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ABSTRACT

Geological units typically contain both induced and remarrég magnetization. The
vector sum of the two components forms the total magnetizath to which magnetic data is
sensitive. The induced component depends on the susceptipiand current geomagnetic
eld, whereas the remanent magnetization depends upon thermation history of the
geological units. Remanent magnetization, therefore, ga&s information about the
formation process and subsequent structural movement ofdke units. For this reason,
identifying remanent magnetization from geophysical magic data could yield additional
information which would otherwise not be available for geogical interpretation. |
investigate an approach for separating remanent magnetizan from the induced
component in the total magnetization recovered from a 3D maetic inversion. Assuming
the known total magnetization, | allowed for a range of suspébility values, and | tested
the e ects of the assumed probability distribution of the ssceptibility onto the resulting
distributions of the observed remanent magnetization. Gen the importance of remanence
in geophysical interpretation, | further examine the direton of the extracted remanent
magnetization. This was accomplished by using Fisher stdiiss and the Parzen windows
method to estimate the probability density distribution of the remanent magnetization
direction.

| build two synthetic examples that have two source bodies #t went through a
structural deformation and rotation to test our analyses. e two bodies are o set and
rotated relative to each other, so the rotated object's renm@nt magnetization will be
di erent even though induced magnetization stays the samei each body. By using
remanent magnetization extracted from the inverted total mgnetization, | apply the
methodology we developed for each of the blocks separatefieataking the average to

decrease the directional variability within the blocks. As aesult, | estimate a remanent



magnetization average direction for the unrotated and rotad objects in the model in
order to recover the two units' relative rotation angle. Ths study o ers a new approach to
understanding how to extract and quantify the remanent magetization magnitudes and
directions for revealing the rotation angle where the deforation is present in the study
area. Having only statistical susceptibility information &ailable from petrophysical data, |

present a preferable alternative in real-world problems Wi a reliable angle recovery.
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CHAPTER 1
INTRODUCTION

Geomagnetic eld sources are both external and internal inrigin, and these sources
could be resulting from the magnetized substances and theetric current's ow. The
superposition of these elds forms the Earth's magnetic el. The external eld's
contribution is from the electric current ow in the ionosphere and magnetosphere, which is
a consequence of solar wind and radiation acting upon geomatic eld; whereas the
internal elds result from the core eld comes from the uid core of the Earth and crustal
eld produced by Earth's magnetized crust. The former creas a magnetic eld has both
short-term (e.g., external origin) that lasts from secondt years. Furthermore, the
internal eld has long-term (e.g., secular) variations cold last be on the order of a decade
of time variation. We will focus on the crustal magnetic eldsince we are interested in
near-surface geophysics.

Magnetic eld distortion or anomaly heavily depends on the blk properties of the
rocks where localized anomalies occur in the rst few km of éhupper crust for the
geophysical exploration. On the other hand primary sourcef the regional anomalies
contribution changes in between the 10-50 km depth dependimmn the most occuring
minerals has Curie temperatur up to 600(Maus et al., 1997). Beyond this temperature
intense magnetization of the ferrimagnetic mineral losetsicharacteristic to become a
non-magnetic mineral. Magnetic maps of the regional scalésdlay the identi cation of the
plate boundaries, fault systems associated with contineaitdrift, collision, and extension
dynamics. Variation of the eld with locations can be up to 100 nT while the strength of
the magnetic eld changes from the poles to the equator from2600 nT to 31000 nT. In
the exploration geophysics, magnetic eld is used to reveafustal structures as well as to

locate ore minerals. Extraction of the diamonds from the kitrerlite pipes, sul de



(porphyry-Cu-Ni), skarn and iron ore, placer gold depositselated to magnetite content are
the prime examples.

In contrast to what has been assumed for a long time, the exastce of remanent
magnetization (RM) in addition to induced magnetization isan essential part of geological
units with magnetic minerals; thus to understand the remanee e ect and to determine
RM is another important area of research in magnetics. Aquideremanence of the rocks
help us identify the magnetic eld's spatial variation with the relative motion of the blocks
or tectonic units and magnetic sources relative to backgrad depending on the
surrounding lithology of the rocks, together with remaneretypes identi ed, to understand
the geologic process involved. Ancient magnetism of the eaiis studied by the
paleomagnetism, a branch of geophysics. Therefore, palegnetism plays a role in how we
understand the formation of the Earth's crust. However, in mgnetics, direct determination
of the remanent magnetization is only possible through theotal magnetization, which is
unknown to us and very challenging to recover only from the ngaetic data.

Rocks with speci ¢ magnetic properties (susceptibility ad RM) create the magnetic
anomalies indicative of the distributed magnetic sourcefitoughout the area or region
representing the underlying textural and structural featwes (e.g., intrusion, faults, folds,
and alteration zones). These rock properties can be used tearpreted for the location of
the buried objects or to make inferences of the bodies unddret sedimentary cover.
Magnetic maps show the magnetic eld intensity, which is relted to the geometry and
depth of the magnetized bodies. Measurements with sensdivnagnetometers and
advancement in the GPS facilitates rapid and accurate measments in pro les with
marine and airborne surveys possible either for global orgienal scales.

Modeling the anomaly sources is possible either with the enpretation of the magnetic
anomaly from the analytically calculated subsurface modefrom the known geometrical
objects to understand the sensitivity of the anomalies or tiough inverse modeling. Prior

information is the mostly used in the interpretation and hassimpli ed methods for the



estimation of the features of the source. Inversion is used problems where there are too
many guantitave parameters as unnknowns in order to estimat3D sources attributes
related to shape, volume, depth extend and the magnetic pregies based on anomaly
prediction in a iteratively computed model characteristis. Since the presence of RM
complicates the interpretation of the magnetic data, somehes e ects of the remanence is
ignored to make simpli cations in the methods of the magneti interpretation. In the
inversion, prior information is used with the geophysical aa addition to geological data ,if
possible, as a constrain to seek the most likely geologicaésarios of the area in question.

Some of the studies related to the use of the magnetic data ap&om searching for
ore minerals and magnetic basement mapping in oil and gas ugdry are as follows:
investigating groundwater (Oniet al., 2020), examining contamination in the environment
(Horton & McCa erty, 2016), revealing seismogenic faults Skh & Crain (2018), analyzing
of landslides (Sugimotcet al., 2014), nding potential sites for geothermal energy (Peng
et al., 2019), monitoring the active volcanoes (Fucugauchi, 2014mapping the geologic
structures (Araa et al.,, 2018, Eldosouky, 2019), determination of burying pipelendepth
and location (Li et al., 2020, Voet al., 2020), modelling magnetic UXO sources (Wigh
et al., 2020), investigating archaeological structures (Colongino et al., 2020, Schettino
et al., 2019), and detecting impact related structures in earth'srust (Klokank et al.,
2020) and other planets (Galluzzet al., 2021).

In this chapter, we rst present information about the magnéic elds types and other
areas that bene t from the magnetic data, we move on to the expnation of the potential
eld theory and magnetization. We also touch upon the usefakss and history of the
remanent magnetization and available methods to have the &wledge about remanence
sample measurements for the surveys and measurements hayaieitly done for
remanence. Thirdly, we introduce the inversion while estdibhing a connection with the
related research papers on separating the remanent magazation directly. Moreover, we

discuss challenges and practical limitation while tryingd nd the remanent magnetization



with various methodologies. Lastly, we conclude the thesad mention research

motivation and arrangement of the thesis chapters.
1.1 Magnetization and Magnetic Potential Theory

Rocks containing magnetic minerals exhibit magnetizatiothrough a rock physical
property called susceptibility. Variations of the potental elds are measured with magnetic
surveys, which share similar characteristic with gravity sweys, aiming to detect the
Earth's subsurface magnetized objects. The magnetic pragies of rocks depend on the
total magnetic moment for the volume of the sample. In minets, proportional to the
applied magnetic eld, spin alignment with the eld could beparallel or anti-parallel,
controlled by the completeness of the electron shells. Theeare three kinds of magnetism
in minerals: (1)diamagnetism has an opposite magnetic eltb the applied eld that
cancels magnetic e ect; (2)paramagnetism aligns its magte moment in the presence of
the eld, and it creates a weak magnetism; (3)lastly althouly the ferromagnetism has
essentially three subcategories (e.g., ferromagnetic,tiégrromagnetic and ferrimagnetic)
among them. We are interested in ferrimagnetism and ferrorgaetism because
antiferromagnetism has no net magnetic alignment. The mosommonly seen
magnetization form is the ferrimagnetism which has the ramg10 ® and 1 in comparison to
ferromagnetism changes in between 1 to ®Q(Hinze et al., 2013).

Potential eld is described with Gauss' law, Possion, and La@ace equations. Although
magnetic eld is completely described by a vector potentiait is a scalar potential outside
the source, these two potentials gives the connection to gity and magnetic methods in
applied geophysics.

Maxwell's Equations consist of a combination of the four dierent equations explaining
electromagnetism. The electromagnetic wave's initial ppagation starts with the
interaction of the magnetic eld with the electric eld, in which changing of the magnetic
eld creates a variable electric eld; thus, this alternative electric eld then produces

another magnetic eld variation; this continues with the propagation. We will only focus



on the two of them: Gauss Law for static magnetic elds and Ampe-Maxwell's law for

static elds without any free currents.

r H=0 (1.1)
r B=0 (1.2)

where the rst equation shows the curl of the magnetic eld itensit (H) in Tesla (T)

without any electric current ow, and the other is the divergence of the magnetic ux
density vector B) in A/m. The material response to the weak external magneticeld
expressed with magnetic permeability in a vacuum given by peeability of free-space

4 10 7 H/m is shown in the Equation 1.3,

B= (H+M) (1.3)

Rock permeability changes the magnetic ux density througlinduced magnetization.
Other than ferromagnets, magnetization response is neatlipear, shown in the Equation

1.4,

M= H (1.4)
B= o1+ )A (1.5)

but when the ferromagnetic materials is exposed to externald magnetization, it will not
have a linear relation. Thus, we will have to add remanence eeby arranging the

Equation 1.6,

NM = H+ Mzay (1.6)

where total magnetic eld in rocks in the unit volume has two ontributing parts: inducing

eld and anomalous eld,

= %(BTN + B (1.7)



Depending on the , magnetic eld H has a secondary eld Bx) in addition to the
primary eld, or inducing eld. The secondary eld originates from the magnetic bodies
having >> 0:1 and a ecting the overall magnetization, including the magetic mineral
contribution from the other distributed sources within theenvironment, which changes the
magnitude and direction of the produced anomalous magnetield from the actual source
either by increasing or decreasing of the total eld. This eect is called
self-demagnetization and it is also function of the sourceegmetry. Since we are interested
in low susceptibility values (<< 1), we omit the self-demagnetization e ect as negligible.

