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ABSTRACT

Hundreds of thousands of boreholes have been drilled in hard rocks of Africa and Asia for supplying human
communities with drinking water. Despite the common use of geophysics for improving the siting of boreholes,
a significant number of drilled holes does not deliver enough water to be equipped (e.g. 40% on average in Benin).
As compared to other non-invasive geophysical methods, magnetic resonance sounding (MRS) is selective to
groundwater. However, this distinctive feature has not been fully used in previous published studies for quanti-
fying the drainable groundwater in hard rocks (i.e. the specific yield) and the short-term productivity of aquifer
(i.e. the transmissivity). We present in this paper a comparison of MRS results (i.e. the water content and pore-
size parameter) with both specific yield and transmissivity calculated from long duration pumping tests. We con-
ducted our experiments in six sites located in different hard rock groups in Benin, thus providing a unique data
set to assess the usefulness of MRS in hard rock aquifers. We found that the MRS water content is about twice the
specific yield. We also found that the MRS pore-size parameter is well correlated with the specific yield. Thus we
proposed two linear equations for calculating the specific yield from the MRS water content (with an uncertainty
of about 10%) and from the pore-size parameter (with an uncertainty of about 20%). The later has the advantage
of defining a so-named MRS cutoff time value for indentifying non-drainable MRS water content and thus low
groundwater reserve. We eventually propose a nonlinear equation for calculating the specific yield using jointly
the MRS water content and the pore-size parameters, but this approach has to be confirmed with further
investigations. This study also confirmed that aquifer transmissivity can be estimated from MRS results with
an uncertainty of about 70%. We conclude that MRS can be usefully applied for estimating aquifer specific yield
and transmissivity in weathered hard rock aquifers. Our result will contribute to the improvement of well siting
and groundwater management in hard rocks.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

of pre-existing discontinuities as geological fault or lithological disconti-
nuity (Dewandel et al,, 2011).

Hard rocks of plutonic and metamorphic origin are the basement of
continents and they outcrop over large areas throughout the world.
Groundwater in hard rocks is the only water source for many human
communities in Africa and India (Calow et al., 2010; Mukherji, 2008).
The weathering processes of hard rocks result in a heterogeneous
groundwater reservoir which is fissured at depth and unconsolidated
on top. This groundwater reservoir is conceptually described as a two
layer reservoir where the fissured layer is located just below the uncon-
solidated saprolite layer (Lachassagne et al., 2011). Vertical fissured
zones also exist but to a much less extent within or in the surroundings
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The conceptual layered model of weathered hard rock aquifers has
been confirmed by a number of research works (e.g. Dewandel et al.,
2006) and by hundreds of thousand boreholes which have been drilled
since the eighties for supplying people with groundwater in Africa and
India. Hard rock aquifers are generally poor, i.e. they can produce few
hundreds to few thousand litres per hour (MacDonald et al., 2012).
Boreholes producing less than 700 1 per hour (i.e. the minimum usually
required for supplying a hand pump) are considered as negative and are
quite common (Courtois et al., 2010). In Benin, the national data base in-
dicates that 40% of the wells drilled in hard rocks are negative (popula-
tion of 3172 wells). Moreover the pumped yields of positive boreholes
are often not sustainable for supplying the increasing needs coming
from the significant number of urban areas mushrooming in developing
countries.

Hydrogeologists optimize the siting of boreholes in order both to re-
duce the number of negative wells and to increase the sustainable yield
of pumping. Based on the conceptual model of hard rock aquifers, the
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strategy for selecting the best location for drilling in a non-or-partly
eroded weathering profile is to identify the thicker saprolite and fis-
sured layers. But estimating the geometry of the layers is not sufficient
since the layers also have to be saturated and not clogged (i.e. not too
clayey). Thus, hydrogeologists would also like to know before drilling
the additional characteristics of the aquifer as its transmissivity (i.e.
the short-term productivity) and its storativity (i.e. the amount of
stored groundwater which can be drained when pumping). Storativity
of unconfined aquifer (the so-named specific yield Sy) is a fundamental
property since it controls the available space for storing drainable
groundwater and recharge. Therefore, specific yield buffers the effect
of rainfall/recharge variability and it partly controls the sustainability
of the yield.

