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ABSTRACT. A method to improve the determination of apparent conductivities from near-surface electro-
magnetic dipole data should be simple and easy to implement and use in the field. With this objective, we
present a simple correction to the apparent resistivity from surface magnetic dipole data. In contrast with the
traditional approach that uses a truncated series to approximate the fields, the proposed method calculates the
apparent conductivity by solving a minimization problem using the complete homogeneous half-space analyti-
cal solutions for the magnetic field of the dipole sources. In comparison with previous approaches to improve
apparent conductivity estimation, this is an extremely simple solution, easily implemented and demanding al-
most negligible computer time and memory. To illustrate the method, applications to synthetic 2D data and
real data are presented. The results show that the method can improve the responses of conductive zones which
are difficult to perceive in the raw field data.

Keywords: improved apparent conductivity; conductivity meter; low induction number; Newton’s method.

INTRODUCTION of the medium. For low induction numbers, the imagi-

) ) L nary component of the normalized magnetic field can
The estimation of apparent conductivities in several . . .
be approximated as a quadratic function of 6 Mec-

geophysical electromagnetic methods that work in the Neill (1980): Méndez-Deleado et al. (1999 hich ;
Low Induction Number (LIN) regime is based on ap- eill (1980); Méndez-Delgado et al. (1999), which is

proximations of the half-space analytical solutions for
the electromagnetic fields from dipolar sources.

a linear function of the conductivity. This is the
basis for the determination of apparent conductivi-
ties in several different survey configurations using
0t £ ih tual i tio 2/7 L magnetic dipole sources. The variants of the Slin-
in terms of the mutual coupling ratio where
Z is the measured mutual ilr)nps;dance or sc?;ne field gram method (e.g., EM31, EM34 and DUALEM_42-1
X systems) determine apparent conductivities in this
compone.znt measured on the surface a.nd Zo is the fashion using only the imaginary component of the
mutual impedance or ﬁeld .component in free-space. magnetic field (quadrature component) (Spies and
In the cases of maitgnctlc dipoles Placcd on t}_lC sur- Frischknecht, 1987). This linear approach yields a
face of a conductive half-space, in the quasi-static good approximation for the half-space conductivity
regime, there are analytical solutions for the fields in the LIN regime, but the approximation quickly de-

measured at the surface. The ana'lytical solutions grades as @ grows, which happens in conductive envi-
(Ward and Hohmann, 1987) normalized by the free- ronments.

space field can be written as power series on the in-
duction number 6, which is a function of the source- Alternative methods to determine apparent con-
receiver spacing (offset), frequency, and conductivity ductivity have been proposed to overcome some of the

Frequency domain responses are commonly given
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limitations of the traditional linear approximation.
Hanssens et al. (2019) classify these methods into two
approaches: in-phase-quadrature (real and imaginary
field components) algorithms, which use all the infor-
mation from EM fields (Van Der Kruk et al., 2000;
Huang and Won, 2000; Guillemoteau et al., 2016; He
et al., 2017); and quadrature algorithms, which use
only the imaginary component of EM fields (Beamish,
2011; Andrade et al., 2016; Hanssens et al., 2019). In
the latter approach, all the cited works use the com-
plete solution of Maxwell’s equations. Beamish (2011)
presented a correction procedure to the LIN apparent
conductivity that uses polynomial representations of
the measured field in terms of the half-space conduc-
tivities. The polynomial coefficients are obtained by
least-square fitting of the data. By using the complete
solution for a layered model, the method includes
the possibility of using the height of the instruments
above the surface to improve the approximations. An-
drade et al. (2016) obtain the apparent conductivity
by minimizing the difference between the observed ap-
parent conductivity and the one calculated from the
complete numerical solution, also allowing the source
to be positioned at some height from the ground, and
using the LIN apparent conductivity as initial guess.
Hanssens et al. (2019) introduce the concept of ro-
bust apparent electrical conductivity (rECa), which
is obtained by interpolation of a value in the appar-
ent conductivity-quadrature curve (ECa-QP), if this
curve is monotonic, or using another algorithm (e.g.,
Huang and Won, 2000) for a non-monotonic curve.
In addition, their method assesses the robustness of
the rECa estimate, taking into account instrument
noise and the effects of subsurface magnetic variation.
Non-robust estimates are mainly associated with high
induction numbers, which can be caused by environ-
ments with high conductivity, high frequencies, and
large coil spacings.

The numerical effort to obtain these corrections
can be significant because one is forced to implement
a calculation using the complete solution to Maxwell’s
equations, which require the numerical evaluation of
improper integrals from the Hankel transform. The
otherwise simple process of determining apparent con-
ductivity is complicated by this and other steps, like
generating coefficients through least-square fitting of
the data and searching in a pre-calculated table, as is
done in the method proposed by Beamish (2011).

In practice, all these approaches to improve ap-
parent conductivity from measurements taken in LIN
instruments, however complicated they may become,
still estimate the conductivity of a homogeneous half-
space.

