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ABSTRACT 

 Having a reliable regional mean conductivity profile is useful and 
informative in interpreting magnetotelluric (MT) data. Traditionally, the 
Berdichevsky average, the average determinant [(det) which is rotational invariant 
property] impedance, is used to estimate the regional mean conductivity profile. 
Nonetheless, the det impedance is found to be biased downward by galvanic 
distortion. As a consequence, the Berdichevsky average may  overestimate the 
regional mean conductivity profile. On the contrary, the sum-of-the-squared-
elements (ssq) impedance is less sensitive to such an effect. Using the average ssq 
impedance is a sensible choice to estimate the regional mean conductivity profile. In 
addition, the combination of det and ssq impedances enables us to indicate the 
existence and strength of galvanic distortion in MT data. The local and regional 
distortion indicators are introduced to quantify the strength of the shear and splitting 
effects in galvanic distortion at individual stations and throughout the dataset, 
respectively. The apparent gains are defined and proven to be a good approximation 
of the site gain, which is generally claimed to the non-determinable distortion 
parameters. These findings are advantageous and able to solve several problems with 
MT datasets in performing 3D inversion.
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บทคัดยอ 

W โครงสรางสภาพนำไฟฟาเฉลี่ยในระดับภูมิภาคเปนขอมูลที่มีประโยชนในการแปล

ความหมายขอมูลแมกนีโตเทลลูริก โดยทั่วไป คาเฉลี่ยเบอรดิเชฟสกี้หรือคาเฉลี่ยของดีเทอร

มิแนนต [(เด็ท) ซ่ึงเปนปริมาณที่ไมข้ึนกับการหมุน]  อิมพิแดนซถูกใชในการประมาณโครงสราง

เฉลี่ยนี้ แตอยางไรก็ดี ขนาดของเด็ทอิมพิแดนซถูกพบวามีความเอนเอียงลดต่ำลงเนื่องจากการบิด

เบือนกัลวานิค ดวยเหตุนี้ คาเฉลี่ยเบอรดิเชฟสกี้จึงอาจใหโครงสรางสภาพนำไฟฟาเฉลี่ยในระดับ

ภูมิภาคที่สูงเกินกวาความเปนจริง ในทางตรงขามเอสเอสคิวอิมพิแดนซไดรับผลกระทบจากการบิด

เบือนกัลวานิคนอยกวาเด็ทอิมพิแดนซ ดังนั้น การใชคาเฉลี่ยเอสเอสคิวอิมพิแดนซจึงเปนวิธีที่

เหมาะสมในการประมาณโครงสรางสภาพนำไฟฟาเฉลี่ยดังกลาว นอกจากนี้การใชเด็ทอิมพิแดนซ

และเอสเอสคิวอิมพิแดนซประกอบกันสามารถบงชี้ถึงการมีอยูและระดับความเขมของการบิดเบือ

นกัลวานิค ตัวบงชี้การบิดเบือนเฉพาะที่และระดับภูมิภาคสามารถนิยามขึ้นเพื่อแสดงระดับความ

เขมของการบิดเบือนแบบเฉือนและแบบแบงของแตละสถานีและท้ังชุดขอมูลตามลำดับ คาอัตรา

การขยายปรากฏไดรับการบัญญัติขึ้นและพิสูจนแลววาสามารถเปนคาประมาณที่สมเหตุสมผลของ

คาอัตราการขยายของแตละสถาน ี ซ่ึงคาอัตราการขยายของแตละสถานีนี้เปนที่กลาวอางโดยทั่วไป

วาเปนคาการบิดเบือนกัลวานิคที่ไมสามารถหาคาได การคนพบเหลานี้มีประโยชนและสามารถ

บรรเทาปญหาตางๆ ในการแปลความหมายขอมูลแมกนีโตเทลลูริก
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CHAPTER I

INTRODUCTION

The Earth’s physical properties can be either explicitly or implicitly

derived from geophysical studies. Integrating several physical properties are bene-

ficial for subsurface inverstigation. The electrical conductivity or inverse resistiv-

ity, which defines how materials allow or oppose current flow, is one of the most

informative attributes because it can be related to a number of properties such

as temperature, pressure, porosity, fluid content, and chemical compositions, for

example. Thus, including the Earth’s conductivity structure with other physical

properties makes geological interpretation more reliable. For instance, the conjunc-

tion of Earth’s conductivity structure and its seismic structure helps complement

our understanding of the Earth’s interior. The conductivity structure itself is not

only related to thermal structure but also to the water content in the mantle’s min-

erals (e.g., Karato, 1990; Yoshino et al., 2006; Wang et al., 2006), which is believed

to play an important role in mantle dynamics and evolution (e.g., Kelbert et al.,

2009; Baba et al., 2010; Shimizu et al., 2010). Also, studying the crustal structure

in terms of its conductivity together with other physical properties helps us to

better understand tectonic setting and its transformation (e.g., Muller et al., 2009;

Unsworth, 2010; Boonchaisuk et al., 2013). Knowing the subsurface conductivity

structure is also profitable for exploration purposes. For example, the geothermal

settings are evidently characterized by its electrical conductivity signature (see a

review paper by Muñoz, 2013, and references therein).

From the historical perspective, revealing the Earth’s conductivity struc-

ture originates from analysing the Earth’s magnetic field – the geomagnetic depth

sounding (GDS) method (Chapman and Price, 1930; Banks, 1969; and also a re-

view by Tarits, 1994). In these papers, the 1D conductivity profiles were obtained

from geomagnetic observation at a individual site, where the lateral heterogeneity
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in the Earth (including continents and oceans) were ignored. The GDS method

is most senstive to the conductivity structure at upper- and mid-mantle depths,

where the corresponding signals have a period of a day or more. The geomagnetic

signals in this range are valid under the assumption that the source field variation

is expressed as the external dipole. Later on, it is possible to construct the global

3D conductivity model by performing the global induction studies using global ge-

omagnetic data (e.g., Fukao et al., 2004; Koyama et al., 2006; Kelbert et al., 2008;

Kuvshinov, 2008; Utada et al., 2009). Recent progress in global induction studies

can be found in Kuvshinov (2011).

In global-scale studies, we can write the conductivity distribution �(z, ✓,�)

at an arbitrary position in the Earth as the combination of the global mean 1D

conductivity profile �

0

(z) and the azimuthal conductivity contrast ��(z, ✓,�):

�(z, ✓,�) = �

0

(z) +��(z, ✓,�). (1.1)

Also, we may define the global mean 1D conductivity profile as the azimuthal

average conductivity from any conductivity distribution:

�

0

(z) =
1

S

0

(z)

‹
�(z, ✓,�) dS, (1.2)

where S
0

(z) is the total surface area of the Earth at depth z and dS is an element

of the Earth’s surface. Also, we may use the logarithmic average,

log �
0

(z) =
1

S

0

(z)

‹
log �(z, ✓,�) dS. (1.3)

Since the global mean 1D conductivity profile is defined as the azimuthal aver-

age, the variance of ��(z, ✓,�) is minimized in either a linear or logarithmic scale.

Hence, the global mean 1D conductivity profile �

0

(z) may be called an optimal

global mean 1D conductivity profile. Although the definitions of the global mean

1D conductivity profile �
0

(z) and the azimuthal contrast ��(z, ✓,�) seem straight-

forward in theory, estimating them may be di�cult in practice. One approach to

yield the reliable global 3D conductivity structure �(z, ✓,�) is to start from using
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the appropriate global mean 1D conductivity profile �

0

(z) as an initial or a priori

model (e.g., Kelbert et al., 2008; Semenov and Kuvshinov, 2012). Nevertheless,

the significant di↵erences between existing inverted models (e.g., Kelbert et al.,

2009; Kuvshinov and Semenov, 2012; Semenov and Kuvshinov, 2012) were still

observed. These results may include biases due to the non-uniformity of their site

distribution or spatial aliasing, because the distribution of geomagnetic observa-

tories is generally non-uniform and sometimes very sparse especially in oceanic

regions. Also, EM induction is sensitive to the underlying structure and may be

a↵ected by the heterogeneity nearby each observation site.

After the commencement of geomagnetic studies, the prospecting to

use the geoelectric signals, i.e., the telluric current or electric fields, was investi-

gated. The EM induction, the relation between the magnetic field and the induced

telluric current, was independently studied by Rikitake (1946), Tikhonov (1950),

and Cagniard (1953). The first two scientists focused on using the induction e↵ect

to study the electrical property of the Earth’s crust, while Cagniard (1953) made

it practical for exploration purposes and it is known as magnetotellurics or MT.

MT is mostly used for the case where the induction scale length is much smaller

than the radius of Earth so that the sphericity of Earth can be ignored, i.e., Earth

is assumed flat. Such a case is called the local or regional induction study. In

general, the regional-scale studies deal with a limited region of interest where a

number of observations are made either on land or in a marine environment. With

progressive developments particularly in MT data processing (e.g., Egbert, 1997;

Chave and Thomson, 2004; Smirnov and Egbert, 2012) and inversion (e.g., Sasaki,

2001; Siripunvaraporn et al., 2005; Uchida and Sasaki, 2006; Avdeev and Avdeeva,

2009; Kelbert et al., 2014) in recent decades, imaging regional 3D conductivity

distributions has become practical and has been applied in various applications

ranging from very near-surface to mantle studies.

As with the global-scale study, the regional 3D conductivity distribution

�(x, y, z) can be expressed as the combination of the regional mean 1D conductivity
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profile �

R

(z) and the lateral conductivity contrast ��(x, y, z):

�(x, y, z) = �

R

(z) +��(x, y, z). (1.4)

We can also define the regional mean 1D conductivity profile as the areal average

of the conductivity distribution:

�

R

(z) =
1

A

0

‹
�(x, y, z) dA, (1.5)

where A

0

is the area where the observations are distributed, and dA is a surface

element. Alternatively, we may use the logarithmic average to define the regional

mean 1D conductivity profile:

log �
R

(z) =
1

A

0

‹
log �(x, y, z) dA. (1.6)

As with Eqs. (1.2) and (1.3), defining the regional mean 1D conductivity profile

with the areal average would minize the variance of �(x, y, z) (either in a linear or

logarithmic scale). Also, the regional mean 1D conductivity profile �

R

(z) is called

a regionally optimized mean 1D conductivity profile. Note that the arithmetic

average of the conductivity in a logarithmic scale is equivalent to the geometric

average of conductivity in a linear scale. Mathematically, the logarithmic-scale

average of the conductivity will give the more resistive structure compared to

the linear average definition. We may invert the MT dataset to yield the 3D

conductivity distribution directly. Alternatively, we may begin from estimating

the reasonable model of the regional mean conductivity profile, and use it as an

initial or a priori in inverting the data for the conductivity model �(x, y, z) or the

conductivity contrast ��(x, y, z) later.