Geophysical methods are commonly used for siting boreholes in
hard rock aquifers and most of the drilling campaigns are still based
on common Electromagnetic (EM) and/or Direct Current (DC) resistiv-
ity methods (e.g. Dutta et al., 2006; Yadav and Singh, 2007). The electri-
cal resistivity of rocks has been successfully used for estimating the
geometry of the weathered layer and the structure of the rocks but it
is not appropriate for quantifying transmissivity and storativity in clay-
ey environments as saprolite and fissured layers. As compared to EM
and DC resistivity methods, Magnetic Resonance Sounding (MRS)
method is selective with respect to groundwater and thus it can provide
a more direct link to hydrogeological properties (Legchenko et al., 2002).
MRS has been already used to investigate hard rock aquifers but no
quantitative relationships between MRS parameters and specific yield
have been proposed in most of the published works (Baltassat et al.,
2005; Legchenko et al., 2004, 2006; Portselan and Treshchenkov, 2002;
Wyns et al., 2004). To our knowledge, only one paper tried to establish
quantitative relationships between MRS results and hydrogeological
properties of hard rock aquifers (Vouillamoz et al., 2005). The reason
is because obtaining both MRS and hydrogeological properties is time
and money-consuming and thus rarely carried out. In their published
paper, Vouillamoz et al. (2005) used a data set obtained in a single
area (located in Burkina Faso) for assessing the link between specific
yield and MRS data. Their results are not universal considering the
great variety of lithology in hard rocks. Moreover, part of the pumping
data set was issued from (semi) confining layers which do not allow a
proper assessment of the specific yield. Finally, the authors concluded
that the storativity estimated from MRS in their work was not reliable
and they recommended the set up of new experiments based on a
new comprehensive data set.

This paper presents the results of a new research work carried out in
hard rock aquifers in Benin. We tried to overcome the limitations en-
countered in Vouillamoz et al. (2005). First, we carried out experiments
in 6 different geological units to expand the range of aquifer types
covered. Second, we implemented long duration pumping tests for
assessing both the aquifer specific yield and transmissivity. Third, we
estimated the specific yield of aquifer not only using the MRS water
content (i.e. the former approach) but also using the MRS pore-size pa-
rameters (i.e. a new approach derived from the oil industry; Vouillamoz
etal.,, 2012, 2014). We also checked how transmissivity can be estimat-
ed from the MRS results.

2. Material and method

For assessing the links between MRS parameters and hydrogeological
properties of various types of hard rock aquifers, we carried out 39 MRS
in a large variety of hard rocks. Then we selected six experimental sites
where MRS parameters have a broad range of values, each site being lo-
cated in a different hard rock group. At each experimental site, we
drilled 3 boreholes (i.e. one pumping well and 2 observation wells)
and we carried out pumping experiments for quantifying the specific
yield and the transmissivity. Finally, we compared the MRS output
parameters with the specific yield and transmissivity known from
pumping tests. Our study does not intend to assess the properties of

the fissured and saprolite layers separately because the success and
the sustainability of a borehole are controlled by the combined proper-
ties of each individual layer. Moreover, the boundary between the two
layers is a conceptual boundary, i.e. it is not sharp but rather smooth
since the layers resulted from the same weathering processes. Thus,
our study focussed on average properties of aquifers, i.e. the properties
of a single layer which behave as the saprolite and fissured layers
together.

Detailed description of the well known MRS and pumping test
methods is not in the scope of this paper and it can be found in numer-
ous publications (e.g. Legchenko (2013) for the MRS method, Renard
et al. (2009) for the pumping test methods). The investigated spatial
scale of both conventional pumping test and common MRS is about
the same, thus making the comparison of results possible (Lubczynski
and Roy, 2003; Vouillamoz, 2003).

