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Abstract
We present results of a feasibility study of a borehole induction-coil sensor for surface-
borehole NMR (nuclear magnetic resonance - SBNMR) investigations. This sensor of 7 cm
diameter and 180 cm length is connected to a standard MRS (Magnetic Resonance Sounding)
instrument. Thus, SBNMR is a cost-effective extension of the MRS method. Using a
downhole sensor increases the depth of investigation and the resolution of MRS. In the near-
horizontal Earth’s magnetic field, the sensitive area of the sensor is represented by a cylinder
of a few meters in diameter. A blind zone of 0.5 to 1 m around the borehole is due to the
disturbance of the Earth’s magnetic field by the magnetic core of the sensor. The relatively
large volume investigated with SBNMR and the blind zone around borehole may represent an
advantage of SBNMR over the NMR borehole tool investigating a narrow zone around the
borehole. However, using the Earth’s magnetic field renders the SBNMR performance site
dependent with an inherently low signal-to-noise ratio. Our first results show a good

correspondence between SBNMR, MRS and borehole data.

Key words: MRS, SNMR, surface-borehole, water content, SBNMR
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Introduction
Selective sensitivity to groundwater is a major advantage of geophysical methods based on
the phenomenon of nuclear magnetic resonance (NMR) compared to other geophysical
techniques. NMR-based methods can be applied in a borehole or from surface. Downhole,
NMR is mainly used in petroleum exploration and production (Dunn et al., 2002); as these
tools were initially developed for deep large-diameter boreholes, they are rarely applied to
groundwater investigations. However, recent advances in NMR have allowed developing
NMR tools adapted to the small-diameter boreholes typical of hydrogeology (Walsh et al.,
2013).

Surface NMR (SNMR), also known as Magnetic Resonance Sounding (MRS), is a non-
invasive geophysical method (Legchenko and Valla, 2002; Hertrich, 2008; Legchenko, 2013;
Behroozmand et al., 2015). MRS and borehole NMR are based on the same physical
phenomenon and have many common features, but these methods are not interchangeable
(e.g. Miiller-Petke et al., 2011). The maximum depth of investigation with MRS is site
dependent and rarely exceeds 100 m (Legchenko et al., 1997). The resolution is also variable
and progressively decreases with increasing depth (e.g. Girard et al., 2007; Miiller-Petke and
Yaramanci, 2008; Hertrich et al., 2009; Chevalier et al, 2014; Parsekian and Grombacher,
2015). A limited investigation depth and relatively poor resolution are the properties of MRS
(Legchenko and Pierrat, 2014).

Stoeffl (2001) proposed to improve MRS by combining surface and borehole NMR
methods. Using a transmitting loop on the surface and a magnetic-field sensor downhole, we
obtain surface-borehole NMR (SBNMR). The possibility of using with MRS a small
magnetic-field sensor instead of a large loop was demonstrated by Davis et al. (2014) using a
SQUID sensor. However, the use of a SQUID sensor for SBNMR is not absolutely necessary
and we developed a more traditional induction-coil sensor. Hereafter, we report the first
experimental results.

Surface-borehole NMR

Practical implementation of the SBNMR method can be done with a standard MRS
instrument equipped with an additional induction-coil sensor in the borehole. Figure 1 shows
the measuring setup consisting of a transmitting loop (Tx) on the surface and a sensor in the

borehole (Rx).
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Fig. 1. Transmitting loop on the surface (Tx) and the induction-coil sensor downhole (Rx)

For measuring, a pulse of alternative current oscillating with the Larmor frequency is

generated in the transmitting loop, producing the excitation magnetic field H 1.+ The pulse is

characterized by a pulse moment being a product of the current amplitude and duration After

the pulse is terminated, groundwater generates a magnetic field H «.» Which induces a voltage

in the induction coil in the borehole. Both, sensor position and current magnitude in the loop

can be varied. Records of the magnetic resonance signal at each combination of sensor depth

and pulse moment provide data for interpretation.

Sensor design

Our sensor consists of an open-core coil with a ferrite core (Fig.2). The coil and

connecting cables are protected by electrostatic screens. The sensor is mechanically protected

by a plastic tube.

