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Abstract

The Taupo Volcanic Zone (TVZ) is an important resource for New Zealand’s

energy sector as it hosts the majority of New Zealand’s geothermal systems. To

be able to increase the power generation in this area significantly over the next

few decades, higher temperature fluids from greater depths will need to be

harnessed. For this to be achievable a better understanding of the structures

that control fluid flow is required. The conductive hydrothermal alteration

minerals and fluids associated with high-temperature geothermal systems in an

otherwise resistive volcanic environment provide a distinct contrast in electrical

resistivity. This contrast makes the geophysical method of magnetotellurics

(MT) an ideal tool for the imaging of subsurface structures in the TVZ. This

thesis discusses the 3D modelling and interpretation of a large MT dataset from

the central TVZ.

Although MT is an important tool in geophysical exploration and 3D inversions

are becoming increasingly popular for the modelling of MT datasets, there are

still many issues associated with this geophysical method and its analysis.

Chapter 4 discusses the issues associated with the distortion of MT data caused

by electric fences, which is a common problem with measurements taken on

farmland in New Zealand. It shows on one hand that not all electric fences

distort the MT signal and on the other hand that low level noise from electric

fences recorded at remote reference stations can lead to significant systematic

errors in calculated electrical impedances. Chapters 6 and 7 address the issues

associated with smoothing parameters used to regularise data inversion and

workflow of 3D inversion using the 3D MT inversion algorithm ModEM. They
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discuss selection criteria for the ideal smoothing parameters such as a

frequency-dependent RMS and L-curves, and show the advantages of a guided

development of the inversion result starting from a homogeneous halfspace.

These extensive analyses improved the 3D resistivity model of the deeper

structures in the central TVZ compared to the preliminary model used in the

study of the Reporoa geothermal system, as discussed in Chapter 5, and

especially compared to a resistivity model using default inversion parameters. A

joint interpretation of this new resistivity model and pre-existing geophysical

and geological data, as discussed in Chapter 8, provided new insights on the

location and melt fraction of the heat source, as well as the heat and mass

transport in the Taupo-Reporoa Basin and surrounding area.
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’I have had my results for a long

time, but I do not yet know how

I am to arrive at them.’

Karl Friedrich Gauss, 1777-1855

1
Introduction

In 2009 and 2010 a magnetotelluric (MT) dataset containing 200 sites was

collected jointly by GNS Science and the University of Auckland. This survey

was part of the new ’Hotter and Deeper’ initiative of the Ministry of Business,

Innovation and Employment formerly known as the Foundation for Research,

Science and Technology (Bignall 2010). One aspect of awarding this research

grant to two separate organisations was to obtain two independent analyses and

interpretations of the same dataset. With this approach, the Ministry hoped to

acquire a more solid model of the deeper structures of the Taupo Volcanic Zone

(TVZ).

The TVZ is a rifting arc system within the North Island of New Zealand. It is

characterised by high rates of volcanism and heat output and hosts the majority

of New Zealand’s geothermal systems. Currently six of these (Mokai,

Ngatamariki, Kawerau, Ohaaki, Rotokawa and Wairakei-Tauhara) are utilised

1



2 CHAPTER 1. INTRODUCTION

for power generation, providing 13% of New Zealands electricity demand

(Geothermal Energy & Electricity Generation 2014). The New Zealand

government is aiming to increase this amount to 25% by 2030 (New Zealand’s

Energy Outlook 2010). Therefore, an extensive analysis of the subsurface

structures in the TVZ with the overarching aim of characterising the governing

processes is an important and essential step towards this goal.

MT is a passive geophysical method, often employed by the geothermal

industry, which utilises naturally occurring time-varying electromagnetic waves

to image the subsurface structures of the Earth. Depending on the frequency

range recorded, it can provide information from tens of metres to hundreds of

kilometres depth. In recent years it has become a popular exploration tool in

geothermal exploration (Wannamaker et al. 2004, Newman et al. 2008). The

clay minerals and saline fluids that are characteristic of a geothermal system

provide a very good electrical resistivity contrast to the unaltered rocks that

host the geothermal system (Anderson et al. 2000). Therefore, MT is an

excellent tool to help identify and geometrically characterise the different parts

of the geothermal system. However, MT also has several weaknesses. Since it is

a passive method recording natural signals it is very sensitive to cultural noise

and therefore it is very difficult to collect any high quality data near populated

areas. Furthermore, although not important in the context of shallow

geothermal exploration, the strength of the long period natural source signal

depends on the activity of the sun. During periods of weak solar activity, the

long period EM waves are very weak and high resolution deep imaging of the

subsurface using MT is nearly impossible.
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Since New Zealand as a whole, and the TVZ in particular, are not very densely

populated and the TVZ is mainly dominated by farmland and forests, MT is a

very suitable geophysical method to explore the subsurface for addressing

various problems throughout the North and South Island of New Zealand.

Previous MT surveys either imaged structures down to a few kilometres depth

beneath a single geothermal system (e.g., Ingham 1991, Heise et al. 2008,

Boseley et al. 2010) or imaged structures on a much bigger scale near the

crust-mantle transition zone in regional surveys with large station spacing (e.g.,

Ogawa et al. 1999, Ingham 2005, Heise et al. 2010). The survey presented in

this thesis is unique as it covers a large area (∼ 40 km x 40 km) while using a

dense 1 km station spacing, which makes it possible to image the upper brittle

crust in detail as well as the ductile lower crust to about 20 km depth.

GNS Science published their analyses and results in Bertrand et al. (2012).

They used exclusively the phase-tensor approach (Caldwell et al. 2004) to

determine the dimensionality of the dataset and the overall data quality, and

performed a series of 2D inversions using Mackie’s RLM2DI algorithm (Rodi &

Mackie 2001), implemented within the WinGLink software package of

Geosystems Inc., as well as two 3D inversions of smaller subsets of data using

the 3D MT inversion algorithm WSINV3DMT developed by Siripunvaraporn

et al. (2005) and Siripunvaraporn & Egbert (2009). Their resulting models

showed conductive plume-like structures beneath several geothermal systems

that they interpreted as zones of convective upflow. However, due to the very

high computational expense of a 3D inversion of the complete dataset, GNS

Science has not too date inverted the full dataset to create an overall 3D

resistivity model of the TVZ which can resolve both shallow and deep structure
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across the entire survey area simultaneously (Bertrand et al. 2013c). Previous

3D MT studies by GNS such as Heise et al. (2010) have used a completely

different dataset that were of lower resolution and less dense station spacing

than this new MT dataset discussed in this thesis.

My work presented in this thesis work records the analysis and interpretation

from the University of Auckland group. Unlike GNS Science I used the 3D

inversion algorithm ModEM for the 3D inversion (Egbert & Kelbert 2012,

Kelbert et al. 2014) as well as inverted the complete dataset plus an additional

data from an independent survey near Reporoa, to create a high-resolution 3D

resistivity model of the subsurface (Ryan et al. 2011). This not only makes use

of the wide aperture in the NW-SE direction as GNS did, but also in the

SW-NE direction, thereby utilising the entire potential of the survey. The

following section gives a brief description of the chapters in this thesis.

1.1 Thesis Outline

Chapter 2: A brief summary of the MT theory is given in this chapter. The

fundamental equations for electromagnetic induction in a homogeneous

halfspace are derived and general terminology, such as impedance and skin

depth, are defined. Furthermore, the issues of dimensionality and distortion are

discussed and applied directly to the dataset from the TVZ to give an initial

brief analysis of the dataset.

Chapter 3: This chapter presents the geological setting of the TVZ. It

introduces the study area and summarises all previous MT surveys in the TVZ.
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The technical details of the new MT survey which forms the basis of this thesis

are also summarised.

Chapter 4: One of the biggest challenges during the MT field work in the

TVZ was the noise generated by electric fences which contaminated the

measured MT signals. During the field-work periods, the only feasible approach

to handle this issue was to negotiate with the farmer of each particular side to

turn off their electric fences during data recording. However, this is not an

adequate solution for this problem. No prior studies describe a successful

method for removing this kind of noise. This sparked the idea of designing a

separate experiment to study the influence of electric fences on MT

measurements to determine a new approach to address this issue. Chapter 4

presents this experiment, which was conducted on a farm near Kaiwaka in New

Zealand in 2011, and discusses the results.

Chapter 5: This chapter presents a 3D MT study of the Reporoa geothermal

system. An initial 3D resistivity model was used to image the shallow structures

of the geothermal system, as well as a plume-like structure beneath the caldera

boundary. Furthermore, the regions of the model which are best constrained by

the data were determined by using 3D skin depth calculations, since Reporoa is

located at the edge of the survey area.

Chapter 6: Since 3D MT inversions are computationally intensive, requiring

extensive computational time, it is often common practise to run the inversion

just once using the default inversion parameter settings. The procedure in the

less computationally expensive 2D inversions is very different. Best practice in

2D inversion is to determine the best smoothing parameters for the given
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dataset by running multiple inversions. After the initial model that was used to

study a small subsection of the survey area in Chapter 5. The inversion setup

was purely based on experience in running inversion. This chapter attempts to

investigate the effects different inversion parameters have on the results and to

identify analytically what the ideal ones are for this given dataset. In particular,

the effect of the 3D smoothing operator on the structures in the resulting 3D

inverse model is studied in detail, which is common practise in 2D inversion, but

not in 3D inversion. The University of Auckland cluster provided the required

computational power to undertake this study. An optimal smoothing parameter

combination was determined by using the L-curve trade-off criterion as well as a

frequency dependent data misfit for each data component.

Chapter 7: The previous chapter sparked the idea to also study the effects of

different starting models on the 3D inversion result. Since only different values

for the homogeneous halfspace starting models have been studied previously,

this chapter presents a study that uses various starting approaches that, again,

are common practise in 2D inversion but have yet to be appreciated and

incorporated into 3D inversion. Comparisons are made between inversion runs

that start from 2D stitched models, result from a sequentially progressing

inversion run, where the error floors are reduced gradually and the classic

halfspace starting model approach.

Chapter 8: After determining the best 3D inversion result analytically in the

previous two chapters for the entire MT dataset, this chapter discusses how the

3D resistivity model fits in with previous regional geophysical and geological

datasets of the TVZ. The resistivity structures were compared with

aeromagnetic data, gravity data and shear-wave velocity data as well as
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geological cross-sections. With this, a joint geophysical 3D conceptual model of

the structures down to 20 km depth in the TVZ was developed that gives new

insight to past and present processes in the TVZ.

Chapter 9: The last chapter summarises the findings and conclusions of this

doctoral thesis and highlights the new contributions to knowledge.
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’In Science, it is when we take some interest in the

great discoverers and their lives that it becomes

endurable, and only when we begin to trace the

development of ideas that it becomes fascinating.’

James Clerk Maxwell, 1831-1879

2
Basic principles of magnetotellurics

This chapter will give a brief introduction of the basic principles, the

background of magnetotellurics (MT) as well as an initial basic analysis of the

dataset discussed in this thesis. The theory section is intended for readers that

are unfamiliar with the physics behind MT and therefore only the equations for

EM induction in the simplest case of a homogeneous half-space are derived. The

extensive derivation in the more complicated cases of EM induction in the

presence of 2D and 3D structures is not shown here but can be found in

Simpson & Bahr (2005) and Chave & Jones (2012). Also in this chapter the

initial distortion analysis for the dataset discussed in this thesis is presented and

terms such as impedance tensor, tipper, etc. are defined which are frequently

used throughout this thesis.

9
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2.1 Background

Magnetotellurics (MT) is a passive geophysical method and is based on

principles of electromagnetic (EM) induction. It was proposed as a geophysical

method independently by Rikitake (1948), Tikhonov (1950) and Cagniard

(1953), and has since been developed into a powerful tool for basic Earth

Science and resource exploration. MT makes use of naturally occurring EM

fluctuations. Signals with frequencies below ∼ 1 Hz are dominantly a result of

the interaction between the solar wind and the Earth’s magnetosphere and

ionosphere (Simpson & Bahr 2005). During times of strong solar activity, the

low-frequency source signal is enhanced, therefore increasing signal-to-noise

ratio. MT also makes use of frequencies above ∼ 1 Hz. These have their origin

in global lightning discharges, especially from the equatorial regions. The EM

fields created this way propagate around the world within the waveguide

bounded by the ionosphere and the surface of the Earth (Simpson & Bahr

2005). The transition zone between these to source fields at ∼ 0.5 – 5 Hz is

commonly referred to as the MT dead band. The power spectrum reaches a

minimum at these frequencies, and microseismic near-surface movements are at

a maximum, which taken together manifests in a poor signal-to-noise ratio in

the MT data.
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2.2 From Maxwell’s equations to the solution of the diffusion

equations for a homogeneous half-space

The theory of EM induction is derived from Maxwell’s equations. These describe

the general relationship between electric and magnetic fields in any medium:

(Gauss’s law for electricity) ∇ ·D = ρe (2.1)

(Gauss’s law for magnetism) ∇ ·B = 0 (2.2)

(Faraday’s law) ∇× E = −∂B

∂t
(2.3)

(Ampère’s law) ∇×H = J+
∂D

∂t
(2.4)

where D is the electric displacement (in C/m2), ρe the electric charge density

(in C/m3), B the magnetic induction (in T ), E the electric field (in V/m), H

the magnetic field strength (in A/m) and J the electric current density (in

A/m2).

In order to derive the diffusion equation utilised in MT theory for electric and

magnetic fields that govern the EM induction in the Earth, several assumptions

have to be applied to Maxwell’s equations:

1. The EM source field consists of uniform, quasi-plane-polarised EM waves

that arrive on the surface of the Earth at a near vertical angle (Tikhonov

1950, Cagniard 1953). Chave & Jones (2012) note that although this



12 CHAPTER 2. BASIC PRINCIPLES OF MAGNETOTELLURICS

assumption is physically wrong as plane-waves cannot be responsible for

EM induction, the solution still remains mathematically correct. Wait

(1954) and Price (1962) also discuss the validity of the plane-wave

assumption in the years after the method had been proposed.

2. Ohm’s Law applies, since the Earth behaves like an ohmic conductor, where

charges are conserved. It relates the current density J and the electric field

E linearly through the conductivity of the medium σ:

J = σE (2.5)

3. Displacement currents as defined in Ampère / Maxwell’s law

(equation 2.4) are negligible. For the frequency ranges used in MT and

typical resistivity values found in the Earth, the displacement currents ∂D
∂t

are several orders of magnitude smaller than the current density J.

4. Variations in electrical permittivities and magnetic permeabilities in the

Earth’s rocks are negligible and their values equal the ones in vacuum.

Therefore, for MT the following linear relationships for magnetic induction

and electric displacement can be assumed:

D = ϵ0E (2.6)

B = µ0H (2.7)

where ϵ0 = 8.85× 10−12 [F/m] and µ0 = 1.2566× 10−6 [H/m] are the

electric permittivity and magnetic permeability respectively in free space.
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These assumptions reduce Maxwell’s equations to:

∇ · E =
ρe
ϵ0

(2.8)

∇ ·B = 0 (2.9)

∇× E = −∂B

∂t
(2.10)

∇×B = µ0σE (2.11)

Assuming that no current sources exit within the Earth and applying Ohm’s law

yields that ∇ · J = 0 . Furthermore, in the case of a homogeneous half-space,

the gradient of the conductivity is equal to zero (∇σ = 0). This leads to:

∇ · J = ∇ · (σE) = σ∇ · E+ E ∇σ︸︷︷︸
= 0

= 0

=⇒ ∇ · E = 0 (2.12)

By taking the curl of equation 2.10 and 2.11, and assuming a harmonic time

dependency for the plane waves with angular frequency ω = 2πf , Maxwell’s

equations can be uncoupled to:

∇×∇× E = ∇(∇ · E︸ ︷︷ ︸
= 0

)−∇2E (2.13)

= −∇× ∂B

∂t

= −µ0σ
∂E

∂t

=⇒ ∇2E = µ0σ
∂E

∂t

= iωµ0σE (2.14)
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∇×∇×B = ∇(∇ ·B︸ ︷︷ ︸
= 0

)−∇2B (2.15)

= µ0∇× σE

= µ0(σ∇× E− E×∇σ)

= −µ0σ
∂B

∂t
− µ0E×∇σ

=⇒ ∇2B = µ0σ
∂B

∂t
+ µ0E× ∇σ︸︷︷︸

= 0

= µ0σ
∂B

∂t

= iωµ0σB (2.16)

The result represents the diffusive wave equations for electric and magnetic

fields in a homogeneous half-space, which allow for the interpretation of the MT

measurements. The diffusive equations also imply that MT measurements are

volume soundings in contrast to seismic measurements which are governed by

mechanical wave equations and are only influenced by the medium in the path

of the elastic wave.

A particular solution to the diffusion equations 2.14 and 2.16 for the electric and

magnetic fields of a homogeneous half-space inside the Earth, assuming that all

energy sources are outside the Earth, is:

E = E0exp(iωt−
√

iωµ0σz) (2.17)

B = B0exp(iωt−
√

iωµ0σz) (2.18)
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These solutions show that the field strength decays exponentially with depth. A

common quantity often used in MT to give a first estimate for the penetration

depth of the measurement at any given frequency is the so-called skin depth δ. It

equals the depth where the field strength amplitude is reduced to 1/e of the field

strength at the surface for a uniform half-space:

δ =

√
2

ωµ0σ
in [m] (2.19)

If the above solutions for the electric and magnetic fields are applied to

Faraday’s Law (equation 2.10), the Schmucker-Weidelt transfer function C can

be defined, which establishes a linear relationship between the measured electric

and magnetic fields and the resistivity of the homogeneous half-space (Weidelt

1972, Schmucker 1973) and forms the basic equation for MT:

C ≡ 1√
iωµ0σ

=
Ex

iωBy

= − Ey

iωBx

(2.20)

ρ =
1

σ
= µ0ω|C|2 in [Vm/A] (2.21)

Nowadays, it is more common practise to use the magnetotelluric impedance Z

rather than the Schmucker-Weidelt transfer function C :

Z ≡ Ex

Hy

= −Ey

Hx

= iωµ0C in [Ω] (2.22)

ρ =
1

µ0ω
|Z|2 in [Vm/A] (2.23)
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2.3 The case of 2D and 3D structures

2.3.1 Impedance tensor

If the concept of the magnetotelluric impedance Z is expanded to 3D, it is

represented by a complex tensor that relates the electric and magnetic field

measurements linearly:

Ex

Ey

 =

Zxx Zxy

Zyy Zyx


Hx

Hy

 (2.24)

Similarly to equation 2.23, each impedance tensor component has an associated

frequency-dependent magnitude (ρa = apparent resistivity) and phase ϕ:

ρa,ij(ω) =
1

µ0ω
|Zij(ω)|2 (2.25)

ϕij(ω) = tan−1

(
Im(Zij(ω))

Re(Zij(ω))

)
(2.26)

where i, j = x, y.

For a 1D and 2D Earth, the diagonal impedance tensor components would

vanish in the appropriate reference frame. Furthermore, in 1D, the off-diagonal

components are opposite equals to each other:
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Zxx = Zyy = 0 Zxy = −Zyx in 1D (2.27)

Zxx = Zyy = 0 Zxy ̸= Zyx in 2D (2.28)

It should be noted that these relationships for 2D structures are only valid in

the correct reference frame, i.e. if the reference frame of the MT measurement

equals the one of the 2D structure.

2.3.2 The concept of TE and TM mode

In an ideal 2D environment with a vertical discontinuity in one horizontal

direction (here: x-direction), where the EM fields only vary in the vertical and

one horizontal direction (here: y-direction), Ampère’s law and Faraday’s law

can be decoupled into two different sets of differential equations: transverse

electric (TE) mode (also E-polarisation or E-parallel) and transverse magnetic

(TM) mode (also B-polarisation or H-polarisation or E-perpendicular).

The TE mode assumes an electric field parallel to strike direction that induces

magnetic fields perpendicular to strike and in the vertical plane. It therefore

couples Ex, By and Bz:

∂Ex

∂y
= iωBz (2.29)

∂Ex

∂z
= iωBy (2.30)

∂Bz

∂y
− ∂By

∂z
= µ0σEx (2.31)
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The TM mode assumes a magnetic field parallel to strike direction which

induces electric fields perpendicular to strike and in the vertical plane. It

therefore conversely couples Ey, Ez and Bx.

∂Bx

∂y
= µ0σEy (2.32)

−∂Bx

∂z
= µ0σEy (2.33)

∂Ez

∂y
− ∂Ey

∂z
= iωBx (2.34)

The corresponding impedance tensor elements are:

Zxy =
Ex

Hy

=
µ0Ex

By

and (2.35)

Zyx =
Ey

Hx

=
µ0Ey

Bx

(2.36)

The TM mode is mainly influenced by electric charge build up at the

discontinuity and at conductivity gradients. It therefore tends to resolve lateral

resistivity variations better than the TE mode which is purely inductive. The

TE mode also has an associated vertical magnetic field that is generated by

lateral resistivity gradients and can therefore be used to resolve these.
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2.3.3 Tipper

The vertical magnetic field can be related to the horizontal magnetic fields

through the so called tipper T, which is a complex vector and defined as the

following:

Hz(ω) = (Tx(ω) Ty(ω))

Hx

Hy

 (2.37)

Induction arrows can be used to graphically represent this vector in order to

identify the lateral variations in resistivity that give rise to the vertical magnetic

field. The most commonly adopted convention for the orientation for these

arrows is the Parkinson convention, where the real arrows are reversed so that

they point towards high concentrations of current and therefore areas of high

conductivity (Parkinson 1962). The alternative convention is the Wiese

convention (Wiese 1962), where the arrows are unreversed so that the real

arrows point away from current concentrations in conducting bodies. Note that

the imaginary arrow goes through a reversal, pointing away from the conducting

body at high frequencies, going through zero at the period that maximises the

real arrow, then pointing towards the anomaly at longer periods. Furthermore,

note that at the highest frequencies, when the anomaly is only beginning to be

sensed, the real arrows are pointed in the opposite direction of the conducting

body (away in the Parkinson convention and towards for the Wiese convention)

due to the return flow of the anomalous currents (Jones 1986).



20 CHAPTER 2. BASIC PRINCIPLES OF MAGNETOTELLURICS

Figure 2.1: Induction vectors plotted using the convention by Parkinson (1962) at different
periods superimposed on a map of high-voltage powerlines (red lines) that intersect the MT
survey area. Modified after Bertrand et al. (2012).
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Figure 2.1 shows the induction arrows at different frequencies for the majority

of the TVZ dataset. The strongest effect can be seen on measurements taken on

the Kaingaroa Plateau in the southeastern study area. The induction arrows

point to the northwest, towards the eastern boundary of the TVZ as discussed

later, which separates the highly resistive lithologies in the east from the

conductive geothermally altered zone in the west. At longer periods (> 1000 s),

the induction arrows rotate to the northeast, most likely pointing towards the

conductive ocean. As Bertrand et al. (2012) noted, the induction arrow at

periods < 10 s are influenced by the high-voltage powerlines for measurements

taken in the vicinity of the powerlines. This indicates that the vertical magnetic

field is sensitive to electromagnetic noise that masks the natural MT signal.

2.4 Galvanic distortion of magnetotelluric data

The interpretation of MT measurements can be complicated by the effects of

distortion. Distortion of the electric fields, if undetected, can result in

misinterpretation of the data. Distortion can be caused by near-surface

heterogeneities that are smaller than the skin depth of the highest measured

frequency, but also by large-scale structures that are far larger than the skin

depth of the lowest frequency. Another form of distortion can be caused when a

lower dimensionality modelling is used for the interpretation of data of higher

dimensionality, for example when 1D interpretation is used for 2D or 3D

structures (Ledo 2005). Generally, distortion does not equal noise on the

measurement but rather effects of structures that are beyond the scope of the

experiment, either too small or too large (see discussion of distortion by Jones

(2012)).
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2.4.1 Groom-Bailey decomposition

The Groom and Bailey decomposition aims to separate the distortion effects

due to localised 3D current channelling from the regional 2D impedance

response (Groom & Bailey 1989, 1991). It is a physically based approach that

fits a model of distortion to the observed impedance tensor rather than

mathematically manipulating it (Jones 2012). One of the advantages of this

method is that it separates the indeterminable elements from the determinable

ones in order to ensure the uniqueness of the decomposition (Groom & Bailey

1989, Jones 2012). In practise the measured data will always contain noise and

therefore the decomposition will never yield a perfect fit (Simpson & Bahr

2005), so statistical methods must be adopted that test the validity of the

assumed model. The Groom and Bailey decomposition also only addresses

distortion of the electric field and assumes that magnetic effects can be ignored.

There are few examples in the literature where distortion of the magnetic field

has been considered, with one being Chave & Jones (1997)

For this method, the observed impedance tensor Zobs is factorised into a rotation

matrix R, a distortion tensor C and a regional 2D impedance tensor Z2D:

Zobs(Θ) = R(Θ) C Z2D RT (Θ) (2.38)

The angle Θ gives the strike direction, which is the angle between the observed

coordinate system and the coordinate system of the regional 2D structure and

the 2D impedance tensor Z2D has the form:
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Z2D =

 0 Zxy

Zyx 0


The distortion tensor C is factorised into a scalar g, twist T, shear S, and

anisotropy A:

C = gT S A (2.39)

The scalar g is generally referred to as static shift as it is a scaling factor of the

electric fields. The effects of twist, shear and anisotropy on a unit vector are

illustrated in Figure 2.2. The twist acts as a clockwise rotation operator on the

electric fields and therefore affects the orthogonality between electric and

Figure 2.2: The effects of distortion on a set of unit vectors by twist, shear and anisotropy.
After Simpson & Bahr (2005).
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magnetic fields. The angle associated with this rotation always fulfils the

condition Θtw = arctan(t) < ±90◦. The shear is defined by ellipticity e. It is

named through an analogy to the theory of deformation and describes a

stretching and deflection of the principal axes. The shear matrix produces a

linear combination of the two horizontal electric field components (Jones 2012)

and the angle associated with it, Θsh = arctan(e), cannot be greater than ±45◦.

The anisotropy or splitting tensor stretches the two electric field components.

