Downloaded 04/06/18 to 130.226.247.136. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

GEOPHYSICS, VOL. 83, NO. 2 (MARCH-APRIL 2018); P. WB97-WB108, 19 FIGS., 1 TABLE.
10.1190/GEO2017-0429.1

W) Check for updates

The effects of 3D topography on controlled-source audio-frequency

magnetotelluric responses

Changhong Lin', Sumei Zhong?, Esben Auken®, Hongzhu Cai®, Handong Tan*, Miao Peng®, and

Wenxin Kong*

ABSTRACT

‘We have investigated the 3D topographic effects on controlled-
source audio-frequency magnetotelluric data. Two 3D topographic
models are considered: a trapezoidal-hill model and a trapezoidal-
valley model. Different responses are generated, including the am-
plitude of the electric field, the amplitude of the magnetic field, the
apparent resistivity, and phase data. The responses distorted by the
3D topography are simulated for the source located next to and on
the hill/valley. Our study indicates that all electric field, magnetic
field, apparent resistivity, and phase data are influenced by 3D
topography, but to different extents. These topographic effects
depend on the transmission-receiver-topography geometry, the

transmission frequency, earth resistivity, and the roughness of the
surface. The effects in the near-field generated by topography in
the survey area are quite different from those in the far-field
because of the existence of the source. Compared with those in
the far-field zone, the magnetic field and phase data in the near-
field zone are less distorted, but more distortions can be found
on the electric field and apparent resistivity data over the hill
and valley models. Our results also indicate that not only can the
3D topography in the receiver area lead to strong distortions, but
also that at the source position can lead to strong distortions. We
concluded our study by quantifying the roughness with which the
topographic distortion can be ignored, setting the accepted data
distortion to a maximum of 10%.

INTRODUCTION

Controlled-source audio-frequency magnetotelluric (CSAMT)
surveying was originally suggested by Goldstein and Strangway
(1975) and has since been widely applied to mineral exploration,
hydrocarbon exploration, geothermal exploration, and engineering
exploration (Lu et al., 1999). Most CSAMT field data are collected
in the presence of topography. It is well-known that CSAMT data
are affected by topography, but to what degree is not clear. Hence, to
improve field CSAMT data interpretation, it is desirable to study the
topographic effects on the data.

In the past 20 years, numerous studies focused on the study of 2D
topographic effects on electromagnetic (EM) responses. However,

most of these works have been for the magnetotelluric (MT) method
(Wannamaker et al., 1986; Fischer, 1989; Jiracek, 1990; Schwalen-
berg and Edwards, 2004). More recently, Mitsuhata (2000) inves-
tigates the 2D CSAMT responses over a trapezoidal hill and Li and
Constable (2007) study the effect of seafloor topography on 2D
marine controlled-source EM (CSEM) responses.

Topography is naturally 3D, and this poses limits to 2D interpre-
tation. Furthermore, nowadays, 3D modeling and inversion become
more and more useful due to the rapid development of computer
facilities and numerical techniques; therefore, it is possible and also
necessary to quantify topography effects in a 3D environment.

Baba and Seama (2002) show the MT responses of a 3D seafloor
topography model. Nam et al. (2007) simulate 3D MT responses
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with topography and compared the 3D topographic effects with two
dimensions. Ren et al. (2013) present an example of topographic
distortions, including displacement currents on radio-frequency
MT (RMT) data collected near a 3D trapezoidal hill. Hoversten et al.
(2006) examine the false CSEM anomalies produced by a gentle
seafloor slope. Commer and Newman (2007) show a synthetic ex-
ample of the 3D inversion of marine CSEM data with topography.
Sasaki (2011) simulates 3D marine CSEM responses with topogra-
phy and discusses the topographic effects in deep- and shallow-water
environments. Wirianto et al. (2011) show an example, in which the
effect of surface topography is shown not to destroy the CSEM time-
lapse signal on land using the airwave effect at two different low
frequencies. However, reports of 3D experimental CSAMT responses
involving land-topographic effects are rarer than marine topography
studies. Two simple examples of 3D topographic effects on CSAMT
data were shown in Lin et al. (2017), but the focus was on the 3D
CSAMT modeling and inversion technique. However, 3D topo-
graphic effects were not addressed in depth.

In this paper, we discuss the effects of 3D topography on
CSAMT responses more thoroughly. We propose two topographic
models to evaluate the effects. Based on the 3D CSAMT modeling
code (Lin et al., 2017), the amplitude of the electric field |E|, the
amplitude of the magnetic field |H|, the apparent resistivity p,, and
phase ¢ data are simulated. The resulting characteristic of the topo-
graphic responses from the numerical simulations, which to the best
of our knowledge is not available in previous publications, provides
new insight into the effects of land topography on CSAMT data.

