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ABSTRACT

Magnetotelluric monitoring of unconventional
resources
by Nigel Rees

Extraction of unconventional gas involves the movement of fluids at depth.
In the case of shale gas, hydraulic fracturing is performed, where fluids are
injected into sequences at high pressures resulting in permeable pathways
for the trapped gas to escape. Coal seam gas (CSG) extraction involves
a process termed depressurisation, where large volumes of groundwater
are extracted from coal measures causing a pressure reduction that allows
trapped gas to desorb from the coal seams. One of the key questions the
industry sector is facing is whether it can effectively monitor movement
of fluids and changes in Earth as these unconventional energy resources
are being developed. We present two MT monitoring surveys of unconven-
tional energy resource development. The first survey involves an industrial
field study conducted in Queensland, Australia, where MT responses in-
dicated the orientation of fluid flow resulting from depressurisation, which
can be mapped and directly attributed to spatial and temporal variations
in permeability. The second survey involves monitoring deep hydraulic
fracturing of a shale gas reservoir in the Cooper Basin, Australia. MT ob-
servations indicated increases in bulk conductivity of 20 – 40% in both the
temporal and spatial domain, with these changes caused by a combination
of both injected fluid permeability and an increase in wider-scale in-situ
permeability. Finally the telluric sounding method is introduced as a po-
tential tool for monitoring hydraulic fracturing at depth. The advantage
of this method is that it is relatively easy to measure electric fields with
many dipoles and multi-channel systems and therefore electric field arrays
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ABSTRACT

could be deployed and left out for continuous monitoring. Additionally,
electric field transfer functions are essentially the identity matrix for a 1D
Earth no matter what the vertical structure is and therefore monitoring
involves plotting deviations relative to the identity matrix.

Thesis Supervisors: Prof. Dr. Graham Heinson, Dr. Stephan Thiel
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CHAPTER

ONE

INTRODUCTION

The global demand for energy is growing dramatically, with much of the
demand shifting eastward towards countries including China, India, In-
donesia and other South-eastern Asian nations (Newell et al., 2016). This
increase in energy demand is fuelled by a population that is estimated to
grow to 9.3 billion by 2050 (Lee, 2011), with much of that growth occur-
ring in less developed regions such as Asia and Africa (DeSA, 2013). Fossil
fuels are projected to provide 60% of this increase in energy demand by
2035, with gas expected to be the cleanest and fastest growing fossil fuel
(BP Energy Outlook 2035, 2016). Much of the gas we require may come
from non-traditional sources such as shales and coal seams.

Extraction of unconventional gas involves the movement of fluids at depth.
In the case of shale gas, hydraulic fracturing is performed, where fluids are
injected into sequences at high pressures resulting in permeable pathways
for the trapped gas to escape (Donaldson et al., 2014). Coal seam gas
(CSG) extraction involves a process termed depressurisation, where large
volumes of groundwater are extracted from coal measures causing a pres-
sure reduction that allows trapped gas to desorb from the coal seams (Sei-
dle, 2011). One of the key questions the industry sector is facing is whether
it can effectively monitor movement of fluids and changes in Earth as these
unconventional energy resources are being developed.
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Introduction

Monitoring CSG production involves the drilling of many survey bores that
determine fluctuations in ground water level and quality. These monitor-
ing bores are expensive to drill and maintain, and there are community
concerns regarding whether these bores are adequate to assess the effects
that CSG production has on farming and community water supplies from
aquifers. New, cheaper, effective methods are sought, and this constitutes
an industry problem because the status quo is not seen by many communi-
ties as adequate. Additionally, some production wells are very productive
and others less so. A network of monitoring bores can only give limited in-
formation on the lateral area of influence around a production well. This
makes optimising the spacing between drilled production wells difficult.
A key industry-identified problem is ensuring that the entire CSG layer
is productive, and that well spacing is optimised to ensure the minimum
number of wells are drilled, for maximum productivity.

The main geophysical tool used for monitoring shale gas hydraulic frac-
turing is microseismic, which measures compressional and shear waves re-
sulting from induced ruptures (Warpinski, 2009; Mawell, 2014). However,
microseismic monitoring is not directly sensitive to pore fluids and their
electrical connectivity (Peacock et al., 2013). The passive magnetotelluric
(MT) method is directly sensitive to electrical resistivity with depth and
orientation and may be useful in characterising how fluids interconnect in
the subsurface as a result of unconventional energy development. The MT
method was successfully utilised by Peacock et al. (2012, 2013) to moni-
tor a fluid injection of an enhanced geothermal system at 3.6 km depth.
This thesis attempts to extend on this work by testing the viability of
the MT method for monitoring subsurface fluid movement resulting from
unconventional gas production.

Two experiments were conducted with the aim of monitoring a CSG de-
pressurisation and the hydraulic fracturing of a shale gas formation. The
first experiment involved an industrial field study conducted at a CSG
testing facility in Kathleen, Queensland. This survey involved the inaugu-
ral deployment of new monitoring instrumentation provided by the AuS-
cope National MT Facility. The instruments were left in the field for four
months of continuous monitoring. New software was created which aided
in the processing of very large volume data sets. The MT responses were
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Introduction 1.1. Outline

used to determine the orientation of fluid flow resulting from depressurisa-
tion, which can be mapped and directly attributed to spatial and temporal
variations in permeability.

The second experiment monitored a ten-stage horizontal-well hydraulic
fracture of a shale gas formation in the Cooper Basin, South Australia.
The injection at a depth of 2700 m into the Murteree Shale lasted for 13
days, followed by a one month drawback phase. Coherent increases in bulk
conductivity were observed above measurement error in both the temporal
and spatial domain as a result of the stimulation.

1.1 Outline

This thesis is comprised of six chapters and three appendices, the first
chapter being this introduction. Chapter 2 gives a brief overview of the
MT method and an introduction to the theory. Chapters 3 and 4 are in the
form of scientific papers that have been accepted for publication in peer-
reviewed journals. Chapter 3 involves a detailed investigation into utilising
MT for the monitoring of a CSG depressurisation and has been published
in Geophysics. Chapter 4 describes the monitoring experiment of a ten-
stage horizontal-well hydraulic fracture of a shale gas formation in the
Cooper Basin, South Australia and has been published in Geophysics as a
letter. Chapter 5 is a short chapter detailing a new approach to analysing
array electric field data (Lilley (2015)) by using eigenvector analysis and
singular value decomposition on distortion tensors arising from fluid injec-
tion at depth. Chapter 6 provides a discussion and summary of this thesis.
Appendix A describes the newly developed field acquisition instrumenta-
tion used for our experiments. Appendix B chronicles the software created
for data processing. Appendix C outlines the physics and feasibility of the
MT method for monitoring unconventional resource development and has
been published in The Leading Edge.
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CHAPTER

TWO

MAGNETOTELLURICS

2.1 History and overview of magnetotellurics

The magnetotelluric (MT) method was introduced by Nikolayevich
Tikhonov (1950) and Louis Cagniard (1953) as a technique for investi-
gating the conductivity structure of the Earth. The MT method measures
variations of Earth’s electric field, E, and magnetic induction, B, at the
surface over time to determine conductive structure at depth. At frequen-
cies above approximately 1 Hz, electromagnetic waves (EM) are generated
by distant lightning activity. Lightening discharge produces low-frequency,
low-intensity electromagnetic pulses referred to as sferics, which propagate
in the waveguide formed by the ground and the ionosphere (Nagano et al.,
2007). The majority of energy from these electromagnetic pulses is con-
tained in the frequency band from 3 Hz to 30 kHz, whereby sferics can
propagate through the waveguide with little loss (typically 2-3 db/1000
km) and can be detected at great distances (> 10,000 km) from their source
location (Davies, 1990; Uman, 2001; Wood and Inan, 2002). Close to the
lightning strike, the fields have curvature, but at greater distances (typi-
cally 1000 km or more), the fields can be approximated as a plane-wave
source. As lightning strikes are globally concentrated at equatorial lati-
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Figure 2.1: Power spectrum of natural magnetic variations (modified from Simpson and
Bahr, 2005). Short-period signals are generated by interactions in the Earth-ionosphere
waveguide. Long-period signals are generated by solar wind-magnetosphere interactions. The
plummet of the power spectrum in the 0.5-5 Hz frequency range is referred to as the dead-band.

tudes around the world, the different source locations give different source
field polarisations.

At lower frequencies of 10−1 to 10−4 Hz, magnetic field variations are pro-
duced by the interaction of the Earth’s magnetosphere with the solar wind
(Garcia and Jones, 2002). This interaction generates large flows of elec-
trical current in the conducting ionosphere approximately 100 km above
ground, and as the interaction of solar wind is on a global scale, the signals
can again be approximated as a plane wave, with random polarisation.

In the bandwidths of 0.5 to 5 Hz and 800 to 2000 Hz, there exists what
are commonly referred to as the dead-bands at which a minimum in the
power spectrum occurs. MT responses recorded in these frequency ranges
usually suffer from reduced quality in magnetotelluric transfer functions
(Simpson and Bahr, 2005; Chave and Jones, 2012).
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2.2 Electrical resistivity of Earth’s continental crust

The electrical resistivity of sedimentary layers in the Earth’s continen-
tal crust is dependent on the resistivity of the lithological matrix, surface
conduction effects and the resistivity of pore fluids. Crustal rock resis-
tivity values can vary from 10−1 to 105 Ωm and are dependent on tem-
perature, mineral composition, fluid saturation and salinity (Haak and
Hutton, 1986). Silica-dominated clastic sediments and basement forma-
tions are typically resistive (>1000 Ωm), whereas clay-rich lithologies can
have significantly lower resistivity (1-10 Ωm), with conduction dominated
by surface mobility of ions (e.g. Chave and Jones, 2012).

Interstitial fluids can play a significant role in lowering resistivity. Elec-
trolytic conduction in fluid saturated porous rocks depends on petrophys-
ical properties such as porosity, permeability, ionic saturation of the fluid
within the rock, connectivity of the pore system and chemical parameters
of the pore fluid (Archie, 1942; Revil et al., 1998; Nover, 2005; Gleeson
et al., 2015). For deep formations at depths of 3 km or more, high tem-
peratures of > 100°C (and up to about 350°C) will further reduce the fluid
resistivity by about an order of magnitude (Nesbitt, 1993). Clay miner-
als (e.g. smectites, montmorillonite) consist of alumino-silicate minerals
with charge deficits. The electrical conductivity of a saturated mixture of
sand and clay grains is dependant on both the bulk conductivity of the
interconnected pore space and the surface conductivity at the grain water
interface (Revil et al., 1998).

Alignment of sedimentary grains with aspect ratio less than one can cause
anisotropy (VTI), and often occurs in shales and mudstones leading to
large degrees of electrical and elastic anisotropy (Anderson et al., 1994;
Clavaud et al., 2008; Ellis et al., 2010). Shales comprise most of the sedi-
mentary columns in basins and can alter the measured electrical resistivity.
Therefore, joint analysis of both resistivity and elastic anisotropy can add
useful information to rock-physics models and may help extend EM inter-
pretations results to seismic and vice versa Bachrach (2011).

For primary porosity in clastic sediments, porosity and permeability are
relatively isotropic meaning that the properties do not vary in any specific

Page ∣ 7



2.2. Electrical resistivity of Earth’s continental crust Magnetotellurics

orientation (Rees et al., 2016a,b,c). However, secondary porosity caused
by fractures, faults, bedding planes and solution channels in carbonates
may result in highly anisotropic permeability and hence anisotropic resis-
tivity profiles (MacFarlane et al., 2014; Kirkby et al., 2015). The effect
of hydraulic stimulation on bulk resistivity at depth depends on several
factors including the resistivity of the stimulation fluids, the total volume
of fluids injected, the rate of pumping, the formation temperature, the re-
gional stress field, presence of existing fracture networks and the presence
of over-pressured interstitial fluids (Rees et al., 2016b).

Extraction of unconventional energy resources such as shale gas and coal
seam gas involves mixing relationships between fluid and gaseous phases,
which need to be clearly understood in order to determine their effect
on the bulk conductivity. The empirical Archie’s law links the electrical
resistivity of a rock to the resistivity of the pore fluid volume and the
porosity of the rock (Archie, 1942). Archie’s law can be written as

ρt = aρwθ
−mS−nw (2.1)

or in terms of electrical conductivity

σeff =
1

a
σeffwθ

mSnw, (2.2)

where ρt is the bulk rock resistivity, ρw is the resistivity of the pore fluid, θ
is the porosity, Sw is the brine saturation, m is the cementation exponent
of the rock, n is the saturation exponent, a is the tortuosity factor, σeff is
the effective conductivity and σeffw is the effective brine conductivity. The
cementation exponent m describes the degree of interconnectivity of pore
fluids, with a greater permeability resulting in a decrease in m. The satu-
ration exponent n is related to the wettability or the degree of saturation
of the rock. The tortuosity factor a corrects for variations in compaction,
pore structure and grain size.

Hashin and Shtrikman (1962) derived bounds for the conductivity of
macroscopically homogeneous and isotropic two-phase materials:

σf + (1 − φ)(
1

(σm − σf)
+

φ

3σf
)−1 > σeff > σm + φ(

1

(σf − σm)
+

(1 − φ)

3σm
)−1

(2.3)
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where σm represents the conductivity of the solid matrix, σf is the conduc-
tivity of the high-conductivity material, and φ is the volume fraction of the
conductive material. The Hashin-Strickman upper (HS+) and lower (HS−)
bounds describe the cases where the conductive material is perfectly inter-
connected and the case where the conductive material is confined within
isolated pockets respectively (e.g. Simpson and Bahr, 2005). These bounds
show the critical importance that connectivity has on the effective conduc-
tivity in a two-phase medium. The effect of multiphase material on the
Hashin-Strickman bounds has been discussed by Berryman (2014, 2006).
Here, HS+ and HS− bounds on electrical conductivity are defined as:

σ(HS+) = (
n

∑
i=1

xi
(σi + 2σmax)

)−1 − 2σmax,

σ(HS−) = (
n

∑
i=1

xi
(σi + 2σmin)

)−1 − 2σmin.

(2.4)

where xi denotes the volume fraction of the ith component of conductivity
σi, σmax is the most conductive phase within the mixture and σmin is the
least conductive phase (e.g. Chave and Jones, 2012).

2.3 Applications of MT

The MT method utilises a broad range of frequencies (10−5 to 104 Hz)
which can be useful for a range of research and commercial applications.

2.3.1 Research applications

Crustal, oceanic and mantle MT surveys are often undertaken to constrain
the electrical conductivity of the Earth. Crustal research involves under-
standing crustal deformation, amalgamation, melt accumulations, zones of
fluid alteration and economic natural resources (Chave and Jones, 2012).
Recent examples of crustal research can be found in Farquharson and
Craven (2009), Bai et al. (2010), Khoza et al. (2013) and Ellis et al. (2014)

Mantle research involves understanding the thermal structure of the man-
tle, investigating partial melting such as mid-ocean ridge melting and sub-
duction zone volcanics, and determining the hydration of the upper mantle
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(Chave and Jones, 2012). Recent examples of mantle research can be found
in Baba et al. (2010), Worzewski et al. (2011) and Naif et al. (2013).

2.3.2 Commercial applications

Commercial applications of the MT method include monitoring geothermal
systems, mineral exploration, hydrocarbon exploration and environmental
monitoring.

Geothermal systems are generally composed by regions of faults and frac-
tures filled with saline geothermal fluids and are ideal targets for EM meth-
ods to map and monitor (Muñoz, 2014). There has been extensive litera-
ture regarding utilising EM methods to monitor geothermal systems (e.g.
Newman et al., 2008; Heise et al., 2008; Peacock et al., 2012).

Mineral systems analysis involves understanding the combination of geo-
logical processes required to form and preserve ore deposits at all scales,
and is increasingly being adopted in the study of the genesis and distri-
bution of ore deposits in space and time (McCuaig et al., 2010). Major
fault structures, in particular the suture zones between cratonic blocks,
represent deep penetrating zones of enhanced permeability encouraging
the passage of potentially mineralising brines and melts (Dentith et al.,
2012). The need to map variations in physical properties at lower crustal
and mantle depths in a cost-effective manner makes MT a very powerful
tool for mineral exploration. Conventional exploration techniques such as
induced polarisation (IP) and transient electromagnetic (TEM) methods
lose penetration and resolution power rapidly at depths greater than 500
m (Zhang et al., 1998). Examples of utilising MT for mineral exploration
can be found in Tuncer et al. (2006) and Jones et al. (2009).

Typical environmental application of EM methods include ground water
monitoring, mapping and monitoring salt-water incursion in susceptible
aquifers, mapping geology and soil, archaeology and for mapping and moni-
toring contaminants (Nobes, 1996). Tezkan (1999) and Santos et al. (2006)
give examples of such environmental applications.

There are two distinct uses for EM methods regarding hydrocarbon explo-
ration at present:
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1. EM for structural problems – where MT (or sometimes CSEM) is
used to guide seismic imaging in difficult areas (such as salt/basalt).

2. EM for determining reservoir properties – where CSEM is almost
exclusively used alongside seismic to determine reservoir rock and
fluid properties.

Seismic imaging is useful for mapping subsurface structures that contain
hydrocarbons. EM methods add value by detecting changes in resistivity
associated with hydrocarbons and hydrocarbon-bearing formations (Hes-
thammer et al., 2010). Typically, seismic reflection performs poorly in
environments that reflect and scatter acoustic energy such as buried salt,
carbonate and volcanic horizons (Constable et al., 1998). Hoversten et al.
(1998) demonstrated the capability of the marine magnetotelluric tech-
nique in mapping the base of salt structures which is useful in resolving
velocity ambiguities that cause significant positioning errors in migrated
seismic data. Stanley et al. (1985) utilised magnetotelluric measurements
to indicate hydrocarbon migration patterns and possible trap areas in the
Paraná basin, South America. Mitsuhata et al. (1999) showed the ef-
fectiveness of integrating magnetotelluric and seismic reflection data for
exploration of a volcanic-rock reservoir.