Open-core coil
Protection tube /

\ /

/

Magnetic core

AC
L/
0

TDC

Fig. 2. Design of the borehole sensor (l. — length of the core, D. — diameter of the core, Ac

— area of the core)

The voltage induced in a coil is given by Faraday’s law:

dH
V=- nA —,
/JOIJL' c dt

ey
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where M, =471x107" H/m, M. is the resultant permeability of the core, n is a number of
turns in the coil and Ac is the core cross-section area. The resultant permeability £/ may be
smaller than the core material permeability K/ . due to the demagnetizing field effect:

H,
po=—— @)
EN (4 =)

where N , is demagnetizing factor that is dependent on the core geometry. It can be estimated

as (Tumanski, 2007):

DZ

c

N O (ln(ZI /D) —1), 3)

12

where Dc and [ . are the diameter and length of the core, respectively.
Thus, the transfer function between the magnetic field and the voltage induced in the coil
depends on the effective area Aeﬁ =n,uCAc defined by the magnetic permeability of the

material and the sensor geometry. For estimating the sensor parameters, we considered a

ferrite core with ,ur=2300 and used Eqgs. 1-3. Fig. 3a shows the resultant magnetic
permeability H _ versus core diameter and, considering different core lengths, shows that if

the lc/ Dc ratio increases then H - H . Fig. 3b shows the effective area versus the core
diameter, and Fig. 3c demonstrates that for a fixed core length the effective area cannot be

significantly increased by increasing /.
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Fig. 3a) The resultant magnetic permeability of the core versus core diameter computed
considering different core lengths (u,=2300). b) The effective area versus core diameter
(u,=2300). c) The effective area computed considering different magnetic-permeability values

of the material and fixed core length (1:.=0.94 m).

Fig. 3 suggests using a long core of large diameter, but sensor dimensions are limited by
practical considerations such as the borehole diameter as well as the facility of shipping and
handling. To start with, we fabricated a sensor with an external diameter of 70 mm. The core

3

(Ic=1767 mm) was made of ferrite bars with dimensions of 27.5%x30x93 mm~’ and

M =2300£20% (1840 - 2760) at 25 °C. The ferrite bar geometry is guaranteed by the
manufacturer with an accuracy of +2%. Our coil contains 160 turns and has a resistivity of

1.35 Q; Egs. 1 to 3 allow computing Aeﬂ =78.7 m?. For modelling, we can represent the

sensor by a magnetic dipole with the respective surface area.

Between 0 °C and 30 °C the ferrite magnetic permeability has an almost linear temperature

dependence, changing with a temperature coefficient of 0.7%/°. At 0°C U = 1900 and at

30°C it is 4 =2380. The corresponding effective area changes from 74.7 m* to 79.4 m?

(from -5% to 0.9%) with a consequent impact on the measured voltage. The uncertainty in the
magnetic permeability of ferrite causes a corresponding uncertainty in the effective area from
73.9 m? to 82.3 m? (from -4.5% to 6%). Thus, without calibration, variations in core magnetic
permeability can cause an uncertainty in measuring voltage of up to +6%.

Noise considerations

The accuracy of the signal measurements depends on the noise level. Electromagnetic

noise is generated by different sources, such as the amplifier, the coil wire, the magnetic core
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and several other external sources. As the core is not exposed to mechanical or magnetic
stress, we exclude a noise due to the Backhausen effect as well as other possible noises

generated by the ferrite core. The coil wire produces thermal noise that can be estimated as:

v =2]k T Of R, o))

where k 5 =1.38%10™* J/K is the Boltzmann constant, T is the temperature, Af is the

bandwidth and R is the wire resistance.

Considering a bandwidth of Af =300 Hz (NUMISPY MRS instrument), 7 =293 °K and

wire resistance R =1.35 Q, we obtain a thermal noise of 2.6 nV (0.15 nV/Hz"?). This noise
can be reduced by lowering the wire resistivity. Amplifier noise reported by MRS instrument

-172

manufacturers varies between 0.1 and 1.78 nV/Hz"*, yielding a noise voltage varying

between 1.7 and 31 nV (4f =300 Hz). In practice, external noise is added to amplifier noise.

