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Summary

In this researchthe aim of thestudyis the interpretation ofhe main magnetic anomalies$ the
Europearscale Being the fietl characterized by anomalies originating by sources at different depth
within the crust, a multiscale approach is the most suitatd@thodto take into account athe
different components of the anomaly field. In fact, at different altitudes, say framtd B50 km,
the anomaly field izvariesand there is no specific scale, which can be judged as therelmsint

for the analysis.

Themultiscale analysis of aeromagnetic dathased on a multiscale datgsehichis generated by
theupward continuatin of thedataset of th&uropean and Mediterranean Magnetic Projegt to
satellitealtitudes. The interpretation of the magnetic anomalies was carried out following two main

steps

a) producing the total gradient maps of the magnetic field at low andaltigides, in orderto
identify the magneti¢eaturesghroughthe whole crust. This technique has been particularly
useful because dhree mainpropertes: i) the anomalies of the total gradient modulus are
monopolar, sdosingthe dipolar aspect of theagnetic field, regardless the source and field
magnetization directions; ii) thmaximaof the total gradient modulus are placdzbve the
source position, regardless$ the sourceand field magnetization directions; iii) the areas
where it reaches very Wo values may be safely regarded aggions with a low
magnetization crustconverselymagnetic lows of the magnetic field are retclusively
linked to low-magnetization areasut depends mainly on the total magnetization of the
sources, either normally ceversely magnetized.

Our total gradient analysis showed that the origin of the Central European Magnetic Low
(CEML) should beattributedto the strong differencaa magnetization between the central
European crust and the Notfastern platform. Howey, due to the property i) some
reversely magnetized sources were detected, in different regions of central Europe (Anglo

Brabant Massif, Bohemian Massif, Pannonian basin).
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b) using specific multiscale toofsr thesimultaneous interpretatiaf the field @ many scales.
In particular,the Multiridge methodallows the multiscalenagneticfield to be interpreteth
terms of source depthend shapeBy this method a model is obtainedof the crustal
magnetic sources beneath th&SZ, the Bohemian Massif andethAdriatic magnetic
anomalieswhich are key anomalies for the magnetic field in Europe, no matter the altitude.
In order to estimate the deepest source depths in the TESZ regidviultivelge method
was appliedo the large scales (BIDO km altitude)obtaining a set of singular points at
depths ranging between-3® km. Considering the trend of the heat flow and the geological
models around the study areas, a meaningful correspondesdeundamong the location
of the estimated singular points ane timost abrupt variations and complex morphology
features of the magnetic basement and the Mutwndary.The interpretednodelsare
largely in agreement with geological models based on seismic survegsmnitiute to the
whole knowledge of the areas, a@nrefer to a wider region, if compared to that covered by

seismic

Multiscale methodsontribute to a complete knowledge of the area since they refer to the wider

region, when compared with that covered by the seismic models
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Introduction

Modeling potential field data of dynamic features of the global crust is a subject of great
interest Particularly in Europe, the interpretation of potential fields has been performed by many
researchers (g. Thybo, 2001, Wonik et al., 2001; Banka et aD02; Williamson et al., 2002;
Grabowska et al., 2011). In this work a multiscale approach is adopted, consisting of studying the
source properties of the field at a set of different altitudes or, in other words, in the 3D space. By
this approachtheinterpreaition ofthe field at multiple scaless differentfrom more usual methods
of interpretation referring to a single scale (or altitude) (e.g., for satellite data: Taylor and Ravat,
1995; Pucher and Wonik, 1998; Kis et al., 201

In thelast decad, several theoretical and application aspects of multiscale analysis of potential
fields were proposed (Fedi et al., 2009; Fedi et al., 2012), including the continuous and discrete
wavelet transforms (Fedi et al., 2010; Fedi and Cascone, 2011) and thefidepEXtreme Points
(DEXP, Fedi, 2007; Fedi and Pilkington, 2012; Fedi and Abbas, 2013) transformation. The rational
for all these approaches is that potential fields are characterized by a scaling property, which simply
meanghe absence a charactestic scale. Irfact, let us consider a simple case of a single source,
such as a fault: at short distance the magnetic field reflects mainly the properties of its top, so that a
reasonable souramodel at a single (low) scale is a vertically extended caoa contaelike
source); but this model could not well satisfy the data at a greater distance wheneréhe
favourablemodel would rather be a relatively thin source (alé# source). Thus, there is no a
specific scale at which the source is chtadred at bestinsteadthan studying the signal at a
specific scale, it can be usetol establish a relation among the signals observed at different scales
and, from that relation, retrieving the best source parameter estimation. This is the maitianotiva

for a multiscale approach.

Potential fields can be either homogenous or inhomogeneous. Homogeneous fields are scale
invariant and are characterized by a single homogeneous degree at all scales. They obey the
homogeneity law (g., Blakely, 1996; Fedst al., 2015):

f(ax ay,az =a"f(x,Yy,2) (1)
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wherea >0 andn is the homogeneity degree. Typical source models generating a homogeneous
magnetic field are the uniformly magnetized sphere3), the dipole 1(=-3), an infinite line of
dipoles (=-2), the contact r{=0) and others (Reid et al., 199®&jomogeneoudields obviously
enjoy the above mentionescale invariance property, meaning that there is no a specific scale at

which the source is best characterized (e.g., Fedi et al., 2015).

For inhomogeaous fields, these simple models are still useful in the asymptotic regions, which
are at largalistances or very close to the sources. For example, the sphere model is usually adopted
at very high altitudes, while the infinite contact or dyke models aesl Wo study neasurface
sources. So, a homogeneous field roughly is expected to occur over a quite restricted range of scales
(Fedi et al., 2015; Fedi, 2016). At other scales, the more complex model of inhomogeneous field
must be adopted. In fact, thehido mogeneous fieldds scaling prope

but also vertically acrodbe scales.

For inhomogeneous fields, whieebetter represeat bythe common behavior of realorld
fields, it is worthwhile to consider, at each positittloe Euler differential homogeneity equation
(e.g., Blakely, 1996; Fedi et al., 2015):

%(x- ><0)+%(y- yo)+%(z- 2)=-nf @

wherexo, Yo, andz are the coordinates of the unknown homogeneoussolihis equation is
related to the homogeneity equation (1) by th
f is a continuously differentiable and homogeneous function of degieeR. Thus, the Euler
equation implies that the field is hom@geous, but the homogeneity property is now assessed
locally; so, the Euler equatidms been usea@ssuming that the homogeneous properties may vary
continuously with position. This imposes a local homogeneity concept, which despite of being
implicitly used at a singlscale with the welknown Euler Deconvolution method (e.g., Reid et al.,
1990), was only recently restated in a more general multiscale framework by Fedi et al. @2@15).
needs tarefer to Fedi et al. (2015) for a deeper discussion aliwutheoretical aspects of local

homogeneity and inhomogeneous fields.

The goal of this study is analyzing and interpreting the magaestimalyfield of Europe in a
multiscale framework, consisting of interpreting the field, and/or its horizontal andalert
derivatives, at various altitudew evaluate the source parameters (Fedi, 2007; Florio and Fedi,
2014). More specifically, this work aims iaterpretingthe main European magnetic anomalies at
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several altitudes from the Earth's surface. Tiseddaasetwas taken fromthe highresolution
EMMP magnetic field compilation. The upward continuation was performed up to satellite altitudes
in order to buildup a threedimensional multiscale datasd@te reliability of the upward continued
anomaliesvaspointed out by comparing the aeromagnetic field maps with the MF7 satellite model
dataup to 350 km altitude.

Specifically, attentiorhas beerfocused on thdrans European Suture Zone (TESHEe most
prominent geological structure of central Européiich divides the continent into two large
platforms with different features and histories (Pharaoh, 1999). Previous studies of the TESZ were
based on potential field, seismic and heat flow analysis and yielded information about this structure
in the upper andoler portions of the crust (e.g. Guterch et al., 1999; Pharaoh, 1999;
Mushayandebvu, 2001; Banka et 2D02; MajorowiczandWybranieg 201J). At high altitudes the
magnetic effect of the TESZ is clearigcognizedby the presence of a wide magnetic l@®@eftral
European Magnetic LoWCEML) and its relative magnetic higiowards NorthEastern Europe.

This suggess a strong influence of such magnetic structime/n tothe deeper portion of the crust.
The CEML was object of debate for many authors in thé grad several geological interpretations
were proposed@ombining petrologic and geological studies with satellite magnetic anomaly maps
and modeling (Taylor and Ravat, 1995; Pucher and Wonik, 1998).

The first phase of the interpretation concernseahalation ofthe ptal gradient of the field,
because of its property aftrongly attenuatinghe magnetic dipolar shape and stacing the
s I g nmdxita over the source(Nabighian, 1972) This technique allowsetrieving the
distribution of the rock's magtieation, so providing important details about pessible presence
of reversely magnetized sourcéthe total gradient maps is computed at different altitudes (or
scales), in order to recognize the magnetic contribution of the main geological strudttines

whole European crust.

The second phase regards Maltiscale analysis over the main Eurggemagnetic regions,
thanks to whichthe characteriation and modding of the sourcesoccurringat different depths in
the crust, without separating the @flehto different components by bapdss or similar filtering.
This follows from being multiscale algorithms entirely built with physicaliged tools, such as
upward continuation and differentiation. The source depth and shape are extracted by the
simultaneous analysis of the field at multiple scalBlse Multiridge method (Fedi et al., 2009;
Florio and Fedi, 2014ijs then appliedo obtain information about the source degthbrtherthe
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scaling function method (Florio and Fedi, 2006; Fedi et al., 2@@§)plied in order to estimate the

homogeneity degree and, consequently, retrieve information about the kind of source.
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Earth’s Magnetic Field

Our planet is surrounded by a magnédigdd, which similarly to the gravity fieldadmits a
scalar potential and can be measured by magnetic instrumentation. The geomagnetic field is
approximately dipolar witta dipole axisnclination of about 10.3from the Earth's rotation axis
However, the signal obtained from magnetic field measengsnis asum of different source
contributiors which may be summarized in three main categories
1 Themainfield generated in the Earthoés fluid cor

1 Thelithosphericfield, gener ated by magnlghospleed r ocks i1

1 The external fieldproduced by electric currents in the ionosphere and in the magnetosphere,

due tothe interaction of the solar electromagnetic radiation and the solar wind with the
Earthdos magnetic field
Mor eover, t he Ear t h o6variesnmatgmyeirt a spatidl scald it issalso u c t
subject to continuous loAgrm and shofterm timevariations.The longterm variations gecular
variationg have deep origin anghay be detected by the usedsftaset covering large periclof
time (at leat 510 years), while thehortterm variationshaveexternal originandgenerally cover

very short range of time (from second to few years) (Lanza and M2lo6).

In this studywe aimatretriedngt he properties of the ocmatgnet i
and so only the lithospheric component of the magnetic field is considévtzlthatwe refer to a
lithosphericand not tocrustal componentsince magnetic contribution has been inferred by many
authors alsan the uppermost mantlat least inn specific geological environments.g. Arkani-

Hamed and Strangway, 1988ostock et al., 2002; Blakelyt al., 2005; Chiozzi et ga12005; Ferré
etal., 2013

In the next sectionve describebriefly the mainmathematical expressiasf the lithospheric

magnetic fieldand the concept of magneaoomaly.
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1.1 TheLithosphericmagnetic field

In the space exterior to thEarth's surfaceassumingthe absence of magnetic material,
Maxwell's equationare expresseiah Sl unitsas:

n.B=0 3)
. B=tod (4)

WhereB is calledmagnetic inductioror flux density It is measured in teslas () nanoteslas
(nT), more conveniently in the geomagnetic field studlds the current density in amperpsr
square meter (A/R), andf o, known as thepermeabilty of free spageis aconstant equal tod” x
107 henrys per meter (H/n{Blakely, 1996)

Then, if1 B = 0, we have that:
I 8 (5)
Where( is the magnetipotential
So,substituting §) in (3) we have
n2Q=0, (6)
that is, the potentiaksisfies Laplace's equation.
So the magnetic field measured at a specific positenmd timet may be defined as:
B(r,t) = Bm(r,t)+ L(r) + D(r,t)+ &), @)

whereBm(r,t) is the field produced by the Earth's core (main fieldy) is the lithospheric &ld,
D(r,t) the external field and(t) the measurement error. By this, the lithospheric or external residual
field may be obtained subtracting the main field to the magnetic measurdmemhathematical
descriptionof the core magnetic fielts called tle International Geomagnetic Reference Field
(IGRF), which is updated every five years by IAGhiternational Association of Geomagnetism

and Aeronomydueto timevanations of thegeomagnetic field.
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Separating the individual contribution$ the magnetidield is an active area of research and
the modeling of the lithospheric componenbimethe main issus of geophysicalnvestigation To
study thdithosphericcomponent bthe Earth's magnetic fielthis anomaly field must be identified
and isolated fym the fields due tthe other source categori&o, the scalar residual field is defined

as.

q:B(r !t) = |B(r !t)l - H m (r 1t)|! (8)

wherel m (r,t) is an estimate dm(r,t).

