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Abstract

The theory of plate tectonics proposes that the Earth’s lithosphere is separated into
rigid plates which are capable of motion through interactions with the underlying
asthenosphere. Following its adoption in the 1960’s, it has become the prominent
theory used to understand geodynamic processes within the Earth. The mechanisms
of tectonism are of particular interest due to their implications regarding the formation
of economic resources. Despite numerous studies attempting to characterise these
mechanisms, the lithosphere-asthenosphere rheological contrast (LARC) remains an
enigmatic component of plate tectonic theory.

The magnetotelluric (MT) method is of particular interest when investigating the
upper mantle as it is primarily sensitive to electrical conductivity. From electrical
conductivity, conclusions regarding the temperature, pressure, physical and chemical
state, porosity, and permeability of rocks can be inferred. This thesis examines lab-
oratory conductivity measurements with ocean-bottom MT data collected from the
Pacific Ocean. From these data, I create an upper mantle reference model for electrical
conductivity and propose a hybrid MT impedance which improves the bandwidth and
confidence intervals of ocean-bottom MT data.

Between 50 km and 100 km depth, MT data predicts variable electrical conductivity
structures. My reference model is able to encapsulate this variability with a function
which varies according to hydration, partial melt, and the age of the overlying oceanic
lithospheric. For 200 km to 400 km, the hydrated end-member of this reference model
predicts the convergence of conductivity structures with increasing depth observable
in published conductivity structures. As such, this reference model constrains the
presence of hydration and partial melt within the LARC for a range of lithospheric ages
and is a representative model of the Earth’s oceanic lithosphere and asthenosphere.

Following an analysis of ocean-bottom EM field observations, I observe the atten-
uation of magnetic field variations by the conductive ocean water. This attenuation
results in MT impedances which are difficult to interpret using available modelling al-
gorithms. In contrast, the calculation of a hybrid MT impedance using ocean-bottom
electric and continental magnetic fields is observed to improve the signal-to-noise ratio.
This improved signal-to-noise ratio extends the usable bandwidth of ocean-bottom MT
data from just over one decade to approximately four decades. It is important to note
that this impedance represents the normalisation of ocean-bottom electric fields using

XV



xvi ABSTRACT

continental magnetic fields. As a consequence, alterations must be made to modelling
algorithms before attempting to reproduce hybrid impedances.

Finally, a case study is conducted to assess the validity of my reference model and
hybrid impedance. To do so, structurally simple forward models of both standard
and hybrid impedances are calculated. The conductivity structure of this model was
constrained by a 3-Dimensional inversion of continental MT data, controlled source
EM (CSEM) data, and my reference model. From this model, hybrid impedances are
observed to reproduces four decades of data measured by numerous receivers. From
this evidence, I conclude that my reference model constrains the LARC and that it
realistically represents the upper mantle. Additionally, I conclude that my hybrid
impedance is a useful alternative to traditional M'T impedance when conducting ocean-
bottom MT studies.

Thesis Supervisors: Prof. Graham Heinson, Dr. Stephan Thiel, and Dr. Derrick
Hasterok



Chapter 1

Introduction

In the early 20" century Alfred Wegener found evidence of a single supercontinent,
now known as Pangea, from which the current landmasses had fragmented (Wegener,
1912; Reinke-Kunze, 1994). This would later develop into the theory of plate tectonics
following observations supporting Wegener’s theory (Heezen, 1960; Dietz, 1961; Hess,
1962; Vine and Matthews, 1963; Morley and Larochelle, 1964). The theory of plate
tectonics describes the motion of lithospheric plates, which comprise the Earth’s rigid
shell, through their interaction with an underlying ductile asthenosphere. Despite the
adoption of plate tectonic theory, a consensus is yet to be reached regarding the cause
of the contrast in rheology between the lithosphere and asthenosphere. Evidence of a
sharp transition between the lithosphere and asthenosphere from seismological studies
precludes a purely thermal origin due to its diffusive nature (Kawakatsu et al., 2009;
Karato, 2012). Instead, authors suggest hydration (Karato and Jung, 1998; Mei and
Kohlstedt, 2000; Karato and Jung, 2003; Karato, 2012), partial melting (Kohlstedt,
2002; Hirschmann, 2010) or both.