While one component is increased the other is decreased by the same amount.

The splitting value must be less than one (|s| < 1) since it would otherwise

result in negative resistivity values in one of the principal directions (Jones

2012).

Since static shift g and anisotropy s only act on the magnitude of the impedances,

Groom and Bailey absorbed these parameters into the 2D impedance tensor Z2D

to ensure a unique solution of the decomposition. Z′
2D = gA Z2D is therefore

only a scaled version of the ideal 2D impedance tensor Z2D. This results in a

decomposition equation of seven unknowns for the eight knowns of the observed

impedance tensor at one single frequency:

Zobs(Θ) = R(Θ) T S Z′
2D RT (Θ) (2.40)

McNeice & Jones (2001) extended this approach by simultaneously fitting the

strike angle, twist and shear at multiple sites for multiple frequencies to

determine values that fit the dataset overall. Figure 2.3 shows the results using

a multi-frequency decomposition after McNeice & Jones (2001) of the TVZ MT

dataset discussed in this thesis. Strike, shear and twist angles are shown for
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frequencies between 100 – 0.01 Hz. The regional strike direction is generally

N45◦E with some deviations near major faults and caldera boundaries as well as

a 90◦ ambiguity at some stations that is inherent in the determination of the

strike direction (see Figure 2.3 (a)). The angles associated with twist and shear

(see Figure 2.3 (b) and (c)) are generally close to zero (< |5◦|) and therefore the

Groom and Bailey decomposition indicates that the MT dataset of the TVZ

exhibits very little distortion due to small-scale, near-surface heterogeneities.

For this MT dataset the Groom and Bailey decomposition has only been used

to determine the overall strike direction as well as to determine the degree of

distortion of the dataset, since a extended decomposition analysis is not needed

or even applicable in preparation for 3D modelling.

2.4.2 Phase-tensor

The phase-tensor is a second-rank tensor and is defined as the ratio between the

real and imaginary parts of the impedance tensor (Caldwell et al. 2004):

Φ =

Φ11 Φ12

Φ21 Φ22

 = X−1Y (2.41)

where Z = X + iY describes the impedance tensor. It is a good tool for

assessing the dimensionality of MT data for low noise and low distortion, as it is

independent of galvanic distortions. It therefore contains only information

about the underlying regional resistivity structure and is unaffected by localised

heterogeneities near the surface.
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(a)

(b)

(c)

Figure 2.3: Overall strike, shear and twist values for frequencies between 100 – 0.01 Hz of the
TVZ MT dataset determined by multi-frequency Groom-Bailey decomposition after McNeice
& Jones (2001).
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Figure 2.4: Graphical representation of the phase-tensor. The minimum and maximum phase-
tensor values Φmin and Φmax determine the lengths of the ellipse axes and the angle α− β the
orientation. After Caldwell et al. (2004).

Like any second-rank 2D tensor, the phase-tensor can be graphically represented

as an ellipse. The ellipse is characterised by its direction α which is dependent

on the coordinate system, as well as three rotational invariants: the minimum

tensor value Φmin, the maximum tensor values Φmax and the skew angle β (see

Figure 2.4). With these variables, the phase-tensor can be written as:

Φ = RT (α− β)

Φmax 0

0 Φmin

R(α + β) (2.42)

where R is the rotational matrix. This equation has the same form as the

singular value decomposition (SVD) of a square matrix. Therefore the

rotational invariants Φmin and Φmax are the principal values of the tensor Φ.The

angles α and β can be expressed as:
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α =
1

2
tan−1

(
Φ12 + Φ21

Φ11 − Φ22

)
(2.43)

β =
1

2
tan−1

(
Φ12 − Φ21

Φ11 + Φ22

)
(2.44)

Large minimum phase values (Φmin > 45◦) generally indicate a decrease in

resistivity with depth, while low values (Φmin < 45◦) indicate an increase in

resistivity (Heise et al. 2007). A coherent phase-tensor pattern across the study

area is a good indication of the data quality.

The phase-tensor gives good indications of the dimensionality of subsurface

structures in the presence of low noise and low distortion, but as discussed by

Jones (2012) phase-tensor estimation becomes unstable for moderate to high

levels of noise. Also, Chave (2014) recently showed that there are statistical

problems associated with the estimation of ratios related to their unbounded

distributions.

Figure 2.5 shows the phase-tensor ellipses for the data from the TVZ at 6

selected frequencies. Only ellipses of stations with good impedance tensor

estimates at that particular frequency have been drawn, and there is a very

coherent pattern, which is therefore indicative of a good quality dataset. The

colour scale represents the invariant Φmin. At high frequencies (> 10 Hz) the

minimum phase values are quite large as they are sensing the low resistivity

anomalies caused by the hydrothermal alteration of the geothermal systems.

The dominant strike direction is N45◦E as expected for the TVZ (Bertrand

et al. 2012). However, a closer look at the phase-tensor ellipses for example at
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Figure 2.5: Phase-tensor plots at 6 selected frequencies of the TVZ MT dataset. The colour
scale represents the minimum phase values. Dashed lines indicate the Kaingaroa and Paeroa
Fault as well as the Whakamaru and Reporoa caldera boundaries as shown in Figure 3.2.
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2.3 s period shows that the orientations are also influenced by local faults and

collapsed caldera boundaries (see Figure 2.5) suggesting 3D dimensionality of

the dataset. A rotation in orientation by 90◦ can be observed to the southeast

of the Kaingaroa fault zone and to the northwest of the Paeroa Fault. This is

indicative of boundaries between regions of low and high resistivities that run

parallel to the dominant strike direction.



’Much as I admired the elegance of physical

theories, which at that time geology wholly

lacked, I preferred a life in the woods to one

in the laboratory.’

J. Tuzo Wilson, 1908-1993 3
Geological overview of the Taupo

Volcanic Zone

3.1 Geological setting of the Taupo Volcanic Zone

The Taupo Volcanic Zone (TVZ) is located at the southernmost end of the

> 1500 km long Tonga-Kermadec arc within continental lithosphere of the

North Island of New Zealand, and is associated with subduction of the Pacific

plate beneath the Australian plate (Cole & Lewis 1981, Seebeck et al. 2014) (see

inserted map in bottom right corner of Figure 3.1). It marks the southward

continuation of both the Havre trough and Kermadec arc. The only differences

are that they cannot be distinguished as two separate things on land as they are

in the oceanic crust (Stern 1985, Wilson et al. 1995). The TVZ is a belt of

active extension with onshore rates of > 15 mm/yr at the coastline to

∼ 5 mm/yr near the Tongariro volcanic centre (Wallace et al. 2004). This

31
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Figure 3.1: Map showing the structural features of the central North Island of New Zealand
after Bibby et al. (1995). TVZ boundary is defined by Wilson et al. (1995) as the area containing
all volcanic activity in the central North Island over the last 2 Ma. The Central Volcanic Region
(CVR) also includes older volcanics. The blue dashed lines indicate the approximate divide
between northern, central and southern segment of the TVZ.
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extension is accommodated by a narrow zone of extensive normal faults

(Rowland & Sibson 2001, Villamor & Berryman 2001, 2006).

The TVZ can be distinguished by its dominant types of volcanism into northern

and southern segments which are dominated by andesitic eruptions and a

central segment that is dominated by silicic eruptions (see Figure 3.1). Since

the MT survey discussed in this thesis was conducted in the central segment of

the TVZ, the term TVZ throughout the remainder of this thesis will refer only

to this central segment.

The central TVZ is a 60 km wide by 125 km long segment where fault related

rifting is assisted by magmatic and volcanic processes (Gravley et al. 2007,

Rowland et al. 2010, Allan et al. 2012). This segment is dominated by silicic

volcanism, which has been occurring over the past ∼ 2 Ma. However, eruption

rates of 3.8 km3/kyr are only calculated for the past ∼ 1.6 Ma by Wilson et al.

(1995, 2009), since the dates from 2 to 1.6 Ma do unfortunately not have volume

estimates and have not been incorporated into TVZ eruptive rates yet due to a

gap in on-land large-scale volcanic deposits. Eruption rates were even as high as

12.8 km3/kyr over the past ∼ 61 ka (Wilson et al. 1995, 2009). Volcanism is

mainly defined by caldera-forming rhyolitic eruptions, of which at least 25

caldera forming eruptions from eight caldera centres have been identified that

range from > 2000 km3 to 30 km3 in size (Houghton et al. 1995, Brown et al.

1998a, Wilson et al. 2009). These eruptions are the source of many ignimbrites,

pyroclastic flows, and rhyolite lavas that have shaped the surface and subsurface

geology of the TVZ (Leonard et al. 2010) (see Figure 3.2). Andesitic eruptions

within the central segment of the TVZ are an order of magnitude less abundant
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than rhyolite eruptions, and basaltic and dacitic eruptions have produced minor

volumes (< 100 km3 total) with few individual eruptions exceeding 1 km3 in

size (Houghton et al. 1987, Gamble et al. 1993, Wilson et al. 1995).

The central TVZ can be divided into two parallel belts with very different

characteristics: the Taupo Fault Belt (TFB) in the west and the Taupo-Reporoa

Basin (TRB) in the east. The western TFB is characterised by faulting, and is

likely to be a zone of recharge to a multi-plume hydrothermal system (Rowland

& Sibson 2004, Rowland et al. 2010). The eastern TRB hosts the majority of

the geothermal heat flux in the TVZ. It is bounded to the northwest by the

Paeroa Fault and to the southeast by the Kaingaroa Fault Zone.

The MT survey presented in this thesis encompasses the Reporoa caldera in the

northeast and part of the Whakamaru caldera in the southwest. The Reporoa

caldera erupted about ∼ 230 ka ago (Nairn et al. 1994, Downs et al. 2014b) and

is the source of the Kaingaroa Formation ignimbrite that covers the Kaingaroa

Plateau (see Figure 3.2). Ignimbrites from the Reporoa eruption are one of the

youngest rhyolitic pyroclastic flows within the TVZ (Nairn et al. 1994,

Beresford et al. 2000). The Whakamaru eruptions, which formed Whakamaru

caldera is the largest eruption in the central TVZ. It is dated 339 – 349 ka and

erupted in two distinct periods (Wilson et al. 2009, Downs et al. 2014b). The

Whakamaru eruption is the source of the Whakamaru Group ignimbrites, which

include the Whakamaru, Manunui, Rangitaiki, Te Whaiti and Paeroa Subgroup

ignimbrites (see Figure 3.3), covering a large area of the central North Island

with an estimated volume of > 2000 km3 (Brown et al. 1998a, Wilson et al.

2009) (see Figure 3.2).
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Figure 3.3: Stratigraphic architecture, descriptions and key for Figures 3.2,8.3 and 8.4. After
Downs et al. (2014a).
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The central part of the TVZ is also characterised by a very high heat output of

∼ 4.5 GW with a heat flux of over 700 mW/m2 (Stern 1987, Bibby et al. 1995,

Hochstein 1995)) focused in 23 geothermal fields. Six of these geothermal fields

(Mokai, Ngatamariki, Kawerau, Ohaaki, Rotokawa and Wairakei-Tauhara) are

currently utilising ∼ 0.7 GW to provide ∼ 13% of New Zealand’s electricity

demand (Geothermal Energy & Electricity Generation 2014). The New Zealand

government aims to increase this amount to ∼ 25% by 2030 (New Zealand’s

Energy Outlook 2010). Most of this heat flux (∼ 2 GW or 50% of the total heat

output) is localised along the eastern margin of the TVZ within the TRB

(Bibby et al. 1995). In the northern and southern andesitic segments of the

TVZ, the heat flux is an order of magnitude less, and the average eruption rates

total to only ∼ 2 km3 over the past ∼ 2 Ma (Wilson et al. 1995, Cole et al.

2000, Hobden et al. 2002, Gamble et al. 2003). Nevertheless, the Kawerau

geothermal field located in the northern TVZ is also utilised for power

generation with an installed capacity of 165 MW.

The MT survey discussed in this thesis covers six of these geothermal systems in

the central TVZ: Orakeikorako, Te Kopia, Reporoa, Rotokawa, Ohaaki and

Ngatamariki. The latter three are currently used for power generation, whereas

Orakeikorako is a significant tourist attraction, Te Kopia a protected

geothermal system and Reporoa is classified as a research geothermal system.

The Reporoa geothermal system will be discussed in more detail in Chapter 5.

Previous geophysical surveys and geothermal field drill hole data indicate that

the general stratigraphy of the TVZ is comprised of lacustrine and fluvial

sediments, large volume ignimbrites, primary and reworked volcaniclastic
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sediments, and silicic to mafic lavas to 3 – 4 km depth (Bibby et al. 1998,

Ogawa et al. 1999, Leonard et al. 2010, and references therein) covering

greywacke basement that consists of Mesozoic metamorphosed sandstones and

argillites (Mortimer 1994, Wood et al. 2001). Based on seismic investigations

and geothermal field spacing, the brittle-ductile transition appears to be at a

depth of 6 – 8 km (Bibby et al. 1995, Bryan et al. 1999) separating the brittle

upper crust from a quartzofeldspathic ductile mid-crust that extends to

∼ 15 km depth (Harrison & White 2006, Stern et al. 2010). The crust generally

appears thinned beneath the TVZ as a consequence of high extension rates

(Stern et al. 2010), but there is still debate over the depth of the Moho and the

nature of the lithosphere at depths below 15 km; P-wave reflection and

refraction studies indicate a 15 – 20 km depth for the crust-mantle transition

(Stern & Davey 1987, Henrys et al. 2003), whereas receiver function inversions

suggest 25 – 30 km (Bannister et al. 2004).

Furthermore, low shear wave velocities in receiver function analysis and high

conductivity anomalies in MT surveys at depths of 6 – 16 km within the TRB

indicate the presence of partial melt in the lower crust (Bannister et al. 2004,

Heise et al. 2007). Recent MT surveys also place areas of high conductivity that

have been interpreted as partial melt underneath the otherwise resistive Maroa

Volcanic Centre and the TFB in the western part of the TVZ (Ingham 2005,

Heise et al. 2010). This interpretation is however inconsistent with the paucity

of volcanic activity in this area over the past > 200 ka (Leonard 2003, Leonard

et al. 2010).
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3.2 Previous regional MT resistivity surveys in the Taupo

Volcanic Zone

Bibby (1988) conducted the first regional resistivity survey in the TVZ using

DC resistivity with a Schlumberger array. Bibby et al. (1995) published a

compilation of all publicly available DC resistivity data to create the first

regional resistivity map of the TVZ. DC resistivity measurements can be used

to image the resistivity structure of the shallow subsurface, and proved to be an

effective method in imaging the near-surface extent of geothermal fluids (see

Figure 3.4).

Since the depth of penetration for Schlumberger array DC resistivity surveys is

dependent on the electrode spacing used, very large electrode spacing would

need to be used to gain information on deeper subsurface structures (Jones

2013). But this is often not feasible and therefore there is often a limit of what

electrode spacing can be used in a survey. In order to explore the deep

resistivity structures of the TVZ, and the processes controlling geothermal

system locations in this area, geophysicists focused on using passive MT studies

for further electrical and electromagnetic investigations.

Three regional 2D profiles (Ogawa et al. 1999, Ingham 2005, Heise et al. 2007), as

well as two regional 3D MT surveys (Heise et al. 2010, Bertrand et al. 2012), have

been conducted in the TVZ. The location of these profiles and surveys in relation

to the DC resistivity map of Bibby et al. (1995) are displayed on Figure 3.4.

Ogawa et al. (1999) inverted MT measurements at 16 stations on a 110 km long
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Figure 3.4: Locations of previous MT surveys (indicated by red lines) in the TVZ in relation
to DC resistivity map of Bibby et al. (1995).
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NW–SE profile across the central TVZ. Their results indicated a region of high

conductivity that was interpreted as volaniclastic sediments up to 3 km thick in

this area but they could not image any structures in this near-surface layer in

detail due to the large station spacing. The 2D inverse model showed a resistive

layer at 5 – 10 km depth that underlies the entire profile as well as conductive

zones at depths of > 10 km within the TVZ.

Ingham (2005) recorded MT measurements at 18 stations on a 125 km long

profile ∼ 30 km northeast of the Ogawa et al. (1999) survey (see Figure 3.4).

His 2D model also contains a conductivity anomaly at ∼ 10 km depth within

the TFB. Ingham (2005) interpreted this anomaly as partial melt with a melt

fraction of 5%, which supports the existence of igneous intrusion at shallow

depths within the TVZ.

Heise et al. (2007) conducted a 2D MT transect with a total of 28 stations (see

Figure 3.4) to study the deeper structure of the TVZ. Again, they found a rapid

increase in conductivity at ∼ 10 km depth on the eastern side of the TVZ and,

based on the modelled conductivity values, interpreted this as a partial melt

body with an estimated melt fraction of 4%. Their model further suggested that

at greater depth the Pacific plate is resistive compared to the overlying mantle.

Heise et al. (2010) completed the first 3D MT survey in the TVZ. They

collected a total of 220 measurements covering most of the central TVZ. Station

spacing was on average ∼ 10 km, and the central 3D mesh cells had a width of

3 km. They imaged several conductive anomalies at depth and again

interpreted these as partial melt. Their resistivity model shows a plume like
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structure of high conductivity beneath the central TVZ that they interpreted as

a zone of interconnected melt rising from depths of > 35 km.

Unlike prior MT surveys that had large station spacings but a very wide

aperture, the 3D MT survey as discussed in Bignall (2010), Bertrand et al.

(2012) and this thesis, comprised 200 measurements with station spacing of

∼ 2 km in an area of approximately 40 km by 30 km in the central TVZ. This

setup resulted in a higher resolution image to ∼ 20 km depth. Bertrand et al.

(2012) inverted data along 13 profiles in 2D as well as two 3D inversions of data

subsets, near the Rotokawa and Ohaaki geothermal fields. Their models show

vertical conductive anomalies at depth within several geothermal systems, and

they interpreted these as convective upflow zones of hot geothermal fluids.

Furthermore, their model supports the theory of hydrothermal convection

throughout the entire extent of the brittle crust (< 7 km) (Bertrand et al.

2012).

Apart from these regional MT surveys using wide apertures to image the deeper

parts of the central TVZ, several local surveys on specific geothermal fields have

been carried out in this region (e.g., Ingham 1991, Heise et al. 2008, Bertrand

et al. 2013a). These kinds of surveys use relatively close station spacings and

narrow apertures to image near-surface structures within geothermal systems in

more detail. MT surveys have become a popular and effective tool in

geothermal exploration.
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3.3 Summary of magnetotelluric field work

The field work to collect the magnetotelluric dataset for this research project

was carried out between 2009 and 2011. A total of 208 measurements were

performed as part of the Hotter and Deeper project of the New Zealand

Ministry of Science and Innovation (Bignall 2010) in 2009 and 2010

(FRST09/10; see outline in Figure 3.4), which is the same dataset Bertrand

et al. (2012) used in their study. The site spacing was on average 2 km with the

array spanning ∼ 25 km in SW-NE direction and ∼ 35 km in NW-SE direction.

In 2011, an additional 48 measurements were collected near Reporoa as part of

a separate study (Ryan et al. (2011); REP2011). The array spanned an area of

7 x 10 km with the station interval varying between 0.5 – 2 km. The augmented

full dataset forms the work described in this thesis (see Figure 6.1).

The FRST09/10 data were 2-night recordings while the REP2011 were only

overnight recordings. The study area is mainly comprised of farmland. The

biggest issue for all measurements was the electric fences in the vicinity of the

stations. Because of this several stations had to be repeated and significant

effort invested to get the fences turned off during the recordings. In the end a

total of 230 stations had satisfactory data up to 1000 s period and could be

included in the analysis presented in the following chapters.



44 CHAPTER 3. GEOLOGICAL OVERVIEW OF THE TAUPO VOLCANIC ZONE

Figure 3.5: Location of MT stations in the TVZ, New Zealand. Black triangles
represent measurements of FRST09/10 survey and pink triangles of the REP2011 survey.
blue line = river, red line = major roads.



’Even one well-made observation will be

enough in many cases, just as one well-

constructed experiment often suffices

for the establishment of a law.’

Émile Durkheim, 1858 – 1917 4
The influence of an electric fence on

magnetotelluric measurements

4.1 Introduction

Since magnetotellurics (MT) is a passive geophysical method that relies on

naturally occurring electromagnetic waves, it is often highly sensitive to cultural

electric, and to a somewhat lesser extent magnetic, noise. Especially in a

country like New Zealand, where farming is still one of the biggest industries,

cultural noise due to electric fences is one of the major issues for

magnetotelluric measurements. Electric fences produce very short (50 – 500 µs)

high-voltage pulses (peak voltage of 4 – 10 kV) that propagate along the fence

wire at a frequency of about 0.6 – 0.9 Hz, depending on the manufacturer and

age, and contain many high-frequency harmonics (Moorkamp 2007,

Thrimawithana & Madawala 2008). These pulses are usually seen on both

electric and magnetic channels and can therefore be classified as correlated

45
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noise. They distort the processed data on average between 1 – 10 Hz and in

certain cases even up to frequencies > 100 Hz.

Standard MT processing procedures currently in use usually include a

combination of robust statistical and remote reference algorithms (e.g., Larsen

1989, Jones et al. 1989, Oettinger et al. 2001). Robust statistics aim to identify

and remove or downweight outliers from the real MT signal in the data by using

a data adaptive weighting scheme (e.g., Jones & Jödicke 1984, Egbert & Booker

1986, Chave et al. 1987). However, if the majority of the data are contaminated

with correlated noise, these robust methods have a tendency to select and

emphasise the noise rather than the MT signal. Remote reference algorithms

require additional data to be recorded at a relatively noise-free site

simultaneously to the data of interest (e.g., Gamble et al. 1979). If there is not

any correlation between the noise on the remote data and the local data, it

produces superior apparent resistivity estimates than single-site processing.

Although robust remote reference processing often gives a very good estimate of

the apparent resistivities, it seems to only slightly improve data that have been

contaminated by an electric fence.

Cultural noise in MT data is a very common problem. Not only electric fences

can distort the signal, but also powerlines (e.g., Newman et al. 2008), cathodic

protection on pipelines (e.g., Oettinger et al. 2001, Peacock et al. 2013),

electrified railway tracks (e.g., Pádua et al. 2002) as well as equipment and

machinery. Not only man-made signals can be an issue for MT measurements.

The occurrence of non-uniform natural electromagnetic fields, which deviate

from the plane-wave assumption, can also strongly bias the impedance tensor
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estimates. These occur mainly in high latitudes, around the equator, or during

solar storms and are therefore not usually an issue at mid-latitudes (e.g., Jones

& Spratt 2002, Osipova et al. 1989).

Various data analysis and filtering techniques have been applied with sometimes

very good success to remove the noise from MT data. Peacock et al. (2013)

managed to remove pipeline noise by subtracting a data-driven replication of

the periodic noise signal from the time series before calculating the impedance

estimates. This resulted in very realistic estimates although with large error

bars at stations closest to the pipelines. However, this template subtraction

method is only successful if the noise signal is deterministic, which means very

periodic in this case. Local noise sources, like houses and vehicles as well as

malfunctioning components during data acquisition, can cause random spikes in

the MT time series. Kappler (2012) developed an algorithm that simply

identifies and replaces these random spikes with data calculated by Wiener

filtering coincident data in clean channels. Other noise reduction approaches

utilised a signal-noise separation method that separates MT signals from

industrial noise by using two remote reference stations (Oettinger et al. 2001).

Unfortunately it is often not possible to have two different remote stations at a

sufficient distance from the measurements so that they are not influenced by the

same noise sources. Choosing a good remote site often seems the key to

successful noise removal in MT data. For example, Newman et al. (2008)

managed to remove noise from powerlines of a geothermal power station by

using a remote site which was about 100 km from the study area. Having such a

distant remote is though often not logistically practical in terms of data

retrieval and maintenance.
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Although many attempts have been made in the removal of electric fence noise

from MT data, so far the best solution seems to be to get them turned off

during data recording. Moorkamp (2007) gives a detailed analysis in his thesis

of several filtering techniques to remove electric fence noise from MT data. He

explored delay filters, direct template subtraction, linear adaptive filters and

neural networks. But none of these gave satisfactory results. The adaptive

filters performed best for the Zxy components but could not improve the Zyx

components. Moorkamp notes that the output has to be examined very

critically before using it for modelling.

During the MT survey in the Taupo Volcanic Zone (TVZ) discussed in this

thesis it became apparent that not every electric fence affects the time series in

the same way. Some do not seem to distort the data at all. This observation

sparked the idea to study the influence an electric fence has on MT

measurements in more detail. In contrast to Moorkamp (2007), the main

objectives of this study are not to compare different filtering techniques, but to

understand the processes behind the distortion caused by the electric fences.

Questions like “Under what conditions do electric fences distort MT data?” or

“Why are some fences worse than others?” are addressed in this study.
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4.2 Theory

4.2.1 Electric fences

The general distinction between electric fences is between ground-return and

wire-return systems. The most common type of fence system used in New

Zealand is a ground-return system, where there is at least one live wire installed

on the fence and the circuit is only closed if something (usually an animal)

creates a connection to the ground (see Figure 4.1).

Figure 4.1: Sketch of a commonly used electric fence system in New Zealand (Thrimawithana
& Madawala 2008).

The specific fence system used in this study is the PEL 632 fence system. It is a

ground-return system with a potential maximum output of 32 Joules. Without

any load attached, the voltage output is 7.3 kV. The fence was very well

maintained and there was hardly any ground leakage detected during normal

operations.

4.2.2 Grounded horizontal electric dipole

A closed circuit electric fence using a ground-return system is comparable to a

grounded horizontal electric dipole, as it has one permanent pole near the fence
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unit and one temporary pole where the grounding, and therefore, the closing of

the circuit occurs. Therefore, as a very simple first approach, Coulomb’s Law

can be considered, which describes the force between two charges Q1 and Q2

separated by the distance r at rest:

−→
F =

1

4πε0

Q1Q2

r2
−→ur (4.1)

where ε0 is the permittivity in free space and −→ur the unit vector pointing from

Q1 to Q2.

