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ABSTRACT

A magnetotellric (MT) survey wa . wed .n southern
Portugal in the region of the intersne. 1. .t the Messejana
fault and the Ferreira-Ficalho overthrust where a geothermal
anomaly with heat flow density vaiwes higher than 200 mW/m’
has been reported to exist. Derino *me tield work 34 MT
sites were occupied. The data fro~ the 34 sites were
processed using tensorial techniques to give the crustal
electrical resistivity distribution. The results of the MT
survey are compared with other geophysical surveys that were
previously performed in southern Portugal (seismic,
gravimetric, aeromagnetic and geothermal) and interpretation
of the available data indicates that the geothermal anomaly
is shallow and is probably a result of fluid flow along
zones that coincide with the Messejana and Vidigueira faults
and the Ferreira-Ficalho overthrust. Furthermore, one-
dimensional geothermal modelling shows that the values of
the surface heat flow density reported for the area of the
geothermal anomaly should not be used to extrapolate
temperature to middle and/or lower crustal levels.

A one-dimensional (1D) inversion technique is applied
to the data obtained at the 34 MT sites and the resulting 1D
models are used to construct two-dimensional (2D) electrical
models along certain profiles and a three-dimensional (3D)

electrical model of the study area. The results of the 2D



clearly indicate that the use of MT profiling to interpret
MT data should be used carefully if 3D geological structures
are suspected to exist in the study area. The results of the
electromagnetic modelling also indicate that the use of 1D
inversion models and the Berdichevsky invariant provided
good approximations for the purpose of constructing and
interpreting the 2D and 3D electrical models of the study
area from the field data.

The MT survey shows that the Ossa-Morena and South-
Portuguese zones have quite different electrical
characteristics and two low electrical resistivity regions
with different origins were delineated within the study
area. The low electrical resistivity zone in the north
appears to be the result of fluid flow while the zone in the
south appears to be related to the existence of carbon in
the geological formations.

An attempt to model the electromagnetic static shift
effect and quantify it did not give good results. The
results demonstrate that distinguishing between static shift
effects due to small local inhomogeneities and variations in
the apparent electrical resistivity curves due to true but
small scale structures is not a simple matter. New modelling
algorithms must be developed in order to quantify the static
shift effect so that corrections for it can be made with

confidence.
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CHAPTER I

1.1. Objectives of the study

Geothermal work carried out in Portugal since 1980
indicates that heat flow density (HFD) values higher than
160 mW/m* are found in the south-central region (Haenel and
Staroste, 1988) in an area centered at about 38°10'N and
8°0'W (see Figure 1.1).

Regions with high HFD values generally show geothermal
manifestations at the surface that result from geological
and/or geophysical processes taking place in the Earth's
crust. That is not the case in southern Portugal. In all
other geophysical surveys performed in the region so far,
there has been no indication of the cause of the geothermal
anomaly, known as the Alentejo Geothermal Anomaly (AGA).

It is well established that temperature affects most of
the physical parameters of rocks, and, in particular, the
electrical conductivity or, its inverse, the electrical
resistivity.

The fact that the bulk electrical conductivities of
rocks increase with temperature suggests that electrical
methods should be well suited to determine or infer the
electrical structures of high HFD regions where high
electrical conductivity anomalies (or 1low electrical

resistivity anomalies) are expected to coincide with the



high HFD anomalies. Electrical methods have been routinely
used to investigate geothermal exploration targets with a
reasonable degree of success (Martinez-Garcia, 1990).

With this in mind, a geoelectrical survey using the
magnetotelluric (MT) method was performed over the AGA with
the objectives of delineating its geoelectrical structure
and understanding its geological and geophysical
characteristics within the regional geological framework.
This should provide some insight into the origin and
evolution of the anomaly. At the same time, the survey
constituted a feasability study in the sense that the region
is geologically complex and the quality of data possible to
obtain during the field work was not known. This latter
aspect was particularly important because future MT work has
been proposed for other areas in southern Portugal, which is
a well known mining region. Furthermore, two-dimensional
(2D) and three-dimensional (3D) geocelectrical models can be
constructed from the MT survey data and these can be used to
interpret the deep geological structure of the region and
the AGA. This is the first such work for southern Portugal
using MT methods.

One problem of considerable current interest in MT work
is that of static shift. Although the spacings between the
MT stations in this study is too large to allow any
objective analysis of the static shift effect in the region

of the AGA, a modelling procedure in three dimensions has
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rig. 1.1: Heat flow density for southern Portugal.
Contours in mW/m* (redrawn from Haenel and Staroste,
1988).



been used to investigate the effect and the results are

discussed in terms of the south-central Portugal MT survey.

In MT prospecting the physical parameter of interest is
the electrical resistivity (from now on called resistivity)
or the electrical conductivity (from now on called
conductivity) of the geological formations. The geophysical
with other physical, compositional, and structural
parameters. These, in turn, depend on other factors such as
temperature, pressure, composition, oxygen fugacity, phase,
porosity, permeability, fluid content, amount of melt, and
others (Keller and Frischknecht, 1966; Shankland and Waff,
1974; Shankland, 1975; Duba, 1976; Parkhomenko, 1982).

The aim of the MT method, and in fact all other
geoelectrical methods, is to determine the resistivity
distribution in the Earth's subsurface. A wide range of
possible phenomena occur that may enter into the
interpretation of crustal and upper mantle resistivities.
These include: aqueous solutions that exist in fractures,
fissures, and pores in rocks; hydrated minerals, such as
clay and serpentine; graphite; sulphur (Connerney et al.,
1980; Shankland and Ander, 1983; Lee et al., 1983; Gough,
1986; Haak and Hutton, 1986); and partial melt (Schwarz et
al., 1985). The interpretation in terms of one or more of

the above phenomena in any situation and justification for



the particular choice is difficult and, in some cases, leads
to controversy (Jédicke, 1990).

Resistivity can also be determined in the laboratory
using rock samples. However, such measured resistivity
values may be 2 or 3 orders of magnitude larger than the
values obtained in field surveys. The reason for these
differences is that the laboratory conditions differ from
"in situ" conditions, i. e., the rock samples may be
partially or totally dehydrated and the sample temperatures
may differ considerably from the "in situ" temperatures. In
addition, the differences between the representative sample
sizes leads to differences in the estimated resistivities
(Shankland and Ander, 1983). Despite this, laboratory

studies have shown that the single most important parameter

[

affecting resistivity (or conductivity) is temperature. Its

-

effect |is, nevertheless, markedly different at ow
temperatures (a few hundred degrees Celsius) from its effect
at high temperatures (higher than 800 degrees Celsius). At
low temperatures, such as those found in the upper crust,
electrical properties of rocks are essentially determined by
the properties of the aqueous solutions that fill the
fractures, fissures, or pores. In this case, solid
conduction is negligible and liquid ionic conduction is the
main conduction mechanism. On the other hand, at
temperatures above 800 degrees Celsius, which are
characteristic of the lower crust and upper mantle, solid

conduction increases significantly and probably dominates



liquid ionic conduction. Liquid ionic conduction is absent
or very low because of the 1low porosity imposed by
the lower crust and upper mantle is solid ionic or
electronic conduction.

At high temperatures, experimental data have shown that
in ionic crystals the relationship between resistivity (or
conductivity) and temperature takes the form (Keller and

Frischknecht, 1966; Parkinson, 1983):

where o and p are the conductivity and resistivity,
respectively; o, and o are limiting conductivities
approached at very high temperatures for extrinsic (due to
crystal defects and impurities) and intrinsic (due to
thermal motion) conductivities, respectively; E, and E are
characteristic energies (known as activation energies) for
extrinsic and intrinsic conductivity, respectively; k is
Boltzmann's constant; and T is the absolute temperature.
This relationship holds as a characteristic property of
rocks at high temperatures and varies little from sample to
sample. At low tgnpgraéures the relationship is highly
variable for different samples of the same rock type.

Electrical properties of rocks are comprehensively discussed



by Collett and Katsube (1973), Olhoeft (1980), Parkhomenko

(1982), and Keller (1987), and others.

i:3. General geology of the study areas

According to Ribeiro et al.(1979), Julivert et al.
(1980), and Munha (1981), the core of the lIberian Peninsula
is an Hercynian cratonic block, bordered to the northeast
and southeast by segments of the Alpine belt (Pyrenean and
Betic orogens) and to the northwest, west, and southwest by
the Atlantic Ocean. The Hercynian belt outcrops largely in
the western part of Iberia, forming what is known as the
Hesperian or Iberian Massif; to the east it plunges gently
under a Meso-Cenozoic platform cover. The Iberian Massif is
crossed by Hercynian structures trending NW-SE and to the
north describes an arc known as the Ibero-Armorican arc.

The Iberian Massif exhibits a longitudinal zonation, as
in many other European Hercynian massifs, and is divided,
from north to south, into five geotectonic units:
Cantabrian, West-Asturian-Leonese, Central Iberian, Ossa-
Morena, and South-Portuguese zones. These 2zones are
generally separated by deep first order tectonic features.

The 1Iberian Hercynian belt also shows a fan-like
pattern with steep structures in the core and outward
vergences in the margins. In its southwest branch (the
region of the MT study) the contact between the internal and
external zones (corresponding to the Ossa-Morena and South-

Portuguese zones) corresponds to a major overthrust known as



Fig. 1.2: Geological sketch of the study area. The
dots represent the MT sites. l-granite; 2-porphyry:; 3-
gabbro-diorite complex; 4-undifferentiated Precambrian
rocks; S-undifferentiated Devonian rocks; 6-
undifferentiated Carboniferous rocks; 7-Cenozoic
terranes; B8-doleritic dyke associated with the
Messejana fault; 9-Ferreira-Ficalho overthrust; 10-
Messejana fault. (redrawn from the Geological Map of
Portugal, Geological Survey of Portugal, 1968).



the Ferreira do Alentejo-Ficalho overthrust (from now on
called the Ferreira-Ficalho overthrust), which trends
approximatelly NW-SE (see Figure 1.2).

The Ossa-Morena 2zone is characterized by Precambrian
and Lower Paleozoic rocks showing intense deformation, and
widespread plutonism and magmatism. As the Ferreira-Ficalho
overthrust is approached from the NE, basic and ultra-basic
rocks are more common than granitic rocks. On the other
hand, the Upper Paleozoic is more fully developed in the
South-Portuguese zone where there is little plutonism and
the metamorphism is low grade; there are also some volcanic
and sedimentary deposits that were deformed during the
Hercynian orogeny.

The study area is also crossed by another major
tectonic feature known as the Messejana fault. This left
lateral strike-slip fault cuts and offsets, up to 4 km,
Hercynian structures, and trends approximately NE-SW. The
Messejana fault begins in the Atlantic Ocean, traverses the
whole of southern Portugal, and disappears in Spain beneath
Tertiary formations. Its origin seems to be related to the
opening of the Atlantic Ocean in Early to Middle Triassic
times (Schermerhorn et al., 1978). A doleritic dyke system
was emplaced along the Messejana fault by a multiple
intrusive process duri:ﬂg Early and Middle Jurassic and
possibly starting in late Triassic.

Figure 1.2 is a simplified geological map of the area



are the locations of the Messejana fault and the Ferreira-
Ficalho overthrust, as well as the locations of the MT
sites. The area covered by the magnetotelluric survey is
approximatelly 2,500 km* and has 1little topographic
variation.

More detailed geological information about the study
area and surrounding regions can be found in Lemos de Sousa
and Oliveira (1983), Oliveira (1984), and Julivert and

Martinez (1987).

1.4. Previous geophysical work in the region of the study

A few seismic refraction surveys have been performed in
southern Portugal, including the study area (Mueller et al.,
1973; Sousa Moreira et al., 1977; Hirn et al., 1981;
Caetano, 1983; Banda, 1988; Mendes-Victor et al., 1988;
Mueller and Ansorge, 1989). In these surveys, linear and
fan-like profiles were used. The data and the results are
difficult to interpret, and show that the crust in southern
Portugal is complex. They indicate that the Moho has
irregular topography and varies between 28 and 34 km deep,
and the seismic P wave velocity (v) for the upper mantle is
about 8.1 km/s. Furthermore, they indicate that a 1low
velocity layer exists in the crust with P wave velocity
values varying between 5.3 and 5.6 km/s, and lies between
approximately 10 to 20 km depth. This layer separates the

upper crust (v=6.5 km/s) from the lower crust (v=7.5 km/s).

10



There is also some evidence that the Messejana fault
coincides with a deepening of the Moho of about 2 to 4 km
towards the SE. Regionally, however, the Moho becomes
shallower towards the SW (about 27 km deep). In general, the
seismic refraction work performed so far does not provide a
clear picture of the regional characteristics of the crust
in southern Portugal. The main conclusion is that
interpretation of the seismic results is difficult because
of the geological complexity of the region.

Gravimetric maps of Portugal in the scale 1:1,000,000
(free-air, Bouguer, and isostatic) were published by the
Portuguese Geodetic Survey in 1958. At that time the density
of gravimetric stations and profiles was low and those maps
are now being up-dated with new data from different sources
(Torres and Lisboa, 1988). However, the general features
observed in the old maps are present in the up-dated ones.
Figure 1.3 is the Bouguer anomaly map based on the 1958
published results. In southern Portugal the gravimetric
field shows a decrease in complexity from NE to SW. This is
generally interpreted as a decrease of the regional crustal
thickness (Cadavid, 1977), which is in agreement with
results from the seismic refraction surveys. It is
interesting to note that the Ferreira-Ficalho overthrust
separates the region into two quite different gravimetric
domains. To the NE, several short wavelength gravimetric

anomalies can be identified, which correspond to the mafic

11



380

80

rig. 1.3: Complete Bouguer anomaly map for the region
of the MT study. The contour interval is 5 mgal.
(redrawn from the Complete Bouguer Anomaly Map of
Portugal, 1958).
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intrusions that can be seen in Figure 1.2, while to the SW
gravity values change gradually and short wavelength
anomalies are absent. On the other hand, the presence of the
Messejana fault is not apparent in the gravimetric data.
This is probably a result of the low density coverage of the
early gravimetric surveys; in fact, more dense gravimetric
data obtained by mining companies and Portuguese state
agencies show the fault and associated doleritic intrusion
as well as the 4 km sinistral displacement referred to
previously (Torres and Lisboa, 1988; Bengala and Nolasco,
pers. commun., 1990).

In 1991 an up-dated aeromagnetic map of Portugal in the
scale 1:1,000,000 was published by the Geological Survey of
Portugal (Miranda and Mendes-Victor, 1991). The mean flight
altitude was 3000 m with line spacing of 10 km and the tie-
lines spacing was 40 km. As in the Bouguer anomaly map, the
aeromagnetic map (Figure 1.4) shows a good correlation
between the longitudinal zonation of the lberian Hercynian
structures and the magnetic signature (Miranda et al.,
1988). This is particularly evident in the region of the MT
study, where the Ferreira-Ficalho overthrust divides the
region into two different magnetic domains which correspond
to the Ossa-Morena and South-Portuguese zones. In magnetic
terms, the OSsa-Horena. zone is characterized by short
wavelength (less than 10 km) and medium amplitude (of the
order of 100 nT) directly polarized magnetic anomalies.

Referring to Figure 1.2, it is seen that these anomalies
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rig. 1.4: Total field aeromagnetic anomaly map for the
region of the MT study. Contours in nT (redrawn from
Total Field Aeromagnetic Map of Portugal, 1991).
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correlate well with the gabbro-dioritic complex. By
contrast, the South-Portuguese 2zone is characterized by
small amplitude (less than 10 nT) negative anomalies with
wavelengths of the order of tens of Kkilometers. An
interesting feature of this up-dated aeromagnetic map is
that the Messejana fault, and the associated doleritic
intrusions, do not appear to have magnetic signatures, which
is contrary to wvhat was expected.

One of the first attempts to compile geothermal data
collected in Portugal up to 1987 was published in the "Atlas
of the Geothermal Resources in the European Community,
Austria and Switzerland® as a heat flow density map for
southern Portugal (Haenel and Staroste, 1988). The wain
feature of that map is a geothermal anomaly with HFD values
as high as 160 mW/m’. Subsequent work by Duque (1991) and
Dugque and Mendes-Victor (1991, 1993) confirmed the general
trends indicated in the map and the geothermal anomaly

reported in the atlas. They suggested, based on additional

more HFD determinations, that the HFD values for the central
region of the AGA are as high as 200 mW/m’. The heat flow
density values were calculated by measuring the temperatures
at several depths in mining wells that were thought to have
gradients obtained in that way by the thermal conductivities
measured on rock samples from cores obtained from the same

wells. A more detailed description of the geothermal data
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set can be found in Correia et al. (1982), Duque (1984),
Mendes-Victor et al. (1986), and Correia et al. (1993). To

constrain the HFD values calculated for the AGA, chemical

the geological formations that outcrop in the AGA region to
estimate regional heat production rates (Correia, 1991; and
Correia et al., 1993). Recently, C. Almeida (pers. commun.,
1991) provided results from some new geothermal data
obtained in southern Portugal in an area that includes the
area of the MT study. His results indicate lower HFD values
than those previously reported with values that range
between 60 and 90 mW/m’.

