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ABSTRACT

This paper presents the modeling of 2D CSAMT responses generated by horizontal electric dipole using the separation
of primary and secondary field technique. The primary field is calculated using 1D analytical solution for homogeneous
earth and it is used to calculate the secondary electric field in the inhomogeneous Helmholtz Equation. Calculation of
Helmbholtz Equation is carried out using the finite element method. Validation of this modeling is conducted by com-
parison of numerical results with 1D analytical response for the case of homogeneous and layered earth. The compari-
son of CSAMT responses are also provided for 2D cases of vertical contact and anomalous conductive body with the
2D magnetotelluric (MT) responses. The results of this study are expected to provide better interpretation of the 2D
CSAMT data.
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1. Introduction

The CSAMT method was introduced by Goldstein and
Strangway [1] who performed the method in the field
with massive sulphide anomaly. Sandberg and Hohmann
[2] have successfully applied the method in geothermal
field, and suggested that the plane wave assumption is
valid at the receiver-transmitter distance greater than five
skin depth. CSAMT applications in geothermal have also
been studied by Wannamaker [3,4]. In petroleum ap-
plication, Ostrander ef al. [5], have performed a mapping
of electric field anomaly in oil field using CSAMT.
Other applications in petroleum exploration were carried
out by Hughes and Carlson [6], which performed the
mapping of structure in oil field. Bartel and Jacobson [7]
used the method to determine the depth and nature of
volcanic thermal anomalies using the electric properties,
and suggested the correction of CSAMT data in order to
fulfill the plane wave assumption.

In general, the response function of CSAMT modeling
is based on assumption that the source of electromagnetic
field (EM) used is in the form of the plane wave. The
assumption can be fulfilled only when the measurement
of CSAMT data is conducted on the radiation zone,
which is around five times the “skin depth” of EM wave
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under consideration [2,3,8]. In practice, the assumption
often can not be fulfilled due to various constraints, such
as the limitations of resources and the complexity of the
local topography. This conditions makes the measure-
ment cannot be conducted on the radiation zone. As the
consequence, CSAMT data should be corrected to elimi-
nate the influence of “non-plane wave effects” [7,9].
However, the correction is not possible if the influence is
large enough. Thus it is very important to develop the
full solution modeling of CSAMT responses.

The full solution for CSAMT 1D has been widely de-
veloped and can be found in literatures such as Kauff-
man-Keller [10], Ward and Hohmann [11] and Singh and
Mogi [12]. The 1D layered earth structure can be used to
interpret the structure like sediments, where the variation
of conductivity depends only on depth. However, the
earth structure is complex and has variation of conduc-
tivity in both 2D and 3D. Thus the full solution for 2D
and 3D CSAMT responses needs to be improved.

Modeling of EM in both 2D and 3D have widely de-
veloped since decades ago. Usually the calculation of 3D
EM source in 2D and 3D are carried out by solving the
secondary field caused by anomalous bodies, using the
1D analytical solution as the primary field. Stoyer and
Greenfield formulated the excitation of 3D source in a
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2D model using finite difference method to solve the
second order differential equation for the secondary
fields E, and Hy, a pair of EM field with orientation par-
allel to geological strike [13]. The calculation of second-
dary field using finite element method was carried out by
Unsworth et al., which studied the EM responses gener-
ated by finite electric dipole in marine exploration [14].
However, as stated by Mitsuhata, the conventional
scheme using the secondary field calculation is not ef-
fective for complex structures, and he presented the uses
of pseudo-delta function to distribute the current source
without the separation of primary and secondary field
[15]. Li and Key applied the adaptive grid element for
the case of Controlled Source EM in marine applica-
tions [16]. Some of 3D EM modeling were carried out by
Streich who developed the Finite Difference Frequency
Domain (FDFD) scheme for marine applications [17].

The use of integral equation method of EM modeling
can be found in many literatures, such as Lee and Morri-
son [18], which used the integral equation for modeling
the EM response due to excitation of horizontal magnetic
dipole source. Boschetto and Hohmann [19] describe the
CSAMT response due to scattering of 3D objects, using
the volume integral equation code developed by Newman
et al., [20] to calculate the transient response due to the
scattering of EM 3D objects.

In this paper 2D CSAMT responses are simulated us-
ing the summation of primary and secondary field. The
calculation of secondary field is performed by using the
finite element method. The finite element approach used
in this paper is the Ritz method, a variational method in
which the boundary value problem is formulated in terms
of variational expression [21].