The electric field associated with a charge Q is a vector field that describes at

every point in space the force a unit charge q would experience:

−→
E =

−→
F

q
=

1

4πε0

Q

r2
−→ur (4.2)

where ε0 is the permittivity in free space, r the distance between Q to the unit

charge and −→ur the corresponding unit vector.

The electric field created by more than one charge (Q1,Q2,...,Qi) is simply the

superposition of the fields created by each point charge and therefore:

−→
E =

n∑
i=1

−→
Ei (4.3)

=
n∑

i=1

1

4πε0

Qi

r2i

−→uri (4.4)

An electrostatic dipole consists of two equal opposite charges q separated by a
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distance d. Once the approximation can be made that the distance between the

dipole and the test charge is much greater than the dipole length, the electric

field reduces to:

−→
E =

1

4πε0

1

r3
[3(−→p · −→ur)

−→ur −−→p ] (4.5)

where −→p = qd is the dipole moment, ε0 is the permittivity in free space, r and

−→ur the distance and unit vector from the dipole to the point in space where the

electric field strength is calculated.

Unfortunately the fields associated with a grounded electric fence, which is

essentially a grounded horizontal electric dipole, are not as simple to derive.

The electrodynamic forces create magnetic fields due to currents flowing

between the charges. Maxwell’s equations, as discussed in Chapter 2, describe

the relationship between electric and magnetic fields in the classical

electrodynamical framework. These equations form the basis for MT but also

for Controlled Source Audio-Magnetotelluric (CSAMT). The source for CSAMT

measurements is comparable to a grounded electric fence with ground-return

system, therefore the theory for CSAMT is also applicable to a grounded

electric fence. A short summary of the theory will be given here. A more

detailed derivation can be found in Zonge & Hughes (1987).

Just to note, in case of a wire-return electric fence where the circuit is closed

through another wire and not through the ground, a closed circuit would be

comparable to a horizontal magnetic dipole. Since this study only uses a ground-

return system, the case of horizontal magnetic dipole will not be discussed any

further in this chapter.
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The expressions for the electromagnetic (EM) fields of a horizontal electric dipole

in a homogeneous halfspace are derived from Sommerfeld integrals (Sommerfeld

1909) and are given, for example by Bannister (1979) and Wait (1961). For

most conductivities σ and permittivities ε found in Earth materials, it can be

assumed that σ ≫ ε for frequencies below 100 kHz (Zonge & Hughes 1987). This

is known as the quasi-static approximation and has been applied throughout the

derivation of the electromagnetic field equations. The electric (
−→
E ) and magnetic

(
−→
H ) components in this theory section will be expressed in cylindrical coordinates.

However, since the actual measurements for this study were taken in a cartesian

coordinate system (X,Y,Z) the discussion of the observations and results in the

later sections will be based on the cartesian coordinate system. The general

equations for electric and magnetic fields for CSAMT are given by Wait (1961),

Bannister (1979) and Zonge & Hughes (1987) as:

Er =
Idl cosϕ

2πσr3
[1 + e−ikr(1 + ikr)] (4.6)

Eϕ =
Idl sinϕ

2πσr3
[2− e−ikr(1 + ikr)] (4.7)

Ez =
iµ0ωIdl cosϕ

2πr

[
I1

(
ikr

2

)
K1

(
ikr

2

)]
(4.8)

Hr =
Idl sinϕ

2πr2

{
3I1

(
ikr

2

)
K1

(
ikr

2

)
+

ikr

2

×
[
I1

(
ikr

2

)
K0

(
ikr

2

)
− I0

(
ikr

2

)
K1

(
ikr

2

)]}
(4.9)
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Hϕ = −Idl cosϕ

2πr2

[
I1

(
ikr

2

)
K1

(
ikr

2

)]
(4.10)

Hz = −3Idl sinϕ

2πk2r4
[1− e−ikr(1 + ikr − 1

3
k2r2)] (4.11)

The symbols Im and Km represent modified Bessel functions of the mth order, I

is the electric current, dl the length of the dipole, r the distance between source

and sounding point and k the wave number which is related to the skin depth δ

by:

|k| = √
µσω =

√
2

δ
(4.12)

Three cases need to be considered regarding these EM fields of an electric dipole:

the near-field case, the far-field case and a transition zone between the two cases

(see Figure 4.2).

Figure 4.2: Sketch showing EM field propagation of an horizontal electric dipole in
homogeneous halfspace as well as MT measurements at three distances from dipole (taken
from Oettinger et al. (2001) but modified after Zonge & Hughes (1987)) with δ = skin depth:
(a) Near-field (rA ≪ δ); (b) Near-field/far-field transition zone (rB ≈ δ); (c) Far-field (rC ≫ δ).
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Near-field response

In the near-field case the distance to the dipole is much smaller than the

penetration depth (rA ≪ δ) and is characterised by small induction numbers

(|kr| ≪ 1)). The electric field Eϕ varies with 1
r3

and with resistivity, whereas the

magnetic field Hr with 1
r2

and is independent of resistivity. Both are also

independent of frequency.

Eϕ ≈ Idl sinϕ

2πσr3
(4.13)

Hr ≈
Idl sinϕ

4πr2
(4.14)

The impedance in this case is:

|Z| =
∣∣∣∣Eϕ

Hr

∣∣∣∣ ≈ 2

σrA
(4.15)

where σ is the conductivity of the halfspace. Therefore the resistivity of the

halfspace is:

ρ ≈ r

2

∣∣∣∣Eϕ

Hr

∣∣∣∣ (4.16)

and the phase is equal to zero since the impedance in the near-field approximation

is a real number. The apparent resistivity measured in MT (Cagniard resistivity)

is generally defined as:

ρaij =
T

2πµ
|Zij|2 =

T

2πµ

∣∣∣∣Ei

Hj

∣∣∣∣2 (4.17)

and the phase as:

φij = arctan

(
ImZij

ReZij

)
(4.18)
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where T is the period, µ the magnetic permeability and Zij = | Ei

Hj
| the

impedance tensor with i, j = ϕ, r (Simpson & Bahr 2005). This means that in

the near-field case, the measured apparent resistivity is only dependent on T

and hence the characteristic 45◦ rise in the apparent resistivity curves and

phases of zero can be seen.

Far-field response

In the far-field case the distance to the dipole is far greater than the depth of

penetration (rC ≫ δ) and the induction number is quite large (|kr| ≫ 1). In this

case both Eϕ and Hr vary like 1
r3

and both are dependent on resistivity.

Eϕ ≈ Idl sinϕ

πσr3
(4.19)

Hr ≈
Idl sinϕ

π
√
µσωr3

e−iπ/4 (4.20)

The impedance Z is independent of the distance to the dipole r and the

resistivity measured in the far-field equals the Cagniard resistivity as defined in

equation 4.17. This implies that if MT measurements are taken far enough from

an electric fence, so that r ≫ δ, the EM field from the fence becomes part of the

MT source field, and hence is not a problem. Twenty years ago Qian &

Pedersen (1991) used industrial noise as a source in their work, but surprisingly

this application has not become routinely used within the MT community.

Transition zone response

In the transition zone between those cases described above where the distance

to the dipole becomes comparable to the depth of penetration (rB ∼= δ) the
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magnetic fields dependence lies somewhere between 1
r2

and 1
r3
. Especially in

heterogeneous environments, the transition zone case becomes quite complex

(Zonge & Hughes 1987).

4.3 Study design

This study was conducted in 2011 on a farm in Kaiwaka on the Kaipara Harbour

in the North Island of New Zealand (see Figure 4.3). The farm is located about

2 km from the coast. It covers an area of about ∼ 4 km2 and is bordered to

Figure 4.3: Location and layout of electric fence and study sites. Yellow lines indicate the
location of the isolated fence system, where thick lines show the main fence and thin ones the
side branches of the fence. The red arrow shows were the fence has been grounded and the
green arrow the ground-return. The red line indicates the dipole as discussed in the following
sections and the red dot is the centre of the dipole.



4.3. STUDY DESIGN 57

the east by a nature reserve but is otherwise surrounded by neighbouring farms.

Due to time and budget constraints, it was decided to use an existing part of

the electric fence system on the farm for this study rather than installing our

own system. This had the disadvantage that this study did not use the simplest

fence configuration possible (i.e. one straight line) but a slightly more complicated

layout that could not completely be monitored for current leakage into the ground

during the experiments. However, the smallest possible part of the fence system

on the farm was isolated from the rest and installed the MT stations as far away

as possible from neighbouring live electric fences (see Figure 4.3).

For the purpose of this study, 4 Phoenix broadband MTU systems with an

electric dipole spacing of 50 m were installed to record MT data at all stations

simultaneously. Site 1 was installed directly at the electric fence, site 2 and 3

were installed ∼ 180 m and ∼ 400 m, respectively, to the north of the electric

fence and the site 4 was installed ∼ 900 m north of the electric fence.

Data for this study were recorded for 3 different scenarios: (1) All fences on the

entire farm turned off, (2) one isolated fence in the south turned on without any

leakage into the ground, and lastly (3) with only the isolated fence turned on but

grounded. Again, due to time constraints the recording time for each scenario

was only about 9 hours. The ’all-fences-off’ and ’fence-grounded’ scenarios (1

and 3) were recorded during the night and the ’only-one’ scenario (2) during the

day. Night-time recordings are generally better than day-time recordings since

the source-field is less disturbed at night and cultural noise is at its minimum

when people are asleep. Therefore, the data quality of the ’only-one’ scenario

might be worse than for the other scenarios. However, due to the limitations of

this field work, this could not be avoided.
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4.4 Results

4.4.1 Time Series

The effects of a grounded electric fence on a MT time series can be seen in

Figure 4.4. The figure shows a 3 minute excerpt of all electric and magnetic

channels at site 1 recorded while the fence was grounded as well as the spectral

densities. The fence produces spikes in the electric and magnetic fields in the

time series with a frequency of ∼ 0.8 Hz, but the exact frequency and shape of

the noise spikes are not constant throughout the recording. This can be

attributed to the analogue fence system oscillator not being stable (modern

systems use a digital oscillator with a precisely-defined fixed frequency) and

therefore unable to maintain a perfectly constant frequency as well as the noise

spikes being under-sampled due to the low sampling frequency of 15 Hz for the

continuous MT recording band. The fence frequency and harmonics can be seen

in the Fourier spectrum shown in Figure 4.4 (b). Only long period oscillations

of the natural MT signal are still visible in the time series.

In order to obtain an estimate of the magnitude and direction of the electric

and magnetic fields produced by the fence, the intensity of each spike were

measured. This was done by detrending one hour of the time series and taking

the maximum absolute value in every 30 data points. A window width of 30

data points was chosen, which equals a time of 2 seconds, to ensure that every

data window contains at least one spike of the fence noise. The resulting

average values and standard deviations can be seen in Table 4.1.

Similarly to the derivation of the electrostatic dipole equation 4.5, the
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(a) 3 minute excerpt of time series.

(b) Spectral densities of electric and magnetic channels.

Figure 4.4: Time series and spectra of all 5 channels at site 1 recorded while the fence was
grounded.
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Ex Ey Hx Hy Hz

Site 1 -1665 ± 233 -10443 ± 1085 197399 ± 16098 -77242 ± 8978 -594080 ± 76153
Site 2 -309 ± 31 318 ± 32 40658 ± 5297 40118 ± 5091 -97733 ± 84768
Site 3 -40 ± 13 118 ± 13 27255 ± 4702 13340 ± 6720 -64468 ± 69012
Site 4 -19 ± 7 63 ± 18 15577 ± 3679 7538 ± 3440 -22953 ± 28186

Table 4.1: Average spike intensities with standard deviations on each channel.

electromagnetic equations of a grounded electric dipole 4.6 - 4.11 assume that

the dipole length is smaller than the distance between dipole and point of

measurement, even in the near-field case. The distance r refers to the distance

to the centre of the dipole. In the study presented here, the measurements are

taken very close to one of the poles, but the map in Figure 4.3 also shows clearly

that all sites are at an equal distance to the centre of the dipole. However, the

measurements at each site show clear differences as seen in Table 4.1. This

suggests that the EM equations derived for CSAMT are not fully applicable to

the case of the grounded electric fence since the measurements presented here

are closer to the dipole than the length of the dipole. Nevertheless, the following

analysis of the measured field magnitude shows that the fields decay with

distance to the nearest pole in the same way as in the near-field approximation

for CSAMT where the point of reference is the centre of the dipole.

The magnitude of electric and magnetic field intensities versus distance can be

seen in Figures 4.5 (a) and (b). The reference point for the distance is the point

of grounding, since the measurements are much closer to the pole than to the

centre of the dipole, as discussed earlier. Curves with a 1
r2

and 1
r3

dependency

have been fitted to the electric and to the magnetic field intensities. The data

points of the electric intensities seem to lie closest to the 1
r3

dependency. The

ideal fit was proportional to 1
2.7

. The results of the magnetic field intensities
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favour a 1
r2

dependency. The dependencies for the electric and magnetic fields

correspond well to the near-field response of an electric dipole, as described on

page 54.

Another observation about the magnetic field intensities is that only site 1 has a

measurable vertical field component. At all other sites, the magnetic field has

only measurable horizontal components.

4.4.2 Apparent Resistivity and Phase curves

The apparent resistivity and phase curves for the XY components of the

impedance tensor, after processing using robust statistical methods but without

a remote reference station, for each scenario can be seen in Figure 4.6. Since the

XY and YX components are nearly identical for periods smaller than 100 s on

all sites the subsurface can be assumed to be 1D and only the XY will be

displayed throughout this chapter. It is notable however, that the magnitude of

distortion from the grounded electric fence varies between the different

impedance tensor components.

The installation of a good remote reference site far away from the study area was

not possible in the short time frame of this experiment. Nevertheless, site 4 was

installed as far away as possible from the other 3 sites while also being as far away

as possible from neighbouring live fences. Figure 4.6 indicates that the periods

< 1 s at site 4 do not vary between the different scenarios. This indicates that

the electric fence noise is so weak at that distance that robust processing appears

to remove the noise sufficiently. Therefore, sites 1 – 3 were re-processed with site

4 as a remote reference site (see Figure 4.7).
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(a) Electric field magnitude vs. distance to point of grounding.

(b) Magnetic field magnitude vs. distance to point of grounding.

Figure 4.5: Field magnitudes vs. distance to point of grounding. Blue lines show best fit
assuming a 1

r2 dependency and the green lines the best fit for the 1
r3 dependency.
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Scenario 1 – All fences off

When all the fences are turned off, the data are of reasonably high quality (see

Figures 4.6 (a) and 4.7 (a)). Only between 3 – 10 s, the MT dead-band, do the

data exhibit lower signal-to-noise ratio. Although the MT dead-band, where the

signal strength is naturally the weakest, is centred around 1 s. This could still

be due to the short recording times resulting in fewer response estimates, or due

to some other unidentified noise sources in the area. The remote processing only

seems to improve the very high frequencies, but mostly the curves remain

unchanged. All 3 sites exhibit a very similar behaviour, which indicates again

that there are not many lateral variations in subsurface resistivity in this area.

This set of response curves will be used as the baseline in the further analysis as

it is assumed to represent the undisturbed response curves.

Scenario 2 – One fence on

For the second scenario only one fence was turned on. It was ensured that

current leakage from the fence into the ground was as minimal as possible. The

apparent resistivity and phase curves show a very similar behaviour to the

baseline ones described earlier, although overall they are somewhat noisier (see

Figures 4.6 (b) and 4.7 (b)). This is most likely not due to the fence but due to

the recording having been done during the day-time and not at night, as for the

previous scenario. Only the site directly next to the live fence has distorted high

frequencies, but the remote processing appears to take care of this distortion

and therefore at all sites it is possible to recover the undisturbed response

curves if the fence is maintained properly.
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Scenario 3 – Grounded fence

In the final scenario the previously well maintained fence was grounded by a

metal rod near site 1. This caused the circuit of the electric fence to close and a

current of ∼17 A to flow through the ground. Site 1, which is closest to the

fence, shows a very strong response to the grounding; distorting all periods

below 1 s (see Figures 4.6 (c) and 4.7 (c)). 150 m further away at site 2, the

data are also distorted down to periods < 1 s, but this time the remote

reference processing seems to be able to clean up the high frequencies so that

the data appears only to be distorted between 0.04 – 1 s period. Even further

away at site 3 there is still some distortion caused by the electric fence between

0.1 – 1 s but it is considerably less than at the previous sites. In this case the

remote reference processing does seem to improve the data somewhat.

Especially the phase, although still noisy, is much closer to the undisturbed

data than with single site processing.

4.4.3 Data anomaly at site 2

A closer inspection of site 2 reveals that although the remote reference

processing seems to have cleaned up the higher frequencies, the results still do

not match the undisturbed data (see Figure 4.8). The apparent resistivities

appear to have an upwards bias at frequencies < 0.03 s. This bias could falsely

be interpreted as static shift, which is usually caused by small-scale

heterogeneities and is frequency independent. However, since it is only present

in the higher frequencies, the small-scale heterogeneities cannot be the cause of

this bias. Furthermore, if a static shift correction would be applied to this data,

a bias would be added to the previously undistorted low-frequency data.
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Figure 4.8: Comparison of the apparent resistivity and phase responses of single site processing
to remote reference processing and undistorted data at site 2.

In order to demonstrate the effect this has on an inverse model, the apparent

resistivity and phase data for site 2 have been inverted using the 1D Occam

algorithm (Constable et al. 1987). Figure 4.9 shows the inversion results for the

scenario in which the fence is grounded (blue), the undistorted data while the

fence is turned off (black) and for the grounded data which has been shifted as

one would do for a static shift correction to match the high frequencies of the

undistorted data (red).
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Comparing the inversion results of the data influenced by the electric fence to

the undistorted data shows that the main difference lies in the near surface

layer. The distorted data mimics a more resistive near-surface layer than the

baseline data. At depth, both inversions are very comparable and only differ

due to the general data quality. If this shift in the high frequencies is

interpreted as a normal static shift caused by small-scale heterogeneities but is

frequency independent, the inversion results will show similar resistivity values

for the near-surface layer, but all layers below that are underestimated in

resistivity and depth.

4.4.4 Electric fence noise as a near-field effect

As mentioned earlier, a grounded electric fence acts basically as an electric

dipole. This is also apparent when inspecting the resulting resistivity values in

the frequency range of the distortion. They follow an approximately 45◦ incline

instead of giving the true apparent resistivity values. This behaviour has also

been noticed for other noise sources (e.g., Newman et al. 2008). It corresponds

to data recorded in the near-field as discussed earlier (see Section 4.2.2). The

near-field effect occurs when the skin depth is greater than the distance to the

dipole. Interestingly, the 45◦ incline starts at a different period at each site (see

Figure 4.7). The starting period appears to corresponds to the period T so that

the skin depth, which is defined as δ =
√

2/µ0σω ≈ 500
√
Tρ (where

µ0 = 1.2566× 10−6Hm−1 is the magnetic permeability in free-space, σ = 1/ρ the

conductivity and ω = 2π/T the angular frequency), is equal to the distance r to

the point of grounding. The end period on the other hand is always the same at

each site, and corresponds to the period of the electric fence. This implies that

if the MT measurements are taken at distances greater than the skin depth, the
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data will not be distorted by the electromagnetic fields caused by the fence

(far-field response). In the case of this study area, with a near-surface resistivity

of about 3 Ωm and a fence frequency of 0.8 Hz, the data would be undistorted

at a distance of about 968 m. This is about the distance site 4 was recorded

from the grounding point, and the data from site 4 appear hardly affected by

the electric fence.

The soundings in this study show a very 1D behaviour and the shallow

subsurface is very homogeneous. Because of this an attempt has been made to

derive the true resistivity values for the distorted period range by using

equation 4.16 for the near-field response (similarly to Rao et al. 2000). The

distance-to-dipole values r that have been chosen to match the undistorted data

are within ∼ 50 m of the actual distances to the point of grounding. In general,

the data processed using site 4 as a remote reference site needed a higher value

to match the real resistivities since the onset of the 45◦ incline is at a slightly

longer period. The results can be seen in Figure 4.10. The blue squares show

the corrected data using the data processed with the remote and the red

triangles show the recovered data using the data processed using only robust

statistics. Overall, the recovered data are in good agreement with the baseline

data.

In everyday MT soundings it is usually not possible to know how far away the

point of grounding is, let alone what the real sounding curve is that needs to

be matched. The combination of the last two observations (that the skin depth

of the period at the start of the distortion equals the distance to the grounding

point and the calculation of resistivity based on the distance to the fence) gives
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(a) Site 1 with r = 30 m / 18 m (remote / single).

(b) Site 2 with r = 150 m / 120 m (remote / single).

(c) Site 3 with r = 450 m / 400 m (remote / single).

Figure 4.10: Near-field correction applied to (a) site 1, (b) site 2 and (c) site 3. Black dots
represent undistorted data (fence turned off). Blue marker represent near field corrected data
of data that has been processed using remote reference processing and red marker represent
near field corrected data of data that has been a single site processing.
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the following equation, which is independent of the distance r:

ρ = 250
√
T0ρ0 |Z| (4.21)

where T0 and ρ0 are the starting period and resistivity value of the incline.

Figure 4.11 gives two examples of real data from a MT survey in the TVZ

where this equation has been applied to in order to correct some of the data of

the near-field effect.

4.5 Discussion

Since the measurements were taken in close proximity to the point of grounding,

the theory for CSAMT does not fully apply for the EM field magnitudes

measured in this study. However, the decay of the electric and magnetic fields

with the distance to the point of grounding shows the same behaviour as the

EM field of a grounded dipole in the near-field approximation (see Figure 4.5).

The EM noise fields created by an electric fence have a distinct geometry with

respect to the point of grounding. Therefore, it is in theory possible to record

one noise-free impedance tensor component if the coordinate system of the

station layout is aligned with the EM field lines of the electric dipole. However,

in practise this would be difficult to achieve and would also only give 1D

resistivity information of the subsurface.

The noise created by the electric fence is usually highly correlated between

electric and magnetic channels. Therefore, remote processing should in theory
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Figure 4.11: Example sites from Taupo Volcanic Zone MT survey with near-field corrected
data using equation 4.21. The star indicates the start of the incline, i.e. the T0 and ρ0 values
used.
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be able to remove it (Oettinger et al. 2001). However experience shows that

remote reference sites that do not show any fence noise in the time series or

Fourier spectrum, are usually not able to fully remove the electric fence effects.

For example, in the TVZ MT survey, as discussed in later chapters, processing

using a remote reference site with a maximum distance of ∼ 35 km to the

stations was not able to fully remove the fence noise on distorted measurements.

Similar observations were made by Pádua et al. (2002) and Newman et al.

(2008). Newman et al. (2008) used a remote station at a distance of 48 km that

appeared to be very clean and showed no sign of influence from the DC intertie.

Nevertheless, the authors were not able to remove the powerline noise from the

measurements by remote reference processing using this reference. Even

employing a remote station located > 100 km away, all sites within their study

area could not be processed cleanly. Only by using an extremely distant remote

reference station (250 km away) could they remove the powerline noise. They

argued from this that only remote reference stations that are completely outside

the influence radius of the noise source can improve the data. Even at stations

where the powerline fields have become planar and only improve the local MT

responses, the fields still remain correlated in time with the non-planar fields

that are distorting the measurements in the study area and are therefore unable

to fully remove the noise signal (Wannamaker et al. 2004). For future MT

surveys on farmland with electric fences it would be interesting to test out this

theory by choosing a more distant remote reference station. Although the EM

fields created by electric fences are probably not nearly as strong as from

powerlines, in resistive environments (as in the TVZ MT survey) the fields

would still travel relatively far and therefore the distance of the remote station

has be be chosen accordingly. However, it is often not logistically practical to
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have a remote station more than 100 km away from the study area. This

solution is probably only applicable in areas with a permanent MT station as in

Parkfield / USA which was used by Newman et al. (2008).

Using a remote that is still under the influence of the electric fence noise while

fulfilling the plane-wave approximation could also explain the upwards bias on

the high frequencies of the data using remote reference processing. Goubau

et al. (1984) illustrated the effects of non-planar correlated noise on the

impedance tensor estimates. His derivation can be adapted to illustrate the

effect a remote reference free of non-planar noise, but containing a planar EM

field that is correlated to the noise on the local electric and magnetic channels

can have on the impedance tensor estimates.

The Zxy component of the impedance tensor is usually determined using a remote

reference by:

Zxy =
ExR∗

y HxR∗
x − ExR∗

x HxR∗
y

HyR∗
y HxR∗

x −HxR∗
y HyR∗

x

(4.22)

where E and H are the local electric and magnetic fields, R the remote magnetic

fields and ∗ denotes the complex conjugate. If the same approximation is used as

in Goubau et al. (1984) where they only consider the case in which the magnetic

fields have random polarisations, Zxy simplifies to

Zxy =
ExR∗

y

HyR∗
y

(4.23)
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If the substitution Ex = Ex0+En and Hy = Hx0+Hn are made while the remote

R is considered noise-free and the assumption is made that the noise fields En

and Hn are correlated to the remote MT signal R, equation 4.23 transforms to:

Zxy =
Ex0R∗

y + EnR∗
y

Hy0R∗
y +HnR∗

y

(4.24)

In the case of noise caused by electric fences, the noise on electric and magnetic

measurements are usually highly correlated and the noise on the electric fields is

usually the dominant one (Moorkamp (2007)). Therefore it holds that En = βHn

which leads to:

Zxy =
Ex0R∗

y + βHnR∗
y

Hy0R∗
y +HnR∗

y

(4.25)

One can now see that the impedance tensor component is biased upward by

using a remote reference signal that is correlated to the noise on the local fields

if the noise on the electric fields is the dominant one.

A possible solution for recognising this bias could be by checking for internal

consistency in the apparent resistivity and phase relationship (Sutarno & Vozoff

1991, Parker & Booker 1996).
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4.6 Chapter Summary

Although the time and resources for this electric fence study were very limited,

it has provided interesting observations and insights on how electric fences

influence MT measurements.

