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Abstract: When encountering sedimentary rocks with obvious laminations or fracture development
zones, the conductivity of the conductive medium in different directions will change significantly,
and the subsurface medium will exhibit macroscopic conductivity anisotropy. To analyze the im-
pact of electrical anisotropy on the surface-borehole transient electromagnetic exploration method,
we used the finite element method to investigate the electrical anisotropy surface-borehole transient
electromagnetic three-dimensional (3D) forward algorithm, in which we used a tetrahedral mesh to
spatially discretize the time—domain Maxwell equation. Then, we discretized it using the second-
order backward Eulerian difference method, and we obtained the fields through the PARDISO
solver. The validity and correctness of the algorithm were verified through comparison of a one-
dimensional (1D) anisotropic model, a complex three-dimensional (3D) isotropic model, and a
three-dimensional (3D) anisotropic half-space model. A typical anisotropic geological model was
constructed to analyze the effects of anisotropic strata and anomalies in the different principal axis
directions on the surface-borehole transient electromagnetic response. The results show that the
response of the anisotropic medium is related to the direction of the transmitting source, and the
response pattern is complex and volatile. The electrical anisotropic anomaly does affect the ampli-
tude, which should be given special attention when performing surface-borehole transient electro-
magnetic inversion interpretation.

Keywords: conductivity anisotropy; finite element; three-dimensional (3D) forward; second-order
backward Eulerian difference method

1. Introduction

The transient electromagnetic method (TEM) is a time—-domain artificial source elec-
tromagnetic method, which has been widely used in coal and mineral exploration and
other fields. This method uses an ungrounded loop or grounded line source to emit a
pulse signal into the ground, and by observing the secondary field generated by the in-
duction of the subsurface medium [1], the distribution of the electrical characteristics of
the strata is detected [2]. The surface-borehole TEM is an electromagnetic exploration
method that has been rapidly developed internationally in recent years and has achieved
good results in geological prospecting. It has been applied to research on metal ore explo-
ration, tectonic mapping, petroleum, coal, underground water, geothermal energy, per-
mafrost zones, and marine geology [3]. In metal ore exploration, it has mainly been ap-
plied to survey blind ore bodies next to or below the boreholes, and it is especially supe-
rior when the ore body is too deep and in areas affected by electrical disturbances (such
as conductive cover, shallow sulfides, and surface mineralized stratum) [4]. In Canada,
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Australia, and several other countries, surface-borehole TEM has become a conventional
survey method, and many successful examples of deep mineral searches have been re-
ported.

For example: in Canada, a 1280 m deep, 28 m thick rich ore body was identified about
200 m from the drill hole in 1995 in the Falconbridge Lindsley copper and nickel mine area
[5,6]. In this method, the transmitting circuit setup is placed on the ground above or near
the borehole, bipolar pulses are sent into the underground, and the receiving probe in the
borehole measures the transient electromagnetic response generated by the underground
geological body induction point-by-point along the borehole [7]. This method has the ad-
vantages of low surface electromagnetic or man-made interference and a strong response
signal, and it has been widely used in deep ore-prospecting and geological structure re-
trieval, and it has an especially irreplaceable advantage in metal mining.