It sould be noted that the AGA has not been detected by
any other geophysical method than the geothermal method.
Therefore, it was hoped that, because of the relationship
between temperature and electrical conductivity (or
anomaly could shed some light on the thermal state of the

Alentejo Geothermal Anomaly.

performed in southern Portugal should be emphasized. First,
there is an apparent distinction (in geological and
geophysical terms) between the Ossa-Morena and South-
Portuguese zones: the former is more complex than the latter
and the 1line of separation is the Ferreira-Ficalho

an important tectonic feature of southern Portugal, is not
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clearly evident in the gravimetric and aeromagnetic maps, as

should be expected geologically.



CHAPTER II

It seems to have been Airy (1868) who made the first
systematic study of the relationship between the magnetic
and telluric fields on the Earth. However, Tikhonov (1950),
in the Soviet Union, first realised the potential of using
the Earth's natural electromagnetic fields in Geophysics,
and Cagniard (1953) in France was the first to devise a
method for obtaining the conductivity distribution inside
the Earth. This was the beginning of the magnetotelluric
method for geophysical prospecting.

Cagniard's method consists of measuring the amplitudes
and phases of the orthogonal horizontal magnetic and
electric (also called telluric) field vectors at a sounding
site on the surface of the Earth. In this method there are
two implicit assumptions: first, that the inducing
electromagnetic field is a plane wave, and second, the Earth
consists of plane horizontal homogeneous layers. Neither
assumption is true in practise and the first one gave rise
to considerable controversy. Wait (1954) questioned the

validity of the first assumption because ionospheric sources

finite and do not generate normally incident plane waves at

the Earth's surface. The problem associated with finite
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sources was further developed by Wait (1962) and Price
(1962), who elaborated a general magnetotelluric theory
which included them. Subsequently, Madden and Nelson (1964)
and Srivastava (1965) were able to show, through the use of
computer models, that for the real Earth the plane wave
source field assumption is valid for periods up to 1000
seconds.

It soon became apparent that experimental results were
not consistent with Cagniard's first assumption in areas
with lateral conductivity contrasts. This problem wvas
addressed by Neves (1957) who first recognized the tensorial
nature of the relationship between the magnetic and telluric
fields and that it would reduce to the Cagniard case in one-
dimensional situations.

During the four decades since Tikhonov and Cagniard
published their papers, the magnetotelluric method has
substantially developed in all aspects: theoretical, data
acquisition and analysis. The books edited by Vozoff (1986)

and Nabighian (1988) illustrate the evolution of the method

A detailed account of the origin and characteristics of
the natural electromagnetic fields relevant to the MT method
can be found, for instance, in Rokityansky (1982), Kaufman

and Keller (1981), and Vozoff (1988).



Magnetotelluric (MT) and audiofrequency magnetotelluric
(AMT) methods use the natural time-varying electric and
magnetic fields observed at the Earth's surface to determine
the resistivity distribution in its subsurface. For
exploration purposes the range of frequencies of interest
lies between 10* and 10° Hz and, in general, the MT method
uses signals that are in the frequency range 10® to 10 Hz
while the AMT method uses signals in the frequency range 10
to 10' Hz. Such a distinction will not be made between MT
and AMT in this work, and when referring to MT methods or
fields, the whole range 10" to 10' Hz is implied. Both MT
and AMT will be referred to in general as the MT method.

Detailed descriptions of the sources and morphologies
of the natural electromagnetic fields is found in Keller and
Frischknecht (1966), Matsushita and Campbell (1967), and
Jacobs (1970). These fields interact with the electrically
conducting Earth, and it is the nature of this interaction
that is observed in the MT method.

By definition, the magnetotelluric field is the time-
varying portion of the Earth's magnetic field, together with
the currents it induces inside the Earth (Keller and
Frischknecht, 1966). The magnetic and electric signals that
are detected at the Earth's surface originate from these
fields, and have periods from less than 1 millisecond to
several years. The average amplitude spectrum of the
electromagnetic oscillations has a minimum at about 1 Hz,

and this minimum divides the spectrum into two portions that
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correspond to two different types of phenomena. For
frequencies above 1 Hz the magnetotelluric field is
generally produced by electrical discharges (lightning)
that occur in the atmosphere; for frequencies below 1 Hz the
magnetotelluric field is generated by complex interactions
between the stationary part of the Earth's magnetic field
and the solar wind.

Worldwide thunderstorm activity is the main source of
MT signals above 1 Hz. There are three principal storm
centers, and these are located in equatorial South America
(Brazil), «central Africa, and the southwest Pacific
(Malaysia). Each of these centers has on average 100 storm
days per year (Kaufman and Keller, 1981). Since these storm
centers are distributed around the globe, on average there
is a storm occuring at any given time (Patra and Mallick,
1980). For the whole globe, the frequency of 1lightning
flashes is estimated to be between 100 and 1000 per second
(Vozoff, 1991). At a particular site, the MT signals, also
known by the terms atmospherics or sferics, depend on the
strength, frequency of occurence of lightning flashes, and
on the distance from the point of lightning discharge. This
implies that the MT signals are largest in tropical regions,
on summer afternoons.

Some large sferics propagate around the world in a
waveguide mode between the Earth's surface and the
ionosphere. Since the height of the ionosphere changes

during the day (about 60 km in daytime and 90 km at night),
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the wavequide dimension changes with time. Furthermore, as
the electromagnetic wave travels, some of the frequencies
will be attenuated while some will be enhanced. The enhanced
ones, that result from resonance effects in the Earth-
ionosphere cavity, are called Schumann resonances and have a
fundamental mode near 8 Hz and higher modes near 14, 20, and
26 Hz.

Man-made electromagnetic noise also constitutes a
(usually undesirable) source of frequencies above 1 Hz. The
most important originate from power lines and are generally
avoided by choosing the MT sites far away from them and by
the use of notch filters incorporated in the equipment.

The MT fields at frequencies below 1 Hz, generally
known as micropulsations, are generated by complex physical
interactions that take place in the magnetosphere, though

these interactions are not yet well understood.

generated by large current loops in the ionosphere and which
is transmitted to the Earth's surface through the
atmosphere. These current loops are considered to have their
origin in hydromagnetic or Alfven waves that result from the
interaction between the solar wind and the Earth's main
geomagnetic field.

Micropulsation anpiitudis range from a fraction of a
nanotesla to a few hundred nanoteslas, which indicates that
their generation probably involves two or more different

physical processes. Following Jacobs et al. (1964), Keller
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and Frischknecht (1966), Kaufman and Keller (1981), and
Rokityansky (1982), micropulsations can be divided into
regular pulsations called Pc (pulsation continuous),
"pearl" pulsations (Pp). Micropulsations have periods that
vary between 0.2 and 1000 seconds.

The nature of the micropulsations observed at a
particular time at a particular site depends on the time of
the day, the state of the local ionosphere, the level of
geomagnetic activity (essentially controlled by solar
activity), the time in the solar cycle, and seasonal
effects. On records of the variations of magnetic and
electric field components, regular pulsations are the most
prominent and irreqular pulsations generally appear as
damped trains of waves that follow each other in an

irregular sequence. "Pearl"™ pulsations, which occur at

When performing a MT survey the main objective is to
determine the resistivity (or the conductivity) distribution
inside the Earth from measurements of time-varying magnetic
and electric fields at its surface. Maxwell's equations
describing the behaviour of the electromagnetic fields are
therefore used to study those fields and the way they

interact with subsurface structures.
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Experimental work done by Faraday and Ampére led to the
following equations that generally carry their names, i.e.,

Faraday's law,

o8

o (2.1)

<
x
ry
I
|

and Ampére's law,

1) . .

x Y ( )

where £, B, H, D, and J are :espectively, the electric
field intensity (in volt per meter), the magnetic induction

(in weber per square meter or Tesla), the magnetic field

(in coulomb per square meter), and the electric current
density (in ampere per square meter).

Equations (2.1) and (2.2), together with the relations

<
Eml
1]

>

(2.3)

and
V.D=p, (2.4)

vhere p, is the electric charge density (in coulomb per
cubic meter), constitute what are known as Maxwell's

equations. If the Earth can be considered as a homogeneous
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medium with resistivities less than 10 ohm.m, free electric
charges dissipate in less than 10 seconds (Stratton, 1941).
Furthermore, for geophysical purposes and for frequencies
lower than 10° Hz, V-D=0, though this is more the exception
than the rule in the real Earth.

Faraday's and Ampére's laws are uncoupled differential
equations. Nevertheless, they are coupled through the

following equations:

D=#w.EF1.T.p. . )E, (2.8)

B=j(w,BF1.1,p,. . )H, (2.6)
and

J=atew EF 1. T.p, )E (2.7)

in which &, ju, and & are the dielectric permittivity,
magnetic permeability, and electric conductivity tensors,
respectively. These tensors depend on angular frequency
(w), electric field (F) or magnetic induction (#),
position (F), time (t), temperature (T), and pressure (p).
In general these tensors are complex quantities. However,
when applying equations (2.5), (2.6), and (2.7) to solve
problems related to the Earth, some simplifying assumptions
are made. It is generally assumed that the media of interest
are linear, isotropic and homogeneous, and that the
electrical properties are independent of time, temperature,

and pressure. Furthermore, the magnetic permeability is
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assumed to be that of free space, i.e., u=u,=4r-107 H/m.
With these assumptions the constitutive relations (2.5 to

2.7) reduce to (Ward and Hohmann, 1987):

D=¢&f (2.8)

B=ufl (2.9)

J=ok (2.10)

where the dielectric permittivity, &, and the electrical
conductivity, o, are still complex functions of the angular
frequency, and the magnetic permeability is real.

In complicated situations where interpretation is not
straightforward and modelling must be extensively used, the
above assumptions do not alwvays apply (Ward and Hohmann,
1987). That is the case, for instance, when anisotropy and
inhomogeneities are included in electromagnetic boundary-
value problems to help interpret the data. Furthermore, in
deep crustal studies, temperature and pressure effects
should be considered, as well as the variability of
electrical conductivity as a result of change in moisture
content, such as can occur in soils.

Applying the curl épgratar to Faraday's and Ampére's
equations, and using the constitutive equations and the
vector identity VxVxd@=VV.3-V’d the following equations

are obtained:
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AE Ak

VE = [16":?——4'”0; (2.11)
and
o*H H
2
VA= yea, +uo— (2.12)

which are wave equations for £ and H.
Equations (2.11) and (2.12) can be further simplified
when applied to Earth problems. If they are Fourier

transformed the following equations are obtained:

VE = (inow - pew’ ) i: (2.13)

and

7 = (inow- pew* ) A (2.14)

where the wave number, k, is given by

k* =(igow- pew*). (2.15)

However, for Earth materials at frequencies lower than 10'
Hz, uew’ <<uow (Keller and Frischknecht, 1966), which means
that displacement curren;s are negligible when compared with
conduction currents. In this case, equation (2.15) reduces

to k' =ziuow and equations (2.13) and (2.14) become
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VE =iyocak (2.16)
and

VA = ipoall (2.17)
which are diffusion equations for £ and A in the frequency
domain. Since in equations (2.11) and (2.12) the terms
associated with displacement currents are the second order
time derivatives of the £ and A fields, when displacement
currents are ignored and a time dependence of the form e

is assumed, these equations reduce to:

= ck

V*E = yo— (2.18)
cl
and
* g cH e
V-H= —_—— ilg
Ho— (2.19)

To simplify the analysis of the above diffusion
equations it is usual to choose a cartesian coordinate
system such that only one component of the electric field is
non-zero. In electromagnetic induction studies in the Earth,
the X direction is considered positive toward the north, the
Y direction positive toward the east, and the 2 direction
positive downward. If only E, is non-zero, for instance,

equation (2.18) reduces to

X = yo—= (2.20)
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and has solutions of the type
Ex =Cet.lek: (2.21)

Where C is an arbitrary constant. However, from equation

(2.15), k has two values, i.e.,
k=:t,/ipow (2.22)
and therefore the general solution of equation (2.20) is:

E = Ae'™'¢™* + Be'"'e"’ (2.23)

where A and B are two arbitrary constants. In the case of a

homogeneous half-space, F, must be zero as 2z approaches

infinity, B must be zero, and so
E =Ae'"'e** (2.24)

with k=‘/iyo(o.=.a+iﬂ and a=pf= ,/paw/ . A similar procedure can
be used to produce the solution for the A tiela.
Equation (2.24) can be written explicitly as

E =Ae'"'e '™ (2.25)
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where A represents the amplitude of the electromagnetic
wave, ¢*' indicates that it varies sinusoidally with time,
e ™ indicates attenuation with depth, and e¢'* indicates that
it varies sinusoidally with depth. The factor e “ leads to
the definition of skin-depth as a measure of the depth of
penetration of an electromagnetic wave, &4, which is the
depth at which its amplitude is reduced to 1l/e of its

surface value, i.e.,

Ny
1

(2.26)

From this equation it is apparent that the skin-depth
(depth of penetration) depends on the characteristics of the
medium traversed (through o), as well as the frequency
(through o=f/27). Qualitatively, this means that 1long
period (low frequency) electromagnetic waves penetrate
deeper than short period (high frequency) ones, and the
higher the resistivity of the medium traversed the greater
the depth of penetration.

Geoelectromagnetic problems are generally boundary-
value problems and, therefore, the appropriate boundary
conditions must be applied whenever interfaces exist between
different media. At a boundary the normal components of A
and the tangential components of E are continuous across

it; the tangential component of H is continuous if there
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are no surface currents at the boundary; the normal
component of D is discontinuous, due to charge accumulation
at the boundary; and the normal components of the current
density and the static potential of £ and A are all
continuous. More details about boundary conditions generally
used in electromagnetic problems can be found in Stratton

In electromagnetic methods, particularly
ragnetotelluric methods, the concept of impedance is of
foremost importance. This is because it allows the
resistivity distribution as a function of frequency at a
measuring site to be determined. By definition (Keller and
Frischknecht, 1966), the impedance, Z, is the ratio between
two mutual orthogonal components of the electric and

magnetic fields, i.e.,

]

]
1
]

|
jﬁ

x|

(2.27)

X

where Z has the unit of resistance (ohm). On the other
hand, it <can be shown (for instance, Keller and
Frischknecht, 1966) that at the surface of a homogeneous and

isotropic Earth the equation

(2.28)
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holds. Combining equations (2.27) and (2.28), the following

formula for the resistivity is obtained

. E 2 5 E 32
-i(E ) i[E, L
= 477 o e | i - 9
P pm(Hr) gm(H,) (2-29)

from which resistivities as a function of frequency can be
calculated, given the electric and magnetic components of
the fields measured at the Earth's surface. In formula
(2.29), the presence of i indicates that a phase difference
of 45° exists between the electric and magnetic fields. In
terms of the amplitude of p, formula (2.29) can be written

1| [ ,
p%; H; (2.30)

It should be noted that two distinct kinds of
electromagnetic signals, those below 1 Hz and those above 1
Hz, and which have different origins, propagate through the
atmosphere until they penetrate the Earth's subsurface.

Below 1 Hz (ionospheric origin) the waves travel vertically,

in a vave-guided mode. After penetrating the Earth's surface
both travel vertically, which means that the latter are
refracted at a large angle. This is a result of the large



contrast between the electrical properties of the Earth's
atmosphere and the Earth itself, and means that both waves,
as far as calculations below the Earth's surface are
considered, can ke seen as normally incident electromagnetic

waves (Stratton, 1941).

2.4, One-, two-, and three-dimensional formulations

The simplest Earth model consists of a homogeneous
conducting half-space with a plane surface with air above
it. This model was already introduced in the previous
section to illustrate the concepts of skin-depth (equation
(2.26)) and resistivity (equation (2.30)). Strictly
speaking, these two formulas are only valid for a
homogeneous medium. It will be shown that their physical
meaning and form change when inhomogeneous media are to be
considered.

Although the Earth is far from one-dimensional, its
representation by a series of n horizontal, homogeneous
layers is wuseful and applicable for certain geological
environments, such as sedimentary basins. In such cases,
where resistivity is only a function of depth, it is
possible to demonstrate (e.g., in Keller and Frischknecht,
1966) that the general expression of the impedance at the

Earth's surface is given by
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e fimfo o o)

»1 Bn /)

(2.31)

where h represents the thickness of layer i, where i=1 for
the uppermost layer. In this representation, the resistivity
obtained by measuring the mutually orthogonal components of
the electric and magnetic fields at the Earth's surface is

an "apparent resistivity" defined by

LI K" R i 3 (2.32)

Despite the fact that equations (2.30) and (2.32) are
identical in form, they represent different guantities. In
the first, p represents the real resistivity of the
homogeneous half-space, while, in the latter, P, is (in some
way) a weighted average of the true resistivities of the n
layers. One of the objectives of an interpreter is to
determine the values of those resistivities from
measurements of the electric and magnetic fields performed

It was seen that for an homogeneous Earth, a constant
phase difference of 45° exists between the electric and
magnetic fields, with E, leading H,. However, this is no

longer true for the n-layer case. In fact, by definition,
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the phase is given by the argument of the impedance
(Z=|Z|¢'*) obtained at the Earth's surface. But, from
equation (2.31), it is apparent that it changes with the
number of layers and their thicknesses, and the frequency.
This indicates that phase can also be used to determine the
resistivity distribution as a function of frequency and,
after application of some inversion procedure, as a function

of depth. As a rule, the phase tends to 45° at high

a decrease in resistivity, and decreases when resistivity

increases.