Monitoring unconventional hydrocarbon resources using MT falls into cat-
egory two, which is in itself novel since this has traditionally been a CSEM
domain. The big difference for the applications described in this thesis is
that the fluids being detected are conductive relative to the host rock (as
opposed to resistive in many CSEM applications) which is why MT is an
appropriate tool.

2.4 Theory

2.4.1 Basic calculus operators

The main operator used in MT is ∇ (partial derivative operator del), and
in Cartesian coordinates is expressed as

∇ = x̂
∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
. (2.5)
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This differential operator can be applied to scalar and vector functions.
For example, the gradient of a scalar function T can be written as

∇T = (x̂
∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
)T. (2.6)

There are three ways the operator ∇ can act:

1. On a scalar function T (as in Equation 2.6): ∇T (the gradient);

2. On a vector function v, via the dot product: ∇ ⋅ v (the divergence);

3. On a vector function v, via the cross product: ∇× v (the curl).

The divergence, ∇⋅v is a vector operator that measures how much a vector
v spreads out (diverges) from the point in question. The divergence of a
vector function v produces a scalar and can be represented mathematically
as

∇ ⋅ v =
∂vx
∂x

+
∂vy
∂y

+
∂vz
∂z

. (2.7)

The curl, ∇×v is a vector operator that describes the infinitesimal rotation
of a three-dimensional vector field. At every point in the field, the curl of
that field is represented by a vector. The attributes of this vector (length
and direction) characterise the rotation at that point.

∇× v = x̂(
∂vz
∂y

−
∂vy
∂z

) + ŷ(
∂vx
∂z

−
∂vz
∂x

) + ẑ(
∂vy
∂x

−
∂vx
∂z

) (2.8)

2.4.2 Green, Stokes and Gauss Theorems

Green’s theorem shows the relationship between a line integral around
a simple closed curve C and a double integral over the plane region D
bounded by C. Let D be a closed, bounded region in R2 with boundary C
= ∂D. Let F(x,y) = M (x,y)i + N (x,y)j be a vector field of class C 1 then

∮
C
M dx +N dy =∬

D
(
∂N

∂x
−
∂M

∂y
)dxdy. (2.9)

Stokes’ theorem is a generalisation of Green’s theorem to three dimensions.
Let S be a piecewise smooth oriented surface in R3 such that its boundary

Page ∣ 12



Magnetotellurics 2.4. Theory

∂S consists of finitely many C 1 simple, closed curves. If F is a vector field
of class C 1, then Stokes’ Theorem states that

∮
∂S
F ⋅ ds =∬

S
(∇×F) ⋅ dS. (2.10)

The divergence theorem of Gauss relates the transformation between triple
and surface integrals. Let D be a solid region in R3 such that its boundary
∂S consists of finitely many smooth, closed, orientable surfaces. If these
surfaces are oriented by unit normals n pointing away from D and F is a
C 1 vector field, then Gauss’s theorem states that

∯
∂D

F ⋅ dS =∭
D
∇ ⋅FdV. (2.11)

2.4.3 The Maxwell equations

Electromagnetic phenomena obey the four Maxwell’s equations, which can
be described in derivative form as (Ward and Hohmann, 1988; Chave and
Jones, 2012)

∇ ⋅D = pe (2.12)

∇ ⋅B = 0 (2.13)

∇×E = −
∂B
∂t

(2.14)

∇×H = J +
∂D
∂t

(2.15)

where D is the electric displacement, pe is the electric charge density, B is
the magnetic induction, E is the electric field, H is the magnetic field and
J is the electric current density. Equation 2.12 represents Gauss’s law for
electricity and states that the electric field diverges from electric charges.
Equation 2.13 represents Gauss’s law for magnetism and states there are
no magnetic monopoles or, in other words, magnetic fields always form
loops. Equation 2.14 represents Faraday’s law and states that circulating
electric fields are produced by time-varying magnetic fields. Equation 2.15
represents Ampere’s law and states that circulating magnetic fields are
produced by the vector sum of electric currents and time-varying electric
displacement.
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Constitutive relations are required that connect field components with ma-
terial properties of the medium in which they occur. It is necessary to spec-
ify the relations between the displacement fieldD and E, and the magnetic
field H and B, before doing calculations in electromagnetism. These con-
stitutive relations specify the response of bound charge and current to the
applied fields. It can be shown that for a linear, isotropic medium, the
following relationships hold true (Ward and Hohmann, 1988)

J = σE (2.16)

D = εE (2.17)

B = µH (2.18)

where ε is the dielectric permittivity (for free space, ε = ε0 = 8.854 x 10−12

farad / meter), µ is the magnetic permeability (for free space, µ = µ0 = 4π
x 10−7 henries / meter) and σ describes the electric conductivity. Applying
equations 2.16 - 2.18, Maxwell’s equations can be rewritten in the form

∇ ⋅E =
pe
ε
, (2.19)

∇ ⋅B = 0, (2.20)

∇×E = −
∂B
∂t
, (2.21)

∇×B = µσE + µε
∂E
∂t
. (2.22)

2.4.4 Diffusion of electromagnetic fields

From vector field theory, we can show that any given vector A can be
expressed as the sum of the gradient of a scalar potential φ and the curl
of a vector potential ψ

A = ∇φ +∇ ×ψ (2.23)

where by the following three vector identities hold (Jackson and Fox, 1999):

∇×∇φ = 0 (2.24)

∇ ⋅ (∇×ψ) = 0 (2.25)

∇× (∇×ψ) = −∇2ψ +∇(∇ ⋅ψ). (2.26)
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Taking the curl of Equation 2.14 (i.e. Faraday’s law) we have

∇× (∇×E) = ∇× (−
∂B
∂t

). (2.27)

Substituting in Equation 2.26 and assuming a charge free region (pe = 0)
and a divergence free field (∇ ⋅E = 0) gives

∇2E = µ(σ
∂E
∂t

+ ε
∂2E
∂t2

) (2.28)

and by an analogous operation on Equation 2.15 we obtain

∇2H = µ(σ
∂H
∂t

+ ε
∂2H
∂t2

). (2.29)

Equations 2.28 and 2.29 are wave equations in the time domain for the
electric and magnetic fields. Assuming a time dependence for E and H of
the type eiωt (ω representing the angular frequency in Hz, and i =

√
−1),

Fourier transformation of the wave equations with respect to time yields

∇2E + k2E = 0 (2.30)

and
∇2H + k2H = 0 (2.31)

in which k2 denotes the squared complex wave number

k2 = µεω2 − iµσω. (2.32)

Equations 2.30 and 2.31 represent the Helmholtz equations in the frequency
domain. Here, µ, ε and ω are functions of frequency, and for Earth mate-
rials at frequencies < 105 Hz, µεω2 << µσω such that Equations 2.28 and
2.29 can be written as

∇2E = µσ
∂E
∂t
, (2.33)

∇2H = µσ
∂H
∂t
, (2.34)

and for the Helmholtz equations (Equations 2.30 and 2.31), the wave num-
ber k becomes

k2 = iµσω. (2.35)

Equations 2.33 and 2.34 are diffusion equations which describe how electro-
magnetic fields propagate (or diffuse) through the Earth and exponentially
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dissipate. These diffusion equations are second order linear differential
equations with the following solutions:

E = E1e
−ikz +E2e

ikz, (2.36)

H =H1e
−ikz +H2e

ikz. (2.37)

Earth does not generate electromagnetic energy, but only dissipates or
absorbs it (e.g. Simpson and Bahr, 2005). This implies that E2 and H2 = 0
for Equations 2.36 and 2.37 (as E and H should diminish as z → re (where
re is the radius of Earth). Therefore, the solutions in Equations 2.36 and
2.37 simplify to

E = E1e
−ikz, (2.38)

H =H1e
−ikz. (2.39)

Here, k is complex and can be written as

k =
√
iµσω =

√
i
√
µσω =

1 + i
√

2

√
µσω =

√
µσω

2
+ i

√
µσω

2
. (2.40)

The inverse part of the real k is referred to as the electromagnetic skin
depth or penetration depth δ

δ =
1

Rk
=

√
2

µσω
=

√
T

πµσ
(2.41)

where T is the period in seconds. Equation 2.41 describes the expo-
nential decay of EM fields with increasing depth. For studies of the
Earth, the magnetic permeability µ is usually assigned the free-space value
µ0 = 4π.10−7Hm−1 (Simpson and Bahr, 2005). Thus, equation 2.41 may
be simplified to

δ = 503
√
ρT (2.42)

where δ has units of meters, T is the period in seconds and ρ is the inverse
of electrical conductivity, or the electrical resistivity in Ωm. Here, we can
show that the skin depth is dependent on the average conductivity of the
Earth that is penetrated.

The inverse of the k in Equation 2.40 is referred to as the Schmucker-
Weidelt transfer function (Schmucker, 1973; Weidelt, 1972):

C =
1

k
=
δ

2
−
iδ

2
. (2.43)

Page ∣ 16



Magnetotellurics 2.4. Theory

The transfer function C is complex and establishes a linear relationship
between the physical properties that are measured in the field. Taking the
first derivative of Equation 2.36 with respect to depth and with E2 = 0, we
have

∂Ex

∂z
= −ke−kzEx = −qEx. (2.44)

Comparing Equation 2.44 with 2.14 lends the link between the electric and
magnetic field components

∂Ex

∂z
=
∂By

∂t
= −iωBy = −qEx. (2.45)

This result shows that when comparing the orthogonal components Bx

and Ey (or By and Ex), the time derivative of Bx is equal to the spatial
derivative of Ey with respect to z. The relationship between orthogonal
components of E and B is defined by the complex valued, signal frequency
dependent impedance tensor Z

(
Ex

Ey
) = (

Zxx Zxy
Zyx Zyy

)(
Bx/µ0

By/µ0
) (2.46)

or
E(ω) = Z(ω) ⋅B(ω)/µ0 , E,B ∈ C2 , Z ∈ C2×2 . (2.47)

The reference system x, y is orthogonal, typically rotated into geographical
directions North and East. The components of Z contain information
about the subsurface resistivity structure. These components are complex
valued and can be directly physically interpreted as (scaled) amplitude ρa
and signal phase angle φ:

ρa,ij(ω) = 1
µ0ω

∣Zij(ω)∣2 (2.48)

φij(ω) = tan−1 (
I(Zij)

R(Zij)
) . (2.49)

The scaled amplitude ρa is called apparent resistivity (given in Ωm). It rep-
resents the average resistivity of an equivalent uniform half-space for any
given period. Together with the signal phase, this value can be interpreted
as a proxy for the resistivity depth distribution. However, accurate data
inversion and modelling is required in order to obtain the actual subsurface
resistivity structure.
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Figure 2.2: Cartoon illustrating a one-dimensional resistivity model with σ varying with
depth.

2.4.5 The one-dimensional approximation

The one-dimensional approximation considers an N-layered half-space be-
neath Earth’s surface where each layer has thickness hi and conductivity
σi varies only with depth. The Ex and By fields in the nth layer can be
expressed as

Exn = ane
−knz + bne

+knz (2.50)

and
Byn =

kn
iω

[ane
−knz − bne

+knz]. (2.51)

Therefore, the following transfer functions can be calculated

Cn(z) =
Exn(z)

iωByn(z)
(2.52)

and
kn =

√
iµ0σnω. (2.53)

Wait’s recursion formula (Wait, 1954) can be used to calculate the transfer
function at the top of the nth layer provided the transfer function of the
(n+1)th layer is known, and can be expressed as

Cn(Zn−1) =
1

kn

knCn+1(Zn) + tanh(knln)

1 + knCn+1(Zn)tanh(knln)
(2.54)

where ln = zn − Zn−1. Solving for Equation 2.54 involves iterating the
transfer function at the top of the lowermost layer (defined as a uniform
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half space CN = 1
kn
) and applying Equation 2.54 N -1 times to determine

the surface transfer function.

2.4.6 The two-dimensional approximation

Z

x

y

HZ

Hy

HxEx

Ez

Ey

σ1 σ2

TE TM

Figure 2.3: Cartoon illustrating a simple 2D model consisting of quarter-spaces with different
conductivities meeting at a vertical contact striking in the x-direction and extending to infinity.
Conservation of current across the contact dictates that the electric field (Ey) is discontinuous.
For this idealised 2D case, the electromagnetic modes can be decoupled into the E-polarisation
(TE mode) and B-polarisation (TM mode).

Figure 2.3 shows a simple two-dimensional (2D) model with a resistivity
boundary striking in the x-direction. Such a boundary geologically may
represent faults or dykes, where the conductivity structure and the source
fields are unchanged along this orientation. Here, the boundary divides two
regions of varying conductivity, σ1 and σ2. Taking Faraday’s law (2.14)
and Ampere’s law (2.15), and assuming an eiwt time dependence we can
generate the following sets of equations

∂Ex

∂y
=
∂Bz

∂t
= iωBz (2.55)

∂Ex

∂z
=
∂By

∂t
= −iωBy (2.56)

∂Bz

∂y
−
∂By

∂z
= µσEx (2.57)

and
∂Bx

∂y
= µ0σEz (2.58)
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−∂Bx

∂z
= µ0σEy (2.59)

∂Ez

∂y
−
∂Ey

∂z
= iωBx. (2.60)

For 2D geoelectrical structures, the electromagnetic fields can be decoupled
into two independent modes: the Transverse Electric (TE) and Transverse
Magnetic (TM) mode. The first set of equations (2.55 – 2.57) represent
the TE mode which incorporates electric fields parallel to geoelectric strike
(Ex), with induced magnetic fields perpendicular to strike (By). The sec-
ond sets of equations (2.58 – 2.60) represent the TM mode which incor-
porates magnetic fields parallel to strike (Bx), with induced electric fields
perpendicular to strike (Ey). For our 2D model, the impedance tensor Z
can be reduced to

Z2D = (
0 Zxy
Zyx 0

) (2.61)

where Zxy and Zyx are derived from the TE and TM sets of equations
respectively. As field data is rarely orientated in the direction of strike,
the MT impedance tensor is usually rotated by an angle θ (strike angle)
such that the new coordinate frame is parallel and perpendicular to the
strike of the resistivity boundary

Z' = RθZRT
θ (2.62)

with Rθ representing a clockwise rotation matrix

Rθ = (
cosθ sinθ
−sinθ cosθ

) . (2.63)

Induction arrows (often referred to as tipper vectors) are vector repre-
sentations of the complex ratios of vertical to horizontal magnetic field
components and can be used to infer the orientation and intensity of a
conductivity anomaly. Parkinson (1959) and Wiese (1962) were the first
to derive techniques for deriving induction vectors. Briefly, the Parkinson
convention states that the vectors point towards anomalous internal con-
centrations of current whereas the Wiese convention vectors point away
from regions of higher conductivity. From equations 2.55 – 2.60 we can
conclude that in a 2D earth, induction arrows are only associated with
E-polarisation and for insulator-conductor boundaries, induction arrows
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will orientate perpendicular to the boundaries and have magnitudes that
are proportional to the magnitude of the discontinuity (Jones and Price,
1970).

2.4.7 The three-dimensional approximation

Z

x

y

σ1 σ2a

b
c

a ≠ b ≠ c  

Figure 2.4: Cartoon illustrating a simple 3D model consisting of a prism of conductivity σ2
in a half-space of conductivity σ1. Here, the impedance tensor Z takes its general form with
all components independent of each other.

The impedance tensor Z is useful for determining the dimensionality of the
subsurface. In a three-dimensional (3D) earth, the conductivity changes
in all directions and the impedance tensor takes its general form with all
components independent of each other

Z3D = (
Zxx Zxy
Zyx Zyy

) . (2.64)

Here, there is no rotation direction through which the diagonal components
of Z can be reduced to zero.
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MT monitoring of CSG depressurisation 3.1. Abstract

3.1 Abstract

The depressurisation of coal seam gas (CSG) formations causes in-situ flu-
ids to migrate through pores and fractures in the Earth. The removal
or discharge of large volumes of water from coal measures reduces in-situ
fluid pressure allowing natural gas to be released from the coal matrix.
This process results in a time-dependant resistivity variation in the sub-
surface. Increasing the connectivity of in-situ fluids may lead to a re-
duction in resistivity of the targeted lithologies. A correct assessment of
such resistivity variations is of significant interest not only for the indus-
try in order to optimise production and extraction well locations, but also
to regulatory bodies, where a desire for a reliable method for monitoring
changes in subsurface fluid distribution allows sound risk assessment of po-
tential environmental hazards. From an industrial field study conducted
in Queensland, Australia, we show that the magnetotelluric (MT) method
in the bandwidth of 100 Hz – 100 s can be used to monitor changes in
the bulk resistivity of depressurised lithologies. Results from our study in-
dicate the orientation of fluid flow resulting from depressurisation, which
can be mapped and directly attributed to spatial and temporal variations
in permeability. MT is introduced as a low-cost, low-impact technology
that can be used for short and long term environmental monitoring.

3.2 Introduction

Coal seam gas (CSG), also known as coalbed methane (CBM) is a form
of natural gas (predominantly methane) that exists in underground coal
seams, where it is adsorbed to the surrounding coal matrix and held in
place by water pressure (Moore, 2012; Hamawand et al., 2013). It is an
important energy resource due to the increased demand for gas as a sub-
stitute for coal and oil in electricity generation (Hamawand et al., 2013).
In Australia, as for many other regions of the world, the CSG industry has
grown significantly over the past decade and has opened opportunities for
Australia’s economic and regional development (Letts, 2012; Boger et al.,
2014).
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To extract CSG, a process known as depressurisation is undertaken,
whereby large volumes of groundwater (in the order of megalitres per an-
num) are extracted from coal measures that may contain many thin coal
layers (Aminian and Rodvelt, 2014). This procedure causes a pressure re-
duction in the coal seams allowing the trapped gas to desorb from the coal,
leading to increased gas mobility and production rates (Seidle, 2011).