A conventional pumping test refers to the analysis of groundwater
head response to a pumping (Kruseman and de Ridder, 2000). Short du-
ration single well tests are commonly carried out to estimate the prop-
erties of the well (e.g. head losses, appropriate pumping yield, etc) and
the local transmissivity of the aquifer. However, a more comprehensive
pumping test which requires at least 2 wells (i.e. a pumping well and an
observation well) and longer pumping duration is needed for assessing
the aquifer specific yield and a larger scale transmissivity. The storativity
and transmissivity are usually calculated from the groundwater head
and pumping yield recorded during the field experiment using an ana-
lytical solution which has to be carefully chosen. The log-derivative of
the measured drawdown as a function of time together with knowledge
about aquifer condition and groundwater flow type are used by
hydrogeologists for choosing the appropriate analytical solution
(Renard et al., 2009). The aquifer parameters derived from the pumping
test analysis are some average values of the properties of the volume
of aquifer which is investigated by the test (Meier et al., 1998;
Sanchez-Vila et al.,, 1999).

MRS is the field scale implementation of the nuclear magnetic reso-
nance method. To carry out a measurement, the nuclei of the hydrogen
atoms of water molecules in the subsurface (i.e. protons) are energized
with an EM pulse, and the signal response of the hydrogen nuclei is
measured after the energizing pulse is switched off. The recorded signal
of the hydrogen nuclei oscillates at the Larmor frequency o; and has an
exponential envelope that decays at time rate T5. This so-named Free
Induction Decay (FID) signal is:

e(t,q) = Eop(q) - exp(—t/T5(q)) - sin(w; + ¢(q)) (1)

where e(t,q) is the envelop of the decaying FID, Eogp is the ampli-
tude of the signal just after the energizing pulse g has been turned
off, and ¢ is the phase shift of the signal. The decay parameter T3
of the FID signal is usually dominated by interactions between the
hydrogen nuclei of water and the solid surface of the geological reservoir.
1/T§k = P2 Spore/Vpore Where p, is the surface relaxivity (i.e. the property
of the surface of the rocks to enhance relaxation) and Spere/Vpore is the
ratio of pore surface to pore volume: the smaller is the average pore
size, the smaller is the value of T3 (Schirov et al., 1991). Nowadays,
short FID signals (i.e. T3 values smaller than of 10 to 40 ms) cannot be re-
corded by the commercial instrumentations. Thus, in aquifer with small
grain size (i.e. small values of T3 ) the MRS groundwater content 6yzs
which is obtained from Eqgp is less than the total porosity n of the satu-
rated rock 6,,s < n (Lubczynski and Roy, 2007). Moreover, when
pumping in an unconfined aquifer, a portion of the water that generates
FID signal in saturated condition (i.e. before pumping) cannot be drained
by gravity forces: the smaller is the average size of the pore, the higher is
the amount of water that cannot be drained (Vouillamoz et al., 2014)
and:

Opirs =S, 2)
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The difference between 6yzs and Sy decreases towards coarser pore
size (i.e. longer T5') and the problem is then to quantify the relationship
(2) to be able to calculate Sy from 6ygs. Note that the decay T3 can be
affected by the magnetic property of the rocks and thus it can be poorly
linked to the geometry of the pores (Legchenko et al., 2010; Vouillamoz
etal, 2011). The use of the so-named T; decay time of the MRS signal
can be more appropriate since T; is poorly affected by the magnetic
property of rocks (Legchenko et al., 2002). However the accurate mea-
surement of T; is time consuming and thus it is only carried out when
the use of T3 is not appropriate (Walbrecker and Behroozmand, 2012).

Besides the storage properties of aquifer that can be assess from MRS
parameters (Eq. (2)), the relationship between the MRS signal and
the mean size of the saturated pore has been successfully used for esti-
mating transmissivity of saturated rocks from (e.g. Legchenko et al.
(2002); Ryom Nielsen et al. (2011); Vouillamoz et al. (2002, 2007,
2008):

b
Tyms = Cr - Ogs” - Ti” - Az 3)

where Tygs is the transmissivity, T; is the MRS decay and Az is the thick-
ness of saturated layer. Cr, a and b are parametric factors which are
calculated comparing Tyrs With known transmissivity.