Early in-well instruments in vertical wells could only perform resistivity measure-
ments in a single direction, ignoring the influence of the conductivity anisotropy of the
formation. With the advances in technology and the emergence of horizontal wells and
highly deviated wells, the electrical anisotropy of the formation affects the accuracy of the
measurement results, creating many difficulties in the interpretation and evaluation of
anisotropic reservoirs [8]. After the phenomenon of electrical anisotropy in sedimentary
strata was discovered in 1902, the recursive formula for electromagnetic fields in layered
anisotropic media was derived [9]. When the electromagnetic field of electrical source in
anisotropic media is studied by numerical simulation [10], the forward modeling problem
of one-dimensional (1D) anisotropy has been comprehensively and perfectly elaborated
[11]. Subsequently, more geophysicists have made progress in the study of formation an-
isotropy, conductivity anisotropy, and vector electromagnetic fields [12,13]. In addition,
multicomponent and directional induction logging techniques have been proposed and
widely studied [14]. For example, the finite element method is used to calculate the geo-
detic electromagnetic field of a two-dimensional (2D) electrically anisotropic geoelectric
section [15], the effect of triaxial anisotropic seabed on TEM response [16], simulation of
the frequency domain electromagnetic response in an electrically anisotropic formation
applied the finite difference method to a staggered mesh to [17], the electromagnetic re-
sponse of the logging-while-drilling tool in tilted anisotropic formations is studied by us-
ing the vector finite element method [18], the electromagnetic response of a three-dimen-
sional (3D) electrically anomalous body in an anisotropic formation by using the integral
equation simulation method [19], the measurement pattern of transient electromagnetism
in electrically anisotropic media near the surface [20], the effect of the electrical anisotropy
of a one-dimensional (1D) petroleum reservoir on the apparent resistivity in the transient
electromagnetic response [21], the forward and inverse of the electrical source transient
electromagnetics in a one-dimensional (1D) anisotropic medium are calculated and ana-
lyzed [22], the effect of the electrical conductivity anisotropy in different directions on the
electromagnetic field components by using the finite volume method [23,24], the forward
calculation of the TEM with a loop source and a long offset distance in three-dimensional
(3D) anisotropic media by using the finite volume method [25], and the variation charac-
teristics of an axially anisotropic surface-borehole and tunnel-hole transient electromag-
netic response with depth are studied by using the finite difference method [26,27]. How-
ever, few studies have reported on the TEM in the time domain in anisotropic media sur-
face-borehole logging. Based on the time-domain anisotropic medium response, we used
the finite element numerical simulation method to study and analyze the time domain
characteristics of the transient electromagnetic response in an anisotropic medium in dif-
ferent directions. The results provide guidance for the interpretation of the anisotropy of
the TEM and a reference for anisotropic inversion.
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2. Basic Theory
2.1. Control Equations

In isotropic media, resistivity and conductivity are scalar quantities; while, in aniso-
tropic media, resistivity and conductivity can be expressed in tensor form as follows:

Oxx ny Oxz
p= o Log=|0yx Oyy Oy 1)
Ozx Gzy Ozz

For calculation purposes, the arbitrary conductivity tensor o can be obtained from
the principal axis anisotropy conductivity tensor o, [28] after three Eulerian rotations,
where oy, gy, and o, are referred to as the principal conductivities.

oo 0 O
0'0 = 0 Uy 0 (2)
0 0 o,

In the Cartesian coordinate system, the x and y-axis lie in the horizontal plane, and
the z-axis points vertically upward. First, rotate counterclockwise along the z-axis by angle
a to obtain the new coordinate system (xy, y3, z;), rotate it counterclockwise along the x;-
axis by an angle of 8 to obtain a new coordinate system (x,,y,, z;), and then rotate coun-
terclockwise along the z,-axis by an angle of y. Finally, the conductivity tensor can be
expressed as:

o =Do,D7T, 3)
where D = D,D,D; is the rotation matrix of three counterclockwise rotations.

cosa —sina 0

D, =|sina cosa 0], 4)
0 0 1

1 0 0

D, = (0 cosfs —sinﬁ), (5)
0 sinf cosp
cosy -—siny 0

D; =|siny cosy O (6)
0 0 1

The angles a, 8,and y are the anisotropic strike angle, anisotropic dip angle, and an-
isotropic declination angle, respectively [29].

The time—domain wave equation satisfied by the electric field intensity vector can be
obtained from Maxwell’s set of equations:

OF a _
V><V><E+,uaa+ua—0, (7)

where u is the magnetic permeability, J is the field source current, ¢ is the anisotropic

permeability tensor, E is the electric field to be sought, and t is the time. The electric field

intensity vector satisfies the boundary conditions at the interface of different media:
nXx(E; —E;) =0, ®)

where n is the unit normal vector at the boundary of the medium, and E;,and E, are
the electric field intensity vectors in the medium on either side of the boundary.