Helmholtz's theory states magnetic eld intensity can be regesented by scalar
potential. The sign of the scalar potential is taken as negative. The magnetic eld is

de ned as the negative gradient of the scalar potential,

H=r (1.8)

where Blakely (1996) explains the theorems and intermed@atteps. The scalar potential of
a dipole moment at a distance from point to the point r, is expressed in the Equation

1.9,
(1.9)
mdV (1.10)

whererq = [Xq; Vg Zg] IS the position vector of the source volume and, = [Xp; Yp; Zp] Is the

observation vector,

r=if K (1.11)

where m = [ my; my; m,] indicates magnetic dipole moment and is the net magnetization
in A/m from the summation of the dipoles over the discretized ®lumes by rearranging the

Equation 1.9,



Z

(r)= N (r)r Fl dv (1.12)

1

4
the gradient of the 1.12 of the volume integral for the magnit eld of the known
distributed sources in the subsurface in terms of magnetiofential stated as in Equation

1.13,

4
1

or) = el T - NI (r)dV (1.13)

\Y

where(r) is the magnetic eld in T at a distance r from the magnetic anmaly with a
magnetization M inside of the volume. The last equation calculates the forwe response
from the distribution of magnetization. In geophysics, wery to solve the inverse problem
since we have observed data, and we are trying to predict magization distribution as a

model throughout the subsurface.
1.2 Background and Usefulness of Remanent Magnetization

Magnetization types and the geologic age of the rocks are danined only with
paleomagnetism which relies on direct measurements fronckosamples. Since in
exploration geophysics such information is unavailable igeneral in 3D we need other
indirect methods combined with geologic discoveries. Pal@agnetism is interested in
knowing the natural remanent magnetization (NRM), becausehe Earth's magnetic eld
history indicates the changes in the eld's polarity, or magetic pole position, on the
Earth. What is more, tectonic movement of the continents andtgatigraphic correlation
with magnetostratigraphy provide additional information about Earth's history throughout
geologic time. Magnetization retained through remanencs the result of various vector
components of the sources: during the formation of the rocknown as primary NRM, and
later on, altered by subsequent natural processes are reéel to as secondary NRM by

remagnetization of the low intensity in longer durations. Wthout making comprehensive



laboratory analysis from the samples, it is nearly imposdid to distinguish the second
component from any existing methods. The type of acquired meanence changes from the
magnetic rocks and the environmental e ects. There are sixmanence types, as one can
see in the Lanza & Meloni (2006), but we will only mention the fiermoremanent
Magnetization (TRM), Viscous Remanent Magnetization (VRM),and Chemical Remanent
Magnetization (CRM) in relation to mostly seen the igneous rometamorphic rocks in
magnetics. Cooling of the igneous rock below their speci cutie temperatures aligns its
magnetic moment with external eld magnetization at that time. Additionally, the
mineralogy of the magnetic rock can change under weatherig@RM) or in low
temperatures over a long time exposure to the external eldMRM) for both kinds of rock
types.

Until the late 1950s, the remanence e ect on magnetic surveygs neglected.
Advancements in the magnetometers technology and an examiiea of the rock samples in
the paleomagnetism (Nagata, 1961) emphasised on the importa of the RM on some
rocks which are not in the same direction with inducing eldand the RM started to gain
importance in the interpretation methods. A signi cant cortribution identifying the RM
direction was brought to light by Zietz & Henderson (1956) to malyze the magnetic
anomalies of the three-dimensional magnetized structurés weak remanence. In the
pursuit of the interpretation of the anomalies in strong reranence, Sutton & Mumme
(1957) published aeromagnetic approximation for di erensource types. Girdler & Peter
(1960) show the importance of knowing the remanence in theténpretations. Additionally,
Hartman et al. (1971) created an automatized interpretation technique ks with acquired
remanence as depth estimation. Shurbet al. (1976) combined the gravity and magnetic
anomalies by making a spatial correlation for detecting theemanence e ect from the
induced magnetization. These methods are based on inforrwat extracted from the
anomalies, and knowledge of the total magnetization dirdon did not a ect the

aforementioned earlier interpretation techniques.



Remanence within the rock cause confusion while interprag the magnetic anomalies
(Clark, 2014, Clark & Emerson, 1991, Haney & Li, 2002, Li, 201 Roest & Pilkington,
1993) and not paying attention to the remanence e ect couldauise an inaccurate
interpretation in the phases of mapping the source parameteor the geological structure
locations (Pilkington, 2007). Since it is not possible to me a prediction solely doing
forward models when RM is di erent in strength and magnituddrom the total
magnetization to make the quantitative interpretation, dierent approaches have been used
in the presence of the remanence magnetization to do the f@amsd modeling. All of the
inversion algorithms rely on making assumptions to simplifthe problem to decrease the
variability of the magnetization direction and magnitude ér homogeneous source bodies.

Moreover, total magnetization direction determination inthe presence of the remanent
magnetization from the magnetic anomalies similarly cal¢ated not long after the
remanence e ects was recognized as a major factor (Hall, 195tton & Mumme, 1957).
Inversion algorithms for the estimation of the total magnetation were grouped into direct
inversion from simple geometries and constrained inversiéor complicated sources to have
be in either in 2D or 3D distribution of the model parametersrbm the magnetic data
(Clark, 2014). Despite generalization of the groups, catery is rede ned as estimation of
the total magnetization direction, the transformation of he magnetic anomalies which is
insensitive to magnetization direction and, lastly, pararatric inversion. Furthermore, in Li
(2017), these categories are divided into parametric inv&@on, mixed-parameter inversion,
and generalized inversions, which are also extended intdogwoups only to show the
methodologies developed for remanent magnetization. Inditon to progress made with
complicated inversion algorithms, the CNN-based approachas also developed to
determine the magnetization direction on a magnetic data npawithout knowing the
remanence (Nurindrawati & Sun, 2020). Another critical papemvestigating in the rst
time the block rotation while trying to nd the total magneti zation using the analytic

signal in the presence of the remanence with the horizontalaglient of pseudo gravity of



magnetic anomaly is the study from Bilim & Ates (2007). The derence between this
paper and our work originates from our knowledge about the manent magnetization from
the statistics.

Recent developments addressing the separation into the uned and remanent
magnetization components with a known Q ratio as a constraimmg factor are also
investigated thoroughly. Liu et al. (2018a) and Liuet al. (2018b) used existing methods to
perform the magnetization vector inversion, then separatiethe total magnetization by
using the generalized relationship to nd the remanent maggtization and susceptibility.
Apart from the forward modeling approach usage, Baniameriagt al. (2020) preferred
doing transformation in the Fourier domain to directly isoate the induced and remanent
magnetization with known Q ratio. Lastly, to provide information about the remanent
magnetization directly, Liu et al. (2020) took a di erent path to directly invert for the
susceptibility and RM simultaneously using the magnetic da in the presence of Q ratio
knowledge.

Next, we will summarize the alternative approaches for ndig the RM and sample

measurements in magnetic studies.
1.3 Methods to Obtain Remanent Magnetization

Information carried through remanent magnetization is rdsicted to a magnetic eld
during the formation of the rocks together with deformatiorhistory. Most often, nding
remanent magnetization is challenging because it requiradditional knowledge about total
magnetization as well as about the magnetic properties oféhgeologic unit. Isolating the
remanence would only be possible through either having a Qtiaor the susceptibility.
Without making in situ measurements to determine the rock pnoerties of the rock, there is
little room to specify the remanent magnetization directia directly. Clark (2014)
comprehensively summarizes these methods and explicitlypéains what to consider. We
will brie y mention a few of the methods to indicate the most ikely scenarios we focused

on for this thesis.
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Samples taken from the eld give rock properties to separatfe induced
magnetization from the remanent magnetization, which arehe two components of the
total magnetization and have errors from measurement to ceigler. Another measurement
type is with borehole, either taking samples or making diréeneasurements to determine
the source's susceptibility or Q ratio. The samples' petragphic descriptions also help
draw conclusions about the susceptibility value with the gabination of the sample's
paleomagnetic data, which gives the remanent magnetizatiairection. While modeling
the magnetization and knowing that geological interpretabn helps understand the
identi cation of approximate location and the shape of the bjects, we should consider the
geology of the area for the magnetic source distribution irhé subsurface; thus, this
consideration would decrease the non-uniqueness of thedrsion together with the a prior
knowledge about the susceptibility and Q ratio in order to rd the remanent
magnetization. Finally, we will explain the recent inversio algorithms developed to nd
the remanent magnetization direction directly or to nd the total magnetization in the

presence of the remanent magnetization.
1.3.1 Magnetic Measurements

Magnetic eld measurements are made with instruments catblemagnetometers. These
measurements are collected in the observatories or via dhtes; additionally they are
collected by air and sea mounted to vessels and helicoptekdagnetometers can be scalar
or vector depending on the observation expectation's restibn, sensitivity, and longevity
in the exploration phase. Resonance (atomic) magnetomesemeasures the absolute total
intensity without any need for the sensors' orientation; ths, it is mainly used. On the
other hand, the details are essential since observationsveahe eld's relative magnitude
orientation along with sensor; ux-gate magnetometers arpreferable. This type of
magnetometers requires the sensor orientation to be oriedt along with the eld's
respective components. Recently (Queitsatt al., 2019) published a paper with full

airborne tensor magnetic gradiometry using Superconduog Quantum Interference
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Devices (SQUIDs) in the presence of the strong magnetizatialiscusses the advantages
over the traditional total anomaly dataset.

When collecting and processing the magnetic data, the primaassumption is that the
anomalous eld (B) perturbs the magnetic eld (Bp) only in the principal direction, and
the two exist in the same direction. Therefore, total magnet intensity (TMI) is the
addition of the external eld's scalar intensity to the anonalous eld as in the following

Equation 1.14,

b™! = By + Baj (1.14)

Finding the anomalous eld is the essential path of interesini magnetic surveying. As
a result, the vector projection of the anomalous eld to the ernal eld is used to make a
forward model with known object geometries in the Equation.15 while introducing

negligible error called as total magnetization anomaly (TM),

T=jBo+ Baj | Boj (1.15)
' By B

It is important to keep in mind that this approximation holds below the 10000 nT
absolute magnitude di erences in the anomaly that may be seen the existence of iron,
such as the bigger size of the steel, iron ore deposits, andngoof the ultrama c rocks
(Hinze et al., 2013)

The remanent magnetization is measured using an astatic guisner magnetometer,
which measures the magnetism of samples in the absence of Bagth's eld. In outcrops,
some samples are collected, either measuring the orientetiof the site before doing the
laboratory work or just as unoriented. Since it is impossibleo have enough samples
representing the subsurface, cored samples are also usegdabthe NRM, and magnetic
susceptibility. Using oriented samples, only NRM is measuresith a spinner

magnetometer along with the amplitude and direction.
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1.3.2 Geophysical Inversion

Inversion is a tool for understanding the magnetization offte subsurface source
distribution, the geometry of the structures, depth and prperty di erences between
background and the objects using di erent methods and algibhms. Inversion models the
data while recovering geologically viable models of the ssurface to make interpretations
more reliable. Since magnetic data inherently includes thaformation about subsurface
magnetization direction, location, and shape of the objest inversion through magnetic
data tries to recover this information. However, this procesis ill-posed, because data
contain noise. What is more, inversion tries to solve an undeletermined problem which
means there are more model parameters than the data. Among sgenon-unique solutions,
in nitely many models give the same output, possibilities & be lowered with prior
knowledge to have an optimum model by incorporating additimal information that is
geophysical, geological, or logical decreases the amhigin the inversion results. Mostly
used algorithms in the inversion are magnetization inveian or magnetization vector
inversion, but others are also extensively explained in LRQ17) when the remanence e ect
is seen.