2. ThePrimary Field of CSAMT Excitation

Suppose there is a homogeneous earth with conductivity
of o. An electric dipole is placed on the surface with the
orientation parallel to x-axis (Figure 1). The components
of electric and magnetic fields in cylindrical coordinates
generated by electric dipole excitation at any point below
the surface is expressed as follows [10-12];

E =iouA, +liV -A
o or
E, =iouA, +LEV~A
ro 0¢
(1)
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Figure 1. Field setup of CSAMT data acquisition.
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Here A is the vector potential, / expressed the current
strength, dx the length of dipole, J, and J; are the Bessel
function of order 0 and 1, w s the angular frequency, x is
the magnetic permeability in vaccum and m is the wave
number. Equation (1) can be used to find the field com-
ponents in cartesian coordinates using the following
transformation [10]:

E =E cos¢—E;sing
E, =E sing—E;cos¢
H, =H, cos¢—H,sing
H, =H, sing-E,cos¢

(7

The field expression in Equation (7) is the primary
field analytical solutions arising from the excitation of
grounded electric dipole. The primary field will be used
as source term in the calculation of secondary field.

The Hankel transform calculation of order 0 and 1 (i.e.,
the infinite integral contain Bessel function of order O
and 1) are carried out by adaptive digital filter performed
by Anderson [22,23]. Following Anderson, the Hankel
transform of order n = 0,1 is defined as [22,24]:

jK L(rA)dA r>0 ®)

J, is the Bessel function of first kind of n-th order.

3. Finite Element Modeling of Secondary
Field

Assume the geological strike direction is on the x-axis
direction as shown in Figure 1, then the inhomogeneous
Helmbholtz equation for electric field E, can be expressed
as [24]:
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E? is the primary electric field parallel to strike di-
rection, E. is the secondary electric field generated by
the presence of anomalous conductive body, w is the
frequency used, y, is the magnetic permeability in vac-
uum, o is the total electric conductivity at a point inside
the modeling domain (that is, the sum of normal conduc-
tivity without the presence of anomalous body and the
anomalous body’s conductivity), o+ is the “normal” con-
ductivity without the presence of anomalous body and o,
is the conductivity of anomalous body.

The total magnetic field can be derived using curl op-
eration to the total electric field as given by Maxwell

Equation, and can be expressed as:
T

H, = L@i (10)

@y Oz

The earth’s responses are usually expressed in the
form of Cagniard apparent resistivity p and the phase of
impedance ¢, based on the relation:

1

2
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Here Z,,is the EM impedance. The subscript xy indi-
cates that the Z component are computed by x component
of electric field and y component of magnetic field.

For the case of a magnetic field with polarization par-
allel to the geological strike H,, the non-homogeneous
Helmholtz Equation of the secondary H field can be ex-
pressed as follows [24]:
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As in the previous case, the total magnetic field is ob-
tained from the sum total of primary and secondary mag-
netic fields. The total electric field is obtained using the
rotation operator to the total magnetic field

_LoH;
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(13)
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and the EM responses in the form of apparent resistivity
and phase of impedance are expressed by the following
equation:

1
p},\ _ZU_/U|ZW ’
B =arctan[l::((§:))] (14)
_E
=T

The Helmholtz Equation of secondary field, i.e. Equa-
tions (9) and (12), are the second order differential equa-
tion for the scalar field. The finite element method is
used to calculate the differential Equation solution. The
finite element scheme used in this modeling is the Ritz
method which completely conducted by Jin [21]. The
entire modeling domain is first discretized in triangular
elements, using the elements as shown in Figure 2.

The function of EM field in each element is approxi-
mated by:

¢ (x,y)=a‘+bx+cy (15)
with a, b, and ¢ are constant coefficient, and super script
e is indicating the number of elements. Because there are

three-nodes in the triangular element, the Equation (15)
can be written as:

¥ (5) = 2N () 16

N¢(x,y) is the interpolation function or the ex-
pansion function which has the form:

e 1 e
Nj (x,y)= ~a +bx+cy 17)
2A
j=172,3.
Here, the components of a, b, and ¢ can be expressed as:
ay =Xy =Xy bl =y -y 6 =a-x
ay =x;y =yixg by=y;=y g =x-x (18
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Figure 2. Triangular elementsused in the modeling.
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x; and »; ( = 1,2,3) are the coordinates of j-th
node. The interpolation function N; (xj, yj.):@j will
equal to one if i = j and zero if i # .

