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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
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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 MT 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 20th 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 σ (also presented
as resistivity ρ = 1/σ) 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 (∼ 10−5 Hz to ∼ 104 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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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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δ(ω) =

√
2

µ0ωσ
. (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.
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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):

∇ •D = η, (2.1)

∇ •B = 0, (2.2)

∇× E = −∂B

∂t
, (2.3)

∇×H = j+
∂D

∂t
. (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/m2) on a closed surface is
equal to the charge enclosed by that surface and will later be used to define the volume
charge density η 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/m2)
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 MT 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
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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 = σE, (2.5)

B = µH, (2.6)

D = εE. (2.7)

Electrical conductivity σ (S/m) is the measure of a medium’s ability to transport elec-
trical charge. This is the parameter which the MT 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 × 3 symmetric tensor (σ) in Cartesian coordinates. Magnetic permeability µ (H/m),
represented by µ = µ0µr, 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, µ0 is the magnetic permeability of free space, and µr is the relative value for a
specific material. Finally, electrical permittivity ε (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 ε0 and the relative value for a specific material εr
through a similar relationship ε = ε0εr and relates the electric displacement D to the
electric field E. For the MT method, variations in electrical permittivity ε and mag-
netic permeability µ are considered negligible when compared to the variations in bulk
rock conductivity, that is ∂σ ≫ ∂εr and ∂σ ≫ ∂µr. Therefore, I assume the free-space
values for these variables (µ ≈ µ0 = 4π × 10−7 H/m and ε ≈ ε0 = 8.85× 10−12 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:

∇ • E =
η

ε0
, (2.8)
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∇ •B = 0, (2.9)

∇× E = −∂B

∂t
, (2.10)

∇×B = µ0j = µ0σE. (2.11)

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

∇ • (∇×B) = ∇ • j = (σ∇ • E+∇σ • E) = 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:

η = −∇σ • E
σ

ε0, (2.13)

which states that electric charges can only accumulate in regions where the conduc-
tivity has a non-vanishing gradient (∇σ ̸= 0). A similar method applied to Ampere’s
Law (Eq. 2.11) shows that ∇ •B is a constant ( ∂

∂t
∇ •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 (∇2A)
∇× (∇×A) = ∇(∇ • +A)−∇2A where A is a vector field, the following equations
are defined (Simpson and Bahr, 2005):

∇× (∇× E) = ∇(∇ • E)−∇2E = − ∂

∂t
(∇×B). (2.14)

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

∇2E+∇
(
∇σ • E

σ

)
= µ0σ

∂E

∂t
. (2.15)

Applying the same method to Ampere’s Law results in (Simpson and Bahr, 2005):

∇2B+∇σ × (∇×B) = µ0σ
∂B

∂t
. (2.16)

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 (∂/∂x = ∂/∂y = 0) travelling in the ẑ direction with a harmonic time
dependence of eiωt where ω = 2πf 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 (σ = ∇σ = 0) and therefore the equations governing EM induction (Eq. 2.15
and Eq. 2.16) simplify to (Simpson and Bahr, 2005):

∂2E

∂z2
= 0, (2.17)

∂2B

∂z2
= 0. (2.18)

From these assumptions it becomes clear by expanding the curl for both the E 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 (Ez = Bz = 0). However, considering an electric
field polarised in the x-direction Ex and a magnetic field polarised in the y-direction
By both of which propagate in the ẑ direction, Eq. 2.17 becomes:

∂2Ex

∂z2
= 0. (2.19)

From this, it follows that the first spatial derivative of Ex in the ẑ must be a constant.
In conjunction with Faraday’s Law, this shows the solution for By in air is a constant
(Cagniard, 1953):

By = − 1

iω

∂Ex

∂z
= B0, (2.20)

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

Ex =

∫ ∞

−∞
−iωBy ∂z = −iωB0z + E0. (2.21)

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 σ (∇σ = 0) causing the PDEs Eq. 2.15 and Eq. 2.16 to reduce to (Simpson
and Bahr, 2005):

∇2E = µ0σ
∂E

∂t
, (2.22)
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∇2B = µ0σ
∂B

∂t
. (2.23)

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 = F1e
−kzeiωt + F2e

kzeiωt, (2.24)

where F1 and F2 are the fields at the surface and k is the propagation constant.
However, the field F must diminish as z → ∞ which implies that F2 = 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:

∇2F = iωµ0σF. (2.25)

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

∂2F

∂z2
= k2F, (2.26)

from which the propagation constant of the EM fields k (m−1) can be defined:

k =
√

iωµ0σ =

√
µ0ωσ

2
+ i

√
µ0ωσ

2
. (2.27)

2.3.1 Skin Depth

A useful parameter when studying EM fields is the EM skin depth δ. 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:

δ(ω) =
1

ℜ(k)
=

√
2

µ0ωσ
. (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 =
{z1, z2, . . . , zN}. These layers are characterised by electrical conductivities σ = {σ1, σ2, . . . , σN}
which varies in the vertical direction (∂σ/∂x = ∂σ/∂y = 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):

Exn(kn, ω),= E1ne
−ikzeiωt + E2ne

kzeiωt, (2.29)

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

Byn(kn, ω) =
k

iω

(
E1ne

−ikzeiωt − E2ne
kzeiωt

)
. (2.30)

This allows for the creation a transfer function for each layer from the ratio of Eq. 2.29
and Eq. 2.34 as follows:

Zij =
Ei

Bj

=
iω

k
=

√
ω

µ0σ

√
i =

√
ωρ

2µ0

+ i

√
ωρ

2µ0

, (2.31)

where (i, j) ∈ (x, 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:

Zij =
Ei

Hj

=
iωµ0

k
=

√
ωµ0

σ

√
i =

√
ωµ0ρ

2
+ i

√
ωµ0ρ

2
, (2.32)

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

Cn(kn, ω) =
Exn(kn, ω)

iωµ0Byn(kn, ω)
. (2.33)

This transfer function varies as a function of z as the propagation constant changes
with layer conductivity k =

√
iωµ0σn. 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):

Cn(zn−1) =
1

kn

knCn+1(zn) + tanh(knln)

1 + knCn+1(zn)tanh(knln)
, (2.34)

where ln = zn − zn−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 ρa 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:

ρan(ω) =
1

µ0ω
|Zn(ω)|2. (2.35)

A consequence of this is that for penetration depths shallower than z1, the apparent
resistivity represents the conductivity of this first layer 1/σ1. 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 ρa tends to 1/σn. 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:

ϕn(ω) = arctan

(
ℑZn(ω)

ℜZn(ω)

)
. (2.36)

Within a homogeneous layer, the impedance phase is fixed to 45◦. However, by compar-
ing two models it is possible to show that ϕ will be greater than 45◦ when transitioning
to a more conductive layer and ϕ will be less than 45◦ when transitioning to a more
resistive layer. The first model consists of an infinitely resistive layer of thickness
h = l1 overlying a more conductive half-space. These conditions result in σ1/σ2 ≪ 1
which subsequently means |q1C2| ≪ 1. The second model consists of an infinitely thin
conductive layer with a conductance of τ = σ1l1 overlying a comparatively resistive
half-space. As such, l1 ≪ |C2|. In addition, the property |q1|l1 ≪ 1 is true for both
models and results in tanh(q1l1) ≡ q1l1. These conditions cause the transfer functions
to behave as follows for the first model:

C1 = C2 + l1 = C2 + h, (2.37)

and the second model respectively:

C2 =
C2

1 + iωµ0τC2

. (2.38)

As a result, the first model results in an increase to ℜ(C1) causing the impedance phase
to deflect to angles greater than 45◦ while the second model results in an increase to
ℑ(C1) 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 ŷẑ 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 ŷ and vertical ẑ direc-
tions. As such, ∂F/∂x = 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× 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 Zxy = −Zyx is
true and is given by (Simpson and Bahr, 2005):(

Ex

Ey

)
=

(
Zxx Zxy

Zyx Zyy

)(
Bx

By

)
. (2.39)

An additional outcome of introducing a lateral heterogeneity is that σy and Ey 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:

∂Ex

∂y
=

∂Bz

∂t
= iωBz, (2.40)

∂Ex

∂z
=

∂By

∂t
= −iωBy, (2.41)

∂Bz

∂y
− ∂By

∂z
=

∂Ex

∂t
= µ0σEx, (2.42)

and a transverse magnetic (TM) polarisation:

∂Bx

∂y
=

∂Ez

∂t
= µ0σEz, (2.43)

∂Bx

∂z
=

∂Ey

∂t
= −µ0σEy, (2.44)

∂Ez

∂y
− ∂Ey

∂z
=

∂Bx

∂t
= iωBx, (2.45)

which combine fields orientated parallel to the lateral heterogeneity (Ex & Bx) with
their constituents (Ey, Ez, By, & Bz). 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 Zxy

Zyx 0

)
=

(
0 ZTE

ZTM 0

)
. (2.46)

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:

R =

(
cos θ sin θ
− sin θ cos θ

)
, (2.47)

and its transpose RT via:
Z

′
= RZRT , (2.48)

where θ represents the angle between the measurement axis (x, y, z) and the axis
of the lateral heterogeneity (x

′
, y

′
, z

′
), Z 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 x̂ẑ 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). (

Zxx Zxy

Zyx Zyy

)
̸= 0 (2.49)

.

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 10−3 s to 100,000 s (10−5 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,
generates an electric current. This electric current subsequently induces a magnetic
field which propagates to the Earth’s surface as a plane wave for periods less than
100,000 s at mid-latitudes (Srivastava, 1965; Chave et al., 2012)

Saline water with an average conductivity of 3.3 S/m comprises the Earth’s oceans
(Tyler et al., 2017). This further limits the bandwidth available to ocean-bottom MT
studies by requiring a minimum source field period. For instance, to penetrate an av-
erage ocean depth of 3,700 m (Amante and Eakins, 2009) a period of 178 s is required
(Fig. 2.1) as per the skin depth equation (Simpson and Bahr, 2005).

2.7 EM Induction In The Earth’s Oceans

In the early 1900s Chapman (1923) discovered that induced EM fields are distorted by
conductive water associated with the Earth’s oceans. Further developed by numerous
authors (De Wet, 1949; Price, 1949; Ashour, 1950) and recognised as a global phe-
nomenon by Bullard and Parker (1970), this distortion has been described by Fainberg
(1980) as one of the principal problems of modern geomagnetism.

Due to the 24, 12, 8, and 6 hour periodicity of the Earth’s magnetic field and the
12.45 hour periodicity of tidal activity, an electrical current is established within the
oceans as per Maxwell equations. Spatial variations associated with coastline geometry
and bathymetry further complicates the induced current (Schnepf et al., 2014, 2015;
Tyler et al., 2017).

While this electrical current is small, it is able to move freely within Earth’s oceans
and subsequently induces significant EM fields. Furthermore, magnetic fields undergo
further attenuation as the resistivity of the ocean floor increases (Key, 2003).

For ocean-bottom MT surveys, the Transerve Magnetic (TM) mode exhibits damp-
ened apparent resistivity curves whereas the Transverse Electric (TE) mode exhibits a
singularity peak in the apparent resistivity (Fig. 2.2). For the TM mode, electrical cur-
rent flowing towards the coast results in a discrepancy in the current density between
the ocean and the continent. As a consequence, the electric field perpendicular
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Figure 2.1: Global skin-depth period map calculated from ocean depths as presented by Amante and Eakins (2009)
in the ETOPO1 dataset. This image represents the signal period required to calculate the Earth’s oceans assuming
an average ocean-water conductivity of 3.3 S/m (Tyler et al., 2017).



18 Chapter 2. The Oceanic Magnetotelluric Method

Figure 2.2: Response functions of marine MT stations deployed offshore Costa Rica by
Worzewski et al. (2012). The uppermost panels display apparent resistivity calculated
from measured responses and display the singularity peak within the TE-mode which
is associated with the coast effect. The remaining panels display phase and tipper
components.

to the coastline is reduced which dampens apparent resistivities. For the TE mode,
electrical current flowing parallel to the coastline results in a similar current density
discrepancy as the TM mode. However, the reduction of the electric field parallel to
the coastline causes the magnetic field perpendicular to the coastline to approach 0 as
δEx/δy ≫ δEx/δz (Eqs 2.40 and 2.41). This results in discontinuous magnetic fields at
the conductivity contrast (Dawson, 1983). However, the EM response to the coastline
dissipates much more rapidly in the TE mode than the TM mode as distance increases
away from the conductivity contrast. To understand this distortion, Price (1949)
developed the theory of EM induction in thin sheets. The thin sheet approximation
represents the Earth’s surface using an infinitesimally thin layer. The conductance of
this layer is defined by the depth integral of conductivity for the portion of Earth it
represents. Price (1949) showed that the effect of this layer can be reduced in such
a way that they can be considered a modification of the boundary conditions at the
Earth’s surface. This approximation requires the skin depth and horizontal wavelength
of the source field to be larger than the thickness of the surface layer. As a result, the
thin sheet approximation is only valid for long period source fields.

However, the model of Price (1949) requires the thin sheet be embedded within a
non-conducting medium. To address this, Ranganayaki (1978) developed a generalised
thin sheet approximation which allows for a layered conductivity structure beneath the
thin sheet. This addition allows the thin sheet approximation to represent the oceanic
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τ τ

Figure 2.3: Schematic diagram of the thin-sheet approximation of Dawson et al. (1982).
τ1 represents the resistance of the continent, τ2 represents the resistance of the ocean, λ
represents the oceanic lithosphere, and σHS represents an underlying conductive half-
space. Finally, -0 and +0 represent the top and bottom of the thin-sheet.

lithosphere beneath the model of Price (1949). Furthermore, the approximation of
Ranganayaki (1978) is capable of predicting EM induction due to a 2-Dimensional
surface thin sheet. Dawson (1979) further extended this approximation to predict in-
duction due to a 3-Dimensional surface thin sheet. As a consequence, the thin sheet
approximation is capable of modelling the change in conductivity associated with the
ocean-continent boundary.

According to controlled source (EM) soundings, the resistivity of oceanic lithosphere
is between 10,000 Ωm and 20,000 Ωm resulting in a resistance of 109 Ωm2 (Cox et al.,
1986; Chesley et al., 2019). Chesley et al. (2019) found the resistivity structure of
oceanic lithosphere to be anisotropic between the depths of 11 km to 20 km. They
found the electrical resistivity to be ∼29 times larger in the vertical plane parallel to
the paleo-ridge. However, MT data lacks resolution and is insensitive to anisotropy
within the uppermost oceanic lithosphere (Cox, 1981; Chesley et al., 2019). As a con-
sequence, I utilise a resistance of 109 Ωm2 for the oceanic lithosphere thin sheet.
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Figure 2.4: Adjustment distance calculated for τ1 = 400 S, τ2 = 1.6 × 104 S, λ =
109 Ωm2 (Cox et al., 1986; Chesley et al., 2019), σHS = 100 S/m. The solid lines
correspond to the frequency dependent adjustment distance calculated from Eq. 2.51.
The frequency independent adjustment distance (dashed line) calculated from Eq. 2.50
represents the maximum bound of the frequency dependent adjustment distance.

Ranganayaki and Madden (1980) recognised that the vertical flow of current through
the conductive thin-sheet is inhibited if an underlying resistive thin-sheet (Fig. 2.3).
As a result, charges accumulate across the boundary between the two thin sheets which
causes a discontinuity in the horizontal electric fields while the magnetic fields remain
unaffected. From this analysis Ranganayaki and Madden (1980) proposed the concept
of an adjustment distance. This horizontal adjustment distance is analogous to the
EM skin depth (Eq. 2.28) and represents the distance at which EM fields induced
at the 2-Dimensional boundary within a thin sheet attenuate to 1/e of their initial
value (Ranganayaki and Madden, 1980; Weaver and Dawson, 1992). Ranganayaki and
Madden (1980) defined the horizontal adjustment distance d as:

d(j) =
√

τjλ, (2.50)

where τ is the conductance of the thin sheet, λ is the depth integral of resistivity



2.8. Conclusions 21

for the thin sheet, and the index j refers to the oceanic or continental thin sheet. The
horizontal adjustment distance was then further refined by Weaver and Dawson (1992)
to include a frequency component f :

dj =

√
τjλ

ℜ
√

1− τjχj

σ

, (2.51)

χj =
1

λα
−

√
1

(2λα)2
− 1

τjλ
+ iα2, (2.52)

α =
√
ωµ0σ. (2.53)

Here, τ is the conductance of the thin sheet, λ is the depth integral of resistivity for
the thin sheet, σ is the conductivity of the half-space beneath the thin sheets, ω is the
angular frequency.

2.8 Conclusions

Interactions between EM fields induced within the Earth and conductive ocean water
complicates the interpretation of MT data. From the horizontal adjustment distance,
it becomes clear that these issues are exacerbated for ocean-bottom MT studies. This
is due to the 3-Dimensional nature of coastline boundaries and the resistivity of oceanic
lithosphere. This phenomenon manifests itself as dampened apparent resistivities for
the TM mode and a singularity peak in the apparent resistivity of the TE mode. As
a consequence, care must be taken when utilising MT data from the Earth’s ocean to
ascertain information regarding subsurface conductivity structures.
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Figure 2.5: Global adjustment distance map with adjustment distance calculated for τ1 = 400 S, τ2 = 1.6× 104 S, λ
= 109 Ωm2 (Cox et al., 1986), σ = 100 S/m. Distances are calculated from the Global Self-consistent, Hierarchical,
High-resolution Geography Database of Wessel and Smith (1996). For this calculation I ignore islands with an area
of less than 10,000 km2. The black line represents the oceanic adjustment distance bound calculated from Eq. 2.50.



Chapter 3

An Oceanic Mantle Electrical
Conductivity Reference Model

Studies attempting to constrain the LARC have attributed this phenomenon to the
presence of hydration, partial melt, or both. In addition to this disagreement, these
studies fail to consider how the geodynamic processes which result in the LARC evolve
with the age of the overlying lithosphere. As a consequence, the LARC remains a
point of contention which limits our understanding of plate tectonic theory. The aim
of this chapter is to construct a representative model of the Earth’s oceanic lithosphere
and asthenosphere incorporating the age of the oceanic lithosphere from laboratory
conductivity measurements and four decades of MT studies from the Pacific Ocean.
By comparing my reference model to conductivity structures interpreted from Pacific
Ocean MT surveys and global conductivity models derived from satellite magnetic
field data, I conclude that this conductivity model serves as a representative model
of the Earth’s oceanic lithosphere and asthenosphere. Furthermore, I conclude that
this reference model can reconcile hydration and partial melt within the asthenosphere
and constrain the aforementioned rheological contrast for a range of lithospheric ages.
As depth increases beyond the rheological contrast, I conclude that the conductivity
structure of the upper mantle becomes homogeneous and hydrated.

3.1 Introduction

The electrical conductivity of the Earth is an important parameter in studies of the
crust and mantle. Understanding the electrical structure of the Earth allows us to make
statements regarding the temperature, pressure, physical and chemical state, porosity,
and permeability of rocks at depths ranging from the near surface into the deep man-
tle. Furthermore, electrical conductivity can be used to constrain geophysical models
which aren’t directly sensitive to the physical processes which generate high conduc-

23
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tivities. As such, EM methods, which are primarily sensitive to electrical conductivity,
are striving to produce accurate representations of the Earth’s conductivity structure.
Of particular interest is the electrical structure associated with the rheological contrast
between the lithosphere and asthenosphere. Constraining the conditions which give rise
to this contrast in rheology will subsequently constrain a large portion of the Earth
and has implications regarding our understanding of the mechanisms of plate motion.
However, MT surveys are yet to come to a consensus regarding conductivity structure
of the oceanic lithosphere and asthenosphere (Naif et al., 2013; Sarafian et al., 2015;
Baba et al., 2017b; Selway and O'Donnell, 2019). Furthermore, questions regarding
the robustness of these studies remain due to their limited consideration for how these
conductivity structures evolve with respect to lithospheric age (Fig. 3.1).

In this chapter I propose a solution for these issues. The chapter begins with the
definition of my conductivity model from which I aim to constrain the Earth’s upper
mantle. This model utilises Hashin-Shtrikman (HS) bounds to characterise the bulk
conductivity of the mantle in terms of a resistive matrix, comprised of either dry or
hydrated mantle minerals, and partial melt, comprised of silicate and carbonatite melt.
To ensure this model incorporates temporal variations in conductivity structure, the
temperature component of my reference model is calculated as a function of lithospheric
age. I then assess the validity of this model by comparing the resulting conductivity
structures to conductivity structures collated from the past four decades of MT studies
from the Pacific Ocean (Fig. 3.2 and Tab. 3.1). From my analysis, I find my proposed
conductivity model is capable of unifying the varied upper mantle conductivity struc-
tures from Pacific Ocean MT studies into a single model. This model also corroborates
the hypothesis of hydration within the upper mantle while restricting partial melt to
regions underlying young oceanic lithosphere.

It is worth noting that the data central to this analysis is likely to differ in quality
due to a number of factors. Furthermore, most of these MT studies are situated off-
shore California and Hawaii. However my aim is to identify a standard conductivity
model for the upper mantle from which conductivity anomalies may be identified, com-
parable to standard seismic velocity models. As such, I believe subtle variations due to
innovations over the past 50 years and the uneven distribution of MT studies from the
Pacific Ocean will be of negligible importance. Furthermore, inconsistencies in conduc-
tivity structures interpreted from data collected from nearby regions were identified in
the study of Baba et al. (2017b) complicates the issue of data quality even today.
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Figure 3.1: Azimuthal equidistant projection of the Pacific Ocean centred on Hawaii,
United States of America. Map coloured with respect to oceanic lithosphere age (Ma)
data from Müller et al. (2016).



26
C
hapter

3.
A
n
O
ceanic

M
antle

E
lectrical

C
onductivity

R
eference

M
o
del

0˚ 15˚
30˚

45˚

60˚
7
5
˚

9
0
˚

1
0
5
˚

12
0˚

13
5˚

150˚

165˚
180˚

−165˚

−150˚

−135˚

−
120˚

−
1
0
5
˚

−
9
0
˚

−
7
5
˚

−
60

˚

−4
5˚

−30˚
−15˚

A
B

CD

E

F

G

H

I

J

K

L

M

N

O

Legend
A    − Filloux 1977
    − Oldenburg et al. (NCP)
B    − Filloux 1981
    − Key et al. 2013
C    − Filloux 1982
D    − Filloux 1983
E    − Yukutake et al. 1983
F    − Oldenburg et al. (CAL)
    − Lizzeralde et al. 1995
G    − Oldenburg et al. (JDF)
    − Heinson et al. 1993
H    − Ferguson et al. 1985
    − Heinson & Lilley 1993
I    − Nolasco et al. 1998
J    − Constable & Heinson 2004
K    − Baba et al. 2006
L    − Baba et al. 2010
M    − Naif et al. 2013
N    − Sarafian et al. 2015
    − Selway 2019
O    − Baba et al. 2017
    − Matsuno et al. 2020

Figure 3.2: Azimuthal equidistant projection of the Pacific centred on Hawaii. 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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Table 3.1: Averaged MT survey locations from the Pacific Ocean. Oceanic lithosphere age data from Müller et al.
(2016). ! denotes studies which had their resistivity profile estimated from published Figs. * denotes studies which
had their longitude and latitude estimated.