Traditionally, the Berdichevsky average (Berdichevsky et al., 1980),

which averages the rotational invariant determinant (det) impedances from a num-

ber of MT observations within an area of interest, is used to estimate the model of

the regional mean 1D conductivity profile. Although the choice of initial or prior

models, e.g., using either the homogeneous Earth or the profile estimated from the
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Berdichevsky average, in 3D problems remains a matter of debate, the benefits of

using the regional mean 1D model have been reported. Solving forward problem

would become more reliable becaused of the optimized conductivtiy contrast, which

results in a better-conditioned system of equations in forward modeling (Avdeev,

2005). Tada et al. (2014) configured the reasonable initial and prior models for 3D

inversion from the regional mean 1D models estimated by using the Berdichevsky

average (Baba et al., 2010). Avdeeva et al. (2015) also claimed that defining the

starting model using the Berdichevsky average is better than using a homogeneous

halfspace.

Although using MT to image 3D conductivity structure is feasible, MT

su↵ers from the problem of galvanic distortion. Excellent review and tutorial

papers on galvanic distortion are given by Jiracek 1990, Groom and Bahr 1992,

and Ledo 2005. Galvanic distortion is the spatial aliasing in MT data due to

near-surface small-scale heterogeneity, and it is unavoidable, particularly in the

case of land MT observations. Inverting the galvanically distorted data without

proper treatments or removal may lead to inaccurate or erroneous inverted models

(Avdeeva et al., 2015; Tietze et al., 2015) due to the interference from artifacts

caused by galvanic distortion.

In contrast to the marine cases (e.g., Baba et al., 2010), the classic ex-

ample for the e↵ect of galvanic distortion on regional MT studies on land is the

work of Berdichevsky et al. (1980). Within the same area of observation, the e↵ec-

tive apparent resistivity curves were shifted irregularly, but not deformed. They

suspected that the local e↵ect from galvanic distortion caused such an e↵ect, and

they also proposed the averaging approach to smooth out the local e↵ect of gal-

vanic distortion. However, their work was introduced to the EM community before

the knowledge of galvanic distortion was well established. Thus, examining the re-

liability of the method to estimate the model of the regional mean 1D conductivity

profile with the present knowledge of galvanic distortion is also interesting.

Since the problem of galvanic distortion was recognized, several works

have been developed to deal with this problem. They are described in the following.

Groom and Bailey (1989) and Bahr (1988) first proposed a parametric model for
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galvanic distortion but in the framework of a regionally 2D structure. The Groom–

Bailey model of galvanic distortion (Groom and Bailey, 1989) has been adopted

in many galvanic distortion studies. For example, McNeice and Jones (2001) also

proposed the tensor decomposition based on the Groom–Bailey model under the

2D Earth assumption. Gómez-Treviño et al. (2014) uses the rotational invariant

impedances to solve the galvanic distortion, and their work is also scoped to the

assumption of 2D regional structure only. Most of the work has to be limited to the

assumption of 2D Earth, because solving the galvanic distortion in the 3D Earth

the problem itself becomes underdetermined.

3D inversion based on the phase tensor (Caldwell et al., 2004) has been

developed and it is shown to reliably recover the structure of interest (Patro et al.,

2013; Tietze et al., 2015). However, the phase tensor-based inversion strongly

depends on the initial models because the phase tensor itself is absent in magnitude.

By introducing the additional constraint in the inversion, the 3D inversion with

galvanic distortion has been also developed (e.g., Sasaki and Meju, 2006; Avdeeva

et al., 2015). It is a promising approach to deal with the galvanic distortion

problem.

In spite of the fact that the galvanic distortion has an e↵ect on MT data,

the method to identify the existence of galvanic distortion or quantify its strength

in MT data has never been proposed. Although the inconsistency between the

lateral gradient of the MT impedance and the vertical magnetic transfer function

can suggest the presence of galvanic distortion (see Utada and Munekane, 2000),

the usage of the inconsistency check may be di�cult for practical purposes and it

is never stated explicitly in their paper.

This thesis aims to solve two problems relating to galvanic distortion:

first, proposing the method to reliably estimate the model of the regional mean 1D

conductivity profile with the presence of galvanic distortion, and, second, indicating

the existence and strength of galvanic distortion in MT data. As mentioned, using

the optimal regional mean 1D conductivity profile as an initial or a priori model

is a good start in performing 3D inversion. As a consequence, being capable of

estimating the unbiased model of the regional mean 1D conductivity profile from
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the set of distorted MT data is significant. Also, being able to quantify the strength

of galvanic distortion in MT data is important, as we can determine the necessity

of the treatment for galvanic distortion or the omission of the heavily distorted

data. Thus estimating the reliable model of regional mean 1D conductivity profile

and indicating the existence of galvanic distortion would be useful and informative

and would help relieve several di�culties in 3D inversion.
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CHAPTER II

THEORETICAL BACKGROUND

In this chapter, the theoretical background used in this work is given.

We start with magnetotellurics and focus on the MT impedance tensor, and its

rotational invariant attributes. Then we describe the Berdichevsky average which

is used to estimate the regional structure. Lastly, the principle and mathematical

formulation of galvanic distortion are provided.

2.1 Magnetotellurics

Electromagnetic induction is the interrelation between magnetic and

electric fields within the Earth. By analogy with Faraday’s law of induction, the

time-varying Earth’s magnetic field causes the electric field (or known as the telluric

current), to flow within Earth, which acts like a conductor. The induction e↵ect

was independently observed by Rikitake (1946) and Tikhonov (1950), and it was

used to investigate the electrical property of the Earth’s crust. The induction e↵ect

was made practical for exploration purposes by Cagniard (1953) and is also known

as magnetotellurics or MT.

On the Earth’s surface, MT can image the Earth resistivity structure

using the naturally-occurring magnetic and electric fields, which are governed by

Maxwell’s equations. Since it was introduced, MT data acquisition processing

and interpretation have been continuously developed, and MT has been used in

various applications: mantle studies (e.g., Berdichevsky et al., 1980; Baba et al.,

2010); crustal studies (e.g., Heise et al., 2007; Unsworth, 2010; Boonchaisuk et al.,

2013); ore exploration (e.g. Tuncer et al., 2006; Türkoğlu et al., 2009); geothermal

exploration (e.g., Pellerin et al., 1996; Heise et al., 2008; Amatyakul et al., 2015);

environmental applications (e.g., Unsworth et al., 2007); and many others.
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MT impedance

The MT response or known as MT impedance is obtained from the lin-

ear relationship between the horizontal magnetic field B
h

to the horizontal electric

field E
h

in the frequency domain. Given that the electric and magnetic fields are

collected at the location r
i

, the MT impedance is written as

E
h

(r
i

;!) = Z(r
i

;!)B
h

(r
i

;!)
2

6664

E

x

(r
i

;!)

E

y

(r
i

;!)

3

7775
=

2

6664

Z

xx

(r
i

;!) Z

xy

(r
i

;!)

Z

yx

(r
i

;!) Z

yy

(r
i

;!)

3

7775

2

6664

B

x

(r
i

;!)

B

y

(r
i

;!)

3

7775
,

(2.1)

where ! is the angular frequency, ! = 2⇡f . The spatial and frequency dependence

of the MT impedance will be omitted in the rest of this thesis. The transfer

function Z (also called the impedance tensor) is a second rank 2 ⇥ 2 tensor with

components Z
xx

Z

xy

Z

yx

and Z

yy

, or known as MT impedances, are complex-valued

numbers. Here, the frequency dependent part was omitted. The subscripts x and

y denote the orthogonal components of magnetic fields and electric fields pointing

northward and eastward, respectively. The components are generally represented

by the magnitude (apparent resistivity) and phase,

⇢

a,ij

=
µ

0

!

|Z
ij

|2,

�

ij

= arg(Z
ij

).
(2.2)

The MT impedance itself is able to indicate the Earth dimensionality.

In the 1D Earth, the electric field (and also the magnetic field) are the same in

any directions, and the electric and magnetic fields are related only in orthog-

onal directions. The MT impedance becomes antisymmetric with zero diagonal

components:

Z

xx

= Z

yy

= 0,

Z

xy

= �Z

yx

= Z

1D

,

(2.3)
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where Z
1D

denotes the impedance derived from the 1D structure. In the 2D situa-

tion, given that the observation coordinate is in the strike direction, the orthogonal

components of the electric field and those of the magnetic field are di↵erent, but

there is still no coupling between the same components of electric and magnetic

fields. The o↵-diagonal components of MT impedance are no longer equivalent:

Z

xy

6= �Z

yx

. (2.4)

But, in general cases (3D situation), the elements of the impedance tensors become:

Z

xx

6= 0,

Z

yy

6= 0,

Z

xy

6= �Z

yx

.

(2.5)

Rotational invariant

Theoretically, the impedance tensor could be defined without reference

to any horizontal coordinate system, but in practice the impedance tensor must be

specified to the coordinate of observation. Given that Z
R

is the impedance tensor

in the regional or principal coordinate, which is generally defined as the strike

coordinate in 2D studies but it has no definition in 3D situations, the representation

of this impedance tensor specific to the coordinate of observation Z
obs

, which is

rotated by the angle ✓ relative to the principal coordinate in the clockwise direction,

could be written as

Z
obs

= ⇥(✓)Z
R

⇥T(✓), (2.6)

where the rotational matrix is

⇥(✓) =

2

6664

cos ✓ sin ✓

� sin ✓ cos ✓

3

7775
. (2.7)
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The principal or regional impedance is dependent on the observation coordinate.

An attribute of the impedance tensor that remains unchanged under the rotation

of the observation coordinate is referred to as being rotationally invariant. For

example the determinant of the impedance tensor:

det(Z
obs

) = det(⇥Z
R

⇥T) = det(⇥)det(Z
R

)det(⇥T) = det(Z
R

),

where the function of angle ✓ was omitted.