Assume that the differential equation of secondary
field problem (9) and (12), are expressed as follow:

_o(, 99| 2, % -
o (06- o j P [0@ P ]+ po=f (20)
The functional can be written as

F(¢)=ZF"(¢") 1)

Here M denotes the total number of elements and F* is
the subfunction given by

F(¢) 2 2
il [a (%j va, [%] +ﬂ(¢")2]d9 (22)
[l 7 (#)a0

Q° denotes the domain of e-th element. Using the
substitution of Equation (16) and differentiation of F°
with respectto ¢’ yields,

oF¢
og

3 ON? 5N; ON? aNj
‘A1 i +a. i + ANENC |[dQ
;%” ‘I:ax[ ox Ox \J Oly( oy oy PN, /
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(23)

The Equation (23) can be expressed as matrix form:

L&l ]=[#] (24)

with
K;
= ﬂ . {ax (66—]\586—1\:] ta, (66_]\)];66_1\)7J +BN;N; }dxdy
i,j=1,2,3

and

b = .UQ" JN; dxdy

Equation (24) is then solved using matrix solver and
yield the field’s value at the whole points inside the
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domain [21].

4. Reaults and Discussions

In this study, the transmitter is assumed parallel to the x
axis as shown in Figure 3. The responses are calculated
in broadside configuration, in which the sounding sites
lie on the plane parallel to the transmitter’s direction. The
plane is situated at the distance R to the centre of trans-
mitter. Zonge and Hughes suggested the CSAMT meas-
urements should be taken with the transmitter-receiver
distance of 3 - 5 km. [25] Based on that assumption, the
modeling is performed at plane parallel to transmitter
orientation with the distance of 3 km from the centre of
transmitter (Figure 3). The frequencies used in this mod-
eling are in range of 1 Hz - 8192 Hz and has value of 2"
Hz, with N is the integer from 1 to 13.

The performance of the modeling is validated by
comparing the result with the responses generated by 1D
analytical calculation for homogeneous and layered earth
model. The source has dipole length of 1000 meters with
1 Ampere of current. Apparent resistivity and phase of
impedance are calculated at one point for all frequencies.
The indicator of compatibility between the analytic and
numeric responses is expressed by relative RMS error,
obtained by the following equation:

— LN (di_ti) 2 0,
RMS—\/NZ{ . }XIOOA) (24)

i=1

d; is the measurement data which obtained by 2D model-
ing along the line of measurement, #; the responses ob-
tained by analytic calculation and N the number of data.

The analytic solutions of electric and magnetic fields
for homogeneous earth are expressed as: [10,11]

_Idlcos¢ ik .
E== [1+e™ (1+ikr)] 0s)
E,= I;i Z“r‘f’ [2-¢™ (1+ikr) ]
_ Idising
H, =252 (31, (A)K, (4)
+A{L (A)K, (4) =1, (4K, (4)}] o6
Idl
H, =~ 2221, (A)K (4)]
Pl
2

Equations (25) and (26) are then transformed using
Equation (7) to obtain the electric and magnetic fields in
Cartesian coordinates.

For layered earth model, numerical calculation is per-
formed with the following steps. First, the primary field
is calculated for homogeneous earth using Equation (1).
The field is then used as primary field in the equation of
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Figure 3. Broadside configuration of CSAMT data acquisi-
tion used in this modeling.

the secondary field, which occur by the scattering of
anomalous layered earth. The primary and secondary
field are then summed to obtain the total field, for further
calculation of apparent resistivity and phase of imped-
ance, and compared with the analytical solution by Equa-
tion (24).

For the homogeneous and three layered earth model,
the sounding sites where the responses are calculated
consist of three different sites: 1) —1000 meters, 2) 200
meters and 3) 1000 meters, as shown in Figure 3. The
conductivity for homogeneous earth model is 100
Ohm-meters. Figure 4 shows the compatibility of mo-
deling results with analytical solutions for homogeneous
earth of xy configuration. According to Table 1, RMS
errors for the xy configuration are 0.37% for apparent
resistivity and 0.36% for phase of impedance, indicating
good compatibility between the numerical and analytical
responses. Figure 5 is clearly shows the responses of yx
configuration are less close to the analytic solution. Ta-
ble 1 shows RMS error of 3.5% for apparent resistivity
and 2.0% for phase of impedance, indicating the error is
relatively higher than the previous configuration.

The 1D layered earth model consist of three layers
with resistivity of 100 Ohm-meters, 1 Ohm-meters and
10 Ohm-meters for the upper, middle and bottom layers
respectively. The thicknesses of the layers are 500 meters
for the first layer and 500 meters for the second layer as
shown in Figure 6. The three layered earth responses are
shown in Figures 7 and 8. From Table 1, the RMS error
of the responses are 3.56% apparent resistivity and phase
of impedance RMS error of 1.1% for xy configuration,
while the configuration yx has error of 5.83% for the ap-
parent resistivity and 0.7% for phase of impedance. As
the previous model, the xy configuration shows relatively
better compatibility to analytic solution than yx configu-
ration. The layered earth model has RMS error responses
higher than homogeneous models, these higher errors
exist because the earth layers are treated as anomalous
object in the homogeneous earth.