Magnetic data a ected by remanent magnetization is even hder to solve, which adds
complexity to the data to be resolved by the inversion. Evenhibugh it is not possible to
distinguish the secondary e ects from the primary ones whetonsidering remanence, new
approaches continues to emerge to deal with the RM.

An inversion attempts to nd the inverse of the forward problen, which is shown with
the generalized inverse operatofH" ), it can be linear or nonlinear depending on the

problem. Simply the relation is shown in Equation 1.16,

m = F* [d°] (1.16)

wherem is the model parameters consists of the distribution of the agnetic susceptibility

or the total magnetic vector that is recovered from the con gred set of observationsdgys),
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which is the magnetic eld measurement made in di erent lod@dons and the observed data
contains noise.

We aim to nd a model with the minimized objective function , which is the
combination of the model objective function  with trade-o parameter and mist

function p shown in the Equation 1.17,

= pt+ M (117)

where p produces data mist between predicted and observed data far determined
tolerance value. Depending on the problem, the model objéat function is designed by
functions and limitations with a prior knowledge. This knovledge helps to reduce the
instability, and  balances the regularization parameter that the importancediween these
two functions to have an optimal data t.

Studies dealing with isolation of the remanent magnetizain via the inversion can be
grouped into two categories: either separating remanent maetization before applying the
inversion algorithm with the known Q ratio or through inverson knowing only the
existence remanence e ect in the magnetic data. Liat al. (2018a) recovers the induced
and remanent magnetization intensities after total magné&ation intensity inversion from
the estimated total magnetization direction from existingmethods. In contrast, Liuet al.
(2020), applies direct inversion of the susceptibility disbution and remanent
magnetization's strength and the direction from the magnét data while only assuming Q
ratio. Another approach taken by Baniameriaret al. (2020)to separate the total
magnetization anomaly into induced and remanent magnetiian components using
Fourier domain transformation used with known Q ratio to nd the distribution of the
susceptibility and remanent magnetization direction togier with total magnetization
without doing any forward modeling. Lastly, Fournieret al. (2020) developed magnetic
vector inversion (MVI) in the spherical coordinate system wi an iterative sensitivity

weighting to get compact bodies with consistent magnetizain directions data with
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remanence. However, it still requires additional informatin for more interpretable results.
In this thesis, we will focus on sparse magnetic vector inw&on algorithm that were
developed by Fournieret al. (2020) to invert our forward modeling results of the two

synthetic models we designed to apply our methodology.

1.4 Challenges and Practical Limitations of Separating Remanent
Magnetization

Investigating the remanent magnetization is not an easy t&dsdue to the fact that we
make generalizations to simplify our problem considerindhé geological processes. Even
though we say mostly igneous rocks have acquired remanencéhiem, it is also quite
possible that we can observe the remanence from the sedinamtrocks or metamorphic
rocks. Resulted processes, whether from the weathering tdiemical alteration, make
geology complex. Sometimes we choose to ignore weak remaaesince it has a relatively
minor e ect than in economically important ore minerals. Wha is more important is the
structural deformation of the area through uplift or burial movement of the blocks with
faults or rotation. These all are the unknown factors that cetribute to the permanently
aligned magnetic domains in the rocks into di erent orientéons.

Di erentiating the remanent magnetization from the inducel magnetization is hard to
achieve only from the magnetic data: having a remanence etedolates the assumption of
the inducing eld's direction alignment to the total magnetzation or relatively small in
magnitude. Thus, remanent magnetization can be determineatirectly from the collected
and oriented samples, as we explained earlier in the prevaby in the chapter, or indirectly
from the Q ratio or susceptibility measurements. However, thlimitation of the availability
of the samples and the amount of the cost and time required thaboratory work, makes
the remanent magnetization sample measurements a challergyoption most of the time.
Also, sometimes the outcrops are not available, and accedl#pto the elds is not an

option.
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Methodologies for the separation or mitigation of the remaant magnetization from
the magnetic data depend on a case-by-case basis. Each mdthas its own weaknesses
and strengths, so we do not have a generalized approach toergret based on one method.
Not knowing the remanent magnetization changes the applicdity of these techniques
depending on the strong remanence (direction estimation foee inversion, analytic signal
usage) and weak remanence (depth estimation, parametrios@rsion, physical property
inversion). All these methods are explained in detail in Shear (2005). On the other hand,
recently publicarions in inversion algorithms o er anothe alternative for the
characterization of the remanent magnetization and total mgnetization to the magnetic
data in the presence of remanence when there is an assumptatrout the Q ratio
susceptibility, or geological model is present (Baniameam et al., 2020, Liuet al., 2018a,
2020). Unfortunately, using Q ratio as a priori knowledge mas the algorithms sensitive to
the given Q ratio value (Baniamerianet al., 2020). It is only possible to use when the Q
ratio > 1, which restricts its usage. Besides, through inverted datit is only possible to

recover primary magnetization with current methods as st&d in Liu et al. (2020).
1.5 Research Motivation

The cases where the induced magnetization dominates oveetlemanent
magnetization is an important scenario and, its e ect is elter ignore in the calculation or
research have been done determining the magnitude of the dbimagnetization direction.
We focus on cases with weak remanence whose directions ageisiantly di erent. Apart
from our novel and simplistic approach to nding a directionwith statistics and
paleomagnetism, we are also trying to recover the relativeagnetization utilizing new
structural information that can be identi ed with the knowl edge of standard deviation and
mean of the susceptibility distribution.

In our research, additionally to the statistical distribution parameters of the
susceptibility, we assume to know only the Q ratio range of thgeologic unit. Total

magnetization's strength and directional are assumed knowthrough the inversion
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algorithm. Thus, combining two di erent mean angle estimabn methods allows us to nd
both remanent magnetization and the rotation angle of the dermed geological units,
which could potentially increase the value of magnetic intpretation and eliminate unlikely

cases of the variation of the structural geology interpreteon.
1.6 Thesis Arrangement

Considering di erent approaches by blending the statiste with paleomagnetism, we
nd remanent magnetization mean direction with Parzen windw density estimation and
Fisher statistics. We incorporate variable susceptibilitwalues rather than picking a value,
as we usually would have from the well logs. We adopt log-noaindistribution with a
chosen mean and standard deviation for low susceptibilityalues << 1(assuming weak
remanence) based on petrophysical observations (Hunt & Munan1986, Hunt & Smith,
1982). After having a diverse susceptibility value, we applthese two to obtain mean
angles of inclination and declination in order to nd the moslikely remanent
magnetization vector from each of them separately. In adddn to nding a remanent
magnetization, we apply it to obtain additional structural information about the relative
rotation of geological units.

Chapter 2 reviews the Fisher statistics and Parzen window dsity estimation and
shows application to the distributed susceptibility valus for predetermined distribution
type with having a priori information from the total magnetization strength and direction
together with distribution parameter of the susceptibiliy to nd remanent magnetization.

Chapter 3 shows the two synthetic models we created and exipla the structural
movement as a means to make a connection about the real gealagase. Then, we move
on to do the forward modeling to create our synthetic data to & used later on by the
sparse magnetic vector inversion in spherical coordinat@ournier et al., 2020) to have a
recovered model. We present our results from applying our thedology to the recovered
model's total magnetization from the inversion to nd remarnt magnetization directions

together with relative rotation of the two blocks.
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In Chapter 4, we conclude the thesis with a summary indicatmthe overall
contributions of my methodology and other potential ways tayetting more accurate
results, and mention how we can obtain possible structurahfiormation from the data for

future research.
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CHAPTER 2
CALCULATION OF REMANENT MAGNETIZATION FOR SINGLE CELL

2.1 Problem Statement

Knowledge of the RM is not the only important component for miing a reliable
interpretation from the magnetic geophysical data. Theresialso additional structural
information to be recovered about the subsurface of the areAnomalies from the magnetic
data give an object's location, dip-strike angle relationand the geometry. The relative
rotation angle and possible rotation axis are other extra géogical structural information
we can obtain with such a study to give new insights while loakg into the magnetic data.
We assume known total magnetization and a statistical disitoution of magnetic
susceptibility to obtained the statistical information albout the RM using of two di erent
approaches: Parzen window, and Fisher statistics, so that wed RM direction and
magnitude. Although their application and intrinsic statigical reasoning are pretty
distinct, they corroborate similar result estimating RM. h addition to the susceptibility
variation in the RM calculation, we also examine the Q ratio@ understand the RM
distribution. Lastly, we combine the known Q ratio and knownsusceptibility variation for
establishing the relationship between the two and understa what can be deduced from

by having both of the parameters.
2.2 Remanence Separation in One Model Cell

We start our theoretical work with the separation of inducedmagnetization M7y )
and remanent magnetization Ry ) for one cell, having the direction and magnitude of
the total magnetization (MTy ) and external eld values B,) with information about the
susceptibility values, which is often assume a known valuelowever, here, we will use
statistical distribution to represent the susceptibility values for our calculations. After

calculating RM from the known range of susceptibility, we eamine a statistical
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distribution for Q since it is sometimes possible to have dier susceptibility or Q ratio as a
physical parameter. We analyse the cases individually. Westly assume to know the
susceptibility distribution, shown as an example in Figure .2 to nd the RM distribution.
We then proceed to case of known the Q ratio variability to dote similar calculation to

get the RM distribution for making the comparison.
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Figure 2.1: RM components calculated from known total magniegation vector and known
susceptibilities under the inducing magnetic eld. We drawn samples from the known
susceptibility distribution and examine the resultant RM.The example illustrated the choice
of n = 200.

