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SUMMARY

The Magnetic Resonance Sounding method (MRS) has
been used in the past years with success in various
geological and geographical contexts for groundwater
surveys. This method has indeed the ability of directly
detecting the presence of water through the excitation of
the hydrogen protons of water molecules.

The frequency to which the H protons react depends on
the magnitude of the Earth magnetic field, while the
intensity of the excitation determines the depth of
investigation. The amplitude of the magnetic field
generated in return by the water of a layer is proportional
to the porosity of this layer, and the time constant of the
relaxation curve is linked to the mean pore size of the
material, that is to say tightly related to its permeability.

A loop laid on the surface of the ground is used for both
transmitting the excitation pulse and measuring the
response of the H protons. The linear relation between
the measured signal and the layer porosity permits to
interpret the 1D sounding as soon as the readings have
been collected in the field.

The main applications of this method concern the
determination of the water level and of the total quantity
of water available down to 100 to 150 m depths.
Magnetic Resonance Soundings can also help to select
the best place for drilling, to predict a yield using a
calibration, and to determine the geometry of an aquifer
layer for hydrogeological modelling

A set of field examples acquired in various countries
(Africa, Asia, Europe) points out both the advantages and
the limitations of this method and suggests the place it
should take among other geophysical methods in the
methodology of groundwater investigations.

Key words: Magnetic Resonance Sounding, porosity,
permeability, groundwater, NMR.

INTRODUCTION

Groundwater exploration carried out with traditional methods
(TDEM, DC resistivity,...) usually leads to good qualitative
success, even if an evaluation of the quantity of water present
into the ground is not possible due to the indirect relation
between the physical parameter measured and the water.
However, for the past five years, a new procedure based on
the Magnetic Resonance phenomenon has been introduced in
routine applications for directly detecting the presence of
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water from surface measurements through the excitation of
the hydrogen protons of the water molecules.

Within the limits of its application which are discussed
farther, the Magnetic Resonance Sounding (MRS) method
permits to estimate the total quantity of water existing at
given location, its depth, and the hydraulic permeability of
the formation, hence its interest for a quantitative evaluation
of groundwater resources.

Initiated by the ICKC Institute in Russia (Semenov, 1987),
the methodological developments have been continued at
BRGM in France (Letgchenko et al., 1995; Valla, 2002),
Berlin Technical University in Germany (Yaramanci et al.,
1999) and ITC in The Netherlands (Roy, Lubczynski, 2000),
among other groups.

PRINCIPLES OF THE MRS METHOD

The Magnetic Resonance phenomenon is already used by
geophysicists in the Proton Magnetometry where the
hydrogen protons located in the sensor casing are activated to
determine their precession frequency, hence the magnitude of
the Earth magnetic field. In the application of the Magnetic
Resonance to groundwater studies, there are the protons of
the underground water molecules which are activated to
characterize the water layer.

Three magnetic field have to be considered (Figure 1):

* The Earth magnetic field, the amplitude B of which
determines the precession frequency f of the hydrogen
protons: f (Hz) = 0.04258 B(nT)

* The excitation magnetic field produced by a current
put into a loop laid on the surface of the ground at this
precession frequency

* The relaxation magnetic field produced in return by
the protons after they have been excited by the previous
field, measured within the same loop
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Figure 1. Principle of the Magnetic Resonance Sounding
method for groundwater investigations
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The initial amplitude E, of the relaxation (Figure 2)
measured just after the excitation current has been switched
off is directly proportional to the number of protons which
have been reacting, namely the water content (porosity).

The time constant (T2*) of the relaxation curve is linked to
the mean pore size of the material, fine grain sediments
giving short decays (a few tens ms) while coarser grain
sediments lead to longer decays (a few hundreds ms). The
time constant is thus related to the permeability of the layer.

The intensity of the excitation pulse (its moment L.At,
product of the intensity of the current by the pulse duration)
fixes the depth of investigation, small pulses for shallow,
high pulses for deeper.

At
<“—>

Figure 2. Envelops of the excitation pulse and of the
Magnetic Resonance relaxation signal: I is the intensity of
the current, At its duration, E, the initial amplitude of the
signal, T2* its time constant

In practice, with the NUMIS Plus equipment developed to
achieve these measurements, the loop size is of the order of
the penetration depth (maximum 150m), the current ranges
from a few units to a few hundreds amperes, the maximum
output voltage reaches 4 000V, the duration of the pulse is
about 40ms, the amplitude of the measured signal varies from
a few tens to a few hundreds nV. The Larmor precession
frequency in the Earth field ranges from 800 Hz (very low
magnetic latitudes) to 3 000 Hz (high latitudes).

