mean residual error is similar
to those obtained with linear equations—Eqs. (4) and (6).
Although this conceptual model calls for more parameters,
it is more satisfactory, because errors are more scattered
and do not concern only the lowest specific yields; in
addition, the non-linear behaviour is well reproduced for
lower values. Compared to Eq. (4), this conceptual model
also shows the expected lack of increase in the difference
between the MRS water content and the specific yield for
higher values (Fig. 3). The main misfit is observed for the

highest Sy value, obtained in a slightly different context of
coarse Quaternary sands (Table 1).

Limitations of the calibration model
The proposed calibration model is limited in its applica-
tion by several key assumptions. First, the model assumes
that the specific yield mainly depends on the median grain
size, which may depend on the geological context. For
instance, unconnected and dead-end porosity can be
significant in volume in fractured aquifers, depending on
the opening of fissures; in porous media, the specific
retention mainly depends on the median grain size, but
depends also on grain sorting (Stephens et al. 1998).
Secondly, the water undetectable by MRS is assumed to
be influenced mainly by mean pore size, via the relaxation
time T2*. As T2* is also dependent on the magnetic
properties of rocks, the calibration procedure should also
consider this factor.

The validity of these two assumptions was examined
for the study area. The storage of grains could be
estimated through grading curves, which usually indicate
relatively well-sorted sands (Boeckh 1965); however, the
clay fraction can significantly vary with depth, with local
values up to 40% (Massuel et al. 2006). The Quaternary
alluvial sediments are known for being better sorted than
the CT sandstones (Pallas 1970). This could partly explain
the difficulty in fitting the highest Sy value (Fig. 7b).

The possible influence of the magnetic properties was
estimated by comparing T1 and T2* time parameters
obtained by MRS. The relaxation time T2* was shown to
be positively correlated (coefficient of correlation of 64%)
with the relaxation time T1, which itself is poorly
influenced by magnetic properties (Legchenko et al.
2002). The relaxation time T2*, and thus the water content
undetectable by MRS, were therefore considered as
mostly dependent on the pore size. As the influence of
the magnetic properties of rocks decreases when the
distance between water molecule and solid grain
increases, smaller pores are more affected by magnetic
effects. This could partly explain the observed variability

Fig. 8 Statistical distribution for the CT aquifer of a permeability values fitted by a lognormal law and b specific yield values fitted by
one-sided Gaussian distribution
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of the MRS water content for the lowest specific yield
values (Fig. 7b).

Aid for aquifer parameterization
The permeability (K) was computed for each site surveyed
by MRS, considering TMRS and the estimated thickness of
the aquifer. In addition, the proposed calibration model
(Fig. 7b) allowed for the estimation of the specific yield
for each site investigated with MRS (Table 1). For the
whole CT aquifer, only 14 values of K and 5 values of Sy
were obtained by pumping tests, whereas 22 values were
available by MRS. The K and Sy values estimated by
MRS therefore allowed a much more robust statistical
analysis of their distribution within the aquifer. Histo-
grams of K and Sy estimated by MRS are displayed in
Fig. 8. The distribution of permeability values followed a
lognormal law (Fig. 8a), in good agreement with the
statistical distribution commonly considered in groundwa-
ter modelling (e.g. Journel et al. 1998; Deutsch 1999).
Specific yield values followed a one-sided Gaussian
distribution (Fig. 8b). These statistical distributions appear
as useful pieces of information for better constraining
groundwater simulation results.

Conclusion

The specific yield was estimated by pumping tests at six
different sites. The MRS water content appeared to be
systematically higher than the specific yield, both values
being positively correlated. A conceptual model, based on
the empirical relationship between grain-size distribution,
total porosity, specific yield and specific retention was
proposed. The observed fit between the MRS and
pumping test data was reasonably satisfactory, considering
the natural geological conditions of the experimental
dataset (residual error of 60%). In order to better constrain
the relationship between the specific yield with MRS
outputs parameters, validation on samples in controlled
condition would be relevant.

The large dataset (14 values) obtained by MRS and
pumping tests data in the unconfined Continental Terminal
aquifer in Niger allowed for the checking of the efficiency
of the standard relationship commonly used for estimating
aquifer transmissivity using MRS. An increase in the
number of calibration data was shown to improve the
accuracy of the parametric factor Cp, which depends on
the aquifer characteristics. A single point of calibration
allows for the estimation of the parametric factor with an
uncertainty ≤ 150%, whereas with seven points or more,
uncertainty on the final value is < 50%. When interpreting
MRS in terms of aquifer transmissivity, a mean discrep-
ancy of 150% from the transmissivity value estimated by
the pumping test was achieved.

MRS appears as a promising non-invasive method for
obtaining a large dataset of transmissivity and specific yield
parameters for shallow unconfined aquifers. For groundwa-
ter modelling, a consistent statistical distribution of T and Sy

parameters could be obtained at the aquifer-scale at low cost
compared to other field-scale methods (e.g. pumping tests).
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