Since the beginning of MT, many rotational invariant properties of MT

impedance have been introduced. For example, the determinant was used to esti-

mate the regional structure (e.g., Berdichevsky et al., 1980). Swift’s skew (Swift,

1967) and Bahr’s skew (Bahr, 1988), which serve as the dimensionality indicators,

was developed based on the rotationally invariant properties. However, after the

systematic and thorough investigation by Szarka and Menvielle (1997), the set

of rotational invariants was introduced and it is able to represent the impedance

tensor. Weaver et al. (2000) introduced another selection of rotational invariants,

which are able to constrain the subsurface structure geometry, and also a compact

geometrical visualization of the impedance tensor using Mohr’s circle.

Among the number of rotational invariants, we are interested in two of

them. First, the determinant (det),

det(Z) = Z

xx

Z

yy

� Z

xy

Z

yx

, (2.8)

and, second, the sum of the squared elements (ssq)

ssq(Z) = tr(ZTZ) = Z

2

xx

+ Z

2

xy

+ Z

2

yx

+ Z

2

yy

, (2.9)

where tr denotes the matrix trace. The corresponding det and the ssq impedances

are defined as follows:

Z

det

=
p

det(Z), (2.10)
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and

Z

ssq

=
p
ssq(Z)/2. (2.11)

The coe�cient of 1/
p
2 was introduced in the definition of ssq impedance to con-

serve the impedance magnitude.

In MT, the determinant is a widely-used rotational invariant. It was

applied in various applications, for example, in marine studies (e.g., Seama et al.,

2007; Baba et al., 2010; Yang et al., 2010). Oldenburg and Ellis (1993) and Pedersen

and Engels (2005) developed 2D MT inversion using the det impedance. Arango

et al. (2009) used the det impedance to deal with 3D MT data. Tournerie and

Chouteau (2002) and Avdeeva et al. (2015) used the average det impedances to

construct the a priori model. Lezaeta and Haak (2003) introduced the current

channeling indicator using the det impedance.

In contrast to the det impedance, the ssq impedance is less familiar to

the induction community. It was first introduced by Szarka and Menvielle (1997)

to form the complete set of MT rotational invariants and only a few applications

were reported (e.g., Szarka et al., 2000, 2005). Romo et al. (2005) used the det and

ssq equivalents to define another representation of MT impedance. Gómez-Treviño

et al. (2014) proposed the method to solve galvanic distortion in a 2-D regional

structure with the det and ssq impedances.

2.2 Estimating the model of regional mean conductivity pro-

file: The Berdichevsky average

Berdichevsky et al. (1980) conducted the regional-scale study of the con-

ductivity structure of the Baikal region. The e↵ective resistivity sounding curves,

which are equivalent to the apparent resistivity derived from the det impedance

(Eq. 2.10), within any regions were observed to be shifted, but not deformed (Fig-

ure 2.1). The shift in the e↵ective resistivity was a manifestation of local galvanic

distortion, and its distribution was shown to be log-normally distributed. In his
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work, the e↵ect of galvanic distortion at the ith observation was modeled as:

⇢

i

e↵

= K

i

⇢

N

, (2.12)

where K

i is a random distortion coe�cient following the log-normal distribution,

⇢

N

represents the regional impedance, ⇢i
e↵

is the observed e↵ective impedance.

Through the cluster of m observations, the regional impedance was

obtained from averaging the observed e↵ective resistivities so as to smooth out the

local e↵ect due to galvanic distortion:

⇢̄

e↵

=

"
mY

i=1

⇢

i

e↵

# 1
m

=

"
mY

i=1

K

i

# 1
m

⇢

N

⇡ ⇢

N

. (2.13)

The idea of averaging the impedances is regarded as one of the most practical

solutions in regional studies (e.g., Baba et al., 2010) and also used to estimate an

initial or a priori model in inversions (e.g., Tournerie and Chouteau, 2002; Tada

et al., 2014; Avdeeva et al., 2015). However, the knowledge of galvanic distortion

was not well-established at that time. Hence no detailed description of Ki was

given.

In the following section, we re-examine the distorted e↵ective impedance

with the Groom–Bailey model of galvanic distortion (Groom and Bailey, 1989) and

also his average approach in estimating the regional structure.

2.3 Galvanic distortion

Galvanic distorion is the alteration of electric field due to near-surface

small-scale heterogeneity. In theory, the distortion of the MT data may be both

galvanic and inductive, but we can choose a proper period range so that only the

galvanic distortion is considered (Groom and Bahr, 1992; Utada and Munekane,

2000). In contrast to marine cases, most of on-land MT observations su↵er from

galvanic distortion. This section provides the physical principle of galvanic distor-

tion, its mathematical formulation, and the galvanic distortion model or parame-
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Figure 2.1: (left) Map of Baikal region divided into regions (denoted by numbers),
where each has the same conformal e↵ective resistivity curves. (middle) The e↵ec-
tive resistivity curves and (right) the distribution of the coe�cient K

i from data
within Zone I and III (after Berdichevsky et al., 1980).

terization used in this work.

Conductivity HigherLower

MT site

Inductive scale length

3-D regional structure

Figure 2.2: A model of galvanic distortion in this study. The model consists
of 3D regional scale structure, which is of interest, and small-scale heterogeneities
confined in the near-surface layer, which is shallower and thinner than the inductive
scale length of interest (after Utada and Munekane, 2000; Rung-Arunwan et al.,
2016).
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2.3.1 Galvanic distortion principle

Following the formulation presented in Groom and Bahr (1992); Chave

and Smith (1994) and Utada and Munekane (2000), this section provides the gal-

vanic distortion principle based on electromagnetic scattering theory, which will

leads to the mathematical representation of galvanic distortion.

According to Hohmann (1975), the electric field observed at an arbitrary

position r, both internal and external to the scatterer, from a 3D heterogeneous

medium can be expressed as

E(r) = E
R

(r)� i!µ

0

X

j

ˆ
Vj

g(r, r0) ��
j

(r0)E(r0) dV 0

+r 1

�

0

r ·
X

j

ˆ
Vj

g(r, r0) ��
j

(r0)E(r0) dV 0
,

(2.14)

where V

j

refers to each scattering body. Note that the quantities in Eq. (2.14)

except the conductivity �

0

and ��

j

and the magnetic permeability µ

0

are frequency

dependent, but they are implicitly written. The anomaly conductivity contrast

��

j

(r0) is defined by

��

j

(r0) = �

j

(r0)� �

0

(r0), (2.15)

where �
j

is the scatterer conductivity and �

0

is the background or regional conduc-

tivity structure. The analytical expression of the Green’s function of the uniform

Earth is given by

g(r, r0) =
e

i�0|r�r0|

4⇡|r� r0| , (2.16)

where �

0

=
p
i!µ

0

�

0

. The inductive scale length, or the electromagnetic skin

depth, of the uniform background is

�

0

=
1

|< �

0

| . (2.17)

From the expression of the electric field (2.14), the first term E
R

(r) is the field from

the background structure, and the second and third terms denote the inductive

and galvanic field components from each heterogeneity, which depends on size,
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conductivity contrast and inverse distance. But only the inductive term contains

the frequency dependent part, which vanishes at long periods.

The integral solution for the magnetic field could then be obtained by

applying Faraday’s law to Eq. (2.14);

B(r) = B
R

(r) + µ

0

r⇥
X

j

ˆ
Vj

g(r, r0) ��
j

(r0)E(r0) dV 0
, (2.18)

In contrast to the electric field, the magnetic field (2.18) contains only the inductive

term due to the heterogeneity. The galvanic component vanishes because of the

vector calculus identity that the curl of gradient of any scalar function is the zero

vector. Therefore, the galvanic e↵ect comes from the electric field only.

The contribution from each scattering body or distorter could be de-

termined by the induction number M
j

,

M

j

=
L

j

�

j

. (2.19)

which is the ratio of its horizontal dimension L

j

to its inductive scale length

�

j

= 1/|< �

j

|, (2.20)

where �

j

=
p

i!µ

0

��

j

. The distorters are generally small in size and then have

very small induction numbers. If these distorters are confined to the near-surface

layer, shallower and thinner than the background inductive scale length (Figure

2.2), they produce the visible galvanic e↵ect.

Ideally, if we have an infinitely dense MT survey and infinite band of

data, all features could be explained by observation (Utada and Munekane, 2000).

However, MT data is spatially insu�cient because an MT array consisting of a

limited number of sites is generally designed at least to cover the target structure

with the typical site spacing that is able to resolve the smallest-scale target of

interest. Therefore, the typical site spacing may be larger than the size of the

distorters. The galvanic distorters inevitably cause spatial aliasing in MT data,
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i.e., both interesting and irrelevant structures are included in the observation. Such

an e↵ect is called galvanic distortion. As it is impossible to recover original spatial

features by using aliased data, the galvanic distorters are regarded as unresolvable

structure (Booker, 2014). In order to obtain the reliable results, some treatments

or augmented approaches to handle the galvanic distortion are essential.

The electric field solution in Eq. (2.14) could be simplified as

E(r) = E
R

(r) + e
I

(r) + e
G

(r), (2.21)

where e
I

(r) and e
G

(r) represent the inductive and galvanic contributions from the

scatterer. In the galvanic limit, Eq. (2.21) becomes

E(r) ⇡ E
R

(r) + e
G

(r) (2.22)

When the size of each scatterer is su�ciently small, the background electric field

can be regarded as uniform inside the scatterer. The horizontal vector of the gal-

vanic field e
G,h

(r) can be related to the undistorted horizontal background electric

field Eh

R

(r) as

e
G,h

(r) = ↵E
R,h

(r), (2.23)

where ↵ is a rank-2 real-valued tensor (see Chave and Smith, 1994). The observed

distorted electric field (Eq. 2.22) then becomes

E
h

(r) = (I+ ↵)E
R,h

(r) = CE
R,h

(r), (2.24)

where C is called the distortion operator, which is rank-2 real-valued tensor.

Within the scope of galvanic distortion, the distorted impedance tensor

is expressed as the product between the distortion operator C and the regional
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(undistorted) impedance tensor Z
R

:

Z0 = CZ
R

,

2

6664

Z

0
xx

Z

0
xy

Z

0
yx

Z

0
yy

3

7775
=

2

6664

C

xx

C

xy

C

yx

C

yy

3

7775

2

6664

Z

R

xx

Z

R

xy

Z

R

yx

Z

R

yy

3

7775

=

2

6664

C

xx

Z

R

xx

+ C

xy

Z

R

yx

C

xx

Z

R

xy

+ C

xy

Z

R

yy

C

yx

Z

R

xx

+ C

yy

Z

R

yx

C

yx

Z

R

xy

+ C

yy

Z

R

yy

3

7775

(2.25)

where the distortion operator C is a 2 ⇥ 2 matrix, the elements C
xx

C

xy

C

yx

C

yy

are real-valued and frequency-independent scalars.