There exists significant environmental concern regarding the local and re-
gional impacts associated with CSG production (Pashin, 2007; Swayne,
2012). Of particular concern is the potential leakage of produced gases
and drawdown of groundwater in shallow aquifers (Cheung et al., 2010).
A drawdown of groundwater levels could adversely impact other hydrogeo-
logical strata, which again could affect groundwater dependent ecosystems
(Moore et al., 2014). Therefore, one of the key questions for the develop-
ment of a viable and sustainable CSG industry is whether it is possible
to effectively monitor the movement of fluids and resultant changes in the
Earth arising from CSG production. The drilling of survey bores are an ex-
pensive and inefficient method of monitoring fluctuations in ground water
level and quality. Additionally, such monitoring bores only provide infor-
mation at a single location, and are not capable of measuring the hydraulic
connectivity of subsurface fluids.

In this paper, we propose the application of the passive magnetotelluric
(MT) method as a novel approach to provide a cost-effective alternative
for monitoring CSG depressurisation. MT is a potentially advantageous
technique for this purpose due to its sensitivity to electrical resistivity with
depth and orientation. Thus, MT monitoring may address the following
questions and therefore become a useful tool for the monitoring of CSG
extractions:

i What happens to subsurface fluids and gases with time during depres-
surisation and production?

ii Which directions and how far do fluids and gases migrate?

iii What are the short and long term consequences of production?

iv Is there evidence for any hydrological connection with overlying
aquifers?
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We present here the first survey of MT for the spatial and temporal mon-
itoring of fluid movement due to CSG depressuration.

3.3 Theory

The MT method is a passive EM technique that measures variations
of Earth’s electric (E) and horizontal magnetic (H) field vectors at the
Earth’s surface over time to determine the resistivity structure at depth.
Detailed information about theoretical background and practical aspects
can be found in various texts (Simpson and Bahr, 2005; Chave and Jones,
2012). We present here a short introduction, including the concepts neces-
sary to follow the further description of our proposed monitoring method.

Magnetotelluric signals are generated from the interaction of solar winds
with the Earth’s magnetic field (frequencies < 1 Hz) and equatorial thun-
derstorm activity (frequencies > 1 Hz). Electromagnetic fields naturally
induced within the Earth from these source-fields have periods ranging be-
tween 10−4 and 105 s. Electromagnetic responses from increasing depths
can be retrieved with increasing MT sounding periods (Cagniard, 1953).
The electromagnetic skin depth, δ, describes the distance by which the
electromagnetic fields decay to an amplitude of 1/e (≈ 0.37) of their sur-
face value. In a homogeneous Earth, the skin depth is

δ(ω) =

√
2

ωµ0σ
≈ 500

√
ρT (3.1)

where δ has units of meters, ω is the angular frequency, µ0 is the magnetic
permeability (for studies of Earth, µ0 is commonly taken as 4π ⋅10−7H/m),
σ is the electrical conductivity in Sm−1, ρ is the electrical resistivity in Ωm,
and T is the signal period in seconds. From equation 3.1 it follows that
longer sounding periods are required to detect deeper targets, albeit at
increasingly lower resolution.

The relationship between orthogonal components of E and H is defined
by the complex-valued, frequency dependent impedance tensor Z
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(
Ex

Ey
) = (

Zxx Zxy
Zyx Zyy

)(
Hx

Hy
) (3.2)

or

E(ω) = Z(ω) ⋅H(ω) , E,H ∈ C2 , Z ∈ C2×2 . (3.3)

For a linear, isotropic medium, the relationship between the magnetic in-
duction (B) and H is given by

B = µH (3.4)

The reference system x, y is orthogonal, typically rotated into geographi-
cal directions north and east. For our experiments, impedances were not
rotated and thus the MT xy-polarisation is associated with E-fields in the
east direction and the MT yx-polarisation is associated with B-fields to
the east. The components of Z contain information about the subsur-
face resistivity structure, and are complex valued. The impedances can be
physically interpreted as (scaled) amplitude ρa

ρa,ij(ω) =
1

µ0ω
∣Zij(ω)∣

2 (3.5)

and signal phase angle φ

φij(ω) = tan−1 (
I(Zij)

R(Zij)
) . (3.6)

The scaled amplitude ρa is called apparent resistivity (given in Ωm). It rep-
resents the average resistivity of an equivalent uniform half-space for any
given period. Together with the signal phase, this value can be interpreted
as a proxy for the resistivity depth distribution. However, accurate data
inversion and modeling is required in order to obtain the actual subsurface
resistivity distribution.

Magnetotelluric monitoring of CSG depressurisation involves observing
changes in apparent resistivity over the bandwidth at which EM induc-
tion occurs within the sequences containing the coal seams. From this,
one can model the vertical and lateral changes in subsurface resistivity
before, during and after depressurisation.
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3.4 Imaging and modeling of subsurface fluid changes
based on MT data – a proof of concept

As a first step we conducted a feasibility study to determine the effective-
ness of using MT to monitor changes in Earth’s resistivity due to depres-
surisation. Although it is not known how the subsurface bulk resistivity
will change, our feasibility models represent two possible theories. Firstly,
depressurisation causes shrinkage of the coal matrix which increases the
cleat width and permeability (Mitra et al., 2012). This may result in
greater connectivity of conductive in-situ fluids, leading to a reduction in
bulk resistivity. Secondly, removing conductive fluids may reduce the for-
mation fluid saturation, causing an increase in bulk resistivity (Archie,
1942).
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Figure 3.1: a) Background baseline resistivity model (red) obtained by applying a boxcar
filter on a recorded borehole wireline resistivity log (black). The original profile has been
extended towards the surface with a constant value, and downwards from 800 m to 1500 m by
an exponential increase as a result of porosity reduction due to lithological stress. b) Colored
representations of four different deviations from the background resistivity model - thickness
50 m. c) Colored representations of four different deviations from the background resistivity
model - thickness 200 m.

Our synthetic models are based on survey parameters conducted in the
Surat Basin, Queensland. The depressurisation is targeting coal measures
at depths of approximately 500 ± 200 m. Typically, the net coal thick-
ness across the Surat Basin ranges from 20 to 30 m with a gross thickness
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(including all interbedded clastic lithologies) of 200 to 300 m (Pourabed
et al., 2013). Borehole resistivity logs were used to generate a 1D layered
resistivity structure that extends down to 1500 m depth, which is taken as
the baseline model (Figure 3.1a). Deviating from this background model,
a range of scenarios for resistivity changes due to depressuration were de-
veloped as shown in Figures 3.1b and 3.1c.
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Figure 3.2: a) 1D forward modelled apparent resistivity and phase as a result of the scenarios
presented in Figure 3.1b. b) 1D forward modelled apparent resistivity and phase as a result
of the scenarios presented in Figure 3.1c.
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Based on Wait’s recursion formula (Wait, 1954), MT responses were gen-
erated for a given combination of 50 frequencies over a range of 0.01 to
10 s. Resulting synthetic MT responses are then compared with the re-
sponses from the background model. In order to estimate the potential to
differentiate between the models, we included uncertainties of 3 % around
the curves. Such uncertainty is realistic for a low-noise long-term survey
in which daily MT responses are generated using very long time series
from continuously deployed instruments. Figure 3.2 shows the apparent
resistivity and phase curves for the different scenarios.

Results from this study give us an insight into the resolution that might
be expected when monitoring resistivity changes using MT. If the coal
measure thickness is small (in the order of 50 m thick), then we would only
see significant changes in the MT response if the layer resistivity drops to
1 Ωm or less. Layer resistivities in the range of 3 – 30 Ωm for a 50 m
thick coal measure produce little change in response when compared with
the background model. However, if the coal measure thickness is increased
to 200 m, significant splits in apparent resistivity and phase are observed.
Introducing a 200 m thick 1 Ωm layer can result in a decrease in apparent
resistivity of approximately 40 – 70%. Increasing the layer resistivity to 3
Ωm will result in a drop in apparent resistivity of 20 – 30%.

3.5 Using MT for CSG monitoring in Queensland,
Australia

3.5.1 Survey parameters

An MT survey of a CSG production testing site was conducted from De-
cember 2013 to April 2014. The site is located in the Surat Basin, Queens-
land, Australia, with production wells targeting the Walloon Coal Mea-
sures. The depth of investigation for CSG lithologies in the Surat Basin is
in the range of 200 – 1000 m below the surface.

Munoz and Ritter (2013) proposed the method of obtaining pseudo-remote
reference responses by measuring horizontal magnetic fields only at some
stations, whilst the spatially more rapidly changing electric fields are mea-
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sured at all stations in the array. This technique utilises the homogeneity
and coherence of magnetic fields within a small area, and shortens the
set-up time of an MT station significantly. For our survey, we utilised
this technique by deploying 52 electric field data loggers (E-loggers) and 3
sets of magnetic induction sensors (B-loggers) to produce pseudo remote-
reference MT responses along two orthogonal survey lines, each 2.5 km in
extent, and crossing various production wells (Figure 3.3).

W1

W2

W3W4W5

W6

Electric Field Data Loggers

Magnetic Field Data Loggers

0 500
meters

Line 1

Line 2

101 105

112

Figure 3.3: Location of 52 MT electric field loggers along two lines, each approximately
2.5 km long, and a reference station in the north-west of the figure. Magnetometers were
deployed at the eastern end of Line 1 and the southern end of Line 2, and at the reference
site. The location of nearby operational wells (W1 – W6) are shown. The orange boxes
represent the sites used for the 2D modeling studies and the red boxes represent the sites used
for the 1D time-lapse inversions. Site spacing was 100 m and the instruments were recording
continuously for four months.
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The E-loggers recorded data from 16 m long dipoles in the north-south and
east-west orientations. The B-loggers had LEMI-120 broadband induction
coils recording in north and east orientations. Each logger was equipped
with an internal battery that was trickle charged by a solar panel, allowing
for months of continuous monitoring (Rees et al., 2016b).

The E- and B-loggers recorded data at 651 Hz over the course of the
experiment, including a pre-production stage through December 2013 and
January 2014, and a production stage starting in early February 2014.
Good data and MT responses were produced at many stations, but damage
to electrode cables by local wildlife occurred at numerous sites. Sites at
the eastern side of Line 1 and along much of Line 2 were severely damaged
and as a result were not used for the subsequent processing and modelling.

3.5.2 Local geology - Stratigraphy of the Walloon Subgroup

The Jurassic-Cretaceous Surat Basin is a broad intracratonic basin that
covers an area of 270,000 km2 and extends across southeastern Queensland
into northern New South Wales (Exon, 1976; Hoffmann et al., 2009). The
basin hosts the Middle Jurassic Walloon Coal Subgroup which is one of
Australia’s premier low-rank coal seam gas resources (Hamilton et al., 2012,
2014a).

The six production wells in our study area (Figure 3.3) target the Juandah
Coal Measures of the Waloon Subgroup of the Injune Creek Group (c.f.
Figure 3.4). These coal measures are well developed across the eastern
Surat Basin and contain shallow and thin coal beds that have sufficient
unconventional gas content to be economically viable (Scott et al., 2004,
2007; Garthwaite et al., 2015).
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Figure 3.4: Litho-stratigraphy of the Surat Basin (modified from Scott et al., 2007). The
target interval for this experiment are the Juandah Coal Measures of the Walloon Sub Group.

3.5.3 Data and Processing

In total, 2 TB of 651 Hz data were collected, of which 120 GB were B−field
time-series data and 1880 GB E−field time-series data from 49 working
stations. The survey was partitioned into three sections: a pre-extraction
phase from 06-Dec-2013 until 25-Dec-2013, an extraction phase from 04-
Jan-2014 until 17-Mar-2014, and a post-extraction phase from 18-Mar-2014
until 08-Apr-2014.

In contrast to commonly applied monitoring techniques, the processing of
MT data is not standardised and all steps had to be validated carefully.
The recorded 651 Hz time-series data were split into sections of 72 hours
length. A Butterworth low-pass frequency filter was applied to the time-
series in combination with a decimation down to 100 Hz (Krieger and
Peacock, 2014). The degree of contamination of the data by anthropogenic
noise was very low due to the remote location of the survey.
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half of the figure shows the YX polarisation mode apparent resistivity and phase curves for
the same sites.
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MT transfer functions (impedance tensors) were estimated from each indi-
vidual section of the time-series data using the Bounded Influence Remote
Reference Processing (BIRRP) code of Chave and Thomson (2004). The
obtained frequency domain data was in the range of 30 Hz to 0.03 Hz.
With an assumed knowledge of the local stratigraphy, the skin-depths of
these frequencies suggest a coverage over a depth interval of approximately
150 to 3500 m. The impedances were not rotated due to lack of knowledge
of geoelectric strike.

Figure 3.5 shows examples of typical apparent resistivity and phase curves
pre- and post-depressurisation. Sites 101 and 104 show splits in the ap-
parent resistivity curves for both XY and YX modes beginning at approx-
imately 0.25 seconds, with the YX mode showing larger changes. These
changes in response were seen most prominently near and to the west of
Well 4. Such changes in apparent resistivity are approximately 10 – 20
%, comparable to the feasibility study when introducing a 200 m thick 3
Ωm layer (c.f. Figure 3.2b). The lack of significant phase changes may
be attributed to the small resistivity contrasts between the coal measures
and the surrounding formations. The observed apparent resistivities are
in the range of 3.5 – 4.5 Ωm and the forward models in Figure 3.2 suggest
small to non-observable phase changes. Nevertheless, all phase informa-
tion is contained within the modelling processes and supports the resistiv-
ity information. Site 112 shows no change between the before and after
depressurisation apparent resistivity and phase curves for both modes.

3.5.4 Modeling of spatial variation

Two-dimensional (2D) modeling of data was undertaken along the recorded
profiles to analyze variations in subsurface resistivity associated with de-
pressurisation. Although data are mostly 1D in the bandwidth of interest,
we used a 2D framework to provide a spatial smoothing along the measured
lines. Data were inverted from pre- and post-extraction phases respectively
to elucidate where changes in the subsurface had occurred.
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Figure 3.6: a) 2D inversion showing the pre-production (08-Dec-2013) resistivity structure
below Line 1. The plot shows from 100 – 800 m below the surface with the black triangles
representing the sites used for the inversion. b) 2D inversion along Line 1 pre-production on
08-Feb-2014. c) Percentage change in resistivity structure between Figures 3.6a and 3.6b. d)
2D inversion showing the pre-production (08-Dec-2013) resistivity structure below Line 2. e)
2D inversion along Line 2 pre-production on 08-Jan-2014. f) Percentage change in resistivity
structure between Figures 3.6d and 3.6e.

Two-dimensional inversions of Line 1 and Line 2 (orange boxes in Fig-
ure 3.3) were conducted using the commercial MT modeling software
WinGLink, which uses the non-linear conjugate gradient method of Rodi
and Mackie (2001). Both XY and YX modes were inverted for the inver-
sions shown in Figures 3.6 and 3.7. The wireline logs for the six production
wells indicated continuous horizontal layering down to 800 m over the sur-
vey area. Therefore, horizontal smoothness was weighted by a factor of 4
to ensure stratigraphic continuity was maintained. Various tau values were
tested, with a value of 10 found to be appropriate as a trade-off between
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model roughness and minimising data misfit. Error floors were set to 5%
and the root-mean square (RMS) misfit was 1.2 – 1.6 for all models.
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Figure 3.7: a) 2D inversion of Line 1 post-production (21-Mar-2014). b) The percentage
decrease in resistivity structure below Line 1 between days before and after depressurisation
(c.f. Figures 3.6a and 3.7a). Percentages above 10 % were considered significant; smaller
changes were omitted. The major change is located in the Upper and Lower Juandah Coal
Measures to the west of Well 4. c) 2D inversion of Line 2 post-production (21-Mar-2014). d)
The percentage decrease in resistivity structure below Line 2 between days before and after
depressurisation (c.f. Figures 3.6d and 3.7c).

Line 1 (in Figure 3.3) crosses three major production wells, namely Wells 3,
4 and 5. For our survey, Well 4 produced an order of magnitude more water
than all other wells (c.f. Figure 3.8a). In order to have an understanding of
the variable site noise, 2D inversions of two different days pre-production
were conducted. Figures 3.6a and 3.6b show 2D smooth inversions of Line
1 pre-production on 08-Dec-2013 and 08-Feb-2014 respectively. Wells 3, 4
and 5 are identified, with the approximate depths of the lithologies from
the Well 4 wireline logs shown. We note that the depths of interfaces are
similar from the wireline logs at Wells 3 and 5. Figures 3.6d and 3.6e
show inversions of Line 2 pre-production on 08-Dec-2013 and 08-Jan-2014
respectively, with Well 6 identified. In general, data quality from Line 2
was not as good as that from Line 1 due to damage of cables by cattle
resulting in fewer available sites.
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Figure 3.8: a) Comparison of water rate (in m3/day) for Wells 2 – 6 over the length of
production. Black vertical line represents the post-production day used for the 2D inversions.
b) Comparison of gas rate (in m3/h) for Wells 2 – 6 over the length of production.

A convenient way to represent changes in the subsurface is as a percent-
age change relative to the original resistivity profile. Figure 3.6c shows
the percentage change in resistivity between Figures 3.6a and 3.6b, both
of which are resistivity structures from time intervals before depressurisa-
tion commenced. Figure 3.6f shows the percentage change in resistivity
between Figures 3.6d and 3.6e. Here we observe variable site noise along
Lines 1 and 2 ranging between ± 10 %. Thus, we take the upper limit of
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this noise and consider any change in resistivity above 10% resulting from
depressurisation as being significant.

Figure 3.7a shows a 2D inversion of Line 1 post-production, with Figure
3.7b showing the percentage decrease in resistivity structure between the
starting model (Figure 3.6a) and the post-depressurisation model (Figure
3.7a). Percentage decreases in the subsurface resistivity are plotted to
clearly show the changes in apparent resistivity observed in Figure 3.5.
Significant decreases in resistivity of between 10 – 20% occur, confined
to an area between the mainly active production location Well 4 and the
recently activated Well 5. Despite the inherently limited depth resolution
of MT, the inversions indicate a depth range of change that coincides with
the location of the targeted Upper and Lower Juandah Coal Measures.
In contrast, no significant change in the overlying Springbok Sandstone is
observed, which contains major regional aquifers (Hamilton et al., 2014b).
Figure 3.7c shows a 2D inversion of Line 2 post-production, with Figure
3.7d showing the percentage decrease in resistivity structure between the
starting model (Figure 3.6d) and the post-depressurisation model (Figure
3.7c). Here we observe no significant change between the two profiles.