The main strategy to separate such magnetic fieltributiors is consideringwhetherthe
source lies above or below the region in whithasurements ameade,andat which scale they are
calculated.So, the standard hypothesis is to consider itheasurement region as being free of

magnetic fieldsourcegequationo).

The solutionof Laplaceés equationexpressed in a spherical harmonic representation provides a
formal separation of the internd4{+ L) and externa(D) field components. In fact, each source
region isdefinedby specificspherical harmonic terms (degreand ordem), which determine the
spatial scale of such contributicBenerally low degrees correspond to the largest spatial scales, or
to the deepst source contributionsand viceversa.This representation was used by Gauss in the
19" century to fitthe magneic observatorydata and show that the largest part of the geomagnetic

field is by farof internal origin.

1.2 Magnetic properties aherocks

The origin of the lithospheric fields is strictly related to the magnetic properties of the rocks
within the crust, which vary for different geographical regions, mineral composition and
temperature.The magnetic effect on materials allows identifying three different categories
(Reynolds 1977%:
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- _Diamagneticmaterials have a weak, negative susceptibilitmggnetic fields.

- _Paramagnetic materials have a small, positive susceptibility to magnetic fields. These

materials are slightly attracted by a magnetic field and the material does not retain the magnetic
properties when the external field is removed.
- Ferromagnetic materials have a large, positive susceptibility to an external magnetic field.

They exhibit a strong attraction to magnetic fields and are able to retain their magnetic properties

after theexternal field has been removed.

Forunderstanding thbehavior of rock materials in a magnetic field environmestmay start
defining m as the magnetic moment of a simple dipa@ex p r e s s e d?, whith nffjapA beA m

defined agnagnetizatior{M) in thecaseof a larger volum&V) composed of several single dipoles:

. BI ©)
E 6

whereM is measured in A/m.
Then we may rewrite the Maxwell's equation to obtaintiegretization currentym :
N B-gM)=¢god (10)

andwe define thanagnetidield intensityH as:

A Y E (12)

2

M andH are related by a specific term call®a@gneticsusceptibility(c), which determines the ease

with which a materiais magnetized:

M= Ha (12)

So,the magnetic fieléxpression bexnes:

A ¢ .. pE ‘B (13)

whereg is the absolute permeability.
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Here wemeanthat the magnetization imduced (M;) by the externalfield H, but if the
magnetizatiorM does mt go to zero whethe external field is abserthere is a component of the
magnetizationwhich is called permanentor remanent(M;). In crustal materials, remanent
magnetization is a function not only of the atomic, crystallographic, and chemicalupakehe
rocks, but also of their geologic, tectonic, and thermal history (Blakely, 1$86).the rock

magnetization may be written as:

M:Mi+Mr (14)

from which we obtain th&oenigsberger ratig¢Q):

Q=M/Mi=M./6|H. (15)

Both magnetizations arise from spontaneous magnetization, a complex property of the
ferromagnetic minerals in thBarth's crust. The spontaneous magnetization is dependehton
temperature. As a material is heated, the spacing between ox@ighatomic momentscreaseso
a thresholdpoint where the spontaneous magnetizatidis fa zero. This temperature is called the
Curie temperaturewhosedefinition is discussed in more detail Chapter3. Hence both induced
and remanent magnetizatis vanish at temperatures greater than the Curie temperature.
Paramagnetic and diamagnetic effects persist at these temperatures, but from the perspective of
magnetieanomaly studies we may consider rocks above the Curie temperature to be nonmagnetic.
The Curie temperature differs fa@ach mineral formation but, in magnetic field studies, the Curie
temperature of Magnetitaljout580<C) is considered as the standard temperature boundary for the
whole magnetic crustith magnetiteasthe main magnetic minak for percentage, size, and shape
(Hunt et al.,1995.
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2
Multiscale Theory

In this section we will introduce the Multiscale methods which will be employed to estimate
the depth position of the magnetic source. The property of such Multiscale meshdioks
possibility to analyze the potential field behavior simultaneously at different altitudes. However, the
interpretation of the European magnetic field was carried out previously using an additional
technique, namely the Total Gradient, which will &eployed by observing the maps of the
anomalies at differenaltitudesstepby-step, which differs from the Multiscale methods. For this
reason the theory of the total gradient is discussed further in Chapter 5.

The way potential fields convey sourcéoirmation depends on the scale at which the field is
analyzed. In this sensa multiscale analysis is a usefobl to study potential fieldsparticularly
when the field maitontributions are caused by sources with different depthseatghts.The
study of gravity and magnetic fields at different scales isngportant part of several interpretation
methods, from the Continuous Wavelet Transform (C\(éTg. Mallat, 1992 Hornby et al., 1999;
Sailhac and Gibert, 2003; Fedi et al., 2010) to oltethods(e.g. Paul et al.,, 1966; Paul and
Goodacre, 1984; McGrath, 1991; Pedersen, 1991). @hent methods involving a multilevel data
set are the Depth from EXtreme points (DEXP) metftetli 2007), theMultiridge method (Fedi
et d., 2009; Florio et al., 2B) and theEuler deconvolution of vertical profiles of potential fields
(Florio and Fedi2006).

Interpretation of potential fields by these methods is based on the fact that the magnetic
anomaliesf(x), generated by simple ideal sourcesigh asdipole, line of dipoles, dykssill and
contact)are homogeneous functions and then satisfyhttraogeneity equatiofequation 1).The
exponenn changes with the source type dmaldsinteger andconstantvalues for the ideal sources,
whereas it is fractional andaries within the harmonic region for complsgurces (Steenland,
1968; Fedi et. al2015). Using multiscale methodghe depth to the source of homogeneous fields

can be determined by geometric approach: as a consequence of the dilation of potealdsd fi
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versus the scale, threaxima of the field modulus at various scales are located along straight lines
which are called¥yidge® or WTMML lines (Wavelet Transform Modulus Maxima Lines). In the
case of homogeneous potential fields, souareslocated asingular points of the field, under the
measurement level, and the source depth cbeldetrievedby simply extrapolating theidges
below the measurement surfaged by identifying their intersection point (e.g., Moreau et al.,
1997). The structural irek is theopposite of the homogeneity degré¢ £ i n) of the magnetic
field. It characterizes the shapesiple sources generating homogeneous fields. Simple sources,
such as spheres, horizontallinders and sills, hava singulardepthpoint corresponidg to their
centre; for dykes, vertical cylindeend contactsit corresponds to the top of the source. The
estimation of the sourcgructural index is an important step in potential field interpretaRend(et

al., 1990) such a®r the Euler deconvhlution (ED) thathas become a standard tool in rapid, semi
automated interpretation of potential fields. Its success is mainly beoayseviding a sound
estimate of the source position if the correct parameter describing the shape of the souraal(structu
index, N) is used. Different approaches Euler deconvolution allow obtang the vertical source
position andN (e.g., Stavrev, 1997; Nabighian and Hansen, 2001; Hsu, 2B@®&ever,these
parameters may be recovered also through other method§miti et al(1998, Salem and Ravat
(2003, Fedi, (20079, including the continuous wavelet transform (e.g., Hornby et al., 1999; Sailhac
and Gibert, 2003; Fedi et al., 2004; Fedi et al., 2010; Fedi and Cascone, 2011).

By using data at many altitudes, wey recover the depth to the sourzg (ith a geometric
method andp andN with a linear regression applied to trescaledupwardcontinued data along
selectedridges This method has reduced sensitivity to noise with respect to the Euler
deconvolutim because the multiscale methadsolve upward continuationand sothe high
wavenumber noisy components aaurally attenuated. The multiscale set will in turn depend on
the depthrangeof the sourcewhich we are seeking for. For instance, if we aaking at shallow

crustal sources, a reasonable multiscale set is from the measurement surface to some kilometers.
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2.1 TheMultiridge Method

Methods, such as those basedtl@ Multiridge analysis (Fedi and Florio, 2013), the Euler
deconvolutionversusz (Fedi et al.,2009), andthe DEXP (Fedi, 2007), explore the homogeneity
properties of a field at several scales or altitudes antypially based on analyses performed on
vertical sections built condéring the field at such scale®n these sions, ridges generated by
isolated simple sources (point, line, sheet, and contact) are straight lines defined by the zeros of a
potential field and its horizontal and vertical derivatjvasall measured or computed levels. The
number of ridges dependm the order ofdifferentiation of the potential field data, and their
intersection occurs in the source region at the source position (the center of a sphere, the top of a
dike, seeFedi et al., 2009, Figure.1IThe way ridges are defined may varigh the methodthat is:
CWT typically consides WTMML of g-order horizontal derivatives (Mallat and Hwang, 1992),
whereas thecaling function or DEXP methods define ridges by uspugder vertical derivatives
of the field.

Obviously, any combination of haontal and vertical derivatives may be considefesiwe
said, forsimple sourcesidges intersect at the source positiboweverthe Multiridge geometric
method does not yield information about the source shape (i.estrtiotural index). Nevertheless,
by using the soureposition estimates and considering that adge of theMultiridge set can be
analyzed by Euler deconvolution, we can readily obtain shrectural index. The classic
implementation of Euler deconvolution implies the use of 1D om&iving windows along the
measurement profile or plane. We use an original method in whidar deconvolution is
implemented by using.D-moving windows along selected ridges (Fediatt, 2009;Fedi and
Florio, 2013).

The firststepof the Multiridge analysis consists of using suitable method to continue the field
and computing its derivatives.We will assume acoordinate system witlihe depth positive
downwardandx andy representing nortsouth and eastestdirections respectively. Considehe
magneic field at P (X,y,2 generated by a simple source Qt(Xo,y0,20), such as auniformly

magnetizedphere, or equivalently, a point dipole:

R VI (16)
f,=C,f @&®———u
& r-rol. @
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wherer andro indicate the positions of poinBandQ, respectively,

Ir - r0||2:\/(x- %) +(v- o) +(z- 2f , M is the spheredipole moment,Crn ) %, g0 being
the permeability of free spacé, (hy, hy, hy) is the unit vector parallel to the local direction of the
geomagneticiéld h, t(tx, ty, t) is the unit vector along the direction bf andb is the gradient
operator vector.

A first type of ridgesfor themagnetic field idefined by the zeros of the firstder horizontal
derivative off (equation16). Without any loss ofjenerality,we assume the cross sectieno and
[M] =1 and find:

W) _

e (17)
(v +vZ2h 1, + (V22 - 202k, £, + (22 - avizh 1, + (22 - azv2, 1, +(v2- avZ2) 1, o

=3
[(Y2 + Z)2]7/2

whereY = y-yo andZ = z-z.
From equatior{17), one can see that the ridge equations are simple straight lines of the type
Y- Yo =9(z- z) (18)
whereg is the angular coefficient of the straighte, g = tan(t ), wheret is the angle of the ridge
line from the verticalz-axis (positive clockwise). Assuming for instance induced magnetization

with inclination = 90° and declinatio= 0° andy-axis pointing North, we havéi=ty=cos| cos
(D-90°)=0; hy=ty=cosl sin(D-90°) =0; h=t,=sinl =1.

In this case the solution efjuation {8) leads to the following ridgequations:

Y= Yo (19)
Y- Yo =2(z- z),

and
Y- Yo =-2z- 7).

Because the three ridges intersect at the sphere dgnter), we can retrieve the source
position by a geometrical method. &imilar behavior occurs for higherder derivatives

(horizontalor vertical) of pogntial fields, but the number of ridges increases according to the order
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The ridge lines of different type may be automatically drawn in different ways, by algorithms
seaching either for the zeros or for the maxima/minima of a function. One of the most efficient
algorithms for the search of extreme points is that of Canny (1986), originally developed for
detecting the edges of imag&mnce extreme points are determinedifferent altitudes, ridges may
be obtained by linkingach ofthem, at a given altitude, to the nearest one computed at the altitude
just above.

An exampleis shown inFigure 2. 1, for the magnetic field generated by two differepherical
sources, one placed at 5 km depth and the second at 15 km depth. We see that the ridges based o
the zeros of the horizontal derivatiyeyan dots) and those based on the zeros of the vertical
derivative (yellow dots) may bextendedn the sairce region (dashed lines) and all converge to the

singular points of the two spherical sources, i.¢heait centers.

