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Surface NMR applied to an
electroconductive medium®

D.V. Trushkin,? O.A. Shushakov? 3 and A.V. Legchenko?

Abstract

An integrated electromagnetic and nuclear magnetic resonance (NMR) method is
proposed for investigating highly conductive soil areas. Using a simple model of a
homogeneous half-space and the same antenna for both methods, a significant
improvement in the NMR data interpretation is obtained. A case study has shown
fair agreement between the results from computer modelling, field tests, and data
from a nearby observation well. The electromagnetic method and the half-space
model were selected for easy integration into an existing instrument used for the
NMR method. A more accurate knowledge of the conductivity distribution with
depth will further improve the final result.

Introduction

Surface nuclear magnetic resonance (NMR) in the earth’s magnetic field, as devel-
oped by Semenov et al. (1989), is the subject of several studies (Semenov 1987;
Semenov ez al. 1989). The method can be used for non-invasive recording of the
NMR signal of subterranean proton-containing liquids at depths down to 100 m or
more.

A circular wire loop laid on the ground is employed to excite and receive the
NMR signal. In our experiments, a circular antenna of diameter 100 m is used.
Rectangular pulses of alternating current are passed through the wire with a fre-
quency equal to that of the proton resonance in the geomagnetic field. The excita-
tion pulse is followed by an induced EMF signal due to the free Larmor precession
of the groundwater nuclear magnetization in the earth’s magnetic field. Both the
upper and lower boundaries of the subsurface water-saturated layers can be deter-
mined from the amplitude of the NMR signal and the setting of the loop current
pulse intensity which is the product of the pulse amplitude and its duration
(Semenov et al. 1989).

Various natural factors affect the NMR signal. The effects of the frequency of
the excitation current pulse and the variation in magnitude of the earth’s magnetic
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field on the NMR signal have been studied by Tushkin, Shushakov and Legchenko
(1993). The surface NMR method is sensitive to any external electromagnetic field
source, such as a power-line. In order to solve this problem, the use of a different
antenna, less sensitive to external noise than the circular antenna, has been investi-
gated (Tushkin, Shushakov and Legchenko 1994). The influence of the medium
conductivity on the amplitude and phase of the NMR signal has also been investi-
gated (Shushakov and Legchenko 1994a, b, ¢).

Integrated NMR and electromagnetic method

The NMR signal ¢,(g) can be calculated using the following equation (Shushakov |
and Legchenko 1994a, b):

eo(q) = (w/I) J Mo(r)[HT (r)/| Hy 1 (r)]] sin 6(r) dV(r), )
v

where 6(r) = 0.5yy|H, (r)|1,, @ = yy Hy, ¢ = I7,, 7y is the gyromagnetic ratio
for a proton, H, is the geomagnetic field, My(r) is the equilibrium macroscopic
nuclear magnetization, H, , (r) is perpendicular to the H, component of the loop
oscillating field, 7, is the current pulse duration and 7 is the loop current ampli-
tude.

The circular loop employed in the surface NMR method to excite and receive
the NMR signal can also be used to determine the effect of the medium conductiv-
ity on the signal measurement. The technique proposed is similar to the inductive
method of electrical geophysical exploration (Wait 1981).

The low-frequency alternating current passing through the loop in a conductive
medium under the action of an electromagnetic field (the primary field) induces
electric currents. These give rise to a secondary electric field which, with the
primary field, forms the total field. In this case, the measured loop impedance
changes.

The complex impedance of a loop of radius r, and wire cross-sectional radius a,
situated in free space on the surface of a non-magnetic (u = 1), conductive half-
space, is expressed by the following equation:

Z(w) = Zy(w) + oL (w), )]
where
Ly(w) = inrd po Jw J3(ro)e™*a(2) da, 3
0

Zy(w) is the loop impedance in free space for the loop current frequency w, Lyw) is
the mutual inductance of the loop and the electroconductive half-space, J, is the
Bessel function, «(4) is the reflection coefficient characterizing the electromagnetic
properties and the geometry of the conducting half-space (Wait 1958). For a homo-
geneous half-space,

a(4) = [A — m(DY/[A + m(4)], C))
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where m(1) = (A2 — k)2, k? = iop, w, and o is the electrical conductivity of the
half-space.

Figures 1 and 2 depict the calculated imaginary and real parts of the complex
impedance of a loop of radius 50 m located on the surface of a homogeneous half-
space, for various frequencies of the current passing through the loop. The calcu-
lations were performed for copper wire of cross-sectional radius 2.3 mm. As can be
seen in Figs 1 and 2, both parameters depend on the half-space resistivity.