2.1. Area of investigation

Field measurements were conducted in 2013 in the hard rocks envi-
ronment of Benin, Africa. We selected six experimental sites located in
different hard rock units of the country (Fig. 1). The geology of the in-
vestigated area is composed of metamorphic rocks. According to the
geological map, the main rocks are gneiss and migmatites in the central
part of the area, and granitic rocks in the eastern part (Office Béninois
des Mines, 1984). The drilling cuttings collected at each experimental
site confirmed the geological map and reveal gneiss, migmatites, granite
and mica schist rocks (Table 1).

Table 1
Geological formation and rocks encountered at each experimental site.

Experimental site Geological formation

(from the geological map)

Rocks (drilling cuttings)

ARA Djougou formation Mica schist

FD19 Donga formation Gneiss

F68 Migmatites of We We Gneiss migmatitic
FD30 Migmatites of the axial zone Gneiss migmatitic
FD17 Sillon of Oueme group Gneiss

F117 Nikki Perere complex Granite

2.2. Hydrogeological measurements

We drilled three boreholes at each experimental site to perform
pumping experiments. Depending on the site, the Static Water Level
(SWL) was ranging in-between 3.7 and 8 m below ground surface at
the time of pumping experiments. At each site, we pumped for 72 h in
one well (PW) and we used the other boreholes as observation wells
(OW) for monitoring the groundwater level. We choose the pumping
yield according to the results of a preliminary pumping step-test carried
out before the 72 h test (Kruseman and de Ridder, 2000). Depending on
the site, the pumping yield was ranging in-between 330 and 12,000 I/h.

When interpreting the pumping tests, we were monitoring for a year
at each experimental site the groundwater electrical conductivity and
level together with the rainfall. The records suggest that the aquifers
are unconfined. The unconfined condition was confirmed by the draw-
down log-derivative analysis of the pumping tests (Renard et al., 2009).
We selected the Tartakovsky and Neuman (2007) and Moench (1997)
analytical solutions implemented in AQTESOLV™/Pro v4.5 software to
interpret the experiments and to compute a delayed gravity response
with noninstantaneous drainage of the unconfined aquifers. The best
solution was chosen to minimize the average difference 6 between the
field drawdown measurements and the fitted model. The uncertainty
in the transmissivity and specific yield estimates was calculated from
the 95% confidence interval for each parameter. The confidence interval
is approximated under the assumptions that the model is linear in the

Experimental sites

Main Geological units
I Djougou formation

B Donga formation

' Migmatites of the axial zone
Migmatites of We We
Ultramylonites of the axial zone
" Sillon of Oueme group

Wari Maro complex

0 Migmatites of Agramarou

I Nikki-Perere complex

B Late to post-tectonic granites

rocks

Fig. 1. Location of experimental sites and simplified geological map (modified from Office Béninois des Mines, 1984).
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Table 2
MRS measuring conditions and obtained signal to noise ratio.
Experimental site MRS loop shape and size Larmor frequency #Stack Signal to noise ratio
ARA Eight, 75 m 1412 Hz 400 5.6
FD19 Square, 125 m 1413.5 Hz 130 4.6
F68 Square, 125 m 1411 Hz 250 22
FD30 Eight, 62.5 m 1414 Hz 240 6.2
FD17 Eight, 62.5 m 1414.5 Hz 400 22
F117 Square, 125 m 1424 Hz 400 2.8

neighbourhood of the minimum of the objective function 6 and the
errors are normally distributed.

2.3. MRS measurements

MRS measurements have been carried out with the NUMIS™™YS ap-
paratus from Iris Instruments (Bernard, 2007). The shape of the MRS
loop was selected according to EM noise conditions encountered in
the field (Trushkin, 1994; Table 2). The size of the loop (i.e. the length
of the sides) was chosen as large as possible for increasing the
amplitude of the MRS signal, and the number of stacks was chosen to
maximize the signal to noise ratio.