2.2. Spatial and Time Domain Discretization

By using the finite element method to discretize Equation (7), the residual R [13] can
be defined according to the Galerkin method:
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As in Figure 1, the linear distribution of the electric field within the element is ap-
proximated using a non-structural tetrahedral mesh discrete computational region, and
the Nédélec vector interpolation basis function that automatically satisfy the tangential
components of the electric field are continuous and non-dispersive. In a single finite mesh-
ing element V¢, the electric field at an arbitrary position within the element can be ex-
pressed as:

u® =Y%,uf - Nf, (10)

where uf is the electric field to be sought on the prismatic edge of the element, and N}

is the vector difference basis function in the eth element. In practice, the higher-order dif-
ference vector basis function can be used to improve the calculation accuracy.

u,
Figure 1. Free tetrahedral mesh element.

By applying the Galerkin weighted residual method [30], we can obtain:
S E+MS =], (11)

where S is the stiffness matrix, M is the mass matrix, and J is the source vector. In a
single element V¢,

$ = [[f,e(V X N) - (Vx N)dV, (12)

M=[ff,.N-o-NdV, (13)

]=J-ffveN-%dV (14)

To improve the numerical accuracy, the time is discretized using a second order back-
ward Eulerian difference format:

L = L E - 4E +EY), (15)

where At is the time step before the i th hour. Substituting Equation (11) into Equation
(15) yields:

(3S + 2AtM)E' = S[4E*"! — E=2] — 2A¢]" (16)
The resulting large linear equation set can be expressed as:
KE =b (17)

Equation (16) can also be written in the following format:
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—4S  3S+2MM E, | | 2AJ,-SE,
s —4S  3S+2MM E, 204, 5
) —48 3S+2M,M E, AW (18)
S —4S 3S+2MM)\E, W T,

where i is the time point number, j is the prism number within the mesh element, 7 is the
total number of time points, and the corner e is the unit number.

For a grounded long conductor source, the initial electric field of a series of current
sources with zero initial current, such as square, triangular, sine, and trapezoidal wave-
forms is zero, E° = 0. The initial electric field of the step-down waveform is composed of
two parts: the spatial electric field distribution caused by the long conductor source and
the stable direct current (DC) electric field formed by the positive and negative electrode.

E°=E2+ E}, 19)

E? is calculated from Ohm’s law. E$ is calculated from the negative gradient of the
potential ¢:

Epc = —Vo(r)

The same tetrahedral mesh is used to ensure the consistency of the DC and vector
electric field boundaries for both DC and time-domain electromagnetic problems, and the
total field method is used to solve both problems. Due to the large solution area, the Di-
richlet boundary condition is applied as the external boundary I' in the calculation pro-
cess.

(20)

Pl=0,nxE)| =0 (21)

For solving the large sparse matrix in Equation (18), the PARDISO solver from the
Intel Math Kernel Library (MKL) is advantageous due to its efficient use of system storage
space, high computation and parallel efficiency, and nearly linear acceleration ratio with
an increasing number of nodes [31]. Firstly, the sparse matrix on the left-hand side of
Equation (18) is allocated and compressed into three one-dimensional matrices using the
Compressed Sparse Row (CSR) storage format. One matrix stores the non-zero elements
of the sparse matrix, while the other two matrices store the column indices and the num-
ber of previous non-zero elements for each element. Appropriate parameters are selected
to perform LU decomposition and fast iteration for Equation (17), which yields the edge
electric field strength vectors of all tetrahedra. The electric field response at any point in
space is obtained by linearly interpolating the basis functions, and the magnetic field com-
ponent response is finally obtained using Faraday’s law of electromagnetic induction.