Author Latitude ◦ Longitude ◦ Oceanic Lithosphere Age (Ma)
Filloux (1977) Fig. 5 26.6 -151.2 66.8
Filloux (1981) Fig. 6 - Station 1 ! 12.1 -103.5 0.6
Filloux (1981) Fig. 6 - Station 2 ! 12.3 -102.8 2.1
Filloux (1982) Fig. 7 - Model A ! 21.2 -108.9 5.2
Filloux (1983) Fig. 7 - Station 1 ! 18.0 144.5 3.2
Filloux (1983) Fig. 7 - Station 2 ! 18.1 146.8 146.9
Yukutake et al. (1983) Fig. 6 - 10 Layer ! 39.5 145.3 131.5
Oldenburg et al. (1984) Fig. 2 - CAL ! 29.4 -140.1 67.2
Oldenburg et al. (1984) Fig. 2 - JDF !* 47.0 -129.0 0.3
Oldenburg et al. (1984) Fig. 2 - NCP ! 26.6 -151.2 66.8
Ferguson et al. (1985) Fig. 4 - Solid Line ! -37.6 156.0 55.4
Heinson and Lilley (1993) Fig. 8 Model Y !* -39.0 155.0 58.2
Heinson et al. (1993) Fig. 10 ! 44.5 -130.4 0.1
Lizarralde et al. (1995) Fig. 7a - Horizontal Average 31.2 -142.3 47.5
Nolasco et al. (1998) Fig. 6a -17.8 -148.7 68.7
Constable and Heinson (2004) Fig. 7 - Western Edge ! 17.9 -159.0 98.1
Baba et al. (2006) Fig. 3a - Above Ridge Axis !* -16.0 -113.0 0.0
Baba et al. (2010) Fig. 7 24.8 137.1 25.6
Naif et al. (2013) * 10.0 -87.5 23.4
Key et al. (2013) * 9.3 -104.3 0.0
Sarafian et al. (2015) Fig. 5 9.2 -145.6 70.4
Baba et al. (2017b) Fig. 11 - Area A 39.5 156.2 131.3
Baba et al. (2017b) Fig. 11 - Area B 31.5 163.6 139.9
Baba et al. (2017b) Fig. 11 - Area C 28.8 147.9 149.8
Baba et al. (2017b) Fig. 11 - Area D * 31.0 163.0 141.4
Selway and O'Donnell (2019) 9.2 -145.6 70.4
Matsuno et al. (2020) Fig. 14 - A-2 39.5 156.2 131.3
Matsuno et al. (2020) Fig. 14 - B-2 31.5 163.6 139.9
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Figure 3.3: Schematic diagram describing the work flow of our proposed reference
model.

3.2 Bulk Conductivity (σ+
HS & σ−

HS)

I calculate the bulk conductivity of the upper mantle for an unknown distribution of
conductive and resistive phases via HS bounds (Hashin and Shtrikman, 1962) (Fig.
3.4). HS bounds represent the narrowest conductivity bounds for a multiphase system
with an interconnected (σ+

HS) and disconnected (σ−
HS) conductive phase (Hashin and

Shtrikman, 1962) via the following equations:

σ+
HS = σc +

1− F
1

σm−σc
+ F

3σc

, (3.1)

σ−
HS = σm +

F
1

σc−σm
+ 1−F

3σm

. (3.2)

The resistive phase represents a matrix conductivity (σm). Typically, the upper mantle
consists of 60 - 80% olivine with the remaining 20 - 40% consisting of clinopyroxene,
orthopyroxene, garnet, and minor phases (Khan, 2016). The conductive phase σc

represents silicate and carbonatite melt conductivities (σSiO2 and σCO2 respectively).
Early work by Shankland and Waff (1977) found that a melt fraction of a few per-
cent is capable of satisfying conductivity anomalies within this region of the Earth.
Evidence supports H2O and CO2 concentrations of XH2O = 200 ± 50 ppm and XCO2

= 100 ± 20 ppm respectively (Hirschmann, 2018). However, the solubility of H2O
decreases with respect to temperature (Özaydın and Selway, 2020). As such, I utilise
H2O and CO2 concentrations of XH2O = 100 ppm and XCO2 = 60 ppm which are
determined from mid-ocean ridge basalts (Hirschmann et al., 2009; Hirschmann and
Dasgupta, 2009). These volatiles are then partitioned between the matrix and
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Figure 3.4: a), b), and c) display a pseudosection of the bulk conductivity as calculated
by my forward model as a function of depth beneath the ocean floor (km) and oceanic
lithosphere age (Ma) assuming the upper mantle is dry, hydrated, or partially melted
respectively.

conductive phases using the equations of Katz et al. (2003). The concentration of
H2O and CO2 is then further partitioned between the constituent components of the
conductive phase (Fig. 3.5). Increasing the concentrations of H2O and CO2 would fur-
ther depress the solidus and increase the melt fraction F within our reference model.
Subsequently, σ+

HS would increase and approach σc as relative proportion of the con-
ductive and resistive phases are governed by the melt fraction F . Furthermore, this
model makes no distinction between mantle minerals when partitioning water within
the solid phase. This causes the model to overestimate the matrix conductivity from
mantle minerals. However, testing found that our conclusions are unaffected by this
overestimation.
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Figure 3.5: a) and b) display the distribution of H2O and CO2 within the melt phase
function of depth (km) and oceanic lithosphere age (Ma).
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3.2.1 Temperature (T )

It is important to remember that conductivity is governed by an Arrhenius relationship
(Tyburczy and Fisler, 2013; Khan, 2016) as given by:

σ = σ0 exp

(
− H

κBT

)
(3.3)

Therefore, I calculate temperature as a function of depth beneath the ocean floor and
oceanic lithospheric age (Fig. 3.6). The following temperature calculations assume no
thermal anomalies exist within the mantle. I utilise the model of Hasterok (2013) to
define the geothermal gradient for regions of the Earth which primarily transport heat
via thermal conduction. Within this region temperatures increase rapidly with depth.
However as depth approaches the asymptotic plate thickness of 90 km, temperatures
asymptote towards the mantle temperature of 1,364 K (Hasterok, 2013). Beyond the
asymptotic plate thickness, heat is primarily transported via convection resulting in
temperatures which increase slowly via adiabatic processes. As such, an adiabatic
geothermal gradient of 0.3 ◦C is assumed for this region resulting in the temperature
relation:

T (z, t) =

Tmz
L

+ 2
π

(∑∞
n=1

sin(Cnz) exp(−C2
nκt)

n

)
if z ≤ L

Tm + δTz if z > L
, (3.4)

Cn =
nπ

L
,

κ =
k

ρmCp

,

where κ is thermal diffusivity (mm2 s−1), k = 3.5 W m−1 K−1 is thermal con-
ductivity, ρm = 3,320 kg m−3 is the mantle density, and Cp = 1,168 J kg−1 K−1 is
the specific heat capacity. A recent analysis of oceanic lithosphere thermal models by
Richards et al. (2018) has shown a temperature-dependent thermal conductivity k(t)
which decreases from 7 W m−1 K−1 to 2 W m−1 K−1 over temperatures ranging from
0 ◦C to 1,600 ◦C. While this results in more accurate temperature calculations, results
presented by McKenzie et al. (2005) suggest negligible differences when comparing the
temperature profiles calculated from k and k(t).

3.2.2 Matrix Conductivity (σm)

I utilise HS limits to calculate the matrix conductivity via the following:



32 Chapter 3. An Oceanic Mantle Electrical Conductivity Reference Model

20 40 60 80 100 120 140

Oceanic Lithosphere Age (Ma)

0

100

200

300

400

D
ep

th
 (

km
)

0

200

400

600

800

1000

1200

1400

T
em

pe
ra

tu
re

 (
° C

)

Figure 3.6: Temperature as a function of depth beneath the ocean floor (km) and
oceanic lithosphere age (Ma). The black line represents a constant temperature of
1,000◦C.

σm HS± =

(
N∑
i=1

Xi

σi + 2σ±

)
− 2σ±. (3.5)

where σi is the individual mineral conductivities (Fig. 3.7a), Xi is their respective
phase proportion (Fig. 3.7b), and σ± corresponds to the maximum or minimum of the
N mineral phases present.

As such, I first determine the proportions of olivine, orthopyroxene, clinopyroxene,
and garnet (Xol, Xopx, Xcpx, and Xgt respectively) within the upper mantle as a func-
tion of depth beneath the ocean floor (Fig. 3.7b) via a simplified version of the mantle
mineral phase proportions presented by Stixrude and Lithgow-Bertelloni (2011). For
simplicity, this model assumes the composition of the mantle is laterally homogeneous.

The conductivities of hydrous olivine are then calculated via a combination of the
SEO3 model of Constable (2006) for the Quartz-Fayalite-Magnetite buffer and the
universal hydrous olivine model of Gardés et al. (2014):

σSEO3 = Fe∗MgµMge+ 2V
′′

MgµMge, (3.6)
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σUHO = σ0H2OXH2O exp

(
−
∆HH2O − αX

1/3
H2O

κBT (z, t)

)
, (3.7)

σol = σSEO3 + σUHO, (3.8)

where σ0 is the pre-exponential conductivity (S/m), H = E + PV is activation
enthalpy (kJ mol−1), P is pressure (Pa), E is activation energy (kJ mol−1), V is
activation volume (m3), T is temperature (K), and κB is Boltzmann’s constant (eV).
It is important to note the following alteration to the SEO3 model was made to correct
for variable iron content (Hirsch et al., 1993):

XFe = (bFe + dFe)5.536C
0.727
Fe , (3.9)

µFe = 1.22× 10−5 exp

(
−2.0265− 2.14X

1/3
Fe

κBT

)
, (3.10)

where XFe is the concentration of iron, bFe is the iron defect concentration, dFe is
the oxygen fugacity component of Constable (2006), CFe is the concentration of Fe3+

polarons, and µFe is the mobility of iron. The remaining two hydrous minerals within
my model are orthopyroxene and clinopyroxene. I utilise the models of Zhang et al.
(2012) and Yang et al. (2011) to define orthopyroxene and clinopyroxene respectively:

σopx = σ0h exp

(
− Hh

κBT (z, t)

)
+ σ0pXH2O exp

(
−
Hp − αX

1/3
H2O

κBT (z, t)

)
, (3.11)

σcpx = σ0h exp

(
− Hh

κBT (z, t)

)
+ σ0pX

r
H2O

exp

(
− Hp

κBT (z, t)

)
. (3.12)

The final mineral conductivity I define is the conductivity of anhydrous garnet utilising
the model of Yoshino et al. (2008):

σgt = σ0h exp

(
− Hh

κBT (z, t)

)
. (3.13)

3.2.3 Melt Conductivity (σSiO2
, σCO2

) & Melt Fraction (F )

Zones of high conductivity within the asthenosphere have previously been attributed
to partial melt (Naif et al., 2013). Therefore, the conductive phase represents the
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Figure 3.7: a) displays the electrical conductivity as a function of depth beneath the
ocean floor (km) for orthopyroxene (Orange line), clinopyroxene (Yellow line), garnet
(Purple line), olivine (Green line), and the HS upper limit calculated for the matrix
(Black line). b) displays the phase proportion of orthopyroxene (Orange), clinopy-
roxene (Yellow), garnet (Purple), and olivine (Green) within the upper mantle as a
function of depth beneath the ocean floor (km).
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conductivity of silicate and carbonatite melt (σSiO2 and σCO2 respectively) via the
models of Pommier and Le-Trong (2011) and Gaillard et al. (2008):

σSiO2 = σSiO2
0 exp

(
−HSiO2

kT

)
, (3.14)

σCO2 = σCO2
0 exp

(
−HCO2

kT

)
, (3.15)

where σSiO2
0 , σCO2

0 , HSiO2 and HCO2 represent the pre-exponential conductivity (S/m)
and activation enthalpy (kJ mol−1) for molten silicates and carbonatites respectively.
However, evidence suggests melt fractions of up to ∼ 1% are only likely to be present
around mid-ocean ridges with significantly less melt available elsewhere (Hirschmann,
2010). Therefore to avoid overestimating available melt fraction, I combine results
of Katz et al. (2003) and Dasgupta et al. (2007) to calculate available silicate and
carbonatite melt fractions within the asthenosphere (Fig. 3.8a and b respectively).
This model calculates the melt distribution from solidus temperatures and assumes
that all melt is able to be extracted from the mantle. By comparing Fig. 3.8a) and b),
we observe that our model predicts the fractional crystallisation of carbonatite rocks
from the total melt fraction as its SiO2 content increases (Yaxley et al., 2022). It is
important to consider the significant drop in melt productivity (δF/δT ) associated with
the depletion of clinopyroxene resulting in a change from a melting reaction dominated
by CPX melting to one dominated by OPX melting (Hirschmann et al., 1998). For
this reason, I first calculate the melt fraction while clinopyroxene is available:

FCpx−Out =
MCpx

RCpx

, (3.16)

where MCpx corresponds to the weight fraction of clinopyroxene within the sample
being melted and RCpx is the reaction coefficient of clinopyroxene. From this, I then
define the total melt fraction available via:

F =


T−(TSolidus−∆T (XH2O

(XBulk
H2O

,P,F ))−∆T (XCO2
(XBulk

CO2
,P,F )))

TLherz
Liquidus−TSolidus

1.5

F ≤ FCpx−Out

FCpx−Out + (1− FCpx−Out)
(

T−TCpx−Out

TLiquidus−TCpx−Out

)1.5
F > FCpx−Out

. (3.17)

From the total melt fraction, I’m able to define the silicate melt fraction FSiO2 as a
function of total melt fraction F and carbonatite melt fraction FCO2 :

FSiO2 = F − FCO2 , (3.18)

where carbonatite melt fraction is calculated via the ratio of carbonatite melt frac-
tion to total melt fraction R estimated from Dasgupta et al. (2005):
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Figure 3.8: a) and b) display the melt fraction as a function of depth beneath the
ocean floor (km) and oceanic lithosphere age (Ma) for silicate and carbonatite based
melt respectively.
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FCO2 = F ×R. (3.19)

R = −0.21488 + 3.0253×Xmelt
CO2

. (3.20)

Xmelt
CO2

=
Xbulk

CO2

DCO2 + F (1−DCO2)
. (3.21)

3.3 Results

Conductivity structures interpreted from Pacific Ocean seafloor MT show the presence
of three distinct domains within the Earth which exhibit vastly different conductiv-
ity structures (Fig. 3.9). The first domain, between 50 km to 100 km, is defined
by a wide range of conductivities which vary with respect to the age of the overly-
ing oceanic lithosphere. Conductivities associated with the oldest oceanic lithosphere
agree with the global conductivity model of Grayver et al. (2017). This model utilises
time-varying magnetospheric and tidal magnetic fields. The motionally induced ocean
currents which generate tidal magnetic fields experience galvanic coupling with the
Earth. This enhances their sensitivity to resistive subsurface structures (Grayver et al.,
2017). These secondary fields are measured by low-orbit satellites and inverted. From
this inversion, both a structurally smooth L2-norm (Fig. 3.9, green) and a structurally
sparse L1-norm (Fig. 3.9, magenta) solution was calculated (Fig. 3.9). HS upper and
lower limits calculated for a partially melted and dry upper mantle underlying oceanic
lithosphere of 1 Ma (Fig. 3.9, solid red line) and 140 Ma (Fig. 3.9, solid blue line)
respectively envelop these conductivities.

The second domain, between 100 km and 200 km, represents an intermediate of sur-
rounding domains with the global conductivity model of Grayver et al. (2017) shifting
from the lower to the upper HS limit. This shift is also present in the measured conduc-
tivity profiles underlying older oceanic lithosphere. However, measured conductivity
profiles underlying young oceanic lithosphere instead approximates the HS upper limit
over a much smaller depth range. Due to the variable nature of the measured conduc-
tivity profiles with respect to depth within this domain, layer-averaged conductivies
were not calculated. The third domain, between 200 km and 400 km, is defined by
a homogenisation of conductivities towards the global conductivity model (Grayver
et al., 2017).

Measured layer-averaged conductivities for the first domain, 50 km to 100 km, decrease
rapidly for increasing lithospheric ages ≤ 50 Ma beyond which a linear decrease is ob-
served (Fig. 3.10a). Modelled layer-averaged conductivities for both dry and hydrated
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asthenospheres are unable to reproduce the variability observed for lithospheric ages
≤ 50 Ma. However, a hydrated asthenosphere is necessary to reproduce the magnitude
of measured layer-averaged conductivities for ages > 50 Ma. In contrast, a partially
melted asthenosphere produces layer-averaged conductivities which reproduce both the
≤ 50 Ma variability and the layer-averaged conductivity magnitudes.

Within the third domain, 200 km to 400 km, layer-averaged conductivities remain
constant regardless of lithospheric age (Fig. 3.10b). At this depth melt is unsta-
ble due to high solidus temperatures for realistic H2O contents (Hirschmann et al.,
2009), and thus only dry and hydrated layer-averaged conductivities are considered.
For this domain, both a dry and hydrated conductivity model reproduces the constant
layer-averaged conductivity. However, only a hydrated upper mantle is capable of re-
producing the magnitude of measured layer-averaged conductivities for this domain.

3.4 Discussion

Through an analysis of MT data from the Pacific Ocean across regions of varying
lithospheric age, I identify 3 domains with distinct conductivity structures within the
Earth. HS limits represent the upper and lower bounds of bulk conductivity for a resis-
tive matrix with a perfectly interconnected and disconnected conductive phase (Hashin
and Shtrikman, 1962) respectively. As such they represent the limits of conductivities
possible for such a two-phase system. The HS upper limit for a partially melted upper
mantle is observed to drop below a hydrated upper mantle (Fig. 3.10a). I interpret
this response to be caused by the dehydration of the matrix by small amounts of melt.
This partial melt is insufficient to counteract the dehydration of the matrix and results
in a decrease in bulk conductivity. For the depth range of the first domain, 50 km
to 100 km, I observe a relationship between conductivity and lithospheric age which I
interpret a being representative of asthenospheric material (Fig. 3.10a). Forward mod-
elled HS upper limit conductivities calculated for dry, hydrated, and partially melted
upper mantle minerals show this domain is compatible with a primarily hydrated as-
thenosphere with some degree of partial melt beneath young oceanic lithosphere (Fig.
3.10). As such, my model predicts partial melting between 50 km and 100 km depth
(Fig. 3.9). This depth range is compatible with the results of Baba et al. (2006), Key
et al. (2013), and Naif et al. (2013) who found evidence supporting the presence of par-
tial melt at depths shallower than 100 km for young oceanic lithosphere. Consequently,
from this model I infer evidence supporting the hypothesis of enhanced conductivity
due to a hydrated asthenosphere for depths shallower than 100 km with partial melting
required under young oceanic lithosphere. Lastly, the second domain is interpreted to
be an average of the first and third domains. This is caused by the volumetric nature
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Figure 3.9: Conductivity structures from the Pacific Ocean coloured with respect to
oceanic lithosphere age (Ma) data from Müller et al. (2016). Green and magenta lines
correspond to the global conductivity model of Grayver et al. (2017). Red and blue lines
correspond to Hashin-Shtrikman limits calculated by my conductivity model. The red
line represents the Hashin-Shtrikman upper limit beneath 1 Ma oceanic lithosphere
assuming partial melt. The blue line represents the Hashin-Shtrikman lower limit
beneath 140 Ma oceanic lithosphere assuming no H2O and CO2.
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Figure 3.10: a) displays layer-averaged conductivities for domain 1 defined between
50 km and 100 km whereas b) displays layer-averaged conductivities for domain 3
defined between 200 km and 400 km. Lines represent the Hashin-Shtrikman upper
limits calculated from my upper mantle conductivity model. Circles represent the
layer-averaged conductivities calculated from MT surveys. Filled circles correspond
to studies published after the year 2000. The red circle corresponds to the study of
Sarafian et al. (2015) while the blue circles correspond to the study of Baba et al.
(2017b)
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of the MT method. As the skin depth increases, this average asymptotes towards the
conductivity structure of third domain. As a result, I exclude the second domain from
further analysis.

When investigating the third domain, between 200 km to 400 km depth, I observe
that conductivities become largely homogenised towards a value comparable to the
global conductivity model of Grayver et al. (2017) (Fig. 3.9 & 3.10b). Together with
the depth of this domain, I interpret it as being representative of a largely homogeneous
upper mantle. As partial melt is unstable at this depth, it is subsequently removed from
my analysis of this domain (Hirschmann et al., 2009). Furthermore, I believe the clus-
ter of pre-year-2000 layer-averaged conductivity outliers at approximately 0 Ma are due
to modelling limitations. These limitations result in much thicker resistive layers more
akin to the 660 km discontinuity (Grayver et al., 2017) as seen in Fig. 3.9, and therefore
are neglected. Furthermore, instability at these depths may be a consequence of the
long periods required to sample these depths which result in limited data availability.
However, forward modelled HS upper limit conductivities calculated for dry, hydrated
upper mantle minerals show most of the data for this region is compatible with hydra-
tion (Fig. 3.10b). Additionally, these results corroborate the results of Sarafian et al.
(2015) who found evidence supporting the presence of significant hydration within the
upper mantle. As such, I interpret these results as evidence supporting the hypothesis
of hydration within the upper mantle. In conjunction with my earlier conclusion, I in-
terpret these results as evidence supporting a standard conductivity model of the Earth
which is devoid of thermal and compositional anomalies consisting of a hydrated upper
mantle with limited amounts of partial melting restricted to young oceanic lithosphere.