When using a large loop, the external noise is much larger than the amplifier noise. For
example, during our MRS study on the Greenland ice sheet, far from everything (Legchenko
et al., 2018), the natural external noise measured with a typical MRS loop (80x80 m?) slightly
varied around 100 nV. Such noise may be several times larger during magnetic storms. In
built-up areas, manmade noise can be much larger than atmospheric one. However, when
using borehole sensors as well as small receiving loops (Grombacher et al., 2018), external
noise voltage may be equal to or even smaller than the amplifier noise, and the amplifier
design becomes an important issue.

She borehole sensor in laboratory, for which we used an experimental setup shown in
Fig. 4.

MRS instrument

MRS .

Position 3 : Position 6

...... - cmimime o (. - — . —i. — - — - (SRS | - - . B
B e =@

r 1 r

|
Air core coil ] Position 2 r
Audio frequency !
signal generator, Position 1
ﬂ
Earth’s-field NMR pmbe Position 4 @Position 5
NMR instrument
1
|

Fig. 4. The experimental setup for measuring parameters of the induction-coil sensor
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An Earth’s-field NMR instrument with a water sample probe (Clément et al., 2011)
evaluated the heterogeneity of the Earth’s magnetic field disturbed by the sensor core. Fig. 5

shows the relaxation time T: and the Larmor frequency both characterizing the homogeneity

of the Earth’s magnetic field. Far from the sensor, the relaxation time was Tz=585 ms, the

Larmor frequency being 1969 Hz. Then, the probe with the water sample was placed at

different distances from the sensor (positions 4 to 6), and we measured the Larmor frequency

and the relaxation time T: again. At less than 50 cm, the free-induction decay signal (FID)

could not be measured because of short T: values; only spin-echo (SE) measurements

allowed observing the NMR signal in the vicinity of the sensor. At larger distances, the FID
signal was well observed. Our results show that at about 0.5 to 1 m around the sensor the FID
signal is well measured, but the relaxation time is shortened and the Larmor frequency is
shifted. At 1 to 2 m from the sensor, the measurements are moderately disturbed and beyond

2 m the Earth’s magnetic field is only slightly disturbed.

| L P R B I _
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Distance (m)
Fig. 5. Relaxation time T>" (left vertical axis) and Larmor frequency (right vertical axis)

versus distance between sensor and water sample.

Then, the sensor was connected to the MRS instrument. To estimate the max radial extent
of the sensitive volume, an audio-frequency generator connected to an air core coil was used
for generating a test signal and the MRS instrument applied as a simple voltmeter measured
voltage induced in the sensor coil. Both, generator and MRS instrument were tuned to the
same frequency of 1969 Hz. We set the coil at different positions around the sensor (positions
1-3) and measured voltage versus distance r between coil and sensor. The normalized

amplitude of the signal versus distance is shown on Fig. 6.
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Fig. 6. Normalized amplitude of the test signal measured at different positions of the
transmitting coil versus distance between sensor and coil. Dashed lines show the power fit of

experimental data.

These measurements show that voltage induced by the test coil rapidly decreased with
distance and 6 m from the sensor the amplitude represented only about 0.6% of the initial

value measured at 0.5 m. For each position, the measured amplitudes were fitted by a function

e=a.l r” (dashed lines). For positions 1 and 3, »=1.9 and for position 2, b =2.1. The fitting
coefficient a has individual values for each position. These measurements showed that near

the real sensor, the sensitivity decreases with a rate of approximately ~1/77>.

Fig. 6 shows the sensitivity of the sensor to a local signal source (air-core coil). However,
the NMR signal is produced by a volume of water around the borehole, which increases as a
square function of distance; therefore, the sensitive zone of the sensor can be extended beyond
the estimate shown on Fig. 6. However, the volume of water that produces an NMR signal is
dependent upon the excitation magnetic field generated by the transmitting loop as well as
upon the inclination of the Earth’s magnetic field; these parameters are site dependent and
required more detailed investigations, which was outside the scope of this study.