Several attempts have been made to handle the galvanic distortion prob-

lem. Here we briefly summarize some of them. The nature of solving the problem

of galvanic distortion is an underdetermined problem. Some constraints or assump-

tions are necessary. For example, the tensor decomposition methods (e.g., Groom

and Bailey, 1989; Chave and Smith, 1994; Smith, 1995; McNeice and Jones, 2001)

is viable under the assumption of 2D regional structure. Gómez-Treviño et al.

(2014) proposed the solution with the aid of rotational invariants, but it is lim-

ited to 2D. Ideally, Utada and Munekane (2000) introduced the constraints from

Faraday’s law, but it is impractical in reality. The phase tensor (Caldwell et al.,

2004) and the vertical magnetic transfer function galvanic distortion-free solution.

However, because of their absence of magnitude, the inversion based on the phase

tensor and the vertical magnetic transfer function strongly depends on the start-

ing models (Siripunvaraporn and Egbert, 2009; Patro et al., 2013; Tietze et al.,

2015). Also, the vertical magnetic transfer function or tipper is another galvanic

distortion-free response. However, the tipper is only sensitive to the lateral contrast

in conductivity. Therefore the model inverted from the tipper relies on an intial or

a priori model. Simultaneous inversion of MT data and galvanic distortion (e.g.,

Sasaki and Meju, 2006; Jones, 2011; Avdeeva et al., 2015) is also a forthcoming

approach. However, its implementation is rather complicated and still it does not
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fully solve the problem.

2.3.2 Distortion operator parameterization: Groom–Bailey’s

framework

The distortion operator C can be treated in numerous ways. In this

work, we adopted the Groom–Baileys’ model of galvanic distortion, which is re-

garded as one of the standard models of galvanic distortion (e.g., Chave and Smith,

1994; McNeice and Jones, 2001; Chave and Jones, 2012). Its principle is briefly

described as follows.

Any 2 ⇥ 2 real-valued matrices M could be represented by the linear

combination of the modifined Pauli spin matrices (Spitz, 1985),

M = ↵

0

⌃
0

+ ↵

1

⌃
1

+ ↵

2

⌃
2

+ ↵

3

⌃
3

, (2.26)

where the coe�cients ↵

i=0,...,3

are arbitrary constants. The modifined Pauli spin

matrices are

⌃
0

=

2

6664

1 0

0 1

3

7775
, ⌃

1

=

2

6664

0 1

1 0

3

7775
, ⌃

2

=

2

6664

0 �1

1 0

3

7775
, ⌃

3

=

2

6664

1 0

0 �1

3

7775
, (2.27)

which are mutually orthonormal. Based on these basis matrices, Groom and Bailey

(1989) proposed a physically-based parameterization of the distortion operator C,

which will be referred to as Groom–Bailey’s distortion model:

C = gTSA. (2.28)

The positive scalar g is called the site gain. By analogy to deformation theory of

materials (Figure 2.3), the matrices T, S and A are, respectively, the twist, shear,

and splitting (or anisotropy, but later will be referred to splitting only) operators,
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which are 2⇥ 2 real-valued matrices. They are given by

T = NT(⌃0

+ t⌃
2

) = NT

2

6664

1 �t

t 1

3

7775
,

S = NS(⌃0

+ e⌃
1

) = NS

2

6664

1 e

e 1

3

7775
,

A = NA(⌃0

+ s⌃
3

) = NA

2

6664

1 + s 0

0 1� s

3

7775
,

(2.29)

where t, e, and s are twist, shear, and splitting parameters; NT, NS, and NA are

the normalizing coe�cients defined from the Frobenius norm of each distortion

operator (also see Bibby et al., 2005):

NT =
1p

1 + t

2

, NS =
1p

1 + e

2

and NA =
1p

1 + s

2

. (2.30)

These normalizing coe�cients are introduced to ensure that the power of the dis-

torted electric fields is conserved.

The twist and shear parameters, t and e, can be physically represented

by the twist and shear angles:

t = tan�
t

e = tan�
e

(2.31)

By substituting the definitions of twist, shear, and splitting operators

(Eq. 2.29) into Eq. (2.28), the explicit form of the distortion operator C in terms
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Twist 

Shear 
Splitting 

Figure 2.3: E↵ect of twist, shear and anisotropy operators on a family of unity
vectors, where the twist shear and splitting parameters are tan 30� (after Groom
and Bailey, 1989).

of Groom–Bailey’s distortion parameters is:

C =

2

6664

C

xx

C

xy

C

yx

C

yy

3

7775
= gNTNSNA

2

6664

(1 + s)(1� te) (1� s)(e� t)

(1 + s)(e+ t) (1� s)(1 + te)

3

7775
. (2.32)

The distorted impedance could be calculated by substituting the distortion opera-

tor as expressed in Eq. (2.32) into Eq. (2.25). We can also write the the distortion

operator C as a linear combination of the modified Pauli spin matrices:

C = c

0

⌃
0

+ c

1

⌃
1

+ c

2

⌃
2

+ c

3

⌃
3

, (2.33)
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where the coe�cients c
i

are:

c

0

= g NTNSNA (1� est),

c

1

= g NTNSNA (e+ st),

c

2

= g NTNSNA (es+ t),

c

3

= g NTNSNA (s� et).

(2.34)

It is also important to note that the distortion operators – g,T,A and

S – act di↵erently on the impedance tensors (Figure 2.3). The site gain g is a

scalar. Hence the magnitude of the impedance tensor will be scaled up or down.

The e↵ect of site gain g is then called the static shift – frequency independent

variation in the magnitude, or apparent resistivity, MT data. The twist, shear,

and splitting operators, cause the geometrical change, changing the dimensionality

of the impedance tensor, and the mixing among components of impedance tensor

or called phase mixing.
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CHAPTER III

ESTIMATING THE REGIONAL MEAN

CONDUCTIVITY PROFILE

In addition to the definition of the theoretical model of regional 1D

conductivity profile (Eqs. 1.5 and 1.6), we describe the methods proposed in this

thesis. First, we showed our finding that the ssq impedance is less sensitive to

galvanic distortion when compared to the det impedance. Then, we reexamine

the Berdichevsky average and redefine it with the ssq impedance. Lastly, we pro-

pose the galvanic distortion-related indicators – the local and regional distortion

indicators, and the apparent gains.

3.1 E↵ect of galvanic distortion on the rotational invariants:

Algebraic derivation

In addition to the simple model of galvanic distortion over the det

impedance by Berdichevsky et al. (1980), Gómez-Treviño et al. (2013) studied

the e↵ect of Groom–Bailey distortion parameters on the det and ssq impedances,

but the study was limited to the 2D Earth. In this section, we provide the algebraic

derivation of the distorted det and ssq impedances within the Groom–Bailey frame-

work in the general case. The expressions of the distorted det and ssq impedances

in Rung-Arunwan et al. (2016) are clarified and derived in terms of the matrix

operation which is simple and intuitive.

3.1.1 Distorted det impedance

The determinant of the distorted impedance tensor is straightforward

to derive by employing the multiplicative property of determinants. First, we begin
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with the generalized form Eq. (2.25),

det(Z0) = det(CZ
R

)

= det(C) det(Z
R

).
(3.1)

Applying the Groom–Bailey framework, Eq. (3.1) becomes

det(Z0) = det(gTSA)det(Z
R

)

= g

2det(T)det(S)det(A)det(Z
R

)

= g

2

1� e

2

1 + e

2

1� s

2

1 + s

2

det(Z
R

).

(3.2)

From Eq. (2.10), the distorted det impedances is then written as

Z

0
det

= g

r
1� e

2

1 + e

2

1� s

2

1 + s

2

Z

R

det

. (3.3)

Evidently, the distorted det impedance is biased downward by the splitting and

shear parameters:

|Z 0
det

| = g

r
1� e

2

1 + e

2

1� s

2

1 + s

2

|ZR

det

|  g |ZR

det

| (3.4)

Hence, using the det impedance may result in an underestimating the regional

impedance by the shear and splitting e↵ects.

From Eqs. (3.1) and (3.2), the e↵ect of galvanic distortion on the det

impedance causes only the impedance scaling. The expression in Eq. (3.3) also

clarifies the coe�cient K

i

, which have no definition but the random quantity, in

the galvanic distortion model of Berdichevsky et al. (1980) (Eq. 2.12).

The virtue of using the det impedance is that its phase is distortion free,

regardless of dimensionality of the earth. However, it may be problematic because

the e↵ect of site gain and splitting and shear parameters are indistinguishable. All

of them can cause the shift in det apparent resistivity.
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3.1.2 Distorted ssq impedance

Owing to the Frobenius norm definition of the normalizing coe�cients,

NTNSNA, and the Frobenius norm-like definition of ssq impedance, we are in-

terested in examining the ssq impedance under galvanic distortion. As with the

previous subsection, we begin deriving the distorted ssq in the generalized form of

the distortion operator and then apply Groom–Bailey decomposition. The ssq of

the distorted impedance tensor could be obtained by performing straightforward

algebra, but here we chose to use the matrix operation.

Starting from the product of the distorted impedance tensor,
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Calculating trace of Eq. (3.5) to get the ssq of the distorted impedance tensor,
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Note that Eq. (3.6) is free of ⌃
2

, which defines the twist operator. Substituting

the coe�cients c
i

in Eq. (2.34) into Eq. (3.6) and perfoming modest algebra, we
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obtain:
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The e↵ect of the distortion parameters on the ssq impedance depends on the di-

mensionality of the structure. The splitting parameter will be e↵ective if the Earth

is not 1D (the 2nd and 3rd terms in Eq. 3.7), while the shear parameter becomes

e↵ective when the Earth is 3D only (the 3rd term in Eq. 3.7). Note that Gómez-

Treviño et al. (2013) also obtained the expression similar to Eq. (3.7).