In our view, if the geophysicist is restricted to
work with interpretation of apparent conductivities,
then the best estimates should be acquired with min-
imum effort and maximum simplicity in the process.
Therefore, our aim in this paper is to offer a very
simple correction to improve the estimation of appar-
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ent conductivity from magnetic dipole sources using
only the currently measured field components in the
real-world devices.

The method presented here improves the apparent
conductivity by using the full analytic expression of
the magnetic field of magnetic dipoles on the surface,
instead of the low order approximation. It uses an
implementation of Newton’s method to minimize the
single variable function defined as the difference be-
tween the analytical half-space solution and the mea-
sured field component. It also uses the concept of the
cumulative response function presented by McNeill
(1980) to calculate a height adjustment for the cases
when the sources and receivers may not be consid-
ered as located at the surface, again in an extremely
simple formulation.

The method takes the measured value, as given
by the equipment, as input and outputs a corrected
(or adjusted) value, which we are calling “improved"
apparent conductivity. The new apparent conductiv-
ity reproduces the true half-space value for a wider
range of induction numbers than that for which the
linear approach yields reasonably good approxima-
tions. This solution is conceptually simple, very easy
to implement and extremely computationally inex-
pensive, while generating values that are compatible
with previous approaches within the noise level usu-
ally present in the data.

This paper presents only applications to the EM34
configurations (McNeill, 1980), which is a widely used
equipment for many applications, but the idea can be
implemented for any LIN method in use. The method
uses only the imaginary part of the magnetic field, as
this is the only information provided by the EM34
equipment, and the results are still in the Low Induc-
tion Number range, although that range is extended
when compared with the measured data.

To illustrate the method, we show applications to
synthetic data from a 2D model, as well as to real data
published by Hanssens et al. (2019), and from two sur-
veys performed in Brazil. The results are generated
by a single small computer function for each source
and they show that the corrected data are generally
closer to the true resistivities than the traditional ap-
parent resistivities (measured data values), especially
in the most conductive zones.

This work is intended as a quick and easy way
to generate adjusted apparent conductivities that are
better for direct interpretation than those provided
by the current instruments. It is clear that this is not
a substitute for an actual inversion of the data, which
must be performed if there is need for a detailed and
accurate resistivity mapping of the subsurface. As
in previous methods, the application of the functions
presented here does not expand the validity of the
generated conductivities beyond the LIN regime but,
as the examples will show, the adjusted apparent con-
ductivity can improve the interpretation if the user
will only work with a first approach directly from the
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field data.

TRADITIONAL LIN APPARENT CON-
DUCTIVITY

Apparent conductivity in the low induction number
regime is obtained from an approximation for the ho-
mogeneous half-space solution of the magnetic field
from dipolar sources. The vertical coplanar configu-
ration (VCP) uses the horizontal magnetic component
(H,) generated by a horizontal magnetic dipole; the
horizontal coplanar configuration (HCP) and perpen-
dicular configuration (PERP) use the vertical (H)
and radial (H,) components generated by a vertical
magnetic dipole.

The half-space analytical solutions for these fields
(Ward and Hohmann, 1987) are written in terms of
the wave number k = \/—iwugo in the quasi-static
regime and the offset s between transmitter and re-
ceiver. The magnetic field components are

H 2
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where Hj is the free space magnetic field in the plane
of the dipole, which, for a source with a dipole mo-

ment m, is
m

Hy=—.
0 4ms3
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The solutions for the half-space fields can be writ-
ten in terms of the induction number 6, defined as

e
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>
|
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where w represents the angular frequency, pg is the
permeability of free space, and o is the electrical con-
ductivity.

Using the relationship between the wave number
and the induction number,

iks = (1+1)0, (6)

the equations for the field components (Equations 1
and 2) become

H, =2 .
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Expanding the exponential function into its Tay-
lor power series results in
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The LIN approximation uses only the first two
terms, which are the same in both series:

R APV (Y (11)

Then, the apparent conductivity for both config-
urations is given by

4 H
- md 12
7T Wpos? m{Ho} 12)

which uses only the imaginary part of the measured
field. By performing the same procedure in equation
(3), it is possible to arrive at equation (12), however,
with the negative sign (Spies and Frischknecht, 1987).

The EM34-3 equipment operates in the LIN
regime, using three fixed-array settings (off-
set/frequency) for both the HCP and the VCP (Table
1). The values of frequencies and offsets are chosen
so that for a homogeneous half-space all configura-
tions work with the same induction number for the
same conductivity. Beamish (2011) presents a list
of the main conductivity meters, among them the
DUALEM equipment that uses the three configura-
tions of coils.

Figure 1 shows the imaginary parts of the half-
space fields from the HCP, VCP and the PERP along
with the approximate LIN field (equation 11) as func-
tions of the induction number. Note that, for a given
field value, the approximation (black line in Figure
1b) is always at a lesser 6 than the smallest of the
three possible induction numbers for all components.
Therefore, the apparent conductivity is always less
than the true half-space value.

Braz. J. Geophys., 41, 1, 2023
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Table 1: EM34-3 arrays offset/frequency and exploration depths.