In order to determine the boundaries of the water-saturated layers, (1) must be
solved. In the case of horizontal, infinite, water-saturated, conductive layers, the
following equation can be used instead of (1):

I K(g, 2)f(2) dz = ey(9); )
0
where
K(g, 2) = (wMy/I) J‘ [H%_L(-’Q Y/ Hy(x, ¥)|] sin 6(x, y) dx dy, 6)
X,y

f(2) is the water concentration and z is the depth.

Equation (5) was solved by discretization of the initial integral equation, followed
by the solution of a set of linear equations. Because the problem is ill-posed, the
Tikhonov regularization method was used (Tikhonov and Arsenin 1977). The
inverse problem (5) with the kernel (6) is linear in conductive areas (Legchenko
1992).

The modelling results of the influence of the conductivity on the NMR signal
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Figure 1. Graph showing the inductance of the copper wire loop of radius 50 m and cross-
sectional radius 2.3 mm situated on the surface of a homogeneous conductive half-space
versus the half-space resistivity, calculated for various frequencies of the loop current.
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Figure 2. Graph showing the resistance of the copper wire loop of radius 50 m and cross-
sectional radius 2.3 mm situated on the surface of a homogeneous conductive half-space
versus the half-space resistivity, calculated for various frequencies of the loop current.

and the inverse problem solution are shown in Figs 3 and 4, respectively. For the
numerical experiments, model consisting of two water-saturated layers, situated
between 10 and 20 m and between 50 and 70 m, each with 10% water, was selec-
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Figure 3. The NMR signal calculated for a model consisting of two water-saturated layers
situated between 10 and 20 m and between 50 and 70 m with 10% water in each layer. The
solid line is the signal for the case of the model in free space, the dashed line is for the model
in an electrically conductive half-space of resistivity 2 Qm.
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Figure 4. Inversion example for the model in Fig. 3. The solid line indicates the model,
the dashed lines, in order of increasing intervals, show: (1) the model in free space; (2) the
model in a conductive half-space, inversion with neglecting conductivity; (3) the model in a
conductive half-space, inversion accounting for conductivity.

ted. The Larmor frequency was taken as 2500 Hz. Two cases were studied: (1)
with the water layers in free space and (2) with the same layers in a conductive
half-space of resistivity 2 Qm. The effect of the conductivity on the NMR signal is
not only to decrease it, but also to change the shape of the curve. The result is a
distortion in the inverse problem solution. When conductivity data are available,
the inversion result is considerably improved for the upper layer, but the second
layer is not detected due to the screening effect and thus the absence of signal from
that layer.

Goldman et al. (1994) observed some lack of correlation between TDEM and
NMR data during field tests in areas of high rock conductivity, between observation
wells. This could be explained by conductivity influence, which was not taken into
account during the NMR data inversion.

Experimental results

Experiments were carried out near the village of Nizhnechumanka in the Altai
region at borehole No. 64. The data obtained were compared with those previously
obtained from boring and electrical logging (Fig. 5). Borehole No. 64 was selected
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Figure 5. Borehole No. 64. The lithological log, the electrical log and the surface NMR
interpretation data, obtained from borehole data.

due to the contrasting changé in resistivity with depth: 30-35 Qm from 0-9 m,
5 Qm from 9-37 m, and 25-30 Qm for depths of more than 37 m. According to the
borehole data, there are three aquifers present, at depths of 2.5-9 m, 37-50 m and
68-80 m. The borehole and electrical logging data were obtained in the Geologo-
Geophysical Expedition in the 15th region.
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The surface NMR method was performed using a ““ Hydroscope” instrument,
manufactured at the Institute of Chemical Kinetics and Combustion (Semenov
1987). The Larmor frequency was equal to 2475 Hz. A circular loop of radius 50
m, consisting of copper wire of cross-sectional area 17 sq. mm, was used both to
record the NMR signal and to measure the electrical conductivity of the medium.
The loop impedance was measured using a digital inductance and resistance meter
E7-8 at a frequency of 1 kHz.

In order to calibrate the complex impedance Z(w) of the loop, special experi-
ments were performed on the surface of the frozen Ob water reservoir near the
town of Berdsk. The water resistivity measurements were carried out using a mea-
sured cell with two metal plates calibrated by measuring the resistivity of various
concentrations of sodium chloride solution in water. According to the measurement
data, the resistivity of the water between 1 and 14 m below the surface was 47 Qm.