The results showed that only a poorly maintained fence, which leaks current

into the ground, significantly distorts MT measurements even at locations

several hundred metres away from the electric fence. Such a grounded electric

fence acts like an electric dipole and affects the frequencies at stations that are

closer to the fence than their corresponding skin depths. Since the minimum

affected frequency, which equals the fundamental frequency of the electric fence

signals, is usually between 0.6 – 0.9 Hz, stations recorded at distances greater

from the grounding point of the fence than the skin depth at this frequency will

not be adversely affected by the noise from the electric fence. The noise field at

this point fulfils the plane-wave approximation and only adds to the natural MT

signal.

A method has been proposed utilising this observation to correct the distorted

data at the affected frequencies and was applied to MT sounding from the TVZ.

The results look promising, although there is not undistorted baseline data to

compare them to.

Data from remote reference stations that are still under the influence of a

correlated planar EM noise field cannot be used to fully remove the influence of

electric fence noise from data from contaminated stations, since the signals are

still correlated with the noise. The observations even showed that it introduces
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a false static shift at high frequencies that was not previously described. Only

when the remote site is completely outside of the influence of the electric fence,

as other studies have indicated, can remote reference processing potentially be

able to process distorted MT data cleanly.

This last conclusion could not be verified during this study, but needs to be

investigated further in future MT surveys. Although a very far remote is

logistically not feasible for most MT surveys, it seems to give so far the most

promising results in removing fence noise. Permanent electromagnetic stations

such as in Parkfield, USA might be a good solution to this feasibility problem.



The most exciting phrase to hear in science,

the one that heralds new discoveries, is not

Eureka! (I found it!) but rather, ”hmm....

that’s funny....”

Isaac Asimov, 1920-1992 5
Three-dimensional magnetotelluric

imaging of the Reporoa geothermal

system, New Zealand

This chapter is drawn from the research article ‘Three-dimensional

magnetotelluric imaging of the Reporoa / Waiotapu geothermal system, New

Zealand’ that was published in the conference proceedings of the 35th

Geothermal Workshop in New Zealand in 2013 (Walter et al. 2013). Results,

interpretations, and text are largely unaltered from the article as permitted by

the University of Auckland under the 2011 Statute and Guidelines for the

Degree of Doctor of Philosophy (PhD). However, additional information from

the oral presentation at the conference have been included in this chapter.

Co-authors of this article, Alan G. Jones and Graham A. Ryan, advised and

commented on the article, but the bulk of the research and preparation was

undertaken by the thesis author (see accompanying declaration). Note that this

79
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model represents a preliminary analysis and 3D modelling of the

magnetotelluric (MT) dataset and only focuses on a smaller subsection of the

dataset covering the Reporoa geothermal field.

5.1 Introduction

The Taupo Volcanic Zone (TVZ) hosts the majority of New Zealands

geothermal systems. Several of these are currently utilised for power generation,

like Wairakei, Ngatamariki and Ohaaki. Others have been declared protected

fields as they are a valuable tourist attraction as well as sites of special cultural

significance, such as Waiotapu and Waimangu. The Reporoa geothermal field is

the only field that has been classified as a research geothermal system. Due to

its location and possible connection to the protected Waiotapu geothermal

system, the Reporoa system needs to be well characterised before utilisation can

be considered.

Over the last 40 years it has been argued whether Reporoa is an independent

geothermal system or is just an outflow structure of the Waiotapu geothermal

system to the north. Healy and Hochstein initiated this discussion in 1973 when

they reported D.C. resistivity measurements in that area (Healy & Hochstein

1973). They mapped out an elongated pattern of low resistivity spanning

Waiotapu and Reporoa (see Figure 5.1(a)). Temperature measurements from

two boreholes in Waiotapu and Reporoa show a decreasing horizontal

temperature gradient from north to south. Healy & Hochstein (1973) concluded

from these observations that the southern part (Reporoa) is only a horizontal

outflow zone from the northern part of this low resistivity area (Waiotapu).
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Figure 5.1: Contours of apparent resistivity (Ωm) after Healy & Hochstein (1973) with
nominal penetration depth of 0.61 km (a) and after Bibby et al. (1994) for nominal Schlumberger
array spacing of 500 m (b) and 1000 m (c). The approximate location of the Reporoa caldera
outline as proposed by Cole & Spinks (2009) has been added to the maps.

jo (1990) described the results from the RP-1 drill-hole (Figure 5.7), which was

drilled in 1966 to a depth of 1338 m, in more detail. The well-log shows a

temperature inversion between 400 m and 670 m with hot water of about

204 ◦C at 300 m flowing above cooler water of 166 ◦C at 550 m, and a second

temperature maximum at a depth range of 853 – 975 m of 225 ◦C. Overall,

Bignall supported the idea of a lateral flow of hot water from Waiotapu to

Reporoa but noted that the aqueous geochemistry had not been considered in

sufficient detail.

A more detailed analysis of the reservoir fluids was undertaken by Giggenbach

et al. (1994). He found geochemical evidence that suggested a hydrological link

between Waiotapu and Reporoa. For example, the waters at Reporoa contain

Cl as their major anion, but have a higher relative HCO3 content than fluids
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collected at Waiotapu. Since the water-rock interaction at decreasing

temperatures favours the formation of HCO3, this indicates that the water

collected at Reporoa could originate from the Waiotapu geothermal system. On

the other hand, Giggenbach et al. (1994) also found evidence in the geochemical

analyses that favours the idea of Reporoa being an independent geothermal

system. A depletion of the soluble gas species NH3 and H2S as well as a high

content of N2 and CH4 which are not very soluble and easily lost as gas species

at Reporoa suggest an injection of volatiles and possibly heat from a local heat

source into the system.

The existence of a possible magma body underneath Reporoa was also

postulated by Nairn et al. (1994). Since the eruption at Reporoa only occurred

within the last 0.28 Ma (Downs et al. 2014b), residual magma bodies could still

exist at depth and function as a heat source for the geothermal system. After

the initial resistivity survey conducted by Healy & Hochstein in the 70’s, Bibby

et al. (1994) conducted two further resistivity surveys in the area; one using the

Schlumberger array with fixed spacing of 500 m and one with 1000 m (see

Figure 5.1(b) and (c)). Bibby et al. (1994) came to a different conclusion from

Healy & Hochstein (1973). Their map showed a distinct low resistivity anomaly

with sharp boundaries at Reporoa, Waiotapu and Waimangu, and higher

resistivity values between those fields. The 1000 m array produced very low

resistivity values which would indicate a considerable hydrothermal alteration of

the host rocks at Reporoa.

During the same time as Bibby et al. (1994), Risk et al. (1994) also made

measurements in the Reporoa-Waiotapu area using a multiple-source
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bipole-dipole array that can detect changes in resistivity to several kilometres

depth. Their results were very similar to those obtained using the Schlumberger

arrays, and also showed a distinctive low resistivity zone at Reporoa. However,

the results of Risk et al. (1994) discuss a shallow conductive layer in the

northern part of the Reporoa geothermal field that they suspected could

represent the southward flowing hydrothermal waters of Healy & Hochstein

(1973).

These previous studies suggested that the geothermal system at Reporoa could

be both an outflow structure from Waiotapu and an independent geothermal

system. The purpose of this work is to image the Reporoa geothermal system

and the caldera itself in more detail, as well as to image the northern boundary

of the geothermal system where it borders the Waiotapu geothermal system.

5.2 Geological setting

The Taupo-Reporoa Basin is a NE-SW elongated area on the eastern side of the

TVZ. At its northern end lies a depression located between the Kaingaroa

Plateau to the southeast and the eastward tilted Paeroa Block to the northwest

(see Figure 5.3). The Paeroa Block is bounded to the northwest by the Paeroa

Fault and the Taupo Fault Belt that is a NE-SW running rift system and one of

the most intensely faulted areas in New Zealand (Wood 1994).

The Reporoa depression was first recognised as a caldera by Nairn et al. (1994).

It was identified as the source of the Kaingaroa Ignimbrites that erupted about

0.28 Ma ago and have a volume of ∼ 100 km3 and cover an area of ∼ 800 km2
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Figure 5.2: Subset of station locations close to Reporoa (black dots) on top of a geological
map by Leonard et al. (2010). Black line indicates the location of the cross-section in Figure 5.6.

(Nairn et al. 1994, Beresford & Cole 2000). A negative gravity anomaly

associated with the depression/caldera was observed in 1959 and was modelled

by Modriniak & Studt (1959) as a 1800 m deep basement depression with a

steep eastern edge and a tilting western margin (half graben). Results from a

later seismic refraction and gravity survey by Stagpoole (1994) suggests that

basement rocks are at a depth of 2.5 km within the caldera with a vertical

displacement at the caldera boundary of ∼ 1 km. The gravity data from the
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Figure 5.3: Map key for deposits in Figure5.3. After Leonard et al. (2010).
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survey by Stagpoole (1994) suggested that the eastern edge of the Reporoa

caldera lies about 1 km west of the scarp and is not, as has been previously

mapped, the Kaingaroa fault zone, which these surveys put further east under

the plateau and not under the Kaingaroa Scarp.

5.3 Magnetotelluric data

MT surveys utilise naturally–occurring, time–varying electromagnetic (EM)

fields recorded at the surface to determine subsurface electrical resistivity

structures (Chave & Jones 2012). Temperature, porosity and fluid content, as

well as hydrothermal alteration, have significant effects on patterns of

subsurface electrical resistivity. Therefore, MT is well suited for imaging the

different parts of a geothermal system, and is accordingly one of the most

utilised geophysical techniques for identifying subsurface structures in

geothermal reservoirs.

5.3.1 Survey description

Broadband MT measurements at 230 sites covering an area of approximately

40 km2 have been recorded in the TVZ. The data were acquired during three

separate surveys over the past four years. The measurements (about 190),

which were collected as part of the Hotter and deeper FRST2 project (Bignall

2010), were recorded over two days. Data quality is typically good to about

1000 s period. Station spacing for this survey was approximately 2 km. The

data near Reporoa and Waiotapu were recorded overnight, and reached a

maximum of 100 s. But the station spacing was in part much denser, with

spacing varying from 500 m to 2 km. Due to the measurements being made
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mainly on farmland, much of the data are heavily affected by electromagnetic

noise from electric fences and have no useful data at periods longer than 1 s.

Overall, the data quality is average due to the location of the study area in a

dairy farming region.

5.3.2 Data processing and inversion

The data have been processed using robust processing techniques with

remote-referencing. All data points that were obviously affected by electric

fence noise have been removed prior to modelling. Of the 46 additional MT

stations near Reporoa, 6 had to be fully excluded from modelling due to the

strong distortion by electric fences and 13 stations exhibited distortion at up to

4 periods. These affected periods were removed prior to modelling and replaced

by the mean between neighbouring unaffected datapoints and have been

assigned very large error bars. The modelling was carried out using the 3D

inversion algorithm ModEM (Egbert & Kelbert 2012, Kelbert et al. 2014).

ModEM is a non-linear conjugate gradient method and includes topography and

bathymetry. All 230 MT stations have been used in this inversion, covering a

much larger area than is displayed in this paper. Figures 5.3 and 5.5 only show

a subset of this larger dataset, as well as of the resulting resistivity model.

The 3D mesh used in this inversion has a rotation of 45◦, to match the general

strike direction of the TVZ (Ogawa et al. 1999, Ingham 2005). The mesh has a

horizontal grid spacing in the study area of 500 m and a logarithmically

increasing mesh with depth, giving a total of 99x91x64 grid cells in the X, Y

and Z directions respectively. Topography has been included by introducing air

cells in the top ∼400 m and by turning off smoothing between the air cells and
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Figure 5.4: Topographic mesh surface used in 3D inversion. In order to show the topography
better, the mesh is shown in a 5-times vertical exaggeration.

the rest of the model. The mesh surface showing the topography implemented

into this 3D inversion can be seen in Figure 5.4. The implementation of

topography mainly affects the diagonal impedance components and to a lesser

degree the tipper, as a comparison between the forward responses using a mesh

with and without topography can show. The reason for this is that topography

is a major cause for local distortion and also creates vertical magnetic fields due

to the tilted air-ground interface. Since the input data included the full

impedance tensor as well as the tipper data the use of topography in the 3D

inversion is of advantage. The smoothing parameters in all directions were set

to 0.5. Four frequencies per decade have been chosen between 0.01 – 1000 s,

making for a total of 20 inverted periods.
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The inversion was run in two parts. During the first run, the error for the entire

impedance tensor was set to 5% of the off-diagonal components as well as an

absolute error of 0.05 for the tipper components. The inversion was stopped

after 54 iterations (3 days of computation) with an normalised

root-mean-square error (RMS) of 1.78. The inversion was then restarted from

this iteration output with more tightly constrained impedance tensor data with

an error of 3%. The inversion exited after another 38 iterations reaching a

minimum with an RMS of 2.2.

5.4 3D inversion results

For the study of the Reporoa geothermal system, this chapter will focus on the

northeastern part of the inversion domain that is covered by about 100 MT

stations. The results of this part of the inversion are shown in Figure 5.5. This

figure shows six slices through the resistivity model at varying depths. In order

to give an approximate estimate of the data coverage due to the station spacing,

the resistivity model is only displayed within a distance equivalent to twice the

depth of the resistivity slice.

The depth slice at sea level (Figure 5.5(a)) agrees well with the DC resistivity

map of Bibby et al. (1994, 1995) (see Figure 5.1 (b)) that correlates the low

resistivity areas with geothermal systems. It clearly shows the Reporoa,

Waiotapu, Ohaaki and Te Kopia fields.

The depth slice at 1000 m b.s.l. (Figure 5.5(c)) shows a conductive region in the

Reporoa caldera that extends southward towards Ohaaki. This anomaly
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Figure 5.5: Depth slices through 3D inversion result at (a) 0 m b.s.l. (sea level), (b) 500 m
b.s.l., (c) 1000 m b.s.l, (d) 2500 m b.s.l., (e) 5000 m b.s.l and (f) 10000 m b.s.l. The thick
black line shows the location of the cross-section displayed in Figure 5.6; the thin black line
outlines the northern and eastern margins of the Reporoa caldera; the dotted black line the
western and southern caldera margin after Nairn et al. (1994) and the dashed black line the
western and southern caldera margin as suggested by this resistivity data; the dashed blue line
a buried dome complex (Soengkono & Hochstein 1996) and the red dashed line the Kaingaroa
Fault (southeast) and the Paeroa Fault (northwest).
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appears to be bounded by the Kaingaroa fault zone in the east. Figure 5.6

shows a vertical cross-section through the model running SW-NE through the

Reporoa geothermal field (as marked in Figure 5.3). It shows again the

conductive anomaly that fills the caldera. In Figure 5.6 the edges of the caldera

are determined from the extent of the conductive anomaly. The depth to

basement suggested by the resistivity model is about 2 km b.s.l., which is well

in agreement with the gravity modelling of Stagpoole (1994). The northwestern

margin also agrees well with previous studies (e.g., Nairn et al. 1994, Cole &

Spinks 2009). However, the southwestern margin, if defined by the extent of this

low-resistivity feature, appears to be further to the north than previously

assumed. The depth slices in Figure 5.5 show the new (dashed line) and old

(dotted line) caldera margins. This newly defined southern caldera boundary

crosses the Kairuru and Pukekahu rhyolite domes. Nairn et al. (1994)

interpreted this boundary as an inner caldera ring fault.

The cross-section through the caldera shows that there is a thin, conductive

layer overlying this larger conductive feature. This thin, conductive layer

between 200 – 500 m depth appears to be connected to the Waiotapu

geothermal system in the north. Both conductors are separated by a more

resistive layer at ∼ 200 – 500 m b.s.l.. This agrees well with the temperature

profile of the Reporoa drill-hole (see Figure 5.6). The depth of the temperature

inversion matches well with the depth of the resistive layer, therefore showing a

distinct correlation between resistivity and temperature. The well-log shows the

presence of mainly smectite as an alteration clay mineral above 400 m b.s.l.,

and illite dominating beneath this, which is in agreement with the temperature

profile since illite forms at higher temperatures. Therefore, there also seems to
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Figure 5.6: SW-NE cross-section through Reporoa caldera. Dashed line defines new outline
of caldera, and dotted line the old southern caldera margin. Red triangles show approx. station
locations near the cross-section.

be a correlation between the resistivity and the alteration pattern. However,

researchers generally assume that illite is a less conductive clay mineral than

smectite, and therefore there should be a change in resistivity between the two

conductive layers. Typical values that are expected for these clays are

1 – 10 Ωm for a smectite zone and 20 – 100 Ωm for illite dominated zones

(Anderson et al. 2000). However, the resistivities seen in both conductive layers

in this model are less than ∼ 7 Ωm.
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Figure 5.7: Temperature profile of RP-1 and WT-7 (AECOM 2011).



94 CHAPTER 5. 3D MT IMAGING OF THE REPOROA GEOTHERMAL SYSTEM

Furthermore, the outline of a buried rhyolite dome complex, as modelled from

magnetic data by Soengkono & Hochstein (1996) has been marked onto the

maps in Figure 5.5. Its general horizontal position and shape around the

southwestern part of the Reporoa caldera and its surroundings correlates well

with a resistive structure in our model. However, the dome complex in the

model of Soengkono & Hochstein (1996) extends only to a depth of 500 m b.s.l.

and the resistivity anomaly in our model extends to about 2 km b.s.l., as well as

further to the west and south. Therefore further work is required to study the

correlation between the magnetic and the resistivity anomaly. Nonetheless, this

resistive structure seems to mark the northwestern boundary of the

low-resistivity band from Reporoa to Ohaaki (see Figure 5.5(c)).

The depth slices in Figures 5.5(d)-(f) show the resistivity structure underneath

the caldera floor. They indicate a deepening of the conductive feature along the

northern caldera boundary. This can be more clearly seen in Figure 5.6. A

similar feature can be seen along the newly defined southern caldera boundary,

but this one is not as pronounced as in the north. To test whether the

deepening conductor was required by the MT data, or just an artefact of the

inversion, the feature was removed from the resistivity model below 2500 m

depth. The inversion was then restarted from this new modified model. This

again resulted in a deepening of the caldera conductor along the northern

margins. Furthermore, the phase-tensor misfit (after Heise et al. 2007) between

the forward responses of the models with and without the conductor was

calculated. This analysis showed a 5 – 7 % change at stations near the removed

structure, similar to the misfit observed by Bertrand et al. (2012) in their study

of a conductive plume at Ohaaki and Rotokawa (see Figure 5.8). Interestingly,
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Figure 5.8: Phase-tensor misfit at T = 100 s between models with and without conductive
structures below 2500 m depth. High values and hence bigger ellipses indicate stations that are
very sensitive to the conductive structures at depth.

there is also a 5 – 7 % change at the stations in the centre of the caldera. This

can probably be attributed to the fact that by removing every conductive area

below 2500 m depth beneath the caldera, also the conductive structure at 8 – 10

km depth as seen in Figures 5.5(f) and 5.6 has been removed. The phase-tensor

misfit shows that the stations in the centre of Reporoa caldera are quite

sensitive to this structures at higher periods, therefore indicating that this deep

conductor, that could be interpreted as a magmatic intrusion, is not likely to be

just an inversion artefact.
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5.4.1 3D skin depth analysis

Since the Reporoa geothermal system is located on the edge of the study area,

the question arises on how well the structures beneath the geothermal system

are constrained by the measurements. The MT technique yields data for a

range of frequencies with lower frequency estimates conveying information

about structures at greater distances from the measurement site. I claim that

the more stations which yield data on a given structure the better constrained

that structure will be when the data are inverted. Using the skin depth

relationship where δSD is the skin depth, ρa is the apparent resistivity of one the

elements of the impedance tensor and T is the period at which the impedance

tensor is evaluated:

δSD = 500
√
ρaT (5.1)

An estimate of the hemisphere of the modelling domain, which influences an

impedance tensor estimate at a given frequency can be calculated. For each

frequency these influence zones have been calculated and then for each block

the number of overlapping influence zones, and hence, the number of stations

which yield information about that block has been estimated. A simple example

of this concept in 2D for up to 3 stations can be seen in Figure 5.9.

Applying this concept to the dataset discussed in this study yields a density

distribution of the number of data points which contributed information to each

cell of the 3D inversion domain (see Figure 5.10(a)). An image of this, zoomed

in on the same cross-section of the Reporoa geothermal system as in Figure 5.6,

can be seen in Figure 5.10(b). Only the part of the grid with more than 25%

data coverage is shown. This limit is based on the density distribution near the
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surface, as shown in Figure 5.10(a). The zone of > 25 % data coverage has been

chosen, somewhat arbitrarily, as the zone where the resistivity structures are

better constrained. These zones are largely governed by the station locations

and extends to ∼ 20 km depth in the centre of the survey area. Figure 5.10(b)

shows that the plume-like structure, as well as the conductor at depth, are still

in this ‘tolerance zone’ and should therefore be regarded as well covered by this

dataset. However, these structures are at the limit of the tolerance threshold

and are only partially constrained. There is therefore some uncertainty in

resolving structures in the northern part of the study area below 5 km depth.

(a) (b) (c)

Figure 5.9: Simple 2D schematic of creating a density distribution of the number of data
points that contribute information to each cell of the inversion domain for (a) 1 station, (b) 2
stations and (c) 3 stations.
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(a) Data density distribution at sea level.

(b) SW-NE cross-section through Reporoa overlain with data density limit.

Figure 5.10: 3D skin depth analysis of TVZ MT dataset.



5.5. DISCUSSION 99

5.5 Discussion

The resistivity contrast between the caldera infill and the surrounding rocks is

prominent. The comparison with the temperature profile from the Reporoa

well-log shows a clear correlation between resistivity and temperature, and with

the alteration clay minerals. The structure seen at 1 – 2 km depth in the

caldera seems much more conductive than what is generally expected from an

illite dominated zone at > 200 ◦C. Using the Hashin-Shtrikman upper bounds

(Hashin & Shtrikman 1962, 1963) to relate fluid resistivity, porosity and matrix

resistivity with bulk resistivity shows two possible explanation of why the

overall resistivity is lower than expected (see Figure 5.11): One possibility

would be that the geothermal fluid present in these conductive layers is itself

highly conductive, which would imply high salinity, and therefore increasing the

overall conductivity (see Hashin-Shtrikman upper bounds for a fluid resistivity

of 1 Ωm). The chemical analysis of the water discharged from the Reporoa well

shows, however, a chloride content of 450 mg/kg and does not indicate an above

average salinity (Giggenbach et al. 1994). Therefore it is unlikely that this is the

reason for the high conductivities. Another possible factor that could influence

the resistivity values is porosity. However, if the fluid resistivity in the

Hashin-Shtrikman bounds is increased to 5 Ωm to account for the salinity

measured in the Reporoa well, the porosity would have to be above 70% to

result in bulk resistivities below 7 Ωm. However, such high porosity values are

quite unrealistic.

Since neither fluid conductivities or porosity values are high enough to explain

the high conductivities observed in the model, indicates that the matrix

resistivities could dominate the overall values. This in turn suggests that the
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Figure 5.11: Relationship between porosity and bulk resistivity shown using Hashin-
Shtrikman upper bounds for fluid resistivities of 1 Ωm and 5 Ωm and matrix resistivities (solid)
of 20 Ωm and 50 Ωm. The pink shaded area indicates the resistivity values below 7 Ωm.

low-resistivity zone is heavily hydrothermally altered and that the illite

dominated zone has a lower bulk resistivity than indicated by the study of

Anderson et al. (2000). The resistivity pattern reflects the superposition of

alteration from past and present hydrothermal activity. It is therefore possible

that the newly defined southwestern caldera margin shows the extent of the

paleo-fluid flow in the caldera. Possibly the caldera eruption occurred in stages,

and this boundary is the latest caldera fault. The hydrothermal alteration also

appears to be much stronger outside the buried rhyolite dome complex than

inside, which implies that the rhyolite is less permeable than the caldera infill.

The interpretation of the plume-like structure on the northeastern caldera

boundary, as can be seen in Figure 5.6 is somewhat more difficult. Its existence

is supported by the forward modelling and the phase-tensor misfits.

Nonetheless, the data quality was strongly affected by noise and the individual
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error bars at each site / period are often larger than the change created by the

plume, raising the possibility that the structure is a modelling artefact. Our

analysis strongly suggests that the low resistivity plume structure is required by

the data since we have been unable to generate a low misfit model that does not

contain the plume. Traditionally, conductive areas in geothermal systems are

associated with a smectite zone that forms at lower temperatures (∼ 70 ◦C)

through hydrothermal alteration, creating the ‘clay-cap’ of the system. The hot

part of the system is usually seen as a more resistive zone (e.g., Jones & Dumas

1993). Researchers traditionally did not look for any conductive structures

beyond those clay-caps in the TVZ (e.g., Sewell et al. 2012). Bertrand et al.

(2012) were one of the first researchers to attempt to resolve structures below

the clay cap. They imaged vertical conductive zones under Rotokawa and

Ohaaki, and argued that they are convective upflow zones of hot geothermal

fluids, but that geological structures also influence the heat transport. The

vertical conductive zones at Reporoa / Waiotapu support this theory, since they

seem to be associated with the caldera faults which provide a fluid flow pathway

for conductive (i.e. highly saline) fluids.

The deeper conductor at 8 – 10 km depth beneath Reporoa, which can be seen

in Figures 5.5(f) and 5.6, is similar to the one imaged by Heise et al. (2010)

beneath the central axis of the TVZ, although with a slight variation in

location. The study by Heise et al. (2010) used a different MT dataset to the

one used in this thesis. Their resistivity model puts this conductor not directly

under Reporoa caldera but slightly to the northwest of it. They have interpreted

this region as a rising plume of interconnected partial melt, which agrees with

the hypothesis of Nairn et al. (1994), who suspected that magma bodies could
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still be present under Reporoa. The only problem with the deep conductor

imaged in this study lies again in the limitation of the dataset. Firstly, as

mentioned earlier, the error bars are quite large, especially on impedance tensor

estimates at longer periods. Secondly, it is usually very difficult to image

conductive regions underneath very conductive layers; the rule-of-thumb is that

a conducting anomaly must have a total conductance greater than the sum of

the conductances of the anomalies above it. Since the top 2 km around Reporoa

is very conductive, any body below it with equal or lesser conductance would be

difficult to image with EM methods. Theoretically, given the uniqueness

theorem that states that every unique resistivity structure produces a unique

impedance tensor response across a range of frequencies (Bailey 1970) if the

data quality is high enough, such structures can be resolved. However, because

our data quality is low due to cultural noise, these structures are difficult to

resolve unambiguously. Therefore, the existence of a deep intrusion underneath

Reporoa cannot be confirmed with certainty solely from this MT dataset.