3.5.5 Modeling of temporal changes

As a long-term monitoring approach it is necessary to delineate the tempo-
ral evolution of change on time-scales smaller than the overall experiment
time-line. We focus on a subset of three stations with highest quality data
and different location characteristics (red boxes in Figure 3.3) to compare
how subsurface resistivity evolves with time and location. The chosen sta-
tions were 105 (close to Well 4), 101 (600 m west of Well 4) and 112 (400 m
east of Well 4). For all stations, MT responses were generated for each 72
hour block of the survey from 24-Jan-2014 until 03-Mar-2014. Data after
the 3rd March were of poor quality due to electrode damage by cattle.

From the 2D inversions, sites between Wells 2 and 5 are expected to show
the largest change in resistivity. The water rate from Well 4 was signif-
icantly greater than that from the other producing wells (Figure 3.8a).
For the time-interval shown, Wells 2 and 4 produced the most water, with
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Wells 5 and 6 beginning to produce water immediately before the post-
production day used in the 2D inversions.
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Figure 3.9: a) Time-lapse inversion showing the temporal variation in the target coal seam
resistivity beneath sites 101, 105 and 112 (see red boxes in Figure 3.3) from 24-Jan-2014 until
03-Mar-2014. The blue line represents the water production rate (m3/d) and the red line
represents the gas production rate (m3/h) from Well 4. The color bar represents resistivity
from 2 to 4 Ωm. b) Percentage decrease in subsurface resistivity relative to the 24-Jan-2014
resistivity profile. As for the 2D inversions, changes above 10% were considered significant.

The immediate effects of the detailed pumping and production schedule
can be observed in the time-lapse inversions presented in Figure 3.9. Here,
pseudo 1D inversions of our chosen stations were conducted by utilising
a 2D grid (Rodi and Mackie, 2001) in order to achieve continuity in the
time-domain (caused by implicit horizontal smoothing). Evaluation was
restricted to the YX-mode data only, as this mode showed larger changes in
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apparent resistivity (see Figure 3.5). Horizontal smoothness was weighted
by a factor of 4 to maintain stratigraphic continuity, error floors were set
to 5%, with a tau value of 10 and RMS misfit of 1.2 – 1.6 for all models.

Water production from depressurisation began on 11-Feb-2014 and gas
production began on 20-Feb-2014. Site 105 shows the largest decrease
in resistivity in the Juandah Coal Measures (400 – 600 m). The locally
inferred resistivity in the depth of interest is initially 2.8 – 3 Ωm; post-
production the coal measures become more conductive dropping to 2 – 2.2
Ωm. This drop in resistivity is in the order of 20 – 35 % and occurs until
03-Mar-2014 (c.f. Figure 3.9b).

Much weaker effects can be observed at station 101 although the time line
of the water production rate is still reflected in the temporal resistivity
profile. Here we observe significant changes in the Lower Juahdah Coal
Measures occurring from the beginning of March. The resistivity structure
of Site 112 is far less affected by the production when compared with sites
101 and 105.

One important point to note is that as a result of utilising a 2D grid,
smoothing acts in both causal and acausal directions. Also note that in
order to generate good quality data, low-frequency filtering was undertaken
by averaging variations over 72 hour windows. Both these points can result
in the 1D time-lapse inversions showing changes in resistivity smeared out
in the acausal direction from future to past.

3.5.6 Interpretation

The spatial 2D inversions show the Upper and Lower Juandah Coal Mea-
sures as having the largest change in resistivity with time, decreasing by
up to 15 – 20 % from the pre-production models. The temporal 1D time-
lapse inversions indicate the coal measures becoming less resistive with
time, with observable changes becoming smaller with increasing distance
from Well 4. Both 1D and 2D inversions show the main resistivity changes
occurring in the Juandah Coal Measures. There is no significant change
in the Springbok Sandstone which hosts major regional aquifers.
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Producing gas from a CSG reservoir can result in coal seam matrix shrink-
age and an associated increase in permeability (Mitra et al., 2012). Our
2D models show the observed changes in resistivity confined to the west
of Well 4, which may be indicative of greater permeability in this region
allowing improved connection of conductive fluids, resulting in decreased
volumetric resistivity.

3.6 Discussion

The magnetotelluric method has been used for various monitoring appli-
cations in the past of which a few examples are presented. Peacock et al.
(2013) used MT to monitor an enhanced geothermal system (EGS) fluid
injection at 3.6-km depth near Paralana, South Australia. They utilised
phase tensor and resistivity tensor residuals (Caldwell et al., 2004) to char-
acterise alterations in subsurface resistivity structure. Ogaya et al. (2013)
undertook an MT survey of the Hontomín site, Spain, to monitor the geo-
logical storage of CO2. Here, 2-D models were created that provided a base-
line geoelectrical image of the pre-injection subsurface. Finally, Uyeshima
(2007) reviews electromagnetic methods aimed at monitoring volcanic and
seismic activities.

We have designed and conducted a feasibility study to determine the po-
tential for MT to be used to monitor changes in resistivity structure of the
Earth as a result of CSG production. One-dimensional forward modeling
of wireline resistivity data was conducted based on a pre-production data
set and various during- and after-production scenarios. The assumed inter-
actions of the pumping and change in resistivity structure were based on
heuristic arguments. For the model that included a 50 m coal measure de-
pressurisation interval, at 500 m depth, a significant change in subsurface
MT response only occurred when the layer resistivity dropped to 1 Ωm or
less. However, increasing the thickness of the depressurised coal measure
to 200 m meant that layer resistivities in the order of 1 – 3 Ωm could
be easily detected. Results suggest that it is indeed possible to observe
changes in resistivity caused by the pumping of water from the modelled
coal measures. It also showed that the data processing has to be carried
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out carefully, because the typical data uncertainties may be as large as the
response change.

Conditions for the acquisition of data for this study were determined by
the industrial sponsor resulting in various spatial and temporal constraints.
Data were collected under long-term, high-temperature (> 40°C) condi-
tions with many sites damaged by local wildlife. Results have been ob-
tained with new hardware and software. All these points have to be con-
sidered in the final analyses and interpretations, and further comparable
studies will be required to quantify the influence of acquisition and pro-
cessing parameters.

We have conducted a first-time feasibility survey of a producing CSG test
site using an MT array. Subsurface resistivity changes within the depth
ranges of realistic CSG depressurisation parameters have been monitored.
These response changes are above measurement error, consistent across
the survey profile and comparable with the production schedule. Spatial
and temporal changes in response can be mapped through modeling and
inversion to image resistivity changes with depth and distance. Thus, it
is technically feasible to use MT to monitor a mid- to long- term CSG
depressurisation program. Additionally, MT has the added advantage of
being relatively cheap when compared to drilling monitoring boreholes or
conducting active seismic surveys as it is a passive technique.

Causal links are observed between changes in resistivity and depressurisa-
tion of target formations. Releasing sorptive gas during depressurisation
causes the coal matrix to shrink resulting in an increase in permeability
(e.g. Harpalani and Schraufnagel, 1990; Mitra et al., 2012). An increase
in permeability causes conductive fluids held within the matrix to connect
resulting in a change in resistivity. Such changes in resistivity can thus
be used as a proxy for fluid-flow allowing a determination of areas with
greater permeability and hence production capacity. With many wells be-
ing drilled in a CSG field, such information may be useful for planning
where to drill the next well in order to increase the likelihood of economic
production.

Our pioneering study aimed to demonstrate the possibility of utilising MT
for monitoring the effects of CSG depressuration. Additional studies will
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be required which may include extensive 3D forward modeling to further
quantify the effects of volumetric resistivity changes as well as utilising 3D
inversion to model actual volumetric perturbations resulting from depres-
surisation.

3.7 Conclusion

Results from our survey demonstrate that the MT method has great
promise for monitoring CSG depressurisaton. The advantages of the tech-
nology are that it is low-cost, leaves little environmental impact and can be
used for long term monitoring. The information gained can show the spa-
tial extent of depressurisation, which can be used to enhance well optimi-
sation by determining regions in the subsurface with greater permeability.
MT can indicate aquifer interconnection and can be used for near real-time
environmental monitoring. There exists great opportunities for improve-
ments in modeling and interpretation by integrating other petrophysical,
geophysical and production data.

The future of CSG monitoring may involve deploying vast arrays of MT
instruments that record continuously over the production life of the CSG
fields being monitored. Logger data could be transferred daily to an on
site processing station, whereby automated modeling algorithms could pro-
duce 4D maps of subsurface resistivity that could aid in real-time decision
making.
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Monitoring shale gas resources using MT 4.1. Abstract

4.1 Abstract

The magnetotelluric (MT) method is introduced as a geophysical tool to
monitor hydraulic fracturing of shale gas reservoirs and to help constrain
how injected fluids propagate. MT measures the electrical resistivity of
Earth, which is altered by the injection of fracturing fluids. The degree
to which these changes are measurable at the surface is determined by a
number of factors such as the conductivity and quantity of the fluid in-
jected, the depth of the target interval, the existing pore fluid salinity and
a range of formation properties such as porosity and permeability. While
microseismic monitoring is the primary tool for modelling the propagation
of hydraulic fracturing, the approach has limitations. Microseismic in-
versions of hydraulic-fracture stimulations are highly dependent upon the
velocity models used. Furthermore, the relationship between the path of
the injected fluid and the position of the seismic events are not simple.
From an MT monitoring survey of a shale gas hydraulic fracture in the
Cooper Basin, South Australia, we show that MT can record increases in
bulk conductivity of 20 – 40 % in both the temporal and spatial domain.
We conclude that these increases in bulk conductivity are caused by a com-
bination of both injected fluid permeability and an increase in wider-scale
in-situ fluid permeability.

4.2 Introduction

Shale gas is a form of natural gas (predominantly methane) that remains
tightly trapped in low permeable shale formations typically 1500 – 4500
m below the surface (Ridley, 2011; Speight, 2013). Economic production
of shale gas involves enhancing the permeability of the shale matrix by a
process known as hydraulic fracturing (Curtis, 2002). Hydraulic fracturing
involves injecting fluids, sometimes mixed with quartz grains to maintain
fracture permeability, into the shale matrix at high pressures resulting in
permeable pathways for the trapped gas to escape (Donaldson et al., 2014).

In order to understand the fracture geometry, microseismic monitoring is
performed, which measures compressional (P-wave) and shear (S-wave)
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waves resulting from induced earthquakes (microseismics) (Warpinski,
2009; Mawell, 2014). However, microseismic monitoring is not directly
sensitive to the pore fluids nor conductivity (Peacock et al., 2013). The
flow of electrical currents through a formation depends on porosity, ionic
saturation, composition of fluids present and surface conduction along clay
minerals (Archie, 1942; Revil et al., 1998; Gleeson et al., 2015). The amal-
gamation of conductive injected and in-situ pore fluids combined with an
increase in permeability due to hydraulic stress will reduce the bulk resis-
tivity of a formation.

Passive magnetotellurics (MT) is an innovative approach to monitoring
variations in electrical resistivity resulting from hydraulic fracturing of
shale gas formations (Peacock et al., 2013; Rees et al., 2016b). Magne-
totelluric studies measure electric and magnetic vector fields that provide
depth and directional information about the subsurface resistivity struc-
ture. MT is a passive measurement that uses natural geomagnetic vari-
ations as a source, making the technique logistically simpler than active
source methods (Simpson and Bahr, 2005; Chave and Jones, 2012). Con-
tinuous recording of these source fields can be utilised to monitor changes
in the MT response caused by hydraulic fracturing, which may infer frac-
ture orientation, fluid migration and hydraulic connectivity (Peacock et al.,
2012). Inverse modeling of changes in the MT response can give you phys-
ical properties of the reservoir as demonstrated by Rosas-Carbajal et al.
(2015). We present the first MT survey for the spatial and temporal moni-
toring of fluid movement resulting from hydraulic fracturing of a shale gas
reservoir at depth.

4.3 Monitoring hydraulic fracturing in Moomba,
Australia

Hydraulic fracturing of a shale gas reservoir was conducted in the Cooper
Basin, which is a Late Carboniferous to Middle Triassic non-marine sed-
imentary basin located in central Australia (Hill and Gravestock, 1995).
The Permian Murteree Shale was targeted with a 915 m lateral horizontal
well (Moomba-193) at 2700 m depth. A ten-stage hydraulic fracture pro-
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gram commenced from 29 May to 10 June 2014, followed by a drawback
phase from 15 June to 13 July 2014. The total fluid volume injected was
19 ML, with 2.8 ML recovered at the surface. The untreated injection fluid
had an electrical resistivity of 1.33 Ωm at ambient Earth temperature. The
borehole temperature at the top of the Murteree Shale was 180°C (Wal-
dron and Camac, 2016) and the formation temperature corrected injected
fluid resistivity was estimated as 0.3 Ωm (c.f. Ussher et al., 2000, Fig. 2).
The fracture program was monitored using downhole microseismic (see
Waldron and Camac, 2016, for the microseismic description and results).
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Figure 4.1: Schematic of the survey area showing the set-up of the electric (E) and magnetic
(B) field data loggers. The black dotted line represents the approximate orientation of the
horizontal drill-path of Moomba-193, with the associated wireline resistivity log to the right
of the figure. Grey shaded structure represents the approximate location of injected hydraulic
fracturing fluids.
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Figure 4.2: Top figure shows the XY component apparent resistivity for the four stations
(see Figure 1 for location of stations) before (blue) and during (green) hydraulic fracturing.
Here we can observe a clear decrease in apparent resistivity during fracturing for sites 35 and
36 for periods greater than 10 seconds. Sites 12 and 22 show negligible change in the XY
mode. Bottom figure shows the YX apparent resistivity for the four stations. Here, there is
little change in apparent resistivity for all stations.
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We deployed an MT array using AuScope instrumentation from mid-May
to mid-June 2014 around the Moomba-193 well in order to monitor the
hydraulic fracturing. Instruments to record the secondary electric fields
(E-loggers) were placed in a cross-pattern, as shown in Figure 4.1, with 10
instruments on each line approximately 200 m apart. To take advantage of
the homogeneity and coherence of magnetic fields over a small area and to
reduce the set-up time of an MT station, only three magnetic field loggers
(B-loggers) were deployed (Munoz and Ritter, 2013). These B-loggers
were located at the ends of Lines 1 and 3, with a third B-logger 15 km
away from the Moomba-193 well to act as a remote reference. E-loggers
recorded data from 16 m dipoles with redundancy (c.f. Rees et al., 2016b)
using PbCl electrodes, and B-loggers utilised LEMI 120 induction coils.
Both E- and B-loggers recorded data at 651 Hz over the course of the
experiment.

4.3.1 Data and Processing

In order to generate good quality MT responses, low-frequency filtering
was undertaken on the time-series by averaging over 96 hour windows.
The time-series had a Butterworth low-pass filter applied to them in con-
junction with a decimation down to 100 Hz (Krieger and Peacock, 2014).
The Bounded Influence Remote Reference Processing (BIRRP) code of
Chave and Thomson (2004) was used to generate MT transfer functions
and error estimates in the range of 10 Hz to 0.01 Hz.

Forward modeling studies suggested the period range of change to be 10 s
and higher for apparent resistivity and 1–10 s for phase, with the largest
changes likely to occur near Line 3 due to its close proximity to the hor-
izontal fracturing (Rees et al., 2016b). Figure 4.2 shows the apparent
resistivity data for four sites (red circles in Figure 4.1) before (20 May
2014) and during (05 June 2014) hydraulic fracturing. Impedances were
rotated by 10○ to the orientation of local structure, maximising changes in
the XY mode. The error in the frequency interval of interest was in the
order of 1–4%, implying good quality data. Static shift corrections to 4
Ωm were applied to the high frequency limit both spatially and temporally.
Data within the interval 4–20 s (grey zone in Figure 4.2) are subject to a
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minimum in the power spectrum known as the dead-band (Simpson and
Bahr, 2005; Chave and Jones, 2012). The dead-band data were generally
of variable quality and therefore excluded from further processing steps.

The XY modes for sites 35 and 36 show a clear drop in apparent resistivity
during hydraulic fracturing for all periods greater than 10 seconds. Sites 12
and 22 show little to no change in the XY mode between the two time win-
dows. The YX mode shows little to no change for the four sites presented.
The data quality both spatially and temporally was variable depending
on the strength of the inducing field and the local contact resistance in
dry and arid sand dunes. Rees et al. (2016b) show that the bandwidth of
predicted phase effects mostly occur in the dead-band, where results are
biased by low source strength resulting in low signal-to-noise ratio data.

4.3.2 Spatial change in resistivity

In order to determine the spatial change in resistivity, the response func-
tions from each line in our survey area before (20 May to 24 May) and dur-
ing (05 June to 08 June) pumping were inverted using a two-dimensional
scheme (Rodi and Mackie, 2001). Both XY and YX modes were inverted,
horizontal smoothness was weighted by a factor of 4 to maintain strati-
graphic continuity and error floors were set to 5 %. Smooth models were
generated using a tau value of 50, with a root-mean square (RMS) misfit
of between 1.2 – 1.6 for all models.

Figure 4.3 shows the percentage difference between inversions before (20
to 24 May 2014) and during (05 to 08 June 2014) pumping for the four
lines in our study area. Given variable spatial signal strength and noise, we
considered a decrease in resistivity above 20 % as significant and changes
below this threshold were omitted. There exists significant change in the
subsurface resistivity structure of between 20 – 40 % below Line 3. The
change is modelled at a depth interval of approximately 2500 – 2700 m,
which coincides with the depth of the horizontal well. Generally there
was no significant change below the other lines, except for a very shallow
surface variation below Site 25 on Line 2.
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Figure 4.3: Percentage decrease in resistivity structure between days before (20 to 24 May
2014) and during (05 to 08 June 2014) hydraulic fracturing. The dotted line represents
the approximate orientation of Moomba-193. Black triangles represent the sites used for
the inversions. Percentages above 20 % were considered significant and smaller changes were
omitted. Here we can see the major change occurring along Line 3 at a depth of approximately
2500 – 2700 m.