In general, the modeling responses in xy configuration
show good agreement to analytical responses compared
to the responses obtained by yx configuration, and the
relative RMS error of both configurations are still in the
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Figure 4. The comparison of apparent resistivity (left) and
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numerical modeling for CSAMT sounding point —1000 m
(top), 200 m (middle) and 1000 m (bottom) for homogeneous

earth model with xy configuration.
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Figure 5. The comparison of apparent resistivity (left) and
phase of impedance (right) of analytic calculation and nu-
merical modeling of CSAMT-yx configuration for homoge-
neous earth model.
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Figure 6. Threelayersearth model.

range of tolerances. The highest error rate is about 6%
for the apparent resistivity of layered earth with yx con-
figuration. The validation indicates that the modeling
scheme are reasonably valid to model 1D responses, and
the modeling scheme can be used as the primary field in
the modeling of the secondary field for the 2D cases.

The modeling of 2D cases consists of two models: 1)
the vertical contact model, and 2) the conductive prism in
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Table 1. Relative RM Serror of apparent resistivity (p) and
phase of impedance (¢ ) of the modeling results compared

to analytical solutions

RMS of theresponses
Model
Pxy) (%) px) (%) ¢ () (%) ¢ () (%)
Homogeneous 0.37 3.5 0.36 2.0
Layered Earth 3.56 5.83 1.1 0.70

layered earth model. The responses generated by model-
ing are then compared to MT responses, using the MT
TE code developed by Srigutomo and Sutarno [26]. Ver-
tical contact model consists of two blocks with resistivity
of 100 and 1 Ohm-meters (Figures 9). The last model
consists of two layer earth model with conductive prism
lying in the second layer, represent the anomalous body
inside layered earth. Host rock resistivity is 100 meters,

Copyright © 2012 SciRes.

with 1 Ohm-meters conductive prism located 300 meters
below the surface, precisely lying under the top of a 1000
Ohm-meters cap rock (Figure 10).

According to Figure 9, the geological strike is as-
sumed perpendicular to the transmitter orientation, i.e.
paralel to the y axis. Thus, the £, and H, components are
perpendicular to strike direction, while the E, and H, are
parallel to the strike. The modeling is conducted in xy
configuration in which electric field is perpendicular to
the strike, and yx configuration in which the electric field
is parallel to the strike. For the yx configuration, the
magnetic field parallel to transmitter Hx is set as the pri-
mary field, and the electric field perpendicular to trans-
mitter Ey is calculated using the curl operation of the
total magnetic field as in Equation (13). In the xy con-
figuration, the perpendicular-to-transmitter magnetic field
Hy is measured by the rotation of the total electric field
parallel to the transmitter E, as shown in Equation (10).
The apparent resistivity and phase of impedance are cal-
culated using Equations (11) and (14).

Figures 11 and 12 show the profiling responses ge-
nerated by vertical contact model, for both CSAMT in xy
and yx configurations and TE-MT. The frequencies for
profiling are 8 Hz, 32 Hz, 128 Hz, 512 Hz, 2048 Hz and
8192 Hz. These frequencies were chosen to describe the
rate of change per decade of frequency responses. From
Figure 11, the apparent resistivity from both CSAMT-yx
and MT-TE shows relatively similar results, while the
CSAMT-xy shows relative different behavior. The
CSAMT-xy configuration can be assumed as TM modes
since the electric field is perpendicular to the strike di-
rection, while the yx configuration can be assumed as TE
modes. This explains the behavior of the responses: the
yx response shows similar behavior with MT-TE, and

-1000m Sounding Sites Om  Sounding Sites 1000 m
v v v h 4 h AN 5. 4 h 4

1 Ohm.m

Figure 9. Thevertical contact model.

Sounding Sites 0Om Sounding Sites
v v 2w A 4 v v W
R=3000m 2

e 300 m 1000 Ohm.m

Figure 10. The conductive prism model.
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the xy configuration shows the behavior of TM polariza-
tion, which is described by discontinuous responses around
the vertical contact. The phase of impedance generated
by CSAMT, as shown in Figure 12, are more sensitive to
the presence of vertical contact than MT. At low fre-
quency, such as 8 Hz and 32 Hz, the xy configuration
shows similar phase response to TE-MT, with relatively
unsmooth change around the vertical contact. The abrupt
changes around vertical contact are clearly shown in fre-
quencies above 32 Hz. The phase of impedance response
suggests that CSAMT responses are more sensitive to the
presence of vertical contact than MT.

