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ABSTRACT

IMAGING FLUID-RICH ZONES BY MAGNETOTELLURIC
METHOD AT SOUTH MARMARA REGION

Magnetotelluric data at sixteen sounding locations along two parallel profiles at
south Marmara region were collected to improve the understanding of the crustal electrical
conductivity structure. The PW (~40 km) and PE (~35 km) profiles yield data in the
frequency range 320-0.0005 Hz. Remote reference technique (Gamble et al., 1979) was
used to enhance the data quality. The effects of near surface inhomogenities (galvanic
distortions) were removed from the data utilizing Groom and Bailey (1989) decomposition.
Following the decomposition, the geoelectric strikes of N102°E and N72°E were
calculated for the PW and PE profiles, respectively. The data were rotated using these
strike directions. Following this step, they were modeled in two dimensions using the
inversion code developed by Ogawa and Uchida (Ogawa and Uchida, 1996), with error
floors of 10 per cent for apparent resistivity and 2.86° for phase of both TE (transverse
electric) and TM (transverse magnetic) modes. Resulting models suggest that the South
Marmara fault possibly corresponds to a lateral resistive boundary between Manyas-
Karacabey basin and Bandirma-Karadag uplift on the PW and Uluabat uplift and Mudanya
uplift on the PE profile. The features characterized in geoelectric models also correlate
with known faults in the study area. While the conductive zones beneath the northern ends
of the profiles at depths greater than 13 km are attributed to partially melting in the crust or
the existence of deep crustal fluids below the impermeable layers, the highly resistive

zones are associated with low fluid condition and high rigidity.



OZET

GUNEY MARMARA BOLGESI’ NDE MANYETOTELURIK
YONTEM ILE SIVI iCEREN ZONLARIN GORUNTULENMESI

Marmara Bolgesi’nin gliney kisminda, kabugun elektriksel iletkenlik 6zelliklerini
incelemek amaciyla, birbirine paralel PW (~40 km) ve PE (~35 km) profilleri boyunca,
320-0.0005 Hz frekans araliginda, 16 farkli lokasyonda manyetoteliirik veri toplanmistir.
Giriltili manyetik alan Olgiimlerine sahip istasyonlarda uzak referans (Remote
Reference) (Gamble ve dig., 1979) yontemi kullanilarak sinyal kalitesi arttirilmistir.
Yiizeye yakin ii¢ boyutlu yapilardan kaynaklanan bozucu etkiler (galvanik bozulmalar)
Groom ve Bailey (Groom ve Bailey, 1989) ayristirmasi kullanilarak empedans tensoriinden
atilmistir. Sirasiyla PW ve PE i¢in K102°D’lik ve K72°D’lik yerelektrik dogrultular
hesaplanmistir. Bu dogrultulara dondiiriilen MT verileri, goriiniir 6zdireng i¢in yiizde 10 ve
faz icin 2.86° hata ile hem TE (elektriksel olarak polarize olmus) hem de TM (manyetik
olarak polarize olmus) bigim verileri kullanilarak, Ogawa ve Uchida (Ogawa ve Uchida,
1996) tarafindan gelistirilen iki boyutlu ters ¢6ziim programi ile modellenmistir. Her iki
profilden elde edilen yer elektrik modelleri Giiney Marmara faymin PW profilinde
Manyas-Karacabey havzasi ile Bandirma-Karadag yiikselimi arasinda, PE profilinde ise
Uluabat yiikselimi ile Mudanya yiikselimi arasinda bir sinir oldugunu gostermektedir. Elde
edilen yer elektrik modeller bolgedeki bilinen faylar ile uyumludur. Kabukta bulunan
iletken tabakalar kismi ergime ya da kabuktaki gecirimsiz zonlarda hapsolmus sivilar ile
iliskilendirilirken, yliksek 6zdirence sahip tabakalar ise diisiik sivi muhtevasi ve yiiksek

rijidite ile iliskilendirilmistir.
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1. INTRODUCTION

The application of geophysical methods for near surface problems is a rapidly
developing field. There are numerous geophysical methods based on different physical
parameters that can be utilized in theoretical and practical studies. In this study,
magnetotelluric (MT) method, a natural source electromagnetic (EM) technique, is used to

elucidate electrical conductivity variations at a target area.

