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Abstract

Applications of Magnetotelluric and transient electromagnetic methods
for groundwater and engineering studies
Adel K. Mohamed

The main aim of this study is to use the transient electromagnetic (TEM) and
magnetotelluric (MT) methods to determine the electrical resistivity distribution of the
subsurface and locate possible structural features controlling groundwater distribution in
the northern and south-eastern margins of Parnaiba basin, Brazil. MT data from 24 stations
along two profiles across the margins of the basin have been processed using standard
tensorial techniques to obtain the interpretable response functions. The TEM data recorded
at the same sites facilitated the removal of static shift and the recovery of the near-surface
structure. One-dimensional (1-D) joint inversion of TEM and MT data yielded an
approximate geoelectric structure for each profile. Subsequent two-dimensional (2-D)
modelling revealed a more realistic resistivity distribution for each profile.

The result of 2-D regularized inversion of MT data delineated the main sedimentary
sequences and deep basement features. A resistive crystalline basement (= 200 Q.m ) 1s
overlain by relatively conductive sedimentary sequences of varying resistivities and
thicknesses. The existence of a major basement trough at the expected position of a
concealed fault in the north-eastern margin of the basin was proved by the MT model. This
anomalous zone is interpreted to have a thick development of granular sediments and may
be a good site for groundwater development. The 2-D model for the south-eastern profile
defined the position of a major fault, which is interpreted as Picos fault and may have
implication for groundwater development. A graben-like structure is also suggested ~10
km further east from Picos fault and considered to be a good target for groundwater
development. Overall, the 2-D MT inversion results are consistent with the available
geological information and offer new insights into the deep structure of the basin margins
of Parnaiba basin.

As a shallow-depth complement to the Parnaiba study, a new azimuthal TEM
surveying technique has been evaluated as a possible engineering tool for rapid mapping of
a fractured granodioritic rock-mass in Quorn, Leicestershire (UK). The azimuthal TEM
field data recorded in this area have been presented in the form of apparent resistivity and
voltage responses at selected channels and also inverted using a 1-D inverse modelling
scheme. The azimuthal TEM data were found to be successful in locating most of the
fractured/faulted zones identified using the conventional 2-D DC resistivity inversion and
VLF profiling methods. It is suggested that a more sophisticated azimuthal TEM field
surveying technique will be a useful tool for engineering studies.
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Chapter 1 Introduction

1. Introduction and research objectives
1.1 Introduction

Geophysical methods measure the physical properties of the Earth using invasive or non-
invasive techniques. Electrical conductivity is one such physical parameter that can be
observed to great depths via measurements on or near the surface of the Earth. The
electrical conductivity of rocks and minerals has a very wide range of values. This
variation is caused by a large number of physical properties such as rock porosity,
temperature, lithology, fluid and electrolyte content.

The geoelectrical methods comprise one of the three principal topics in applied
geophysics; the other two are seismic and potential field methods. These methods have
been successfully used in groundwater exploration (Sharma, 1997). Seismic refraction
technique is often used when bedrock is overlain by alluvium because the bedrock surface
is usually a strong refractor but the seismic reflection method provides more detailed
images of the subsurface and can detect the presence of thin layers (Birkelo et al., 1987).
Gravity and magnetic methods are commonly used for locating faulted and other structural
boundaries affecting the groundwater distribution, and mapping alluvium-filled valleys
(e.g. Sternberg et al., 1990; Street and Engel, 1990). On the other hand, electrical methods
described below are the most common techniques for these targets. Geoelectrical methods
mainly respond to the presence of highly conductive minerals or water in rocks. They also
have a broad range of useful applications, including mineral exploration, engineering and
environmental investigations, and archaeological studies. Geo-electrical methods have
become well established over several decades for groundwater exploration in sedimentary
and crystalline rocks (e.g. Patra, 1967; Palacky et al., 1981; Goldestein et al., 1990; Barker
et al., 1992; Wright, 1992; Nobes, 1994, 1996; Barker and Moore, 1998). This is due to
the fact that the electrical resistivity varies, not only from formation to formation but even
within a particular formation. Generally speaking, hard rocks are bad conductors of
electric current, but many geological processes such as dissolution, faulting, weathering,
columnar jointing, can alter a rock and significantly lower its resistivity. In contrast to the
above processes, precipitation of calcium carbonate or silica reduces porosity and hence
increases resistivity (Sharma, 1997). Therefore, there is no general correlation of lithology
with resistivity. Nevertheless, approximate resistivity ranges (Palacky, 1987) of the
common Earth materials are shown in Figure 1.1. Note that saltwater is highly conductive.

Unaltered igneous and metamorphic rocks are resistive. The resistivity of sedimentary
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Chapter 1 Introduction

formations is highly variable depending on the degree of saturation and the nature of the
pore electrolytes. In sedimentary environments and because of the commonly small
difference in resistivity contrasts of the formations, it is sometimes difficult to delineate
layers carrying water in more detail and so the interpretation is in large scale and not in fine

scale as that deduced from well logging data.
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Figure 1.1: The approximate resistivity ranges of Earth materials (after Palacky,
1987)

The geoelectrical methods can be divided into two categories:
a) Electrical techniques: namely DC resistivity, induced polarisation (IP) and self-potential
(SP).
b) Inductive or electromagnetic techniques: which consist of frequency domain
electromagnetic (FDEM) techniques, such as magnetotelluric (MT), and time domain or
transient electromagnetic methods.

In this chapter, a brief historical background of the magnetotelluric, and transient
electromagnetic method of exploration are given since these are the methods used in this

research study. Also, the research objectives and thesis outline are presented here.
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1.2 Magnetotelluric and transient electromagnetic as exploration tools

Magnetotellurics is an electromagnetic method employing simultaneous measurements of
natural electric and magnetic fields to infer the electrical conductivity distribution within
the Earth beneath the site of the surface fields. This technique depends on the time-
varying, naturally occurring Earth’s magnetic field which induces eddy currents (called
telluric currents) in the conductive crust of the Earth that are detectable as electric field
variations at the surface. This variation in the magnetic field is assumed to be derived from
a plane EM wave propagating vertically into the Earth and the EM impedance (the ratio of
the horizontal electrical field in the ground to the orthogonal horizontal magnetic field),
measured at a number of frequencies, gives Earth’s resistivities as a function of frequency
or period resulting in a form of depth sounding (Cagniard, 1953). Cagniard first proposed
the MT method of prospecting in 1953, although the Russian scientist Tikhonov (1950)
and the Japanese scientists, Kato and Kikuchi (1950) and Rikitake (1950) had published on
the subject of deep crustal electrical conductivity investigations. Since that time, this tool
has been emerging rapidly as a powerful technique. There are a number of case studies
which describe the application of the MT method for the exploration of different geological
targets. Among them are application to civil engineering and groundwater (Bernard et al.,
1990; Bartel, 1991; Meju et al., 1999; Miele et al., 2000; Savin et al., 2001), mineral
exploration (Strangway et al., 1973; Strangway, 1983; Livelybrooks et al., 1996), basin
evaluation for petroleum exploration (Tikhonov and Berdichevsky, 1966; Vozoff, 1972;
Stanley et al., 1985; Hastie et al., 1989; Christopherson, 1991; Lu, 1995; Ceron et al.,
2001), geothermal exploration (Hermance and Grillot, 1974; Hutton et al., 1984; Devlin,
1984; Galanopoulos, 1989; Wannamaker, 1997; Lagios et al.,1998; Kagiyama et al., 1999;
Risk et al., 1999, Matsushima et al., 2001), and for acquiring information about Earth’s
deep interior, lower crust and mantle (Egbert and Booker, 1992; Bahr et al., 1993). This
technique has been successfully applied for imaging subduction-related features like
conductive zones associated with the top of conducted plate and the movement of volatiles
within the subduction system (e.g. Kurtz et al., 1986,1990; Wannamaker et al., 1989; Fuji-
ta et al., 1997; Ingham et al., 2001). It is also applied in offshore conditions and for
earthquake prediction (e.g. Morat, 1974; Honkura et al., 1977; Constable et al., 1998). MT
method represents an important exploration tool, particularly for reconnaissance surveys
and in areas where the seismic reflection method performs poorly, the latter includes buried

salt, carbonate, and volcanic horizons that efficiently reflect and scatter acoustic energy
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(Constable et al., 1998). Also, because electrical conductivity is a strong function of
porosity, it can be used alone or in conjunction with seismic velocities to interpret porosity
and permeability (Constable et al. 1998). It has shown its effectiveness for tectonic studies
(Arora et al., 1997, 1999). Also, it is emerging as a powerful technique for near-surface
environmental groundwater contamination studies (Tezkan et al., 1996; Unsworth et al.,
2000; Pedersen et al., 2001). These ranges of applications suggest the suitability of this

technique for shallow and deep structural investigations (see Fig. '1.2).
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Figure 1.2: Ranges of frequencies that are appropriate in using electromagnetic fields
for exploring for various objectives (after Zhadanov and Keller, 1994).

TEM is another EM technique. In this method, a strong direct current (DC) is
usually passed through a rectangular loop laid out on the ground. This current is abruptly
terminated. The secondary fields due to the induced current are measured in a receiver.
The voltage response of secondary field can delineate zones of high conductivity within the
ground. The TEM technique has been around for almost 40 years but has been used widely
in the last 20 years. The first ground TEM system was developed in 1962 by Newmont
Exploration Ltd as a part of a joint Newmont Cyprus Mines developed program (Dolan,
1970). The first airborne INPUT system was introduced at the same period (Barringer,
1962). After that time, the MPPO1 single loop TEM system was developed in the Soviet
Union (Velikin and Buggakov, 1967). Since that time and due to advances in electronics,
new TEM systems have been developed. In 1972, the PEM (pulse electromagnetic) system
was developed by Crone Geophysics and Newmont Exploration as a semiportable

horizontal-loop unit (Crone, 1977). The UTEM system was then developed in Canada at
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the University of Toronto between 1971 and 1979 (West et al., 1984; Lamontaque, 1975).
SIROTEM was developed by the Commonwealth Scientific Industrial Research
Organization (CSIRO) in Australia between 1972 and 1977 (Buselli and O’Neill, 1977).
Geonics Ltd introduced the first version of EM37 in 1980 (McNeill, 1980a). The Colorado
School of Mines then developed a megasource TEM system that can provide depths of
investigation of up to 10 km (Keller et al., 1984). The use of TEM system for downhole
electromagnetic work has become very widespread; several systems were modified to carry
out DHEM including the Newmont and Crone systems, SIROTEM and EM37 (Eadie and
Staltari, 1987 and Dyck, 1991). The interest now is concentrated in faster and denser
coverage of an area with the TEM technique; this has led to the development of the Pulled
Array Transient Electromagnetic Method (PA-TEM, Sorensen et al., 1995). Recently,
multipurpose systems such as the Zong GDP-32 and the phoenix V-5 system, originally
designed for controlled source audiofrequency magnetotelluric surveying, have been
reprogrammed for TEM data acquisition.

TEM method is widely used in mining, geothermal, geological, hydrogeological,
environmental, and geotechnical investigations. Nevertheless, most case histories on TEM
reported in the literature concentrate on its use in mining exploration programmes and
groundwater studies especially for mapping saline water intrusion in coastal aquifers (e.g.
Stewart and Gay, 1986; Mills et al., 1988; Kruse et al., 1998; Yang et al., 1999; Shtivelman
and Goldman, 2000). TEM is a very effective method in detecting subtle changes in
resistivity, especially in highly conductive environments. This attribute has enabled it to be
applied to some new problems in the fields of engineering and environmental geophysics
such as the detection of likely areas of ground subsidence, mapping the extent of
groundwater contamination and monitoring the spread of contamination plumes. Goldman
et al. (1989, 1994a) have showed its effectiveness for seawater intrusion studies and
locating freshwater-seawater interface. This is attributed to the fact that seawater has lower
resistivity than freshwater; the resistivity of freshwater ranges between 20-100 ohm-m
(Kelly and Mares, 1993). The resistivity of the aquifers saturated with seawater and
freshwater therefore differs widely and TEM method can be used to locate their contact; its
combination with DC method proved to be the fastest and most comprehensive methods of
detecting and mapping freshwater-bearing aquifer and also saltwater-affected aquifers in
some regions (e.g. Yang et al, 1999; Meju et al., 2000). However, the differentiation of

permeable clay sediments from sandy layers saturated with seawater is difficult due to the
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equivocal or the similarities in resistivity values. The TEM has been effective for mapping
brine pockets in the bedded salt and anhydrite formations at waste repository sites (Buselli
et al., 1990) and for delineating the boundary of other waste dumps (Mauldin-Mayerle et
al.,, 1998). The time-domain electromagnetic (TEM/TDEM) method provides a surface
geophysical technique suitable for interpreting deep permafrost conditions (e.g. Todd and
Dallimore, 1998).

Meju et al. (2001) successfully adapted a joint single loop TEM and horizontal loop
electromagnetic (HLEM) profiling methods for detecting fracture zone in granitic terrain.
It also was found to be a useful tool for geological mapping in sedimentary basins as an aid
to oil exploration (Strack et al., 1989). Lithological mapping using TEM sounding method
has been shown to be applicable for coal exploration (Asten, 1987). The ability to resolve
layering at a wide range of depths has been used for structural mapping in more complex
environments (Keller et al., 1984). Recent advance in instrumentation have produced
equipment capable of measuring the response from very shallow depths, less than 10 m in
some cases. Despite all this work there remain many unanswered questions, especially
about the performance of the TEM sounding method in complex geological environments.
The presence of this type of complicated terrain (2D/3D) will distort the eddy currents
induced in the Earth and 1-D inversions from such data will not reflect the true Earth
structure (e.g. Goldman et al., 1994b). More sophisticated programs to model the mostly
3-D Earth structure would be needed to obtain a true geoelectrical model for the ground.
Nevertheless, TEM has shown itself in many circumstances to be more advantageous over
DC resistivity and seismic methods in some areas; the equipment is portable, and
acquisition is faster giving greater production per day. The ability to derive a geoelectric
section for several tens of metres depth from a single, relatively small loop is an obvious
improvement over DC soundings where huge electrode separations would be needed for
the same depth of penetration. With large separations the chance of distortions to the DC
sounding curve brought by lateral resistivity variations become much greater (see Barker,
1981). Another advantage over DC methods is that the source and receiver require no
ground connections thereby circumventing the problem of contact resistance (Swift, 1990).
In some areas the inductive source allows the method to be used where other geophysical
techniques such as seismics are not viable such as over loosely consolidated sediments or
swamp. TEM has the best lateral and vertical resolution with regard to highly conductive

targets (Kaufman and Keller, 1983) and is less influenced by near surface inhomogeneities
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which is the main problem for MT interpretation. Therefore, TEM has been used for static
shift correction of MT data (e.g. Sternberg et al., 1988; Pellerin and Hohmann, 1990; Meju,
1996; Meju et al., 1999). A combination of the two EM methods (TEM-MT) should
therefore yield resistivity, structural and lithological information at shallow and great

depths.
1.3 Research objectives

The EM techniques used most widely for geophysical soundings are the magnetotelluric
(MT) and time-domain or transient electromagnetic (TEM) methods which together
comprise approximately 76 percent of EM surveys (by dollar percent) in the western world
(Montgomery, 1987). Magnetotelluric method is used mainly for structural mapping of
basins, whereas TEM is used for shallower soundings and stratigraphic applications.

The first part of this research is part of a major collaborative project by the National
Observatory in Rio de Janerio (Brazil) and Leicester University (UK) to locate the deep
graben-like structures which may be aquiferous or faults that possibly affect groundwater
distribution in Panaiba basin in Brazil. Joint TEM and MT methods were used in these
studies. The TEM method served to facilitate the removal of static shift effects from the
MT data (Sternberg et al., 1988; Meju, 1996) and to recover the near-surface structure. It
is also applied to see if there is any seawater intrusion on land in the coastal region because
saltwater represents a significant threat to water quality in coastal aquifers. MT method
was applied to yield valuable information at greater depths reaching to the base of the
sedimentary basin. Resolution of structures within the basement requiring low frequency
soundings is outside the scope of this study. A combination of the two EM methods should
therefore yield resistivity information at shallow and great depths. This information is
necessary for understanding any structures controlling the groundwater distribution.
Assessment of the changes in the thickness of the basin sediments, mainly the
determination of any significant variations in the bedrock topography can also contribute to
the general knowledge of tectonic structure of a sedimentary basin. The thickness of these
sediments is also still unknown and requires detailed studies.

The second part of this research deals with the utility of TEM method for shallow
investigation (i.e. engineering application). In this study a novel small-loop, short-offset
TEM configuration is employed for rapid 3D mapping of a fractured granodiorite rock
mass in Quorn Park, Leicestershire (UK). This is comparable to the single loop TEM

method that has been applied successfully for detecting fracture zones in deeply weathered
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granitic terrain (Meju et al., 2001). In this particular study DC resisitivity and VLF
methods were also employed for comparison with the TEM results and for mapping the
geoelectric sequences.

In summary, the main objectives of this project are the following:

1- Determination of the deep structures of the north-eastern and south-eastern margins of
Parnaiba basin, with emphasis on locating deep faults and fracture-zones.

2- Mapping of potential aquifers and locating the best positions for groundwater
development.

3- Evaluation of possible seawater intrusion on land on the coastal part of Parnaiba basin.
4- Evaluating a rapid 3-D TEM surveying technique for locating fracture zones at shallow-

depth in the Mountsorrel granodiorite of Quorn Park, Leicestershire (UK).
1.4 Thesis outline

This introduction has given an overview of the electromagnetic methods and their
application in geophysical exploration. It also has presented the objectives that need to be
achieved with this project. The rest of this thesis is as follow;

Chapter two describes the basic theory of magnetotelluric method; it includes the
source of EM field variations and the fundamental relationships from basic EM wave
theory. It is followed by presenting the Earth’s response functions used in MT. The
current distortion technique is also briefly discussed. This chapter also gives a short review
of MT modelling.

Chapter three reviews the basic theory of TEM method. The most common TEM
loop configurations are outlined. The various effects and source of noise on the TEM data
are also discussed. The remaining part is concerned with the processing and interpretation
of field data.

Chapter four contains a hydrogeological background including aquifer propetties,
and groundwater geology. This chapter also outlines the concept of predicting
hydrogeological parameters from bulk resistivity.

Chapter five comprises the EM field survey in Parnaiba basin, Brazil. It starts
with describing the geology of the area of study and a review of previous geophysical
studies of the basin. Then, the field methods, the equipment used, and the strategy
employed for the acquisition of MT and TEM data are given. It is followed by the
processing of data; the impedance tensor decomposition, strike determination, and the
correction of the static shift effects from MT apparent resistivity using the TEM data are
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discussed. A qualitative interpretation of the resulting data in the form of pseudosection is
also given.

Chapter six deals with the numerical modelling of MT and TEM data. First
invariant resistivity is presented for each profile. Then, 1-D joint inversion of TEM-MT
data is discussed. The remainder of this chapter is concerned with the 2-D inverse
modelling of MT data for each profile.

Chapter seven deals with the Quorn Park study. Processing and interpretation of
TEM, DC, and VLF data are given. 2-D modelling of pre-existing DC resistivity data is
given. Comparisons between TEM and the other methods are provided.

Chapter eight summarizes the most important conclusions and results of this

study. It is followed by some recommendations for further research work.
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2. Basic theory of magnetotelluric method
2.1 Sources of magnetotelluric fields

The magnetotelluric field can be defined as the time-varying portion of the Earth’s
magnetic field which induces current flow in the Earth. The source of the MT fields is
natural electromagnetic energy from sources in the ionosphere and magnetosphere. This
energy is utilised to probe the resistivity structure of the Earth’s interior from depths of tens
of metres to many hundreds of kilometres. The external magnetic fields penetrate the
ground to induce electric fields and secondary magnetic fields. Then the components of
the electric and magnetic fields are measured on the surface. The study of natural EM
fields has shown that the amplitude of the electric field component (E) is strongly
dependent on local geology and can vary by a factor of 20 over a distance of about 1 km
(Yungul, 1996). On the other hand, the magnetic field component (H) is very much less
dependent on local geology and seldom varies by more than a factor of 1.5 within the
distance of a few kilometres (Yungul, 1996). A typical average amplitude spectrum of the
magnetic variations shows a minimum at about 1 Hz (Fig. 2.1) and allows the source field
to be classified into two types of activities, one above and the other below 1 Hz. This
frequency (1 Hz) distinguishes two kinds of activities with relative sources above and

below 1 Hz.
2.1.1 Sources above 1 Hz

The electrical storms or meteorological activities in the lower atmosphere are the main
source of fields of frequencies above 1Hz. It includes fields from lightning associated with
thunderstorms. The lightning signals are referred to as “sferics” and attain their peaks in
the early afternoon, local time, their frequency ranges being between 5 Hz and 30 MHz
(Yungul, 1982). They propagate around the world trapped in the waveguide formed
between the ionosphere and the Earth’s surface. In the daytime the wave-guide width is 60
km increasing to 90 km during the nighttimes. This wave-guide at large distance from the
source is converted into a plane wave of variable frequency. There are three storm centres
in the equatorial regions (Brazil, central Africa, and Malaysia). These centres have an
average of 100 storm days per year; their geographic distribution is such that during any
hour of the day there is probably a storm in progress in one of the centres. This is in
addition to small areas within these centres which average more than 200 stormy days per

year. These MT fields penetrate the Earth’s surface to produce the telluric currents. The
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amplitude of the induced current has peaks at distinct frequencies (e.g. the Schumann
resonance; 8, 14, 20, 26, 32 Hz) since the wave-guide absorbs energy at these frequencies
to become enhanced (Jiracek et al., 1995). Man-made power distribution systems are other
minor sources of signals which are generally localised and restricted, to 50 or 60 Hz and
subsequent harmonics. However, the total energy available from these frequencies is very

small.
2.1.2 Sources below 1 Hz

The complex interaction between the solar wind (charged particles emanating from the
sun) with the Earth’s magnetic field and atmosphere is the main cause of the natural EM
field below 1 Hz. When ionised particles moving outward from the sun encounter the
Earth’s magnetosphere, the ionised particles produce protons and electrons. When the
protons and electrons encounter the terrestrial magnetic field, they are deflected in opposite
directions and thus current systems are produced with their own secondary magnetic field
to oppose the Earth’s field which appears to change at a level of a few gammas at a
boundary called the “magnetopause” which is the outer boundary of the Earth’s
magnetosphere. This complex interaction results in what is called micropulsations which
are the main source of fields in the range of frequency of 0.00167 to 5 Hz (Yungul, 1996).
Their amplitudes depend on solar activity, latitude, frequency, season, local and universal
times, and local geology. Depending on their continuity and periods, the micropulsations
are classified as continuous pulsation (regular) and irregular pulsation (Parkinson, 1983).
Continuous pulsations occur mostly during the daytime forming wave trains that last for
tens of minutes. Their amplitudes tend to peak in the early afternoon (local mean time) and
diminish during the night. Irregular pulsations occur mostly during night time with wave
trains that are of limited duration and a period range of about 40 to 120 seconds (frequency
range 0.025 to 0.00833 Hz). In areas where industrial electromagnetic noise is too high for

any meaningful exploration during day time, irregular pulsations are very useful.
2.2 Basic EM theory

Electromagnetic theory was first comprehended by Maxwell who recognized that Ohm’s
law, Faraday’s law, and Amperes’s law were all part of a great whole, that now being
called Maxwell’s equations. These equations are the quintessence of the development of
electromagnetic theory. Further development was only a matter of performing the

appropriate mathematical manipulations. Maxwell’s field equations for
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Figure 2.1: Typical spectrum of amplitudes of electromagnetic noise in the extremely
low frequency (ELF) range (after Keller and Frichknect, 1966).

an isotropic medium are;

VXE=-dB/& 2.1)
VxH=J+dD/d 2.2)
V.B=0 2.3)
V.D=p", 2.4)

where E is the electric field intensity (V/m), H is the magnetic field intensity (A/m), B is
the magnetic induction (W/m?), D is the displacement current (C/m?), J is the current
density (A/m?), and p” is the volume charge density in coulombs.

To relate Maxwell’s equations to properties of the subsurface, the constitutive

equations (Keller, 1988) must be used

D=¢E (2.5)
B=uH (2.6)
J =oFE, 2.7)

where £ (F/m) is the dielectric constant or electrical permittivity, 4 is the magnetic
permeability (1, =47 X107 H/m in free space), o(S/m)is the electrical conductivity.
In most materials, #and £ do not differ appreciably from the values of g and &,in free

space. A combination of Maxwell’s and constitutive equations form a single characteristic

of the medium referred to as the wave number which then determines the behaviour of the

EM field.
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One way of solving the induction equations is to consider models comprising distinct
regions in each of which the conductivity is uniform. At the interface between the regions,
the following boundary conditions apply: tangential E, tangential H and normal B must be
continuous.

Reformulation of Maxwell equations (2.1 and 2.2) in terms of the magnetic and electrical

field strengths, gives the following;

VxH=oE+%(gE) (2.8)

J
=—= . 2.
VXE (uH) (2.9)

Taking the curl of both sides of the above equations, taking into consideration equations

(2.3 and 2.4), and using the vector identity,
VxVxF=V(V.F)-V*F, (2.10)
where F is either the E or H field, for a region where €, ¢ and o are constant, we can get

the wave equations for time domain in the form

J°E JE
V2E = - i 2.11
,ueo}_ +’ua& (2.11)
d°H JoH
V*H = ue pe +ﬂ07, (2.12)

provided also that the volume charge distribution is zero. This is so for all practical
purposes although care must be taken at the interface where surface charges may

accumulate.

iwt

Assuming time dependence of the form e™ then replacing % with iw(w=27f)

equations 2.8 and 2.9 can be written as

VX H=(c+iwe)E (2.13)

VXE=-iuwH . (2.14)
Applying the same steps as above, gives the wave equations in frequency domain

V*H — (uew* +iuow)H =0 (2.15)

V?E — (uew* +iuow)E = 0. (2.16)

2.2.1 Magnetotelluric diffusion equations
Equations 2.15 and 2.16 can be rewritten as

V:H-K*H =0 (2.17)
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VE-K’E=0, (2.18)
where K* = (uew® +iuow). K is the wave propagation constant referred to as the radian
wave length or wave number.

At low frequencies used by the magnetotelluric method (less than 10° Hz), uew’ «
uow for real earth materials; displacement currents are much smaller than conduction

currents and the second term in K* is dominant. Under this condition the dependence of K
on & disappears and the behaviour of the EM field is described as diffusion and the

equations can be written as
V*H —iuowH =0 (2.19)
V*E - iuowE = 0. (2.20)
172

In this case, the propagation constant is given by K = (iwuo) '~.

This complex number can be written in terms of its real and imaginary components as

K= (”—g”ﬁ)“2 +i(%)”2. 2.21)

2.3 Induction in a homogeneous structure

In a homogeneous medium and for an externally uniform and harmonically time varying

field, equations 2.19 and 2.20 in Cartesian coordinates are simplified to

0’Hy .

% —iuowH =0 (2.22)

0°E

5, HOWE, =0, (2.23)
Z

where the direction of propagation of the plane wave coincides with z (positive vertically
down) and the electrical field with x direction.
The general solution for equation (2.23) is

E =A™ +Be™. (2.24)

Substituting E, in equation (2.14), H, can be obtained as
H, =-——[AeS —Be™). (2.25)

Particular boundary conditions:
a) At z —oo; in a homogeneous medium and according to the boundary condition, the
electric field should be zero at the infinity; then Ay in equation 2.24 should be zero and this

gives equations 2.24 and 2.25 to be in the final form;
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E =B, " (2.26)
H, = _—K—Boe’Kz ) (2.27)
iwu
b) At z=0; equations 2.26 and 2.27 are;
E (z=0)=E,=B,, (2.28)
K
H (z=0)=H ,=—28,. (2.29)
iwy

Then it is possible to define a ratio between the electrical and magnetic fields, called the
EM impedances

_Bx _iwu
Hy K

Z (2.30)

This expression was originally proposed by Cagniard (1953); the above equation is used to

compute the resistivity in a homogeneous medium (Vozoff, 1991);

2

- . (2.31)

p_.__
Wi

Ex
Hy

Equation 2.31 can be applied to an inhomogeneous medium but in this case o is called the
apparent resistivity.
The depth z at which the amplitude of an EM field has been attenuated by /e or 0.37 of its

value at the surface of the medium is called skin depth and is given by

| 2
o= = . 2.32
real(K) wuo ( )

In MKS units, § = 503(,0T)”2 metres (2.33)

The effect of conductivity on penetration depth (Fig. 2.2) can be explained physically as
follows (Zhdanov and Keller, 1994): as an electromagnetic field penetrates a conductor, its
energy is expended on the vibration of free electrical charge carriers present in the
conductor. The vibration excited by the electromagnetic field represents conversion of the
energy of electromagnetic field to heat. As a result, the field in a conductor loses energy
rapidly as it travels, and is attenuated. When an electromagnetic field travels into an
extensive conductor, its energy is almost entirely lost in a zone near the entry surface; this
zone is like a skin protecting the interior of the conductor from penetration by
electromagnetic field, and hence the name skin effect. In an insulator, there are no free
charge carriers to vibrate and extract energy from the electromagnetic field, and so, the
field can propagate to greater distance.
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Figure 2.2: Wave number as a function of frequency and resistivity. A scale for
converting wave numbers to radian wave lengths or skin depths is shown on the right
hand side (Keller and Frischknecht, 1966).

2.3.1 Induction in an N-layered structure

In an n layered earth, the conductivity is a function of depth only where the subsurface
consists of n-1 horizontal homogeneous and isotropic layers underlain by a half space (the

nth layer) of resistivity p, (Fig. 2.3). Although in reality the earth is never one-dimensional,

the representation of the earth by n horizontal layers is an important approximation in MT,
and with appropriate care can be used as a reasonable approximation to depth under a
measurement site in many cases. In a layered earth, continuity conditions which must hold
at each boundary permit us to express the wave impedance observed at the surface in terms
of the wave impedances in each of the lower layers. Both the electric field and the magnetic
field must be continuous across the boundaries between layers. The wave impedance at the
bottom of the first layer must equal the wave impedance at the top of the second layer, and
so on. If we consider a model in which the earth is represented by n horizontal layers where

the conductivities of the layers are 0,,0,.,......,0, respectively and the thickness of the top
n-1 layers are h,h,,....... ,h,_, the MT impedance at the surface, can be evaluated by first

computing the impedance for each individual layer and imposing continuity conditions for
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Ex and Hy across boundaries. The following relation can be obtained for the impedance at

the surface (Ward et al., 1973; Kaufman and Keller, 1981)

i 41K _ 41K, 1K, _
Zo(w) = -%wl-colh[l(lhﬁcoth llé}om[Kfz«rcoth Ho coth 1 K" 2coth[Kn_1hn_1+coth 1[; 1]]]] }j| (234)
n— n

1
where K, is the propagating constant for the i-th layer. Equation 2.34 is used in the

1-D MT forward problem to calculate the apparent resistivity and phase of a layered earth

structure at any given frequency.

z=0
Pl Layer1
z=d1
Layer2
P2
z=d2
1
1
[
1
1
1
1
1
1
i
!
z=d
n-1 Layer
P yern

Figure 2.3: One-dimensional model

2.4 Induction in 2-Dimensional Earth

In a two-dimensional case, conductivity [0'=a'(y,z)] varies along one horizontal

coordinate direction and with depth (Fig. 2.4). The other horizontal direction is called the

strike. In two-dimensional structures, z and hence o, vary with measurement direction i.e.

Ey

Hx

Ex
— %
Hy

Cantwell (1960) and Swift (1967) extended the method for laterally inhomogeneous
structures by expressing the relationship between field components through a pair of linear
equations
Ex = ZxxHx + ZxyHy (2.35)
Ey = ZyyHy + ZyxHx . (2.36)
These two equations can be written in the form

E=72ZH, (2.37)

17
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where the tensor impedance Z has been written in the matrix form
Zxx
7= Zxy (2.38)
Zyx Zyy
Zxy and Zyx are the principal impedances, while Zxx and Zyy are the subsidiary

impedances which are produced due to contribution from parallel components of the

magnetic fields.

.~

Figure 2.4: A simple 2-Dimensional model

In a uniform or 1-D horizontally layered earth,
Zxx=Zyy =0 and Zyx = —Zxy (2.39)
In a 2-D case, if x or y is along strike, then
Zxx=2Zyy=0 but Zxy#-Zyx (2.40)
In the field, the measurement axes may not be aligned with the strike such that equation
(2.40) is not valid (i.e. Zxx,Zyy #0 and Zxy # —Zyx).

