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This work concerns the implementation of Magnetota Method one of the most consolidated
Electromagnetic Methodologies of Geophysical prospe, based on the Earth's natural
electromagnetic field, in the investigation anddstof applying the Remote Reference Method.
In this thesis, it has been studied thoroughly piwgsical principles and the measurement
techniques of magnetotelluric method and also theciples of operation and the different
configuration modes of the advanced magnetotellom@asurement systemT24/LF of EMI
along with its electric and magnetic sensors. THerveasurements have been conducted at two
permanent MT-stations in Omalos, Crete, Greece dvinyethe Laboratory of Geophysics and
Seismology at the Department of Natural ResourcesEdvironment of Technological
Educational Institute of Crete and in Agri Valldascilicata, Italy installed by the Institute of
Methodologies for Environmental Analysis of the idatl Research Council of Italy (I.M.A.A.
C.N.R.). The MT measurements were analyzed andcepsed with the Egbert's robust program,
resulting to the construction of the apparent tedig and phase curves versus frequency using
Matlab.

H ntoypoxn epyacia agpopd oty epapuoyn s MayvnrotehAhovpikng MeBodov, pia amd Tig mo
edpatwpéveg Hiektpopoyvntikés Mebodoroyleg I'empuoikng dtaokomnong pe a&lonoinon tov
QLOKOV NAekTpopayvNTIKOD TTediov g I'Mg ot diepevvnon kau pedétn epopumlovrag Remote
Reference Metho&mv mruylakn avt, peletnOniay SteE0dKd 01 PUGIKES apYES KoL Ol TEYVIKEG
LETPNOEMV TNG HOyVNTOTEALOVPIKNG HeBOdoV kabdg kol M apyn Aetrtovpyiog Kot ot TpOmToL
SUOPPMCNG TOV TPONYUEVOD LAYV TOTEALOVPIKOD GuoTAOTOG HETpnong MT24/LF tov oikov
EMI petd tov aoOntmipov nAektpikod kot poyvntikov mediov mov to cuvvictovv. Or MT
HeTPNOELS TpaypaTorotdnkoy og dvo uovipovs MayvnroteAlovpikodc otadpovg otov Opodo,
Kpnm, EALGSa mov avrkel oto Epyaoctiplo IN'eoeuoikng kot ZEIGHOAOYING TOV TOPAPTALATOG
dvowov TTopov kot [Mepparriovtog tov TEI Kpnmg xar Agri Valley, Boociukdra, Itolio
gykoteotnUéVO amo 1o Ivotitovto MeBodoroyiav yia v [eptfariovtikn AvdAivon tov EBvikon
Yvppoviiov Epevvov g Itaiioc. To poyvnmrotelhovpikd dedopévo Etvyav avdivong kot
enelepyaociog pEom tov mpoyphupatog Tov Egberténov kot mpoékvyav ot KapTOAES PUUVOUEVNS

avTioTaoNG Kot Ao GLUVAPTHOEL TG cLYVOTNTAS, YpNolporoldvTag to Matlab.
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Electrical conductivity is one of the most widelgrying physical properties of Earth. While the
seismic velocity and density of rocks that compEseth’s crust typically vary at most by about
one order of magnitude and more typically by adacif 2, the electrical conductivity (and its
reciprocal resistivity) typically varies by manyders of magnitude. The large contrasts that
result make electrical conductivity an attractigeltfor geophysicists interested in exploring the
structure and physical state of Earth’s interidneelectrical conductivity of any rock depends
on the its composition, temperature, porosity, maibiity and pore fluid content, and so
knowledge of the electrical conductivity distritari of subsurface structures can provide

information on a wide range of other physical ardlggical properties.

Temperature, pressure, physical and chemical gpat®sity and permeability, as well as the
frequency at which measurements are made can ajl @lcrucial role in determining the
electrical resistivity exhibited by rocks and mialsr Conduction (the transmission of electrical
currents by free charge carriers) occurs in rockkrainerals via three principal electrical charge
propagation mechanisms: electronic, semi-conducéind electrolytic. Electronic conduction
occurs in metallic ore minerals (e.g. magnetiten&ite) which contain free electrons that can
transport charge. Electronic conduction is mostificant in the Earth’s core. The conductivity
of the amorphous graphite that occurs in the Earthust is lower than the conductivity of
metallic ores, but higher than the conductivitynatural semi-conductors or electrolytes. Semi-
conduction occurs in poor conductors containing fese charge carriers. Semi-conduction is
expected to dominate in mantle minerals such asneli Electrolytic conduction occurs in a
solution containing free ions, such as saline watach is an electrolyte of particular relevance
to crustal EM studies, furthermore as electrolyda act as partial melt generated by enhanced

temperatures, adiabatic decompression or asthemosypavelling in active tectonic regions.

One well established technique for imaging eleatricconductivity structure is the
magnetotelluric (MT) method. This technique utifizthe natural time variations of Earth’s
magnetic field in the period range of about 0.081.®0,000 s as a source of excitation energy.
The time variations of the magnetic field inducecaresponding electric field within Earth that

is proportional to the conductivity structure. Tpleysics of the method involves the diffusion



equation and so the resolution is less than fohoust based on the wave equation (seismology,
ground penetrating radar), however, the wide perdogje that can be utilized makes the method
sensitive to structures at crustal depths of arfesters to mantle depths of 100’s of kilometres.
The development of the magnetotelluric (MT) methad taken considerable leaps in the 50
years since it was first proposed [Tikhonov, 19%Dagniard, 1953]. Advancements in
instrumentation, data processing and modelling hagalted in many significant land based

problems being solved using the magnetotelluridoet

The magneto-telluric method, which is the subjé¢his paper, answers the ever increasing need
for quantitative results. Actually, it is not aistty electrical method, but rather a combinatidn o
telluric and magnetic methods, a combination froticlw the name of the technique has been
derived. Essentially, the magneto-telluric methmebives the comparison, preferably at one and
the same place, of the horizontal components ofrthgnetic and electric fields associated with
the flow of telluric currents. The method offerstake advantages of the telluric method and even
improves on it with respect to flexibility, speednd economy. In addition, it offers the
inestimable benefit of making possible, in mostesaghere the bedding is horizontal, a truly

guantitative interpretation.

In recent years, the MT method proved to be effedtn a broad range of applications regarding
the Earth’s interior studies like crustal studiesamlts imaging. A quite recent application of the
method concerns the continuous monitoring of seisagtive areas to detecting anomalous

temporal patterns of the MT transfer function casted to the seismic activity.

The effectiveness of this last application of th& Method is still under investigation and it is

part or the main topic of some international prbjée. IPOC - Integrated Plate boundary
Observatory Chile; MT-GEAR - MagnetoTellurics irudying Geodynamics of the Hellenic

Arc; Agri Valley (Italy) MT monitoring) and crucigboint is the capability to obtain unbiased
and stable MT estimates. The continuous growinghefantropization level of the lands, and
hence of the cultural electromagnetic noise, makes task particularly hard and force the
scientists to find and experiment always new datalysis techniques. The presence of the
cultural related dynamics affecting the MT monibgyican easily lead, in fact, to a false
interpretation of magnetotelluric data and to thgpassibility of detecting the presence of

resistivity variations within the subsoil.



Among all the MT noise reduction techniques, thenBi&e Reference method (RR) is well
known as one of the most effective. It allows aimination of the effects of coherent noise (ie.
DC train noise) on the MT estimates by means obimitgy simultaneous EM fields in the “local

site” (the one that has to be investigated) andrémmote site” (usually considered as quiet site)

with a spacing between the two sites of a few hedsliof kilometers.

In this thesis, it will be explored the possibility applying the Remote Reference method and
along with its advantage between two monitoredssi@malos, Crete, Greece and Agri Valley,
Basilicata, Italy. The novelty of this topic wilelrepresented by the distance between the local
and the remote station (~ 1000 km), an order ofmtade greater than in the usual application

of the RR techniques.
The structure of the thesis will be:

+ Chapter I: The geological outline of the areamntdriest.

+ Chapter II: A description of the MT method (apptioas, sources, fundamental
equations, transfer function, dimensionality moyels

+ Chapter Ill: A description of the MT instrumentsedsor data recording.

+ Chapter IV: Analysis performed on the data

+ Chapter V: An explanation of the results that atedi during the processing in Chapter
V.



In this thesis it will be analyzed MT data colletia two different areas: Agri valley (Basilicata,
Italy) and Omalos region (Crete, Greece).

Since 2003, a MT monitoring network has been itesfaby the Institute of Methodologies for
Environmental Analysis of the National Research i@dwf Italy (I.M.A.A. C.N.R.) in the Agri
Valley (Balasco et al., 2008). The site has bearseh due to the presence of: i) a coherent fault
system N120 trending left-lateral strike-slip fawhich can be related to some of the most
destructive seismic events occurred in the south&ly (i.e. the Earthquake occurred on
December 1857 (I=XI MCS) (Mallet, 1862), ii) theepence of great hydraulic engineering
structures (Pertusillo and Marsico Nuovo Dams) aifhdor the intense exploration of oil and
natural gas, operated since the 1980s. Among allMf stations of the network, Tramutola
station plays a key role. It is placed in southmastlank of the Valley and is the only one in the
MT network which, at present time, can be consid@ermanent.

TEI of Crete and more specifically the Laboratory &ophysics and Seismology has selected
the plateau of Omalos as one of the best locatiothe placement of the permanent MT station,
far away from human activity, current sources, |i@s or metallic fences which can create

problems for the measurements.



Fig.1.1: Panoramic picture of Omalos plateau

Lefka Ori (The White Mountains) is a mountain rangeated in Western Crete in the Chania
prefecture. The island of Crete is located northihef Hellenic trench and is the largest of the
Greek islands and the fifth-largest island in thediferranean Sea.

The geological framework consists largely of nappefs contrasting lithologies and
metamorphism that were stacked southwards duringOhgocene to early Miocene N-S
compression (Pomoni F. and Karakitsos V., 2002) Wiéte Mountains is the largest mountain
range of Crete and is formed in total from marblagstone and dolomite - rocks whose main
component is calcium carbonate. In total, they viemmed million years ago, in the sea from the

dissolved calcium carbonate which was swept away the earth’s rocks by rainfall.

1" o#

In total, the core of the mountain range is congatiprimarily of two main groups of rocks:
Plattenkalk limestone and Tripali (Vafidis A. et.&2004) The most important and the one that

occupies the largest volume, is Plattenkalk limestorhese are the rocks that form the ridge



(backbone) on which all the other groups of rodlesfaund, and in addition, they are the deepest

rocks that are known in Crete, since we do not kadwat lays underneath them.

Apart from the Plattenkalk limestone rocks, there some other groups of rocks in the White

Mountains. These are the recrystallized limestohd&rgali, the shale, mainly, rocks of the

Phyllite-Quartzite group, and the Tripoli limesto(feasoulas Dr. G. 2004). The Tripali rocks

appear only in western Crete and are the distiaatraite limestone of the peaks of the White

Mountains that cover the Plattenkalk limestonethar brecciated limestone with the cavities

encountered from the village of Lakkoi until Omalas at Mount Tripali, on the east of the

mountain range (Hamdan et al, 2012) Their age twdwn 200 and 140 million years. The rest

of the rocks, also cover the Plattenkalk limestdnd, are rarest, found mainly on the east and

west margins of the mountain range. The "White Mauns" have got their name from the

perpetual white or off white color of their pealssthe off white of limestone during the summer

and fall interchanges with the snow that coversiks until late in spring.