Before nding the distribution of remanent values for one dein Figure 2.1 on the
right-hand side, we brie y explain the symbols used througbut as illustrated the chapter.
In our study our susceptibility values are symbolized; »;:::; , where n = 200. We
choose 200 for experimental purposes in our simulations taderstand the behavior of RM

with a large enough samples size. In real-world applicatisnhowever, the sample size can

be di erent and smaller.
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Total magnetization shown in the left side of the equation athe same gure with its
componentsM7y =[Mrm,;M1um,; M1y, ] in the Easting, Northing and vertical directions,
with a direction de ned by declination Dty and inclination I 1y, . Furthermore, the
induced magnetization is shown as subtracted from the totahagnetization in the middle
of Figure 2.1, which is the product of the external eld with sgceptibility. Main Field's
componentsBy = [By, ; Bo,; Bo,] and direction asDo and |,. In addition, the constant used
in the induced magnetization calculation is shown asg, which is the magnetic
permeability of free space. These allow us to have 200 caldeld samples of remanent
magnetization Mgy ) for one cell with their directions and strengths shown on

right-hand side of the equation in the gure.
2.2.1 Known Susceptibility Range

We introduced induced magnetization (IM), RM, and total magetization (TM) many
times earlier. However, here, we explain them in detail in oed to understand the e ect of
these variables on each other. The external eld's existeacreates induced magnetization
in the cell. IM has the same direction as the inducing eld buheavily depends on the
magnetic material content present in the volume, expressea Equation 2.1. On the other
hand, RM is form the alignment of the magnetic domains whileofming at speci c time in
the past geologic time, such as after cooling down from the @& point in the igneous rock.
Thus, it keeps the history of the orientation of the geologianit's structural information. In
rocks, total magnetization is the vectorial sum of an induekmagnetization M7y ), and a

remanent magnetization componentNigy )as shown in Equation 2.2. The IM is given by,

Mim = Bo= o (2.1)

where is the susceptibility, which is dimensionless and dependa the magnetite content
per unit volume. The relation of the rock types with suscepfility values is given in Schen

(2011). The statistical relation between susceptibility ad remanent strength can be found
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in Clark & Emerson (1991). Increment of the susceptibility &lues resulting in the rise in
the RM depending also on the magnetite content in the rock tyg It is evident from these
sources that there are di erent susceptibility ranges fomitrusive rocks, especially basalt.
The di erence between total and calculated induced magnetation gives the corresponding

RM,

Mgm = M1pm M im (2-2)

After obtaining the remanent magnetization vector, we can deulate eld components
to nd angles of inclination (dip angle) and declination usig the conversion of the
spherical to rectangular coordinate system expressed inetequation set 2.3. We can see
from the Figure 2.2, the angle between true north and magnetiworth is the declination
(D), whereas the angle from the XY horizontal plane to the totamagnetic eld strength B
is the inclination (I). Three components of theB are displayed in the Cartesian coordinate
system for the inducing eld asBy; By and B, directed north, south and vertical

respectively,

q
Hew = Miy, + Miy, (2.3)
Drv = arcsin(Mgm,=H)
lrm = arctan (Mgy,=H)

We choose to use the uniform and log-normal susceptibilityigdribution to see the
characteristic of the RM distribution. The uniform distribution is a parsimonious
assumption whereas the log-normal distribution has been sdrved in the petrophysical
data. Indeed, in nature, data suggest that susceptibility s most commonly a log-normal
distribution from the collected samples for the paleomagtie studies from various places.

(Hunt & Mumme, 1986, Hunt & Smith, 1982)
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Figure 2.2: Direction of theB is shown together with the components along north, east and
down for inducing eld. Inclination is down positive and detination is the positive east.
Same notation is used to de ne the direction for the magnetion.

In our synthetic example, we assume that the magnetic susdigility is in a range

<< 1.0, so that the self-demagnetization e ect is negligible anthe single-domain

approach together with isotropy is applicable. Moreover, &valso assume total
magnetization with a magnitude ofjM+y j =4 A/m, in the direction with 1+, =32 and
Dtm = 29; the inducing geomagnetic eld is to beBy = 50000 nT, 1o =65 , Do =25 .

We work with one cell to simplify our calculations and devefw our methodology.
Furthermore, we assume the susceptibility is in the range 6001 to 0.3 Sl for the uniform
distribution and log-normal distribution while having a mean of 01 and standard deviation
of 0:32 for the log-normal distribution. We draw 200 random sampk from each
distribution for our study. Figure 2.3(b) displays the histgrams of these samples from the
uniform and log-normal distributions in brown and blue barsrespectively. The RM

magnitude approaches a minimum near = 0:075 in Figure 2.3(a).
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Figure 2.3: (a) Dependence of calculated RM magnitude on segtibility. Data from uni-
formly distributed susceptibility are in brown dots, and those from log-normally distributed
susceptibility are in blue. (b) Histograms of the susceptibly samples from the uniformly
distribution (left) and log-normally distribution (right ).
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This behavior is general, but the speci ¢ value for the minimum RM which is a function
of the total magnetization vector and inducing eld directon. We can also see how the
log-normally distributed susceptibility values in the samples have less range compared to
uniformly distributed data. We also marked on the plot the maimum values belong to
both distributions, with magenta point for log-normal distribution's highest susceptibility
and yellow for uniform susceptibility. Although maximum suseptibilities corresponds to
highest RM values, we will see that these points don't direlst contribute to the estimated

RM directions from the two approach we use.
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Figure 2.4: The declination and inclination angles of the RMofr the 200 susceptibility
samples. (a) shows only cross plot of the two angles and (b)os¥s their relationship with
the susceptibility in a 3D format. Again, brown and blue colorindicates respectively the
values from uniformly and log-normally distributed suscepbilities.

After obtaining the RM vector with the components, we calculte the inclination and
declination angles by using Equation 2.3. The angle relatiowith one another is shown in
Figure 2.4 (a). We can see the sharp turn at 40 in both distribution, but log-normal
data show inclination mostly in 40 to O range, and in (b), we have the relation with
susceptibility in 3D where gain below 0.15 and upper 0.05 weesdense distribution. Up to

now, we have talked about how susceptibility a ects the RM.
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In the next section, we move to implement the Q ratio's altertgon to that of susceptibility.
2.2.2 Known Range of Keenigsberger Ratio

The Keenigsberger ratio (Q), a dimensionless scalar quatyt describes the ratio of the
strength of the RM to that of the induced magnetization, whib is not dependent on
magnetization direction (Clark, 2014). This ratio emphagied remanence contribution to
the TM when the value is more signi cant than one. On the othehand, the ratio smaller
than one means that the induced contribution. Using the rockypes as an indicator of
certain Q ranges give an abstract idea about the geologicalironment by limiting the
magnetic minerology, mostly about the presence of the igneorocks (Schen, 2011). In the
last decades, this parameter has been used in geophysicadlesation to interpret magnetic
anomaly patterns in addition to susceptibility, and now it giins more attention in research
investigations. The reasons for the Q ratios widespread ugaare: (1) measurements can
be made from the non-oriented samples, (2) literature is wadly available about the Q
values depending on the rock types and (3) the virtual poledm magnetic anomaly can be
estimated. (Cordani & Shukowsky, 2009)

Since Q is usually unknown, giving a possible range to the Qlpeus for the
calculation of RM magnitudes, when a distribution of is also known to calculate theM7y,

in Equation 2.4,

_ IMRM |
IMim |

(2.4)

In our study, distribution of Q is assumed to be in between 0 t& using uniform and
log-normal distributions with given standard deviation tobe 0.18 and distributed around
Q= 0.6, as you can see in Figure 2.5 where the histogram of theifomm data is on the left
panel and log-normal is on the right. This choice of Q value nsistent with the case of

acidic intrusive vein.
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Figure 2.5: Distributions used for Q; uniformly distributed data from the left and log-
normally distributed data on the right.

Considering we investigate the possible RM distribution wh known Q ratio and
known susceptibility value, there are two cases to examinbé RM magnitude: (1) having
the knowledge of the susceptibility distribution and choseQ ratio values, and (2) having
the knowledge of the Q ratio distribution and chosen suscaptlity values. We use two
distribution types as introduced earlier to compare thesemo cases. Firstly, we pick 8
number of Q values from the uniformly distributed Q values 0200 samples. We assume to
know the susceptibility distribution as uniform together with its parameters. These picked
Q values are used one by one with the assumed uniformly diswited susceptibility having
200 samples to calculate 200 di erent RM intensities. In thend, Figure 2.6(a) shows 8
lines which we calculate from the every given Q values how segtibility and RM
magnitude changes linearly. For example when we choose Q 287, marked with yellow
color, and susceptibility distribution having 200 values wh a range of 0.001 to 0.3 in
Equation 2.4, there will be 200 corresponding calculated RMalues. Thus, each color
represents used Q values. On the other hand, Figure 2.6(cusltrates using log-normally
distributed susceptibility values with a chosen 8 values dhe Q values from its
log-normally distributed samples for the RM intensity evalation. The lines which belong

to the log-normally distributed data indicates dense covage starting from the = 0:05
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until = 0:15. Beyond this point, while increases, RM magnitudes get sparser.

Secondly, we assume to know the Q ratio with 200 samples in diitth to the chosen 8
values of values. Similar to what was explained before, we start withhie uniformly
distributed Q values and pick 8 number of values from the uniformly distributed
susceptibility distribution as shown in Figure 2.6(b). Righ now, 8 curves represent the
every given , we observe how curves change accordingly for Q and RM intéies. If we
take the yellow marked points as an example in which = 0:083, we can observe that while
Q ratio increases RM magnitudes start to increase exponeally. Log-normally distributed
Q values for the chosen in Figure 2.6(d), however, have more condensed curves with a
narrow range of densely populated points RM magnitudes in ¢happroximate interval of
0.5to 0.75.

Up to now, we see the relation of the and Q values under both distribution types.
However, we have not examined the variation of the RM magnitedonly known
susceptibility distribution to that RM found from Q ratio wi th known susceptibility. We

examine the consistency between assumed susceptibilityda@ in the next section.
2.2.3 Known Susceptibility and Q Ratio

We indicated earlier that knowing Q is not enough to completg determine RM as a
vector quantity. Knowing the susceptibility, on the other rand, allows us to determine the
magnitude and direction of RM. Although we know for a fact thatwe cannot specify both
Q and values simultaneously from our previous simulations, a m@linteresting question
is what happens when we specify ranges for bothand Q.