Offset Exploration depth (m) Frequency
(m) | VCP (Horizontal dipole) | HCP (Vertical dipole) (Hz)
10 7.5 15 6400
20 15 30 1600
40 30 60 400

Im{H/H,}

0 5 10
Induction Number
(a) Dipole fields.

0.2
—H, (VCP)
—_H. (HCP)
015 1 _ g, (PERP)
~ —LIN
=
= 0.1
—
E
0.05
0 L
0 0.5 1

Induction Number

(b) Zoom in to compare with the LIN approximation.

Figure 1: Comparison of the imaginary parts of the
full VCP (blue), HCP (red) and PERP (green) fields
with the approximate LIN field (black).

Naturally, the approximation worsens as the in-
duction number increases. When considering the
EM34-3 configurations (Table 1), it becomes evident
that the relative differences between the approximate
and the total half-space fields are already at around
6% for the VCP and 12% for the HCP for # = 0.1,
which is associated with a conductivity of 4 mS,/m,
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or a 250 ohm-m resistivity.

IMPROVED APPARENT CONDUCTIVITY

The analytical solution for the field on the surface of
a homogeneous half-space is a non-linear function of
the conductivity of the half-space. The calculation of
the apparent conductivity from a measured field com-
ponent can be formulated as a minimization problem
for a function of a single variable. In this case the
complete expressions for the homogeneous half-space
fields (equations 1, 2 and 3) can be used and the result
is a better approximation for the medium conductiv-
ity than those generated by using only one term of
the infinite series representing the fields. Among the
several possible approaches to solve this minimization
problem, we chosen to implement Newton’s method,
because it is conceptually simple, easy to program,
and has high convergence rates for the field functions,
reaching a solution with the desired precision within
few iterations.

Representing the imaginary parts of the normal-
ized magnetic field components by hy(c), h.(c) and
h.(0), as functions of the conductivity of the half-

space,
H, H,
hy(o) = Im{Hé}’ h.(o) = Im{Ho}’

ho(0) = Im{g;}, (13)

define the function ® as the squared difference be-
tween h (hy, h, or h,) and the respective measured
(observed) field h°

(o) = %(h — h°)2. (14)

Given a value oy, the power series expansion of ® at
(ok + Ao) is

(Ac)?
21

+ 0" (o) (A:g)g +... (15)

O(op + Ac) = ®(oy) + D' (o)) Ao + D" (o)

For small steps Ao, the function can be approxi-
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mated by truncating the series at the quadratic term.
(Ag)?

(16)
Then, the step size Ac™* needed to reach the minimum
can be determined by finding the point at which the
derivative of ® with respect to Ao is zero:

@(Uk + AO’) ~ (I)(O'k) + ‘I),(O'k)AO' + (I)H(O'k)

2 (o) + (o)A, (1)
“_ (P/(Uk)
Ac* = O (op) (18)

For a quadratic function of o, this step would
reach the minimum regardless of the value of oy.
Since @ is not a quadratic function, this step size is
used iteratively:

(o)
(I)”(Uk) :

Okt+1 = O (19)

Each iteration takes a step in the direction of the
minimum of the quadratic approximation of the func-
tion ® given by the truncated series (equation 16). As
the process progresses, the quadratic approximation
becomes closer to the function ® as it approaches its
minimum.

The derivatives are

()= 22—y 2 (20)
28 (o 2 2
(o) = a%) - (gg) 4 (h— ho)%. (21)

The derivatives of h,, h, and h, are calculated an-
alytically from the half-space solutions (equations 1,
2 and 3). To shorten the notation, define the variable
t as:

t =1ks. (22)
Then,
Ooh 1 -
Tay - Im{ﬁ [6— (646t + 3t +13) '] } (23)
Ph, 1 2
5o = m{ g (20 (24 20t 1
F1202 4 48° 4 1) e 1] } (24)
oh. 1 2
- Im{ﬁ [~18 + (18 + 18t + 9¢

+ 3t e} (25)

0*h, 1 2
= Im{ s [72 - (72+ 72t + 36t
+1268 4300 %) e |, (26)
and
Oh,

—¢2
= Im{7 [211@/2) K (£/2) + L (t/2) Ka(t/2)

+ (/2K (1/2) - L2 Ka(t/2) |} 21

a@ :; = tm{ T8+ )0/ K172

— I(t/2) Ka(t/2))
£ (1a(t/2) Ka (1/2) — L (t/2) Ka(t/2)) | ). (28)

This inverse problem is ill-posed because there are
two induction numbers associated with a given field
measurement. To cope with this difficulty, the pro-
cess simply uses the apparent conductivity given by
the LIN approximation as the first guess to start the
process. Using it ensures that the reached minimum
of ® always will be at the lowest half-space conduc-
tivity compatible with the measured field because its
induction number is always a point for which the func-
tion has positive derivative. Therefore, this approach
is still a LIN method.

The iterations stop when there is no significant
variation in the conductivity. The result is the true
value of the homogeneous half-space conductivity
with the desired precision used as the stopping cri-
terium.