Natural source EM signals without a large transmitter and contact between source
and receiver penetrate into the deeper parts of the Earth. They are also practically
applicable to any location on the Earth since an additional deployment is not required to
produce incident EM signals. The plane wave assumption is another advantage of natural
source EM methods due to simpler mathematics for data analysis (Reynolds, 1997; Erkan,
2008).

The MT method was independently developed by Tikhonov (Tikhonov, 1950) and
Cagniard (Cagniard, 1953). The fundamentals of method base on the principles of classical
EM theory which was established years ago via the comprehensive works of Ampére,
Faraday, Gauss and Maxwell. The behavior of EM fields at any frequency on the Earth’s
surface can be converted to apparent resistivity and phase with the help of Maxwell’s
equations; therefore, the information on electrical conductivity of subsurface at crustal or
deeper scale can be obtained in light of the some analyzing and modeling tools (Simpson
and Bahr, 2005).

The electrical conductivity (o) (or its reciprocal (p), electrical resistivity) owing to
the wide range of conductivity variations of crustal materials, gives independent
information on the physical properties of the crust, which can be inaccessible by more
conventional methods in some cases (Vozoff, 1991). Magnetotellurics is also the only

geophysical technique capable of identifying the electrical conductivity structure from the



surface to the upper mantle (Bedrosian, 2007), which is why it has been primarily used to
image electrical conductivity structure of the crust and mantle in many geophysical studies
such as mineral surveying (Tuncer et al., 2006), petroleum exploration (Constable et al.,
1998), active and fossil fault systems (Tank et al., 2005; Ritter et al., 2005), volcano
studies (Aizawa et al., 2005), crustal structures (Giirer, 1996; Bayrak and Nalbant, 2001),
marine studies (Key and Constable., 1998), and hydrothermal systems (Nurhasan et al.,
2006).

The shallow and deep conductivity structure of tectonically active regions is widely
imaged by magnetotellurics due to the fact that MT is one the most effective technique at
detecting enhanced conductivity related to fluids such as groundwater, partial melting,
aqueous fluids, brines and solids such as sulphides, magnetites and graphites in the crust
(Jones, 1999; Jodicke, 1992; Ritter et al., 2005; Bedrosian, 2007). The large scale
conductivity within active tectonic regimes is associated with the existence of partial melt,
aqueous fluids or a combination of partial melt and aqueous fluids (Li et al., 2003). The
conductivity of partial melts is strongly controlled by temperature, pressure,
interconnectivity, the amount and concentration of water and compositional variations of

rocks (i.e., rock matrix) (Bedrosian, 2007).

Conductive zones which are generally called mechanically weak zones play a
significant role before, during, and after earthquakes due to the fluid content (Zhao et al.,
1996). In this respect, the MT method has been applied to seek conductivity structure of
the south Marmara region. We also aimed to link these geoelectric conditions to the

geologic and tectonic states.

The thesis includes eight chapters. Chapter 1 introduces the study. The second
chapter points out the method used in this study, the MT method. It highlights the source
types, assumptions, some theoretical concepts such as apparent resistivity, phase, induction
vectors, skin depth and the behavior of MT responses in the presence of layered half-

spaces (1D, 2D and 3D). The dimensionality and distortions related to the effects of



surface heterogeneities on the MT responses is also the subject of this chapter. In the
following chapter, Chapter 3, the tectonic and geological settings depending on previous
studies at the target area are given. Chapter 4 briefly explains equipments, site locations,
and data acquisition. The processing and modeling of observed data collected at the south
Marmara region are discussed in Chapter 5. Finally, the discussions of the resulting 2D
geoelectric models based on the sensitivity tests, and the conclusions are presented in the

last two chapters of the thesis.