The elements of Z vary as the coordinate axes are rotated (Swift, 1967). When the
structure is truly 2-D, the EM fields decouple into two distinct polarizations. The first of
these is called the TE mode or E polarization (transverse electric). This mode describes the
field components (Ex, Hy, Hz). In this case the currents are flowing parallel to the
structure. The other mode is called TM mode or B polarization and belongs the field
components (Ey, Hx, Ez); the currents are perpendicular to the structure. In such case

Maxwell’s equations will be modified as given below
18
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oH, OH, oE oE )
z _ =0E , —* =iwuH  , —*=— 241
A OF,, —==iwpH, 5 iwuH | (2.41)
J0E, OE, oH oE
z_ - , * = oF *— _oF . 2.42
% iwuH | % oF, % oL., (2.42)

2.5 Induction in 3-Dimensional structure

If conductivity varies in all the three directions (x, y, z), we are dealing with the general
case of 3-dimensional models. In reality, the conductivity distribution in MT problems is
3-D since the conductivity is mostly a function of all three coordinate axes such that

0 =0(x,y,z). In this condition, the four elements of the impedance tensor (equation

2.38) should be accounted for. This leads to getting four apparent resistivity and four
phase curves. Finding a model to fit all these data for each frequency at every station in
order to interpret the subsurface is an extremely complicated problem (Yungul, 1996). In
addition, the analytical solutions to Maxwell’s equations are difficult. Therefore, a better
understanding of three-dimensionality can be performed by a numerical three-dimensional

modelling technique.
2.6 Earth response functions

The objective of the MT method is to extract valuable information about the conductivity
structure of the subsurface. Any function that can provide valuable information about the
earth is an earth response function (Rokityanski, 1982). The parameters such as the
impedance tensor, the apparent resistivity or the phase of the impedance are considered the
principal functions for characterising the conductivity structure. The conductivity strike,
and the other dimensionality indicators are auxiliary functional parameters for describing

the pattern and nature of the conductivity structures of the earth.
2.6.1 The impedance tensor

All the parameters obtained from the MT field data are mainly based on determination of
the impedance tensor. The impedance is contained in the relationships among the field
components at a single site. It is the quantity from which the conductivity structure is
interpreted. In general, Hx has an associated Ey and some Ex (Vozoff, 1991). Likewise,
Hy causes an Ex and Ey, so that at each frequency we would expect a linear system to
behave as shown in equations 2.35 and 2.36.

In an ideal 1-D environment, Cagniard (1953) has defined the apparent resistivity

and phase by
19
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Puy =020T|Z0)" . p,,. =0.2T|Zyx|’ (2.43)
Py = argE =arctan Im(Zxy) s @, = arg|ﬂ| = arctan Im(Zyx) , (2.44)
Hy R(Zxy) Hx R(Zyx)

where E is measured in mv/km, H in gamma or nanotesla, apparent resistivity is in ohm-
m(Qm) , and (T=1/f) is the period in seconds, @ is the phase differences between the E and
H fields, and Z is the magnetotelluric impedance. Satisfying the condition of 1-D
(Zxy=Zyx), the apparent resistivities and phases for both directions at each frequency
should be equal. A similar relationship between Hz and the horizontal magnetic field
components at any frequency can be written
Hz =TxHx +TyHy, (2.45)

where Tx and Ty are known as the Tipper elements (Vozoff, 1972). The tipper values are
complex since they may include phase shifts. T values are zero in one-dimensional cases,

but nonzero in two-dimensional cases.
2.6.2 Rotation of the impedance tensor

Suppose our measurement axes (X, y) form an angle @ with the true strike and the field
components in the principal anisotropy axes are x~,y~ as shown in Figure 2.5.

The transformed field components are

E " =RE and H =RH (2.46)
R cosf siné (2.47)
" |-sin@® cos® '
and E =Z.H . (2.48)

Due to the rotation of the tensor elements from (x,y) to (x~,y”) by an angle about &, the
rotated impedance tensor becomes
Z7(0)=R(O)ZR" (9). (2.49)
So that the impedance tensor relationship in the rotated frame is
E" =R(O)ZR" (0)H" (2.50)
In the general case and from equation 2.49 the elements of Z~ in terms of the elements of

Z, is given by (Vozoff, 1972)
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4

~

y

Figure 2.5: Axis rotation.

Zxx(0) = (Zxx + Zyy) 1 2 - zo(e+ % 2.51)
Z y(0) = (Zyy + Zxx) [ 2+ zo(e + 9 (2.52)
Z xy(6) = (Zxy - Zyx) 1 2+ Z,(6) (2.53)
Z yx(0) = (Zyx— Zxy) 2+ Z,(6), (2.54)
where zZ, = (ny—;-zyx—)cos 20 —(—Zix-;—ﬂy—)sin 26. (2.55)

As the diagonal elements of the rotated impedance tensor rarely reach zero, several
different ways have been used to find the rotation angle 8 between the measured direction

and strike. One of them is to rotate the Z; in steps, plot them on a polar diagram, and pick

an optimum angle from the plots (Vozoff, 1991). During a rotation through pi radians,
elements of Z trace out ellipses in the complex planes; the ellipses for all elements have the
same shape and size. From these rotation ellipses, the principal axes can be determined.
Alternatively it is possible to use one of Swift's (1967) solutions, in which the expressions

for Zxy(6) and Zyx(6) are differentiated with respect to @ to give an angle 6, which

maximises:

Z70(6,) +|z (6, ) (2.56)

where

tan 46, = ((Zxx_ Z)’)’)' (ny . Zyx)* * (Zxx * Zyy)* (ny + Zyx)

> > (2.57)
|Zxx — Zyy|” — |Zxy + ZyA
where * denotes complex conjugate.
This solution also minimises:
|z +|Zyy” (2.58)

21



Chapter 2 Magnetotelluric method

In an ideal 2-D structure, Zxx and Zyy should be zero at this angle 6,, but in practice they

seldom reduce to zero and the angle 6,is estimated with +90° ambiguity and can be

resolved if additional geologic information is taken into account.

On rotation through 180 degrees, two minima for the diagonal elements are
obtained and the corresponding axes are termed the principal conductivity axes. The
apparent resistivities and phase in these directions are called the major and minor apparent

resistivities and phases. These are expressed as
Pro =02T1Z 70 & @, =arg(Z 1)) (2.59)
Puin =02T\Z 731 & @, = arg(Zyx). (2.60)
It is now relatively common to define an effective response function for a medium which is
rotationally invariant (Tikhonov and Berdichevsky, 1966; Ranganayaki, 1984). The

effective impedance which is the square root of the determinant of the impedance tensor is

given by
Zy= (ZxxZyy - nyZyx)l/2 . (2.61)

It has the physical sense of mean impedance for the medium. The corresponding apparent

resistivity and phase are given by
1
Py = W|Zxeyy - nyZyx| (2.62)

@5 = arg(ZxxZyy — ZxyZyx). (2.63)
In a strictly 2-D environment, p,, = ( ,oxy,oyx)l/2 and @, =¢, +¢, . These two
quantities (0, @) are the geometric mean of parallel and perpendicular resistivities and
phases (Ranganayaki, 1984).
2.6.3 Impedance skew

Skew is an indicator of anisotropy and is given by Swift (1967) as:
Zxx + Zyy
Zxy — Zyx

For ideal 1-D and 2-D conductivity distributions, skew reduces to zero. However, for real

S= . (2.64)

data this is seldom the case and it will approximate to zero for a 1-D or 2-D earth measured
in strike direction. For the general 3-D structure skew is non-zero. Reddy et al. (1973),

Ting and Hohman (1981), and Park et al. (1983), suggested limits of 0.4, 0.12 and 0.5,

22



Chapter 2 Magnetotelluric method

respectively for the onset of 3-D behaviour. Generally, an upper limit of 0.4 is accepted for

a 2-D interpretation to be valid.
2.6.4 Coherency

The coherency is a frequently used MT data quality measure calculated for two
components (Swift, 1967). When the auto power and cross-power spectra are determined,
then it is possible to estimate the correlation between two time series by using their
coherence function. Suppose A and B are the two components of the Fourier transformed
EM fields. Then

|4°B]

(aalls'8]”

where [A*B] is the cross power averaged over a range of frequencies and lA*AJ [B*BJ are

Coherency (A, B) = (2.65)

the auto power averaged over the same range of frequencies.
Coherency lies between 0 and 1. When the two time series are well correlated, then
coherency equals unity. This means that the two signals are perfectly linearly related. For

uncorrelated time series coherency is equal to zero.
2.7 Distortion of MT impedance tensors

In magnetotellurics, the response of regional structures can be masked by the distortion
produced by local, near-surface inhomogeneities (Berdichevsky & Dimitriev 1976; Jones
1988; Jiracek, 1990; Bahr 1991). These effects cause three different types of distortion
(Groom and Bahr, 1992): (1) The well-known static shifts of the sounding curves; (2) when
the underlying regional setting is two-dimensional then the two regional impedances are
mixed in an arbitrary coordinate system; and (3) at sufficiently high frequencies these
effects generate anomalous magnetic fields which alter the background phases. To explain
the reason of this near surface inhomogenity effect, when a plane EM wave interacts with a
laterally inhomogeneous 3-D earth it induces anomalous excess currents and charge
concentrations (Berdichevsky and Dmitriev, 1976; Jones, 1983a; Berdichevsky et al.,
1989). These produce respectively, inductive and galvanic distortion of the electrical field
measurements and consequently the impedance estimates. The inductive effect follows
Faraday’s law, whereby the time derivative of the primary magnetic field induces excessive
currents. These currents following in closed loops produce secondary magnetic fields
which add vectorially to the primary magnetic fields (Jiracek, 1990). On the other side, the

galvanic effect is caused by electric charges produced by primary electric field and are built
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up on the boundaries of inhomogeneities. These charges result in secondary electric fields
which add vectorially to the primary electric field. The magnetic field for small size
inhomogeneties remains almost unaffected by the build up of boundary charges
(Wannamaker et al., 1984a); however, the galvanic magnetic field distortion could be
significant in situations of large galvanic distortion (Groom and Bailey, 1989). This
electric distortion can also affect the sounding curves to cause what is called static shift.
Since static shift correction and distortion tensor techniques applied in this study, brief

outline is presented below.
2.7.1 Static shift correction

For a layered earth, if two measured apparent resistivity sounding curves XY (electric field
parallel to the north) and YX (electric field parallel to the east) have the same shape but
exhibit a vertical, parallel displacement but with impedance phase being unaffected, they
are probably affected by a surficial body. Hence static shift must be removed before
accurate interpretation of deep structures can be made. If YX and XY apparent resistivity
sounding are not parallel and the phase are not identical, this indicates an inductive
response from 2-D or 3-D structures (Wannamaker et al., 1984b).

Several methods have attempted to remove static shift. Jones (1988) suggested a
solution based on shifting the curve into agreement with the model resistivity values of a
known layer. Sternberg et al., (1988) have shown the effectiveness of using borehole
logged TEM data. Beamish and Travassos (1992) have considered the use of well logging
data. It seems that one of the most common techniques to deal with this problem is TEM
or transient electromagnetic method which depends upon measuring secondary magnetic
field and hence is less affected by near surface inhomogenities (Sharma, 1997). Case
histories (Andrieux and Wightman, 1984; Sternberg et al., 1988; Pellerin and Hohmann,
1990; Meju and Fontes, 1993; Meju, 1996; Meju et al., 1999) have shown TEM sounding
to be quite effective in this respect. Central-loop TEM sounding is commonly used to
correct MT static shift because it is less sensitive to lateral resistivity variations than other
TEM configurations (Spies, 1980) and the strength of the induced signal is highest at the
centre of the Tx loop. Meju et al. (1999) suggested the use of both central and single loop
TEM data for static shift correction for TE and TM modes respectively.

24



Chapter 2 Magnetotelluric method

2.7.2 Distortion tensor technique

In one or two-dimensional modelling, the interpretation of the experimental MT result is
easy. However, experimentally determined magnetotelluric impedance tensor rarely
conforms to the ideal 2-D impedance tensor (Groom and Bailey, 1989). That is, there is no
rotation of the coordinate axes such that these diagonal elements of the tensors are both
exactly zero. The reason for that may be because of 1) data error in the case of 1-D or 2-D
induction, 2) 3-D induction, or 3) the effect of galvanic distortion coupled with 1-D or 2-D
induction. Improvements in data quality in recent years make the examination of the third
possibility feasible. Two tensors decomposition methods that are more general than that of
Swift (1967) have been developed. They are eigen analysis and explicit tensor
decomposition methods. The second method is described by Bahr (1988) and Groom and
Bailey (1989,1991) and is based on physical models. This second method is used in this

study which is called physically-based decomposition and is briefly presented here.
2.7.2.1 Physically based decomposition

The purpose of this approach is to yield more obviously physical parameters like regional
strike and regional impedances. This technique was first described by Larsen (1977), and
generalised by Bahr (1988) and Groom and Bailey (1989,1991) and Groom and Bahr
(1992). Bahr (1988) has indicated that galvanic current distortion does not destroy most of
the information present about an underlying 2-D inductive process. Groom and Bailey
(1989) make specific assumption that the measured impedance tensor is produced by local
galvanic distortion, by arbitrary 3-D structures, of the electric currents induced on a large
scale in a regionally 1-D or 2-D structure. So the purpose of Groom and Bailey (1989)
decomposition is to separate local and regional parameters as much as possible under the
assumption that the regional structure is at most 2-D and the local structure causes only
galvanic scattering of the electric field, and to do so in the form of a product factorisation.
This technique is restricted to certain structure, which is the serious defect. According to
Bahr (1991), the conductivity structure might be less or more complex than assumed in the
general model and therefore irrelevant model parameters are derived to give erroneous
results.

Based on Groom-Bailey (1989), the measured electric field must be related to the
regional field by distortion tensor C which in the absence of galvanic distortion reduces to

the identity tensor,
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ie. e=ce =[cl Cz]e,. (2.66)

If Z, is the measured impedance tensor and Z, is the regional impedance, then Z,, can be
decomposed as
Z, =RCZ,R", (2.67)
where R is the rotation matrix which rotates vectors through an angle 6 to the
measurement axis system.
Groom and Bailey (1989) suggested that a useful factorisation of C is as the product
C=gTSA, (2.68)
where g is a scalar “site gain” necessary for normalization, and the respective tensors
T,S,and A are responsible for Twist”, “Shear”, and “Anisotropy” effects and are defined

by

T=N, [1 "} (2.69)
t 1
S= N{l e} (2.70)
e 1
A=N3I:l+s 0 } @.71)
0 1-s

where N, =1/41+t>, N, =1/v1+e*and N, =1/41+s>. The factors N; are

normalisation vectors, whereas #, e and s are real numbers. Figure 2.6 shows the effect of
tensors A, S, and T on a family of unit vectors. As shown in this figure, the effect of the

“Twist” tensor is to rotate the electric field vector through a clockwise angle defined as

twist angle @, =tan™'z. The “shear” tensor develops anisotropy along axes dissecting the

principal directions of the regional impedance. The shear angle e is defined as an angle

given by ¢, =tan"' e through which the X-axis is deflected clockwise and the Y-axis

anticlockwise by the same angle. The anisotropy tensor multiplied by the regional

impedance tensor, simply adds to the anisotropy already existing in the regional impedance

tensor Z,. Neither g nor A can be determined separately from z 2, so the term gAZ, is

lumped together to be 22 . Therefore, equation 2.67 will be modified to

Z =RISZR". 2.72)
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If the product decomposition in equation 2.72 is multiplied out, it yields after some algebra

a non-linear system of equations:

Z.+Z,=to+ed (2.73)
Z, +Z, =(8-eto)cos20 - (t6 +eo)sin 20 (2.74)
Z,+Z, =-0+etd (2.75)
Z,.-Z,=-(td+e0)cos20—(6—eto)sin20, (2.76)

where o =a+b and d =a—b for the sum and difference of the principal impedances a
and b.

Equation (2.72) has seven real parameters, which are the following:

-Two that represent the real and imaginary parts of the major principal impedance

-Two that represent the real and imaginary parts of the minor principal impedances

-Three angles (azimuth, shear angle, and twist angle).

In practice, experimental data with noise deviations from the physical model will never
exactly fit the proposed decomposition. In this case, a solution of least squares or other
fitting procedure to the data can be calculated, giving a misfit £ that can be used as the
eight parameter, and can detect the deviation from the ideal distortion model (Groom and

Bailey, 1989).
2.7.3 Bahr classes

To evaluate the necessity of Groom-Bailey decomposition and to evaluate the measured
impedance tensors, Bahr (1991) described seven classes to categorize the data and which
depend mainly upon twist and shear, Bahr phase sensitive skew, and Swift (1967) skew.

Using the notations of Bahr (1991), the required parameters are defined as follow:

$=2,+Z, $,=2,+Z, (2.77)
D=Z -Z, D,=Z -Z,. (2.78)
From the above definitions, the parameters can be defined as follow:
K =|s,/|D,|. (2.79)
where K is Swift skew
2= @‘2"2—522) , (2.80)
D2
where 2 is a rotationally invariant measure of two-dimensionality
p=(|[D,,8,]+|IS,,D,]))"* /D], (2.81)
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where  is a rotationally invariant measure of the phase differences in the impedance

tensor.

1/2

n=(|[D,.s,]-,.D,]|)
where 77 is a rotationally invariant dimensionality parameter or Bahr skew.

Bi=9.-9, (2.83)

B, =9 +¢,, (2.84)

where ¢, and ¢, are defined as twist and shear, respectively.

/|D,|, (2.82)

Splitting Shear Twist

Figure 2.6: Distortion parameters from Groom-Bailey decomposition (1989).

Based on the above parameters, the seven classes of Bahr are categorised as follows

Class 1: The simple 2-D anomaly characterized by > >0.1 and k <0.1. the conductivity
distribution should be considered to be 2-D. Also Swift’s method of determining strike
may be applied.

Class 2: The purely local 3-D anomaly superimposed on a layered earth, is characterized by
n<0.05.

Class 3: A regional 2-D anomaly with weak local distortion. This class includes all cases
for which B, <5° and 8, <20° or 8, <5%and B, <20°.

Class 4: A regional 2-D anomaly in rotated coordinates, is characterised by
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B =5,
Class 5: A regional 2-D anomaly with strong local distortion. In this class decomposition is
necessary and it is described by 17 < 0.3 and a large angles of twist and shear.
Class 6: A regional 2-D anomaly with strong local channelling. This class includes the
cases where — 8, + 8, =90°.
Class 7: A regional 3-D anomaly. This class includes those cases where 7> 0.3.

It is vital to apply Bahr classes on data first since Groom-Bailey decomposition needs

certain constraints and any condition outside these can lead to erroneous results.
2.8 Numerical modelling on computers

The main objective of modelling techniques is to improve the understanding of the
relationship between the MT response functions and the various subsurface resistivity
discontinuities that have generated them (Meju, 1988). The MT response functions such as
the apparent resistivity and phase over a range of frequencies can be used to deduce the

conductivity structure compatible with the observed data using modelling techniques.
2.8.1 1-D modelling

A great variety of 1-D modelling and inversion schemes exist (e.g. Niblett and Sayn-
Wittgenstein, 1960; Jupp and Vozoff, 1975; Fischer et al., 1981; Meju and Hutton, 1992;
and Hobbs and Dumitrescu, 1997). A simple resistivity-depth transformation can also be
used to generate the approximate model as shown below. An algorithm based on the
asymptotic response of impedance in half space is widely used (e.g. Niblett and Seyn-
Wittgenstein, 1960, Bostick, 1977, Jones, 1983b). In the Niblett-Bostick transformation
used in this study, penetration depth 4 is given by (Niblett and Sayn-Wittgenstein, 1960;
Bostick, 1977),

( ) 1/2
h= [p—w} . (2.85)
How
The Bostick resistivity, p,(h), at depth A is given by
1+m(T)
h)=p (T , 2.86
pB( ) pa( )l—m(T) ( )
where m (T) is the gradient of apparent resistivity curve on a log-log scale,
al T
ie. m=2180T)_ T db,(T) (2.87)

dlog(T)  p,(T) or
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In other word, The Niblett resistivity (Niblett and Sayn-Wittgenstein, 1960, Jones,

1983b) is given by
a+ g—%) 1+ m(T)
ps()=p, (T)(Tj_—a_&— =D (2.88)
p. I

An alternative expression for the Bostick resistivity has been used by various authors (e.g.

Goldberg and Rostein, 1982). This form is given by
P (1) = p, (W) =7 -1 (2.89)
’ “l2e(w) T '

where p, = the observed apparent resistivity

w = angular frequency

@ = phase.
The 1-D MT inversion programme employed in this study (Meju, 1992, 1994) uses
the ridge-regression or Marquardt method (Marquardt, 1970). In ridge regression we

minimize the linearised function

d=q +fg,=¢ee+P(x"A-L)), (2.90)
where g and g; are the quantities required to be minimized. L, is the bound on the energy
of the parameter increments, A is called the Jacobian matrix, x is the solution length,

e =| y—AxI, and f is the damping factor, an undetermined Lagrange multiplier which
determines the relative importance that is given to g, and g,,

g, =e’e=(y—Ax)"(y— Ax), where y is a vector containing the difference between the
initial model response and the observed data (see Meju, 1994).
For minimisation, the following solution for the parameter perturbations is derived
x=(ATA+fB)"'ATy. (2.91)
Adding the damping factor leads to stable inversion of the matrix A and overcomes the ill
conditioning of A”A in Gauss-Newton method. To get optimum value for /3, there are
many different ways (see Vozoff and Jupp, 1975; Johansen, 1977; Meju, 1992).
If the observational errors are available, they may be incorporated directly in the problem
formulation to obtain more acceptable weighted solution. So the ridge regression estimate
becomes (Meju, 1992):
x=|waywa+ gl wa)'wy (2.92)
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where the diagnonal weighting matrix W contains the reciprocal of data errors,

i.e. W= diag(—l—,—l— ..... LJ .

2.8.2 2-D modelling

The earth structure is complex and at least 2-D modelling is required. There are four basic
methods for the solution of 2-D forward model response: The finite difference (e.g. Patrick
and Bostick, 1969; Jones and Price, 1970; Brewitt-Taylor and Weaver, 1976), the finite
element (e.g. Reddy and Rankin, 1973; Wannamaker et al., 1986, 1987), the integral
equation (e.g. Patra and Mallick, 1980; Hohman, 1983), and the transmission line analogy
(e.g. Madden and Thompson, 1965). In all these methods the region to be modelled is
divided into a mesh of elements at which field values are evaluated subject to boundary
conditions. The finite element methods are usually the most accurate, and the finite
difference methods are the quickest and simplest (Madden and Mackie, 1989; and Mackie
et al., 1993). Some of these forward modelling methods have been incorporated into
linearized 2-D inversion schemes (e.g. Jupp and Vozoff, 1975; Mackie, 1996). In this
study a computer program based on the finite difference equations has been used. The 2-D
scheme used in this program uses Tikhonov (1963) regularization. The forward model
simulations are computed using different equations generated by network analogs to
Maxwell’s equations. The 2-D inversion solution is based on the maximum likelihood
procedure described by Mackie et al. (1988). The approach used in this study to solve the
maximum likelihood equations was the conjugate gradient relaxation technique (Madden
and Mackie, 1989; Mackie et al., 1993; Mackie and Madden, 1993). This specific program
was written by Mackie (1996). A more detail description of this program is given with the

practical work in chapter 6.
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3. Transient electromagnetic (TEM) method
3.1 Basic principles

The transient electromagnetic (TEM) method is an inductive method that utilises strong
current which is passed through a rectangular loop commonly laid on the surface of the
ground. The flow of this current in the surface loop will create a magnetic field that
spreads out into the ground in the form of a primary magnetic field and induces eddy
currents in the subsurface. When the current is abruptly terminated, this primary magnetic
field is time varying and in accordance with Faraday’s law, there will be an
electromagnetic induction during this time. This electromagnetic induction in turn results
in eddy current flow in the subsurface. The intensity of these currents at a certain time and
depth depends on ground resistivity (Kaufman and Keller, 1983), in other words, the
conductivity, size, and shape of subsurface conductor. The voltage response, which is
proportional to the time rate of change of the secondary magnetic field created by the eddy
currents, is measured. For poor conductors, these initial voltages are large but the fields
decay rapidly. For good conductors, the initial voltages are smaller but the field decays
slowly. Nabighian (1979) has shown that at any given time after switch off, this system of
induced currents can be represented by a simple current filament of the same shape as the
transmitter loop, and moves outward and downward with decreasing velocity and

diminishing amplitude with time (Fig. 3.1). This is known as the smoke ring.

Figure 3.1: System of equivalent current filaments at various times after current
interruption in the transmitter loop, showing their downward and outward
movement (after McNeill, 1990).

The velocity V, with which the ring expands away from the transmitter, at a time t is given

by the equation (Nabighian, 1979)
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A 3.1)
ot

and the diffusion depth, d, of the wave is given by

d=2r /1 . (3.2)
U

The depth of investigation is determined by the time interval after the transmitter current is
turned off and the subsurface conductivity (equation 3.2). As the time increases, the
current intensity migrates to greater depths.

The current driven through the transmitter loop consists of equal periods of on-time and
off-time (Fig. 3.2). The TDEM signal is measured during the transmitter off time period
only, i.e. in the absence of a primary field. @~When the TEM response is plotted
logarithmically against the logarithm of time in a homogeneous medium, the response can
be divided into three stages, early stage (where the response is constant with time), an
intermediate stage (response shape is continually varying with time), and late stage
(response is a straight line). In the early time stage of the transient process, the induced
currents (Grant and West, 1965) will be independent of the conductivity and firstly (i.e. at

time t=0) be confined to the surface of the conductor in such a way as to preserve the
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Figure 3.2: Schematic diagram showing on and transmitter current linear ramp turn-
off time and receiver signal (after Swift, 1990).
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normal component of the pre-existing primary magnetic field at the surface of the
conductor (Weaver, 1970). At this stage, the initial current distribution is only a function
of the size and shape of the conductor (Grant and West, 1965). In the subsurface, an
inward diffusion of the current pattern later occurs as a result of ohmic losses which leads
to the region immediately inside the conductor seeing a decreasing magnetic field and an
induced emf that causes new current to flow. This is the intermediate stage. This
continues until a stage is reached at which current distribution becomes more or less
invariant with time. The inductance and resistance of each current ring have reached
stabilised values and both the currents and their associated external magnetic fields begin

to decay with a time constant given by

2
= (3.3)
T

where a is the radius of an equivalent circular loop.

This is the late—time stage of the transient process.
3.1.1 TEM in homogeneous medium

The derivative of the vertical magnetic field, B, as a function of time is given by (McNeill,

1980)

% /2 3/2
L (a4 B G4

Re-arranging this equation by inversion, we have

p,(1) = (4—’;—)%9%} " (3.5)

where M is the transmitter dipole moment,

B, = Y and p, is the apparent resistivity of the ground.

3.1.2 TEM in layered earth model

In a two-layer situation and at early times, the diffusing current will be concentrated
entirely in the upper layer and the measurement of field component will be characteristic of
that layer. At much later times the current will be predominantly in the second layer and
the measurement of the magnetic field will be diagnostic of that layer.

McNeill (1980b), Yungul (1961), and Hoversten and Morrison (1982) have published

computational results for the induced electric field inside some two and three-layered
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geoelectric sections. The solution for the TEM forward problem for a layered earth with a
step source is given in Knight and Raiche (1982) and Raiche (1984). This gives the mutual
impedance, Z, between the transmitter and receiver loops, located on the ground surface, as

a function of measurement time. This equations is
Z(t) = ~muab (L, {I(P)PA,(m, P,2) }J,(Aa)J,(4b)dA, (3.6)
0

where a and b are respectively the radius of the transmitter and receiver loops, A,(m, P, A)

is the layered earth impedance function, m represents the layer thickness and
conductivities, P is the Laplace transform variable rather than the Fourier transform

variable i.e. replacing -iw with P, A is the integration variable for the inverse Hankel

transform and is equal to —p~' for a step function turn-off, J, is the Bessel function of
order one, and L;‘ is the inverse Laplace transform operator with respect to  P.

For a structure with n layers above a uniform half-space of conductivity o,,,, the
reflection coefficient at the interface between layer j, of conductivity o, and layer j+1of
conductivity o ,,, is:

_ Sj - Sj+1

R =—1—*—. 3.7
TS +S,,

The exponential factor E; is defined
E = exp(-Zthj),

where h; is the thickness of layer j and

172

S, = (ﬂz - iw,uaj)
Working from the bottom to the top for the sequence of the layers, we define (Knight and
Raiche, 1982)
F, =0 (3.8)
for the basal half-space,
F, =E,R, (3.9)
for the overlying layer n, and
R . +F,
F, = EJL__J“_), (3.10)
(I+R,F,)

for any layer j (0 < j < n) on top of layer n.
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Using the recursive relation, the function A, in equation (3.5) is simply

R, +F

. (.11)
1+R,F,

A0=

3.2 TEM field measurements

In the TEM survey, the transmitter is connected to a loop of wire laid on the ground. With
the exception of the on time measuring system (UTEM and INPUT), all TEM transmitters
generate a bipolar waveform with a ramp turn-off time as shown in Figure 3.2. The
decaying voltage in the receiver is measured when the transmitter is turned off which
allows the very small voltage to be measured without interference from the large primary
field. The receiver samples the amplitude of the transient decay using a number of gates.
The width of gates increases with time so the early time gates are narrow in order to
accurately measure the voltage while the later gates, situated where the transient varies
more slowly, are much broader. This wider gate enhances the signal to noise ratio which
decreases with time as the amplitude of the signal decays.

The design of TEM survey depends on the depth of investigation required. The
practical limitation on the depth of investigation for TEM system is determined by the
maximum recording time, the time t at which the signal decays to the noise level, the
source moment and earth resistivity. These independent parameters render the depth of
investigation difficult to quantify. Spies (1989) has studied the depth of investigation of
TEM survey; he has shown that in case of transmitter-receiver separation or loop size less
than the depth of investigation (near-zone) and induced voltage measured with an induction
coil, the depth of investigation is proportional to the 1/5 power of the source moment and

1/5

ground resistivity (IAp)'°. On the other hand, if the receiver is a magnetometer the depth

of investigation is proportional to the 1/3 power of the source moment and is no longer a
function of resistivity. In case of loop size greater than the depth of investigation (far-
zone), the depth of investigation for an induced voltage receiver is proportional to the Y4
power of the source moment and resistivity and is inversely proportional to the source-
receiver separation (Spies, 1989). This analysis gives the maximum depth of investigation
based on detection of a buried layer. The minimum depth, at which individual conductivity

variations can be resolved, is determined by the earliest sample time.
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3.2.1 TEM loop configurations

The most common factor for designing all time domain techniques is the fact that they all
utilise either square shaped or rectangular as the transmitter. Also a large transmitter loop
offers a better capability for depth penetration. These methods use either fixed- or moving-
loop configurations and measure the rate of decay of the secondary field when the primary
field is switched off. They are mostly used to investigate the variation of conductivity with
depth (resistivity sounding). A number of different loop configurations are possible for
TEM measurements, some being better than others for specific geologic situations. They
include the common zero-offset (in-loop and single-loop), short offset (separated-loop or
soTEM) and the long-offset (10TEM) techniques. Figure 3.3 illustrates the most common
loop configurations. Brief descriptions of the most commonly used TEM loop

configurations are given below.
3.2.1.1 Central loop (or in-loop) configuration:

In this method, a dipole multi turn receiver is located at the centre of the transmitter loop.
The size of transmitter loop varies between 50 x 50 and 500 x 500 m depending upon the
exploration depth required. The rule of thumb is that the transmitter size is approximately
one half the depth of penetration. The receiver coil is much smaller (usually a multi turn
coil of 1 m diameter). Several different receivers can be used consecutively to record the
transient over a large dynamic range with better resolution. Shallow anomalies near the
centre of the loop are expected to have a large effect on the central receiver. The advantage
of in-loop technique is that it gives high resolution of conductor position, provided
inhomogeneities are minimal, and provides horizontal as well as vertical components of the

magnetic field.
3.2.1.2 Coincident (transmitter-receiver) loop or single loop:

This configuration utilises a single loop both as a transmitter and a receiver. The loop acts
as transmitter when the current is in the loop and as a receiver once the current is switched
off. Coincident transmitter-receiver loop has the same geometry and response as the single
loop configuration except that the transmitter and receiver are separate loops laid out
spatially coincident. This loop is widely used in the search for large stratiform targets at
depth since the propagation distances to and from the target are minimised, resulting in less
signal attenuation of both primary and secondary fields. Further, the secondary field

effects are purely additives. This simplifies interpretation and facilitates the detection of
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weak secondary signals. Common sizes are 50, 100 or 200 m per side. Loops smaller than
50 m per side may require more than one turn to give effective dipole moments but such
loops can be time consuming to lay out. Depth of penetration increases with increasing
loop size and is 2-3 times the loop side length or more. The advantage of this loop is its
highest signal level because the receiver loop is in place of strongest transmission
especially when the transmission field is attenuated by conductive overburden. This also
ensures a degree of coupling with targets at any orientation especially if they lie at a near

horizontal attitude.