Figure 2 illustrates the comparative analysis be-
tween the apparent conductivity obtained from the
EM34 equipment and the improved conductivity for
a homogeneous half-space. In the PERP case, the
DUALEM-4 equipment configuration is employed
with a 4 m offset and a frequency of 9000 Hz. For
all settings, the true half-space value is achieved for
the low range of induction numbers up to the value
where the curves in Figure 1 reach their maxima.

When applied to a measured value of apparent
conductivity, the algorithm works as illustrated in
Figure 3: First, the magnetic component Im{H/Hy}
(Hy, H, or H,) is calculated from the observed ap-
parent conductivity through equation (12) (vertical
arrow up); then, this value is found in the corre-
sponding magnetic field function (either equations 1,
2 or 3) by the minimization of the function defined
by equation (14) (horizontal arrow); finally, the min-
imum gives the adjusted apparent conductivity (ver-
tical arrow down).

Braz. J. Geophys., 41, 1, 2023
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Figure 2: Comparison of improved and EM34 apparent conductivities for VCP (a), HCP (b), and PERP (c)
data from a homogeneous half-space. The corresponding relative errors are shown in (d), (e), and (f).
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Figure 3: Illustration of the variation found in the
apparent conductivity from the measured to the ad-
justed value.

HEIGHT CORRECTION

The calculation of apparent conductivity using the
LIN approximation is done by taking the magnetic
dipoles located on the ground surface. However, in
most real cases the measurements taken by conduc-
tivity meters are made at a certain height from the
ground. The works by Beamish (2011), Andrade et al.
(2016) and Hanssens et al. (2019) show that the height
effect generates underestimated apparent conductiv-
ity values. We present a height correction procedure
that uses the cumulative response function presented
by McNeill (1980).

In a two-layer model, the apparent conductivity
given by McNeill (1980) is

0 =011 — Ry p(z1)]+02Rvup(z1), (29)

where oy and o9 are the conductivities of the top and
bottom layers (mS/m), and z; is the ratio between
the thickness of the first layer (h;) and the offset
(s). The cumulative response functions Ry, g p(z1)
for the VCP, HCP, and PERP configurations are, re-
spectively,

Ry(z1) = (422 + 1)V/2 — 22, (30)
1

RH(Zl) = W, (31)

Ro(z) =1— — 220 (32)

(422 +1)1/2°

Our approach considers the height of the dipole
above ground as the thickness of the first layer (Fig-
ure 4) in a two-layers model, with the air conductiv-
ity equal to zero. The apparent conductivity given by
equation (29) then becomes

Oq ZO'QRV’H’p(Zl). (33)

Therefore, the Height Corrected (HC) apparent

conductivity is given by

HC Oa
o = - 34
“ Ry . p(#1) (34)

In this procedure, the height correction is first ap-
plied to the LIN apparent conductivity (conductivity
meter measurements) and then the new estimation
(improved data) is generated using Newton’s method.

The height correction is needed in the cases when
the coils are carried at some height. However, even
in the more common situation for an EM34 sur-
vey, which is performed with the loops touching the
ground, this correction is useful, as the examples will
demonstrate. In this case, in the horizontal coplanar
configuration, the coils are laid horizontally on the
ground, which makes any height correction unneces-
sary, whereas in the vertical coplanar configuration,
the coils are placed vertically and their centers are
located above ground, so the dipole location is at a
height equal to the coil radius. Therefore, even in tra-
ditional surveys, a height correction may improve the
VCP data.

| s g
hy
l 01 = Oqir
g9 — ch

Figure 4: Model with vertical coplanar loops located
above the ground surface.

Figure 5 shows relative error maps of apparent
conductivity, varying the transmitter-receiver height
and the half-space true conductivity. The map for
each coil configuration, in which the EM34 arrange-
ment is used for the VCP (offset 10 m), and for the
HCP and PERP the DUALEM arrangement is used
(offset 1 m). The top map shows the errors in the
data without any height correction. Then, the im-
proved apparent conductivity is shown without height
correction (middle) and with height correction (bot-
tom). The height correction together with the appar-
ent conductivity improvement procedure reached the
lowest values of relative errors, with maximum values
of 21% (VCP and HCP) and 7% (PERP). Therefore,
the height correction proves to be effective for a wide
range of ground conductivity values, for height values
up to 1 m.

Especially significant are the values at height
around 0.5 m because this is usually the radius of the
EM34 coils, so that even in a traditional survey the
improved values with height correction may be sig-
nificantly better than those given by the equipment,

Braz. J. Geophys., 41, 1, 2023
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Figure 5: Relative error maps of apparent conductivity as function of the height from the ground and the true
conductivity of the half-space. Top: original data; Middle: improved apparent conductivity; Bottom: improved

apparent conductivity with height correction.

particularly for the most conductive soils, for which
the error may decrease from over 70% to about 10%.

IMPLEMENTATION DETAILS

Appendix A contains three MATLAB functions
(called Newton VCP, Newton HCP and New-
ton_ PERP) designed to generate the improved ap-
parent conductivity value for a single measurement
of a conductivity meter survey. The inputs are the
apparent conductivity, as given by the conductivity
meter (e.g., EM34 or DUALEM), the frequency, and
the offset and height of the transmitter—receiver pair.