During the first work to use MT methods in geophysical
prospecting, researchers began to realize that

interpretation employing one-dimensional models was often
impossible or misleading due to geologic complexity.
Therefore, a more advanced formulation or model was
necessary in order to interpret data obtained in geological
situations that are more complex than one-dimensional. The

new approximation considers the real Earth to be two-

and in one of the horizontal directions, say Y, generally
perpendicular to the structural strike. In this situation,
the component of the electric field induced in the X
direction (E,) will be, in part, due to the inducing
magnetic component in the Y direction (H) and, in part,
due to the currents, induced by the magnetic component in
the X direction (/,) that were deflected by the geological
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structure and so contribute to the total electric field in
the X direction. In mathematical terms, this situation can

be described by the equation

E,=Z_ H +ZH, (2.33)

where Z, and Z, represent the contributions from H, and H,
to E,. Similar reasoning is valid for the component of the
electric field in the Y direction (£)) and so

E, =Z,H +ZH, (2.34)

The two equations (2.33) and (2.34) are frequency dependent
and are generally written in a more compact form (Cantwell,

1960),

EN (2, z,][H.
E‘ B z;i:' 'Zn ﬁ H‘ ’ (2-35)

which represents a tensor relationship between the electric
and magnetic field components as measured at the Earth's
surface. The Z, are the tensor elements of the so-called
impedance tensor. In a one-dimensional Earth (homogeneous
half-space or layered) ;equatians (2.33) and (2.34) will
simplify. In fact, since there is no deflection of the

induced currents by vertical structures, only magnetic field
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components perpendicular to a certain direction will induce
an electric field in that direction, and the equations
reduce to £ =Z H, and E =Z_ H, as they should;

¥

furthermore, Z, =2

0, and Z,=-Z,#0 by symmetry reasons.
Also, for a purely two-dimensional situation, when the
strike direction of the 2-D structure is parallel to the X
or Y directions of the measuring reference frame, Z, =2, =0
and Z #Z,#0. These results can be thought of as a
consequence of the symmetry of the problem and will be
formally explained later. In general, however, for two-
dimensional situations in which the measuring reference
frame is not aligned with the structure, 7, =-Z_ 20 as well
as Z #Z,=20.

The impedance tensor appearing in equation (2.35) has

three invariants (Rokityansky, 1982):

Since for two-dimensional structures Z,6=-Z,#0, then for
such structures the invariant /, equals zero. Therefore, if
the impedance tensor al_:tained at a certain site shows a
trace equal to zero (i.e., /.=0), it can be concluded that

the Earth structure is two-dimemsional. Furthermore, there
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tensor diagonal elements equal zero. If, for instance, the
angle 6 (measured in a clockwise direction), between the X
direction (linked to the measuring reference frame X,Y,2)
and the strike direction of the geological structure (linked
to the reference frame X',Y',Z2') is known, it is possible to
calculate the rotated impedances Z , (where theoretically
both diagonal elements are zero) by performing the following
matrix operation (Swift, 1967)

z,] [c¢ ¢s c¢s s§)[z]
z,| |-cs ¢ -5t cs||Z 2.36)
z, “l-cs -s* ¢t cs z, o3

§* -Cs -CS C?

N
M

where C and S stand for cosf and sinf, respectively.

In the previous example Z =Z =0. However, the angle
6 is not usually known at the beginning and, in this case,
a criterium must be found to rotate the impedance tensor by

an angle 6, that makes Z_, and Z, equal to zero. This
criterium was suggested by Swift (1967) and is described by
Vozoff (1972). The wain idea is to maximize the value of
IZ;,(OX:+|Z;,(0)|: for a particular angle 6,. This can be
achieved by differentiating Z, (6) ana Z,_(6) given by equation
(2.36) and finding the value of 60,, measured clockwise, for
which the maximization is accomplished. The angle 6, is

given by
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1 -1 (za - wazl:f + Zli )- + (Zn - z\i )-(zn + Zti)
00=—[an e il A N 2. 3 r,,
) (e =2, |20 +2.]

(2.37)
where the star means complex conjugate. However, this
equation has four solutions at 90° intervals, which means
two possible strike directions perpendicular to one another.
To choose between them it is necessary to have some other
independent information such as the relationship between the
magnitudes of the measured horizontal and vertical
components of the magnetic field, or some geological
constraint.

Although the tensor description above is
straightforward, complications arise when data are used to
calculate the elements of the impedance tensor and the data
are contaminated by noise. This means that even in two-
dimensional situations the diagonal elements of the
impedance tensor are not necessarily zero in a reference
frame where one of the axes is parallel to the strike.

The mathematical formulation for two-dimensional
structures can be more formally carried out by using the
fact that an arbitrary electromagnetic field in a
homogeneous, source-free region can be expressed as the sum
of a transverse magnetic (TM) field and a transverse
electric (TE) field (Morse and Feshbach, 1964). The
usefulness of this theorem resides in the fact that in 2D

cases Maxwell's equations decouple into TE and TM modes if
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the horizontal directions of the reference frame are chosen
in such a way that one is parallel to and the other
perpendicular to the strike of the structure. Furthermore,
this results is an advantage in the enforcement of boundary
conditions when using numerical techniques. An
electromagnetic wave is said to be E-polarized (TE mode) if
the electric field is along the strike and to be H-polarized
(TM mode) if the magnetic field intensity is along the
strike. The major simplification of this approach results
from the fact that primary E-polarized waves generate
secondary waves that are E-polarized, while primary H-
polarized waves generate secondary waves that are H-
polarized (Orange, 1989). Therefore, any electromagnetic
signal can be decomposed into E-polarized and H-polarized
waves. In mathematical terms the above decomposition can be
made as follows. Neglecting displacement currents, equations
(2.1)and (2.2) are giving in the frequency domain by (Ward

and Hohmann, 1987):

VxE:siyml? (2.38)
and
VxH=of. (2.39)

Considering a reference frame which has the X direction
parallel to the structure's strike, the above equations, in

component form, reduce to (e.g., Jones and Price, 1970):

40



SH, @H,

Err TR (2.40)
-a%=aE,. (2.41)
JH
X ——d‘ .

3y . (2.42)
éE. ¢k,

cy =

‘i"" = —ipwH, (2.44)
c2 ’
ﬂ=i;la)H_.. (2.45)
ey

Equations (2.40), (2.44), and (2.45) involve only [k ,

H.,, and H. and correspond to the E-polarization mode

(electric field parallel to the X direction). Equations
(2.41), (2.42), and (2.43) involve only H,,6 F, and E, and

»

correspond to the H-polarization mode (magnetic field
parallel to the X direction). Eliminating 4/, and H, from

the first set of three equations gives
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= juwok, . (2.46)

Eliminating £, and E, from the second set of three equations

C e+ St iumot],, (2.47)

Analytical solutions for these equations are only known
for a few simple structures (Rankin, 1962; d'Erceville and
Kunetz, 1962; Weaver, 1963; Hobbs, 1975), and in most 2-D
cases numerical methods have to be used to calculate the

response functions. There are essentially four numerical
Bostick, 1969; Jones and Price, 1970; Jones and Pascoe,
1971, 1972; Williamson et al., 1974; Brewitt-Taylor and
Weaver, 1976:; Weaver and Brewitt-Taylor, 1978), the finite
element method (Coggon, 1971; Silvester and Harlam, 1972;
Reddy and Rankin, 1973; Wannamaker et al., 1986), the
transmission line analogy (Madden and Thompson, 1965; Swift,

1967,1971; Ku et al., 1973), and the integral equation

As previously stated, in an ideal 2D structure, the

impedance tensor can be rotated by an angle that makes
Z,=2,=0, Z,=E/[H, and Z =E [H . However, these values

are rotated values into the strike direction and so they
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correspond to the TE and TM modes, respectively. It is then
possible to write Z =Z,=E /H and Z_ =2I, =-E[H,, and
finally, using the definitions of apparent resistivity p,
and phase ¢

b,p 1y e 1 |E[
;ﬁz —z = — X 2. ]
Pu ij,L,lsw| iyml e ™ H,| (2.48)
1y, 1 > 1 |E,
=1/ Eﬁz S B — ¥ 2. .
P ﬂﬁ)l uI yml nr| o Hs (2.49)

and

of frequency calculated parallel and §erperidiculgr to the

strike of a twc~-dimensional structure or model,
respectively, and ¢, and ¢, are the calculated phases as
functions of frequency parallel and perpendicular to the
strike, respectively. It is now apparent that for each site
in a 2D structure there are two calculated apparent

resistivities and phases. This can introduce difficulties at
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the interpretation stage. Nevertheless, the results are more
consistent with reality than are one~dimensional
interpretation techniques.

Despite the fact that many geological situations can be
studied and interpreted using the two-dimensional
formulation just described, in the majority of the cases,
the geological structures to be interpreted are three-
dimensional in character. This means that the resistivity
varies in the three spatial directions and only a few
analytical or semi-analytical solutions are known for
special cases (Bailey, 1977; Fischer et al., 1978). So, as
in the 2D case, numerical solutions are used to simulate the
responses of 3D models or structures. Hohmann (1987) reviews
the situation up to 1988. Several techniques are now in use
to simulate three-dimensional structures, such as the
finite-difference technique (Jones and Pascoe, 1972; Lines
and Jones, 1973a,b; Jones and Vozoff, 1978; Pridmore et al.,
1981), the integral equation approach (Raiche, 1974;
Weidelt, 1975; Ting and Hohmann, 1981; Das and Verma, 1982;
Wannamaker et al., 1984a), thin sheet approximations (Dawson
and Weaver, 1979; Ranganayaki and Madden, 1980; Park et al.,
1983; Park, 1985), and hybrid techniques (Lee et al., 1981).
Also some analogue 3-D studies have been performed (Rankin
et al., 1965; Dosso, 1966, 1973; Dosso et al., 1980;
Nienaber et al., 1981).
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2.3, Impedance tensor estimation

In section 2.4 the concept of the impedance tensor was
introduced as well as a method to calculate the apparent
resistivities and phases from it. However, to calculate
these functions and others that will be described later, it
is necessary to process the field data (the measured
electric and magnetic fields, probably contaminated by some
kind of noise) to obtain the four elements of the impedance
tensor for several frequencies. The processing techniques
used in MT prospecting have been treated in a great number

of publications (e.g., Swift, 1967; Sims et al., 1971

Vozoff, 1972; Hermance, 1973; Rokityansky, 1982; Vozoff,
1991).

The main objective of MT processing is to transform the
generally noisy electromagnetic field data (a set of
electric and magnetic time series) into a set of frequency-
dependent impedance tensor elements, from which Earth
response functions can be calculated. Basically, the MT data
processing is a two step operation: first, spectral analysis
of the recorded time series is performed, followed by an

estimation of the impedance tensor elements. This means that

equation (2.35) must be solved for Z, values, where the

quantities £, LK, H, and H. represent the measured

signals in the frequency. domain.
The least-squares method is the most common approach to

process magnetotelluric data. With two independent

measurements of the electric components (£, and [,) and the
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magnetic components (/, and H,) it would be possible to
calculate Z, and Z, of equation (2.33). In fact, after
substitution, a set of two equations with two unknowns would
be obtained. The same procedure could be applied to equation
(2.34) to calculate Z, and Z, . However, the electric and
magnetic field records always contain noise and it is
therefore desirable to have more than two independe::
records so that averaging techniques can be used to reduce
noise effects and to estimate the errors in the results. The

least-squares estimate of Z, and Z,6 can be calculated by

minimizing the function (Sims et al., 1971)

N -
F=Y(E,-2.H,-2 HNE, -2.H,-2_H,) (2.52)

=1

where i represents the number of N independent measurements
of £, H, and H, at a given frequency, and the star means
complex conjugate. Taking derivatives of the real and
imaginary parts of equation (2.52) with respect to Z_ and

Z,., and setting them equal to zero one obtains

N N N
2EH, =2 3 HH,+Z 3 H.H, (2.53)
1= r=1 TR

and

N ) N . N )
Y EH, =23 H.H,+2,3 H,H, (2.54)
i=l =1 i=1

46



where the expressions involving the summation signs are
auto-power and cross-power density spectra of the field
components. Equations (2.53) and (2.54) may then be solved
to obtain estimates of Z_ and Z,. Equation (2.53) can be

by H, and summing over the N measurements and equation
(2.54) by multiplying equation (2.33) by H, and summing
over the N measurements. If the electric field componeants
(E, and E|) are used instead of the magnetic field

components (H

and H,), the following equations are

obtained:

fH,,E;sFZ{‘iHE‘ (2.55)

and

N N N
Y EE, = 2.3 HE 42,3 H B, (2.56)
i=1 i=1 1=

Equations (2.53), (2.54), (2.55), and (2.56) can now be
used to calculate Z, and Z,, and since there are six

distinct pairs there are six different estimates of Z, and

N

For instance, for Z_  the six estimates, represented by

,B.i

Z,, are (Sims et al., 1971):

* <HE >< HE >-<HE ><HE >

(2.57)



g _<HE ><EH >-<HH ><EE >

— ' (2.58)

% <HE><HH,>-<HH,><HE> ( )

5 <HE ><EH, >-<HH, ><EFE,> -

Z,= . . T T T L (2.59)
" <HE><HH >-<HH ><HE >

5= <HE ><EH >-<HH ><EE, > , ,

Z = 2 — (2.60)
? <H.E><HH;>-<HH;><HE, >

7 5 H.E ><EH, >-<HH ><EE > 2.61
* <HE!><HH,>-<HH ><HE.> (2.61)
and
5 <HH ><EH >-<HH,><EH:,> o
Z, = e (2.62)

* <HH;><HH>-<HH ><HH >

vhere the auto-power and the cross-power density spectra are
represented by products of the type <AB >.

Strictly speaking, the summations in equations (2.53),
(2.54), (2.55), and (2.56) are only valid for a particular
frequency. However, since the impedances are assumed to be
slowly varying functions of frequency, the summation terms
may be regarded as averages over a finite bandwidth. From
the six estimates (equations (2.57)-(2.62)), equation (8.59)
and equation (2.60) are unstable; the other four are stable
and correctly predict the impedance value for ohe-
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polarized (Sims et al., 1971). These comments also apply to
all other estimates of the impedance tensor elements Z

Z,, and Z,, which are calculated in a similar manner to the
one just described and also have two unstable and four
stable estimates.

Noise is an ever present feature of magnetotelluric
measurements and, therefore, it is important to know its
influence in the impedance estimates. According to Sims et
al. (1971), of the four stable estimates referred above, two
are biased down by random noise in the magnetic components
and are not biased by random noise in the electric
components (e.g., equations (2.61) and (2.62)) and the other
two are biased up by random noise in the electric components
and are not biased by random noise in the magnetic
components (i.e., equations (2.57) and (2.58)). In MT work,
equation (2.62) is the most commonly used. A more detailed
description about the effect of noise in MT processing can
be found in Sims et al. (1971) and Rotikyansky (1982).

After estimating the values of the impedance tensor
elements it is possible to calculate the electric field
components £, and E, using the right hand side of eqguations
(2.33) and (2.34). Conventionally, these calculated values
are called predicted values and are represented by £, and

E

w+ A comparison between the predicted electric field
components and the observed electric field components gives
@ measure of the gquality of the estimated impedance

elements. The similarity between the predicted and the
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observed values can be calculated by the predicted

coherency, defined by (Swift, 1967)

. <EE_ >
oM E, E, )= ——— 0 _____ (2.63
HE-E) [<EE ><EE, 5] e

The coherency function varies between 0 and 1, the latter
indicating that the measured and the predicted signals are
perfectly correlated.

The coherency function iz useful to identify good and
poor data. Nevertheless, it does not provide a means to
correct poor data. The remote reference method (Goubau et
al., 1978; Gamble et al., 1979 a, b; Clarke et al., 1983)
provides, however, a way of acquiring and processing MT data

that appears to be effective in compensating for noise.

by noise than the electric field components. In practical

terms, the magnetic field components are recorded

each site the signals are highly correlated while the noise
is uncorrelated. If H_, and H, represent the magnetic

components measured at the remote reference site, the

impedance tensor elements can be estimated by nult:i;plying

50



equations (2.33) and (2.34) by H, and H, and averaging as

previously described. _his operation gives:

<EH,>=Z, <HH,>+Z <HH, >,

<EH,>=2, <HH,>+Z <HH, >,

<EH,>=2_<HH,>+Z <HH, >,
and
<EH,><Z, <HH_ >+Z <HH, >

If the noise in the remote reference site is
uncorrelated with the noise in the MT site (and since the
above equations do not contain auto-power density spectra)
the calculated impedance tensor elements will be unbiased by

noise.