This study imaged the top 3 km very well. The measurements in the southwest

from the FRST2 survey with long-period data helped constrain the Reporoa

data. More stations to the north would certainly improve the model further.

5.6 Chapter Summary

A low resistivity zone infilling the Reporoa caldera to a depth of 2 km was

identified from the MT data. The cause of this low resistivity was ascribed to

extensive hydrothermal alteration due to current and past geothermal activity.

The well-log identifies illite as the main alteration mineral in this zone. It is
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overlain by a cap of smectite clay in the upper 200 – 500 m depth. The illite

dominated zone at Reporoa appears to be much less resistive than in other

studies.

Below this zone there is evidence for a magmatic intrusion in the 8 – 12 km

depth range, which feeds a conductive upflow into the Reporoa geothermal

system. Although there is still some degree of uncertainty in the existence of

this conductor at depth, the 3D skin depth analysis showed that this MT

dataset should be able to resolve structures down to ∼ 20 km depth.

This study yields a new estimate of the southwestern caldera boundary placing

it about 2 km northeast of the area indicated by previous studies (Nairn et al.

1994, Cole & Spinks 2009). Furthermore, the conductive structures associated

with the Waiotapu / Reporoa / Ohaaki region could be imaged and new

evidence, which gives new constraints on a buried rhyolite dome complex

southwest of Reporoa, first identified by Soengkono & Hochstein (1996), was

found.
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’Science never solves a

problem without creating

ten more.’

George Bernard Shaw,

1856-1950

6
The effects of model regularisation on

3D magnetotelluric inversions

This chapter is drawn from the research article The effects of model regularisation

in 3D magnetotelluric inversions: An example of the Taupo Volcanic Zone /

New Zealand that was submitted to the Geophysical Journal International in

April 2014 (Walter et al. 2014). Results, interpretations, and text are largely

unaltered from the article as permitted by the University of Auckland under

the 2011 Statute and Guidelines for the Degree of Doctor of Philosophy (PhD).

Co-authors of this article, Alan G. Jones and Graham A. Ryan, advised and

commented on the article, but the bulk of the research and preparation was

undertaken by the thesis author (see accompanying declaration).
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6.1 Introduction

In recent years the use of 3D inversion for modelling and subsequent

interpretation of magnetotelluric datasets has become increasingly common in

academia and industry. Parallelisation and better computing facilities have

made the use of 3D inversion quite attractive and have sparked the development

of many forward modelling and inversion algorithms (e.g., Mackie et al. 2001,

Siripunvaraporn et al. 2005, Avdeev & Avdeeva 2009, Egbert & Kelbert 2012).

Some of these algorithms are even available for commercial application (e.g.,

Siripunvaraporn & Egbert 2009).

But compared to 2D inversion algorithms, there are still various challenges

associated with 3D inversions. For example how distortion is handled (Jones

2011), how the error floors should be assigned, trading off fitting some

components over others, trading off misfit against vertical and lateral

smoothing, and also the importance of diagonal impedance tensor components

(e.g., Patro & Egbert 2011, Miensopust et al. 2013, Kiyan et al. 2014) are still

not well established. 3D inversion also never explores model space to the extent

that is common practise in 2D inversions. Another issue is that a lot of users of

3D inversion treat the algorithms as a black box. But due to the

non-uniqueness in magnetotellurics from data insufficiency and data error, it is

possible to find an infinite number of models that will fit the dataset equally

well to within experimental error. Therefore it is especially important to explore

model space and explore parameter settings to a far greater extent than is

commonly undertaken.
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Some other researchers appreciate this and have investigated various aspects of

3D inversion in greater detail. Patro & Egbert (2011) compared full impedance

tensor inversions with results using only the off-diagonal components as well as

exploring different smoothing parameters along the geological strike direction of

their study area. Tietze & Ritter (2013) tested the effects of inversion grid

rotation, the influence of data error bounds as well as how the prior model

affects the inversion results on a real and synthetic MT dataset of the San

Andreas Fault. Most recently Kiyan et al. (2014) present a study using a

synthetic dataset to demonstrate the importance of including the diagonal

impedance tensor components as well as model sensitivity to rotation to a

strike-aligned coordinate system. Kiyan et al. (2014) also investigated the

impact various smoothing parameters have on their inversion results, when

varying the smoothing in all X, Y and Z direction equally. They described the

change in extent and intensity of the conductor briefly but did not go into more

detail. Heise et al. (2010) also tested three different horizontal smoothing

parameters in their 3D inversion. Their decision on their choice of the most

appropriate smoothing parameter was based on the phase tensor misfit

(Caldwell et al. 2004, Heise et al. 2007) between real data and model responses

as well as a visual inspection of the resulting models. Whereas such a phase

tensor based approach may be reliable in the presence of low noise and low

distortion, as discussed by Jones (2012) phase tensor estimation becomes

unstable for moderate to high levels of noise and/or distortion. Also, Chave

(2014) recently showed the statistical problems associated with estimating

ratios related to their unbounded distributions.
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The study presented in this chapter aims to find the best 3D inverse model for

the MT dataset of the Taupo Volcanic Zone discussed in this thesis. After

initial experimentation with various inversion settings such as data input (i.e.,

only off-diagonal impedance tensor components, full impedance tensor, tipper),

model grid and model regularisation parameters, it became clear that especially

the 3D smoothing parameters in the model regularisation have a significant

influence on the resulting resistivity model. Since this inversion parameter has

never been previously studied in detail, this study aims to investigate the effects

of the smoothing parameters in 3D inversion and to identify the most suitable

combination for the MT dataset of the TVZ in New Zealand. A total of 70

different smoothing parameters combinations have been used to explore model

space in a more extensive manner than is currently common practise in 3D

inversion.

6.2 Data acquisition, analysis and 3D modelling

The total dataset that has been modelled for this study consists of

magnetotelluric measurements at 230 stations (see Figure 6.1). The majority of

the data were recorded between 2009 and 2013 with Phoenix MTU broadband

systems as part of the ’Hotter and Deeper’ project that was funded by the

Foundation for Research, Science and Technology of New Zealand (Bignall

2010). The measurements were made over 2 days at each location, and the data

quality if often good to about 1000 s period. The time series data was processed

into impedance estimates and their associated errors with Phoenix Geophysics

software (Geophysics 2005). This software package uses robust processing

techniques and a remote reference site (based on Wight & Bostick 1980) and

Jones et al. (1989).
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Figure 6.1: Location of MT stations in the Taupo Volcanic Zone, New Zealand; blue line =
river; red line = major roads

The inversion was performed using 20 periods (4 per decade evenly spaced

between 0.01 s and 1000 s). The mesh consists of 99x91x64 grid cells in the X,

Y and Z directions respectively (the X-direction is defined parallel to the strike

direction of the conductive bands and Y across strike). Since the station spacing

is on average 2 km, the horizontal mesh spacing in the study area has been set

to 500 m, so that there is at least one mesh cell between stations. The

horizontal mesh increases by 1.6 to the outside of the inversion domain using 12

padding cells on either side. This gives a total horizontal inversion domain of ∼

785 km x 781 km. In the vertical direction the mesh consists of 17 layers of 30

m height near the surface in which the topography is defined. Then the layers



110 CHAPTER 6. SMOOTHING EFFECT ON 3D MT INVERSION

increase by 1.15 in thickness to a depth of 20 km, followed by an increase by a

factor of 1.25 to a total depth of ∼370 km. The mesh and data has been rotated

by 45◦ to align with the regional strike direction of the TVZ (Ogawa et al. 1999,

Ingham 2005) since previous studies have shown that 2D structures can vanish

if the mesh and data are not aligned with the dominant strike direction (Patro

& Egbert 2011, Tietze & Ritter 2013, Kiyan et al. 2014). All inversions were

started from a 100 Ω m halfspace which is the average expected resistivity value

and has been used in previous 3D MT inversions of the TVZ (Heise et al. 2010,

Bertrand et al. 2012).

The data generally exhibit very little distortion (Bertrand et al. 2012) and have

not been corrected for static shift. The near-surface layers of the mesh have

been made as fine as computationally feasible to allow the inversion algorithm

to model near-surface heterogeneities as needed to describe the galvanic

distortions present.

The full impedance tensor plus tipper components as well as topography have

been included in all the inversions. Considering computation time, data misfit

and model norm stability (see Figure 6.2), we decided to run all inversions for 40

iterations from the 100 Ωm halfspace. Error floors have been set to 5% of their

values for the off-diagonal impedance tensor components and 10% for the diagonal

ones. The tipper values have been assigned an absolute error floor of 0.05. These

error floors were chosen in respect to the data quality and the experience of other

authors of 3D MT inversion studies (e.g., Tietze & Ritter 2013, Bertrand et al.

2012). Examples of the original data and error bars can be seen in appendix B

as well examples of the data used in the inversions with their new error floors in

appendix C.
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(a) Data regularisation versus iteration number

(b) Model regularisation versus iteration number

Figure 6.2: The variations in data misfit (RMS) and model norm (M2) with iteration number.
Displayed are 6 inversion runs with different model regularisation parameters.
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6.3 3D inversion results

The 3D inverse modelling has been carried out using the inversion algorithm

ModEM (Egbert & Kelbert 2012). ModEM uses a non-linear conjugate gradient

approach to minimise the penalty function ϕ:

ϕ(m,d) = (d− f(m))TC−1
d (d− f(m)) + ν(m−mp)

TC−1
m (m−mp) (6.1)

where d is the data parameter vector, m the model parameter vector the

algorithm is trying to recover, Cd is the covariance of the data errors, f(m)

defines the forward mapping, mp is a prior model, ν is a damping parameter,

and Cm defines the model covariance / regularisation in terms of a

three-dimensional smoothing operator. The penalty function consists of two

terms: a data norm and a model norm. The data norm is given by the data

misfit within the given error bounds. Unlike in other inversion algorithm where

the model norm is regulated by a roughness operator (e.g., Rodi & Mackie 2001,

(WinGLink)), the model norm in ModEM is implemented as a positive definite

symmetric smoothing operator (properly νCm) which characterises the expected

magnitude and smoothness of resistivity variations relative to the prior model

(Siripunvaraporn & Egbert 2000). These autoregressive 1D smoothers are

applied successively in both horizontal (X,Y) and in vertical direction (Z) to

form the model covariance matrix Cm:

Cm
1/2 = D Sx Sy Sz Sx

T Sy
T Sz

T D (6.2)

where D is a diagonal scaling operator which is needed for numerical stability.
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The 1D smoothers Sx,Sy and Sz are of the form:

Sx = diag(Sx
11 Sx

21 . . . Sx
NyNz

) (6.3)

Sx
ij =



1 0 0 . . . 0

α 1 0 . . . 0

α2 α 1 . . . 0

...
...

...
. . .

...

αNx−1 αNx−2 . . . 1


(6.4)

where α represents the smoothing parameter specified for horizontal and

vertical directions in the inversion (referred to as X, Y, Z throughout this

chapter). These smoothing operators define length scales and are not equal to

the classic Tikhonov smoothing operators known from 2D MT inversions. For

small smoothing parameters specified in Cm the algorithm will attenuate

resistivity features fast, whereas for large smoothing parameters the attenuation

is much slower and the smoothing is applied over a larger length scale. ModEM

does not only distinguish between different smoothing parameters in horizontal

and vertical direction, but also allows for different horizontal smoothing

parameters in each layer.

Initially the 3D inversions had not only been run with various smoothing

parameters, but also using various input data configurations (full impedance

tensor plus tipper, full impedance tensor only, off-diagonal components plus

tipper, off-diagonal components only and tipper only) as well with and without

topography and ocean and a denser grid with depth. The resulting models are

included in the appendix A (Figure A.1) but are not discussed here. Besides the
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tipper only inversion, all resulting models exhibited two main resistivity

features: a very conductive band of ∼ 1 Ωm near the surface to ∼ 2 km depth

(referred to as CB1) and a slightly less conductive band of ∼ 10 – 30 Ωm

between 10 – 20 km depth (referred to as CB2).

Since the changes to the model covariance matrix (smoothing parameters)

appear to have a significant influence on the inversion output, and as the effects

of the choice in smoothing parameters on 3D inversion results have not been

studied previously in detail, a study on the influence of smoothing parameters

on the resulting 3D resistivity model of the TVZ MT dataset is presented in the

following sections. For all the inversions the horizontal smoothing in each layer

was kept identical since the effects of varying smoothing parameters with each

layer are beyond the scope of this paper. Furthermore, the trade-off parameter

ν has been set to 1 in all inversions and the prior model equals the starting

model throughout this study.

The focus will be on i) how the model covariance matrix affects the inversion

results when it is kept the same in all 3 dimensions (X=Y=Z); ii) the effects of

equal horizontal smoothing operators and independently varying vertical

smoothing parameter and iii) the effects of the three smoothing operators

varying independently. The results will first be discussed with respect to

resistivity structure and later with respect to data fit.

6.3.1 Equal smoothing parameters in horizontal and vertical direction

For this section, we tested smoothing operators of the model covariance matrix

between 0.1 and 0.9 with equal values in all dimensions (X=Y=Z). The
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Figure 6.3: 3D inversion results using the same smoothing parameters in horizontal and
vertical direction.
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resulting resistivity models can be seen in Figure 6.3. For very low values of the

smoothing parameter (Figure 6.3 (a)) the resulting models do not vary much

from the starting halfspace of 100 Ωm. CB1 is hinted at with resistivity values

that are slightly lower than the starting ones, but CB2 cannot be identified in

the model. For intermediate smoothing values (0.3 – 0.4), the near-surface

conductor CB1 is a very distinctive feature in the models whereas CB2 is only

faintly visible. Only for smoothing parameters ≥ 0.5 does CB2 become a

distinctive structure in the model with resistivity values of around 10 Ωm. With

an increase in smoothing value, the deep conductive band CB2 becomes wider

and thicker, whereas the shallow CB1 appears to remain more constant in

extent. However, when the smoothing is very high (0.9), all of the structures in

the model appear very blurry and stretched out and have clearly been smoothed

too much in both horizontal and vertical direction. This indicates that too

small and too large smoothing parameters are unsuitable for this dataset and

that there the most suitable value lies between 0.3 and 0.5.

6.3.2 Different smoothing parameters in horizontal than in vertical

direction

After varying the smoothing parameters in all directions equally, the vertical

one was varied independently of the two horizontal parameters (X=Y ̸=Z). For

these tests, the smoothing parameters were assigned values between 0.1 - 0.7 in

steps of 0.2. All of the resulting models are shown in Figure 6.4 in matrix form.

The rows show the results of different vertical smoothing values and the

columns the results of different horizontal ones. The models on the diagonal are

the same as the ones shown in the previous section where all three smoothing
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values are equal. The models above the diagonal ones show the results in the

case where the horizontal smoothing is greater than the vertical one and the

models below the diagonal ones the opposite case where the horizontal

smoothing is less than the vertical one. The conductor CB1 can be seen in all

inversion results and CB2 only in models with horizontal smoothing parameters

above 0.3. Overall we conclude that horizontal smoothing has a much larger

effect on the inversion results than vertical smoothing. The larger the horizontal

smoothing is, independent of the vertical smoothing value, the more structure

can be seen in the model. For large horizontal smoothing values, the choice in

vertical smoothing value appears to define the aspect ratio of the deep

conductor CB2. A larger vertical to horizontal smoothing value means that

structures are attenuated a lot faster in horizontal than in vertical direction and

appear therefore smeared vertically. Overall the horizontal smoothing

parameters seem to affect the resulting resistivity structures using this dataset

more, than the vertical one.

6.3.3 Different smoothing parameters in X, Y and Z

Lastly, we let the smoothing parameters vary independently in all three

directions (X, Y and Z) between values of 0.1 and 0.7 in steps of 0.2. (A

reminder that the X-direction is defined parallel to the strike direction of the

conductive bands and Y across strike.) The full set of the 64 resulting models is

available in Appendix A, Figures A.2-A.5. Different smoothing parameters in

X- than in Y-direction is from now on referred to as asymmetric horizontal

smoothing parameters. To demonstrate the effects asymmetric horizontal

smoothing parameters have on the inversion results, a subset of resulting models

has been selected and is shown in Figure 6.5. Figures 6.5(d) and (e) show an
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Figure 6.5: Subset of 3D inversion results to demonstrate effects of asymmetric horizontal
smoothing parameters. All models have a vertical smoothing of Z=0.3. The left column shows
NW-SE cross-sections and the right column SW-NE cross-sections.
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Figure 6.6: 3D inversion results with asymmetric horizontal smoothing parameters. The
vertical smoothing is Z=0.5 in all models.The left column shows NW-SE cross-sections and the
right column SW-NE cross-sections.
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increase in smoothing along strike direction compared to the isotropic case of

Figures 6.5(c), and Figures 6.5(a) and (b) show an increased smoothing in the

Y-direction across strike. The near surface conductor CB1 appears significantly

smoother in the direction of enhanced smoothing, but at the same time appears

a lot rougher in the other horizontal direction. Although there also appears to

be an increase in conductivity and extent of the conductive band CB2 with an

increase in asymmetry, the effects are fairly similar between along strike and

across strike asymmetric smoothing. A comparison with the previous isotropic

smoothing examples suggests that the enhancement of the conductivity

anomaly is not caused by the asymmetric smoothing parameters but by the

general increase in absolute horizontal smoothing. Due to this, we selected a

second subset of models in which all models have the same absolute horizontal

smoothing. Figures 6.6(a) show an increased smoothing across strike direction,

Figures 6.6(b) the resulting models using isotropic smoothing and Figures 6.6(c)

the results of an increased smoothing along strike direction. Again we can see

how conductor CB1 appears smoothed in the direction of increased smoothing

and rougher in the direction with less smoothing. However the asymmetric

smoothing parameters in the along strike direction seem to slightly enhance

structure CB2. It has a larger along strike continuity compared to the other two

scenarios, while also still being smooth in across strike direction.
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6.4 How to choose the best smoothing values?

Besides models with unrealistically rough or smooth resistivity features, there

are still many combinations of smoothing parameters that result in

reasonable-looking resistivity models. So the question arises how to objectively

choose the most optimum combination. In the following sections, two different

methods are discussed to decide on the most suitable smoothing parameters for

the TVZ dataset: The first is purely based on data misfit (RMS) and the second

is based on the L-curve criterion.

6.4.1 Data misfit

The data misfit is the first term of the objective function (equation 6.1) and is

usually represented by the normalised root-mean-square error (RMS):

RMS =
1

N

√√√√ N∑
j=1

(
dobs − dmod

∆dobs

)2

(6.5)

where N is the number of observations. RMS is dimensionless and becomes less

than 1 if the modelled data dmod fits the real data dobs within the observational

error ∆dobs.

The overall RMS values for the different smoothing parameters are shown in

Figure 6.7. If the smoothing in X, Y and Z direction is varied equally, RMS

increases at high and very low smoothing values and has a distinct minimum at

0.4 (see Figure 6.7 (a)). This is a very different behaviour to what we see in 2D

inversions that use a Tikhonov smoothing operator. There low smoothing values

result in rougher model that will have a lower data misfit. An increase in
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Figure 6.7: Data fit (RMS) versus smoothing parameters. (a) all smoothing parameters
are varied equally (X=Y=Z); (b) horizontal smoothing is kept equal while vertical smoothing
is varied (X=Y,Z); (b) smoothing parameters vary in both horizontal and vertical direction
independently (X,Y,Z). Shown are the values after 40 iterations.
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smoothing results in smoother models but a higher data misfit. But the

smoothing operators as part of the model covariance matrix in ModEM show a

different behaviour. Small values result in a high attenuation of resistivity

features. The model therefore cannot step very far away from the prior model

and the data misfit will be large since it depends mainly on the goodness of the

prior model. If the smoothing operators are too large, we see hardly any

attenuation of resistivity features in the model. Sharp transitions in resistivity

are discouraged and anomalies appear smeared and too smooth. This also

results in a large data misfit. Somewhere in between those two extremes can we

find smoothing values that will result in a minimum data misfit.

If the smoothing operator is varied independently in more than one dimension,

RMS increases with vertical smoothing, but has no distinct minimum (see

Figures 6.7 (b) and (c)). Therefore it is difficult to determine the optimal

smoothing parameters from this single number alone.

A superior way of considering data misfit is misfit partitioning on

mode-by-mode, frequency-by-frequency and site-by-site bases, e.g. by plotting a

frequency-dependent RMS for each data component. Tietze & Ritter (2013)

used this method to determine which prior model gives better results.

Figure 6.8 shows the RMS for each component of the impedance tensor and

tipper versus period for the scenario where all smoothing parameters are varied

equally. Two period ranges can be seen that appear more difficult to fit than

the rest: 0.1 - 0.6 s and 2 - 20 s. Assuming an average resistivity of 100 Ωm,

these period ranges correspond to the depths of the two conductive anomalies

CB1 and CB2 in the resulting resistivity models. If the smoothing is very low
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Figure 6.8: RMS misfit of impedance tensor and tipper components versus frequency. All
smoothing parameters are varied equally.
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Figure 6.9: RMS misfit of impedance tensor component Zxy and the tipper component Ty

versus frequency. Horizontal smoothing is equal to 0.5 and only vertical smoothing parameter
is varied.

(0.1) or high (0.7), the data misfit of the impedance tensor elements is large

compared to inversion results using intermediate smoothing values. The

differences among data misfits of the impedance tensor using intermediate

smoothing values between 0.3 - 0.5 are small. Interestingly the tipper

component in the y-direction, which is perpendicular to the dominant strike

direction of the conductive anomalies, varies mostly for the higher period range
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Figure 6.10: RMS misfit of impedance tensor component Zxy and the tipper component Ty

versus frequency. Vertical and one horizontal smoothing parameter are equal to 0.5; only one
horizontal smoothing parameter is varied.

corresponding to CB2. The data fit for Ty improves with an increase in

smoothing. The best fit is achieved with the largest smoothing values. The

other tipper component Tx appears to be independent of the choice in

smoothing parameter which could indicate that an error floor of 0.05 is too

large for this tipper component. At the longest 2 periods used in the inversion,

the data misfit clearly increases especially for the tipper components. This is
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likely due to the absence of the ocean in the starting model. But since this is far

beyond the depth and period range of interest, this issue does not need to be

discussed further. Combining the observations in data fit of all data

components indicates that a smoothing value of 0.5 results overall in the best

data fit when the smoothing parameter is equal in all directions.

The analysis will focus on the data fit of the two data components Zxy and Ty

from now on since, due to the strike direction of the main resistivity structures

in the model, they are most sensitive to the choice in smoothing parameters for

this given dataset. In order to estimate the data fit for different vertical

smoothing parameters independent of the horizontal values, the RMSes of Zxy

and Ty versus period are plotted in Figure 6.9 for a fixed horizontal smoothing

of 0.5 and a varying vertical one between 0.1 – 0.9. A very high smoothing

value of 0.9 clearly gives a poor fit overall. A slightly lower value of 0.7 results

in a better fit, although still noticeable worse than even smaller smoothing

values for Zxy at periods < 3 s. All vertical smoothing values between 0.1 – 0.5

result in similar data misfits. The data misfit of the components not shown here

follow the same trend. These observations again suggest that smaller vertical

smoothing values are favoured over large ones.

Lastly we want to analyse how an asymmetric horizontal smoothing operator

affects data misfit. For this only one horizontal smoothing parameter is varied

at a time, while the vertical and other horizontal one are both set to 0.5. The

results can be seen in Figure 6.10. The dashed lines show the data misfits for a

varying smoothing parameter in strike direction, and the solid lines across the

strike direction. The comparison with the data fit of the isotropic case (red line)
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suggests that there is overall no improvement in misfit when using asymmetric

horizontal smoothing parameters.

6.4.2 L-curve criterion

The L-curve criterion (Hansen 1992, 2001, Hansen & O’Leary 1993) is often

used in 1D and 2D inversions to determine the best smoothing parameter (e.g.,

Patro et al. 2005b, Caldwell et al. 2009, Muñoz et al. 2010). In general an

L-curve displays the trade-off between the different parts of the objective

function or even between multiple objective functions (Moorkamp et al. 2010).

It tends to have a characteristic L-shaped form that may be flatter or sharper

depending on the problem, on the data and on the data errors. In standard 2D

MT inversions for example, it is a plot of the data fit versus the model

roughness. The corner of the L-curve is traditionally assumed to indicate the

value of the smoothing parameter that gives the best balance between the two

opposing terms of the penalty function (Hansen 2001, Farquharson &

Oldenburg 2004).

In this section the trade-off between data regularisation (first term in

equation 6.1) and model regularisation (second term in equation 6.1) of the 3D

MT inversion ModEM is examined for the use of different smoothing parameters

in x-,y- and z-direction. The data regularisation is represented by the misfit

between the modelled and observed data within the observational error bounds

(RMS). The model regularisation in ModEM is defined through the distance to

the prior model (referred to as M2) and not through model roughness.
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(a) Data (RMS) versus model regularisation (M2) depending on the sum of horizontal
smoothing parameters (X + Y )

(b) Data (RMS) versus model regularisation (M2) depending on the difference of horizontal
smoothing parameters (X − Y )

(c) Data (RMS) versus model regularisation (M2) depending on vertical smoothing parameter

Figure 6.11: L-curve plots with dependencies on horizontal and vertical smoothing parameters
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Figure 6.11 shows RMS versus M2 for inversion results after 40 iterations using

various smoothing parameter combinations. In order to identify the effects the

choice of smoothing parameters has on the inversion results, the ’L-curve’ in

Figure 6.11 was plotted with a colorbar showing (a) the sum of horizontal

smoothing parameters, (b) the difference of the horizontal smoothing

parameters and (c) the effect of the vertical smoothing parameter. There is a

clear relationship for the total sum of horizontal smoothing parameters as well

as the vertical smoothing parameters with their location in the trade-off plot.