TxRx Coincedent or single loop

Tx Central loop

(receiver and transmitter
moved together)

Tx Seperated loop

(receiver and transmitter
roving together)

Tx
Separated loop

(large fixed transmitter
roving receiver)

Separated loop

(fixed grounded wire,
roving receiver)

Tx

SHYA\

Figure 3.3: TEM loop configurations (after Swift, 1990).
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3.2.1.3 Offset loop:

It consists of a large transmitter loop that can have sides up to 1km long. A small roving
receiver is moved both inside and outside the Tx loop along lines that are perpendicular to
the side of the loop. The main advantage of this is its greater depth of penetration and high
productivity but some consideration must be taken into account from erroneous
interpretation due to current gathering and channelling phenomena that occur, especially in

conductive terrain (Spies and Parker, 1984).
3.3 Various effects on TEM

3.3.1 IP effects

The data from TEM can normally be assumed to be independent of frequency or delay
time. In most cases this assumption is excellent for the bandwidth (approximately 10 to
10,000 Hz) of typical TEM system. When variation in conductivity with frequency exists,
the conductivity tends to increase with increasing frequency. In that case such material are
termed polarizable. IP effect is attributed to electrical polarisation induced by current flow
in polarizable materials and might be measurable by an inductive sensor (Nabighian and
Macnae, 1991). The inductive EM response of a ground with a realistic small
polarizability is generally indistinguishable from the response of another ground without
polarization. The polarisation current is usually in the opposite direction acting to depress
the fundamental inductive current which is positive. This effect is very severe and may
cause the transient response to become negative over some range of the measurement time.
IP negative response has been reported before in the literature. Smith and West (1988)
reported negative transients for only coincident loop soundings while Smith and West
(1989), Walker and Kawasaki (1988), and Meju et al. (1999) reported negative transients
for central loop soundings too. The current associated with the positive response polarises
the body, the larger the positive response, and the greater the polarisation. However, the
positive response must also decay rapidly, so that the smaller response associated with the

polarisation will be observed as a negative transient at late time (Smith et al., 1988).
3.3.2 Superparamagnetic effect

This effect is caused by near-surface or super paramagnetic materials in the lateritic soil
cover that have frequency dependent magnetic permeability and leads to incorrect apparent
resistivity determination with time. These effects are restricted to within 3 m of the
transmitter loop. It could be detectable with loop configurations where the receiver loop is
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in close proximity of the transmitter loop. The theoretical work by Lee (1984) also
attributes the observed 1/t anomalous response to the presence of near-surface material
with a frequency dependent magnetic permeability and suggests that under certain
conditions superparamagnetic effects could also prove bothersome for large transmitter
loop-roving receiver TEM system. Therefore, if a superparamagnetic effect is present, it
may be necessary to displace the transmitting and receiving wires by 2 to 3 m. More

information can be found in Buselli (1981) and Lee (1984).
3.3.3 Magnetic permeability variations

Local variations in magnetic permeability can cause detectable TEM effect. However,
except for some iron-rich minerals, the magnetic permeability varies by at most a few
percent from that of free space (Nabighian and Macnae, 1991). These permeability
variations are commonly mapped using static field magnetometers such as proton
precession devices. Where near-surface permeability variations cause for example 600 nT
or 1 percent positive anomaly in a background of 60000 nT due to earth’s magnetic field,
any time varying magnetic field such as the total TEM response would be slightly enhanced
by about 1 percent. Such enhancement is usually only detected in measurements made
during the transmitter on time (Lamontagne, 1975) or correspondingly in the in-phase
component of FEM surveys (Fraser, 1973) where a reference primary field amplitude is

measured.
3.3.4 Conductive overburden

The weathered surface rocks or overburden are mostly conductive and can significantly
hamper EM measurements even in the presence of relatively poorly conducting host rocks
(Nabighian and Macnae, 1991). Many authors described this phenomenon and modelled it
(e.g. Lamontagne, 1975; Lowrie and West, 1965; and Irvine and Staltari, 1984). The
conductive overburden can delay and smooth the target responses within a resistive host
rock. This delay is proportional to conductivity-thickness product of the overburden and
the overall dimension of the measuring system. Also inhomogeneities within the
overburden may give rise to current channel whose effects can easily be confused with

those of conductors beneath the overburden.
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3.4 Sources of error in TEM measurements

The TEM method is affected by source of errors. It can be categorized into four main types
of noise sources: a) instrumental noise, b) cultural or man-made noise, c) natural EM noise,

d) geologic noise.
3.4.1 Instrumental noise

Instrumental noise arises from electronic components on circuit boards. It can be caused
by thermal motion of charged carriers, shot noise caused by the discreteness noise of
electronic charges analogous to the noise produced by the rain falling on a tin roof,
modulation noise, and other causes. This type of noise is significantly reduced by stacking

whereby a series of readings is taken and the results averaged to give the final figure. This

can result in S/N ratio improved by a factor of N where N is the number of stacks.

3.4.2 Cultural or man made noise

Currents induced from man-made noise produce anomalous TEM responses. Junge (1996)
subdivided the man made noise into active and passive. Power lines (50 or 60 Hz) are the
main source of active noise, while telephone lines, metallic pipelines, fences, and others
are examples of passive noise. VLF radio stations (10-25 kHz) also cause high frequency
noise. However, most of the TEM instruments have internal filters (notches) which are set
to the local main frequency to reject the effect of such noise. Pruning can significantly

improve the S/N ratio by rejecting power line transients.
3.4.3 Natural EM noise

The natural noise spectrum which is in the range of 5-25 Hz, is essentially due to
atmospheric discharges, especially those associated with lightening. This sferics noise can
be of such high strength to become the main limitation in obtaining sufficient signal to
noise (S/N) ratio. Below about 6 Hz, the natural EM noise field is primarily of
geomagnetic and ionospheric origin with relatively little noise present within the frequency
range 1 to 6 Hz (McCracken et al., 1984). Motion induced noise or microphonics, due to
the movement of the magnetic field sensors in the earth’s magnetic field, can be very
significant because the earth’s field is more than 100 000 times larger than the fields used
in TEM measurements. This is often called wind noise and is most significant in open

areas and airborne EM systems (Nabighian and Macnae, 1991). TEM systems use a form
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of synchronous detection and stacking and also have sferics rejection filters to enhance

signal to noise ratio.
3.4.4 Geologic noise

Geological noise can be considered as all geological phenomena which result in incorrect
layered-earth interpretations using quasi-static 1-D models. The complex geology can lead
to current channelling and gathering (Spies and Parker, 1984). Current channelling is a
restriction on current migration due to an insulating barrier or a constricting or narrowing
of a conductor, while current gathering occurs when eddy currents migrating through a
conductive host or overburden are concentrated in a locally more conductive zone. 1-D
modelling can lead to erroneous results with this type of distortion. According to Spies and
Parker (1984) and Swift (1990), the source of geologic noise can be divided into the
following:

- 3-D bodies within the survey area which lead to current channelling and gathering.

- Lateral and vertical variations within layers caused by differences in pore fluid content,
alteration, weathering and sediment deposition.

- Discontinuities such as faults and dikes which interrupt the current flows.

- Depth variations in the interfaces between layers.

Lowrie and West, (1965), Lamontagne (1975), McCracken et al. (1986), and Newman et

al. (1987) have discussed these effects in more details.
3.5 Data Processing

The TEM data are recorded in the form of transient voltage at a number of sample times.
The first step of processing is editing, checking the data for accuracy, normalising with
respect to the transmitter current and receiver area and gain. Sirotem Mk3, which was used
in the first part of this study, its raw data are in nV/A and have been normalized for the Tx
currents and Rx gain and also the receiver area. Geonics (TEM47), which are used in the
second part of this research, its raw data are in nV/Am? and is normalized for the receiver
gain and area using the formula

19.2*278 *y

; 3.12
A, (3.12)

where V is the reading of the receiver in mV, g is the amplifier gain and Ag is the area of
the receiver coil in m”. The turn-off time effect has to be taken into account; several ways

of dealing with turn-off effect have been reported in the literature (Raiche, 1984; Asten and
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Price, 1985; Fitterman and Anderson, 1987). The approach applied in this study is based
on Raiche (1984). Then the data are plotted in the form of graphs to aid interpretation.
Some of the most popular presentations are as follow:

- Transient decay plots, on either log-log or semi-log paper, of voltage (in microvolts)
versus time (in milliseconds).

- Response profiles, i.e., graphs of measured voltage at a selected time along points of
profile.

- Response contours, i.e., contour of measured voltage at a selected time at all stations in
the survey area.

- Apparent resistivity plots, profiles or contours.

- Vector plots, either in a horizontal plane or in a given vertical section (XZ or YZ planes).
3.6 Interpretation

The main objectives of interpretation are to get the location and possible shape of the target
and its conducting quality and also the subsurface resistivity distribution. The location and
possible shape of the conducting target is determined from profiles and contours of the
field measurements at various times. These data can be converted into apparent
resistivities which are favoured by a number of geophysicists particularly when a sounding
type of interpretation is desirable. The conductor “quality” is estimated from its time
constant determined from decay plots of the field intensity at one or more key stations. 1-D
modelling or more sophisticated models can be used as a quantitative technique using
forward and automatic inversion approaches. Novel schemes exist for direct or
approximate 1-D analysis of TEM data (e.g. Nekut, 1987, Eaton and Hohman, 1989,
Fullagar, 1989, Fullagar and Reid, 1992, Smith et al., 1994), but they require a
considerable numerical skill to implement. Therefore, simple approximate schemes for
TEM data analysis have been proposed (Meju, 1995,1998) referred to here as the Meju

transformation.
3.6.1 Resistivity pseudosection

A qualitative interpretation of the data by pseudosection before modelling can provide
prior information about the geological structure of the study area and lead to more realistic
view of the subsurface structure. It is also valuable in showing how well the available data
constrain the resistivity distribution, both in terms of the spatial density of the sites and the

frequency range of the observations (Banks et al., 1996). A drawback in this technique is
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that features shown at common transient times may be generated by structures at different

depth. However this method is carried out as “a first pass” interpretation.
3.6.2 Meju transformation

The TEM apparent resistivity data are converted into effective subsurface resistivity at
depth yielding a continuous picture of the resistivity-depth distribution of the subsurface
(Meju, 1998). According to this transformation, the effective resistivity at a given transient
time is approximated by (Meju, 1998, equation 1):
Py =P.[(907 9)-1], (3.13)
while the effective depth is taken as
8.5 =(B9p,t 1 27", (3.14)
where p, is the observed apparent resistivity at time ¢
t is the transient decay time in seconds
M, is the magnetic permeability of free space
@ is the approximate equivalent phase.
The value of @ can be determined from the derivative of the apparent resistivity curve in
logarithmic scale.

Using the definition of the equivalent MT period, T (in second) to the transient decay time

(Meju, 1995)

T =3.9¢, (3.15)
Meju (1998) showed that

Py = P|(1+logp, | JlogT)/ (1~ Jlog p, / Ilog T)] (3.16)
and 8,5 =(p.T12mu,)" . (3.17)

This scheme closely resembles to the Niblett- Bostic transformation (see chapter 2) but
requires an iterative solution for apparent resistivity and adjusting the TEM data for
transmitter turn-off effects (Raiche, 1984).

It was found that the above transformation yields the preferential enhancements of the
resistive and conductive parts of the computed effective resistivity distribution better than
the observed apparent resistivity data using the concept of diffusion depth (Meju, 1995)

given below

Sy =as, (3.18)
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where Ot is the analogous quantity to the skin-depth and referred to as ‘diffusion depth’

given by:
2[ 1/2
St = {i} (3.19)
yn
and
peff =Kp e, (3.20)

where the variable parameter ¢ in the exponent takes a value between 0.15 and 0.2 for
field data and is zero for synthetic data, and the constant K may be needed to improve the

fit between the field and computed model response.
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4. Hydro-geological background

4.1 Introduction

Groundwater plays an important role in the development of the world’s water-resource
potential. It is important as an indispensable feature of the natural environment; it can lead
to environmental problems such as landslides and in some cases offers a medium for
environmental solutions like transport of industrial and domestic wastes (Hatzichristodulu,
1998). Also it is vitally important to be able to detect its occurrence and protect it from the
increasing threat of contamination. The term groundwater is usually reserved for the
subsurface water that occurs beneath the water table in soils and geological formations that
are saturated. Some soils are seldom saturated because their voids are only partially filled
with water, the remainder of the pore space being taken up by air. The water table is the
surface on which the fluid pressure in the pores of a porous medium is exactly equal to
atmospheric pressure. An aquifer is defined as a geological formation comprising of layers
of rocks or unconsolidated deposits that contain sufficient saturated material to yield
significant quantities of water; while other formations that are much less permeable and
can only transmit water at much lower rates than the adjacent aquifers are commonly
known as aquitards (Freeze and Cherry, 1979; Price, 1985). An aquiclude is defined as a
saturated geological unit that is incapable of transmitting significant quantities of water
under ordinary hydraulic gradients. The most common aquifers are unconsolidated sands
and gravels, permeable consolidated sedimentary rocks such as sandstones and limestones,
and heavily fractured volcanic and crystalline rocks. The most common aquitards and
aquicludes are clay, shales, and dense permeable rocks.

Aquifers can be classified into three types; confined, perched, and unconfined (Fig.
4.1). A confined aquifer is usually confined between two aquitards and occurs at depth
while an unconfined aquifer occurs near the ground surface and the water table forms its
upper boundary. A saturated lens that is bounded by a perched water table is sometimes

called a perched aquifer (Fig. 4.1).
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Figure 4.1: Schematic showing the different types of aquifers (after Brassington,
1988).

4.2 Aquifer properties

There are some basic hydrogeologic properties that govern the motion of groundwater in
aquifers. These are porosity, permeability, transmisssivity, specific yield, storativity, and
specific capacity. This section will give descriptions of these properties. More details can
be found in standard textbooks (e.g. Freeze and Cherry, 1979; Domenico and Schwartz,
1990).

4.2.1 Porosity and Permeability

An adopted definition of total porosity (® ), described by Domenico & Schwartz (1990) is

the percentage of volume of rock that is void space,

. _V
ie. ® = % . @.1)

Where V, is the volume of the void, V. is the total volume.

There are two kinds of porosity: a) primary porosity or the porosity that formed during

deposition, sedimentation and compaction without any subsequent chemical changes by
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water flowing through the sediments, and b) secondary porosity developed by subsequent
chemical changes which can lead to fissures and fractures. Permeability is the rate of flow
or the capacity of a rock to transmit fluid. It is expressed in m/day or m/sec. Most fine-
grained detrital rocks have relatively high porosities but very low permeabilities (Price,
1985). For instance, clay-rich soils usually have higher porosity than sandy or gravely soils
but lower permeability. This is because clay particles are platy with large surface areas
causing high molecular forces between the clay and water particles; these forces adsorb
water onto the clay minerals and therefore are not free to flow under natural conditions
(Hatzichristodulu, 1998). On the other hand, sediments of large and small grains have low
porosities because small grains tend to occupy larger grain voids which are usually
interconnected to create higher permeability. Table 4.1 lists porosity and permeability for
some of the major consolidated and unconsolidated sedimentary and basement rocks
(Brassington, 1988). As shown in this table, the physical properties of rock change during

consolidation because of compaction due to burial depth.
4.2.2 Transmissivity

The term transmissivity was first introduced by Theis (1935) to define the rate of flow of
water through a vertical strip of aquifer of unit width and extend the full-saturated height
under a hydraulic gradient equal to unity. It is denoted by T and expressed in m?*/day. The

concept of transmissivity is valid only in two-dimensional, or aquifer-type flow.
4.2.3 Storativity and specific yield

Both terms are defined as the volume of water released or stored per unit surface area of
the aquifer per unit change in the component of head normal to the surface. Storativity
refers only to the confined parts of an aquifer. It can be determined by means of pumping
tests in which boreholes are pumped and the change in water levels measured in one or
more nearby observation wells situated at known distances from the pumping well.
Specific yield, on the other hand, refers to the unconfined parts of an aquifer and it is also

determined on the basis of pumping tests.
4.2.4 Specific capacity

The term specific capacity is defined as the rate of discharge of a well per unit length of
drawdown. The effectiveness of wells can be balanced according to this concept.

However, although the specific capacity gives some indication of water-bearing properties
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of aquifer, a great variety of testing procedures makes this parameter subject to differences

that cannot be related to aquifer.

Geological Grain size Porosity Permeability
Material (mm) (%) (meters per day)
Unconsolidated sediments
Clay 0.0005-0.002 45-60 <107
Sillt 0.002-0.06 40-50 101
Alluvial sand 0.06-2 30-40 1-500
Alluvial gravel 2-64 25-35 500-10000

Consolidated sedimentary rocks

Shale Small 5-15 5% 10®-5x10°
Sandstone Medium 5-30 1010
Limestone Variable 0.1-30 10°-10

Basement rocks
0.001-1(up to 50 0.0003-3
Basalt Small if vesicular) (secondary
permeability)
0.001-1 (up to 10 0/003-0.03

Granite Large if fractured) (secondary

permeability)

Schist Medium 0.001-1 107-10"

Table 4.1: Variations of porosity and permeability for some unconsolidated,
consolidated sedimentary and basement rocks (after Brassington, 1988).

4.3 Groundwater geology

There are three main parameters which can control the nature and distribution of aquifers
in a geologic context. These are the lithology, stratigraphy and structure of the geological
deposits. The hydrogeological definitions of these parameters are adopted from Freeze and
Cherry (1979). The lithology is the physical makeup, including the mineral composition,
grain size, and grain packing, of the sediments or rocks that make up the geological
systems. The stratigraphy describes the geometrical and age relations between the various

lenses and formations in geologic systems of sedimentary origin. Structural features, such
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as cleavages, fractures, folds, and faults, are the geometrical properties of the geologic
systems produced by deformation after deposition or crystallization. Figure 4.2 shows the
effect of these parameters on the occurrence of aquifers and aquitards in sedimentary rocks.
As shown in this figure, the permeable sandstones that are gently dipping are potential
regional artesian aquifers (Fig. 4.2a); an aquifer of permeable sand and gravel in alluvial
fans interfingers with layers of clay and silt (Fig. 4.2 b); occurrence of surface water is
controlled by faults or folds or where the desert floor is eroded close to the top of the
aquifer (Fig. 4.2c). Unconformities that are considered as stratigraphic features also play
an important role in hydrogeology.  Aquifers are commonly associated with
unconformities, either in the weathered or in the fracture zone immediately below the
surface of a buried landscape (Linsley et al., 1988).

A basement aquifer occurs within the weathered residual overburden (the regolith)
and the fractured bedrock. According to Wright (1992), the weathered layer can be
classified into collapsed and saprolitic zones while the bedrock can be divided into saprock
and fresh bedrock (Fig. 4.3). The collapsed zone has developed from originally saprolitic
material by further dissolution and leaching, combined with other formative processes
(chemical, physical and biological). It includes the surface soils and other layered features
such as laterites, calcretes, and illuviated clay layers and stone lines. The surface material
is typically sandy on watershed areas where these overlie quartz-rich rocks but changes to
sandy clays and clay (montmorillonite) in the valley bottom. The surface sands have high
infiltration capacities which decrease markedly in any underlying illuviated clay horizons.
Saprolite is derived from in situ weathering and is disaggregated. An upper saprolite may
be distinguished by its higher proportions of the more advanced secondary clay mineral
(kaolinite); the lower saprolite has a greater abundance of primary minerals combined with
the earlier forms of secondary clay minerals (smectites). The boundary with the underlying
saprock may be sharp (against coarser-grained, massive rock) or transitional (against
banded or finer-grained rocks). Regolith thickness and lithology, along with corresponding
aquifer hydraulic parameters, depend on a complex combination of controls, including 1)
bedrock characteristics (chemistry, mineralogy, petrology and structure); 2) climate (past
and present); 3) relief and other site factors. The saprock is generally transitional or even
fluctuating in banded sequences. The fracture systems within this zone and fresh bedrock
are related either to decompression or to tectonic forces. The former tends to be

subhorizontal with a decreasing frequency with depth. The latter tends to be subvertical
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Figure 4.2: Influence of stratigraphy and structure on regional aquifer occurrence.
(a) Gently dipping sandstone aquifers; (b) interfingering sand and gravel aquifers; (c)
faulted and folded aquifers (after Freeze and Cherry, 1979).
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and is often in zonal concentrations. According to this division and based on electrical
conductivity properties, a typical fracture zone target may consist of weathered surficial
zones (consisting of relatively resistive leached or molted upper zone and underlying
highly conductive saprolite zone) and moderately resistive transition zone of partial
weathering above fresh bedrock of high resistivity (Palacky, 1987; Meju et al., 2001).

In unfractured metamorphic and plutonic igneous rocks, porosities are rarely greater
than 2%; the primary permeabilities of these rocks are also small (10™'!-10"% m/s, see Table
4.1). Permeabilities of this magnitude indicate that these rocks are impermeable within the
context of most groundwater problems. However, in fractured and crystalline rocks,

appreciable fracture permeability generally occurs within tens of meters and in
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Figure 4.3: Schematic section of basement aquifer (after Wright, 1992).

some cases within a few hundred meters of ground surface. These fractures are caused by
changes in the stress conditions that have occurred during various episodes in the geologic
history of the rocks (Freeze and Cherry, 1979). The width of the fracture can control the
amount of groundwater in aquifer since the discharge of groundwater is proportional to the
fracture widths raised to a power of about 3 and consequently, the difference in
permeability between rock masses with fracture widths of tenths of a millimetre and those
with fracture widths on the order of millimetres or more is enormous (Freeze and Cherry,
1979). This permeability generally decreases with depth as described by Davis and De
Wiest (1966). This is because stress variations that cause fracturing is larger and, over
geologic time, occur more frequently near the ground surface. Moreover, fractures tend to
close at depth because of vertical and lateral stresses imposed by overburden loads and
“locked-in” horizontal stresses of tectonic origin. In granite, the occurrence of near-

horizontal fracture parallel to the ground surface has been attributed by Legrand (1949) to
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the removal of overburden load caused by erosion. With depth, fracture of this type
decreases rapidly in frequency and aperture width. They are probably unimportant
contributors to permeability at depths greater than about 100 m (Davis and De Wiest,
1966). Tolman (1937) and Davis (1969) draw attention to the fact that in some cases
dissolution of siliceous rocks may cause significant increases in the width of fracture
openings along the surface. However as groundwater passes through overburden prior to
entering the fractured rock, it normally acquires appreciable dissolved silica. It is therefore
relatively aggressive with respect to silicate minerals along the fracture faces. Topography
is also important factor since water well yields in the crystalline rocks are highest in valleys
and broad ravines which mostly develop along fault zones, and lowest at or near the crests
of hills (Legrand, 1954; Davis De Wiest, 1966). Yields in flat uplands and beneath slopes

are between these extremes.
4.4 Seawater intrusion

When groundwater is pumped from aquifers that are in hydraulic connection with the sea,
the gradients that are set up may induce a flow of salt water from the sea towards the well.
This migration of saltwater into freshwater aquifers under the influence of groundwater
development is known as seawater intrusion. Seawater intrusion is a significant problem in
many coastal areas. In normal unconfined groundwater conditions with water table sloping
towards sea level, the groundwater body takes the form of a lens of fresh water ‘floating’
on saline water from land to sea (Ward and Robinson, 1990, Mahesha & Nagaraja, 1995).
The physical controls on the position of the saltwater-freshwater interface were
independently established by Badon Ghyben and Herzberg (Todd, 1959). This relationship
is referred to as the Ghyben-Herzberg Principle (Lefleur, 1984). According to this
relationship and under static condition each metre of freshwater head above sea level

depresses the interface 40 m below sea level (Fig. 4.4) as shown in the following equation

pngx =pfg(Zs +Zw) (42)
z, -7, (4.3)
ps _pf

Where g is gravity constant; Z is freshwater head above sea level,
Z_is the distance of interface, o, is freshwater density (=1000),
P, is saline water density (1025).

When the known values are applied to the equation, we can get
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Z =40Z, 4.4)
Todd (1959) suggested five solutions to protect coastal aquifers from contamination and to
control spreading of seawater to freshwater, viz;
1. Reduction and/or rearrangement of pattern of pumping draft.
2. Direct recharge.
3. Increase pumping from the area of saline-water through paralleling the coast.
4. Maintenance of freshwater ridges above sea level along the coast.

5. Construction of subsurface barriers.

Ground surface j
Sea level h
Water table
40 h
/mroundwater Fresh groundwater

Figure 4.4: Standard model for seawater intrusion (after Ward and Robinson, 1990).

4.5 Predicting hydrogeologic parameters from resistivity information

Aquifer properties are usually obtained either from pumping tests or laboratory
experiments when core samples exist. However, an alternative approach can be applied
using non-invasive geophysical information. The electrical resistivity of sediments is
mostly related to porosity by Archie’s (Archie, 1942) equation. This equation can be

written as:
P, =kp, @S, 4.5)

where p, is the rock resistivity, o, is the resistivity of the pore fluid, @ is the porosity, m

is the cementation exponent, S is the pore saturation and » is the saturation exponent, k is
constant and usually has the value of one. In case of a full pore saturation (i.e. S = 1) and

clean matrix (i.e. a clay-free medium), Archie equation can be reduced to
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0, =p;P". (4.6)
The value of m for most rocks lies between 1.3 and 2.5 (Schopper, 1982). Deriving values
of porosity from bulk resistivity obtained from the inversion model is not easy task
especially if there is no borehole data or laboratory measurements through which we can
obtain accurate value of m, o, and also n when the pores are not fully saturated by fluid.

For mainly clean sand, it is possible to obtain approximate values of p,and the total

dissolved solids (TDS). In case of highly saline, relatively homogeneous, sandstone
aquifers, Meju (2000) suggested the following relationship:
logo, =-0.3215+0.7093 (log TDS) 4.7)

where o, is the bulk conductivity of the formation in mS/m, and TDS in mg/l1.

Also Meju (2000) suggested a relationship:
log TDS =0.8+1.0151log o, (4.8)

where o, is the fluid conductivity in ms/m.

For an acid mine drainage problem, Ebraheem et al., (1990) obtained the relation

logo, =-0.333+0.6453(logTDS), (4.9)
and

log(TDS) =1.216log(c,) —0.584, (4.10)
where &, is in ¢ mho/cm.

Then the porosity can be calculated using Archie (1942) equation. Although the above
equations are empirical and often site specific, they are useful for obtaining approximate

prediction of the sought parameters.
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5. Combined TEM\MT field studies in Parnaiba basin, Brazil
The northern and south-eastern margins of the Parnaiba basin are the sites of the first part
of this research for assessing the regional structures affecting the groundwater distribution
and locating the best place for groundwater resource development using TEM-MT
methods. This section describes the stratigraphy, structures and tectonics of the Parnaiba
basin (NE brazil) and gives an overview of the published geophysical studies in the basin.
It is followed by a description of the field studies undertaken. Details of data acquisition

and processing as well as a preliminary interpretation are given in this chapter.
5.1 The area of study

The Parnaiba basin (previously referred to as the Maranhao basin) is located in NE Brazil
and extends for about 1000 km northeast-southwest and 800 km northwest-southeast,
giving it an elliptical shape with an area of approximately 600,000 km? (Fig. 5.1). It is one
of the three major intracratonic basins in Brazil (the Amazon and Parana basins are the
others); it is named after the Parnaiba river which runs approximately parallel to the major
axis of the basin. Most of the geological and geophysical studies in the Parnaiba basin are
found in unpublished commercial reports (Cunha and Goes, 1989; Goes, 1991). Some
relevant publications are also available (Meju et al., 1999; Arora et al., 1997, 1999) as well
as dissertations (De Sousa, 1996; Vidotti, 1997; and Ulugergerli, 1998). The geological
information given below was taken from the above references.

The Parnaiba basin is mainly Paleozoic in age and infilled with siliciclastics of
mostly continental origin deposited in five depositional cycles from Upper Ordivician to
the Cretaceous. Regional unconformities occur due to slow epeirogenic crustal
movements. This sedimentary infill was intruded by volcanic rocks during the Lower
Jurassic and Middle Cretaceous (Goes et al., 1993). The oldest dated sediments are Upper
Ordovician-Lower Silurian (Petri and Fulfaro 1983). The margins of the basin are defined
by large marginal arches (Ferrer, Urbano Santos, Tocantins and Sao Francisco arches).
These structural arches are usually associated with fold belts active during the Brasiliano
cycle (Fig. 5.1). The Tocantins arch has been interpreted as the result of uplifting and
intensive erosion from the upper Jurassic to middle Cretaceous. The Ferrer and Urbano
Santos arches formed in the Lower Cretaceous as a result of the rupturing of Gondwana

and the opening of the Equatorial Atlantic Ocean (De Sousa, 1996).
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Figure 5.1: Simplified structural framework of the basement of Parnaiba basin
deduced from qualitative aeromagnetic interpretation (Goes et al., 1993). The
location of the present TEM-MT profiles in two areas of study is also shown.

5.1.1 Structural features and tectonics

The most important structural trends in the basin are NE and NNW (Fig. 5.1) and the most

frequent structural features are basinal fractures, especially in the eastern part of the basin.

Normal faults are more common than reverse faults which have been recognised mostly

southwest of the basin (Vidotti, 1997). The Parnaiba basin shows some asymmetry with

dip angles in the southern and southeastern borders being steeper than those in the
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northwest (Cunha, 1986). Folding is not a frequent structural feature but is associated with
sedimentary layers that have been intruded by igneous bodies. Dips in the basin are usually
quite low, typically 3-4° (Vidotti, 1997). One of the major tectonic controls on the
development of the basin is the NE-SW Tansbrasiliano lineament. This is a complexly
faulted shear zone including structural highs and grabens that were possibly initiated in the
Middle-Upper Proterozoic (Marini, 1984) and have since been intermittently reactivated.
Several graben structures were mapped along structural trends especially in the eastern
portion of the basin (Cunha, 1986; Goes et al., 1993).

De Sousa (1996) suggested that the initial subsidence of the Parnaiba basin was
caused by extension, following the break-up of super-continents in the Upper Precambrian-
Lower Paleozoic. During this time a rift zone trending NE-SW started to develop. This
was followed by a thermal phase which led to the deposition of 3.5 km of post rift strata
(Fig. 5.2) in the Parnaiba basin (Goes et al., 1993; De Sousa, 1996).

The Precambrian basement in the basin comprises of fold belts, crustal blocks and
median massifs which were metamorphosed in the Brasiliano cycle. They consist of
varying metamorphic grades and originated in tectonomagmatic processes not older than
Middle Proterozoic (De Sousa, 1996). Subordinate sedimentary rocks (Mirador and
Riachao Formations), showing varying degrees of metamorphism, are preserved in graben-
like structures of Upper Proterozoic and Cambrian-Ordovician age. The Mirador
Formation does not outcrop and seems to be restricted to the central-southeast part of the
basin. Lithologically, it consists of light grey-greenish to grey-whitish sandstones, with
some intercalations of extremely micaceous siltstones and greenish shales at the top (De
Sousa, 1996). Goes et al. (1993) interpreted the few available seismic sections as showing
evidence of carbonatic and peltitic facies in deeper parts of the Riachao Formation and
tentatively assigned them as Upper Precambrian. Wells reaching the Riachao Formation
yielded the largest heat flow estimates in Parnaiba, ranging from 60-90 MW M (Pereira
and Hamza, 1991). The deposition of the Mirador and Riachao Formations preceded the
regional sedimentation of Parnaiba which supports the interpretation that this crustal block
in the northeast of Brazil has been the site of intermittent extensional tectonics since the
Upper Proterozoic (De Sousa, 1996).

The Parnaiba basin was partially flooded by basalts and intruded by dykes and sills
during two main phases of magmatic activity (Bellieni et al., 1990). The first phase in the

Permo-Triassic was related to the opening of the North Atlantic Ocean and the second
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phase, in the Upper Jurassic-Lower Cretaceous, was related to the opening of the South
Atlantic. The later extrusive magmatism is represented by the Mosquito and the Sardinha

Formations (Vidotti, 1997).
5.1.2 Stratigraphy

The stratigraphy of the basin is represented by five main periods: Silurian, Devonian,
Permo-Triassic, Jurassic and Cretaceous. These are unconformably underlain by
metamorphic basement rocks and the molasses of the Riachao and Mirador Formations
(Viddoti, 1997). The total sedimentary thickness of the basin is about 3400 m near the
centre of the basin with Paleozoic sediments reaching up to 2900 m and the Mesozoic and
Cenozoic sediments do not exceed 600 m (Goes et al., 1993). The summary of the whole
chronological stratigraphy of the basin is shown in Figure 5.2.

The Silurian sequence (Serra Grande group) unconformably overlies the
metamorphic basement and the ancient sedimentary rocks (Riachao and Mirador
Formations). It is mainly composed of sandstones, shales, siltstones and conglomerates
with rare diamicts. It is subdivided into the Ipu, Tiangua, and Jaicos Formations. The Ipu
Formation normally contains medium to coarse-grained sandstones interbedded with rare
siltstones, shales and diamicts, and has an approximate thickness of 350 m. It is Lower
Silurian in age. The Middle Silurian Tiangua Formation comprises extremely micaceous
sandstone with some siltstone and grey shales and has a maximum thickness of 200 m.
The Upper Silurian Jaicos Formation conformably overlies the Tiangua Formation and
consists of medium to coarse-grained sandstones and pelites with a thickness in excess of
360 m. The Serra Grande group represents a transgressive to regressive cycle (Goes et al.,
1993) and comprises lithologies favourable for the accumulation of groundwater.

