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Abstract. In conventionalcontrolled-source audio-magnetotelluric (CSAMT)
prospecting,scalar CSAMT measuremeis usually performed because of its
simplicity and low operational cost. Since the stuwe of earth’s conductivity i
complex, the scala€CSAMT method can lead to a less accurate interpretation.
The complex conditios neer more sophisticated measurements, such as vector
or tensor CSAMT, tanterpre the data. This paper presents 1D vector CSAMT
interpretation. A full saltion 1D CSAMT forward modelinhas been developed
and used to interpret both vector and scalar CSAl{R.Occam’s smoothness
constrained inversionwas used to test the vector and scalar CSAMT
interpretations. The results indicate the imporéaocvecto CSAMT to interpret
CSAMT data in complex geological systt

Keywords: 1D Occam nversior, controlled-source audio-magnetotelluricsull
solution 1D CSAMT forward modeli; scalar CSAMT; vector CSAMTiterpretation

1 Introduction

Controlled-source audifrequency magnetotellurics (CSAMT) ia higt-
resolution electromagneticsounding technique thaises a grounded elect
dipole as thesource of artificial signals. CSAMT is a variant |
magnetotellurics (MT); the main difference with gentional MT is theuse of
artificial signals. CSAMT was originally introduc by Goldstein anc
Strangway [] to solve signal stability problems in the MT mead. Artificial
sources produce a stable signal, allowing -precision data acquisitioand
faster time measuremetannatural sources.
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There are many works on controlled-source electgmagc modeling for 2D
electromagnetic modeling with 3D finite source, lsas Unsworthet al. [2],
and Mitsuhata [3]. Li and Key [4] developed a 2Drima controlled-source
electromagnetic modeling method using an adapiiniéeefelement algorithm.
Streich [5] used the finite-difference frequencyragon (FDFD) scheme for 3D
modeling of marine controlled-source electromagnetiodeling. To avoid
effects by the presence of an artificial sourceAMS$ data are usually taken at
a distance of 3-5 skin depth from the source usiegplane wave approach [6].
Yamashita et al. [7] and Bartel and Jacobson [8] proposed a soeffert
correction and used plane wave approach to intetipeecorrected data. Near-
field corrections have received serious attentioites they are based on a
homogeneous earth model and have validity undestiguein complicated
environments [9]. As shown by Routh and Oldenbthig,use of MT inversion
for the interpretation of CSAMT data can lead texjected results [9]. Hence
they introduced a full solution CSAMT inversion &void this problem and
stated the importance of full solution CSAMT toargret CSAMT data [9].
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Figure 1 Vector CSAMT field setup over a 1D layered earth.

There are several types of CSAMT data measurerhasgd on the number of
components of measurement, which can be classiishsor vector, or scalar
measurement [10]. Vector CSAMT is defined as a -faur five-component
measurement, which consistsBf E, H, H, and optionallyH,, excited by a
single source polarization [10]. Scalar CSAMT oniges a two-component
measurements—H, measurement, or the so-calbeglconfiguration; ande,—Hy
measurement, or the so-callgat configuration). Usually, conventional 1D
CSAMT surveys use scalar CSAMT, which has low ofp@nal cost and a high
production speed of data acquisition [10]. Since ¢arth is complex, a more
sophisticated configuration could be set up in ptd®btain better data, such as
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a vector and tensor CSAMT configuration. In thiadst vector and scalar
CSAMT were used to interpret full solution CSAMTtalaWe have developed a
forward modeling of vector and scalar 1D CSAMT hksa the full CSAMT
solution. The performance of vector CSAMT compai@dcalar CSAMT was
tested by applying the developed modeling to thedaimess-constrained
Occam inversion developed by Constalketeal.[11].

2 The EM Field Generated by CSAMT

1D CSAMT data can be considered as electromagriegid excitation
generated by a horizontal electric dipole (HED) rowe layered earth.
Calculation of the electric and magnetic fields eqated by HED has been
widely performed and can be found in many works14p

A vector CSAMT configuration usually consists ofavelectrodes and two
magnetic antennas, as shown in Figure 1. Suppasdatfered-earth model
consists o layers with each layer having conductivity valggeand thickness
h; (Figure 1). A horizontal electric dipole located the surface is placed
parallel to thex axis. A receiver is located at distance r from digole. The
direction of the receiver is calculated from thpale center with an angl@
the angle formed between thxeaxis and the direction of the receiver. The
components of the electric and magnetic fields gerd by electric dipole
excitation sources in cylindrical coordinates meaguat the surface expressed
as follows [12,13]:
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YAl and YAZare the admittances of the lower half-space, whahbe expressed
recursively as [12,13]:

?1:\(1\?2+\A(1tanh(qh) 5)
Y, + Y tanh( 4 h)
o2t
V=Y % (6)
(0,5
Y, [01]”{ tanh( y h)
YA =Y YAn+1 + AYtanh( Y, h) (7)
"N Stann(y )
e[ % )
Yo=Y, o ®)

Y [ilj +Y, tanh{ y )

with

Y, =Y, =u,

u, =+ i) = (2 i)

k?=w’ue, —iau,o,

Egs. (1)—(4) are usually calleflll solution CSAMT equationssince they
describe the field behavior in all zones of radiati(i.e. near field zone,

transition field zone and far field zone). The disiomponents in Cartesian

coordinates€s,, E, H, andH, are calculated using the following transformations
[12]:

E, = E cosg - E; sing

E, = E sing + E, cogp 9)
H,=H cosp-H, sinp

H,=H, sing +E, cosp
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In geophysical prospecting, the electromagneticpaeses are generally
expressed in apparent resistivity and phase of diapee. Apparent resistivity
are expressed as follows [10,15]:

1
pxy__

2 1 2
ny ’pyxza|zy>l (10)
With theZ,, andZ,, components are the impedance for expressed as

Z =—=* 7 =Y (11)

Eqg. (10) is known as Cagniard’s apparent resistiéguation. The other
important component is the phase of impedance wdaahbe written as

Py = arctar[MJ
re(Z,) (12)

In Eq. (12) @ is the phase of the impedance, which has a vdiubbin a
homogeneous medium. The indexy and yx shows the measurement
configuration as shown in Figure 1.

For the computation of infinite integrals contaipiBessel functions of order 0O
and 1 that appear in the equation of the EM fielohponents, the fast Hankel
transform algorithm developed by Anderson [16,1F]used. The Hankel
transform of orden = 0,1 is defined by [16,17]:

£(r)=[ K3, (A , r>0 (13)

0

J, is the Bessel function of the first kind and order

In this study, a code for full solution 1D CSAMT kdson Egs. (1)—-(4) has
been developed. This code calculates the electrogtiagesponses (i.e. electric
and magnetic fields in radial and azimuthal compésjeof HED, transforms

the components into Cartesian coordinates andrabte CSAMT responses in
the form of apparent resistivity and phase of ingme#. A flow chart of the

code is shown in Figure 2.
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Figure 2 Flow chart of full solution 1D CSAMT modeling.

3 Occam’s Smoothness-Constrained Inversion

The inversion scheme used in this study is the Odoaersion developed by
Constableet al.[11]. Occam'’s inversion produces a smooth moddlfda the
model to data sets with some tolerance, althoughibdel may not be the best
model for the data. A non-linear inversion problean be formulated as a
minimization of the regularization model space iwathat qualifies the misfit
of a certain valued in data space. In a mathematical expression, trexsion
problem can be formulated as [11,18,19]:

min||L, IWG(m)-Wd|<d

nl andI (14)
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where L is a finite-difference approximation offdiential of first and second
order and

W:diag{l,l,l,...l}
g, 0, 0; Oy (15)

Eqg. (15) states W as a diagonal matrix with a valuersely proportional to the
standard deviation of theth data, which is usually used as a weighting
function. Thus, the misfit can be expressed as 81,1

R NG

=1 i (16)

If there is a moden, using Taylor's theorem we can develop an appration
as follows:

G(m+am)=G(m)+J(m)dn 17)
J(m) is the Jacobian matrix.

By using this approximation, the damped least sepi&g. (14) can be written
as:

min|w(G(m)+J(m)am —d)|* +a?|L (m +Am)° (18)

To simplify the formulation of the problem, this appimation is usually
written with variable ifi+4m):

min[[wJ (m)(m +4m) - (Wd WG (m)+WJ n Jn )| +a? fn +an )| (19)

The solution of Eq. (17) can be written as follows, B,19]:

m-+4m=(WJ (m) W3 (m)+a1 T )_1 WJ fn )wd ) (20)

This method is similar to the Gauss-Newton methaetius the damped least
squares problem. The iteration can be used to $6dvg14) for some valug
and then pick the highest value for which the model is appropriate with

constrained datiwG (m)-wd| < & [18,19].

4 Interpretation of Synthetic Data

The models used to generate the synthetic dataagdimlows:
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1. A three-layer earth with one conductive layer teghpetween two resistive
layers (typical for geothermal sites).

2. A three-layer earth with one thin resistive layeapped between two
conductive layers (typical for hydrocarbon sites).

3. The models are shown in Figure 3. To interpret tymthetic data, the
following steps were taken:

4. The responses were simulated using the developedifdmodeling code.
The synthetic responses were in the form of appaesmtivity and phase
of impedance in thry andyx configurations.

5. Next, the synthetic responses were inverted usioth bector and scalar
CSAMT. Thexy and yx responses were inverted simultaneously for the
vector CSAMT, while the scalar CSAMT inverted thepenses separately
for bothxy andyx.