2. THEORY OF MAGNETOTELLURICS

2.1. Historical Development of the MT Method

The first papers related to the basis of one-dimensional (1D) MT analysis were
propounded by Tikhonov (1950) and independently detailed by Cagniard (1953). Tikhonov
suggested that at low frequencies, the derivative of horizontal magnetic field (H) is
proportional to the ortohogonal component of the electric field (E). Cagniard, who is
regarded as the pioneer to the method, developed the formulas concerning electric (E) and
magnetic (H) fields on the surface of the layered medium with a plane wave source on his
paper. The incident electromagnetic (EM) fields satisfying plane wave assumption at the
surface was initially challenged and second-order corrections were suggested to Cagniard’s
formulation. However, the validity of Cagniard’s assumptions was later proved. The
horizontal magnetic field components need not be uniform, but can vary linearly over a
layered Earth further demonstrated. The works of Tikhonov and Cagniard for 1D structure
was later expanded by other geoscientists (Jiracek et al., 1995).

2.2. The Source of the MT Signals

Natural electromagnetic fields in the MT method are used to image electrical
properties of the Earth from surface to many tens of km, and these geoelectrical properties
are linked to the subsurface conditions, physical state and tectonics deforming the crust
(Jiracek et al., 1995). The frequency range of natural EM signals extends from 10 to 10%
Hz (Jiracek et al., 1995), but the frequency range of interest in MT method is from 10 to
10* Hz. EM fields with frequencies lower than 1 Hz are produced by solar activity (Vozoff,
1991). EM signals at frequencies greater than 1 Hz (i.e., periods shorter than 1 s) are
constituted by worldwide lightning activity existing within the lower atmosphere (Vozoff,
1991). The so-called MT dead band around 1 Hz in which the natural EM fluctuations have
a low intensity leads to the reduction in the quality of MT data (Simpson and Bahr, 2005).



2.3. Basic Theory of the MT Method

Electromagnetic waves propagate in space with mutually perpendicular and
oscillating electric (E) and magnetic (H) field components are an indispensible part of MT
method. An electromagnetic wave propagates in the positive x-direction and the electric
(E) and magnetic (H) fields are perpendicular to each other and in phase, as demonstrated

in Figure 2.1.

Figure 2.1. An electromagnetic wave with its two components, the electric (E) and
magnetic (H) fields (redrawn from Ward and Hohmann, 1988)

As the EM energy reaches the surface of the Earth, reflection and refraction occur
due to the fact that large conductivity contrast exists between the Earth (conductor) and air
(insulator) (Vozoff, 1991). While the majority of incident energy is reflected from surface
of the Earth (like in a boundary), a small portion of it is transmitted into the Earth and
diffuse downward approximately 1-2 degree of vertical (Tikhonov, 1950; Cagniard, 1953;
Vozoff, 1972, 1991; Jiracek, 1995). When the energy diffuses through ohmic losses in the
Earth to the electrical conducting rocks, the primary time varying magnetic field induces a
changing horizontal electric field at right angles, obeying Faraday’s law, and the electric

field drives the telluric currents (Vozoff, 1972, 1991; Kaufman and Keller, 1981). These



currents force the conductor to transmit a secondary time varying magnetic field through
Ampére’s law (Kaufman and Keller, 1981). The schematic illustration of induction of EM

energy into the Earth is given in Figure 2.2.

lonosphere

—

Primary Magnetic
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Figure 2.2. Electromagnetic induction theory (modified from Reynolds, 1997)

The EM field and also the electrical conductivity of rocks are responsible for the
electrical currents that are induced in the ground. The charge transport within materials is
described through the electrical conductivity (). Two types of conductivities, bulk and
fluid conductivities, are mentioned because of this, the electrical properties of rocks
dramatically depend on the pore geometry and fluid distribution in the rocks (Jones, 1999;
Ritter et al., 2005; Bedrosian, 2007). Bulk conductivity is significantly related to the
volume of included fluid and its conductivity and the size and agreement of pores as well.
Fluid conductivity is controlled by temperature, concentration of fluid in addition to the
mobility and charge of ions (Ritter et al., 2005). The empirical law of Archie (1942)
explains the relation between fluid conductivity (ofuig) and bulk conductivity (6rock), Which

is given in its simplified form:



i — p=m (2.1)

Orock

where @ is the porosity of the rock and m is the empirical coefficient called cementation or

compaction exponent (Archie, 1942).