It is followed by Devonian Caninde Group, another transgressive-regressive cycle
and comprises mainly shales, sandstones, and siltstones. It generally overlies the Serra
Grande Group, but in the eastern margins of the basin, it is in direct contact with the
underlying basement rocks. It is subdivided into the Itaim, Pimenteiras, Cabecas, Longa
and Poti Formations (Cunha, 1986). The Middle Devonian Itaim Formation is 260 m thick
and consists of fine white sandstones and grey to dark grey shales. The Upper Devonian
Pimenteiras Formation consists of thick, organic-rich, dark-grey to black radioactive shales
with thin layers of very fine-grained sandstones and has been the target for oil exploration
in the basin. Its maximum-drilled thickness is 320 m. The Upper Devonian Cabecas

Formation contains fine sandstones and is 350 m thick.
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Goes et al., 1993).
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The Longa Formation is of Upper Devonian-Lower Carboniferous age, 220 m thick, and is
made up of fine-grained sandstones, shales and siltstones. The Poti Formation (the
youngest member of the Caninde Group) comprises grey-whitish sandstone with
intercalated conglomerate, siltstone, and red shale and has a maximum drilled thickness of
220 m. The Carboniferous-Triassic rocks comprise the next depositional sequence. These
form the Balsas Group and include the Piaui, Pedra de Fogo, Motuca and Sambaiba
Formations. These mainly consist of sandstones, siltstones, shales, limestones, anhydrites,
and cherts with pieces of silicified wood (Goes et al., 1993). As indicated in Figure 5.2,
the lithological sequence, the depositional environments record a transgressive to
regressive cycle of the basin (Goes et al., 1993). The Piaui Formation comprises medium
to fine-limestones. The Piaui Formation is Upper Carboniferous in age and has a
maximum drilled thickness of 220 m. The lower Permian Pedra de Fogo Formation
consists of silex and limestones interbedded with fine/medium grained yellowish
sandstones, grey shales and white anhydrite and attains 240 m maximum-drilled thickness.
The Upper Permian Motuca Formation comprises reddish and brown siltstones,
fine/medium-grained white sandstones, white anhydrite and very rare limestones with
maximum-drilled thickness of 220 m. The Sambaiba Formation consists of yellow to
reddish, fine/medium-grained sandstones with a maximum-drilled thickness of 440 m.

The overlying Jurassic rocks indicate a continental desert-type depositional cycle
and consists of sandstones, siltstones and shales (Goes et al., 1993). They include the
Mearim Group which is divided into the Pastos Bons and Corda Formations. The Pastos
Bons Formation consists of sandstones with a maximum-drilled thickness of 77 m. The
Corda Formation is characterised by grey-whitish and reddish, fine to coarse-grained
sandstones and has a maximum drilled thickness of 29 m. The Mearim Group rocks show
unconformable contacts with the subjacent Mosquito and Sardinha basalts. The Cretaceous
deposits comprise sandstones, mudstones, shales, carbonates and anhydrites and are
represented by the Grajad, Cod6 and Itapecuru Formations. This sequence was deposited
in a continental environment. The Grajai Formation comprises fine to conglomeratic,
whitish sandstones interfingered with the bituminous shales, limestones and some
anhydrite of the Cod6 Formation. The Codé sediments were deposited in a shallow marine
environment and occur interbedded with littoral sediments of the Grajad. These formations
were deposited in the Middle Cretaceous and have a maximum-combined drilled thickness

of 237 m. The Itapecuru Formation comprises reddish, medium to coarse-grained
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sandstones and brown-reddish mudstones with a thickness of < 724 m and was deposited in
the Upper Cretaceous. Sedimentation cycles in the Parnaiba basin ended in the upper

Cretaceous (De Sousa, 1996).
5.1.3 Previous geophysical studies

Until recently, there have been no major geophysical efforts to examine either the deep
structure or the localized structure of the basin. Previous work has been on a regional scale
and most of the major structures were located on geological maps using aerial photographs
and acromagnetic studies. There are 36 exploratory boreholes drilled in the Parnaiba basin
by PETROBRAS, the Brazilian national oil company. Of these, twenty-two reached the
basement rocks or precursory sedimentary covers. In addition, 25 wells were drilled for
shallow groundwater exploration by CPRM company (Brazil) in the northeast of the basin.
The density of exploratory wells is 1 /16,700 km®. Seismic reflection studies for oil
exploration focused on the central part of the basin and coverage is only 7,866 km, with a
very low density of 0.013 km/km®.  The data gathered from the surface geology,
geochemical surveys, exploratory wells and seismic sections were integrated by Goes et al.,
1993) to produce the conventional litho-stratigraphic chart (Fig. 5.2).

The results from well data and the seismic sections indicated the existence of
graben-like structures within the basin which might have acted as precursory axes of
subsidence. These structures are probably the result of the activity along ancient fault lines
in the Precambrian (Riachao) or Cambrian (Mirador) times (Cunha, 1986). A gravity
survey carried out by PETROBRAS and processed by De Sousa (1996) suggested the
following:

1) The areal extent of the Transbrasiliano lineament and NNW-SSE graben could be
assessed with thicker accumulation of sediments. 2) The basin is underlain by a lens-
shaped zone of dense material in the lowermost part of the crust/uppermost part of the
mantle. Up to 10 km of the lower continental crust in this zone seems to be partially
replaced/intruded by material intermediate in density between normal lower continental
crust and upper mantle. This anomalous, dense zone may result from intrusion/partial
replacement of the lower crust by mantle material, i.e. continental underplating (Furlong
and Fountain, 1986) or passive upwelling of partial melt during rifting and extension of the
lithosphere (Buck and Mutter, 1987). 3) A slight increase in the depth to the moho is seen
at the centre of the basin. 4) Elongated NE-SW relative gravity lows indicate that

sediments predating Parnaiba, and metamorphosed in varying degrees during the Brasiliano
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cycle, should be found in grabens to NE, beneath the basinal sequence. 5) An anomaly in
the centre of the basin has been interpreted as an independent verification that the
continental lower crust beneath Parnaiba may be intruded with mantle—differentiated
material.

Broad-band MT data are available along small profiles close to the centre and on
the SE margin of the basin (Oliveira and Fontes, 1991; and De Sousa and Oliveira, 1995).
MT soundings undertaken in the central part suggested the presence of a highly conductive
layer in the deeper part of the basin (1 ohm-m) with an approximate thickness of 1000 m in
the sedimentary section (Arora et al., 1999). On the other hand, the MT data undertaken in
the SE margin indicated a relatively less conductive layer above the sedimentary/basement
interface (10 ohm-m). In addition, geomagnetic induction data recorded in the Parnaiba
basin by Arora et al. (1997) revealed a large NE-SW trending conductive anomaly
(Parnaiba basin conductivity anomaly- PBCA) in the central part of the basin with an
embedded resistive zone. This PBCA anomaly is in accordance with that deduced from
MT data and is interpreted as a graben in the Precambrian basement filled with
carbonaceous sediments. This high electrical conductivity may be due to the presence of
carbon generated by thermal-controlled pyrolysis of hydrocarbon-saturated sediments
(Arora et al., 1999). The embedded resistive body, also characterised by high density, is
consistent with the presence of a diabase intrusive related to magmatic events. This is
perhaps a manifestation of the basin-modifying tectonics caused by the Cretaceous
magmatic activities. The relatively less conductive SE margin of the basin is truncated by
the Transbrasiliano lineament. Aeromagnetic data are available for most of the Parnaiba
basin. The qualitative interpretation of the data by Nunes (1993) suggested a complex
basement configuration, including the presence of graben structures aligned with the
PBCA. Also, for subsurface structural mapping and groundwater resource investigation,
integrated geoelectrical methods including dc resistivity (VES), transient electromagnetic
(TEM) and tensorial audio-magnetotelluric (AMT) measurements were carried out in the
eastern margin of the basin (Fontes et al., 1997; Ulugergerli, 1998; and Meju et al., 1999).
These indicated that the structural lineaments and faults appeared to have significant effect

on groundwater distribution.
5.1.4 Current study

Although there is plenty of geophysical data for part of the Parnaiba basin, the NE and SW

margins are not well covered. It is required to fully understand the subsurface structures
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that may affect the groundwater distribution at these margins. The present study is part of
major project between Leicester University (UK) and National Observatory (Rio de
Janeiro, Brazil) focusing on these two margins of the basin (see Fig. 5.1). The geological
maps for the respective margins are shown in Figures 5.3 and 5.4. Note the lithological
and structural trends.

As shown in Figure 5.3, the northeastern part contains rocks ranging in age from
the Precambrian (basement rocks) to Quaternary cover deposits. The geology is complex
and dominated by NE-SW and NW-SE structural trends. The lithological units trend NW-
SE. The Quaternary and Tertiary sediments unconformably overlie the basement rocks in
the north and outcrops in the form of strips trending NW-SE. Elsewhere, sedimentary
formations of the Serra Grande and Caninde Groups are overlain by the Sardinha
Formation. These lithologic units are affected by NW-SE structural trends. The
aeromagnetic map of the basin shows a discontinuous fault running parallel to the
basement arches to the west of the present study profile (see Fig. 5.1) and may be a
possible basin-bounding fault. One of the objectives of the TEM-MT survey in the NE
margin is to track this possible feature further to the East.

Figure 5.4 is a simplified geological map of the southeastern margin of the basin.
The lithostratigraphic units are oriented approximately NNE-SSW. The Serra Grande
Group is exposed in the area and unconformably overlies the Precambrian basement. The
Serra Grande Group consists of the Jaicos, Ipu and Tiangua Formations (see section 5.1.2).
The Jaicos Formation is the dominant unit and is also the target aquifer within this area.
The Serra Grande Group is followed by the Caninde Group which is overlain by Tertiary
sediments in the western regions (see Fig. 5.4). Structurally, the sedimentary cover
basement contact is exposed to the east and southeast. Also, there is a major circular
structural feature near the City of Picos (Fig 5.4) which is thought to be caused by faulting
and magmatic activities. The Picos fault, detected by aerial photography, is also a major
feature and which could play a vital role for controlling groundwater distribution in the
area. All these features are the targets of the joint National Observatory-Leicester

University exploration campaign in the SE margin of the basin.
5.2 Combined TEM-MT field surveys.

Electromagnetic methods are a common geophysical technique used in groundwater
investigations because they directly measure the variation in the physical properties that

relate to permeability, porosity, and fluid content in the subsurface. The TEM and AMT
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methods were utilised in the present study. It is hoped that combining the two methods

will give information about shallow and deep structures.

described in the following sections.
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Figure 5.3: Geological map of the north-eastern part of Parnaiba basin showing the

location of the TEM-MT stations occupied in 1999.

5.2.1 Magnetotelluric field instrumentation

Figure 5.5 is a schematic diagram of a typical field system configured for the collection of

single-station magnetotelluric data. The equipment used in this study is the MT-1 field

system developed by EMI (USA) that consists of three major components:

A) Magnetic and electric field sensors and analogue electronics,

B) The MT-1 receiver (data recorder),
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C) The system computer, typically a laptop.
5.2.1.1 Electric field detectors

Electric field measurements were made by stretching a long wire connected to two
electrodes at its ends and measuring the difference in voltage between two electrodes
positions. The electrode separation used depends on the telluric intensity present and the
sensitivity of the recording instrument. To measure the two orthogonal horizontal
components of the electric field on the surface and to allow the full tensor impedances to
be calculated, electric field dipoles were typically arranged in an L-shaped array with the

two electric field dipole sharing a common electrode (Fig. 5.5).
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Figure 5.5: A schematic drawing depicting the EMI MT-1 magnetotelluric field
equipment.

Several types of electrodes are commonly used in geophysics, and can be categorized into
three groups (Petieau and Dupis, 1980; Vozoff, 1991):

(a) Metallic electrodes (brass and steel stakes), (b) graphite electrodes, and (c) non-
polaisable (porous-pot) electrodes (typically made of copper, cadmium, silver, mercury, or
lead rod in a supersaturated solution). Among these there are three types prepared for the
EMI-MT1 system;

1) Titanium-alloy polarised electrodes. These are best suited for high-frequency electric
field data acquisition and are easily driven into the ground. They do not oxidise, thus
securing a good contact with the ground.

2) Lead-lead chloride (Pb— Cl,) electrodes. They posses excellent chemical stability and

low DC drift which is useful for collecting long time series. They are preferred for low-
frequency data acquisition.

3) Non-polarizable (porous-pot) electrodes. These have low DC drift rates and are
generally adequate for most field applications.

In this study, non-polarizable electrodes were used for the electrical field
measurements. They consist of metal rods (e.g. Copper, Zinc or Lead) immersed in a
porous  pot containing a  saturated solution of their own  salt
(Cu-CuS0,,Cd - CdSO,,Ag — AgCl,Hg — HgCl,). This salt removes any sharp

electrical contact resistance when the electrode is placed into the ground.
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5.2.1.2 Magnetic field sensors

Three different types of sensors can be used for recording the magnetic field:

1- highly permeable induction coils or superconductivity quantum interface device
(SQUID).

2- variometers with photoelectric feedback.

3- electron processing magnetometers.

The magnetic field sensors available for the EMI equipment were induction coils and
SQUID. Each type of sensor has advantages and disadvantages. Induction coils are
relatively noise-free but heavy while the SQUID magnetometer is easier to install and carry
around because all three components are placed into a single device. However, the SQUID
requires a good supply of liquid helium to provide the near absolute-zero temperature at
which superconductivity is present which can be a severe limitation in some remote areas.

In this study induction coils were used.
5.2.1.3 MT-1 Receiver

The MT-1 receiver is the central component of the MT-1 system (Fig 5.5). This unit
accepts input from the sensors and performs the amplification, filtering, analogue to digital
(A/D) conversion and the storage of time series. It also interfaces with the system
computer and provides many automatic functions such as the recording of gains and the
automatic setting of filters. The MT-1 receiver consists of three major components

(1) The signal acquisition board (SAB),

(2) The acquisition and processing unit (APU),

(3) The power source.
5.2.2 TEM instrumentation-Sirotem MK3b

The Sirotem equipment is an Australian built field. The system consists of transmitter and
receiver components housed together and powered by two 12 v batteries; a central receiver
box, external transmitter synchronisation and dual time-base facilities (powered by a
SATX-1 high power transmitter for certain configurations) are also available along with
the necessary cables and wire loop.

This instrument relies on EM induction where the magnetic field is transmitted into
the ground via a current pulse in the form of a discrete, bipolar or square signal in a wire
loop. This current pulse rises exponentially to produce a constant current, I, before it goes

down linearly after turn off time, ty producing a ramp. The magnitude of I and tq is a
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function of the size and resistance of the transmitter loop. Maximum current output is
normally 10 amps, and is regulated by loop wire resistance; an internal microprocessor
regulates the current. A secondary magnetic field is generated due to the induced eddy
current in the earth and can be measured in the form of a decay voltage response with time
in the absence of a primary field (see section 3.2).

The received signal can be measured over up to 53 windows with the Sirotem
MK3b; the interval length is defined by the time series and the number of windows
selected. The Sirotem MK3b used in this study has four sampling time bands (Table 5.1);
(1) composite band ranging from early times at 50 microseconds in window 1 to late times
at 1.84 seconds in window 53; (2) early time band extending from 50 microseconds in
window 1 to 384 milliseconds in window 53; (3) standard time which extends from 487
microseconds in window 1 to 1.94 seconds in window 50, and (4) High resolution band
extending from 8 microseconds in window 1 to 92 microseconds. The Sirotem MK3b can
be used for very shallow investigations but when the transmitter is turned off, the current
takes a finite time to fall to zero equal to Lx /24, where L is the loop induction and / is
the loop current. This means that the receiver cannot operate during this period and the
early time windows may be lost. In a site where this problem is faced, an accessory heat
sink device, known as the accelerator, should be used to reduce the ramp time to
Lx1/400 by allowing the turn-off voltage to rise to 400 volts. This permits the Sirotem
receiver to measure much earlier times (about 16 times faster). The transmitter frequency
is proportional to the total number of channels required to record the transient down to
noise level for each time-base, but is commonly in the range of 1.4-250 Hz.

To minimize the noise as much as possible, the data can be stacked between 2° and
2'' (i.e. between 256 to 2048) times. The chosen number of stacks is a practical
compromise between the acquisition time and the signal to noise ratio. By stacking n
records, the signal to noise ratio improves according to (n)"2. The signal due to the
positive and negative pulses were also averaged and considered to be one measurement
stack to cancel the common noise and any DC bias. A notch filter is also provided for
50/60 Hz power line rejection. Four gain settings are provided; 0.1, 1,10 and, 100. It is
important to choose an appropriate gain setting, since high gains increase the signal levels
when noise levels are low, but too much gain can cause the input level to be exceeded in
the early times. Lower gain settings may be necessary when early time signals are strong.

In a routine field survey, multiple runs should be performed, each with different gain
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settings in order to choose the appropriate one. The output stacked voltage gives error
statistics which can be of help for knowing the amount of errors and in deciding whether
the sounding should be discarded, to select another one, or if the sounding should be
repeated.

The Sirotem has a separate multi-turn receiver which can be used for central loop
sounding and is useful for measuring both vertical and horizontal fields (three
components). It has a fixed moment of 10000 m”. In addition, the Sirotem can be used for
deep exploration, and a transmitter current of up to 20 Amps can be achieved by linking a

SATX-1 transmitter to the main Sirotem unit using high-stability oscillators.
5.3 Data acquisition

During March-April 1999 and July-August 2000, regional joint TEM and AMT surveys
were carried out across the north-eastern and the south-eastern parts of the Parnaiba basin,
Piaui State, Brazil. The first field survey was carried out on the N-S survey line (Parnaiba
line) that extends from Parnaiba city on the Atlantic coast, into the hinterland for 95 km
(Fig. 5.3). There are 14 observational stations with an average spacing of 7 km on this
profile. The second field survey was carried out in the eastern part of Parnaiba basin using
the same joint techniques; the survey consisted of three survey lines (M.Hipolito, Jaicos,
and Itainoplis as shown in Figure 5.4). The Monsenhor Hipélito profile (line 1) is 64 km
long with ten stations (9 stations measured in 2000 in addition to a site from previous
survey in 1996) and an average spacing of 6.4 km. The Jaicés profile (line 2) is 23 km
long and consisted of nine stations with an average spacing of 2.5 km. The Itainépolis
profile (line 3) is 40 km long with ten stations spaced about 4 km apart. Note that data
acquisition was hampered by numerous factors of which the obtaining permission for doing
a sounding and financial constraints resulted in a wide station separation (e.g. 7 km for the
northern profile). This study only focuses on the northern Parnaiba and Monsenhor
Hipdlito profiles which, for simplicity, were named PN and MH profiles respectively. The
Jaicos and Itainoplis lines are the subject of another study.

Care was taken in selecting the sites where the MT and TEM data were collected.
Generally; stations were selected away from power lines, pipelines, electric fences, radio
transmitters, vehicular traffic, buildings and even pedestrian traffic. Natural features which
might affect the fields (especially the electric fields) include abrupt topographic features

such as sinkholes and pinnacles, small salt pools (Vozoff, 1991). Sites were thus selected
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Windows number Early time Composite time Standard time High resolution
(ms) (ms) (ms) (ms)
1 0.050 0.050 0.487 0.008
2 0.100 0.100 0.887 0.014
3 0.150 0.150 1.287 0.020
4 0.200 0.200 1.687 0.026
5 0.250 0.275 2.087 0.035
6 0.325 0.375 2.687 0.047
7 0.425 0.475 3.487 0.059
8 0.525 0.575 4.287 0.071
9 0.625 0.725 5.087 0.089
10 0.725 0.925 5.887 0.113
11 0.875 1.125 7.087 0.149
12 1.075 1.325 8.687 0.149
13 1.275 1.625 10.287 0.245
14 1.475 2.025 11.887 0.293
15 1.675 2425 13.487 0.341
16 1.975 2.825 15.887 0.413
17 2.375 3.425 19.087 0.509
18 2.775 4225 22.287 0.605
19 3.175 5.025 25.487 0.701
20 3.575 5.825 28.687 0.797
21 4.175 7.025 33.487 0.941
22 4975 8.625 39.887 1.133
23 5.775 10.225 46.287 1.325
24 6.575 11.825 52.687 1.517
25 7.375 14.225 59.087 1.709
26 8.575 17.425 68.687 1.997
27 10.175 20.625 81.487 2.381
28 11.775 23.825 94.287 2.765
29 13.375 28.625 107.09 3.149
30 14.975 35.025 119.89 3.533
31 17.375 41.425 139.09 4.109
32 20.575 47.825 164.69 4.877
33 23.775 - 57425 190.29 5.645
34 26.975 70.225 215.89 6.413
35 30.175 83.025 241.49 7.181
36 34.975 95.825 279.89 8.333
37 41.375 115.03 331.09 9.869
38 47.775 140.63 382.29 11.405
39 54.175 166.23 433.49 12.941
40 60.575 191.83 484.69 14.477
41 70.175 230.23 561.49 16.781
42 82.975 28143 633.89 19.853
43 95.775 332.63 766.29 22.925
44 108.58 383.83 868.69 25.997
45 121.38 460.63 971.09 29.069
46 140.58 563.03 11247 33.677
47 166.18 665.43 1329.5 39.821
48 191.78 767.83 15343 45.965
49 217.38 921.43 1739.1 52.109
50 242.98 11262 1943.9 58.253
51 281.38 1331.0 67.469
52 332.58 1535.8 79.757
53 383.78 1843.0 92.045

Table 5.1: Recording times for Sirotem MK3b. Each value represents the middle of a
recording window.
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in areas that are sheltered from wind, and away from large trees and steep topography.
Winds can degrade the data quality because the motion of the sensors and cables in the
earth’s DC magnetic field induce noise that is not easily differentiated from the signal from
the motion of trees. In areas of steep topography, it is difficult to accurately layout electric
field lines and becomes harder to orient and level magnetic sensors.

The TEM and MT soundings were centred on the same positions. The horizontal
co-ordinates for each station were determined using a portable GPS receiver but the
vertical resolution is not satisfactorily accepted and instead the station elevations were
taken from the existing topographic maps.

The Sirotem MK3b system (as described in section 5.2.2) was used for the TEM
soundings. Central-loop and single-loop TEM data were acquired at these sites using 50 or
100 m-sided transmitter loops depending on the geometrical constraints of the site. The
time window band selected was either the high resolution (an accelerator was used when
needed) or the early time series and the recording number of windows selected varied
depending on the quality of data. Sferics effect (atmospheric disturbance) and noise
originating from local main power supplies (60 Hz in Brazil) were rejected.

The MT recording consisted of the conventional five components (three magnetic
and two electric fields). Three magnetic field components were recorded such that two
were measured in the magnetic east-west and north-south directions, respectively dubbed
the YX and XY polarizations. The other magnetic field component was recorded in the
vertical direction. These induction coils were placed in shallow trenches and buried to
eliminate wind vibration noise. They were accurately oriented and levelled such that there
were no measurements of the significant component from the other directions. The electric
dipoles were oriented in the magnetic east-west and north-south directions and were 50 or
100 m long depending on the site constraints. The non-polarized electrodes utilised were
buried in shallow holes at the end of telluric lines to ensure temperature stability and
protection from any other interference, and were kept moist at all times by placing mud
inside the holes. At the same time, the telluric cables were kept fixed on the ground to
reduce the effect of wind-induced disturbances. The contact resistance between each
electrode pair (N-S or E-W) was checked before the measurement started. Values greater
than 10 k€2 were not acceptable and effort was made to wet the ground to improve contact.

Previous MT investigations in the south-eastern part of the basin (Ulugergerli,

1998, and Meju et al., 1999) have indicated that the base of the sedimentary sequence
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could be resolved by MT observations at frequencies greater than 1Hz. This was also
consistent with the theoretical depth of penetration of EM fields calculated from the skin
depth equation and/or Bostick depth. However, the recording bandwidth was 0.01 to 176
Hz for the PN profile and each site was recorded overnight for repeatability. As high
frequency EM data can be recorded much more quickly than low frequency data, the
signals were not recorded simultaneously over the entire frequency band but were instead
measured in three overlapping bands (band 3; 167-5.5 Hz; band 2; 12-0.3 Hz; band 1; 0.7-
.0098 Hz). The recorded bandwidth for the eastern profile was 336 to 0.14 and recorded in
two overlapping bands (band 1: 336-3.66Hz; band 2:13.45-0.14). Only band 1 was
recorded at site 10 which was located on outcropping basement rocks.

The signal from each electrode pair is connected to a preamplifying and filtering
instrument (electric field signal conditioner in Figure 5.5). This unit also isolates the input
signal from the output signal to eliminate ground loops through the MT-1 receiver. Input
signals to the signal acquisition board (SAB) are first passed through a differential
amplifier to reduce common mode noise due to possible system ground loops. Following
the front-end differential amplifier is a high-pass filter that eliminates DC voltage offsets.
The resulting output is then passed through a first amplification stage. Once amplified,
input signals are notch filtered at 60/50 Hz and 180/150Hz to minimise any noise
associated with either the utility power grid or a nearby AC generator. A second
amplification is applied to the filtered signals. After this amplification stage, the signals
are routed to an anti-alias low pass filter and then a processing diversion occurs using Fast
Fourier Transformation (FFT). A third and final amplification stage is applied to the
signals. The APU executes all the acquisition and processing operations instructed by the
user through the system computer. It controls the entire analogue and digital electronic
processes applied to the input signals. This starts with arrival at the SAB and ends with the
transmission of sampled time series data to the system computer for further processing and
analysis.

After the signals are filtered and amplified, they are converted to digital time series.
A Fast Fourier transformation is then performed on these time series and cross-power
spectra are calculated for the various channels. The cross powers were then used in the
computation of the MT interpretative parameters.

A total of 100 time series data windows were recorded for each band in order to

minimize any noise errors and to get good quality data. In-field analysis enables a very
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quick appraisal of the data being collected, and involves converting the data into apparent
resistivities, phases and other vital information as a function of frequency. A flow chart of

MT data acquisition is shown in Figure 5.6.

EMI (MT-1)

Bands
initialization

Y

Time series
analysis

Tensor
calculation

Window results

Stacked results

Data disk
(Store data)

Stop

A

Figure 5.6: Simplified flow chart of the in-field system.
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5.4 MT data processing

The reprocessing of MT data essentially involves the conversion of the time series recorded
for the five electric and magnetic field components to give more accurate earth response
functions such as the apparent resistivities and other qualitative and quantitative
information. After the raw field data were originally filtered and amplified and stored in
the form of time series, they were transferred to a personal computer for processing. The
recorded time series were analysed using a software package (MTR93) developed by a
commercial company, EMI. In the first step of the processing, the windows for time series
were checked for acceptance or rejection. Accepted windows must have low noise.
Coherence was found to be the most useful criterion for rejecting poor quality data
window. However, at some locations, the noise level was either two high or the signal
strength was too low to allow rigid acceptance criteria to be applied. After selecting the
appropriate windows time series, Fast Fourier Transformation was performed and cross—
power spectra were calculated for the five channels. Impedance tensor was obtained and
several parameters were then computed as a function of frequency. They include the
apparent resistivities and phases (un rotated, major and minor), the azimuth of the principal
impedance axes, Swift skew values, and coherency. A typical example of the
magnetotelluric data for the PN profile (station 2) is shown in Fig 5.7. The data presented
are the apparent resistivity and the phase response along the measuring and principal
directions with error bars, which are the standard deviations from the mean value. The
coherency, the impedance skew and the Swift azimuth are also plotted. The MT response
functions (resistivities and phases) show a continuous response in all frequencies. The data
show a similar trend at high frequency (>10 Hz) in apparent resistivities in xy and yx
directions and also with the major and minor responses; the phases also have the same
shape in both directions. There is a good coherency between electric and magnetic
components up to a frequency of 1 Hz, the Swift skew value is low (<0.12) and the
azimuth is consistent around a value of -20° (except for the first few points). Note that the
azimuth is measured from the magnetic north, which is 23°W from the geographic north.
Beyond frequency 1Hz, the response functions are relatively different in the two directions
(xy and yx), the data are not highly coherent, the skew value is around 0.25, and the
azimuth is not consistent. This may generally suggest a simple structure at shallow depth

and become more complex as we go deeper. The data show small error bars particularly at
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high frequencies that increase at low frequencies but remain within a limited range,

implying the collection of high quality data at this site.
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Figure 5.7: Response curves for station 2 from PN profile.

Figure 5.8 is a representative example for the MH profile (station MH3). All the
parameters displayed show a continuous response at all frequencies. The response
functions, especially apparent resistivities are consistent at high frequencies (>10Hz). The
data are highly coherent up to frequency of 1Hz, with a low value of skew (<0.25)
suggesting a simple structure. At low frequency (<1 Hz), the coherencies are below a value
of 0.75 and the skew values are greater than 0.25. The values of Swift azimuth are
continuous and increase linearly with decreasing frequency. These also indicate the

complexity of structure at greater depths as expected from previous studies in Parnaiba
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basin (see Ulugergerli, 1998). The error bars are too small at all frequencies indicating the

recording of high quality data.
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Figure 5.8: Response curves for station MH3 from MH profile.

5.4.1 Computation of induction arrows (sea coast effect)

The measurement of the vertical component can help in understanding the conductivity
distribution. This can be performed by calculating the induction arrows. In the time
domain, variations in vertical magnetic field may be related to variation in the horizontal
magnetic fields by the equation (Parkinson, 1983; Hobbs, 1992)

z(t) = ax(t) + by(t), 5.1
where x,yand zrepresent magnetic field variations in north, east and downward directions
respectively, and a and b are real numbers. In the frequency domain, equation 5.1
becomes

77



Chapter S5 TEMWMT field studies

- Z(w)= AW X (w)+ Bw)Y(w), (5.2)

where X,Y and Z are the Fourier transform of x,y andz. The quantities of A and B
are complex with

A=A, +iA, and B=B; +iB,. (5.3)

These complex quantities may be combined to form the two-dimensional vector (A,B)

called the magnetic response function. The real parts of A and B and the imaginary parts

of A and B may be combined to form * (A;,B;) and (A4,,B,). These parts may be drawn

as lines on a geographic map and can be termed induction arrows (Hobbs, 1992). These
induction arrows either point towards areas of higher conductivity (Parkinson convention)
or point away from areas of high conductivity (Wiese convention).
The definition of induction arrows differs for Parkinson and Wiese as shown in Table 5.2.
The real induction arrows magnitude may be indicative of a conductivity contrast, where
the largest values are usually close to it and the smallest values are indicative of increasing
distance from the boundary. Moreover, the direction of the conductivity gradient is often
indicated by the azimuth of induction arrows. In a two-dimensional structure, conductivity
anomalies often occur in the form of elongated features that extend a great distance in one
direction. Near a truly two-dimensional structure both real and imaginary induction arrows
point in the same direction for all frequencies (Parkinson, 1983). The direction of the
gradient of conductivity or induction arrows can be drawn on geographic maps so that the
arrows point at right angles to the current concentration in high conductive zone (Gregori
and Lanzerotti, 1980). Imaginary parts are relatively smaller and show a frequency
dependence markedly different from those of the real parts.

The induction arrows (Parkinson convention) were used in this study to detect the
presence of linear zones of anomalous current concentrations in the subsurface, and to
investigate if there is any coastal effect along the PN profile. Figure 5.9 shows examples of
induction response calculated (real and imaginary parts) for station 3 on PN profile. In this
figure, induction vectors seem scattered and there is no single consistent direction for both
the real and imaginary data at all frequencies. This may suggest that the area has an
increasingly complicated structure at depth.

The real parts of the induction arrows are selected at two frequencies (8 Hz and 40
sec) sampling different depths and they are superimposed on the known geological features

along profile PN in Figure 5.10. The difference in the magnitude and azimuth of the
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Real arrow Imaginary arrow
Convention
Magnitude Azimuth Magnitude Azimuth
V Az + By 7 + arctan Be | | VA +B; arctan B
Parkinson R LA ]
VA; + By arctan Be VA12 +B; arctan B
Wiese R LA, ]

Tale 5.2: The definition of induction arrows from Parkinson (1959) and Wiese (1962)
convention.

induction arrows for both frequencies suggests the presence of lateral and vertical
variations in subsurface resistivity. However, some other interesting deductions can be
made from this figure. At low frequencies, the so-called coast effect (e.g. Lilley and
Bennett, 1972) appears to influence the measurements at the first four stations from the
coastline; but interestingly at the high frequencies (>1 Hz), only the induction arrows for
the two northernmost sites point toward the coast which may indicate that the coast effect
at shallow depth is restricted only to the first two sites. The induction arrows at high
frequency point towards the northeast at stations 12, 13 and 14, indicating the presence of a
linear NW-SE trending conductive zone in this region. This may indicate the presence of a
concealed fault-zone, or it may be the effect of the linear outcrop of the marine Pimenteiras
Formation that is known to be conductive (see Meju et al. 1999, Fig. 2). This response
pattern does not persist at low frequencies which may suggest that the causative body does

not extend to great depths.
5.4.2 Application of tensor decomposition techniques

The presence of charges or galvanic distortion in magnetotelluric data can lead to the
misinterpretation of the measured impedance tensor, so it is vital to separate the galvanic
effects from induction responses within the data. Bahr (1988) and others (Groom and
Bailey, 1989; Groom and Bahr, 1992) attempted to separate regional and local information
by means of tensor decomposition using a physical model. In their approach, they assumed
that the inductive response is restricted to regional 1D or 2D body with an overlying
inductively-small local body on a regional host, where the distortion of telluric and
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magnetic fields by inductively weak bodies are negligible. However, the conductivity
structure might be more or less complex than assumed. For this reason, Bahr (1991) has
showed that this method could be employed only if the data satisfy certain conditions
which they categorized into seven classes of general model of increasing complexity (see

section 2.7). Thus in order to evaluate the necessity of applying Groom and
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Figure 5.9: Parkinson induction arrows computed at station 3 (PN profile).
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Bahr classes
Station Band 1 Band 2 Band 3
(176-5 Hz) (5-0.3 Hz) (0.3-0.0098 Hz)
1 1 2 7
2 1 2 7
3 1 1 7
4 1 1 7
5 1 7 7
6 1 7 7
7 3 2 7
8 | 7 7
9 1 | 7
10 7 7 7
11 3 7 7
12 1 1 7
13 1 1 7
14 1 1 7

Table 5.3: Summary of results of analysis of the PN profile using the Bahr (1991)
method for seven classes of telluric distortion.