The Earth's subsurface is generally complex and
interpreting MT data based only on resistivity and phase
curves, would be difficult in the majority of situations.
Therefore, it is useful to have surplus information to
constrain the data to be interpreted in geological terms.
These constraints are given by parameters calculated from

the impedance tensor, such as the strike direction, the
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The strike direction has already been discribed in

section 2.4, where two-dimensional structures are discussed.

and Vozoff, 1978). On the other hand, in some 2D cases the
strike direction is difficult to define due to noisy data.
In this situation, the diagonal elements of the impedance
tensor are far from being zero, as they should be in an
ideal two-dimensional structure. Nevertheless, a plot of the
strike direction as a function of frequency is generally a
good indicator of how the strike direction varies with depth
and can help to interpret MT data. Different ways of
calculating and plotting strike direction indicators can be
used and Vozoff (1991) gives some examples.

Another important dimensionality parameter is the
impedance skew, S5, generally known by the term "skew". It is

defined as (Swift, 1967; Vozoff, 1972)

- lzs + Zw
§=1=—=
!Zﬂ’ﬂ%J

(2.64)

Since it is the ratio of two of the three invariants defined
in section 2.4 (i.e., /I, and /), it is rotationally
invariant. For one- and two-dimensional, noise-free data,

the skew should be zero. However, this is often not the case
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because there is always noise present in MT data. For three-
dimensional structures, the skew is high but so far it is
not clear what value should be taken as the upper limit for
the onset of a 3D behaviour. Reddy et al. (1977), Ting and
Hohmann (1981), and Park et al. (1983) suggest values of
0.4, 0.12, and 0.5 (or higher) respectively, as indicating
3D structures.

Another parameter used to identify 3D geological
structures is the impedance ellipticity A(0), known as

"ellipticity" (Word et al., 1971), defined as

L [2.(0)-2,(0)]
p(6)= 12,.(0)+Z,(0)]

(2.65)

where ¢ represents a rotation angle of coordinates, For
noise-free data, ellipticity is zero for 1D cases as wvell as
for 2D cases where the X or Y directions are parallel to the
strike direction. Wwhile the skew does not vary with a
rotation of coordinates, ellipticity does.

As previously indicated, there is an ambiguity when
trying to determine the strike direction of a 2D geological
structure by means of egquation (2.37). The tipper, defined
by Vozoff (1972), can, however, help to solve the ambiguity.
In fact, the relationship between the measured vertical

component of the magnetic field, (H.), and the measured
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horizontal components (H, and H,) can be expressed by

(Everett and Hyndman, 1967; Madden and Swift, 1969)

H.=TH +TH, (2.66)

The quantities 7 are complex and can be visualized as
operating on the horizontal magnetic field and tipping part
of it into the vertical direction. By definition, the tipper

is given by (Vozoff, 1972)

(2.67)

where 7, and /. are given by:

<HH><HH >-< H.H><HH; >

* T <H.H >< HH > E::E:H: ><HH >

and

, o <H.H;><HMH~-<HH ><HH >
v ;:?sl‘H“ ><HH >-< H.H; >< H‘H: >

The products of the type <HH > represent auto-power and
Ccross-power density spectra. For a one-dimensional
situation, the tipper 1is zero. For a two-dimensional
situation 7, will be zero for the H-polarization case (i.e.,
the strike is parallel to the X direction). Therefore, in a

general 2D case, the strike direction will be the one that
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makes 7, decrease to zero. The tipper can also be used to
deternmine which side of a contact between two media is the
more conductive one (Vozoff, 1991; Orange, 1989). A more
comprehensive description of the dimensionality parameters

available to MT work can be found in Beamish (1986) .
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CHAPTER III

When using the magnetotelluric method to determine the
Earth's conductivity distribution with depth, one must bear
in mind the range of amplitudes of the signals that will be
measured and the spectrum of frequencies over vwhich the
measurements will be made. Since the amplitude of the
magnetic field is of the order of milligammas and the
electric field is of the order of uV/m, it is necessary for
the equipment used to detect and measure those signals to be

same time, it is wuseful to know the gquality of the
measurements and to have the possibility of appraising the
site results in the field, and so it is desirable for the
equipment to allow digitization of the analog signals
measured by the magnetic and electric detectors.

For the field work of this study the SPAM (Short Period
Automatic Magnetotelluric) Mk IIb system developed at the
University of Edinburgh was used, in conjunction with
electric and magnetic detectors. It allows real-time, in-
field data acquisition and procescing, and is capable of
detecting and recording signals in the frequency range of

128 Hz to 0.031 Hz. To make best use of the available
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rig. 3.1: Block diagram of the SPAM Mk IIb (from
Daves, 1990).
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is divided into four overlapping bands (0, 1, 2, 3). Band 0
analyses frequencies between 128 and 16 Hz, band 1
fregquencies between 16 and 2 Hz, band 2 frequencies between

2 and 0.25 Hz, and band 3 freguencies between 0.25 and 0.031

systems: the sensor distribution box, the analog box, and
the computer box (Dawes, 1990, SPAM Mk IIb User's Manual).
Figure 3.1 shows a block diagram of the SPAM Mk IIb. The
sensor box brings together up to 5 signals from the magnetic

and electric sensors. These are three orthogonal magnetic
signals (H,, H,, and H,) and two orthogonal telluric or

electric signals (E, and E,). Differential pre-amplifiers

(to amplify the telluric signals) are included in the senaor

box together with a power source to supply the magnetic

cable about 80 metres long in order to reduce interference
to the magnetic and electric sensors. This cable transmits
the signals and power to and from the sensors.

The analog box provides up to seven identical channels
of signal processing and conversion, interfacing with the
computer sub-system. It includes: pre-amplification and wide
band filtering, to improve the signal to noise ratio and
dynamic range; notch filtering, to remove artificial mains
frequencies and odd harmonics; four band switchable filters,
to split the broad band range into smaller bands; autj:aé
ranging post amplification, to achieve optimal dynamic range
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of the widely varying natural signal levels; a clock
generator and a control unit, to control the timing of the
whole sub-system; individual sample and hold, and an analog
to digital converter, to provide digitized data for the
computer unit; and DC-DC converters, to allow efficient
operation from a single 12 V battery.

The computer box performs data analysis and stores the
results on floppy disks. Serial interfaces support a dual
3.5" floppy disk unit, a small portable LCD terminal, and an
external data dump facility. Parallel interfaces drive a
high speed thermal printer/plotter and provide all
communications with the analog box. One of the floppy disks
holds the programs for in-field analysis while the other
stores the time series and analyzed data. The computer, the
disk units, and the printer are powered via DC-DC converters
from two 12 V batteries connected in series.

The magnetic sensors used during the field work r''are

induction coils consisting of several thousand turns of fine

material, and a low-noise pre-amplifier and components, all
enclosed in a waterproof casing. The electric field
measurements were performed using non-polarizing copper-
copper sulphate electrodes. More detailed information about
the SPAM Mk IIb can be found in the user's manual (Dawes,

1990) .
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3.2, Field procedures

When choosing a place for a magnetotelluric site one
must always remember that cultural noise should be avoided.
It can come from many sources, such as high voltage power
lines that produce strong magnetic fields with frequencies
of 50 or 60 Hz (depending on the country) and all odd
harmonics. Other sources of cultural noise include
electrified train 1lines, electrified fences, underground
electric lines and pipes, farm machinery, local low power
lines with poor transformers and poor earthing, radio
transmitters and repeater stations, large metallic objects,
passing vehicles, and so on. Noise can also result from
physical movement or oscillations of the sensors. The site
terrain should cover an approximate area of, at least, 50 m
by 50 m, to accommodate the telluric lines, and should be as
flat as possible. It should be away from rivers, lakes or
interior seas because of the distorting effects they have on
the induced electromagnetic fields. The site should not
present great changes in the local geology and topography,
and should provide a good contact between the ground and the
non-polarizing electrodes. All these conditions are seldom
met, but some compromise can always be achieved between the
characteristics of the site and the quality of the signals
measured and recorded.

After choosing the magnetotelluric site, the next step
is to install the magnetic and electric sensors and sct‘up

the SPAM system. Considering that the site's centre is
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approximately marked by the sensor box, four cables of about
50 m are laid out in the north, south, east, and west
directions. At the end of each of the cables a non-
polarizing electrode is inserted into the ground and
stabilized. To improve the electrical contact between the
ground and the electrodes, it is common practice to wet a
small volume of the ground where the electrodes are
inserted. Each of the four electrodes is connected to its
own cable, the other end of which is connected to the
appropiate terminal on the sensor box. The north and south
electrodes measure a potential difference that is used to
determine the electric field in the N-S direction (with
north considered positive) while the east and west
electrodes measure a potential difference that is used to
determine the electric field in the E-W direction (with east
considered positive). The contact resistence between each
pair of electrodes has to be checked. Generally values above
10 #Q do not give reliable results and, in this case, an
effort must be made to improve the electric contact between
the ground and the electrodes. The spontaneous potential is
also measured as a means to determine if the electrodes have

reached electrical equilibrium with the soil and if the DC

Figure 3.2 illustrates the typical field set-up of a MT
site.
The magnetic sensors (coils) are the next devices t@ibc

installed. Two of them must be placed horizontally in small
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Pig. 3.2: Illustration of a typical magnetotelluric

station set-up (modified from Sternberg et al.,1984).
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trenches dug in the N-S and E-W directions and separated by
about 5 m. The third coil must be placed vertically in a
hole away from the other two. All the three coils must be
leveled and covered with soil to avoid vibrations produced
by wind. The same coils are always used in the same
directions. As in the telluric 1lines, the coils are
connected to the appropriate terminals in the sensor box by
to avoid vibrations. In this study it was not possible to
measure the vertical component of the magnetic field because
of a breakdown of one of the coils. This was unfortunate and
precluded some analysis that could have been done if that
component had been measured.

After these initial operations, the sensor box is
connected to the SPAM system through a multiconductor cable
of about 80 m length. The whole system is then earthed and
the tests and calibration begins. The initial tests are time
consuming but, in order to be sure about the quality of the
data, it is always a good policy to make them before
initiating any measurements. The SPAM's user manual
thoroughly describes all the tests to be performed. However,
there are three tests that should be mentioned. The first is
and saturation of the magnetic and telluric channels; the
second consists of verifying the level of cultural noise
that may be present in or near the MT site by using the

notch filters for each channel (this procedure is

&3



of visually verifying with an oscilloscope the correlations
between H, and E,, and between H, and E, (this gives
indications about possible misconnected cables among the
sensor box and the electric and magnetic sensors). After all
tests are performed, measurements of the natural fields can

begin.

The magnetotelluric field work in Portugal began in
May, 1990 and lasted for four months. Besides the MT
measurements, it also included field reconnaissance,
equipment preparation, and contact with owners to seek
authorization to occupy sites on private land. In total 34
magnetotelluric sites were occupied in two months of work.
On average, each site was occupied for 12 to 14 hours with
the exception of sites 1 and 28, where, because of equipment
failure, the times of occupation were about 2 days each.

From the geology, it is apparent that the study region
is three-dimensional (see Figure 2.2). Therefore, from the
beginning of the work it was decided to cover the area with

a two-dimensional array of magnetotelluric stations instead

of the more common profiling technique.

The SPAM system is capable of in-field processing. This
is accomplished through a computer program with flowchart
shown in Figure 3.3. In each band and channel the components

of the magnetotelluric signals are analyzed by the program
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Fig. 3.3: Flowchart of the computer program for in-.
field processing (from Dawes, 1990).
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in terms of several windows, generally 100 for band 0, 1,
and 2. A window consists of 256 samples and if it satisfies
preset criteria it is stored for further analysis. In this
study the following criteria were used to accept windows in
band 0, 1, and 2: the intensity level of the magnetic
signals should be higher than 0.3 my for, at least, 5
frequencies in the window being analysed, and the coherency
should be higher than 0.9. For band 3, howvever, because of
the times involved in recording each window (about four
minutes), all of them were accepted as good windows and
statistically treated later in more detailed processing than
the in-field processing. In a few cases, the above criteria
for the first three bands had to be changed to allow the
recording of windows with coherencies lower than 0.9. In any
case, windows having coherencies lower than 0.8 were always
rejected. Each window analysed by the SPAM system can be
visually checked by plotting the time series for all
channels in use, their power spectra, and their response
functions. Averages for each window can also be seen. In
Figure 3.3 an example of a printout of the in-field
processing is shown.

In Appendix I, a map with the numbers and the relative
positions of the MT sites is shown, as well as the data and
results from the preliminary processing for the 34 MT sites.
The actual locations of the MT sites are shown in Pigure
1.2. For each site, the resistivities and phases in the iis
and E-W directions (p,, p,; ¢,, ¢.) are also given in
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Fig. 3.4: Example of printout of in-field processing
for site 5. The graphs of the stacked results for the
first run of band 2 are shown. The twelve frequencies
for the band are shown, as well as the estimates of
the skew, the apparent electrical resistivities in the
XY (RHOXY) and YX (RHOYX) directions, the phases in
the XY (PHXY) and YX (PHYX) directions, the coherences
of the estimates in the XY (COHXY) and YX (COHYX)
directions, and the number of apparent electrical.
resistivity estimates in the XY (NXY) and ¥X (NYX)
directions and the associated errors (ERHXY) and
(ERHYX) .



Appendix I, as well as the resistivities and phases for the

-polarization (Major) and H-polarization (Minor) cases.

lso shown are plots of the coherency for each frequency,

»

the number of estimates, the skew, the angle of rotation @
for the four bands, and the determinant invariant

resistivity (p,) and phase (¢,), which are defined by

and

where Z,, is the determinant invariant impedance defined by

the following formula (Berdichevsky and Dimitriev, 1976a):

z,.=(z,2,-2.2

wZ ,,;},;;ﬁ)':, (3.1)

At the same time that the magnetotelluric measurements
were being made with the SPAM system, an associated
electromagnetic survey was being carried out by another
team, with the objective of obtaining magnetotelluric data
for lover frequencies tﬁan those analysed and recorded by
the SPAM system. The main intent was to collect data that

would allow calculation of earth response functions for
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periods up to 5,000 seconds. To distinguish this long period
magnetotelluric survey from the magnetotelluric survey
performed with the SPAM system, from now on, the former will
be called LMT. The author also participated in the LMT
survey, essentially at a logistic level and, despite the
fact that he did not operate the field equipment or process
the data, it was agreed among the three participating
universities (University of Alberta, Canada; University of
Edinburgh, Scotland:; and University of Evora, Portugal) that
the processed results would be included in this
dissertation.

The LMT data were processed by an undergraduate student
of the Department of Geology and Geophysics of the
University of Edinburgh, and the results were presented as
an undergraduate fourth year memoir (Macbonald, 1991). The
IMT work took place in the same region as the
magnetotelluric survey and all LMT stations were located at
previously occupied MT sites. Twelve IMT stations weres
installed but the collected data were good enough to be
analysed for only five of them. This failure of the LMT
survey was due to several reasons, mainly the age of the
equipment and the high temperatures at the time of the
survey.

Briefly, the IMT equipment at each site was composed of
a geologger and a fluxgate control unit, a control box, a
fluxgate magnetometer, and a set of three nan!palariz:ing

copper-copper sulphate electrodes. Each system was powered
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by a 12 V battery and a solar panel. The geologger and
and recorded the three magnetic components on audio
cassettes. Another unit, known as the tellurics box, was
used to amplify the electric signals detected by the non-
polarizing electrodes and to send them to the geologger,
where they were also stored on audio cassettes. Each LMT
site was occupied for several days and was visited every
them, and to check the state of the equipment. Its layout
was performed using the same precautions as described in
section 3.3 for the magnetotelluric survey.

As previously mentioned, due to a breakdown of one of
the coils of the SPAM equipment, it was not possible to
measure the vertical magnetic field component. Although the
LMT survey began almost a month after the beginning of the
MT survey, it was hoped that it would be possible to
calculate induction arrows (Parkinson, 1962; Gregori and
Lanzerotti, 1980) for some of the MT sites from the long
period data. Directions of the real induction arrows were
indeed calculated for 5 of the 12 LMT stations and Table I
gives a summary of their directions and magnitudes for short
periods (about 500 seconds) and 1long periods (5,000
seconds). Figure 3.5 shows the real induction arrows for
those two periods superimposed on a simplified tectonic map

of the study area.
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IABLE I

Real magnetic induction arrows calculated for 500
(short period) and 5,000 (long period) seconds. The
directions, in degrees, are measured from north anti-
clockwise (from MacDonald, 1991).

Site no. Direction Magnitude Direction Magnitude
1l 110 0.4 270 0.2
14 135 0.6 310 0.15
15 120 0.75 135 0.4
28 140 0.5 270 0.3
31 140 0.4 0 0.2
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380

Pig. 3.5: Directions of the real induction arrows for
500 (dotted lines) and 5,000 seconds (solid 1lines)
superimposed on a tectonic map of the study area. The
Messejana fault and the Ferreira-Ffzalho overthrust.
are identified. The Vidigueira fault is also shown
(refer to discussion in Chapter VI).
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From the LMT results reported by MacDonald (1991), the
main conclusion is that the data collected in Portugal are
too few for any sound geological interpretation based only
in the IMT data. Nevertheless, the general trend of the

induction arrows will be used and explored in the

conclusions of this dissertation.