Finally, measured conductivities within the first domain are observed to increase rapidly
for young lithospheric ages beyond which a linear decrease is observed (Figs 3.9 &
3.10a). This may suggest the presence of a percolation threshold within the astheno-
sphere. I define a percolation threshold as the point beyond which the mean fracture
aperture results in an interconnected fluid pathway subsequently enhancing fluid per-
meability and bulk conductivity (Kirkby and Heinson, 2017). As the mean aperture
size decreases past the percolation threshold, the melt within our model will become
trapped within the solid matrix. At this point, the bulk conductivity will represent
the HS− limit. This supports the hypothesis of unextractable melt within the matrix
presented by Karato (2014) and Holtzman (2016). However, additional data is required
to better constrain how conductivity varies within the asthenosphere for lithospheric
ages ≤ 50 Ma.
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3.5 Conclusions

Numerous studies have deployed MT receivers on the Earth’s ocean floor. By taking
advantage of the highly resistive and geologically simple nature of oceanic lithosphere,
these studies aim to constrain the rheological contrast between the lithosphere and
asthenosphere. However, a consensus is yet to be reached with these studies proposing
the presence of hydration or partial melt within the asthenosphere. Furthermore, these
studies fail to consider how this conductivity structure evolves with respect to litho-
spheric age. In this chapter, I created a conductivity model by combining laboratory
conductivity measurements with a wealth of ocean-bottom MT data from the Pacific
Ocean. This conductivity model serves as a representative model of the Earth’s oceanic
lithosphere and asthenosphere by integrating the age of the oceanic lithosphere. From
this model, I’m able to reconcile hydration and partial melt within the asthenosphere
and constrain the aforementioned rheological contrast for a range of lithospheric ages.
As depth increases beyond the rheological contrast, I conclude that the conductivity
structure of the mantle becomes homogeneous and hydrated. These conclusions have
implications regarding our understanding of the mechanisms of plate motion.



Chapter 4

A Hybrid Oceanic-Continental MT
Response Approach

The goal of the MT method is to constrain the subsurface conductivity structure of
the Earth by utilising naturally occurring EM fields to measure induction within the
Earth. For marine MT, these fields are attenuated and distorted by the non-uniform
shape of the Earth’s oceans, heterogeneities in the oceanic crust, and mantle elec-
trical conductivity. In addition, induced magnetic fields are further attenuated and
distorted by the vertical contrast in electrical conductivity between ocean water and
oceanic lithosphere. This approximately four order of magnitude variation (Chesley
et al., 2019) limits the usable bandwidth of ocean-bottom MT responses as a func-
tion of ocean depth. Away from mid-ocean ridges, hot-spots, and subduction zones,
the magnitude of the inductive effects caused by heterogeneities in the Earth’s oceans
overshadows those of subsurface conductivity structures (Constable and Heinson, 2004;
Naif et al., 2013; Key et al., 2013). This issue is so prolific it is considered one of the
principal problems in modern geomagnetism (Fainberg, 1980; Key and Constable, 2011;
Worzewski et al., 2012; Grayver et al., 2017; Wang et al., 2019). Despite this, oceanic
MT studies continue to utilise EM field measurements collected from the bottom of
the Earth’s oceans. This may result in the inconsistencies in conductivity structures
interpreted from data collected from nearby regions identified in the study of Baba
et al. (2017b).

In this chapter I propose a strategy to address this in the form of a hybrid MT
impedance. The chapter begins with an overview of the Anisotropy and Physics of
the Pacific Lithosphere Experiment (APPLE) situated 800 km to 1,100 km offshore
California, from which I source my MT data. Following an analysis of ocean-bottom
EM fields, I identify the attenuation of induced ocean-bottom magnetic fields. This
attenuation results in inconsistencies between adjacent receivers. Subsequently I inves-
tigate a hybrid impedance which utilises ocean-bottom electric fields and quasi-surface
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Figure 4.1: Bathymetry location map of Antarctica, Canada, North America, and South America. The red square
corresponds to the centre of the APPLE cluster. The basemap utilises the ETOPO1 dataset of Amante and Eakins
(2009).
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Figure 4.2: Preferred resistivity model with 70% and 95% confidence intervals derived
from a linearised uncertainty analysis of Chesley et al. (2019). Orange, solid, and
blue, dashed lines show resistivity in the paleo-ridge-parallel (x-z) plane and paleo-
spreading (y) direction, respectively, for this study. Overlain dashed pink and green
lines are resistivities for hydrated bending fault plane parallel and perpendicular direc-
tions, respectively, from the Middle America Trench (Key et al., 2012). Experimentally
measured conductivity for sheared olivine samples (Pommier et al. (2018); shear strain
= 1.3) extrapolated to lower temperatures for the shear parallel direction (purple rect-
angle) and shear plane perpendicular direction (gold rectangle).

magnetic fields. From this analysis, I find the calculation of a hybrid impedance extends
the bandwidth of data collected during the APPLE study from just over one decade to
approximately four decades. In conclusion, I propose that future oceanic MT studies
should neglect to measure ocean-bottom horizontal magnetic fields and instead utilise
hybrid impedances.

4.1 APPLE Experiment

The APPLE data were collected from MT receivers deployed offshore California be-
tween February and August 2001. This location was chosen for its simple bathymetry
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and distance from major active tectonic boundaries (Fig. 4.1). Furthermore, the con-
tinental margin presents a relatively straight boundary from North America to South
America (Fig. 4.1). The experiment sought to identify anisotropy within the Pacific
plate via the collection of both controlled-source EM (CSEM) and MT data. From the
CSEM data, Chesley et al. (2019) found evidence of significant electrical anisotropy
within oceanic lithosphere which they interpreted to be the result of sub-vertical poros-
ity induced by ridge-parallel normal faulting (Fig. 4.2). EM fields measured during
the APPLE study are orientated such that the X and Y axes correspond to geographic
east and north respectively. Furthermore, problems with the Kermit receiver during
the APPLE study resulted in this receiver only measuring 8 hours of horizontal mag-
netic fields. As a consequence, the Kermit receiver utilises the horizontal magnetic
fields measured by the nearby Trevor receiver.

4.1.1 Data Collection

The ocean-bottom receivers utilised during the APPLE study were comprised of a
Flinders University (South Australia, Australia) three-component 0.1 nT fluxgate mag-
netometer and a Scripps Institution of Oceanography (California, United States of
America) two-component silver chloride electrometer utilising a 10 m dipole (Con-
stable, 2013). Both the magnetometer and electrometer had a sampling interval of
20 s. These receivers were deployed along a profile extending perpendicular to the
north-south trend of the subducted Pacific-Farallon spreading centre. This results in
an oblique view of the coastline and the current spreading direction (Figs 4.3, 4.4,
and Tab. 4.1). The fossil spreading direction of Pacific-Farallon spreading centre is
observable in the east-west trend of the Murray fracture zone situated north of the
APPLE cluster (Michaud et al., 2006; Matthews et al., 2011) (Fig. 4.3). This spread-
ing centre was terminated approximately 20 Ma following the breakup of the Farallon
plate into the Cocos, Nazca, and Antarctic plates (Mammerickx et al., 1980). The
current spreading direction is a consequence of this reorganisation following the es-
tablishment of a series of spreading centres throughout Baja California approximately
6 Ma to 10 Ma (Umhoefer, 2011). This current spreading direction is observable in the
northwest-southeast trend of the Fieberling Tablemount, Fred Speiss Tablemount, and
Hoke Seamount situated between the APPLE cluster and the Kermit ocean-bottom
receiver (Fig. 4.3).

It is convenient to differentiate the MT receivers into groups based on the average
ocean depth. The first group consist of four receivers deployed on the abyssal plain
in ocean depths of ≤ 4,000 m and comprises 800 km of the approximately 1,100 km
transect. Of these four receivers, two were deployed adjacent to the continental slope.
The second group consists of the remaining five receivers which were deployed approx-
imately 1,100 km offshore within a 30 km radius centred on 32.2◦N 129◦W in
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Figure 4.3: Bathymetry location map of the APPLE survey from offshore California with MT stations displayed
as squares. Red squares correspond to stations utilised during Chapter 4 and Chapter 5. The arrows display the
strike of the coastline, the fossil spreading direction, and the current spreading direction. The basemap utilises the
ETOPO1 dataset of Amante and Eakins (2009). At 32◦N latitude, the 1 arc-minute resolution of the ETOPO1
dataset corresponds to a distance of 1,600 m.



48 Chapter 4. Hybrid Oceanic-Continental MT Response

Figure 4.4: Bathymetry location map of the cluster portion of the APPLE survey from
offshore California with MT stations displayed as squares. Red squares correspond to
stations utilised during Chapter 4 and Chapter 5. The basemap utilises the ETOPO1
dataset of Amante and Eakins (2009).

ocean depths of 4,000 m to 4,500 m. These sites form a cross shape and allow for
an assessment of local bathymetric effects via comparison of measured electromagnetic
fields and the creation of an average ocean floor magnetotelluric response. In addition
a three-component magnetometer was deployed at the Scripps Institution of Oceanog-
raphy (California, United States of America).

It is important to note that the bathymetry of this region is poorly constrained as
the 1 arc-minute resolution of the ETOPO1 dataset of Amante and Eakins (2009) cor-
responds to a distance of approximately 1,600 m at a latitude of 32◦N. Furthermore,
the sediment thickness on the ocean-floor is unknown. However, abrupt features in
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Table 4.1: Locations of the APPLE MT instruments as well as their geographic coor-
dinates and water depths as recorded by the instruments.

Name Latitude ◦ Longitude ◦ Instrument Depth (m) Location

Rhonda (ARO) 32.08 -129.32 4101 Cluster
Quail (AQU) 32.47 -129.13 4344 Cluster
Igor (AIG) 32.20 -129.00 4451 Cluster
Noddy (ANO) 31.93 -128.87 4351 Cluster
Trevor (ATV) 32.32 -128.68 4325 Cluster

Kermit (AKE) 32.12 -125.97 4165 Transect
Fuzzy (AFU) 32.15 -123.67 4129 Transect
Ulysses (AUL) 32.18 -121.25 3807 Continental slope
Opus (AOP) 32.18 -120.42 3855 Continental slope

sDome 32.50 -117.20 0 SIO, San Diego

bathymetry and sediment thickness are unlikely to be resolved by the ocean-bottom
MT receivers due to the large distance between adjacent receivers.

4.2 Tidal Signal

The MT impedance is defined as the ratio of the horizontal electric and magnetic fields
measured at the surface. While this is generally successful for continental studies, this
methodology is problematic for ocean-bottom studies. In particular, EM fields induced
by the motion of ocean water within the geoelectric field must first be removed before
calculating impedance. The gravitational fields of the Moon serve as the primary
driving force behind the motion of ocean water. As the moon orbits the Earth, its
gravitational fields establish tidal bulges on opposite sides of the Earth. The periodicity
of this process is 12.5 hours, corresponding to the Earth’s tidal period (Chave et al.,
2012). Figs 4.5 to 4.9 display the electric and magnetic fields measured during the
APPLE study by the Rhonda, Opus, and sDome receivers. From these Figs, I observe
a peak in both the electric and magnetic fields at 1.9 Cycles per Day (cpd) which
corresponds to the tidal period of the Earth’s ocean. I interpret this peak to be EM
fields induced by the principal lunar (M2) signal.

4.3 Solar Quiet Daily Variation

Further complicating ocean-bottom MT studies is the induction of EM fields by solar
quiet (Sq) daily variation. The Sq daily variation is caused by variations in the ab-
sorption of solar radiation within the atmosphere. This establishes an electrical
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Figure 4.5: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Rhonda receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.6: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Rhonda receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.7: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Opus receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.8: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Opus receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.9: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the sDome receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.10: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) displays Ex field data measured by the Rhonda and Opus receivers.
The blue and red lines correspond to electric field data with and without tidal signals.
The black line corresponds to the tidal signal removed during processing. This line can
be generated by subtracting the non-tidal response from the tidal response. Red and
black lines are offset along the y-axis to aid with readability.



56 Chapter 4. Hybrid Oceanic-Continental MT Response

Figure 4.11: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) displays Ey field data measured by the Rhonda and Opus receivers.
The blue and red lines correspond to electric field data with and without tidal signals.
The black line corresponds to the tidal signal removed during processing. This line can
be generated by subtracting the non-tidal response from the tidal response. Red and
black lines are offset along the y-axis to aid with readability.
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Figure 4.12: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) displays Bx field data measured by the Rhonda and Opus receivers.
The blue and red lines correspond to magnetic field data with and without tidal signals.
The black line corresponds to the tidal signal removed during processing. This line can
be generated by subtracting the non-tidal response from the tidal response. Red and
black lines are offset along the y-axis to aid with readability.
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Figure 4.13: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) displays By field data measured by the Rhonda and Opus receivers.
The blue and red lines correspond to magnetic field data with and without tidal signals.
The black line corresponds to the tidal signal removed during processing. This line can
be generated by subtracting the non-tidal response from the tidal response. Red and
black lines are offset along the y-axis to aid with readability.
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Figure 4.14: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays Bx field data measured by the sDome receiver. c) displays By field
data measured by the sDome receiver. The blue and red lines correspond to magnetic
field data with and without tidal signals. The black line corresponds to the tidal signal
removed during processing. This line can be generated by subtracting the non-tidal
response from the tidal response. Red and black lines are offset along the y-axis to aid
with readability.
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current within the ionosphere which varies as the Earth rotates with respect to the sun
and induces non-planar fields. The periodicity of this process is 24 hours and corre-
sponds to the Earth’s rotational period with respect to the sun (Chave et al., 2012).
From Figs 4.5 to 4.9, I observe numerous peaks in both the electric and magnetic fields.
In particular, the peak at 1 cpd corresponds to the Earth’s rotational period with re-
spect to the sun. As such, I interpret this peak to be EM fields induced by the diurnal
solar (S1) signal. Additional peaks are observed at 2 cpd, 3 cpd, and 4 cpd which I
interpret to be EM fields induced by harmonics of the S1 signal.

4.4 Fast Fourier Transformation

Following the identification of EM fields induced by the motion of the ocean and Sq daily
variations, I conduct a fast Fourier transformation (FFT) to remove their influence.
Figs 4.10 to 4.14 display the horizontal EM fields measured by the Rhonda, Opus, and
sDome receivers prior to and following the removal of tidal and Sq fields. From these
Figs, I observe that the tidal and Sq fields substantially distort the EM fields measured
during the APPLE study. Furthermore, I observe that the amount of distortion within
measured electric fields increases as the receiver approaches the continental margin.
Once the tidal and Sq fields are removed, I observe similar electric fields at all receivers.
Subsequently, I conclude that I have successfully removed the EM fields induced by the
motion of the ocean and Sq daily variations from the ocean-bottom MT data collected
during the APPLE survey. As such, I conclude that EM noise associated with the
motion of the ocean and Sq daily variations don’t cause the instability observed in
impedance.

4.5 Signal-To-Noise Ratio

Following the successful removal of EM noise associated with the Earth’s ocean and
ionosphere by FFT, I analyse the signal-to-noise ratio at each receiver. An inverse
relationship between the power spectral density (PSD) and frequency, referred to as
pink noise, defines the relationship between EM field attenuation and signal frequency
(Junge, 1994; Simpson and Bahr, 2005). At sufficient frequencies, instrumentation
within MT receivers generate a source of constant magnetic fields which obscures nat-
ural signals (Constable, 2013). As ocean depth increases, this source of noise occurs at
higher frequencies. I observe this relationship in all EM field measurements to a fre-
quency of 100 cpd. Beyond this frequency, ocean-bottom electric and sDome magnetic
fields are observed to continue this relationship. In contrast, ocean-bottom magnetic
fields are observed to maintain their power independent of frequency indicative of in-
strument noise. The frequency at which I observe this phenomenon is
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Figure 4.15: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Rhonda receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.16: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Rhonda receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.17: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Igor receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.18: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Igor receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.19: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Trevor receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.20: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Trevor receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.21: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Ulysses receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.22: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Ulysses receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.23: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Ex and Ey respectively as a function of
frequency measured by the Opus receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.24: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the Opus receiver. Frequency is displayed in Cycles per Day
(cpd).
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Figure 4.25: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display the power of Ex and Ey respectively as a function of frequency measured by
the Kermit receiver. Frequency is displayed in Cycles per Day (cpd).
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Figure 4.26: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the power of Bx and By respectively as a function of
frequency measured by the sDome receiver. Frequency is displayed in Cycles per Day
(cpd).
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approximately an order of magnitude lower than what is presented by Constable (2013).
However, Chesley et al. (2019) determined that the near-surface resistivity for this re-
gion is considerably larger than the 1,000 Ωm presented by Constable (2013). Further-
more, the average ocean depth for the APPLE survey is greater than those presented
by Constable (2013). From these factors, I conclude that the noise floor for the fluxgate
magnetometers utilised during the APPLE survey is reduced to 100 cpd. As such, I
conclude from these observations that the poor signal-to-noise ratio of ocean-bottom
magnetic fields is a cause of unstable ocean-bottom MT impedances. To further in-
vestigate the signal-to-noise issues which contaminate ocean-bottom magnetic fields, I
plot a 24 hour segment of measured field data (Figs 4.27 to 4.32). I choose the 19th day
to 20th day due to the prominent EM signal recorded at approximately the 6th hour
of the 19th day of recording. For ocean-bottom electric and sDome magnetic fields, I
observe consistent expressions of coherent signal. In contrast, the ocean is observed to
act as a high-pass filter upon ocean-bottom magnetic fields. The cut-off frequency of
this filter is observed to be inversely proportional to the ocean depth and coastline dis-
tance at the location of the receiver. As these factors decrease, I observe ocean-bottom
magnetic signal asymptotes toward a low frequency approximation of sDome surface
magnetic signal.

These observations corroborate my earlier conclusion that ocean-bottom magnetic
field measurements cause instability in ocean-bottom MT impedance. To address this
issue, I propose the calculation of a hybrid impedance utilising ocean-bottom elec-
tric and ocean-surface magnetic field measurements to increase the stability of calcu-
lated impedances and improve our ability to resolve subsurface conductivity structures
via oceanic MT studies. In order to measure ocean-surface magnetic fields, a three-
component magnetometer would be required to continuously measure the pitch, yaw,
and roll of the instrument. While technically feasible, it is unlikely that a dedicated
magnetometer capable of taking high frequency pitch, yaw, and roll measurements will
be developed and deployed on the ocean surface for multiple months. As such, I utilise
sDome magnetic field measurements as a quasi-surface response.

4.6 Magnetotelluric Impedance

Figs 4.33 to 4.36 display ZXX and ZY Y components of standard and hybrid impedances.
From these Figs, I observe highly variable and poorly constrained values for ZXX and
ZY Y when calculating standard impedance. In contrast, ZXX and ZY Y for hybrid
impedances are well constrained and vary smoothly between periods. The apparent
resistivity and phase calculated from ZXX exhibit similar characteristics (Figs 4.37 to
4.40). In contrast, the apparent resistivity and phase response of ZY Y is observed to
be poorly constrained for both standard and hybrid impedance. I interpret these
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Figure 4.27: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays a 24 hour segment of Ex and By fields measured by the Rhonda
receiver alongside By sDome receiver field measurements. c) displays a 24 hour segment
of Ey and Bx fields measured by the Rhonda receiver alongside Bx sDome receiver field
measurements.
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Figure 4.28: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays a 24 hour segment of Ex and By fields measured by the Igor
receiver alongside By sDome receiver field measurements. c) displays a 24 hour segment
of Ey and Bx fields measured by the Igor receiver alongside Bx sDome receiver field
measurements.
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Figure 4.29: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays a 24 hour segment of Ex and By fields measured by the Trevor
receiver alongside By sDome receiver field measurements. c) displays a 24 hour segment
of Ey and Bx fields measured by the Trevor receiver alongside Bx sDome receiver field
measurements.
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Figure 4.30: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) dis-
plays a 24 hour segment of Ex and By fields utilised by the Kermit receiver alongside
By sDome receiver field measurements. c) displays a 24 hour segment of Ey and Bx

fields utilised by the Kermit receiver alongside Bx sDome receiver field measurements.
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Figure 4.31: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays a 24 hour segment of Ex fields measured by the Ulysses receiver
alongside By sDome receiver field measurements. c) displays a 24 hour segment of
Ey and Bx fields measured by the Ulysses receiver alongside Bx sDome receiver field
measurements.
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Figure 4.32: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) displays a 24 hour segment of Ex and By fields measured by the Opus
receiver alongside By sDome receiver field measurements. c) displays a 24 hour segment
of Ey and Bx fields measured by the Opus receiver alongside Bx sDome receiver field
measurements.
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Figure 4.33: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the ℜ and ℑ for standard impedance. d) and e) display the
ℜ and ℑ for hybrid impedance. Blue, orange, and yellow data points correspond to
the ZXX component calculated from Rhonda, Igor, and Trevor receivers respectively.
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Figure 4.34: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and c)
display the ℜ and ℑ for standard impedance. d) and e) display the ℜ and ℑ for hybrid
impedance. Blue, orange, and yellow data points correspond to the ZXX component
calculated from Kermit, Ulysses, and Opus receivers respectively.
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Figure 4.35: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the ℜ and ℑ for standard impedance. d) and e) display the
ℜ and ℑ for hybrid impedance. Blue, orange, and yellow data points correspond to
the ZY Y component calculated from Rhonda, Igor, and Trevor receivers respectively.
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Figure 4.36: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and c)
display the ℜ and ℑ for standard impedance. d) and e) display the ℜ and ℑ for hybrid
impedance. Blue, orange, and yellow data points correspond to the ZY Y component
calculated from Kermit, Ulysses, and Opus receivers respectively.
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Figure 4.37: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display apparent resistivity and phase for a standard impedance.
d) and e) display apparent resistivity and phase for a hybrid impedance. Blue, orange,
and yellow data points correspond to the ZXX component calculated from Rhonda,
Igor, and Trevor receivers respectively.
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Figure 4.38: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display apparent resistivity and phase for a standard impedance. d) and e) display
apparent resistivity and phase for a hybrid impedance. Blue, orange, and yellow data
points correspond to the ZXX component calculated from Kermit, Ulysses, and Opus
receivers respectively.
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Figure 4.39: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display apparent resistivity and phase for a standard impedance.
d) and e) display apparent resistivity and phase for a hybrid impedance. Blue, orange,
and yellow data points correspond to the ZY Y component calculated from Rhonda,
Igor, and Trevor receivers respectively.
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Figure 4.40: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display apparent resistivity and phase for a standard impedance. d) and e) display
apparent resistivity and phase for a hybrid impedance. Blue, orange, and yellow data
points correspond to the ZY Y component calculated from Kermit, Ulysses, and Opus
receivers respectively.
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responses to be a consequence of utilising sDome By fields. As the sDome receiver is
closer to the coastline than its ocean-bottom counter parts, the effects of Ex on By are
more pronounced. As a result, the magnitude of ZY Y is reduced which causes instabil-
ity in apparent resistivity and phase when compared to standard impedance.