First, we calculate RM magnitudes RM . 1); RMi.2); 3 RMi. 200)) from the uniformly
distributed Q ratios (Q1; Q2; :::; Q200) for each selection from the 200 values of uniformly
distributed susceptibility values ( (), (i+1);:5; (200)) We used earlier to make replication of
the simulations easy to follow. We apply the same logic to theg-normally distributed Q
ratio and susceptibility values. We show gures under the distribution since it is the

shared parameter to obtain RM distribution.
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Figure 2.6: Figure shows how RM magnitudes change when Q andvalues are known
for under assumed distribution of uniformly distributed vdues of both Q and (a,b) and
log-normally distributed values (c,d).
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We assume to know both of the susceptibility and Q ratio valigeas a distribution, in
addition to the kmown information about the inducing eld to make our calculations of

RM magnitude shown in the Equation 2.5,

Ql;2;::n = MR @ 1):(;2)::::: (in ))j (25)

I ys e 3 Ny B= o

where we calculatéMguy , , ., , Using Equation 2.5. The denominator is the magnitude of

)
induced magnetization. Such a simulation is reasonable senhaving the ranges of both
parameters is a practical scenarios when the petropyhsiaidta is available.

We calculated RM magnitudes from a known distribution showed earlier as
Figure 2.3(a) which has a curved line. Additionally, we exame the RM magnitudes to
produced twp di erent data sets: we use the Q ratio formula wh a given distribution
and chosen Q values for the uniform data in Figure 2.6(a) wheomly 3 of specially picked
Q values are shown in Figure 2.7(b) and use for the log-normadta in Figure 2.6(c) and in
Figure 2.7(d). These two calculated RM distributions are ilistrated within the same graph
to understand the relation of Q value to in Figure 2.7(b) for uniform data and
Figure 2.7(d) for the log-normal data. The brown colored cuesshows the RM magnitudes
from the known susceptibility distribution and yellow, orange and purple colored lines show
the chosen 3 number of Q values with one intersection valueuttiple intersection values
and no intersection values respectively. We show only the idés out of 200 lines not to
complicate the gures. We determine a percentage error of Brfintersection points which
indicates a distance between the one point in the line to theogmt in the curved line
showed in Figure 2.7(a) and Figure 2.7(c) for uniform data anag-normal in order. As
expected, uniform data has more intersected points in comqson to the log-normal data.
These intersected points' Q values are displayed in the legk

We can deduce from these examples, some curves don't intetsand it means we
cannot simultaneously specify both susceptibility and Q. thermore, there are cases that

two curves (RM magnitudes calculated from and Q distribution) intersect, and we can
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infer the remanence information. We will emphasize the inteection of points by putting
these two RM magnitude results on top of each other.

In the following two sections, we will talk about applicatiom of the two di erent
methodologies (Fisher and Parzen), knowing the two sets ofsaeptibility distributions
with inducing eld's direction and amplitude, together with a priori knowledge of the TM.
We aim to recover a reliable RM direction from these approael closest to the true

direction. We rst look into to the Fisher statistics using the one cell approach.
2.3 Fisher Distribution for Data Vectors

Performing statistical analyses is vital to investigate tk additional information we
may not see clearly without using statistics. Usually, we wihot have enough reliable
samples to determine information about past paleomagnetield directions used in
geological interpretation, such as tectonics reconstruonh. Thus, we need to analyze the
directional data and to determine con dence limits for the neasure of uncertainty with
Fisher distribution (Fisher, 1953), which have been used extsively on collected samples
(Tauxe, 2010) to understand dispersion. The analysis quams in the paleomagnetic
community indicates how much-scattered clusters of dirdoh is present in a particular
area on a spherical surface. Fisher distribution is a probdity distribution de ned over a
sphere's surface, parameterized by a mean direction and ancentration parameter. This
type of distribution indicates the amount that changes for @me known direction under the
ambient eld.

We use RM with 3 components to turn all of the calculated RM veors into the unit
vectors rst by normalizing of their magnitudes. We use thes unit vectors, pointed along
the Cartesian coordinatesX;;Vy;; z), to calculate the mean of the directions by doing vector

addition.
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Figure 2.7: Given range of Q ratio (blue color) and (brown colour) has a certain interval
intersection for the calculation of RM there will be sharedalues for log-normally distributed
data: (a) show overlapping of the many magnetization one atier (b), one of the RM value
is chosen from log-normally distributed data in order to regesent one intersection.
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The resultant vector lengthRe is the summation of these calculated unit vector

components of RM , whose magnitude Re is given by Equation 2.6

Re? = X + Vi + Z; (26)

wherex;, Vi, and z; are the components of the each RM direction which can transfo into

declination and inclination to represent in the geomagnetielements.

Mean direction using RM components in Cartesian componenis de ned as,

<
N

&l

0]

il

i

<

(2.7)

NI
I
|
|
L
N

whereX, y and z shows the components for the mean direction.

The mean direction of N samples depends on the normalizatiby Re instead of N. R
approaches N for tight clusters while Re is signi cantly smer than N for scattered
directions. After obtaining the mean directions with their omponents, we need to measure
the dispersion from the given directions to the mean, whicls ithe precision parameter k,

just knowing the N and Re estimation can be calculated by Eqtian 2.8,

N 1

' N Re (2.8)

We can also infer from this equation that when Re is close to ¢hN, we will have
concentrated points and k approaches in nity because of thdivision by zero. On the other

hand, if the points are distributed relatively far away aromd the mean, k approaches to

Zero.
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s* = 3 (2.9)
N 1 1
81
s ' p— (2.10)
R
= cos ! ° (2.11)

where ; indicates the angle of the mean and sample's ith direction.ré&im now on we call
circulat standard deviation s by csd. If we have Re and N close one another, as we
mentioned earlier, will decrease, and N does not directly a ect the csd as shown 2.11.
It is important to emphasize that csd’" if N 10 (Tauxe, 2010). The angular variance of
the directions is stated as in Equation 2.9, which can be furer simpli ed to make an
approximation to nd the estimated circular standard devidion shown in the Equation
2.10. We note that the amount of samples does not directly act the estimated angular
standard deviation (s). In paleomagnetism, however, Equian 2.9 is used mainly for
practical reasons, and we also use this equation for indigag the 68 % data approximately
will be within the circle.

Fisher distribution's precision parameter k is also used tegher with N in the
estimation of the con dence circle of 95% (g5). This con dence circle determines the

angular radius from the estimated mean, which can be foundoim Equation 2.12.

1
cos @ p = 1 p 1 (2.12)

, where we can determine a probability angle, in this case, (1p) = 0:95, which indicates
that true mean direction lies within this limit of con dence. Also, further approximation is

available in paleomagnetism shown in Equation 2.13 for théengpli ed version,

o5 ' AT (2.13)

N

where this approximation is valid only if k> 25 (Tauxeet al., 1991).
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If we recall our two synthetic examples from the uniformly at log-normally
distributed values, we used the calculated RM directions to estimate a aredirection,
con dence limit and csd using Fisher distribution. The purpse is to show the calculated
mean angle is the best estimate to thee true mean direction.

Knowledge of the probability density function gives the cdar of the distribution (true
mean) and wideness of the distribution from the true mean (ahdard deviation), which
assumes an in nite set of observations. Here, we have drawn02€amples from a uniformly
and log-normally distributed population under the assumpon that we do not really know
about our true distribution.

Calculated inclination angles are separated into negativend positive values according
to whether they are in the Southern Hemisphere (SH) or in the Ndnern Hemisphere (NH)
as shown in Figure 2.8(a) for the uniform data and Figure 2.8(kfpr the log-normal data.
The legend shows the extent of the angles of inclination anadination belonging to
di erent hemispheres as maximum and minimum. We can see thesulting mean value
varies depending on the distribution type at rst glance. Whe the data scatter around the
mean instead of being densely clustered around it, we can $ewv the standard circular
variation and con dence interval change accordingly.

We mark the g5, csd and mean direction by employing the Fisher distributionvith
faded purple circle, faded green circle and yellow squarespectively. Orange square is the
closest direction in the data to the estimated mean directio Pink star indicates the
location of the highest corresponds to calculated RM direction which is outside ohe
both con dence angle and csd; thus ¢s and does not dominate the estimated mean angle.
RM directions in Figure 2.8(a) has declination value rangedm 337 to 60 whereas in
Figure 2.8(b) declination angle di erence is limited to 51 The distribution di erence in
the RM directions increased the gap between the calculatedrcdence angle of the the

log-normal data to the uniform data which is increased from:2 to 4:9 .
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(a) Uniform data
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(b) Log-normal data

Figure 2.8: Calculated angles of RM (brown colour shows negat inclination angles and
blue colour shows positive inclination) are shown in the pat plot with mean values (orange
colour), circular spherical dispersion (faded green cig)land con dence angle (faded purple
circle) for (a)uniform distribution and (b)log-normal distribution. Radius of the polar plot
indicates inclination, angles around circles are declinanh.
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On the other hand, csd of the uniform data is the twice of the pnormal data. Estimated
mean orientation for the uniform data isl, = 387 and D, =24:6 in comparison to the
log-normal datal,, = 269 and D, =32:3 . This indicates that inclination angle are

e ected more than declination considering these two distoution types.
2.4 Kernel Density Estimation (Parzen Window Density Estimation)

Kernel density estimation has been known mostly as Parzenmwiow density
estimation named after mathematician's work (Parzen, 1962However essentially there is
another statistician who discovers the technique earlieD@vis et al., 2011). Thus, the
method is also known as Parzen-Rosenblatt window method (Behka, 2014). It is a
statistical tool to create a continuous visualization thatreplaces the discrete histogram
using an appropriate kernel function to make smoother regal Although kernels
interpolated the data points, density estimation still preserves the underlying probability
density function (PDF) correctly. The power behind the kernkdensity estimations is their
generality, but they are also limited by the needed number cfamples, computational
performance, the dimensionality of the used functions ejc.

Estimating the density functions without knowing the distibution type and
parameters is called the non-parametric technique. Two tgs of density estimation
methods have been used in pattern recognition while desiggia data classi er: Parzen
windows and Nearest neighbors. In the Parzen window technigua volume is chosen to be
constant throughout the region to count the points fallen ito these xed volumes. On the
contrary, with Nearest Neighbors, given the number of pointdhe volume changes
accordingly.