The MT method is of particular interest when investigating these hypotheses due to
its sensitivity to enhanced electrical conductivity caused by partial melt, hydration,
and temperature (Khan, 2016). The MT method is a passive technique developed in
the 1950s by Tikhonov (1950) and Cagniard (1953) which measured EM fields induced
within the Earth by naturally occurring variations in electric and magnetic source
fields. The induced EM fields vary due to the electrical conductivity o (also presented
as resistivity p = 1/0) of the Earth. For geophysical studies, electrical conductivity
is defined as the ability of subsurface structures to conduct electrical currents. From
this parameter, geophysicists relate EM field measurements to geological structures
using laboratory rock conductivity measurements. The range of source field frequen-
cies available when utilising the MT method (~ 107> Hz to ~ 10* Hz) allows the MT
method to probe depths from ~ 10 m to > 500 km as per the EM skin depth equation:
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A - Filloux 1977
— Oldenburg et al. (NCP)
B — Filloux 1981
- Key et al. 2013
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Figure 1.1: Azimuthal equidistant projection of the Pacific centred on Hawaii, United States of America. Letters
denote the location of ocean-bottom MT surveys from the Pacific Ocean. Multiple studies denoted by the same
letter were approximately from the same location.
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S(w) = ,/Moig. (1.1)

Eq. 1.1 defines the depth at which EM fields are attenuated to 1/e of their surface
amplitude. Beyond this depth, EM fields are increasingly insensitive to the Earth’s
conductivity structure (Simpson and Bahr, 2005). Consequently, the EM skin depth
equation represents a measure of the penetration depth of EM signal.

Oceanic lithosphere forms at mid-ocean ridges following the cooling of basaltic magma.
This compositional homogeneity and the subsidence caused by conductive cooling re-
sults in a simpler geology and higher electrical resistivity when compared to continental
lithosphere (Evans et al., 2005; Baba et al., 2006; Kawakatsu et al., 2009; Karato, 2012;
Key et al., 2013; Naif et al., 2013). Furthermore, MT impedance calculated at the bot-
tom of an infinitely wide ocean of uniform thickness is only sensitive to subsurface
conductivity structures. As additional complexity is introduced, in the form of un-
dulating bathymetry (Baba et al., 2006), tectonic boundaries (Key et al., 2013; Naif
et al., 2013), and coastlines (Key and Constable, 2011; Worzewski et al., 2012; Wang
et al., 2019), EM fields are distorted from a 1-Dimensional response. However, the
magnitude of this distortion is inversely proportional to the period of the EM fields.
Therefore, long period MT data, such as those utilised when investigating the LARC,
are able to recover subsurface conductivity structures (Heinson and Constable, 1992).

Geophysicists utilise the high resistivity and simple geology of oceanic lithosphere to
investigate the Earth’s upper mantle by deploying MT receivers on the ocean floor
(Fig. 1.1; Poehls and von Herzen (1976); Filloux (1977, 1981, 1982, 1983); Yuku-
take et al. (1983); Oldenburg et al. (1984); Ferguson et al. (1985); Heinson and Lilley
(1993); Heinson et al. (1993); Lizarralde et al. (1995); Sinha et al. (1997); Nolasco et al.
(1998); Sinha et al. (1998); Heinson et al. (2000); Constable and Heinson (2004); Baba
et al. (2006); Jegen et al. (2009); Baba et al. (2010); Matsuno et al. (2010); Gallardo
et al. (2012); Key et al. (2013); Myer et al. (2013); Naif et al. (2013); Sarafian et al.
(2015); Jegen et al. (2016); Kapinos et al. (2016); Baba et al. (2017a,b); Selway and
O'Donnell (2019); Wang et al. (2019); Matsuno et al. (2020). Oceanic lithosphere forms
at mid-ocean ridges which then cools conductively and thickens with time (Figs 1.2
& 1.3). The presence of coastlines complicates ocean-bottom MT studies by attenu-
ating the calculated apparent resistivity (Heinson and Constable, 1992). Despite this,
the MT study of Naif et al. (2013) inferred the LARC is the result of partial melting
between 45 km and 70 km depth beneath 23-Myr-old oceanic lithosphere from off-
shore Nicaragua. In contrast, Sarafian et al. (2015) and Selway and O'Donnell (2019)
utilised MT data collected on 70-Myr-old oceanic lithosphere from the central Pacific
Ocean. These authors inferred the LARC is caused by either hydration (Sarafian et al.,
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Figure 1.2: Pseudosection of temperature (°C) as a function of depth (km) and oceanic
lithosphere age (Ma). The contour represents 1,000 °C and represents the conductive
cooling and thickening of oceanic lithosphere.