The structure of the base equation which describes the
behaviour of the initial amplitude of the proton relaxation is:

Signal = j k x 1AField x Porosity x Sin (Field x Duration) x dv

where the integral is computed over the volume elements dv
where the water is located, “Field” is the component of the
excitation field perpendicular to the Earth field, “1AField” is
the same one normalized to a unit current (1A), “Duration” is
the pulse length, “k” a parameter related to nuclear constants.

From this equation, it can be seen that there is a non-linear
relation between the intensity of the current (included in the
“Field” function) and the measured signal. This property
explains that the pulse moment has a sounding effect: the
first lobe of the sine function acts as a spatial band pass filter
featuring a maximum response when the argument is 90°,
which permits to separate the responses coming from various
depths, by changing the intensity of the excitation current.

On the contrary, the relation between the water content
(porosity) and the measured signal is linear which makes the
inversion process quite simple. This linearity means that the
response of two layers is the sum of the responses of each
one of these aquifers (Figure 3).
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Figure 3. Typical Magnetic Resonance responses of
aquifer layers, for various types of thicknesses and
depths.

Being a volume integral, the signal coming from the protons
is submitted to the classical equivalence laws between a
contrast of geophysical parameter and the geometrical
parameters: the effect of a thin water layer with a high water
content is similar to the response of a thicker layer placed at
the same average depth having a lower water content,
provided that the product of the water content by the layer
thickness is the same in both cases. This means that the total
quantity of water is well determined, which in anyway is a
useful parameter for determining the hydrogeological interest
of a site before drilling.

The depth of penetration, which is a function of the surface
of the loop and of the pulse moment (Figure 4), also depends
on the resistivity of the formation, since the protons are
excited by the total magnetic field which is lower than the
free space field when the medium is conductive, due to EM
induction. For example, in a 50 ohm.m formation, the
penetration is reduced by 20% compared to a highly resistive
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Figure 4. Theoretical Magnetic Resonance Sounding
curves for a 10m thick aquifer layer having 20% water, at
20, 50, 80 and 140m depths

ESTIMATION OF THE PERMEABILITY

While the measurement of the initial amplitude of the
relaxation curve gives a physical determination of the
porosity after 1D inversion, transforming the value of the
time constant into a permeability requires an empirical
relation coming from field experiments.
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At this stage, it is important to note that two time constants
are defined in the Magnetic Resonance process: the first one,
called the Transverse Time Constant (referred to as T2*)
is linked to the time which is required by the component of
the magnetic moment of the H protons perpendicular to the
Earth field to loose their phase coherence after the excitation
pulse is switched off. It is directly measured during the
record of the relaxation signal after having transmitted one
excitation pulse. The problem with T2* is that it depends not
only on the mean pore size of the formation, but also on the
inhomogeneities of the magnetic susceptibility of the grains
composing the layer, which makes T2* not perfectly related
to the permeability .

The second time constant, called the Longitudinal Time
Constant (referred to as T1), is linked to the time required
by the component of the magnetic moment of the H protons
parallel to the Earth field to come back to equilibrium after
the excitation. Usually T1 is two to four times larger than
T2*. To measure T1, it is necessary to transmit two pulses of
current separated by a time interval greater than T2* but
lower than T1, and to measure the loss of initial amplitude
after the second pulse compared to the first pulse; this loss is
due to the fact that after the first pulse the magnetic moment
of the protons does not have enough time to come back to its
initial value, which minimizes the signal measured after the
second pulse. The advantage of the T1 time constant is that it
is only related to the mean pore size of the formation, which
makes it a good parameter for the estimation of the
permeability.

The quantitative estimate of the permeability from
Magnetic Resonance readings is given by the formula:

Permeability = C x porosity x (T1)?

where C is a coefficient that may vary with the geological
context.

The transmissivity (m?%s) of a formation is the product of
the permeability (m/s) by the thickness (m) of the layer and
represents the hydrogeological potential of this formation: as
a matter of fact, the specific yield (m?*s) of a borehole, which
is defined as the yield (m®/s) per unit of drawdown (m) is
proportional to this transmissivity parameter. It is necessary
to compare the results of several pumping tests with the
permeability formula here above given to have a proper
estimation of the potential yield which can be obtained from
a site prospected with Magnetic Resonance: the yield can
vary with the geological context (the C parameter), but it also
depends on man-controlled parameters (screening set-up,
hole washing, pump specifications, ...) beyond natural
parameters (transmissivity).