Bahr classes

Stations

Band 1
(336-3.4 Hz)

Band 2
(3.4-0.147)

Site 1

Site 2

1

Site 3

Site 4

Site 5

Site 6

Site 7

Site 8

Site 9

7
3
1
3
1
7
3
3

Q] w9 N )2

82



Chapter 5 TEMMT field studies

Site 10 7 -

Table 5.4: Summary of results of analysis of the MH profile using the Bahr (1991)
method for seven classes of telluric distortion.

Bailey (1989) tensor decomposition of the Parnaiba basin, the data at each station were first
analysed using Bahr classes (1991). The data at each frequency were grouped into one of
the seven-classes. Then the average value for each band was calculated. Tables 5.3 and
5.4 respectively give the summary of the results of this analysis for PN and MH profiles.

Some interesting points relating to the nature of the induction problem arise from
this analysis. In the PN profile (Table 5.3) and at the high frequency band, most of the sites
(10 sites) fall into class 1; the remaining three sites were categorized into higher classes
which are class 3 (characterizing an area of weak local distortion) for two sites and class 7
for the other. This indicates that the tensor can be described mostly by the conventional
method.

The data measured in frequency band 2 show fluctuations between classes 1,2 and
7, suggesting a 2D/3D regional conductivity structure. In the low frequency band (band 3),
the data fall mainly into class 7 suggesting that Z describes a regional 3-D conductivity
anomaly, for which the superimposition model is not appropriate. For the MH profile,
Table 5.4 shows that in the high frequency band, the data fall into classes 1, 3, and 7
suggesting an approximately 2D regional structure with weak local distortion. In the low
frequency band, the data suggests a mainly 3D regional conductivity structure for which it
is not valid to apply the Groom-Bailey decomposition. Nevertheless, if the decomposition
methods yield a regional strike that is coincident with the regional strike of neighbouring
sites, then the regional structure can be considered to be approximately 2-D (Groom and
Bailey, 1989; and Bahr, 1991).

In order to demonstrate the decomposition of Groom-Bailey, data sets from 2
sounding sites (station PN12 on the PN profile and MH9 on the MH profile) were selected
as shown in Figures 5.11 and 5.12. Station PN12 is chosen because of its close location to
an expected concealed fault that may possibly represent the northern margin of Pamaiba
basin. Station MH9 (MH) is located near the contact between the basement and
sedimentary rocks and also shows that the impedance tensor has been distorted (class 3 at
high frequency). In both figures, the observed data, predicted data, and the principal axes

response are presented in the form of Cagniard apparent resistivity. The upper part in the
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left hand side illustrates the results of unconstrained decomposition, while in the lower part
of the diagrams, the regional strike has been constrained to —30° for station PN12 (Fig.
5.11) and to 30° for station 8 (Fig. 5.12). The reason for the selection of these angles to
constrain the data was based on the dominant strike direction and also the lithologic trend
in both profiles (a more detailed explanation of the selection of the strike angle is presented
in the next section). The distortion parameters (shear and twist) and the regional strike
(from the Groom-Bailey and Swift methods) are also plotted on the extreme right hand
side. As shown in these figures, and due to the complicated structure in both profiles, the
dominant strike direction rotates from higher to lower frequency, or from shallower to
deeper structure. The difference between the observed and decomposed data were
insignificant at high frequency. This may be due to the decomposition method requiring
certain conditions such as a strong 2D host and 3D scatterer which may not be the case at
these sites. However, differences become more significant for both stations (particularly
phase) at low frequency for which the data have been categorized into class 7, and the
superimposition model of Groom-Bailey was no longer valid. A possible 3-D regional
structure (class 7 for all sites at low frequencies) makes the physical model of Groom-
Bailey unwarranted and could lead to erroneous results. Moreover, the presence of static
shift which is not resolved by physical decomposition, may not help in recovering any
more reliable decomposed data. In the light of these results, it was decided that the
Groom-Bailey decomposition process was not necessary in this study. Interestingly, the
Groom-Bailey decomposition was applied for the previous MT profile located near Picos

city in Parnaiba basin (Ulugergerli, 1998) and it did not work.
5.4.3 Geoelectric strike determination

In the magnetotelluric method, it is critical to define the dominant regional trend, as any
error in the rotation of the data will cause the TE and TM responses to be mixed. There are
many approaches developed to obtain the regional geoelectric strike (e.g. Swift, 1967,
Bahr, 1988; and Groom and Bailey, 1989). The Swift method does not take into account
noise and local distortion and therefore may not give accurate results in the presence of the
effect of static shift to the data. The Bahr and Groom-Bailey methods have been developed

to overcome such distortion problems.
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Figure 5.11: MT parameters obtained by using the procedure of Groom-Bailey
(1989) for site 12 on the PN profile.

In this study, the regional azimuths were obtained using the Swift method and an

unconstrained Groom-Bailey decomposition at each station (see appendix A.1 and B.1).

However, since conductivity anisotropy may exist and the gross structure is most likely

complex particularly when three dimensionality enters and local 3-D distortion and noise

are present, surface geological information may be needed to assist in determining the

dominant structural strike.

In an effort to estimate the dominant strike direction in both profiles, the regional

azimuths were calculated and plotted on the geological map at representative frequencies

using an unconstrained Groom-Bailey decomposition technique which accounts for
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distortion effects and is considered to be more convenient than the Swift method. Figures

5.13 and 5.14 show the azimuths of Groom-Bailey decomposition for both profiles. For
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Figure 5.12: MT parameters obtained by using the procedure of Groom-Bailey
(1989) for site MH9 on the MH profile.

the PN profile, the Groom- Bailey strike is plotted for four characteristic frequencies (32
Hz, 8 Hz, 0.5 Hz, and 0.025 Hz). It was found that the dominant strike is approximately
WNW-ESE at most of the sites which is closely consistent with the lithological trend. On
the other hand, the computed azimuths at some selected frequencies along the MH profile
(30Hz, 8Hz, 0.5Hz, and 0.25 Hz; Fig. 5.14) suggest two dominant strikes trending NNE-
SSW and NNW-SSE. The main geologic units in the area trend nearly NNE. Overall, it
has been observed that there is a consistency in the azimuths obtained from Swift and

Groom-Bailey at some sites at most frequencies for both profiles (see Appendices A and
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B, taking into account that there is + 90° ambiguity in strike direction). These figures

show that the dominant strike is nearly —30° for the PN profile and 30° for the MH profile.
In the light of these investigations, the MT data were rotated -30° from the

measurement direction (i.e. -53° from the geographic north since the declination is 23°W)

for the PN profile yielding the TE and TM mode data required for 2-D modelling; while

the data for the MH profile were rotated 30° from the measurement direction yielding the

TE and TM modes along approximately north-south and east-west geographic directions,

respectively.
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Chapter 5 TEMWMT field studies

TEM data are well suited for static correction (Sternberg et al., 1988; Pellerin and Hohman,
1990; Meju, 1996; Meju et al., 1999).

In this study, the MT data have been corrected using TEM data. Following Meju et
al. (1999, Fig. 6), the TM mode MT apparent resistivity curves were corrected using the
single-loop TEM data while the TE mode apparent resistivity curves were corrected using
central-loop data. However, some single loop TEM data were very noisy at some stations
and also strongly affected by IP effect at late times; in these cases only the central loop data
were used. This is in addition that the strength of the induced voltage response is highest
in the centre of the loop and less affected by lateral variations. Representative examples of
the MT and TEM data are shown in Figures 5.15 and 5.16 for PN and MH profiles,
respectively. The MT data are shown (without error bars for simplicity) with the TEM data
in these figures. The MT curves show a parallelism with some vertical shift in the
overlapping segments. This may indicate shallow 1-D features, and that the MT curves
were affected by static shift. The MT resistivity data were shifted upward or downward to
match the relevant TEM curve and the MT error bars were eventually multiplied by the
correction factor. These figures also show that the TEM data are coincident with the MT
resistivity curves at some sites (e.g. sitt PN13 and MH2) for which there is no need for
static shift corrections. Notice in Figure 5.16 that MT data for site MHS5 are affected by
static shift and both TM and TE modes were corrected (using only central loop TEM data)
because the single loop data were very noisy. Some of TEM data showed negative
response at late times and these data channels were deleted such that there is no overlap
between the TEM and MT sounding curves (see appendix A.2 and B.2). However, since
the area exhibits shallow 1-D conditions, non-overlapping TEM data may suffice for MT

static shift correction (see Meju, 1996).
5.5 Qualitative interpretation of the MT data

After rotating and correcting the data for static shift, they were prepared for interpretation.
Qualitative interpretation is typically the first stage of any interpretation, and can provide
prior information prior to modelling. This section gives a brief description of the quality of
the MT data followed by presentation of pseudosections.

At high frequencies (up to 10 Hz), the quality of data based upon the smoothness of

data points, the size of error bars, and the coherency between electric and magnetic fields
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Figure 5.16: Sample illustration of MT data before (triangular ornament) and after
(cross symbols) static correction for four stations along the MH profile.
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is generally good at most of the sites, particularly along MH profile (Appendix A.1). The
trends of apparent resistivities and phases of the principal directions are similar, suggesting
the presence of shallow 1-D conditions. This is emphasized by skew values with an
average of 0.2. At low frequencies, the quality of data appears relatively more scattered
and noisy. At many stations the apparent resistivity curves are anisotropic, the phase data
are different in the two principal directions and the skew values increase to more than 0.4,
suggesting a 2- or 3-D environment. Figures 5.17 and 5.18 show pseudosections of the TM
and TE mode responses for the two profiles. These pseudosections are important and
illustrate the lateral changes in conductivity distribution with frequency. Note the lateral
and vertical variations of apparent resistivity and phase in both TM and TE modes. The
PN profile can be classified into three zones: moderately resistive zone (sitel to site 5),
highly resistive zone (site 6 to site 8) and less resistive zone (site 9 to the end of the
profile). For the MH profile, there are also lateral and vertical resistivity and phase
variations in both modes; the eastern part appears more resistive than the western part.
There is an obvious change in resistivity and phase responses between stations MHS8 and
MH?9 in both modes, and a conductive zone is also shown at low frequency underneath
stations MH1 and MH2. More information can be obtained by quantitative interpretation

and modelling of data as shown in chapter 6.
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Chapter 6 Modelling of Parnaiba basin

6. Modelling of Parnaiba data
Quantitative interpretation of data can be performed to obtain a realistic conductivity
structure in the form of a resistivitity depth map or geoelectric section. The results of 1-D

and 2D inverse modelling of Parnaiba data are discussed in this chapter.
6.1 Invariant resistivity Bostick sections

The determinant of the impedance tensor is invariant under rotation and hence is
independent of the orientation of the measuring coordinates. The invariant resistivity is
one of two parameters which can be derived from the determinant of the impedance tensor
(invariant phase is the other; Ranganayki, 1984). It reduces four resistivitites to a single
resistivity (equation 2.65) and thus is considered a scalar average.

The unrotated apparent resistivity and phase curves and also the calculated
parameters such as skew (see appendix A.l and B.1) for the two profiles of study indicate
that one dimensional structure data may be valid at high frequencies at most of the sites.
However, the character of the curves at lower frequencies (<1Hz) suggests more complex
structure as shown in chapter 5. Despite that, the invariant resistivity from the effective
impedance was considered in this study to be useful for a first-pass interpretation. The
invariant resistivity was therefore calculated and then corrected for static shift using
central-loop TEM data which are less affected by lateral variation and then mapped onto
their approximate depths using the Niblett-Bostick transformation (Bostick, 1977) to yield
a simple image of the subsurface for each profile. Figure 6.1 shows the invariant apparent
resistivity section for the PN profile to a depth of 20 km. The lateral and vertical variations
in resistivities are obvious. High resistivity values are apparent at stations 7 and 8 located
on outcropping basement rocks. Low resistivity values are shown at the north and south of
the zone of outcropping basement corresponding to the areas where there is a cover of
sedimentary rocks. Based on the resistivity distribution, the sedimentary cover appears
thicker south of station 12 (e.g. near stations 13 and 14). The abrupt change in resistivity
in the top 3 km at this locality would appear to suggest the presence of a fault near station
12. A thin conductive cover unit is also seen underneath stations 2 and 3. The invariant
resistivity section for the MH profile is presented for the top 5 km of the subsurface in
Figure 6.2. The western part of this profile is located outcropping sedimentary rock while
the extreme eastern part is located on basement rock. Strong lateral and vertical resistivity

variations are seen in the invariant section.
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Figure 6.1: The corrected invariant resistivity values from static shift are plotted
against the elevations (i.e. depths) calculated using Niblett-Bostick transformation for
PN profile (note the vertical axis is exaggerated from the original given below for
detailed display).
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High resistivity values are displayed at stations MH9 and MH10 situated on outcropping
basement rocks. Cover units of less than 150 Q.m resistivity extend laterally from stations
MHS8 to MH1 and these extend vertically to depth of 1 km between MH8 and MHS5 and
possibly correlate with the outcropping Serra Grande Formation. These cover units extend
to a greater depth at station MH4 and at stations MH2 and MHI1 where graben-like
structures may be present. The cover sequence is much thicker and of lower resistivity (<
50€.m ) underneath stations MH2 and MH1. This particular conductive signature may be
indicative of possible faulting in this locality related to Picos fault that may represent the

edge of major graben structure along the profile of study.
6.2 1-D MT inversion results

Since the MT data at most of the sites are approximately 1-D at high frequencies, one-
dimensional inversion was undertaken as a second approach to the interpretation of the
measured responses. It also serves as a guide when constructing a starting model for
eventual 2-D modelling.

The 1-D inversion program used in this study was developed by Meju (1992, 1996)
for joint interpretation of TEM and MT data. The code requires an initial guess model. If
the starting model is correctly specified, the non-uniqueness of the inverse problem is
greatly reduced and so the final model may be a good representation of the Earth’s
conductivity distribution (Oldenburg, 1990). The Niblett-Bostick depth transformation for
MT data and the Meju (1998) transformation for TEM data were used for generating the
initial models.

The steps for performing 1-D inverse modelling were as follows: (1) deduce a
starting model from the approximate transform model, (2) calculate its response function,
(3) compare this with the observed data and its associated errors and then (4) iteratively
adjust the model parameters to reduce the misfit between the field and computed data.
After getting the optimum model parameters, the quality of the solution was assessed with
the aid of the misfit error, model resolution matrix, or parameter covariance matrix (Meju,
1992, 1994). The 1D inversion models for all sites were then collated to produce
geoelectric sections. Figures 6.3 and 6.4 show examples of the results of 1-D inversion of
TEM and MT data for PN and MH profiles respectively. In each figure, the result of
simple data transformation (initial model) and the 1-D layered-earth inversion are shown
on the right hand plot while the field data and the calculated response of the constructed

model are plotted together on the left hand side for comparison.
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Figure 6.2: An E-W invariant resistivity section for the MH profile (note the
vertical axis is exaggerated).
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Modelling of Parnaiba basin

6.2.1 Geoelectric section for PN profile

The 1-D results for the PN profile have been collated into a geoelectric section and are

presented in Figure 6.5. Only the results for the top 5 km are plotted because the resistivity

values are too high beyond that depth and suggest the presence of basement.
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Figure 6.5: Interpretative geoelectric sections for the PN profile derived from
collating 1-D models for the TM mode (top diagram) and TE mode (lower diagram)
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Also, this study is mainly concentrating on determining the thickness of sedimentary cover
for hydrogeological purposes. It was found that the 1-D results for the TE and TM models
are approximately similar at most of the stations on the PN profile (from PN1 to PN12)
with only slight differences in resistivities and depths suggesting that 1-D modelling may
be valid for the top 5 km along this profile. The resistivity section was compared with the
lithologic variations inferred from the geological map to see if there is any realistic
correlation. It would appear that the resistivity values are highly correlated with lithologic
units. Relatively conductive sedimentary rocks appear to increase in thickness away from
the zone of basement outcrop at stations 7 and 8 in agreement with the geological map.
The cover units have resistivities of 5-35 Q.m and can be traced from stations 1 to 6; these
probably correspond to Quaternary and Tertiary sediments. Southward from station 8, the
basement cover would seem to consist of different strata and a fault may be present near
station 12. These cover units exhibit a general gentle dip to the south in agreement with
the expected dip direction from the geological map. These units comprise a low resistive
layer of between 5 and 20 Q.m at stations 11 and 12 which based on the geological map
possibly corresponds to Quaternary and Tertiary sediments. A unit with relatively high
resistivity outcrops between stations 13 and 14 and may be correlated with the Cabecas
Formation. The next underlying unit is probably Piementeiras shale and has a low
resistivity (<10Qm). The Serra Grande group outcrops on the surface between stations 9
and 10 as shown in the geological map and which may be represented by low resistivity (5-
30 2m). Tectonically, the abrupt change in resistivity values at station 12 at a depth of
>500 m may suggest the presence of a major fault in this locality. Note that a fault was
inferred on the tectonic and aeromagnetic maps, as possibly extending across the location
of the MT-TEM profile.

The geoelectric section derived only from the 1-D central-loop TEM inversion for
the first six stations is shown in Figure 6.6. This has more relevance to seawater intrusion
problem mentioned in chapter 1. This geoelectric section shows a conductive (5-10 Q m)
body, sandwiched between an upper layer of 12-26 Q m resistivity and a bottom layer of
80-140 2 m resistivity that extends about 23 km from the coast in this model. Considering
the standard hydrogeological model for seawater intrusion shown in chapter 4 (Fig. 4.4),
we would expect seawater flow to be downward and not in an upward direction as implied
by the TEM resistivity model. This may suggest that there might not be any significant

seawater intrusion on land in this coastal section of the study area. However, the wide
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spacing and the undersampling in the horizontal direction with distance particularly
between stations 2 and 3 may preclude inferring accurate hydrogeological model (salt water
intrusion). In order to get more realistic information about possible seawater intrusion,
intensive TEM field survey with a combination of other geophysical techniques like

resistivity method may be strongly needed.

3 PN4 PN5 PN6 S

N
L * < Undetermined > + * + +

Elevation (m)

Figure 6.6: Interpretative resistivity section derived from collating central-loop TEM
1D inversion results for the first six stations on the PN profiles.

6.2.2 Geoelectric section for MH profile

The interpreted geoelelectric sections of the MH profile deduced from joint 1-D TEM-MT
models are shown in Figure 6.7. The geology along the profile is made up of a sequence of
sedimentary rocks resting on a crystalline basement. According to the geological map, the
sedimentary rocks outcropping along most of the profile (from sites MH3 to MH10) belong
to the Serra Grande group, with the Jaicos Formation being considered to be the dominant
unit. The Piementeiras Formation outcrops at stations MH1 and MH2 and may rest on the
Serra Grande Group. The geoelectric section for both modes (TM and TE) generally
consists of two geoelectric units between stations MHS and MH10; the top conductive unit
probably belongs to the Serra Grande group. The underlying resistive unit is possibly
basement rock and nearly outcrops on the surface at sites MH9 and MH10 in agreement
with the basement outcrop on the geologic map. The region near stations MH1 and MH2
is underlain by anomalously thick conductive materials extending to 2.1 km depth in TM
mode and 2.3 km in TE mode at site MH1 and greater depth at MH2. A fault is inferred to

be present between stations MH4 and MHS. The lateral resistivity changes at this location
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are more clearly appropriate in the TM mode section. These complex structures along this

profile suggest the necessity for more sophisticated modelling such as 2-D inversion.
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Figure 6.7: Interpretative geoelectric sections for the MH profile derived from the
collating 1-D models for the TM (top diagram) and TE mode (lower diagram) data.
Resistivity is in ohm-m.
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6.3 Two dimensional inversion

The 2-D inversion-modelling program used in this study was written by Randal Mackie
(1996). This program uses Tikhonov’s method that defines a regularized solution of the
inverse problem to be a model m that minimizes the objective function

S(m)=(d - F(m))" Ry (d = F(m)) +7{L(m~m,], (6.1)
where d is the observed data vector, F is the forward operator, m is the unknown model
parameter vector, Ry; is the error covariance matrix, L is a laplacian operator, my is the
vector of a priori model, and 7 is the regularization parameter.
The algorithm used to minimize the objective function, S, is the non-linear conjugate
gradient method. The forward algorithm uses a finite-difference technique based on a
network formulation of Maxwell’s equations. Operationally, the region to be modelled is
divided by a number of horizontal and vertical lines forming a mesh of rectangular cells of
variable sizes. The intersections of the horizontal and vertical lines form the nodes of the
grid. Madden and Mackie (1989) mentioned some factors that must be taken into
consideration when preparing the grid. Firstly, the spacing has to adequately describe the
important electrical parameter of the area of interest. Secondly, the errors in the
approximation resulting from the discretization have to be at an acceptable level. Thirdly,
limits have to be imposed on the computational efforts involved in obtaining the solution.

Proper design of the model based on these factors is very important in calculating a
realistic response in 2-D. For instance the target area of magnetotelluric response should
be confined to the order of a skin depth, and this applies to the horizontal as well as to the
vertical distances. This is correct in ordinary circumstances, but very different situations
can occur when dealing with anisotropic media (Madden and Mackie, 1989). The
extension of the model allows the inversion to incorporate the effect of nearby structures
on the predicted impedance. Thus, the columns near the centre of the model should be
grided in a finer mesh than the columns near the edge. In vertical distance and for
boundary conditions, several grided air layers are added on the top of the earth model to
account for perturbations in the H fields from lateral current gradients. All the H field
perturbations are required to be damped out at the top of the air layer. At the bottom of the
earth model, 1-D impedance for a layered earth is used to relate the E field to the H field.
Broadly speaking, proper mesh design is something acquired with experience, but rules of
thumb concerning the element dimensions can be used as a guide line (see Wannamaker et

al., 1985) as follows:
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I- Near a conductivity boundary, element dimensions should not exceed a quarter of the
skin depth in the medium where the element is situated.
2- A resistivity medium is defined by at least 3 elements horizontally and 2 elements
vertically.
3- About 2 to 3 skin depths away from a conductivity boundary, element dimension may be
increased up to the skin depth of the medium.
4- Because the fields decay exponentially, vertical element dimensions may be increased
exponentially downward from the air-earth interface.
5- Because of the long wavelengths of the field in the air, 7 to 10 element rows increasing
upward exponentially are recommended for the air layer.
6- Near the bottom (basement), element dimensions are kept essentially uniform.

There are four input files needed to run the inversion program used in this study.
These are the data files, the model file, file containing the input parameters, and the last
one includes model parameters to be fixed, if desired. Either TE or TM mode data or both
of them can be used as the input file to the inversion. If both modes are used as prepared in
this study, they should include the apparent resistivities, phases, and errors for each
frequency at each station. The input required by the inversion program includes the
expected rms error, the smoothing factor TAU, and the noise floor. The program
terminates if the rms error reached before the maximum number of inversion iterations (60

in this program). The program typically stops once convergence has been attained and the

error could not be reduced further. The rms error is defined as
—_ \/(d fOm)" Rig(d— fm) ©2)
ndpts

where ndpts is the number of data points and the other parameters have been defined
previously. TAU is the regularization parameter that controls the trade-off between fitting
the data and adhering to the model constraint. Larger values cause a smoother model at the
expense of a worse data fit. The value of TAU should optimally be chosen such that the
rms error for the inversion is between 1 and 1.5. Nevertheless, it is not an easy task to get
the target rms error values for noisy and non 2-D data. The noise floor is defined as the
parameter that controls the error such that the input error below this parameter will be reset
to this value.

For the PN profile, the design of the 2-D calculation mesh was optimised for the top

30 km of the subsurface to investigate if there is any intefesting anomaly beyond the top 5
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km of hydrogeological interest; on the ocean-side, the 2-D grid made use of the available
bathymetric data and incorporated a surface conductive slab of 2.5 Qm representing the
seawater layer (cf. Arora et al. 1999). For the MH profile, the mesh design was optimised
for the top 15 km despite the suggested presence of a conductive zone at some stations
(MH1, MH2, and MH4) which may have limited the resolution to about 5 km.

As a simple way of addressing the problem of non-uniqueness, two sets of initial
models were adopted in the inversion studies, viz: (1) featureless (half-space) models and
(2) structured models derived from joint 1-D inversion. The first approach was considered

to provide further constraints for the initial model for the second approach.
6.3.1 Results of 2-D inversion using half space initial models
6.3.1.1 PN profile

For 2-D inversion, MT stations have been projected onto a profile perpendicular to the
adopted strike (i.e. trending N 37°E) so that the distances between the stations are different
from those shown on the actual site location map (Fig 5.3). Since there is no subsurface or
any borehole information for the northern profile, preliminary 2-D inversion was
performed using a blind interpretation or smooth model (e.g. Constable et al., 1987; Bai et
al., 2002), in which the subsurface is divided into several blocks of constant resistivity
(half space). This profile was modelled using a mesh size of 55 x 46 as shown in Table
6.1. The grid was extended down to a depth of 30 km. It was finer for the top 3 km and
became coarser with increased depth. Care was taken to add more grid elements in the
anomalous area. Although the topography does not change sharply (maximum 100 m
above sea level), it has been included in the modelling. Initially, inversion runs were
performed (using half space 500 Q.m ) to determine the best value for TAU parameter (in
terms of model smoothness and data fit). Based on the initial results, a value of 5 was used
for TAU. Additionally, the noise floor in the data was arranged to be 5 %. Then the
desired rms error was set to 0.5 and the maximum number of iterations to achieve these
criteria was set to 60. However, as mentioned above, the program automatically stops
when the minimization converged and could not reduce the error further.

In the case of inversion with smooth initial models, the responses of the resulting
model matched the field data satisfactorily only for half-spaces of resistivity >50 Q m. The
optimal models constructed from initial models of 250, 500, 750 and 1000 £2 m resistivities
show similar features as can be seen in Figure 6.8. A relatively conductive trough-like

feature is clearly apparent between stations 12 and 14 in the top 4 km of the subsurface and
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there is a high resistivity zone underneath stations 6 to 8. The trough-like feature occurs in
the expected subcrop region of the elusive major fault seen to the west of the survey line on
the tectonic map (see Fig. 5.1). The highly resistive body beneath stations 6 to § coincides
geographically with the zone of basement outcrop on the geological map. This useful
information can be used in conjunction with 1-D modelling to produce more realistic initial

model for the final 2D inversion.

Number of X-grid =55 and Z-grid =46
X-Block width (m)

100000 30000 10000 3000 1000

500 1000 1000 700 5250 5250 1000 1000 1175

1000 1375 1375 1000 2000 2000 1500 1600 1200 2000
2000 2825 2825 2000 2250 2250 2000 2815 2815 2000
3700 3700 2000 900 1000 1000 1000 550 500 500 500
1850 2000 2000 2000 2000

1000 3000 10000 30000 100000

Z~-Block thickness (m)

5 20 20 20 20 20 20 20 50 50 100 100 100 100 100 100 100
100 200 200 200 500 500 500 1000 1000 1000 1000

1000 1000 1000 1000 1000 1000 1000 2000 2000 2000 2500
2500 2500 2500 10000 30000 100000 200000

Site location

6 9 12 15 18 22 25 28 31 34 37 41 45 50

Table 6.1: Grid size used in the 2-D modelling for PN profile.

6.3.1.2 MH profile

This profile has shown interesting features in the invariant and 1-D results. Therefore,
more grid elements were added in the anomalous area, so it was modelled using a mesh
design of 55 x 48 blocks as shown in Table 6.2. The grid was extended down to a depth of
15 km. The topography was also included in the initial model. Fixed parameters were not
added to this grid. Based on the initial results of inversion using half space 500 €2.m, the
TAU value of 5 has also been decided. Also a value of 5% was considered for the noise
floor. The desired rms error was set to 0.5 and the maximum number of iterations to
achieve these criteria was set to 60. As before, the calculated response also matched the
field data satisfactorily only for half-spaces of resistivity >50 Qm. The models
constructed from initial models of 250, 500, 750 and 1000 £ m resistivities are shown in

Figure 6.9. The resistive zone near station MH1 is apparent in the three models (500, 750,
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and 1000 ohm- m) and may be interpreted as possibly correlating to shallow resistive sill-
like intrusive body. The conductive trough-like feature at stations MH1 and MH2 may be
related to the Picos fault that may be part of a major graben in this area. A trough-like
feature occurs between stations MH3 and MH4. The high resistivity values underneath
stations MH6 to MH10 are related to basement rocks which are covered by a relatively thin
conductive geoelectric layer. It is obvious from these geoelectric sections that 2-D

inversion using a half space initial model can give a geologically feasible model of the

subsurface.

X-Block width (m)

100000 30000 10000 3000
1000 1000 1000 1000
2500 1000 1000 1000
1000 1000 1000 1000
1500 1000 1000 1000
2000 1000 1000 1600
1000 3000 10000 30000 1

Z-Block thickness (m)

50 50 50 50 50 50
100 100 100 150 150 150
250 250 250 350 350 350
500 1000 1000 1000 2000 3000
1000 3000 10000 30000 100000

Site location

6 11 16 21 26 32 36 40 45 50

Number of X-grid =55 and Z-grid =48

1000
1000
2000
2000
1000
1500
00000

50
150
500

3000

1000
2000
2000
1500
1200

50
200
500

1500
1000
2000
1800
1000

50 50
200 200
500 500

2500
1000
2000
2000
1000

100
250
500

2500
1000
2200
2000
1000

100
250
500

Table 6.2: Grid size used in the 2-D modelling for MH profile.

111




Chapter 6 Modelling of Parnaiba basin

12 345 6 7 8 9 10 11 13 14 12 3 45 6 7 8 9 10 11 13 14
200
170

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Distance (km) Distance (km) 140

Half space (250 ohm-m ) Half space (500 ohm-m)

110
80
50

30

20

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Distance (km) Distance (km)

Half space (750 ohm-m) Half space (1000 ohm-m)

Figure 6.8: 2-D inversion models generated using different initial half space models
for PN profile (note the vertical axes are exaggerated from the original given below).
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Figure 6.9: 2-D inversion models generated using different initial half space models
for MH profile (note the vertical axes are exaggerated from the original given below.
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6.3.2 2-D inversion final model
6.3.2.1 2-D final model for PN profile

A structured initial model was constructed using a combination of the 1-D geoelectric
sections using joint TEM and MT (TM and TE modes) data, significant features from 2-D
modelling from half spaces, and information from the geological map. The above-
mentioned parameters used in the half space modelling (TAU and noise floor) were put in
the input file and also the same mesh size was employed. The inversion results were
assessed after a number of iterations by evaluating the misfit between the observed and
calculated response. Then a modification was also employed manually to some initial
model parameters (resistivities and depths) such that, over a number of iterations, a better
set of the model parameters can be found that minimize the error between the model
response and the observed data. This approach was repeated for more than 20 different
models to get a reasonable model based on the minimum misfit and minimum rms error
and also agreed with the available geological information. The final result of 2-D inversion
along PN profile is presented in Figure 6.10 (only the top 5 km is shown for
hydrogeophysical convenience). The output model statistics are presented in Table 6.3. It
can be seen that that after 51 iterations, the program automatically stopped when the
minimization converged and could not reduce the error further. The fit between the
calculated model responses and the observed data is shown in Figure 6.11 and is
satisfactory especially at high frequencies of interest in this hydrogeological work since the
calculated response shows mostly the same trend of observed data. At low frequencies, the
fit is not good at some sites and may be attributed to the 3-D regional structure at depth.
This 2-D model is nearly similar to those constructed using featureless initial models and
may thus be accepted as a plausible model of the subsurface geology. It would appear that
the unweathered crystalline basement in the area of study is generally highly resistive with
a minimum value of 200 Q m and may be traced to the north and south from the part of the
model coinciding with the zone of basement outcrop in the geological map (stations 7 and
8). Relatively conductive sedimentary cover rocks appear to increase in thickness away
from the zone of basement outcrop as expected from geology; the cover units extending
from stations 1 to 6 probably correspond to Quaternary and Tertiary sediments with the
uppermost section being very conductive (<10 Qm) underneath stations 1 to 3 in accord

with TEM data (see Fig. 6.6). Southward from station 8, the basement cover units show
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Depth  (km)
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Figure 6.10: A geoelectric structure derived from 2-D inversion with a structured

initial model for PN profile. Only the top 5 km is shown to stress the shallow features
evinced by the inversion.