I then display ZXY and ZY X for standard and hybrid impedances (Figs 4.41 to 4.44)
in addition to apparent resistivity and phase responses (Figs 4.45 to 4.48). From
these Figs, I observe improved confidence intervals for periods greater than 1,000 s
when comparing standard impedance to my proposed hybrid impedance. I interpret
this observation to be evidence supporting the use of a hybrid MT impedance as a
strategy to address ocean-bottom MT impedance instability. For periods shorter than
1,000 s, errors are observed to increase. In contrast, hybrid impedances exhibit well
constrained values for this period range. I interpret this response to be an expression
of poor signal-to-noise ratio as observed at high frequencies in the PSD response of
ocean-bottom magnetic field. Subsequently, these observations corroborate my earlier
conclusion that ocean-bottom magnetic field measurements cause instability in ocean-
bottom MT impedance. Furthermore, these observations provide further evidence sup-
porting the use of a hybrid MT impedance as a strategy to address ocean-bottom MT
impedance instability.

In addition to the impedance, I calculate the coherence between (Ex,By) and (Ey,Bx)
EM fields measured by all receivers. The coherence of EM fields represents the extent
to which the PSD an EM field can be predicted from another EM field using a linear
relationship. Additionally, I analyse the zero coherence between these pairs of EM
fields. The zero coherence represents the extent to which the PSD of an EM field can
be predicted by a random synthetic time series. When the coherence and zero coher-
ence values are approximately equal, the relationship between PSD is poorly resolved.

Figs 4.49 to 4.54 display the coherence and zero coherence at each receiver location for
standard and hybrid impedance fields. The coherence and zero coherence become ap-
proximately equal for periods less than 100 s when utilising standard impedance fields.
In contrast, the zero coherence remains small for this period range when utilising hybrid
impedance. This observation further corroborates my conclusion that ocean-bottom
magnetic field measurements cause instability in ocean-bottom MT impedance. For
periods greater than 100 s, I observe large coherence values compared to zero co-
herence values for periods between 100 s and 10,000 s for both standard and hybrid
impedance fields. However, I observe larger zero coherence values when utilising stan-
dard impedance fields. This verifies my observations of improved confidence intervals
when comparing standard and hybrid impedance. Subsequently, I interpret this obser-
vation as evidence supporting the use of a hybrid MT impedance. Beyond 10,000 s,
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ocean-bottom electric and quasi-surface magnetic fields result in coherence and zero
coherence values which are comparable to those calculated from ocean-bottom fields.
From this observation, I expect minimal improvements beyond 10,000 s when calculat-
ing hybrid impedance. However, it is important to note that improving the confidence
intervals for periods shorter than 10,000 s constrains permissible geoelectric structures
for periods beyond 10,000 s.

4.7 Discussion

Through an analysis of EM fields measured during APPLE, I identified an alternative
form of impedance for use in ocean-bottom MT studies. It is important to note that
this hybrid impedance doesn’t represent a discrete EM response of the Earth due to
the spatial distance between receivers. The geological structure of the APPLE region
is assumed to consist of a 2-Dimensional coastline orientated towards 327◦ above a 1-
Dimensional oceanic lithosphere. As a result, the impedance tensor can be rotated into
a coordinate frame parallel and perpendicular to the coastline. In this configuration
diagonal elements of the impedance tensor reduce to zero.

Diagonal elements of the hybrid impedance are observed to better approximate this
condition when compared to standard impedance (Figs 4.33 to 4.34 and Figs 4.35 to
4.36). Furthermore, I observe improvements in the confidence intervals of all impedance
tensor elements at all periods when calculating hybrid impedance which subsequently
improves the confidence intervals of apparent resistivity and phase information calcu-
lated from hybrid impedances (Figs 4.33 to 4.48). Lastly, hybrid impedances are ob-
served to be less sensitive to the proximity of the continental margin allowing for easier
comparison between ocean-bottom receivers. From these observations, I conclude that
hybrid impedance improves the bandwidth and confidence intervals of ocean-bottom
MT data.

The apparent resistivity is observed to decrease at short periods towards the con-
ductivity of ocean water for both the diagonal and off-diagonal components of hybrid
impedance. I interpret this decrease in resistivity to be a consequence of generating
hybrid impedances. As this process involves utilising magnetic fields from the ocean
surface, the resulting apparent resistivity represents ocean water conductivity at short
periods. Furthermore, the plane-wave assumption degrades for periods greater than
10,000 s (Pulkkinen et al., 2006). However, these periods allow us to improve the con-
fidence intervals for the intervening periods. This improvement subsequently reduces
the uncertainty when interpreting geological structures within the Earth. Therefore, I
propose future ocean-bottom MT studies utilise hybrid impedances when attempting
to investigate the electrical structure of the Earth.
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Figure 4.41: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the ℜ and ℑ for the ZXY component for standard impedance.
d) and e) display the ℜ and ℑ for the ZXY component for hybrid impedance. Blue,
orange, and yellow data points correspond the Rhonda, Igor, and Trevor receivers
respectively. When presenting hybrid responses, the Y-axis is reduced by an order of
magnitude to improve readability.
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Figure 4.42: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display the ℜ and ℑ for standard impedance. d) and e) display the ℜ and ℑ
for hybrid impedance. Blue, orange, and yellow data points correspond to the ZXY

component calculated from Kermit, Ulysses, and Opus receivers respectively. When
presenting hybrid responses, the Y-axis is reduced by an order of magnitude to improve
readability.



92 Chapter 4. Hybrid Oceanic-Continental MT Response

Figure 4.43: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the ℜ and ℑ for standard impedance. d) and e) display the
ℜ and ℑ for hybrid impedance. Blue, orange, and yellow data points correspond to
the ZY X component calculated from Rhonda, Igor, and Trevor receivers respectively.
When presenting hybrid responses, the Y-axis is reduced by an order of magnitude to
improve readability.
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Figure 4.44: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display the ℜ and ℑ for standard impedance. d) and e) display the ℜ and ℑ
for hybrid impedance. Blue, orange, and yellow data points correspond to the ZXY

component calculated from Kermit, Ulysses, and Opus receivers respectively. When
presenting hybrid responses, the Y-axis is reduced by an order of magnitude to improve
readability.
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Figure 4.45: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display apparent resistivity and phase for a standard impedance.
d) and e) display apparent resistivity and phase for a hybrid impedance. Blue, orange,
and yellow data points correspond to the ZXY component calculated from Rhonda,
Igor, and Trevor receivers respectively.
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Figure 4.46: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display apparent resistivity and phase for a standard impedance. d) and e) display
apparent resistivity and phase for a hybrid impedance. Blue, orange, and yellow data
points correspond to the ZXY component calculated from Kermit, Ulysses, and Opus
receivers respectively.
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Figure 4.47: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display apparent resistivity and phase for a standard impedance.
d) and e) display apparent resistivity and phase for a hybrid impedance. Blue, orange,
and yellow data points correspond to the ZY X component calculated from Rhonda,
Igor, and Trevor receivers respectively.
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Figure 4.48: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and
c) display apparent resistivity and phase for a standard impedance. d) and e) display
apparent resistivity and phase for a hybrid impedance. Blue, orange, and yellow data
points correspond to the ZY X component calculated from Kermit, Ulysses, and Opus
receivers respectively.
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Figure 4.49: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the multiple-squared coherence (solid line) between electric
and magnetic fields for standard impedance for the Rhonda receiver. d) and e) display
the multiple-squared coherence (solid line) between electric and magnetic fields for hy-
brid impedance for the Rhonda receiver. The dashed line represents the zero-coherence
which is a measure of the random coherence based on the number of windows used.
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Figure 4.50: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the multiple-squared coherence (solid line) between electric
and magnetic fields for standard impedance for the Igor receiver. d) and e) display the
multiple-squared coherence (solid line) between electric and magnetic fields for hybrid
impedance for the Igor receiver. The dashed line represents the zero-coherence which
is a measure of the random coherence based on the number of windows used.
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Figure 4.51: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the multiple-squared coherence (solid line) between electric
and magnetic fields for standard impedance for the Trevor receiver. d) and e) display
the multiple-squared coherence (solid line) between electric and magnetic fields for hy-
brid impedance for the Trevor receiver. The dashed line represents the zero-coherence
which is a measure of the random coherence based on the number of windows used.
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Figure 4.52: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. Following instrument issues, Kermit utilises Trevor magnetic fields. b) and c)
display the multiple-squared coherence (solid line) between electric and magnetic fields
for standard impedance for the Kermit receiver. d) and e) display the multiple-squared
coherence (solid line) between electric and magnetic fields for hybrid impedance for the
Kermit receiver. The dashed line represents the zero-coherence which is a measure of
the random coherence based on the number of windows used.
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Figure 4.53: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the multiple-squared coherence (solid line) between electric
and magnetic fields for standard impedance for the Ulysses receiver. d) and e) display
the multiple-squared coherence (solid line) between electric and magnetic fields for hy-
brid impedance for the Ulysses receiver. The dashed line represents the zero-coherence
which is a measure of the random coherence based on the number of windows used.
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Figure 4.54: a) displays APPLE MT stations as squares. Red squares denote plotted
stations. b) and c) display the multiple-squared coherence (solid line) between electric
and magnetic fields for standard impedance for the Opus receiver. d) and e) display the
multiple-squared coherence (solid line) between electric and magnetic fields for hybrid
impedance for the Opus receiver. The dashed line represents the zero-coherence which
is a measure of the random coherence based on the number of windows used.
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4.8 Conclusions

Covering approximately 70% of the Earth’s surface, oceans pose a significant challenge
to geophysical studies. The ocean water complicates the use of passive EM geophys-
ical methods, such as the MT method, by distorting the EM fields induced within
the Earth. In conjunction with the undulating nature of the Earth’s bathymetry and
the natural motion of ocean water, this distortion results in unstable ocean-bottom
MT data. This instability limits the ability of ocean-bottom MT studies to constrain
geodynamic processes. In this chapter, I propose a hybrid MT impedance utilising
ocean-bottom electric fields and quasi-surface magnetic fields to address this instabil-
ity. I anticipate that the adjustment distance represents the distance from the coastline
where calculating a hybrid impedance will result in negligible improvements. However,
care must be taken to ensure that the plane wave assumption is not violated. Fol-
lowing an analysis of EM fields from offshore California, I conclude that a hybrid MT
impedance reduces the instability caused by the Earth’s ocean in MT data. Addition-
ally, the hybrid impedance improves the bandwidth of this data from just over one
decade to approximately four decades. These conclusions have implications regarding
the investigation of geodynamic processes via ocean-bottom MT surveys.



Chapter 5

Insights On The Electrical
Conductivity Structure Of The
Oceanic Upper Mantle

This chapter aims to assess the conclusions of Chapter 3 and Chapter 4 through a
case study. This case study utilises hybrid impedances calculated from data collected
during the Anisotropy and Physics of the Pacific Lithosphere Experiment (Chesley
et al., 2019). I first constrain the continental portion of my forward model through
a 3-Dimensional inversion of USArray MT data across all of California (Fig. 5.1). I
then provide an overview of the 2-Dimensional forward modelling algorithm. Following
this, I define the general structure common to the forward models used in this chap-
ter. I then calculate an average age for the oceanic lithosphere which I input into my
reference model to constrain the upper mantle conductivity structure for this region
of the Pacific Ocean. Finally, I calculate responses for both ocean-floor and hybrid
impedances and compare them to the measured data.

From this analysis, I find that the upper mantle isn’t significantly anisotropic with
thermal conduction within upper mantle silicates capable of explaining the conductiv-
ity structure within this region of the Earth. In addition, I find that classical ocean-
bottom MT responses are poorly reproduced by my forward model as the ocean-bottom
magnetic fields are attenuated by undulating bathymetry and sediment thickness which
cannot be incorporated into an ocean-bottom MT conductivity model. Consequently,
I conclude that these observations validate my electrical conductivity reference model
of the upper mantle. Furthermore, I conclude that hybrid impedances improve the sta-
bility of both measured and modelled responses over a considerably larger bandwidth.

105
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Figure 5.1: Bathymetry location map of California with APPLE data represented as red squares while black squares
represent MT data collected during the USArray, CONUS SoCal, and CONUS South projects (Trabant et al., 2012).
The basemap utilises the ETOPO1 dataset of Amante and Eakins (2009).



5.1. 3-Dimensional Continental Inversion Model 107

5.1 3-Dimensional Continental Inversion Model

In order to constrain the conductivity of the continental portion of my forward model,
I construct a 3-Dimensional inversion of California utilising the RLM-3D code of CGG
Multi-Physics Imaging, Milan. This inversion models MT data from the USArray,
CONUS SoCal, and CONUS South projects (Trabant et al., 2012). The USArray MT
data were collected from 2006 to 2018 as a part of the EarthScope program. This pro-
gram deployed numerous geophysical instruments to study the structure and evolution
of North America. The CONUS MT data, collected from 2019 to 2021, builds upon the
EarthScope program by attempting to create a conductivity model of the United States
of America which incorporates regional and global electrical conductivity models. Due
to the large distance between APPLE and continental receivers, I exclude APPLE MT
data from this model. Data collected during the USArray project extending from peri-
ods of 7 s to 20,000 s whereas the CONUS SoCal and CONUS South projects collected
data extending from periods of 7 s to 30,000 s and 5 s to 30,000 s respectively.

To ensure the mesh is aligned with the regional geoelectric strike, I calculate phase
tensors for both oceanic and continental receivers. For 2-Dimensional structures, the
phase tensor becomes symmetric with its principal axis aligned parallel or perpendic-
ular to the strike of the regional conductivity distribution. Figs 5.2 to 5.5 display the
resulting phase tensors calculated at 1,000 s, 3,000 s, 7,000 s, and 30,000 s respectively.
These periods are sensitive to depths characteristic of the lithosphere (1,000 s) and
asthenosphere transition zone (30,000 s). From these Figs, I observe the alignment of
elliptical phase tensors perpendicular to the continental margin at all periods. From
these observations, I conclude that the regional geoelectric strike for this region is the
coastline which is primarily 2-Dimensional. I therefore rotate the mesh to be aligned
with this coastline.

I then define the horizontal mesh size of this inversion model to be 20 km while covering
the continental MT sites. This 20 km mesh size extends an additional 200 km to the
ocean side to incorporate changes in seafloor depth. Beyond this central portion, the
mesh was padded to a distance of 500 km with the mesh size increasing incrementally
by 130%. The vertical mesh size includes topography and begins at 100 m which in-
creases incrementally by 106% to 10 km at which point it increases by 104% to 100 km.
The vertical mesh size then increases by 120% to 800 km. In addition, this model in-
cludes a further 10 air layers. The resulting model has 80 cells in the x-direction, 59
cells in the y-direction, and 111 cells in the z-direction for a total of 523,920 cells (Fig.
5.6).

The initial conductivity structure for my inversion model is defined by 3 laterally
continuous layers and an ocean with a conductivity of 0.3 Ωm. The first layer extends
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Figure 5.2: Phase tensor diagram of APPLE, USArray, CONUS SoCal, and CONUS South data at 1,000 s period.
The colour of the phase tensor represents the minimum phase. Black circles denote the location of plotted receivers.
The basemap utilises the SRTM15+ dataset of Tozer et al. (2019).
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Figure 5.3: Phase tensor diagram of APPLE, USArray, CONUS SoCal, and CONUS South data at 3,000 s period.
The colour of the phase tensor represents the minimum phase. Black circles denote the location of plotted receivers.
The basemap utilises the SRTM15+ dataset of Tozer et al. (2019).
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Figure 5.4: Phase tensor diagram of APPLE, USArray, CONUS SoCal, and CONUS South data at 7,000 s period.
The colour of the phase tensor represents the minimum phase. Black circles denote the location of plotted receivers.
The basemap utilises the SRTM15+ dataset of Tozer et al. (2019).
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Figure 5.5: Phase tensor diagram of APPLE, USArray, CONUS SoCal, and CONUS South data at 30,000 s period.
The colour of the phase tensor represents the minimum phase. Black circles denote the location of plotted receivers.
The basemap utilises the SRTM15+ dataset of Tozer et al. (2019).
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to a depth of 400 km and is defined by a resistivity of 100 Ωm. The second layer
extends to a depth of 670 km and is characterised by a conductivity of 10 Ωm. The
final layer is a half space with a conductivity of 1 Ωm. The depths of these layers are
defined by the global conductivity model of Grayver et al. (2017). Grayver et al. (2017)
generated this conductivity model by model by inverting time-varying magnetospheric
and tidal magnetic fields. From this inversion, both a structurally smooth L2-norm and
a structurally sparse L1-norm solution was calculated. The resulting C-responses were
subsequently converted to apparent resistivity and phase using the following equations:

ρa(ω) = ωµ0|C(ω)|2, (5.1)

ϕ(ω) =
π

2
+ arctan

(
ℑC(ω)

ℜC(ω)

)
. (5.2)

After 50 iterations, the inversion reduced the RMS misfit to 2 assuming an error floor of
5% of the impedances. Figs 5.7 and 5.8 present the 3-Dimensional inversion resistivity
as horizontal slices. In addition, I plot three cross-sections orientated perpendicular to
the coastline (Figs 5.9). These cross-sections display the electrical resistivity as a func-
tion of depth through the northern, central, and southern region of my 3-Dimensional
inversion solution (Figs 5.10, 5.11, and 5.12 respectively).

From these Figs, I observe a zone of approximately 10 Ωm resistivity within the top
5 kilometres of my inversion adjacent to the coastline (Fig. 5.7). Further inland, the
resistivity increases to approximately 10,000 Ωm. From the cross-sections, I observe
that the near surface conductive structure extends from the coastline to the base of
the Sierra Nevada ranges. At which point, a resistive structure becomes dominant. I
interpret this lateral variation to be an expression of marine and continental sediments
within the Great Valley and the resistive Sierra Nevada batholith which corroborates
the results of Zandt et al. (2004) and Ostos and Park (2012) (Fig. 5.13).

Beneath this surface layer, I observe a laterally continuous increase in resistivity to
approximately 1,000 Ωm from 5 km to between 20 km to 30 km (Figs. 5.7 and 5.8).
This laterally homogeneous resistivity structure is observed within in all cross-sections.
Godfrey and Klemperer (1998) utilised seismic reflection, seismic refraction, gravity,
borehole, and aeromagnetic data to identify the Coast Range ophiolite beneath the
Great Valley basin which is corroborated by the tectonostratigraphic cross section of
Williams and Graham (2013). As a consequence, I interpret the laterally homogeneous
conductivity structure observed throughout our model to be the Coast Range ophiolite.

As depth increases, I observe an increase in conductivity to approximately 30 Ωm.
This conductive anomaly extends to the base of my model (Fig. 5.8).
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Figure 5.6: Bathymetry location map of the USArray, CONUS SoCal, and CONUS South receiver locations (Trabant
et al., 2012). The lines represent the mesh utilised during my 3-Dimensional inversion. The basemap utilises the
SRTM15+ dataset of Tozer et al. (2019).
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2 km depth, c) 5 km depth, and d) 10 km depth. Black circles denote the location of USArray, CONUS SoCal, and
CONUS South data. The red line denotes the strike of the central cross-section in Fig. 5.11.
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depth, and d) 200 km depth. Black circles denote the location of USArray, CONUS SoCal, and CONUS South data.
The red line denotes the strike of the central cross-section in Fig. 5.11.
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Figure 5.9: Synthetic sunshade bathymetry location map of the USArray, CONUS SoCal, and CONUS South receiver
locations (Trabant et al., 2012). The red line denotes the strike of the three cross-sections in Figs 5.10 to 5.12). The
basemap utilises the SRTM15+ dataset of Tozer et al. (2019).
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Figure 5.10: Northern cross-section of resistivity as a function of depth (Fig. 5.9). Black circles denote the location
of USArray, CONUS SoCal, and CONUS South data along this profile.
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Figure 5.11: Central cross-section of resistivity as a function of depth (Fig. 5.9). Black circles denote the location
of USArray, CONUS SoCal, and CONUS South data along this profile.
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Figure 5.12: Southern cross-section of resistivity as a function of depth (Fig. 5.9). Black circles denote the location
of USArray, CONUS SoCal, and CONUS South data along this profile.
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Figure 5.13: Geological map of California. Black circles denote the location of USArray, CONUS SoCal, and CONUS
South receiver (Trabant et al., 2012). Geological map is adapted from Ludington et al. (2005).
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Figure 5.14: Depth to the Mohorovic̆ić discontinuity and LAB maps as determined
from seismic receiver functions by Levander and Miller (2012). a) displays the Moho
estimated from Ps receiver functions. b) displays the Moho estimated from Sp receiver
functions. c) displays the LAB interpreted from the Ps receiver functions. d) displays
the LAB interpreted from the Sp receiver functions. e) displays the LAB interpreted
using the Sp receiver functions as a guide east of the Sevier Thrust. The black square
in each Fig. corresponds to the region of my 3-Dimensional inversion model.
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Figure 5.15: Resistivity as a function of depth as extracted from the central cross-section. Data was extracted
beneath the coastline, Great Valley, and Sierra Nevada batholith. Each profile is approximately 100 km from the
other and shows that the continental lithosphere becomes conductive inland from the coast.
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Figure 5.16: a) and b) display the invariant of apparent resistivity for measured and modelled responses at 100 s.
c) and d) display the invariant of apparent resistivity for measured and modelled responses at 300 s. Black circles
denote the location of USArray, CONUS SoCal, and CONUS South receiver (Trabant et al., 2012). The lines
represent the mesh utilised during my 3-Dimensional inversion.
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Figure 5.17: a) and b) display the invariant of apparent resistivity for measured and modelled responses at 1,000 s.
c) and d) display the invariant of apparent resistivity for measured and modelled responses at 3,000 s. Black circles
denote the location of USArray, CONUS SoCal, and CONUS South receiver (Trabant et al., 2012). The lines
represent the mesh utilised during my 3-Dimensional inversion.
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Figure 5.18: a) and b) display the invariant of phase for measured and modelled responses at 100 s. c) and d) display
the invariant of phase for measured and modelled responses at 300 s. Black circles denote the location of USArray,
CONUS SoCal, and CONUS South receiver (Trabant et al., 2012). The lines represent the mesh utilised during my
3-Dimensional inversion.
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Figure 5.19: a) and b) display the invariant of phase for measured and modelled responses at 1,000 s. c) and d)
display the invariant of phase for measured and modelled responses at 3,000 s. Black circles denote the location of
USArray, CONUS SoCal, and CONUS South receiver (Trabant et al., 2012). The lines represent the mesh utilised
during my 3-Dimensional inversion.
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However below 200 km, I observe that the data utilised in my inversion is insensitive
to conductivity variations. As such, the resistivity structure of this inversion model
remains ambiguous for depths beyond 200 km. Despite this, the depth at which con-
ductivity begins to increase is observed to coincide with the Mohorovic̆ić (Moho) dis-
continuity beneath California (Wannamaker et al., 2008; Lowry and Pérez-Gussinyé,
2011; Levander and Miller, 2012) (Fig. 5.14). The Moho discontinuity is a change
in seismic impedance at the interface between the Earth’s crust and mantle (Chave
et al., 2012). As a consequence, I interpret this zone of enhanced conductivity to be
an expression of the mantle beneath California.