As with the det impedance, the ssq impedance is the rotational invariant

and hence independent of the twist parameter. Adopting Eq. (2.11), for simplicity

we write the distorted ssq impedance:

Z

0
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, (3.8)
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3.2 Redefining the Berdichevsky average

Although using the ssq impedance may reduce the bias due to the split-

ting and shear parameters, the site gain g remains the problem. In this section,
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we will show that the average approach is one strategy to relieve the problem of

site gain. Also, to show the di↵erence between using the average det impedance

and the average ssq impedance, we reexamine the Berdichevsky average within

the Groom–Bailey framework, and redefine the Berdichevsky average with the ssq

impedance.

Given that N MT observations were made, we rewrite the Berdichevsky

average (Eq. 2.13) as the geometric average of impedances,

Z̄

0
det
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"
NY
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Z

0
det

(r
i

;!)

# 1
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, (3.10)

where r
i

denotes the position vector of the ith observation. Substituting the dis-

torted det impedance Eq. (3.3) into Eq. (3.10),
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where g

i

, e
i

and s

i

are the site gain, shear and splitting parameters at the ith

station. On the basis of the central limit theorem and assuming that the site gain

is log-normally distributed (Berdichevsky et al., 1980), the arithmetic average of

site gains from a number of observations in a logarithmic scale is approximately

zero (see also DeGroot-Hedlin, 1991; Ogawa et al., 1996). In other words, the

geometric average of site gains becomes unity:

NY
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! 1. (3.12)

Approximately, the average det impedance then becomes
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where the average regional det impedance
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Averaging the impedance and applying the central limit theorem would help re-

lieve the problem of site gain. However, the remaining coe�cient of splitting and

shear parameters, which is always less than unity, will underestimate the regional

det impedance in terms of apparent resistivity. In other words, the Berdichevsky

average may lead to an overestimated model of the regional mean 1D conductivity

profile. However, Baba et al. (2010) successfully applied the Berdichevsky average

to marine MT data after showing that the galvanic distortion is negligible.

Next, we redefine the Berdichevsky average with the ssq impedance.

As the ssq impedance is less sensitive to the distortion parameters, the average

ssq impedance is expected to yield the reliable estimate of the regional mean 1D

conductivity profile. Writing the average ssq impedance as
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"
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. (3.15)

and substituting the distorted ssq impedance (Eq. 3.8) into Eq. (3.15) gives
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As with Eq. (3.13), the central limit theorem is applied in averging site

gain. If we average the impedance from a large number of observations covering

an su�ciently large area, we may assume the e↵ect of the 2nd and 3rd terms in

Eq. (3.9) becomes negligible. The average ssq impedance (Eq. 3.16) becomes

Z̄

0
ssq

(!) ⇡ Z̄

R

ssq

(!), (3.17)
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where the average regional ssq impedance
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Therefore, the average ssq impedance would give the good estimate of the regional

mean 1D conductivity profile.

3.3 Indicating the galvanic distortion

In addition to estimating the regional mean conductvity profile, the

combination of the det and ssq impedances would help determine the existence

and strength of galvanic distortion contained in an MT dataset.

3.3.1 Local and regional distortion indicators

Employing the fact that the e↵ect of galvanic distortion on the det and

ssq impedances are di↵erent, the local distortion indicator is defined as the squared

ratio of the det impedance to the ssq impedance
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Applying the expressions for Z 0
ssq

and Z
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in Eqs. (3.3) and (3.8), we obtain
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The presence of galvanic distortion can be examined by the consistency between

the vertical magnetic transfer function and the lateral gradients of MT impedance

(Utada and Munekane, 2000; Rung-Arunwan et al., 2016). The importance of the

local distortion indicator exists in the separation of the site gain.
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In general cases, we may approximate the local distortion indicator as:
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The local distortion indicator is expressed as the product of the coe�cient of

distortion parameters and the di↵erence between the ssq and det impedances. The

former is real-valued and frequency independent, and larger than unity if the data

is distorted, while the latter is generally complex-valued and frequency-dependent.

The di↵erence between the det and ssq impedances is generally small; consequently,

it may be ignored. In an 1D situation, the local distortion indicator becomes

�

i

=
1 + e

2

i

1� e

2

i

1 + s

2

i

1� s

2

i

. (3.22)

This ratio is the real-valued number indicating the strength of shear and splitting

parameters. The stronger the galvanic distortion, the greater the local distortion

indicator. But if there is no distortion, the local distortion indicator becomes unity

in the 1D situation.

In general, if the local distortion indicator was found to be real-valued

and weakly frequency independent, the 1D regional structure may be assumed.

The magnitude of the local distortion indicator denotes the strength of galvanic

distortion posed in the data. If the local distortion indicator is varied (frequency

dependent) about some constant magnitude, the distorted 3D data is suggested.

Further, we also define the mean local distortion indicator �̄
i

by aver-

aging the local distortion indicator over the given period range so as to relieve the

frequency dependent part, which is mainly due to the underlying structure. Given

that at the ith stations the number of periods is M , the mean local distortion

indicator is given by averaging the real part of the local distortion indicator:

�̄
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=

"
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j

)

# 1
M

. (3.23)

Only the real part is used in order to conform with the assumption that the galvanic
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distortion operator is real. This single-valued parameter is able to represent the

galvanic distortion strength at an MT station and also ease analysing data from a

number of MT stations.

In addition to the local distortion indicator (Eq. 3.19), we can deter-

mine how strongly the dataset is distorted using the regional distortion indicator,

which is defined as the geometric mean of the local distortion indicators:
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Substituting the approximation in Eq. (3.13) into Eq. (3.17), we get
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By averaging the local distortion indicators, the contribution of the dif-

ference between the ssq and det impedances is diminished. The regional distortion

indicator is expected to be real and frequency independent, and its magnitude

represents the e↵ect of the shear and splitting parameters on average. As with

the local distortion indicator, the larger the magnitude of the regional distortion

indicator, the stronger the galvanic distortion. In some areas, if the near-surface

layer is highly heterogenous, strong galvanic distortion is expected and the regional

distortion indicator would help quantify its strength. If the MT dataset is strongly

distorted, the proper treatment or removal of galvanic distortion may be necessary.

3.3.2 Apparent gains

In addition to determining the strength of the shear and splitting pa-

rameters, the apparent gain was introduced to determine the magnitude of site

gain, which generally claimed to be undeterminable without other independent in-

formation (Groom et al., 1993; Bibby et al., 2005). Here we show that estimating
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the site gain is plausible from a set of MT data.

As the averaging approach and assuming the central limit theorem re-

lieves the problem of site gain, the apparent gains could be defined from the ratio

of individual invariant impedance to the average impedance. As two rotational

invariants are of interest, we then examine two apparent gains, the apparent det

and ssq gains:
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In the 1D Earth, we will have
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and
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ssq

i

= g

i

(3.29)

If the apparent det and ssq gains are real and almost frequency independent, we

may assume the earth is likely 1D. The magnitude of the apparent ssq gain would

give a good estimate of the actual site gain.

In general, the apparent det gain is obtained by substituting the ex-

pressions for Z 0
det

and Z̄

0
det

(Eqs. 3.3 and 3.13) into Eq. (3.26):
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The apparent ssq gain is obtained by substituting the expressions for Z 0
ssq

and Z̄

0
ssq



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 33

(Eqs. 3.8 and 3.17) into Eq. (3.27):
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Whether the Earth is 1D or not, the shear and splitting parameters

systematically a↵ect the apparent det gain. If the distortion at the individual

station is stronger than the average, the apparent det gain will underestimate the

actual site gain. Therefore the apparent det gain is either an overestimate or an

underestimate.

To estimate the site gain for each station, we propose to calculate the

mean apparent det and ssq gains ḡ

det

i

and ḡ

ssq

i

by averaging the real part of the

apparent gains over the period range of interest. Given that at each stations the

number of periods is M , the mean apparent gains are:
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Averaging would help flatten the frequency dependent features due to the underly-

ing heterogeneity. The mean apparent ssq gain are expected to be a good estimate

of the site gain.
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CHAPTER IV

SYNTHETIC EXPERIMENTS AND DISCUSSION

In this chapter, we test the proposed methods (as described in Chapter

3) using the average ssq impedance to estimate the regional mean 1D conduc-

tivity profile and deriving galvanic distortion-related indicators through synthetic

examples. Synthetic 1D and 3D models are used, and the galvanic distortion was

simulated with the random distortion parameters – g, t, e and s. As we introduce

the theoretical model of regional mean 1D conductivity profile (Eqs. 1.5 and 1.6),

we examined if it is consistent with the model of regional mean 1D conductivity

profile estimated from the average ssq impedance.

4.1 Estimating a model of regional mean 1D profile: 1D

example

In this work, the synthetic layered-Earth model (Figure 4.1a) was made

based on Jones (1999), which has the main feature of resistive upper crust (3.5–

14.8 km depth) and conductive lower crust (14.8–33.3 km depth). This feature is

commonly found in the continental crust (Jones, 1999). The corresponding MT

response was calculated in the period range of (Figure 4.1) using the analytic

solution (Constable et al., 1987). The heterogeneity embedded in the lower crust

layer is detectable in this period range, while any structures confined in the near-

surface layer – a few kilometers or less, which is shallower and thinner than the

inductive scale length of interest – are considered to be the galvanic distorters.

As described earlier, the near-surface distorters cause spatial aliasing

in the data. The distortion parameters in the Groom–Bailey framework – site

gain g, twist t, shear e and splitting s parameters – can reasonably be assumed to
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Figure 4.1: (a) Layered-Earth model used in this work. (b) Corresponding MT
response (apparent resistivity and phase).

be random (e.g., Avdeeva et al., 2015). Given that the MT array consists of 25

MT stations in our synthetic tests, 25 sets of real-valued parameters (g, t, e, s) are

generated from the normal distribution. Also, to quantify the galvanic distortion

strength, the standard deviation (SD) used in the normal distribution ranges from

0.1–0.5 (Figure 4.2). Note that when the SD was greater than 0.3, the randomly

generated numbers were less likely to comply with the theoretical normal distribu-

tion, and more like the uniform distribution. We further assume that each set of

distortion parameters has the mean of zero and is within (�1,+1). Note that the

random site gain was made in an logarithmic scale. Eventually, we have five MT

datasets, 25 stations each, distorted with di↵erent galvanic distortion strength.

The distorted impedances are calculated using Eq. (2.25) by applying these ran-

dom parameters to the 1D impedance (as shown in Figure 4.1).