This section is based on one paper published in a
conference proceedings (Correia et al., 1991) and two papers
that were accepted for publication in geophysical journals
(Jones et al., 1992; Correia et al., 1993).

The study area (Figure 1.2) is geologically and
tectonically complex and, apparently three-dimensional.
Standard magnetotelluric methods to analyse three-
dimensional structures are not yet available (Park and
Livelybrooks, 1989; Vozoff, 1991). Therefore, an
interpretation methodology had to be decided upon for the
data collected in Portugal. At the time of the field work,
it was thought that the most appropriate method would be to
produce 2D and 3D numerical models for the study region and
then attempt a geological interpretation. For this reason
the MT sites were distributed over a grid configuration
rather than a profile layout.

To produce 2D and 3D models it is necessary to have an
initial model that will be refined and updated as the

results of it are compared with the real data. With this in
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mind, and as a first approximation, a one-dimensional
analysis of the data was performed. Therefore, despite the
shortcomings of using a one-dimensional modelling approach
(Park and Livelybrooks, 1989), a 1D model for each of the 34
magnetotelluric sites was produced. In Chapter IV more
details will be given about the modelling procedures,
difficulties and limitations.

The one-dimensional modelling used in this work is
based on equation (3.1), which was reported to give fair to
good initial results for 2D and 3D geological situations
(Ranganayaki, 1984; Sule and Hutton, 1986; Ingham, 1988) and
has been used by some authors, e.g., Kurtz (1982), Stanley
et al. (1990), Beamish (1990), Kurtz et al. (1990), Dawes
and Lagios (1991). In Appendix I, the resistivity and phase
curves obtained using the determinant invariant of the
impedance tensor are shown for each site.

The 1D models were produced using a hybrid Monte Carlo
Hedgehog inversion scheme. In this method, a first gquess of
what the 1D stucture is, based on the shapes of the
determinant invariant resistivity and phase curves, is used
to generate several one-dimensional random models. The
resistivity and phase curves for these models are then
compared with resistivity and phase field curves. If the
model and the field curves fit accesding to a preset
criterion, the model is assumed to be a good one. If there
is a misfit, the process continues until a fit is found. The

models that are obtained with this method are given in terms
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of upper and lower bounds for the resistivities and depths
to the boundaries between layers. In Appendix II, 1D models
for each MT site are shown, as well as the fits between the
model curves and the resistivity and phase field data.
Using the 1D models calculated as described above,
resistivity contour maps were drawn for different depths.
Figures 3.6 and 3.7 show two such maps for 500 and 10,000 m
depth. The main characteristics of these two maps (and in
fact all the maps that were drawn between those two depths)
is the division of the region into several deep rooted high
resistivity blocks separated by areas of low resistivity

that coincide with the trends of the two major tectonic

the Ferreira-Ficalho overthrust. At shallow depths, north of
the Ferreira-Ficalho overthrust, there are two regions of
high electrical resistivity that extend to depths greater
than 10,000 m, and a region of very low electrical
resistivity north of them. In both electric resistivity
highs, the electrical resistivity decreases with depth from
about 3,000 and 2,500 ohm m at S00 m to about 1,500 and
2,000 ohm m at 10,000 m depth. These two regions are
separated by a low resistivity zone that coincides with the
Messejana fault. Southwest of the overthrust, electrical
resistivities are lower than to the northeast and they
decrease from 1,000 ohm at 500 m depth to 500 ohm m at
2,000 m depth, and then increase to values of about 1.é@9

ohm m in some areas at 10,000 m depth. From Figures 3.6 and
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Pig. 3.6: Electrical resistivity at 500 m depth in.
ohm-m (thin lines). Also shown are the Messejana fault
and the Ferreira-Ficalho overthrust (from Correia et
al., 1993).



Pig. 3.7t The same as in Figure 3.6 but for 10,000 m
depth (from Correia et al., 1993).
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3.7 it is apparent that the geoelectrical structure of the
study area becomes more complex as depth increases; this can
be a real trend of the geological structure or may result
from the fact that the resolution of the magnetotelluric
method decreases with depth. On the other hand, the
geoelectrical structure of the study area appears to be more
complex southwest of the Ferreira-Ficalho overthrust than to
the northeast. At this point it must be emphasized that the
maps shown in Figures 3.6 and 3.7 are not geological or
geophysical interpretations of the region of the MT study.
Nevertheless, they are used as an initial input to produce
2D and 3D models.

An interesting result from this first 1D approximation
is the fact that there is a general coincidence between low
resistivity areas and faults or fault trends. It appears
that the region where the MT study was performed may have
been fractured into several high resistivity blocks by
regional tectonic processes and the resulting faults and

overthrust now constitute channels for fluid motion. This

appropriate.

It should be mentioned that no static shift correction
(Jones, 1992) was applied to the data collected in Portugal.
Due to the geological complexity and the spacing among H“I'
stations, it is impossible to determine if the observed
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shifts in some of the curves in Appendix I are the result of

static shift or represent effects due to )ocal geology.

A visual inspection of the field data shown in Appendix
I and the geological sketch of Figure 1.2 suggest that the
study area has a two-dimensional (2D) or three-dimensional
(3D) character depending on the scale of the area being
considered. From geology, the central part of the region is
certainly 3D. However, as can be inferred from Figure 1.2,
if the MT sites along the edges of the study area are used
to construct MT profiles, these apparently cross 2D geologic
structures. Therefore, four MT profiles passing through
those MT stations were considered and are shown in Figure
3.8.

Apparent electrical resistivity and phase data
pseudosections associated with the four profiles were
constructed for the study area. Pseudosections are plots of
observed (or calculated from models) apparent electrical
resistivities or phases determined from values at the
stations of a certain profile, as a function of frequency,
on a logarithmic scale as ordinate.

As discussed in Chapter II1, two modes of
and TM modes) and therefore it is advisable to construct
pseudosections in the directions corresponding to those two

modes. This has the advantage that it allows the comparison
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Fig. 3.8: Station numbers and MT profiles used to
construct field data apparent electrical resistivity'
and phase pseudosections.



of field data pseudosections with response model
pPseudosections (to be discussed in Chapter 1IV). The two
modes have different characteristics, an important one being
that the TM mode is more sensitive to lateral variations of
electrical resistivity than the TE mode (d'Erceville and
Kunetz, 1962; Wannamaker et al., 1982;: Dobrin and Savit,
1988) . However, data pseudosections only allow a qualitative
analysis of geoelectrical structures. A quantitative
analysis is achieved by inversion or modelling, wherein
apparent electrical resistivity and phase pseudosections, or
even single site apparent electrical resistivity wvalues
and/or phases as functions of frequency, are transformed
into resistivity-depth sections. This will be discussed in
Chapter 1V.

To construct the apparent electrical resistivity and
phase pseudosections, the field data were rotated towards
the strike direction using the procedure described in
Chapter II: first, for each profile in Figure 3.8, the
approximate strike direction was determined by measuring the
angle between the general trend of the geological structures
and the North-South airection, in a clockwise sense; second,
the field data (i. e., the impedance tensors) for each MT
station included in the profile were mathematically rotated
by an amount equal to the measured angle; third, apparent
electrical resistivity and phase pseudosections parallel (TE
mode) and perpendicular (TM mode) to the geological strik.

were plotted. These plots can be seen in Figure 3.9. In each
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page the rotated field apparent electrical resistivity and
pbase pseudosections are shown for the same profile and the
same electromagnetic excitation mode.

Before attempting an interpretation of the field data
pseudosections of Figure 3.9, the static shift effect that
may affect magnetotelluric field data should be discussed
(this effect will be considered in more detail in Chapter
V). The aim of the magnetotelluric method is to determine
the geoelectrical structure of the Earth's subsurface by
simultaneously measuring the electric and magnetic field
fluctuations at its surface. Small surficial or shallow
conductivity inhomogeneities (of a few metres to tens of
metres dimension) can influence the electric field
measurements by deflecting the induced electric currents. As
a result, the apparent electrical resistivity curves may be
shifted up or down by an independent multiplication factor
that depends on the conductivity of the heterogeneity
(Berdichevsky and Dmitriev, 1976b; Sternberg et al., 1988;
Jones, 1988). If apparent electrical resistivity curves
affected by static shift are used to obtain resistivity-
depth profiles by inversion or trial-and-error modelling,
errors in both the calculated electrical resistivities and
depths may occur. There is currently no general agreement on
how to eliminate, compénsate or reduce the static shift
effect if it is present. Fortunately, static shift does not
greatly affect phases (Jones, 1992), and therefore phase

pseudosections can be used with some confidence to
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rig. 3.9.at E-polarization apparent electrical-
resistivity (top) and phase pseudosection (bottom) for
profile AA' of Figure 3.8.
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gualitatively interpret MT profiles to provide information
about the positions of conductive or resistive regions.
Furthermore, because of the skin depth effect, high
frequencies correspond to shallow depths while 1low
frequencies correspond to greater depths. Therefore, if

static shift problems are suspected in a MT survey, phase

pseudosections will give more reliable information than the
corresponding electrical resistivity pseudosections and, at

the =ame time, will show the relative resistivity
distribution in the surveyed area along a profile. A uniform
half-space gives a phase value of 45° and phases greater
than 45° indicate regions of higher electrical conductivity
than the regions above, whereas phases smaller than 45°
indicate regions of higher electrical resistivity than those
above. With these ideas in mind, it is possible to undertake
some general gualitative interpretations of the
pseudosections shown in Figure 3.9. In the apparent
electrical resistivity pseudosections the isolines are
logarithms (base 10) of electrical resistivity and in the
phase pseudosections the isolines are in degrees. Since
phase pseudosections do not suffer from static shift
problems, or at least are much less affected by them than
apparent electrical resistivity pseudosections, they are
relied on here to a greater extent than apparent electrical
resistivity pseudosections to describe and qualitatively

analyse the profiles.



For profile AA', with pseudosections are shown in
Figures 3.9.a and 3.9.b, the phase values indicate two
regions of different electrical conductivity with a contact
lying between stations 12 and 28. This pattern is observed
in both E- and H-polarization cases. In the apparent
resistivity pseudosection the region near station 10 shows
low resistivity, which may indicate that the results of this
MT site are contaminated static shift. However, this is not
confirmed in the field data (Appendix I). It is interesting
to note that stations 28 and 31 indicate low electrical
resistivities. They are located north of a fault (the
Vidigueira fault) which actually trends approximately E-W
and is not shown in the geological sketch of Figure 1.2.
Also both of these stations are located on Precambrian to
Silurian geologic formations and, therefore, the vertical
contact between sites 12 and 28, inferred from both apparent
electrical resistivity and phase pseudosections may
correspond to the contact between those formations and the
porphyry complex (see Figure 1.2). The Ferreira-Ficalho
overthrust also affects the phase pseudosection of the H-
polarization case which exhibit a relatively steep
transition from a conductive to a resistive region between
sites 10 and 11 (Figure 3.9.b).

The pseudosections for profile BB' are shown in Figures
3.9.c and 3.9.d. The phase pseudosections indicate that the
region of the profile is of low resistivity since qcﬂirgily

high phase values occur. Site 30 is, however, an exception.
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Comparing the phase pseudosections with the apparent
electrical resistivity pseudosections one is tempted to
infer that sites 29 and 27 are contaminated by static shift
effects. This is not confirmed by inspection of the field
data in Appendix I, and the most probable conclusion is that
the data reflect a real geological feature. In fact, both of
these MT sites are located in a region where the surface
geology is complex (see Figure 1.2). On the other hand, it
is remarkable that the Messejana fault does not seem to have
any geoelectrical expression along this profile. The reason
may be that it crosses and offsets the same geologic
formations.

In Figures 3.9.e and 3.9.f the pseudosections for
profile CC' are shown. Both phase pseudosections show a
general increase of phase as frequency decreases, which
means that a decrease in electrical resistivity occurs as
depth increases. An interesting feature of these
pseudosections is that they are similar in character to the
pseuriosections of profile AA' (see Fiqures 3.9.a and Fig.
3.9.b). Considering the geologic map of Figure 1.2 and the
station location map of Figure 3.8, it is seen that the
region including stations 16, 10, 11 and 12 of profile AA'
is similar to the region crossed by profile CC'. The
similarities are reflected in both the E- and H-polarization
cases and in both apparent electrical resistivity and phase
pseudosections, especially in the H-polarization case. It

appears that the Ferreira-~Ficalho overthrust is well
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identified in geocelectrical terms in both profiles: between
site 10 and 11 in profile AA' and between sites 34 and 32 in
profile CC'. It also appears that for frequencies between 1
and 0.1 Hz there is a high electrical resistivity channel
just southwest of the overthrust. The response in this
frequency range places it between 3 and 10 km deptn. So, as
far as profiles AA' and CC' are concerned it is reasonable
to assume that the geoelectrical structures are continuous
along the Ferreira-Ficalho overthrust. However, the cause of
the relatively higher electrical resistivity formation
located between 3 and 10 km depth is uncertain.

The four pseudosections for profile DD' are shown in
Figures 3.9.g and 3.9.h. The phase pseudosections indicate a
fairly stratified distribution of electrical resistivity
which generally decreases as frequency decreases (i.e., with

depth). It is interesting to note again that the presence of

the Messejana fault is not obvious. However, it |
geographically located between stations 1 and 2 (closer to
2) and around the latter station there are intense phase
fluctuations and the apparent electrical resistivity
distribution is essentially vertical. This may be the
electrical signature of the Messejana faul:. Comparing
profiles DD' and BB' it is apparent that they have little in
common. The pseudosections of the former are smooth, while
the corresponding pseudosections of the latter are more
complicated with sharp variations in phase. Théig

differences must, however, be linked to the fact that
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profile BB' crosses a region that is geologically more
complex than that crossed by profile DD' (see geologic
sketch of Figure 1.2).

From the above qualitative analysis it can be concluded
that along the four profiles the electrical resistivity is
generally low and varies between 30 and 1000 ohm-m, with a
few zones of about 3000 ohm-m. Furthermore, the Messejana
fault does not exhibit a particular electrical signature in
the profiles considered, despite the fact that the
electrical resistivity decreases near it. On the contrary,
the Ferreira-Ficalho overthrust appears to be vwell
identified in the profiles and there are indications that it
separates two different geoelectric domains, which is
expected from knowledge of the regional geology. These
results show that different kinds of faults can have
different electrical signatures and that the MT method is
appropriate for locating them and possibly identifying the
different types. This is an important result and should be
further investigated because of its relevance to tectonic
studies.

It should be remembered that the conclusions above were
obtained from profiles with only ¢ to 6 measurements sites,
and it should be emphasized that so few sites are
insufficient for a complicated region like the one of this
MT study.
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CHAPTER IV

The main idea behind any geophysical modelling
procedure is to derive an Earth model whose response
reproduces the observed data. Earth models can be
constructed using different properties depending on the
geophysical survey carried out. In electromagnetic (EM)
surveys, and in particular in MT work, electrical
resistivity (or electrical conductivity) is the physical

property used to construct EM models. If the response of

such a model fits the real data, the next step is to
interpret the model in terms of the geological structures.

Modelling can be performed using analogue as well as
numerical techniques. Here only the latter will be described
and applied.

After basic processing, the results of a MT survey are,
for each MT site, a set of two apparent electrical
resistivity versus frequency curves (in two mutually
perpendicular directions) and two phase versus frequency
curves in the same directions as the electrical apparent
resistivities (see Chapters II and III). In the special case
of a one-dimensional geological situation, the number of
curves reduces to two, i.e., the two electrical apparent

resistivity and the two phase curves reduce to one apparent
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resistivity curve and one phase curve. This is a consequence
of the horizontal isotropy in one-dimensional problens,
which means that electrical resistivity varies only with
depth.

To associate the field results with the otherwise
unknown geological structure, it is necessary to construct a
model that approximates reality in the best way possible.
Two main techniques may be used to construct models. The
first is a trial-and-error method by which different
which are compared with real data; this is called direct or
forward modelling. The second uses inversion methods which
aim to obtain, through the use of theoretical relationships,
model parameters from the actual data which produce
responses that best fit those data. Many inversion methods
are hybrid. This means that they calculate a set of model
parameters that are used to calculate model responses in a
forward manner, and these are then compared to the field
data to test the accuracy c¢f the model with subsequent
adjustment and further comparison in an iterative manner.
Good general descriptions of inversion methods as applied to
EM induction problems can be found in Rokityansky (1982),
Vozoff (1986, 1991), Hohmann (1988), and Whittall and
Oldenburg (1992).

Since one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) geological structures are -neauntgécd

in nature, one would expect inversion methods to be
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available for all cases. Several schemes for 1D inversion
exist and are widely used in EM induction studijies
(Rokityansky, 1982; Vozoff, 1991; Wannamaker and Hohmann,
1991; Whittall and Oldenburg, 1992). However, this is not
true for 2D and 3D inversion schemes. In fact, most of the
2D inversion schemes so far developed are essentially two-
dimensional forward schemes that use 1D inversion results as
input. Up to now, true 2D EM inversion schemes only seem to
work well when applied to synthetic data. Since real data
have noise and usually include 3D effects, models obtained
from 2D inversion methods generally show spurious features
(Wannamaker and Hohmann, 1991). The situation is even wvorse

for 3D EM inversion, which is currently a subject of intense

study (Vozoff, 1991).