Finally, I define the conductivity model for my 2-Dimensional forward model by ex-
tracting the geoelectric structures beneath the coastline ρC , the Great Valley ρGV , and
the Sierra Nevada batholith ρSNB (Fig. 5.15). For the first 5 km of my continental
forward model, I utilise a resistivity of approximately 70 Ωm for ρC , 10 Ωm for ρGV ,
and 2,000 Ωm for ρSNB. To a depth of 20 km, this model is characterised by a re-
sistivity of 4,000 Ωm for all geoelectric structures. Between the depths of 20 km and
400 km, I utilise a resistivity of 200 Ωm for ρC , 100 Ωm for ρGV , and 30 Ωm for ρSNB.
As my 3-Dimensional inversion model is insensitive to geoelectric structures deeper
than 400 km, I characterise this portion of my 2-Dimensional forward model using a
resistivity of 1 Ωm as per the global model of Grayver et al. (2017).

To assess how the 3-Dimensional inversion reproduces measured responses, I compare
the invariants of apparent resistivity and phase calculated from measured and mod-
elled EM fields (Figs 5.16 to 5.19). These responses are calculated from a rotationally
invariant determinant of the impedance tensor and are relatively robust to the effects
of near-surface 3-Dimensional resistivity structures Szarka and Menvielle (1997). From
these Figs, I observe remarkably similar responses in both the measured and mod-
elled invariant apparent resistivity and phase at all period ranges. As a consequence,
I conclude that this inversion appropriately reproduces measured responses.

5.2 2-Dimensional Forward Modelling

To begin, the 2-Dimensional modelling algorithm I use is an altered version of the
algorithm published by Wannamaker et al. (1987). This modification allows for the
calculation of both standard and hybrid impedance by allowing the user to source
magnetic fields from either sea-floor or onshore locations. Models of standard and
hybrid impedance calculated from data collected during the APPLE survey were run
to investigate the effect of standardising electric fields using quasi-surface magnetic
fields.
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Figure 5.20: Bathymetry location map of the APPLE survey from offshore California with MT stations displayed as
squares. Red squares correspond to stations utilised during Chapter 4 and Chapter 5. BK denotes the path of the
bathymetry profile for Kermit (AKE). The basemap utilises the ETOPO1 dataset of Amante and Eakins (2009).
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To model the normalisation of ocean-bottom electric fields using continental magnetic
fields, I first rotate all receivers to 327◦ to be perpendicular to the coastline. A profile
is then generated which extends from each ocean-bottom receiver location to the con-
tinent. The sDome receiver is then projected onto each profile.

This results in a unique profile for each ocean-bottom receiver which is defined by
a distinct coastline distance, sDome receiver, and bathymetry (Fig. 5.20, BAKE for
Kermit). However, the rotation of consequence of this projection is the inflation of
the distance between MT receivers and the coastline. For example, the distance to the
coastline decreases by approximately 260 km for the Kermit (AKE) receiver following
this projection. Furthermore, this projection places the continental sDome receiver
within the ocean when projecting to the Opus (AOP) receiver profile. As a conse-
quence, I shifted the modelled sDome receiver one node inland. Figs 5.21 to 5.22
display bathymetry (Ryan et al., 2009), receiver location, and modelled receiver loca-
tion. Here, Bi references the bathymetry profile for receiver i. Following limitations
imposed by the modelling algorithm, I choose to reconstruct the bathymetry using the
simplest representation possible.

Beginning with the abyssal plain, the bathymetry remains constant until the coast-
line and represents an average approximation of the abyssal plain bathymetry for each
profile (Figs 5.21 to 5.22). The location of the coastline was determined from the
GMRT Grid v3.8 (Ryan et al., 2009). In addition, I represent the gradual reduction
in bathymetry associated with the continental rise and continental slope using up to
two steps from the ocean depth associated with the abyssal plain in each profile to the
surface of my model. Furthermore, the horizontal distances modelled for each profile
vary from Ryan et al. (2009) by a maximum of 20 km as a consequence of the horizontal
mesh chosen for centre portion of the model.

In addition to the 20 km horizontal mesh spacing for the centre portion of the model,
additional meshing of over 10,000 km was added to each side as padding to ensure the
fields satisfy the boundary conditions applied at external mesh boundaries. Vertical
mesh spacing was made to increase gradually with mesh spacings of up to a few hun-
dred metres for the first few kilometres. Furthermore, the vertical mesh spacing was
reduced when approaching the sea floor to ensure adequate discretisation across this
prominent boundary. The horizontal dimensions of the models vary depending on the
length of the profile from a 120 to a 136 node-wide mesh, including 22 padding nodes.
In contrast, the vertical dimensions of the model remain a constant 57 node-wide mesh
which includes 8 padding nodes. The EM fields calculated at the ocean-bottom and
continental receiver locations are then utilised to calculate the standard and hybrid
impedances predicted by our forward model.
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5.3 Reference Model

To calculate the subsurface conductivity structure used throughout my forward mod-
elling, I must first determine the representative age of oceanic lithosphere for the AP-
PLE region. To do so I calculate the arithmetic mean of oceanic crust age from a
dataset published by Müller et al. (2016). To limit the influence of distortions when
sampling this grid, I utilise Generic Mapping Tools v5.4.3 to project the data to an
equidistant azimuthal projection with a radial distance of 200 km (Fig. 5.23), far
exceeding the 30 km radius of the cluster. This projection has the advantage of main-
taining the distance and azimuth of a projected location with respect to the centre
point. For this, the centre point was chosen to be the centre of the cluster. From this
method I calculate the age representative of the APPLE region to be 32.5 Ma which
I round to 33 Ma for the purposes of my subsurface conductivity modelling. To verify
my predictions, I compare results calculated by my reference model to MT studies from
33 ± 10 Ma regions of the Pacific Ocean.

Through an analysis of melt fractions predicted by the conductivity model from Chap-
ter 3, I observe the absence of silicate melt and < 10 ppm of carbonatite melt between
60 km and 100 km depth (Fig. 5.24). Such amounts of carbonatite melt deep within
the Earth are unlikely to be resolved by the MT method. As such, I interpret this as
evidence supporting a conduction mechanism which is free of melt beneath the APPLE
region. This corroborates the study of Baba et al. (2010), situated on 25.56 Ma oceanic
crust, who concluded that partial melt is not required to reproduce Pacific Ocean sub-
surface conductivity structures. However, my reference model is unable to corroborate
the presence of melt beneath 23.45 Ma oceanic crust as predicted by Naif et al. (2013).
However the authors concluded that the partial melt is a consequence of subduction.
As such, I’m unlikely to reproduce this using my reference model.

From my reference model, I calculate Hashin-Shtrikman (HS) limits for 33 Ma oceanic
lithosphere (Fig. 5.25). These limits represent the narrowest conductivity bounds for
a multiphase system with an interconnected (σ+

HS) and disconnected (σ−
HS) conductive

phase (Hashin and Shtrikman, 1962). The two HS limits for a dry upper mantle are
approximately equal, I utilise a geometric mean of these HS limits within my forward
model (Fig. 5.25 solid black line and Figs 5.28 to 5.39 blue circles). In contrast, the
lower and upper HS limits calculated for a hydrated upper mantle vary by an order of
magnitude. As such, I utilise both within my forward model (Fig. 5.25 dashed and
dotted black lines and Figs 5.28 to 5.39 orange and yellow circles respectively).
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Figure 5.21: 2-Dimensional bathymetry profile for Rhonda (BR), Igor (BI), and Trevor
(BT ) receivers of the APPLE survey. The black line corresponds to bathymetry as
per the GMRT Grid v3.8 of Ryan et al. (2009) while the blue line corresponds to a
forward modelled approximation. The orange triangles correspond to the bathymetry
measured by the receivers during their deployment while the yellow triangles correspond
to a forward modelled approximation. The profile utilises the GMRT Grid v3.8 of Ryan
et al. (2009) to determine bathymetry.
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Figure 5.22: 2-Dimensional bathymetry profile for Kermit (BK), Ulysses (BU), and
Opus (BO) receivers of the APPLE survey. The black line corresponds to bathymetry
as per the GMRT Grid v3.8 of Ryan et al. (2009) while the blue line corresponds to a
forward modelled approximation. The orange triangles correspond to the bathymetry
measured by the receivers during their deployment while the yellow triangles correspond
to a forward modelled approximation. The profile utilises the GMRT Grid v3.8 of
Ryan et al. (2009) to determine bathymetry. As the Opus (AOP) projection places the
continental sDome receiver is placed within the ocean, the modelled sDome receiver is
shifted one node inland.
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Figure 5.23: Azimuthal equidistant projection of ocean age data focusing on the cluster
portion of the APPLE survey from offshore California with MT stations displayed as
squares. The projection is centred on the middle of the cluster. The basemap utilises
oceanic crust age data published by Müller et al. (2016).
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Figure 5.24: a) & b) display the melt fraction as a function of depth beneath the ocean
floor (km) and oceanic lithosphere age (Ma) for silicate and carbonatite based melt
respectively as calculated by the two-layer standard conductivity model in Chapter 3.
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As my reference model is unable to predict the conductivity structure for depths shal-
lower than the base of the oceanic lithosphere, I utilise the results of Chesley et al.
(2019) (Fig. 5.26). Chesley et al. (2019) inverted CSEM data collected alongside the
APPLE MT data to determine the conductivity structure for this region to a depth
of 25 km. As the maximum depth of the model is situated within the highly resistive
oceanic lithosphere, I utilise this model as the basis of my forward models near-surface
conductivity structure (Fig. 5.27). However, it is worth noting that the spatial res-
olution of CSEM at these depths far exceeds that of MT measurements. Therefore,
I utilise a coarse approximation of this conductivity structure within my forward model.

The upper and lower HS limits for a dry upper mantle represent an interconnected
garnet and clinopyroxene phase respectively. These limits are observed to corroborate
the global conductivity model of Grayver et al. (2017). However, they are incapable
of reproducing the results of Baba et al. (2010) and Naif et al. (2013). Instead, these
limits predict a more resistive subsurface beneath 33 ± 10 Ma oceanic lithosphere. In
contrast, the HS limits for hydrated upper mantle corroborate the interpretation of
Baba et al. (2010) who proposed the presence of hydration beneath 25.56 Ma oceanic
crust. Additionally, these limits also show hydration is incapable of reproducing the
conductive features beneath 23.45 Ma oceanic crust as predicted by Naif et al. (2013).
It is important to note however that the younger lithosphere beneath the study of Baba
et al. (2010) would shift HS limits for a hydrated upper mantle to higher conductiv-
ities. As such, the conductivity structure presented by Baba et al. (2010) for depths
greater than 100 km is unlikely to be within the disconnected HS limits for a hydrated
upper mantle. Subsequently, I interpret a dry upper mantle for depths beyond 100 km
beneath for the study of Baba et al. (2010). Following these results, I conclude that a
dry or hydrous upper mantle is required to constrain my 2-Dimensional forward model
of the APPLE region.

5.4 Discussion

For standard impedance, the apparent resistivity and phase varies between TE- and
TM-modes suggesting a complex subsurface conductivity structure for the APPLE
region which varies in multiple spatial dimensions (Figs 5.28 to 5.39). In contrast,
hybrid impedance predicts a simple apparent resistivity and phase for both TE- and
TM-modes indicative of a 1-Dimensional subsurface conductivity structure. Following
the simple bathymetry of the APPLE region and its distance from major tectonic
boundaries, I interpret these observations to be evidence supporting the use of hybrid
impedances.
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Figure 5.25: Red and blue lines correspond to Hashin-Shtrikman limits as calculated by
my two-layer standard conductivity model for 33 Ma oceanic crust by my conductivity
model. The HS limits displayed by red and blue lines correspond to a hydrated upper
mantle and dry upper mantle respectively. Green and magenta lines correspond to the
global conductivity model of Grayver et al. (2017).
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Figure 5.26: Preferred resistivity model with 70% and 95% confidence intervals de-
rived from a linearised uncertainty analysis of Chesley et al. (2019). Orange, solid, and
blue, dashed lines show resistivity in the paleo-ridge-parallel (x-z) plane and paleo-
spreading (y) direction, respectively, for this study. Overlain dashed pink and green
lines are resistivities for hydrated bending fault plane parallel and perpendicular direc-
tions, respectively, from the Middle America Trench (Key et al., 2012). Experimentally
measured conductivity for sheared olivine samples (Pommier et al. (2018); shear strain
= 1.3) extrapolated to lower temperatures for the shear parallel direction (purple rect-
angle) and shear plane perpendicular direction (gold rectangle).
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Figure 5.27: 2-Dimensional forward model structure for the Igor receiver. To define the
bathymetry, I utilise the profiles in Figs 5.21 to 5.22. Excluding the vertical boundary
between oceanic and continental lithosphere, conductivity only varies along the z-axis.
The oceanic conductivity structure presented in this figure corresponds to the hydrated
lower limit model presented in Fig. 5.25.
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Furthermore, all three forward models are unable to reproduce measured responses
when utilising standard impedances. In comparison, the dry forward model is capable
of reproducing apparent resistivities and phases for the entire period range of 100 s to
10,000 s for measured data. In addition, this forward model predicts responses which
are contiguous with the global conductivity model of Grayver et al. (2017) for the TE-
mode when utilising hybrid impedance.

I interpret the discontinuity between TM-mode responses and the global conductiv-
ity model of Grayver et al. (2017) to be a consequence of my coarse approximation of
the coastline. This limits my ability to model the electric fields perpendicular to the
coastline which comprise the TM-mode. As such, I conclude that these observations
further support the calculation of hybrid impedance. Additionally, I interpret these ob-
servations to be evidence supporting my proposed reference model of the upper mantle
conductivity structure. Finally, I interpret these responses as evidence supporting a
primarily isotropic upper mantle beneath the oceanic lithosphere of the Pacific Ocean.

5.5 Conclusions

Following the adoption of plate tectonic theory, geophysicists have sought to constrain
the conditions which result in the LARC. To investigate this, geophysicists utilise the
MT method due to its sensitivity to enhanced electrical conductivity caused by par-
tial melt, hydration, and temperature. By analysing ocean-bottom MT data collected
from the Pacific Ocean, I have identified a conductivity model which represents the
Earth’s oceanic lithosphere and asthenosphere. In addition, I identified a strategy to
address instability in ocean-bottom MT impedance. In this chapter, I conduct a case
study which concludes that the aforementioned conductivity model is capable of repro-
ducing measured responses when utilising hybrid impedances. In contrast, standard
impedances are unable to reproduce measured responses.

From this evidence, I conclude that the upper mantle for this region of the Pacific
Ocean is primarily isotropic with thermal conduction within upper mantle silicates ca-
pable of explaining the observed conductivity structure. As such, I conclude that my
reference model realistically represents the Earth’s oceanic lithosphere and astheno-
sphere. Additionally, I conclude that these results support the hybrid impedance as an
alternative to traditional MT impedance when conducting ocean-bottom MT studies.



140 Chapter 5. Insights On The Oceanic Upper Mantle

Figure 5.28: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Rhonda receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.29: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Rhonda receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.30: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Igor receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.31: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Igor receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.32: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Trevor receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.33: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Trevor receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.34: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Kermit receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.35: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Kermit receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.36: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Ulysses receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.37: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Ulysses receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.38: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Opus receiver data and the global conductivity model of Grayver et al.
(2017) respectively.
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Figure 5.39: a) displays APPLE MT stations as squares. Red squares correspond to
plotted stations. b) and c) display standard impedance ρapp and ϕ. d) and e) display
hybrid impedance ρapp and ϕ. Blue, orange, and yellow points represent modelled
responses for dry, hydrated lower, and hydrated upper limits. Black and green points
represent the Opus receiver data and the global conductivity model of Grayver et al.
(2017) respectively.





Chapter 6

Summary and Conclusion

Since the adoption of plate tectonic theory, numerous studies have attempted to ascer-
tain the nature of the rheological contrast between the lithosphere and asthenosphere
using the MT method. This geophysical technique is sensitive to enhanced electrical
conductivity and allows geophysicists to constrain the temperature, pressure, physi-
cal and chemical state, porosity, and permeability of the Earth. From these studies,
geophysicists propose the rheological discontinuity is the result of hydration or partial
melt, however, a consensus is yet to be reached.

6.1 An Oceanic Mantle Electrical Conductivity Ref-

erence Model

Furthermore, these studies fail to consider how the conductivity structure of the rhe-
ological contrast evolves with respect to lithospheric age. To address this issue, I
formulated a representative conductivity model of the Earth’s oceanic crust and man-
tle in Chapter 3. This model characterise the bulk conductivity of the upper mantle in
terms of a resistive matrix, comprised of either dry or hydrated upper mantle minerals,
and partial melt, comprised of silicate and carbonatite melt. This bulk conductivity
varies with respect to lithospheric age via the calculation of the upper mantle temper-
ature gradient which subsequently controls the melt fraction. To ensure accuracy, the
model is derived from laboratory conductivity models and then analysed using 40 years
of MT studies from the Pacific Ocean.

From this analysis, I draw the following conclusions. Firstly, a simple model con-
sisting of upper mantle minerals, hydration, and partial melt is capable of predicting
four decades worth of data collected from the Pacific Ocean. Secondly, the conductivity
structure between 50 km and 100 km is consistent with the hypothesis of partial melt
for young lithospheric ages otherwise hydration is required. Thirdly, the conductivity
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structure between 200 km and 400 km is consistent with the hypothesis of hydration.
These conclusions constrain the rheological contrast at the base of the lithosphere its
evolution with lithospheric age from partial melt to hydration.

6.2 A Hybrid Oceanic-Continental MT Response

Approach

Further compromising my ability to constrain the geodynamic process which produces
the rheological contrast using the MT method is the interaction between induced EM
fields and the saline water of the Earth’s oceans. Chapter 4 presents a solution to
this problem in the form of a hybrid MT impedance. Considered one of the principal
problems of modern geomagnetism, this interaction distorts the EM fields measured
by MT receivers and results in erratic impedances.

A comparison of ocean-bottom electric fields, ocean-bottom magnetic fields, and on-
shore magnetic fields reveals that the source of the instability observed in standard
impedances is the ocean-bottom magnetic field. Furthermore, I observe that the ocean-
bottom magnetic field is a long-wavelength approximation of onshore magnetic fields. A
subsequent analysis of standard and hybrid impedances, reveals that hybrid impedances
are immune to instabilities introduced into ocean-bottom MT studies by interactions
between EM fields and the Earth’s oceans.

6.3 Insights On The Electrical Conductivity Struc-

ture Of The Oceanic Upper Mantle

Finally, Chapter 5 assesses the conclusions of Chapter 3 and Chapter 4 through a for-
ward modelling case study using data collected during the APPLE study. The structure
of this forward model represents the abyssal plain, continental slope, and continental
lithosphere of California. For the conductivity structure, I calculate Hashin-Shtrikman
bounds using the conductivity model proposed in Chapter 3 for a representative litho-
spheric age of 32.5 Ma. To assess my model, I analyse forward modelled responses
calculated for both standard and hybrid impedances.

For standard impedances, my forward model is unable to reproduce measured responses
for all receivers. In contrast, hybrid impedances calculated from the anhydrous and
disconnected hydrous forward model are observed to reproduce measured responses for
all receivers in addition to a global conductivity model derived from satellite magnetic
field measurements. From this, I conclude that the calculation of hybrid impedances
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as outlined in Chapter 4 is an appropriate method for improving the stability of ocean-
bottom MT responses. Similarly, I conclude that the representative conductivity model
of Chapter 3 accurately represents the conductivity structure of the lithosphere, as-
thenosphere, and the rheological contrast between the two.