We want to nd a PDF from the N data points (x = ( X1; Xp;:::; XN )) that satis es: (1)
the similarity of the group of data points that has high-densy values in the PDF, (2) the
smooth representation of the discrete data points while agsing a continuous underlying

distribution, and (3) the mathematically de ned to be valid.
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Properties of the continuous function pX) should have the properties of being a

non-negative and integral of the function should equal to @

z 1
p(x)dx =1 (2.14)
1

Estimation of the density function p(x) can be made with data points. Probability P of the

sample points fall in the region R,

z
P= p(x)dx (2.15)
R

Assuming a very small region where p(x) is not vary inside theearly constant region R,

Z z
P = p(x)dx p(x) dx
R

" P = p(x)V (2.16)

where V is region's volume and it is contains enough sample&3n the other hand,
independently drawn n samples fronx as stated in the probability density function p) so

that g samples fall in R to estimate the value of the samples,

(2.17)

Slo

where likelihood function is maximized (Veksler, 2004). Her, combining the 2.16 and

2.17 we have the estimate for p(x),

(X) = ?‘ (2.18)

where q is our window function and we use 2D Gaussian function

1 1
4= p—g— €Xp = (2.19)
("2 )hg 2 M
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whered = 2, x is the data point location for density estimation andx; is the data point, h,
indicates window width whereash® dimension of the window. Parzen window function for
the Gaussian kernel is the inside of the in which calculates the number of samples per
unit volume.

The Parzen probability density estimation formula (for 2-D is given by

L X 1hi

p(x) = n  hd
1

(2.20)

(2.21)

We use RM with 3 components that we calculated in the Section21 to turn into the
geomagnetic elements of D and I. Although we don't know the ditbution of the RM
directions originated from the log-normally distributed , exponential of the log-normal
distribution gives Gaussian and this makes reasonable togference to choose the kernel as
Gaussian. The Gaussian kernel's resulting density is smbet and center points of the
kernel will give higher wight to the close sample pointg;. There are also other functions
beside from the Gaussian window function that we can use witParzen window density

estimation in Figure 2.9. Properties of the kernel function &s an direct e ect on the pk).

0.45

T
—— Gaussian

—-=-Epanechnikov
0.4F Box

-------- Triangle

Samples

Figure 2.9: Alternative kernel types displayed in comparisoto Gaussian kernel.
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Bandwidth and kernel types are the two essential parametets consider when making
a Parzen window estimation. The choice of the bandwidth h, dermines the range of the
kernel's horizontal stretch which changes the smoothnesktbe resulting function. If h is
too small, local spikes start to appear and if h is big enougihé shape of the density
estimation gets atter due to the windowing function averags of the distribution. The
optimum value of the bandwidth h, has no explicit ways to detenine other than
evaluation of the various bandwidth performance on densitgstimation when there has no
prior information of the underlying distribution.

Density estimation of the Gaussian Parzen window from the RMirections projected
to the horizontal plane shown in Figure 2.10(a) as contours dr2D representation as
surface view in Figure 2.10(b). We choose smallest bandwidbh the smoothing window as
3.8 to 6.8 because it includes most of the points while givirggcontinuous smooth
representation of our RM directions. The probability reachs the maximum in the highest
probability contour marked with green closed line where pkipoint shows the highest
probability point found from the RM directions asl = 61 andD = 6:2. We mark RM
directions outside of the high probability contour with blak points and RM directions
inside of the contour purple points. Similar to Fisher distifution's con dence interval,
maximum susceptibility value is not in the high probability contours (displayed in yellow
tones) with density estimation using Parzen window where dénation changes

approximately from 30 to 40 and inclination ranges 40 to 20.
2.5 Summary

Throughout this chapter we investigate the use of statistal information about the
susceptibility and Q instead of giving speci ¢ values. Thispproach is general and more
practical when estimating the RM direction. Our simulationshows that it is not possible
to independently specify values for susceptibility and Q 1sce they are not dependent.

Thus, we need to either know or Q in order to calculate RM.
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(a) Parzen window density estimation with contours
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(b) Parzen window density estimation in 2D.

Figure 2.10: Parzen window density estimation calculated dm log-normally distributed
susceptibility values by using Gaussian kernel, with top ew probability representation of
angles found from RM which are showed in points (a) and sideew only showing probability
values with surface colors (b). Colorbar shows how the vakiare within the probability along
di erent angles.
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However, this work shows that we can assess of the speci ed gas of the two are
compatible and, if they are compatible, remanence can be demined. Continually, we
examined the use of Fisher statistics to analyze extracted RNh addition to Fisher
distribution we applied Parzen windows estimation, which &s not been used in
paleomagnetic studies or RM extraction. Although these twopproaches (Fisher and

Parzen) are di erent, they yield consistent results
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CHAPTER 3
USING EXTRACTED REMANENT MAGNETIZATION TO PERFORM
STRUCTURAL GEOLOGY INTERPRETATION

Synthetic models give descriptions and analyses about thienpli ed version of the
subsurface structures when we are trying to understand thesential parts of a real-world
problem. Building a model gives insights about the known pies of the puzzle; so we can
resolve the rest of the connection with a trough inference.aBic models with analytically
computable geometric shapes evolving into more complicdtenodels with the advent of
computing power and numerical methods have been extensiestudied either in the
presence of weak or strong remanent magnetization. In thitudy, we only try to recover
the geometrical rotation as a the result of the simulated sipli ed shape and structure
movement or through local deformation processes with acged remanence. We simulate
this kinematic motion by building two di erent models that include a complex geometric
structure formed during a speci ¢ geologic time split into wo di erent blocks resulting
from the deformation. In such scenarios, it will help struatral geologists to infer additional
information from magnetic data, speci cally about dip-stike direction, magnitude, and
relative rotation from recovered RM. The idea of constructig this kind of models to get
two di erent RM directions is to investigate the feasibility of using geophysically inferred
RM direction to aid in the structural geology. We seek to obta this information with the

methodology we developed after the application of magneditzon inversion.
3.1 Synthetic Models

The methodology's e ectiveness is tested on two di erent syhetic models against the
presence of the di erent rotation directions while keepinghe one block xed. The model's
cross-section is inspired by Gallanét al. (2018), in which the model represents distinct

at-lying intrusion morphology illustrated in the seismic data as laccolith. After having
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formed our model in 3D, we split into two half blocks with an olique fault which has 60
dip towards west. We moved the hanging wall, upper block algnthe fault plane, laterally
nortward. We then rotated the translated block 45 to the east for the East-West (E-W)
model (Model-1) and 45 to the south for the North-South (N-S) model (Model-Il). The
chosen models are discretized into $80x25 m cubic cells in a right-hand Cartesian
coordinate system, which has uniform cell width along Eastg (y-axis), Northing (x-axis),
and depth (vertically downward) that are 100 m, 100 m, and 50 nprespectively. The foot
wall, lower block along the plane, block's location and geagtry is same in both models
and extends from 1300 m - 2700 m along the y-axis, 1000 m - 150@long the x-axis, and
300 m - 1000 m vertically, whereas the North-East (N-E) part offte block has di erent
shape and structure depending on the rotation axis. Modelklrotated block is 500 m in
width in N-S direction, 450 in thickness and 900 in length wheas Model-II's 1400 m , 450

m and 1300 m respectively.
3.1.1 Scenario of the Structural Geology for the Models

Fault geometry is generally more complicated than anticigad because slip direction
changes along the fault strike (contractional regime redslin normal faulting whereas
extensional regime creates normal faulting) or the o set va&s along strike (can develop
rotational fault). Although there are three kinds of faults,we will focus on a strike-slip
fault where the two blocks move from each other horizontallynder shear stress and
generally have a nearly vertical fault plane. In cases, whefaults have an additional
dip-slip component in addition to dominant horizontal moton is called oblique strike-slip
faults. Strike-slip is left lateral if the viewer's opposi¢ side of the block slides to the left,
whereas the right lateral is the opposite. Considering objlie left-lateral strike-slip for our
simulations, the sketches shown below are drawn accordingDip, fault plane's angle
relative to the horizontal direction, and strike, a horizotal line perpendicular to dip, are
the two characteristics that refer to the orientation of thefeature. Our dip of 60 simulates

a high-angle fault because it is smaller than 45vhich is seen on normal faults. We start
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with a single block that begins to deform under di erential sresses to produce a fault
boundary where we have an oblique planar surface as shown le tFigure 3.1 on the left.
This one block is divided into two distinct blocks and horizotally initiates its movement
along strike of the fault as Figure 3.1 on the right while havig purely under strike-slip

motion.

Figure 3.1: Sketch illustrates an example of the strike-slifault with oblique dip direction
on the block (left) starts to move on fault plane after rippedo (right).

Now, we will describe two di erent geologic scenarios based two models we
synthetically created. These models are designed to imitathe sequence of deformations
events to give a simple explanation for the analysis of 3D sittures. The Model-I is our
rst case as we continually build o set by moving one of the lcks to have a completely
distinct two blocks along the fault plane as in Figure 3.2 on th left. In addition to
strike-slip motion, we add the reverse motion to the fault, Wwich rotates the distant block
away from the fault plane as it becomes a scissor fault. It rates along Northing direction
towards slip by 45. In comparison, Model-1l starts with also strike-slip faul with the same
fault plane dip and has the same positioning and the o set silar to Model-1 is shown in
Figure 3.3 on the left again. However, it will rotate towards Esting because it is
dominated over shear forces while slips away from the othelobk along the fault plane
with 45 . The orange lines indicate the original edge element locaii of the blocks before

going through rotation. Additionally, straight-arrow symbolizes the rotation direction
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which is parallel to the fault plane Figure 3.2 and orthogonah Figure 3.2. The curved
arrow shows the direction of the block rotation in both sketees.

In our models, the inducing eld is in the direction by | = 54 and D = 81 .
Although IM directions as identical with the inducing eld, our IM magnitude changes
depending on the speci ed susceptibilities. We let the susptibilities in model cells vary
with a log-normal distribution with a mean of 0.1 and standad deviation of 0.32, hence
have a susceptibility range between 0.001 Sl to 0.3 Sl frometsamples. The RM intensity
is speci ed by using a known Q ratio of 1.2 and is in the direain of 45 both for the
inclination and declination angles before deformation. &¢e RM changes with 45rotation
for the hall going-wall block in both models, we simulate thee e ects by applying the
vector rotation to the unrotated RM direction and have the rasulting parameters and
vectors as showed in the Table 3.1. Finally, adding the respge®e IM and RM in the cells

in di erent blocks produced the magnetization models.

Figure 3.2: One of the blocks (for from the page) o set along ske (left) and fault gains
rotational slip motion to rotated the moved block to the righ-hand side (right).
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Figure 3.3: As one of the blocks horizontally distanced from éother, under the shear and
frictional force, it rotates parallel through the fault plane(right).

3.1.2 Model-l

Our rst model with a variable susceptibility representingthe acquired remanence for
igneous rock ranges from 0.01 to 0.03 is illustrated in FiguB5(a) with a borehole
simulation shown in long black cylinder passes through thetated block. The purpose of
the borehole is to take samples from one of the blocks and thatsstical information from
use these samples in the separation of the RM from the IM lateLog-normally distributed
susceptibility values for the two blocks are shown in gure Fjure 3.5(c), whereas the
distribution from the 17 samples collected via simulated vehole are shown in
Figure 3.5(b). As expected, we have a more limited range with ¢hsamples, but they are
still enough to characterize the distribution separately.