The main stopping criterium is the value of the rel-
ative difference between the quadrature component of
the magnetic field in two consecutive iterations. The
minimum acceptable difference is stored in the vari-
able tol, which, in this implementation is set to 0.01,
meaning that the process will stop at a variation of
less than 0.01%.

If the measured data fall outside the range of the
admissible magnetic field quadrature component, in
which case the instrument returns a negative value,
the functions will return the same value as the input.

If the quadrature component is close to one of the
peaks of the curves in Figure la, the minimum of the
adjusting function ® (equation 14) is located in the
bottom of a wide valley, in a region of very low deriva-
tive around the minimum. In this case, the second
derivative of ® around the minimum is close to zero,

Braz. J. Geophys., 41, 1, 2023

and it is possible that the step given by equation (19)
overshoots the minimum. To cope with this possibil-
ity, whenever the new & is larger than the previous
value, the functions cut the calculated step in half
until convergence is achieved or the number of cuts is
greater than 4, in which case the function returns the
last calculated conductivity.

Noise in the data may result in a measurement of
the imaginary component of the magnetic field that
is above the maximum possible value for a homoge-
neous half-space. In this case, the process simply re-
turns the maximum value by the process described in
the previous paragraph. In any other instance, noise
in the data is directly transferred to the calculated
apparent conductivity and the user must exercise the
same level of caution, regarding noise, as when using
the unaltered, original data.

APPLICATION TO SYNTHETIC DATA

The synthetic H, and H, data were generated with
a nodal finite element code, using a non-structured
mesh. The finite element method is implemented as
described in Jin (2015), using a 2.5D formulation in
which the geometry of the 3D electromagnetic field
in the 2D medium is transformed by the application
of the Fourier Transform to the coordinate that de-
fines the strike direction, as described by Li and Key
(2007).

The field is written as the sum of two parts: the
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so-called primary field, which is the one generated by
the source in the background 1D layered model, and
the secondary field, which is a perturbation defined as
the difference between the total field in the 2D model
and the primary one. Then, the differential equa-
tions are written in terms of the secondary electric
and magnetic components in the strike direction, us-
ing homogeneous Dirichlet conditions at boundaries
located far enough from the 2D heterogeneities.

 4m e
5m 0,=20 mS/m
¢2 m
,,,,,,,,,,,,,,,,,,,,,,,,,, "424_m>{ o,= 100 mS/m

\ D

Figure 6: 2D geoelectrical model used in apparent
conductivity sections.

VCP - EM34

HCP - EM34

HCP - improved

e 25

0 20
Distance (m)

Figure 7: Comparison between the improved and the
LIN apparent conductivity for the synthetic data gen-
erated by the model in Figure 6. Height correction for
the improved VCP section (h; = 0.5 m).

The model simulates a geoelectrical environment
with a 5 m thick top layer with a 20 mS,/m conductiv-
ity over a conductive (100 mS/m) infinite basement
and a trough-shaped feature with the same resistiv-
ity as the upper layer (Fig. 6). These conductivities
were chosen to be far from the low values for which
the LIN approximation yields the best results. The
survey line is 200 m long, with 5 m spacing between
measurements, and 0.5 m height of the transmitter-

receiver for the VCP.

The results are presented as apparent conductiv-
ity sections, using the “exploration depths” specified
in the EM34 technical notes (Table 1). The thickness
of the top layer (5 m) is less than the lowest specified
EM34 exploration depth, which is 7.5 m for the VCP
10 m offset configuration. This top layer is enough to
perturb the field in the otherwise homogeneous earth
and hinder the LIN half-space approximation. The
2D structure at the base of the layer further distorts
the fields at the surface in the central regions of the
survey line, especially the VCP data.

Figure 7 shows the apparent conductivity sections.
The influence of the top layer is felt over all fre-
quencies in both VCP and HCP configurations. The
apparent conductivities in the corrected sections are
consistently closer to the true values than those in the
unchanged EM34 sections. The corrected values re-
flect the true conductivity of the basement in both
the VCP and HCP configurations.

APPLICATION TO REAL DATA

Data from Hanssens et al. (2019)

This data set is from an EM34-3XL survey published
by Hanssens et al. (2019). The data were acquired us-
ing the 3 offsets of the VCP configuration only. The
measurements were taken every 10 m, and the trans-
mitter and receiver coils have their centers located
at the height of the radius (0.515 m and 0.345 m,
respectively). The profiles were obtained in an inter-
tidal zone of a beach during low tide, that is, a high
salinity environment. Figure 8 shows the EM34-3XL
data for the 3 offset-frequency arrays.

Hanssens et al. (2019) show that the EM34-3XL
apparent conductivities are, as expected, strongly un-
derestimated relative to the concept of the robust ap-
parent electrical conductivity (rECa) introduced by
them. After digitizing these data, we applied our
height correction (h; = 0.5 m) and then calculated
the improved apparent conductivity. The results are
compared with the original data in Figure 8.