10 20 30 40 50 60 70 80 90 100 110
distance (km)

Figure 2.1 Synthetic example of the Multiridge analysis considering the magnetic field due to twaapseurrces: the first (a) is placed
5 km depth and the second (b) is at 15 km depth. Ridges corresponding to the zeros of the horizontal field derivaiozgeatdyncyan
dots, those corresponding to the zeros of the field vertical derivativedicated by yellow dots. The geometric approach consists of fit
the ridges by straight lines, prolonging them into the source region (dashed lines) and identifying the sources aséicdrinte

2.2 The Scaling Function method

The structurbindex (N) was introduced in the frame of the Euler Deconvolution method and

for most sourcesreflects the faloff rate of the potential field anomaly with distandécan be
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important in the interpretation of potential field data because it chamesdhe anomaly source in
terms of simple shapes, thus helping to build a starting model for a forward method of
interpretation. Euler deconvolution is defined for 1D and 2D data sets, and care must be taken to

circumvent effects from noise and regionaldiinterference.

The interest for evaluating the field homogeneity degreethat it may be related to a source
parameter, the structural indii by the equation:

N=-n+k (20)

wherek is the order of differentiation of any magnetic field dative. By the estimation oN
from the measurements, we may deterntiveeright type of sourcé\ is equal to 0 for a contadike
source, to 1 for dykes or sills, to 2 for vertical sénfinite cylinders or for an infinite dipole line
and to 3 for a sphie or for a dipole sourc@Reid et al., 1990)The technique used for estimating n
is described in: Fedi (2007); Fedi and Florio (2006); Cella, Fedi and Florio (2009), and consists of
forming along any ridge the scaling functids,

_Tog(f(39) _(n+k)z @

< flog(2) z- 7,

from which the homogeneity degree n may be easily computed and from that the structural
indexN.
The scaling function is a dimensionless quantity, which characterizes the $eiangorof a

given field and enjoys interesting properties. For imsta whera>>-zp, ,(20)- -N.. Anothermain

property is that whemis equal tahe depthe, the scale function ia constant function of the scale

aand its value is equal id\«.
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3
Geological setting of Europe

3.1 TheEuropeanCrust

The European continent is constituted of a complex 'collage’ of manyl drlasties originated
in different geological periodsnd constituted by specific seriesfofmations(Figure 3.1). Central
Europe is the result of the dismantle of the supercontinent Rodinia from the Neoprotéiroesi
(McCann, 2008; Vozar et al., 2010) and includes several tectonic boundarébsas the Alps
mountainsystem, the Carpathians chain, the Pannobésin, the Bohemian massif and the Trans
European Suture Zone (TESZhis last geological structuie one of the most prominent crustal
boundary in central Europe which is the result of the juxtaposition of the stable and ancient north
eastern East European Craton (EEC) (Baltic Shield) and the mobile and youngewestetin
Paleozoic platform(PP) occurred during the Caledonian and Variscan orogenic epis@dgs (
Pharaoh, 1999; Thybo, 200Banka, 2002 The TESZ comprises two main structural segments: the
Sorgenfrei Tornquist Zone (STZ) in the northwestern part of the TESZ and the Teikseyre
Tornqust Zone (TTZ)and extend from the Baltic Sea in the northwest to the Black Sea in the
southeastRharaoh, 1999 On the NE of Europehe Baltica paleocontinent evolved during several
Precambrian episodes of crustal accretion and reworking and compwsé®rinoscandian and
Ukrainian shields and the East European Cratdve EEC extends from Denmark to the eastern
side of Russiaand comprises the three segments of Sarmatia, VVolgdia and Fennoscandia
differing in forming dynamics and lithological andctonic features (Bogdanova et al., 2006).
Generally, the EEC is characterized by a thick and cold crust composed mainly by Precambrian
rocks evolved during ArcheaPaleoproterozoic episodes of accretion and reworking (Gaal and
Gorbatschev, 1987) and coedrby thin series of Phanerozoic rocks (Plant,et299. To the SW
of the TESZ, the Avalonia microcontinentdsfined by many ProterozeRaleozoic crustal blocks

rifted from the southern Gondwana continesubsequently accreted to the Baltica dunmagous
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orogenic episodes (Nolet and Zielhuis, 1994; Pharaoh, 1999; Winclaest¢he PACE TMR
Network Team, 2002; Banka et al., 20@2)the closure of the Lower Palaeozoic Tornquist Sea in

late Ordovician to Silurian timefPlant et al, 1998) The Rh&ohercynian Zone is part of the
Avalonia continent reworked as foreland thrust belt during the Variscan Or@altymneyeret al,

1995) The Rheic Suture represents the boundary between the Rhenohercynian Zone and the
Saxothuringian Zone and extends fridm SW Englandhrough the Paris basin to the Northeastern
Germany Figure 3.1). In the Armorica region, the Saxothuringian terranes belong to the late
Silurian/early Carboniferous Variscan orogeny and theirnegalerive from the Gondwana crust,
asdemonstrated by paleomagnetic and glacial facies evidences (Krs et al., 1986; Tag0&al.,
2000). Similar origin has the Moldanubian zone which comprises the areas of the Massif Central,
Vosges, Black Forest artde Bohemian Massif (Banka et al., 2002)Paleozoic ages many events

led the accretion of the ancient terranes at high southerly palaeolatitude (Ziegler, 1990) forming the
main structures of central Europe and the formation of the TESZ boundary th&iclgsure of the
Tornquist Sea and the juxtaposition between the Avalonia and Baltica (Cocks and Fortey, 1982;
Trench and Torsvik, 1992). In particular, the Lysogory, Malopolska and BE3ilesian are
constituted by part of Gondwana crust accreted t&#@ margin duringhe Cambrian time (Belka

et al., 2000). In the northern part of the Paleozoic platform the main structural feature is the North
German Basin, extended up to the northern Poland (Dallmeyer et al., 1995). The homogeneous
microcontinent ofAvalonia extends from the Appalachians to the North Sea and accreted to the

eastern margin of Baltica during the Caledonian orogeny (Pharaoh, 1999).
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Figure 3.1 Tectonic setting of the European continent (redrawn 8ftendel et al., 1992).
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3.2 Geophysical Framework

The complex geological framework of the European continent has been studied in last decades
using detailed geophysical methodologies. In particular, many potéelasd' analysis and seismic
surveys allowed recognizing tis¢rong differencebetween thalifferent crustal blocks composing
the European crust.

In the last four decadewariousdeep seismic reflection surveys, such as BIRPS (UK), CROP
(taly), DEKORP (Germany), ECORS (France) aN&P 20 (Switzerland), revealadhportant
details on the European crustal and upgpantle structures down to 60 km of depthe European
Geotraverse (EGT) is the mamojectbased on the study of several deep seismic experiments of
the continental Euran which aimed at developng a threedimensional representation of the
geological structures and properties of the European lithosgfregeman and Mueller, 1990;
Freeman et al., 1990; Blundell et al., 199R)irtherdeep seismic sounding (DSS) studvesre
carried out incentral Europesuch as KTBn Germany (Gajewski and Prodel987; DEKORP
Research Group 1988; Gebrande et al. 1989; Schmoll et al. 2989theP OL ONAI SE69 7
CELEBRATION 2000, ALP 2002 and SUDETES 2003 (Guterch et al., 1998, 1999, Z0®4, b;

Grad et al., 2003Bruckl et al., 2003)in Poland which allowed revealing the strong contrast
between thé®>Pand the EEC and the structural features of the TESZ &hearesults have shown
significant variation in thickness between centraldperand the Precambrian platform assigning a
Moho depth range of 285 km beneath the Paleozoic crust and a range-6040n depth of the
Moho beneath the EE@.g.Pharaoh et al1997; Guterch edl., 1999; Guterch et al., 2004

Potential field studi® in Europe pointed out important additional information of the crustal
composition and the distribution of the density and magnetization. Observation of gravity and
magnetic mapsevealedhat the PP and EEC differ not only on structural features butrages on
potential field properties. The TESZ, in fact, represafgsan important boundargeparatinghe
maps in two different potentifield anomaly regions. The Bouguer anomaly map of central Europe
(Grosseet al, 1990)reveals clear regional anaiies related to the tectonic structueeslmagmaic
intrusiors within the crust. Wybranic et .a]1998) published a new compiled European gravity field
map which was producedy merging several datasebf different countries.Many negative
anomalies ar@associated to the main mountain belts and diffuse positive anomalies are referred to

tectonic structures and boundaries. In particular the margin between the PP and the EEC is strongly
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highlighted by several gravity lineaments with the sanentation reflecting the variation in
crustal thickness and sedimentary successioseover many anomaly patterns are explairisd

the variation of the Moho depth in Europe and the presence of igneous intri$iensap of the
gravity field model EGM2008 (Pavlet al., 2012) above the European continent is shown in Figure
3.2. EGM2008global gravity modelwas formed by merging terrestrial, altimettgrived, and
airborne gravity datandis completeup to spherical harmonidegree and order 2159 (Pavlis et al.,
2012).
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Figure 3.2EGM2008 gravity field over the European continemtmpared with the geological structure lineaments
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3.3 Mohodepthandcrustal thickness

The Moho discontinuityis the main firstorder structure within the lithosphefgetween rust
and upper mantlewhich was discoverethy Mohorovil ii t hr ough deibmecwavdsu dy
propagationwithin the Earth The Earth's crust was defined by the results of several geophysical
and mineralogicastudies which aimed to describe the changmok parameters with depth, such
as density, type of ok, chemical composition, etcThe Moho discontinuitys studied especially
by deep seismic soundingurveys in particular by wideangle arrivals from the Moho
discontinuity, the s@alledPMP phasethe wavea reflected at that interface or quasilected in a
strong gradient zone in the transition between the lower crust and uppermost mateites of
seismic wavesvelocities the 'ecust is defined aghe outemost shell of the EarthwhereVy is
smaller than about 7.6 km's andVs velocity is smaller than about 4.4 kit €e.g, Meissner
1986) The Moho, so, specifieh¢ passage between two environments differing significantly in
elastic parameters and rock tyg@&enerally, crustal thicknesaries strongly with tectonic setting,
but the average crust was determined t®#@ km thick (ChristenseandMooney, 1995 Rudnick
and Fountain 1995) and more recently was calculated by Huang et al. (2013) as 34.4 km thick.
Thickness of theEuropan cust is strongly influenced by the overlap of different crustal type
passing from deep cratonic environment to thin and warm crustal regions. The crateaf part
Europe are characterized by anomalous thickmesste the roots may reatie maximum deptbf
5560 km (Artmieva and Meissner, 201Zuch as in the Ukrainian shield, Uralides and Baltic
shield Variscan terranes in central Europe shaogsteada uniform thin crust of around 28 km.
The TESZ marks also in this case a significant change itatrtiicknesspassing from the thin
crust of centralvestern Europe to a thick cratonic crust on the NE characterized bydimtity
lower crust €.g. EUROBRIDGE SWG, 1999; Korja and Heikkinen, 2005; Pavlenkd\&06;
Guterch and Grad, 20Q8pbviously this structural feature of the European continent is observed in
the mapsof the Moho depth whichvere producedsince last centuripy collectinga huge amount
seismic data covering most of Europe. In {hésagraphpnly the main references of the numerous
publications available in literature describing the datasets and the results have been cited. Some
models were compiled in the past using the seismic surveys of the 1970s and the 1980s and
covering only specific regions (e.g. Radulescu 1988; Ziegler,;1998sto 1991; Asorge et al.,
1992; Scarascia andassinis 1997; Chadwickand Pharaoh 1998) and essentially the continental
Europe (e.g.Meissner et a).1987; Gieseand Pavlenkova1988; Tesauro et al2008). Inthe last
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decade, thanks to the availilyi of new higHy detailed seismic surveys and the integratiothef
differentavailable models and older data, it was possible to produce new high resolution map of the
p) depth to the Moho. In particular, Grad et al. (@08ompileda complete Moho dep map
covering the whole Europe, from the mAdantic ridgeto the west to the Ural Mountairte the

east and from the Mediterranean $&ethe south to the Barents Sea and Spitsbergen in the &ctic

the north. The model was constructed using bothottieseismic data and the new ones deriving
from the projects POLONAI SE697, CELEBRATI ON
(Guterch et al.1999 2003). Receiver function (RF) data were also used, which provide detailed
information of the distribution o&wave velocity in the crust anMoho depth(Guterch et al.,

2003. Moreover, modelling of gravity Bouguer anomalies were considered to study the
inhomogeneities of density distribution in the crystalline crust and at the Moho. A new study of the
Moho boundaryand crustal structures in Europe was performed by Artemieva and Thybo (2013)
compiling data of originaseismic profiles and RF and excluding rsmsmic data. Thebtained

model providd a representation of th¥p velocities and thickness of five crustalyers of the
Europe and the outer areas.