The total value of both horizontal smoothing parameters seems to mainly

influence the model regularisation (see Figure 6.11 (a)) and the vertical

smoothing the data regularisation (see Figure 6.11 (c)). The trade-off plot for

the difference in horizontal smoothing parameters should give an indication how

asymmetric horizontal smoothing influences the minimisation of the penalty

function. In the dataset discussed here, a positive value would indicate an

increased smoothing value along the strike direction of the conductive anomalies

and a negative value the opposite. But there seems to be no clear relationship

between the degree of asymmetry in smoothing and the data and model

regularisation.

As mentioned above, generally the corner of an L-curve is taken as the best

smoothing parameter to balance both terms of the penalty function. In order to

determine the position of the corner in the trade-off plot for this dataset, a

curve was fitted through the datapoints with the lowest RMS value for each

corresponding M2 value. The best fit is achieved using an exponential function

to describe the decrease in RMS at low M2 values as well as the increase in

RMS at higher M2 values. The resulting curve has a distinct minimum which
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Figure 6.12: Exponential curve fitted to data regularisation (RMS) versus model
regularisation (M2) plot of all smoothing parameter combinations. Shown are the values after
40 iterations. Data points are labelled in enlarged area (red box) with associated smoothing
parameters (e.g. 531 equals a smoothing of X=0.5, Y=0.3 and Z=0.1).

marks the corner. Figure 6.12 shows the fitted curve as well as an enlarged are

of the corner region. The label associated with each point in the enlargement

represent the smoothing values used in the inversion. For notation, 531 stands

for the smoothing parameter combination X=0.5, Y=0.3, Z=0.1. The best

smoothing parameter combination determined with the L-curve criterion is

therefore X=0.5, Y=0.3, Z=0.3.
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6.5 Discussion and Chapter Summary

The different inversion results have shown, that the choice of the smoothing

parameters in the model covariance matrix has a significant influence on the

resulting model. It affects the extent and intensity of resistivity anomalies in

the inversion output and should be not be chosen at random. Small smoothing

values mean that the inversion algorithm places more emphasis on the model

regularisation term in the penalty function and stays very close to the prior

model in the search of the global minimum. This puts also more weight on the

prior model whose importance has already been discussed by Tietze & Ritter

(2013).

Generally the choice in horizontal smoothing parameters seems to affect the

resulting models more than the vertical one. Especially the sum of the

horizontal smoothing parameters strongly influences the resulting resistivity

model. This could be a result of how the model covariance matrix is built in

ModEM. It is constructed of a series of 1D smoothing operators that work

sequentially in x-, y- and z-direction and then in reverse direction again (z, y,

x), therefore interrelating the smoothing effects for different directions.

However, if the sum of the horizontal smoothing is generally more important or

only for this particular dataset needs to be investigated further.

Although the effects of the vertical smoothing parameter on the inversion of this

dataset is significantly smaller than the horizontal ones, it nevertheless becomes

more important once the horizontal smoothing parameters are large (≥ 0.5). In

the resistivity model of the TVZ it appears to influence the aspect ratio of the

deep conductor CB2.
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Patro & Egbert (2011) tested the effects of asymmetric versus isotropic model

regularisation and observed that elongated structures have a better along strike

continuity with asymmetric smoothing. We made similar observations, but we

also noticed model roughening across strike direction for shallow structures. If

elongated structures are expected at depth it might be feasible to choose

isotropic horizontal smoothing for the near-surface layers and asymmetric

smoothing for deeper layers, but overall the benefits of asymmetric smoothing

compared to isotropic smoothing do not seem to be significant - at least for our

dataset. Also the trade-off plot between the data or model regularisation shows

no relationship for asymmetric smoothing parameters.

In order to assess the goodness of resulting models of various combinations of

smoothing parameters better, the data misfit as well as the trade-off between

both terms of the penalty function have been analysed. If all smoothing

parameters are varied equally, the overall RMS gives a good indication of the

best smoothing parameter since RMS increases for too small and too high

smoothing values. But once they are independent of each other it becomes more

difficult. A frequency dependent RMS can give a better indication of the

goodness of fit than the overall one does. This is especially true if there are

specified target depths / frequencies that are important to be well fitted. In this

presented example of the TVZ, there are two depth regions of interest defined

by the locations of the two conductors, CB1 and CB2. They are very prominent

in the frequency dependent RMS plots and if the smoothing parameters are

chosen on the basis of the data misfit in these frequency ranges, the ideal

horizontal smoothing parameters would be isotropic between 0.3 – 0.5 and a

vertical one of less than the value of the horizontal ones.
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The L-curve criterion not only includes the data misfit, but also the other term

of the penalty function, the model regularisation. This trade-off curve for

ModEM does not exhibit the traditional L-shaped behaviour but an exponential

decay in RMS while stepping away from the prior model in the model domain

followed by a increase in RMS once the resulting model is too far away from the

prior model. The trade-off curve therefore has a distinct minimum that should

mark the best smoothing parameters. Using this method results in X=0.5,

Y=0.3 and Z=0.3 (533) as ideal smoothing parameters for the TVZ dataset,

which is very similar to the ones derived using only the data misfit, but favours

a slight asymmetry along strike direction of the conductive features in the

model.

In order to determine if the results of this model regularisation study are not

only applicable to this specified dataset, a study using a synthetic dataset is

currently carried out and will be included in the publication at GJI that is

currently in preparation.
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’Everything must be made as simple as

possible. But not simpler.’

Albert Einstein, 1879 - 1955

7
How to initialise a 3D inversion run:

The effects of a guided development in

3D inversion

7.1 Introduction

The previous chapter discussed the use of different smoothing parameter

combinations in 3D inversion. It demonstrated how important it is to explore

model space more critically, rather than accept the results using default

inversion parameters.

For the magnetotelluric (MT) data set from the Taupo Volcanic Zone (TVZ)

the comparative analysis suggested a smoothing parameter combinations of

X=0.5, Y=0.1 and Z=0.3 as the most suitable. However, the study also
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indicated that asymmetric horizontal smoothing parameters are beneficial for

elongated structures at depth, suggesting that isotropic smoothing is sufficient

for near-surface structures. Another implication of the smoothing parameters

study is that the prior model strongly influences the 3D inversion result, and an

appropriate, more complex starting model will usually be superior to a

homogeneous half-space. Tietze & Ritter (2013) also explored the importance of

a priori information. They varied the resistivities of the starting half-space, as

well as added simple structures to the starting model. Their analysis also

suggests that providing a priori information can alter and improve the result of

3D inversion significantly.

So what is the best way to start a 3D inversion with ModEM? This chapter will

explore several methods for guiding development of the inverse models.

7.2 Different 3D inversion run approaches

There are many different ways to derive more complex starting models for

inversions than using a homogeneous half-space. One method commonly used in

2D inversion is to base the initial model on stitched 1D modelling results (e.g.,

Jones & Dumas 1993, Patro et al. 2005a). This can easily be applied to 3D

inversion as well, either by also using simple 1D inverse models of each

measurement site or by creating 2D cross-sections and stitching them together

to create a more complex 3D starting model, as was done by Newman et al.

(2005) and Tournerie & Chouteau (2005). Another approach often used in 2D

MT inversions is to introduce structures into a homogeneous half-space slowly.

This is usually done by reducing the error floor of the apparent resistivity and



7.2. DIFFERENT 3D INVERSION RUN APPROACHES 139

phases gradually, and re-starting the inversion from each previous result (e.g.,

Khoza et al. 2013). Another approach is to build a starting model from existing

geological or geophysical information, but this method has the disadvantage

that the inversion result will be heavily biased by the prior information;

something the user must recognise and appreciate. It would be very difficult for

the inversion algorithm to remove any misleading structures.

The following sections will discuss the use of two of these techniques, gradually

reducing the error floor in a sequentially progressing inversion run and starting

the inversion run from stitched 2D cross-sections. The resulting models are

compared to a model derived from one inversion run starting from a 100Ωm

half-space. Table 7.1 summarises the parameters used in each inversion.

# iterations smoothing parameters prior model error floors RMS at
to local min. diag./off-diag./tipper local min.

Run 0 74 X=0.5, Y=0.1, Z=0.3 100Ωm half-space 10% / 5% / 0.03 3.14

Run 1 10 X=Y=0.5, Z=0.3 100Ωm half-space 50% / 25% / 0.1 1.04
Run 2 41 X=0.5, Y=0.3, Z=0.3 run1 NLCG 010.rho 20% / 10% / 0.05 1.69
Run 3 38 X=0.5, Y=0.1, Z=0.3 run2 NLCG 043.rho 10% / 5% / 0.03 2.99
Run 4 75 X=0.5, Y=0.1, Z=0.3 stitched 2D model 10% / 5% / 0.03 3.02

Table 7.1: Inversion parameters for homogeneous (Run 0), all sequential (Run 1 – 3) and
stitched (Run 4) inversions.

7.2.1 Homogeneous half-space (Run 0)

The results of the previous chapter favoured the smoothing parameter

combination of X=0.5, Y=0.1 and Z=0.3. These parameters, as well as

relatively small error floors of 10% / 5% / 0.03 (off-diagonal / diagonal /

tipper), have been used for an inversion run starting from a 100 Ωm half-space.
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Figure 7.1: Depth slices at 0.3 km, 2 km and 11 km through the resulting resistivity models
of the inversion run starting from a 100 Ωm homogeneous half-space (Run 0).

The inversion reached a local minimum after 74 iterations. The resulting

resistivity model after 10, 51 and 74 iterations are shown in Figure 7.1. These

development stages have been chosen to match the sequentially progressing

inversion run stages for later comparison.

At 10 iterations the model had changed only slightly from the starting

half-space. Especially near the surface the strong anisotropy in the horizontal

smoothing parameters caused the resistivity structures to appear fragmented

and unnatural. There are hardly any structures at depth.
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After another 41 iterations, the model is close to its final state. This model and

the final model after 74 iterations are very similar. The near-surface structures

(low and high resistivity anomalies) are still very fragmented, although the low

resistivity anomalies at 0.3 km depth caused by the geothermal systems are now

clearly identifiable. Also the low resistivity band at ∼ 2 km is visible, although

patchy. A deep low resistivity anomaly is only hinted at resistivity values of

∼ 60 Ωm, but it is not a very pronounced structure.

7.2.2 Sequentially progressing inversion (Run 1 – 3)

Another way of running an inversion is to introduce structures more slowly

while still starting from a homogeneous half-space. This is commonly done in

2D inversions by first fitting the phase data while assigning high error floors to

the apparent resistivities and tipper data and then in subsequent inversions

reducing the error floors of all data slowly. The idea behind this approach is

that resistivity structures are introduced more slowly. Strong resistivity

anomalies, which are introduced in early stages of the inversion are nearly

impossible to be removed by the algorithm at a later stage in the inversion.

Therefore, it is better for structures to be introduced at later stages of an

inversion run.

In order to apply this idea to 3D inversion, where the full impedance tensor are

used and not only apparent resistivities and phase of the off-diagonal

components, the diagonal and tipper components have been assigned large error

floors at the beginning of the 3D inversion. In two subsequent inversions all

error floors were reduced slowly. Furthermore, the first inversion made no

assumptions about the dominant regional strike direction by using isotropic
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Figure 7.2: Depth slices at 0.3 km, 2 km and 11 km through the resulting resistivity models
of the three inversion runs of the sequentially progressing inversion.

horizontal smoothing parameter combinations. The two subsequent inversions

introduced anisotropy slowly to again match the results from the previous

chapter. All inversion parameters are listed in Table 7.1.

Figure 7.2 shows the results of every inversion run of the sequentially

progressing inversion approach. Run 1, which uses very large error floors and

isotropic horizontal smoothing parameters, reaches a local minimum with an

RMS near 1 after 10 iterations. The low resistivity anomalies near the surface

that outline the geothermal systems are very pronounced already, and also a low

resistivity structure at 2 km depth is visible.
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The second stage of the sequentially progressing inversion, Run 2, was started

from the final model of Run 1 using smaller error floors and a slightly lower

smoothing parameter in the y-direction. Run 2 reached a local minimum after

41 iterations with an RMS in the new given error bounds of 1.69. Besides the

previously mentioned low resistivity anomalies, also high resistivity anomalies

developed near the surface and at 2 km depth, as well as a low resistivity

structure at depth.

The final inversion run uses the same inversion parameters as the homogeneous

one Run 0, however starting from the result of Run 2. There are distinct

differences to the result of Run 2. The most noticeable one is the low resistivity

structure at depth is now very pronounced with resistivity values of ∼ 20 Ωm

and is clearly outlined.

7.2.3 Stitched 2D cross-sections (Run 4)

In order to build a more complex starting model for the 3D inversion, five 2D

cross-sections were modelled running across the strike direction of the 3D

modelling domain (see Figure 7.3). The profiles were chosen to be

approximately equally spaced throughout the survey area. Since profile A is on

the edge of the modelling domain and has only few measurement associated

with it, it has just been taken as a 100 Ωm half-space. Profiles B – E however

have been modelled using the 2D inversion algorithm of Rodi & Mackie (2001)

as implemented in the software package WinGLink. Prior to the 2D inversion,

the data were decomposed to the regional strike direction of 45◦ following the

decomposition scheme of Groom & Bailey (1989) and McNeice & Jones (2001).
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Figure 7.3: Location of 2D cross-sections on the 3D inversion grid. Dots represent all MT
stations, the green ones in particular are the stations associated with the cross-sections as
indicated by the red lines.

The results of the 2D inversions can be seen in Figure 7.4. There are certainly

multiple ways of creating a 3D model from these 2D cross-sections. Different

interpolation schemes such as cubic spline interpolation, as well as different

filtering techniques (e.g., Gaussian filter) can be used in the creation of the 3D

model. For this study, the simplest approach was chosen. The 2D profiles were

linearly interpolated in 3D onto the same mesh as used in the previous 3D

inversions. In order to smooth the resulting resistivity model slightly so that the

minimum and maximum resistivity values are weakened, the 3D model was

simply taken as the average between 100 Ωm half-space and the stitched 2D

cross-sections. This way the starting model for the 3D inversion contains a
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priori information on structure as modelled in 2D, but has in theory still

enough degrees of freedom for the 3D inversion algorithm to make changes as

needed.

The starting model, as created with the 2D cross-sections as well as the

resulting model after 75 iterations, can be seen in Figure 7.5. For comparison

with the previous sections the figure also shows the preliminary results at 10

and 51 iterations. Due to the interpolation in the x-direction the depth slices of

the starting model created with the 2D cross-sections appear to be somewhat

smeared along the x-direction. Nevertheless, the elongated conductor at 2 km is

hinted at, and the model also contains a deep conductor. As modelled in 2D,

this deep conductive anomaly is located between 12 – 20 km depth. The

starting model also has a resistive anomaly at depth near the eastern edge of

the study area, as modelled in 2D. Since the anomaly was very strong in profile

C compared to the other profiles; even after the smoothing it appears as an

oddly shaped 1000 Ωm resistor in the 3D starting model. As can be seen in the

resulting 3D models, the 3D inversion algorithm reduced the resistivity and

extent of this structure slightly, but could not alter it significantly. The

algorithm could not change this strong artificial anomaly created by the

interpolation of the cross-sections. Instead it appears as if the deep low

resistivity anomaly has been enhanced to counteract this resistive artefact with

resistivity values of less than 10 Ωm.

Apart from this resistive anomaly, the resulting model is quite similar to the

inversion starting from a homogeneous half-space. The conductive anomaly that

started at 12 – 20 km depth became extended to 10 km, and the general shape
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Figure 7.4: Results of 2D inversions for profiles B – E. Due to the lack of data near profile A,
this cross-section is only represented by a half-space of 100 Ωm (not shown here).
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of the structures near the surface and at 2 km depth are very comparable. The

smoothing parameter combination for this inversion run was with X=0.5, Y=0.1

and Z=0.3, which is the same as for the homogeneous inversion run. However,

the low and high resistivity anomalies resulting from the stitched model appear

very fragmented down to several kilometres depth. Since this smoothing

parameter combination was determined based on a homogeneous half-space

starting model, it might not be the ideal one for a more complex starting model.

7.3 Discussion

In the previous sections, three different ways have been presented to run a 3D

inversion. Starting from a homogeneous half-space is the most common one, but

the other two approaches are often used in 2D inversion. In order to describe

the advantages and disadvantages of each method, the data norm (RMS) and

model norm (M2) of the penalty function have been inspected. The overall data

and model norm are plotted for each iteration in Figure 7.6(a). Figures 7.6(b)

and (c) show the RMS for period T = 0.3 s and T = 5.6 s per iteration. These

periods match the main ones used in Chapter 6 to demonstrate the difference

between the resulting models and correspond roughly to the depths of the

shallow and deep conductive bands.

The overall final data misfit (RMS), as well as the final resistivity models, are

quite comparable between the different approaches. Only the behaviour of data

and model norm during the first 30 iterations is very different. During the

sequentially progressing and stitched inversion run, the data norm is reduced

much quicker than in the homogeneous case early on in the inversion. This in
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Figure 7.5: Depth slices at 0.3 km, 2 km and 11 km through the resulting resistivity models
of the inversion run starting from stitched 2D cross-sections.

turn allows the model norm to be larger in those early iterations, since overall

the penalty function is still minimised sufficiently. Especially in case of the

sequentially progressing run, this is an interesting observation since the initial

idea behind the sequentially progressing run with slowly reducing error floors

was to introduce structure more slowly into the resulting model. However, the

model norm in Figure 7.6, as well as the depth slices of the model after 10
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(a) Overall data norm (RMS) and model norm (M2).

(b) Data norm (RMS) for T = 0.3 s.

(c) Data norm (RMS) for T = 5.6 s.

Figure 7.6: Overall data norm (RMS) and model norm (M2), as well as data norm at selected
periods per iteration for homogeneous inversion (run 0), sequentially progressing inversion (Run
1 – 3) and stitched inversion (Run 4). The data misfit is calculated for all inversion runs with
respect to the smallest error floors (10% diagonal impedance tensor components, 5% off-diagonal
impedance tensor components and 0.03 for tipper components).
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iterations in Figure 7.2, suggest that the structure is actually introduced more

quickly than when starting with small error floors from a homogeneous

half-space (Run 0). The cause for this could be that for each restart of the

inversion run, the damping parameter ν in equation 6.1 is also reset to the

original one (in this case 1). This parameter is similar to the Lagrange

parameter (e.g., Siripunvaraporn et al. 2005) and describes the ‘distance’ in

model space the algorithm steps away from the initial model in the search of the

local minimum. This could mean that when starting from a homogeneous

half-space, which will rarely be close to the ‘true’ model, one needs to start the

inversion using a larger damping parameter. However, if using a value that is

too large, there is the risk in overstepping the minimum and for the algorithm

not to converge.

Also the data misfit using the stitched 2D starting model reduces that data

misfit more quickly early on during the inversion than starting from a

homogeneous half-space. The reason for this probably lies in the fact that the

model is already much closer to the ‘true’ model than the homogeneous

half-space, and therefore fits the data better from the beginning. However, as

depth slices of the model at various number of iterations in Figure 7.5

demonstrated, strong anomalies that are added to the starting model will be

very difficult to remove by the 3D inversion algorithm. Therefore, one must be

very careful in creating a starting model with strong a priori information since

it often will not be removed. On the other hand, if the inversion is started from

an appropriate a priori model, it could reduce the number of iterations required

to get an acceptable 3D resistivity model that fits the data well, and hence,

reduce the computational expense.
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Analysing the data fit of particular target depths, and hence, periods can give a

further indication of the success of the different inversion approaches. As has

been seen in the previous chapter, especially the responses at 0.3 s and 5.6 s

periods are affected by variations in starting parameters. The data misfit of the

0.3 s period is shown in Figure 7.6(b). This period corresponds to a skin depth

of ∼ 2 km, and should therefore be sensitive to the shallow conductive band as

seen in the 2 km depth slices of Figure 7.1 – 7.5. This structure in all three

inversion approaches appears quite similar. The only difference is how

fragmented the structure is, which is a result of the asymmetric smoothing

parameters used in the inversion. The sequentially progressing run has for this

particular frequency the best data misfit. The corresponding resistivity model is

the least fragmented, since the anisotropy of the smoothing parameters has

been introduced more slowly than in the other inversion approaches. Especially

in the stitched approach, the smoothing parameter combination, as determined

in the previous chapter, seems to be unsuitable. This is not really surprising

since this combination has been determined based on a homogeneous half-space

starting model. Therefore, using a stitched model that has been interpolated in

the strike direction, and already appears ‘stretched’ in this y-direction, should

not be further enhanced by an asymmetric smoothing in this direction.

The main difference between the three resulting models is that the deep

conductor is not a pronounced structure in the inversion result starting from a

homogeneous half-space. Figure 7.6(c) shows the data fit at the 5.6 s period,

which is associated with this depth. Run 0, which does not contain this

pronounced conductor, has a larger RMS than the other two inversion runs that
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clearly show the conductor at depth. This indicates that this deep conductive

structure needs to be a pronounced feature in the model to result in a smaller

data misfit; hence favouring the sequentially progressing and stitched runs.

7.4 Chapter Summary

Starting a 3D inversion run from a homogeneous half-space appears to be a

simple way to get an initial resistivity model for the given dataset. Besides a

general idea about the average resistivity values expected, it does not require

any other prior information about the subsurface. But this study suggests that

the inversion might not get as ‘close’ to the ideal model as possible and some

structures are only hinted at instead of being pronounced anomalies and is

therefore not the most suitable approach for this dataset.

The sequentially progressing inversion run also requires hardly any prior

information. Especially introducing asymmetry in the horizontal smoothing

parameters at a later stage in the inversion seems to benefit the shallow

structures in the model. They appear less fragmented while the deeper

structures still obtain the benefit of asymmetric smoothing, since they seem to

develop at a later stage in the inversion anyways. This sequentially progressing

approach has the disadvantage though that it needs to run for more iterations

in total, and therefore has an increased computational time. This small cost

though is heavily outweighed by the huge benefit of obtaining robust and

reliable final models and appears to be the ideal guided inversion approach for

this dataset from the TVZ.
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The stitched inversion approach requires a lot of prior preparation. The 2D

inversions, as well as the 3D interpolation, have to be done carefully so as to not

introduce any strong artefacts into the model. These artefacts will most likely

not be removed by the 3D inversion algorithm, but will rather be compensated

just by introducing counter-artefacts. However, if reliable prior structural

information is available, the 3D inversion will benefit from this and it will also

reduce the computational time needed as it will minimise the penalty function

more quickly.

Although it should be noted that these result might only be applicable to this

specific survey and should be studied in more detail and extent in future work,

it demonstrates the importance and advantages of a guided development in 3D

inversion compared to standard, single inversion from a homogeneous half-space.
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’The important thing in science is not

so much to obtain new facts as to

discover new ways of thinking about

them.’

William Lawrence Bragg, 1890 – 1971 8
Joint interpretation of the geophysical

data of the Taupo Volcanic Zone

8.1 Introduction

The previous chapters discussed the importance of inversion regularisation

parameters and a priori information in 3D inversion of magnetotelluric (MT)

data. The aim of these studies was to determine the most appropriate 3D

resistivity model for the MT dataset of the Taupo Volcanic Zone (TVZ). This

chapter discusses the resistivity structures in the final 3D model, as well as

focuses on how this final 3D inversion result ties in with previous geological and

geophysical datasets. The aim of this chapter is to give a joint interpretation

and to create a new conceptual model of the deeper structures of the

Taupo-Reporoa Basin (TRB) and its surrounding areas.
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8.2 Resistivity structures of the central TVZ

The initial 3D resistivity model used for the study of the Reporoa geothermal

system, as discussed in Chapter 5, was created prior to the 3D inversion

parameter studies as outlined in Chapters 6 and 7. The inversion workflow and

parameters used for this initial inversion were based purely on personal

experience in running inversions and not backed up by any research. The

previous two chapters demonstrated that the initial model is an acceptable

model for the shallow structures of the TVZ. However, it does not represent the

deeper structures very well.

The final resistivity model, as discussed below, is a result of the studies

presented in Chapters 6 and 7. It was created using a sequentially progressing

inversion approach, starting from a 100 Ωm half-space, reducing error floors

gradually and introducing anisotropy in the horizontal smoothing parameter

along the regional strike direction slowly (as discussed in Chapters 6 and 7).

Since this inversion approach required relatively small error floors in the final

stage of the inversion, the global root-mean-square error (RMS) of the final

model remained at 2.99. Examples of the data and model responses of 18

station can be seen in Appendix C. Eight depth slices through the final 3D

resistivity model are plotted in Figure 8.1 and will be discussed below. At

depths < ∼ 3 km the final model is comparable to the initial model used in

Chapter 5. However, at greater depths the final model shows much improvement

over the initial model and more clearly defined structures, as discussed below.
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Figure 8.1: Eight depth slices through the final 3D resistivity model using a sequentially
progressing inversion approach as discussed in Chapter 7.
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Figures 8.2, 8.3 and 8.4 show cross-sections through the final resistivity model

(a), as well as maximum (b) and minimum (c) resistivity models to give an

estimate on the upper and lower bounds of the resistivity values of the final

model. The minimum and maximum models were created by taking the

minimum and maximum values in each grid cell in a subset of 40 models with

various smoothing parameters. This subset has been chosen by excluding

models with large RMS values (> 3.4), and large asymmetric horizontal

smoothing parameters (e.g., X=0.1 and Y=0.7), as Chapter 6 showed these

smoothing parameter combinations result in unrealistic models. These criteria

left 60% of the models to create the upper and lower resistivity estimates for the

final resistivity model.