Omalos Plateau (Fig. 1.1) is in the centre of thet& mountains named Lefka Ori and is

located 38km south of Chania at an altitude rangiogn 1,040 to 1,250 meters, surrounded by

the high peaks of the White Mountains. In the wintbe plateau it is frequently covered by

snow.

The Omalos plateau is located on the fault sepaydtie Trypali nappe from the underlying

limestones. The area consists of three geologiugs (Fig. 1.2) (Lydakis et al. 2005)

i.  Neocene and Quaternary formations
ii.  Trypali unit (Regarding to the transition from thederlying metamorphic carbonaceous

formations to Trypali Unit and the metaclastic fatrans of Phyllite/Quartzite Series,
Creutzburg and Seidel (1975) came up with a sungrisonclusion. Although in several
positions they notice that Trypali Unit seems tespagradually to Phyllite/Quartzite
Series, they describe Trypali Unit as a separatetsiral unit of the External Hellenides)

iii.  Plattenkalk group.
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Figure 1.2: Location of the Omalos polje-platead gaological outline of the area. (Geological
map after Tataris and Christodoulou 1969)

The plateau consists mainly of marl and conglonesrathich lie on the Trypali limestones. The
rock formations around the Omalos plateau are maiatt of the Trypali unit and less of the

Plattenkalk group (Manutsoglu Spyridonos, Souj@tobshagen, 2001). The Plattenkalk Group
represents the lowermost known tectonic unit béntgregt nappe pile of Crete and their formation

has been involved in the tectonometamorphic prodesag the Oligocene-Miocene.



Fig. 1.3: Panoramic picture of Agri Valley.

The Apennines are a mountain range consisting i@llpasmaller chains extending c. 1,200 km
along the length of peninsular Italy. The South&pennines foleandthrust belt accreted from
Miocene to Early Pleistocene in the westward deecsubduction of the Adriationian
lithosphere slab [Malinverno and Ryan, 1986; Pataetcal., 1990]. Since Middle Pleistocene
(500-700 ka) [Hippolyte et al., 1994], NEBN extension together with regional uplift has
affected the axial sector of the Apennines, leadinthe opening of intermontane basins along
NW>striking highrangle normal and oblique faults [Cinque et al.,399ippolyte et al., 1994].
However, disruption of prQuaternary constructional structures is limitectsithey still shape
the mountain landscape. Seismicity and all stredgators indicate that the extensional stress
regime is on-going [Pondrelli et al., 2006; Montoeke al., 2004]. The development of the
Southern Apennines accretionary prism occurredutjitathe off-scraping and incorporation at
the subduction zone of the Meso-Cenozoic passivgimaedimentary covers, which overlay
the subducted Apulo-Adriatic crystalline basemeammd the associated foredeep deposits.
Beneath the mountain chain the Apulian platformllelhhawater carbonates are deformed to

shape a buried antiformal stack (Fig. 1.4)
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Figure 1.4: Simplified geological map of the SouthApennines (modified after Patacataal.,
1992 and Patacca and Scandone 2007). The locdttbe geological cross section and segments
of the CROP-04 profile shown in this paper are Igited. Letters identify relevant wells (A,
Puglia 1; B, Gaudiano 1; C, Bellaveduta 1; D, L&vél E, Lavello 1; F, S. Fele 1;G, M. Foi 1,
H, Vallauria 1; I, S. Gregorio Magno 1; J, ContutsK, Gargano 1), (Beltrando M., et al 2010)

The Val d’Agri region hosts one of the largest inmtentane basins of the Apennines (Fig. 1.3).
Agri Valley is a NW-SE intermountain basin formedrithg Quaternary age surrounded by
mountains, bounded by border faults of Apenninevflfilled up by rubble-alluvial materials.
(Improta L. et al 2010) The valley is hemmed by mtains made up of geological formations of
limestone nature belonging to Carbonate Platfornisioverlapping Basin Units of Lagonegro,
made up of limestone-silicon-marly formations, abg terrigenous formations of sandy-
conglomerate and silicon-marly nature that tedtily dismantling of Apennines range and the
deposition of sediments in foredeep coming fromuhkeorn peninsular arch. The prequaternary
bedrock is composed by Mesozoic-Cenozoic shallotevand slope carbonates, mainly

outcropping along the west site of the basin, wtolward east and south-east, the bedrock is



formed by Tertiary silico-clastic sediments (Prigke Geology and geomorphology of Upper
Agri Valley. Available on: http://www.grumentum.ret/geologia-e-geomorfologia-dellalta-val-
dagri) The intermountain basin of the Agri Vallegpresents one of the higher seismic and
environmental hazard areas of the Southern Apeganinehistoric and recent years this area has
been hit by many seismic events, sometimes desteydike that which occurred on December
1857(I=XI MCS) (Mallet, 1862). This area is affetttiey a coherent fault system N120 trending
left-lateral strike-slip fault. The seismicity dfd valley is basically attributable to active fauh

the area. The seismogenetic faults, structures edkness in the earth’s crust, often create
dangerous situations causing earthquakes of differagnitude. The Agri Valley is, as already
mentioned above, a tectonic depression boundealdysfwith Apennines direction and other
faults that interrupt the previous ones with anpieAnines direction. The evidences of these
structures can be followed on the edges of theeyaih a fairly marked way, especially
considering the change of slope between the mmsitis and the valley bottom. In Fig. 2.5, a
structural map of the Agri Valley is showed witletlocation of all the MT stations composing
the monitoring network. (Giano S. I. et, al. 2000)



Fig. 1.5: structural map of the Agri Valley; red@ws indicate the position of the MT
stations: CR (Campo Reale site), MN (Marsico Nusie), BA (Barricelle site), VA
(Villa d’Agri site) and TR (Tramutola site).



Magnetotelluric¥MT) is a passive exploration technique that utdiza broad spectrum of

naturally occurring geomagnetic variations as agrosource for electromagnetic induction in
the Earth and was introduced by the French geoplysi Louis Cagniard
and Russian geophysicist Andrey Nikolayevich Tikbmm the early 1950s. It allows imaging
the distribution of the electrical resistivity pergies into the subsoil based on the propagation of
electromagnetic (EM) waves into the ground, the MVestigation depth (from 300m below
ground down to 10,000m or deeper) is strictly cateet to the ability of EM waves to penetrate
into the Earth. A raw estimate of this feature d@nobtained by considering the so called
“electromagnetic skin depth relation” that descsiltbe exponential decay of electromagnetic

fields as they diffuse into a medium is: (Bahr Kd&impson F. 2005)

8E( F &E=GHD(**. (2.1)

where (T) is the electromagnetic skin depth in metera afiven period T, D is the average

conductivity of the medium penetrated apdis magnetic permeability. In MT studies the
electromagnetic skin depth is generally equatedh Wit penetration depth of electromagnetic
fields into the Earth. Studying the Earth we cae #atu is usually assigned to the free-space

value Hyn7G O 10PCRSPX), so equation (2.1) can be approximated as:

8E( T ;00UEVy (2.2)

where is the apparent resistivity or the average resigtof an equivalent uniform half-space.

Using the equations (2.1) and (2.2) we presumeftiha given sounding period, the depth which
can be achieved by passive EM sounding is dictayetie average conductivity of the overlying
sample of Earth that is penetrated. With advancesstrumentation, processing and modelling,

MT has become one of the most important tools epdearth research.
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The magnetotelluric method, since its inceptionrmyb0’s, had a phenomenal growth, both in
development of the methodology and also the capaluf the method for solving different
geological problems. After the first papers on Ni€dry, it took about 20 years before MT was
brought into practice. Since then, MT has develofest in all fields (e.g., theory, field
instrumentation and interpretation

Philosophy) and the scientific and industrial iestrgrew rapidly. Within only a few decades,
interpretation philosophies, processing tools, Mowgeand inversion codes evolved from a one-
dimensional (1D) Earth to a three-dimensional (8Dlerstanding, although the latter is still in
its infancy regarding modelling and inversion. TpdAT is used for scientific purposes as well
as for industrial exploration. Industry seems t@eneecognized the advantages of MT, which is
useful in areas where seismics cannot be pragtioaleconomically applied or where the target
is characterized by an electrical properties cettrather than a change in seismic velocity or a
density contrast. The environmental impact of MThegligible and the costs are relative low
when using the method for exploration.

Due to the huge frequency range fra6t*- 10 Hz and therefore depths of penetration from 10

m to up to 200 km, MT can be used for a large nurnbapplications, such as:

1. Deep crustal and mantle studies: The aim of crumtal mantle studies is usually to

understand the structure and tectonic history ofedain region on a large scale.
Therefore these kinds of studies are mostly comaliby academic institutions although
the results can also help the mining industry tdemstand fundamental properties of that
region.

2. Geothermal studies: Geothermal studies are ofastein both academia and industry.

Examining the structure of geothermal areas h@psterstand basic properties of these
systems and the connection to large scale tectorticesses, but also allows energy
companies to identify interesting regions for geothal power generation (Harinarayana
T., 2008)

3. Environmental studies: Usually shallow borehole saeaments are used to investigate

the extent and to monitor changes within wastessifhis technique, however, is

relatively expensive.



4. Oil and mineral exploration: MT methods are impotteheap supplementary methods to

seismic surveys for petroleum exploration. Petnoleund natural gas are often trapped in
pockets between rock and salt that were formedhéypward movement of salt towards
the surface, penetrating and bending the existieg.rDue to this fact, mapping the top
and bottom of salt structures is important to idgrhe location of reservoirs.
These examples of MT applications also show thadtrapalyses of MT data are still performed
with 2D inversion schemes and only rarely 3D taulks utilized. This is due to limited computer
power, limited availability of 3D inversion codeadagenerally lower requirements in terms of
number of stations for 2D surveys. With current pater power and a greater variety of 3D
inversion codes available it is starting to becamestly a matter of experimental design and
costs whether 3D methods can be used or not.
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Naturally occurring geomagnetic variations, sowtée MT method, range between periods of
10P% s and10X s and are generated by two different sources,wstiongly differ in amplitude
and in their time-dependent behavior: the thundemstactivity (for period shorter than 1 s) and
by the interaction of the solar wind with the Earitagnetosphere (Bahr and Simpson, 2005)
The electromagnetic waves emitted by individuahtigng strokes get partially trapped in the
waveguide, (the signals traveling within the wavdguare also known as spherics) formed
between the conductive ionosphere, the part oathmsphere with the largest concentration of
ions extending from 100 to 250 km above the Easti$ace, and the Earth. These waves can
travel long distances and the lightning somewhet&é world is enough to provide a continuous
source at any location of the Earth's surface. Mbeasured field at the surface of the Earth is a
superposition of waves generated from individugitinings and the exact characteristics of the
electromagnetic fields depends on the size, shapetlae nature of the boundaries of the
waveguide. As long as the measurements are far &waythe individual thunderstorms this
superposition can be considered as a plane wave.