METHODOLOGY
The investigated models
Trapezoidal-hill model

The trapezoidal-hill model over a uniform half-space is shown in
Figure 1. The hill height (z() is varying. The hill is 0.03 km at the
hilltop and 1.03 km at the base. An x-directed horizontal electric
dipole (HED) transmitter is located at (—3.185, 0, and 0) km
on the surface. The value of z;, depends on the slope angle 6. To
show the anomaly caused by the hill, we define the measurement
zone to be —0.5 to 1.5 km in the x-direction and —1.0 to 1.0 km in
the y-direction.

Figure 2. Sketch of the trapezoidal-valley model.

Trapezoidal-valley model

The trapezoidal-valley model is shown in Figure 2. The valley is
0.03 and 1.03 km wide at the base and top. The depth of the base
depends on the slope angle. All other parameters are similar to those
for the hill model in Figure 1.

3D forward modeling scheme and model mesh
description

Data from two models in Figures 1 and 2 have been computed
using the 3D CSAMT code presented in Lin et al. (2017). The code
models a finite electric dipole as the transmitter. To handle the sin-
gularity of the field at the source location, the total EM fields are
separated into a primary part and a secondary part, in which the
primary part contains the singularity. The arbitrary topography is
approximate by steps. The primary EM fields generated by an elec-
tric dipole at (or under) the flat surface on either a uniform whole
space or a layered half-space is evaluated using the expressions
given by Ward and Hohmann (1987).

To calculate the primary fields over the topography, the altitude
of the highest point of the true air-earth interface is taken as the
altitude of the flat surface. The finite-difference (FD) method is then
used to numerically simulate the secondary EM fields at the center
of any cell top face at the air-earth interface. Then, the secondary
EM fields are interpolated to the arbitrary receiver position using an
interpolation vector considering the topography. The total EM fields
on the surface are calculated with primary field values evaluated
directly at the given receiver location. Using the electric field par-
allel to the source and the perpendicular magnetic field, the scalar
CSAMT apparent resistivity and phase responses can be obtained
by the Cagniard equations:

1 |EP |
ps_a)—ﬂoﬁ’ (D

@ = Arg (g) , 2)

where E is the electric field parallel to the source, H is the magnetic
field perpendicular to the source, w is the angular frequency,  is
the vacuum magnetic permeability, p, is the apparent resistivity, and
@ is the phase. The accuracy of the code has been successfully veri-
fied by comparing the 3D CSAMT responses at 10 Hz of an elon-
gated cosinusoidal shaped hill with the solutions computed by the
2D adaptive finite-element code by Key and Ovall (2011). More
details about the code can be found in Lin et al. (2017).

In this study, we found that the code is not accurate enough to
simulate the response over the slope at high frequencies, such as
1000 or 10,000 Hz. The inaccuracy possibly derives from calculat-
ing the secondary electric fields at the center of the cell top face at
the air-earth interface in the presence of topography. As presented in
equation A-14 of Lin et al. (2017), the derivative of the secondary
vertical electric fields with respect to x, (OE,, /0x), can be approxi-
mated by two nodal values within volumes with the same medium.
This approximation works at low frequencies as shown in Figure 4
in Lin et al. (2017). The deviation (3.8% maximum difference) in
the xy mode apparent resistivity over the hill is larger than those on
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the flat for the model. The deviation becomes larger when the fre-
quency is higher. There are two possible reasons: One is that the
position using that approximation to compute (0E,,/0x) is not at
the center of the cell top face; the other is that the interpolation using
two nodes is not accurate enough. The current focuses on the shal-
low part and varies greatly near the air-earth interface at high
frequencies. This causes the larger deviations. The numerical insta-
bility can be solved by modifying the algorithm using three nodes to
calculate the derivatives of the fields as presented in Li et al. (2008).
To verify this, the apparent resistivities in XY mode at 1000 and
10 Hz of a 2D hill model is shown in Figure 3. The apparent re-
sistivity (dashed black lines) at 10 Hz calculated by the unmodified
code (Lin et al., 2017) match within 4% with those (solid blue lines)
computed by the code given by Key and Ovall (2011). However,
significant differences are seen at 1000 Hz over the slope. The ap-
parent resistivity with the modified code (red pluses) is in good
agreement with the solutions computed by Key and Ovall (2011)
at 10 and 1000 Hz. The numerical results of the phase responses
(not shown here) show a similar pattern.