The locations of all three profiles can be seen on the map in Figure 3.2 and

correspond to geological cross-sections that will be discussed later. Profile A

(Figure 8.2) is located in the eastern TRB and is an approximately SW-NE

trending cross-section transecting the Tauhara, Rotokawa, Broadlands-Ohaaki,

Reporoa and Waiotapu geothermal systems. Profile B (Figure 8.3) runs

NNW-SSE from the TFB to the Kaingaroa Plateau, crossing the Ngatamariki

and Rotokawa geothermal systems. Profile C (Figure 8.4) runs WNW-ESE,

starting near Profile B in the Taupo Fault Belt (TFB) to the Kaingaroa Plateau

and transecting the Broadlands-Ohaaki geothermal system. Structures, as

inferred from the resistivity data, are marked in the cross-sections and will be

discussed below. It is to note that the vertical resistivity features might be

exaggerated due to the effects of smoothing and kernel smearing of the 3D

inversion, which is a known limitation in magnetotelluric modelling.
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Figure 8.2: (a) Cross-section A through final resistivity model. Dashed lines indicate
local faults as visible in resistivity model and solid lines indicate extent of resistive surface
layer. RK=Rotokawa, BR=Broadlands-Ohaaki, RP=Reporoa, WT=Waiotapu. (b) Maximum
resistivity model created using models with different smoothing parameters as discussed in
Chapter 6. (c) Minimum resistivity model created using models with different smoothing
parameters as discussed in Chapter 6.
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Figure 8.3: (a) Cross-section B through final resistivity model. Dashed lines indicate local
faults as visible in resistivity model and solid lines indicate extent of resistive surface layer.
OK=Orakeikorako, NM=Ngatamariki, RK=Rotokawa. (b) Maximum resistivity model created
using models with different smoothing parameters as discussed in Chapter 6. (c) Minimum
resistivity model created using models with different smoothing parameters as discussed in
Chapter 6.
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Figure 8.4: (a) Cross-section C through final resistivity model. Dashed lines indicate local
faults as visible in resistivity model and solid lines indicate extent of resistive surface layer. BR-
OH=Broadlands-Ohaaki. (b) Maximum resistivity model created using models with different
smoothing parameters as discussed in Chapter 6. (c) Minimum resistivity model created using
models with different smoothing parameters as discussed in Chapter 6.
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8.2.1 Resistivity structure of the shallow crust (< 1 km depth)

Conductive anomalies

The near-surface depth slice at 0.3 km depth (Figure 8.1) shows several distinct

low resistivity anomalies with values of less than 20 Ωm mainly in the TRB in

the eastern part of the study area. They extend to only a few hundred metres

depth. In a geothermal environment, conductive anomalies at shallow depth are

generally attributed to the presence of hydrothermal alteration minerals that

cap the geothermal systems (Browne 1978). These anomalies can be used to

estimate the extend of a geothermal system. The geologic map in Figure 3.2

shows that these conductive anomalies match the location of the known

geothermal systems in the central TVZ well.

Resistive anomalies

The 0.3 km depth slice in Figure 8.1 also shows several resistive anomalies with

values greater than 250 Ωm outside the geothermal systems. The majority of

these anomalies are located on the Kaingaroa Plateau, as well as in the western

survey area, covering the TFB and the Whakamaru caldera up to a thickness of

1000 m. The cross-sections also show these resistive, surficial layers outside the

geothermal systems. Their thickness appears to be increasing in the

southeastern TRB, reaching a thickness of ∼ 1 km around Rotokawa.
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Figure 8.5: 3D resistivity model highlighting the resistive (> 200 Ωm, in blue) and conductive
(< 30 Ωm, in yellow/red) areas of the model below ∼1.5 km depth. Top figure shows the entire
survey area looking towards the east; bottom figure is cut along NW-SE direction, displaying
only the northeastern half of the survey area.
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8.2.2 Resistivity structure of the upper, brittle crust (1 – 8 km depth)

Conductive layer at 1 – 3 km depth

One of the most dominant features in the upper crust of the 3D resistivity

model is the extensive conductive structure at 1 – 3 km depth in the eastern

part of the study area (see Figure 8.5(a)). It is located beneath the

geothermally active TRB. Resistivity values in this zone are below 20 Ωm. It

approximately follows the SW-NE strike direction of the TVZ with the

Kaingaroa fault zone as its southeastern boundary. The northwestern boundary

is not as well defined but the conductive structure appears to be confined by the

Reporoa caldera in the north while widening in the south to ∼ 10 km width.

Since the survey area extends only to the southern end of the Waiotapu

geothermal system and therefore not far beyond the Reporoa caldera, it is

difficult to determine if this conductive structure extends to the north beyond

the caldera. Profile A, as shown in Figure 8.2, runs from SW to NE along this

conductive zone and Profile B and C, as shown in Figures 8.3 and 8.4. The

cross-sections show that this conductive zone is fairly complex. The bounding

surfaces show many steps, indicating the likely presence of faults with vertical

separation. These inferred faults are indicated by dashed lines in the figures.

The minimum and maximum models show that the bottom of this conductive

zone is not very well constrained by the MT data, which is not unusual for this

geophysical method.

This extensive conductive anomaly is located in the region of the TVZ with

many active geothermal systems. Therefore, the simplest explanation for this

anomaly would be presence of hydrothermal alteration minerals formed by the
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flow of geothermal fluids. However, previous research has shown no direct

hydrological connection between the geothermal systems connected by this

structure (Giggenbach 1995) and drill-hole data show no evidence for wholesale

flow of geothermal fluids across this conductive zone at present. There is the

possibility that this conductive zone shows paleo-hydrothermal alteration in this

area and therefore evidence for past geothermal fluid flow in the TRB.

Conductive plumes

Vertical conductive zones connect the conductive anomaly at 1 – 3 km depth, as

discussed above, at several locations with another conductive anomaly at depth,

which will be discussed later. Most such conductive zones are either directly

beneath or near geothermal systems and are here inferred to represent upwelling

plumes of hydrothermal fluid. The resistivity values of these plumes vary

between 20 – 50 Ωm. Bertrand et al. (2012) similarly described vertical

conductive zones beneath Rotokawa and near Ohaaki as convective upflow zones

of geothermal fluids that feed the geothermal systems. Figure 8.4 shows a

cross-section through the conductive plume beneath Ohaaki. It is located in the

northwest of the geothermal system and is approximately plunging towards the

same direction. As was discussed in Chapter 5, there are also vertical

conductive zones associated with the Waiotapu and Reporoa geothermal

systems. The existence of conductive upflow zones was already speculated by

Bibby et al. (1995), who proposed a convective model of heat transport for the

TVZ. Especially the plumes beneath Rotokawa and the Waiotapu/Reporoa area

are very conductive and extensive. However, there are also narrower, less

conductive plumes (40 – 100 Ωm) in the 3D resistivity model that are not

directly beneath active geothermal systems. For example, one is located
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southwest of Orakeikorako on the edge of the survey area and another one

northwest of Orakeikorako. The cause of these plumes can only be speculated.

They could simply reflect changes in the conductive regime of the TVZ and

represent old convective upflow zones that destabilised with time and at present

do not contain any conductive geothermal fluids, therefore exhibiting slightly

lower resistivity values than the plumes beneath active geothermal systems,

which are only reflecting past hydrothermal alteration.

Resistive anomalies

Figure 8.5 not only highlights the conductive areas of the 3D resistivity model, but

also two resistive regions: one in the eastern TVZ beneath the Kaingaroa Plateau

and one in the western TVZ beneath the TFB with resistivity values between

200 – 1000 Ωm. The resistive anomaly beneath the Kaingaroa Plateau extends

from ∼ 1 – 10 km depth. The transition zone between the resistive structure in

the east and the quite conductive infill in the TRB in the west is generally referred

to as the Kaingaroa fault zone (see Chapter 3). The resistivity structure of this

transition is interpreted as a complex zone of down-faulted blocks as indicated in

Profile C (Figure 8.4).

The resistive structure in the western part of the study area extends from

∼ 3 – 9 km depth (R2 in Figure 8.5) beneath the TFB and deepens to the

south beneath the Maroa Volcanic Centre (MVC) to ∼ 12 km depth (R3 in

Figure 8.5). It also branches out from beneath the MVC to the east ending at a

dome-shaped structure southwest of the Reporoa caldera (R4 in Figure 8.5).

The very high resistivity values suggest the absence of any hydrothermal

alteration minerals and geothermal fluids in these areas and therefore these

structures are likely to be of unaltered, volcanic origin.
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8.2.3 Resistivity anomalies in the lower, ductile crust (> 8 km depth)

The only distinct anomaly at depth in the 3D resistivity model is a conductor

with a width of 5 – 10 km, running approximately NE-SW at ∼ 10 – 20 km

depth beneath the TRB. The geometry of this anomaly is very sensitive to the

choice in smoothing parameter as discussed in Chapter 6. Figure 8.6 shows

depth slices through this conductor of the final 3D resistivity model, the 3D

Figure 8.6: Depth slice at 11 km through the final 3D resistivity model (top left), the model
using the default inversion parameters (top right), as well as the minimum and maximum
resistivity models created from 40 models with varying smoothing parameter combinations
(bottom).
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model using the default smoothing parameter combination, and minimum and

maximum resistivity models for comparison. The appropriate choice in

smoothing parameters seems to have enhanced this structure at depth. It could

have been easily missed in the model using default parameters only. The

minimum and maximum resistivity models give a resistivity estimate for the

conductive anomaly of 15 – 60 Ωm in contrast to the surrounding material

which exhibits resistivity values of 80 – 300 Ωm.

The high conductivity values found in the generally more resistive lower crust

suggest that this anomaly in the lower crust is caused by interconnected partial

melt (Schilling et al. 1997). There are several different geometrical connection

models to estimate the melt fraction of partial, interconnected melt from

resistivity measurements. One of them is the modified-brick-layer model (MBL)

that describes the interconnected melt distribution using the electrical

resistivity of the host rock and the melt (Schilling et al. 1997):

σMBL =
σf (σf (f

2/3 − 1)− σsf
2/3)

σs(f − f 2/3) + σf (f 2/3 − f − 1)
(8.1)

with f = 1 − β. β is the volumetric melt fraction, σs the conductivity of the

rock (solid) and σf the conductivity of the melt (fluid).

Another estimate for melt fraction is presented by the Hashin-Shtrikman upper

(HS+) and lower bounds (HS-), which Hashin & Shtrikman (1962, 1963) derived



8.2. RESISTIVITY STRUCTURES OF THE CENTRAL TVZ 169

to estimate the effective permeability of multiphase materials and applied to two-

phase materials:

σHS+ = σf + (1− β)

(
1

σs − σf

+
β

3σf

)−1

(8.2)

σHS− = σs + β

(
1

σf − σs

+
1− β

3σs

)−1

(8.3)

The average resistivity values in the 3D model at depth > 10 km outside the

conductor are ∼ 100 Ωm and should give an indication of the resistivity values

of the solid host rock for the above equations. Since neither of these estimates is

very sensitive to the resistivity of the host rock (Schilling et al. 1997), this

approximate estimate should be sufficient for the melt fraction calculations.

The estimation of the melt resistivity, however, is much more important as the

resulting melt fraction depends mainly on this value. The resistivity of the melt

varies with composition, temperature, water content and, to a far lesser degree,

with pressure (Li et al. 2003, Didana et al. 2014). The web-based modelling

programme SIGMELTS gives an resistivity estimate for silicate melts based on

laboratory measurements. It requires information on SiO2 and Na2O content,

temperature, pressure and water content of the melt. Geochemical analyses of

plutonic rock fragments in ignimbrites erupted in the central TVZ estimate the

average silica content of the melt to 74 – 77 wt.%, the Na2O content to

3.8 – 4.4 wt.% and the water content to 4 – 5 wt.% (Hervig et al. 1989, Brown

et al. 1998b, Smith et al. 2005, Wilson et al. 2006). Oxide geothermometry,

phase equilibria and volatile contents give an average temperature estimate of

730 – 940◦C and a pressure estimate of 150 – 400 MPa (Smith et al. 2005,

Wilson et al. 2006). The upper pressure limit estimated through geobarometry
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also matches the lithospheric pressure assuming brittle rock with hydrostatic

pore pressure at a depth of 10 km as given by Petrini & Podladchikov (2000):

P ≈ 1.6 ρ g h ≈ 400MPa (8.4)

where ρ is the density (for greywacke: ρ = 2670 kg/m3 (Soengkono 2011)), g

the gravitational acceleration (9.8 m/s2) and h the depth (10000 m).

Using the above values in SIGMELTS gives an average resistivity value for the

melt in the central TVZ of 0.62 Ωm, with a lower limit of 0.12 Ωm and an

upper limit of 5 Ωm. The upper limit though seems unrealistically high since

the solid host rock at depth in the TVZ is, at 100 Ωm, relatively conductive

compared to other regions. Previous MT studies used values of 0.1 Ωm (Heise

et al. 2010), although it is not clear in the publication how they derived this

value. Figure 8.7 gives the resulting bulk resistivity values depending on the

partial melt fraction using the MBL and the HS upper bound. Both models give

very similar results for the mean and lower conductivity estimates of the melt.

The black lines show the results using the average resistivity value of the melt,

as calculated above, and the grey shaded area the bulk resistivity value of the

conductive anomaly at depth in the 3D resistivity model in its lower and upper

limits (15 – 60 Ωm). This yields a partial melt fraction of 1 – 5 %.

Figure 8.7 also shows that the melt fraction is very sensitive to the bulk

resistivity value of the conductive body. However, Chapters 6 and 7 show that

the absolute resistivity values depend on the choice in inversion parameters, and

therefore, the calculated partial melt fraction will also depend on the choice in

starting parameters of the 3D inversion. In the 3D resistivity model of the TVZ
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Figure 8.7: Partial melt fraction versus bulk resistivity using the modified-brick-layer model
(MBL, solid lines) and the Hashin-Shtrikman upper bounds (HS+; dashed lines) for melt
resistivity values of 5 Ωm (blue), 0.62 Ωm (black) and 0.12 Ωm (red).

in Heise et al. (2010) the conductive bodies have very low resistivity values of

∼ 0.3 Ωm, which gives an estimated interconnected melt fraction of ∼ 50%.

This is a surprising and unrealistically high melt fraction, and Heise et al.

(2010) acknowledged that this estimate is highly uncertain and that their

inversion code WSINV3D (Siripunvaraporn & Egbert 2009) often overestimates

the conductivity of conductors. In the 2D study of Heise et al. (2007), as well as

the studies by Ogawa et al. (1999), Ingham (2005), the partial melt fraction

estimate was only ∼ 4% and thereby in agreement with the results of this study.

A thorough analysis for the choice in regularisation parameters in 3D inversion

is therefore vital if absolute resistivity values are used in the calculation of

physical properties, such as melt fraction.

Although previous MT studies, as summarised in Section 3.2, have also imaged

conductive anomalies at 10 – 20 km depth beneath the central TVZ and



172 CHAPTER 8. INTERPRETATION AND SCHEMATIC MODEL

suggested the presence of interconnected partial melt bodies in the lower crust,

they were imaged at different locations. In the 3D resistivity model of Heise

et al. (2010) there are two distinct conductive anomalies in the study area

discussed here instead of one elongated one: one northwest of the Reporoa

caldera beneath the TFB and one beneath the MVC (see Figure 8.8). It is to

note that Heise et al. (2010) used the 5 Ωm contour to display the extent of

their conductive bodies, but that the one modelled in this thesis is displayed by

the 30 Omegam contour line. This lower conductivity value has been chosen for

the comparison in Figure 8.8, because the conductivity values modelled in this

thesis are generally lower than by Heise et al. (2010) as mentioned above. Also

the 2D profile of Ogawa et al. (1999) and Ingham (2005) suggest this conductor

to be beneath the TFB. Therefore, it is surprising that the conductive structure

presented in this resistivity model appears as one elongated NE-SW trending

structure located several kilometres to the east of the previous MT studies. One

reason for this could be due to the aperture of this MT survey; this conductor is

at the depth limit of what can be resolved. It would need to be investigated in

further studies if the lateral location of this conductive structure is just an

artefact of the survey layout since it is positioned in the centre of the survey

and not near the edge where previous surveys have imaged similarly conductive

anomalies. However, there are also several arguments for this conductor being

located beneath the TRB and not beneath the TFB. Firstly, the TFB and the

MVC have not been volcanically active in over 200 kyr and have a much smaller

heat output than the eastern TVZ. The TRB hosts many of the geothermal

systems in the TVZ and plume-like structures seem to connect the geothermal

systems with this conductor at depth (Bertrand et al. 2012). Secondly, this MT

survey has a far higher spatial resolution with a station spacing of 2 km than
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the previous ones. The difference in location equals only about 2 – 3 grid blocks

in the lower resolution models of Ogawa et al. (1999), Ingham (2005), and Heise

et al. (2007, 2010). Therefore, this model with 500 m horizontal grid spacing is

of much higher spacial resolution than the previous models.

Figure 8.8: Map of TVZ from Heise et al. (2010) showing surface extent of Quaternary lavas
(see legend), active surface fault traces (red), the extent of the conductive bodies at 13 km depth
modelled by Heise et al. (2010) (orange lines) as well as the area of the MT survey discussed
in this thesis (blue line) and the extent of the conductive bodies at 11 km depth as modelled
in this thesis (yellow line).
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8.3 Joint interpretation

8.3.1 DC resistivity

The shallow structures of the 3D resistivity model correlate very well with the

collective DC resistivity maps of Bibby et al. (1995). These DC resistivity

measurements used a Schlumberger array with 500 m electrode spacing, which

gives an image of the subsurface structures at ∼ 250 m. This map can be seen

in Figure 8.9(a). This map provided key information for defining the extent of

all geothermal fields in the TVZ because the conductivity anomalies are caused

by the clay minerals that cap the geothermal reservoirs in these

high-temperature geothermal systems (Browne 1978). The depth slice of the 3D

MT model at a comparable depth shows very similar low and high resistivity

structures at this shallow depth (see Figure 8.9 (b)). This good correlation with

the DC resistivity measurements again emphasises that there is no noticeable

static shift effect from the data in the model.

DC resistivity measurements were also carried out with a larger electrode

spacing of 1000 m. These measurements imaged deeper structures down to

several hundred metres depth. Among these structures were conductive zones

that are not directly associated with a particular geothermal field (Bibby et al.

1994). These findings sparked the drilling of the Horohoro drill-hole in the

Matahana Basin northwest of Atiamuri in 1986. An exploration well was drilled

into such a conductive zone at several hundred metres depth, as identified by

the deep DC resistivity measurements, in the hope of finding a deep geothermal

system (Bibby et al. 1999). However, they only found a series of old ignimbrites

with only a slightly elevated temperature gradient compared to normal, but no
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(a) DC resistivity map. Modified after Bibby et al. (1995). White line
indicates outline of MT survey. WT=Waiotapu, RP=Reporoa, TK=Te
Kopia, OH=Ohaaki, NM=Ngatamariki, OK=Orakeikorako, AM=Atiamuri,
MK=Mangakino, RK=Rotokawa, WK=Wairakei, TH=Tauhara.

(b) Depth slice at 300 m of final resistivity model. Model is only displayed
in 600 m radius around station locations.

Figure 8.9: Comparison between near-surface depth slice of final 3D resistivity model and DC
resistivity measurements of Bibby et al. (1995).
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geothermal fluids. Further analysis showed that the electrical resistivity of

ignimbrites aged over 1 Ma years dropped significantly from 200 – 500 Ωm to

35 Ωm. Bibby et al. (1999) contributed this reduction in resistivity to the

devitrification of the ignimbrites with time. This kind of low temperature

alteration turns the volcanic glass into clay particles without the presence of

geothermal fluids (for more information on devitrification see Lofgren (1971)).

With time, this process forms interconnected pathways through the rock

matrix, and therefore significantly reduces the resistivity values compared to the

otherwise resistive volcanics. The dating of the various ignimbrites estimate this

time to be around 1 Ma. In the same study, Bibby et al. (1999) also presented a

NW-SE DC resistivity cross-section across the eastern TVZ and found another

conductive anomaly at depth. This structure is likely to be the same as the

extensive conductive anomaly seen in the 3D resistivity model. Bibby et al.

(1999) also interpreted this structure as old clay and zeolite rich volcaniclastics

that fill the deeper levels of the calderas and basins, and concluded that these

conductive zones must be abundant in the subsurface of the TVZ and are

characteristic for low temperature alteration. They also cautioned that this

could lead to false interpretation of connections between neighbouring

geothermal systems in resistivity models.

If the conductive anomaly in the eastern TRB is indeed caused by low

temperature alteration minerals as hypothesised by Bibby et al. (1999), this

zone would not be caused by past or present geothermal fluid flow, and rather

would mark the presence of old volcanic material.
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8.3.2 Aeromagnetic data

A high-resolution airborne magnetic survey was commissioned in 2005 by Glass

Earth Limited and was acquired and processed by UTS Geophysics (Christie et al.

2012). This dataset is publically available and can be downloaded through the

New Zealand Petroleum and Minerals website (www.nzpam.govt.nz). It covers

most of the area of the MT survey discussed in this thesis (see Figure 8.10).

The data were filtered and manually edited and the International Geomagnetic

Reference Field (IGRF) 2000 correction was applied, in which a regional magnetic

gradient is calculated and subtracted from each datapoint (Mandea & Macmillan

2000).

Figure 8.10: High-resolution Glass Earth Ltd. airborne magnetic data (2005).
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Magnetic datasets give information on the distribution of the magnetisation in

the subsurface. Unaltered volcanic rocks often show a strong magnetisation in

contrast to the less magnetised basement rocks (Modriniak & Studt 1959,

Hochstein & Soengkono 1997). However, during the hydrothermal alteration

process the ferromagnetic iron oxides are turned into non-magnetic iron

sulphides. This causes a demagnetisation of the volcanic rocks (Hochstein &

Soengkono 1997), and hence, results in a negative magnetisation contrast

between hydrothermally altered rocks and surrounding unaltered volcanics

(Hochstein & Soengkono 1997, Soengkono 2001). Reversely magnetised,

unaltered rocks can, however, also produce negative magnetic anomalies.

Magnetic data alone, therefore, cannot distinguish between these two causes for

negative magnetic anomalies and other data such as resistivity data needs to be

consulted to distinguish between demagnetisation due to hydrothermal

alteration and reversely magnetised, unaltered volcanics (Soengkono 2013).

Figures 8.11(a) and (b) show two depth slices at 0.3 km and 1.5 km of the

resistivity model with the magnetic lows (< -200 nT) and highs (> 200 nT)

added as shaded areas. Soengkono (2013) attributed the magnetic highs to the

presence of surficial or buried magnetised lavas and welded ignimbrites that

have not been hydrothermally altered. The resistivity structure supports this

interpretation. High resistivity is characteristic of unaltered volcanics. The

locations of the magnetic highs along the Paeroa Fault and in the Whakamaru

caldera, in particular, correspond to resistive structures at shallow depths (see

Figure 8.11(a)) as described above, supporting the existence of shallow buried

lavas in these regions.



8.3. JOINT INTERPRETATION 179

(a)

(b)

Figure 8.11: Comparison between Glass Earth Ltd. aeromagnetic data and depth slice at (a)
0.3 km and (b) 1.5 km through 3D resistivity model. Magnetic lows (< -200 nT) are indicated
by dark blue shaded areas and magnetic highs (> 200 nT) by pink shaded areas. Dashed black
lines indicate the location of the Paeroa and Kaingaroa Fault. The rivers, and the Reporoa
caldera boundary in the northeast are marked by solid black lines.
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The extensive negative magnetic anomaly in the southeastern part of the study

area, stretching from Waiotapu in the north along the Kaingaroa Fault Zone to

Rotokawa in the south has a similar extent as the conductive zone at 1 – 3 km

depth, as discussed above (see Figure 8.11(b)). The negative magnetic anomaly

could be caused by the demagnetisation associated with hydrothermal

alteration, but it could also be explained by the presence of old, reversely

magnetised ignimbrites. In this case the addition of resistivity data can not

distinguish between the plausible explanations, since the low resistivity values

can be caused by the presence of old, altered ignimbrites or by the presence of

hydrothermal alteration minerals associated with geothermal fluid flow.

3D modelling of magnetic profiles revealed that the magnetic highs cannot be

modelled by this volcanic infill alone (Soengkono 1995). This led Soengkono

(1995) to include intrusive plutonic bodies at 3 – 7 km depth into his model

(see Figure 8.12). He speculated that these crustal plutons had cooled down to

below their Curie temperature and, based on the average magnetisation, are

likely to be granitic in composition (Soengkono 1995, 2012). Plutons, as with

unaltered volcanics, would exhibit a high electrical resistivity. The 3D

resistivity model shows resistive bodies at comparable depths and locations as

the crustal pluton model of Soengkono (2011) (labelled R2 – R4 in Figure 8.5).

Therefore, the 3D resistivity model supports the existence of plutons in the

crust beneath the central TVZ.
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Figure 8.12: Depth slice through 3D resistivity model at ∼ 5 km. Black shaded areas represent
the deep pluton model of Soengkono (2011). The shading represent the depth to the plutons
as indicated in white.

8.3.3 Gravity data

Gravity surveys are sensitive to subsurface density variations. In the TVZ

residual gravity is mainly controlled by the density contrast between the

younger volcanic infill and the underlying denser greywacke basement

(Modriniak & Studt 1959, Rogan 1982, Soengkono 2012). Average densities

assumed for the TVZ are about 2200 kg/m3 for the volcanic infill and

2670 kg/m3 for the greywacke basement (Soengkono 2001). However, drill-hole

data also show that the density of the volcanic infill increases with depth,

becoming comparable to the density of the greywacke basement at depths
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Figure 8.13: Map of Bouger gravity values for the study area. Red lines indicate
locations of active faults; pink dashed line the the southeastern boundary of the TVZ after
Wilson et al. (1995). OK=Orakeikorako, TK=Te Kopia, RP=Reporoa, NM=Ngatamariki,
OH=Ohaaki, RK=Rotokawa, TRB=Taupo-Reporoa Basin, TFB=Taupo Fault Belt. The
reference coordinate system is NZTM. Modified after Bertrand et al. (2013a).

greater than 2 km (Stratford & Stern 2008, Soengkono 2012). A map showing

the residual Bouger gravity values is displayed in Figure 8.13. It is modified

after Bertrand et al. (2013a) and shows the majority of the study area, which is

indicated by the solid white line.