We display the TM, IM and RM in our synthetic example to see thalirectional change
between the blocks as well as how the variable susceptilyliaries in Figure 3.6(a) show
TM represented as cones displayed with coneplot. IM is in Figel 3.6(b) and RM is in
Figure 3.6(c). Magnetizations magnitudes in all panels ardhgwn by the color bar. The
magnetization directions of the blocks are shown in Table B3.in which we can see the

rotation of RM from the unrotated block as we simulated.
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All of the angles for the di erent types of magnetization are [ptted in the polar plot in the
Figure 3.4 with labels showing the inclination and declinabin angles. In the legend, the
blue triangle indicates the angle that belongs to the unrotad block, and the red triangle
is the rotated block. Similarly, the remanent magnetizatio directions for the unrotated
and rotated blocks marked with the triangle as yellow and pyne, respectively. Lastly, the
assumed inducing eld is shown as a green diamond. Vector ation of the RM from the
directions| =45 ,D =45 tol =8:4,D =30 with 45 for the block's rotation is

calculated for counterclockwise rotation around the x-agj

2 -3
cos 0 sin
R=4 0 1 05 (3.1)
sin 0 cos
150 40 A 30
A

60

80 Total unrotated (1,D) =1.7° 60°
Total rotated (1,D) =21° ,47°
Remanent unrotated (I,D) =45° ,45°
Remanent rotated (1,D) =8.4° ,30°
Inducing field (1,D) =-54° ,81°

180 0

DD

210 330

240 300

270

Figure 3.4: Polar plot showing the Model-I's angles of the di&tation and inclination for
unrotated block's TM in blue triangle and RM in yellow triangle whereas rotated blocks are
red triangle and purple triangle respectively. IM marked agreen diamond.
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Figure 3.5: Synthetic Model-I with borehole injected into tle north side of the block. Suscep-
tibility log-normally varies in the every cell volume for the both blocks with no background
susceptibility (a). Histogram showing the borehole sampleéaken from the rotated block (b)
and susceptibility distribution for the throughout model (c).
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Figure 3.6: Model-I's coneplots of the (a) total magnetizatin, (b) induced magnetization,
(c) remanent magnetization. Cones are pointing the magne#tion direction and the lengths
are proportional to the magnitude of the magnetization as shwn in the colorbars.
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3.1.3 Model-ll

As our second model, we have again distributed susceptibjlivalues within two bodies
and borehole passing through the rotated block in Figure 3.8) similar to what we observe
in Model-I. Log-normally randomly distributed susceptiblity values used are identical for
this model in Figure 3.8(c), but we can see the samples takemiin the borehole changes as
in the histogram in Figure 3.8(b) due to the rotated blocks gevnetrical changes. We tried
to design a realistic scenario where one will get di erent sgles, depending on the
location of the borehole.

We can observe how RM and TM directions are changed for this mel by looking into
the Figure 3.8. If one wants to make a comparison between masielable 3.1 shows the

magnetization, angles, and other parameters used to produthese synthetic models. RM

direction changel =45 ,D =45 tol =59 ,1 = 16 trough rotation along y-axis with
counterclockwise rotation 45 shown as below,
2 3
1 0 0
Ry=40 cos sin 9 (3.2)

0 sin cos
Directions calculated with known inducing eld and RM are slbwn in the polar plot

with colored triangles in Figure 3.7. Rotation of the RM diretion along the N-S direction

can be seen with the calculated angles.
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Figure 3.7: Polar plot referring to the Model-1I's angles of eclination and inclination. Ex-
planations of the legend are same as given in Figure 3.4.

52



0.25

0.15

0.05

0
-250
é -500
8
= -750
]
> -1000
-1250 5000
4500
1000 3503000
1500 3000
2000 2500
2500
3000 2000
35091000 1500
Easting (m) 4500 500 Northing (m)
5000 O
(@)
6
250
5 |
200
gt 2150
$3 §
5 =
— (0]
[ ol i 100 -

[ERN
T
a1
o

(b)
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3.2 Modeling Details

We move on to the forward modeling of the synthetic models arabing the inversion.
In this study, we used an open-source Python package callesn®EG (Cockett et al.,
2015) for simulation and parameter estimation in geophystapplications. We used the
arrangement of the same cell as shown in Model-I and Mode]-Which have uniformly
discretized cells along x, y and z directions while using thegght-handed coordinate system,
which is a regular grid with rectangular prisms to get a magtie response from nely
discretized 3D subsurface representation of the Earth. Wempute magnetic data over
1326 stations on a 26x51 grid of observations placed 80 m abokie model 100 m along the
east direction and 200 along the north direction. We use a atopography for the sake of
simplicity and divide the mesh into the volumes of 100 m alongast and north by 50 m
along vertical of 50x50x28 cells. The spatial relation is etvn in Figure 3.16. Subsurface
starts from the 0 m from top and extends into 1250 m depth. Bedes the two blocks with
variable susceptibility, we set the magnetic background aero magnetization. We added 5

nT zero-mean Gaussian noise to the simulated noise in the nmagic data.

—200

1000
2000
3000

g e
4000 coon o0 4000 Castind

Figure 3.10: Model domain of the inversion displayed as graglor and red points show the
survey area above the model mesh.
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3.3 Forward Modeling

As we mentioned earlier in the Equation 2.2, the total magnetation consists of into
IM and RM components. We present the forward solution of the agnetostatic problem
using the integral equation approach. Detailed examinatioand proofs can be found in the
Sharma (1966). The assumptions here are that the geomagetld anomalies in the
regional scale are more signi cant than the anomalies in owalculation. We have seen that
observed total magnetic intensity has two, which are the tai- eld anomalies produced by

induced and remanent magnetization:

T= RM+ IM (3.3)

where T is the observed anomaly from the remanent and induced magizettion of the
source. Schematic representation of the forward modelin§@ne cube consisting of small
prismatic cells that Il out the source by the summation at the each observation point of
gridded region in Figure 3.11. One block's starting and endjnpoints of the volume of

shown with di erent line colors.

Fn-11 n

pd
4/ /
X ro L/ 7
/ n Z% Z 7 7 /7

’ y ry I's ri

ra

Figure 3.11: Forward modeling schematic representation foube which has many discretized
cells for the right-handed rectangular directions with X, Y, Zshowing Northing, Easting and
Vertical.

In Section 1.1, we showed the general forward calculation thie anomalous data when

the inducing eld is aligned with the total magnetization. But here, we calculated the total
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eld anomalies dueto TM ( T), IM( IM ) and RM ( RM) respectively below in

Equation 3.4,

z 1
T(r) = —B, M B T _dv 3.4
( d) 4 0 ZV ™ ( o) JI‘(') Fﬂ] ( )
RM(rg)= —Bo  Mgu (R)r T- 1 v (3.5)

4 ¥ ifo  Faj

1
IM (rg) = — B, M )T _dv 3.6
( d) 4 0 v IM ( o) er Fﬂ] ( )

where source location is symbolized ag and observation location isfy.

Our true model has a non-magnetic background, but the blocksave distributed
magnetic minerals belonging to one lithologic origin (igrmis rock) to make heterogeneous
physical properties contrary to all other studies. As illustated in the Figure 3.12 (a) we
have two separated magnetic blocks in S-W and N-E of the mapsuirgg di erent relative
positions of positive and negative anomalies indicating twsources. Looking into the
characteristics of the total eld anomaly, we can see the derent shapes and sizes of the
anomalies due to the presence of the remanent magnetizatioaving separate directions for
two blocks. The amplitude of the magnetic anomaly changesofn -250 nT to 150 nT.
Orientation of the total vector of the magnetization of the SW block and N-E blocks are
in alignment with speak-to-trrough direction in the magneic anomaly. The lateral extent
of the blocks is also superimposed on the magnetic anomaly prfar reference.

IM is a function of the susceptibility and the strength of theinducing eld. The
second row of the Figure 3.12 shows a negative inclination dagvhere the negative portion
is located south of the positive anomalyl(= 54 ). The declination of both blocks is
nearly horizontally aligned, consistent with the inducingeld D =81 . Geometrical
inferences of the bodies are explained best by looking intieet IM magnetic contour maps.

If we look at the Figure 3.12(c), apart from the two magnetic lghs associated with
two di erent remanent magnetization directions: E-W unrotated block hasl =45 ,

D =45 , and N-E rotated blockl =8:4,D =30 .
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Figure 3.12: Forward Modeling of the true Model-I. Total- ed anomaly produced from
total magnetization (upper), induced magnetization (midée), and remanent magnetization
(bottom). Black closed lines show the blocks in the model fnothe upside view, and their lo-

cations are determined approximately. Magnetic eld stregth by these two blocks displayed
in the colorbar.
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When compared with the total- eld anomaly produced by the TM,we can see a slight

o set of the anomalies due to remanence. Additionally, evenitlh acquired weak remanent
magnetization (Q=1.2), we can observe how it alters the reting anomaly direction and
strength.

On our second synthetic example of Model-1l, geometrical drences, especially on
the N-E, become apparent. Total- eld anomaly produced fromhe total magnetization of
the top row in Figure 3.13, N-E side of the map re ects the orie@ttion of the anomaly
towards the N-S alignment with more lateral extend. Similara Model-I, the N-E side of
the block again deeper when we look at the intensities. Therehgth distribution of the
map is very similar to what we have seen with Model-I. Secondw of Figure 3.13 shows
the IM component of Model-1l, and the superposition of the tw blocks anomalies indicate
N-E side of the rotated block is now closer in comparison to Meti. Third row of the
Figure 3.13 displays the Model-II's direction of the RM diretion change from the
unrotated block| =45 , D =45 to rotated blockl =59 , D = 16 . Negative high
replaced with the positive low due to the sign of declinatianThe North arrow shows the
North direction, and strike dip symbols give information abat the rotation of the blocks.

After obtaining the synthetic total- eld anomalies for the models, we can now use the
inversion to recover the total magnetization in the two bloks featured, assuming we only

know the observed total- eld anomaly data.
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Figure 3.13: Forward modeling of the true Model-ll. Total- dd anomaly produced from

total magnetization (upper), induced magnetization (midée), and remanent magnetization
(bottom).
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Table 3.1: Table showing the model variables and physical y@eneters used for both of the
models (Model-1 and Model-Il ) with rotated and unrotated bbcks separately.