In the 1D Earth, the galvanic distortion causes no phase mixing, but

only a static shift in magnitude of the MT components (Figure 4.3a), whereas

the galvanic distortion, as proven, only causes the static shift in the rotationally
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Figure 4.2: (a) Random distortion parameter values generated from the normal
distribution with di↵erent SDs. (b) Distribution of the distortion parameters.
The normalized occurrence is the number of occurrences divided by the maximum
number of occurrences at a single parameter value. Each distribution is compared
with the probability density function of the theoretical normal distribution for the
given SD (dashed lines).

invariant impedances (Figure 4.3b). The MT data in this example is distorted with

(g, t, e, s) of (1.20, 0.11,�0.37, 0.49). In this example, the synthetic site gain g is

greater than unity. Therefore the ssq impedance is shifed upward. As described in

Section 3.1, the site gain provides the same e↵ect on the det and ssq impedances.

Hence the det impedance is also supposed to be shifted upward, but here it is

biased downward due to the shear and splitting parameters so that its magnitude

is less than the undistorted impedance.

As the distortion parameters are randomly generated, the rotational

invariant impedances are irregularly shifted (Figure 4.4), which resembles the re-

sults in Berdichevsky et al. (1980) (Figure 2.1). The shift in the ssq impedance

is solely due to the site gain, but the shift in the det impedance also includes the

shear and splitting parameters. As mentioned, this behaviour could be problem-
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atic because the e↵ect of the shear and splitting parameters and the site gain is

indistinguishable, if the det impedance is chosen.

To examine the e↵ect of galvanic distortion strength on the regional

mean impedance, the average det and ssq impedances for each distorted dataset

(Figure 4.5) were calculated using Eqs. (3.10) and (3.15), respectively. Here, the

error bar is the standard deviation of the data and therefore represents the level

of dispersion of the sounding curves. The large error bars correspond to strong

galvanic distortion strengths. For example, the dataset distorted with an SD of 0.5

has the largest error bar. At the same strength of galvanic distortion, the average

det impedances appear to be more dispersed than the average ssq impedances,

because the shear and splitting parameters also a↵ect the det impedance. From the

results, the average det impedance is biased downward by the galvanic distortion,

although its e↵ect is not noticeable when the SD of the distortion parameters is

less than 0.2. On the contrary, the average ssq impedances remain the same at all

galvanic distortion strengths. This is consistent with the theoretical derivation that

the average ssq impedance would give the unbiased approximation of the model of

the regional mean 1D conductivity profile (Rung-Arunwan et al., 2016).

In this work, the Occam 1D inversion (Constable et al., 1987) is used

to yield the 1D models, in which the second derivative of the conductivity with

respect to the depth is penalized. The errors of the apparent resistivity and phase

applied in the inversion were fixed at 2.3% and 0.66�, respectively. All inverted

models shown in this work fit the data within a root mean square (RMS) error of

unity. The inverted models from the average det impedances will be less resistive or

more conductive than the true structure, particularly when the galvanic distortion

is strong. On the other hand, the average ssq impedances give models that are very

close to the true structure regardless of galvanic distortion strengths. From the

synthetic tests, when the galvanic distortion is included, the true 1D structure may

be missed due to the downward-biased det impedance. The average ssq impedances

would be the appropriate candidate to estimate the regional mean 1D conductivity

profile.
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Figure 4.3: (a) Components of the 1D MT impedance distorted with (g, t, e, s) =
(1.20, 0.11,�0.37, 0.49). (b) Corresponding det (diamonds) and ssq (squares)
impedances.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 39

0

1

2

3

lo
g(

Ap
p.

 R
es

ist
ivi

ty
 [O

hm
−m

])

0 1 2 3

Period [s]

0

15

30

45

60

75

90

Ph
as

e 
[d

eg
]

0 1 2 3

Period [s]

(a)

0

1

2

3

lo
g(

Ap
p.

 R
es

ist
ivi

ty
 [O

hm
−m

])

0 1 2 3

Period [s]

0

15

30

45

60

75

90

Ph
as

e 
[d

eg
]

0 1 2 3

Period [s]

(b)

Figure 4.4: Distorted (a) det and (b) ssq impedances from the 1D example, where
a set of distortion parameters with an SD of 0.3 was applied. Each station is
represented by a di↵erent symbol color.
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Figure 4.5: Average (a) det and (b) ssq impedances from the 1D datasets distorted
with di↵erent galvanic distortion strengths.
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Figure 4.6: 1D models obtained by inverting the average (a) det and (b) ssq
impedances from the distorted 1D datasets (Figure 4.5). The true structure
(dashed lines) is also shown for comparison.
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4.2 Estimating a model of regional mean 1D profile: 3D

example

The 3D model used in this work are generated from embedding checker-

board anomalies with resistivities of 3 and 300 ⌦m and a size of 40 km ⇥ 40 km

(Figure 4.7) in the lower crust (14.8–33.3 km depth) of the layered-Earth model

as in the 1D example (Figure 4.1a). The anomalies at this depth range could be

detectable within the given period range. We can determine the inductive scale

length using Eq. (2.20), where the conductivity contrast �� is 1/3� 1/300 Sm�1.

From the shortest to the longest periods (1–1,000 s), the inductive scale lengths

corresponding to these anomalies range from 876 m to 27.7 km. They are not much

smaller than its physical dimension (40 km ⇥ 40 km); therefore, the inductive e↵ect

from these anomalies should be su�cient.

The details of the MT array configuration are as follows. The 25 MT

stations are distributed over the area of interest which is 80 km ⇥ 80 km (Figure

4.7). Consequently, the site spacing is 16 km, i.e., each site represents an area of 16
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Figure 4.7: Model of checkerboard anomalies with resistivities of 3 and 300 ⌦m
and a size of 40 km ⇥ 40 km embedded in the lower crust layer. The array of 25
irregularly distributed MT stations (crosses) covers the area of interest, which is
80 km ⇥ 80 km (dashed frame). Here, one MT station represents an area of 16
km ⇥ 16 km (dash-dotted frames).
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km ⇥ 16 km (1/25 of the area of interest). To simulate the irregularly distributed

MT array, the location of the ith station is given by

x

i

= x

c

+ sr

x

y

i

= y

c

+ sr

y

,

where (x
c

, y

c

) is the coordinate of the mesh center represented by each MT site;

s is the site spacing, which is 16 km in the setup; r
x

and r

y

are uniform random

numbers bounded within (�0.5,+0.5).

The MT responses are calculated using the software WSINV3DMT

(Siripunvaraporn et al., 2005). Without galvanic distortion, the static shift is not

observed in the det and ssq impedances, and their distributions are also similar

(Figure 4.8). The checkerboard anomalies are recognized in the period range of

2–30 s, as seen from the slight variation in the impedances. To obtain the distorted

3D dataset, the set of random distortion parameters as used in the 1D example
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Figure 4.8: (a) Det and (b) ssq impedances from the array of MT stations over the
3D anomalies. Each station is represented by a di↵erent symbol color.
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Figure 4.9: Components of the MT impedance from station syn08 (a) undistorted
and (b) distorted with (g, t, e, s) = (1.20, 0.11,�0.37, 0.49).

were applied to the calculated 3D data using Eq. (2.25). The example of the

undistorted MT impedance from the station syn08 is shown in Figure 4.9a. The

magnitudes of the diagonal components – xx and yy – are rather weak. When it is

distorted, their magnitudes increase (Figure 4.9b), and the phase mixing, i.e., the

frequency dependent feature of the xx phase, can be observed. Unlike the 1D case,

the ssq impedance from the distorted impedances is not only shifted, but also con-

tains a weak frequency dependence (Figure 4.10a), which is better observed from

the di↵erence of the magnitude and phase between the distorted and undistorted

rotational invariants (Figure 4.10b). As shown before, the phase of det impedance

is not altered by galvanic distortion (Figure 4.10b), but its magnitude is biased

downward due to the shear and splitting parameters as with the det impedance

from the distorted 1D data.

As with the 1D example, the main feature observed from the det and

ssq impedances due to the e↵ect of random galvanic distortion paramters is an

irregular shift (Figure 4.11). The advantage of using the ssq impedances is evident
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Figure 4.10: (a) Corresponding det and ssq impedances of the undistorted and dis-
torted impedances in Figure 4.9. (b) Di↵erence between distorted and undistorted
rotational invariant impedances.

when they are averaged (Figure 4.12). The error bar here is also the standard

deviation. As with the 1D example, the average ssq impedances has a smaller

error bar smaller than the average det impedances at the same strength of galvanic

distortion. This supports the idea that the ssq impedance is less dispersed due to

galvanic distortion. Also, the average det impedances is biased downward by the

splitting and shear parameters.

To yield the models of the regional mean 1D conductivity profile, the

average distorted det and ssq impedances are inverted with the same uncertainty

and convergence condition as used in the 1D example. Without galvanic distortion,

the average det and ssq impedances results in very similar models (Figure 4.13).

The models estimated from the undistorted data both det and ssq impedances

seem consistent with the theoretical models, which is obtanied by applying Eqs.

(1.5) and (1.6) to the conductivity distribution within the area of interest (dashed

frame in Figure 4.7). The discussion of the theoretical model is given in Section
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Figure 4.11: (a) Det and (b) ssq impedances from the 3D example (as shown in
Figures 4.8a and 4.8b, respectively) where a set of distortion parameters with an
SD of 0.3 was applied.

4.3. As with the 1D example, when the galvanic distortion is included, the average

det impedances will give the more conductive models of the regional mean 1D

conductivity profile. On the contrary, using the average ssq impedances results

in the models that are close to the model derived from the undistorted cases at

any galvanic distortion strength. This result strongly supports the idea that the

average ssq impedance is an promising parameter in estimating the model of the

regional mean 1D conductivity profile.
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Figure 4.12: Average (a) det and (b) ssq impedances from the 3D datasets distorted
with di↵erent galvanic distortion strengths.
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Figure 4.13: 1D models inverted from the average (a) det and (b) ssq impedances
from the distorted 3D datasets (Figure 4.12). The theoretical model of the mean
1D profile from this setting is shown for comparison.
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4.3 Consistency examination of the theoretical model of re-

gional mean 1D conductivity profile

In analogy to the fact that the host layer Earth is absolutely unknown

in reality, we proposed to compare the estimated model of the regional mean 1D

conductivity profile with the theorectical model of the regional mean 1D conduc-

tivity profile instead of comparing it with the true layer Earth (e.g., the model in

Figure 4.1a) in synthetic tests. In this section, we examined the consistency of the

proposed theoretical model (Eqs. 1.5 and 1.6) and the estimated model of regional

mean 1D conductivity profile with synthetic examples.