Chapter 6 Modelling of Parnaiba basin

TAU 5 Chi 1568

Iter. S1 S2/t S2 S3 S
151083. 0. 0. 0. 151083.
14661.3 820.186 4100.93 1.33166E-06 18762.2
7652.32 850.166 4250.83 2.12061E-05 11903.2
5037.46 546.101 2730.51 2.53870E-04 7767.97
3951.90 468.744 2343.72 5.67244E-04 6295.62
3123.33 377.702 1888.51 9.73756E-04 5011.84
2619.84 295.466 1477.33 1.60565E-03 4097.17
2324.20 271.173 1355.87 2.04639E-03 3680.07
1741.33 261.560 1307.80 3.04844E-03 3049.13
1604.99 256.424 1282.12 3.12121E-03 2887.11
10 1435.64 224.956 112478 3.23977E-03 2560.42
11 141556 181.911 909.555 3.35485E-03 2325.12
12 1392.43 147433 737.164 3.46147E-03 2129.60
13 1317.61 104.5380 522.690 3.63824E-03 1840.30
14 1248.16 92.3714 461.857 3.68520E-03 1710.02
15 1215.33 86.7740 433.870 3.70086E-03 1649.21
16 111001 77.1469 385.735 3.73767E-03 1495.75
17 1078.51 72.8583 364.291 3.75497E-03 1442.80
18 1032.65 69.8628 349.314 3.77654E-03 1381.96
19 982.511 68.1078 340.539 3.81238E-03 1323.05
20 935.597 68.7557 343.779 3.85105E-03 1279.38
21 891.210 69.3641 346.820 3.90484E-03 1238.03
22 843.388 68.5380 342.690 3.99129E-03 1186.08
23 821.473 659645 329.823 4.07623E-03 1151.30
24 789.372 63.2370 316.185 4.21848E-03 1105.56
25 770903 61.2687 306.343 4.35037E-03 1077.25
26 745.543 60.0594 300.297 4.50909E-03 1045.84
27 722.445 58.8936 294.468 4.71500E-03 1016.92
28 700.603 57.4436 287.218 4.94477E-03 987.826
29 690.779 563690 281.845 S5.08372E-03 972.629
30 685.123 54.4975 272.488 5.24304E-03 957.616
31 680.255 53.4354 267.177 5.37623E-03 947.437
32 668.970 529239 264.620 5.56848E-03 933.595
33 658.651 52.2151 261.075 5.81565E-03 919.733
34 653.791 51.6782 258.391 5.96458E-03 912.188
35 649.633 49.6284 248.142 6.30384E-03 897.781
36 645.532 485136 242.568 6.56630E-03 888.107
37 642.371 47.4842 237421 6.83233E-03 879.799
38 639.498 46.5651 232.826 7.10438E-03 872.331
39 637.804 46.1654 230.827 7.26493E-03 868.638
40 631.182 457891 228946 7.68846E-03 860.136
41 627399 454609 227.304 8.01264E-03 854.711
42 623.554 44.9203 224.601 8.44412E-03 848.164
43 623.293 44.0261 220.131 8.82430E-03 843.432
44 623.216 43.0311 215.155 9.28834E-03 838.381
45 621.889 419773 209.886 1.00042E-02 831.786
46 617.856 41.9153 209.576 1.05006E-02 827.443
47 614.651 41.9395 209.697 1.08834E-02 824.359
48 611.222 41.9914 209.957 1.13289E-02 821.190
49 607.713 419391 209.695 1.19316E-02 817.420
50 605.369 41.8918 209.459 1.23806E-02 814.840
51 605.273 41.3918 206.959 1.28966E-02 812.245

VXTIV AW —=O

Table 6.3: Statistics for the inversion of PN profile. TAU is the smoothing factor, chi
is the desired chi square or the number of data used in the inversion, S1 is chi square,
S2 is the model roughness, S2/t is the model roughness divided by smoothing factor,
S3 is the closeness of the fixed parameters, S is the sum of S1, S2, and S3.
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Figure 6.11: The fit between the MT observed data and the 2-D model response for
PN profile. The apparent resistivity and phase information are presented for the TE
and TM modes at each station starting from the north to the south on the profile. The
error bars of the data are one standard deviation.

anomalous thickening starting from station 10 and attaining a maximum thickness of about
3 km underneath station 13.

These cover units exhibit some stratification consisting of an uppermost resistive
(>150Q m) sliver starting near station 12 (and correlating with the zone of outcropping
Cabecas sandstone), an underlying Conductive unit of <20 Qm (correlated with the
Pimenteiras shale which is draped over by Quaternary sediments at station 11), and a basal

unit of moderate resistivity (ca. 20-80Q m) that may represent thickened segments of the
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Serra Grande formations which outcrop at stations 9 and 10 or a combination of the Serra
Grande group and pre-Silurian sediments of Riachao and Mirador Formations as suggested
for deep grabens found elsewhere in the basin (see De Sousa 1996; Ulugergerli, 1998;
Arora et al. 1999; Meju et al. 1999).

It may be possible to interpret this model tectonically and hydrogeologically. A
major fault could be expected to lie at depth near stations 12 and 13. This may be part of a
block-faulted structure marking the main edge of the basin. Based on the studies
conducted further south by Goes et al. (1993) using data gathered from surface geology,
geochemical surveys, exploratory wells and seismic sections, the projected sedimentary
cover thickness would be about 1 km just south of station 14. The presence of thickened
(ca. 3 km) conductive geoelectric units near stations 12 and 13 in this MT model (inferred
to be sedimentary cover rocks) is therefore anomalous; it is best explained by the existence
of a hitherto undiscovered graben-like structure. The Serra Grande group contains the
most important aquifer in the Parnaiba basin and this anomalously thickened zone may thus
have hydrogeological implications. From the available lithostratigraphic sections of the
central and southeastern parts of the Parnaiba basin (see De Sousa 1996; Arora et al. 1999;
Meju et al., 1999), the crystalline basement rocks are inferred to be directly overlain in
some areas by the Riachao and Mirador Formations of Cambrian-Ordivician age. These
units contain carbonatic facies which have high geothermal conductivity (De Sousa 1996);
it is logical to expect that these will be associated with relatively high electrical
conductivity. Based on the current 2-D resistivity models, it is suggested that Cambro-
Ordovician sediments may be present in the deep trough-like structure in the study area and
may therefore not be restricted to the central and southeastern parts of the basin as

previously believed.
6.3.2.2 2-D final model for MH profile

The initial model was also prepared using the 1-D inversion results of joint TEM and MT
(TM and TE modes) data in addition to the information from previous geoelectric studies
in the area, and the major features from the 2-D models from half space. The inversion
results were assessed also after a number of iterations. Then, a modification was employed
to some initial model parameters before getting the final model. This approach was
repeated over 30 different models for the same purpose as discussed for PN profile.

The final result of the 2-D inversion is presented in Figure 6.12 for the top 5 km.

The model statistics are presented in Table 6.4. It shows that after 52 iterations, the
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program automatically stopped when the minimization converged and could not reduce the
error further. Also the fit between the calculated model response and the observed data is
shown in Figure 6.13 and is reasonably good particularly for high frequency data at most of
sites. The 2-D model suggests the presence of strong lateral changes in resistivity in the
top 4.5 km of the subsurface. The basement rock units are generally highly resistive and a
value of 2200 ohm-m appears to be appropriate as shown in the PN profile. These units
outcrop on the surface at stations MH9 and MH10. The relatively conductive zone near the
surface at station MH9 may thus indicate the presence of highly weathered basement rocks.
The basement appears to be of irregular topography and is overlain by thickened
sedimentary cover at stations MH1 and MH2 and between stations MH3 and MHS.

The contact between the basement and its sedimentary cover may be traced
eastward along the profile starting from between stations MH8 and MH9 (in agreement
with the basement-sediment contact on the geological map). The Serra Grande group
aquifer outcrops at stations MH3 to MH8 and is well imaged by the resistivity inverse
model. This segment of the model is the recharge area. The Pimenteiras Formation forms
the aquitard west of this recharge zone. There appears to be a resistive sill-like intrusive
body underneath stations MH1 and MH2 in agreement with previous MT models of the
region (see Meju et al., 1999). The 2-D model also shows other interesting geological
features; a major fault is suggested near station MH2 and extends vertically into the
basement. The fault appears as a highly conductive zone and may represent the edge of a
major graben structure. The smaller graben suggested between stations MH3 and MHS5
agrees with that seen on the Jaicos-Picos line (Ulugergeli, 1998; see also Meju et al.,
1999). This particular graben appears to contain thick sedimentary materials, possibly of
the Serra Grande Group. This possible graben has the optimum potential for drilling for
groundwater since the deeper graben-like zone at stations MH1 and MH2 may contain
highly saline groundwater as shown by the high conductivity along the presumed Picos
fault that may act as an impermeable barrier to the groundwater flow leading to the
concentration of salt to the west. The presence of this conductive zone may also be
interpreted in terms of the geothermal activity in the area. The circular magmatic structure
shown on the geologic map (Fig. 5.4) is very close to the Picos fault and there may be a
link between them underneath the ground surface; so this fault can be a zone of weakness

for spreading hydrothermal fluids.
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Figure 6.12: A geoelectric structure derived from 2-D inversion with a structured
initial model for MH profile. Only the top 5 km is shown to stress the shallow features
evinced by the inversion.
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TAU 5 Chi 876
Iter.  S1 S2/t s2° Ss3 s

0 576029 0. 0. 0. 5760.29
1 316529 0.i16656 0.5832 0. 3165.87
2 212829  0.806009 4.0300 0. 213232
3 191420 1.16913  5.8456 0. 1920.04
4 173522 189997  9.4998 0. 1744.72
5 1667.64 194772  9.7386 0. 1677.38
6 155935 225964 11.2982 0. 1570.65
7 146372 3.14661 157330 0. 1479.46
8 140994  4.04584 202292 0. 1430.17
9 139155 4.38811  21.9406 0. 1413.49
10 134870 546482 273241 0. 1376.03
11 1325.83 590937 29.5469 0. 1355.38
12 129244 653952 32.6976 0. 1325.14
13 127316 7.24195 36.2097 0. 1309.37
14 123791 8.80168 44.0084 0. 128191
15 118243 11.8524  59.2620 0. 1241.70
16 115750 13.6133  68.0667 0. 122557
17 113045 16.3944  81.9718 0. 1212.42
18 112426 163599  81.7995 0. 1206.06
19 110704 162667 81.3333 0. 118837
20 107826 16.0098  80.0488 0. 1158.31
21 1073.54 159571  79.7856 0. 1153.32
22 104593 154898  77.4491 0. 1123.38
23 103395 153520 767601 0. 111071
24 1028.89 153068  76.5342 0. 1105.42
25 1008.03 153264 76.6319 0. 1084.66
26 1004.347 154529 77.264 0. 1081.61
27 1001751 155740 77.869 0. 1079.62
28 967.909 18.1819 90.909 0. 1058.82
29 953815 19.3780 96.890 0. 1050.70
30 928.147 22.1295 110.64 0. 1038.79
31 925246 222019 111.010 0. 1036.26
32 901.845 23.0862 115431 0. 1017.28
33 893.452 23.5112 117.556 0. 1011.01
34 891.787 23.6027 118.013 0. 1009.80
35 885204 24.0550 120275 0. 1005.569
36 882.505 24.2642 121321 0. 1003.826
37 877.589 24.6363 123.182 0. 1000.771
38 866.753 254594 127297 0. 994.050
30 864.997 255994 127997 0. 992.994
40 862.118 25.8664 129332 0. 991450
41  854.164 266912 133456 0. 987.620
42 830.147 29.2959 146479 0. 976.626
43 817.674 31.0156 155078 0. 972752
44 810263 31.8802 159.401 0. 969.663
45  802.844 32.7736 163.868 0. 966.711
46  785.132 343475 171737 0. 956.869
47 778.186 35.0297 175.149 0. 953.334
48 777095 35.1363 175682 0. 952777
49  768.893 359674 179.837 0. 948.730
50  766.682 36.2374 181.187 0. 947.869
51 759.508 37.1090 185.545 0. 945.053
52 755938 37.5812 187.906 0. 943.844

Table 6.4: Statistics for the inversion of MH profile.
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Figure 6.13: The fit between the MT observed data and the 2-D model response for
MH profile. The apparent resistivity and phase information are presented for the TE
and TM modes at each station starting from the west to the east on the profile. The
error bars of the data are one standard deviation.

6.4 Prediction of aquifer properties

It is beginning to emerge that aquifer properties are highly correlated with electrical
resistivity measurement (see Ebraheem et al., 1990; Aristodemou and Thomas-Betts, 2000;
Meju 2000) as both relate to the pore space structure and heterogeneity. Empirical
relationships between these properties and non-invasive geophysical information may be
used to predict their values as an alternative approach to pumping tests or laboratory
experiments with core samples. For instance, porosity can be determined through the use

of Archie (1942) equation, see chapter 4. However, this requires that fluid resistivity, o,

should be determined in a clean matrix (i.e. a clay-free medium). If there is no borehole

data or laboratory measurements through which we can obtain accurate value of m, o, and

also n when the pores are not fully saturated by fluid, then we cannot determine these
parameters reliably.

In this study, since there is no information about the hydraulic properties of the
main aquifer, the total dissolved solids (TDS) were predicted using the schemes suggested
by Meju (2000) and Ebraheem et al. (1990) equations, chapter 4. The main aquifer in the
eastern and northern margins of Parnaiba basin is the Serra Grande group. Based on the
results from 2-D inversion of PN profile, a huge thickness of this group may exist at
stations 12 and 13 with resistivity of 20-80 ohm-m as described above. If a value of 30
ohm-m was taken to represent the top of the saturated zone of aquifer, then according to
Meju (2000), the predicted value of the total dissolved solids is 398.36 mg/l. However,
based on Ebraheem et al. (1990), the predicted TDS value is 753.1 mg/l. This big
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difference is attributed to the fact that Meju scheme was developed for highly saline
aquifers but Ebraheem equation was derived for use in acid mine drainage problems. Since
there is no evidence for the presence of highly saline water, fluid resistivity was calculated
based on Ebraheem et al. (1990) equations. The fluid resistivity computed has a value of
14.25Qm. On the other hand and for the MH profile, total dissolved solids and fluid
resistivity are predicted for two selected locations; the first is between stations MH1 and
MH2 and Meju (2000) equations were applied to that location of probably highly saline
water. The other is in the graben structure between stations MH3 and MH4 where
Ebraheem et al. (1990) equations were employed. These areas of study are characterised

by the Serra Grande aquifer. Table 6.5 shows the estimated aquifer properties.

Site Site (MH1-MH2) Site (MH3-MH4)
Parameter (PN profile) (MH profile) (MH profile)
Total dissolved 753 3850 164.426
solids (mg/1)
Fluid resistivity 14.25 1.79 51.36

Table 6.5: Some predicted aquifer parameters at selected sites on PN and MH
profiles.

The highest TDS and the lowest fluid resistivity values are obtained for the first location on

the MH profile where saline water may be expected. Having determined p,and o, as

above, Archie (1942) equation may be applied to predict the porosity, assuming a relatively
homogeneous medium. For most of the rocks the cementation exponent m lies between 1.3
and 2.5 (Schopper, 1982) and an average value of 1.9 can be adopted in this study. Also
full pore saturation may be assumed, i.e. S =1. As an example, the predicted porosity value
at the first location (MH1-MH2) on MH profile is 53% which is anomalously high and may
indicate that this hydrogeological property can assist for accumulation of a huge amount of
groundwater in that area.

The main disadvantages and limitations of the technique used to derive porosity are
the following; these equations are empirical and require certain conditions to relate bulk

resistivity to TDS; for instance, the scheme suggested by Meju (2000) was developed
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specifically for relatively homogeneous porous formations fully saturated with a highly
saline pore fluid. So the applications of these equations for the prediction of
hydrogeological parameters under different conditions may yield erroneous result. Also the
porosity value predicted from Archie (1942) equation may be unrealistic since the assumed
parameters should be precisely determined based on borehole information. Moreover, as
discussed above, Archie’s equation is valid only for clay-free and clean sediments. Any
deviations from these assumptions make the equation invalid as discussed by Worthington
(1993). In this study, the aquifer system consists mainly of sandstone with intercalations of
clay and silt materials, so a modified representation of the Archie’s equation might be
required to obtain appropriate value of porosity (cf. Worthington, 1993; Aristodemou and
Thomas-Betts, 2000). However, the above equations may demonstrate an approximate

estimation especially if there is no hydrogeological or borehole information.
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7. Application of TEM method for rapid mapping of a buried hillside in Quorn:
Comparison with conventional methods.

7.1 Introduction

Geophysical techniques have shown their effectiveness in mapping the subsurface structure
of crystalline basement terrains overlain by sedimentary overburden. Seismic and
magnetic techniques are the most common methods used in mapping basement
topography. Magnetic method is particularly suitable for mapping basement features such
as lineaments, faults, shear zones, lithologic contacts, etc. which may be hidden from direct
view because of overlying sedimentary cover (Sharma, 1997). Seismic reflection has been
applied to detect a thick zone of intense fracturing (e.g. Gendzwill et al., 1994). The
electrical (resistivity) methods also have been applied successfully to these targets (e.g.
Barker et al., 1992). Palacky et al. (1981) have shown that HLEM, VLF electromagnetic,
and DC profiling techniques combined with aerial photography or remote sensing are
effective techniques for detecting fracture zones in Precambrian crystalline basement
terrains (see also Wright, 1992; Pedersen et al., 1994). Azimuthal DC resistivity variations
have been used to characterize fracture systems in both bedrock and unconsolidated
sediments (Leonard-Mayer, 1984; Taylor and Fleming, 1988; Carpenter et al., 1991;
Watson and Barker, 1999). Ground penetrating Radar has been used for mapping fracture
zones (e.g. Seol et al., 2001). Recently, transient electromagnetic (TEM) method has been
employed for this task because it has a good potential for penetrating thick conductive
overburden overlying resistive bedrock targets (Meju et al., 2001). TEM is also widely
used for hydrogeological, engineering, and environmental applications (e.g. Sandberge,
1993; Christensen and Sorensen, 1994; Shtivelman and Goldman, 2000). Meju et al
(2001) successfully combined single-loop TEM and HLEM profiling methods for detecting
fracture zones in a granitic terrain in Brazil. They also suggested that central-loop TEM
can be applied to this problem and that the TEM method could effectively be used as the
sole tool for such tasks in deeply weathered terrains. It will be interesting to see if the
TEM method can be equally successful in mapping shallow fractured crystalline bedrock
such as present in Quorn (the subject of this chapter) and would be the case in some
engineering investigations.

According to Meju et al., (2001), the TEM model for a fracture zone in granite
(Fig. 7.1) is analogous to a relatively conductive dyke emplaced within a resistive host
covered by conductive overburden. The expected TEM response consists of single peak

anomalies over zones of thickened saprolitic overburden at early times, and twin peak
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anomalies consisting of peaked response near each edge of the fracture-zone with
depressed field values over the centre at late-times representing the signature of the steep
fracture-zone with possible clay alteration products (Fig. 7.1). It was demonstrated that
small loop TEM profiling has the ability to detect fracture zones in granite even underneath
> 50 m overburden. As a further development and for engineering-type surveys, a novel
small loop, short offset, azimuthal TEM technique has been suggested as a cost-effective
approach for the 3D mapping of fracture zones in shallower bedrock. This TEM azimuthal
survey technique could correspond to DC azimuthal resistivity surveys applied in detecting
fracture zones. The present study aims to evaluate the applicability of this novel approach

in characterising fractured shallow bedrock.
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Figure 7.1: Idealized weathering profile and transient electromagnetic responses over
a fractured granitic basement (after Meju et al., 2001).
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7.2 Area of study

This study centres on a granodiorite body of Quorn Park, 10 miles north of Leicester,
England (Fig. 7.2). The park is a large pasture field north of the Redland Quarry
exploiting the Mountsorrel granodiorite. The ground is generally flat, but slopes at a very
low angle towards the north. During Permo-Triassic times, the granodiorite formed an
inselberg feature standing above a desert plain with deep wadis cut into its surface. This
basement might be fractured or faulted and the zones of intensive fracturing are more
susceptible to weathering and this could cause some problems to the Mountsorrel quarry.
This basement topography was buried by a sequence of mudstones and sandstones known
as the Mercian Mudstones; ~ 30 m thick. The determination of the nature of the
granodiorite upper surface and its fractured/faulted zones are of primary importance from
an industrial viewpoint and for engineering geophysical interest and could influence the
design of future extensions of the Mountsorrel quarry. In this study area, the depth to the
basement is not deep <30 m depth (Ahmed, 1993) so that shallow-depth TEM sounding
equipment such as the Geonics PROTEM47, the Sirotem MK3 and others may be
applicable. In this study, the Geonics TEM47 was used to track target geological features
such as fractures or fault zones. The dip direction of these features can be approximately

estimated from the shape of twin-peak anomalies (Weidelt, 1983). The TEM results will

be compared with conventional techniques (VLF and DC resistivity methods) to determine
its effectiveness for mapping the dissected bedrock.

The specific tasks in objectives of this study are:
1) Evaluation of a rapid Azimuthal TEM surveying technique for locating fracture zones.
2) Evaluation of TEM in mapping the thin cover sequence (drift and mudstone) over the
site of study.
3) Comparison of TEM and established VLF and DC resistivity methods of bedrock

mapping.

7.3 Description of the available data

Large amounts of TEM, VLF, and DC resistivity data have been recorded over the Quorn
Park test site and have not been previously analysed. The survey lines are shown in Figure
7.2. DC resistivity soundings and profiling using Schlumberger and Wenner arrays in

addition to VLF were conducted along most of the survey lines. A seismic refraction study

was performed along one of the profiles (Ahmad, 1993), and will be useful for comparison

with TEM and DC results.
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Figure 7.2: Location map of Quorn Park showing geophysical survey lines and site
details.

7.3.1 TEM survey technique

The TEM survey employed a short-offset configuration with 20 m sided contiguous square
loops as the transmitter. For every transmitter (Tx) loop position, multi-channel data were
recorded at four locations using a roving receiver; the receiver (Rx) is sequentially
positioned 10 m away from each of the four sides (instead of a single position per loop) as
illustrated in Figure 7.3. A total of 96 soundings were recorded over 4 hours. The main

motivation was to cover the whole area in a relatively short time period while obtaining
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Figure 7.3: Sketch map showing azimuthal TEM survey design. For each transmitter
(Tx) loop position, readings are made at 4 different azimuths, with the receiver

positioned 20 m from the Tx loop centre.

data with the Rx in different azimuths. As shown in Figure 7.3, the azimuthal TEM
soundings (1, 2, 3 and 4) were measured using the first transmitter loop; the next soundings
(5, 6,7, and 8) employed the second loop, while the next four soundings (9, 10, 11, and
12) related to the third loop position and so forth. Note that the two soundings labelled 3

and 9 represent the same site occupied by the receiver but for different Tx loops. Any
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differences between such coincident soundings might be suggestive of heterogeneity at the
site which is one of the advocated advantages of this surveying strategy (M. Meju, 2000,
private comm.). This TEM grid-type surveying can be termed a contiguous loop
azimuthal sounding method. Eleven conventional central loop TEM soundings were also
recorded along profile 20W for comparison with the azimuthal TEM data.

The various TEM data were acquired using the Geonics PROTEM 47 equipment to
obtain information at very shallow depths, and at least two soundings were measured at
each site using different gains for consistency checks. To overcome random noise
problems as much as possible, several decay curves were stacked per sounding. The
instrument consists of a small, lightweight, battery-operated transmitter with a very fast
turn-off time to enable the near surface response to be measured. It can be used with three
different base frequencies of 25, 62.5 or 262.5 Hz for 50 Hz power line frequencies. The
maximum current output is 3 A, the turn-off time for this current and for a 20 m loop is

2 us. The PROTEM receiver measures the rate of decay of the induced field in nV/Am?.

It can measure all three components of the magnetic field but only the vertical component
was recorded in this study. It has 20 time gates geometrically spaced throughout the time
range of each base frequency, and a solid-state memory for storing up to 3300 data sets.
At a higher base frequency (262.5 Hz), the effective time gate starts at 0.0069 ms. The
gain is controlled from the console unit. The Rx coil is a multi turn cable encased in a
solid insulating material with its own preamplifiers on a vertical limb. It is about 0.75 m

across but has an effective area of 31.4 m*.
7.3.2 DC resistivity and VLF surveys

Thirty-six DC resistivity soundings were recorded along survey lines 20W, 20E, 40E, and
60E (8, 6, 10, and 6 soundings, respectively) using a conventional Schlumberger array with
maximum AB/2 of 80 m, and E-W electrode spreading axis (which might be the dominant
strike direction). Six soundings were also performed along profile 20W using a maximum
AB/2 of 80 m but with N-S electrode spreading axis. Additionally, resistivity data were
collected along profile 20E in the form of resitivity profiling using Wenner array with
electrode spacing and station intervals of 10 m. VLF data were recorded using the Geonics
EM16 instrument along survey lines 20E, 40E, and 60E with a station interval of 10 m.
The location of these TEM/VLF/DC survey lines is shown in Figure 7.2.
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7.4 Processing and simple interpretation of the TEM data

The short offset azimuthal TEM (SoTEM) field data are presented in the form of stacked
voltage profiles, contour maps, and quasi-3D maps of apparent resistivity and voltage
response for selected channels. The SOTEM data were initially plotted with respect to the
receiver position and also at the mid point between the transmitter and receiver and
compared with the other available data. It was found that the location of the anomalous
zones (probably fracture zones) in the SOTEM profiles for data plotted at the receiver
position, rather than midpoint between the transmitter and receiver, coincide with the
position of the anomalous zone deduced from central-loop TEM and the conventional
methods (VLF and DC resistivity soundings and profiling) used in this study and which are
known to be effective techniques for detecting fracture zones in crystalline basement
terrains (Pedersen et al., 1994). Therefore, it was decided to present the SOTEM field data
at the receiver position rather than the midpoint between the transmitter and receiver as
shown in the following sections. The conventional central-loop data were transformed into
resistivity versus depth sections. In addition, the results from 1-D modelling are presented

for the central-loop TEM method.
7.4.1 Line 20W

The voltage responses at all channels for all profiles were plotted first in a logarithmic
scale against distance. It was found that the TEM anomalies do not extend beyond the first
six channels and vanished after channel number 6 (0.0263 ms). Figure 7.4 shows a
selected example of this response pattern for the first nine channels along line 20W. It
shows an anomaly at profile position 120 m. This is clearly seen only at the first six
channels and therefore, only these channels have been selected for presentation in linear
scale in order to see these features in more detail. The voltage responses for both central
loop and part of the azimuthal (broadside) configurations are shown respectively in Figures
7.5 and 7.6. Notice that the voltage response values and anomaly patterns are very similar
for both configurations, and this may indicate that the broadside short offset sounding data
are valid for subsurface investigation at this site. There is a characteristic symmetric twin-
peak TEM anomaly with depressed field values at the profile position 120 m. Based on the
symmetry pattern (Weidelt, 1983), the anomaly may be interpreted as indicative of the
presence of a vertical conductive zone (fracture-zone). The absence of a single peak

anomaly at the earliest times (cf. Meju et al., 2001) suggests the absence of a thick
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Figure 7.4: Broadside azimuthal TEM short-offset data for line 20W. The voltage
decay data for the first nine channels are shown. The data were plotted in the receiver
positions, which are 20 m away in the left hand side from the centre of the transmitter
loop.
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Figure 7.5: Central-loop TEM data for line 20W. Only the voltage decay data for the
first six channels are shown. The receiver position is located in the centre of the
transmitter loop.
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Figure 7.6: Broadside azimuthal short-offset TEM data for line 20W. Only the
voltage decay data for the first six channels are shown. The data were plotted in the
receiver positions, which are 20 m away in the left hand side from the centre of the
transmitter loop.
overburden at this site. The voltage response values decrease dramatically towards the
south since the basement outcrops at the area around line position 200 m (see Fig. 7.2).

The depth-transformed apparent resistivity data for central loop soundings (Meju,
1998) are shown in Figure 7.7; note the resistive vertical zone at site 120 m between two
ambient low resistive zones equivalent to the twin peak anomaly at the same location. The
contour lines generally slopes towards the north which is the dipping direction of the
basement, except for the site of 120 m, the position of the expected fracture zone. The
resistivity values increase with depth, particularly from south to north, which is the same
dip direction of the granodioritic bedrock in the area of study.

The central loop data were inverted (Meju, 1992, 1994, 1996; Meju and Hutton,
1992) and the results are given in appendix D. An example of the inversion models is
shown in Figure 7.8. The 1-D inversion results have been collated to form an approximate
geoelectric section (Fig. 7.9). It shows two geoelectric layers; a low resitivity layer (29-90
ohm-m), correlated with mudstone and an underlying high resistivity layer (>770 ohm-m)
interpreted as basement. The resistive basal layer slopes towards the north which is in
agreement with the dip direction of the granodiorite at this site. An abrupt change in
resistivity occurs at site location Q7 (120 m) and suggests the presence of a possible
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fracture zone. Note that the top layer suggested by 1-D modelling (e.g. Fig. 7.8) is not
presented in this geoelectric section since there is a lack of data at the shallow depth (<10

m).
7.4.2 Line 0

Twenty-one soundings were conducted along line 0 using the azimuthal short offset loop
configuration. The Tx loop was laid out along the survey line and each sounding was
recorded twice from different loop locations as illustrated in Figure 7.3. One of the two
soundings at each Rx station is for when the Tx loop is positioned north of the Rx position
and the other is for when the Tx loop is positioned to its south. The voltage responses for
were plotted in two profiles (Tx north and Tx south of Rx) for the first six channels for

comparison. It is of interest to see, in addition to anomalous zones, if any differences can

Distance (m) from N to S

Figure 7.7: Resistivity contour map for central loop configuration for line 20W.
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Figure 7.9: 1-D geoelectric section deduced from TEM central loop data for line 20W.

137



Chapter 7 Shallow bedrock mapping

be detected in these two data sets that might suggest a heterogeneous subsurface. Figure
7.10 shows the TEM responses profile for which the transmitter loop was located north of
the receiver position. An asymmetrical twin peak anomaly occurs with a depression
centred at a line position between 100 and 120 m. Another anomalous zone (twin peak) is
also seen at line position 60 m. The voltage response was affected by lithological
variations and then diminished at line position 180 m where the contact between the
basement and sedimentary rocks might appear near the surface. Figure 7.11 shows the
voltage response along the same line 0 but with the transmitter loop located south of the
receiver loop. The anomalous zone seen between line positions 100 m and 120 m (Fig.
7.10) was displaced to line position 120 m. In addition, the twin peak anomaly at line
position 60 m is not clearer when compared to that shown in Figure 7.10. This may be
interpreted to the effect of measurement from different transmitter position. This is in
addition to the effect of lateral heterogeneities and the complex structure. The near surface
sedimentary-basement contact is displayed at line position 200 m but with a close

agreement or similarity with the basement outcrop (Fig. 7.2).
7.4.3 Line 20E

Figure 7.12 shows the TEM data collected on line 20E for eleven sounding positions.
Only the voltage responses of the first six channels are plotted because the responses
beyond these channels are nearly flat. An asymmetric twin-peak anomaly with a depressed
value occurs at line position 100 m. This feature may be an extension of the anomalous
zone seen at position 120 m on lines 20W and 0. Another small twin peak anomaly is
apparent in the first three plotted channels at position 40 m and may be attributed to a
small conductive zone or shallow inhomogeneities at this location. The voltage response
reduces and becomes flat beyond line position 160 m, suggesting the closeness of

basement to the surface.
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Figure 7.10: In-line azimuthal short-offset TEM data for line 0. The centre of the
transmitter loop was located 20 m away north of the receiver position.
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Figure 7.11: In-line azimuthal short-offset TEM data for line 0. The centre of the
transmitter loop was located 20 m away south of the receiver position.
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Figure 7.12: Broadside azimuthal short-offset TEM data for line 20E. The data were
plotted in the receiver positions, which are 20 m away in the right hand side from the
centre of the transmitter loop.

7.4.4 Line 40E

The voltage profiles for line 40E are shown in Figure 7.13. An interesting anomaly is the
twin-peak feature occurring at profile position 140 m which may be related to the
anomalous feature seen in the previous lines. Further south, the response decreases at line
position 180 m suggesting a possible location of sedimentary-basement contact near the
surface. A relatively more conductive zone is better illustrated at position 60 m than the
adjacent positions. This response may suggest the presence of a more conductive

overburden at this location.
7.4.5 Line 60E

The Tx loop was laid out on line 60E for azimuthal soundings to yield two data sets in the
in-line configuration. Figures 7.14 shows the in-line voltage responses for which the
transmitter loop was located north of the receiver position. As shown in this figure, a
major fracture zone, indicated by twin-peak anomaly, is apparent close to line position 120
m. This feature might be an extension to the anomalous zone seen on the other profiles.
There are also two twin-peak anomalies at line positions 20 m and 60 m. However, when
the transmitter loop was located south of the receiver loop (Fig. 7.15), the expected

fracture-zone located near 120 m was displaced to 140 m. In this configuration, the two
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conductive zones (positions 20 m and 60 m) displayed in Figure 7.14 disappeared. Note
that there is no repetitive sounding at position 0 m to indicate whether the twin-peak
anomaly at position 20 m (Fig. 7.14) can be confirmed. The differences between the two

plots might be attributed to the effects of the heterogeneities and the complex structure of

the area.
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Figure 7.13: Broadside short-offset TEM data for line 40E. The data were plotted in
the receiver positions, which are 20 m away in the left hand side from the centre of
the transmitter loop.
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Figure 7.14: In-line azimuthal short-offset TEM data for line 60E. The centre of the
transmitter loop was located 20 m away north of the receiver position.
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Figure 7.15: In-line azimuthal short-offset TEM data for line 60E. The centre of the
transmitter loop was located 20 m away south of the receiver position.