) 1D EN mocelling

One-dimensional inversicn techniques are the most

common in MT work and a thuiough description of these
techniques may be found in Whittall and Oldenburg (1992). In
the present work, 2D and 3D modelling were performed, in
which the models were constructed from 1D models obtained by
applying a hybrid Monte-Carlo hedgehog inversion technique
(Jones, 1977; Jones and Hutton, 1979; Dawes, 1980,
Rokityansky, 1982) to the data from each MT site. This
hybrid technique is an automatic trial-and-error inversion
method. |
Assume that the field data may be written as a vector
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d= (d,,dz.....d")

and the characteristics of the model sought are represented

by a vector

£=(x,,x,,....x,)

with N degrees of freedom. Furthermore, for a certain model

chosen, assume that
w=Y (logg, -loggt”, ) + X (¢ - ¢) (4.1)
’ s

measures the discrepancy between the calculated and the
measured values of the response functions p, and ¢, where p,
represents the apparent electrical resistivity and ¢ the
phase. In the equation, the sums are taken over all the
frequencies (f) at which the measurements were performed,
and the superscripts "mes" and "cal" indicate the measured
and calculated quantities. The use of logarithms of the
apparent resistivity has to do with arguments of log-normal
resistivity distributions, as discussed by Bentley (1973).
An initial calculation begins with a starting model
that may be constructed by visual inspection of the field
curves or by curve matching if a set of master curves is

available and the data are not too complicated, i.e., if no
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more than 3 or 4 layers are evident from the field apparent
electrical resistivity and phase curves. A new model is then
generated from the initial one according to A, =h-.¢" and
p,=p 10", where h and p are the initial thickness and
resistivity of the ith layer, and 7, and 7,, represent random
numbers with zero mean and unit variance, which means that
68% of /', thicknesses generated lie between h/2 and 24, and
The response of the new model is then calculated and
compared with the measured data. If the model response falls
within a given confidence interval, the model is accepted;
otherwise, it is rejected. In the former case, y is
calculated from equation 4.1 by replacing o” by g, i.e.,
by replacing the apparent resistivity of the initial model
by the new model's apparent resistivity at frequency f; and
the same for ¢ and ¢*. In case y'<y the initial model
parameters ¥ are replaced by those of the latest model,
i.e., ¥; otherwise, no replacement takes place. The
procedure continues until the best fitting model |is
calculated through automatic computer routines.

In the case of the Portuguese data, for each site an
initial model was chosen by inspection of the apparent
resistivity versus frequency curve from the measured data
and 100 random models were generated. From those models the
best 10 were chosen and used to generate 100 more models

continued until the best fit between the data and the model
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calculated responses was found, according a predetermined
least-squares criterium. The model parameters (electrical
resistivitires and thicknesses of the layers) were then
assumed to represent the 1D geological structure at that MT
site. For most of the sites, the layer thicknesses and
electrical resistivities of the model automatically chosen
were bound by upper and lower limits, showing the non-unique
character of the results. However, the differences between
those bounds were generally small.

In Appendix II the results of the 1D Monte-Carlo
hedgehog inversion are shown for the 34 sites occupied in
the study area. Figure 4.1 shows the result of the inversion
for site 1 as an example.

As mentioned in Chapter 1III, to perform the 1D
inversions, the determinant invariant as described by
Berdichevsky and Dimitriev (1976a) was used (equation
(3.1)). In the iterative scheme to calculate the best fit
model parameters, only the apparent electrical resistivity

wvas used (see equation (4.1)) to compare field data with

The fact that the four profiles considered for 2D

modelling, and shown in Figure 3.8, are perpendicular to the
Messejana fault and the Ferreira-Ficalho overthrust is nat a

coincidence. From the beginning of the field work, the
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part of the figure shows the data apparent electrical
resistivity and phase (crosses with error bars) and
the apparent electrical resistivity and phase curves
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intent was to place some of the MT stations along profiles
that would cross those two geological features
perpendicularly. This arrangement would then provide data to
allow 2D modelling to be attempted for those areas.
Two-dimensional, as well as three-dimensional model
construction 1is a difficult task because of the
uncertainties associated with the field data and the non-
uniqueness of the model results. This means that acceptable
models are never exhausted while looking for the best one.
To construct 2D models along the profiles shown in Figure
3.8, the 1D inversion models of Appendix II were used. Along
each profile, each station was represented by a sequence of
layers with electrical resistivities and thicknesses given
by the 1D models. Arbitrarily, vertical planes perpendicular
to the profiles, and passing through the middle points
between adjacent pairs of MT stations, were considered as
the boundaries between their electrical resistivity
distributions as functions of depth, as given by the 1D
inversion models. As a requirement of the two-dimensional
computer program that calculates the 2D model responses, the
electrical resistivity distributions as functions of depth
for the MT stations at the ends of each profile were
extended :. great distances, so that the model boundary
values, which are held fixed during the calculation, do not
influence the field perturbations related with conductivity
variations along the profiles. Figures 4.2 to 4.5 show the
four 2D models constructed using the MT stations along the
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PROFILE BB’
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edges of the study area (Figure 3.8). The number within each

m. To simplify the numerical models, these values are based
on the 1D inversions, but are rounded off average values of
close groups of electrical resistivities. Model calculations
for different electrical resistivity distributions based on
the 1D inversions were made, and it was found that the
rounding and averaging processes did not appear to
significantly influence the model results for each profile
considered and, therefore, the simplest 2D models were
adopted.

To calculate the electromagnetic responses of the 2D
electrical resistivity profiles (or models) described above
and shown in Figure 3.8, a finite-difference method
developed by Jones and Price (1970) and programmed by Jones
and Pascoe (1971) with modifications as indicated by
Williamson et al. (1974) and discussed by Jones and Thomson
(1974) (see also Brewitt-Taylor and Weaver (1976)) was used.
The method involves the solution of equations (2.46) and
(2.47) in finite-difference form over a mesh of grid points
by the Gauss-Seidel iteration method (Smith, 1969). The mesh
of grid points covers the area that is to be considered and
the above equations, in finite-difference form, are solved
iteratively at each point. In the calculation a wesh of 80
by 80 cells was used. To assess the convergence of the
calculation, after each iteration a residual term ;gg

calculated. This residual was taken as the maximum value of
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the differences between the values of £ E  and E, from the

particular iteration being considered and those from the
previous iteration for all points of the mesh. The iteration
process continued until the residual was 1less than a
specified value. In the present case that value was 0.00001
(in electric field units). A maximum of 2000 iterations was
allowed but this number was never reached. An account of the
finite-difference method and the boundary conditions used,
as well as their application to 2D electromagnetic problems
has been given in Jones and Price (1970, 1971), Jones and
Pascoe (1971), Pascoe and Jones (1972) and Jones (1973).

Two ways of representing 2D structures are possible.
One is to represent the electrical resistivity distribution
as a function of depth and the other is to represent it as a
pseudosection. The former is what geologists and
geophysicists really look for while the latter is what they
obtain from field data. Therefore, since forward modelling
is a trial-and-error procedure, the results from the models
should be presented in such a way that they may be compared
with the real data. This means that the model results should
be plotted as pseudosections.

Comparison between the model results and the real data
should, in principle, allow descrimination between good and
poor models and, in the latter cases, indicate how the
results can be refined until the wmodel results and tigld
data fit within certain 1limits. In Figures 4.6-4.21,

apparent electrical resistivity and phase pseudosections for
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TE and TM modes are shown for each of the models constructed
for each profile of Figure 3.8 (bottom parts of the
figures). To compare with the field data, apparent
electrical resistivity and phase pseudosections, constructed
from the real data (Figure 3.9 of Chapter III), are also
shown (top parts of the figures). In all figures the
isolines of the apparent electrical resistivity
pseudosections are the logarithms of the electrical
resistivities (base 10) and in the phase pseudosections the
isolines are in degrees. The discussion that follows is
based on a paper that has been accepted for publication in
the Proceedings Volume of the Third International Meeting of
the Brazilian Geophysical Society (Correia and Jones, 1993).
A number of points can be noted when the comparison
between the field data and the model responses is made.
Generally, the field data are smoother than the model
results. This is a consequence of the magnetotelluric method
and the way nature behaves. In the real world there are
usually no sharp electrical resistivity contrasts like those
observed in Figures 4.2-4.5 and the transitions from one
electrical resistivity to another are generally smoother
than plan discontinuities. On the other hand, the MT method
sounds a volume of rock and, therefore, any sharp electrical
boundaries that exist will be integrated into a bulk
apparent electrical resistivity, which is always smooth.
When considering 2D electrical resistivity models it is
assumed that structures are infinite. This is clearly not
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the case in the study area and, among other things, the
misfit between field data and model results can be an
indication of the presence of 3D structures.

The results of the model for profile AA' (Figures 4.6-
4.9) show that the main vertical discontinuities, as
observed in the field data, are also observed in the model
electrical resistivity pseudosections, in both the E- and H-
polarization cases. This is also true for the model E-
polarization phase pseudosection; however, in the H-
polarization case some misfit exists between field data and
model results.

The results of the model of profile BB' (Figures 4.10-
4.13) show the same general behaviour as those for profile
AA' and the main electrical discontinuities, as seen in the
field data, are observed in the model apparent electrical
resistivity pseudosections. However, both phase
model result pseudosections.

The situation for profile CC' (Figures 4.14-4.17) is
similar to that for profile BB'. In this case, however, the
greatest misfit is observed in the H-polarization phase
pseudosections.

In the results for profile DD' (Figures 4.18-4.21), the
main trends can be identified in both apparent electrical
resistivity pseudosections as well as in the phase
pseudosections. The ficldi data and the model results i’a’r;
this profile are simpler than those for the other three
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profiles and this indicates that profile DD' crosses a
region of 1less electrical complexity than the other
profiles. The geological sketch of Figure 1.2 indicates that
the MT stations located in the southwest part of the study
area lie in a less geologically complicated region.

The set of models that is shown in Figures 4.2-4.5
corresponds to one of a number of different sets that wvere
tested. The results obtained for the other electrical
resistivity models were not substantially different from the

that probably no purely 2D model will completely satisfy the
observed data, and that 3D effects are superimposed on any
2D response. It is therefore not reasonable to try further
to refine the 2D models. It is sufficient, and important,
that the main effects of the electrical resistivity
contrasts are observed in both the field data and model
results, and that these effects reflect the presence of the
two major tectonic features of the area, i.e., the Messejana
fault and the Ferreira-Ficalho overthrust.

A further interesting observation from the field data
and model result comparison is that a structure which wvas
previously ignored appears in both the field data and model
results of profile AA'. Between stations 12 and 28 there is
an apparent vertical ‘contact that coincides with the
location of a fault that crosses the northern edge of the
study are in an approximately east-vest trend - the

Vidigueira fault.
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As previously mentioned, the central region of the
study area is three-dimensional (3D), and therefore an
attempt wvas made to use a 3D model to quantify the local
electrical resistivity structure.

The general 3D electromagnetic induction problem can be
approached in the same way as the 2D case, and Maxwell's
equations can be solved within a three-dimensional region by
a finite-difference method. If displacement currents are
neglected (Chapter II), and the electric and magnetic fields

are assumed to vary sinosoidly with time, equations (2.1)

and (2.2) may be written as:

V xE = -ipall (4.1)
and
VxH=of. (4.2)

Taking the curl of equation (4.1) and using equation (4.2)
and the vector identity VxVxd=VV.d3-V'd, the following
equation is obtained:

VE-VV.E=igE, (4.3)

vhere 7 =uwc. Equation (4.3) must then be solved for £ in
all regions. To do this, equation (4.3) can be written as a

set of three scalar equations in Cartesian coordinates
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These equations are written in finite-difference form and
solved simultaneously for E,, E, and E, at each point of a
mesh which is superimposed over the region of interest by a
Gauss-Seidel iteration technique. Since the main objective
resistivity and phase at the model surface corresponding to
the surface of the Earth, the magnetic field must also be
calculated. This can be done using the calculated electric
field components by application of equation (4.1) solved for

the magnetic field, i.e.,

e

Details about the numerical technique can be found in

Lines (1972), Lines and Jones (1973a, 1973b), Jones and

Pagscoe (1972) and Jones (1974).
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The model of the study area was constructed using a
three-dimensional mesh of 40x40x40=64,000 cells. An initial
model of 80x80x80=512,000 was tried at the beginning, but it
wvas not possible to run it in the Convex processing unit of
the University of Alberta. This was unfortunate because the
study area is geologically complex, and as a consequence of
this limitation it was necessary to simplify the model with
an accompanying decrease in resolution.

The constructed model was based on knowledge of the
geology of the region of the MT survey and the results
obtained after processing the field data (Appendixes II and
I1I). One simplification that had to be introduced in the
model was that the curvature of the Ferreira-Ficalho
overthrust wvas not taken into account. Another
simplification was that the deep low resistivity layers were
assumed to extend to the Moho, 30 km deep. Furthermore, it
was assumed that the study area could be modelled by
considering the high electrical resistivity blocks, as
obtained in the resistivity maps shown in Appendix III, to
be embedded in a crust of electrical resistivity 100 ohm-m.
The upper mantle vas assumed to have an electrical
resistivity of 50 ohm-m, which is consistent with values
reported by Haak and Hutton (1986) and Jones (1992). Figure
4.22 shows the model with the four blocks. The details of
the individual blocks are shown in Figure 4.23. The apparent

equations (2.48) - (2.51) and the results for site 8 are
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Mantie (50 Q-m)

~390 km ————— NOT TO SCALE

Fig. 4.22: Three-dimensional model of the study area.
The numbers in arabic represent electrical
resistivities in ohm-m. The four blocks in the middle
of the model are identified with roman numbers and are
detailed in Figure 4.23. r-F. indicates the position
of the Ferreira-Ficalho overthrust and M. indicates
the position of the Messejana fault.
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shown in Figures 4.24.a-b. In these figures the stars
represent the model results and the crosses represent the
field data. Other sites used to compare the 3D model results
with the field data are given in Appendix IV. Because of the
limited model resolution, imposed by the 40x40x40 mesh,
only field results of MT sites that are located inside
regions that correspond to the blocks shown in Figure 4.22
are compared with the 3D model results.

Nine frequencies were calculated for the 3D wmodel
(0.01, o0.03, 0.1, 0.3, 1, 3, 10, 30, 100 Hz), and these
covered the frequency range of the MT survey. As in the 2D
modelling (Section 4.2), for the 3D case a residual of
0.00001 was imposed to insure convergence of the calculated
solution. The maximum number of iterations allowed for the
calculation was 2000 but this number was never reached.

Comparison of the 3D model results and the field data
(Figures 4.24.a-b and Appendix 1IV) shows that the
coincidence between the two sets of results is remarkably

good, considering the relative simplicity of the model, in

11 plots of electrical resistivity and phase in the XY
"direction® (i.e., RHO XY and PHASE XY). However, the
coincidence is generally not as good in the other direction,
i.e., YX "direction" (RHO XY and PHASE YX). The lack of fit
between the latter 3D model results and the field data in
that direction is a consequence of the modelling program.
The source of the natural magnetotelluric field is q:ﬂitlily

not strongly polarized in a particular direction. However,
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for calculation purposes, the 3D modelling program assumes

that the source field is polarized in the X direction. The

the electrical resistivity calculations (RHO YX and PHASE
YX) will tend to be unstable. A possible solution to this
difficulty would be to run the 3D model using different
source polarization fields.

Sites 8, 12 and 22 are located in the region that
corresponds to block I in the 3D model shown in Figure 4.22.
This block is closest one to the center of the geothermal
anomaly. Comparison between the field data and 3D model
results confirms the general high electrical resistivity
character of that area to approximately Moho depths.

A high resistivity character can also be inferred from
the comparison between the field data and the 3D model
results for sites 17, 19 and 21. These sites lie within
block II of Figure 4.22.

Block 1III of Figure 4.22 corresponds to a low
electrical resistivity area and its character can be
identified in the electrical resistivity and phase curves of
sites 4, 33 and 34. It is apparent from the comparison
between field and model results that the electrical
resistivities chosen for the 3D model are higher than
appropiate for this area, which confirms that the area iiian

anomalously low electrical resistivity region.
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Block IV of the 3D model corresponds to another high
seen in the electrical resistivity and phase curves for
sites 6, 13 and 24. The comparison between field and model
results indicate that the electrical resistivities at
shallow depths (high frequencies) in the 3D model are higher
than appropiate, particularly for sites 13 and 24.

The comparison between the field data and the 3D model
results in the X direction (i.e., RHO XY and PHASE XY) are
encouraging and indicate that it would be possible to refine
the model to a point where a good fit may be obtained for
most of the MT sites. A more quantitative analysis and
interpretation for the study area might be achieved if 3D
model with higher resolution could be used. This means that
models with more than 40x40x40 cells will be required, with
the number of cells increasing with the increase in
complexity of the structure to be represented. It must be
emphasized, however, that even though the 3D model used here
is just an approximation to the regional geology, the
results from it support the interpretation that the region
electrical resistivity blocks embedded in more conductive

formations.