The calibration measurements gave the following values for the loop impedance:
Im (Z)/w = 0.631 mH + 1%, Re (£) =0.330 Q + 10%. The same values for the
inductance and the resistance were obtained when calculated by standard methods
(Kalantarov and Tseitlin 1986). The experimental values for the inductance and
the resistance measured at borehole No. 64 were Im (Z)/w = 0.616 mH + 1%, Re
(Z) =0.477 Q + 10%. According to Figs 1 and 2, the resistivity of the half-space at
the test site must be 7.5 Qm.

Because of the problem of direct comparison of the NMR data with data from
other geophysical methods the following method (Shushakov and Legchenko
1994¢), based on both computer modelling and field experiments, was used. Bore-
hole cross-sections and electrical logging data were used to determine all the
aquifer boundaries and the distribution of electrical conductivity with depth. Mea-
surements of the NMR signal enabled us, using (5) and (6), to determine the per-
centage of water in every water statum. Additional information on aquifer
boundaries and the conductivity distribution from borehole lithological and electri-
cal logs made the interpretation of the NMR data more reliable than in the routine
case using NMR data only, and the results can be used as the correct water concen-
tration distribution with depth. All the data obtained at the test site are shown in
Fig. 5.

Figure 6 shows a comparison of the experimental data (dots) with the calculated
data (solid line), with respect to medium conductivity, in the homogeneous half-
space model of resistivity 7.5 Qm. It can be seen that the NMR signal calculated
using a conductive homogeneous half-space model is in fair agreement with the
NMR signal obtained experimentally. For comparison, the NMR signal calculated
neglecting the medium conductivity (dashed line) is shown. In this case the large
divergence from the experimental data is obvious. Thus the model of a conductive
medium in the form of a homogeneous half-space can be used with the surface
NMR method to solve both direct and inverse problems.

Figures 7, 8 and 9 demonstrate inversion of the experimental NMR data from
borehole No. 64. In Fig. 7, the dashed line represents the NMR inverse problem
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Figure 6. Comparison of the calculated NMR signal amplitude versus the current pulse
intensity, with respect to the medium conductivity using the model with a homogeneous
half-space of resistivity of 7.5 Qm and the experimental data obtained at borehole No. 64.
The dashed line denotes the calculated groundwater NMR signal amplitude neglecting the
electrical conductivity of the soil.
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Figure 7. Comparison of the data from borehole No. 64 (solid line) with the solution of the
inverse problem using the free-space model (dashed line).
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Figure 8. Comparison of the data from borehole No. 64 (solid line) with the solution of the
inverse problem using the model of a homogeneous half-space with resistivity 7.5 Qm deter-
mined by measuring the loop impedance (dashed line).

solution using the free-space model. This solution differs from the data obtained
from the borehole (solid line). In Fig. 8 the borehole data are compared with the
solution of the inverse problem using the homogeneous half-space model of resis-
tivity of 7.5 Qm, obtained by measuring the loop impedance. It can be seen that the
main aquifer (from 37 to 50 m) is fairly well approximated. Figure 9 shows the
solution using the horizontally stratified model, corresponding to the electrical log
at borehole No. 64. The inversion result is further improved, but the bottom layer
has not been detected.

According to the field experiments, the most significant improvement occurred
for the aquifer situated at a depth between 37 and 50 m. The deep aquifer (68-80
m) was not detected. This could be explained by the screening effect, and it correl-
ates with the modelling results (Figs 3 and 4). Two main factors affect the detec-
tion of the upper aquifer. Firstly, the shallow strata of sand and clay are less homo-
geneous than at greater depths; secondly, the available borehole data (shallow part
of the log) are inaccurate.

Conclusions

The surface NMR method for groundwater prospecting has obvious advantages
due to direct measurement of the subsurface water NMR signal. One of the limi-
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Figure 9. Comparison of the data from borehole No. 64 (solid line) with the solution of the
inverse problem using the model of a horizontally stratified half-space, corresponding to the
distribution of electrical conductivity with depth according to the electrical log at borehole
No. 64 (dashed line).

tations of the method is the effect of rock conductivity on the NMR signal and, as a
result, the distortion of the inverse problem solution.

The integration of an electromagnetic and an NMR method into one device
using the same antenna and a homogeneous half-space model was investigated.
This led to a significant improvement in the inversion result with only minor com-
plications in the NMR method.

Using a horizontally layered model and the distribution of electrical conductivity
with depth, it is possible to improve NMR data inversion results in highly conduc-
tive rock areas to the accuracy of the method in non-conductive rock areas.

The screening effect causes the depth of investigation to be decreased and to
depend on the rock conductivity value. This decrease in the depth of investigation
cannot be compensated for mathematically, but needs an increase in both the sensi-
tivity of the NMR signal receiver and the power of the excitation pulse generator to
overcome it.
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