MRS Free Induction Decay (FID) measurements were interpreted
with Samovar V11.3 software (Legchenko et al., 2008). The chosen
MRS result is the single layer model which fits well the field records.
The uncertainty in the MRS results is calculated by estimating the
space of acceptable solutions (i.e. the equivalence analysis). The solu-
tions are considered acceptable if the difference & between the field
data and the calculated solution is lower than a threshold value which
is given by the noise in the data.

3. Results

We first present an example of results obtained at ARA experimental
site, and then the synthesis of the 6 investigated locations.

3.1. Example of measurements at ARA site
The MRS sounding has been carried out with a Larmor frequency of

1412 Hz. The data has a good signal to noise ratio (i.e. 5.6 on average)
and uncertainties of the MRS parameters are low (Fig. 2 and Table 3).

Because our study focuses on the average properties of hard rock
aquifers (see Section 2. Material and method), the inversion is carried
out using a single layer model. It results in a layer located from 1.5 to
22 m deep with Oygs = 3.9% and T5 = 150 ms. The lithology obtained
from the boreholes clearly identifies this single MRS layer as the sapro-
lite layer (Fig. 3A). As already observed in other studies (e.g. Vouillamoz
etal.,, 2014) the MRS model indicates the presence of water at a depth of
1.5 m although the Static Water Level (SWL) measured in the boreholes
is located at 3.7 m deep. MRS signal is generated above the SWL by the
capillary fringe which is the zone above the water table where capillary
forces draw water up from the saturated zone.

An inversion carried out using a smooth multi-layer model identifies
the geometry of the saprolite and the fissured layers better than the sin-
gle layer model (Fig. 3B). The difference ¢ between the data and the
model is slightly lower for the multi-layer model as compared to the
single layer model (¢ = 5.8 nV and € = 8.5 nV respectively) but both
¢ are close to the value of the mean noise (i.e. 8 nV). Moreover, both
models are equivalent since the product of their water content times
thickness is about the same (Legchenko, 2013): 0.98 m and 1.01 m re-
spectively. Thus, we consider the single layer model as representing
the average properties of the aquifer.

The 72 h pumping test has been carried using borehole #1 as
pumping well (PW#1) and monitoring the water levels in boreholes
#2 and #3. Analytical solution for unconfined aquifer fits well the data
with a mean difference 6 of 3 cm for both OW#2 and OW#3 (Fig. 4).
As observed in sedimentary rocks (Boucher et al., 2009; Vouillamoz
et al., 2012) the specific yield obtained from the interpretation of the
pumping test is lower than the MRS water content: Sy = 2.3% and
Omrs = 3.9% (Table 3). This observation indicates that part of the MRS
signals is generated by water which is not drained by gravity when
pumping.

A-FID signal B-Sounding and model
Time (ms) Tg* (ms) EgFip (nV) Phase (°)
0 50 100 150 200 0 150 300 0 40 80 120 160-180-90 O 90
150 0 0
q=190A.ms QO P
le! +
o) +
o +
1000 . L 1000
o] + -
E
2000 o + 2000 <
o
o -
3000 3000
fo) +
b g i
TR 000 4000
O data exponential fit O data —— model 1 layer
+ noise + noise — — smooth model

Fig. 2. MRS measurement at ARA site. A: Examples of FID signal. B: MRS data and fitted models.
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Table 3
MRS and pumping test results, Ara site (uncertainty calculated as mentioned Section 2.
Material and method).

MRS water content Decay T,* Specific yield
Best model (single layer) 3.9% 150 ms 23%
Relative uncertainty 10% 20% 47%

3.2. Relationship between MRS parameters and specific yield

Let us first use the common approach which consists in comparing
Omrs to the specific yield Sy (Fig. 5A). We observe that 6ys is
always higher than Sy and that a linear relationship can be fitted accord-
ing to:

S, = 0.53 - fyygs + 0.007. (4)