Electrical conductivity ranges over 10 orders of magnitude for rocks and rock-
forming minerals of the Earth (Bedrosian, 2007). This wide range of electrical conductivity
Is strongly dependent on porosity, permeability, fluid saturation, salinity, solids such as
graphites and sulphides, and properties such as temperature, viscosity and fluid types
(Ritter et al., 2005; Bedrosian, 2007). Resistivity values of several crustal rocks are given
in Table 2.1.

Table 2.1. The range of electrical conductivity in earth materials (after Haak and Hutton,

1986)
Crystalline
rocks
1000000 — Oceanic
upper mantle
100000 — Upper
crust
10000 —
1000 — sedimentary rocks with
saline fluids (0.02 Qm)
100 —  Young 5% porosity
sedimenis !
Continental
10 — Cid upper mantle
sediments| ywer
41— crust 1% porosity
Sea water ~ 0.3 {my ==-==s=wmmrennan
01—
rocks with 1%
graphite fifm
0.01 - coating

Resistivity (£2m)



2.4. EM Diffusion in the Earth

The propagation of EM fields in the atmosphere and the Earth can be described by
four equations known as Maxwell’s equations. The four fundamental partial differential
equations in time domain for a polarisable and magnetisable medium that contain no

electric and magnetic sources may be expressed as (Ward and Hohhman, 1988):

oB

VXE=-— T (22)
VxH=]+2 (2.3)
V.D=p (2.4)
V.B=0 (2.5)

where E is the electric field intensity (in V/m), H is the magnetic field intensity (in A/m),
B is the magnetic induction (in Wh/m? or T), J is the electric current density (in A/m?), D

is the dielectric displacement (in C/m?) and p is the electric charge density (in C/m®),

The first of Maxwell’s equations comes from Faraday’s law, which physically
means that the time varying magnetic fields induce electric fields. The second equation
depends on Ampére’s law modified by Maxwell by adding a new term called displacement
currents (D=¢E). The other two equations are Gauss’s law for the electric field (Equation
2.4) and for the magnetic field (Equation 2.5). While the generation of electric field by free
charges is implied by the third equation of Maxwell, the last equation states that there are

no free magnetic charges (magnetic monopoles).



The equations relating the electric and magnetic fields for linear isotropic materials
are demonstrated as (Ward and Hohhman, 1988)

D=¢E (2.6)
B=uH (2.7)
J=0cE (2.8)

where ¢ is the dielectric permittivity (in F/m), p is the magnetic permeability (in H/m), and
o is the electrical conductivity (in S/m) of the medium. € and ¢ are complex and depended
on angular frequency w, equal to 2zf ", whereas p is a real quantity and assumed to be

independent of frequency (Ward and Hohhman, 1988).

The electromagnetic diffusion equations in terms of time varying electric and
magnetic fields are derived by utilizing Maxwell’s equations and the Equations 2.6 through

2.8 for a homogenous linear isotropic medium.

Taking the curl of the Equations 2.2 and 2.3,

Vx (VXE) = -V x (";—‘j) (2.9)

VX(VxH) =Vx(]+2 (2.10)

Substituting the Equations 2.6, 2.7 and 2.8 into the Equations 2.9 and 2.10,
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VX (VXE) = —p= (VxH) (2.11)
VX (VxH) =0V XE+e=(VxE) (2.12)
Rewriting the Equations 2.11 and 2.12 by coupling of the Equations 2.2 and 2.3,
92E OE
VX (VXE) = —He—5 —Ho - (2.13)
_ 9%H oH
VX (VXH)= —He —— —Ho — (2.14)
The vector identities 2.15 and 2.16,
Vx (VxE)=V.(V.E) - V’E (2.15)
V x (VxH)=V.(V.H) — V2H (2.16)

Assuming that V.E =0 and V.H =0 for homogenous regions and using the vector

identities 2.15 and 2.16, then the Equations 2.13 and 2.14 can be shown that

o’ 2.17)

2
oH (2.18)

where the electric and magnetic field diffusion equations in time domain are given in the
Equations 2.17 and 2.18. While electromagnetic signals traveling by diffusion (conduction
currents) are represented by the first term of the right hand side of Equation 2.18, the
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second term represents wave propagation (displacement currents) which is significant for

electromagnetic fields (Kaufman and Keller, 1981).