3.1. overview of the static shift effect

By definition, static shift effects are shifts of the

curves by the same multiplication factor at all frequencies
between adjacent MT sites or between the two apparent
electrical resistivity curves determined in two mutual
perpendicular directions for the same site (Jones, 1988;
Vozoff, 1991). The shifts are such that the shapes of the
apparent electrical resistivity curves are maintained and
the corresponding phase curves are unchanged.

Static shifts are related to distortions of the
electric field caused by boundary charge buildup when
relatively small and shallow or surficial geological
inhomogeneities are present in the area where the MT survey
is performed (Wannamaker et al., 1984b; Newman et al.,
1986). Such inhomogeneities are ones with dimensions much
less than the skin-depth at the highest frequency (lowest
period) used in the survey. The charge buildup at the
inhomogeneity boundary produces an enhancement or reduction
of the total electric field and the apparent electrical
resistivity curve is shifted towards higher resistivities
vwhen the electric and magnetic fields are measured over a

resistive inhomogeneity, and shifted towards lower

139



resistivities when measured over a conductive inhomogeneity.
These qualitative results can easily be seen by considering
equation (2.30) and the fact that magnetic field distortions
due to small inhomogeneities are much smaller than the

Formally the static shift effect can be described in
the following way. When induced currents with density J
flow through electrical inhomogeneities, surface electric
charges with densities j.-V(s,/o) are created, where s, is the
electrical permittivity and o |is the electrical
conductivity. While the magnetic field (A=VxA4) depends

only on the current distribution through 4

4f_,|r ?1
S e -~ OA o o
the electric field £L£= ?§V¢ depends on the charge
distribution
, 1 ¢7-V
PR B L CYL
axy l? 4 1
Thus the electric fields are more affected by electrical

inhomogeneities than the magnetic fields.
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Jones and Price (1970) first recognized that boundary
charges may perturb electromagnetic fields, but Berdichevsky
and Dmitriev (1976a, 1976b) were the first to describe the
static shift effect in MT surveys and to propose a
classification for the distorted electromagnetic fields into
inductive and galvanic effects.

One of the main problems of the static shift effect is
that the amount of shift cannot be measured or determined
directly from a single MT site, and, to remove or compensate
for it, another independent method is necessary to measure
the ground electrical resistivity. Since magnetic fields are
less distorted by inhomogeneities than electric fields, one
method that is frequently used to calculate the amount of
static shift is the transient electromagnetic method (TEM)
which is a controlled-source magnetic field sounding method
(Sternberg et al., 1988). This method determines the
unperturbed (or 1less perturbed) apparent electrical
resistivities in the upper sections of the area being
surveyed which permits the MNMT apparent electrical
resistivity curves to be shifted so that they are a smooth
continuation of the electrical resistivity curves obtained
by the TEM technique. Another curve shifting wmethod often
used consists in shifting the MT curves obtained in the same
region in such a way that at long periods (low frequencies)
all of them indicate the same electrical resistivity. This
technique is based on the assumption that at depths of :h;uﬁ
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250-300 km the geocelectrical structure varies 1little in
global terms (Rokityansky, 1982; Berdichevsky et al., 1989).

Electromagnetic Array Profiling (EMAP) (Bostick, 1986)
is another method that is used which removes certain static
shift effects. In this method it is assumed that 3D, 2D and
E-polarization mode responses can be greatly reduced by
using wavenumber domain low-pass filtering on MT data.

Other methodologies can also be employed, such as
theoretical calculations by numerical modelling of static
shift effects caused by surface or shallow inhomogeneities
(Wannamaker et al., 1984a,b), statistical averaging
(Berdichevsky et al., 1980; Kurtz et al., 1986), calculation
of distortion tensors (Groom and Bailey, 1989; Bahr, 1988),
calculation of invariants (Berdichevsky and Dmitiev, 1976a),
or simply by incorporating in the interpretation the
knowledge of the 1local geology or other available
geophysical information.

For the Portuguese data, the use of the Berdichevsky
invariant (Berdichevsky and Dmitriev, 1976a) provided
compensation for the possible static shift effects present
in some of the apparent electrical resistivty curves.
However, because of the geological complexity of the study
area and the spacing between MT stations, it is difficult to
say whether the shifts observed in some of the curves are
due to static shift effects or to the geological structures.
In fact, the results of the 3D modelling described in
Chapter IV indicate that static shift effects were not a
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field data used to construct the 3D model of the study area

were good first approximations.

In the formula to calculate the apparent electrical
resistivity for a given frequency (e.g. eguation (2.30)) the
electric and magnetic field intensities must be measured in
orthogonal directions (see Figure 3.2). The magnetic field
is directly measured using coils, but the electric field is
calculated by dividing the potential difference between two
electrodes by their separation distance. Often, in MT
surveys, one or more of the four electrodes used to measured
the potential differences in the two directions 1lie in
geological inhomogeneities. It would therefore be useful to
know how these inhomogeneities influence the calculated
apparent electrical resistivity curves. In particular, it
would be useful to quantify the amount of static shift in
situations where the shape, size and electrical resistivity
can be controlled in appropriate models. To perform this
exercise the 3D modelling program as used in Chapter IV was
applied to layered earth models with small inhomogeneities
that are expected to produce static shift effects (Section
5.1). '

The 3D modelling program calculates the electric field
at every node of a mesh of 40x40x40 cells. Since th-
purpose of the experiment is to reproduce field procedures,
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potential differences are calculated between nodes by using
the general definition of electrical potential difference

between points A and B (i.e. two electrodes), that is,

Vo = |

&,

wvhere E is the electric field strength and df is the
elemental length along a certain path between A and B. In a
mesh, and along direction X this intregal is approximately

given by

Vi =S E, a,

where N is the number of mesh points used to calculate the
potential difference, E, is the electrical field component
in the X direction at node i and dx, is the distance between
the node where E, is calculated and the adjacent node.
After calculating the potential difference between A and B,
the average electric field at the center point in the X

direction is given by
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In the uniform mesh that was used, the dx values were equal
to 10 metres and N=4, so that the average electric field in

the X direction was given by

JE,. (5.1)

E,=

|

This means that using the potential difference approach
between two points to calculate the electric field in a

certain direction at the middle point is equivalent to

The main objective of the above method of calculation
was twofold. First, it implies that potential differences,
which are the quantities measured during the MT field work
are used in the calculation, and second, it means that one
of the electrodes (or both) of the measuring potential
electrodes can be placed within the inhomogeneity to
reproduce what may occur during field work.

The accuracy of the approximation represented by

values at each node of the mesh for the model without an
inhomogeneity were equal to the values calculated using

equation (5.1).

To reproduce and study the static shift effect a three
layered Earth with different inhomogeneities was used. The
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characteristics of the layered Earth were the following: the
first layer was 2.338 km thick and had an electrical
resistivity of 100 ohm~m and the second was 18 ka thick and
had an electrical resistivity of 1000 ohm-m. The half-space
below these two layers had an electrical resistivity of 10
ohm-n. The electrical inhomogeneity was modelled by
constructing square blocks in the centre of the model with
resistivities that varied between 1 and 10 ohm-m. The sizes
of the blocks were 120mx120mx80m and 60mx60mx8mw. Apparent
electrical resistivities and phases were calculated for the

model without the inhomogeneity and for those with the

IV. The results of the calculations for different distances
from the centre of the inhomogeneity with dimensions
60mx60mx8m and with an electrical resistivity of 1 ohm-m
are shown in Figures 5.1 to 5.4. In these figures the stars
correspond to the model without inhomogeneity and the
crosses to the model with inhomogeneity.

From the figures it is apparent that no static shift,
as defined in Section 5.1, is observed and the inhomogeneity
only makes the shape of the apparent electrical resistivity
curve change at high frequencies. At low frequencies, the

the inhomogeneity coincide. This same pattern is observed in
the phase curves. Similar results were obtained for
inhomogeneities with different sizes and electrical

resistivities from that used to calculate the curves shown
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in Figures 5.1 to 5.4. Furthermore, calculations using

of the inhomogeneity and the first layer of the model the
greater the shift between the curves at higher frequencies.
However, at lower frequencies the curves obtained from the

two models were the same.

The main conclusion from the exercise described here is
that the 3D modelling package used did not produce a static
shift effect. The question that immediately arises is why
not? The answer to this question is that boundaries between
regions of different electrical resistivities in the 3D
modelling program that was used here are represented by
"transition zones" rather than abrupt discontinuities. It is
assumed that the electrical resistivity varies smoothly
between blocks of different electrical resistivity. This is,
however, consistent with the way electrical resistivity
varies in nature as mentioned in Chapter 1IV. Sharp linear
electric resistivity contrasts rarely occur. On the other
hand, to the author's knowledge, only one 3D modelling
program has been used so far to successfully model static

shifts. It is the program of Wannamaker et al. (1984a) which

uses the integral equation approach (see Chapter 1II).
Despite its capability to reproduce static shift effects,

the integral equation approach method is 1limited ¢to

[
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modelling simple 3D inhomogeneities in a layered (1D) half-
space (Wannamaker and Hohmann, 1991). Much more work in
modelling the static shift effect is needed in order to
understand it in terms of the real world. In fact, it may be
that because of the simple models that so far hawve been used
to model static shift using the integral equation approach,
the results are exaggerated in comparison with more accurate
3D models of real structures. As Jiracek (1990) says, no
magical solutions to all problems of near surface
electromagnetic distortions are available.

Despite the failure to model static shift effects and
the impossibility of quantifying them in terms of the sizes
and shapes of electrical resistivity inhomogemeities, the
exercise led to a better understanding of the 3D modelling
packages available and to the realization that there is no
3D modelling procedure yet that permits the incoxporation of
all the information required to construct accurate

electrical models of the real world.
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CHAPTER VI

The main objective of the magnetotelluric work
described up to now was to delineate a geothermal anomaly
that is thought to exist in southern Portugal in
geoelectrical terms. The use of the MT method is justified
by the fact that temperature influences electrical
resistivity (or its reciprocal, the electrical conductivity)
and, therefore, geothermal anomalies should be detected as
low electrical resistivity anomalies (high electrical
conductivity anomalies). Implicit in this objective was the
search for the origin of the geothermal anomaly which is
suspected to be related to the complex geological features
of the region where the MT study was performed.

The fact that the study area is crossed by two major
Ficalho overthrust) suggests that other questions may be
addressed for the region, such as: how deep do the Messejana
crust and what are their geometries? Do these two tectonic
features show any particular geocelectrical signature and are
the high and low electrical resistivity areas identified
during the survey a result of them? How can the high

electrical resistivity regions be explained in an area that
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otherwise should have low electrical resistivity? And what
is the relation between the geothermal anomaly and the
gecelectrical pattern obtained for the area? Some of these
questions will be discussed, suggested answers will be
forwarded and interpretations will be explored.

Electrical resistivity of crustal rocks may vary from
less than 0.1 to more than 100,000 ohm-m, depending on their
compositions and states (Fig. 6.1). As in all geophysical
methods, in geoelectromagnetic methods it is usual to define
"normal®" or average values that are generally used to
compare with the results of a particular survey. For
electromagnetic crustal surveys it useful to define what is
considered a normal electrical resistivity crust. Based on
compilations by Jones (1981), Shankland and Ander (1983),
Haak and Hutton (1986), Hjelt (1988) and Schwarz (1990) it
is assumed that the average electrical resistivity of the
lower crust ranges from about 100 to about 1000 ohm-m. On
the other hand, 1lower crustal electrical resistivities
ranging from 10 to 500 ohm-m are considered as anomalously
low (Haak and Hutton, 1986).
composition and state of rocks, electromagnetic methods, and
in particular MT methods, have provided information on the
geochemical and pctzalégieal structure of the crust and have
been frequently used to constrain crust mineralogy

(Shankland and Ander, 1983; Gough, 1989; Hyndrman and
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Shearer, 1989; Jones, 1992).

As referred to in Chapter I, several geophysical
surveys have been carried out in southern Portugal. Figure
1.3 shows the Bouguer anomaly map for an area that includes
the region of the present MT survey. Superimposed on that
map are the Messejana fault and the Ferreira-Ficalho
overthrust. The main feature of the map is the trend of
positive anomalies that are located just north or northeast
of the Ferreira-Ficalho overthrust. These positive anomalies
correlate well with the two high electrical resistivity
blocks that may be seen in Figure 3.6 and with the outcrops
of the gabbro-diorite complex that are shown in the geologic
sketch of Figure 1.2. It is interesting to note, however,
that the positive Bouguer anomaly that is just north of the
intersection between the Messejana fault and the Ferreira-
Ficalho overthrust is not correlated with high electrical
resistivity. If it is remembered that the electrical
resistivity of a rock depends on its porosity and the
salinity of fluids in the pores and/or the state of
weathering, and the higher the porosity and the salinity of
the fluids the lower the electrical resistivity, one can

infer that the Messejana fault 1locally increases the

cc¢.‘tained saline water decreases their electrical

resistivities. Water is also of lower density than the
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matrix material, and qualitatively, this would explain the
smaller Bouguer anomaly observed in the faulted zones. South
and southwest of the Ferreira-Ficalho overthrust the
character of the Bouguer anomaly map is probably a result of
the less complex geology and a more uniform density
distribution than north and northeast of it.

It is also interesting to note that at all depths, at
least northeast of the Ferreira-Ficalho overthrust, the two
high electrical resistivity blocks are separated by a narrow
stip zone of low electrical resistivity trending in the same
direction as the Messejana fault (see Figures 3.6 and 3.7
and Appendix III). Since other geophysical and geological
studies indicate that this fault affects the whole crust, it
is suggested here that saline water decreases the electrical
resistivity in the region of the fault and deep water flow
takes place in the fault 2zone. The situation may be
different southwest of the overthrust because the overthrust
separates two distinct crustal blocks with different
geological characteristics: the Ossa-Morena and the South-
Portuguese zones (Ribeiro et al., 1979). In the latter, the
estimated electrical resistivities are generally lower than
those of the Ossa-Morena zone and so any contrast in
electrical resistivity that exists between the higher
porosity formations near the Messejana fault and the
surrounding rock formations is not apparent.

Figure 1.4 shows the total field aeromagnetic anomaly
map for the region of the MT survey with the Messejana fault
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and the Ferreira-Ficalho overthrust superimposed on it.
Again, the main feature of the map is a correlation between
a lineament of positive anomalies and the gabbro-diorite
complex just north of the Ferreira-Ficalho overthrust. As in
tae Bouguer anomaly map, where a different gravimetric
character between the Ossa-Morena and the South-Portuguese
zones is apparent, different magnetic characters are also
obvious for those two zones. In Chapter I it was wmentioned
that the Messejana fault, contrary to what was expected,
does not show any particular magnetic signature. Using
magnetization values measured by Schott et al. (1981) in
rock samples from the dolerite dyke associated with the
fault, Miranda et al. (1989) concluded that the dyke is less
than 10 km deep, which is in contradiction with the results
of Schermerhorn et al. (1978). This contradiction can,
however, be resolved if it is assumed that the Messejana
depths. This would imply that the actual magnetization of
(Schot” et al., 1981) as a result of hydrothermal processes
(Reynolds et al., 1990; Hildebrand et al., 1993).

A few seismic refraction surveys have also been
performed in southern Portugal. The results of these
indicate a deepening of the Moho by about 2-4 km toward the
SE, but this cannot be seen in the results of the MT survey
because of the Moho's depth and the range of frequencies

used by the MT system to measure the natural electric and
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magnetic signals (128 to 0.031 Hz). However, the MT results
do show that the porphyry complex has deeper roots NW of the
Messejana fault than to the SE. On the other hand, the MT
results do not show any electrical resistivity transition
that may be correlated or associated with the low velocity
zones between 10 and 20 km depth described by Mueller et al.
(1973). Low velocity zones are generally related to
“critical" temperature gradients and high porosities in
rocks (Christensen, 1979) and, therefore, should appear as
low electrical resistivity layers. However, the whole area
of the MT study, and in particular the area southwest of the
Ferreira-Ficalho overthrust, show values of electrical
resistivity that are lower than the assumed normal values,
as discussed in Section 6.1. An increase of electrical
resistivity values is observed at some MT sites in the
South-Portuguese zone at depths deeper than 20 km (see maps
of Appendix III), and this wmay be an indication that the
base of the low velocity zone is located there. This could
be confirmed by performing a long period MT survey over the
region.

The fact that a relationship exists between electrical
resistivity and temperature (equation 1.1) was the main
motivation for the MT survey over the Alentejo Geothermal
Anomaly (AGA). The :urﬁ:ilg came, however, when the heat
flow density (HFD) map, as published in Haenel and Staroste
(1988), was superimposed on the electrical resistivity maps.