142



Chapter 7 Shallow bedrock mapping

7.4.6 Line SOE

TEM voltage profile for line 80E did not display any significant anomalies (Fig. 7.16)
suggesting that the bedrock is not affected by significant fracturing along this line. Note

that conductive zones appear at site positions 60 m and 160 m.
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Figure 7.16: Broadside azimuthal short-offset TEM data for line 80E. The data were
plotted in the receiver positions, which are 20 m away in the right hand side from the
centre of the transmitter loop.

7.4.7 3D Contour maps of time slices

The voltage responses were converted to apparent resistivity using the late-time
approximation (Kaufman and Keller, 1983). Both voltage responses, and their apparent
resistivities are presented in the form of contour maps and quasi three-dimensional images
at the same time windows to trace the anomalous zones all over the area and to see whether
there might be an improved visual trend identification. Figures 7.17a and 7.17b are
contour maps of the voltage responses and apparent resistivities for channel 2 (0.009 ms).
The contoured voltage values decreases towards the south where the basement outcrops or
is very near from the surface (e.g. at position 180 m on profile 0), and generally increase
towards the north, where sedimentary cover increases. According to the low response of
the outcropping basement, a possible near surface sedimentary/basement contact is shown

(solid lines). The bedrock surface appears to be dissected by a fracture zone as indicated
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by a lower voltage response between two highs. This zone is possibly located between
positions 100 and 140 m on lines 20w to 60E. The trajectory of this fracture zone (dashed
lines) is also shown. On the other hand, the resistivity map displays high resistivity values
between two low resistivities correlating with the inferred fracture zone. The expected
outcropping granodiorite/sediment contact is also shown by varying resistivities. The 3-D
view maps of voltage response and apparent resistivities for the same channel (0.009 ms)
are shown respectively in Figures 7.18a and 7.18b. The fracture zone appears in the
voltage response in the form of a trough between two peaks. However, major troughs
appear to mark the contact between the cover rocks and the bedrock (e.g. position 180 m
on profile 0), while the fracture zone in the 3-D view map of resistivities appears as peaks.
In the same way, and to trace these anomalous features at greater depth, the voltage
responses, apparent resistivities, and their 3-D view are presented respectively in Figures
7.19a, 7.19b, 7.20a, 7.20b for channel 4 (0.016 ms). These figures illustrate the same
features discussed above, and suggest an extension of the fracture zone to a greater depth.
It was found that the presentation of data in the form of resistiviy or voltage response
yielded equivalent structural images at this site. However, the 3-D view maps differed for
both responses types, with the voltage responses giving a clearer image than their

equivalent apparent resistivities.

144



(m) fion S© N

Chapter 7 Shallow bedrock mapping

Distance (m) from W to E Distance (m) from W to E

2.93.03.13.23-33.43.53.63.73.83.94.04.14.24.34.44,5 4.6 4.74.84.9 15 16 17 18 19 20 21 22 23 2425 26 27 28 29

wilegeresporse (nh/Amm Logqporat resisivity (@)

Inferred trace ofmajorfracture zone
Inferred trace ofnear surface sed./bas. Contact

Figure 7.17: Contour map (plan view) of voltage responses (a) and apparent
resistivities (b) from azimuthal configuration for 0.009ms.
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Figure 7.19: Contour map (plan view) of voltage responses (a) and apparent
resistivities (b) from azimuthal configuration for 0.016 ms.
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7.5 DC resistivity (1-D inversion) and VLF analysis

The VES data measured with E-W electrode expansion axes (and N-S in the case of line
20W) were inverted using a 1-D scheme (Meju, 1992) to reveal the subsurface resistivity
distribution at each site (see appendix C). These 1-D inversion results have been collated
to form geoelectric sections. The damped most-square inversion scheme (Meju and
Hutton, 1992) was also applied to the DC resistivity data for line 20W to account for non-
uniqueness. Figure 7.21 shows the typical inversion models for two stations (Q15 , Q50 on
line 20W; the rest is in appendix C). As shown in Figure 7.21, the most-squares range of
parameters is small due to the small observational errors. Notice that the 1D models agree
with the resistivity-depth transformation (Meju, 1995), from which the starting models
were generated. This is often the case over 1-D stratified formations and may suggest that
layered sediments overlie the granodiorite at these positions. Figure 7.22 shows the
geoelectric section for line 20W for Schlumberger soundings with a N-S spreading axis.
The geoelectric section for soundings with an E-W spreading axis is shown in Figure 7.23.
The two geoelectric sections show three geoelectric layers of variable thicknesses; 1) a
possible topsoil or drift deposits with high resistivity values (> 200 Q.m) and a maximum
thickness of 1.5 m; 2) an underlying low resistivity layer (7.8-49 Q.m ) possibly mudstone
with a maximum thickness of 20 m at the northern segment; and 3) a resistive basal layer
(basement) with irregular topography which is more or less flat towards the south from the
profile position 120 m. These sections also show a lateral change in resistivity structure
around line position 120 m, and since there are no DC resistivity soundings between line
positions 105 m and 150 m, an inferred fault was constrained at line position 120 m
according to the results from TEM data along the same line (see Fig. 7.9). This anomaly is
evident along the 1-D model of N-S spreading axis when compared to that deduced from
the geoelectric section of E-W spreading trend (the expected dominant strike direction).
The results from the previous seismic refraction survey (Ahmad, 1993) along the
same line (Fig. 7.24) indicate three distinct velocity layers; 1) drift deposits of 490-700
m/sec, 2) mudstone layer of 1700-2000 m/sec, and 3) bedrock (granodiorite) of 4200
m/sec. The thickness of the drift deposits is relatively similar in both models (seismic and
electrical) with some difference at the southern segment. The depth to the basement varies
due to the variation in dip, with subsequent variations in the thickness of mudstone in both
seismic and electrical models. The approximate dip direction of the basement topography
derived from seismic section at position 55 m, directed towards the north, is similar to that

inferred from the 1-D geoelectric model with N-S spreading axis but has a slight difference
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in depth. In addition, at position 120 m, the seismic section shows an abrupt change in the
gradient of dip towards the south which is inferred from DC and TEM data as the position
of a fault or fracture zone. However, the outcropping basement to the south (see Fig. 7.2)
indicates that the bedrock is dipping towards the north contrary to that derived from

seismic section and to some extent agrees with TEM-DC results.
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Figure 7.21: The most-squares inversion results for DC resistivity data at position 15
m (a) and 50 m (b) on line 20W (N-S electrode spreading axis). The square symbols in
the right hand plot represent the results of simple resistivity-depth transformation
(Meju, 1995).
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Figure 7.22: Interpretative geoelectric cross-section for line 20W (N-S electrode
spreading axis).
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Figure 7.23: Interpretative geoelectric cross-section for line 20W (E-W electrode
spreading axis).
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Figure 7.24: Depth to bedrock under line 20W based on seismic refraction
interpretation (Ahmad, 1993).

The geoelectric section from the 1D models for line 20E is presented in Figure
7.25. It consists of three geoelectric layers; a top layer of moderate resistivity (>88 Q.m )
interpreted as possible drift deposit, a second layer of lower resistivity (29-201CQ.m)
interpreted as mudstone, and the highly resistive (>500 .m) basement. Two fault- or
fracture-zones are inferred along this line; the first is at a line position 40 m and the other is
at line position 100 m. These two anomalous zones correlate with those deduced from
TEM profiling (Fig. 7.12). The result of Wenner resistivity profiling using a constant
separation of 10 m (Fig. 7.26) along this line shows a change in resistivity at positions 100
m and 190 m, but not at position 40 m, where there might be a change at greater depth.
The higher resistivity at position 190 m may be interpreted as the effect of near-surface
granodiorite.

The geoelectric section for line 40E (Fig. 7.27) identifies three possible disrupted
zones near positions 30 m, 60 m and 100 m which correspond to the region of highest
TEM voltage response in Figure 7.13. However, this 1-D model does not indicate the
presence of a significant feature at line position 140 m, as in the case of TEM profiling.
This may be due to the lack of resistivity soundings between positions 120 m and 160 m.
Notice that the geoelectric section exhibits some layering (see Fig. 7.27) as in the other

lines.
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Figure 7.25: Interpretative geoelectric cross-section for line 20E.
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Figure 7.27: Interpretative geoelectric cross-section for line 40E.

The geoelectric section for line 60E (only 100 m long) is presented in Figure 7.28
and indicates that there might be two anomalous zones at line positions 20 m and 60 m.
This agrees only with TEM data for the case where the Tx loop was located north of the
receiver coil (Fig. 7.14). The three-geoelectric layers are present in all the 1D models; the
top layer is sub-horizontal with an average thickness of 2.5 m; the second layer (possibly
mudstone) has a variable thickness depending on the underlying basement disruption
pattern.

The available VLF (inphase and out-of-phase) data for the three profiles were
compared with the previous results from TEM and DC resistivity profiling. The VLF
profiles for the inphase and out-of-phase components for line 20E (Fig. 7.29) show a cross-
over close to profile position 100 m in accord with the TEM results at that location. The
VLF profiles for the inphase and out-of-phase components for line 40E (Fig. 7.30) show a
cross-over at line position 140 m in agreement with TEM data at that location. The VLF
profiles for line 60E (Fig. 7.31) do not show any cross-over. The Fraser (1973) filter was
calculated and contoured for the three profiles as shown in Figure 7.32. Note that there is
an anomalous zone which trends from SE to NW. Comparing the VLF map with TEM
contour maps (voltage response and resistivity), an agreement between the two methods is
seen except for line 60E where the TEM maps show an anomalous zone at line position

140 m. However, the VLF Fraser filter map displays this anomalous zone centered at line
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position 160 m; this difference might be due to the complex structure and heterogeneity

particularly along profile 60E as discussed above.
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Figure 7.28: 1-D geoelectric cross-section for line 60E.
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Figure 7.29: VLF profile for line 20E.
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Figure 7.30: VLF profile for line 40E.
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Figure 7.31: VLF data for profile 60E.
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Figure 7.32: VLF Fraser Filter contour map for the available data.

7.6 2-Dimensional Schlumberger inversion

It is well known that in complex environments, resistivity not only varies with depth, but
also along with horizontal direction, which should be parallel to the survey line. 2-D
modelling was carried out in this study in order to compare and improve the results of the
1-D resistivity modelling which is taking into account only the variation of resistivity with
depth. 2-D modelling is also applied to assess whether any extra information about the

subsurface structure could be obtained.
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7.6.1 Description of the adopted 2D inversion schemes

Two different 2D inversion programs were used in this study. A brief description of the
theory and of one of the programs written by Uchida and Murakami (1990) is given below.
In an isotropically conductive earth, the behaviour of the current density J and the electric
field intensity E is controlled by Ohm’s law, such that

J =oE, (7.1)
where o is the conductivity. Since the stationary electric field is conservative, then
E=-VV, (7.2)
where V is the electrical potential.

Using the continuity equation,

vJ=1I, (7.3)
where I is the current source, we obtain Poisson’s equation,
-V.(eVV)=1. (7.4)

In case of 2D, equation 7.4 is Fourier transformed with respect to y to produce
V.[o(x, 2)VV(x,k,, D]+ k.o (x, 2V (x,k,,2) = [(x,k,,2), (1.5)

where * means the Fourier transform and &, is the Fourier transform variable.

The solution to the forward problem is given by finite elements discretization of equation
(7.5) (Sasaki, 1981) to yield the matrix equation

Kv=s, (7.6)
where K is an LxL matrix with positive symmetric values that are determined by the
geometry and conductivity of each finite element. L is the number of nodes; v is a column
vector of unknown potential at each node; s is a column vector of source current intensity
at each node. The potential V in the real 3-D domain can be obtained by applying inverse
Fourier transform.

Apparent resistivity is then obtained for Schlumberger array using the equation,
p,=GAV/, (7.7)

where

_ﬂ (AB/2)* = (MN /2)*
- 2(MN/2) '

G

The forward calculation depends on the position of the current electrodes because at these
two positions the source current is not zero. By using the reciprocity theorem which states

that a source and a receiver may be interchanged and the same field will be observed,
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means that apparent resistivities for all AB/2 of the sounding can be obtained by one
forward calculation.

The inverse problem is solved using the conventional damped non-linear least
square schemes or Marquardt’s method. A brief description of this method is given in
chapter 2 and, and further details are available in Uchida and Murakami (1990).

Two different kinds of meshes are used in Uchida and Murakami (1990) program: a
calculation mesh and a model mesh as shown in Figures 7.33a and 7.33b. The model mesh
describes a 2-D resistivity structure along the survey line by initially dividing the
subsurface medium into many rectangular blocks: 30 blocks vertically and 2 times the
number of sounding stations horizontally. Resistivity values can be assigned to each block
of the model mesh individually. However, the number of blocks would be too large for the
inversion if we assign different resistivities to all of them. Accordingly, several
neighbouring blocks are grouped into a resistivity block within which the resistivity is
constant. These block resistivities are treated as unknown in the inversion, while the
boundaries of these blocks are kept unchanged. A finite-element calculation mesh is used
for each sounding which consists of 2400 rectangular elements: 80 elements horizontally
and 30 elements vertically. Each rectangular element is divided into two triangular parts to
get a more accurate modelling of the irregular interface. In order to handle almost three
decades of AB/2 with a single calculation mesh, the element size is increased gradually
further away, both horizontally and vertically, from the centre of the mesh as shown in
(Fig. 7.33b). When the calculation mesh has been constructed, it is superimposed onto the
model mesh by placing the centre point of the calculation mesh on the location of the
corresponding sounding station on the model mesh. The resistivity values are substituted
into all elements of the calculation mesh from the corresponding blocks of the model mesh.
Note that the two meshes have the same block boundaries in the vertical direction. These
boundaries are placed at the position of each station and at the mid-point of two adjacent
stations. Therefore, the number of horizontal blocks is twice the number of sounding
stations. During 2-D analysis, the model holds its block boundaries during the inversion
and only the resistivity within each block changes through the iteration procedure. Surface
topography is taken into account by shifting all the nodes of the calculation mesh vertically
according to the elevations of the surface points. However, the electrode spacing is
measured by the horizontal distance in the modelling rather than the distance along the

ground.
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7.6.2 Application of Uchida and Murakami’s code to Quorn data

The grid generated for the line 20W is shown in Table 7.1. There are 12 horizontal blocks
because there are 6 surveyed sites along the profile; the vertical blocks numbers 30; and
the total number of blocks is 109. While the block size can affect the resolution of the
results (Sasaki, 1992), the thicknesses of the vertical blocks are finer at the shallow depth
(i.e. top 40 m), which is the main interest of this study.

The 2-D inversion used the VES data with N-S spreading axis. Two types of initial
models were used: 1) results of 1D inversion and 2) featureless half spaces (50, 100, 300,
and 500Q2.m ). The 2-D model results from half spaces gave the same models, and one of
them is presented in Figure 7.34a (half space 502.m). The results of 2-D inversion using
1D-based initial models is shown in Figure 7.34b. The model response is compared with
the field data in Figure 7.35 for the inversion with a half space (50 ohm-m) model. The
match has an acceptable fit at most sites except site Q6 which may be affected by 3-D
structure at the depth corresponding to AB/2 greater than 10 m. The r.m.s error was 0.2.
The 2-D inversion models show geoelectric sections consisting of three geoelectric layers;
a near surface layer of high resistivity (2100 £2.m) and maximum thickness of 2 m is
underlain by low resistivity layer which rests on a high resistive layer (granodiorite?).
These layers have resistivities and thicknessess different to those from the 1-D inversion.
This would suggest that the result of 1D inversion in this study can only be taken as

approximate models.
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(a)

(b)

Figure 7.33: Schematic view of a model mesh (a) and a calculation mesh (b). Only 8

of the 30 vertical blocks are illustrated in both (a and b).
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NV2 = 12
NZ = 30
NBLK = 109

Vertical thicknesses of the blocks:

Grid design:
1 1 2 2 3 3 4
1 1 2 2 3 3 4
7 7 8 8 9 9 10
7 7 8 8 9 9 10
13 13 14 14 15 15 16

19 19 20 20 21 21 22
25 25 26 26 27 27 28
31 31 32 32 33 33 34
37 37 38 38 39 39 40
43 43 44 44 45 45 46
49 49 50 50 51 51 52
55 55 56 56 57 57 58
61 61 62 62 63 63 64
67 67 68 68 69 69 70
73 73 74 74 75 75 76
79 79 80 80 81 81 82
8 85 86 86 87 87 88
91 91 92 92 93 93 94
97 97 98 98 99 99 100
103 103 104 104 105 105 106
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109
109 109 109 109 109 109 109

4 5 5
4 5 5
10 11 11
10 11 11
16 17 17
22 23 23
28 29 29
34 35 35
40 41 41
46 47 47
52 53 53
58 59 59
64 65 65
70 71 71
76 77 77
82 83 83
88 89 89
94 95 95
100 101 101
106 107 107
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109
109 109 109

03030410151515202.02.02.02525253.03.0353535
10.0 10.0 10.0 10.0 10.0 10.0 20.0 40.0 80.0 150.0 600.0

6

6
12
12
18
24
30
36
42
48
54
60
66
72
78
84
90
96
102
108
109
109
109
109
109
109
109
109
109
109

6

6
12
12
18
24
30
36
42
48
54
60
66
72
78
84
90
96
102
108
109
109
109
109
109
109
109
109
109
109

Table 7.1: Grid size used in the 2-D modelling for DC resistivity data

(20W, N-S electrode spreading axis).
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Figure 7.34: Interpretative 2-D geoelctric section derived by 2-D inversion using (a)
half space of 50 ohm-m as the starting model; (b) 1-D results as initial model.
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Figure 7.35: The fit between the observed apparent resistivity data and the 2-D model
response for line 20W (N-S spreading): the data are presented at each station starting
from the north to the south. The 2-D inversion used a half space of 50 ohm-m as the
starting model.
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7.6.3 Alternative 2D inversion scheme for line 20W

The 2-D inversion program of Perez-Flores in 1995 (see also Perez-Flores et al., 2001) was
applied to the data. The scheme assumes a 2-D structure of a constant resistivity (Gomez-
Trevino, 1987) and minimizing the sum of the square of the residuals as well as the
derivatives of resistivitivies. The solution is obtained using a constrained Quadratic
programming. The grid design is shown in Figure 7.36a. The 2-D inversion results are
also shown in Figure 7.36b. The 2-D theoretical responses of this model are plotted with
the observed data in Figure 7.37. The fit is satisfactory. The model shows roughly similar
features to the model shown in Figure 7.34, except for minor differences in changes in
resistivities, thicknessess, and the dip of the base layer. The top geoelectric layer of high
resistivity (265€2.m ) and of a maximum thickness of 2.5 m (drift deposit) is readily seen
on this model; it is underlain by the relatively conductive layer extending to a maximum
depth of 18 m at the northern end. This layer is disrupted near VES stations 5 and 6 (150
m and 200 m). It is underlain by the resistive layer which dips towards the north in
agreement with the general trend deduced from the outcrop of the granodiorite. There is a
noticeable change in the trend of contour lines at the positions of 120 m and 200 m. These
abrupt changes (trough-shape) may be interpreted as the presence of fracture or fault zones.
The former change agrees with the anomalous zone along the TEM profile. In comparison
with the interpreted seismic section (Fig. 7.24), the two models show a drift deposit of
relatively the same trend and thickness. The thickness of mudstone and the depth to the
bedrock is nearly similar in both models starting from position 15 m until position 55 m;
but after this there is no agreement between them. The abrupt change in dip direction of
the bedrock starting at position 120 m is seen in both models but beyond 140 m there is a
disagreement between the two models. Overall, the 2-D resistivity model provides more
acceptable features that agree with the geology of the area and with the other geophysical

survey (TEM results) along the same profile.
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Figure 7.36: Mesh design (a) and 2-D VES inversion result (b) for line 20W (N-S
electrode spreading axis). Note the vertical axis is exaggerated from the original given
below.
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Figure 7.37: The fit between the observed apparent resistivity data and the
alternative 2-D model response for line 20W (N-S spreading).
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7.7 Discussion

The azimuthal short offset TEM field survey at Quorn Park area has shown that the method
is effective as a rapid field survey technique, since 96 soundings were performed in just
four hours. TEM central loop data collected along profile 20W gave similar results with
short offset TEM data used to validate the technique.

The main objective of applying this technique was to locate any fracture/fault zones
in the granodioritic terrain. The TEM results have pointed out twin peak anomalies as
expected in an area of thin, weathered overburden. The positions of these anomalous
zones have been compared with those seen on conventional geophysical (VLF and DC)
profiling and sounding results. It was found that almost all of these zones yielded
coincident anomalies in all the methods used. This may suggest that the azimuthal rapid
field survey technique can be used independently. In addition to mapping possible fracture
zones, the heterogeneity of the area was studied for geophysically coincident recordings
from different transmitter loop positions shown on lines 0 and 60E. More detailed
information about an inhomogeneity may be obtained by making further soundings
between the four receivers soundings collected from each transmitter loop.

Previous TEM studies elsewhere indicated that the 1-D TEM results are adequate
for structural mapping in complex terrains (cf. Cooper and Swift, 1994). In this study, the
1-D TEM results along profile 20W have illustrated the method’s capabilities for detecting
the major lithological boundaries. However, there are discrepancies between the depths
and resistivities obtained from inversions by DC and TEM soundings along this profile.
This variation in depth may be due to the difference in the current flow system and the
effect of complex structure in the area.

In this study the tracking of possible fracture/ fault zones over the whole area was
achieved by presenting the TEM data in the form of contour maps and 3-D view plots at
selected channels. These illustrated the position of the fracture zones. There are two other
suggested ways for presenting such data and identifying the fracture zone in a
corresponding way to the DC resistivity method; the first is to plot resistivity data as a
function of azimuth in Cartesian coordinates (e.g. Num et al., 1983). The second and most
common form of data presentation is to use polar coordinates as either apparent resistivity
values (e.g. Taylor and Fleming, 1988) or as percentage variations about a mean or
maximum value (e.g. Sauck and Zabik, 1992). A selected example of the second method
by presenting the data in logarithmic apparent resistivity values is shown in Figure 7.38;

the apparent resistivities of the four TEM data set conducted at 90° interval from the
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transmitter loop centred at position 120 m on profile O are presented on polar coordinates.
In this diagram, the TEM stations recorded are as follows, two over profile O at line
positions 100 and 140 m and presented respectively in the bottom and top from the centre
of circles; the other two stations are obtained from profiles 20E and 20W at the same
position 120 m and presented in the left and right respectively. Note that only the apparent
resistivities from channels 2 and 4 (0.009 ms and 0.016 ms) are plotted. An anomalous
zone (a fracture- zone or any anisotropy) can be identified as the resistivity changes with
rotation. The highest and abrupt change in resistivity values is recorded from the receiver
loop located in the right hand side (line position 120 m on profile 20W) at the two
channels. This anomalous zone has been suggested before as a possible location of a
fracture/ fault zone (see Fig. 7.17) and it is easily read on this polar diagram. However and
as shown in Figure 7.38, only four recorded TEM data collected from each transmitter
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Figure 7.38: Polar azimuthal graph showing variations of resistivity with rotation.

loop are plotted and this is not enough for getting more detailed information about lateral
change of resistivity with rotation angle; since a typical azimuthal resistivity survey is
conducted at intervals of between 10° and 20° (through either 180° or 3600, see Carpenter
et al., 1991) not at interval of 90° as carried in this study. Therefore, more data are needed
between the four-recorded data. Also, the position of a fracture/fault zone (Fig 7.38),
which is confirmed by additional central loop TEM data and DC Schlumberger soundings,
could be interpreted as the maximum dipping direction in dipping stratigraphy or the
direction of lateral change in formation resistivity. This is possible if there is no additional
geological and/ or geophysical information available. In DC resistivity method, the
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distinction between the above solutions is conducted by using the short offset array as
described by Watson and Barker (1999). In this case, more information might be needed

with this contiguous short offset TEM survey to obtain a unique solution.
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8. Conclusions and recommendations for further work

This chapter summarizes the main results of work done in Parnaiba basin, Brazil and
Quorn Park in Leicestershire, UK. The results are itemized in the form of concluding
remarks; the relations between the results obtained and the geological information and the
previous geophysical studies are highlighted; the effectiveness of the joint MT/TEM
methods in structural mapping that may control on groundwater distribution and
lithological mapping are also discussed; the short offset TEM technique as a rapid
technique for mapping fracture zone is evaluated. Recommendations for further work are

given at the end.
8.1 Executive Summary

The first part of this research comprised shallow as well as deep methods for structural
mapping of portions of the Parnaiba basin, Brazil. Magnetotelluric soundings together
with transient electromagnetic measurements were performed at 24 sites, 14 of them in the
northern margin and 10 in the southeastern part of the basin. The MT frequency range
varied from 176 to 0.01 Hz for PN profile and 336 to 0.14 Hz for MH profile.

The recorded TEM voltage decay data have been processed to yield apparent
resistivities after adjustment for transmitter turn-off effects (Raiche, 1984). The 1-D
results from central loop TEM data for the first 6 sites on the PN profile were collated in
the form of geoelectric section and detected a conductive horizon (80 m maximum depth)
extending inland from the coast for about 20 km. This horizon may represent a clayey
formation rather than intruded seawater.

The MT data were analysed using standard tensorial techniques. The ratios of
vertical to horizontal magnetic fields or the so-called induction arrows (Parkinson 1959)
were calculated for the MT sites at the PN profile. The real parts of the induction arrows at
two frequencies (8 Hz and 40 sec) selected to sample different depths suggested the
presence of lateral and vertical variations in resistivity structure in agreement with
geological map. The so-called coast effect appears to influence the measurements at the
first two stations from the coastline at the high frequencies (>1 Hz) that are important for
hydrogeophysical investigations.

The Groom and Bailey (1989) analysis of the MT data indicated that there is
generally no improvement on the data at high frequencies (>1Hz). The regional azimuth
derived from the decomposition indicated a N53° W regional azimuth for the PN profile,

which is fairly consistent with the WNW-ESE lithological trend in the geological map.
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The regional azimuth for MH profile is N7° E and is also concordant with the dominant
geologic trends. The effect of local near-surface inhomogeneities which caused
pronounced static shifts of the absolute levels of many MT apparent resistivity curves were
accounted for using the dual mode TEM method suggested in Meju
et al. (1999).

The resulting MT apparent resistivity and phase were plotted in the form of
pseudosections and used for obtaining gross geoelectric variations. The invariant maps
appeared to be effective for tracing lateral and vertical changes of resistivities along both
profiles, although the response function and dimensionality indicator (e.g. Swift skew)
indicated the requirements of applying multi dimensional modelling. Joint one-dimensional
inversion results of TEM-MT data produced acceptable information in terms of lithology
and subsurface structure. These inversion models were used as initial models for the final
two-dimensional MT inversions.

It is argued that the use of a 2-D resistivity model to represent the geoelectric
structure along the two profiles in Parnaiba basin is valid for the high frequency data or the
top geoelectric structure (~3 km depth); the strike from Groom-Bailey tensor
decomposition at selected frequencies is consistent with the geological trends and the
results from Bahr (1991) distortion classification pointed out the validity of using 2-D
interpretation techniques. The 2-D inversion models started with using different half
spaces as initial model. Then final 2-D models were based on constructed initial models
derived from the results of 1-D joint TEM-MT inversion and 2-D MT initial inversion
using half space starting models in addition to information from geological maps. The
resulting 2-D geoelectric models revealed features which may have influence on
groundwater distribution in the area of study. The main sedimentary sequences, graben
structures, faults, and general topography of basement were delineated clearly. The
discontinuous fault previously suggested from aeromagnetic study in the PN profile was
inferred to extend across the PN profile. It is suggested that this fault may be part of a
block-faulted structure marking the main edge of the basin. On the MH profile, the Picos
fault which is one of the major structures in this locality was delineated; the graben near
Picos that was suggested from previous studies (Ulugergerli, 1998; Meju et al., 1999) are
also shown on the relevant 2-D geoelectrical model. It is of exploration significance that
the boundary between sedimentary and basement rocks both in the lateral and vertical

directions are defined in both profiles by MT inversion. Moreover, most of lithologic units
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that outcrop on the geologic maps (e.g. Serra Grande group and Piementera Formation) are
successfully delineated on the final 2-D model.

Based on the above summary, it is shown that MT/TEM methods revealed a
geoelectric models that are in agreement with the available geological and geophysical
information. These techniques were useful in the determination of the locations of fault
zones in this type of environment particularly where varying resistivity units occur on
adjacent sides of the fault. The TEM method has been shown to be an effective tool for
correcting MT data from static shift; it has also had the potency for delineating conductive
Zones in resistive environment.

The second part of this research is considered to be a shallow study to evaluate a
rapid TEM field survey technique for mapping fractured/faulted zones in areas of little or
no weathered overburden. A new short offset TEM field technique was applied in this
study to locate fracture zones in the village of Quorn in Leicestershire, UK. The more
conventional methods (VLF, central loop TEM and DC resistivity soundings and profiling)
were developed for comparative study. The rapid TEM field survey technique covered the
area efficiently, since 96 soundings were performed in four hours. This is opposed to the
single loop or central loop TEM field techniques which require relatively longer time to
cover the whole area. TEM central loop data collected along profile 20W gave similar
results with short offset TEM voltage responses as indication of the usefulness of this
technique.

The results of TEM profiling show the presence of twin peak anomalies
characteristic of near-vertical conductive zones. The positions of these anomalous zones
have been correlated with the available conventional methods (VLF and DC profiling and
soundings). It was found that most of these zones gave the same anomalies over all the
methods used. Despite that, the 1-D geoelectric sections have displayed some inferred
faults not detected by TEM field data; for instance, along line 40E, there are three inferred
fault patterns close to profile coordinates 20, 60, and 100 m. These faults are close to each
other and this may require intensive field survey to detect them by using 10 m instead of
20 m sided transmitter loop. According to the model described by Meju et al. (2001), there
should be a single peak anomaly at early time for a deeply weathered terrain and twin
peaks at later time. The lack of single peak anomalies suggests the thin nature of the
overburden at this site.

In addition to mapping the fracture zone, the heterogeneity of the area was

evidenced from the repeated soundings measured on each site from different transmitter
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loops along profiles 0 and 60E. The results have shown near surface inhomogeneities at
some localities at early times. The 1-D TEM results along profile 20W have shown the
capability of this method for detecting the boundary between the conductive overburden
and the bedrock; the abrupt change in resistivity at profile position 120 m which is the
expected position of the fractured or faulted zone, may indicate that the 1-D TEM results
are adequate for structural mapping in this terrain and defining the lithological boundaries
across the area. Nevertheless, the near surface layer of drift deposits (~2 m) mapped by
DC resistivity is inaccessible to TEM at this site. The discrepancies between the depths
and resistivities obtained from inversions of DC resistivity and TEM soundings may be
attributed to the difference in the current flow system; also the near surface
inhomogenities, the deviation from a horizontally layered earth, and the effect of 3-D
environments represented by the outcropping basement rocks will differently affect the
responses of the two methods. Moreover, in DC resistivity sounding, increasing the depth
of investigation depends on increasing the distance between the current electrodes, this
makes the measured response more affected by subsurface inhomogeneities along the area
of current electrodes; while the depth of investigation for TEM system is determined by
maximum recording time, the source moment and ground resistivity (Spies, 1989) so that
the measured TEM response is less affected by lateral resistivity changes since it only
samples the area underneath the transmitter and receiver loops.

In this study the tracking of fracture zones along the whole area were performed
using presenting the voltage responses and the apparent resistivities in the form of contour
maps and 3-D view plots at selected time channels. These presentations have marked the
fracture zones. However, it was found that it is easy to define these anomalous zones in 3-
D plan using voltage responses instead of apparent resistivities. The TEM data can also be

well presented in polar coordinates as discussed above (section 7.7).
8.2 Conclusions

The main implications of the results are summarized in this section.

- The use of the multi geometry transient electromagnetic technique (TEM) to correct for
static shift in the magnetotelluric responses eliminated one of the major problems of the
MT technique in Parnaiba basin environments. Central and coincident loop TEM data
respectively provided the right level for the MT TE and TM apparent resistivity curves.
One of the drawbacks in TEM responses addressed in the literature is the IP effect through
it the late time channels of coincident and central loop soundings are negative (Smith and
West, 1989). In this study, the collected data suffered from this effect particularly the
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single loop TEM data. The late time channels were therefore truncated to get rid of IP
effect and this resulted in no overlapping between TEM and MT data at some sites (e.g.
station MH10). However, since the static shift changes the level of the MT apparent
resistivity curve, these few TEM data points were sufficient for a correction scheme (see
Meju, 1996).