4.3.3 Temporal resistivity evolution

The temporal evolution of subsurface resistivity for two sites (36 near hy-
draulic fracturing and 45 far away) are shown in Figure 4.4. Here, the
apparent resistivity for four different periods are plotted against time. Site
36 shows consistent apparent resistivities for periods below the dead-band
over the one month interval. For periods longer than 10 s, a clear drop
in apparent resistivity is observed coinciding with the start of pumping.
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Site 45 shows all periods having relatively consistent resistivities for the
time interval up until the end of pumping. Note that signals from Site 45
become more noisy during the days after pumping.
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Figure 4.4: Time-lapse change in apparent resistivity for various periods for stations 36 and
45. Station 36 has a significant drop in resistivity at periods above 10 seconds occurring after
the start of fluid injection.
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4.4 Discussion

We have detected changes in subsurface resistivity within the depth ranges
of realistic shale gas hydraulic fracturing using an MT array. Two-
dimensional inversions showed significant changes in resistivity surround-
ing Line 3, the closest line to the horizontal fracture. The temporal re-
sistivity evolution for Site 36 confirmed a drop in resistivity at periods
greater than 10 s coinciding with the start of pumping. 19ML of 0.3 Ωm
(at formation temperature) fracturing fluid was injected into the Murteree
Shale, which is a relatively small volume that is unlikely to be detectable
using MT. However, the microseismic results suggest a fractured volume
in the order of 300 m x 300 m x 1000 m (c.f. Fig. 3 from Waldron and
Camac (2016)). Well completion reports show Murteree Shale formation
fluid resistivities in the order of 0.5 Ωm at surface conditions, which if
extrapolated to formation temperature would reduce to approximately 0.1
Ωm (Ussher et al., 2000). Thus, we conclude that our MT observations
are not only resultant from the injected fracturing fluids which are rather
small in volume, but also (and maybe mostly) incorporate the saline in-
situ fluids that have a much greater connectivity as a result of hydraulic
fracturing.

4.5 Conclusion

Despite targeting changes in an interval incorporating the natural dead-
band, we were able to detect response changes above measurement error
resolved in time and space that coincide with the hydraulic fracturing pro-
gram. These changes in resistivity with depth and distance were mapped
through inversion. Results from this pioneering survey are promising and
demonstrate that MT has great potential for monitoring hydraulic frac-
turing. Nevertheless, more definitive case studies are required in order for
this technology to become more commonplace. MT is an advantageous
technology in that it is low-cost, leaves little environmental impact and
can be deployed for continuous long-term monitoring. There exists great
opportunities for innovation in modelling as well as incorporating MT into
reservoir characterisation (e.g. MacFarlane et al., 2014; Rosas-Carbajal
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CHAPTER

FIVE

MONITORING HYDRAULIC STIMULATION
USING TELLURIC SOUNDING

5.1 Introduction

The telluric sounding (TS) method was introduced in the 1960s and in-
volves simultaneously recording the horizontal components of electric fields
(E) at different sites (Berdičevskij and Keller, 1965; Yungul, 1966). The
measured E can be affected by galvanic distortion, which is caused by
gradients in electrical conductivity associated with near-surface hetero-
geneities (Chave and Smith, 1994). The accumulation of charge at con-
ductivity boundaries strongly alters E (Groom and Bailey, 1989). This
local distortion of E can be described by a real-valued second-rank tensor
D that relates the electric field measured at a local (EM) and regional
(EB) site according to (Chave and Jones, 2012)

EM =D.EB (5.1)

where

D = [
Dxx Dxy

Dyx Dyy
] . (5.2)
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In this case, D is relative to axes X and Y, typically north and east.
Introducing a rotation matrix R(θ)

R(θ) = [
cosθ sinθ
−sinθ cosθ

] (5.3)

and the transpose RT(θ), the value of D relative to axes X' and Y' (which
are rotated θ' clockwise from north and east) is given by the matrix D'
(Lilley, 2015)

[
D′

xx D′

xy

D′

yx D′

yy
] =R(−θ′). [

Dxx Dxy

Dyx Dyy
] .R(θ′). (5.4)

For a 1D Earth, the distortion matrix will be the identity matrix. In
the presence of galvanic distortion this will be manifest as an amplitude
shift, and a twist and shear operation (Lilley, 2015). In quite conducting
environments the twist, shear and galvanic shift are likely to be relatively
small. For deeper 2D structures, the distortion matrix can be rotated to
reflect the changes in E for both TE and TM modes, with the TM mode
showing the more significant change. For a more detailed explanation on
the theory of galvanic distortion, the reader is referred to Groom and Bailey
(1989, 1991), Groom and Bahr (1992) and Chave and Smith (1994).

Lilley (2015) proposed the use of both eigenvalue analysis (EA) and sin-
gular value decomposition (SVD) on the distortion matrix, with Mohr
diagrams introduced as a versatile way of visualising solutions to EA and
SVD. Briefly, EA involves finding a direction of EM for which the change in
EB is in the same direction, with the eigenvalue of the direction giving the
gain of the process. SVD produces differing rotations for the axes at the
regional site B and local site M. Therefore, a change in E at rotated site B
produces a change in E along the rotated axis at site M. For a detailed ex-
planation on EA, SVD and Mohr diagrams related to the distortion tensor,
the reader is referred to Lilley (1993, 2014, 2015).

The goal of this chapter is to test the viability of utilising the TS method
for monitoring hydraulic stimulation at depth. One advantage of the TS
method is that it is relatively easy to measure E with many dipoles and
multi-channel systems and therefore E arrays could be deployed and left
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out for continuous monitoring. Additionally, E transfer functions are essen-
tially the identity matrix for a 1D Earth no matter what the vertical struc-
ture is. Therefore, monitoring would involve plotting deviations relative
to the identity matrix, with static shift appearing as a galvanic multiplier
at all periods. The impedance on the other hand has real and imaginary
components. Finally, the TS method is relatively low cost when compared
with traditional magnetotelluric measurements and may prove a simple
and favourable method for monitoring fluid movement. One downside to
the TS method is that E are typically noisier than magnetic field mea-
surements which may cause interpretation issues when analysing transfer
functions.

5.2 3D feasibility study

A 3D feasibility study was conducted to test the viability of the TS method
for monitoring conductive change at depth. The 3D forward modeling code
of Mackie et al. (1993) was used to create a baseline resistivity structure
as shown in Figure 5.1. The baseline resistivity model consisted of a 10
Ωm conductive layer down to 0.8 km, a 50 Ωm layer from 0.8 – 2 km,
a 100 Ωm layer from 2 – 4.5 km and finally a 1000 Ωm layer from 4.5 –
1200 km. The stimulation model introduces a conductive block at 3.6 km
depth, with volumetric dimensions of 3 x 1 x 0.4 km.
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Figure 5.1: Resistivity model used for the 3D synthetic forward modeling study. Zoomed
in box shows six lines of sites with each black square representing one site. Orange dashed
box represents the respective base sites (EB) used for each line and the dashed purple box
represents the measured sites (EM ).

3D forward modeling for both base and stimulation resistivity structures
produced classical MT responses. EB

EM
transfer functions were derived by

assuming magnetic fields at the base and measured sites were equal (i.e.
BB

BM
= 1) and performing the following operation

EB

EM
= ZB.Z−1

M . (5.5)

Figures 5.2 – 5.5 show each component of the resultant transfer functions
(TFxx, TFxy, TFyx, TFyy) between the EB and EM sites for the six lines
in the synthetic grid.
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Figure 5.2: Synthetic EBX
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period in seconds. The blue transfer functions represent the baseline model and red transfer
functions result from the introduction of the 1 Ωm conductive body at 3.6 km depth. Note
that only the real components of the transfer functions are plotted.
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Figure 5.3: Synthetic EBX

EMY
transfer functions for the six lines.
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The baseline transfer functions represent the identity matrix, where TFxx
and TFyy are 1 and TFxy and TFyx are 0 for all periods. The stimulation
TFxx and TFyy show changes of between 1 – 2 %, with these changes
occurring from about 5 s and continuing to longer periods. The changes
in TFyy are slightly larger when compared with TFxx, and the stations
furthest away from the injection (e.g. station 59) show negligible changes.
The changes in TFxy and TFyx are generally less than 1%.

Changes in transfer functions (and hence distortion tensors) can be anal-
ysed using SVD and EA and plotted onto Mohr circles grids (see Lilley
(2015)). Such a grid is shown in Figure 5.6, where SVD analysis was per-
formed on distortion tensors comparing EB and EM along Line 3 during
stimulation. The grey vertical and horizontal lines represent the D’xx and
D’xy axes respectively. The black radius interacts with the red circle at
the observed point. The Mohr circles increase in diameter for stations sur-
rounding the 1 Ωm conductive body (stations 32 – 34) at periods of 3 s
and greater. The size of the Mohr circles progressively become smaller and
approach the identity matrix moving further east from station 34. Similar
grids can be plotted using EA as shown in Figure 5.7. Here the dashed red
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lines are the D’yy axis and the two black radii represents the eigenvalues.
Notice that for the sites surrounding the conductive zone, the eigenvectors
are orthogonal which is a representation of the 2D case.

Another interesting way of viewing distortion changes is by mapping Mohr
circles at specific periods for each site in the array. Such a representation
in shown in Figure 5.8, where SVD Mohr circles are drawn for every site
at a period of 5 s. The 1 Ωm conductive body lies between Lines 3 and 4,
and the Mohr circles surrounding the body increase in size and amplitude.
Line 6 is the furthest away from the conductive body and all Mohr circles
on this line are the identity matrix.
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Figure 5.7: Synthetic EA Mohr circles (see Lilley (2015)) for the Line 3 distortion matrices.
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T = 5 s

0.02 units

1 Ωm

100 Ωm

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6
Figure 5.8: Example of SVD Mohr circles for all sites at a period of 5 s. Red rectangle
represents the 1 Ωm conductive block and the background resistivity is 100 Ωm. Green
horizontal lines represent the D’xy axes.

This synthetic study demonstrates different techniques for mapping
changes in transfer functions (and hence distortion tensors) resulting from
changes in electric fields caused by hydraulic stimulation. The changes in
transfer functions were observed to be in the order of 1 – 2%, and occurred
in TFxx and TFyy. The changes in TFxy and TFyx were generally less
than 1%. The resultant distortion tensor changes can be analysed using
SVD and EA and mapped onto Mohr circle grids. The Mohr circles were
found to increase in diameter at periods and areas associated with the con-
ductive anomaly. In general these changes in distortion tensor are small
and for a real survey it may be difficult to see such changes due to noise
in EB and EM .
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5.3 Example from Paralana, South Australia

Peacock et al. (2013) conducted a magnetotelluric (MT) survey in Par-
alana, South Australia, with the aim of continuously monitoring changes in
MT responses associated with the introduction of saline hydraulic fractur-
ing fluids at depth. The test site was a geothermal reservoir containing hot
granites, with the heat source coming from radiogenic elements within the
Paleoproterozoic to Mesoproterozoic gneiss, granites and metasediments
of the Mount Painter Domain that underlay the the Flinders Rangers
(McLaren et al., 2003; Brugger et al., 2005). The survey layout is shown in
Figure 5.9, with the microseismic cloud visible in the bottom right corner.

Figure 5.9: Survey layout for the Paralana MT monitoring experiment (taken from Peacock
et al. (2013)). The black triangles represent the MT stations and the blue triangles indicate
stations that malfunctioned. The background colour is the depth to basement (km) and the
red dot representing the Paralana 2 wellbore. The rectangle around the Paralana 2 borehole
is inflated in the bottom right, with the microseismic events shown as small grey circles.

Phase tensor (PT) and resistivity tensor (RT) residuals were used as a
diagnostic tool for determining directional fluid migration. The changes
observed in residual PT and RT were interpreted as fracturing fluids mi-
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grating towards the northeast of the injection well along an existing fault
system trending north-northeast. This section attempts to analyse EB

EM

ratios from the Paralana experiment to determine whether electric fields
alone can be used to monitor hydraulic stimulation at depth.

For this study, station 04 is used as the measured electric field (EM) and
stations 13 and 27 as the base electric fields (EB). Each station recorded
responses during the hydraulic stimulation from days 193 – 197 (note day
195 was excluded as the signal strength was low and hence the responses
are dominated by noise). Transfer functions comparing stations 13 (EB)
and 04 (EM) over the stimulation time interval are shown in Figure 5.10.
The grey shaded area represents the MT dead band, where signal power
is naturally low, especially from 2009 to 2011 (Peacock et al., 2013). The
blue line represents the theoretical baseline transfer functions, with the
pink shaded area representing a 1% noise uncertainty. Note that only the
real components of the transfer functions are plotted. TFyy shows similar
behaviour to the feasibility study, where increases of approximately 2%
above the noise window occur from 5 s and continue to longer periods for
all days. TFyx is mostly within the ±1% noise window for all days. TFxy
shows an almost 5% increase on day 194, with the other days mostly within
the noise window. Finally, TFxx decreases by < 1% on days 193 and 196.

Transfer functions comparing stations 27 (EB) and 04 (EM) over the same
time interval are shown in Figure 5.11. Similar trends to Figure 5.10 are
observed, where an increase in TFyy exists in the order of 5% from 5 s
to longer periods for all days. TFxy shows a 2% increase over a similar
period range to TFyy. Both TFxx and TFxy are within the noise windows
for most days.
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Figure 5.10: EB

EM
transfer functions comparing stations 13 (EB) and 04 (EM ). The x-axis

shows the period in seconds and the grey shaded area represents the approximate dead band.
The blue horizontal lines represent the identity matrix transfer functions. The pink shaded
region represents a noise window of ±1 %.
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Figure 5.11: EB

EM
transfer functions comparing stations 27 (EB) and 04 (EM ).
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Figure 5.12: SVD Mohr circles (see Lilley (2015)) for the distortion matrices presented in
Figures 5.10 (left) and 5.11 (right).

SVD and EA is performed on the distortion tensors for the four days, with
the results plotted onto Mohr circle grids as shown in Figures 5.12 and 5.13
respectively. Although the site noise and dead band add complexities to
the analysis, the general trend shows the Mohr circles increase in diameter
for periods greater than 5 s. When comparing stations 04 and 27, an
interesting trends exists for periods between 2 – 14 s, where the Mohr circles
progressively increase in diameter over the length of the pumping interval.
EA shows eigenvalues that are real and different, with eigenvectors trending
orthogonally indicating the distortion matrix is close to 2D. This differs
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Figure 5.13: EA Mohr circles (see Lilley (2015)) for the distortion matrices presented in
Figures 5.10 (left) and 5.11 (right).

when comparing stations 04 and 13 where the eigenvectors are real but not
orthogonal, which may be indicative of a general 3D structure.

5.4 Discussion and conclusion

We have designed and conducted a feasibility study to determine the po-
tential for using the TS method to monitor changes in resistivity structure
of the Earth resulting from hydraulic stimulation. Three-dimensional for-
ward modeling of our base and stimulation resistivity structures showed
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changes in EB

EM
ratios of between 1 – 2% as a result of introducing a 3 x 1

x 0.4 km conductive body at 3.6 km depth. The transfer functions were
mapped onto a grid by comparing each measured station to a reference (or
base) station. Eigenanalysis and singular value decomposition were per-
formed on the distortion tensors from each station at various periods, and
plotted onto Mohr circle grids. The resultant grids showed circles increas-
ing in diameter at sites and periods associated with the conductive body.
Moving away from the conductive body, the circles progressively approach
the identity matrix indicating no distortion had occurred.

The Paralana electric field data was relatively noisy and affected by the
dead band making interpretations difficult. TFxx and TFyx components
showed little change from the theoretical transfer functions. TFxy and
TFyy were increasing by 2 – 5% for periods greater than 5 s. This was
visualised by Mohr circle grids where the circle diameters increased at
periods greater than 5 s.

This study has shown some potential for utilising the TS method for moni-
toring sub-surface fluid movement. The advantage of this technique is that
electric fields are relatively cheap and easy to measure when compared with
traditional magnetotelluric surveys. However, electric fields are more com-
plex and noisier than magnetics making interpretation more challenging.
EB

EM
transfer functions are largely real rather than being complex numbers,

and in principal for a 1D Earth, are the identity matrix at all periods (±
static shift). Therefore changes in the earth resulting from the introduc-
tion of conductive bodies can be associated with deviations away from the
identity matrix. SVD and EA can reduce the complexity of the 2x2 dis-
tortion matrix to simpler parameters that can be visualised in the form
of Mohr circles. Grids of Mohr circles may be a useful diagnostic tool for
understanding the extent of fluid movement resulting from hydraulic stim-
ulation at depth. However, deep monitoring is always going to be marginal
and for depths in the order of 4 km, changes in transfer functions are small.
Therefore, in order to have meaningful interpretations, electric field data
need to be of high quality with low levels of site noise. Additionally, the
dead band affects the transfer functions significantly so a controlled source
may be useful for monitoring at depths incorporating dead band periods.
Real data examples from depths shallower than the dead band may prove
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more suitable for determining distinguishable changes in distortion tensors
resulting from the introduction of conductive fluids.
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CHAPTER

SIX

SUMMARY AND CONCLUSION

The goal of this thesis was to expand on the work done by Peacock et al.
(2012, 2013) by testing the feasibility of utilising the magnetotelluric (MT)
method for the monitoring of unconventional gas production. Two world
first studies were undertaken to monitor both the depressurisation of a
coal measure and the hydraulic fracturing of a shale gas reservoir. A brief
review of this thesis is presented below.