From 1 s to 10s, the geomagnetic fluctuations are linked toitheractions between solar wind
and the Earth’s magnetosphere (magnetopause) anas$pbere (Fig. 2.1). Solar wind is a
continuous stream of plasma, carrying a weak magfield. Constant pressure of the solar wind
onto the magnetosphere causes compressions omrtkdirected side and a tail on the night-
side. Due to changes in density, velocity and gttenof the solar wind, the Earth’s
magnetosphere is subject to varying distortions @rahges in the magnetic field. On the day
side of the Earth, soft x-rays and ultraviolet tiglause ionization of air molecules in the
ionosphere at altitudes of 80-120 km. Solar hedtiges thermal convection of the ionized air

molecules and thus establishes large-scale eletinients acting as magnetic fields sources.
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Figure 2.1.: A sketch of the magnetosphere (matlifiiem Kivelson and Russel (1995)

The combined effects of the two above mentionedhpimrena create a quite uniform plane
waves (see appendix A) source in the period rangé §, 10X s] for the final MT spectrum
which is shown in Figure 2.2

The overlapping of the two mechanisms responsitné¢hfe generation of the MT source is not
complete; around 1 s, in the limit between thuniens activity and solar wind-magnetosphere
interaction, a so-called “dead-band”-characterizgd low amplitude MT signals can be
observed. MT measurements in this frequency rasgelly suffer from poor data quality.
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Figure 2.2.: Power spectrum of natural magneti@tians. The inset shows the minimum of the
power spectrum in the dead-band (modified from Swonpand Bahr, 2005).
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To derive the equations useful to describe thetreleagnetic wave propagation in a medium is
to start by Maxwell's equations that describe tlehdvior of both the electrical and magnetic
fields and their interaction.

Therefore, at any frequency, the physical pringpdé the MT method are based on these four

equations: (Arnason K. 2007)

D
"B O
QE_B
t
"H 3P
t I "

where E (V/m) andﬁ(A/m) are the electric and magnet fielcﬁ(T) Is the magnet induction,
D (C/m?) is the electric displacement apfC/m?) is the electric charge density owing to free

charges. J (J=E) and [M=[ (A/S'Y) are the current density and displacement current
respectively,s(S/m) is the electrical conductivity and afsé& 1=_&~ (, ¢ (F/m) is the
dielectric permittivity andw (H/m) is the magnetic permeability.

They are Gauss's law (Fig. 2.3) for the magnegtdfithe magnetic field is source free, there are
no free magnetic charges, i. e., magnetic monopmeasot exist [divB=0]) and Gauss's law for
the electric field (the electric field or the electdisplacement is a field with the charge density
as its source [divD=q]), Faraday’s law (any timeiaton of the magnetic field causes an electric
vortex field) and Ampere's law(The magnetic fieldpgnds on the electrical current density of

free charges and the time variation of the eledisplacement.



Figure 2.3.: Gauss’s law for (a) electrostaticgl @) magnetism

The vectorial magnitudes in Maxwell's equations dan related through their constitutive

relationship:

2.7)
(2.8)

(2.9)

Wherecs(S/m) is the electrical conductivity,(F/m) is the dielectric permittivity and (H/m) is

the magnetic permeability ( 2008, Basics of the Magtelluric Method, Gh. 1-3.
Available on: http://digital.library.adelaide.eduldspace/bitstream/2440/48492/6/02chapters1-
3.pdf) The first constitutive equation is the Ohrb&v which relates the electric current density
j to the electric field E by taking the materigboperty the conductivitg into account.

The second constitutive equation, relates the ratefield E to the electrical displacement D.

Wheree is the electrical permittivity, which is given lye electrical permittivity of a vacuum

= 8.854 As/Vm and the unitless, relative electrigatmittivity  which is specific to
the material:
The relative electrical permittivity varies from  I=for a vacuum to = 80.36 for water (at

20°C (Telford et al., 1990)).



The third constitutive equation describes the m@abetween the magnetic induction B, the
magnetic intensity H and the magnetic permeabilityThe permeabilityu is the degree of
magnetization of a material that responds linetorlgn applied magnetic field. If the medium is
isotropic, permeability is a scalar, whereas foaaisotropic linear medium it becomes a second
rank tensor. Magnetic permeabilityis a combination of the permeability of a vacuapn=

4710 10PQ Vs/Am and the unitless relative permeabdijfywhich is specific to the material:

H F He d Hy

For most Earth materials, permeability is very elts the free-space (vacuum) value, except for
those rocks containing a large quantity of iron.

For MT studies, variation ip, of rocks are negligible compared with variationsbulk rock
conductivities and free-space values can be assuKea and Orr (1982) showed that the
common assumption qf = a, can cause misleading interpretation of MT data iayer of
highly magnetized minerals is present. They dematext that a magnetized layer could be
misinterpreted as an unmagnetized layer, whichurstifies) more resistive anduttimes)
thicker than the magnetized one. This becomes lalgaroparticularly when a local area hosting
a mineral deposit, that has permeability many tirmgger than the free-space vahyg is
studied using high frequencies.

In isotropic and homogeneous medium, Equation®laBew us to rewrite eq.2-5,68 as follow:

(o: specific resistance [Sm-1]):

$0§ FhHi (2.10)
and

SoMF1§1nt (2.11)

Taking the curl of eq. 2.10, and 2.11, using €8, 2.and remembering that in a conductive

medium there cannot be charge accumulation, bssiple to obtain the following two formulas:

R
§00e\fo§pF§0qhHrr—st
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After solving the above equation we conclude:
el F IHY 1 nH 1Y (2.12)

and

e'§ F I HnH il (2.13)

which are the wave equations in a conductive medianthe left part of egs. 2.12, 13 the two
terms are linked to the conduction currents artiéadisplacement currents.
MT measurements rely on a source of energy diffudimough the Earth and which is

exponentially dissipated. MT measurements yielddiume sounding because electromagnetic

fields propagate diffusively. Therefore we can édesf and\f as waves.

§ai s( F géx (y2 {13 (2.14)
Mt s( F géx (y{E13« (2.15)

where k is the wavenumban, is the angular frequencw$2xnf and f is the frequencyH1/T,
(T=period)).
Replacing eq. 2.14 in eq. 2.13, it is possiblelitam:

ety FHI iik-~g£€¢x(yﬁ‘“2}k | Hm:—:~g&x(y2¥‘f|2}k (2.16)

By taking each part of the left side separatelyhaee that:
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Ultimately solving Equation (2.16), we concludettha

ety FixHIY h Hnx“& (2.17)

and similarly for eq. 2.12:

elM FixHI M h Hmx- M (2.18)

Depending on the medium a wave can travel, we timguish two cases:

1. For waves travelling in the vacuum or in a perfsotator:

o 0, sowe have:

eld F hHnx"&d
(2.19)

e 8 F hHnx &
2. For waves travelling in the Earth: (Hensir G.P.nason K. 2009)
6T 1h 10" S/m

o=21/T with TT 10FPY h 10 seconds

we have buc & pedl, so we arrive in the Equations that apply in tHE idethod, which are:



(2.20)

+ Y £ O 1+ 1 2 # + 3 01

The solution of eq. 217 and 2.18 can be easilyddrin some simple cases; let us consider, for
example, a polarized electromagnetic wave whiclp@gates along z direction (where, z is the

vertical direction, positive toward the center lod earth, fig (2.4).

Xy plane

\J

Figure 2.4.: A polarized electromagnetic wave wipobpagates along z direction.

Without losing of generality, we can consider a n&tg field directed along thedirection

. Equation 1.15 become, taking z as the directichepropagation, as:

(2.21)

After some simple calculus, it is possible to abfaom the eq. 2.20:

(2.22)

It can be seen that the general solution of the@@lequation can be written as:



Ré&(}*S( = RMy&z}ké&Klz(Wé( (2_23)

where, é ~$

=

For Z , 7 has to remain finite, we must discard the posisekition obtaining:

Ré&g* S( F RMy&Z}kP&Klz(Wé(
RMyPWé dyz&}kPWé(

Ryy ™" dorficéxs h éc( I i sodéxs h éc(p

And, considering only the real part:

Rabéc*s( F Ryy*"e(d1fi6éxs h éc( (2.24)

A similar result can be obtained for the electigtd § F & 5*0%0(.

The factor P9 represents the exponential decay of the wave amdglis function of the depth
z. The deptls, for which the wave amplitude shades by a fagtdr, is called “skin depth” and it
is given by the following formula (Vozoff, 1991):

LiuS TO5UVES El6
d gives indication of the reached investigation adhe equation that dominates the induced
electromagnetic methods. The skin depth permitsiia@acterization of the investigation depth,
which as can be seen increases according to tlegesquot of the product of medium resistivity
and period. Although it has been defined for homoge media its use can be extended to
heterogeneous cases as well (e.g. geologic stasjtur
The ratio 4¢ 5 has the physical dimension of an electrical ragigtand defines a complex

guantity called “impedance”, which is a function tbie electrical parameters of the subsoil.
Thus, the impedance can be written as:

ExF % _(2.25)

and the resistivity of the homogeneous medium eaditectly obtained as:

VF %Héé% (2.26)
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In contrast to other geoelectrical methods, whioh laased on the study of the relationship
between electromagnetic fields and their sour¢esMT method is studying the ratios between
the horizontal components of the electric (tellurand magnetic fields to investigate the
electrical conductivity structure of the Earth. ArNransfer function is defined as a function that
relates the measured EM fields at a given frequeih@epends only on the electrical properties
of the material the EM waves propagate throughrastdon the EM source. The most common
MT transfer functions are represented by the impeeatensor Z or MT tensor and the
geomagnetic transfer function (also known as thpeti vector or the vertical magnetic transfer
function). Thus, estimating Z, it is possible targanformation about the distribution of the

electric properties of the subsoil. Weaver et 2000Q) introduced the term magnetotelluric
tensor, M @) (m/s), which use¥ instead of \f to define the relationships between the field

components.
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The MT transfer functions and particularly the tielaships between their components are
reduced to specific expressions depending on thetiaspdistribution of the electrical
conductivity being imaged. These spatial distritmsi, known as geoelectric dimensionality, can
be classified as 1D, 2D or 3Drhe complexity of the impedance tensor dependsthen
dimensionality of the subsurface medium. In theakid 2D case there are a few simplifications
that become invalid once the complexity of thedtrte increases.)

) H

For the simple case of a 1D, isotropic layered lEakte consider a subsoil model in which the
resistivity is a function of depth, that’ts= “8A(. The equations found for the homogeneous half
space still holds, but in this case it is not polesio directly obtain the resistivity of the
subsoil. For this reason a new quantity, the appassistivity a, can be introduced as the real
resistivity of an ideal homogeneous and isotro@tf Bpace which, for each fixed frequency,
gives a value on the Earth surface:

Im(Z)
Re@)

() SizZE and () adg (1.27)

$) #

In a two-dimensional Earth, the conductivity is stamt along one horizontal direction while
changing both along the vertical and the otherZootial directions. The direction along which
the conductivity is constant is known as geoelealrstrike or strike. So the resistivity is a
function both of the depth and of a direction between x andLet’'s assume that F ~&D* A(

and that they-direction is the symmetry axis called “strike”. tinis case, any linear polarized
electromagnetic wave can be decomposed into twesydwaving respectively H and E parallel

to the strike direction.