3. Algorithm Verification
3.1. The One-dimensional (1D) Anisotropy Model

To verify the algorithm, a one-dimensional (1D) vertical transverse anisotropy (VTI)
model [32] was set up using the parameters shown in Figure 2. Below a layer with a con-
ductivity of 0.0033S-m™* (resistivity = 300 Q - m), there is an anisotropic low-resistance
stratum, which is 200 m thick, 200 m from the ground surface, has a horizontal conduc-
tivity of 0.1 S- m™, and a vertical conductivity of 0.01 S - m~*. The conductivity of the last
layer is 0.0014 S-m™" (resistivity = 700 Q - m). The transmitting source is a 1000 m long
grounded conductor in the x-axis direction, which is located at the origin and has an emis-
sion current of 1 A. The measurement points are located 500 m, 2000 m, and 4000 m from
the conductor. The measurement time window is from 107 sto 1's, and unequal time
steps are used. The air conductivity for all of the models is 1 x 107'°S-m™, and the cal-
culation area size is 14 x 14 x 14 km.
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Figure 2. Schematic diagram of the one-dimensional (1D) VTI model.

As shown in Figure 3, the dB,/dt and E, responses at the three measurement points
are in good fit in shape within 107*~1 s. The slight error of dB,/dt after 0.1s in Figure 3a
is caused by the calculation accuracy between parameter conversion as the input model
parameter of this algorithm is conductivity, and the input parameter of the finite volume
(FV) algorithm is resistivity.
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—_ e @ FV solution e o FV solution
?E 10 e, 4 0.
e (Ul —0—o-0-s.
<\E . um_u.o—o:,}.s,’ E E
s
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t/s t/s
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Figure 3. Comparison of numerical results of the one-dimensional (1D) VTI model: (a) dB,/dt re-
sponse and (b) E, response.

3.2. 3-D Isotropic Model

This algorithm is also applicable to the response calculation of an isotropic model. As
shown in Figure 4, a typical complex isotropic vertical contact zone model was set up
[33,34]. The stratum is overlain by a 50 m thick, high conductivity layer with a resistivity
of 0.1 S-m™ . It is then divided into different conductivity strata using the yOz vertical
contact area at x = 400, where the x <400 part is a relatively high conductivity stratum with
a conductivity of 0.01S-m™, and the x > 400 part is a low conductivity stratum with a
conductivity of 0.00333 S-m™*(resistivity = 300 Q- m). A high conductivity complex
anomaly with the conductivity of 1 S- m™! is immediately at the x >400 side of the vertical
contact area, which is 500 m deep, 100 m thick, and 400 m long in the y-direction (Figure
4). The coordinates of the center of the transmitting loop source are (0,50,0), the side length
is 100 m, and the coordinates of the receiving points are (0,50,0), (0,150,0), (0,450,0), and
(0,1050,0).
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Figure 4. Schematic diagram of the three-dimensional (3D) complex isotropic vertical contact zone
model.

Figure 5 shows the impulse response of this three-dimensional (3D) model derived
according to the proposed algorithm. It can be seen that dB,/dt matches exactly with the
results of the FDM [34], and it calculated the late-time responses, which demonstrates the
convergence and effectiveness of this algorithm.

FE solutiom
10"?‘-..... e o FDM
A. {'“"'::\.\.%‘
E 819080 s
N R NS
= 107 \ >,
< B
S Geeeumeee v '\\‘\-'(.;\
T e,
= - f.....'
Qo VT
7 F | =
e
<

I 1 |
107 1073 107 107! 10°

t/s

Figure 5. Comparison of numerical results of complex isotropic model of loop source in three di-
mensions.

3.3. Anisotropic Half-Space Model

An anisotropic half-space airborne transient electromagnetic model of a loop source
was set up [35] and validated by using the finite volume method (MFVN) [23]. As shown
in Figure 6, the transmitting loop source has a side length of 20 m, is located 30 m above
the ground, and emits a current of 1 A. The measurement point is located at the center of
the loop and receives the response of the derivative of the vertical magnetic field compo-
nent with respect to time dB,/dt (Figure 6). The dip angle ¢ of the stratum were set as
0° and 90°, and the ground resistivity was set to ¢ = diag(1,0.1,1)S-m™! and o =
diag(1,1,0.1)S-m™1,
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dBz/dt/(nT/s)

Figure 6. Anisotropic half-space model.