2015) or partial melt (Selway and O'Donnell, 2019). The goal of this dissertation is to
unify ocean-bottom MT measurements from the Pacific Ocean floor into a representa-
tive conductivity model of the Earth’s oceanic crust and upper mantle. Such a model
would allow geophysicists to ascertain the conditions which give rise to the contrast in
rheology between the lithosphere and asthenosphere which has implications regarding
our understanding of the mechanisms of plate motion. In addition, a representative
conductivity model will allow future ocean-bottom MT studies to readily interpret the
Earth’s lithospheric and asthenospheric conductivity structures. Following an outline
of the theory pertinent to this thesis, I present the formulation of my conductivity
model. This model characterises the conductivity structure of the upper mantle as a
function of oceanic lithosphere age and is formulated from a collation of MT studies
from the Pacific Ocean. I then present an analysis of MT impedance and propose a
hybrid impedance comprised of ocean-floor electric fields and quasi-surface magnetic
fields. This alternative form of MT impedance is observed to result in an increase in
the stability of measured responses. Finally, I utilise previously unpublished data to
present a forward-modelling case study of the oceanic lithosphere and asthenosphere.
This case study investigates the efficacy of both the conductivity model and hybrid
impedance.

Temperature ( C)
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Figure 1.3: Azimuthal equidistant projection of the Pacific Ocean centred on Hawaii.
Map coloured with respect to oceanic lithosphere age (Ma) data from Miiller et al.
(2016).






Chapter 2

The Oceanic Magnetotelluric
Method

The behaviour of EM fields at any frequency in a linear, isotropic medium is described
by the following set of partial differential equations (PDEs):

VeD =y, (2.1)
VeB =0, (2.2)
0B
. 0D
VXH—J—FE. (2.4)

This collection of PDEs is known as Maxwell’s equations. Gauss’s Law for electric
fields (Eq. 2.1) states that the electric displacement D (C/m?) on a closed surface is
equal to the charge enclosed by that surface and will later be used to define the volume
charge density 7 in a conductive medium. Conversely, Gauss’s Law for magnetic fields
(Eq. 2.2) states that magnetic induction B (T) forms a closed loop. Faraday’s Law of
induction (Eq. 2.3) states that a time varying magnetic induction B will generate an
electric field E (V/m) in a closed loop orientated orthogonal to B. Ampere’s Law (Eq.
2.4) states that magnetic intensity H (A/m) is related to the current density j (A/m?)
and a time varying D in a similar fashion.

These equations are valid for both ocean-bottom and continental MT studies. How-
ever, ocean-bottom MT studies vary from their continental counterparts in a number
of fundamental ways. First, ocean-bottom MT measurements are taken within a con-
ductive environment. In contrast, continental M'T measurements are taken within the
electrically insulating atmosphere. Second, magnetic fields at the base of the oceans
are distorted and attenuated as a result of the resistive oceanic lithosphere.

7



8 Chapter 2. The Oceanic Magnetotelluric Method

Finally, the accumulation of charges along the conductivity contrast between the ocean
and the continent induces electric fields. The lateral extent at which these fields in-
fluence ocean-bottom MT responses is increased due to the aforementioned resistive
oceanic lithosphere.