The values generated by our simple method are
very close to those of the rECa, which are generated
using the complete solution of Maxwell’s equations
for layered models. The differences decrease with the
increase of the transmitter-receiver offset, mainly be-
cause the height effect is relatively smaller for the
greater offsets.
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Figure 8: Comparison between the apparent con-
ductivity values of the EM34-3XL, rECa, and im-
proved apparent conductivity with height correction
(h1 = 0.5 m) for the data presented by Hanssens et al.
(2019).

First field example

The following data were acquired in the city of Sal-
inopolis, state of Para, Brazil. The local geology con-
sists of a Miocene carbonate sequence (Pirabas For-
mation), which is covered by more resistive continen-
tal Tertiary and Quaternary terrigenous sediments
(Barreiras and Post-Barreiras) (Rossetti, 2001). The
Pirabas Formation is the main source of local ground-
water supply.

The measurements were taken in the vicinity of
a ground water well for which there are logging data
available. The EM34 data set is composed of 20 mea-
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surements acquired every 10 m with the two copla-
nar configurations, northeast-southwest direction as
shown in Figure 9.

236800 237200 237600 238000
N L N N

o 0 500 N

] ]
Meters [
AMAPA %
o

9932000
1
1
T
9932000

Beltm 1

Tere|
PARA MARANHAO

9931600
1
9931600

9931200
T
9931200

gggggg

9930800
1
|
3l
9930800

aaaaaaaaa
aaaaa

si0 Roberty

T T o T T
236800 237200 237600 238000

Figure 9: Location of the city of Salinopolis and lo-
cation of the lithological section C-H-I proposed by
Freimann et al. (2014) in black line, the blue points
being the wells C, H, T and O. The red dots are the
EM34 observations taken in the northeast-southwest
direction.

Figure 10 shows the apparent conductivity sec-
tions built with the original EM34 data and the cor-
rected data. Height correction (hy = 0.5 m) was only
applied for improved VCP section. There are notable
differences between the two VCP sections, mainly in
the final portion of the profile, where there is a con-
ductive region whose difference between the sections
is practically 10 mS/m. The most remarkable result
is found in the improved HCP data section, which re-
veals a more conductive deep region (=~ 90 mS/m),
whereas the corresponding EM34 section reaches a
maximum conductivity of approximately 45 mS/m.
Furthermore, the improved VCP and HCP sections
show a correlation that can be noted at the 45 mS/m
isovalue line.

Freimann et al. (2014) presented the lithological
section reproduced in Figure 11, based on the interpo-
lation of well logging data. Their interpretation indi-
cates that there are two deep aquifers located around
the depths of 70 and 105 m below sea level (0 in the
vertical scale). These conductive layers exert influ-
ence on the measured magnetic fields but remained
almost undetected in the conventional sections. In
the adjusted sections, however, the deepest zone in
the HCP data shows a very distinguished conductive
zone, indicating that these data are in the highest of
the low induction number range, so that the gain il-
lustrated in Figure 3 is the highest.

An interpretation based on the adjusted sections
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will be more likely to infer the conductive aquifers
than one based on the original data.

VCP - EM34

100 80 60 40
Distance (m)

Figure 10: Comparison between the improved and
the traditional LIN apparent conductivity for the real
data. Height correction for the improved VCP section

Second field example

The second area of study is in the municipality of Be-
beribe, Ceara State, Brazil. Three distinct hydrogeo-
logical domains exist in this region: crystalline rocks,
sedimentary cover and alluvial deposits. In the do-
main of crystalline rocks, the occurrence of ground-
water is conditioned by a secondary porosity repre-
sented by fractures and cracks, which translates into
randomly distributed discontinuous small reservoirs.
The sedimentary domain includes the Barreiras For-
mation sediments and is characterized by a significant
faciological variation, with intercalations of more and
less permeable levels. In alluvial deposits, there are
recent sand-clay sediments, with high permeability,
which, despite their small thicknesses, produce signif-
icant water flows.

The EM34 survey was conducted at the location
presented in Figure 12. The measurement spacing was
40 m. A Vertical Electrical Sounding (VES) was per-
formed at the position indicated by the red triangle
using the Schlumberger array, with current electrode
apertures (AB/2) ranging from 1.5 to 150 m, oriented
in the north-south direction.

Depth (m)
Depth (m)

120

%} Sand/sandstone

- Non-permeable shale
% Water-bearing Limestone

! Granite basement

Figure 11: Lithological section C-H-I presented by
Freimann et al. (2014).
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Figure 12: Location of the EM34 measurements and
the Vertical Electrical Sounding (VES) point (red tri-
angle). The measurements followed the east-west ori-
entation.