2.5. Assumptions in the MT Method

A set of simplifying assumptions in the EM induction theory are taken into

consideration in defining apparent resistivity of sounding medium, which are given below:

Maxwell’s equations are obeyed in order to describe the behavior of the EM fields
(Cagniard, 1953).

The third equation of Maxwell, Gauss’s law for the electric field (Equation 2.4), is
the static-state case representation of law but the dynamic case (current flow) is the

subject of the MT theory, which is why the equation becomes:

V.E=0 (2.19)

The natural EM source fields generated by ionospheric and magnetospheric
currents are used and these fields are assumed as plane-curves propagating

vertically (normally) downwards into the Earth, (Vozoff, 1991).

The Earth is assumed laterally uniform and all currents, the E and H fields are
regarded as conservative and analytic away from the sources, which is an indication
that the Earth acts as a good conductor to electromagnetic signals (Vozoff, 1972,
Simpson and Bahr, 2005).
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The electrical permittivity € and magnetic permeability p for Earth materials
change little from their free space values. The variations in ¢ and p are thus
assumed negligible compare to the variations in bulk conductivities and they are
taken as constants in MT applications (Kaufman and Keller, 1981; Simpson and
Bahr, 2005).

The quasistatic approximation also paves the way to ignore the time varying
displacement currents because of this the electrical conduction currents are much
larger than the electrical displacement currents, which makes the EM induction

clearly a diffusion process (Kaufman and Keller, 1981; Simpson and Bahr, 2005).

Although the accumulation of free charges in the horizontally layered Earth are not
expected, charges in the multi-dimensional (2D and 3D) Earth are assumed to
accumulate at the boundary of conductive bodies, which is termed as static shift

phenomenon (Simpson and Bahr, 2005).

2.6. The EM Impedance Tensor

In the MT method, the Earth is assumed as a linear and time invariant system. In

this system, the Earth is termed as the transfer function and mathematically represented by

the EM impedances. This linear relationship is expressed as follows (Vozoff, 1991)

E=ZH (2.20)
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()= G2 22) () @221)

where each terms of the impedance tensor Z is frequency dependent, and it can be
expressed as the amplitude (apparent resistivity) and phase at a particular frequency
(Simpson and Bahr, 2005).

2.7. Apparent Resistivity, Phase and Skin Depth

The apparent resistivity and phase curves make it possible to present the result of
EM field measurements in terms of frequency or period. Variations of apparent resistivity

and phase values versus frequency are obtained from impedance tensor Z.

The apparent resistivity with respect to frequency in a non-uniform Earth is shown
below (Bedrosian, 2007)

%=$mv (2.22)

where the Equation 2.22 is a mathematical representation of electrical resistivity (p) of
sounding medium (in Qm). While the equation in a homogenous Earth is equal to the exact
value of electrical resistivity of medium, it is called apparent resistivity (p,) in a non-

uniform half-space (Jiracek et al., 1995).

The changing electrical conductivity of sounding medium in a non-uniform Earth

results in the phase of impedance tensor Z, which is phase differences between horizontal
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components of the electric (Ex) and magnetic (Hy) fields, which can be expressed as below
(Kaufman and Keller, 1981)

Re(ny)

(2.23)

where @ is phase (in degree) and it is equal to 45° in homogenous Earth due to the fact that
the conductivity of half-space does not change, and the component of the E and H fields
are equal to each other. As the electrical conductivity of medium decreases with depth, the
phase differences between Ey and Hy decreases and becomes less than 45°, and vice versa
(Vozoff, 1972, 1991; Kaufman and Keller, 1981; Jiracek et al., 1995).