Based on the 3D FD code, we discretized the investigated models
using a rectangular mesh. The grid around the topography should be
as fine as possible to get more accurate data. To obtain a solution
with sufficient accuracy, and moderate computation time and
memory consumption, the side lengths of the cubes over the slope
of all models are kept less than 10% of the skin depth (6 is deter-
mined by 6 = 503 \//W, p is the earth resistivity and f is the fre-
quency) at the corresponding frequency. As an example, the mesh
for the hill model with a slope angle of 45° at the frequencies
< 1000 Hz is shown in Figure 4. The side lengths of the cubes over
the slope are 10 m, which is less than 10% of the skin depth (159 m)
at 1000 Hz. The side lengths of the cubes, in which the topography
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Figure 3. The apparent resistivities in the XY mode at (a) 1000 and
(b) 10 Hz of a 2D hill model. The 2D hill model has the same x-z
cross section as that of the hill model in Figure 1 with a slope angle
of 45°, resistivity of 100 Qm, and the mesh in Figure 4. The solid
blue lines represent the solutions computed using the code by Key
and Ovall (2011), the dashed black lines show the results from the
unmodified code by Lin et al. (2017), and the red pluses represent
the results with the modified code.

has abrupt change, are 5 m. The side lengths of the cubes outside the
range of the hill in the horizontal direction and from the hill base in
the z-direction (not shown in Figure 4) are gradually increased to-
ward the model edges. To satisfy the boundary condition, the lon-
gest side lengths at the model edges are approximately 10 times the
skin depth. The mesh at the source location is also refined to deal
with the source singularity.

3D simulation approach

Table 1 shows the model geometries used to simulate the re-
sponses. These parameters give 210 (6 X 5 X 7) unique combina-
tions for each model.

In CSAMT field work, the source and the measurement zone (the
zone having receiver positions) are usually separated with a certain
distance. For this reason, we consider two cases: one for receivers
located in an area of topography and transmitter on a flat surface
and the other in which the transmitter is located in an area of topog-
raphy and receivers on a flat surface. This results in a total of 420
(210 X 2) combinations. To describe the source effects conven-
iently, the whole field zone is divided into the near-field, transi-
tion-field, and far-field zones. When the measurement zone is far
from the source (r > 46, where r is the distance between source
and receiver, 0 is the skin depth), EM fields are in the far-field zone;
when it is close to the source (r < 0.56), they are in the near-field
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Figure 4. (a) Plan view at z = 185 m and (b) cross-section views at
y = 0 m of the mesh for the hill model with a slope angle of 45° and
resistivity of 100 Qm for frequencies < 1000 Hz.
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zone; and the remaining area is the transition-field zone (Hughes
and Carlson, 1987; Vozoff, 1990; Shlykov and Saraev, 2014).
The corresponding CSAMT apparent resistivity and impedance
phase responses for the models are computed using the electric
fields and magnetic fields. To highlight the effect on the response
of a target, the observed electric field amplitude is usually normal-
ized by the response on a priori background structure (Li and Con-
stable, 2007). Here, we use a half-space with a flat surface as the
reference model with the same earth resistivity as the topographic
models. The response on the flat surface for the reference models is
used to normalize the amplitudes and to subtract from the phases of
the responses of the topographical surface. This is done for ampli-
tudes of the electric fields, magnetic fields, and apparent resistiv-
ities. We call this the normalized response. It is well-known that

Table 1. The parameters used in the simulation for the two
models.

Parameters Values
f (Hz) 0.1, 1, 10, 100, 1000, and 10,000
p (Qm) 1, 10, 100, 1000, and 10,000
6 (m) 50, 159, 503, 1591, 5030, and 15,906
0 (°) 5, 10, 15, 30, 45, 60, and 75
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Figure 5. The amplitude of the horizontal electric field (a), horizon-
tal magnetic field (b), apparent resistivity (c), and phase re-
sponses (d) at six frequencies (f = 10,000, 1000, 100, 10, 1,
and 0.1 Hz) on the hill model in Figure 1 with a slope angle of
45° and earth resistivity of 100 Qm. The solid black line rectangle
represents the measurement zone (—0.5 to 1.5 km in the x-direction
and —1.0 to 1.0 km in the y-direction), the dashed black line rec-
tangle denotes the area of hill (0-1.03 km in the x-direction and
—0.515 to 0.515 km in the y-direction), and the black circle shows
the position of the transmitter (hill-slope angle of 45° and earth re-
sistivity of 100 Qm for frequencies of 10,000-0.1 Hz).

CSAMT responses vary with the frequency and earth resistivity
similar to MT responses. Our numerical results, however, show that
the same skin depth (determined by the frequency and earth resis-
tivity) leads to the same normalized values (or subtracted values for
phase) no matter how the frequency or the earth resistivity changes.
Hence, it is more convenient to discuss the effects of topography in
the far-field and near-field zone using skin depth as a varying
parameter. Therefore, the six frequencies and five resistivity values
are modified to the six corresponding skin depth values in Table 1.
Then, the 420 combinations for each CSAMT response are reduced
to 84 (6 X 7 X 2) combinations for each corresponding normalized
(or subtracted) values.