2.1 Expanding Maxwell’s Equations

To relate the EM fields described by Maxwell’s equations to the EM properties of the
medium they are propagating through, the following equations are required:

j=0oE, (2.5)
B = uH, (2.6)
D =¢E. (2.7)

Electrical conductivity o (S/m) is the measure of a medium’s ability to transport elec-
trical charge. This is the parameter which the M'T method is sensitive to and relates
the current density j to the electric field E through Ohm’s Law. In the MT method,
the most general representation of electrical conductivity in an isotropic medium is a
3 x 3 symmetric tensor (o) in Cartesian coordinates. Magnetic permeability ¢ (H/m),
represented by p = pop, is defined as the ability of a medium to accommodate mag-
netic induction and relates the magnetic induction B to the magnetic intensity H.
Here, po is the magnetic permeability of free space, and pu,. is the relative value for a
specific material. Finally, electrical permittivity € (F/m) is a measure of a medium’s
ability to interact with an electric field and become polarised by the field. It is related
to the permittivity of free space g9 and the relative value for a specific material e,
through a similar relationship € = gge, and relates the electric displacement D to the
electric field E. For the M'T method, variations in electrical permittivity ¢ and mag-
netic permeability p are considered negligible when compared to the variations in bulk
rock conductivity, that is do > 0e, and 0o > Ou,.. Therefore, I assume the free-space
values for these variables (j & g = 47 x 107" H/m and ¢ ~ gy = 8.85 x 1072 F/m).

To solve Maxwell’s equations for EM induction within a medium, these equations
are decoupled and defined in terms of E and B only using the quasi-static approxi-
mation. This condition states that time-varying displacement currents are negligible
when compared to time-varying conduction currents and allows us to neglecting the
displacement current in Maxwell’s equations (Simpson and Bahr, 2005). Having estab-
lished the material relationships and quasi-static approximation, Maxwell’s equations
can be rewritten in terms of E and B as follows:

VeE = ﬂ, (2.8)

€o
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VeB =0, (2.9)
0B
E=— 2.1
V x TR (2.10)
V x B = ugj = pocE. (2.11)

Furthermore, the quasi-static approximation allows us to show that the current density
will satisfy V e j = 0. The divergence of Eq. 2.11, noting the vector calculus identities
which state Ve (V x A) =0 and Ve (zA) =2V e A+ Vx e A where x is a scalar
field, produces the following (Simpson and Bahr, 2005):

Ve(VxB)=Vej=(cVeE+VoeE)=0. (2.12)

This states that the current density j is solenoidal and all conduction current flows
in closed circuits (Weaver, 1994). When combined with Eq. 2.8, the volume charge
density in a conductive medium is given by the following expression:

VoeE

o

n=— €0, (2.13)

which states that electric charges can only accumulate in regions where the conduc-
tivity has a non-vanishing gradient (Vo # 0). A similar method applied to Ampere’s
Law (Eq. 2.11) shows that V e B is a constant (%V e B = 0) and therefore Eq. 2.9 is
true at all times. These results show that Eq. 2.10 and Eq. 2.11 are the only equations
required to fully describe the behaviour of quasi-static fields.

Having rewritten Maxwell’s equations in terms of only E and B, the diffusion of
EM fields through an electrically conductive medium can be defined. Beginning with
Faraday’s law and remembering the vector calculus identity for the Laplacian (VZA)
V x (VxA)=V(Ve+A)— V2A where A is a vector field, the following equations
are defined (Simpson and Bahr, 2005):

0
prL
Substituting Eq. 2.8 and Eq. 2.9 into the above equation produces:

Vx (VxE)=V(VeE)— VE =——(V x B). (2.14)

VoeE oE
V2E + V ( 7° ) = oo —. (2.15)
ot
Applying the same method to Ampere’s Law results in (Simpson and Bahr, 2005):
0B
VQB + Vo x (V X B) = /L[)O'E. (216)