The Eq. (4) is consistent with Vouillamoz et al. (2005; 2012;
2014) and Boucher et al. (2009) who also observed that MRS water
content is higher than specific yield. As mentioned by the latter, the
relationship is probably not linear but within the range of encountered
MRS water content in our study (i.e. 2 < 0yzs < 13%, Table 4) the linearity
is acceptable (Fig. 5A, determination coefficient of 0.95). Note that
Eq. (4) is theoretically valid down to very low MRS water content, i.e.
Sy < OMRS = OMRS >15- 104

Eq. (4) indicates that about half the MRS water content Oyzs is water
that is not drained by gravity when pumping, i.e. capillary water. The
amount of capillary water is controlled by the size of the pores and
thus it can be linked with the decay T3 of MRS signal. This assumption
is the basis of the so-named Apparent Cutoff Time (ACT) approach re-
cently presented by Vouillamoz et al. (2012; 2014). Our data set con-
firms that specific yield has a linear relationship with T3 (Fig. 5B). A
threshold value of T can be identified (i.e. the ACT value) correspond-
ingly to Sy — 0 = T = 109ms. Thus, when T < ~ 110ms = S, — 0
because the MRS signals are generated by non-drainable water. When

A-Boreholes & lithology

PW#1 owi#2
0
N clay&crust
5 SWL
L == B
10 o
g weathered
15 @ | mica schist
20 - _V _____ -
5 A
—_— 25
£ = fresh
= ©
= | mica schist ©
£ 30 E
o i A
a 35 2 s
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40 =l e : X
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50 £
<
@
55 — &
60

Time (min)
10 100 1000 10000

2 1 I\IIHIl 1 11 \II\‘ Il | 1111
— _| ow#2
E 15
= o

1 —
I *
£ o0+
o

05 O drawdown — model

= 2 ow#3 + derivative
E 15
c

1 o
'§ 05
z - M
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[a] J

'05 T LI Hl T 11 I\‘ T T TTT1T
10 100 1000 10000
Time (min)

Fig. 4. Pumping test at ARA site.

T > =~ 110ms the MRS signals are generated by both drainable water
(i.e. specific yield) and non-drainable water (capillary water) and:

S,=78: 107*.T;—0.085 (with T, in millisecond). (5)

Eq. (5) is the first experimental evidence that the specific yield of
hard rock aquifers can be derived not only from 6yzs but also from T,
The use of 6yks alone is not sufficient for assessing extractable ground-
water because magnetic resonance signals that exhibit Ty < ACT are
not generated by drainable water.

B-MRS
OW#3 Omrs (%) Decay T,* (ms)
02 46 8 0 100 200
~k )
) i
- '

—— model 1 layer
smooth model

Fig. 3. Experiments at ARA site. A: Borehole lithology. SWL is the static water level. B: MRS model.
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Fig. 5. Comparison of MRS parameters with specific yield. R? is the coefficient of determination. A-MRS water content. B-MRS decay T,*.

3.3. Relationship between MRS parameters and transmissivity

We compare MRS transmissivity calculated from Eq. (3) with trans-
missivity obtained from pumping test at our 6 experimental sites. The
best fit is obtained witha = 1,b =2and G; =3 - 1073 (m - s72)
(Fig. 6). The value of Cris in the range of published values for hard
rock aquifers using the same values of aand b (1 - 1073 <Cr<7 -
10~3m - s—3; Plata and Rubio, 2008).

4. Discussion
4.1. Quantification of specific yield

The estimates of the specific yield from both 6pzs and T, " are accu-
rate since the mean differences with the specific yield calculated from
the pumping test are less than the uncertainty of the pumping test re-
sult (Tables 4 and 5). Moreover these differences between pumping
test and MRS specific yield are far less than the difference found in the
previous work carried out in hard rock aquifers (i.e. 80% in Vouillamoz
et al,, 2005). As mentioned by the latter, the reason is that the previous
estimate was not reliable since some of the aquifers were (semi)
confined.

We observed that 6)zs is about twice the specific yield in a large va-
riety of hard rocks. This observation is in accordance with Hector et al.
(2013) who estimated the specific yield from gravity monitoring at a
distance of 650 m away from our experimental site ARA, and concluded
that the ratio S,/0yrs =~ 0.63 £ 0.15.