In our simulations, we consider only scalar data, which is
currently the most widely used in CSAMT exploration. Only the
responses acquired with the axial dipole array (an x-directed dipole
source) are shown. Similar results can be obtained with the re-
sponses acquired with the equatorial dipole array (a y-directed di-
pole source), and therefore they are not shown in this paper.
Furthermore, we choose 10% as the noise level for field CSAMT
data. The distortions caused by topography for the electric field,
magnetic field, and apparent resistivity responses of less than
10% can be accepted. The corresponding error level for the imped-
ance phase is 5% (2.86°).

RESPONSES ON MODELS WITH RECEIVERS
LOCATED IN AN AREA OF TOPOGRAPHY AND
TRANSMITTER ON A FLAT SURFACE

Trapezoidal-hill model
Horizontal electric field responses

Responses are shown in Figure 5, in which Figure 5a shows the
amplitude of the horizontal electric field |E,| at six frequencies on
the hill model in Figure 1 with a slope angle of 45° and earth re-
sistivity of 100 Qm. The |E, | responses seem to have smaller values
over the hill, compared with the background values. However, the
responses generated by the hill are mixed with those generated by
the source and therefore hardly recognizable.

To highlight the effect of the hill on the responses, the normalized
|E,| in the measurement zone is shown in Figure 6a. The slope an-
gle of the model is still 45°. The |E, | anomaly is generally low over
the hill except for the points over the two slopes in the y-direction
and close to the edges, when the receivers are in the far-field zone at
the skin depths of 50 and 159 m. The high |E,| anomaly near the
bottom edges of the slopes in the x-direction and the low |E,|
anomaly near the bottom edges of the slopes in the y-direction
can also be found in the far-field zone. As the receiver changes from
the far-field zone to the near-field zone, the range of the low |E,|
anomaly becomes larger over the hill. In the near-field zone at the
skin depths of 5030 and 15,906 m, only the low |E, | anomaly over
the hill and the high |E,| anomaly near the bottom edges of the
slopes in the x-direction are found.

The hill effects depend on the roughness of the surface topogra-
phy. In Figures 7a and 8a, the normalized |E,| for seven different
slope angles in the near-field zone at the skin depth of 15,906 m and
in the far-field zone at the skin depth of 159 m are shown. From
these figures, it is clear that the distortions on the |E, | become more
significant as the slope angles increase. The |E,| effects of the hill
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for slope angles <5° in the near-field and for slope angles <15° in
the far-field zone seem to be weak enough (less than 10%) and can
therefore be neglected.

Horizontal magnetic field responses

The Figure 5b shows the amplitude of the horizontal magnetic
field |H,| at six frequencies on the hill model in Figure 1 with a
slope angle of 45° and earth resistivity of 100 Qm. The |H,| re-
sponses generated by the hill are not recognizable because they
are totally mixed with those generated by the source.

The normalized |H | for the six skin depths is shown in Figure 6b.
The |H,| anomaly is high over the hill and near the bottom edges of
the slopes in the x-direction and low near the bottom edges of the
slopes in the y-direction, when the receivers are in the far-field zone
at the skin depths of 50 and 159 m. As the receiver changes from the
far-field zone to the near-field zone, the low |H,| anomaly becomes
weaker and the high |H,| anomaly over the hill turns into the low
anomaly. In the near-field zone at skin depths of 5030 and
15,906 m, only the weak low |H,| anomaly over the hill can
be found.

a b ¢ d

) Normalized |E, | ) Normalized [Hy| )Normalized g )Subtracted¢(°)
=50m
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4=503 m
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Figure 6. The amplitude of the horizontal electric field (a), horizon-
tal magnetic field (b), apparent resistivity (c) from Figure 5 normal-
ized by the corresponding values of the flat-surface reference model
in the measurement zone for six different skin depths (6 = 50, 159,
503, 1591, 5030, and 15,906 m). The phase (d) has been subtracted
the phase from the reference model (skin depths from 50 to
15,906 m and hill-slope angle of 45°).

Figures 7b and 8b display the normalized |H | for seven different
slopes in the near-field zone at the skin depth of 15,906 m and in the
far-field zone at the skin depth of 159 m. It is obvious that the dis-
tortions on the |H,| become more significant as the slope angles
increase. However, the |H,| are less affected by the same hill model
(same slope angle) than the |E,|. The |H,| effects of the hill for
slope angles <45° in the near-field zone and for slope angles
<10° in the far-field zone seem to be weak enough (less than 10%)
and can therefore be ignored.