Therefore, Maxwell’'s equations can be written as:

For E parallel to the strike direction we knowntth0* *0pt\f& 0% 4(, so

H, H, B
z X (2.28)
E, .
zy i H, ,
(229
E
Y i H
X z O
H, H
X z O
X Z (2.30)

For H parallel to the strike direction we knownttHaf(E_x,0,E_z ),Hf(0,H_y,0), so

y =
z
(2.312)
Hy E
X
E, E, .
: . i H, . (232
S 0 (2.33)
X 2
Combining above equations, it results:
E parallel to the strike direction:
2 2
1 E, 1 E, E,




H parallel to the strike direction:

’ Y i H

2 2 y 0

(2.35)

Solving this equations, on the Earth surface E Bh@omponents can be linked together

according to:

E. Z.H, Z,H, Z.H,
E, Z,H, Z,H, Z,H,  (2.36)
E, Z,H, Z,H, Z,H,

whereZ is the impedance tensor (Smirnov M. Yu. 2003)

Considering that the vertical electric field at tie-Earth interface is (per boundary condition)
zero, in the last of the equation in 2.3g,can be considered equal to 0 angdcan be expressed

as a function of 5 and 5.

When the fields are measured in a reference frasneciding with the strike frame, equation

2.36 can be simplified in:

g- F 1-aRa

§
Oa F 1a°R-

(2.37)
or, in matrix notation, as:

g - 0 Pa R
qgét F q:é__ 0 thét (2.38)
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Since Tikhonov's and Cagniard's times, the MT nethas dramatically developed. Starting
from the 1D case (in Tikhonov's and Cagniard's Yitheough 2D case (in the 70's), it has now
become feasible to invert data with respect to &8h model. In other words the inversion in
three dimensions is an actual and important topraadern MT.

This is the most general type of geoelectricalcttme. If the conductivity distribution varies
with depth and in both lateral directions, the pealb becomes 3D.In this case no rotation by
any angle is able to result in an impedance temdmre the diagonal elements approach zero.
Here, the resistivity changes along all the dimewti ¥ F V&©*2¢(). Also the decoupling into
two separate modes, discussed above, is no longkd. vThe 3D Earth requires the

determination of a full impedance tensor with foamplex elements for each frequency as given

by:

g..
qgé

..o R
o?thét (2.39)

aa

-0 I
tFq, .
1a 1
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A complete MT24/LF system includes:
The Receiver
The Power Supply Module with charger
The BF magnetic sensors
The Electrodes with dipole cables
A GPS system
A laptop computer

And all other required cables and connectors.
3 $58 1 #

The MT24/LF system is a magnetotelluric receiveat thses a power efficient CPU and dual
high and low speed 24-bit A/D acquisition. It emyddCompactFlash memory for data storage
and firmware. The combination of high accuracy kear along with GPS synchronization
allows the unit to be used even in areas of desrestf coverage.

The simplicity of field operation makes the MT24/Ideal for continuous conductivity imaging
of the subsurface. Conductivity information is cééted from measurements of surface electric
and magnetic fields along a profile line. MT24/bbtains depths information at one site setup
by measuring signals over a wide frequency range.standard MT24/LF configuration records
orthogonal electric and magnetic fields which arecpssed to provide tensor impedance
measurements for interpreting complex 2D and 3lcsires.

The MT24/LF Receiver (Fig. 2.5) accepts input frtime sensors and performs amplification,
filtering, power distribution, analog to digital {B) conversion and storage of time series. It

interfaces with the portable system computer fguégition configuration.



Figure 2.5: MT24/LF Receiver

The Receiver uses a 32-bit CMOS processor with l@vypower consumption. It has six CPU-
controlled high speed 24-bit A/D for sampling ajthirequency, and eight low speed 24-bit A/D
for sampling at low frequency. This feature simp8ffield operation by allowing simultaneous
data collection in low and high frequency bandse Bgstem uses one CompactFlash memory
card for data storage. Packaging is made robustamgact through the use of Pelican Protector
Case.

1

The sensors are EMI's BF magnetic feedback indoctensors mainly intended for use in
geophysical explorations. The sensors are constitucsing a high magnetic permeability, mu-
metal core with proprietary windings. The coil wings are shielded and epoxy potted inside
fiberglass housing. Each sensor includes a matldvechoise preamplifier mounted at one end
of the coil tube. The sensor is optimized to maxeminoise performance for a given
length/weight specification. There are currentlurfegtandard BF sensor designs, but the type
recommended for the MT24/LF is the BF-4. The BFehsdr is ideal for data collection in the
band of 0.0001 Hz to 700 Hz.



1

The type of electrode to be used with the MT24/igpehds on the application. In our case, the
type that it is used is 1 kHz and Pb-PbCI2 non+xdd electrodes with 100m cables

The GPS unit is model GPS 35-LVS from Garmin. & isomplete 12- channel GPS receiver and
embedded antenna that tracks up to twelve satelitea time while providing one-second
navigation updates and low power consumption. TR& G5-LVS is housed in a black, water-
resistant case designed to withstand rugged opgratnditions. It has an attached 10-foot
power/data cable with a 7-pin Tajimi connector. Wystem communicates via two RS232
compatible bi-directional communication channetdetnal memory backup allows the unit to

retain critical data such as satellite orbital psters, last position, date, and time.
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The Mt station installed in Omalos contains:
a MT24LF receiver
external GPS
three BF Magnetic Field Induction Sensors to meashe N-S, E-W and the vertical
component of the magnetic field
two 100m dipole lines with Pb-Pb{ton-polarized electrodes to measure the N-S, E-W
of the electric field

CompactFlash memory card for data storage.

The station has been heavily modified in order @kenit a continuous unmanned operating
system with long-time autonomy, full remote contrad telemetry. To do that, the crucial point
was the necessity of uninterruptible power thatld¢de avoided with the exploitation of the
solar energy (renewable energy) because as we Kbmte is characterized by a great average
of daily sunny hours (8.67) and more than 300 d#ysunshine per year providing the station
with energy autonomy.

In addition to the standard component above meetipthe MT station has been provided with:

Solar Panel 12V/95W combined with a battery of 60lAHenergy storage.
3G Router for wireless internet access through haatstwork

Low Power Field Computer (netbook type)

System Controller based on MSP430F5438A Microcdietro

o O O O

The solar panel was selected appropriately soithatsunny day close to the aforementioned
average could fully charge the battery which imtig able to power the whole MT-station for
about 10 days without any sunshine.

The System Controller (Kalisperi et al., 2013) gtafor the “remote master control” of the MT-

station. It checks all the units of the station pnavides the variety of the necessary constant and



stable power voltages. Furthermore, the SystemrGitettis equipped with a GSM module in
order to accept remote commands from a distant &gaally, the System Controller checks and
records all the vital parameters and status ofpdenanent MT-station, i.e., charge current,
system current, battery voltage, laptop status, M2 Status, 3G router status and all this

information is available to distant user throughVGS
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The Mt station installed in Tramutola contains:

a MT24LF receiver

external GPS

three BF Magnetic Field Induction Sensors to meashe N-S, E-W and the vertical
component of the magnetic field

three 50m dipole lines with Pb-PbQlon-polarized electrodes to measure the N-S, E-W
(W-E, redundant) of the electric field

CompactFlash memory card for data storage.

The station has been equipped with high capacitiefias that guarantee up to 2 months of

autonomy. Data retrieving is manual and it is usuddne on a monthly basis.
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The acquisition of MT data involves the recordirfghee time variations of the natural electric
and magnetic fields simultaneously. In the logadticideal case, both horizontal and the vertical
magnetic fields are recorded, but if necessary care omit the vertical component. For the
electric field only the two horizontal componente aecorded. In the first place, setting up a
vertical electrical dipole is logistically very eamsive (or impossible), but the main reason is that
the vertical electric field at the air-Earth interé is (per boundary condition) zero.

The ideal location for recording MT data is farrfréuman interference, far from electrical noise
(e.g., DC train lines, electric fences, power lireesgd mining activity) and in an area with
minimal topography, that allows equipment protact{oe., soft soil that allows the burying of
all sensors and cables, but also has a shady @ptitef recording unit to protect it from the sun
and overheating). As described in the previous t&iapoth Omalos and Agri Valley sites have

been chosen in order to have similar charactesisgtithe one of the ideal MT location.



(5) - ) 4

In what is following, it will be illustrated the egps that yield the impedance tensor (or MT
transfer function) estimates from the acquired tg@ges.
The Earth is regarded as a linear system that nelspto an input process (e.g., a time-varying

magnetic field) via a predictable output processy.( a time-varying electric field).

oo

The tranfer function is the ratio of these procesmed because the systen is linear , the tranfer

function does not depend on the amplitude of tipaitiprocess. The estimation of the transfer
functions can be hindered by noise in the input amighut process: e.g., electric and magnetic
fields which are not naturally induced but are eatassociated with our technical civilisation. If
the noise level is low, or the noise has a Gausgismibution (the frequency of occurrence,
plotted as function of the size of the noise, dagbs a Gaussian bell), then a least-square
estimation (in which the squared residuum, whiclotisexplained by the linear system , is
minimised) is sufficient. Otherwise, the occurrent®utliers might force us to apply a ‘robust’
processing scheme. Most robust processing schepeeate in an iterative manner and use some
measure of the departure of an individual contrdsufrom the average to down-weight outliers
in the next iteration. After electric and magndiime series are collected, impedance tensor
estimates for each site are made for discrete,lpwpaced frequencies. Processing of the time
series to yield impedance tensor estimates isregfdo as data processing, and MT responses
(impedances or apparent resistivities) output ftbendata processing are typically referred to as
MT data, since this is the quantity fit by forwandd inverse models.

The digital time series collected during an MT sywan easily total a few Gigabytes; in
contrast, the transfer functions of one site aneery small dataset, typically described by the
complex impedance tensor at 30-50 evaluation frecjgs. Several major advancements in
magnetotelluric data processing have occurredanptist 20 years; Jones et al. (1989) describe

some of the methods of deriving transfer functiatineates. All these processing schemes



involve the following steps (in one way or anothigpreconditioning of the data, ii) conversion
from the time to frequency domain and iii) estiroatof the transfer functions.