Together these equations define the diffusive nature of EM fields.
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2.2 EM Fields In The Earth’s Atmosphere

Of particular interest to the MT method is EM induction within the Earth’s atmo-
sphere. Source fields travelling through the Earth’s atmosphere are assumed to be far
enough away from their ionospheric source that they can be approximated as a uni-
form, plane-wave (0/0x = 0/0y = 0) travelling in the Z direction with a harmonic time
dependence of e! where w = 27 f is the angular frequency defined by the frequency
f (both in Hz) of the source field. Furthermore, this region is assumed to be a perfect
insulator (o = Vo = 0) and therefore the equations governing EM induction (Eq. 2.15
and Eq. 2.16) simplify to (Simpson and Bahr, 2005):

O*E
0’°B

From these assumptions it becomes clear by expanding the curl for both the £ and B
fields as per Eq. 2.10 and Eq. 2.11 that the vertical components of these EM fields are
unable to reach the Earth’s surface (E, = B, = 0). However, considering an electric
field polarised in the x-direction E, and a magnetic field polarised in the y-direction
B, both of which propagate in the Z direction, Eq. 2.17 becomes:

0?E,
022
From this, it follows that the first spatial derivative of E, in the Z must be a constant.

In conjunction with Faraday’s Law, this shows the solution for B, in air is a constant
(Cagniard, 1953):

=0. (2.19)

1 OE,
= B, (2.20)

y =

iw Oz
and, through integration, the solution for E, will be a linear function of z (Cagniard,
1953):

Ex = / —iCUBy 0z = —iOJBDZ + EQ. (221)

[e.e]

2.3 EM Induction In A Homogeneous Earth

To describe EM induction within the Earth, it is convenient to first describe the geo-
electrical model of a homogeneous half-space. This scenario is defined by a constant
non-zero o (Vo = 0) causing the PDEs Eq. 2.15 and Eq. 2.16 to reduce to (Simpson

and Bahr, 2005):
OE
V2E = pyo—, 2.22
Moo ot ( )
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V’B = jyo—. 2.23

HoO ot ( )
As both these equations have the same form, the diffusion of EM fields within a homo-
geneous Earth can be described using a general field F € {E, B}. To satisfy Maxwell’s
equations within a half-space, this general field is as follows (Simpson and Bahr, 2005):

F = Fie "™  Foek2e™! (2.24)

where F} and F; are the fields at the surface and £ is the propagation constant.
However, the field F' must diminish as z — oo which implies that F, = 0 must be
true. As a consequence, the Earth cannot generate EM energy and instead it must
be dissipated or absorbed. Differentiating Eq. 2.24 with respect to time allows the
definition of a Laplacian for the general field similar to Eq. 2.22 and Eq. 2.23 as the
following;:

V?F = iwpooF. (2.25)

Having assumed a homogeneous Earth, F cannot vary in the x and y directions
(OF /0x = OF /0y = 0) causing the Laplacian to reduce to the following:

O’F
i E°F, (2.26)

from which the propagation constant of the EM fields k£ (m™!) can be defined:

k= \/iwpgo = \/MO;U + Z.\//L(J;UO" (2.27)

2.3.1 Skin Depth

A useful parameter when studying EM fields is the EM skin depth §. This parameter
describes the depth at which EM fields attenuate to 1/e of their initial value. From
Eq. 2.27, the skin-depth can be defined by the following:

1 2
) = G2 = ,/Mow. (2.28)

This skin depth is inversely proportional to the square root of frequency and conductiv-
ity. As such, high frequency signals or signals which propagate through regions of high
conductivity result in low penetration depths. Naturally, higher penetration depths
are caused by low frequency signals or regions of low conductivity.
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2.4 EM Induction In A Layered Earth

To characterise EM induction within a 1-Dimensional Earth, the Earth is defined
in terms of N layers extending infinitely in the x- and y-directions at depths z =

{21, 29,...,2n}. These layers are characterised by electrical conductivities o = {07, 09, . ..