The main geological features and structuséthe European crust have their images in the
Moho depth majin Figure 3.3, produced considerintpe cata compilation of Grad et aR@09. On
regional/continental scale the main visible feature is the strong difference in thickness between the
thicker northeastern Precambrian platform {80 km) and thinner soutivesternPaleozoidEurope
(20-40 km), with the exceptiorof the thick collisionhAlpine crust As discussed in the previous
section the thicknessloesn't change gradually, but shows a sharp variation in correspondence with
the TESZ margin, which is clearly identified in theap In recent years many largeale seismic
experiments€.g, POL ONAI SEG69 7 (19%), EELEBRATEON 2000 (Guterch et al.
2003), SUDETES 2003 (Grad et al2003b) and EUROBRIDGE (EUROBRIDGE Seismic
Working Group 1999; Yliniemi et al. 2001)) allowed estimatingand mapping the depth to the
Moho boumlary and deep structures beneath the TESZ areaTfeygo, 1999; Grad et al., 1999;
Grad et al.,, 2001; Jensen et al.,, 2001; Guterch and Grad, Y@88-Piorko et al., 2010;
KnapmeyetEndrun et al., 2014Janutyte et al 2014). The results agree in desing the variable
Moho topography within TESZ withndulations in the range @D km (Jensen et al., 2002; Thybo,
1997; Artemieva and Thybo, 2013) passing from the Paleozoic platform to the EEC, and increasing
down to 50 km depth in some regions of seathSweden, Denmark, Baltic Se®oland and
Slovakia (BABEL Working Group,1993a; Giese and Pavlenkova, 1988; Guterch et al., 1986;

Thybo, 1990,2001 Guterch et al., 2006 Moreover, several strong heterogeneities of crustal
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structures may bebservedat local scale in each European platform (Tesauro et al., 2008).
Generally, the EEC is characterized of a relatively uniform Moho topography anephiglocities

(D7 km/s) in the lower crust. In tf@ohemian Massifegion (Czech Republic) (e.dBeranek and
Dudek, 1972; Enderle et al., 1998; Hrubcéoet al., 2005, 2008Grad et al., 2007}everal
interpretation of seismic datgree in identifying a shallow Moho in the Saxothuringian zone along
the CzechGerman (2832 km) and increasing down to the cenpait of the Bohemian Massif (33

34 km) with a local maximum beneath the Sudetes Mountains (35 km). Hrubcovi200&])
studied the deep crustal structures in this region by interpreting the results of profile CELO9 of the
CELEBRATION 2000 seismic proje¢Guterch et al., 20@8, which crosgsthe Saxothuringian,
Barradian, Moldanubian and Moravian zones. The authors point out a complex Moho topography
reaching a maximum depth of 39 kand thecrustmantle boundary is here assigned as a sharp
variation ofvelocity contrast corresponding to the passage from 6.8 to 8.1 kiHosvever, in some

areas of the profile (e.dpeneath the Moraviamong the seismic Moho boundary is not clearly
visible, but a thick transition zone from the crust to the mantle ievett corresponding to depths

of 2340 km with V, velocities ranging from 6.8 to 7.8 km'.sGrad et al. (2008carried out a
further seismianodelingof the Bohemian Massif lithosphere using the data of the SUDETES 2003
seismic experiment. The authatsdied theseismic profile SO1 which extends from the Bohemian
Massif region to the Polish basin am&SZ. The Moho boundary retrieved has a relative narrow
depth interval varying between 28 and 35, korresponding to a transition of the wave velocities to
about 8.3 km '$ below the MohoBeneath England and Irelagritie Moho depth is around &5

km (Kelly et al., 2007ith an increasof the velocities from 6.7 to 7 km/s in the lower crust south

of the lapetus Suture Zone (Landes et al., 2005). The N&etman basin is characterizbgl a

strong change in crustal thickness and composition, where the bamalaryrisesfrom D35 km
depthto 28-25 km from north to south and velocities decreases consistently (Scheck et al., 2002).
The easternCarpathians and Alpine Mountain systems show a common thick crust with Moho
depth grater then 50 knwhile beneath western Carpathians llbendary depth decreases up to 35

km (Finetti, 2005Horvath et al., 2005 High Moho depths are also found beneath the Pyrenees and
Cantabrian ared)45 km) (Tesauro et al., 2008)flecting the subduction of the Iberian plate
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Figure 3. 3 Depthto the Moho of Europe (data from Grad et al., 2009).

3.4 Geothermal regime

Geothermal studies are the fundamental of understanding the material properties and the
dynamic of t hTée té&rastrial heabd flowc refers to the natural heathef Earth
produced by the decay of lotiged radioactive isotopes occurring in the crust the heat
contribution of the mantle and lower crust transmitted through the rocksecmgary, to some
convection of fluidslf e r mB2843)thatis consiered as the product of the therngahdient and
the thermal conductivity of a specific interv8dgardsmoreandCull, 2001). The heat flow provides

important information about the rblegical behavior, the evolution of tHghosphere and past
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geological events. The thermal gradient of a continental crust is affected mainly by two particular
conditions: the crustal thickness and the age. Generally, the radiogenic elements of didee crus
conditioned by highenatural decay and, consequently, determine a lower surface heat flow (e.g.
Sass and Lachenbruchd®79) Likewise, thicker crustontributes more heat than thinreeust of

the same age, due tohggh concentration of heg@rodicing materials. However, the crustantle
boundary thermal condition also affects thermal regime of the crust. In fact, if tbase of the

crust is a constant temperature boundary, then the thermal gradieheat flow decrease with the
increasing ofrustal thicknessBeardsmoreind Cull, 2001)In any case, the thermal regime of the
lithosphere changes considerably region by region due to differentiesstructuralfeatures and

heatproducing contributions.

In magnetic studies of the crudteknowledge of the thermal condition in the areantérestis
fundamental especially for deep source exploration. As mentioned earlier, the magnetic properties
of rock mineral are strictly related to temperature andhposition The Curie temperatures
defined as the poinat which a mineral loses its ferromagnetic properties. In magnetic stildges
common to consider the Curie temperature of Magnetite (580°C), the main magnetic mineral in the
Earth's crust, as the standard thermal boundary below whe&lhrock magnetization vanishes
(paramagnetiaocks. The Curie depth is generally calculated by employing a Fourier analysis
aeromagnetic data of the total magnetic intensity field (Spector and Grant, 1970). However,
ferromagnetic minerals within anslees and alkalbasalts generally have Curie temperatures in the
range 106B00°C, and intermediate to mafic compositions are in the rangel=SIC. So, the
estimation of the Curie depth may be necessarily correlated to seismic and other geophysical
methals in order to determine if such temperature coincides with a specific change in velocity or
density and rock compositionThe mantle is generally considered to be nonmagnetic (e.g.,
Wasiewski, et al., 1979; Frost and Shive, 19&®hd so rockmagnetizatio may be considered
down to the Moho interface or the Curie isotherm. This thermal boundary is generally located in the
upper mantle, both in continental and oceanic lithosphere, but in the daigh bkat flow, such as
tectonically active regions, theu@e isotherm mayise up to shallower depths producinglanner
magnetic crust andgsubsequentlya lower magnetic field contribution. Moreovieseveral studies
pointed out that, irsome geological regions, the upper mantle may have magnetic properties,
especially in oceanic regions (e.grkani-Hamed, 1989; Harrison and Carle, 1981; Couatilal.,

1989 and the crusinantle boundary may be considered as a magnetic basement (Corrado et al.,
1979; Gaspariret al., 181).
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Such geological environments ynae retrieved in the European continent where an inverse
correlation of the heat flow with the magnetic crustal thickness is observed in several areas (Jakoby
et al., 1991)The map of the heat flow in Europe is showniguFe 3.4 and was produced usitige
data of the global heat flow dataset made available by the International Heat Flow Commission (for

more det ail heafflevundedd.)websi t e o

Many geothermal studies of Europe were carried out by using sexestaihg observations and
deep borkole temperature measurements, which aimed to model and map the variation of the
Europeanheat flow at regional and local scale (e.g. Leeg51€hapman and Pollack, 1955
L emakandRybach 1979;L. e r mB8&2;L. e r naBdkBodri, 1986]_ e r negak.,1989, L e r m8 k
et al, 1991; Hurting et al., 1992; e r m®%¥3; Plewa, 1998; Krolikowski, 2008h thesestudies
there isa general agreement in descripia main geothermal featurea consistent NESW increase
of the thermal activity correlated to the tectonic evolution of ithedphere. Consequence of the
straight correlation between heat flow and tectonic units are the general increase of thermal gradient
in thinner crust areas and a regional variation of the Moho boundary temperature. In particular, low
regional heat flow Vaes (3640 mW m?) were retrieved within the Baltic shield (Precambrian
platform) which is typical of thickithosphere whereasrelatively high heat flow values were
observed in specific areas of depressions of the Precambrian basemdnte(r nagdfkybach
1979). Then, to the southest of the Precambrian crushe TESZ boundary represents again a
prominent geological margin dividing Europe in two distinct thermal reginCentral Europe, in
fact, is dominated mainlgy extended high heat flow zones moving from east to the west. At local
scale the Paleozoic platform is chdesized by a complex pattern of heat flow areas due to a very
intricate framework of geologicalrsictures andormations On the other handeat flow in the
Baltic shield is essentially defined by low and regular trends, pointing out mainly a thick and cold

Precambrian crust composed of ancient geologicis.

However, in central Europe lochkd flow districts may havean inverse behavior respect to
the regional trend. This is the case of the Bohemian Massif region where an anbioalyheat
flow corresponds to the maximum crustal thicknesshe stable central part of the massif (e.g.
L e r mBXK5), while two local high heat flow anomalies correspond to the fault system bordering
the northern part of the area. In western Europe, the geothermal regime is chardoyedifede
high heat flow values, especially in central and soutkeamce, andy patterns of high and low
values around the British Isles. High geothermal gradients are also retrieved in the Alpine

Mountains belt due to theresence ointricate structural units, and in the Carpathians front with an
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increa® from east tavest. Italy in this regardis mainly divided in two distinct heat flow regions
controlled by the Apennes chain which separates warmer crust on the west fromn colder
eastern crust. Howevea, high heat flow zone may be found in the Tyrrenian Seeeladed to a
weakened crustal thicknedsow temperature waimsteadretrieved in the Adriatic Sea and Balkan
coast (50 mW m).

Curie depth studies pointed out the depth of the magnetic crust bottom, which fairly well
matcheswith the Moho interface isome regions, such as in the Variscan units of central Europe
On the other handjeeper Curie depths have been calculated in the Ligurian Sdzeaedth the
main collisional boundariegllowing consideringanuppermantle contifuting to the geomagnetic
field. Shallower Curie depths were expected in the Alpine sygiemting out a deeper Mohwith
respect to the depth to bottom of the magnetic ¢fisiozzi et al., 2005).
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Figure 3.4 The heat flow map of Europe (data available at http://www. heatfied.edu/).

3.5 Depth tathe magnetic bottom

Previous magnetic studies pointed out the Moho to be a magnetic boundary marking the
passage from the nemnagnetic mantle to the magnetized crust (Wasilewski et 1879
Wasilewski and Mayhew, 1992).These authors showedthat ultramafic composition of upper
mantle consists mainly of nomagnetic chrome spinels and magnesian ilmenitgkile
titanomagnetite is the main magnetic mineral within Hagth's crustHowever, in last decades
several studiegetrieved the bottom of the magnetic laydvelow the Mohointerface insome
specificgeological environment®(g. Ferré et al., 203). These results wembtainedfrom several

detailedmineralogicalanalyse®f mante and crustal xenoliths sampld$e studyof aeromagnetic
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anomalies in specific areas suggest that the forearc mantle may contain magnetic contribution to the
long-wavelength component of the geomagnetic field (Argani-Hamed and Strangway, 1987;
Bostock et al., 2002; Blakely at al., 2005; Cdzioet al, 2005; Ferré et al., 20L3The lower crust
composition is generally estimated from exposed terrains recording lower crustal pressures,
xenoliths, andfrom geophysical dataThese rocksare mainly composed of metamorphian
granulite facies widh may be retrieved as outcrop terrains or as small fragments agorfeaim
greatdeptts through volcanic conduits (xenolith@Rudnik and Fountain, 1995)For more details

on the lower crust mineral composition and xenoliths referto several interémg publications

such aRRudnickandPrespe(1990) RudnickandFountain(1995; Rudnick andGao (2003, 2014)

Hacker et al. (2011 Huang et al. (2013gtc.