Pre-conditioning is done to reduce the effectsaids and to remove severe noise (spikes). Also
part of pre-conditioning is the splitting of theng series into segments of different length,
depending on the period being calculated. Thessizdl result will be the better the more
segments are used. Conversion from the time touémecy domain by means of a Fourier
transformation of the data is needed because tamnesssimultaneously contain information
about many periods and therefore about many peitetrdepths. The estimation of the transfer
functions phase, core of the MT data process, sepis the step during which the previously

obtained information is used to evaluate the MTdfar functions at some fixed frequencies.
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The general equation that allows us the estimatiothe MT transfer function is the equation
2.39 (see Earth MT Dimensionality Models paragraphich links, in the most general case, the
acquired components of the electric and magnetiddi(k, E, and H, Hy respectively) to the
impedance tensor Z. Using théhorm, in absence of noise, the best Z estimatié®evthe ones
which, for each evaluation frequency, minimize th® functions derived from the equation
2.39:

N

(Ei ZuHy. ZyH,)(E,; Z'H'x Z'yH'y)

X, XXX,

(Ey,i Znyx,i ZyyHy,i)(Ey,i Z*YXH*XJ Z*WH*W)

i1 (3.2)

Then it is needed to setZ and—Z = 0, so the above equations can be minimized. éleoc

example the equations below can be obtained frorohathe elements of Z can be derived:

. (EoH S )(H, HYy
(H HX)(H, Hy
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" (HGH(HHYY) (HH *

. (B, H'y)(HoH'%) (E, Hx)(H, Hy)
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Quantities such a(s\K, A|:>, with k=x or k=y, are defined auto-powers and espntthe product

of one of the components of the electric/magnégid ffor its complex conjugate (eq. 3.3)

>}/z

(AA)T 2 AR
1 (3.3)

Quantities<Ak, Aj> with k=x,y, j=x,j and kj or <Ak, B;> are, on the other hand, defined cross-

powers because they are the product of differemtpoments of the same field or the product of
components of different fields.

In actual cases, nevertheless, noise has to be tak® account. Any measured signal can be
thought as the sum of two contributions coming fribve signal that we want to record and from
the noise. The auto-powers are the sum of the lsgyma noise power, while the cross-powers
will be affected by noise presence only if it ishecent among the different signals.
Consequently, noise presence will yield to underede or to overestimate the impedance
tensor elements.

The failure of the LS impedance tensor estimatebeatraced to two fundamental inadequacies
of the simple model of equation 3.1.

The linear statistical model is appropriate to tAse where noise is restricted to the output or
“predicted” electric field channels, while the iripuagnetic fields are observed without error.
The violation of this assumption would result ire tHownward bias of estimated impedance
tensor amplitudes. To avoid these bias errors #meote reference (RR) method, in which
horizontal magnetic fields are recorded simultasgoat a second (remote) site and correlated
with the EM fields at the local site. The RR MT ietgiance estimates are often substantially
improved (less biased and more stable) over thbsened using the single station LS approach.
The simple LS estimator implicitly assumes a Gausslistribution for the errors in equation
(3.1). This assumption often fails for MT data hesm of the nonstationarity of both signal and
noise.

Several MT processing methods have been proposedtiempt to exploit the above facts by
adaptive screening or weighting of the data. Régetite regression M-estimate (RME) (c.f.,

Huber, 1981) has been adapted to yield impedanomatss that are robust to violations of



distributional assumptions and resistant to owtli@Egbert and Booker, 1986; Chave and
Thomson, 1989; Chave et al., 1987; Larsen, 198&r&o and Vozoff, 1991).
Hence, it is crucial to adopt an estimation techaigble to minimize noise effects, which in this

thesis was the Robust Remote Reference Method.
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The remoter reference method as introduced to ntaigtlerics by Goubau et al. [1978] and
developed by Gamble et al [1979]. It is based asgital principles but utilizes additional
observations of the electromagnetic field at a stme distance from the station of interest to
reduce the influence of noise. This is done becaudée noise, the signal, having regard to the
source that generates it, appears to be uniform soade larger than those related to the noise.
The necessary separation of the two measurememside on the local geology, the source field
behavior and the instrument noise.

It is instructive to consider the remote referenoethod in the context of norm minimization
used earlier. Let the local electric (E) and maign@d) fields and the remote magnetic) field

be observed over the same time interval and predasso frequency domain data in an identical

manner. At the first site, the response functi@is/ equation 2.39 that can be rewritten as:

gFR; 1 (3.4)

While at the second site a similar relationship is

E=R! 1ag(l . (3.5)

with the terms “” and “ g” indicating the possible noise presence and vhighterm-A accounts
for any changes in the response function using rdmote magnetic field caused by the
separation of the electric and magnetic field measents.

As for equation 3.1, the remote reference respéunsetions are computed by minimizing the
residuals, yielding to:
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which is the remote reference response functioarghy Gamble et al. [1979].

The advantages of the remote reference methodek&mown. Since the cross powers of H and
appear in the denominator of eq. 3.6 rather tim@nauto power of H , remote reference
estimates are in principle not biased downwarddigenin the local magnetic field H (given that
the two noise in the local and remote magnetic saknshould not be correlated). The remote
reference method effectively eliminates this bfathé noise is not correlated between the two
sites. It also has some effect in reducing locatteic field noise if it is uncorrelated with the
remote magnetic field. However, the remote refezeanethod is not robust; if there is correlated
noise on all of the channels, then it will breakvddike least squares. Such noise is obviously
not instrumental but must be related to inhomogeseawurce structure. It should also be noted
that the remote reference method is not data asapince there is no explicit weighting based
on data quality, so that severe contamination ef électromagnetic field at one of the sites

cannot necessarily be removed.
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The current state-of-the-art method for data preiogsis the EMTF program: a robust single and
multiple-station processing routine by Egbert [1,99002]. The term robust comes from the

robustness of the method to a certain percentageisé or bad data in the MT time series. The
program is based on the use of a hybrid norm.

The RME (regression M-estimate), introduced by Huddeal. (1981) and additional elaborated

by Egbert and Booker (1986), Chave et al. (198hgwe and Thomson (1989), can be applied to
all the data characterized by a predominantly Gansdistribution and it is based on the use of
the L2 norm, when the residuals are small, andhenuse of the L1 norm for large residuals.

E.qg., for the x component of the electric fields following quantity has to be minimized:

E, (ZoH, Z,H,)[

N e

where the?_ weights are calculated from the data itself byitarative process whose starting
point are the residuals estimated using Based on the values of these residuals, a first
determination of thé&_ weight is obtained and used to minimize eq. 31&;rtew residuals lead

to a new determination of the weight and so on.

In the RME method the used weights are those intred by Huber (1981) :

1 if r 15
Wi )
15/r, if r 15 (3.8)
with
! Ex,i (ZxxH X,i nyH Y, )

(3.9)

In what follow, an overview of the EMTF prograngisen.



The use of the transfer function (TF) estimatioogoams in EMTF can be decomposed into

three dinstict steps. These are:

1. Reformat the data: In general data files come is & different formats, so making a

general package of processing software which acdatae all possibilities is difficult. It
is hence necessary to reformat the input data dicigpto a standard format.

2. Window and fourier tranform data segments: Inpuhis program is a data file in either

the “standard binary” or simple ASCII forms, a fdescribing system parameters, several
files which control program options and (optiongilystructions about sections of data to
omit from further processing. Output is a file cstiag of Fourier coefficients (FCs)
ordered by frequency. The output FC files are usedll subsequent frequency domain
processing programs, including single station aechate reference tranfer function
program tranmt and the multiple station programtmtrh.

3. Robust estimation of transfer functions: Inputhie brdered Fourier coefficient file(s) and

files controlling program options. The program dwmdle an arbitrary number of data
channels. Output is a file containig TFs and fulloe covariances, from which all
standard MT and GDS interpetation parameters carcdmeputed in any specified

coordinate system.

The windowing and FFTing if data segments to predtiee complex frequency domain data
vectors for each station is accomplished by progidafh The programs have been designed for
Fourier transforming time series prior to array gassing. To accommodate a range of
instruments, sampling rates, etc., a lot of gertgriaas been built into this program.

The input data file expected by this program shdadds simple ASCII file containing the time
acquire EM time series reformatted as describethénprevious paragraph (Egbert and Eisel
1998)



There are (up to) four configuration files neededd run. In summary these are:

decset.cfg controls the windowing and decimatiotiomg and decset.cfg is the default
name.

pwset.cfg is used to control pre-whitening optioAspri-prolate window is used for
tapering the time series data before FFTing.

data.sp is used to specify system parameters, dimgusampling rates, clock drift
parameters, sensor orientations, electrode lingthsninstrument specific analogue filter
corrections and factors for conversion of data fomuants to physical units.

dat.bad tells the program about “bad data”. THes i8 optional. If it is not found the
program prints a warning and proceeds under thengstson that there are no “bad data”
segments. Data segments which are obviously contded by significant instrument
malfunction, or other obvious problems, can be ahatethis file so that they will be
omitted from subsequent processing. In its curimplementation, bad segments can be

flagged with an integer 1, 2, 3, 4 and they argpespd to mean:

1) Magnetics bad.
2) Electrics bad.

3) Long period bad.
4) All bad.

The basic goal is to use data segments that askaasas possible, given the desired resolution

in the frequency domain. We thus use short (e2f, doints) overlapping segments of the input

time series to get Fourier coefficients for the heigt possible frequencies. To get lower

frequencies a longer time window is needed. Tohie efficiently, the porgram digitally low

pass filters the input series and then decimatessthoothed time series. This filtering and

decimation process is repeated as often as ddsirgdoduced levels 1, 2, 3, 4...).
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The tranfer function program (tranmt) computes sibsingle station and remote reference
transfer functions between a pair of local refeeedlgannels (generally two orthogonal orizontal
magnetic field components) and some number of athannels. As well there is an automatic
“leverage cotrol” feature (e.g., Chave and Thomsb®39) and an option to use a hybrid
coherence sorting/regression M-estimate, as desthly Egbert and Livelybrooks (Egbert G. D.
and Livelybrooks D. W. 1996) Error bars are comguising the asymptotic approach edscribed
in Egbert and Booker (1986).

The input expected by this program is one or métee FC files output by dnff. It is possible to
have FCs for local and remote sites in the sant#ff@rent FC files.

In addition to FC files there are 3 required coufagion files, plus one optional file, which are
generically called tranmt.cfg, options.cfg and fgs.Roughly, tranmt.cfg tells the program
which data files to use, (and which “options” fie use), the options file options.cfg specifies
processing options and the band setup file bsalfg the program which frequency bands to
compute TF estimates for. The optional configuratfie ref.cfg is used to change default
definitions of reference and predicted channels.

Currently tranmt outputs two files: A “Z-file” coaining local TFs and error bars an d an opional
file containing cross-spectra. All TFs are in theasurement coordinate system. The Z-files also
contain channel information (orientations, chanmahes, etc.) and the full covarience of signal
and residuals. With these matrices it is possibleotrectly compute error bars in any coordinate
system. The Z-files produced for single statiomaote reference and multiple station processing
are interchangeable. The results can be displaged) the Matlab program apresplt (Egbert G.
D. 1998)
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The data analysed in this thesis are those acgfroedboth Omalos and Tramutola stations. In
particular Omalos data were acquired during thst fyear of its operation (2012) when the
station still was not permanent, hence the measmenwere not continuous in contrast to the
station of Tramutola.