Forward modelling

For measuring a magnetic resonance signal from groundwater, an alternating-current pulse
with amplitude [/ , and duration 7 was generated in the transmitting loop on surface. After

switching off the current, the subsurface water generates an exponentially decaying magnetic
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field that oscillates with the Larmor frequency W, . The voltage induced in the measuring coil
can be calculated as (Weichman et al., 2000; Hertrich et al., 2005):

V(g,H) = [ K(x,q)[ wr,T )exp(=t/T )dT dr . 5)

where g=1 o7 is the pulse moment, w(r,TZ) is distribution water in the subsurface and

K(r,q) is the kernel function describing spatial sensitivity. If investigating only the water
content, then the initial amplitude of the magnetic-resonance signal is sufficient, and the
relaxation term can be omitted. Compared to the MRS method, the depth of the sensor in the
borehole introduces an additional parameter that allows improving vertical resolution, and the
kernel must be calculated considering each position of the sensor.
Inverse modelling

The MRS inverse problem can be considered as linear, and we approximate the integral
equation of Eq. 5 by the matrix equation

Aw=v, (6)
where Vv =V LV eV eV is a set of experimental data, w = WLW LW oW is the solution
i J

vector and A is a I XJ matrix representing the kernel of Eq. 5.

We assumed a horizontal stratification (1-D inverse problem) and represented the

subsurface by J homogeneous layers. Elements of the solution vector (wj) represented the

water content in corresponding layers. Elements of the data vector v included the voltage

measured in the receiving coil at each sensor position versus pulse moment in the transmitting

M
loop. The total number of measured points [/ =ZN » where M is the number of sensor

m=1
positions and N . is the number of pulse moments, corresponding to position #2. The matrix

A 1is built in accordance with the measuring procedure.

During our study, we set the sensor at one depth and made measurements for all pulse
moments. Then, we changed the depth and repeated the measurements. Note that, compared
to MRS, the measurements at each sensor position required fewer pulse moments. One may

use only pulse moments corresponding to the maximum sensitivity around the sensor

10
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position. Each element a. of matrix A was computed with Eq. 5 and contained the

amplitude of the magnetic resonance signal corresponding to sensor depth and the value of
pulse moment (Fig. 7).

Voltage measurements

. Data set Matrix A
varying pulse moment
S Vi1 Vi 01,1 01,2--01)-01
en?‘?r Va1 V2 03,1
positions a3,
m=1 Vi
Vi Vi Gi1 G200,
Vim
Vom
m=M
VnM
v
M v a1 00,0y,

Fig. 7. SBNMR data prepared for inversion.

We used the time-step inversion (Legchenko et al., 2002) based on the Tikhonov
regularization method. Other existing algorithms, such as the QT inversion (Mueller-Petke
and Yaramanci, 2010), are applicable as well.

Field measurements

For testing the SBNMR method, we performed measurements in the southern part of the
Republic of Benin. The township of Abomey Calavi is located between the latitudes
6°20'23.4" and 6°42'6.6" North, and the longitudes 2°14'13.8" and 2°25'7.8" East. At the
Ouédo test site, the Tertiary “Continental Terminal” formation is rather irregular, but makes
up a good aquifer (Hounsinou et al., 2014). It is composed of intercalations of fine to coarse

sand layers with clay patterns (Lang et al., 1990) shown in Figs. 8a and 8b.

11
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Fig. 8. a,b) Lithological logs of boreholes P2NU and F2NU used for SBNMR experiments.
c) Water content distribution provided by MRS sounding (solid line) and by SBNMR
measurements (dashed line). d) Corresponding relaxation time T2". e) Electrical resistivity of

the subsurface derived from TEM measurements (two equivalent models).

The substratum of this aquifer is composed of continuous clay. The average depth of the

substratum, as identified by 15 electrical soundings (VES), is 112 m (90 to 140 m) with an

average resistivity of 64 Q'm (between 200 and 30 Q'm). The aquifer formation has an

average resistivity of 380 Q'm (between 750 and 90 Q'm). Because of the relatively high

electrical resistivity and small thickness, the clay layers within the aquifer formation were not
resolved by 15 VES and 31 transient EM (TEM) soundings. The average borehole depth is
143 m (110 to 171 m).