Geneally, analyses of mantle xenoliths provide most of the information about the lithaspheri
mantle. The magnetic features of rocks at sudépthsare obviously related to the presence and
properties oimagnetitewhich may be considered as the resfileéxsolutionat the mantle depthin
olivine and pyroxenegSen and Jones, 1988-erré et al.,2013. Despite previousauthor's
interpretations, Ferré et al. (20®)inted out that magnetite occurring in the mantle xenoliths carry
important natural remaneh magnetization(NRM) which may contributdo the long-wavelength
signal of the geomagnetiadld. The authors show thale lithospheric mantle is characterized by
nonuniform magnetic properties in tectonavironmentsand the analysis of mantle xenolith
samplesidentified a NRM intensity varjng between 16 and 1 A/m, whereas other previous
studies obtaied valueof NRM > 5 A/m (Robinson et al., 2002; McEnroe et al., 2004)ich are
considered contributingp the longwavelength magnetic anomaligSenerally the magnetization
contrast in the uppermost mantle is very weak tnedresuling magnetic anomaly may ndie
cleaty identified however, in some specific areas of low crustal magnetization, the-onadie
magneticeffect may be significantespecially at high altitude of observatid®o, the uppermost
mantlemay carry magnetic conkriitionto the long-wavelength componenthich could beveakin

the spectrum ahieromagnetic daset
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A4

Multiscale aeromagnetic dataset of Europe

It is known that, moving away from the Earth's surface, the contribution of each source
changes, accomy to a decay law vs. distance. In general, the anomalies related to shallow sources
are mostly visible at the loweattitudes, while the effects of the deepest sources appaar clear
at high altitudes. Therefore, he aim of this study is the identi&tion of the crustal magnetic
sources bythe interpreaition of the anomalous fieldvith a multiscaleapproach with particular
focuson the deepest magnetic structures of the lower crust. This kind of analysis is made possible
aswe are able to computenaultiscale dataset.

4.1 The EMMP dataset

The a&romagnetic data used in thwgork was made available by Getech, as part of the
European and Mediterranean Magnetic Project (EMMP, Fletcher et al., 2011). EMMP aimed to
bring together all available magnetiata (ground, air aneharine, profiles andriddeddatato yield
a highresolution total magnetic intensity field (TMWith of 1 km grid sizeln some European
countries, national highesolution aeromagnetic data are availableereas in otherountries only
ground data(e.g., Serbia and Slovenia) twer-resolutiongrids (e.g., France) are accessible,
sometimeglue to restrictions on the release of full resolution datasets (e.g., Western Getmany)
Romania, the lack in availability & high-resoluton dataset was overcome using the WDMAM
magnetic modelso,only regional magnetic anomalies may be observed and detailed exploration of
geological structures igot feasible Since this compilation has been derived rogrging and re
gridding different snall datasets of a larggcale area, the longavelength componenhave been
replaced witha 15 arc minute grid afhe MF7 total intensity anomaly satellite model (Ma@810.

For doing that, a™ order Butterworth bangass filter with cubffs of 300 kn and 500 knwas
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appliedto bothEarth and satellite grids (see Fletcher et al., 2011nfore details)Because of the
presence of somgaps Figure 4.1A) (e.g. above Pyrenees and in certvaktern Spain), due the
absence of magnetic surveys covering these regions, we filled such gaps using the Maximum
Entropy interpolation method (available on the Oasis M8npéatform), which is based on the
concept that for a given dataset the best representation afistataution is the one presenting the
largest entropy or uncertaintifter filling the gaps with Maximum entropy method, we obtained

the map shown in Figure 81

-51.1 -288 -139 15 17.2 51.1 1397

L [ [ e

nT

Figure 4.1 A) Location of the dataset gaps in red; b) OragiEMMP aeromagnetic dataset at 1 km altitude above
topography with gaps filled by maximum entropy interpolation.
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We notenow that the EMMP aeromagnetic data were gridded on a draped surface lying 1 km

above the topography. So, before making a lwétvel continuation(see latergquation 2%, it

was first necessary perfonng a drapeeto-level upwardcontinuation (e.g.Mastellone et al., 2034

This is important, also because many others useful algorithms, such as rethitit®pole, total
gradent and others, need data at a constant altitude surface (e.g.; Mastellone et al\W2044).
decided to drapetb-level continuethe original data to a 5 km altitude lexaid used to this end,

the waveletased algorithm by Ridsdill Smith (2008hdthe Digital Elevation Model SRTM30
(Farr et al., 200y

Figure 4.2. Aeromagnetic field over Spain at 5 km altitude with data gaps; B) Data extracted from the EMAG2 m
model upward continued at 5km altitude; C) Final magnetic map produced médrgiByAG2 data into the aeromagne
map gaps.

With thesedata at a constant 5 km level, we decided to fill the above described gapts by
resorting no longer to interpolated data, buintare reliable datawning tothe EMAG2 magnetic
field model (Maus €al., 2009), which is the highestsolution compilatiomf thelithospheric
magnetic fieldat aglobalscale.The model was compiled using satellite, marine, aeromagnetic and

ground magnetic surveys, orderto obtain a global-arcminute resolution gd of the magnetic
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intensity anomalyip to spherical harmontiegree 15@t an altitude of 4 km abowg®oid. In order
to fill the gaps of the EMMP data with the data of HMAG2 data we firstreferredthe EMAG2
datainto a Cartesian coordinate systersinga Lambert conformal conic projection. Then, the
EMAG2 dataset was rgridded witha 1 km horizontal spacing and upward continued at 5 km
altitude. Successively, only the data corresponding to the gapselected and replaced in the
aeromagnetic ggi using alend stitching methoidnplemented in the Oasis Moritagoftware. An
example of this merging knitting process is showRigure 4.2 where the EMAG2 data are used to
fill the gaps within the aeromagnetic dataset.

We show the final map at 5 knitisude in Figure4.3 It represents the reference dataset for our
multiscale analysis.
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Figure 4.3 The magnetic field map of Europe at 5 km altitude
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4.2 The multiscale aeromagnetic dset

Having now available a dataset at 5 km altitude, we hererideshow to form a multiscale
aeromagnetic dataset. This task may be performed by using addeeél upward continuation

algorithm(e.g., Baranov, 1976; Blakely, 199®hich isbased on the following equation:
(22)

whereU(x,y,2 is thepotential field upward continued at the scaleJ(3 , OYlis the potential field at

level z=0 andz/[(x- 3)%+(y- d)>+Z°]*?is the upward continuation operator.

Note that in principle this equation isapplicable to fields known continuously on the entire
flat surface. Our datanstead are discrete dasets, containing equalpaced data distributed on a
finite surface. However, as shown in Fedi et al. (2009), accurate upward continuation may be
computed if the data are known on a surface larger than the area of interest and/or by extrapolating
data eyond its borders with a suitable algorithim.fact, by upward continuing the data we may
produce a border effect to the field near the grid margins and also cause some distortion of the
anomaly shapeQppenheim and Schafer, 1975; Fedi et al. 20Mastelone et al., 2014 Thus,
before upward continuing thenthe aeromagneticdata & Europe wereextrgolated onto a larger
area using an algorithm based on Maximum Entropy (Gibert and Galdeano, 1985).

In order to be more specific about the border ertanay beuseful to calculate the tentgd
of the upward continuation operataf{(x- 3%+(y- d)>+27%? at different altitudes, in order to
estimate the portion of the maphich may bemostlyaffectedby the border effeciVe may simply
map t he oper atasrthe honzontathadX tueart te. o b may de definedad ar |
the distance between the maximum and the maximuwhthe operator, where e is the Neper
number. This is shown in Figu#e4 where wefind gd.= 96 kmat 100 km andd. = 347 km at 350
km altitude.U s i rLgve rgayso be rather confident in the upward continued field computed over
most of the European contihent, excluding a b

After that,we built a multiscale datasdty upward continuing the 5 km altitude aeromagnetic
dataset at severaltitudes employingthe levelto-level upwardcontinuation (equatiog2).

We will analyze this multiscale dataset by specifically designed multiscale tools, such as the
multiridge method. We will illustrate such kind of analysiCimapter 6.
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In the following sections, we will begin to analyze the main field features at three distinct
altitudes: 5 km, 100 km and 350 km.
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4.3 Low-altitude magnetidield in Europe

The magnetic field over Europe is extremely complex and defined by several anomaly patterns
correlated to théntricate structuraframework of the crust and to many internagmatic sources
with strong magnetic pr@pties

In Figure 4.5we show thetotal magnetic field map(T) at 5 km altitudein a Cartesian
coordinate systendisplayed using &ambert conic conformal map projectiaith false origin at
30° and 10° and standard parallels at 43° and A2fow altitudes, the European magnetic field is
mostly characterized of small shevavelengtranomalies, whiclare related to sources occurring in
the middleupper crust. The first and most importanagnetic featuref the mapis the visible
contrast in distributio and intensity of the anomaliexcatedabove the Paleozoic and Precambrian
platforms. As revealedby other geophysical studieand as extensivelydescribed in previous
sectionsthe TESZ is here a clear magndtaundary, whictcontrols the main regioh&rend of the
magnetic field It suggest a very sharp chaegnt h e cmmagnstic prgperties, in addition to
geological, compositional and geothermal differences. The anomalies in the area of the TESZ
define the most important magnetic anomaly zoneesftral Europe and are related to sources
involving the whole crustThe TESZ magnetic anomaly is visible especially in Poland and
Romaniaand itdividesthese countries in two opposite magnetic provincessdb&rwesternarea,
almost covered by magnetiows and thenorth-eastern characterized by distributions nfimerous
magnetic highsActually, this anomaly trend may be extended all over the European continent
identifying the TESZ as the margin between these two opposite magnetic bel{Baokset al.,
2002; Williamson et al., 2002)

4.3.1Magnetic field in nortkeastern Europe

The northeastern part of Europmcludingthe East European Craton (EEC) and the thick crust
of the Baltic shield, is mostly characteriZzegishortwavelength and welllefinedanomaies These
magnetic anomalies aslown as linear featusewith SSW to NNEtrends andareinterruptedto the
SW by the trace of the TESZ. Such anomaly lineamentsganerally correlated tothe main
geological structuresWistefeldet al., 210) and to the shallow occurrence of the Precambrian
crystalline crust €.g. Williamson et al., 2002 Grabowska and Bojdys2004) In Poland the

magnetic anomalieBighlight the different granitoid massitsf Pomerania, Mazovia and Dobrzyn
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(Grabowska an@®ojdys 2004 McCann, 2008)which were metamorphosed in several phases and
represent the oldest units of the crésirther magnetic anomalies on the sewdstern part of the

EEC indicatehe presence of numerous faults perpendicular and parallel toatfygn of the TESZ
(Petecki et al., 2003)0ther magnetic evidences may be found in the Polish Lithuanian terranes
(Bogdanova et al., 2006yvhich identify the WNW ESE trend ofcrustal structuresvhereasthe

East Lithuanian belt structures may be founthva NNE trend The magnetic anomaly pattern
above the OMB (Osnit§iMikashevichi Igneous Belt}s constituted of round and wellefined

shapes and are associated to batholiths and diorites/gabbros intrusions (Bogdanova et ,al., 2006)
which seem to be cortlled by a NEtrend of faulting zonesSo, substantiallythe intricate
anomaly patterns of eastern Europe are the direct €fetlte complex structural framework of the

uppermiddle Precambrian crust.

4.3.2Magnetic field in centralvestern Europe

The younger and thinner crust of centradstern Europe is characterized, the other hand, by
distinct magnetic anomalies, differing in shape and intendity.the SW of the TESZ, the low
altitude anomaly mapF{gure 4.5 imagesa complexanomaly pattermf anomalies over Germany
related to the main tectonic units of the Caledonian basement to the NW, theHRdtepoian zone
in the central area and the Moldanubian zone and Alpyseemto the SE (Gabriel et al., 2011).
According to Dallmeyer et al. (199%he origin of the magnetic anomaly distribution over central
Europe may be assigned to sources occurring in th&¥gmiscan basement, to Variscan and-late
Variscan mafic intrusions and extrusipns to Cenozoic volcanic activitied northernEurope he
Saxothuringiareone (ST) is interested by an extendimattern ofmagnetichighswhereas to the
north and south intense magnetic lows characterize, respectivelRht#r@hercyniar{RH) and
Moldanubian(MD) zones.