Chapter 2 provided an introduction to the basics of the MT method.
Chapter 3 details the monitoring of a CSG depressurisation using the MT
method. Feasibility studies were presented as well as temporal and spatial
modelling studies that demonstrate the great promise MT has for long-
term monitoring of CSG depressurisation. Chapter 4 reports the results
of an MT monitoring survey of a shale gas hydraulic fracturing program.
Coherent MT response changes resulting from hydraulic stimulation were
observed well above measurement error. These increases in conductivity
were caused by a combination of an increase in injected fluid permeability
as well as an increase in wider-scale in-situ fluid permeability. Chapter
5 describes a study demonstrating the potential of the telluric sounding
(TS) method for monitoring hydraulic stimulation at depth. A 3D fea-
sibility study is presented showcasing techniques for mapping changes in
distortion tensors resulting from the introduction of conductive fluid at
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depth. These techniques are applied to a case study involving the hy-
draulic stimulation of a enhanced geothermal system.

6.1 Scientific conclusions

6.1.1 Monitoring the depressurisation of a CSG field

A first time MT monitoring survey of a CSG depressurisation was con-
ducted in Queensland, Australia. Fifty-two electric field loggers and three
magnetic field loggers were deployed for four months of continuous moni-
toring. The MT responses were estimated in 72 hour blocks over the course
of the experiment. 1D time-lapse inversions of the MT responses were un-
dertaken at various sites to determine the temporal change in subsurface
resistivity. 2D inversions were utilised to determine the spatial changes in
the subsurface resistivity structure. Both 1D and 2D inversions showed
decreases in resistivity as a result of CSG production, with the changes
coinciding with the location of the targeted Upper and Lower Juandah
Coal Measures. These changes in resistivity structure were confined to the
west of Well 4, which may be indicative of greater permeability in this area
allowing improved connection of conductive fluids.

6.1.2 Monitoring hydraulic fracturing of shale gas reservoirs

This study involved the monitoring a shale gas hydraulic fracturing pro-
gram utilising the MT method. Coherent changes in the subsurface bulk
resistivity were observed both spatially and temporally across the MT ar-
ray. The electrical resistivity change appeared to be predominantly due
to changing permeability and connection of over-pressured in-situ fluids
rather than the injected fluids per se. These results are important as
common wisdom suggested that the volume of injected fluid was not suf-
ficient on its own to promote the resistivity changes observed. Instead,
the microseismic cloud indicated that increased permeability may extend
significantly laterally and vertically away from the stimulation point.
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6.1.3 Utilising telluric sounding to monitor fluid injection

This chapter discusses the potential of utilising only electric field measure-
ments to observe changes in the subsurface resulting from the introduction
of conductive fluid at depth. Three-dimensional forward modeling of our
base and stimulation resistivity structures showed changes in EB

EM
ratios of

between 1 – 2% as a result of introducing a 3 x 1 x 0.4 km conductive body
at 3.6 km depth. These changes in transfer function can be mapped onto
Mohr circle grids which are a useful diagnostic tool for understanding the
extent of fluid movement resulting from hydraulic stimulation.

6.2 Improvements in MT monitoring

6.2.1 CSG monitoring

The most important improvement required for utilising the MT method
for monitoring CSG depressurisation lies in creating more robust instru-
mentation that can record high quality time series over extended periods
of time. Many of our instruments were affected or destroyed by wildlife
resulting in a great loss of potentially usable data. Overcoming these hard-
ware barriers would mean that instruments could be left in the field for
the whole CSG production cycle.

The time needed to download data, process and create useful models for in-
dustry is currently too slow to be considered real time. Typically, the data
are downloaded approximately every month, with processing and mod-
elling taking several weeks. To make this data useful to developers and
other stakeholders, and to make it a true monitoring exercise, the data
should be downloaded daily (preferably by telemetry), and processed on
the fly, a capability that currently does not exist. In this way, the con-
stantly updated results could be incorporated into production processes
immediately.

The pseudo 1D inversion results were created by utilising a 2D grid
(WinGLink) in order to achieve continuity in the time-domain. As a result
of using a 2D grid, smoothing acted in both causal and acausal directions.
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Although this is not entirely a correct thing to do, coding of a purely
causal code was out of the scope of this thesis. Thus, the time-lapse in-
versions presented were often smeared in the acausal (or wrong) direction
from future to past. Additionally, the moving window approach resulted in
additional acausality in the time domain. Nevertheless, consistent changes
were observed in the models that start not more than two days earlier than
production. This was consistent with the applied 72 hour moving window
analysis and suggests that no significant acausal effects arose from hori-
zontal smoothing in WinGLink. This method was useful as a first study,
whilst the coding of a purely causal code remains a task for the future.

Other potential projects following on from this thesis may involve de-
veloping innovative MT data loggers that are either individually time-
synchronised systems or larger multi-input systems from an array deployed
around a production well. Data could be telemetered from the field sites
using 3G/4G and LAN networks to a server. Processing could be carried
out automatically and remotely (on a daily basis) to provide real-time diag-
nostics of changes in groundwater over the production cycle. Additionally,
two- and three-dimensional models of the sub-surface could be updated
daily to provide accurate delineation of groundwater flow pathways for
each production well.

6.2.2 Shale gas monitoring

Forward modelling studies conducted in Appendix C showed the band-
width of predicted phase effects mostly occurring in the dead-band. For
frequencies coinciding with the dead-band, the field data were biased by
low source strength resulting in low signal-to-noise ratio data, making it
difficult to see any coherent changes in phase. In order to mitigate this
problem from future surveys, it is suggested that CSEM be used as a com-
pliment for reservoir targets that lay within the dead-band.

There exists extensive areas for improvement in both the analysis of the
MT data as well as integration with other data sets, which may lead to
improved interpretations. Understanding and quantifying fluid movement,
crack geometry and evolution or other petrophysical properties on the basis
of measured resistivity would provide valuable engineering information.
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Summary and Conclusion 6.3. Concluding remarks

Instead of deploying two orthogonal lines as done in our monitoring sur-
vey, it may be more useful to deploy a denser grid of stations around the
hydraulic fracturing area to help constrain the areal extent of fluid move-
ment. Additionally, as for the CSG experiment, instrumentation needs to
be more robust to increase the likelihood of precise and accurate data from
every station. With a greater confidence in data quality, 3D anisotropic
time-lapse inversion could be undertaken.

6.2.3 Telluric sounding monitoring

In order to have meaningful interpretations at depths in the order of 4 km,
electric field data need to be of high quality with low levels of site noise. A
controlled source is recommended to mitigate the effects of the dead band
on the resulting transfer functions.

A natural extension of the case study presented would be to analyse electric
fields from all possible combinations of local and regional sites, as well as
different days in order to map and constrain the areal extent of the fluid
movement.

6.3 Concluding remarks

This project has demonstrated the potential of utilising surface MT mea-
surements to monitor changes in the resistivity structure of the Earth as
a result of unconventional energy production. The MT method is intro-
duced as a low-cost, low-impact technology that can be used for short- and
long-term environmental monitoring.

When monitoring CSG depressurisation, MT measurements can be used to
indicate the orientation of fluid flow, which can be mapped in 3D and at-
tributed to spatial and temporal variations in permeability. This approach
is of significant interest not only for the CSG industry in order to optimise
production and extraction well locations, but also to regulatory bodies,
where a desire for a reliable method for monitoring changes in subsurface
fluid distribution allows sound risk assessment of potential environmental
hazards. Results from this project have the potential to change the way
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6.3. Concluding remarks Summary and Conclusion

CSG resources are developed by providing more knowledge of what is hap-
pening in the subsurface as a function of time and space, and doing so in
near-real time. This may lead to better industrial practice with less wells
drilled and more strategic siting, as well as greater independent scrutiny
of resource development for the social licence to operate.

The MT monitoring of a shale gas hydraulic fracture program provided
promising results, despite targeting an interval incorporating the natural
dead-band. The future of MT shale gas monitoring may involve utilising
a controlled source to mitigate dead-band issues. Integrating both micro-
seismic and MT data into reservoir characterisation may help constrain
and improve interpretations.
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APPENDIX

A

HARDWARE

A.1 Field acquisition

Data acquisition involves measuring orthogonal components of electric field
(E) and magnetic induction (B) at Earth’s surface. New data loggers
were created for the magnetotelluric monitoring experiments conducted
throughout this thesis, and are referred to as E-loggers and B-loggers
respectively. The instrument pool was provided by the AuScope National
MT Facility, funded by the Australian Government. A schematic of the
layout of the electric and magnetic field data loggers is shown in Figure
A.1.

The E-loggers are each equipped with four sets of dipoles that point into
the four cardinal directions NESW. Each dipole has cable lengths of be-
tween 15 and 50 m and are connected to a central logging box. The
electrodes used for each dipole are Pb-PbCl2, which are buried approxi-
mately 30 cm below the surface with wires left on the surface. The logger
box records the voltage difference between the electrodes at a sample rate
of 651 Hz (sampling interval of 1536 µs), with GPS time synchronisation
at 1 s intervals to correct for clock drift. The rationale for the double
sets of dipoles was to measure two orthogonal sets of electric fields to
allow a redundancy of measurement. B-loggers are equipped with two
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Solar
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(20W)
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(single cable)
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Magnetic 
Induction coil 
(north)
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E-logger setup B-logger setup

Magnetic Induction 
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Figure A.1: Schematic of the layout of electric (E) and magnetic (B) field loggers. For the
E-loggers, two sets of dipoles are deployed in a cross- formation with cable lengths of between
15 and 50 m for each dipole. The redundancy of dipole in each orientation is important to
mitigate against problems of animal interferences with cables and changing characteristics of
the electrodes. Twenty Watt solar panels are used to trickle charge batteries during daylight
hours.

magnetic induction coils recording in orthogonal directions, typically ori-
entated North and East. The magnetic induction coils used are broadband
LEMI 120 from the Lviv Centre of Institute for Space Research, Ukraine.
Such broadband sensors have approximately a flat response of 1 mV/nT in
the bandwidth 1000 – 1 Hz, with a 10 dB/decade of frequency roll-off at
lower-frequencies. Instrument response correction is necessary when mag-
netic field data are used in the processing regime. Photos of the loggers
deployed in the field are presented in Figure A.2. General specifications of
both logger boxes are summarised below:

– Box dimensions: 40 x 30 cm2

– Boxes are waterproof

– Powered by a battery and two 20 Watt solar panels allowing months
of continuous monitoring

– GPS interface: time stamping with 800 nanosecond accuracy

– 4 channel 24 bit analog and digital data acquisition system
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– Loggers can be used in the temperature range of -20○C to +70○C

– Data are recorded on 32GB USB cards with storage capacity of up to
four months of continuous monitoring.

A major logistical benefit of natural-source MT is that the data loggers
are passive receivers, and thus no active transmitting source of EM sig-
nal is required. This allows for long deployments with low maintenance
requirements, and with few safety issues other than manual handling. An
additional advantage of long deployments is that the instruments set up
logistics are the same for the whole experiment. Thus, continuous deploy-
ment ensures that an estimate of time changing MT responses can be made
under the same conditions.

Figure A.2: Field deployment of electric field loggers. Clockwise from top left, the pho-
tographs show: (a) the grey Pelican case containing the data logger and GPS time synchro-
nisation, along with the smaller junction box; (b) a close up of the electronics and the GPS
sensor; (c) the eight electrodes used for each instrument; and (d) the solar panel.
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APPENDIX

B

SOFTWARE

B.1 Software

Data processing was a significant undertaking for the MT monitoring ex-
periments contained within this thesis. Experiments typically produced
volumes of data in the range of terabytes. It was important to automate
the processing of the raw data as comparisons needed to be made between
responses observed over time ranges spanning several months. Approxi-
mately one year (Feb 2014 – Feb 2015) was spent testing and developing
software based on the hardware and software of the AGOS field loggers.

The input directory structure required to process raw data from the AGOS
loggers is presented in Figure B.1. Two configuration files are required
which control what sections of data are used for the processing scripts.
The raw data needs to be stored as per the ‘datadir’ structure shown.
Figure B.2 shows the output directory structure resulting from running
the processing scripts on the configuration files. The next sections will go
into more detail regarding the input and output data structures.
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B.1.1 Pre-requisites

The main aim of the software was to convert the raw field data into a
form that could be used for time-frequency processing and ultimately in-
version and modelling. All processing scripts were tested using Linux. The
software requires the following prerequisites:

– Python (version ⩾ 2.6). Development and tests were run on python
2.6 and 2.7, with Python3 not yet tested.

– Scipy, Numpy and Matplotlib are required for interpolation, down-
sampling, handling of arrays, batch calculations and plotting calls.

– Bunzip2 is required to unpack the raw data which are recorded in
pak.bz2 files.

– Compiled SymRes codes are required for both converting .pak files
into ASCII data tables and for GPS time stamp corrections. These
codes are only available as 32-bit executables. Therefore, additional
packages need to be installed to run on 64-bit machines.

– BIRRP (Chave and Thomson, 2004) is used for the time-frequency
processing. The binary must exist and be executable

– MTpy (Krieger and Peacock, 2014) handles the generation of EDI files
from BIRRP outputs.

Other optional prerequisites include:

– Linux Screen allows a long running process to run in the background
without maintaining an active shell session. This allows a shell to
keep active even through network disruptions.

– PyQT4 is a toolkit for creating GUI applications and allows the usage
of the processing GUI.

– Pyrocko or ObsPy can be used for the generation and handling of
MiniSEED data. Miniseed data is generally used for the quality con-
trol stages of the processing regeime.

– Snuffler (a part of Pyrocko) can be used to visualise MiniSEED files.
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B.1.2 Data preparation

The data are assumed to be in the standard format coming straight from
the AGOS loggers and must be sorted in sub-directories within a single
main input data folder. Data from each station are located within one
respective directory. The renaming of sub-directories is not permitted
during processing. Directories are parsed for data extent and time stamps.
Therefore, empty folders can cause problems and should be deleted. A
suitable directory structure to handle input and output data as well as
the required scripts and codes should be set up in advance. Metadata of
the recordings is stored in a survey configuration file as described in the
following section.

B.1.3 Configuration files

Two configuration files are needed for running the processing scripts as
shown in Figure B.1. The first of these files is used to hold metadata. An
example configuration file is shown in Figure B.3, where general informa-
tion is stored in the [main] section and all stations have their own sections
below (e.g. [station1], [station2],...). The information in the [main] sec-
tion is applied to all stations during the processing steps and includes the
following information:

survey : Name of the survey.

datapath : Location of the raw data.

outputpath : Storage location of output data.

temp : Writeable temporary directory location.

bin : Location of executable SymRes C-codes.

cleanup : If false, files generated from unpacking the raw data are kept.
If true, these files are deleted.

keepasciis : If true, ASCII files that contain the data are kept which can
be useful for re-processing. If false, these ASCII files are deleted.
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datasampling : Sampling in seconds of the raw data (default is
0.001536).

sampling : Sampling in seconds of the interpolated and low-pass filtered
extracted data sections.

windowstart : Start time of the first section to be extracted.

window : Length of the section to be extracted.

interval : Interval between the starts of consecutive extraction sections.

numberofwindows : Total number of section window start times.

t0 (optional): Reference time of the whole survey, given in epoch seconds.
This value can be omitted or set to “0" if unknown and will be deter-
mined automatically from the data.

t0 timestamp (optional): Reference time in time stamp format. If this
value is present, but t0 is not, the latter is calculated from this value.

chunksize (optional): Maximum number of lines to be written to file at
once (optimal value is system dependent - default: 1e4 ).

max_hours (optional): Maximum number of hours to be extracted at
once. Each of these bits will be downsampled/filtered/interpolated
individually (optimal value is system dependent - default: 4).

splineorder (optional): Degree of the interpolation spline (default: 1).

Each station is entered into its own section below [main] and has the
following entries:

datadir : Name of the stations data sub-directory in relation to the main
sections datapath directory.

station type : Type of station logger: E or B.

start : Starting time of the stations recording. Given in integer days from
the reference time t0 onwards. Can be set to values > 1 to discard data
from the beginning to account for the settling period of the electrodes.
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channels : Determines which channels are extracted and processed.
Given as a single string, combining letters ‘N,E,S,W’ in arbitrary
order.

nend : Ending time of the North channels recording. Given in days, and
referenced to the end of the respective day. For example, a value of
1 would mean data from the first day is taken, a value of 17 would
mean data up to the end of the 17th day from the “start" day are
processed. A value of 0 or an empty field is equivalent to “no end -
process all days". A value of -1 means the channel is broken from the
beginning.

eend, send, wend : Equivalent of nend for East, South and West chan-
nels respectively.

latitude/lat : (optional) Station latitude.

longitude/lon : (optional) Station longitude.

elevation/elev : (optional) Station elevation.

The second configuration file is used to run the time-frequency BIRRP pro-
cessing. An example BIRRP configuration fileis shown in Figure B.4. Here,
a list of reference station names is given and all available data is processed
against those reference stations. It is important to note that processing of
the reference stations against themselves is not possible. Other parameters
given in the BIRRP configuration file include:

configfile : Location of the main survey configuration file.

dst : Destination for the final BIRRP processing outputs.

birrpexe : Location of the BIRRP executable.

birrpref/birrprr : List of reference and remote reference stations. In-
formation regarding these station/s must be contained in the main
configuration file. The outer processing loop is run over these sta-
tions.

firstfreq/nf1 : Index of the earliest harmonic to be evaluated (integer
between 1 and 3).
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deltafreq/nfinc1 : Number of harmonics to skip (integer between 1 and
3).

no_sectionfreqs/nfsect : Total number of harmonics to be evaluated
in each Fast Fourier Transform (FFT) section (integer between 1 and
3).

coh2/c2threshe : Second stage coherence threshold (float 0 – 1).

ar/nar : Length of the auto regressive pre-whitening filter (integer be-
tween 0 and 20).

instrumentresponse (optional): If station 1 contains electric field in-
formation and station 2 has magnetic field information, the transfer
functions must be corrected for the instrument response of the B-
field sensor and the relative amplitude scaling (E and B sensors have
different amplifications). This file contains information regarding the
frequency dependant response of B, divided by the gain of E. The
form of the data within that file must be a 3-column array with the
entries frequency, real, imaginary. Values of the instrument response
files can be directly multiplied by the recorded response (impedance
tensor) in the frequency domain. Interpolation has to be applied for
frequencies that are not directly given in the instrument response file.
Instrument responses for the AGOS boxes are held within the instru-
ment_response_correction.txt file as shown in Figure B.1.

dataphi (optional): Rotation angle for the correction of polarity switches
due to alternative electrode wiring scheme. The AGOS E-logger elec-
trodes are wired opposite to the convention used by BIRRP. There-
fore, the polarity of E-field data must be flipped if they are analysed
together with other E-field sensors or B-field data. The change of po-
larity is equivalent to a rotation of the Cartesian coordinate reference
frame by 180°. The default is 0, but dataphi should be set to 180 for
E/B processing.

birrpsort (optional): station or timestamp – Key by which to sort the
final outputs that can simplify later modelling work.

tbw (optional): Time bandwidth parameter (1,2,3 or 4).
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max_sectionlength (optional): Maximum number of samples for the
longest FFT subsection. The length is calculated automatically from
the length of the input data, but for longer time series it is possi-
ble that BIRRP falls over due to this number being too large. This
parameter can correct for this by reducing the maximum length.

max_samples (optional): The maximal number of data points to be
evaluated.

mfft (optional): Integer factor by which NFFT is divided in computing
the AR filter.

shift/shiftdata (optional): Shift data of stations by ±1 sample. This can
correct for slight mis-alignments of the time axes due to sub-sampling
rounding problems. + means that the time axis of station1 data is
shifted by +1 sample with respect to the time axis of the reference
station(s). − is the equivalent in the other direction. Valid entries:
+,+1,1,-,-1,0.

nrr/2stage (optional): Switch for choosing between bounded influence
remote reference (=0) or two stage (=1) processing. If “1" is selected,
coh1 has to be defined.

coh1 (optional): First stage coherence threshold (float 0 – 1).