In the study area, the inclination of the Earth’s magnetic field is 5°N and the Larmor
frequency is about 1393 Hz. For our study, we used a commercially available NUMISPY
MRS instrument (Iris Instruments). The induction-coil sensor was placed in borehole F2NU
(PVC casing) and the transmitting loop (25-m-side square, 3 turns) was laid out around it.
Another borehole (P2NU) was located 10 m from F2NU. An MRS sounding with a coincident
figure-eight square loop (62.5-m-side) was set up around borehole F2NU. The length of the
cable connecting the instrument and the sensor was 50 m, which defined the deepest position
of the sensor. The amplitude of the NMR signal measured with the downhole sensor is a
function of both pulse moment and sensor depth. It has a typical for MRS a half-sinus-wave

shape. We selected values of the pulse moment individually for each depth so that we always

12
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observed a maximum SBNMR signal. To improve the signal to noise ratio (SNR), we used
stacking (usually close to 100). Logging data were not available for these boreholes and we
additionally carried out Transient EM (TEM) measurements using a TemFast-48 instrument
(AERM) with a coincident 100-m-side square loop. For interpreting the MRS measurements,
we used Samovar software (IRD) and for TEM data IX1D v.3.6 (Interpex). The SBNMR data
set was processed with experimental software developed by the authors. Figs. 8a and 8b show
the lithological logs of two boreholes, ten metres in-between and both located within the
transmitting loop. The core analysis shows that both boreholes intersected sand and clay
layers, but not at the same levels, demonstrating the lateral heterogeneity of the subsurface.
This heterogeneity was neither resolved by MRS sounding (Figs. 8c and 8d) nor by TEM
sounding (Fig. 8¢). For the MRS and TEM measurements we used large loops and signals
from heterogeneous formations were thus averaged. SBNMR shows differences in water
content between three zones, but the resolution was insufficient for clearly distinguishing in-
between. The sensor was in borehole F2NU and both, high values of the water content (22
and 25%) and long relaxation time (440 and 622 ms) suggest two coarse sand layers (23-31 m
and 40-49 m). These layers are separated by a less permeable layer with the average water
content of 13% and the relaxation time of 258 ms (31-40 m), identified as clay and sand
formations. The correspondence between SBNMR and borehole results is not perfect, which
may be explained by the scale factor affecting both data sets. The lithological logs show
results corresponding to the layers intersected by the borehole and SBNMR provides
information averaged over the volume defined by sensor sensitivity.

Here, we present the SBNMR measurements with the sensor set at six different depths
from 22 to 49.5 m. Before stacking and filtering, the noise varied between 20 and 30 nV.

Fig. 9 shows the entire SBNMR data set used for inversion. For each position of the
downhole sensor, time series are recorded with a few different values of the pulse moment.
Each record consists of measuring ambient EM noise before the pulse and SBNMR signal
after the pulse. The dead time between the end of the pulse and the signal recording was 40
ms. Fig. 9a shows time records plotted versus time (0-192 ms) and sensor positions (0-5). The
right vertical axis (grey colour) shows the correspondence between the sensor position and the
depth of the top of the sensor. For each sensor position, time series are plotted considering
normalized pulse moments. For example, a record plotted at the sensor position O corresponds
to the minimum pulse moment, and the maximum pulse moment corresponds to the positon 1
(left vertical axis). Corresponding ambient EM noise records are shown in Fig. 9c. Fig 9b

shows theoretical SBNMR signals computed after the inverse model; and Fig. 9d shows the

13
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misfit between measured and theoretical signals. The misfit was computed as the root mean

square error between experimental and theoretical time series.
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Fig. 9. a) Amplitude of SBNMR signal (colour scale) versus time (after the dead time)
recorded at different sensor positions (left vertical scale). For each sensor position, the right
vertical axis (grey colour) shows a depth corresponding to the sensor top. b) Theoretical
signal computed after the inverse model. c) Noise records corresponding to the same time

series. d) The misfit between measured and theoretical signals.
Fig. 10 shows time records extracted from the data shown in the previous figure. Each

graph corresponds to one of the sensor positions. Solid lines show the envelope of the signal

amplitude versus time and the dashed lines show the noise amplitude recorded before the
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pulse. At all sensor positions, the SBNMR signal clearly dominates noise, thus confirming the
feasibility of our SBNMR measurements. These examples also demonstrate pronounced
differences between SBNMR signals recorded at different depths corresponding to different
geological patterns. Theoretical signals computed after the inverse models fit measured data

with the error of 0.82 nV and the mean noise was 1.14 nV.
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Fig. 10. SBNMR records measured with the sensor located at different depths. Solid lines
show the SBNMR signal recorded after the dead time following the pulse, long-dashed lines

show inversion fits and short-dashed lines show noise records before the pulse.