A series of round magnetic anomalieayrbe observed above the North German haghich
are probably correlated to highmagnetized intrusions seated in ttheepcrustduring the late
Variscan extensional episodes (Dallmayer et al., 1985¢entralGermany,the most interesting
feature isthe magnetic high lineament with a NNE trencbrrelatedfairly well with the
Saxothuingian zone and the Mid German Crystallingglid (Gabriel et al., 200)1and almost
coinciding with the Rheic sutur&pectral analysis of ST anomalies suggésat the mgnetic

sources are distributed in two different ramgé depth, about 2 and 11 km (Bosum and Wonik,
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1991, which discriminates ST from thadjacentand weak magnetized Rhenohercynian and
Moldanubian zones.

The eastern parts of Germany atie Czech Repuioc are characterized by the extended
geologic complex of the Bohemian Masd#M), representinghe eatern side of the Variscan belt.
This geological unit represerdsPaleozoic chain extended from the Iberic to Bohemian complexes
in Central Europe (Toek et al., 1997andis characterizetdy ananomalous crustal thicknegsth
respect to the averagieicknessof the Paleozoic platform (~35 kmin the northwestern sector of
the Bohemian massif, the Eger Graben (EG) imdurroundings are defined kgolated magnetic
anomalies probably generated by young volcanism reactivating the SaxothulMadamubian
suture zone (Dallmeyer et al., 1995). To the SE, the main magnetic contributions are related to the
Alpine system, due to the presence of many mneigad bodies in the upper cru€itther magnetic
signature may be retrieved above the Eger grgb&here pronounced magnetic anomalies are
correlated to the volcanic events of the area.

In western Europethe main magnetic signatures are retrieweer the Brabant Massif and
central France. The Brabant massif is part of the Caledonian dtonatedmostly above Belgium
and in the southern part of the North Seghe nagnetic field of this area shows a significant
difference with the close Rhenohercyniame, suggesting a separation in two distinct uhitsg
wavelength component of the anomalies are correlated to deep sources of the crystalline basement
while smaller and weltlefined anomalies amssociated to the outcrop of the CamBmlovician
terranes(Bosum and Wonik, 1991

The Paris Basimmagnetic aomaly (PB) is the strongest magnetic signal of Western Europe,
extending for 40(km from central France to the English Channel and characterized byEa S
linear trend. The origin of such anomaly mag associated to amphibolites belonging to kerck
ophiolitic rocks (Cabanis and Thiéblemont, 1992).

To the south of the Alpin€arpathians system the magnetic field is charactebyedtense
magnetic highs correlated to striygnagnetizedrocks of he Italian, Mediternean andBalkan
territories.Magnetic anomalies over Italy reflect substantially tipdift of the magnetic basement
and thecomplex geodynamic structures of the Apennines front belt, Ad#gtidian foreland areas
and thinner Tyinenian crust. According to Speranza and Chiappini (2002), the anomalies occurring
above the Apennines may be caused by a homogeneous uplift of the magnetic bagdment
respect to the lower depths of therroundingforeland area®f the Adriatic Sea and Tghvenian
margin However,the magnetic low patterns above the Tyrrhenian Sea are associated Hiso
weak thickness of the crust and very high heat flow values (~200 Miitongelli et al., 1989).
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Theanomalies of theouthern Adriatic Seaay berelated to the stretchingf thecrust with repect
to the thickercontinental crusof the centrahorthern Adriatic Moreover,Mesozoic riftingevents
produced an uplift of deemagretic rocksand subsequentlythe intrusion of magnetic material
within theuppercrust(Speranza and Chiappini, 2002).

Further strong and extended magnetic aghterestthe North Adriatic Sea and the Croatia
coast The geological setting of this territory is extremely complex and dominatedhdy
convergencéetweenAdriatic ard the European plat started during the Late Jurassand by the
underthrusting of Adria below Dinaridegloreover,a similaranomaly trend may bebservedalso
between the Adriatic coast of Italy and central Apennieeg., above the Conero promontory
where a strong magnetic high is probably related to the uplift of the basement or to intrusive
magnetic bodies of different agéSperanza and Chiappini, 200Zhe Adriatic magnetic anomaly
has not beethoroughlyinterpreted up to now, also due to ti@-complete coverage of the area by
aeromagneticlata However a firstinterpretatiorwas carried out by Giori et al., (200@dentifying
the origin of such anomaly in a progressive uplift of the magnetic basement through NE and the

presence oihtrasedinentaryvolcanic or ophiolitic borks
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Figure 4.5The aeromagnetic field over Europe at 5 km altitude. White lines represent the main tectonic structures (froheBalnd€92) ABM: Anglo-Brabant Massif; AMA: Adriatic
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4.4 Intermediatealtitude magngc field in Europe

At 100 km altitude(Figure 46A) the European magnetic field is considerably smooth when
compared to that at 5 krhlere, the strong difference between the Precambrian and Paleozoic crusts
reveded at low altitudes is even more appreciablewever, at this altitude we have to consider the
border effect produced upward coniimgi the datasetAs weshowed before, at 100 km altitude the
extension of the upward continuation operator is around 96skmve have to exclude in our

analysis the magnetic field features occurring into this extent from the grid margins.

The magnetic field above EE@ characterizedy intensemagneticanomalies whereasthe
Paleozoic platfornio the SWis mostly coveredy weakemagneticfeaturesin this mapthe TESZ
margin is strongly marked by a magnetic higimeament from northern Poland down to the
CarpathiarBalkan belt front of Romania and Bulgari&imilay, in central Europe further

magnetic features almostinoide with theborders of the crustal units.

A magnetic high from eastern France to central Germanyhese the Saxothuringian units,
bordered tdNorth and South by two magnetic low trenbfsotherareaghe anomaliehavea scarce
or absent corresmdence with geological structureso thattheir origin must berelated tothe
properties of the magnetic basemerd nthe behavior othe crustal thicknesdn WesternEurope
the magnetic effect of the Paris basin is stident,and tends to mergeith the anomalies of the
Alpine front to the south.The strongesmagnetic signals occur isouthern Europewhere the
Adriatic magnetic anomalghowsits maximum value above the Croatian coast and extendsds
SW, merging with the weaker signals oktmidApennines (Italy). The Adriatic magnetic anomaly
is strongalso at high altitudessause it is probablyelatedto deep sourcem the lower portion of
the crust.The Tyrrhenian Seas mostly covered bpatterns of weak magnetic highs with maxima
values occurring above northern Sardin{a@15 nT) These magnetic featuresare reasonably
associatedo the thin crust andeologic structures formed during the extensional movements of the

Tyrrhenian Sea.

All these anomalies appear as the direct effesingfe magnetic sources in specific areas and
surrounded by a general weak magnetic field at regisrele. In fact, most of central Europe is
coveredby awide magnetic low pattern extending from eastern France to Romania and confined to
the NE by the TBZ.
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These magnetiteaturesare clearly visible also in the MF7 satellite model majecwdated at
the same altitudéFigure 4.6. The largescale trends of the magnetic anomalies are mastly
agreemenin the two mapsespecially in the central part ofibpe where it is possible compag
the very similar magnetic low anomalies extending from eastern Germany sowamtral
Romania. Sintarly, the strong alignment ofmagnetic high along the TESZ structures very
similar in extension ath intensity. Moving toward southwestern Europewe may recognize a
common largescale distribution of magnetic highs covering especially the French, Tyrrhenian and
Italian territories.In WesternEurope,the MF7 map confirmthe weak trend of relative magnetic
highs comresponding to the deep roots of the crustal boundaries,teoaghthe aeromagnetic map
shows with more detail the SWE trending Saxothuringian unit towardentral Germany and the
Alps. Similarly, themagnetic effect of the Paris basin in northern Fedacather evidenalsoin the
MF7 map tendng howeverto merge towarsiNW with the stronger signal of the Southern England
magnetic high. To the NE ¢fiis anomaly districta common low trend is visible in both maps over
BelgiumThe Netherlands and paof the North Sea. However, once again, the upward continued
aeromagnetic map shows a more detailed anomaly field in thisdisgaguishing two separates
magnetic lowoverthe AngloBrabant massif and abovde Netherland. The hgher resolution of
the aeromagnetic anomali@sth respect to the satellite model figklevidentin southern Europe
where the Adriatic magnetic anomaly is wedifined and located over the offshore of the Croatia
coast On the contrarythe MF7 map shows a shift of such aray toward SW where it merges
with the close magnetic high of the Conero promontory in central Italy.

In the southwestern region the magnetic field of MF7 is rather different from the
aeromagneticnap The upward continuederomagnetidield shows adrge magnetic low over the
Pyrenees Mountain belslightly extended towasdthe south, whereas in the MF&e retrieve
mostly shorter and weaker magneti€S trendinghighs. These dissimilarities még the resultsf
the EMAGZ2 lower resolution dataisedfor filling to the gaps of the minal dataset and which may
produce no-reliable magnetic anomalies with the updaontinuation Otherwise, the magnetic
low may represent a reliableagnetic contributiorassociated tahe deep roots of the Pyreme
Mountains which is not displayedn the satellite model map because of the lack in short
wavelength component of the satellite magnetic measuremglsts. we have to consider the
possible border effect influencing the upward continued anomalies over 3psentce the grid
margin. Neverthelesshis magnetic region will not be considered durowg multiscale analysis.
Further geophysical and geological studies may help to retrieveedthenagnetic contribution of

the deep collisional crust beneath the Rgen belt front.
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We conclude thahe upward continuatioaf theaeromagnetic field seems to provide a general
more detailed representation of temgle magnetic features at loeadale, thanks to the higher
resolution of the original dataset. In the Mfap, in fact, many singular magnetic anomalies are
mergedone each other, so producing a shift of the anoma&ske and an erroneous evaluation of

distinct magnetic contributien
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Figure 4.6 A) Aeromagnetic field upward continued at 100 knitadte; B) The satellitelerived MF7.



4.5 High altitude magnetidield in Europe

The character of the field does not substantially change even at higher altitudes, asnshown i
Figure 47A, where we showthe magnet field at 350 kmaltitude It may be observethat,
increasing the altitude, the regiorsmlale anomaliesend toexpandand merge each other. The
origin of these anomalies cannot be retrieved in localsanall sizecrustalstructuresbut in the
averageamagnetic properties of whole continental unit$noa merging of anomalies relateddeep
geologicalstructuresln Figure 47, the aeromagnetic field is again compavéth the map of the
MF7 satellitemodel, whch surely givesmore weight in the representation of the regional magnetic
trends as it isbased on high altitude satellite dafhe main difference i®undin the border of the
map. In fact, as demonstrated in section 4.2, the extension of the upwirtlation operator at
350 km altitude is around 346 km. By this, large areas in the marginal regions are visibly influenced
by the border effect, e.g. above England, Tyrrhenian Sea and Eastern Europe. In particular, above
Pyrenees mountains regidhe strong magnetitow is evenmore intense with respect to the map at
100 km altitudewhereas the MF7 map shows a weadnd of value close to 0 nT. Moreovehe
Pyreneesnagnetic anomalys mergedto the NWwith a trend of magnetic lows resulting froe
huge border effect above Englan8uch differences may be the result of the border effect
considerably enhanced in the aeromagnetic map at satellite altitudes.

So, 4 these elevations the MF7 model results more reliableepmesentinghe largescale
anomdies and this map will be considered, instead of the aeromagneti@®rieconcernghe
analysis of the European magnetic field at satellite altitidkspite these differencea good
correlation between the maps mayfbendin the central part of Eup@ where the CEML is almost
equivalent forboththe aeromagnetic field and the MRYodel At this altitude,the CEML has its
maximum covering almost all the centragstern European continemtith the peakplaced above
the CzeclRepuliic.

The CEML anomay has beeranalyzedmany times in previous studies using haghtude
MAGSAT satellite data. Ravat et al. (1993) considered this anomaly as rdaetly the difference
in crustal thickness and heat flow between the EEC and Paleozoic platforms in atorigthe
TESZ. Then, Taylor and Ravat (1995) carried out an alternative interpretation of the, CEML
consideng possibleareas of dominanteverse magnetation of the Paleozoic crusbne
representing thé&aleozoic platform{with dip 1=-50° and declinatin D=180°, i.e. with a reverse
magnetization) and the other the Precambrian platform (wib° andD=0°, i.e. with a normal

magnetization). The magnetization intensity was 3 A/m for Hdétjute 4.8A)
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These authors pointed out that the main origin of the CHiHto be assigned to a pattern of
relatively small reversely magnetized sources inupgermiddle crust of the Paleozoic platform
whose anomaly signal merges at satellite altitude.pFasencef reverse magnetization in central
Europewas demonstrated bsetrieving Permian quartz porphyrieseneath theNorth German
sedimentary basjrcontaining pyrrhotitic metasedimentary rocks having susceptibility values up to
2 x 10° cgs andQ ratio 100 (Henkel's, 1994k urtherstudiesaboutPaleozoic metamorphic rocks
indicated reversely magnetized sources in western Germany (Pucher, 1994) aes estud
metasedimentary rocks pointed out a possible overpridtingg the Permd&arboniferous reverse
superchron (Piper, 1987hominski et al. 1993). The presence ofemanent magnetization in
central Europe waalsodemonstrated by deejillings in Gemany, which pointed out also at great
depths high values of the Koenigsberger raf® for both magnetite and pyrrhotite (e.g Pucher,
1994).