Figure 13 shows the apparent conductivity sec-
tions. Again, height correction (hy = 0.5 m) was only
applied for improved VCP section. The biggest differ-
ences between the two sets of data are again seen in
the HCP section, which is sensitive to greater depths.
The top of a conductive layer, between the depths of
20 and 30 meters, is much more clearly seen in the
corrected section than in the original data.
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Figure 13: Comparison between the improved and
the traditional LIN apparent conductivity for the Be-
beribe data. Height correction for the improved VCP
section (hy = 0.5 m).
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Figure 14: Comparison between the improved appar-
ent conductivity (VCP and HCP) and the VES appar-
ent conductivity, at the measurement position 680m
(red triangle) from sections in Figure 13.

For comparison, Figure 14 shows the VES data
gathered in the position 680 m, as shown in Figure
12 (red triangle). The VES apparent conductivity,
like that of our adjusted EM34 data, is calculated to
correspond to the true value if the measurements were
performed over a homogeneous half-space. Therefore,
the VES data are in better agreement with the ad-
justed data than with the original EM34 measure-
ments, with a maximum conductivity between 50 and
60 mS/m.
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CONCLUSIONS

We have presented a method to determine apparent
conductivities from electromagnetic dipole data that
uses a minimization code to estimate conductivity
from the complete homogeneous half-space solutions
for the magnetic field, instead of using the traditional
truncated power series. The method takes the usual
measurements as input and generates adjusted appar-
ent conductivities with negligible computational cost.

The proposed method generates apparent conduc-
tivities that converge to the traditional EM34 data in
the most resistive environments, but that differ from
the conventional data in conductive zones for which
the conductivities estimated by the low order approxi-
mation are lower than the true values in the geological
environments.

The presented Matlab functions can be easily
translated to any computer programming language
and the code can be run in any portable computer.

Although this process is not a substitute for an in-
version work, it is capable of improving the estimation
of apparent conductivities without adding any signif-
icant time. It can be applied in the field immediately
after the EM34 data are gathered.

In comparison with all previous approaches to im-
prove the estimation of apparent conductivities, this
method has three practical advantages:

e It is conceptually simpler — it simply finds the
conductivity value in the complete half-space
analytical solution, rather than using only one
term in an infinite series, and performs a height
correction by few elementary arithmetic opera-
tions.

e [t is easier to implement — the half-space solu-
tions and all their derivatives are calculated an-
alytically and the only part of the expressions
that is not simple arithmetic is the exponential
function. The translation from the Matlab code
shown in the appendix to any programming lan-
guage is straightforward.

e [t is computationally cheaper — even though this
is not a concern in modern computers, which
can run even the more complex approaches in
very short times, the number of operations and
the memory requirement necessary to gener-
ate the improved apparent conductivity in this
method is considerably smaller than in alterna-
tive approaches because it avoids the calcula-
tion of improper integrals and other tasks like
searching on pre-calculated tables.

In our view, if the geophysicist needs to gather the
maximum amount of information from the data, then
the greatest returns will come from performing in-
version, rather than interpreting apparent conductiv-
ities. However, in many cases all that is available are
apparent conductivities. For these situations, from a
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practical perspective, we submit that any complex-
ity beyond the level implemented in our method is
unnecessary in view of the small gain for the effort.
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APPENDIX A: MATLAB FUNCTIONS

Vertical coplanar configuration

function San = Newton_VCP(sa, r, f, hO)
Calculates the improved apparent conductivity
% from conductivity meter data,

% using Newton’s method.

% Inputs:

% sa => apparent conductivity (mS/m);

% T => transmitter-receiver offset (m);
% f => frequency (Hz);

% hO  => height (m).

% Output:

% San => improved apparent

% conductivity (mS/m)

%

Rv = sqrt(4 * (h0/r)~2 + 1) - 2 * hO/r;

sa = sa / (1000 * Rv);
ho = sa * (2.e-7 * pi * pi * r~2 * f);
t = (1 + 1i) * r * sqrt(sa * £/10) * 2e-3 * pi;

h=-2x%( 3-t72- (3+ 3%t + t°2 )*exp(-t) ) / (£72);
£i0 = (imag(h) - ho)~2;

sO = sa;

San = sa;

tol = 0.01;

contl = 0;

while ( 100 * abs(ho - imag(h)) / ho > tol )

contl = contl + 1;
dHds = imag( 6/t"2 - (6/t"2 + 6/t
+ 3 + t) * exp(-t) ) / San;
d2Hds2 = imag( (-24 + (24 + 24 * t + 12 * t~2
+ 4 % t73 + t74) * exp(-t)) / (2 * San~2 * t~2) );
ds = dHds * (imag(h) - ho) /

( dHds"2 + (imag(h)-ho)*d2Hds2 );
San = sO - ds;
t = (1 + 1i) * r * sqrt(San * £/10) * 2e-3 * pi;
h=-2x%(3-1t2-(3+3%*t+1t"2) *exp(-t) )
/ (£.72);
fi = (imag(h) - ho)~2;
cont2 = 0;

while (fi > £i0)
cont2 = cont2 + 1;

San = s0 - ds/2;

t = (1 + 1i) * r * sqrt(San * £/10)
* 2e-3 * pi;

h=-2x%(3-t72- (3+ 3%t

+ t72 ) * exp(-t) ) / (t.72);
fi = (imag(h) - ho)~2;
if cont2 > 4

break

end

end

fi0 = fi;

sO = San;

if contl > 9
break

end

end

San = San * 1000;

Horizontal coplanar configuration

function San = Newton_HCP(sa, r, f, hO)

% Calculates the improved apparent conductivity
% from conductivity meter data,

% using Newton’s method.