Apparent resistivity and phase responses

Figure 5c and 5d shows the p, and ¢ responses at the six
frequencies on the hill model with a slope angle of 45° and earth
resistivity of 100 Qm. The p, and ¢ responses generated by the
hill can be easily differentiated from the background values at
high frequencies, 10,000-100 Hz. At low frequencies, 10-0.1 Hz,
however, the p, and ¢ responses generated by the hill are

a) Normalized |E, | b) Normalized |H | C) Normalized p_ d) Subtracted ¢ (°)
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Figure 7. The same as Figure 6, but for a single skin depth of
15,906 m and with seven different hill-slope angles (6 = 5°, 10°,
15°, 30°, 45°, 60°, and 75°) (skin depth of 15,906 m and different
hill slopes).



Downloaded 04/06/18 to 130.226.247.136. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

wB102 Lin et al.

still mixed with those generated by the source and are hardly
recognizable.

The normalized p, and ¢, which make the influence of the hill
more prominent, are shown in Figure 6¢ and 6d. In the x-direction,
the p, anomaly is low over the hill top and the two slopes and high
near the bottom edges of the slopes, when the receivers are in the
far-field zone at the skin depths of 50 and 159 m. This phenome-
non is consistent with the 2D TM mode MT results in Wanna-
maker et al. (1986), the 3D XY-mode MT responses in Nam
et al. (2007), and the 3D XY-mode RMT results in Ren et al.
(2013) because the CSAMT responses in the far-field zone should
be similar to the MT and RMT responses. The drop over the hill
and the increase above the valley in apparent resistivity can be
explained by the current density decrease on the hill and corre-
sponding focusing in the valley (Jiracek, 1990; Ren et al., 2013).
Figure 6a also clearly shows that the electric fields are reduced on
hills and increased in valleys in the far-field zones due to the gal-
vanic effects. It is also found that the magnetic fields are increased
on the hills. That means the magnetic fields also contribute to the

a)1 Normalized |E | b) Normalized |Hy| C) Normalized p d) Subtracted ¢ (°)
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Figure 8. The same as Figure 6, but for a single skin depth of 159 m
and with seven different hill-slope angles (6 = 5°, 10°, 15°, 30°, 45°,
60°, and 75°) (skin depth of 159 m and different hill slopes).

drop in apparent resistivity. In the far-field zone, a high p; anomaly
can be found over the two slopes in the y-direction. This high
anomaly could be explained by the decreased horizontal magnetic
fields over the two slopes (Figure 6b) even if the electric fields are
also reduced. This high anomaly is also consistent with the 2D TE
mode MT results at 2000 Hz in Wannamaker et al. (1986). As pre-
sented in this paper, the horizontal magnetic field anomaly is
caused by the total magnetic fields being essentially parallel to
the slope because of the high frequencies. Our magnetic field vec-
tor plots along the line at x = 0.515 km on the hill model prove
this description. At frequencies of 10,000 and 1000 Hz, the total
magnetic fields are basically parallel to the slope. And at low
frequencies of 10-0.1 Hz, the total magnetic fields on the slope
are horizontal.

In the far-field zone, the ¢ anomaly is high over the hill and low
near the bottom edges of the slopes in the x-direction, which is al-
most opposite to those for the p,. Again, the total magnetic field
parallel to the slope at the two high frequencies leads to the high
¢ anomaly over the two slopes in the y-direction as the p, anomaly.
These far-field |E, |, |H,|, p,, and ¢ distortions vary with the change
of the skin depth.

As the receiver changes from the far-field zone to the near-field
zone, the range of the low p; anomaly becomes larger over the hill,
whereas there is a stronger high p, anomaly near the bottom edges
of the slopes in the x-direction. In the transition zone at the skin
depth of 1591 m, there is only a high ¢ anomaly over the hill.
In the near-field zone at the skin depths of 5030 and 15,906 m, only
a low p, anomaly over the hill and a high p, anomaly near the bot-
tom edges of the slopes in the x-direction are found. In the near-field
zone, the high ¢ anomaly over the hill is quite weak. These near-
field p, anomalies can be related to the anomalous |E, | where there
are almost no anomalies for |H,|. The near-field ¢ anomalies are
also associated with the corresponding electric and magnetic
phases. Because of the source effect, the topographic distortions
on the field |E,|, |[H,|, p;, and ¢ responses in the near-field zone
are different from those in the far-field zone. Compared with the
responses in far-field zone, it is seen that there are less distortions
on the |[H | and ¢ data, but there are more distortions on the |E,| and
p, data in the near-field zone. Due to the current density generated
by the source in the x-direction, the boundary charges on the two
slope edges in the x-direction may be stronger in the near-field zone,
leading to the greater reduced electric fields over the hill and the
greater increased electric fields in the valley.