As shown in Figure 7, the results of the proposed algorithm for the above anisotropic
models exactly matches the results calculated using the MFVN [23] within 1075~1072 s,
which verifies the applicability of this algorithm and ensures the accuracy of the subse-

quent calculations.

1072

e 104 g
——, P —0—p.
\.\.*" ;m 10° —-m______.-.-.
\'\.\.\'\'\ 5 o ‘M\
-~ = .“"oo.
—— 0,#0,=0_MFVN U T 105 5 =g 40 MFVN Soe,
10° 0,#0,=0. MFVN ~— S =00, e
e,
107's o e 0,70,~0, FE solution e % 10°H e eg,.- 0,70, FE solution "-\.'
Lol R 10 I L ]
107 107 1073 1072 107> 107+ 10 10
t/'s tl's
(a) (b)

Figure 7. Comparison of numerical results of the three-dimensional (3D) anisotropy model of the
loop source: (a) y-axis direction and (b) z-axis direction.

4. Surface-Borehole TEM Response Study of Electrically Anisotropic Media

4.1. Principal Axis Anisotropic Strata

As shown in Figure 8, a stratum model was set up, and the borehole was located at
the origin with a diameter of 10 cm. It was 1500 m deep and filled with mud. The long
conductor source was deployed on the ground along the y-axis direction (100 m long and
1000 m from the borehole), and the measurement point was located at =500 m in the bore-
hole. The anomaly body was 100 m long, 100 m wide, and 50 m high and was located 30
m away from the measurement point in the x-axis direction. The specific model parame-

ters are shown in Figure 8.
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Figure 8. Schematic diagram of the surface-borehole anisotropic transient electromagnetic method
logging model.

A free tetrahedral mesh that fits a complex geological model well was used in the
meshing, and the mesh size was reduced, and the number of meshes was increased at the
transmitting long conductor, in-hole measurement points, and the anisotropic anomaly to
improve the accuracy. Triangular meshes centered at the origin were used from the hole-
mouth plane to the borehole wall and down to the whole borehole space. The complete
mesh contained 3,227,084 domain elements, 88,062 boundary elements, and 20,424 edge
elements (Figure 9). The calculations were performed on one node of the computer cluster,
which has 20 cores, and this took approximately 40 min.

/N
v
50 !AWA

v,

S

x(m)

Figure 9. Schematic diagram of meshing.

The principal axis anisotropy model and conductivity parameters are shown in Fig-
ure 10. The conductivity of the anisotropic stratum in the x-axis, y-axis, and z-axis direc-
tions was set as 1 S-m™, and the conductivity in the remaining principal axis directions
was changed to 0.1 S-m™'. The effects of the changes in the anisotropic stratum in the
different principal axis directions were compared.
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Figure 10. Schematic diagram of the main axis anisotropic conductivity model: (a) x-axis direction,
(b) y-axis direction, and (c) z-axis direction.

Figure 11 shows a comparison of the electromagnetic field response curves when the
transmitting conductor is along the y-axis direction and the measurement point is (0,0,
-500). When the stratum is anisotropic with a high conductivity in the x-axis direction, the
electric field components E and dB/dt are most significantly affected. When the stratum
is anisotropic in the x-axis direction, except for the reverse change in the amplitude of E,
the other electric field components vary over time with the same pattern as when the stra-
tum is isotropic. The amplitudes of the electric field components in the three directions
change abruptly within 1072~10"" s, with E, and E, changing the most. dB/dt
changes abruptly and its pattern within 1073~107" sis consistent with that when the stra-
tum is isotropic. Its amplitude also changes abruptly, with dB, /dt and dB,/dt changing
the most.
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Figure 11. Response of anisotropic strata with different principal axes: (a) E, response, (b) dB,/dt
response, (¢) E, response, (d) dB,/dt response, (e) E, response, and (f) dB,/dt response.

When the stratum is anisotropic in the y-axis direction, the amplitudes of E, and E,
change slightly, and the response variation of E, is more obvious. All three components
of the magnetic field response are significantly different from those of the isotropic stra-
tum, their amplitude changes are much smaller than those if the isotropic stratum re-
sponse within1073~10"* s, and the response of dB,/dt even exhibits reverse growth.