Figure 13 shows the pseudosection of CSAMT re-
sponses for both xy and yx configuration. The apparent
resistivities for both configurations are clearly indicating
the resistivity contrast due to vertical contact. The ap-
parent resistivity of yx configuration is gradually changes,
while the xy configuration shows relatively abrupt changes
close to the vertical contact. The phase of impedance of
xy configuration is scattered in high frequencies, while
the yx configuration clearly shows the vertical contact in
whole frequencies. Both apparent resistivities and phase
of impedances pseudosection confirms the presence of
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vertical contact.

The direction of the electric field E, in the xy configu-
ration is perpendicular to the strike, which causes the
discontinuity of electric field in vertical contact, and
produces the surface current at the vertical boundary. The
contrast apparent resistivity between the blocks is con-
tributed by the current, and produces the sharp responses
of xy configuration near the vertical contact area. The
surface current is not obtained in the yx configuration,
since the electric field perpendicular to the transmitter £,
has the same direction with the direction of lateral inho-
mogeneity, and it causes £, field to be continuous across
the boundary. Thus the existence of the contact area is
smoothly described, following the smooth changes of
electric field across the vertical contact.

The next model described is the case of conductive
prisms lying on layered earth (see Figure 10). The re-
sponses of the model are shown in Figures 14-16.

The 1 Ohm meter conductive prism is buried 300 me-
ters below the surface, at the top of 100 Ohm meter host
rock. As in previous model, the responses are calculated
by both xy and yx CSAMT configurations and compared
to MT responses in six selected frequencies. The profil-
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Figure 13. Pseudosection’s contour of CSAMT responses of vertical contact model for both xy and yx configurations.
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ing of apparent resistivity on Figure 14 shows that xy
configuration is more sensitive than yx configuration and
MT. At the low frequency, such as 8 Hz and 32 Hz, the
presence of conductive body is shown by undulate ap-
parent resistivity responses. The CSAMT-xy resistivity
response is more sensitive than yx, while the yx response
still more sensitive than MT response. The phase of im-
pedance responses in Figure 15 confirmed the sensitivity
of xy response.

Pseudo section contour in Figurel6 confirms the high
sensitivity of xy configuration than yx configuration. The
sensitivity of apparent resistivity contours in the xy con-
figuration is characterized by the contour lines which
described the presence of anomalous conductivity at lo-
cations around the anomalous objects, while the lines are
tend to convex in yx configuration. In the pseudosection
contour of phase of impedance, the xy mode contours
clearly describe the location of anomalous objects,
shown by the accumulation of phase’s low values at low
frequencies. The yx phase of impedance also shows the
accumulation of high value at high frequencies; describ-
ing the position of anomalous bodies. As described by
the previous models, the pseudosection contour of
CSAMT responses clearly indicates that sensitivity of xy
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responses is better than yx configuration. However, both
configuration needs to be taken to get the complete pic-
ture of earth’s response.

In general, the modeling has successfully calculated
the responses generated by CSAMT, and gives a better re-
sult than MT since the responses are more sensitive to
detect the 2D anomalies. However, some aspects of this
modeling need to be improved, e.g. the computational
time and the numerical accuracy. The modeling is run
using PC computer with 1 GB of memory and dual core
processor 1.8 GHz, and using Conjugate Gradient Me-
thod (CGM) technique as the matrix solver. It takes about
10,000 seconds to get a response from one 2D model with
14 frequencies from 1 Hz to 8192 Hz. The development
to improve the modeling performance consist of the use
of sparse matrix solver to reduce the computational costs,
and the use of high order elements such as quadratic and
cubic elements, or using the edge elements [21] to give
more accurate results.

5. Conclusion

The modeling developed in this study has successfully
calculated the 2D CSAMT responses, confirmed by
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Figure 14. The profiling of conductive prism model of CSAMT appar ent resistivities of xy and yx configur ations, compared to

MT-TE responses.
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validation with the 1D analytical results, which shows
good compatibility between analytical and numerical
results. The 2D modeling for vertical contact and con-
ductive prism models confirms the superiority of CSA-
MT than MT in order to locate the anomalous bodies.
The 2D modeling results also confirm the superiority of
the configuration with electric field perpendicular to the
strike direction than the electric field parallel to strike
direction. Further developments are suggested to increase
the accuracy of the results and reduce computational
time.
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