Figures 7c, 7d, 8c, and 8d show the normalized p; and ¢ for
seven different slope angles in the near-field zone at a skin depth
of 15,906 m and in the far-field zone at a skin depth of 159 m. It is
found that the topographic distortions on the p, responses are sim-
ilar to those on the |E,| responses, whereas the effects on the ¢
responses are somewhat like those on the |H,| responses. The p,
effects of the hill for slope angles <10° in the far-field and slope
angles <5° near-field zone seem to be weak enough (<10%) and
therefore can be ignored. The slope angles with which the ¢ dis-
tortions (<2.86°) of the hill in the far-field and near-field zones
can be neglected are <10° and 45°, respectively.

From a practical point of view, the 50-100 m long dipoles
make it nearly impossible to measure the true horizontal electric
fields unless one of the electrodes are dug deep into the earth,
whereas it is easy to measure the tangential electric fields on a
steep slope.
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For comparison, the amplitude of the electric fields parallel to the
slope (|E,|) and the corresponding apparent resistivities are shown
in Figure 9. As shown by the electric field vector plots (Figure 10a
and 10b) along the line at y = 0 km on the hill model with a slope
angle of 45°, the total electric fields on the slope are essentially par-
allel to the slope and there are no electric fields perpendicular to the
slope for any of the six frequencies. The amplitude of the electric
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Figure 9. The same as Figure 6, but for the amplitude of the electric
fields parallel to the slope (a) and the corresponding apparent re-
sistivity (b) responses (skin depths from 50 to 15,906 m and hill-
slope angle of 45°).

fields parallel to the slope can easily be calculated by the horizontal
electric fields and the slope angles: |E,| = |E,|/ cos 6. Conversely,
it is easy to measure truly horizontal magnetic fields because the
induction coil sensors can be leveled during the burying. Then,
the corresponding apparent resistivities p,, are computed by the
electric fields parallel to slope |E,| and the |H,|. Compared with
the horizontal electric fields and the apparent resistivities in Fig-
ure 6, the electric fields parallel to the slope and the corresponding
apparent resistivities are less distorted over the two slopes in the
x-direction.

Trapezoidal-valley model

The |E,|, |H,|, ps, and ¢ responses and their corresponding nor-
malized values at the six frequencies on the valley model in Figure 2
with a slope angle of 45° and earth resistivity of 100 Qm are not
shown here. In the measurement zone, however, the |E,|, p,, and ¢
responses generated by the valley seem to have the opposite results
to those generated by the hill, whereas the |H,| responses seem to
have the similar results.

In Figures 11 and 12, the normalized |E,|, |H,|, p,, and ¢ for
seven different slope angles in the near-field zone at the skin depth
of 15,906 m and in the far-field zone at the skin depth of 159 m are

z (km)
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Figure 10. The electric field vector plots (a and b) in vertical sec-
tions along the line at y =0 km and the magnetic field vector
plots (c and d) along the line at x = 0.515 km at the six frequencies
(f = 10,000, 1000, 100, 10, 1, and 0.1 Hz) on the hill model with a
slope angle of 45° and earth resistivity of 100 Qm. RE and IE de-
note the real and imaginary part of the electric fields, whereas RH
and IH denote the real and imaginary part of the magnetic fields,
respectively. The amplitudes of the fields are shown in different col-
ors (frequencies from 10,000 to 0.1 Hz and hill-slope angle of 45°).
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displayed. It is obvious that the distortion of the valley becomes
more significant as the slope angle increases.

In the far-field zone, the effects of the valley are almost opposite
to those of the hill, except for |E,| and p; over the two slopes in
the x-direction and p, and ¢ over the two slopes in the y-direction
for slope angles >30°. The possible reason could be that the di-
mension of the hill-top/valley-base is much smaller than that of the
four slopes. When the slope angles are more than 30°, the reduced/
increased electric fields on the hill-top/valley-base are not ob-
vious, compared with those on the four slopes, which are the same
for the hill and the valley. Figure 13 shows the electric field vector
plots in vertical sections along the line at y = 0 km and the mag-
netic field vector plots along the line at x = 0.515 km at the 1000
and 10 Hz on the valley model. Again, the total electric fields
are essentially parallel to the valley slope at high and low frequen-
cies, whereas the total magnetic fields are generally parallel to the
slope at high frequency, but horizontal at low frequency. The far-
field p, and ¢ anomalies over the two slopes in the y-direction are
also caused by using the horizontal magnetic fields at high
frequencies.
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Figure 11. Same as Figure 7, but for the valley model in Figure 2
(skin depth of 15,906 m and different valley slopes).

Lin et al.