Appendix A

Reference Model Electrical
structure Versus Depth

The electrical structure versus depth profiles presented in Chapter 3 and Chapter 5.
The profiles are output from my reference model defined in Chapter 3.
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Table A.1: Hashin-Shtrikman lower (HSL) and upper (HSU) limits calculated for a
dry, hydrated, and partially melted upper mantle from my reference model in Chapter
3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
1.0 2.2E+18 4.6E-19 4.7E+29 2.1E-30 2.2E+18 4.6E-19
2.0 3.3E+17 3.0E-18 7.5E+26 1.3E-27 5.7E+16 1.7E-17
3.0 6.0E+16 1.7E-17 3.1E+24 3.2E-25 2.6E+15 3.8E-16
4.0 1.2E+16 8.2E-17 2.8E+22 3.6E-23 1.9E+14 5.4E-15
5.0 2.8E+15 3.6E-16 4.6E+20 2.2E-21 1.9E+13 5.4E-14
6.0 7.1E+14 1.4E-15 1.3E+19 7.8E-20 2.5E+12 4.1E-13
7.0 2.0E+14 5.0E-15 5.4E+17 1.9E-18 4.1E+11 2.4E-12
8.0 6.1E+13 1.6E-14 3.2E+16 3.1E-17 8.5E+10 1.2E-11
9.0 2.0E+13 4.9E-14 2.6E+15 3.8E-16 2.0E+10 4.9E-11
10.0 7.1E+12 1.4E-13 2.8E+14 3.5E-15 5.7E+09 1.8E-10
11.0 2.7E+12 3.7E-13 3.8E+13 2.6E-14 1.8E+09 5.6E-10
12.0 1.1E+12 9.3E-13 6.3E+12 1.6E-13 6.3E+08 1.6E-09
13.0 4.6E+11 2.2E-12 1.3E+12 7.9E-13 2.4E+08 4.1E-09
14.0 2.0E+11 5.0E-12 3.0E+11 3.4E-12 1.0E+08 9.8E-09
15.0 9.3E+10 1.1E-11 8.1E+10 1.2E-11 4.6E+07 2.2E-08
16.0 4.5E+10 2.2E-11 2.5E+10 4.0E-11 2.2E+07 4.6E-08
17.0 2.3E+10 4.4E-11 8.7E+09 1.2E-10 1.1E+07 9.1E-08
18.0 1.2E+10 8.5E-11 3.3E+09 3.0E-10 5.9E+06 1.7E-07
19.0 6.3E+09 1.6E-10 1.4E+09 7.4E-10 3.3E+06 3.1E-07
20.0 3.5E+09 2.9E-10 5.9E+08 1.7E-09 1.9E+06 5.3E-07
21.0 2.0E+09 5.1E-10 2.7E+08 3.6E-09 1.1E+06 8.7E-07
22.0 1.2E+09 8.7E-10 1.3E+08 7.5E-09 7.1E+05 1.4E-06
23.0 6.9E+08 1.5E-09 6.8E+07 1.5E-08 4.6E+05 2.2E-06
24.0 4.2E+08 2.4E-09 3.6E+07 2.8E-08 3.0E+05 3.3E-06
25.0 2.6E+08 3.8E-09 2.0E+07 5.1E-08 2.1E+05 4.9E-06
26.0 1.7E+08 5.9E-09 1.1E+07 8.9E-08 1.4E+05 7.0E-06
27.0 1.1E+08 9.1E-09 6.5E+06 1.5E-07 1.0E+05 9.8E-06
28.0 7.2E+07 1.4E-08 4.0E+06 2.5E-07 7.4E+04 1.4E-05
29.0 4.9E+07 2.0E-08 2.6E+06 3.9E-07 5.4E+04 1.9E-05
30.0 3.3E+07 3.0E-08 1.7E+06 6.0E-07 4.1E+04 2.5E-05
31.0 2.3E+07 4.3E-08 1.1E+06 9.1E-07 3.1E+04 3.2E-05
32.0 1.6E+07 6.1E-08 7.5E+05 1.3E-06 2.4E+04 4.2E-05
33.0 1.2E+07 8.6E-08 5.1E+05 2.0E-06 1.9E+04 5.4E-05
34.0 8.4E+06 1.2E-07 3.6E+05 2.8E-06 1.5E+04 6.8E-05
35.0 6.2E+06 1.6E-07 2.6E+05 3.9E-06 1.2E+04 8.4E-05
36.0 4.6E+06 2.2E-07 1.9E+05 5.4E-06 9.6E+03 1.0E-04
37.0 3.4E+06 2.9E-07 1.4E+05 7.3E-06 7.9E+03 1.3E-04
38.0 2.6E+06 3.9E-07 1.0E+05 9.8E-06 6.5E+03 1.5E-04
39.0 2.0E+06 5.1E-07 7.7E+04 1.3E-05 5.4E+03 1.8E-04
40.0 1.5E+06 6.6E-07 5.9E+04 1.7E-05 4.6E+03 2.2E-04
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Table A.2: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
41.0 1.2E+06 8.5E-07 4.6E+04 2.2E-05 3.9E+03 2.6E-04
42.0 9.2E+05 1.1E-06 3.6E+04 2.8E-05 3.3E+03 3.0E-04
43.0 7.2E+05 1.4E-06 2.8E+04 3.5E-05 2.8E+03 3.5E-04
44.0 5.7E+05 1.7E-06 2.3E+04 4.4E-05 2.5E+03 4.1E-04
45.0 4.6E+05 2.2E-06 1.8E+04 5.4E-05 2.1E+03 4.7E-04
46.0 3.7E+05 2.7E-06 1.5E+04 6.7E-05 1.9E+03 5.3E-04
47.0 3.0E+05 3.3E-06 1.2E+04 8.1E-05 1.7E+03 6.0E-04
48.0 2.5E+05 4.1E-06 1.0E+04 9.8E-05 1.5E+03 6.8E-04
49.0 2.0E+05 4.9E-06 8.5E+03 1.2E-04 1.3E+03 7.7E-04
50.0 1.7E+05 6.0E-06 7.2E+03 1.4E-04 1.2E+03 8.6E-04
51.0 1.4E+05 7.2E-06 6.1E+03 1.6E-04 1.0E+03 9.5E-04
52.0 1.2E+05 8.6E-06 5.2E+03 1.9E-04 9.4E+02 1.1E-03
53.0 9.8E+04 1.0E-05 4.5E+03 2.2E-04 8.5E+02 1.2E-03
54.0 8.3E+04 1.2E-05 3.9E+03 2.6E-04 7.8E+02 1.3E-03
55.0 7.0E+04 1.4E-05 3.4E+03 2.9E-04 7.1E+02 1.4E-03
56.0 6.0E+04 1.7E-05 3.0E+03 3.4E-04 6.5E+02 1.5E-03
57.0 5.1E+04 2.0E-05 2.6E+03 3.8E-04 6.0E+02 1.7E-03
58.0 4.4E+04 2.3E-05 2.3E+03 4.3E-04 5.5E+02 1.8E-03
59.0 3.8E+04 2.7E-05 2.1E+03 4.9E-04 5.1E+02 2.0E-03
60.0 3.3E+04 3.1E-05 1.8E+03 5.4E-04 4.7E+02 2.1E-03
61.0 2.8E+04 3.5E-05 1.7E+03 6.1E-04 4.4E+02 2.3E-03
62.0 2.5E+04 4.0E-05 1.5E+03 6.7E-04 4.1E+02 2.4E-03
63.0 2.2E+04 4.6E-05 1.3E+03 7.4E-04 3.9E+02 2.6E-03
64.0 1.9E+04 5.3E-05 1.2E+03 8.2E-04 3.6E+02 2.8E-03
65.0 1.7E+04 6.0E-05 1.1E+03 9.0E-04 3.4E+02 2.9E-03
66.0 1.5E+04 6.8E-05 1.0E+03 9.8E-04 3.2E+02 3.1E-03
67.0 1.3E+04 7.6E-05 9.3E+02 1.1E-03 3.0E+02 3.3E-03
68.0 1.1E+04 8.9E-05 8.5E+02 1.2E-03 2.8E+02 3.5E-03
69.0 9.9E+03 1.0E-04 7.8E+02 1.3E-03 2.7E+02 3.7E-03
70.0 8.7E+03 1.2E-04 7.2E+02 1.4E-03 2.5E+02 4.0E-03
71.0 7.7E+03 1.3E-04 6.7E+02 1.5E-03 2.4E+02 4.2E-03
72.0 6.8E+03 1.5E-04 6.3E+02 1.6E-03 2.3E+02 4.4E-03
73.0 6.1E+03 1.7E-04 5.8E+02 1.7E-03 2.1E+02 4.7E-03
74.0 5.4E+03 1.9E-04 5.5E+02 1.8E-03 2.0E+02 4.9E-03
75.0 4.8E+03 2.1E-04 5.1E+02 2.0E-03 1.9E+02 5.2E-03
76.0 4.3E+03 2.3E-04 4.8E+02 2.1E-03 1.9E+02 5.4E-03
77.0 3.9E+03 2.6E-04 4.5E+02 2.2E-03 1.8E+02 5.7E-03
78.0 3.5E+03 2.9E-04 4.3E+02 2.3E-03 1.7E+02 5.9E-03
79.0 3.1E+03 3.2E-04 4.0E+02 2.5E-03 1.6E+02 6.2E-03
80.0 2.8E+03 3.6E-04 3.8E+02 2.6E-03 1.6E+02 6.4E-03
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Table A.3: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
81.0 2.5E+03 3.9E-04 3.6E+02 2.8E-03 1.5E+02 6.6E-03
82.0 2.3E+03 4.3E-04 3.5E+02 2.9E-03 1.5E+02 6.9E-03
83.0 2.1E+03 4.8E-04 3.3E+02 3.0E-03 1.4E+02 7.1E-03
84.0 1.9E+03 5.3E-04 3.2E+02 3.2E-03 1.4E+02 7.4E-03
85.0 1.7E+03 5.8E-04 3.0E+02 3.3E-03 1.3E+02 7.6E-03
86.0 1.6E+03 6.3E-04 2.9E+02 3.5E-03 1.3E+02 7.9E-03
87.0 1.4E+03 6.9E-04 2.8E+02 3.6E-03 1.2E+02 8.1E-03
88.0 1.3E+03 7.5E-04 2.7E+02 3.7E-03 1.2E+02 8.4E-03
89.0 1.2E+03 8.2E-04 2.6E+02 3.9E-03 1.2E+02 8.6E-03
90.0 1.1E+03 9.0E-04 2.5E+02 4.0E-03 1.1E+02 8.8E-03
91.0 1.0E+03 9.7E-04 2.4E+02 4.2E-03 1.1E+02 9.1E-03
92.0 9.4E+02 1.1E-03 2.3E+02 4.3E-03 1.1E+02 9.3E-03
93.0 8.7E+02 1.2E-03 2.3E+02 4.4E-03 1.1E+02 9.5E-03
94.0 8.1E+02 1.2E-03 2.2E+02 4.6E-03 1.0E+02 9.7E-03
95.0 7.5E+02 1.3E-03 2.1E+02 4.7E-03 1.0E+02 9.9E-03
96.0 6.9E+02 1.5E-03 2.1E+02 4.8E-03 9.9E+01 1.0E-02
97.0 6.4E+02 1.6E-03 2.0E+02 5.0E-03 9.6E+01 1.0E-02
98.0 6.0E+02 1.7E-03 2.0E+02 5.1E-03 9.4E+01 1.1E-02
99.0 5.5E+02 1.8E-03 1.9E+02 5.2E-03 9.3E+01 1.1E-02
100.0 5.2E+02 1.9E-03 1.9E+02 5.3E-03 9.1E+01 1.1E-02
101.0 4.8E+02 2.1E-03 1.8E+02 5.5E-03 8.9E+01 1.1E-02
102.0 4.5E+02 2.2E-03 1.8E+02 5.6E-03 8.8E+01 1.1E-02
103.0 4.2E+02 2.4E-03 1.8E+02 5.7E-03 8.8E+01 1.1E-02
104.0 4.0E+02 2.5E-03 1.7E+02 5.7E-03 8.7E+01 1.2E-02
105.0 3.7E+02 2.7E-03 1.7E+02 5.8E-03 8.6E+01 1.2E-02
106.0 3.5E+02 2.8E-03 1.7E+02 5.9E-03 8.5E+01 1.2E-02
107.0 3.3E+02 3.0E-03 1.7E+02 6.0E-03 8.5E+01 1.2E-02
108.0 3.1E+02 3.2E-03 1.6E+02 6.1E-03 8.4E+01 1.2E-02
109.0 3.0E+02 3.4E-03 1.6E+02 6.2E-03 8.3E+01 1.2E-02
110.0 2.8E+02 3.6E-03 1.6E+02 6.2E-03 8.3E+01 1.2E-02
111.0 2.7E+02 3.8E-03 1.6E+02 6.3E-03 8.2E+01 1.2E-02
112.0 2.5E+02 4.0E-03 1.6E+02 6.4E-03 8.1E+01 1.2E-02
113.0 2.4E+02 4.2E-03 1.6E+02 6.4E-03 8.1E+01 1.2E-02
114.0 2.3E+02 4.4E-03 1.5E+02 6.5E-03 8.1E+01 1.2E-02
115.0 2.1E+02 4.7E-03 1.5E+02 6.6E-03 8.0E+01 1.3E-02
116.0 2.0E+02 4.9E-03 1.5E+02 6.6E-03 8.0E+01 1.3E-02
117.0 1.9E+02 5.2E-03 1.5E+02 6.7E-03 7.9E+01 1.3E-02
118.0 1.8E+02 5.4E-03 1.5E+02 6.7E-03 7.9E+01 1.3E-02
119.0 1.7E+02 5.7E-03 1.5E+02 6.8E-03 7.9E+01 1.3E-02
120.0 1.7E+02 6.0E-03 1.5E+02 6.8E-03 7.8E+01 1.3E-02
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Table A.4: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
121.0 1.6E+02 6.3E-03 1.5E+02 6.9E-03 7.8E+01 1.3E-02
122.0 1.5E+02 6.6E-03 1.4E+02 6.9E-03 7.8E+01 1.3E-02
123.0 1.4E+02 7.0E-03 1.4E+02 6.9E-03 7.8E+01 1.3E-02
124.0 1.4E+02 7.3E-03 1.4E+02 7.0E-03 7.7E+01 1.3E-02
125.0 1.3E+02 7.7E-03 1.4E+02 7.0E-03 7.7E+01 1.3E-02
126.0 1.2E+02 8.1E-03 1.4E+02 7.1E-03 7.6E+01 1.3E-02
127.0 1.2E+02 8.5E-03 1.4E+02 7.1E-03 7.6E+01 1.3E-02
128.0 1.1E+02 8.9E-03 1.4E+02 7.1E-03 7.6E+01 1.3E-02
129.0 1.1E+02 9.3E-03 1.4E+02 7.2E-03 7.6E+01 1.3E-02
130.0 1.0E+02 9.7E-03 1.4E+02 7.2E-03 7.6E+01 1.3E-02
131.0 9.8E+01 1.0E-02 1.4E+02 7.2E-03 7.5E+01 1.3E-02
132.0 9.3E+01 1.1E-02 1.4E+02 7.3E-03 7.5E+01 1.3E-02
133.0 8.9E+01 1.1E-02 1.4E+02 7.3E-03 7.5E+01 1.3E-02
134.0 8.5E+01 1.2E-02 1.4E+02 7.3E-03 7.5E+01 1.3E-02
135.0 8.1E+01 1.2E-02 1.4E+02 7.4E-03 7.5E+01 1.3E-02
136.0 7.8E+01 1.3E-02 1.4E+02 7.4E-03 7.4E+01 1.4E-02
137.0 7.4E+01 1.4E-02 1.3E+02 7.4E-03 7.4E+01 1.4E-02
138.0 7.4E+01 1.4E-02 1.3E+02 7.4E-03 7.4E+01 1.4E-02
139.0 7.4E+01 1.4E-02 1.3E+02 7.5E-03 7.4E+01 1.4E-02
140.0 7.4E+01 1.4E-02 1.3E+02 7.5E-03 7.4E+01 1.4E-02
141.0 7.4E+01 1.4E-02 1.3E+02 7.5E-03 7.4E+01 1.4E-02
142.0 7.3E+01 1.4E-02 1.3E+02 7.5E-03 7.3E+01 1.4E-02
143.0 7.3E+01 1.4E-02 1.3E+02 7.6E-03 7.3E+01 1.4E-02
144.0 7.3E+01 1.4E-02 1.3E+02 7.6E-03 7.3E+01 1.4E-02
145.0 7.2E+01 1.4E-02 1.3E+02 7.6E-03 7.2E+01 1.4E-02
146.0 7.2E+01 1.4E-02 1.3E+02 7.7E-03 7.2E+01 1.4E-02
147.0 7.2E+01 1.4E-02 1.3E+02 7.7E-03 7.2E+01 1.4E-02
148.0 7.2E+01 1.4E-02 1.3E+02 7.7E-03 7.2E+01 1.4E-02
149.0 7.2E+01 1.4E-02 1.3E+02 7.7E-03 7.2E+01 1.4E-02
150.0 7.2E+01 1.4E-02 1.3E+02 7.8E-03 7.2E+01 1.4E-02
151.0 7.2E+01 1.4E-02 1.3E+02 7.8E-03 7.2E+01 1.4E-02
152.0 7.1E+01 1.4E-02 1.3E+02 7.8E-03 7.1E+01 1.4E-02
153.0 7.1E+01 1.4E-02 1.3E+02 7.8E-03 7.1E+01 1.4E-02
154.0 7.1E+01 1.4E-02 1.3E+02 7.9E-03 7.1E+01 1.4E-02
155.0 7.1E+01 1.4E-02 1.3E+02 7.9E-03 7.1E+01 1.4E-02
156.0 7.1E+01 1.4E-02 1.3E+02 7.9E-03 7.1E+01 1.4E-02
157.0 7.1E+01 1.4E-02 1.3E+02 7.9E-03 7.1E+01 1.4E-02
158.0 7.1E+01 1.4E-02 1.3E+02 8.0E-03 7.1E+01 1.4E-02
159.0 7.0E+01 1.4E-02 1.3E+02 8.0E-03 7.0E+01 1.4E-02
160.0 7.0E+01 1.4E-02 1.2E+02 8.0E-03 7.0E+01 1.4E-02
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Table A.5: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
161.0 7.0E+01 1.4E-02 1.2E+02 8.0E-03 7.0E+01 1.4E-02
162.0 7.0E+01 1.4E-02 1.2E+02 8.1E-03 7.0E+01 1.4E-02
163.0 7.0E+01 1.4E-02 1.2E+02 8.1E-03 7.0E+01 1.4E-02
164.0 7.0E+01 1.4E-02 1.2E+02 8.1E-03 7.0E+01 1.4E-02
165.0 7.0E+01 1.4E-02 1.2E+02 8.2E-03 7.0E+01 1.4E-02
166.0 7.0E+01 1.4E-02 1.2E+02 8.2E-03 7.0E+01 1.4E-02
167.0 6.9E+01 1.4E-02 1.2E+02 8.2E-03 6.9E+01 1.4E-02
168.0 6.9E+01 1.4E-02 1.2E+02 8.2E-03 6.9E+01 1.4E-02
169.0 6.9E+01 1.4E-02 1.2E+02 8.3E-03 6.9E+01 1.4E-02
170.0 6.9E+01 1.5E-02 1.2E+02 8.3E-03 6.9E+01 1.5E-02
171.0 6.9E+01 1.5E-02 1.2E+02 8.3E-03 6.9E+01 1.5E-02
172.0 6.9E+01 1.5E-02 1.2E+02 8.3E-03 6.9E+01 1.5E-02
173.0 6.9E+01 1.5E-02 1.2E+02 8.4E-03 6.9E+01 1.5E-02
174.0 6.8E+01 1.5E-02 1.2E+02 8.4E-03 6.8E+01 1.5E-02
175.0 6.8E+01 1.5E-02 1.2E+02 8.4E-03 6.8E+01 1.5E-02
176.0 6.8E+01 1.5E-02 1.2E+02 8.4E-03 6.8E+01 1.5E-02
177.0 6.8E+01 1.5E-02 1.2E+02 8.5E-03 6.8E+01 1.5E-02
178.0 6.8E+01 1.5E-02 1.2E+02 8.5E-03 6.8E+01 1.5E-02
179.0 6.8E+01 1.5E-02 1.2E+02 8.5E-03 6.8E+01 1.5E-02
180.0 6.8E+01 1.5E-02 1.2E+02 8.6E-03 6.8E+01 1.5E-02
181.0 6.8E+01 1.5E-02 1.2E+02 8.6E-03 6.8E+01 1.5E-02
182.0 6.8E+01 1.5E-02 1.2E+02 8.6E-03 6.8E+01 1.5E-02
183.0 6.8E+01 1.5E-02 1.2E+02 8.6E-03 6.8E+01 1.5E-02
184.0 6.8E+01 1.5E-02 1.2E+02 8.7E-03 6.8E+01 1.5E-02
185.0 6.7E+01 1.5E-02 1.2E+02 8.7E-03 6.7E+01 1.5E-02
186.0 6.7E+01 1.5E-02 1.1E+02 8.7E-03 6.7E+01 1.5E-02
187.0 6.7E+01 1.5E-02 1.1E+02 8.8E-03 6.7E+01 1.5E-02
188.0 6.7E+01 1.5E-02 1.1E+02 8.8E-03 6.7E+01 1.5E-02
189.0 6.7E+01 1.5E-02 1.1E+02 8.8E-03 6.7E+01 1.5E-02
190.0 6.7E+01 1.5E-02 1.1E+02 8.8E-03 6.7E+01 1.5E-02
191.0 6.7E+01 1.5E-02 1.1E+02 8.9E-03 6.7E+01 1.5E-02
192.0 6.6E+01 1.5E-02 1.1E+02 8.9E-03 6.6E+01 1.5E-02
193.0 6.6E+01 1.5E-02 1.1E+02 8.9E-03 6.6E+01 1.5E-02
194.0 6.6E+01 1.5E-02 1.1E+02 9.0E-03 6.6E+01 1.5E-02
195.0 6.6E+01 1.5E-02 1.1E+02 9.0E-03 6.6E+01 1.5E-02
196.0 6.6E+01 1.5E-02 1.1E+02 9.0E-03 6.6E+01 1.5E-02
197.0 6.6E+01 1.5E-02 1.1E+02 9.0E-03 6.6E+01 1.5E-02
198.0 6.6E+01 1.5E-02 1.1E+02 9.1E-03 6.6E+01 1.5E-02
199.0 6.5E+01 1.5E-02 1.1E+02 9.1E-03 6.5E+01 1.5E-02
200.0 6.5E+01 1.5E-02 1.1E+02 9.1E-03 6.5E+01 1.5E-02
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Table A.6: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
201.0 6.5E+01 1.5E-02 1.1E+02 9.2E-03 6.5E+01 1.5E-02
202.0 6.5E+01 1.5E-02 1.1E+02 9.2E-03 6.5E+01 1.5E-02
203.0 6.5E+01 1.5E-02 1.1E+02 9.2E-03 6.5E+01 1.5E-02
204.0 6.5E+01 1.5E-02 1.1E+02 9.3E-03 6.5E+01 1.5E-02
205.0 6.5E+01 1.5E-02 1.1E+02 9.3E-03 6.5E+01 1.5E-02
206.0 6.5E+01 1.6E-02 1.1E+02 9.3E-03 6.5E+01 1.6E-02
207.0 6.5E+01 1.6E-02 1.1E+02 9.3E-03 6.5E+01 1.6E-02
208.0 6.5E+01 1.6E-02 1.1E+02 9.4E-03 6.5E+01 1.6E-02
209.0 6.4E+01 1.6E-02 1.1E+02 9.4E-03 6.4E+01 1.6E-02
210.0 6.4E+01 1.6E-02 1.1E+02 9.4E-03 6.4E+01 1.6E-02
211.0 6.4E+01 1.6E-02 1.1E+02 9.5E-03 6.4E+01 1.6E-02
212.0 6.4E+01 1.6E-02 1.1E+02 9.5E-03 6.4E+01 1.6E-02
213.0 6.4E+01 1.6E-02 1.1E+02 9.5E-03 6.4E+01 1.6E-02
214.0 6.4E+01 1.6E-02 1.0E+02 9.6E-03 6.4E+01 1.6E-02
215.0 6.4E+01 1.6E-02 1.0E+02 9.6E-03 6.4E+01 1.6E-02
216.0 6.3E+01 1.6E-02 1.0E+02 9.6E-03 6.3E+01 1.6E-02
217.0 6.3E+01 1.6E-02 1.0E+02 9.7E-03 6.3E+01 1.6E-02
218.0 6.3E+01 1.6E-02 1.0E+02 9.7E-03 6.3E+01 1.6E-02
219.0 6.3E+01 1.6E-02 1.0E+02 9.7E-03 6.3E+01 1.6E-02
220.0 6.3E+01 1.6E-02 1.0E+02 9.7E-03 6.3E+01 1.6E-02
221.0 6.3E+01 1.6E-02 1.0E+02 9.8E-03 6.3E+01 1.6E-02
222.0 6.3E+01 1.6E-02 1.0E+02 9.8E-03 6.3E+01 1.6E-02
223.0 6.3E+01 1.6E-02 1.0E+02 9.8E-03 6.3E+01 1.6E-02
224.0 6.3E+01 1.6E-02 1.0E+02 9.9E-03 6.3E+01 1.6E-02
225.0 6.3E+01 1.6E-02 1.0E+02 9.9E-03 6.3E+01 1.6E-02
226.0 6.2E+01 1.6E-02 1.0E+02 9.9E-03 6.2E+01 1.6E-02
227.0 6.2E+01 1.6E-02 1.0E+02 1.0E-02 6.2E+01 1.6E-02
228.0 6.2E+01 1.6E-02 1.0E+02 1.0E-02 6.2E+01 1.6E-02
229.0 6.2E+01 1.6E-02 1.0E+02 1.0E-02 6.2E+01 1.6E-02
230.0 6.2E+01 1.6E-02 9.9E+01 1.0E-02 6.2E+01 1.6E-02
231.0 6.2E+01 1.6E-02 9.9E+01 1.0E-02 6.2E+01 1.6E-02
232.0 6.2E+01 1.6E-02 9.9E+01 1.0E-02 6.2E+01 1.6E-02
233.0 6.1E+01 1.6E-02 9.8E+01 1.0E-02 6.1E+01 1.6E-02
234.0 6.1E+01 1.6E-02 9.8E+01 1.0E-02 6.1E+01 1.6E-02
235.0 6.1E+01 1.6E-02 9.8E+01 1.0E-02 6.1E+01 1.6E-02
236.0 6.1E+01 1.6E-02 9.7E+01 1.0E-02 6.1E+01 1.6E-02
237.0 6.1E+01 1.6E-02 9.7E+01 1.0E-02 6.1E+01 1.6E-02
238.0 6.1E+01 1.6E-02 9.7E+01 1.0E-02 6.1E+01 1.6E-02
239.0 6.1E+01 1.7E-02 9.6E+01 1.0E-02 6.1E+01 1.7E-02
240.0 6.1E+01 1.7E-02 9.6E+01 1.0E-02 6.1E+01 1.7E-02
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Table A.7: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
241.0 6.1E+01 1.7E-02 9.6E+01 1.0E-02 6.1E+01 1.7E-02
242.0 6.0E+01 1.7E-02 9.5E+01 1.1E-02 6.0E+01 1.7E-02
243.0 6.0E+01 1.7E-02 9.5E+01 1.1E-02 6.0E+01 1.7E-02
244.0 6.0E+01 1.7E-02 9.5E+01 1.1E-02 6.0E+01 1.7E-02
245.0 6.0E+01 1.7E-02 9.4E+01 1.1E-02 6.0E+01 1.7E-02
246.0 6.0E+01 1.7E-02 9.4E+01 1.1E-02 6.0E+01 1.7E-02
247.0 6.0E+01 1.7E-02 9.4E+01 1.1E-02 6.0E+01 1.7E-02
248.0 6.0E+01 1.7E-02 9.3E+01 1.1E-02 6.0E+01 1.7E-02
249.0 6.0E+01 1.7E-02 9.3E+01 1.1E-02 6.0E+01 1.7E-02
250.0 6.0E+01 1.7E-02 9.3E+01 1.1E-02 6.0E+01 1.7E-02
251.0 6.0E+01 1.7E-02 9.3E+01 1.1E-02 6.0E+01 1.7E-02
252.0 5.9E+01 1.7E-02 9.3E+01 1.1E-02 5.9E+01 1.7E-02
253.0 5.9E+01 1.7E-02 9.3E+01 1.1E-02 5.9E+01 1.7E-02
254.0 5.9E+01 1.7E-02 9.2E+01 1.1E-02 5.9E+01 1.7E-02
255.0 5.9E+01 1.7E-02 9.2E+01 1.1E-02 5.9E+01 1.7E-02
256.0 5.9E+01 1.7E-02 9.2E+01 1.1E-02 5.9E+01 1.7E-02
257.0 5.9E+01 1.7E-02 9.1E+01 1.1E-02 5.9E+01 1.7E-02
258.0 5.8E+01 1.7E-02 9.1E+01 1.1E-02 5.8E+01 1.7E-02
259.0 5.8E+01 1.7E-02 9.0E+01 1.1E-02 5.8E+01 1.7E-02
260.0 5.8E+01 1.7E-02 9.0E+01 1.1E-02 5.8E+01 1.7E-02
261.0 5.8E+01 1.7E-02 9.0E+01 1.1E-02 5.8E+01 1.7E-02
262.0 5.8E+01 1.7E-02 8.9E+01 1.1E-02 5.8E+01 1.7E-02
263.0 5.8E+01 1.7E-02 8.9E+01 1.1E-02 5.8E+01 1.7E-02
264.0 5.8E+01 1.7E-02 8.9E+01 1.1E-02 5.8E+01 1.7E-02
265.0 5.8E+01 1.7E-02 8.8E+01 1.1E-02 5.8E+01 1.7E-02
266.0 5.8E+01 1.7E-02 8.8E+01 1.1E-02 5.8E+01 1.7E-02
267.0 5.7E+01 1.7E-02 8.8E+01 1.1E-02 5.7E+01 1.7E-02
268.0 5.7E+01 1.7E-02 8.8E+01 1.1E-02 5.7E+01 1.7E-02
269.0 5.7E+01 1.7E-02 8.8E+01 1.1E-02 5.7E+01 1.7E-02
270.0 5.7E+01 1.7E-02 8.7E+01 1.2E-02 5.7E+01 1.7E-02
271.0 5.7E+01 1.8E-02 8.7E+01 1.2E-02 5.7E+01 1.8E-02
272.0 5.7E+01 1.8E-02 8.7E+01 1.2E-02 5.7E+01 1.8E-02
273.0 5.7E+01 1.8E-02 8.6E+01 1.2E-02 5.7E+01 1.8E-02
274.0 5.7E+01 1.8E-02 8.6E+01 1.2E-02 5.7E+01 1.8E-02
275.0 5.7E+01 1.8E-02 8.6E+01 1.2E-02 5.7E+01 1.8E-02
276.0 5.7E+01 1.8E-02 8.5E+01 1.2E-02 5.7E+01 1.8E-02
277.0 5.6E+01 1.8E-02 8.5E+01 1.2E-02 5.6E+01 1.8E-02
278.0 5.6E+01 1.8E-02 8.5E+01 1.2E-02 5.6E+01 1.8E-02
279.0 5.6E+01 1.8E-02 8.5E+01 1.2E-02 5.6E+01 1.8E-02
280.0 5.6E+01 1.8E-02 8.5E+01 1.2E-02 5.6E+01 1.8E-02
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Table A.8: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
281.0 5.6E+01 1.8E-02 8.4E+01 1.2E-02 5.6E+01 1.8E-02
282.0 5.6E+01 1.8E-02 8.4E+01 1.2E-02 5.6E+01 1.8E-02
283.0 5.6E+01 1.8E-02 8.3E+01 1.2E-02 5.6E+01 1.8E-02
284.0 5.6E+01 1.8E-02 8.3E+01 1.2E-02 5.6E+01 1.8E-02
285.0 5.6E+01 1.8E-02 8.3E+01 1.2E-02 5.6E+01 1.8E-02
286.0 5.6E+01 1.8E-02 8.3E+01 1.2E-02 5.6E+01 1.8E-02
287.0 5.6E+01 1.8E-02 8.3E+01 1.2E-02 5.6E+01 1.8E-02
288.0 5.5E+01 1.8E-02 8.2E+01 1.2E-02 5.5E+01 1.8E-02
289.0 5.5E+01 1.8E-02 8.2E+01 1.2E-02 5.5E+01 1.8E-02
290.0 5.5E+01 1.8E-02 8.2E+01 1.2E-02 5.5E+01 1.8E-02
291.0 5.5E+01 1.8E-02 8.1E+01 1.2E-02 5.5E+01 1.8E-02
292.0 5.5E+01 1.8E-02 8.1E+01 1.2E-02 5.5E+01 1.8E-02
293.0 5.5E+01 1.8E-02 8.1E+01 1.2E-02 5.5E+01 1.8E-02
294.0 5.5E+01 1.8E-02 8.1E+01 1.2E-02 5.5E+01 1.8E-02
295.0 5.5E+01 1.8E-02 8.1E+01 1.2E-02 5.5E+01 1.8E-02
296.0 5.5E+01 1.8E-02 8.0E+01 1.3E-02 5.5E+01 1.8E-02
297.0 5.4E+01 1.8E-02 8.0E+01 1.3E-02 5.4E+01 1.8E-02
298.0 5.4E+01 1.8E-02 7.9E+01 1.3E-02 5.4E+01 1.8E-02
299.0 5.4E+01 1.8E-02 7.9E+01 1.3E-02 5.4E+01 1.8E-02
300.0 5.4E+01 1.9E-02 7.9E+01 1.3E-02 5.4E+01 1.9E-02
301.0 5.4E+01 1.9E-02 7.9E+01 1.3E-02 5.4E+01 1.9E-02
302.0 5.4E+01 1.9E-02 7.9E+01 1.3E-02 5.4E+01 1.9E-02
303.0 5.4E+01 1.9E-02 7.9E+01 1.3E-02 5.4E+01 1.9E-02
304.0 5.4E+01 1.9E-02 7.8E+01 1.3E-02 5.4E+01 1.9E-02
305.0 5.4E+01 1.9E-02 7.8E+01 1.3E-02 5.4E+01 1.9E-02
306.0 5.4E+01 1.9E-02 7.8E+01 1.3E-02 5.4E+01 1.9E-02
307.0 5.4E+01 1.9E-02 7.8E+01 1.3E-02 5.4E+01 1.9E-02
308.0 5.4E+01 1.9E-02 7.8E+01 1.3E-02 5.4E+01 1.9E-02
309.0 5.3E+01 1.9E-02 7.8E+01 1.3E-02 5.3E+01 1.9E-02
310.0 5.3E+01 1.9E-02 7.7E+01 1.3E-02 5.3E+01 1.9E-02
311.0 5.3E+01 1.9E-02 7.7E+01 1.3E-02 5.3E+01 1.9E-02
312.0 5.3E+01 1.9E-02 7.7E+01 1.3E-02 5.3E+01 1.9E-02
313.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
314.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
315.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
316.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
317.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
318.0 5.3E+01 1.9E-02 7.6E+01 1.3E-02 5.3E+01 1.9E-02
319.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
320.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
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Table A.9: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially melted
upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
321.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
322.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
323.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
324.0 5.3E+01 1.9E-02 7.5E+01 1.3E-02 5.3E+01 1.9E-02
325.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
326.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
327.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
328.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
329.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
330.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
331.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
332.0 5.3E+01 1.9E-02 7.4E+01 1.4E-02 5.3E+01 1.9E-02
333.0 5.3E+01 1.9E-02 7.3E+01 1.4E-02 5.3E+01 1.9E-02
334.0 5.3E+01 1.9E-02 7.3E+01 1.4E-02 5.3E+01 1.9E-02
335.0 5.3E+01 1.9E-02 7.3E+01 1.4E-02 5.3E+01 1.9E-02
336.0 5.3E+01 1.9E-02 7.3E+01 1.4E-02 5.3E+01 1.9E-02
337.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
338.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
339.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
340.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
341.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
342.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
343.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
344.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
345.0 5.3E+01 1.9E-02 7.2E+01 1.4E-02 5.3E+01 1.9E-02
346.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
347.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
348.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
349.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
350.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
351.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
352.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
353.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
354.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
355.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
356.0 5.3E+01 1.9E-02 7.1E+01 1.4E-02 5.3E+01 1.9E-02
357.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
358.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
359.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
360.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
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Table A.10: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL140Ma