We also observed that the recently developed ACT approach can be
successfully used to estimate the specific yield from T,*. The main
advantage of the ACT approach as compared to the use of Oys is the
definition of a site specific threshold value T,*~110ms which indicates
the boundary between drainable and not drainable MRS water content.
The practical application of the ACT is to determine from a MRS mea-
surement if the water content can be used by pumping and thus if a
borehole can be drilled. The knowledge of the value of s is not suffi-
cient to achieve a successful borehole siting. However, Eq. (5) is site

Table 4
Calculated data and uncertainties (population of 6).

Parameter/property Max value Min value Average uncertainty
MRS water content 13% 2% 11%
MRS decay T 210 ms 135 ms 6%
Pumping test specific yield ~ 7.7% 1.7% 20%
Pumping test transmissivity 3.9.107% m?/s  1.8107° m?%/s  40%

specific and one still has to cross reference MRS parameters with
pumping test prior to applying the appropriate equation in the
concerned area or as suggested by Baroncini-Turricchia (2014) in area
of similar hydraulic model.

Since Oyrs and Ta carry different information about the aquifer, they
can probably complement each other for estimating Sy. According to
Eq. (2) Omrs = Sy, thus we can write Sy = 6yrs — Sryrs Where Srygs is
the MRS specific retention, i.e. the amount of water that generates
MRS signal but that cannot be drained when pumping. Because Sryrs
is linked to the mean size of the saturated pores (see. Section 2. Material
and method), Sryrs may be estimated from T; and then:

Sy = Ours—f(T3). (6)

We suppose that the relationship between the MRS specific reten-
tion Sryrs and the mean size of the saturated pores T;" is similar in
shape to the relationship between the hydrological specific retention
and the mean grain size of the aquifer material, i.e. a sigmoid function
(e.g. Lubczynski and Roy, 2007) and we propose the formula:

SYmrs = Oprs—0.5 - {(TE)(—TSZL(C)S}

Oprs-(T27)2Az (103s2.m)
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Fig. 6. Comparison of MRS parameters with transmissivity. R? is the coefficient of
determination.
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Table 5
Comparison of hydrogeological properties estimated from MRS and from pumping test
(population 6, T,* in second and Az in metre).

Parameter/property Equation Mean difference
Specific yield Sy = 0.53 * Oyrs + 0.007 12%
Specific yield S, =078 T, — 0.085 18%
ACT — Ty = 0.11s
Transmissivity Turs = 3-1072 - Oyps - T2 % - Az 70%

where s is the sloping parameter of the sigmoid function and C its
pseudo-centroid. When parameterizing Eq. (7) on our dataset in
Benin, we obtain a mean difference between Sy calculated from
pumping tests and from Eq. (7) of 60% with C = 40 ms and s = 2
(Fig. 7). This difference of 60% is higher than the differences obtained
with linear Eqgs. (4) and (5): 12% and 18% respectively. However,
Eq. (7) has a real theoretical advantage over the linear equations and
in practice it also results in defining two ACT values (Fig. 7):

» when T < ACTjp = Sy — 0 (ACTy,,, = 130ms for our dataset),
» when T > ACT, high = SY = Onrs (ACThign =~ 400ms for our dataset).

To check the interest of Eq. (7) a dataset that exhibits a broader
range of T3 value has to be used (e.g. ACThigh < Ty < ACTyo).