FIELD EXAMPLES

Magnetic Resonance Soundings in Mauritania

In a sandy area where the water is very fresh (with a
conductivity of about 100uS/cm), the DC electrical
soundings do not permit to distinguish wet sands from dry
sands inter-bedded between clayey formations. Figure 5
shows a neat response of the Magnetic Resonance Sounding
curve over a 40m depth, at least 50m thick aquifer layer
having of the order of 20% of free water. The complete
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sounding has been carried out in 45 minutes. The method has
been used to map the extension of the aquifer zone for the
evaluation of the whole water resource of the area.
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Figure 5. MRS data in Mauritania showing a thick
aquifer layer, 40m deep (PHY Company data, 100x100m
square loop)

Magnetic Resonance Soundings in India

In granitic areas, it is often the altered part of the granite
which contains most of the water. South of Hyderabad, a
survey has been carried out to locate the places where there
was more water. Figure 6 displays a MRS curve which points
out a 3% water layer, 10m thick, at 3m depth. The initial
amplitudes measured did not exceed 35nV, which implied a
stacking of two and a half hours to counter balance the EM
noise due to power lines.
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Figure 6. MRS data in India on an altered granite
(BRGM data, 75x75m eight-shape loop)
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Magnetic Resonance Soundings in France

A set of MRS data have been collected in various geological
contexts (sand, chalk, limestone, altered granite) where the
results of pumping tests were available, in order to compare
the hydrogeological parameters obtained in both cases
(Legchenko et al., 2002). Figure 7 is a cross diagram
between the “MRS” transmissivity (abscissa) and the
borehole transmissivity (ordinate). The correlation, based on
a C coefficient of 7e-09 (see § on the permeability) is quite
good. However, due to the equivalence laws, the uncertainty
on the estimation of the transmissivity is of the order of 50%.
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Figure 7. Correlation between the transmissivity given by
MRS and that given by pumping tests (BRGM & IRD)

CONDITIONS OF APPLICABILITY

The experiments and surveys carried out up to now in various
geological backgrounds permit to identify the conditions
where the Magnetic Resonance Sounding method has the
best chance of success:

- The water layer to investigate has to be located in the first
100 to 150m. This depth can be decreased if the ground is
conductive.

- There should be no magnetic material around or within the
aquifer layer, since in such a case the Earth magnetic field is
usually non homogeneous which prevents the hydrogen
protons to have the same excitation frequency

- The electromagnetic noise should be as low as possible: the
amplitudes of the MR signals are very low (tens to hundreds
of nV in ten to twenty thousand square meters loop) and
power lines, pumps, fences, pipes and magnetic storms
sometimes create difficult situations not allowing to get good
readings. Using figure-of-eight loops permit to improve the
signal to noise ratio but decreases the depth of investigation.

- The aquifer should be close to /D conditions such as
alluviums or porous sediments or volumic hard rock
alteration. In case of fractures or faults, the difficulty may
come from the dilution of the signal within the field
generated by the large loop, also the localization of the fault
within the loop. In such case of 2D or 3D water bearing
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structures, the combined use of other geophysical methods
with MRS is particularly recommended

- In case of hydrogeological investigation in saline contexts,
it is necessary to point out that the MRS technique, which
involves hydrogen protons, does not have the capability to
distinguish between salted and fresh water. However, TDEM
or DC resistivity measurements clearly see the contact
between both types of water, and the combined use of MRS,
TDEM and / or DC resistivity permits to completely identify
the fresh and the salted parts of the aquifer layer.

CONCLUSIONS

Both theoretical and experimental developments show
interesting opportunities for the Magnetic Resonance
Sounding method in groundwater investigations. The ability
of directly detecting the presence of water gives the
possibility to quantify the resource both in terms of porosity
as well as permeability before deciding if a borehole has to
be drilled or not, for optimising the survey costs.

The integration of this technique with the conventional
indirect methods has to be examined on a case to case basis
according to the capabilities of each one of the methods.

More developments are necessary to adapt the methodology
of MRS in environments such as noisy areas or 2D aquifers.
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