Dry HSL33Ma
Dry HSU33Ma

Dry

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
361.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
362.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
363.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
364.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
365.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
366.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
367.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
368.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
369.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
370.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
371.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
372.0 5.3E+01 1.9E-02 7.0E+01 1.4E-02 5.3E+01 1.9E-02
373.0 5.3E+01 1.9E-02 6.9E+01 1.4E-02 5.3E+01 1.9E-02
374.0 5.3E+01 1.9E-02 6.9E+01 1.4E-02 5.3E+01 1.9E-02
375.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
376.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
377.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
378.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
379.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
380.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
381.0 5.4E+01 1.9E-02 6.9E+01 1.4E-02 5.4E+01 1.9E-02
382.0 5.4E+01 1.9E-02 6.9E+01 1.5E-02 5.4E+01 1.9E-02
383.0 5.4E+01 1.9E-02 6.9E+01 1.5E-02 5.4E+01 1.9E-02
384.0 5.4E+01 1.9E-02 6.9E+01 1.5E-02 5.4E+01 1.9E-02
385.0 5.4E+01 1.9E-02 6.9E+01 1.5E-02 5.4E+01 1.9E-02
386.0 5.4E+01 1.9E-02 6.9E+01 1.5E-02 5.4E+01 1.9E-02
387.0 5.4E+01 1.8E-02 6.9E+01 1.5E-02 5.4E+01 1.8E-02
388.0 5.4E+01 1.8E-02 6.9E+01 1.5E-02 5.4E+01 1.8E-02
389.0 5.4E+01 1.8E-02 6.9E+01 1.5E-02 5.4E+01 1.8E-02
390.0 5.4E+01 1.8E-02 6.8E+01 1.5E-02 5.4E+01 1.8E-02
391.0 5.4E+01 1.8E-02 6.8E+01 1.5E-02 5.4E+01 1.8E-02
392.0 5.4E+01 1.8E-02 6.8E+01 1.5E-02 5.4E+01 1.8E-02
393.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
394.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
395.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
396.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
397.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
398.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
399.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
400.0 5.5E+01 1.8E-02 6.8E+01 1.5E-02 5.5E+01 1.8E-02
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Table A.11: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
1.0 1.5E+14 6.9E-15 1.1E+12 8.9E-13 1.1E+12 8.9E-13
2.0 8.7E+12 1.2E-13 8.9E+10 1.1E-11 3.1E+07 3.2E-08
3.0 7.9E+11 1.3E-12 1.0E+10 9.6E-11 1.8E+05 5.6E-06
4.0 1.0E+11 9.9E-12 1.6E+09 6.1E-10 8.5E+03 1.2E-04
5.0 1.7E+10 5.9E-11 3.3E+08 3.0E-09 1.2E+03 8.5E-04
6.0 3.5E+09 2.8E-10 8.1E+07 1.2E-08 3.0E+02 3.3E-03
7.0 8.8E+08 1.1E-09 2.3E+07 4.3E-08 1.1E+02 8.8E-03
8.0 2.6E+08 3.9E-09 7.6E+06 1.3E-07 5.5E+01 1.8E-02
9.0 8.5E+07 1.2E-08 2.8E+06 3.5E-07 3.2E+01 3.2E-02
10.0 3.2E+07 3.2E-08 1.2E+06 8.6E-07 7.8E-02 1.3E+01
11.0 1.3E+07 7.8E-08 5.2E+05 1.9E-06 1.8E-07 5.7E+06
12.0 5.7E+06 1.8E-07 2.5E+05 4.0E-06 7.9E-08 1.3E+07
13.0 2.7E+06 3.7E-07 1.3E+05 7.9E-06 1.2E-01 8.0E+00
14.0 1.4E+06 7.2E-07 6.9E+04 1.5E-05 1.2E-01 8.6E+00
15.0 7.4E+05 1.4E-06 3.9E+04 2.5E-05 1.1E-01 9.0E+00
16.0 4.2E+05 2.4E-06 2.4E+04 4.3E-05 1.1E-01 9.4E+00
17.0 2.5E+05 4.1E-06 1.5E+04 6.9E-05 1.0E-01 9.6E+00
18.0 1.5E+05 6.6E-06 9.3E+03 1.1E-04 1.0E-01 9.8E+00
19.0 9.6E+04 1.0E-05 6.2E+03 1.6E-04 1.0E-01 1.0E+01
20.0 6.3E+04 1.6E-05 4.3E+03 2.4E-04 9.9E-02 1.0E+01
21.0 4.2E+04 2.4E-05 3.0E+03 3.4E-04 9.8E-02 1.0E+01
22.0 2.9E+04 3.4E-05 2.1E+03 4.7E-04 9.8E-02 1.0E+01
23.0 2.1E+04 4.8E-05 1.6E+03 6.4E-04 9.7E-02 1.0E+01
24.0 1.5E+04 6.6E-05 1.2E+03 8.5E-04 9.7E-02 1.0E+01
25.0 1.1E+04 9.0E-05 8.9E+02 1.1E-03 9.7E-02 1.0E+01
26.0 8.4E+03 1.2E-04 6.9E+02 1.5E-03 9.7E-02 1.0E+01
27.0 6.5E+03 1.6E-04 5.4E+02 1.8E-03 9.7E-02 1.0E+01
28.0 5.0E+03 2.0E-04 4.3E+02 2.3E-03 9.6E-02 1.0E+01
29.0 4.0E+03 2.5E-04 3.5E+02 2.9E-03 9.6E-02 1.0E+01
30.0 3.2E+03 3.2E-04 2.9E+02 3.5E-03 9.6E-02 1.0E+01
31.0 2.6E+03 3.9E-04 2.4E+02 4.2E-03 9.6E-02 1.0E+01
32.0 2.1E+03 4.8E-04 2.0E+02 5.1E-03 9.6E-02 1.0E+01
33.0 1.7E+03 5.8E-04 1.7E+02 6.0E-03 9.6E-02 1.0E+01
34.0 1.4E+03 6.9E-04 1.4E+02 7.1E-03 9.6E-02 1.0E+01
35.0 1.2E+03 8.2E-04 1.2E+02 8.2E-03 9.6E-02 1.0E+01
36.0 1.0E+03 9.7E-04 1.1E+02 9.5E-03 9.6E-02 1.0E+01
37.0 8.8E+02 1.1E-03 9.2E+01 1.1E-02 9.6E-02 1.0E+01
38.0 7.6E+02 1.3E-03 8.0E+01 1.3E-02 9.6E-02 1.0E+01
39.0 6.7E+02 1.5E-03 7.1E+01 1.4E-02 9.6E-02 1.0E+01
40.0 5.8E+02 1.7E-03 6.3E+01 1.6E-02 9.6E-02 1.0E+01
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Table A.12: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
41.0 5.1E+02 2.0E-03 5.6E+01 1.8E-02 9.6E-02 1.0E+01
42.0 4.5E+02 2.2E-03 5.1E+01 2.0E-02 9.6E-02 1.0E+01
43.0 4.0E+02 2.5E-03 4.5E+01 2.2E-02 9.6E-02 1.0E+01
44.0 3.6E+02 2.8E-03 4.1E+01 2.4E-02 9.6E-02 1.0E+01
45.0 3.3E+02 3.1E-03 3.8E+01 2.7E-02 9.6E-02 1.0E+01
46.0 2.9E+02 3.4E-03 3.4E+01 2.9E-02 9.6E-02 1.0E+01
47.0 2.7E+02 3.7E-03 3.2E+01 3.2E-02 9.6E-02 1.0E+01
48.0 2.4E+02 4.1E-03 2.9E+01 3.4E-02 9.6E-02 1.0E+01
49.0 2.2E+02 4.5E-03 2.7E+01 3.7E-02 9.6E-02 1.0E+01
50.0 2.1E+02 4.9E-03 2.5E+01 4.0E-02 9.6E-02 1.0E+01
51.0 1.9E+02 5.3E-03 2.3E+01 4.3E-02 9.6E-02 1.0E+01
52.0 1.8E+02 5.7E-03 2.2E+01 4.6E-02 9.6E-02 1.0E+01
53.0 1.6E+02 6.1E-03 2.0E+01 4.9E-02 9.6E-02 1.0E+01
54.0 1.5E+02 6.6E-03 1.9E+01 5.2E-02 9.6E-02 1.0E+01
55.0 1.4E+02 7.1E-03 1.8E+01 5.5E-02 9.6E-02 1.0E+01
56.0 1.3E+02 7.6E-03 1.7E+01 5.8E-02 9.6E-02 1.0E+01
57.0 1.2E+02 8.1E-03 1.6E+01 6.2E-02 9.6E-02 1.0E+01
58.0 1.2E+02 8.6E-03 1.5E+01 6.5E-02 9.6E-02 1.0E+01
59.0 1.1E+02 9.2E-03 1.5E+01 6.8E-02 9.6E-02 1.0E+01
60.0 1.0E+02 9.7E-03 1.4E+01 7.1E-02 9.6E-02 1.0E+01
61.0 9.8E+01 1.0E-02 1.3E+01 7.5E-02 9.6E-02 1.0E+01
62.0 9.3E+01 1.1E-02 1.3E+01 7.8E-02 9.7E-02 1.0E+01
63.0 8.8E+01 1.1E-02 1.2E+01 8.1E-02 9.8E-02 1.0E+01
64.0 8.4E+01 1.2E-02 1.2E+01 8.4E-02 1.0E-01 1.0E+01
65.0 8.0E+01 1.3E-02 1.1E+01 8.8E-02 1.0E-01 9.9E+00
66.0 7.7E+01 1.3E-02 1.1E+01 9.1E-02 1.0E-01 9.7E+00
67.0 7.4E+01 1.4E-02 1.1E+01 9.4E-02 1.1E-01 9.4E+00
68.0 9.3E+01 1.1E-02 1.1E+01 9.4E-02 1.1E-01 9.2E+00
69.0 8.9E+01 1.1E-02 1.0E+01 9.8E-02 1.1E-01 8.9E+00
70.0 8.5E+01 1.2E-02 9.7E+00 1.0E-01 1.3E-01 7.9E+00
71.0 8.2E+01 1.2E-02 9.3E+00 1.1E-01 1.4E-01 7.0E+00
72.0 7.9E+01 1.3E-02 9.0E+00 1.1E-01 1.6E-01 6.2E+00
73.0 7.6E+01 1.3E-02 8.6E+00 1.2E-01 1.9E-01 5.3E+00
74.0 7.2E+01 1.4E-02 8.3E+00 1.2E-01 2.2E-01 4.6E+00
75.0 7.0E+01 1.4E-02 8.0E+00 1.3E-01 2.6E-01 3.9E+00
76.0 6.8E+01 1.5E-02 7.8E+00 1.3E-01 3.1E-01 3.3E+00
77.0 6.5E+01 1.5E-02 7.5E+00 1.3E-01 3.8E-01 2.7E+00
78.0 6.3E+01 1.6E-02 7.2E+00 1.4E-01 4.8E-01 2.1E+00
79.0 6.1E+01 1.6E-02 7.0E+00 1.4E-01 6.3E-01 1.6E+00
80.0 6.0E+01 1.7E-02 6.8E+00 1.5E-01 8.9E-01 1.1E+00
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Table A.13: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
81.0 5.8E+01 1.7E-02 6.6E+00 1.5E-01 1.4E+00 6.9E-01
82.0 5.6E+01 1.8E-02 6.5E+00 1.6E-01 3.4E+00 3.0E-01
83.0 5.5E+01 1.8E-02 6.3E+00 1.6E-01 4.1E+00 2.4E-01
84.0 5.3E+01 1.9E-02 6.1E+00 1.6E-01 4.2E+00 2.4E-01
85.0 5.2E+01 1.9E-02 6.0E+00 1.7E-01 4.2E+00 2.4E-01
86.0 5.1E+01 2.0E-02 5.8E+00 1.7E-01 4.2E+00 2.4E-01
87.0 5.0E+01 2.0E-02 5.7E+00 1.8E-01 4.2E+00 2.4E-01
88.0 4.9E+01 2.1E-02 5.5E+00 1.8E-01 4.2E+00 2.4E-01
89.0 4.8E+01 2.1E-02 5.4E+00 1.9E-01 4.2E+00 2.4E-01
90.0 4.7E+01 2.1E-02 5.3E+00 1.9E-01 4.2E+00 2.4E-01
91.0 4.6E+01 2.2E-02 5.2E+00 1.9E-01 4.2E+00 2.4E-01
92.0 4.5E+01 2.2E-02 5.1E+00 2.0E-01 4.1E+00 2.4E-01
93.0 4.4E+01 2.3E-02 5.0E+00 2.0E-01 4.1E+00 2.4E-01
94.0 4.3E+01 2.3E-02 4.9E+00 2.1E-01 4.1E+00 2.4E-01
95.0 4.3E+01 2.3E-02 4.8E+00 2.1E-01 4.1E+00 2.5E-01
96.0 4.2E+01 2.4E-02 4.7E+00 2.1E-01 4.0E+00 2.5E-01
97.0 4.1E+01 2.4E-02 4.6E+00 2.2E-01 4.0E+00 2.5E-01
98.0 4.1E+01 2.5E-02 4.5E+00 2.2E-01 4.0E+00 2.5E-01
99.0 4.0E+01 2.5E-02 4.5E+00 2.2E-01 4.0E+00 2.5E-01
100.0 4.0E+01 2.5E-02 4.4E+00 2.3E-01 3.9E+00 2.6E-01
101.0 3.9E+01 2.6E-02 4.3E+00 2.3E-01 3.9E+00 2.6E-01
102.0 3.9E+01 2.6E-02 4.3E+00 2.3E-01 3.9E+00 2.6E-01
103.0 3.9E+01 2.6E-02 4.3E+00 2.3E-01 3.9E+00 2.6E-01
104.0 3.8E+01 2.6E-02 4.2E+00 2.4E-01 3.9E+00 2.6E-01
105.0 3.8E+01 2.6E-02 4.2E+00 2.4E-01 3.9E+00 2.6E-01
106.0 3.8E+01 2.7E-02 4.2E+00 2.4E-01 3.9E+00 2.6E-01
107.0 3.7E+01 2.7E-02 4.2E+00 2.4E-01 3.9E+00 2.6E-01
108.0 3.7E+01 2.7E-02 4.1E+00 2.4E-01 3.9E+00 2.6E-01
109.0 3.7E+01 2.7E-02 4.1E+00 2.4E-01 3.9E+00 2.6E-01
110.0 3.7E+01 2.7E-02 4.1E+00 2.4E-01 3.9E+00 2.6E-01
111.0 3.7E+01 2.7E-02 4.1E+00 2.4E-01 3.9E+00 2.6E-01
112.0 3.6E+01 2.7E-02 4.1E+00 2.5E-01 3.9E+00 2.6E-01
113.0 3.6E+01 2.8E-02 4.1E+00 2.5E-01 3.9E+00 2.6E-01
114.0 3.6E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
115.0 3.6E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
116.0 3.6E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
117.0 3.6E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
118.0 3.6E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
119.0 3.5E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
120.0 3.5E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
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Table A.14: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
121.0 3.5E+01 2.8E-02 4.0E+00 2.5E-01 3.9E+00 2.6E-01
122.0 3.5E+01 2.8E-02 3.9E+00 2.5E-01 3.9E+00 2.6E-01
123.0 3.5E+01 2.9E-02 3.9E+00 2.5E-01 3.8E+00 2.6E-01
124.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
125.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
126.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
127.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
128.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
129.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
130.0 3.5E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
131.0 3.4E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
132.0 3.4E+01 2.9E-02 3.9E+00 2.6E-01 3.8E+00 2.6E-01
133.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
134.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
135.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
136.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
137.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
138.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
139.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
140.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
141.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
142.0 3.4E+01 2.9E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
143.0 3.4E+01 2.9E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
144.0 3.4E+01 3.0E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
145.0 3.4E+01 3.0E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
146.0 3.4E+01 3.0E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
147.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
148.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
149.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
150.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
151.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
152.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
153.0 3.4E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
154.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
155.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
156.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
157.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
158.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
159.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
160.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
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Table A.15: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
161.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
162.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
163.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
164.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
165.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
166.0 3.3E+01 3.0E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
167.0 3.3E+01 3.1E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
168.0 3.3E+01 3.1E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
169.0 3.3E+01 3.1E-02 3.6E+00 2.7E-01 3.6E+00 2.7E-01
170.0 3.3E+01 3.1E-02 3.6E+00 2.7E-01 3.6E+00 2.7E-01
171.0 3.3E+01 3.1E-02 3.6E+00 2.7E-01 3.6E+00 2.7E-01
172.0 3.3E+01 3.1E-02 3.6E+00 2.7E-01 3.6E+00 2.7E-01
173.0 3.3E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
174.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
175.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
176.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
177.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
178.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
179.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
180.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
181.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
182.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
183.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
184.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
185.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
186.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
187.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
188.0 3.2E+01 3.1E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
189.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
190.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
191.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
192.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
193.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
194.0 3.2E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
195.0 3.1E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
196.0 3.1E+01 3.2E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
197.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
198.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
199.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
200.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01