The propagation of EM energy into the Earth is expressed by diffusion equations in
terms of the E and H fields. The fact that the strength of these fields weaken exponentially
(1/e=0.37) with depth is known as a result of the solution of diffusion equations. The depth
is dominantly controlled by conductivity of rocks and rock-forming minerals are termed
the skin depth 3, and the formula of it is given as follows (Bedrosian, 2007)

5= \% ~ 500 \/é (2.24)

where 6 , a specific distance (in m) called investigation or penetration depth, depends on

the frequency (f) of incident EM fields.
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Figure 2.3. Physics of EM waves in a 100 Qm half-space. f is frequency, ¢ is skin depth
(modified from Unsworth, 2010)

2.8. One-Dimensional (1D) Earth

The electrical conductivity in the 1D Earth varies only with depth. The E and H
fields are independent of the strike direction in such case. The vertical magnetic fields, in
addition to the diagonal elements of impedance tensor vanish in the 1D Earth. Thus, the
off-diagonal elements having equal magnitude, but opposite sign of the impedance tensor

give the information about subsurface conductivity structure (Ritter et al., 2005).

2.9. Two-Dimensional (2D) Earth

In the 2D Earth, electrical conductivity varying with depth and in one horizontal
direction requires that the separation of Maxwell’s equations into two different modes
owing to the interaction between the components of EM fields and the strike. These modes
are called transverse electric (TE, E-polarisation) and transverse magnetic (TM, B-
polarisation) modes (Figure 2.4). While the electric currents are flowing along the strike in
the TE mode, the flow in the TM mode is perpendicular to the strike (Simpson and Bahr,
2005). The modes can be described as:
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OE, OEy

g = -ioH, s =-ia)Hy g T s =ﬂ€Hy (TE mode) (2.25)
5]
% —iwE, W — ik, f;iy — 22 =ueH,  (TMmode) (2.26)

where the length of strike is assumed much longer than the penetration depth and the

variations of EM fields along the strike is also supposed zero (Simpson and Bahr, 2005).

The E and H fields interact mutually perpendicular to each other. The E parallel to
strike (TE mode) induces H fields normal to the strike through Faraday’s law. The H
parallel to strike (TM mode) induces E fields normal to the strike, obeying Ampére’s law.
All components of EM fields, except the horizontal component of the E field, Ey, are
continuous across the strike, and the current density in this direction is also continuous due

to the conservation of charges (Vozoff, 1991; Simpson and Bahr, 2005).

. TE-mode TMHOW
1Eyr=0zEy
Ex Hx
> >

TR GRT

E

L -
z Hz Ez g:
(3 .DI:!.'E‘HEE‘ ey ] (=] .DITEHEE‘ITI:\"._I :Ia GEE

=

k]

o1 |0z

Figure 2.4. 2D resistivity model and the concept of TE and TM modes in magnetotellurics.
Ey is discontinuous across the strike (modified from Simpson and Bahr, 2005 and
Unsworth, 2010)
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The ratios of the E and H field components, which are measured simultaneously
during the MT survey, are then rotated in accordance with the geoelectric strike direction.
In that way, it is computed that the different values of apparent resistivity py, and pyx and
phase @,y and @, in terms of the different values of impedances Z,y (TE mode) and Z
(TM mode). The TM mode is sensitive to lateral electrical conductivity variations in
contrast to TE mode because of the discontinuity of E, in TM mode. However, the TE
mode provides the information concerning the vertical magnetic field transfer function that
is the ratio of H, and Hy and the other way of detecting the lateral conductivity changes
(Simpson and Bahr, 2005).

The off-diagonal elements of impedance tensor in the perfect 2D Earth completely

describe the impedance tensor shown below (Jiracek et al., 1995)

0 Z,
Z,p = (Zyx ) (2.27)

where Z,, and Z,4 are not equal to each other, in contrast to 1D case, and they represent the

TE and TM mode impedances, successively.

In general, it is an unknown the direction of geoelectric strike prior to the MT
survey, which is why, it is hardly possible to align the instruments in terms of the
geoelectric strike direction in practice. In this respect, all elements of the impedance tensor
are non-zero in real Earth. In such case, it is tried to either minimize the diagonal elements
or maximize the off-diagonal elements to define the geoelectric strike direction. Swift
(1967) analysis that is described in Section 2.12.2 is utilized to determine the strike
direction (Vozoff, 1991).
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The impedance tensor has 90° ambiguity in the strike orientation. Therefore, the
rotation through 90° of impedance tensor in terms of geoelectric strike direction only
changes the location of principal directions within the impedance tensor (Figure 2.5)
(Swift, 1967; Lilley, 1998; Simpson and Bahr, 2005).