In conducting MT surveys and other geophysical methods, a number

of observations are made to su�ciently cover the target structure with the typical

site spacing to resolve the smallest scale target. This concept is analogous to the

sampling theorem. To demonstrate the e↵ect of the array size, in this consistency

test, we test the array size that is larger than and comparable to the anomaly size

at di↵erent locations.

We used the 3D models and the array setup (25 MT stations within

an area of 80 km ⇥ 80 km) as used in Section 4.2. In this setup, the cluster is

significantly larger than the anomaly. We put the cluster in the three di↵erent

locations: central, northwest and northeast positions (Figure 4.14). At the center,

the array is concentric with the anomaly, while at the northeast and northwest

locations, the arrays are, respectively, dominated by the 300 and 3 ⌦m anomalies.

In this case, three clusters contain the same portion of conductive and resistive

anomalies.

The estimated models of the regional mean 1D conductivity profiles

from these clusters were calculated from the average ssq impedance. Note that

only the ssq impedance is used in this section, because the galvanic distortion is

not of concern. The theoretical models of the regional mean 1D conductivity profile

were calculated using the given definitions from the conductivity in the clusters

(e.g., dashed frames in Figure 4.14), and the MT responses from the theoretical

models were then obtained using the analytic solution (Constable et al., 1987).
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Figure 4.14: Checkerboard model with an anomaly size of 40 km ⇥ 40 km and
resistivities of 3 (dark gray) and 300 (light gray) ⌦m. The checkerboard anomaly
was embedded in the lower crust layer. Three arrays of 25 MT stations (crosses)
each with a size of 80 km ⇥ 80 km (dashed frames) were placed at the central
(black), northeast (blue), and northwest (red) positions.

When the arrays are larger than the anomaly, the arrays contain the

comparable portions of the resistive and conductive heterogeneities, even though

they are at di↵erent locations. The estimated and theoretical models of the re-

gional mean 1D conductivity profiles from di↵erent clusters are likely identical

(Figure 4.15). In other words, the average approach is spatially independent for

the large array. Hence, the average approach is a robust method to obtain the re-

gional mean 1D conductivity profile. The smooth and step shapes of the estimated

and theoretical models might be due to the smoothness constraint applied in the

inversion.

Next, we demonstrate how array size a↵ects the models of the regional

mean 1D conductivity profile by decreasing the array size to 40 km⇥ 40 km (Figure

4.16), which is equal to the anomaly size. The cluster locations were kept the same

as in the previous test.

In this case, the theoretical models from di↵erent cluster locations are

totally di↵erent (Figure 4.17a) because the clusters occupy di↵erent portions of re-

sistive and conductive anomalies. The northwest cluster covers only the underlying
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Figure 4.15: (a) Theoretical (dashed lines) and estimated (solid lines) models
of the mean 1D profiles obtained using the settings shown in Figure 4.14. (b)
Corresponding MT responses from the theoretical (dashed line) and estimated
(squares) models of the mean 1D profiles. The results obtained from di↵erent
array locations are represented by lines and symbols of di↵erent colors.

3 ⌦m anomaly, for example. Note that when the array resides on the layered-Earth

like structure, e.g., the cluster on the northwest and northeast positions, the theo-

retical models from the log and the linear average definition are the same (Figure

4.17a). In constrast to the theoretical models, the estimated models of regional

mean 1D profile remain spatially independent in this setup. This is because the

inductive e↵ect from the anomalies is indistinguishable from di↵erent array loca-

tions. It is expected that if the anomaly is significantly large or the cluster is very

small, the estimation method would show the spatially dependent feature.

As expected, using the logarithmic average definition (Eq. 1.6) would

give the less conductive structure (e.g., Figure 4.15a). Although, the theoretical

models from the linear and log average definition are noticeably di↵erent (Figures

4.15a and 4.17a) when both conductive and resistive anomalied are contained in

the array, they are both consistent with the estimated model. Hence, both defini-
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tions are acceptable for calculating the theoretical model of the regional mean 1D

conductivity profile.

When the array is significantly larger than the anomaly, the estima-

tion and the theoretical definition are rather consistent. But, when the array is

comparable or smaller than the anomaly, the inconsistency is clearly observed,

particularly, at the depth where the anomalies are embedded (Figure 4.17). How-

ever, the inconsistency seems to be less evident when the cluster is located over

the conductive anomaly (e.g., the northwest cluster), because of the nature of the

electromagnetic induction that the conductive anomaly will produce significant

inductive e↵ect when compared to the resistive anomaly. This inconsistency is

a consequence of an inappropriate design of the observation array, e.g., the clus-

ter is not su�ciently large to cover the anomaly. The tests also suggest that the

estimation of the regional mean 1D profile would be reliable with a large size of

array.

In general, the exact dimension of the target structure is unknown.

One may be able to approximate its from other information such as geological

background or past studies. The observation array is then designed so as to cover

the target structure. However, if the anomaly geometry is found to be comparable

to the size of the array then the resulting conductivity image may be a↵ected by

the array location. One suggestion is to increase the array size by adding additional

MT stations in order to get the reliable results.
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Figure 4.16: Same as Figure 4.15 for an array size of 40 km ⇥ 40 km.
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Figure 4.17: Same as Figure 4.15 for the settings shown in Figure 4.16.
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4.4 Local and regional distortion indicators

This section shows the example of local and regional distortion indica-

tors (Eqs 3.19 and 3.24) derived from the synthetic 1D and 3D examples in Sections

4.1 and 4.2, respectively.

In this test, these local distortion indicators are obtained by applying

Eq. (3.19) to the det and ssq impedances from the 1D dataset distorted with the

distortion parameter with an SD of 0.3 (as shown in Figure 4.4), for example. As

shown earlier, the local distortion indicators derived from distorted 1D data are

shifted upward (greater than unity) and remain real-valued. The local distortion

indicators are shifted irregularly depending on the strength of shear and splitting

parameters at individual sites (Figure 4.18a). In addition, the calculated local dis-

tortion indicator from the data distorted with (g, t, e, s) = (1.20, 0.11,�0.37, 0.49),

for example, agrees well with the actual value (gray circles and dashed line in

Figure 4.18a, respectively). Note that the actual local distortion indicator is cal-

culated by substituting the shear and splitting parameters of �0.37 and 0.49 into

Eq. (3.22).

For 3D cases, the local distortion indicators contain both the frequency

dependent and independent features (Eq. 3.21). The frequency independent part

is mainly due to the shear and splitting parameters, which are real-valued, while

the frequency dependent part is ascribed by the di↵erence between the ssq and

det impedances at individual sites, which is complex-valued and rather weak in

general. As with the 1D example, the example of local distortion indicators from

distorted 3D data (Figure 4.21b) are also obtained by applying Eq. (3.19) to the

3D data distorted with the distortion parameter with an SD of 0.3 (as shown in

Figure 4.11). In contrast to the 1D case, the local distortion indicators from dis-

torted 3D data show a frequency-dependent feature and become complex-valued,

which depends on how strong the inductive e↵ect from the underlying structure is

and the galvanic distortion strength posed in the data. The local distortion indica-

tor derived from the data at the station syn08, which is distorted by (g, t, e, s) of

(1.20, 0.11,�0.37, 0.49), are compared with the actual value of the local distortion
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Figure 4.18: Local distortion indicators from the distorted (a) 1D and (b) 3D data
(in Sections 4.1 and 4.2, respectively) where a set of distortion parameters with an
SD of 0.3 was applied. Examples of 1D and 3D data at station syn08 distorted with
(g, t, e, s) = (1.20, 0.11,�0.37, 0.49) (gray circles) are compared with the actual
values of the local distortion indicator at this station (dashed lines)

indicators. Although the local distortion indicator is deviated because of the in-

ductive e↵ect of the underlying structure, it still oscillates about the actual values

(gray circles and dashed line in Figure 4.18b). Hence the local distortion indicator

can be used to indicate the strength of shear and splitting e↵ects.

However, if the strong 3D e↵ect (e.g., coastal e↵ect) or the inductive

distortion is contained, the local distortion indicator would become very frequency

dependent and rather complex valued. In such a case, the treatment of distortion

as galvanic orgin is not allowed. In other words, the local distortion indicator is

able to indicate the period range where the data is inductively distorted as well

as galvanically distorted. Thus the local distortion indicator will help judge the

validity of applying phase tensor, because the phase tensor is defined for the case

with the galvanic distortion only.

The mean local distortion indicators �̄
i

of the 1D and 3D dataset dis-
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torted with the set of distortion parameters with SD of 0.3 (Figures 4.19 and 4.20)

are calculated using Eq. (3.23). Compared to the local distortion indicators (Fig-

ures 4.18a and 4.18b), it is more convenient to identify the site-to-site strength

of the shear and splitting e↵ect. They are shown in comparison with the actual

local distortion indicators �

i

, which are calculated by substituting the synthetic

shear and splitting parameters at each station into Eq. (3.19). We also define the

percentage di↵erence between the mean local distortion indicator and the actual

local distortion indicators for validation purposes:

P(�̄
i

) =
�̄

i

� �

i

�

i

⇥ 100%. (4.1)

In the 1D case, the mean local distortion indicator is able to correctly estimate

the strength of galvanic distortion with zero di↵erence (Figure 4.19). As shown

earlier, the underlying structure may a↵ect the local distortion indicator in 3D case

as a frequency dependent contribution. Here, the error bar is set to the standard

deviation in order to represent the dispersion of the frequency dependent part in

the local distortion indicator. For example, the station syn02 has the significant

frequency-dependent variation. Although some errors in estimating the galvanic

distortion strength appear in the distorted 3D data (Figure 4.20), they are still in

the acceptable range.

The regional distortion indicator represents the e↵ect of the shear and

splitting parameters throughout the dataset. By averaging, the inductive e↵ect

from the underlying structure can be flattened out. The regional distortion indica-

tor becomes real-valued, and its magnitude will indicate the strength of shear and

splitting parameters on average. Here, we show the regional distortion indicators

from 1D and 3D data distorted with di↵erent galvanic distortion strengths (Figure

4.21). They are derived from averaging the local distortion indicators using Eq.