B.1.4 Time

The internal reference time is t0, given in epoch seconds. It refers to mid-
night of the day that contains the first sample of the given data set. How-
ever, it can be manually set to an arbitrary time. The times are internally
handled as seconds, referenced to t0. They can alternatively be expressed
as timestamps of the form YYYYmmdd-HHhMM - e.g. 20140123-23h45.
As such, they are only precise to the minute.

Remark: The times coded by data sub-directory names are generally
wrong and can be off by more than 15 minutes. To cater for this uncertainty
the codes contain safety buffers (+20 mins/±1 directory) when it comes to
automated calculation of times.
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B.1.5 Processing scripts

Six main scripts were created for the processing of raw field data which
are summarised below:

overview1Hz.py – Produces a linearly detrended general overview over
the full time interval of the survey. Works by reading in the general
information from the configuration file, parsing all subdirectories for
valid data and unpacking the available data using the appropriate
SymRes C-code. Every 650th sample is extracted from the raw data
producing time-series close to 1 Hz. Due to pairwise internal extrac-
tion, an odd factor like 651 is not possible. The output is a 5-column
ASCII data file in each sub-directory, containing integer numerical
values of the recorded data. These data files are concatenated for
each station and overview plots are generated. The overview plots
can be used to determine the availability of good data, after which
the survey configuration file can be updated accordingly.

plot1Hzbarcharts.py – Reads information from the survey configura-
tion file and generates a bar chart of the data availability of each
channel from each logger.

extractsections.py – Data sections are extracted from the raw in-
put data, downsampled to the required sampling rate and stored as
ASCII files. These ASCII files have identical time-axes for all sta-
tions involved, so the resulting sections can be used for time-frequency
BIRRP processing. The parameters for the time windows to be ex-
tracted are given in the MAIN section of the configuration file.

Downsampling works by spline-interpolating the raw data onto a reg-
ular 651 Hz axis. A frequency low-pass filter is then run on the data,
followed by decimation down to the requested sampling rate. The
interpolations are based on the Scipy.interpolate module, and by de-
fault a linear spline is used. The degree of the spline can be changed
using the respective keyword splineorder in the configuration file, or
by setting the value in the header of the Python extraction script.
The function used is InterpolatedUnivariateSpline.
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The frequency filtering is implemented as a Butterworth filter. Its
order (≤5) is determined by the ratio of input data sampling and re-
quested output sampling. The module Scipy.signal.butter is imported
for the definition of filter coefficients. In order to avoid phase shifts,
the actual filtering is calculated using the zero-phase filtfilt function
(forward/backward filtering).

buildmseeds.py The visual inspection of the unpacked, decimated, and
time-aligned time series data allows an evaluation of the quality of
data. The time section ASCII files can be easily read and plotted using
external tools (e.g. Python, Matlab, etc.). One other possibility that
enables the use of existing time series visualisation and analysis tools
is the conversion from ASCII into standardised binary formats. As
one alternative, the conversion into MiniSEED has been implemented.
This is a standard data format for seismology, which can be easily
handled, for instance, using the ObsPy package. Once the data are
transferred into this format, the resulting files can be simply plotted
including automated time-alignment and scaling (e.g. Snuffler).

The conversion can be carried out using either Pyrocko or ObsPy. The
code looks for the respective modules on the system in this order. On
the command-line you can give a single timestamp as an optional
argument for the conversion of only this particular time. Otherwise,
all data within the section directory will be converted.

After the conversion, the MiniSEED viewer can be used to identify
good and bad data sections and channels suitable for further process-
ing. Alternative viewers include Snuffler, Seisgram2k and PQL II .

findbirrpparams.py

The time-frequency processing is calculated using BIRRP (current
version available: 5.2). Most parameters from BIRRP processing
have little influence on the resulting response curves. However, some
parameters can have a major influence on the outputs. In order to
find the optimal BIRRP parameters, findbirrpparams.py was created
which loops over all 128 combinations of important variables listed
below:

• Second step coherence threshold (coh2): 0,0.4,0.6,0.8
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• Auto-regressive pre-whitening filter length (ar): 3,5,10,15
• Index of the order of harmonics to be evaluated in the spectral
domain (firstfreq): 2,3

• Step size between harmonics to be evaluated (deltafreq): 1,2
• Total number of harmonics to be evaluated (no_sectionfreqs):
2,3

These values are defined in the header of the Python script file, and
they can be altered there. Obtaining useful results requires identifi-
cation of good quality data sections from the unpacked sets of ASCII
files. These data examples have to be defined together in the BIRRP
configuration file described previously.
The BIRRP input values are stored in a script file, so that the pro-
cessing can be reproduced later. The primary outputs are system re-
sponse/transfer functions, contained in a *.j file, together with various
coherence files. All files are stored in the respective run sub-directory
for each parameter combination. If MTpy is installed, outputs are
converted to EDI and coherence files. Their contents are plotted and
the resulting plots saved as png files. These secondary outputs go
into the respective collecting sub-directories. The used parameters
are coded together with the run index number in the file names for
later reference.
Once an optimal set of parameters has been decided on, these values
can be added to the BIRRP configuration file to be used in the final
processing. The effect of instrument response(s) must be included if
data from different sensor types are being compared.

birrploop.py

The optimal parameters from the findbirrpparams.py script are de-
fined in the BIRRP configuration file. One or several reference and
(ideally) remote reference stations need to be defined in the BIRRP
configuration file. The processing is then run in the background util-
ising the linux screen function. The input data are stored in script
files that are set up in separate sub-directories (c.f. Figure B.1). The
output directory structure is primarily sorted by the reference and re-
mote reference(s) stations (c.f. Figure B.2). Depending on the focus
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of the survey, the subsequent sub-directories can then be sorted either
by ascending timestamps or station-numbers to allow easier handling
for specific modelling input (e.g. spatial or temporal profiles). The
required directory structure is determined by the keyword birrpsort
and is set up automatically.

All runs produce valid *.j-files as output together with information
on coherences. These outputs are stored in the run sub-directories.
In some occasions, the BIRRP code can produce an invalid *.j-file.
The conversion is skipped in these cases.
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/ . . .
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config file

BIRRP config file

../symres scripts
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Pak2Asc650

scripts

qel.py
overview1Hz.py
plot1Hzbarcharts.py

extractsections.py

buildmseeds.py
findbirrpparams.py
birrploop.py

cleanasciis.py
instrument_responce_correction.txt

gui

runqel.py

.../datadir
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2016-01-01-05h20.bz
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Directory Structure - Input

Figure B.1: Input directory structure required to process raw data from AGOS loggers.

Page ∣ 98



Appendix B.1. Software

/ . . .

. . .
. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

working directory

.../temporarydir

sections

station1
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20160101-02h30.M150.interp100Hz.time

mseed

20160101-02h30.M150.interp100Hz.north.mseed
20160101-02h30.M150.interp100Hz.east.mseed
20160103-02h30.M180.interp100Hz.north.mseed
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Figure B.2: Output directory structure produced from processing raw data from AGOS
loggers.
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[main]

datasampling = 0.001536

t0 = 1386028800 

t0_timestamp = 20131203-00h00

survey = 'roma'

reference timestamp

datapath = /raw_data/roma/P1/

keepasciis = False

outputpath = /processed/roma/

temp = /ram

bin = /scripts/SymRes/Lnx/

cleanup = True

sampling = 0.01

windowstart = 131208-00h00

window = 72h

interval = 24h

numberofwindows = 6

[L100]

datadir = L100

station_type=QE

start = 1

channels = ne

nend = 150

eend = 150

lat = 0

lon = 0

elev = 0

Figure B.3: Example of a configuration file used for running processing scripts.
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configfile = /scripts/QEL/configurationfile.cfg

birrpsort = timestamp #station

data1x = 20140106-11h11.R100.interp100Hz.north

data1y = 20140106-11h11.R100.interp100Hz.east

data2x = 20140106-11h11.R101.interp100Hz.north

data2y = 20140106-11h11.R101.interp100Hz.east

datarx = 20140106-11h11.R112.interp100Hz.north

birrprr = R100

testdst = birrptest2 

birrpexe = /bin/birrp52_64bit

instrumentresponse = 'qel_instrument_response_freq_re_im.txt'

birrpref = R109

tbw = 1

nf1= 1

nfinc = 2

nfsect = 3

coh2 = 0.3

ar = 8

dst = nochnprocessing

max_samples = 64656

mfft = 3

2stage=0

coh1=0.2

max_sectionlength=1200

shift = 1

dst = processingtest

datary = 20140106-11h11.R112.interp100Hz.east

Figure B.4: Example of a configuration file used for running the BIRRP processing scripts.
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Magnetotelluric monitoring of coal-seam gas and  
shale-gas resource development in Australia

Abstract
Extraction of unconventional energy has become a major 

global industry in the last decade and is driven by changes in 
technology and increasing demand. One of the key factors for the 
success of gas extraction is establishing sufficient permeability in 
otherwise low-porosity and low-permeability formations. Perme-
ability can be established through hydraulic stimulation of deep 
formations, either through existing fracture networks or by creating 
new pathways for fluids to flow, and through depressurization of 
coalbeds by extracting existing subsurface fluids. Geophysical 
monitoring of hydraulic stimulation and depressurization can be 
used to determine lateral and vertical constraints on fluid move-
ments in the target lithologies. Such constraints help to optimize 
production and well placement. In addition, independent verifica-
tion is critical for social and environmental regulation, to ensure 
that hydraulic stimulations and depressurization do not interact 
with overlying aquifers. To date, the primary and most successful 
geophysical technique has been microseismic, which measures 
small seismic events associated with rock fractures from arrays 
of surface and downhole geophones. The microseismic approach 
has been used widely for many types of unconventional energy-
resource development. The magnetotelluric (MT) method is an 
alternative approach to monitoring hydraulic stimulations and 
depressurization. In contrast to microseismic, which delineates 
the locations of rock fractures, MT is sensitive directly to the 
presence of fluid as measured by the earth’s bulk electrical resistiv-
ity, which is dependent on permeability. MT is sensitive to the 
direction of fluid connection, so it might yield important informa-
tion on how fluids migrate with time. Because subsurface fluids 
conduct electrical current dependent on the porosity, connectivity, 
and ionic saturation of the fluid, it follows that the introduction 
or removal of fluids will change the electrical resistivity of the 
formation. The physics of the approach is outlined, and the fea-
sibility of the MT method for monitoring unconventional energy-
resource development is demonstrated. Two case studies are 
conducted, one for a shallow (CSG) depressurization and the 
second for a deep hydraulic stimulation of a shale-gas reservoir.

Introduction — Magnetotellurics
The magnetotelluric (MT) method is a well-established tech-

nique that can determine information about earth’s electrical 
resistivity in three dimensions (Chave and Jones, 2012). The 
approach uses natural sources of external magnetic-field variations 
that induce electrical currents in the subsurface. Sources of such 
magnetic-field variations are frequency dependent. At frequencies 
greater than 1 Hz, the sources are high-amplitude lightning strikes 
around the globe that occur mainly at equatorial latitudes.

Variations in the magnetic field propagate around the globe 
approximately at the speed of light. Close to the lightning strike, 

Nigel Rees1,  Simon Car ter1,  Graham Heinson1, Lars Krieger1,  Dennis Conway1, Goran Boren1, and Chris Matthews1

the fields have curvature, but at greater distances (typically 1000 
km or more), the fields can be approximated as a plane-wave 
source. At lower frequencies of 10–1 to 10–4 Hz, the source of 
magnetic-field variations is the interaction of the solar wind with 
earth’s magnetosphere, generating large flows in electrical current 
in the conducting ionosphere approximately 100 km above ground. 
Because the interaction of the solar wind is on a global scale, 
again, the signals can be approximated as plane waves. In the 
bandwidths of 1 to 10 Hz and 800 to 2000 Hz, there is a so-called 
dead band at which there is little naturally occurring signal.

Denoting the magnetic-induction horizontal components as 
Bx and By (with x being in a geographic north direction and y 
being the orthogonal east direction) and the resulting electric 
fields being Ex and Ey, Figure 1 shows a small window of time-
series data sampled every 2 ms. Fields are shown with arbitrary 
scaled units to illustrate the inductive coupling between orthogonal 
components. In Figure 1a, which shows three minutes of data, 
most of the abrupt changes are caused by distant lightning strikes 
around the globe, known as sferics. It is evident that these events 
have different amplitude and phase in the two orthogonal magnetic 
inductions, depending on the source location and path of the 
wavefront. The inset (Figure 1b) shows a 1 s window, highlighting 
one particular event, with strong correlations between the or-
thogonal components of electric and magnetic fields.

1University of Adelaide. http://dx.doi.org/10.1190/tle35010064.1.

Figure 1. Example of a time series for orthogonal components of 
magnetic and electric fields. The fields are scaled arbitrarily in ampli-
tude to illustrate the causal link between orthogonal components.
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Typically, time series of the orthogonal electric and magnetic 
fields are recorded over intervals of hours to several days. Windows 
of time-series data then are Fourier-transformed (Chave and 
Thomson, 2004) to generate power spectral estimates over a range 
of frequencies.

In the frequency domain, we can relate the magnetic fields 
and electric fields through an electrical impedance tensor Z:

E x
E y

 = 
Z xx Z xy

Z yx Z yy

Bx
B y

.                       (1)

These impedances have both amplitude and phase and thus 
are represented by a complex number. From Maxwell’s equations, 
the impedance tensor Z usually is dominated by its off-diagonal 
elements Zxy and Zyx that relate orthogonal components of electric 
and magnetic fields which are highly correlated, as shown in 
Figure 1. This is particularly true for sedimentary geologic forma-
tions in which the geology is mostly horizontally continuous. The 
impedance elements can be related to electrical resistivity through 
the relationship

  =  
1

μ0
  |Zij |2 .                               (2)

Similarly, the phase of the complex impedance tensor is given 
by

φ  = − (ℑ( )
ℜ( ))                                (3)

Equation 2 can be interpreted as a measure of the depth-
weighted electrical resistivity ρ, which is dependent on the depth 
of propagation of the time-varying magnetic field, and equation 
3 is the phase difference between the electric and magnetic fields. 
In these equations, μ0 is the magnetic permeability of free space, 
which has an SI value of 4π × 10–7 Hm–1, and ω is the angular 
frequency (rad·s–1).

A measure of the depth of investigation, an electromagnetic 
skin depth δ, can be defined as

T( )  =  
μ f     0.5 f  km.                       (4)

Skin depth is defined mathematically as the depth at which 
the inducing magnetic field reduces to a factor of e–1 (~ 37%) of 
its surface amplitude in an earth of resistivity ρ for frequency f. 
From equation 4, it is evident that skin depth increases in more 
electrically resistive materials and at lower frequencies. It is im-
portant to note, however, that unlike in seismic-reflection methods, 
skin depth does not denote the depth at which the MT method 
is sensitive but rather the approximate depth above which ~ 63% 
of the inductive effects occur.

The two off-diagonal components provide a measure of how 
the earth’s impedance varies laterally. The impedance tensor in 
equation 1 can be rotated mathematically to any arbitrary coordinate 

systems that can maximize the difference. If the substructure is 
relatively laterally homogenous and varies only with depth, then 
the two off-diagonal elements are approximately equal in magnitude 
and phase.

On the other hand, a difference in the magnitudes and phases 
of the impedance elements indicates that the subsurface varies 
laterally. This might be on a macroscale (for example, the margins 
of a sedimentary basin) or on a lithologic scale, which is evident 
as an anisotropic property. Such anisotropy, for example, might 
be caused by pervasive fracture networks with a dominant strike 
from the regional stress field (Kirkby et al., 2015).

Electrical resistivity of unconventional-energy resources
The propagation of electromagnetic fields through the earth 

is governed by diffusion, meaning that high resolution of particular 
layers is intrinsically not possible. Most modeling approaches 
involve generating smooth resistivity responses that reflect the 
resolution of the MT method. However, the advantage of moni-
toring is that the zone of altered resistivity is well constrained, 
given that we know the depth, volume, and timing of injected 
fluid in an otherwise unchanging earth.

The electrical resistivity of subsurface lithologies is depen-
dent on the resistivity of the lithologic matrix and the resistivity 
of pore fluids. For the matrix materials, silica-dominated clastic 
sediments and basement formations are typically resistive 
(> 1000 Ωm) and thus contribute little to the overall conduc-
tion. However, clay-rich lithology can have significantly lower 
resistivity (1 to 10 Ωm), with conduction dominated by surface 
mobility of ions.