% Inputs:

% sa => apparent conductivity (mS/m);

% r => transmitter-receiver offset (m);
% £ => frequency (Hz);

% hO => height (m).

% Output:

% San => improved apparent conductivity (mS/m)
%

Rh = 1 / sqrt(4 *(h0/r)"2 + 1);

sa = sa / (1000 * Rh);

ho = sa * (2.e-7 * pi * pi * r°2 x f);

t = (1+1i) * r * sqrt(sa * £/10) * 2e-3 * pi;
h= -2 (-9+(9+9*%t+4x*xt2+

t~3) * exp(-t) ) / (£72);
fi0 = (imag(h) - ho)~2;

sO = sa;
San = sa;
tol = 0.01;
contl = 0;
while ( 100 * abs(ho - imag(h)) / ho > tol )
contl = contl + 1;
dHds = imag(( -18 + (18 + 18 * t +9 * t~2
+ 3 % t73 + t74) * exp(-t)) / (San * t~2));
d2Hds2 = imag(( 72 -( 72 + 72 * t + 36 * t°2
+ 12 * £t73 + 3 * t74 + t~5) * exp(-t))
/ (2 x (San * t)~2));
ds = dHds * (imag(h) - ho) /
( dHds~2 + (imag(h)-ho)*d2Hds2 );
San = sO - ds;
t = (1 + 1i) * r * sqrt(San * £/10) * 2e-3 * pi;
h= 2% (-9+(9+9x*xt+4x*t"2+1t°3)
* exp(-t) ) / (t72);
fi = (imag(h) - ho)~2;
cont2 = 0;
while (fi > £iO)
cont2 = cont2 + 1;
San = s0 - ds/2;
t = (1+1i) * r * sqrt(San * £/10) * 2e-3 * pi;
h= -2% (-9+ (9+9x*xt+4x*t"2
+t73) * exp(-t) ) / (£72);
fi = (imag(h) - ho)~2;
if cont2 > 4
break
end
end
£i0 = fi;
sO = San;
if contl > 9
break
end
end
San = San * 1000;

Perpendicular configuration

function San = Newton_PERP(sa, r, f, hO)

%

% Calculates the improved apparent conductivity

% from conductivity meter data, using Newton’s method.

Braz. J. Geophys., 41, 1, 2023
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% Inputs:

% sa => apparent conductivity (mS/m);

% r => transmitter-receiver offset (m);
% £ => frequency (Hz);

% hO => height (m).

% Output:

% San => improved apparent conductivity (mS/m)
%

Rp =1 -2 % h0 / (r x sqrt(4 * (hO/T)"2 + 1));
sa = sa / (1000 * Rp);

ho = sa * (2.e-7 * pi*pi * r~2 x f);

t = (1 + 1i) * r * sqrt(sa * £/10) * 2e-3 * pi;
h = t°2 * (besseli(1,t/2) * besselk(1l,t/2)

- besseli(2,t/2) * besselk(2,t/2));
£i0 = (imag(h) - ho)~2;

sO = sa;
San = sa;
tol = 0.01;
contl = 0;

while ( 100 * abs(ho - imag(h)) / ho > tol )
contl = contl + 1;
dHds = imag(t~2 * (2*besseli(1l,t/2) * besselk(l,t/2)
+ besseli(2,t/2)* ...
besselk(2,t/2) + 0.5*%t *(besseli(2,t/2)
* besselk(1,t/2) - ...
besseli(1,t/2) * besselk(2,t/2))) / San);
d2Hds2 = imag(t~2 * ((8 + t~2) * (besseli(1,t/2)
* besselk(1,t/2) - ...
besseli(2,t/2) * besselk(2,t/2)) +
t * (besseli(2,t/2) * ...
besselk(1,t/2) - besseli(1,t/2)
* besselk(2,t/2))) / (2xSan)~2);
ds = dHds * (imag(h) - ho)
/ ( dHds"2 + (imag(h)-ho) * d2Hds2 );

San = sO - ds;
t = (1 + 1i) * r *x sqrt(San * £/10) * 2e-3 * pi;
h = t°2 * (besseli(1,t/2) * besselk(1,t/2)

- besseli(2,t/2) * besselk(2,t/2));
fi = (imag(h) - ho)~2;
cont2 = 0;
while (fi > £i0)
cont2 = cont2 + 1;
San = sO - ds/2;
t = (1 + 1i) * r * sqrt(San * £/10)
* 2e-3 * pi;
h = t~2 * (besseli(1,t/2) * besselk(1l,t/2)
- besseli(2,t/2) * besselk(2,t/2));
fi = (imag(h) - ho)~2;
if cont2 > 4
break
end
end
£i0 = fi;
sO = San;
if contl > 9
break
end
end
San = San * 1000;
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