6. The models generated by the inversion in Step (2 wween compared to
synthetic models. The compatibility of the inversionodels with the
synthetic models was expressed as relative RM$. erro

7. The models resulted from the inversion were thend ufe forward
modeling. The results were inversion responses Wee compared to
synthetic responses. The compatibility of both resps (i.e. inversion and
synthetic responses) was expressed as relative B

The earth in this modeling was parameterized ageadd earth with 40 layers,
each layer having an exponentially increasing thésls, with a depth as
proposed by Routh and Oldenburg [9]. The modeling siaulated on a dipole
source-receiver distance ok R 2000 meter and\R= 500 meter, as shown in
Figure 2. At this distance, the source effectiilsddminant that the plane wave
assumption is invalid and hence the full solutionieipretation should be
applied. The dipole length is 1000 meters with aemtrstrength of 1 ampere.
The model’s responses were calculated 16 audiodresies with a value of'2
Hz andN is an integer with a value ranging from -2 to i8e(range of
frequencies from 0.25 Hz to 8192 Hz).

The compatibility of the inversion models and reggmnwith the synthetic
models and responses were calculated using reRN& error:

RMS= J%i{@} x100% (21)

i=1

N is the number of dataj; the i-th inversed model or datandt; the i-th
synthetic model or data. The relative RMS error leetwthe synthetic and the
inverted models and responses for model 1 and n#oded described in Table 1
and 2.
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The first model (Figure 3(ii)) is a typical geothetdnsite with a conductive
layer between two resistive layers. The obtaineérision model showed fairly
good compatibility with the synthetic models for thbovector and scalar
CSAMT, as shown in Figure 4. From Table 1 it isacléghat the model
generated by vector CSAMT is better than the omegded by scalar CSAMT.
Figure 5 shows good compatibility between the isier and the synthetic
responses for apparent resistivity and phase ofedapce (Table 1).
Nevertheless, the response generated by vector OSaihdws good results
compared to scalar CSAMT, with a relative RMS etower than 0.2%. The
results demonstrate the importance of vector CSAM/Erision to obtain more
accurate data interpretation.
Ry Suum&gﬂ%ta

1000 m
5 Obim m 700 m
3000 Ohm m $100m
50 Okm m 4
100 Dhm m
(ii) (iii)

Figure 3 (i) The field setup used for the modelingy Bnd R shows the
distance of transmitter-receiver (sounding site)dartesian coordinates. (ii)
Synthetic model 1, with a conductive layer burieithim a relatively resistive
layer. (iii) Synthetic model 2, with a thin resiatilayer buried within a relatively
conductive layer.

The second model (Figure 3(iii))) was a layered etytiical for hydrocarbon
exploration, in which a very thin resistive lay&0Q meters) lies on a depth of
1000 meters between relatively conductive layers.iAthe first model, the
model resulted from vector CSAMT inversion had gaochpatibility with the
synthetic data relative to scalar CSAMT (Figure ®pble 2 shows the
guantitative aspect of the inversion models angaeses, where the relative
RMS error of vector CSAMT was in the range of 6%ijlesfor scalar CSAMT
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it was about 20%. Once again, the results showirtimortance of vector

Figure 4 Comparison of synthetic model 1 to inversion modgserated by

vector and scalar CSAMT.
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Figure 5 Comparison of synthetic responses of model 1 wlid inversion
responses, generated by vector and scalar CSAMT.
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Figure 6 Comparison of synthetic model 2 to inversion modgserated by
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CSAMT interpretation. The synthetic and the invensiesponses are shown in
Figure 7. According to Table 2, the synthetic andeision responses have
excellent compatibility with the highest error: wnin the range of 1%.

However, the model generated by vector CSAMT is naweurate than the
models generated by scalar CSAMT.

In general, from synthetic models both the vectod @he scalar CSAMT
responses had a very good match with the synttetfmonse. Nevertheless, the
model generated by vector CSAMT had a better &intthe models generated
by scalar CSMAT. Thus, vector CSAMT interpretatisméeeded to obtain more
accurate models.

Table 1 Relative RMS error of CSAMT inversion compared tynthetic
model and responses for model 1.

Relative RMS Error VECTOR SCALAR SCALAR
CSAMT (%) CSAMTXY (%)  CSAMTYX (%)
Model 4.21 13.3¢ 13.17
Apparent Resistivity 0.12 0.45 1.2t
Phase of Impedance 0.077 0.21 0.84

Table 2 Relative RMS error of CSAMT inversion compared tgnthetic
model and responses for model 2.