173

Table A.16: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
201.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
202.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
203.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
204.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
205.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
206.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
207.0 3.1E+01 3.2E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
208.0 3.1E+01 3.2E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
209.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
210.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
211.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
212.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
213.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
214.0 3.1E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
215.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
216.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
217.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
218.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
219.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
220.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
221.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
222.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
223.0 3.0E+01 3.3E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
224.0 3.0E+01 3.3E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
225.0 3.0E+01 3.3E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
226.0 3.0E+01 3.3E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
227.0 3.0E+01 3.3E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
228.0 3.0E+01 3.3E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
229.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
230.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
231.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
232.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
233.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
234.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
235.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
236.0 3.0E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
237.0 2.9E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
238.0 2.9E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
239.0 2.9E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
240.0 2.9E+01 3.4E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
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Table A.17: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
241.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
242.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
243.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
244.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
245.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
246.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
247.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
248.0 2.9E+01 3.4E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
249.0 2.9E+01 3.5E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
250.0 2.9E+01 3.5E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
251.0 2.9E+01 3.5E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
252.0 2.9E+01 3.5E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
253.0 2.9E+01 3.5E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
254.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
255.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
256.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
257.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
258.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
259.0 2.9E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
260.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
261.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
262.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
263.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
264.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
265.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
266.0 2.8E+01 3.5E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
267.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
268.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
269.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
270.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
271.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
272.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
273.0 2.8E+01 3.6E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
274.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
275.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
276.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
277.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
278.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
279.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
280.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
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Table A.18: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
281.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
282.0 2.8E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
283.0 2.7E+01 3.6E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
284.0 2.7E+01 3.6E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
285.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
286.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
287.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
288.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
289.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
290.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
291.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
292.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
293.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
294.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
295.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
296.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
297.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
298.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
299.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
300.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
301.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
302.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
303.0 2.7E+01 3.7E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
304.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
305.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
306.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
307.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
308.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
309.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
310.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
311.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
312.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
313.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
314.0 2.7E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
315.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
316.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
317.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
318.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
319.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
320.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
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Table A.19: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
321.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
322.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
323.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
324.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
325.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
326.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
327.0 2.6E+01 3.8E-02 3.2E+00 3.1E-01 3.2E+00 3.1E-01
328.0 2.6E+01 3.8E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
329.0 2.6E+01 3.8E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
330.0 2.6E+01 3.8E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
331.0 2.6E+01 3.8E-02 3.3E+00 3.1E-01 3.3E+00 3.1E-01
332.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
333.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
334.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
335.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
336.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
337.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
338.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
339.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
340.0 2.6E+01 3.8E-02 3.3E+00 3.0E-01 3.3E+00 3.0E-01
341.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
342.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
343.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
344.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
345.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
346.0 2.6E+01 3.8E-02 3.4E+00 3.0E-01 3.4E+00 3.0E-01
347.0 2.6E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
348.0 2.6E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
349.0 2.7E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
350.0 2.7E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
351.0 2.7E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
352.0 2.7E+01 3.8E-02 3.4E+00 2.9E-01 3.4E+00 2.9E-01
353.0 2.7E+01 3.8E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
354.0 2.7E+01 3.8E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
355.0 2.7E+01 3.8E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
356.0 2.7E+01 3.8E-02 3.5E+00 2.9E-01 3.5E+00 2.9E-01
357.0 2.7E+01 3.7E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
358.0 2.7E+01 3.7E-02 3.5E+00 2.8E-01 3.5E+00 2.8E-01
359.0 2.7E+01 3.7E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
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Table A.20: Hashin-Shtrikman limits calculated for a dry, hydrated, and partially
melted upper mantle from my reference model in Chapter 3.

Depth (km)
HSL33Ma

Wet HSU33Ma
Wet HSU1Ma

Melt

(S/m) (Ωm) (S/m) (Ωm) (S/m) (Ωm)
361.0 2.7E+01 3.7E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
362.0 2.7E+01 3.7E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
363.0 2.7E+01 3.7E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
364.0 2.7E+01 3.7E-02 3.6E+00 2.8E-01 3.6E+00 2.8E-01
365.0 2.7E+01 3.7E-02 3.6E+00 2.7E-01 3.6E+00 2.7E-01
366.0 2.7E+01 3.7E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
367.0 2.7E+01 3.7E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
368.0 2.7E+01 3.7E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
369.0 2.7E+01 3.7E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
370.0 2.7E+01 3.7E-02 3.7E+00 2.7E-01 3.7E+00 2.7E-01
371.0 2.7E+01 3.7E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
372.0 2.7E+01 3.7E-02 3.8E+00 2.7E-01 3.8E+00 2.7E-01
373.0 2.7E+01 3.7E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
374.0 2.7E+01 3.7E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
375.0 2.7E+01 3.7E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
376.0 2.7E+01 3.6E-02 3.8E+00 2.6E-01 3.8E+00 2.6E-01
377.0 2.7E+01 3.6E-02 3.9E+00 2.6E-01 3.9E+00 2.6E-01
378.0 2.7E+01 3.6E-02 3.9E+00 2.6E-01 3.9E+00 2.6E-01
379.0 2.8E+01 3.6E-02 3.9E+00 2.6E-01 3.9E+00 2.6E-01
380.0 2.8E+01 3.6E-02 3.9E+00 2.6E-01 3.9E+00 2.6E-01
381.0 2.8E+01 3.6E-02 3.9E+00 2.5E-01 3.9E+00 2.5E-01
382.0 2.8E+01 3.6E-02 4.0E+00 2.5E-01 4.0E+00 2.5E-01
383.0 2.8E+01 3.6E-02 4.0E+00 2.5E-01 4.0E+00 2.5E-01
384.0 2.8E+01 3.6E-02 4.0E+00 2.5E-01 4.0E+00 2.5E-01
385.0 2.8E+01 3.6E-02 4.0E+00 2.5E-01 4.0E+00 2.5E-01
386.0 2.8E+01 3.6E-02 4.0E+00 2.5E-01 4.0E+00 2.5E-01
387.0 2.8E+01 3.6E-02 4.1E+00 2.5E-01 4.1E+00 2.5E-01
388.0 2.8E+01 3.6E-02 4.1E+00 2.5E-01 4.1E+00 2.5E-01
389.0 2.8E+01 3.6E-02 4.1E+00 2.4E-01 4.1E+00 2.4E-01
390.0 2.8E+01 3.6E-02 4.1E+00 2.4E-01 4.1E+00 2.4E-01
391.0 2.8E+01 3.6E-02 4.1E+00 2.4E-01 4.1E+00 2.4E-01
392.0 2.8E+01 3.6E-02 4.2E+00 2.4E-01 4.2E+00 2.4E-01
393.0 2.8E+01 3.6E-02 4.2E+00 2.4E-01 4.2E+00 2.4E-01
394.0 2.8E+01 3.6E-02 4.2E+00 2.4E-01 4.2E+00 2.4E-01
395.0 2.8E+01 3.6E-02 4.2E+00 2.4E-01 4.2E+00 2.4E-01
396.0 2.8E+01 3.6E-02 4.3E+00 2.4E-01 4.3E+00 2.4E-01
397.0 2.8E+01 3.5E-02 4.3E+00 2.3E-01 4.3E+00 2.3E-01
398.0 2.8E+01 3.5E-02 4.3E+00 2.3E-01 4.3E+00 2.3E-01
399.0 2.8E+01 3.5E-02 4.3E+00 2.3E-01 4.3E+00 2.3E-01
400.0 2.8E+01 3.5E-02 4.4E+00 2.3E-01 4.4E+00 2.3E-01





Appendix B

3-Dimensional Inversion Versus
Depth

The electrical structure extracted from my 3-Dimensional inversion model beneath the
coastline ρC , the Great Valley ρGV , and the Sierra Nevada batholith ρSNB in Chapter
5.
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Table B.1: Electrical structure beneath the coastline ρC , the Great Valley ρGV , and
the Sierra Nevada batholith ρSNB.

Depth (km) σC (S/m) ρC (Ωm) σGV (S/m) ρGV (Ωm) σSNB (S/m) ρSNB (Ωm)
0.2 1.2E-01 8.6E+00 5.6E-04 1.8E+03 1.5E-02 6.7E+01
0.5 2.3E-01 4.4E+00 5.8E-04 1.7E+03 1.9E-02 5.2E+01
0.8 3.8E-01 2.6E+00 6.0E-04 1.7E+03 2.5E-02 4.0E+01
1.2 4.8E-01 2.1E+00 6.2E-04 1.6E+03 1.9E-02 5.3E+01
1.5 4.2E-01 2.4E+00 6.2E-04 1.6E+03 1.1E-02 9.5E+01
1.9 2.3E-01 4.4E+00 5.8E-04 1.7E+03 5.5E-03 1.8E+02
2.3 8.4E-02 1.2E+01 5.2E-04 1.9E+03 3.2E-03 3.2E+02
2.7 2.5E-02 4.0E+01 4.4E-04 2.3E+03 2.1E-03 4.7E+02
3.1 7.1E-03 1.4E+02 3.6E-04 2.8E+03 1.7E-03 5.9E+02
3.6 2.3E-03 4.3E+02 2.9E-04 3.5E+03 1.4E-03 6.9E+02
4.1 9.3E-04 1.1E+03 2.3E-04 4.3E+03 1.3E-03 7.9E+02
4.6 4.8E-04 2.1E+03 2.0E-04 5.1E+03 1.1E-03 9.1E+02
5.2 3.2E-04 3.1E+03 1.7E-04 5.8E+03 9.3E-04 1.1E+03
5.8 2.5E-04 4.0E+03 1.6E-04 6.2E+03 7.7E-04 1.3E+03
6.4 2.2E-04 4.5E+03 1.5E-04 6.5E+03 6.5E-04 1.5E+03
7.0 2.1E-04 4.7E+03 1.5E-04 6.5E+03 5.6E-04 1.8E+03
7.7 2.1E-04 4.7E+03 1.6E-04 6.3E+03 5.0E-04 2.0E+03
8.4 2.2E-04 4.6E+03 1.7E-04 5.9E+03 4.5E-04 2.2E+03
9.1 2.3E-04 4.3E+03 1.9E-04 5.4E+03 4.1E-04 2.5E+03
9.8 2.4E-04 4.1E+03 2.1E-04 4.8E+03 3.7E-04 2.7E+03
10.6 2.5E-04 3.9E+03 2.5E-04 4.1E+03 3.4E-04 2.9E+03
11.4 2.6E-04 3.8E+03 3.0E-04 3.4E+03 3.2E-04 3.1E+03
12.2 2.7E-04 3.7E+03 3.7E-04 2.7E+03 2.9E-04 3.4E+03
13.1 2.8E-04 3.6E+03 4.8E-04 2.1E+03 2.7E-04 3.7E+03
14.0 2.9E-04 3.5E+03 6.3E-04 1.6E+03 2.5E-04 4.0E+03
14.9 3.0E-04 3.4E+03 8.6E-04 1.2E+03 2.3E-04 4.3E+03
15.9 3.1E-04 3.2E+03 1.2E-03 8.5E+02 2.2E-04 4.6E+03
16.9 3.3E-04 3.1E+03 1.6E-03 6.1E+02 2.1E-04 4.8E+03
18.0 3.6E-04 2.8E+03 2.3E-03 4.4E+02 2.1E-04 4.9E+03
19.1 4.1E-04 2.4E+03 3.2E-03 3.2E+02 2.1E-04 4.8E+03
20.2 4.9E-04 2.0E+03 4.3E-03 2.3E+02 2.2E-04 4.6E+03
21.4 6.3E-04 1.6E+03 5.9E-03 1.7E+02 2.3E-04 4.3E+03
22.6 8.5E-04 1.2E+03 7.8E-03 1.3E+02 2.7E-04 3.8E+03
23.9 1.2E-03 8.3E+02 1.0E-02 9.9E+01 3.2E-04 3.1E+03
25.3 1.8E-03 5.6E+02 1.3E-02 7.8E+01 4.1E-04 2.4E+03
26.6 2.6E-03 3.8E+02 1.6E-02 6.4E+01 5.7E-04 1.8E+03
28.1 3.9E-03 2.6E+02 1.9E-02 5.3E+01 8.2E-04 1.2E+03
29.6 5.6E-03 1.8E+02 2.2E-02 4.5E+01 1.2E-03 8.1E+02
31.2 7.6E-03 1.3E+02 2.6E-02 3.9E+01 1.9E-03 5.3E+02
32.8 9.9E-03 1.0E+02 3.0E-02 3.4E+01 2.8E-03 3.6E+02
34.5 1.2E-02 8.2E+01 3.4E-02 2.9E+01 3.9E-03 2.5E+02
36.2 1.4E-02 7.0E+01 4.0E-02 2.5E+01 5.2E-03 1.9E+02
38.1 1.6E-02 6.3E+01 4.8E-02 2.1E+01 6.4E-03 1.6E+02
40.0 1.7E-02 5.8E+01 5.8E-02 1.7E+01 7.2E-03 1.4E+02
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Table B.2: Electrical structure beneath the coastline ρC , the Great Valley ρGV , and
the Sierra Nevada batholith ρSNB (continued).

Depth (km) σC (S/m) ρC (Ωm) σGV (S/m) ρGV (Ωm) σSNB (S/m) ρSNB (Ωm)
41.9 1.8E-02 5.7E+01 6.8E-02 1.5E+01 7.4E-03 1.3E+02
44.0 1.7E-02 5.8E+01 7.8E-02 1.3E+01 7.2E-03 1.4E+02
46.1 1.6E-02 6.1E+01 8.1E-02 1.2E+01 6.6E-03 1.5E+02
48.3 1.5E-02 6.7E+01 7.6E-02 1.3E+01 5.9E-03 1.7E+02
50.7 1.3E-02 7.7E+01 6.5E-02 1.6E+01 5.2E-03 1.9E+02
53.1 1.1E-02 9.1E+01 5.0E-02 2.0E+01 4.5E-03 2.2E+02
55.6 8.9E-03 1.1E+02 3.6E-02 2.8E+01 3.8E-03 2.6E+02
58.2 7.1E-03 1.4E+02 2.5E-02 3.9E+01 3.2E-03 3.1E+02
60.9 5.6E-03 1.8E+02 1.8E-02 5.5E+01 2.7E-03 3.6E+02
63.7 4.5E-03 2.2E+02 1.3E-02 7.5E+01 2.4E-03 4.2E+02
66.6 3.7E-03 2.7E+02 1.0E-02 9.7E+01 2.1E-03 4.9E+02
69.6 3.2E-03 3.1E+02 8.3E-03 1.2E+02 1.8E-03 5.5E+02
72.8 2.8E-03 3.6E+02 7.0E-03 1.4E+02 1.7E-03 6.0E+02
76.1 2.5E-03 4.0E+02 6.1E-03 1.6E+02 1.5E-03 6.5E+02
79.5 2.3E-03 4.3E+02 5.6E-03 1.8E+02 1.4E-03 6.9E+02
83.1 2.2E-03 4.4E+02 5.3E-03 1.9E+02 1.4E-03 7.1E+02
86.8 2.2E-03 4.5E+02 5.3E-03 1.9E+02 1.4E-03 7.1E+02
90.6 2.3E-03 4.3E+02 5.5E-03 1.8E+02 1.5E-03 6.9E+02
94.6 2.5E-03 3.9E+02 6.1E-03 1.6E+02 1.6E-03 6.4E+02
98.8 2.9E-03 3.5E+02 7.2E-03 1.4E+02 1.7E-03 5.8E+02
103.5 3.4E-03 2.9E+02 9.0E-03 1.1E+02 2.0E-03 4.9E+02
109.1 4.5E-03 2.2E+02 1.2E-02 8.1E+01 2.5E-03 4.0E+02
115.8 6.4E-03 1.6E+02 1.9E-02 5.3E+01 3.4E-03 2.9E+02
123.9 1.0E-02 9.6E+01 3.3E-02 3.0E+01 5.3E-03 1.9E+02
133.5 2.0E-02 5.1E+01 6.8E-02 1.5E+01 9.1E-03 1.1E+02
145.2 3.7E-02 2.7E+01 1.3E-01 7.7E+00 1.5E-02 6.5E+01
159.1 4.8E-02 2.1E+01 1.5E-01 6.5E+00 2.0E-02 5.1E+01
175.8 3.4E-02 3.0E+01 8.7E-02 1.2E+01 1.5E-02 6.5E+01
195.9 2.0E-02 5.1E+01 4.3E-02 2.3E+01 1.0E-02 9.6E+01
220.0 1.1E-02 9.1E+01 2.1E-02 4.8E+01 6.7E-03 1.5E+02
248.9 7.1E-03 1.4E+02 1.3E-02 7.8E+01 4.8E-03 2.1E+02
283.6 5.3E-03 1.9E+02 8.9E-03 1.1E+02 3.8E-03 2.6E+02
325.2 4.1E-03 2.5E+02 6.3E-03 1.6E+02 3.1E-03 3.2E+02
375.2 3.6E-03 2.8E+02 5.2E-03 1.9E+02 2.9E-03 3.4E+02
435.2 4.2E-01 2.4E+00 5.3E-01 1.9E+00 3.4E-01 2.9E+00
507.1 2.8E-01 3.6E+00 3.7E-01 2.7E+00 2.4E-01 4.2E+00
593.4 2.8E-01 3.6E+00 3.7E-01 2.7E+00 2.4E-01 4.1E+00
697.0 1.4E+00 7.0E-01 1.7E+00 6.0E-01 1.4E+00 7.0E-01
821.4 1.4E+00 7.0E-01 1.7E+00 6.0E-01 1.4E+00 7.0E-01
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