(3.24). As with the average det and ssq impedances shown in Figure 4.12, the error

bar is the SD of local distortion indicators, i.e., it represents the dispersion of the

local distortion indicators in each dataset. The stronger galvanic distortion tends

to show the larger error bar in this case. As with the local distortion indicator,
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Figure 4.19: (a) Comparison of actual local distortion indicators (crosses) with the
mean local distortion indicators (red circles) from the 1D example, where a set of
distortion parameters with an SD of 0.3 was applied (Figure 4.4). (b) Percentage
di↵erence between the mean local distortion indicators and the actual ones.

the indicators from 1D data is definitely real-valued, and its magnitude is consis-

tent with the galvanic distortion strength. As expected, the regional distortion

indicators from distorted 3D datasets are rather real-valued, and its magnitude is

comparable to the regional distortion indicators from distorted 1D datasets at the

same galvanic distortion strength. In conclusion, the regional distortion indicator

can estimate the strength of galvanic distortion – shear and splitting parameters –

contained in MT datasets fairly well.

From the synthetic examples, the local distortion indicator is able to

determine the existence and strength of galvanic distortion, if contained in the

data. One of its possible and practical uses is to omit or decrease the constraints

on the data from the stations that are heavily distorted (e.g., syn01 and syn02

in the example dataset), if the number of such stations is low. When the number

of heavily distorted stations is significant, the regional distortion indicator will

be noticeable. The distortion removal or proper treatments, for example, the

inversion simultaneously with galvanic distortion (e.g., Sasaki and Meju, 2006;

Avdeeva et al., 2015), may be necessary. However, if the magnitude of regional
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Figure 4.20: Same as Figure 4.19 for the 3D example

distortion indicator is rather small, i.e., the whole dataset is weakly distorted, such

a complicated computation may be avoided.
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Figure 4.21: Regional distortion indicators from (a) 1D and (b) 3D examples with
di↵erent galvanic distortion strengths.
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4.5 Apparent gains

This section shows the example of apparent det and ssq gains (Eqs.

3.26 and 3.27) derived from the synthetic 1D and 3D examples in Sections 4.1 and

4.2, respectively, and we also verify estimating site gain in the data by using the

mean apparent gains (Eqs 3.32 and 3.33).

First, we show the examples of the apparent gains from the 1D data and

3D data at the station syn08. These data are distorted with the distortion param-

eters (g, t, e, s) is (1.20, 0.11,�0.37, 0.49) (Figure 4.22). As proven, the apparent

gains from 1D data are real-valued and frequency independent. The apparent ssq

gain accurately estimates the synthetic site gain, while the apparent det gain, here,

is biased downward because of shear and splitting parameters (Figure 4.22a). In

the 3D case, the apparent gains show frequency dependent features and become

weakly complex-valued number due to the inductive e↵ect of the underlying 3D

heterogeneity (Figure 4.22b). However, the apparent ssq gain still agrees with the
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Figure 4.22: Det (diamonds) and ssq (squares) apparent gains from (a) the 1D
data and (b) station syn08 in the 3D data. The distortion parameters with an SD
of 0.3 are applied to both 1D and 3D datasets. A synthetic site gain (dashed line)
of 1.20 was applied at this station.
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Figure 4.23: The apparent (a) det and (b) ssq gains derived from the 3D example,
where a set of distortion parameters with an SD of 0.3 was applied.

synthetic site gain within the uncertainty. As with the 1D example, the apparent

det gain is biased downward by the distortion parameters. Note that the error bars

(in Figure 4.22) are derived from the standard error obtained from averaging the

det and ssq impedances (Figure 4.12). Therefore, if the distortion is very intense,

the apparent gains will be less constrained.

The apparent det and ssq gains as a function of period from the 3D

datasets distorted with the distortion parameters with an SD of 0.3 are shown in

Figure 4.23. The apparent gains have a combination of the frequency dependence

and independence. The frequency-independent feature is upto the site gain con-

tained at each station, while the frequency-dependent feature strongly depends on

how strong the inductive e↵ect of the underlying 3D structure is.

However, to yield the more meaningful interpretation of them, we calcu-

late the mean apparent ssq and det gains using Eqs (3.32) and (3.33). To validate

the mean apparent gains, we also define the percentage di↵erence between the
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mean apparent gains (Eqs 3.32 and 3.33) and the synthetic site gain g

i

:

P(ḡssq
i

) =
ḡ

ssq

i

� g

i

g

i

⇥ 100% (4.2)

P(ḡdet
i

) =
ḡ

det

i

� g

i

g

i

⇥ 100%. (4.3)

From the 1D dataset, the mean apparent ssq gain correctly estimates

the synthetic site gain in the data as confirmed by the zero percentage di↵erence

(Figure 4.24). Conversely, the mean apparent det gain would be either the overes-

timate or the underestimate of the site gain depending on the galvanic distortion

strength, which could be pointed out by the local distortion indicator at individ-

ual sites (Figures 4.19 and 4.20). This is because the det impedance is a↵ected

by the shear and splitting parameters. If the distortion at sites is stronger than

average, the mean apparent det gain will be an underestimate (e.g., syn01, syn03,

syn09). On the contrary, if the distortion at sites is weaker than average, the mean

apparent det gain will be an overestimate (e.g., syn04, syn05). Note that error

bars in this figure are derived from the error propagation rule when calculating

Eqs. (3.32) and (3.33). Although the mean apparent det gain agrees with the

actual value within the uncertainty range, the mean apparent ssq gain is sitll the

favorable choice.

As shown before, the inductive e↵ect from 3D structure can cause the

frequency-dependent variation in the apparent gains (Figure 4.24). It may result in

some error in estimating the site gain with the mean apparent gain. For instance,

the mean apparent ssq gains from the stations over the conductive structure (e.g.,

syn07, syn19) underestimate the synthetic site gains, i.e., less than the actual value

(Figure 4.25), as seen from the negative percentage di↵erence. On the contrary, if

the stations are located over the resistive structure (e.g., syn04, syn09), the mean

apparent gain is overestimated. Despite of this, the estimate of site gain from the

mean apparent ssq gain still agrees with the synthetic values within the statistical

uncertainty.

It is believed that the site gain is undeterminable without other inde-
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Figure 4.24: (a) Comparison of actual site gains (crosses) with the mean apparent
det (diamonds) and ssq (squares) gains from the 1D example, where a set of distor-
tion parameters with an SD of 0.3 was applied. (b) Percentage di↵erence between
the mean apparent gains and the actual site gains

pendent geophysical data (e.g., Groom et al., 1993; Bibby et al., 2005). From the

theoretical derivation and the synthetic examples, the apparent ssq gain is shown

to be the promising parameter for the site gain estimation. It is also important to

note that this information can be gleaned from MT data alone. This parameter

would help correcting the magnitude of MT impedances.
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Figure 4.25: Same as Figure 4.24 for the 3D example



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 65

CHAPTER V

CONCLUSIONS

One strategy in performing 3D inversion is to start by searching for

a reliable model of the regional mean 1D conductivity profile which is able to

minimize the variance of the conductivity contrast. Traditionally, the model of

the regional mean 1D conductivity profile was estimated from the Berdichevsky

average, i.e., the average det impedance, which is able to smooth out the galvanic

e↵ect from small-scale local structure. However, it had been introduced before the

knowledge of galvanic distortion was well established. Therefore, the e↵ect of the

galvanic distortion on the Berdichevsky average has never been examined.

Galvanic distortion is the spatial aliasing in MT data by small-scale

near-surface heterogeneity, and it is unavoidable in general. The question is how

reliable is the model obtained from the Berdichevsky average with the presence of

galvanic distortion. The ssq impedance is therefore introduced as another rotation

invariant candidate to challenge this problem. The det and ssq impedances derived

from the distorted MT impedance are algebraically examined using the Groom–

Bailey model of galvanic distortion. It is found that the det impedance is biased

downward by the shear and splitting parameters, while the ssq impedance is less

sensitive to these distortion parameters. This major finding urges us to redefine

the Berdichevsky average with the ssq impedance in order to reliably estimate the

model of the regional mean 1D conductivity profile. From the synthetic examples,

the models obtained from the traditional Berdichevsky average may overestimate

the regional mean 1D conductivity profile. Regardless of the galvanic distortion

strength, the average ssq impedance is theoretically and numerically proven to be

the promising method to accurately estimate the model of the regional mean 1D

conductivity profile.
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The definitions for the theoretical model of the regional mean 1D con-

ductivity profile are also introduced. Instead of comparing the estimated model

with the host background, which is not viable in reality, we are able to compare

the estimated model with the theoretical model from the given definitions. The

theoretical model could be calculated using either a linear or logarithmic scale av-

erage depending on the choice of model parameters in optimization. The numerical

results show that the theoretical models are consistent with the estimated model

when the MT array is larger than the anomaly size. Therefore, the theoretical and

estimated model of the regional mean 1D conductivity profile is reliable with the

appropriate size of MT array.

In addition, the concept of galvanic distortion-related parameters was

first introduced. Using these parameters enables us to indicate the existence of

galvanic distortion and also to quantify its strength. Two type of indicators are

defined from the det and ssq impedances, the local and regional distortion indica-

tors and the apparent gains. Their functions are totally di↵erent. The former is to

indicate the strength of the shear and splitting e↵ect, and the latter is to be a good

approximate of site gain, which is generally claimed to be the undeterminable dis-

tortion parameter. Note that the e↵ect of twist cannot be ascertained because both

det and ssq impedance are rotationally invariant. One possible and practical use

of the local distortion indicator is to point out heavily distorted MT data, which

may be rejected in interpretation. The regional distortion indicator can be used to

determine the necessity of the proper treatment or removal of galvanic distortion,

which may be algebraically complicated and computationally expensive.

The ultimate goal of this thesis is to handle the problem of galvanic

distortion, particularly in imaging 3D conductivity structure. In conclusion, we

propose to estimate the model of the regional mean 1D conductivity profile, less

biased by the galvanic distortion, with the average ssq impedance and make the

distortion strength quantifiable with the galvanic distortion indicators. The the-

oretical derivation of them was verified by a series of synthetic examples. With

the proposed method, the unbiased models of the regional mean 1D conductivity

profile could be obtained even if the datasets are distorted. The galvanic distor-
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tion indicators would help determine the need of applying the augmented approach,

e.g., 3D inversion including galvanic distortion, or the omission of heavily distorted

data. The proposed method to reliably estimate the model of the regional mean 1D

conductivity profile from the set of distorted MT data and the concept of galvanic

distortion indicators would be essential and instructive in 3D inversion.
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