Discussion
Our experimental study has confirmed the feasibility of surface-borehole NMR
measurements. SBNMR is both similar and different compared to both MRS and borehole
NMR, but provides information about groundwater unavailable with the last two methods.
Borehole NMR uses an artificial static magnetic field that allows a high sensitivity. The
depth resolution of borehole NMR and the maximum depth of investigation are also much
better than with SBNMR and MRS. However, borehole NMR investigates only a narrow zone

around borehole, the sensitive area being located within the walls of a cylinder. The diameter
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of this (virtual) cylinder (<40 cm) and the wall thickness (<2 mm) are determined by the
gradient of the static magnetic field (Dunn et al., 2002). Consequently, hydraulic parameters
of the aquifer formation investigated with borehole NMR should be considered as local data.
Additionally, some zone around the borehole can be modified by drilling, affecting the results
of the study. On the contrary, MRS and SBNMR provide data averaged over large
undisturbed volumes.

Operating in the geomagnetic field, MRS and SBNMR both have low sensitivity and a
poor signal-to-noise ratio. Results are averaged over a large investigated area that depends on
the size of the transmitting loop. SBNMR has better vertical resolution and a potentially
larger depth of investigation than MRS. It also better characterizes the investigated aquifer

formations in terms of geometry, porosity and hydraulic conductivity. Measurements of both
T1 and T2 are available with SBNMR as well as with MRS (Legchenko et al., 2004; 2010).

As we have shown the feasibility of this type of measurements, we think that our principal
goal was achieved.

Conclusions

We developed and successfully tested in a near-horizontal Earth’s magnetic field a
borehole sensor for surface-borehole NMR investigations. SBNMR results are averaged over
the sensitive area of the sensor that spreads out to a few meters around the borehole.
Groundwater at up to 1 m around borehole does not produce a measurable SBNMR signal
because of the strong disturbance of the Earth’s magnetic field by the magnetic core of the
sensor. Similar to MRS, the performance of SBNMR is site dependent and the inherently poor
signal-to-noise ratio is comparable to that of MRS.
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Figure captions

Fig. 1. Transmitting loop on the surface (Tx) and the induction-coil sensor downhole (Rx)

Fig. 2. Design of the borehole sensor (l. — length of the core, D. — diameter of the core, Ac
— area of the core)

Fig. 3a) The resultant magnetic permeability of the core versus core diameter computed
considering different core lengths (u,=2300). b) The effective area versus core diameter
(u,=2300). c) The effective area computed considering different magnetic-permeability values
of the material and fixed core length (1.=0.94 m).

Fig. 4. The experimental setup for measuring parameters of the induction-coil sensor

Fig. 5. Relaxation time T>" (left vertical axis) and Larmor frequency (right vertical axis)
versus distance between sensor and water sample.

Fig. 6. Normalized amplitude of the test signal measured at different positions of the
transmitting coil versus distance between sensor and coil. Dashed lines show the power fit of
experimental data.

Fig. 7. SBNMR data prepared for inversion.
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Fig. 8. a,b) Lithological logs of boreholes P2NU and F2NU used for SBNMR experiments.
c) Water content distribution provided by MRS sounding (solid line) and by SBNMR
measurements (dashed line). d) Corresponding relaxation time T>". e) Electrical resistivity of
the subsurface derived from TEM measurements (two equivalent models).

Fig. 9. a) Amplitude of SBNMR signal (colour scale) versus time (after the dead time)
recorded at different sensor positions (left vertical scale). For each sensor position, the right
vertical axis (grey colour) shows a depth corresponding to the sensor top. b) Theoretical
signal computed after the inverse model. c) Noise records corresponding to the same time
series. d) The misfit between measured and theoretical signals.

Fig. 10. SBNMR records measured with the sensor located at different depths. Solid lines
show the SBNMR signal recorded after the dead time following the pulse, long-dashed lines

show inversion fits and short-dashed lines show noise records before the pulse.
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