4.2. Quantification of transmissivity

We found that the mean difference between transmissivity values
estimated from MRS and calculated from pumping test is 70%, which
is more than the uncertainty on the pumping test result (Tables 4
and 5). For checking the robustness of our estimate and mainly of the
Crvalue (Eq. (3)), we compared 7 additional MRS carried out at sites
where of pumping test of 4 h had been carried out by private actors.
As mentioned in Section 2, Material and method, short duration
pumping test in a single well can be used for estimating a local transmis-
sivity (Kruseman and de Ridder, 2000). The difference between the MRS
transmissivity calculated from Eq. (3) and the local transmissivity is 80%
(Fig. 8), thus confirming that the estimate of transmissivity is less accu-
rate than the estimate of the specific yield when using MRS results
(Table 5). It can be understood because the fissured layer is not always
well resolved although it can play the first role as compare to the sapro-
lite for controlling the transmissivity (e.g. when the saprolite is clayey or
eroded). Our result confirms two published works that already showed
such misestimate of the transmissivity in hard rock aquifers because of
the difficulty in characterizing well the fissured layer (Baltassat et al.,
2006; Vouillamoz et al., 2005). However, if the transmissivity is not
mainly controlled by the fissured layer but also by the saprolite layer,
the estimate of the transmissivity is likely more reliable. Note that the
use of a MRS single layer solution does not really impact the estimate
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Fig. 7. Model of MRS specific retention and MRS specific yield (Eq. (7)) as a function of
T,* decay.
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Fig. 8. Validation of the transmissivity estimated from MRS.

of the transmissivity: at ARA experimental site, the transmissivities
calculated with Eq. (3) using the single layer model and using the
multi-layer model are about the same, i.e. 5.4 and 5.9-107°> m?/s
respectively.

4.3. Limitation

Our approach for estimating the hydrogeological properties using
MRS is limited in its applications by a main assumption: we assume
the T3 decay to be mainly controlled by the pore geometry. However
T, is also affected by the heterogeneity of the geomagnetic field caused
by the magnetic property of the rocks (Legchenko et al., 2010;
Vouillamoz et al., 2011). Numerical and laboratory experiments
indicate that magnetic susceptibility does not impact the T3 in low
susceptibility rocks (y < ~107° SI) and in medium susceptibility rocks
(~107° SI < y < ~1073 SI) when the size of the pores is small (e.g.
fine sands, Grunewald and Knight, 2011). Now, the specific yield en-
countered in hard rock aquifers are low (Sy < 8% in our study), and
the magnetic susceptibility values that we measured on 694 borehole
cuttings collected in-between 1 and 70 m below ground surface are me-
dium: 80% of the values are 7 - 107> < y<5.1 - 10~ 4 Sl and the median
value is y = 1.4 - 10~ SI (Fig. 9). Consequently, we expect that the
variation of T3 in our study is mainly controlled by the average pore
volume.

5. Conclusion

Although hard rock aquifers are very common all over the world, only
one published paper tried unsuccessfully to quantify the relationship
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Fig. 9. Histogram of magnetic susceptibility measured on 694 rock samples.
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between the specific yield and the MRS water content at the field scale
(Vouillamoz et al., 2005).

In this study, we not only improve the estimate of specific yield from
MRS in a variety of hard rock aquifers (i.e. granite, gneiss, migmatite,
and mica schist) but we also successfully applied the recently developed
apparent cutoff time approach (ACT, Vouillamoz et al., 2012). We pro-
posed two empirical relationships to estimate with a good accuracy
(less than 20%) the specific yield from either the MRS water content
or the decay time T3 (ACT approach). Based on the ACT approach, we
found in the investigated hard rock aquifers in Benin that the cutoff
value T3 =~ 110ms is the boundary between non drainable and drainable
MRS water content. We eventually proposed a new approach for
estimating specific yield by the joint use of MRS water content and
decay time T3 This new approach takes into account the nonlinear
relationship of the specific yield with the MRS parameters, but is has
to be confirmed with new experiments. Our study also confirms the
capability of MRS to estimate the transmissivity of hard rock aquifers
with an accuracy of about 70%.

Our results open new areas of application to the non-invasive MRS
method in hard rock aquifers. The estimate of specific yield together
with transmissivity can improve the siting of boreholes by reducing
the number of too low yield (based on the estimate of the transmissiv-
ity) and by reducing the number of poorly-sustainable pumping yield
(thanks to the use of specific yield for estimating groundwater storage
and recharge). The parameterization of groundwater flow models will
also benefit from non-invasive MRS estimates of specific yield and
transmissivity (Baroncini-Turricchia, 2014). Finally, our results should
encourage hydogeologists to use MRS as a complementary tool to
pumping test for characterizing hard rock aquifers.
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