which varies in the vertical direction (do/0x = 0o /0y = 0). As a result, a homoge-
neous solution for the diffusion equation in the form of Eq. 2.24 can be found within
each layer (Simpson and Bahr, 2005):

B (kp,w), = Ep,e e + By, oM et (2.29)

which can be combined with Faraday’s Law to give the following relationship be-
tween orthogonal EM fields:

By, (kp,w) = — (Elne_’kzem - EQnekze“”t) ) (2.30)
iw
This allows for the creation a transfer function for each layer from the ratio of Eq. 2.29
and Eq. 2.34 as follows:

E; w w - wp . Jwp
Zip=—"=—= |—Vi=, |—" — 2.31
7By k ,UOO'\/; V 2/LO—H\/ 210 (2:81)

where (7,7) € (z,y) and i # j. While MT instruments measure magnetic induction
B, MT studies typically define the impedance in terms of H. Therefore, the above
equations are redefined as:

E;  iwpg Who /- whop . [whop
Zii= — = = = , 2.32
H -k s Vi \/ 2 T3 (2:32)

J

from which the Schmucker-Weidelt transfer function Schmucker (1973); Weidelt
(1973) can be defined:
Epn(kn,w)

iwpioByn (kn,w)

Cr(kn,w) = (2.33)

This transfer function varies as a function of z as the propagation constant changes
with layer conductivity k& = /iwpgo,. In addition, the field components which con-
stitute the transfer function must be continuous across the interfaces which comprise
our 1-Dimensional Earth model. Combining the transfer functions from the top and
bottom of the n-th layer generates Wait’s recursion formula (Wait, 1954):

1 k,Chii(zn) + tanh(kyly)

L 2.34
Calen) = T T G (oY tanh (k) .

where [,, = z, — z,—1. This formula enables the calculation of transfer function at
the top of the n-th layer assuming the transfer function from the top of the n + 1th
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layer is known. The final layer N is defined as a homogeneous half-space and as such
the transfer function may be calculated using Eq. 2.33.

As the penetration depth of the EM fields, and subsequently the number of layers
they are sensitive to, is a function of angular frequency, the apparent resistivity p, can
be defined. The apparent resistivity represents the average resistivity ascertained from
Wait’s recursion formula as if it were an equivalent uniform half-space. For each layer,
the apparent resistivity is as follows:

1 2

Pa,, (W) o | Zn(w)". (2.35)
A consequence of this is that for penetration depths shallower than z;, the apparent
resistivity represents the conductivity of this first layer 1/0;. However for penetration
depths beyond the first layer, the apparent resistivity will asymptote to the apparent
resistivity of the N-th layer penetrated, that is to say p, tends to 1/0,. As a result,
sufficiently thin layers may be unable to be resolved. Similar to the apparent resistivity,
the impedance phase is now also a depth-weighted value. The impedance phase for
each layer is determined via the following equation:

Within a homogeneous layer, the impedance phase is fixed to 45°. However, by compar-
ing two models it is possible to show that ¢ will be greater than 45° when transitioning
to a more conductive layer and ¢ will be less than 45° when transitioning to a more
resistive layer. The first model consists of an infinitely resistive layer of thickness
h = [y overlying a more conductive half-space. These conditions result in oy /0y < 1
which subsequently means |¢;Cy| < 1. The second model consists of an infinitely thin
conductive layer with a conductance of 7 = ol; overlying a comparatively resistive
half-space. As such, l; < |C3|. In addition, the property |¢i|l; < 1 is true for both
models and results in tanh(q;l;) = ¢1l;. These conditions cause the transfer functions
to behave as follows for the first model:

¢n(w) = arctan < (2.36)

C,=Cy+ 1 =Cy+h, (2.37)
and the second model respectively:
Co
Cy= ————. 2.38
T 1+ 1weTCo (2:38)

As a result, the first model results in an increase to ®(C}) causing the impedance phase
to deflect to angles greater than 45° while the second model results in an increase to
I(C) causing the impedance phase to be deflected to angles smaller than 45° (Simpson
and Bahr, 2005).
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2.4.1 EM Induction in a 2D Earth