In Figure 6.2 that superposition can be seen ior the
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rig. 6.2: Heat flow density map superimposed on the
electrical resistivty map at 500 wmetres. The heat flow
density isolines (dashed lines) are in mW/m’ and the
electrical resistivity isolines (solid lines) are in

ohm=-m.
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electrical resistivity map at 500 m depth. It is observed
that the region of highest HFD coincides with one of the
high electrical resistivity blocks delineated by the MT
survey. This result was not expected, and two working
hypotheses were considered in order to interpret the lack of
correlation between the MT results and the HFD data. The
first assumed that the HFD values result from high heat
production in the rock formations of the region, and the
second assumed that hot water was flowing at relatively
shallow depths (shallower than 500 m) in the region of the
AGA. Of course, there is always the possibility that the HFD
values have been overestimated. Concerning the first
hypothesis, rock samples from the main geologic formations
that outcrop in the area near the AGA wvere collected and
uranium, thorium and potassium contents measured in order to
estimate the heat productions per unit volume. The
measurements were made by Dr. R. St. J. Lambert in the mass
spectrometer laboratory of the University of Alberta. Since
porphy: .. generally have high concentrations of radioactive
elements, it was thought they would have high heat
production values and thus could explain the high HFD
values. Table II shows the calculated heat productions per
unit volume that were obtained for the various rock types.
These calculations were made using the heat production
formula given by Rybach (1976). The results indicate fairly
normal values with a maximum of 2.88 uW/m’ for granitoid

rocks. Assuming a heat conduction model for the crust, a

161



Heat production values (in uW/m’) obtained in rock
samples collected in the porphyry and gabbro-diorite
complexes. The numbers in parentheses are the numbers
of rock samples analysed (from Correia et al., 1993).

GABBRO-DIORITE COMPLEX PORPHYRY COMPLEX
Gabbro Microdiorite Diorite Microgranite
(2) (2) (2) (s)

2.8710.25

0.27%+0.02 0.83$0.14 1.6010.14 2.7010.24
2.8810.26

0.11%0.02 0.76+0.07 1.5310.13 2.7910.25
2,5810.2)3
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from the surface to a depth of 10 km, the reduced HFD (Roy
et al., 1968) would be about 131 mW/m*, if no other

is very high and the author is not aware of any region with
such high reduced HFD.

$.3. One-dimensional thermal modelling

Recently Duque (1991) and Duque and Mendes-Victor
(1991, 1993) reported new HFD results in the area of the AGA
and stated that values in excess of 200 mW/m’ exist there.
To investigate the consequences of such HFD values, a one-
dimensional conductive HFD model is used as a first
approximation to estimate the temperature distribution in
the crust where the highest HFD values occur. This approach
is limited because of geological complexity of the region.
However, since the last tectonothermal event occurred much
more than 1,000,000 years ago and was probably related to
the Hercynian orogeny (Berktold, 1983; Stegena and Meissner,
1985; Cermak and Lastovickova, 1987) it seems worthwhile to
explore the one-dimensiomal (1D) model.

For an isotropic 1D Earth, for steady-state approach,

the heat transfer equation is

df.dr ' €
Z(KI)+A(.)-O (6.1)
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production per wunit volume and K is the thermal
conductivity, which may vary with temperature. In this work,

The integration of equation (6.1) depends on the heat
production distribution with depth, A(z). Generally only two
heat production distributions are considered. The step model
(Roy et al., 1968) and the exponential model (Lachenbruch,
1968). In the former, the heat production is assumed
constant within the crust throughout a layer of thickness D

(as defined below) and integration of equation (6.1) gives:

a

rz=1+2:-

X -2" (6.2)

x>

where 7 is the surface temperature, Q is the HFD at the

surface and 4, is the heat production per unit volume, also

at the surface. In the latter, the heat production varies as

Az)=Ae " (6.3)

vertical distribution of heat sources. 1In this case,

integration of equation (6.1) gives
A’

T- 7';*%:*!:\' (1-¢7v) (6.4)
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where ¢=()-A,) is the reduced heat flow and is interpreted
ac the HFD that exists below those layers in which heat
production occurs (Roy et al., 1968). The exponential model
is usually considered the more realistic of the two
(Lachenbruch and Bunker, 1971; Swanberg, 1972; Ormaasen and
Raade, 1978), so it will be used to determine the
temperature distribution with depth in the area of the AGA
The following parameters are chosen: since the highest HFD
values are on or around the porphyry outcrop and laboratory
analysis indicate heat production values of 2.88 uW/m’ for
that formation, the value of 3.0 uW/m* is assumed to
represent the maximum heat production at the surface, 4,; J,
is assumed equal to 15 °*C; D is assumed to be 10 km (Cermak
and Lastovickova, 1987) and from Haenel and Staroste (1988)
q (q=Q-A4D) is taken equal to 130 mW/m’; K is assumed to
be 2.6 W/mK (Chapman and Furlong, 1992; Cermak and
Lastovickova, 1987). Figure 6.3 shows the calculated
geotherm for a surface HFD of 160 mW/m’. To compare with
this geotherm, geotherms characterized by the same
parameters as above but for surface HFD values of 200 mW/m’
(Dugque and Mendes-Victor, 1993) and 90 mW/m* (Carlos
Almeida, 1991, person. commun.) ire also shown.

The geotherms of Figure 6.3 show that at a depth of 30
km, which in the study e&rea corresponds to the average depth
of the Moho (Mueller et al. 1973; Caetano, 1983; Hirn et

al., 1981), the temperatures reach values of 1625 °'C, for
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Fig. 6.3: Calculated geotherms for surface HFD values
of 90 (a), 160 (b) and 200 (c) mW/m’. The values of
the parameters used to performed the calculation are
described in the text.
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the geotherm corresponding to a surface HFD value of 160
mW/m!, 2086 °C, for the geotherm corresponding to a surface
HFD value of 200 mW/m* and 817 °C, for the geotherm
corresponding to 90 mW/m?.

In the presence of free water, at depths near the
bottom of the crust, intermediate to mafic rocks melt near
700 °C to give a water-saturated melt of electrical
resistivity of about 0.1 ohm-m (Wannamaker, 1986; Schwarz,
1990). On the other hand, in high-grade lower crustal rocks,
where water is bound in hydrous minerals like amphibole and
biotite, melting occurs at temperatures of about 850-900 °C
in the absence of carbon dioxide and the melt has an
electrical resistivity of about 1 ohm-m (Wannamaker, 1986).
However, experimental work by Peterson and Newton (1989)
indicates that carbon dioxide bearing lower crustal rocks
with pyroxene or hydrous equivalents also melt at about 700
*C. These results, together with the results from the MT
survey which show that at depths of about 30 km the
electrical resistivity below the area where the HFD values
are the highest is about 1000 ohm-m (see the maps in
Appendix II1I), and the results of the seismic refraction
surveys which show that the P wave velocity near the base of
the crust is near the range expected for mafic non melted
rocks, lead to the conclusion that HFD values in excess of
90 to 100 mW/m* are probably too high. Higher value than
this would lead to partial melt, and the evidence clcarlj
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indicates that partial melt is not present in the lower
crust below the region of the MT survey.

Furthermore, the existence of a positive Bouguer
anomaly in the region of the AGA also suggests that very hot
(and, therefore less dense) material is not present in the
crust (Palmason, 1976; Werner and Kable, 1980).

Heat flow density studies and geotherms constructed for
other Hercynian regions in Europe show that surface HFD
values range from 56 to 80 mW/m* and the temperatures at
Moho depths range from 540 to 740 °*C (Cermak, 1982). Stegena
and Meissner (1985) calculated that the temperatures at the
Moho depth in the Hercynian structures along the European

geotraverse are about 390 °C.

$.4, Interpretation and synthesis of the results

One of the main conclusions from the previous section
is that the HFD values reported to be 160 mW/m’ (Haenel and
Staroste, 1988) and 230 mW/m’ (Duque, 1991; Duque and.
Mendes-Victor, 1993) in the central region of the AGA,
should not be used to extrapolate the temperature
distribution to middle and lower crustal levels. This does
not mean that those HFD anomalously high values are not
real; what it means is that they probably result from water
flow through faults or fractures in the shallow part of the
crust. The MT survey indicates (as was shown in Chapter III)
that water may circulate in faults to create zones of low

electrical resistivity in an otherwise high electrical
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resistivity environment. This appears tc be true for the
Messejana fault. The existence of water in the Ferreira-
Ficalho overthrust does not seem so obvious because it
separates two different tectonic regions (the Ossa-Morena
and the South-Portuguese zones) that exhibit different
geological characteristics (see Figure 1.2). However, water
has been reported in thrust zones and faults (e.g., Fyfe et
al., 1978; Fyfe, 1986; Fyfe and Kerrich, 1985; McCaig, 1988,
1989; Forster and Evans, 1991), and it is possible that
water flowing through the Ferreira-Ficalho overthrust also
contributes to the high HFD values of the AGA. On the other
hand, calculations of the electrical resistivities of
crustal fluids as a function of temperature, pressure and
dissolved solids indicate values that range from 0.1 to 1
ohm-m (Nesbitt, 1993), which would explain the low
electrical resistivity zones which coincide with the
Messejana fault and the Ferreira-Ficalho overthrust.

Figure 6.4 shows the tectonic map of the study area
superimposed on a general sketch of the high and 1low
electrical resistivity regions at a depth of 500 m. The 500
and 5 ohm-m isolines are shown and the shaded areas
represent low electrical resistivity regions at shallow
depths. The low electrical resistivity area to the north
includes MT sites 26, é?, 28 and 31. It is located in a

region where Precambrian to Silurian undifferentiated rocks

fault and the Vidigueira fault. It may be an extensively
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fractured zone that is a result of the Hercynian orogeny and
contacts among different rock formations. The most probable
interpretation appears to be that water again plays an
important role in lowering the electrical resistivity here
to values less than 10 ohm-m at shallow depths. In Figure
possibly because of the lack of data. This low electrical
resistivity area may correspond to the central area of the
AGA and as such coincides with a discharge area at
relatively shallow depths. The only difficulty with this
interpretation is that in the study area and in the
surrounding regions there are no hydrothermal manifestations
(Hydrogeological Map of Southern Portugal, 1989, Geological
Survey of Portugal), which should be expected with such high
HFD values.

Water does not seem to explain all the features that
can be observed in Figure 6.4. The low electrical
resistivities in the southern region, which includes MT
sites 2, 4, 33, and 34 correspond to undifferentiated
Devonian and Carboniferous rocks (see Figure 1.2), mainly
slates and schists. This is a region where economic ore
deposits have been found and where formation porosities and

permeabilities are low (Ribeiro et al., 1979;

to a few hundred metres thick). Therefore, it is possible

that the low electrical resistivities measured in there are
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due to the presence of sulphides or other metallic ores
(Olhoeft, 1981; Schwarz, 1990; Jones, 1992). The acceptance
of this interpretation depends, however, on the way they are
distributed in the crust. In southern Portugal they
frequently occur as veins and this means that large aereal
in terms of conducting mineralized zones.

A preferred explanation is, however, related to the
Ferreira-Ficalho overthrust, i.e., shales, slates and
schists (Oliveira et al., 1983; Geologic Map of Portugal,
scales 1:1,000,000 and 1:200,000, Geoclogical Survey of
Portugal). Crustal rocks contain small amounts of carbon as
anthracitic or graphitic material (Schwarz, 1990; Jodicke,
1992), which may greatly decrease their electrical
resistivities. Furthermore, carbonaceous matter of
microscopic size, found particularly in black shales, seems
to have great importance in producing electrical
conductivity anomalies. The finely disseminated organic
carbon in most pelitic rocks, when exposed to low grade
metamorphism, reaches a high coalifi :ation stage which may
lower the electrical resistivity to values of a few omh-m or
even lover than 0.1 ohm-m (Stanley et al., 1987; Stanley,
1989; Jodicke, 1992);, Duba et al. (1988) performed
laboratory studies on Carboniferous rock samples abundant in
black shales from a 5425 m deep well in Germany, and

concluded that the measured low electrical resistivities
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were the result of a thin carbon film on the grain
boundaries. Because of chemical stability reasons, this
conductive process by organic carbon appears to take place
only in the upper crust. Recently, however, Frost et al.
(1989) documented the existence of grain-boundary graphite
in lower crustal rocks, which could explain low electrical

resistivity layers detected in the lower crust.

§.3. Conclusions

Since the region where the MT survey was carried out
appears to be a low electrical resistivity region with a
number of deep rooted high electrical resistivity blocks,
and MT methods do not penetrate very deep in low electrical
resistivity formations (because of the skin-depth effect -
Chapter II), it is not possible to give a full picture of
the lower crustal structure in this work, but a number of
important conclusions can be reached.

In geoelectric terms, the Ossa-Morena and South-
Portuguese zones are clearly distinct, the former being more
resistive than the latter. The Messejana fault separates two
very different geoelectrical domains, at least southwest of
the Ferreira-Ficalho overthrust, and appears to be a deep
feature, which penetrates the whole crust. The evidence
suggests that the Hosscjana fault and the Ferreira-Ficalho
overthrust contain saline fluids which create zones of low
electrical resistivity. The AGA appears to result from

upward water flow along the Messejana fault, the Ferreira-
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Ficalho overthrust and possibly the Vidigueira fault. These
are conduits for the water to flow and if so, then it is
possible that the central part of the AGA is actually
located about 20 km NE of the position shown in Figure 1.1,
i.e., in the central region of the northern low electrical

resistivity area shown in Figure 6.4. However, the thermal

The results of Chapter III also show that the MT method
can be an important tool to delineate and distinguish
between different kinds of faults and therefore it may be
useful in structural geology studies.

One-dimensional thermal modelling, in conjunction with
MT and seismic refraction data, indicates that the high HFD
values estimated in the central region of the AGA should not
be used to calculate the temperature distribution in the
crust or to generate thermal models of it. The high HFD
values may be overestimated because of the water flow
suggested above and, in this case, the AGA would be a local
geothermal anomaly and would not represent the thermal state
of the crust in the region.

""" I1I)
is poor, and therefore its results should be used carefully.

are scattered. ﬂowever; for 5000 s the upper mantle is
probably being detected and the arrows show a common
direction parallel or approximately parallel to the

Messejana fault. Induction arrows point to regions of high
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electrical conductivity, and they appear to be pointing into

study area), where it has recently been suggested that the
nucleation of a subduction 2zone propagating towards the
north exists (Ribeiro et al., 1988).

Finally, the electrical resistivity pattern in the
region southwest of the Ferreira-Ficalho overthrust appears
to be controlled by the existence of organic carbon
contained in the rock types that outcrop there.

One of the important uses of 3D electromagnetic
modelling is to establish the validity of 1D and 2D models
to interpret natural environments. For the Portuguese data
the results of Chapter IV show that the use of 1D inversion
models and the Berdichevsky invariant were good
approximations from which to construct 2D and 3D

electromagnetic models. It is also apparent from Chapter IV

resistivity in areas with 3D character. The 2D profiles
considered here gave no indication of the high electrical
resistivity blocks that are located in the central region of

the study area, only a few kilometres away.

Some of the qugstiéns that were asked in Section 6.1
have been answered: others have not. It appears, though,
that southern Portugal is an interesting region to be

studied in geoelectrical terms and, therefore, the
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continuation of the initial MT survey reported in this work
should be pursued by: (1) carrying out more measurements of
the magnetotelluric field in areas adjacent to that already
surveyed; (2) measuring the vertical component of the
magnetic field at the MT sites of the present study, so that
induction arrows can be calculated:; (3) measuring the
regional magnetotelluric field at longer periods to provide
better electrical information about the lower crust and
upper mantle.

Improvement of the software packages for two-
dimensional and three-dimensional modelling should also be
carried out. In particular, higher resolution 3D models than
that used here are needed if a quantitative analysis of the
study area is to be achieved.

Field as well as numerical approaches to the static
shift effect should also be continued, aiming at a better
understanding of the problem and possible ways to compensate
for it.

A better understanding of the geological structure of
southern Portugal would be achieved if, in conjunction with
more MT measurements, more HFD measurements and a few
seismic reflection surveys were performed. This could
provide more information about such questions as: are the
low electrical resistiéity zones in the South-Portuguese
zone a result of saline fluids, graphite or mineralization,
and are the low velocity zones a result of enhanced porosity

or slightly higher temperature in the middle crust?
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APPENDIX I

For each site the f llowing quantities are shown:

First page: apparent electrical in the north-south direction
(RHO XY), phase in the north-south direction (PHASE XY),
apparent electrical resistivity in the east-west direction
(RHO YX), phase in the east-west direction (PHASE YX),

COHERENCY, NUMBER OF ESTIMATES and SKEW.

Second page: apparent electrical resistivity and phase along
the strike direction (MAJOR), and perpendicular to the
strike direction (MINOR), COHERENCY, NUMBER OF ESTIMATES,
SKEW, AZIMUTH and apparent electrical resistivity and phase

invariant (INVARIANT).
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APPENDIX II

For each site the following plots are shown:

Right part of the plot: electrical resistivity model of the
site. The Rs refer to the range of electrical resistivities
for the layer and the Ds refer to depth range of the

boundary between two different layers.

Left part of the plot: field data invariant apparent
electrical resistivity (top) and field data invariant phase
(bottom). The field data are represented by crosses with
error bars. The solid 1line represents the calculated
apparent electrical resistivity and phase curves for the

one-dimensional model shown in the right part of the plot.
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APPENDIX IIIX

The isolines are electrical resistivities in ohm-m.
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APPENDIX IV

Refer to Figure 1.2 and Figure 3.8 for locations of the MT
sites. Crosses indicate field data an® stars indicate 3D

model results.
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