In the near-field zone, the effects of the valley on |E, | and p; are
opposite to those of the hill except for those over the two slopes in
the x-direction when the slope angles are more than 30°, whereas
the distortions of valley on |H | and ¢ are similar to those of the hill.
The slope angles with which the |E,| |H,|, p,, and ¢ distortions of
the valley in the near-field zone can be neglected are <5°, 45°, 5°,
and 60°, respectively. The slope angles with which the |E,| |H,|, p,.
and ¢ distortions of valley in the far-field zone can be ignored
are <10°.

RESPONSES ON MODELS WITH TRANSMITTER
LOCATED IN AN AREA OF TOPOGRAPHY AND
RECEIVERS ON A FLAT SURFACE

The above discussion shows the effect of topography when the
receiver is located in an area of topography and the transmitter is on
a flat surface. The conventional 2D or 3D interpretation of CSAMT
data is based on this case, which often neglects the topography near
the source if any. However, what happens if the transmitter is lo-
cated in an area of extreme topography? The importance of account-
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Figure 12. Same as Figure 8, but for the valley model in Figure 2
(skin depth of 159 m and different valley slopes).
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ing for the effects of source in an area of topography is shown by the
following examples.

Trapezoidal-hill model

A similar hill model as shown in Figure 1 is used except that the
range in the x-direction of the hill is changed from —3.7 to
—2.57 km. An x-directed HED transmitter is located at (—3.185,
0, —zp) km on the hilltop. The range of the measurement zone
is still defined as —0.5 to 1.5 km in the x-direction and —1.0 to
1.0 km in the y-direction. The other parameters used for simulation
are the same as those for the model in Figure 1.

Figure 14 shows the amplitude of the |E,|, |H,|, p,, and ¢ at the
six frequencies on the hill model with a source on the hilltop, a slope
angle of 45°, and earth resistivity of 100 Qm. In the measurement
zone, the |E,|, |H,|, p,, and ¢ responses generated by the hill seem
to have no anomaly at any frequencies because they are mixed with
those generated by the source and therefore are difficult to differ-
entiate.
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Figure 13. The same as Figure 10, but for the valley model with a
slope angle of 45° on and earth resistivity of 100 Qm at the two
frequencies of 1000 and 10 Hz (frequencies at 1000 and 10 Hz and
valley slope angle of 45°).
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Figure 14. Same as Figure 5, but for the hill model with a source on
the hilltop. The dashed black line rectangle denotes the area of hill
(=3.7 to —=2.57 km in the x-direction and —0.515 to 0.515 km in the
y-direction) (hill-slope angle of 45° and earth resistivity of 100 Qm
for frequencies of 10,000-0.1 Hz).

To highlight the hill effects, the normalized |E,|, |H,|, p,, and ¢
are shown in Figure 15. Figure 15 clearly shows that a hill beneath
the source generates strong distortions in the near-field zone and the
transition zone. In the far-field zone, there are no distortions, which
may lead to the impression that the topography has no effect on the
response generated in the far-field zone. Similar results were ob-
tained by Lin et al. (2017). However, this picture only displays
the result from the hill with the slope angle of 45°. In Figures 16
and 17, the normalized |E,|, |H,|, py, and ¢ for the seven different
slope angles in the near-field zone at the skin depth of 15,906 m and
in the far-field zone at the skin depth of 159 m are shown. A strong
hill effect is seen for the models with slope angles >30° in Figure 16.
In Figure 17, however, strong hill distortion in the far-field zone can
also be found on the models with slope angles of 60° and 75°. This
observation is in good agreement with the analysis of the source-
overprint effect (Lei et al., 2016, Figure 5), showing that the
CSAMT apparent resistivity data in the far-field zone are also
greatly affected by a low-resistivity body beneath the source. From
this point of view, our previous conclusion that the distortion gen-
erated by the topography at the source position can be neglected
when the receiver is far away from the source (Lin et al., 2017)
is not valid. Compared with the responses in the far-field zone,
the responses in the near-field zone are more easily affected by
the hill beneath the source. The distortions generated by the hill
beneath the source in the near-field zone and in the far-field zone
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Figure 15. The same as Figure 6, but for the hill model with a
source on the hilltop (skin depths from 50 to 15,906 m and hill-
slope angle of 45°).
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can be explained by source-overprint effect (Zonge and Hughes,
1991; Lei et al., 2016). If we compare the responses affected by
the hill in the survey area (Figures 6-8) to those at the source posi-
tion (Figures 15-17), the CSAMT responses seem to be more sen-
sitive to the topography in the survey area than that at the source
position. The hills with small slope angles (5° and 10°) in the survey
area can cause strong distortions, whereas only the hills with large
slope angles (>30°) at the source position generate strong effects.