In addition to the Taylor and Ravéit995)interpretation Pucher andNonik (1998) proposed
an interpretatioragain based on the assumption of a reverse magnetization of the Paleozoic crust
(Figure 4.8B) Note thatin their modelthe CEML anomaly is entirely explained Itlye propertiesof

the crust in Central Europe and it is not related td=tRE platform

Figure 4.8Magnetic model of the CEML of A) Taylor and Ravat (1995) and B) Pucher and Wonik (1998).
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Analysis of the Total Gradient Modulus of
the magnetic field in Europe

In this thesis, we contribute to the understanding of the main features roatretic field in

Europe, by using a new approach based on three main aspects:

1) the use of a large scaleromagnetic daset, allowing a discussion and a relative
comparison amonthe local and regionalcale magnetic anomalies with higitcuracy compared
to the analysis based amly a high-altitude satellite datset

2) the use of techniques able to simplify the interpretation of the magnetic sources by reducing
or suppressing the dipolar shape of the magnetic anomalies.

3) a multiscale approacfor analyzing the scaling properties of the magnetic field in a

multiscale set of data;

The first step in the interpretation of the main magnetic field features in Europe was carried out
by computing the Total GradieGkDT |) of the aeromagnetic field aheh altitude of observation.
The use of this technique allows retrieving the contribution of sources generating local and regional
scale anomalies and identifying the main magnetic properties of the European crust. By this, the
CEML was interpreted by comaping the previous models with tH®T | model of deep sources

distribution.

The typical dipolar shape of magnetic anomalies may sometimes complicate the interpretation
of the magnetic field The dipolareffect, due to the newertical directions of both #h total
magnetization and the inducing field, maydubstantially removed by computitige total gradient
maps of the total magnetiotensity. The resulting totgiradient anomalies have the advantafje

being spatially locatedirectly over the sourceddlies. Theaemoval of dipolar effects may alde
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obtained by other methods, sues the reduction to the pole and thep seudogr avi m
transformation(Baranov, 195y These transformationBpwever, despite of thepopularity, need
the source totainagnetizationdirection to be specifiedyhich is generally unknowand is often
assumed as being alotige geomagnetic field inducirdjrection. For large regions &urope such
an assumption coulde obviously incorrect.

Total gradient PT| (Nabighian, 1927) is definedas

2

pT|= (3T a0
| 'Js“u—x:?—uz*@

whereO T/ Ox ,andOT / a®ythe derivatives of the total magnetic fi€l)l with respect to the

2 (23

Qo
lo:of’
Qo

directionsx, y, andz. The use of the total gradieimtensity( a | s o modallusl ofthdeanalytic
S | g)rhasbeén of great utility to interpret potential field data, helping to localize in a very simple
way the edges of the sources and their horizontal position without specifying a priori information
about source parameters (e.g. Roest, 1992; MacLeod, 1993). Thémposant property of this
method is theeduction or suppressif the dipolar effects of the magnetic anomalies, similarly to
the Reduction To the Pole (RTP) and the "psegidwimetric"transformation (Baranov, 1957).
However, he advantage of th#otal gradient technique is to have an almosiplete
independence from the variation of magnetic inclinatigrad declinationd) (Nabighian, 1972)
in the case of 2D fields (profiles)n the 3D casesuch independence has not been proven
mathematicdy, but we can assume that it is only weakly dependent on the directions of T (Haney
et al., 2003) Salem et al., (2002) pointed out that, in the 3D case, a variatite horizontal
location of the total gradient amplitudes may be observed by chandieg direction of
magnetization, with a maximum shiftir magnetic inclination of 30 Moreover,we knowthatthe
total gradient is based on the directional derivative of the potential field anomaly, so we must take
care of the possible enhancement of naseh as gridding artifacerrors like trackcorrugations
and so on.
Further useful informatiorabout thesource parametensiay come fromperforming the
Euler deconvolution of total gradient daby which we mayat the same timdelineatewith high
detal the geological structures and estimate the source depth positigrK@agng and Pilkington,
2009). In figure 5.1 we showa simple exampléor a spherical source placedxat50 km andy= 50

km. In the total gradient maghe bipolarity of the magneti anomalypracticallydisappeas and the
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maximum of the amplitude is located above the source. In this aasection ofmagnetization
typical at the European latitude was chosanthe sourcgl=60°, D=0° for boththe induced and
magnetization field) and the NS profile showsonly a slight deviationbetweenthe exact source
positionandthe magnetic anomaly higlfigure 5.1). Now it is important to study the behavior of

the total gradient in the case of stgoermanent magnetization.

Magnetic field Total gradient

100

100

80 80
60 60
40 40
20 20
20 40 60 80 100 20 40 60 80 100
km km
x10°
30 T T T T T 1 T 4
magnetic field profile
------- source position i
20~ total gradient profile 13
E
= |:
c
21
I | 1 0
0 10 20 30 40 50 60 70 80 90 100

Distance (km)

Figure 5.1 Synthetic model of a spherical sourteg0°,D=0°) at x=50 km, y=50 kml map (top left)|2T| map
(top right) and comparison betwe&mand|2T| profile (down).



Pag.| 55

5.1 Interpretationof total gradientdata ofreversely magnetized

sources

In previous studies, several cases of different source distribution were modeled in order to
verify the relability of |DT|in complex magnetienvironments€.g. Roest et al., 1992; Roest and
Pilkington, 1993; Salem et al., 2002; Shearer and Li, RO this sectionwe will focus our
attentionto the analysisof the total gradientesultsin caseof sourceswith a strongremanent
component of magnetizatiohis is becausgas described ithe previous chapter, this magnetic
feature represents one of thaain origin of regionalscale magnetic anomalie&enerally, the
presence of reversely magnetized soursagrepresentihard challenge to thieversion ando the
guantitative interpretation amnagnetic datgShearer and Li, 2004). For this reason,the last
decadessome studies allowed defining useful methodologies and approaches able to retrieve the
parameters of sources with strong remanent magnetization.

As described inthe previous section the total gradient i®nly wealdy dependent on the
direction of magnetization, so representing an advantageous method in detecting sources with
different magneticproperties. In particularRoest and Pilkington (1993) stressed tisisue by
comparingthe total gradient and the pseudoavity horizontal derivative performed @ynthetic
models and real data of reversely magnetized sources. These authors poittiedpossibilityof
calculaing the remanent magnetization parameteyssimply observing the position of the total
gradient maximawith respect to the magnetic field anomaly and horizontal derivative. This
approach allowestimating and locating the sousosith remanent magnetization within a complex
geological environment.

In Figure 5.2 we considem reverse magnetizatidar the same spherical source modetts
last section The parametsrused for thetotal magnetization ar®=30° andl= -10°, wherea the
ambient magnetic field is calculated usihgp0° andD=0°. Similarly to Hgure 5.1, the total
gradient map showsmaximumamplitude located above the source with a slgifift towards the
direction of thetotal magnetizationIlt may be observed thdhe [T| maximum is fairly good
coincident with the source position, buiith respect to the previous example, herepéakof |7T|
is almost correspondentith the pak of the magnetic anomaly loWtrom these results we may
point out easily the horizonél source locationgespite the different directisrof remanent and

induced magnetization.
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Figure 5. 2 Synthetic model of a spherical source reversely magnetizetDf, D=30°) at x=50 km, y=50 kmT map (top
left), | 7T| map (top right) and comparison betwd&eand|7T| profile (down).

Let now consider anore complexcasein which both normally and reversely magnetized

sources areonsidered in the same mogdeloseto eachother. The model is composed of three

magnetic bodies B1 and B2, with normal mgnetization (= 65°, D=3°), and B3, reversely

magnetized with=-15° andD=230° These parameterghere chose according to theesults of

paleomagnetianalysisn central Europe carried out by Pucher (1984dJ used intte interpretation
of the high altitude magnetic low (CEML) (Pucher and Wonik, 1988Figure5.3A we showthe

magnetic field of tis model. From this map we may note that B1 and B2 arerepiesentedby

two dipolar anomalies witthe peaks of themagnéic low and high tahe NEandSW, respectively.
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The bodyB3, instead,is not well recognizable becausés magnetic effecis hidden by the
anomalies othe surroundingsourcesThe soldgraceof the reverselynagnetized source is tiseght
prolongationof themagnetic higlrof B2 towardshe position oB3 anda weakincrease in intensity
of the magnetidow of B1 to the SWWe conclude that wmay detecthe reverse magnetization in
such complex magnetic settibg only observing the magnetic field map

In the following we will show howovercomingthis difficulty by using the total gradient
technique The total gradienis shown inFigure5.3B. In this map, as expected, the dipolar shape of
the magnetic anomalies disappears and the mabanae with high detail allover the sources
generating the magnetic anomalies in Figbu@\. The reverse magnetized source B3 is here well
distinguished from the other bodies regardless tteaction of magnetizationFor the sake of
clarity, while forthe magnetic ield representation tHewest values'flue’ colojy standfor the lows
of the dipolar anomalies, in the total gradient figuhey denotea nornrmagnetized zoneso, the
total gradient maximamplitudes are a direct proof of the presevitenagnetized soues and vice
versa. These results allow considering the study of the total gradient map as a method to determine
the magnetization, and so the presence of magnetic sources, in thearelys$ ateitherlocal or
regional scaleMoreover, being the tat gradient veryweakly dependenbn the directios of the
magnetic field, it allows retrieving with high detaalso thesourcescharacterized ofstrong

remanent magnetization

In the nextsectionthis approachvill be applied to thenterpretation oftie magnetic anomalies
over Europe. The total gradient maps are calculated at the same altitudes of the multiscale dataset in
order to identify themain sourceontributiors occurring at different crustal depth. As we will see
the next sectiorthe totalgradient results allow retrieving the origin of the regiestdle anomalies
over central Europeby which it is possible to give a furthesuitable contribution to the

interpretation of the high altitude magnetic low (CEML).
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Figure 5. 3 Multi-source modelith B1 and B2 normaly magnetized and B3 reversely magnetizetnfgp B)
|7T| map.

5.2 Total gradienanomaliesat low altitudes

In Figure 5.4 we presenthe shaded relief map of the total gradien® &m of altitude where
we canmainly seethe contribution of shallow structures and highgnetized crustahtrusions,
which generate shosvavelength patterns ofinomalies The total gradient anomalies are
represented in the map with a linear color distribution in order to give the correct weight to all the
main magnetic features over the European continent. For this reéasorglues > 15 nT/kmmay
producesaturationn some areas araimerge of strong total gradient anomalies, such as above the
north-eastern Europe, western Alps and Balkatswever, the purpose of this study is to analyze
the most important magnetistrudures at regionalscale over Europeneglecting thesparse
distribution of local anomalies not giving a significant contribution tothe continental
representation of the magnetic field

At largescale,the mostprominent feature in the map is clear diferencein magnetic
properties of the Poambrian crus(EEC) with respect to the Paleozoic platform (PPhis is not
surprising sincethe same magnetic features have been observed in thatimwe magnetic field
map. The total gradient map above EteC, indeed, confirsithe irregular and intense distribution
of shortwavelength patterns suggesting the presence of strong magnetized sources characterizing

most of the upper crusThe total gradient amplitudes above the Precambrian crust of Poland and
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eastern Romaniare smooth due to a lower resolution of the datasih respect to adjacent
countriesDespitethese differenceshe main trend of?[T| in such territories agrees with the general
total gradient representation above the EH®@ese anomalies express tectonic features and
intrusive bodies within the Precambrian basement that is covered ykrh of sediments
(Karaczun et al., 1978; Petecet al., 2003) However, the 4T| anomalies change considerably
moving towards SW. As alreadyrevealedby the magnetic field map the TESZ marks a sharp
variationin magneticintensity andsourcedistribution. The 4T| results in centralvestern Europe
show an opposite magnetic environmeiith respect to the EEC. Some wdkfined and isolated
anomalies are distributed over the Paleozoic platform within a general low magnetzei@uch
low magnetization is revealed by the extendedildensitiesof the anomalies and, in particular, by
the occurrence of largeo magnetizatioareagblue colored)

The mainmagneticfeaturesin central Europe are arranged fieadily apparentlignments
above the principal magnetic structuesslready described pviously(Figure 5.4. Comparing the

T map with the/}T| themain remarks are:

1 Diffuse total gradient maxima&oincide with the TESZoundary, whichinterrupts
thetrendof the magnetic anomalies above the EEQ Tfidlationship between such structure
and he total gradienamplitudesare clearly represented in the map, where thece of the
TESZis highlighted from the North Sebown to the Carpathians and northern Balkan.