The resistive anomaly beneath the Kaingaroa Plateau, which extends from

∼ 1 – 10 km, has a corresponding positive gravity anomaly as seen in

Figure 8.13. The high resistivity values of > 200 Ωm point to the absence of

hydrothermal alteration minerals beneath the plateau and the positive gravity

anomaly to a shallow greywacke basement (Stagpoole 1994). This leads to the
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conclusion that only a thin volcanic layer covers the dense greywacke basement

which extends from ∼ 1 km depth to the brittle-ductile transition zone beneath

the Kaingaroa Plateau and is imaged as a very resistive structure in the 3D

resistivity model (referred to as R1 in Figure 8.5).

There is a strong gravity gradient across the Kaingaroa fault zone towards the

TRB where the depth to basement and the thickness of the volcanic infill

increases gradually. The TRB is characterised by a negative gravity anomaly.

This is thought to be due to the thicker infill of volcanic sediments in the

Reporoa caldera and the basin (Nairn et al. 1994). 3D modelling of gravity

profiles across the TRB had to incorporate low-density crustal bodies to explain

the strong gravity anomaly seen in the TRB southwest of the Reporoa caldera

since the volcanic infill alone could not account for the measured gravity values

(Soengkono 2011). This again is consistent with the magnetic and resistivity

data, as discussed above, and supports the existence of granitic plutons in the

upper crust of the central TVZ.

8.3.4 Shear wave data

Bannister et al. (2004) analysed receiver function arrivals at several seismic

stations transecting the TVZ north of the Reporoa caldera. This profile lies

further north than the extent of the MT survey discussed in this thesis, however

station PKMV is located southwest of the Reporoa caldera and station HIHV at

the northern edge of the caldera between the Reporoa and Waiotapu geothermal

fields (see Figure 8.14). The resulting shear wave velocity structure shows a low

velocity zone at 10 – 15 km depth beneath the eastern TVZ with shear wave
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Figure 8.14: Locations of broadband seismometer sites used in receiver function analysis by
Bannister et al. (2004). The blue line outlines the MT array as discussed in this thesis.

velocities as low as 2 km/s. Bannister et al. (2004) interpreted this zone as a

body of partial melt associated with volcanism in the TVZ. Furthermore, their

receiver function analysis indicated a depth for the Moho between 25 – 30 km.

The interpretation and location of this low shear wave velocity zone is

consistent with the existence of the conductive body at 10 – 20 km depth in the

3D resistivity model. Figure 8.15 shows a comparison between the shear wave

velocity structure of Bannister et al. (2004) and a transect through the 3D

resistivity model running NW-SE just south of the Reporoa caldera. Both
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Figure 8.15: (a) Shear wave velocity structure along a NW-SE cross-section across the TVZ
formed by interpolation between the weighted mean of the best velocity – depth inversion
solutions for each station. Modified after Bannister et al. (2004). (b) NW-SE resistivity cross-
section of the 3D model. Shown is a comparable area to the shear wave velocity structure in
(a), but this profile is located about 30 km to the southwest of the seismic profile.
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geophysical models give a very consistent image of the subsurface down to

∼ 20 km depth. However, there is no indication of the position of the Moho in

the resistivity model. Considering the aperture of the MT survey this is not

very surprising as an aperture of ∼ 40 km only gives subsurface information to

roughly 20 km depth (Bertrand et al. 2013b, also see 3D skin depth analysis in

Chapter 5). The resistivity values at depth > 20 km are nearly unchanged from

the 100 Ωm starting half-space. Also, imaging the electrical Moho is very

challenging, and only under particular circumstances will it be successful

(Jones 2013).

8.3.5 Geological cross-sections

Geological cross-sections of subsurface stratigraphy are generally based on drill-

hole data from exploration and production wells (e.g., Grindley 1970, Rosenberg

et al. 2009, Boseley et al. 2012)). This leaves still many degrees of freedom in the

stratigraphic models, especially in areas outside geothermal fields where wells are

rarely drilled. Geophysical data, such as seismic reflection data, can be used to

augment well-log data and help constrain geological cross-sections further (e.g.,

Henrys & Hochstein 1990, Rosenberg et al. 2009). However, not all geophysical

datasets are useful for this. The scale of the modelled geophysical data has to

be at least comparable to the scale of interest of the geological cross-section in

order to help fill the gaps in drill-hole data. Another limiting factor to consider

is that geophysical data, such as MT resistivity data, are not only dependent

on the local stratigraphy but also for example on fluid content, temperature

and hydrothermal alteration. Nevertheless, this section discusses the correlation

between stratigraphy and resistivity.
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Three geological profiles are used for a joint interpretation with the resistivity

model. These profiles have been taken from Downs et al. (2014a). The location

of profiles A, B and C can be seen on the map in Figure 3.2 and the key for the

stratigraphy is given in Figure 3.3. The stratigraphy in all three profiles can

roughly be summarised by a 1 – 1.5 km thick shallow layer of young volcanic

infill of the Huka Group (< 300 ka) overlying a layer of ignimbrites of the

Whakamaru Group (∼ 349 ka) with an average thickness of ∼ 200 m. This is

followed by older volcanics of the Reporoa Group (> 349 ka) overlying the

greywacke basement which is located at approximately 1 – 3 km depth. Other

geological features are the buried andesite dome beneath Rotokawa (as seen in

Profile A and B) and the pluton beneath Ngatamariki (as can be seen in

Profile B).

The geological profile A as well as the same profile with an added

semi-transparent layer of the corresponding resistivity cross-section can be seen

in Figure 8.16. Especially outside the geothermal fields there is a distinct

correlation between resistivity and stratigraphy. The shallow resistive layers

correlate well with the mapped volcanics of the Huka Group. There is also a

correlation between the ignimbrites of the Whakamaru Group and the older

volcanics of the Reporoa Group with the conductive layer at 1 – 3 km depth as

seen in the resistivity model. In addition, as expected, the top of the greywacke

basement correlates approximately with the bottom of the conductive zone and

therefore appears more resistive. The uplifted horst structure and associated

faults beneath Broadlands-Ohaaki are clearly visible in the resistivity model.

The structure of the conductivity layer at 1 – 3 km depth appears heavily

influence by local faults, suggesting that the faults act as fluid pathways and
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enhance fluid flow and therefore hydrothermal alteration. Beneath the

geothermal fields there is an extensive conductive anomaly to shallow depths, as

imaged in the DC resistivity measurements and discussed above. This anomaly

is generally described as the clay-cap of the geothermal system which is created

through intensive hydrothermal alteration (Anderson et al. 2000). The location

of the buried andesite volcano beneath Rotokawa appears to correlate with a

resistive anomaly, although the depth approximated from drill-hole data does

not match the depth of this resistive anomaly. However, the drill-holes

encountered a substantially hydrothermally altered andesite (Browne et al.

1992). This could indicated that the MT measurements are only sensing the

resistive unaltered core of this andesite volcano and not the entire volcano since

there is not enough resistivity contrast between altered andesite lava and the

surrounding altered rhyolitic ignimbrites. Cross-section A also shows near

vertical resistivity anomalies near the Reporoa caldera boundary faults. As

discussed in Chapter 5 using the initial resistivity model, also the final

resistivity model suggests that the southwestern caldera boundary fault is

located further to the north than proposed by Nairn et al. (1994) and as shown

in the geological cross-section.

Geological profile B, as well as the resistivity cross-section included as a

semi-transparent layer, can be seen in Figure 8.17. Again the comparison with

the stratigraphy shows a good correlation outside the geothermal areas,

although in this cross-section the conductive zone seems to mainly be

concentrated in the ignimbrites of the Whakamaru Group. The inferred faults

in the conductive layer correlate with the mapped ones in the geological profile.

The extent of the younger Huka Group volcanic infill again correlates well with
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the shallow resistive anomaly seen in the resistivity cross-section. However, the

resistivity model suggests a tilted layer between Ngatamariki and Rotokawa

that increases in thickness, instead of a down-faulted layer as shown in the

geological profile. The location of the Kaingaroa fault zone is consistent

between the geological and resistivity profile, however, it is not imaged as a

series of down-faulted blocks by the MT measurements. Although the joint

interpretation of magnetic and resistivity data points to the existence of

resistive plutons in the lower crust, the dioritic pluton found beneath

Ngatamariki is not visible in the resistivity model. This could indicate that the

diorite is not as resistive as the granitic plutons or that the pluton beneath

Ngatamariki is hydrothermally altered. The latter argument is consistent with

the findings of Browne et al. (1992), Arehart et al. (2002), who demonstrated

that large parts of this pluton beneath the Ngatamariki geothermal field are

hydrothermally altered. However, as previously stated, the buried andesite

volcano beneath the Rotokawa geothermal field is hinted in the resistivity model

since it appears to affect the shape of the conductive clay cap at this geothermal

system.

The resistivity and geological cross-section along profile C can be seen in

Figure 8.18. Unlike in the other two cross-sections, there is little correlation

between the stratigraphy as shown in Figure 8.18 and the resistivity model.

However, this geological cross-section is less well constrained by drill-hole data

than are profiles A and B. The resistivity structure is dominated by the

conductive anomaly associated with the Ohaaki geothermal system and the

resistive basement. The Kaingaroa Fault Zone appears a lot more complex in

this resistivity cross-section than in the previous cross-section. The resistivity
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model of Profile C indicates that the discrete faults that make up the Kaingaroa

Fault Zone extend even further east beneath the Kaingaroa Plateau than

suggested in the geological cross-section. This is in agreement with the

interpretation of Stagpoole (1994) of seismic refraction data, who puts the

greywacke basement at a depth of 650 m beneath the surface of the Kaingaroa

Plateau 9 km east of the Kaingaroa Scarp.

The distinct correlation between the conductive zone at 1 – 3 km depth with

layers of ignimbrites of the Whakamaru Group and Reporoa Group could be

evidence for the theory by Bibby et al. (1999) that this conductive zone is only

caused by low temperature alteration and not due the hydrothermal alteration

associated with past or present geothermal fluid flow. The Reporoa Group

strata, including ignimbrites and lavas, have ages that range from 349 ka to

∼ 2 Ma (Gravley et al. 2006, Eastwood et al. 2013) and are therefore

comparable in age with the conductive ignimbrites found in the Horohoro

drill-hole (Bibby et al. 1999). However, these older ignimbrites are also found in

other areas of the TVZ and, as Profile B and C show, are not always as

conductive as in the eastern TRB. One reason for this could be that the

geological profiles used in the comparison to the resistivity model overestimate

the thickness of these older volcanic layers overlying the greywacke basement in

the western parts of Profile B and C. Profile C is especially not very well

constrained by drill-hole data in this area. Also, the gravity data (see

Figure 8.13) show higher gravity values for the western TRB (e.g. between

Orakeikorako and Ngatamariki) than for the eastern part of the TRB where the

conductive structure is located. This also indicates that the basin infill of

low-density volcanic material is deepening towards the Kaingaroa Fault Zone in
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the east. Another possibility, however, is that the resistivity model does not

represent the thickness of the conductive area accurately. In MT modelling, the

base of conductive anomalies is always difficult to determine. The minimum /

maximum resistivity models that are displayed below each cross-section

demonstrate this very well. In their extreme limits, the thickness of the

conductive anomaly, for example in Profile B (Figure 8.3), would increase from

∼ 1 km to ∼ 2 km depth between Ngatamariki and Rotokawa geothermal

system and therefore include the Reporoa Group ignimbrites as well. However,

in their lower resistivity bounds also the conductive feature in the eastern TRB

as seen in Profile A would increase in thickness and extend into the greywacke

basement. The top of a conductor underlying a resistive structure on the other

hand is usually very precisely determined by MT modelling. In all three

profiles, the top of the conductive anomaly correlates well with the top of the

ignimbrites of the Whakamaru Group, and the minimum / maximum resistivity

models do not show much variation in the location of this interface. However,

these ignimbrites are dated at only 0.34 Ma. If this conductive anomaly is

indeed caused by low temperature alteration alone, the process of reducing the

resistivity values of the ignimbrites through devitrification would have happened

on a much shorter time scale than postulated by Bibby et al. (1999).

Another argument against pure low temperature alteration is that the process

of devitrification does not demagnetise the rocks and the negative magnetic

anomaly could only be explained by a reversed magnetisation. However, the last

geomagnetic reversal was ∼ 0.78 Ma ago (Cande & Kent 1995), therefore the

younger ignimbrites of the Whakamaru Group should not be reversely

magnetised.
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8.4 Conceptual model of the central TVZ

The following conceptual model for the TFB and TRB is a result of the joint

interpretation between the new 3D resistivity model and available geophysical

and geological data as discussed above. Figures 8.19 and 8.20 show a graphical

representation of this conceptual model and will be discussed below.

8.4.1 Structure of Taupo-Fault Belt

The surface of the TFB is dominated by a ∼ 1 km thick layer of volcanic

material. The high electrical resistivity and positive magnetisation suggest that

this material is not hydrothermally altered and relatively young, therefore it

belongs to the Huka Group deposits (see Figure 3.3 for description).

At 3 – 9 km depth there are cooled, rhyolitic plutons embedded in the

greywacke basement. These plutons have a positive magnetisation, exhibit

resistivity values of over 200 Ωm and are of lower density than the surrounding

greywacke basement. The presence of these plutons in the TFB is not surprising

since the active rifting in this fault belt enhances vertical permeability

(Rowland & Sibson 2004) and therefore intruding magma, while the lack of

volcanism in the TFB for 200 kyr is another indication that these intrusions are

cooled and do not contain any melt.

8.4.2 Geothermal clay-caps

The TRB hosts the majority of the geothermal systems in the TVZ and has a

high heat output. The geothermal systems are imaged as highly conductive and
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Figure 8.19: 3D conceptual model of the TVZ with northward orientation based on MT
resistivity model.
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Figure 8.20: 3D conceptual model of the TVZ based on MT resistivity model. Top left:
planar view; top right: from below looking northeast; bottom left: looking south-southeast;
bottom right: from below looking north.



198 CHAPTER 8. INTERPRETATION AND SCHEMATIC MODEL

demagnetised structures at shallow depth due to the hydrothermally altered

volcanic material. The lack of correlation between stratigraphy and resistivity

in geothermal systems suggests that the resistivity structure in geothermal

systems is mainly influenced by fluids and hydrothermal alteration. The

comparison with the geological cross-sections also suggests that local subsurface

structures, such as the andesite volcano beneath Rotokawa and the horst

structure beneath Broadlands-Ohaaki, also have controlling influence on the

shape of the conductive clay cap. The influence of local subsurface structures is

therefore an important, complicating factor in the interpretation of MT data for

high-temperature geothermal systems.

8.4.3 Clay-rich zone at 1 – 3 km depth

At 1 – 3 km depth the eastern part of the TRB is dominated by a clay-rich

zone. There are two plausible explanation for the alteration process that have

formed these clay minerals: the natural low temperature alteration of old

ignimbrites as hypothesised by Bibby et al. (1999) and hydrothermal alteration

due to the presence of geothermal fluids as would be expected in a

high-temperature geothermal environment. The high electrical conductivity

measured with the MT method is purely caused by the clay minerals and this

geophysical method cannot distinguish between the different types of alteration

or even confirm the presence of any fluids. Also the negative magnetic anomaly

could be caused by either demagnetisation due to hydrothermal alteration

processes or the presence of reversely magnetised, older ignimbrites. Although

the stratigraphy shows a strong correlation between this conductive layer and

ignimbrites, some of the dated ignimbrites are too young to have been altered to

such a degree without the presence of geothermal fluids.
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The commonality for both explanations is that the conductive anomaly

represents clay-rich volcaniclastic infill of the basin and caldera with an

increased thickness towards the Kaingaroa fault zone. Whether these clay

minerals are the result of low temperature alteration in the absence of

geothermal fluids or represent paleo-hydrothermal fluid flow is difficult to

determine.

8.4.4 Interconnected partial melt

At 10 – 20 km depth beneath the TRB there is a SW-NE trending, elongated

body exhibiting resistivity values of 15 – 60 Ωm. This body is interpreted to be

interconnected partial melt in the lower crust of the central TVZ. The melt

fraction is estimated to be 1 – 5 % based on the values of the 3D resistivity

model and and the online modelling programme SIGMELTS.

Although previous MT surveys imaged conductive bodies beneath the TFB and

not the TRB, the findings of this higher resolution MT study are in agreement

with the shear wave velocity model of Bannister et al. (2004). Furthermore, the

existence of a partial melt body beneath the TRB is more plausible, since this

area has the highest heat output in the TVZ and hosts the majority of the

geothermal systems (see Chapter 3 for more detail). This body is likely to be

the heat source for many geothermal systems in this area.

8.4.5 Convective plumes

The 3D resistivity model supports the theory of Bibby et al. (1995), that the

heat from the partial melt body is transported through a convective regime in
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the central TVZ. Several conductive plume-like structures are imaged in the

resistivity model and are interpreted as convective upflow zones of geothermal

fluids. In the eastern TRB these plumes can be found beneath the active

geothermal systems Rotokawa, Ohaaki, as well as Reporoa and Waiotapu. They

exhibit low resistivity values of < 50 Ωm. There are also several less conductive

plumes in the western TRB with resistivity values of 40 – 100 Ωm that are not

beneath active geothermal systems. Although no fossil geothermal systems have

been mapped at present in these areas above the plumes, it is still possible that

these less conductive plumes represent the old convective regime in the TVZ,

since fossil geothermal systems are more difficult to map. The lack of

geothermal fluids in these plumes would explain the higher resistivity values of

these structures as the resistivity signature would only reflect the past

high-temperature alteration of these fossil upflow zones (Bibby et al. 1995).

This would imply that there has been a shift in convective upflow from the

western to the eastern TRB with time. However, these structures are yet to be

imaged by other geophysical methods. But due to their near-vertical extend to

∼ 10 km depth other geophysical methods might not be able to resolve these

structures.

8.5 Chapter Summary

The final 3D resistivity model presented in this chapter ties in very well with

previous geophysical data. Outside geothermal systems the resistivity correlates

well with the local stratigraphy. However, within geothermal systems the

resistivity structure seems to be mainly influenced by hydrothermal alteration

and fluid flow.
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Seven major features have been identified in the 3D resistivity model with the

help of previous geophysical and geological data to build a conceptual model for

the structures down to 20 km depth in the TVZ (see Figures 8.19 and 8.20).

The low resistivity anomalies of < 25 Ωm at shallow depth (< 1 km) show the

hydrothermal alteration in the clay-caps of the geothermal systems. The high

resistivity anomalies at shallow depth reflect the locations and thicknesses of

the young volcanics. They have resistivity values above 250 Ωm, thicknesses of

several hundred metres and are mainly deposited in the TFB and the

Whakamaru caldera, as well as on the Kaingaroa Plateau.

The low resistivity zone in the upper crust at 1 – 3 km depth represents

clay-rich ignimbrites. This zone shows either past geothermal fluid flow in the

TVZ or natural low temperature alteration with age in the absence of

geothermal fluids.

The Kaingaroa Plateau has another resistive anomaly associated with it from

∼ 1 – 10 km depth. This is likely to represent the resistive greywacke basement,

which is unaltered and does not show evidence for the presence of geothermal

fluids.

The western side of the study area shows a similar resistive structure as the

Kaingaroa Plateau at depth. This has been interpreted as plutonic intrusions

that have cooled to below their Curie temperature beneath the TFB and the

MVC, with one intrusion extending from the MVC to just west of the Reporoa

caldera.
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Vertical conductive structures extend from the clay-rich zone at 1 – 3 km depth

in the TRB down to ∼ 10 km depth and connect to another conductor at depth

that has been interpreted as interconnected partial melt with a melt fraction of

1 – 5 %. This body, at a depth of 10 – 20 km, appears to be located beneath the

TRB in contrast to previous MT studies that placed this conductor beneath the

volcanically inactive TFB. Most of the plume-like structures are located beneath

active geothermal systems, and they are likely to represent convective upflow

zones of geothermal fluids. However, there are also less conductive plumes in the

model that do not have a direct association with an active geothermal system.

The origin of these can only be speculated but could represent fossil upflow zones

which now lack geothermal fluids.



’The scientist is not a person who gives

the right answers, he’s one who asks the

right questions.’

Claude Lévi-Strauss, 1908 – 2009

9
Conclusions

This thesis presents new research in the field of magnetotellurics (MT), as well

as presenting a new conceptual model for the central Taupo Volcanic Zone

(TVZ) and its surrounding areas. Issues that are addressed in this thesis

included the distortion of MT measurements by the noise of electric fences as

well as the model regularisation and workflow associated with 3D inversion of a

large MT dataset. This extensive analysis led to the development of a new 3D

resistivity model for the central TVZ that includes anomalies that would have

been missed in a standard default parameter inversion. This model was jointly

interpreted with pre-existing geophysical and geological data to create a new

conceptual model for the structures down to 20 km depth in the survey area.

203
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New insights on electric fence noise and distortion

Since previous studies only looked at filtering techniques to remove electric

fence noise from existing MT measurements, a unique experiment was designed

to investigate the causes of the distortion identified in MT measurements caused

by the noise from an electric fence. This experiment revealed that only a poorly

maintained fence, which leaks current into the ground, distorts MT data. If the

station is installed at a distance greater to the point of grounding than the skin

depth at the frequency of the electric fence, the MT measurements are not

adversely affected by the noise since the electromagnetic (EM) noise field is now

sufficiently planar and fulfils the plane wave assumption on which the MT

method is based.

However, if such data that is still under the influence of a planar EM noise field,

is used as a remote reference station in the processing of a MT station that is

distorted by the same fence, it will introduce a pseudo static shift in the high

frequencies of the calculated responses. This shift was previously not described

in the literature, but has important implications for MT processing and the

removal of static shifts caused by near-surface heterogeneities.

New insights 3D inversion parameters and workflow

The choice of regularisation parameters used in 3D inversion is very important

for the resulting model. Parameters need to be selected more rigorously than is

often the case in the MT community. This thesis demonstrates the importance

of smoothing parameters and a guided development of the inverse model using

ModEM.
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Horizontal smoothing parameters have an especially large influence on the

resulting model. If a 2D structure is expected within an otherwise 3D

environment, asymmetric horizontal smoothing parameters seem to enhance this

2D structure, but for structures without dominant strike direction, isotropic

horizontal smoothing parameters are sufficient.

For the assessment of models using various smoothing parameter combinations

a frequency-dependent root-mean-square error (RMS) is of more use than a

global one, as it allows the user to assess the goodness of fit of specific target

depths / frequencies. Furthermore, the L-curve criterion, which displays the

trade-off between data and model regularisation, has a distinct minimum that

marks the best smoothing parameter combination for the given dataset and

inversion discretisation.

A guided development of the 3D inversion, in which error floors are reduced

gradually and asymmetric smoothing parameter are introduced slowly during

several sequentially progressing inversion runs, seems to be superior for this

dataset investigated than a single inversion run from a homogeneous halfspace.

It still does not require any prior information about subsurface structures,

however benefits from isotropic smoothing parameters to model the shallow

structures and later asymmetric smoothing parameters to enhance the deeper

structures, therefore enabling a better overall fit to the data.
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New information on subsurface structures of the central TVZ

The 3D resistivity model has proven to be an excellent tool in determining the

shape of the hydrothermal alteration mineral zone that caps geothermal

systems. A detailed analysis of the near-surface structures has revealed that this

alteration zone is affected by local faults and structures such as caldera

bounding faults and buried volcanoes. Therefore, this thesis has identified

another important, complicating factor to the classic ‘Bull’s eye’ approach for

the interpretation of MT data in high-temperature geothermal systems.

A layer of clay-rich ignimbrites has been postulated at 1 – 3 km depth in the

TRB. The cause of this zone could not be determined with certainty and

requires further work. This zone could either represent relict hydrothermal

alteration associated with paleo-geothermal fluid flow or low temperature

alteration of ignimbrites with age.

In contrast to previous MT studies, no evidence could be found for the existence

of a partial melt body beneath the Taupo Fault Belt (TFB). Only resistive

structures that have been interpreted as cooled granitic plutons, have been

imaged in the crust beneath the TFB. This is consistent with the lack of

volcanism in this area over the last 200 kyr. Furthermore, a conductive body

which has been interpreted as a volume of partial melt with a melt fraction of

1 – 5 % has been imaged at 10 – 20 km depth beneath the geothermally active

Taupo-Reporoa Basin (TRB). This body is likely to be the heat source for the

active geothermal systems in this part of the TVZ.
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The 3D resistivity model gives further evidence that the heat is transported in

the central TVZ through a convective regime, manifesting in vertical upflow

zones of geothermal fluids. These plumes are conductive and can be found

beneath the geothermal systems in the eastern TRB. There are also

comparatively less conductive plumes in the western TRB that could represent

previously undescribed fossil geothermal upflow zones and therefore represent

an eastward shift in the convective regime of the TRB.
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210 APPENDIX A. DIFFERENT 3D INVERSION RESULTS

(a) T (b) Z

(c) ZZ (d) ZT

(e) ZZT (f) ZZT with topography

(g) ZZT with ocean (h) ZZT with denser grid (depth)

Figure A.1: 3D inversion results using a variety of different inversion setups.
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220 APPENDIX C. EXAMPLES OF DATA AND MODEL RESPONSES

Figure C.1: Data and model responses at site 6 and 13 including error bars used in the
inversion.
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Figure C.2: Data and model responses at site 25 and 38 including error bars used in the
inversion.
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Figure C.3: Data and model responses at site 52 and 60 including error bars used in the
inversion.
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Figure C.4: Data and model responses at site 72 and 87 including error bars used in the
inversion.
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Figure C.5: Data and model responses at site 96 and 10 including error bars used in the
inversion.4
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Figure C.6: Data and model responses at site 121 and 130 including error bars used in the
inversion.
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Figure C.7: Data and model responses at site 146 and 151 including error bars used in the
inversion.



227

Figure C.8: Data and model responses at site 185 and 190 including error bars used in the
inversion.
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Figure C.9: Data and model responses at site 216 and 228 including error bars used in the
inversion.
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