The introduction of additional complexity to our model of the Earth in the form of a
lateral heterogeneity in the yz plane allows for the description of EM induction within
a 2-Dimensional Earth. Introducing this lateral heterogeneity causes both electrical
conductivity and EM fields to vary in both the horizontal ¥ and vertical z direc-
tions. As such, 0F/0x = 0 is true for the purposes solving the Laplacian within a
2-Dimensional Earth. Furthermore, the electric and magnetic fields are no longer nec-
essarily orthogonal to each other (Vozoff, 1991). As a result, a 2 x 2 tensor, called the
general impedance tensor, is now required to describe the relationship between E and
B components. This tensor reduces to the 1D case when the condition Z,, = —Z,, is
true and is given by (Simpson and Bahr, 2005):

(E)- 7)) 2

An additional outcome of introducing a lateral heterogeneity is that o, and E, must
be discontinuous to ensure the conservation of current as per Ohm’s Law (Eq. 2.5).
It is therefore convenient to represent the field components in terms of a transverse
electric (TE) polarisation:

86% - 881? — iwB,, (2.40)
881? - % — —iwB,, (2.41)
a@iz - 8£y = 8;% = 1oo By, (2.42)
and a transverse magnetic (TM) polarisation:
a{fy = = a;; = = o E,, (2.43)
a;;ﬂ” = % = —poo B, (2.44)

OE, O0E, 0B, .
— — = iwB,, 2.45
ay 9 ot "~ (245)
which combine fields orientated parallel to the lateral heterogeneity (E, & B,) with

their constituents (E,, E,, B,, & B,). Following Eq. 2.41 and Eq. 2.44, it becomes
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apparent that the impedances for orthogonal fields are described by these polarisations.
As such, the impedance tensor reduces to an anti-diagonal form comprised of TE- and
TM-polarisation impedance:

0 Zw\ (0 Zrg
(%) )
For the 2-Dimensional scenario described earlier, it is possible for the general impedance
tensor (Eq. 2.39) to reduce to the polarised tensor through the utilisation of a rotation

matrix R: . -
cos sin
R = <— sinf cos 9)’ (2.47)
and its transpose R via:
7' = RZR", (2.48)

where 6 represents the angle between the measurement axis (z,y, z) and the axis
of the lateral heterogeneity (:L‘l, v, z/), 7 is the general impedance tensor, and Z' is its
anti-diagonal form.

2.5 EM Induction In A 3-Dimensional Earth

Representation of a 3-Dimensional Earth through the introduction of an additional
lateral heterogeneity within the XZ plane causes electrical conductivity to vary in all
directions. As such, the EM field components are interconnected and require that
all field components be solved to describe the diffusion of EM fields through a 3-
Dimensional Earth. This interconnectivity causes the general impedance tensor (Eq.
2.39) to become asymmetrical with non-zero components in all locations (Simpson and

Bahr, 2005).
0 2.49
(Zym Zyy 7& ( )

2.6 Source Fields

Interactions between the Earth and a variety of EM phenomena result in induced EM
fields which are utilised by the MT method. These induced fields have periods ranging
from 1073 s to 100,000 s (10~° Hz to 1,000 Hz frequency). However, a reduction in the
power spectrum occurs for periods between 0.2 s and 2 s. This reduction, referred to
as the MT dead-band, reaches a maximum at a period of 1 s (Geiermann and Schill,
2010). The MT dead-band represents the change between the two primary inductive
mechanisms within the Earth and results in a reduction in MT data quality (Simpson
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and Bahr, 2005). There are additional dead-bands in MT data at periods between 1 s
and 10 s, and periods greater than 1,000 s associated with the noise characteristics of
MT receivers (Chave et al., 2012).

Induced fields with periods greater than 1 s are a consequence of interactions between
solar wind and the Earth’s magnetosphere. As the solar wind reaches the Earth’s mag-
netic field, a secondary electric field is generated within the ionosphere which, in turn,
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