1 In centralVariscanEurope groups of|7T| maximaunderlinemainly the boundaries
between crustal unitsand the presence of highmagnetized magmatic rocksThe
Saxothuringianzone is characterizedby diffuse shorwavelength anomalies SW-NE
trending, which strongly differs from the lower magnetizationof the adjacent
Rhenohercynian z@nto the northand Moldanubiarto the south. These 4T| anomalies
define with high detail the position of the magnetic sources forming the Mid German
CrystallineRise (MGCR. Despite the common interpretation of the MGCR as a magmatic
arc, formed above a souittiipping subduction zone in Upper Devonian aratl®niferous
times, Oncken (1997) reinterpreted this geological structure proposing a more compound
model characterizedby two different crusts involved in geodynamic events during
CarboniferousHowever, the total gradient anomalies are well related eoptesence of

several granitoids and metamorphic rocks occurring within the whole Saxothuringian unit.
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1 The Rhenohercynian unit lacking in significant magnetic features excdpt the
total gradient maxima related tbe young magmatic regions (Gabrief al., 2011), where
reverse magnetic anomalies are fguiod instance th&oest magnetic anomalieshich are
reversely polarized Total gradientmaxima in northern Europe are assocdt® the
Caledonianbasement and to deep relicts of the Scandinagrast formed during the

collision between Baltica and Avalonia.

1 The Moldanubian Zone, similarly to the Rhenohercynisncharacterized bya
relatively weak magnetization In the northern parsomeweak pattern of maximaeems
associatedwith the tedonic margin of the Saxothuringian zonelThe main magnetic
evidence occurs southwardt the margincoinciding with the Donau Lineepresenhg a
prolongation of the nortle part of the Massif Central (Bosum and Wonik, 1991). These
magnetic anomalies aprobably associatedith basic and ultrabasiocks, whichcould be
deep(Franke, 1989)

1 In the northhwestern part oEurope (Eastern Avaloniajntense magnetic maxima
occur above th#&lidland Microcraton (MM) in Southern England and conémlown to tle
North Sea andBrabant Massi{BM), showing a very different magnetic environmexith
respect to the close Rhenohercynian Zone to the Basing #T| anomalies of MM are
mainly related to the outcrop of the Neoproterozoic basement and to local Cenduasif
intrusions (Banka et al., 200Pharaoh and Gibbson, 1994).Eastern England patterns of
small magnetic anomalies are associatgth calcalkaline magmatic rocks and to the
southern metasedimentary rocks of the Brabant Massif in northern Belghara@h et al.,
1993; De Vos et al., 1993previous magnetic studies of the BM pointed out that égi®n
might be considered as a 'microplataghly different from the adjacem¢rritories (Bosum
and Wonik, 1991)Most of the total gradient anomaliage correlatedwith the outcropping
CambreOrdovician basementhe crystalline basement and, in the eastern wiile,young

magmaticstructuregelated to recent tectonic movements.

1 The strong maximum of the Paris basin is one of the main magneticeteatuthe
Armorican region, extending for more than 440 km from the English Channel to central

France Its interpretation is still not completely solved, but the origin magtbéutedto
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ophiolitic fragments (Millon, 19923arried up to the shallow by Late Variscan faulting
episodes (Autran et al., 1992)

1 The Bohemian Massifegion representthe main contribution of the Moldanubian
zone in the western part of the Armorican terranes and the sources arepnedentedh
the total gradient mapy a pattern omaximaof short and longvavelengthcovering the
Czech RepublicLocal magneticanomaliesare mainly associated to MioceRéeisotcene
volcanic events, while the origin of regiorsdale anomalies is attributed to the magnetized
rocks of te deep bas e me rGhojek, E00Q. Teasoutheastartndedge of the
Saxothuringian zone isighlightedby a pattern of maxima related to deep structures and to
Volcanoplutonic magmatic activity associated to the Variscan orogeny (Dallmeyer et al.,
1995).

1 In southernEurope,an extended pattern of strong maxima occurs above the Alpine
system, associatedith ophiolitic rocks andwith a broad distortion of the lower crust;
magnetic anomalies occurs also above the continental margins of the TyrriS&@an
mainly correlated to crustal fractures of the deep geodynamic events (Rehault et al., 1987).
According to Rota and Ficherd987 the origin of the anomaliesbove theApennines
orogenybelt isdueto the Paleozoic outcropping of the crystalline bassntonsisting in
lower crustal granulitesin the Northern Adriatic Seaa wide and strong total gradient
maximumis associatewvith the intensanagnetic high described previously in the magnetic
field map. Its origin is still not completely solved kgood correlation may be observed
with the Dinarides belt frontand with the occurrence of iaffedimentary batholitic
formations(Speranza and Chiappini, 2Q@Ziori et al 2007)

1 In EasternEurope,the most intense?T| anomalies are displayed above Batkan
region and theCarpathiananountain chainMost of the|27T| maxima are distributed in
Bulgarig where two main magnetic provinces are distinguished: the southern Bulgaria,
interested by pattern of small anomalies following the trend of the Balkamains belt,
and the northern foreland characterized by smoothed total gradient amplitudes. The short
wavelength anomalies are mainly associatéd magmatic products formed during several
volcanic events of different agesd characterizingmost of theBalkan areawhereas the
more smoothed amplitudes to the North are related to the magnetic basement beneath the
Bulgarian foreland (Trifonova et al., 2009joving to the North, further?[T| maxima are

retrieved above the Romanian region wherentfost prominent geological structuretise
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Pannonian basirg back arc basiformed duringthe complexevolution of theCarpathians
Alpine system (Horvéath, 1993). The main magnéiaturesin this area are mostly
connected to the Neoge@aternary volcanism and to the presence ofN@egene basic
volcanic intrusions (Boccaletti et al., 1976)owever further interpretation ofhe regional
magnetic trenslabove the Pannonian basin was carriedby Kis et al. (2011)The authors
propose thaxenolith and peridotite rocks formed in the deep eupgter mantle and carried
up into the shallow crust with strong remanent magnetizadi@enthe main source of
reversely magnetized anomaliddoreover,remanent magnetization was studied also in
Slovakia and indentified as the matharacteristiocof severalhigh-magnetiation sources
associated to Neogeiig@uaternary volcanic rock(K u b e g 2010). Bhkese magnetic
features occur in the central areaSbdvakia and are well recognizable in the total gradient

map by a diffuse patter ofarimaSW-NE trending
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5.3 Total gradientanomaliesat 100 km altitude

At 100 km altitude, the total gradient magsignificantly differentfrom Figure 5.5and defined
mainly by longwavelengthanomalies The analysis of theignal maxima makes possibléhe
identification of the major geological featuresf the continental Europe. Comparing the total
gradient anomalies with the tectonic bounelewe may still observe fairly goodorrelationsin
particular above the Carpathians ahd TESZregion, since these geological boundsiievolve
the whole crust down to thdoho depth, as revealdx seismic surveys interpretations.d. Grad
et al.,2009 Guterchand Grag2006. In someregions,many total gradient anomaliésndto join
andit is difficult to discriminatebetweenthe local properties ospecific magnetic areas. So, the
interpretation of such anomalies must be carefadigtrolled by combining the results of further
geophysical and petrological analyses. However, at high aktitheetotal gradienanomaliesare
very u®ful thanks to the weak dependencen the direction of magnetizatioand provide a
reliable representation of the largeale magre properties of the crust.

The goal of this sectiors the distribution of the mainmagneticsource in central Europe,
which may be responsibléor the high altitude magnetic low and for th@pparent reverse
polarization of such anomaly. The total gradient map at 100 km altitude is highly useful in this
sense and the origin of the CEML may be identibgdtudying the loation of the|?T| maximain
the areas surrounding the TESZ. A crucial stegomparingthem withthe magnetic anomalies in
theT map at the same altitude. particular thetotal gradient is used here as a method to determine
where remanent magnetizatids actually contributing tohe high altitude magnetic field, in
comparison with what was suggested by previous studies.

The regional magnetic environment observed above the Precambrian crust (EEC), defined by
the large patterns of total gradient maxinssubstantially oppositeith respectto the anomaly
field retrieved to the SW of TESZ. sAalready extensively descrihethe young crust of the
Paleozoic platforms differdrom the EEC forstructural and physical properties, and such
dissimilarities areclearly reflected in the representation of the magnetic anomalies over the
European continent.

The strongest total gradient values, as expected, are concentrated above ,tsaggES§ting
the high magnetization of the whole Precambdearst. Regardlessf the anomalies displayed near
the map margins, visibly influenced by upward continuation border sffde total gradient
maxima above the EEC are mostly located along the margins of the ondtose origin is
probably associatedith the igneous mafiactivity occurred along the margin with the Paleozoic

orogenic belts (Bogdanova et al., 1996). Moreover, the outlines of the m&jonaximaare in
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good agreement witthe edgesof the different units composing the EEC. In the map we may
recognize onlythe western territories of the EEC subdivided into the Fennoscandia unit, to the
North, and the Sarmatia, to the South. The lagm@e magnetic anomalies above the southern
Fennoscandia, also observed at satellite altitude, va#trébuted to the local hjyh crustal
temperature antb variation in thickness (Hahn and Wonik, 1990; Pashkevich et al., 1993), while
the total gradient amplitudes over Sarmatia suggest a more magnetized lithosphere and the increas
of the Moho depth down to 60 km. Moreover, pressdIAGSAT investigations over Sarmatia
pointed out that further higmagnetized soursemay occur also irthe lowercrust and upper
mantle Pashkevich eal., 1993. In the eastern part of the map some strptiy maxima are
probably correlated to the highagnetic rocks of the Devonian Dnieponets Aulacogen
produced by Paleozoic deep mafic magmatiBasbkevich edl., 1993.

The main characteristién central Europe is the absence of significant total gradieninalies
exceptfor the strong anomaly dhe Adriatic SeaMoreover, thepatterns of small total gradient
anomalies, representing the mamallscale magneticfeatures in different European regions
(Figure 5.4) disappear at highltitude and are replaced Iextended areasf blue color areas,
suggestinghat themiddle-lower crust is characterized ey very low or absent magnetization, as
demonstrated in the synthetic modielFigure 53. This particular behavior is discovered above
most of central Europeegion These results are in good agremt with the representation of the
magnetization distribution in Europe carried out by Naltal. (1992). Moreover, most of the total
gradient anomaliesre locatedo the NE, especially above the Poland region, and the maxima
values occur exactly alorthe trace of the TESZ. So, as discussed before, this geological structure
represents a visible boundary separating the dgamtagnetized crust of central Eurofpethe SW
from the EEC.
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Figure 5.6 Trace of the profile P2 considered in to model of the TESZ area.

We identify sich difference irthe crustal magnetization as the main origin of the CENéther
than areversedpolarizationorigin. To showthat we interpretthe profile P2 at 100 km altitude
(shown inFigure 5.6 in theTESZarea Our 2D model(Figure 57) consiss of two magnetic bodies
in contact,simulating the Paleozoic Platforta the left (M1) and the East European Cratonhe
right (M2). The TESZ was estimated to be-®Ztructure with a strike length of 500 km and a 600
km alongprofile length.

This model is certainly a simplification of the real geological setting of the crust, but it is useful
to explain the higlaltitude magnic anomaly above the TESZ, as due to the juxtaposition of two
platforms differing in thickness and magnetic propertiagen though susceptibility is expected to
vary within the crust, being dependent on temperature and rock composition (Adnan et2al., 199
Hunt et al., 1995)we assuned that the main magnetic mineral is magnegitel average values of
10x102 (SI units) and 50x1® (SI units) susceptibilitfor M1 and M2 respectivelyThese values
are consistent with agnetic susceptibility measuremenfghe crystalline basemermarried out in
Poland by the Polish Geophysical Exploration Company (PPG), and compiled by Dabrow&ki (19
and Grabowska et al. (201l Due to the simplified modemore detailedstudies(e.g., Williamson

















































