Interstitial fluids generally have a much more significant role. 
Ionic conduction through dissolved salts can have low resistivity 
(0.1 to 10 Ωm), depending on ionic concentration. For deep forma-
tions at depths of 3 km or more, high temperatures of > 100°C 
will further reduce the fluid resistivity by about an order of mag-
nitude (Nesbitt, 1993).

The final factor in determining bulk resistivity is in how 
fluids are connected. Such connectivity depends on porosity and 
the way pores are interconnected, which is a function of perme-
ability. For primary porosity in clastic sediments, porosity and 
permeability are relatively isotropic, meaning that the properties 
do not vary in any specific orientation. However, secondary 
porosity caused by fractures, faults, bedding planes, and solution 
channels in carbonates might result in highly anisotropic perme-
ability and hence anisotropic resistivity properties (MacFarlane 
et al., 2014; Kirkby et al., 2015).

The effect of hydraulic stimulation on bulk resistivity at depth 
depends on several factors. These include the resistivity of the 
fluids used for the stimulation; total volume of fluid and rate of 
pumping; temperature of the formation; the regional stress field 
and presence of existing fracture networks; and the presence of 
overpressured interstitial fluids. Peacock et al. (2012) and Peacock 
et al. (2013) show a significant change of more than 5% in the 
MT responses for a stimulation of a geothermal target with 3.1 
million liters of fluid of resistivity of 0.3 Ωm at 20°C injected at 
3.8 km depth.

On the other hand, Y. L. Didana (personal communication, 
2015) reports a much smaller MT response change for 36.5 
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million liters of fluid of resistivity of 13 
Ωm at 20°C injected at 4 km depth.

Although the total volumes of stimula-
tion fluids are relatively small, opening 
existing and new fracture networks might 
connect significantly larger volumes of 
preexisting fluids. Didana (personal com-
munication, 2015) notes that naturally 
occurring overpressured fluids in the gran-
ites had resistivities of < 0.3 Ωm. Micro-
seismic events spanned a much larger 
volume (approximately 1.25 km3) than 
might be expected for 36.5 million liters 
of injected fluid, suggesting that bulk re-
sistivity might be affected more by con-
necting existing fluids than by the stimula-
tion fluid alone.

To demonstrate the feasibility of MT 
monitoring of a hydraulic stimulation of 
a shale formation at a depth of 2900 m, 
simple 1D forward-modeling studies were 
generated. Although these are unrealistic 
in that only a finite volume is stimulated 
rather than a layer of infinite extent, the 
models indicate the magnitude and band-
width of the MT response change. Didana (personal communication, 
2015) shows that a 3D volumetric model of stimulation also can be 
detected, and moreover, the MT responses at the surface yield in-
formation on the extent and orientation of the stimulated region.

Wireline logs from a nearby well were used to generate a 
background resistivity model over the length of the logs (869 to 
2964 m). Resistivity was extrapolated for depths above and below 
the well log, based on simple trends. An analytic 1D forward 
model was used to generate MT responses at 50 frequencies over 
a range of 10–3 to 102 Hz. Two additional models then were 
constructed to simulate the resistivity structure after hydraulic 
stimulation. These models included a 100 m thick layer of 1 Ωm 
or 10 Ωm below 2900 m. Figure 2 shows the model and the MT 
responses for these three scenarios.

For the 10 Ωm layer, the MT responses change by less than 
1%, but the 1 Ωm layer yields an MT response change of as 
much as 7%, which are detectable (Peacock et al., 2013). The 
apparent-resistivity data show the most difference at frequencies 
lower than 0.1 Hz, whereas the phase has maximum difference 
between 1 and 0.1 Hz. We note that this is also the dead band 
of low signal, which introduces some noise issues. However, 
such problems generally can be reduced by using sufficiently 
long time windows (two to three days in many cases) to improve 
the signal-to-noise response.

MT monitoring sur vey layout
Because most MT monitoring programs are over a relatively 

small spatial extent (typically less than 5 km in any lateral dimen-
sion), the inducing magnetic fields can be considered to be spatially 
uniform over the extent of the array. Any change in subsurface 
resistivity is largely evident in a change in the induced electric 
fields. Thus, our MT monitoring arrays consist of a large number 

of electric-field loggers (typically 50 or more), but with only three 
to five sets of magnetic-field loggers (as shown in Figure 3).

The advantage of deploying only electric-field loggers is one 
of time efficiency (a crew of two people can deploy 10 instruments 
per day) and the spatial logistics of equipment in the field. With 
three to five sets of magnetic-field loggers, the magnetic-field 
time series can be checked for consistency across the array and 
can be used for various combinations of local and remote refer-
ence observations.

We record data at 651 Hz (sampling interval of 1536 μs) with 
GPS time synchronization at 1 s intervals to correct for clock 

Figure 2. (a) Wireline-log resistivity plot that has been extrapolated to the surface and to greater 
depth (dashed line). The green regions indicate two scenarios of injected fluid that reduces the 
resistivity to 1 Ωm (dashed green) and 10 Ωm (solid green). (b) Forward-modeled apparent resis-
tivity and phase for a typical bandwidth of period 1 to 1000 s (1 to 10–3 Hz). The black curve shows 
the response prior to stimulation, and the dashed green and solid green curves indicate the change 
in response to the two scenarios.

Figure 3. Schematic of the layout of (a) electric-field and (b) magnetic-
field loggers. For the electric-field loggers, two sets of dipoles are deployed 
in a cross-formation with cable lengths of 15 to 50 m for each dipole. The 
redundancy of dipole in each orientation is important to mitigate against 
problems of animal interferences with cables and changing characteristics 
of the electrodes. In practice, for deployments over several months, the 
incidents of damage are high. Twenty-watt solar panels were used to 
trickle-charge batteries during daylight hours.
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drift. Electrodes used are typically lead-lead chloride, buried 30 
cm below the surface, with wires generally left on the surface. 
The magnetic-induction coils used are broadband LEMI120 from 
the Lviv Centre of the Institute for Space Research, Ukraine. 
Such broadband sensors have an approximately flat response of 1 
mV/nT in the bandwidth of 1000 to 1 Hz, with a 10 dB/decade 
of frequency roll-off at lower frequencies. Data are recorded on 
32-GB USB cards with storage of as long as four months. In 
practice, instruments were checked every two months for repairs, 
maintenance, and data transfer. The instrument pool was provided 
by the AuScope National MT Facility, funded by the Australian 
Government.

A major logistical benefit of natural-source MT is that data 
loggers are passive receivers, and thus no active transmitting 
source of electromagnetic (EM) signal is required. This allows 
for long deployments with low maintenance requirements and 
few safety issues other than manual handling. An additional 
advantage of long deployments is that the instrument setup logistics 
are the same for the whole experiment. Thus, continuous deploy-
ment ensures that an estimate of time-changing MT responses 
can be made under the same conditions.

MT monitoring of coal-seam gas depressurization
Coal-seam gas (CSG), also known as coalbed methane (CBM), 

is a form of natural gas with a predominantly methane component. 
CSG exists in underground coal seams, where it is adsorbed into 
the coal matrix and held in place by in situ fluid pressure. To 
extract adsorbed gas, depressurization is undertaken. A well is 
drilled into the coal-measure formations, and groundwater is 

extracted to reduce pore pressure within the coal measures, al-
lowing the trapped gas to desorb (Garthwaite et al., 2015).

One of the key questions surrounding the CSG industry is 
whether one can effectively monitor the movement of fluids and 
changes in the subsurface resulting from depressurization. CSG 
monitoring bores are an expensive and inefficient means of 
monitoring fluctuations in groundwater level and quality. Moni-
toring bores provide information only at a single location and 
are not capable of measuring hydraulic connectivity of subsurface 
fluids. In this study, we demonstrate the utility of MT as a new 
approach to provide a cost-effective alternative for monitoring 
CSG depressurization.

From December 2013 to April 2014, an MT survey was 
conducted at a GSG production testing site in the Surat Basin, 
Queensland, Australia. Fifty-two electric-field loggers and three 
magnetic-field loggers were deployed to produce MT responses 
along two survey lines, each 2.5 km in extent and crossing several 
producing wells (Figure 4). Depressurization was undertaken at 
several wells at different times over the depth interval of 400 to 
700 m.

Magnetotelluric response functions were generated from the 
time-series data as a function of both time during the survey and 
location in the array. For each site, a window of 72 hours of 
downsampled 100-Hz data was extracted centered on each day 
of the survey, and site-specific electric and magnetic fields were 
extracted to obtain the impedance-tensor and error estimates in 
the bandwidth of 10 to 0.01 Hz.

Line 1 of the test site crosses three production wells (Wells 3, 
4, and 5). Unconstrained 2D inversions (Rodi and Mackie, 2001) 
of line 1 were conducted using the MT modeling software Winglink. 
MT responses from 8 December 2013 and 21 March 2014 were 
used for the pre- and postproduction models, respectively.

Figures 5a and 5b show results of pre- and postproduction 
inversions, with a color scale ranging from 2 to 5 Ωm. Approximate 
depths of the dominant stratigraphic units are shown, taken from 
Well 4 wireline logs. The location of Well 4 also is shown. That 
well produced by far the most water and gas during this time 
interval. Figure 5c shows the difference in resistivity between 
pre- and postproduction inversions, represented as a percentage 
change in resistivity.

Results from the 2D inversions suggest that the change in 
resistivity is confined to the upper and lower coal measures, with 
the larger effect west of Well 4. The change in resistivity to the 
west of Well 4 is on the order of 8% to 10%, whereas to the east 
of Well 4, it is 4% to 6%. This suggests greater permeability to 
the west of Well 4 as the coal measures are depressurized and the 
coal matrix shrinks (e.g., Palmer and Mansoori, 1996).

As an alternative to 2D time-lapse inversions that show spatial 
variations in resistivity associated with production, it is possible to 
undertake 1D inversions of data from a single site to show temporal 
variations in subsurface resistivity. We present one such example 
site from line 1 (site 1, 600 m to the west of Well 4). Water produc-
tion from Well 4 is an order of magnitude higher than at other 
producing wells, and for the time interval shown in Figure 6, it 
was the only well producing water. Results from the 2D inversions 
suggest that sites to the west of this well should show the largest 
change in resistivity.

Figure 4. Field setup of 52 electric-field loggers (green) and three 
magnetic-field loggers (red). Each survey line was 2.5 km long, and 
the remote-reference station was in the northwest corner. W1 through 
W6 represent locations of operational wells. Depressurization was 
undertaken at different wells over the depth interval of 400 to 700 m. 
Instruments were left in the field for four months of continuous moni-
toring. The red box represents the site used for temporal 1D inversions. 
The orange box represents the sites used for time-lapse 2D modeling.
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Figure 6 shows the time-lapse inversion from site 1 between 
23 January 2014 and 3 March 2014 over the coal-seam interval. 
Water production from depressurization began on 11 February 
2014, and gas production began on 20 February 2014. There is a 
decrease in resistivity in the coal measures (~ 350 to 650 m) ap-
proximately three days after water production began. The resistivity 
is approximately 3 Ωm from 23 January 2014 to 14 February 2014, 
after which the coal measures become more conductive, dropping 
to < 2.5 Ωm. This drop in resistivity is on the order of 10% to 15% 
and might be caused by enhanced permeability as the gas is released 
from the coal formation and the coal matrix slightly reduces in 
volume (Harpalani and Schraufnagel, 1990; Mirta et al., 2012).

MT monitoring of shale-gas hydraulic stimulation
Onshore shale-gas extraction has experienced a rapid increase 

in the past decade, given newly developed techniques coupled with 
the existence of large global reserves. One of the challenges of 
shale-gas extraction is the typically low permeability of shale. 
Hydraulic stimulation involves inducing geomechanical failure to 
stimulate economic hydraulic-conductivity rates (Cipolla et al., 
2010). Although several related methods, loosely termed hydraulic 
fracturing (“fracking”) are now commonplace, there are several 

associated environmental concerns such as gas leakage and loss of 
injection fluids into aquifer systems (Bierman et al., 2011).

A magnetotelluric survey was undertaken in the Cooper Basin, 
South Australia, in conjunction with a hydraulic stimulation 
conducted by Santos. A well was drilled vertically to a depth of 
2900 m at the center of the profile (Figure 7) and then was devi-
ated to horizontal, extending 1000 m south. Fluid injections 
began on 29 May 2014, with spatial and temporal sectioning of 
fluid pumping lasting 12 days. Pumping was for 10 frack stages 
beginning at the southernmost location and proceeding north. 
Pumping ceased 12 days later, marking the beginning of the 
fluid-flowback phase.

Hydraulic fracturing was monitored using 40 electric-field 
loggers and three magnetic-field loggers to record MT responses 
over a 65-day window — from day 120 (20 May 2014) until day 
185 (22 June 2014). Electric-field loggers were deployed in a 
cross-array, with 200 m site separation, as shown in Figure 7.

A key attribute of MT monitoring is to identify how the 
full-impedance tensor changes with time. Peacock et al. (2012), 
Peacock et al. (2013), and Didana (personal communication, 

Figure 5. (a) Inversion of preproduction along line 1 on 8 December 
2013. (b) Inversion of postproduction along line 1 on 21 March 2014. 
(c) Percentage change of March profile relative to December profile. 
The major change is in the upper and lower coal measures to the west 
of Well 4 and is on the order of 8% to 10% difference.

Figure 6. Time-lapse inversion showing temporal variation in the 
target coal-seam resistivity beneath site 1 on line 1 from 23 January 
2014 to 3 March 2014. The blue line represents the water-production 
rate in barrels per day (bbl/d), and the red line represents the gas 
production rate in million cubic feet per day (Mcf/d) from Well 4.

Figure 7. Field setup of 40 electric-field loggers (green) and three 
magnetic-field loggers (yellow). Each survey line was 4.4 km long, and 
the remote reference station was at the end of two lines, with an addi-
tional remote 10 km away. Examples of data from sites 23, 31, and 39 
are shown in this article.
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2015) demonstrate this with some success using difference in 
phase tensors (Caldwell et al., 2004) across a large array. One 
advantage of this approach is that the observed data can be 
interpreted direct ly without the problems of nonunique 
modeling.

Figure 8 shows the apparent-resistivity response curves for 
site 31 (close to injection) and site 39 (at the end of the line and 
distant from the injection) for a preinjection day (22 May 2014) 
and postinjection day (6 June 2014). The impedance tensors were 
rotated clockwise 45° so that the XY component had the electric 
field parallel to line 3 and YX with the electric field perpendicular 
to line 3. The phases are not shown because the bandwidth at 
which a difference might be expected lies within the dead band.

Site 31 indicates that there is a clear difference for each of the 
modes, slightly larger in effect for the YX component; this is 
consistent with the feasibility study (Figure 2). Vector information 
from the impedance tensor can be used to help determine the 
areal extent of the injected fluids and/or preferential flow paths. 
On the other hand, site 39 (Figure 8c) exhibits a much a smaller 
change in both modes (only the YX is shown; the XY has a similarly 
small difference). Thus, we demonstrate a quantitative difference 
between proximal and distal sites that can be used to infer some 
characteristics of the injection without having to model. We note 
that similar response differences were observed along line 2, 
indicating that the stimulation was relatively symmetrical around 
the horizontal well.

In Figure 9, we show a 1D inversion from site 23 of the MT 
response rotated 45° from geographic coordinates with the electric 
field orientated perpendicular to line 2. These 1D inversions have 
a time-smoothing constraint to reduce modeling variations caused 
by noise. In Figure 9, the models are normalized to the prestimula-
tion resistivity profile to show the magnitude of the modeled 
resistivity change as a function of depth and time.

Without any temporal or spatial constraints, the resistivity 
change caused by stimulation fluids injected at 2900 m is smoothed 
over a much larger depth interval of 2500 to > 5000 m in the plot. 
However, Figure 9 does show how resistivity changes over the 
entire time interval, from initial stimulation to flowback.

Figure 10 shows the total electrical conductance (defined as 
the sum of the thickness of each layer divided by its resistivity) 
between 2500 and 5000 m as a function of time. Electrical con-
ductance is resolved better than electrical resistivity for 1D models 
(Parker, 1980). The increase in conductance is small (on the order 
of 1 S) and reflects the introduction of the stimulation fluid. Of 
note is that the conductance reverts to the preinjection value after 

flowback. This does not necessarily mean all the stimulation fluid 
has been removed, but enhancements in fluid-filled permeability 
are not maintained, and compressive stress reduces permeability 
as soon as stimulation has been concluded.

Conclusion
The utility of magnetotelluric monitoring of unconven-

tional-resource development is at an early stage, with relatively 
few projects to date. Results from surveys in this article dem-
onstrate that the MT method has great promise, but it is a new 
technology that will require some time to improve outcomes. 
There is scope for great innovation in the design of field surveys, 
potentially integrating the MT and microseismic methods. In 
particular, it is important to incorporate all known constraints 
in space (such as resistivity logs as a priori background and 
depth of fluid stimulation), time (commencement and rate of 
fluid injection), and fluid characteristics (fluid resistivity, for-
mation temperature, and fluid volume). A significantly con-
strained model will be much more successful in defining regions 
of fluid injection or depressurization than a smooth uncon-
strained model. 
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Figure 8. Differences in apparent-resistivity responses for a preproduction day (22 May 2014) and a postproduction day (6 June 2014). For site 
31, two modes are shown, YX with the electric field perpendicular to line 3 and XY with the electric field parallel to line 3. For site 39, neither 
mode exhibited a major difference in response. Only the YX component is shown; it has a slightly larger change than XY.

Figure 9. Temporal changes in 1D resistivity beneath site 23 for a 
time window that spans the stimulation and flowback phases. Such 
1D inversions with depth are smoothed with time to dampen temporal 
changes in noise day by day. The resulting section is normalized with 
respect to the preinjection profile so that the plot shows resistivity 
differences.
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Figure 10. Electrical conductance of the interval 2500 to 5000 m as a 
function of time, derived from the resistivity section in Figure 9, indi-
cating the movement of stimulating fluids into and out of the 
formation.
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