SCALAR
: VECTOR CSAMT SCALAR
Relative RMS Error %) CSAMT XY (%) CSA(':%— YX
Model 6.37 21.60 19.68
Apparent Resistivity 0.11 0.049 1.33
Phase of Impedance 0.09: 0.14 1.13

5 Application to Field Data

The performance of the developed vector CSAMT cods tested using field
data. The inversion of two geothermal sites wa$opmied using both vector
and scalar CSAMT. TheRand R distances (i.e. the distance of transmitter-
receiver separation, described in Cartesian axeshawn in Figure 2) were
3354 meters and 1064 meters respectively for sig, @and 2978 meters and
2312 meters respectively for site T0O2. The datal dgeinversion are apparent
resistivity for both thexy and yx configuration. The compatibility of the field
data with the inversion responses is shown in Table
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Figure 8 The model generated by vector and scalar CSAMTrgier for the
data of site TO1.
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Figure 9 Comparison of field data of site TO1 with the irsien responses
generated by vector and scalar CSAMT.
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Figure 8 shows the models generated from inversfdmoth vector and scalar
CSAMT for site TO1l. The models generated by ved@BAMT show a
relatively more complex structure than those geedrdy scalar CSAMT.
Scalarxy shows a relatively homogeneous layer, while scatadescribes a
simple layered earth. This result clearly showsitgortance of interpretation
using the vector CSAMT, where the scalar CSAMT colelad to different
interpretation. Figure 9 shows a comparison ofif@dta with the inversion data
for both vector and scalar CSAMT. From Table 3aih e seen that the relative
RMS error of the vector CSAMT responses was highan that of the scalay
CSAMT (0.96% compared to 0.56%), but both respohaésapproximately the
same error level (about 1 %).

VECTOR CSAMT MODEL SCALAR CSAMT XY MODEL

Depth (Meter)
=l

10 10! 10
Resistivity(Ohm)

Depth (Meter)
=

SCALAR CSAMT YX MODEL
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=

il i

10 1 i ril 1 i 10 1 it
10 10’ 10° 10° 1° 10! 10 10

Resistivity(Qhm) Resistivity(Ohm)

Figure 10 The model generated by vector and scalar CSAMTrgioe for the
data of site T02.

The models generated from the data of site TO2 avershin Figure 10. As
before, the vector CSAMT led to a complex structwieile the scalar CSAMT
led to a relatively simple structure. The compaitipidf the field data with the
inversion responses is shown in Figure 11. ltéscfrom Figure 11 and Table
3 that the responses from the vector CSAMT had atively high error
compared to those of scalgr CSAMT. For site T02, the relative RMS error for
both vector and scalgx was about 3%, while for scalay it was below 2%.
However, in general the error was still relativédbyv and can be assumed
compatible. Nevertheless, the models generatedebior and scalar CSAMT
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led to different structures. This shows the necgdsituse the vector CSAMT.
In real earth the data seem to be affected by 3dwdtivity structures [9]. This
circumstance leads to a more complicated interfooatebecause the 1D layered
earth assumption cannot be made. A more sophisticainfiguration, such as
tensor CSAMT, may be used to give a better intégiocm of the earth’s
complexities.
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Figure 11 Comparison of field data of site TO2 with the irsien responses
generated by vector and scalar CSAMT.

Table 3 Relative RMS error of CSAMT inversion compared tynthetic
model and responses for model 2.

SITES VECTOR SCALAR SCALAR
CSAMT (%) CSAMT XY (%)  CSAMT YX (%)
TO1 0.96 0.56 1.03
T02 3.38 1.77 3.53
6 Conclusion

In this paper a forward modeling of full solutiorD ICSAMT has been
developed to invert CSAMT data. The performance ef filrward modeling
has been tested using two synthetic models whiahacterized two geological
features: (i) a conductive layer buried betweerstige layers, as usually found
in geothermal sites; and (ii) a thin resistive taperied between conductive
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layers, as typically found in hydrocarbon explarati The inversion has been
taken for both models using vector and scalar CSAMiE results showed that
the models generated by vector CSAMT were more etilip with the
synthetic models than those generated by conveitiscalar CSAMT. The
relative RMS error for the synthetic data inversgimows the importance of
vector CSAMT interpretation. The relatively small agriof the responses as
shown in Table 1 and 2 does not guarantee a penfietth between the
synthetic and the inversion models. The tables Igledmow the superiority of
vector CSAMT to interpret CSAMT data, since thelac&SAMT provides
less structure information.

The performance of the developed modeling was tested) field data of two
geothermal sites, with a relatively close transniteceiver distance.
Application to the field data showed complex stuuetmodels generated by
vector CSAMT, while scalar CSAMT led to more simple@dels. The big
difference between both measurements simply cosfithe superiority of
vector CSAMT over conventional scalar CSAMT. The hssconfirm the lack
of information carried by scalar CSAMT to describe tonductivity structures
of the earth. Nevertheless, a more sophisticatedsurement (i.e. tensor
CSAMT measurement) should be applied to obtain mofermation about
conductivity structures.
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