For Omalos, the time series were registered thraliffgrent bands, however in our case only L
and J bands (Low frequency and High frequency domaere processed, with a total duration

of ten days. The data was separated in four falders

1. Cre-01: With acquisition starting time in 19/5/2041208:52:00 to 21/5/2012 at 00:35:00
for the L-band.

2. Cre-01-b: With acquisition starting time in 21/5120 at 08:32:00 to 24/5/2012 at
00:35:00 for the L-band.

3. Cre-01-c: With acquisition starting time in 24/5120 at 07:00:01 to 27/5/2012 at
00:35:00 for the L-band.

4. Cre-01-d: With acquisition starting time in 27/5120 at 07:00:00 to 30/5/2012 at
00:35:00 for the L-band.

The J-band was recorded for each day separateipgdtine morning and the night for 25

minutes each.

For Tramutola, that the recording is continuoug tluration in total was 36 days. The time

series were registered only for L and J bands.d&ta was divided in two files:

1. 2012_05_16: With acquisition starting time in 18042 at 10:43:56 to 22/5/2012 at
07:54:56 for the L-band and from 17/4/2012 at 0100Qo 01:59:59 for the J-band.

2. 2012_05_22: With acquisition starting time in 22@(2 at 08:19:12 to 18/6/2012 at
08:51:12 for the L-band and from 23/5/2012 at 0100@o 01:59:59 for the J-band.



Before being processed with the Egbert’s prograata Have been reformatted, cleaned from the

most evident noise effects and re-synchronized.
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The time series for both sites were processed usm&MTF program. The sites were labeled as
“Cre-01" (for Omalos) plus an identification letter each folder (as seen above) and “Tr” (for
Tramutola).

Before the processing, the data have been refathatcording to the Egbert’'s program
requirements; every file corresponding to the abmeationed datasets (both J and L band) is a
6-columns ASClII-file in which each column contauteta related to a specific channel recorded
by the MT24LF system. As standard, odd columng @nd 5) contain data related to a magnetic
channel (Hx, Hy or Hz) while even columns (2, 4d &) contain data related to an electric
channel (Ex, Ey or Ez). In order to be used as timgfuthe Egbert’s code, the position of
magnetic and electric channels in the data filetbdse changed in order to have all the magnetic

channels in the first columns. ASCII-files were betransformed in the following way:

TRAMUTOLA

He H, H, @& Ep, ®oi]




OMALOS

He ® H, E, Hz =23 l

l

o

He H, H, Ex ® w

where NC stands for Not Connected.
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One of the principal problems associated with tleasarements themselves has been the impact
of local electromagnetic noise. Any signals in nuead electromagnetic fields corresponding to
non-inductive or locally inductive sources can lbasidered to be noise. Additional sources of
noise that lie external to the Earth are of thypes:

i.  Cultural
ii.  Meteorological and

iii. Sensor

In populated areas, electricity power lines proddeminant 50 Hz and 150 Hz electromagnetic
fields. Whilst noise at such frequencies is relfiveasily eliminated by notch filtering, it can
limit the dynamic range of magnetic induction calsd cause instrumental saturation. Power-

line noise is highly polarized. Therefore, the effeof power-line noise are usually more



prevalent in one orthogonal measurement directiam in the other. Electricity generators can
also produce significant levels of noise in theH&0Orange. Electric field measurements are also
susceptible to contamination from ground leakageeots arising from electric railways and
electric fences, the noise spectra from which sparad frequency ranges making filtering
difficult.

Automobiles represent a dual source of noise ergdibth magnetic and seismic disturbances,
which generally can be negated by ensuring thasémsors are placed more than 20 m away
from any road. Seismic vibration generates nois¢hertelluric components, creating problems
between the electrodes and the ground.

The vibration of telluric lines in the wind can geate voltages comparable to short-period
telluric signals. As a result of wind blowing oedés and bushes their roots may move within the
Earth generating seismic noise, which may, in tuoause movement of the sensors and
corresponding perturbations of the measured fiedamther source of meteorological noise is
generated by local lightning discharges and algbtiing may cause saturation of telluric
amplifiers.

Sensor noise and noise arising from electroniauitine is usually independent of signal power
and random in nature, making it difficult to digjinsh and harder to evaluate. However, sensor
noise is generally low (e.g., less than 30 pT fofluxgate magnetometer) for modern
instrumentation.

At periods exceeding 1000 s, the signal-to-noisie ra independent of signal power (Egbert and
Booker, 1986), but at shorter periods, for which fower of the natural source field is more
variable and contamination by cultural noise is enprevalent, signal-to-noise ratios can vary
significantly. The presence of noise causes bidectsf including false depression or
enhancement of calculated estimates.

In our attempt,to minimize as much as possiblerntbise caused of al the above factors, we
modified slightly the Cre01l.dat file (only for theband), with the aim to eliminate all the parts
of the time series, which could be considered asend\fterwards, we created the creO1l.bad
file, with the discrimination of the bad segmentssily to be found in the magnetic channels and
having a total number of 30 “noisy parts”.

Below (Fig. 3.1) it is shown the first part of thad file with all kind of bad segments, except the

integer 3 for long period bad data, which didn’tséxn our case.



File Edit Format View Help

30

600 2800 4
3300 45002
6300 6800 1
8300 95001

Fig 3.1: An example of the creO1ll.bad file.

2661 —

— Hx (Magnetic) Component

2660 —

2859 —

2658 -

2857

2656

2655 Noise

2654 —

5853 | | | | | |

3000 4000 5000 G000 7000 8000 9000
Time

Figure 3.2: Noise recorded on the Hx (Magnetic) @onent.



Figure 3.2 shows and example of magnetic data éldggs noisy in the bad data file; ranging
between 7000 to 9500, the time series (Hx) is blexdfected by the presence of relevant spikes.
Figure 3.3 shows and example of electric data 8dgas noisy; from 0 to 3000, the signal (EX) is
characterized by random fluctuation with increagadiance respect to the rest of the time series.

2476 T 1 T

Ex (Electric) Component

2475

Noise

| | | | | | | | |
1000 2000 3000 4000 5000 5000 7000 5000 9000

2459
0
Time
Fig3.3: Noise recorded on the Ex (Electric) Compane
1 13 ? "3 #

In order to apply the remote reference betweentwee MT-stations, data coming from the
remote and the local station has to be synchronidedally the synchronization is guarantee by
the GPS module of the MT system. Unlucky, due ®ftitt that the station in Tramutola has a
problem with the GPS drift, Omalos and Tramutoléadzan not be considered synchronized.
This can be easily seen in Fig.3.4.

The two time series are characterized by the seanelg but are visibly shifted one respect to the
other of about a few seconds (15 seconé®). that very reason,we had to fimdway to
synchronize the signal based on a high level ofipi@n and not only on the similarities of the
shapes. Therefore, it was important to locate aacheristic that could be easily identified in

both the time series.



The Magnetic Signal (Hx) For Both Stations
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Fig. 3.4:The magnetic signal for both the MT-staigOmalos and Tramutola), before the

synchronization.

We noticed, that the magnetic channels are charaetl by sets of spikes (one single scattered

point), at least they can be considered spikeeabtB5 sampling frequency, that occur with the

same time lag in both the local and the remote tsmees (Fig 3.5). Since they cannot be

ascribed to a local disturbance of the signal dudaeir presence in both sites, we decided to use

them to synchronize the time series.
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In order, to be able to use the above assumptoorthé signal connected to the spikes, we had to

2659

Omalos (Hx companent]

Tramutala (Hx Component)

2658

09:15:16.194

5 ] /

vé

09:15:00.795

2124 ' '
051358 091415 091425 09143 091455 091518 091525

Time

2700

Omalos (Hy Component ) 09:14:35.174 09:15:16.194

R Trarnutola (Hy Component) /s

2699 B

26994

26992

2326

2325

2324

233

732 | | | |
09:13:55 09:14:15 09:14:25 09:14:39 09:14:55 09:15:15 09:15:25

Time

Fig 3.5: The two sets of spikes, found on both MAtiens, that were used to identify and

ultimately to synchronize our signal between theal@nd the remote station (Omalos-

Tramutola)

execute the following steps:

1. Primarily, we found two sets of spikes on the maigrehannels (Hx, Hy) for the files of

CreO1ll.dat and Tr.dat that could be seen on bathithe series of the stations.



The first set of spikes, for the Hx and Hy Compdsegewas located at 09:14:35.174 for Omalos
and at 09:14:20 for Tramutola. For the second kgpies, the located time was at 09:15:16.194
for Omalos and at 09:15:00 for Tramutola, using Alsg.24 program. Each, located time had a

specific number of points, which was related to.ts file. So we had:

Station Spikes Located time | Number of Eliminated Points
Points from the data
Omalos 09:14:35.174| 8469
1'k
Tramutola 09:14:2(.39¢ 1778640
17777931
Omalos 09:15:16.19 8721
JHT
Tramutola 09:15:00.79 1778665

Afterwards, we created a new file for Tramutolahagixactly the same number of points that we
found between Crete’s and Tramutola’s spikes, whaads (as it is shown on the table)
17777931. The new file was named Tr_1.dat.

Lastly, the new data file (Tr_1.dat) was processét Egbert’'s program. At first for the Single

Station and then for the Remote Reference Methadhyivas what we wanted to accomplish.



The Magnetic Signal (Hx) For Both Stations After The Synchronization
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Fig3.6: The Magnetic Signal for both the MT-stad@®malos and Tramutola), after the

synchronization.

As, we can see in the Fig. 3.6 the synchronizatvas especially successful. The two signals,
Omalos and Tramutola time series, look very siméafundamental prerequisite for the Remote

Reference Method to be applied successfully.



Single Station Results (Omalos)
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Figure 3.7: result of the Single Station analysis@re-01 (Cre01dl + Cre01dj1481204 Bands)
data. Upper panel: apparent resistivity curvesfasetion of the sounding period. The two
different sets of curves are related to differerhponent of the impedance tensor Z; in

particular the green curves to Zxy and the redesite Zyx.



Single Station Results (Tramutola)

Tramutola L and J Bands.zss

a0 -
751
60 -
45 -

15+

Degrees

10" 10

Period (s}

Figure 3.8: result of the Single Station analysisTir (L + J Band) data. Upper panel: apparent
resistivity curves as a function of the soundingqeke The two different sets of curves are

related to different component of the impedancedei; in particular the green curves to Zxy

and the red curves to Zyx



Remote Referendeesultsfor Tramutola

Tr_cO1_rr.zrr

10

45| %}Hh gp_g_% .
30+ ;‘*m‘xwxiég ‘;" r

Degrees

10' 10 10
# Sy

10

Figure 3.9: RR apparent resistivity and phasesesufor Tramutola.



Remote Referendeesultsfor Omalos
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Figure 3.10: RR apparent resistivity and phasegesuior Omalos
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To highlight the importance of obtaining the mastable MT results, the single station and the
remote reference curves obtained for Tramutolalv@lused to infer a resistivity profile by using
the simplest 1D inversion of the data: the Bostraksform.

Plane wave fields at the surface diffuse into theugd attenuating exponentially with depth.
Low frequencies penetrate more deeply than highulacies, the so-called skin-depth effect.
The depth at which a plane wave is attenuatedemflits value at the surface is the skin-depth,
d. In a layered half-space, the resistivity obtairfed . is roughly equal to the average
resistivity of layers down to the skin-depth.