Figure 2.5. Orthogonal coordinate systems. The field coordinate axes (X, y, z) are rotated a

degrees clockwise to the regional coordinate axes (x’, y’, z") (modified from Swift, 1967)

The rotation can be shown that (Vozoff, 1991)
ZZD = R Z RT (228)

where R and R are the rotation and the transpose of the rotation matrix, respectively. R
can be written as (Vozoff, 1991)

_[(cosa sina
R= (— sina  cos oc) (2.29)
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where a or o £+ 90 is the rotation angle and significant to determine the TE and TM modes
in the 2D Earth.

2.10. Three-Dimensional (3D) Earth

The electrical conductivity in the 3D Earth varies with depth and in two horizontal
directions. In the reality, measured MT responses are always 3D and the impedance tensor
is fully occupied given the Equation 2.21. However, these 3D MT data are generally
assumed as 2D with the help of dominant 2D characters of them. Thus, it is succeed much

simpler data analysis than 3D case (Ledo, 2005; Ritter et al., 2005).

2.11. Induction Vectors

The vertical magnetic field transfer functions characterizing a relationship between
the vertical and horizontal magnetic field components are graphically presented by
induction vectors (arrows). The vertical magnetic fields are assumed as zero in the absence
of lateral conductivity variations. However, the existence of lateral conductivity gradients
in the 2D Earth gives way to generation of the vertical magnetic fields in the TE mode
through Faraday’s law (Figure 2.6) (Jones, 1986; VVozoff, 1991; Jiracek 1995; Ritter et al.,
2005; Simpson and Bahr, 2005).
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Ex

Hz

02201

Figure 2.6. The concept of the vertical magnetic fields over a 2D Earth. Arrows denoting
the real parts of induction vectors at each site (red circle) point toward the conductor (the
Parkison (1962) convention) (modified from Unsworth, 2010)

The ratios of vertical to horizontal magnetic field components at any frequency can
be written as (Vozoff, 1991)

H, = (T, T,) (Z;) (2.30)

where Ty and T, are complex magnetic field transfer functions variously called the tipper,

induction or Parkinson vectors (Vozoff, 1991).

The vertical magnetic fields firstly mentioned by Parkinson (1962). They are used
to obtain distortion free information on the geoelectric conditions of subsurface due to the
independency of E components. The representation of vertical magnetic field transfer
functions, induction vectors in the Parkinson convention point toward the regions of higher
conductivity. These vectors align perpendicular to the geoelectric strike (Jones, 1986;
Jiracek, 1995; Ritter et al., 2005).
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2.12. Distortions and Dimensionality of MT Data
2.12.1. Galvanic Distortion

The measured MT data in general involve the effects of near surface
inhomogenities in addition to the time varying E and H fields as depending upon the
subsurface structures. These small scale heterogeneities (surficial 3D bodies), which are
conductive relative to the surrounding layered medium, perturb the measured E and H
fields, and thus influences the impedance tensor through telluric (galvanic) and magnetic
distortions (Vozoff, 1991; Jiracek, 1990, 1995; Ogawa, 2002).

Galvanic distortions, which are frequency independent non-inductive effects, occur
when the depth of near surface 3D bodies are shallower than the penetration depth of EM
waves. The distortion of the E through the charge accumulation at the boundary of the near
surface 3D conductive bodies gives rise to the distortion of EM fields (Groom and Bailey,
1989; Jiracek, 1990; Simpson and Bahr, 2005). These distortions on EM fields can be
mathematically described by real distortion tensors (Simpson and Bahr, 2005), as
demonstrated below

C,y C
C= ( 11 12) 2.31
Co Co (2:31)

where C is a frequency independent 2x2 real tensor.