When the stratum is anisotropic in the z-axis direction, both the electric and magnetic
field responses differ less from those of the isotropic stratum. The response changes in E,
and E, are small, and the variation in the electric field response with time is generally
consistent with that of the isotropic stratum. The response curves of dB,/dt and dB,/dt
are consistent with those of the isotropic stratum, but the response of dB, /dt varies sig-
nificantly within 1073~107" s and appears to grow in the reverse direction.

4.2. Principal Axis Anisotropic 3-D Anomaly

As shown in Figure 12, an anisotropic three-dimensional (3D) anomaly (specific pa-
rameters are shown in Figure 8) is set up. Its principal axis anisotropic conductivity tensor
is o =diag(1,0.1,0.1)S-m™,0 = diag(1,0.1,0.1)S-m™}, 6 = diag(1,0.1,0.1)S-m™t ,
and the ground conductivity of the isotropic medium is 0.005S-m™. A measuring line
of 200 m in length is set in the well, with a spacing of 10 m between the measuring points.
The effects of the anisotropic anomaly in different principal axis directions are compared.
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Figure 12. Schematic diagram of the anisotropic anomaly model.

As Figure 13 shows, the responses in the different principal axis directions, and the
anisotropic anomaly, are located 30 m from the measurement point (0, 0, =500 m) in the
lateral direction. When an anisotropic anomaly exists next to the borehole, the response
of dB,/dt changes with time in the same pattern as that of the isotropic stratum, but when
the anisotropic principal axis direction of the anomalous body changes, the response am-
plitude of dB,/dt changes significantly in advance.
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Figure 13. dB,/dt response of anisotropic anomalies at point (0, 0, =500 m).

As shown in Figure 14, the response of anisotropic anomalies varies with depth in a
different way compared to isotropic anomalies. Specifically, only the dB,/dt response of
the anisotropic anomaly along the y-axis is prominently affected by depth, whereas the
anisotropic anomalies along other directions show responses similar to isotropic anoma-
lies. This suggests that the influence of anisotropy differs according to the direction being
measured. Moreover, this pattern of variation is similar to that observed in the time-do-
main response shown in Figure 13. Both indicate that the influence of anisotropy is not
only dependent on the properties of the material being measured, but also on the direction
and time of the measurements. Therefore, in geophysical exploration, comprehensive
analysis and interpretation based on specific circumstances are necessary to obtain more
accurate information about subterranean structures.
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Figure 14. dB,/dt response of anisotropic anomalies varies with depth at different times: (a) f =
0.0001 s, (b) t=0.0005s, (c) t =0.001 s, and (d) £ =0.01 s.

5. Discussion

Through calculation and analysis of the response based on the three-dimensional
(3D) principal axis anisotropy model, in surface-borehole transient electromagnetic log-
ging, the electromagnetic field response is most significant in the horizontal plane when
the high conductivity direction is perpendicular to the long conductor transmitting
source, i.e., the x-axis anisotropic stratum. The response amplitude changes significantly
compared to the isotropic stratum in the same situation. The amplitude of the electromag-
netic field response of the y-axis anisotropic stratum changes slightly with time when the
high conductivity direction of the principal axis anisotropy is parallel to the long conduc-
tor transmitting source, but the magnetic field response can be clearly distinguished from
that of the isotropic stratum. The response of the anisotropy in the vertical principal axis
direction varies little and is sometimes difficult to distinguish from the isotropic stratum,
but the response in a particular direction is reversed.

When an anisotropic anomaly exists in an isotropic stratum, the anisotropic anomaly
in the different principal axis directions only changes the magnitude of the response at the
measurement point in the borehole, and it is not easily distinguished from the response
of the isotropic stratum. We will investigate the relationship between the electromagnetic
response of anisotropic stratum and the direction of the transmitting long conductor, the
anisotropic direction of the stratum, and anomalies in a subsequent study.
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