The apparent resistivity vs. frequency data isecakh magnetotelluric sounding. At the most
fundamental level, interpretation of MT consistdinmding the conductivity distribution vs. depth
which matches the observed data. The availabldrspeof natural fields fromi0PY to 10¢ Hz
yields depths of investigation from a few tens adtens to a few tens of kilometers in typical
geologic sections.

A new presentation for magnetotelluric data wasppsed to be used together with the
traditional representation by Goldberg and Rots(@882). The result is an approximate depth-
resistivity diagram which contains an indicationtloé data quality as well as the homogeneity of
the subsurface. The new diagram is based on andmtedransformation of apparent resistivity
and phase data and presentation of an approxiresigtivity and depth data. Specifically, this

transformation is based on the simple asymptofressions introduced by Bostick (1977):

Ve, (FVabx(-—h1 (3.10)

and

_ F&Vaéx (=Hx(*t (3.11)



Where D is the depth, (D) is the resistivity at depth Dy is the frequency)&a( is the
apparent resistivity at frequeney, is the magnetic permeability, andis the phase. With
expressions (3.10) and (3.11) both approximatestresy and depth can be easily determined.
The technique is applied to the raw apparent megistand phase data so that each apparent
resistivity data point together with the correspagdohase data point is transferred into a data
point in a resistivity-depth diagram.

The use of the Bostick (1977) inversion has acduiramediate popularity in geophysical
service companies because of its simplicity. Howetlee usual procedure is to use it for the
inversion of smoothed apparent resistivity curved aot for the separate data points. Thus, it is
used only as an inversion routine and no use iem&ds advantages in the presentation of the
field data.

The result of this transformation applied to L-bawdmutola curvess shown in fig. 3.11
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Figure 3.11: Resistivity curves-Skin depth using Bostick transform. The “*” symbol indicates
the Resistivity curves-Skin depth obtained fromgimgle station MT curves. The “O” symbol
indicates the Resistivity curves-Skin depth obtdifrem the Remote Reference MT curves.
Blue and cyan curves are related to the xy compgoiMagenta and violet curves to the yx

component.



Most of the efforts in this thesis were focusedtloa analysis of the data coming from the two
monitoring station of Omalos (Cre-01) and Tramut@lg). In the appendix A, additional data
related to two more additional data sets (MT-susv€ye-02 and Cre-03) will be presented.
Considering the sampling frequencies (500 Hz fer itband and 6.25 Hz for the L band), the
application of the Robust Transfer Function EstioratProgram described in Egbert, 1997, to
our MT data allows to obtain resistivity and phastimates in the sounding period range
[0.0093s, 238 s].

Avoiding any discussion about the dimensionalitytbé data, it will be shown apparent
resistivity and phases curves related to the @f§adnal components of impedance tensor Zxy

and Zyx in the acquisition framework:.ie N-S, E-W.

After removing the bad data from the time seriebust Single Station (SS) processing was
performed on the data. The outputs for the J+L Bandr and Cre-01 are shown respectively in
fig. 3.7 and 3.8.

Cre-01 curves are characterized by almost smoetidé: As common the short period range
estimates (J band) are more disturbed than lonpgeastimates (L band) as proved by the
presence of scattered estimates.

The difference between the two components (greehrad curves) over the whole sounding
period range can indicate or a complex resististtyicture of the subsoil or a strike direction

different from the acquisition framework one.

Estimates clearly suffer for the effects of EM awdi noise most probably connected to the
presence of power line in the proximity of Omalo3 khonitoring station. This can be testified

by the two scattered estimates, highlighted byua llashed circle in fig. 3.7, at sounding period
around 0.019 s, a period really close to the omeaddteristic of the power lines (0.02 s).

Tr curves are characterized by almost smooth trelds in this case, apart for long periods, the

subsoil structure seems to be complex.



The effects of power line presence, even if lessgtthan in Cre-01, are still present as testified
by the worsening of the estimates approaching 0.02s

An anomalous pattern can be observed around 2@sevehcusp is present on thgcurve.

H ! 1

The main focus in this thesis is the applicationhef Remote Reference method between the two
permanent MT-stations in Greece (Omalos) and ily if@ramutola) with the distance to be
around 905.08 km (fig. 4.1). Therefore, our tangethe improvement of MT estimates quality
and to try to asses which one between the two mi@dtsites can be considered as the quiet site
(lower cultural noise presence).

The RR method was applied only for the L band (6425ampling frequency) since it performs
better in obtaining long sounding periods estimafady the magnetic fields have been used as
remote fields.

4_‘l’ra_mu_tma MT-Station

(©malos MT-Station

Figure 4.1: map showing the position of the two itaring sites: Tramutola and Omalos.



Figure 3.9 shows the results of the RR for Tranaut@ing Omalos as remote. As it is possible to

see, the curves are characterized by almost sntmsttls. Furthermore it has to be noticed that

slightly bigger error bars characterize the RR eSS curves. This result is in agreement with

the result of Jones at al. 1998:<<it should be ahdbat remote reference methods are not as

efficient as single-station methods in that foi\aeg length data set, remote reference results will

always have larger associated statistical err@s ftandard LS ones.>>

The main difference between remote reference andlesistation curves can be better

appreciated in fig. 4.2 where both the curves dottqu. The use of the remote reference

techniques, in this case, allows to correct Tr mmgrove the reliability of the curves especially

around 20 s where the cusp is no more present.réBngpeaking the between 3s and 60 s, the

RR method strongly modifies the shape of the Mvesr
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Figure 4.2: comparison between remote referencesiaigte station curves for Tramutola. In

blue and magenta are plotted respectively the xyyarcomponents of the single station curves.

In green and red are plotted respectively the xiyyancomponents of the remote reference

curves.



Figure 3.10 shows the results of the RR for Omakiag Tramutola as remote. In this case, it
can be readily seen how the use of the remoteemderdoes not allow any improvements but
cause a worsening of estimates reliability in tleeiqel range 3s — 20 s where the MT curves
becomes scattered and characterized by larger leairer Remote Reference processing seems to
suffer much more than the SS processing method wieelocal data contain obvious noise as in

the case of Tramutola.

The comparison with the SS estimates is showrgid 3.
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Figure 4.3: comparison between remote referencesiagie station curves for Omalos. In blue
and magenta are plotted respectively the xy ancbymponents of the single station curves. In

green and red are plotted respectively the xy ancbynponents of the remote reference curves.
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Bostick transform on RR and SS curves are quitieréiit. The use of the SS curves lead to an
anomalous increase of resistivity which result Ire tpresence of a high resistive stratum
localized around 10 km depth. On the contrary tbe of the RR curves results in smoother
resistivity curves-Skin depth with no presencerof high resistive stratum.

The advantages of the presentation in the form shoviig. 3.11 as compared to that shown in
fig. 3.8, 3.9 are almost straightforward. Wherdas dpparent resistivity and phase diagrams are
hard to interpret in terms of subsurface structtire, Resistivity curves-Skin depth allows easy
analysis of the results. In some aspects this ptasen is equivalent to the resistivity-depth
diagram and cross-section which is the end reduld ooutine inversion and interpretation
procedure. It has, however, one important advantage all conventional resistivity-depth
diagrams. Unlike all others, it is not derived by tinversion of a single curve drawn to be the
best approximation of resistivity and phase daw@h&r, the depth section is derived point by
point preserving the original character of the dAsshown in fig. 3.8, 3.9 it is easy to identify
good or noisy portions of the data and identifysimg sections in the data. In the conventional
resistivity-depth section usually no indications ddita quality and data characteristics are
preserved. The obvious problem is that it is inh#yeonly an approximation of the true
resistivity-depth section. Although it may includelication of several parameters, it does not
include other parameters of the data reductionge®@nd, therefore, it should not be used by
itself.

The strong difference between the output of Bodtiaksform applied to SS and RR MT curves
shows the importance of obtaining the most reliabkults from the MT process. In the case
showed above, from the use of the SS curves canmedartotal misleading result (i.e. the

resistive deep stratum) that can distort the resflan MT survey.

cC 1 # 1 # #D

Fluids residing in interconnected porosity netwohleve a significant weakening effect on the
rheology of rocks and can strongly influence defdimnaalong fault zones. The magnetotelluric

(MT) technique is sensitive to interconnected flaigtworks and can image these zones on



crustal and upper mantle scales. It has been camesidhat occurrence of earthquakes in the
earth’s crust is not only due to stress concewmaiut also due to decrease in effective confining
pressure with pore pressure increasing in the sorggion. Such increase of pore pressure is
expected to be induced by penetration of presdiilzgds in the crust. From a viewpoint of
electrical resistivity (reciprocal of the electlic@nductivity), both stress concentration and fluid
penetration reduce the bulk resistivity in the upgemiddle crust. If stress concentration raises
pore pressure and pore connectivity, the bulk tiggisis expected to decrease (e.g.Bahr, 1997).
On the other hand, fluid penetration also reducedthk resistivity, since the bulk resistivity of
rocks depends largely on water content (e.g. Othd@B1). Hence it is natural to hypothesize
that source region is electrically conductive argbad correlation exists between distribution of
hypocentres and resistivity structure in the crust.

During the processing of the data from the MT-statin Omalos (CreOl.dat), a careful
inspection of the electromagnetic time series heenbdone to look for bad data segment to
exclude from the MT processing (see paragraph $é&Yeral anomalous waveforms similar to
seismograms have been found mostly on the magcieticnels (fig. 4.4). The observed signals
are not connected to the magnetotelluric souraey #ire not visible in fact on the Tramutola
time series (fig. 4.5). The spike (highlighted bred circle in fig 4.5) visible prior to the 2° ete

is most probably linked to local noise or to thelden discharge of one of the capacitor of the
magnetometer preamplifier.

A quick search on the Institute of Geodynamics idteti Observatory of Athens) catalogue
revealed the occurrence almost at the same tintevmfearthquakes (tab. 1) near Crete. The

location of the epicentres of the two earthquakeshowed in fig. 4.6.

Earthquakes Time Latitude Longitude Depth Magnitude
(GMT) (N) (E) (km) (L ocal)
by 08:52:13.3 34.67'N  24.59E 30 4.1
+eA 08:54:06.5 34.74N  24.59E 32 3.9

Earthquake like these are not uncommon for theoregf Crete placed in the proximity of the
area in whichthe Africa plate subducts beneath the Aegean Sai@ (§fig. 4.7),along the
Hellenic arc, from the western Peloponnesus thrdighte and Rhodes to western Turkey, at a

rate of almost 40 mm/year. Shallow-focus earthgsigkacal depths less than 50 km) occur on



faults in the boundary-region of the two platesorkrCrete to the west and northwest, most
shallow earthquakes near the Hellenic-arc platentary are produced as the result of reverse or
strike-slip motion, although some normal-faultingrtaquakes do occur (Papazachos B. C.,
1996)

Farthquake on the 26/5/12 near the island of Crete
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Figure 4.4: Seismogram like waveforms recorded ftloenmagnetic channels of the MT
monitoring station of Omalos. The figure also shwith vertical dashed lines the occurrence

time of the two earthquakes of tab.1



Tramutela's signal during the Earthquake recorded in Omalos
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Figure 4.5: magnetic channels time series of thenhbhitoring station of Tramutola. The figure
also shows with vertical dashed lines the occuedémae of the two earthquakes of tab.1. The
red dashed circle highlights an anomaly most priydaiked to local noise or to the sudden

discharge of one of the capacitor of the magnetemmeamplifier.