Galvanic distortions can be categorized into two groups. These are distortions on
amplitude (static shift) and phase (phase mixing) of the impedance tensor. Various
methods are utilized to remove the effects of the near surface heterogeneities (local effects)
from regional structure (Ogawa, 2002).
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2.12.2. Swift Analysis

The determination of dimensionality and directionality of MT responses are crucial
prior to modeling since the forward or inversion modeling is based on such properties of
the MT responses. In order to define the geoelectric strike direction for observed MT data,
several different methods (Swift, 1967; Bahr, 1988; Groom and Bailey, 1989; McNeice
and Jones, 2001) have been suggested due to the fact that the diagonal elements of

impedance tensor in real world are non-zero (Vozoff, 1972, 1991, Jiracek et al., 1995).

Swift (1967) proposed to remove the deviations from a perfect 2D Earth by
minimizing the sum of the diagonal elements of impedance tensor, and by maximizing the

off-diagonal elements as well.

|Zyx (0) 1% + |2y, (6)|" - minimum (2.32)
|ny(t9)|2 + |Zyx(6?)|2 — maximum (2.33)

This yields the strike angle as,
46, = arctan (Zxx=2yy) (Zay+Zyx) +(Zax+2Zyy) Zxy+Zyx) (2.34)

|Zxx‘Zyy|2—|ny+Zyx|2

where * indicator of conjugate. Strike angle, ©o, which is also called Swift angle, is not

true strike angle owing to the distortions on impedance tensor.
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Since the strike orientation contains 90° ambiguity, either minimizing the diagonal
or maximizing the off-diagonal elements of impedance tensor may not ensure a purely
mathematical 2D Earth (Simpson and Bahr, 2005). Thus, Swift (1967) suggested a

parameter, Swift skew x, controls the accuracy of Swift analysis (empirical check).

e = Lty (2.35)

T |2y —2y4]

The Swift skew x, which is commonly called skew or skewness, is a misfit

measurement. The value of skewness parameter less than 0.3 is meaningful to calculate
principle directions by Swift analysis (2D case), but it is meaningless for values greater
than 0.6 (3D case) (Swift, 1967).

2.12.3. Groom and Bailey Decomposition

The aim of Groom and Bailey (1989) decomposition technique (GB decomposition)
is to remove the effects of near surface inhomogenities (galvanic distortions) from

measured impedance tensor (Groom and Bailey, 1989).

The measured impedance tensor Z,, in the Groom and Bailey scheme is

decomposed as follows

Z,, = RCZ,pRT (2.36)
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where Zp is the regional 2D impedance tensor which has only off-diagonal elements . R

is transpose of rotation matrix R. C is a 2x2 distortion tensor and parameterized as below

C = gTSA (2.37)

Substituting Equation 2.37 into Equation 2.36 yields

Z,, = gRTSAZ,,RT (2.38)

where g is a scalar termed site gain. T, S and A are named the twist, shear and anisotropy

tensors, respectively and expressed as

Tl 1) @239
s=m=e 1) @240

A=

1 <1+S 0 ) (2.41)

V1+s2 0 1—-=s
where t, e and s are real parameters called twist, shear and anisotropy, respectively.

Strike direction, twist and shear can be determined from GB decomposition, but site
gain and anisotropy cannot be uniquely defined. The orthogonality of E and H fields are
described by twist and shear whereas site gain and anisotropy are considered as an
indicator of static shift that scales the apparent resistivity curve (McNeice and Jones, 2001,
Ogawa, 2002).
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The GB decomposition technique was later extended by McNeice and Jones (2001)
for a set of sites over a given frequency band, which leads to the determination of optimal
geoelectric strike direction for multiple sites and frequencies simultaneously with an
assumed 2D regional resistivity structure distorted by local galvanic distortion. The use of
multi-site-multi-frequency technique provides a stable estimate of the regional strike for

entire data set over the whole frequency range (McNeice and Jones, 2001).

2.13. The Theory of MT data Modeling and Inversion

The final stage of MT data processing is to convert the frequency domain apparent
resistivity and phase into true resistivity models. Inversion is applied to the apparent
resistivity and phase curves in order to define the conductivity variations of the subsurface

with