Trapezoidal-valley model

A similar valley model as shown in Figure 2 is used except for the
range in the x-direction of the valley, which is changed from —3.7 to
—2.57 km. An x-oriented HED transmitter is located at (—3.185, 0,
7o) km on the valley base. The range of the measurement zone is still
defined as —0.5 to 1.5 km in the x-direction and —1.0 to 1.0 km in
the y-direction.

The |E,|, |[H,|, p, and ¢ responses and their corresponding nor-
malized values on the valley model with a source on the valley base
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Figure 16. The same as Figure 7, but for the hill model with a
source on the hilltop (skin depth of 15,906 m and different hill
slopes).

with a slope angle of 45° and earth resistivity of 100 Qm are not
shown here. With this valley slope angle, however, there are almost
no (or very weak) distortions in the near- and far-field zones. Some
relatively stronger distortions on p; and ¢ data is only found in the
transition zone at the skin depth of 1591 m, but the deviations are
less than 8%.

Figures 18 and 19 show the normalized |E,|, |H,|, p,, and ¢ for
seven different slope angles in the near-field zone at the skin depth
of 15,906 m and in the far-field zone at the skin depth of 159 m. We
can also see the weak valley effects for all the models in the near-
and the far-field zones. Some relatively stronger distortions on the
p, data in the near-field zone can be found on the models with slope
angles of 60° and 75°, but the deviations are also less than 8%. This
also implicates that the responses in the near-field zone are more
easily affected by the valley at the source position than those in
the far-field zone. If we compare the responses affected by the hill
at source position (Figures 16 and 17) to those by the valley (Fig-
ures 18 and 19), CSAMT responses seem to be more sensitive to the
hill than the valley at the source position. The possible reason is that
the hill beneath the source causes the wave stratum to attenuate
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Figure 17. The same as Figure 8, but for the hill model with a
source on the hilltop (skin depth of 159 m and different hill slopes).
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Figure 18. The same as Figure 7, but for the valley model with a
source on the valley base (skin depth of 15,906 m and different
valley slopes).

more rapidly than the valley does, leading to the more pronounced
effect of source overprint on the data for the hill.

CONCLUSION

The results of the numerical experiments for the 3D trapezoidal
models show that the CSAMT |E|, |H|, p,, and ¢ responses are
distorted by the 3D undulated terrain, but to different extents.
The effects of 3D topography on CSAMT responses depend on
the transmission-receiver-topography geometry, the transmission
frequency, earth resistivity, and the roughness of land-surface
topography.

The results demonstrate that CSAMT responses are strongly dis-
torted not only by the 3D topography (hill and valley) in the survey
area, but also by the 3D topography (hill) at the source position.
Therefore, the topography in the measurement area and near (or
at) the source location should be accounted for in the inversion
or interpretation of CSAMT field data sets.

When the receiver is located in an area of topography and trans-
mitter located on a flat surface, the effects on the hill model and the
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Figure 19. The same as Figure 8, but for the valley model with a
source on the valley base (skin depth of 159 m and different valley
slopes).

valley model are examined. Due to the source effect, the effects of
3D topography on the CSAMT |E|, |H|, p;, and ¢ responses in the
near-field zone are quite different from those in the far-field zone,
which are similar to the MT or RMT. The CSAMT responses in the
near-field zone are less distorted in the |H| and ¢, but more dis-
torted on the |E| and p, over the hill and valley, compared with
those in far-field zone. The topographic distortions of the four
CSAMT responses are different from each other. These differences
are complicated and vary with the skin depth and the roughness of
surface topography. However, there are some common features.
All these distortions on CSAMT |E|, |H|, p, and ¢ responses be-
come stronger as the roughness increases in the near- and far-field
zones. The effects generated by the topography on the p, are sim-
ilar to those on the |E|, whereas the topographic distortions on the
¢ are somewhat like those on the |H|. Furthermore, we examined
the roughness with which the topographic distortion can be ne-
glected if the noise level is defined as 10%. In the far-field zone,
the slope angles with which the |E|, |H|, p,, and ¢ distortions
of hill and valley can be ignored are <10°. In the near field,
however, the slope angles with which the distortions can be
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neglected are different between hill and valley among the four dif-
ferent responses.

When the receiver is located on a flat surface and the transmitter
is located on the hill, strong topographic distortions can also be
found in the near- and far-field zones due to the source-overprint
effect. A hill beneath the source can generate significant distortions
even in the far-field zone, whereas a valley at the source position
causes much weaker distortions (<8%) that can be neglected in
the far- and near-field zones. The CSAMT responses seem less sen-
sitive to the topography (hill and valley) at the source position, com-
pared with that in the survey area. Compared with the distortions in
the far-field zone generated by the topography (hill and valley) at the
source position, those in the near-field zone are relatively stronger.
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