@Omalos MT-Station

Figure 4.6: Maps showing the position of earthquaiieenters along with the location of the

MT monitoring station of Omalos.
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Figure 4.7: tectonic sketch of the eastern Meditezan area (Greece, Tectonic Summary of

Greece, Earthquake Hazards Program. Available on:

http://earthquake.usgs.gov/earthquakes/world/gfestenic_summary.php)

The arrival time of the magnetic anomalous sigivatke raw time series data, seems to be about
32 seconds after the origin time for the first lequiake and 34 seconds for the second one (as
shown in fig.4.4). These delays could corresponthéoarrival time of seismic waves to Omalos
station. It is hence possible that these electromiag variations are associated with the passage
of seismic waves and not to the earthquake geperatid it could be linked to fluid movement
induced by the seismic waves.

This phenomenon is not unknown in literature arel gbssible link with vibration of the MT
sensors was excluded by Ujihara et al. (2004); Mdiisna et al. (2002) observed electric and
magnetic signals in association with Izmit earthggan 17 August 1999 M=7.4; Johnston et al.
(2006) reported coseismic seismo-magnetic effectassociation with the 28 September 2004
M=6.0 event; during the Bhuj earthquake occurre@®danuary 2001 (M=7.6), Abdul Azeez et
al. (2009) observed significant changes in ampdit@hd frequency of magnetotelluric time
series; Zlotnicki et al. (2006) documented anomslelectric and magnetic signals after, but
even before, the seismic activity in the volcanieaa recently Romano et al. showed the
occurrence of electromagnetic anomalies for reathall magnitude earthquakes occurred in
Pollino area (ltaly).



The magnetotelluric method (MT) is a geophysicathteque that utilizes the natural

electromagnetic energy to electrically characteBaeth structures. For this reason and the huge

frequency range from 10 ~(-5)- 10 74 Hz, with penetration depths extending from 10 m

to 200 km in the last years, MT has been usedIte shfferent geological problems, to monitor
seismic areas and for a large number of applicatiDae to the growing presence of cultural EM
noise, robust techniques to data analysis areynhiglguired to improve MT estimates reliability
and, especially for monitoring purposes, their terapstability.

In this thesis, it has been explored the possibdit applying the Remote Reference method
along with its advantage between two MT monitorstgtions: the Tramutola MT-station (Tr)
installed in the Agri Valley by the IMAA-CNR instite and the permanent MT-station (Cre-01)
in Omalos by the Laboratory of Geophysics and Selisgy (TEI of Crete).

A visual inspection of the time series revealedyv@milar waveforms in the data recorded by
the two stations (~ 1000 km far away from each ptbenfirming the possibility of using the RR
method. So Cre-01 has been used as remote site &ord vice versa. The output of the RR has
been hence compared with the Single Station proggtschnique results. By using Tr as remote
station, the reliability of Cre-01 estimates is moproved. On the contrary, the quality of Tr MT
estimates when calculated using Cre-01 as remtgassenhanced confirming the effectiveness
of the RR method.

The possible consequences of using unreliable attanin interpreting MT results have also
been shown. Resistivity curves-Skin depth diagrafoutated by applying the Bostick transform
to the SS and RR Tr MT estimates resulted realfffier@int from the one based on the Single
Station estimates (not reliable) indicating thespree of a strong resistive stratum around 10 km
of depth.

As a curiosity more than a result, the last parthef thesis is focused on the electromagnetic
anomalous signals recorded by the Cre-01 statien sbme earthquakes occurred in the Aegean
Sea near Crete. The “electromagnetic seismograma been observed more than 30 seconds
after the occurrence time of the earthquakes aadnast probably linked to the passage of the

seismic wave under the MT station.
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|Linearl_v polarized plane electromapnetic wave|

Figure Al: W is the magnetic fieldf is the electric field and z is the transmissiarction.

In the physics of wave propagation, a plane wava isonstant-frequency wave whose wave
fronts (surfaces of constant phase) are infinitalpe planes of constant amplitude normal to the
phase vector (Fresnel A. J. 2001)

By extension, the term is also used to describeewdliat are approximately plane waves in a
localized region of space. For example, a localigedrce such as an antenna produces a field
that is approximately a plane wave in its far-fie&gjion. Equivalently, for propagation in a
homogeneous medium over length scales much lomger the wavelength, the "rays" in the
limit where ray optics is valid correspond localtyapproximate plane waves.

The wave equation for electromagnetic waves arigas Maxwell's equations. The form of

a plane wave solution for the electric field is:

g F gy ere a1.1)

And that for the magnetic field:

AF AMyz}kPAé A2.2)

Where k is the wavenumber (and wavelengtien/iiid), o is the angular frequency of the wave
(period, T=2i/®), and c is the speed of light. The magnetic flid perpendicular to the electric
field E in the orientation where the vector prodict B is in the direction of the propagation of

the wave.



The plane wave assumption is fundamental to the t8thnique, because it implies time

invariance of the impedance tensor calculated frivm recorded orthogonal electric and

magnetic fields (assuming that the electrical catidity structure of the Earth does not change
and that signal-to-noise ratios are adequate).

Departures from the plane wave assumption occyvolar and equatorial regions owing to

instabilities in the forms of the source fields ttla@ise from complexities in the auroral and

equatorial electrojet current systems. Dependinghendegree of disturbance, departures from
the uniform source can sometimes be circumventesebgction of a subset of undisturbed data.
For example, night-time data is generally lessudstd than daytime data.

For periods of less than a day, the Earth’s curealias no significant effect on the plane wave
assumption (Srivastava, 1965).Therefore, for thepgaes of MT, it is sufficient to consider a

flat-Earth model with electromagnetic fields deed in Cartesian co-ordinates.
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The main part of the thesis is focused on the amalyf Tramutola and Omalos MT monitoring
stations. Along with this data, other two datasetehbeen analyzed. These two dataset, named
Cre-02 and Cre-03, have been acquired with Cret-@iesbeginning of the monitoring activity in
Crete (fig. B1). They were aimed to the charactian of two sites which were thought to be a
possible alternative location to Omalos for thetahligtion of the permanent MT monitoring
station.
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Figure B1: Map of the western part of Crete showhegposition of the MT soundings. Star
indicates the Magnetotelluric (MT) monitoring stetin Omalos (Cre-01). Circles indicate the
two MT surveys which took place in Fournes (Cre-&2) Kastelli (Cre-03).
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The Cre-02 dataset was from the MT survey that tptdce in Fournes of Municipality
Mousouron, located at a distance of 15.5 km Nothiem the city of Chania and is built in the
valley of Keriti exactly in the opposite directifiom Lefka Ori which, lies in distance of 12 km
southerly (Fournes in Chania, West Crete traditionallages. Available on:
http://lwww.webcrete.net/index.php?option=com_ cot&task=view&id=481&Itemid=119)

The surficial geology is composed of Quaternaryodép that form depositional plains. Miocene
to Pliocene sediments crop out in the central dmednorthwestern part of the study area and
carbonates in the northeastern part. Dissectesl diilphyllites and quartzites and a package of
sedimentary rocks composed mostly of quartz-rithidastic sediments with minor limestone
and gypsum are observed mainly in the southwesigilrsoutheastern part.

For Cre-02 dataset, (like in the case of Cre-O#&)time series were registered through different
bands, although only L and J bands (Low frequencg &ligh frequency domain) were

processed, with a total duration of three days.

Cre-02:
With acquisition starting time in 24/5/2012 at 1@:@0 to 27/5/2012 at 07:55:33 for the L-band.

Again, the J-band was recorded for each day segpaidtiring the morning and the night for 25
minutes each.

Like for Cre-01, before being processed with thédttjs program, data have been reformatted,
cleaned from the most evident noise effects argynehronized.

From a visual inspection of Cre-02 time series came detect a strong presence of noise affecting
mainly the electric components which resulted inl lg@ality estimates for the single station
processing and in the unsuitability of the datatfier RR method. Single station results for the J

and L bands are shown in figs B2 and B3.
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Figure B2: apparent resistivity and phase curvesi® J band (sampling frequency = 500 Hz)

obtained by means of single station MT processiing. green and the red curves are related

respectively to the xy and to the yx componenthefilmpedance tensor.

Cre-02 curves are characterized by a scatteredl.trda common the short period range
estimates (J band) are more disturbed than longdgestimates (L band). Estimates clearly
suffer for the effects of EM cultural noise mosblpably connected to the presence of power line
in the proximity of MT station. This can be testdi by the scattered estimates of the yx curves
(red curves) at sounding period around 0.019 sgritie cusp, in the same period range, of the
Xy curves (green curves).

L band estimates (fig. B3) are less affected byucal noise but clearly disturbed in the period
range around 5s and 20s.
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Figure B3: apparent resistivity and phase curvesi® L band (sampling frequency = 6.25 Hz)
obtained by means of single station MT processiing. green and the red curves are related

respectively to the xy and to the yx componentheflmpedance tensor.
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The Cre-03 dataset was from the MT survey that fgake in Kissamos or Kastelli Kissamou,
which is a small town in West Crete, at the nortsiwend of the island. Kissamos, often still
referred to by its earlier name of Kastelli, liedftvay along Kissamos Bay, 43 km from Chania.
The nappe of the PhylliticQuartzitic series is plolysa preaalpine continental block, formed by
phyllites, schists, quartzites, marbles, graywacked gypsum. They are metamorphic rocks in
high pressure/ low temperature conditions. The pads tectonically on the formation of the
platy limestones. In Chania Prefecture there argnificant occurrences in the West of the

Prefecture, in the Kissamos (Kasteli) area, in #dwuthern part of the Prefecture



(PaleochoraChrissoskalitissa) department. In twveet members of this series (graywackes)

gypsum is hosted.The thickness of the series esck&30 metres.

For Cre-03 dataset, the time series were registémedigh different bands, and only L and J
bands (Low frequency and High frequency domain)ewemocessed, with a total duration of

three days.

Cre-03:
With acquisition starting time in 28/5/2012 at 1B@0 to 31/5/2012 at 06:45:48 for the L-band.

Again, the J-band was recorded for each day segpaidtiring the morning and the night for 25
minutes each.

Before being processed with the Egbert’s prograata dave been reformatted, cleaned from the
most evident noise effects and re-synchronized.

Like Cre-02, also Cre-03 time series are affected Istrong presence of noise affecting mainly
the electric components. Single station estimafigs B4 and B5) are more reliable than RR
estimates.

Power lines presence is readily visible in the ddbahere off-quadrant phases are also present
(fig.B4). L band estimates (fig. B5) are less aecby cultural noise. A worsening of the

estimates is visible between 3s and 20s.
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Figure B4: apparent resistivity and phase curveshi® J band (sampling frequency = 500 Hz)

obtained by means of single station MT processiing. green and the red curves are related

respectively to the xy and to the yx componentheflmpedance tensor.
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Figure B5: apparent resistivity and phase curvesii® L band (sampling frequency = 6.25 Hz)
obtained by means of single station MT processiihg. green and the red curves are related
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