- The values of MT structural and dimensionality indicators such as skew, impedance
regional strike, and Bahr distortion parameters implied that it is possible to use 2-D
interpretation method for the two MT profiles especially at high frequencies (>1 Hz) that
correspond roughly to the top 3 km which is the main depth of interest for
hydrogeophysical study in this basin. Below 1 Hz, the dimensionality indicators almost
show 3D complex structure.

- The 2-D geoelectric models revealed features that the simple 1-D inversion failed to
detect and which are consistent with the geological information and previous geophysical
results. This is particularly evident on the MH profile and suggests that 1D interpretations
are untenable in the area of study. However, 1-D inversion results were used for getting an
initial model particularly if there is no enough geological information as it is obvious in PN
profile.

- This study has shown the capability of joint TEM-MT methods for mapping the
architecture of the sedimentary cover units and the underlying basement. This study has
demonstrated the potency of MT for demarcating the main faulted margins of the basin
along both profiles. The notable zone of basement truncation at the inferred basin margins
in the 2-D MT model may play an important role in groundwater transport and
accumulation in the graben structures (which have the optimum potential for drilling for
groundwater in this basin). However the wide station separation limited the lateral
resolution of the geoelectric structure, and hence the uniqueness of some of the features
present in the model; this is evident between stations 1 and 2 of PN profile and the wide
station spacing (7 km for PN profile and 6.4 km for MH profile). The noisy data at some
sites (e.g. station 13, PN profile) also affect the resolution of 2-D MT model.

- Although 3-D MT modelling would be appropriate for detailed interpretation, the use of a
2-D approximation imaged the gross features of the area. In addition, the conventional 3-D
trial and error forward modelling of these limited soundings on a single survey lines may
not lead to unequivocal model in the absence of accurate quantified a priori information.

- The TEM data do not show any significant evidence of seawater intrusion in the coastal

region of the PN profile. However, more densely sampled survey data are greatly required.
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Closer station spacing will be able to provide the desired lateral resolution in the model
and minimize the degree of non-uniqueness in the TEM model. The area between stations
1 and 2 for instance (PN) profile is the place where the lack of high-density observations
generated uncertainties.

- In the past, combined HLEM-VLF-DC resistivity techniques have been used in the
location of fracture-zones in crystalline rocks. Recently TEM method has also been used
but for deep targets (Meju et al., 2001). The situation in Quorn Park is different and the
target is considered to be small compared to the size of the transmitter loop. This study has
illustrated not only the capability of central loop TEM for this task (small conductive zone)
but also the rapid TEM field survey technique termed contiguous loop azimuthal sounding
method. The azimuthal field survey method has been successful for locating most
anomalous zones seen on the other conventional methods (DC resistivity profiling and
soundings and VLF methods). The inferred zones suggested by conventional methods and
not detected by qualitative interpretation of TEM data evoke to apply quantitative
interpretation using multidimensional modelling (2D/3D) which is not available in

Leicester University.
8.3 Suggestions for further studies

The Parnaiba basin is a complex environment. The 2-D inversion results gave plausible
information when compared with the previous studies and the geological information.
However, a more detailed investigation of the resistivity variations in the subsurface will
help to improve our understanding of the deep structure. This will require 1) further field
measurements, and 2) further mathematical modelling of the MT data. Electromagnetic
induction soundings could be performed at various locations in order to improve the 2-D
inversion results. Closer station spacing in anomalous zones, if not possible along the
entire profiles, will be able to provide the desired lateral resolution in the model and
minimize the degree of non-uniqueness in the MT models. Furthermore, 3-D modelling is
required to provide a more complete image to trace the whole structure in the area
especially the south-eastern part of the basin which has a complex terrain.

The results from Parnaiba basin showed high conductivity-fault zones. These
conductive zones could be related to any geothermal potential. This may be evident along
MH profile that has a conductive zone along the interpreted Picos fault which is very close
to the circular structure shown in the geologic map (Fig. 5.4) and which is thought to be
related to a magmatic activity in the area of study. Therefore, further geothermal study

could also be investigated.
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This study attempted to estimate some hydro-chemical parameters (e.g. total
dissolved solids) and the petrophysical property of porosity from the EM models. Since
there is no available borehole data or laboratory measurements through which we can

obtain accurate value of some parameters (e.g. m, 0, and also n, chapter 4), the calculated

values at selected zones may be a rough approximation. However, detailed approach
should be made to estimate more petrophysical properties, hydrochemistry, and other
hydrogeological parameters especially if there is any available borehole data which can be
used for correlation and obtaining accurate values of the parameters needed.

The rapid TEM field survey used at Quorn was successful in locating most of the
anomalous fractured/faulted zones. However for getting more information in highly
dissected area such as Quorn area and for resolving the cover unit, 2D imaging as
demonstrated for DC resistivity profiles should be developed for TEM. This was a major
deficiency in this study. Loops size of 10 m x 10 m sided may also be recommended and

TEM equipment with very rapid primary field turn-off (<2 sec) is needed. Also,

measuring the three (vertical and two horizontal) TEM components may give more
information to the presence of the fractures zone. It may also be suggested that a more
sophisticated array (TEM azimuthal survey) corresponding to azimuthal DC resistivity is
suggested for detecting fracture zones and their azimuthal parameters in highly dissected
fractured/faulted zones. The fault zones, defined by DC resistivity soundings and not
detected by TEM, may also suggest the usefulness of using a combined DC-TEM
approach. Incorporating other conventional methods (HLEM and VLF) is recommended

for full detailed study.
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Appendix A.1

Appendix A.1

The MT data obtained at 14 stations for PN profile in Parnaiba basin, Brazil (Figure 5.3).
For each site, the data shown are: the apparent resistivity and phase curves of the off
diagonal elements of the unrotated impedance tensor, the major and minor apparent
resistivity and phase, the regional azimuth (Swift and Groom-Bailey methods) measured
positive clockwise from magnetic north), skew, and coherency. The error bars are one

standard deviation.
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1-D Results of joint inversion of TEM and MT data for the two polarization modes at some
selected sites for PN profile, Parnaiba basin, Brazil. (a) represents TEM (square symbol)
and MT-TM mode data (cross symbol). (b) displays TEM data and MT-TE mode data.
TEM single loop data were used for static shift correction of TM mode and TEM central
loop data were adapted for TE mode (Meju, 1996). However, single loop data were noisy

at most of sites. Consequently, TEM central loop data were used instead for those
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Appendix B.1

The MT data obtained for MH profile in Parnaiba basin, Brazil (Figure 5.4). For each site,
the data shown are: the apparent resistivity and phase curves of the off diagonal elements
of the unrotated impedance tensor, the major and minor apparent resistivity and phase, the
regional azimuth (Swift and Groom-Bailey methods) measured positive clockwise from
magnetic north), skew, and coherency. The error bars are one standard deviation.
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App. resistivity (chm-m)

App. resistivity (ohm-m)
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App- resistivity (ohm-m)

App. resistivity (chm-m)
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Appendix B.2

Appendix B.2

1-D Results of joint inversion of TEM and MT data for the two polarization modes at some
selected sites for MH profile, Parnaiba basin, Brazil. (a) represents TEM (square symbol)
and MT-TM mode data (cross symbol). (b) displays TEM data and MT-TE mode data.
TEM single loop data were used for static shift correction of TM mode and TEM central
loop data were adapted for TE mode (Meju, 1996). However, when single loop data were
noisy, TEM central loop data were used instead for those soundings.
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Appendix C

1-D inversion results of DC resistivity and TEM data for Quorn, Leicestershire, UK
(Figure 7.2).
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Figures C1: 1-D inversion results of VES resistivity data using most squares inversion
scheme along profile 20W (N-S spreading axis).
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Figures C2: 1-D inversion results of VES resistivity soundings along profile 20W (E-

W spreading axis).
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Figures C3: 1-D inversion results of VES resistivity soundings along profile 20E.
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Figures C4: 1-D inversion results of VES resistivity soundings along profile 40E.
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Appendix D

This appendix includes a paper accepted for publication in the journal of Geophysical
Prospecting (in press). There is also expanded abstract presented in 7™ International

Congress of Brazilian Geophysical Society (SBGF), Salvador, which was held in October,
2001.
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Deep structure of the northeastern margin of Parnaiba basin, Brazil from magnetotelluric imaging
Adel K. Mohamed', Maxwell A. Meju' and Sergio L. Fontes®
'Department of Geology, University of Leicester, Leicester LE1 7RH, UK.
Observatorio Nacional-MCT, Rio de Janeiro, Brazil.
Abstract
The magnetotelluric (MT) method has been applied to the determination of the deep resistivity structure of the
northeastern margin of Parnaiba basin. Transient electromagnetic (TEM) and MT data were collected in early
1999 along a 95 km long N-S line extending from the coast across the projected subcrop position of a
discontinuous fault found to the west of the study area that is believed to be a possible basin-bounding fault.
The MT data were processed to yield the TE and TM mode responses and then corrected for static shift using
central-loop and single-loop TEM data respectively. Regularised 2-D MT inversion was subsequently
undertaken using a structured initial model with the near-surface constrained by TEM inversion results. As a
consistency check, we performed another set of 2-D inversions using different smooth initial models. The
various optimal 2-D inversion models clearly show the presence of a major basement trough, about 2 km deep,
located about 75 km from the coast. We interpret it as possibly marking the main basin margin and suggest that
it may have implications for groundwater resource development in the area.

Key words: Magnetotellurics, transient electromagnetics, resistivity inversion, groundwater, structure.

Introduction

The deep structure of the northeastern margin of Parnaiba basin in northeast Brazil (Fig. 1) is poorly
understood and structural control on groundwater distribution in the semi-arid margins of the basin is a topical
issue at the present time (e.g. Meju et al. 1999). The Parnaiba basin is mainly Palaeozoic in age and filled with
clastic siliceous sediments of mostly continental origin deposited in five major depositional cycles from the
Upper Ordovician to the Cretaceous. The lithological sequence deduced from borehole data in the southeastern
and central parts of the basin is described in detail by Gdes et al. (1993). Three of the megacycles of deposition
are represented by the Serra Grande (Silurian), Caninde (Devonian) and Balsas
(Permian-Carboniferous-Triassic) Groups. The total sedimentary thickness is about 3400 m near the centre of
the basin, with the Serra Grande and Caninde Groups reaching up to 2900 m in thickness and consisting mainly
of sandstones with subordinate siltstones and shales (see Meju ez al. 1999, Fig. 2). The Mesozoic and Cenozoic
sediments do not exceed about 600 m in thickness (De Sousa 1996). The Serra Grande and Caninde Groups are
exposed only in the southern and eastern parts while the Balsas Group is exposed in the northern part of the
oval-shaped basin. The structural and lithological architecture of the basin is highly favourable for the
occurrence of several confined aquifers (Meju et al. 1999). However, in the semi-arid marginal parts of the
basin, the major problem is how to identify areas with thickened aquiferous formations that may be developed
for groundwater supply to nearby urban populations.

Recent combined transient electromagnetic (TEM) and magnetotelluric (MT) studies of the southern and
eastern margins of the basin identified linear trough-like zones of enhanced conductivity, interpreted as major
grabens, close to areas with significant human population (Fontes et al. 1997; Ulugergerli 1998; Meju et al.
1999). Subsequent follow-up drilling by a Brazilian government agency confirmed this interpretation (see e.g.
Fontes et al. 1997) and encouraged the regional (Piaui) state government to commission further investigations
for urban groundwater supply in the eastern margin of the basin using the TEM-MT method. However, the
northern margin of the basin has so far not been investigated for any such occurrences of potentially aquiferous
grabens.
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The present study therefore focuses on examining the deep structure of the northeastern margin of the
basin for possible features of tectonic or hydrogeophysical interest. It may be noted that the exact position of
the basin edge is poorly defined on existing geological maps and the basement-sedimentary cover relation is
not well known in this part of the basin. A discontinuous fault found in line with basement arches to the west of
the present study area (see Fig. 1) may be a possible basin-bounding fault or the site of a potential graben
structure. It may contain thick aquiferous materials as is typical of the southern margin of the basin where
TEM-MT models have been successfully used to guide deep drilling (ca. 1km) for groundwater for urban
supply schemes (Fontes et al. 1997).

Geophysical field survey

During March and April 1999, a regional joint TEM and MT survey was carried out across the northeastern
segment of the Parnaiba basin. The N-S survey line extends from the Atlantic coast onto the hinterland for 95
km (Fig. 2) and there are 14 observational stations with an average spacing of 7 km. Accessibility is poor in the
area of study and the survey line followed the main road across the region but with sites located at significant
distances off the road. The horizontal co-ordinates for each station were determined using a portable GPS
receiver. It was not possible to find a suitable sounding station in the populated area between our second and
third stations, thus creating a gap in our profile as shown in Fig. 2. To facilitate dual-mode static shift
correction of MT data (see Meju et al. 1999), central-loop and single-loop TEM data were acquired at these
sites using 50 or 100 m-sided transmitter loops depending on site geometrical constraints. The Sirotem MK3b
equipment was used for the TEM soundings and the recording bandwidth ranged from 14 microseconds to
about 30 milliseconds. MT measurements employed the EMI MT-1 equipment. The MT data were measured in
the magnetic east-west and north-south directions. The electric dipoles were 50 or 100 m long depending on
site constraints. The magnetic field components were recorded using induction coils. The recording bandwidth

was 0.01 to 176 Hz. The TEM and MT soundings were centred on the same positions.

MT data analysis and regional strike determination
The MT data have been processed using a robust estimation technique (Egbert and Booker 1986) and the
relevant interpretative parameters were computed for the sounding frequency range 176 to 0.01 Hz. In terms of
continuity of data points and size of data errors, the data are of good quality at all the stations. Structural
dimensionality was investigated for each site using the Groom and Bailey (1989) decomposition (G-B) method
and representative examples are given in Figs. 3a and 3b. In Fig. 3a are shown the results for a station located
on sedimentary rocks (station 12). In this figure, notice that the data appear to suggest a relatively simple
layered earth structure with no dominant G-B azimuth. The results for a site located on outcropping crystalline
basement (station 8) are summarized in Fig. 3b. Notice that the data suggest simple subsurface conditions only
at frequencies higher than 3 Hz; a complex structure is suggested at lower frequencies. It was noted that the
twist and shear parameters from the G-B decomposition are near-zero at frequencies higher than 1 Hz but
beyond this point, steadily increase in magnitude with decreasing frequencies. In general, we did not find any
significant improvement in the sounding curves at high frequencies using the Groom-Bailey decomposition. At
low frequencies (<0.3 Hz), the data show 3-D characteristics (see e.g. Fig. 3b) and may not warrant G-B
decomposition (see Bahr 1991).

The regional strike determined using the Groom-Bailey method is shown for selected frequencies in Fig.
4. Notice that the dominant geoelectrical strike is fairly consistent with the main WNW-ESE lithological trend
in the field area. The MT data were therefore rotated -30° from the measurement direction (i.e. -53° from the
geographic north since the declination is 23°W) yielding the TE and TM mode data required for 2-D modelling.
We note, however, that the MT data show gross 3-D characteristics at frequencies lower than 0.3 Hz and 2-D
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interpretation or imaging (as appropriate in this case) may be regarded only as a convenient approximation in

our quest for the deep subsurface structure in the area of study.

The assumed TE and TM apparent resistivity data set showed evidence of static shift (Berdichevsky and
Dmitriev 1976; Jones 1988; Sternberg et al. 1988) when compared with the TEM data. Following Meju et al.
(1999, Fig. 6), the TM mode MT curves were corrected using the single-loop TEM data while the TE mode
apparent resistivity curves were corrected using central-loop data for all the stations. Representative examples
of the MT and TEM data are shown in Fig. 5. Note that the TEM apparent resistivities were determined using
an iterative non-linear scheme after adjustment for transmitter turn-off effects (Raiche 1984).

The ratios of vertical to horizontal magnetic fields or the so-called induction arrows (Parkinson 1959)
may be used to infer the presence of linear zones of anomalous current concentrations in the subsurface in our
study area. The recorded vertical component magnetic field data are of good quality. The real parts of the
induction arrows at two frequencies (8 and 0.025 Hz) selected to sample different depths are superimposed on
the known geological features in the area for comparison in Fig. 6. Note the difference in magnitude and
azimuth of the induction arrows for both frequencies suggestive of lateral and vertical variations in resistivity
structure. However, some other interesting deductions can be made from this figure and other computed data.
At low frequencies the so-called coast effect appears to influence the measurements at the first four stations
from the coastline. Interestingly, at the high frequencies (>1 Hz) that are important for hydrogeophysical
investigations in this area, only the induction arrows for the two northernmost sites point toward the coast. At
high frequencies, the induction arrows at stations 9, 11, 12, 13 and 14 point towards the northeast (see Fig. 6)
suggesting the presence of a linear NW-SE trending conductive zone at this locality; this may be indicative of
the presence of a concealed fault-zone or may be the effect of the linear outcrop of the marine Pimenteiras
formation which is known to be conductive (see Meju et al. 1999, Fig. 2). This response pattern does not persist
at low frequencies and this may suggest that the causative body does not extend to great depths or that the
structure sensed laterally at low frequencies now contribute to the vertical field response. Elsewhere, the

induction arrows are of very small magnitudes and do not show any preferred orientation.

Two-dimensional MT imaging and interpretation

For 2-D imaging, we have projected our rotated MT data onto a profile perpendicular to the adopted strike (i.e.,
trending N37°E) so that the distances between the stations are different from those shown on the actual site
location map (Fig. 2). Only the apparent resistivity and phase data will be considered here as in conventional
practice. (We note that the vertical magnetic field information may furnish additional constraint in detailed 2D
interpretation but is not necessary in our adopted data imaging approach). A conjugate gradient non-linear
inversion program (Mackie 1996; Mackie et al. 1988,1997) has been adopted for the 2-D imaging of our MT
data. Simultaneous inversion of TE and TM mode data was done using several initial models with the design of
the 2-D calculation mesh optimized for the top 30 km of the subsurface. On the ocean-side, the 2-D grid made
use of the available bathymetric data and incorporated a surface conductive slab of 2.5 €2 m representing the
seawater layer (cf. Arora et al. 1999). Initial trial inversions were done to determine the best regularization
parameters (in terms of model smoothness and data fit) for this particular data set; once found, it was held fixed
(t = 5) in the subsequent inversion studies reported below. As a simple way of addressing the problem of
non-uniqueness, two sets of initial models were adopted in the inversion studies, viz: (1) structured initial
models derived from joint 1-D inversion (Meju 1996) of central-loop TEM and TE mode MT data, and (2)
featureless (half-space) models. Only those features common to the optimal reconstructed models are deemed
worthy of geological interpretation. The target rms misfit was set to 0.5 in all cases and over 50 iterations were
generally required.
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Sample result of 2-D inversion with a structured initial model is presented in Fig. 7 (only the top 5 km is
shown for convenience). The fit between the calculated model responses and the observed data is shown in Fig.
8 and is satisfactory especially at high frequencies of interest in our hydrogeological work. At low frequencies,
the fit is not good at some sites (see e.g., the TE mode at station 8) and may be attributed to the 3-D regional
structure at depth (cf. Table 1). It would appear that the unweathered crystalline basement in the area of study is
generally highly resistive with a minimum value of 200 £ m and may be traced to the north and south from that
part of our model coinciding with the zone of basement outcrop on the geological map (stations 7 and 8).
Relatively conductive sedimentary cover rocks appear to increase in thickness away from the zone of basement
outcrop as expected from geology; note that stations 1 to 6 are believed to lie in what is conveniently dubbed
the Barreirinhas basin by Goes et al. (1993). The cover units extending from stations 1 to 6 probably
correspond to Quaternary and Tertiary sediments with the uppermost section being very conductive (<10
€2 m) underneath stations 1 to 3 (a feature constrained by TEM data). Southward from station 8, the basement
cover units show anomalous thickening starting from station 12 and attaining a maximum thickness of about 2
km underneath station 13. These cover units exhibit some stratification consisting of an uppermost resistive
(>150£2 m) sliver starting near station 12 (and correlating with the zone of outcropping Cabecas sandstone on
the geology map), an underlying conductive (<20 €2 m) unit (correlated with the Pimenteiras shale which is
draped over by Quaternary sediments at station 11), and a basal unit of moderate resistivity (ca. 20-50£2 m)
that may represent thickened segments of the Serra Grande formations which outcrop at stations 9 and 10 or a
combination of the Serra Grande group and pre-Silurian sediments as suggested for deep grabens found
elsewhere in the basin (see De Sousa 1996; Ulugergerli 1998; Arora et al. 1999; Meju et al. 1999).

In the case of inversion with smooth initial models, the responses of the resulting model matched the field
data satisfactorily only for half-spaces of resistivity >50 € m. The optimal models constructed from initial
models of 250, 500, 750 and 1000 £2 m resistivities are very similar as can be seen in Fig. 9. The fit to the data
in each case is comparable to that shown in Fig. 8. The main features of these models are very similar to those
of the TEM-constrained model (cf. Fig. 7), and the various 2-D models may thus be accepted as plausible
images of the subsurface geology. Note the relatively conductive trough-like feature in the top 4 km of the
subsurface at stations 12 to 14, and the highly resistive arch-like feature underneath stations 6 to 8. The highly
resistive body beneath stations 6 to 8 coincide geographically with the zone of basement outcrop on the
geological map (cf. Fig. 2) and the trough-like feature may possibly be related to the basin-bounding fault seen
to the west of the survey line on the regional tectonic map (see Fig. 1). If this correlation is correct, then there
is a good agreement between these models and geology.

Tectonic and possible hydrogeological implications

From geological considerations, our survey line would be expected to cross a concealed major fault or
basement arch. The resistive arch-like feature found between stations 5 to 8 and the conductive feature at depth
near stations 12 and 13 are thus interesting candidate for tectonic consideration. We suggest that they may be
part of a block-faulted structure marking the main edge of the basin. Based on the studies conducted further
south by Gées et al. (1993) using data gathered from surface geology, geochemical surveys, exploratory wells
and seismic sections, the projected sedimentary cover thickness would be about 1 km just beyond our station 14.
The presence of thickened (ca. 2 km) conductive geoelectric units near stations 12 and 13 in our MT models
(inferred to be sedimentary cover rocks) is therefore anomalous; it is best explained by the existence of a
hitherto undiscovered graben-like structure. The Serra Grande group contains the most important aquifer in
Parnaiba basin and this anomalously thickened zone may thus have hydrogeological implications. Note
however, that in the available lithostratigraphic sections of the central and southeastern parts of the Parnaiba
basin (see De Sousa 1996; Arora et al. 1999; Meju et al. 1999), crystalline basement rocks are inferred to be
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directly overlain by the Riachao and Mirador formations of Cambrian-Ordivician age in some areas. These
units contain carbonatic facies which have high geothermal conductivity (De Sousa 1996); it is logical to
expect that these will be associated with relatively high electrical conductivity. Based on the current 2-D
resistivity models, we suggest as a speculative possibility that Cambro-Ordovician sediments could be present
in the deep trough-like structure in our study area and may therefore not be restricted to the central and

southeastern parts of the basin.

Conclusion

The structure of the Parnaiba basin can be discerned from conductivity imaging of electromagnetic data. This
study has shown the capability of electromagnetic methods for mapping the architecture of the sedimentary
cover units and the underlying crystalline basement. Importantly, it has revealed the possible presence of a
major faulted structure, about 70 km from the coast, which may represent the main northeastern margin of the
basin. Although the MT data indicate gross 3-D characteristics at low frequencies, we have only produced a
2-D MT interpretation aimed at giving a generalized picture of the deep structure of the basin margin. We
recommend that the graben-like feature detected on this profile should be investigated by drilling since it may

contain aquiferous materials as found elsewhere in the basin.
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Figure captions
FIG. 1 (5.1). Simplified structural framework of the basement of Parnaiba basin deduced from qualitative

aeromagnetic interpretation (Gées et al., 1993). The location of the present TEM-MT area of study is also

shown.

FIG. 2 (5.3). Geological map of the area of study showing the locations of the TEM-MT stations.
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FIG. 3. Sample resuits of Groom-Bailey (G-B) decomposition of MT impedance tensor. Shown are the usual
G-B decomposition data for: (a) station 12 located on sediments, and (b) station 8 located on outcropping

crystalline basement.

FIG. 4 (5.13). Pictorial representation of the regional geoelectrical strike obtained using the G-B method for
selected frequencies. The azimuths are shown by the site-centred dark bars and are superimposed on the
geological map of the area for comparison. Note that the strike angles are shown with respect to geographic
north and are thus different from the actual G-B values by a constant angle equal to the declination (23°W).

FIG. 5 (5.15). Sample illustration of dual-mode MT static shift correction using TEM data. The TE and TM
mode apparent resistivity curves were respectively corrected using central- and

single-loop TEM data. Shown are the TEM (round symbols), raw MT (triangular ornaments) and corrected MT
(crosses) data for each site.

FIG. 6 (5.10). Real component Parkinson induction arrows for two frequencies superimposed on the

geological map for comparison.

FIG. 7 (6.10). A geoelectric structure derived from 2-D inversion with a structured initial model. Only the top 5
km is shown to stress the shallow features evinced by the inversion.

FIG. 8 (6.11). The fit between the MT observed data and the 2-D model response. The apparent
resistivity and phase information are presented for the TE and TM modes at each station starting from the north
to the south on the profile.

FIG. 9 (6.8). 2-D inversion models generated using different initial half space models. The initial models were
assigned resistivities of (a) 250 Q m, (b) 500 Q2 m, (c) 750 m, and (d) 1000 & m.

Table 1 (5.3).
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Abstract

A combined TEM-AMT survey was recently carried out along three east-west transects at the eastern margin
of Parnaiba basin for hydrogeological purposes. The MT data have been processed using conventional
tensorial analysis technique and corrected for static shift using dual-mode TEM data. Two-dimensional
regularised inversion of the TE and TM MT data revealed distinct geoelectric patterns for the three profiles.
The contact between the sedimentary and crystalline basement rocks was clearly imaged in all the profiles.
Graben-like structures are present in all cases and are best developed about 20-30 km away from the basin
margin in the Monsenhor Hipélito and Itainépolis transects. The graben structures are considered to be the
best places for drilling for groundwater in this region. The 2-D resistivity model for the Monsenhor Hipélito
profile also appears to define the position of a major fault herein interpreted as the Picos fault, which may
have implications for groundwater development in the area.

Introduction

Previous regional TEM-MT studies in southern parts of Piaui state, within the Parnaiba basin, detected zones
of anomalously thickened conductive materials interpreted as possible grabens east of Picos (see Fig. 18,
Meju et al., 1999) and north of Sao Raimundo Nonato (see Fontes et al., 1997). One of these anomalous
graben structures was recently drilled down to 970m and found to contain a prolific aquifer; it now serves as
a major water source for Sao Raimundo Nonato, 35 km away. Based on these studies, the Piaui state
government embarked in 2000 on a programme to map out potential future sources of groundwater for the
urban populations near the eastern margin of Parnaiba basin. The area is semi-arid and the rainfall rate is low
(<400mm per year). In the case of Monsenhor Hipolito (MH) and environs, it was decided that deep EM
tracking of the previously suggested graben near Picos should be undertaken to confirm its existence and
along-strike continuity to aid groundwater resource evaluation.

The geology is made up of sequences of sedimentary rocks resting on crystalline basement. The
sedimentary rocks outcropping in the study area are shown in Figure 1. The Serra Grande group rests on the
Precambrian crystalline basement. This group consists successively of the Jaicos, Ipu and Tiangua
formations. The Jaicos formation is the dominant member and the target aquifer in the area. The Serra
Grande group is overlain by the Pimenteiras formation, which is the main aquitard. It is overlain in turn by
the Cabecas formation outside the area of study.

Data acquisition, processing and interpretation

Joint TEM and AMT soundings were carried out in 2000 in the eastern part of Piaui State The survey
consisted of three east-west lines, as shown in Figure 1. Monsenhor Hipdlito profile (line 1) is 64 km long
with ten stations and average spacing of 6.4 km. Jaicds profile (line 2) is 23 Km long, consisting of nine
stations and with an average spacing of 2.5 Km. Itaindpolis profile (line 3) is 40 Km long with ten stations
spaced about 4 Km apart. Central-loop and single-loop TEM data were acquired at all sites using either 50 or
100 m-sided transmitter loops. The Sirotem MK3b system was used for the TEM soundings. The MT
measurements employed the EMI MT-1 field equipment with 100m telluric dipoles.

The MT data have been processed using a robust estimation technique (Egbert and Booker, 1986) and the
relevant interpretative parameters were computed for the sounding frequency range 336 to 0.14 Hz.
Distortion decomposition and structural dimensionality were determined for the various sites using the
Groom & Bailey (1989) technique. The computed azimuths at some selected frequencies suggest that there is
a dominant strike for each of these profiles. For the MH profile, it is nearly north-south and is consistent with
the main geological trend. Subsequently, the MH data were rotated 30° from the measurement direction (the
declination is 23° west of geographic north) yielding the TE and TM modes along approximately north-south
and east-west directions, respectively. The other two profiles were rotated 70° and are in accord with the
trend of major faults. The TM and TE mode apparent resistivity curves were respectively corrected for static
shift using the single-loop and central-loop TEM data (cf. Meju et al., 1999, Fig. 6).
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A conjugate gradient 2-D non-linear inversion program (Mackie et al.,, 1997) has been applied to the
corrected MT (TM and TE) data. The 2D inversion results are described below.

Monsenhor Hipélito Profile

The 2-D model (Figure 2, see Figure 6.12) suggests the presence of strong lateral changes in resistivity in the
top 4.5 Km of the subsurface. The basement rock units are generally highly resistive and a value of p 2200
ohm-m appears to be appropriate for them. These units outcrop on the surface east of position S5Km. The
relatively conductive zone near the surface at positions 55-59km may thus indicate the presence of highly
weathered basement rocks. The basement appears to be of irregular topography and is overlain by thickened
sedimentary cover at positions 0-7Km and 14-27Km. The contact between the basement and its sedimentary
cover may be traced westward along the profile starting at position 53Km (in agreement with the basement-
sediment contact on the geological map shown in Fig.1). The Serra Grande group aquifer (dominantly the
Jaicos formation in this study area) outcrops at positions 14-48Km and is well imaged by the resistivity
inversion model. This part of the transect is the recharge area. The Pimenteiras formation forms the aquitard
west of this recharge zone. There appears to be a shallow resistive sill-like intrusive body at positions 0-7Km
in agreement with previous MT models of the area (see Meju et al., 1999).

The 2-D model also shows other interesting geological features. A major fault is suggested near position
5Km and extends vertically into the basement. The fault appears as a highly conductive zone and may
represent the margin of a major graben structure. This is in accord with the results from previous studies in
the area. The smaller graben suggested at positions 15-25Km agrees with that seen on the Jaicos-Picos line
(Ulugergeli, 1998). This particular graben appears to contain thick sedimentary materials, possibly of the
Serra Grande Group. We recommend that the possible graben at positions 15-25Km has the optimum
potential for drilling for groundwater; the deeper graben-like zone at positions 0-SKm may contain highly
saline groundwater.

Jaicos Profile

This short transect would correspond to a segment of MH line (positions 37-60 km). The 2D model (Figure
3) suggests a minor graben at position 6-14Km (positions 8-10Km being the deepest part).

Itainopolis Profile

The 2-D model (Figure 4) show appreciable lateral resistivity changes and a graben structure near the centre
of the profile (position 12-19Km), which is certainly the most appropriate area for drilling for groundwater.

Conclusion

Based on the present results, it would appear that the MT method is an effective technique for deep structural
and stratigraphic mapping in this region. It has been shown that possible grabens and the contact between the
basement and its sedimentary cover can be clearly delineated. The 2D inversion models allowed the
selection of the graben-like zones in two of the MT profiles that have the best potential for development for
major water supply by deep boreholes. We suggest that the recharge areas for the main aquifer can be
mapped and used to control land use pattern in the area of study.
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Appendix E

The symbols used in this study are given in this appendix.
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Definition

Electric field intensity
Magnetic field intensity
Magnetic induction
Electric current
Displacement current
Current density

Charge density
Electric permittivity
Voltage

Magnetic permeability
Electrical conductivity
Bulk conductivity
Water conductivity
Frequency

Wave propagation constant
Angular frequency
Resistivity

Apparent resistivity
Effective resistivity

Resistivity of the pore fluid

Bulk resistivity

Skin depth

Effective depth
Diffusion depth
Depth

Thickness
Impedance

Effective impedance
Phase

Effective phase
Shear angle
Twist angle

Rotation angle between the
measured direction and strike
Rotation angle in the direction of

strike
Swift skew

Cross power
Auto power
Distortion tensor
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Rotation matrix

Transpose of rotation matrix
Total dissolved solids

Site gain

Twist

Shear

Anisotropy

Period

Matrix

Transpose of the matrix A
Layered earth impedance
function

Lagrange multiplier
Weighting matrix

Velocity

Time

Time constant

Radius of the transmitter loop
Radius of the receiver loop
Laplace transform variable
Integration variable

Bessel function of order one
Number of stacking

Total porosity

Volume

Volume of voids

Volume of rock

Root mean square error
Regularization parameter
Transverse magnetic field
Transverse electric field
Model parameter

A priori model parameter

The quantities required to be

minimized in the inverse
modelling
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