Parameters Model-I Model-II
Unrot Rot Unrot Rot
Earth's BO (nT) 51,000| 51,000| 51,000| 51,000

magn. (deg) -54 -54 -54 -54
eld (deg) 81 81 81 81
Q ratio - 1.2 1.2 1.2 1.2

0.001 | 0.001 | 0.001 [ 0.001

(SI) i -03 | -03| -03 | -03
Tot | Mtv (A/m) | 1-22 | 1-22 | 113 | 1-13
Magn ltm (deg) 1.7 21 1.7 15
" | Dtm (deg) 60 47 60 30
Rem. | Mrm (A/m) | 1-15 [ 1-15 [ 1-15 | 1-15
Magn' lrm (deg) 45 8.4 45 59
" | Dgrw (deg) 45 30 45 -16

ind. | Mim (Am) [ 1-12 | 1-12 [ 1-12 | 1-12
Magn. v (deg) -54 -54 -54 -54

3.4 Inversion Results

We used SImPEG's magnetic module to perform numerical sinailons on the
magnetization vector inversion by parametrizing in the in gherical coordinates. The
detailed descriptions and methodology can be found in Fouer et al. (2020). Spherical
formulation has proven advantageous compared to Cartesiaoordinates in terms of
recovery of more compact bodies. At the same time, sparsitgsumptions are made on the
magnitude and magnetization separately to recover consistt magnetization directions
over complicated geological areas with having numerous analies. Regularization function

imposesl, norm with functions of x, y, z, s as

X X )
= pt+ ( kWCRCr D¢ Pcm kz) (3.7)

C= U;V;W F=S;Xy;z
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wherem is the magnetization in 3 components (X, y, z), D measures tisize of the model
together with roughness, P is the projection matrices of theomponents of the model
vector m, R is the sparsity weights, and W is the sensitivity wighting functions.

We used this inversion routine for both Model-I and Model-11Since we have two
synthetic models, we will rst start with the recovered Modé |, which has two compact
structures as shown in Figure 3.14. The location and depth exit of the SW side of the
block is similar to the true model shown in Figure 3.5(a) that @presents the unrotated
block, although the shape is blocky. On the other hand, neiér the width nor the depth
extend is consistent for the NE side of the block; only the appximate location is reliable.

Additionally, the inversion couldn't recover the dipping claracteristic of the NE side of
the block, which is rotated block in the true model. Recovedemagnetization values are in
the expected value range. Data residual maps between pradiat and the total- eld
anomaly data with random Gaussian noise is shown for the imted Model-I in
Figure 3.16. The recovered magnetization directions for theo blocks marked as green
triangles in Figure 3.15 are consistent with the true model®tal magnetization directions
marked as purple triangles. The upper purple triangle has rgaetization direction| = 1:7
and D =57 for the unrotated block, whereas the rotated block has trueiection | = 15
andD =30 .

Similar to the inverted Model-I, two blocks are recovered tlough inversion for
Model-1l. Yet, geometries are not representing the originahape as opposed to the true
Model-Il. S-W side of the block is again similar to what we havobserved in inverted
Model-l. But magnetization of the block have unexpected higer values. NE side of the
block represents the rotated block has a dipping structureowvards the north, but it is still
blocky enough. Data residual of the Model-lI from the inversn is shown in Figure 3.19,

which indicates modeled anomaly could reproduce observedbanaly.
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Figure 3.14: Model-I voxel-based 3D view of the recovered nedrom the synthetic data.
Colorbar is showing the strength of the e ective susceptiliiies for blocks.
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Figure 3.15: Polar plot of the Model-I showing the recovered agnetization directions in
green triangles. Purple triangles are true magnetizationi@ctions: upper and lower triangles
indicate unrotated and rotated blocks, respectively.
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Figure 3.16: Data residual of the inverted model of Model-I.
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Figure 3.17: Model-1l voxel-based 3D view of the recovered o from the synthetic data.
Colorbar is showing the strength of the e ective susceptiliiies for blocks.
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Estimated magnetization directions for the unrotated blok (upper purple triangle) have
less range than the Model I's recovered directions, but thetated block (lower purple
triangle) have scattered directions, and densely populatedirections are away from the

true magnetizations.
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Figure 3.18: Polar plot of the Model-1l showing the recoverethagnetization directions in
green triangles. Purple triangles are true magnetizationi@ctions: upper and lower triangles
indicate unrotated and rotated blocks, respectively.

Since we now have the inverted total magnetization for Mod¢land Model-1l, we can
nd the RM directions from the total magnetization and sampkd magnetic susceptibility

statistics. That way, can determine the relative rotation etween the blocks in each model.
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Figure 3.19: Data residual of the inverted model of Model-II.
3.5 Results and Interpretation

As presented in the proceeding section, we inverted the syumtiic total- eld anomaly
data in the presence of the remanent magnetization the two rdels. Our methodology
developed in Section 2 enables us to nd two remanent magnadtion directions for each
block from the two independent methods: Fisher statistics ahthe Parzen window density
estimation. We split the recovered magnetization into di @ent groups to represent
unrotated and rotated blocks based on declination or inclation gaps. Taking the averages
of each group's magnetization to nd a mean magnetization ables us to end up with only
two directions for each block. We introduced the variable seeptibility information we
obtain from the well hole simulation from Model-I and ModeH and multiplied with the
known inducing eld direction| = 54 and D =81 to calculate the IM. Using the
general Equation of 2.2 knowing the TM and IM componentwisaye can now estimate the
RM with the methods of the Parzen window and Fisher statisticfor the possible

remanence directions independently. The borehole sampbee used for each of the model

66



and the samples are unique to the respective models. Caldelh RM directions are used in
Fisher statistics to determine a mean direction. The Parzenimdow technique selects a
direction from the high probability region close to the peakalue. The work ow of the RM

direction estimation starting from the inversion displayd in Figure 3.20.

Total magnetization from inversion
having two separate directions

Separation based on declination
and inclination angles / \

Block 1 with close
direction distribution

Separation based on declination
and inclination angles

Block 2 with close
direction distribution

Taking average of

Taking average of \
the all direction

the all direction

RM directions from RM directions from
- the well log samples the well log samples
RM1=TM1-IM RM2=TM2-IM
for Block 1 for Block 2
Fisher statistics and Parzen window applying
Two results from the to the direction of Block 1 and Block 2 Two results from the
analysis of two approaches / \ / \ analysis of two approaches

Estimated RM
from Parzen
for Block 1

Estimated RM
from Fisher
for Block 1

Estimated RM
from Parzen
for Block 2

Estimated RM
from Fisher
for Block 2

Figure 3.20: Application of the methodology for the inverted mdel's each block to nd
average RM directions.

We start with the extraction of the RM directions for the Modd-1. Our well log
samples for this model has 17 values; thus we have 17 di erédRM direction to estimate a
RM direction both from the Fisher statistics and Parzen winde density estimation. We
explained the calculation in Section 2 each of the methods &mve demonstrate the results
only for the one block instead of two since the process is thanse. RM directions
variability can be seen in Figure 3.21 for the Fisher statistcwith csd=12 and ¢5=5:3
and only positive inclination angles. Using small amount ofasnple increased the gap
between the calculated RM directions although around the ra@ direction |, = 48

Dy =12 points are closer. After locating the mean direction from th&isher statistics, we
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locate the closest point from the RM direction and choose asioestimated RM direction
for that block. The results are shown in Table 3.2. Additiondy, we take similar approach
and calculate the most probable RM direction based on the pus inside highest level
contour and nd the closest point to the maximum probability shown in Figure 3.22 with
RM direction | =50 andD = 14 . We applied the analysis to the other block and ended
up with a 4 di erent directions: one pair with Parzen window nethod and Fisher statistics
for block 1 and second pair as for block 2. In Figure 3.23 yellawangles showing the true
RM directions of the unrotated blockl =45 , D =45 with an upward triangle and

rotated block| =8:4 and D =40 with a downward triangle. Blue points indicate the
Parzen window technique results, which can be seen as two elient points closely
distributed along nearly the same declination angle thougimclination angles have more
than 20 dierence. Fisher statistics, red points, nearly pointing he similar directions with
Parzen; thus, the average value of the two methods RM direotis very close to each other.
The average RM direction for the unrotated block ha® = 14 and| =49 whereas the
rotated blocks direction isl =71 andD = 26. These angles are displayed as single
cones for each block and placed in the middle of the blocks. &lned cone near the SW side
represents the unrotated block's estimated average dirémh, and the blue cone on the NW
side shows the direction of the rotated block in Figure 3.24. &/are aware that estimated
RM directions are far from the true directions, but we focusm nding the relative angle
from these two blocks. Model I's two estimated directions @& us 22 rotation which should
have 45 originally. We thought the reason as inclination angle covage while using these
two methods give poor results; that is why we can only nd halbf the rotation angle.

Declination angle shift could be the reason of the working gnwith the average values.
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Figure 3.21: Fisher statistics result for Model-I of block 1. Be star displays the RM
directions calculate from the well log. Purple and green ciles are the con dence angle and
circular standard deviation respectively. Yellow squarenses the mean direction.

csd =12°

W
‘ - | ,D_=48°,-12°
m m

300

Inclination (deg)

-50 -40 -30 -20 -10 0
Declination (deg)

Figure 3.22: Parzen window density estimation result for Maa-1 of block 1. Green closed
line indicates the highest probability contour. Bright bravn and black points show points
inside and outside that contour respectively. Pink point ishe located RM direction from

this approach.
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Figure 3.23: Directions calculated after doing the analyswith Fisher and Parzen estimation
marked with the blue and red plus signs for the blocks for the dtlel-l. The yellow upper
triangle displays the true remanent magnetization directin for the unrotated block, and the
yellow lower triangle is for the rotated true magnetizatiordirection. Green and cyan-colored
diamonds are the averaged values of the found directions fbe unrotated and rotated block.
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Figure 3.24: Model-I calculated average directions of eaclobk shown with one cone in the
centered of the blocks where the red cone is for unrotated bks directions, and the blue
cone is for rotated block's directions.
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Rotation between the vectors can be found by using the arcdos after taking the dot
product of the two unit vectors which are found by the averagef the calculated directions

from the two methods,

MRMm klMRMbI k2
= arccos = e 3.8
(kM RM piock 1 kkM RM piock 2 k) ( )

whereMgu, ..., 1S the estimated RM direction for block 1,Mgy,,.., IS the estimated RM
direction for block 2 and is the di erence in the two directions given in degrees.
The rotation angle we found here is just a relative angle of éhone block to the other

from the relative directions of the remanent magnetizatiomn two di erent blocks.

Table 3.2: Estimated RM directions of the Model-I.

Model-I Fisher (1,D) | Parzen (I,D) | Average
Block 1 (deg) | 49.0,-12.9 | 49.8,-14.4 | 49.4,-13.6
Block 2 (deg) | 70.6,-23.6 | 70.9,-28.1 | 70.7,-25.9

Angle rot (deg) - - 22.09

In Model-Il, we again only display the block 1's estimated RMlirections with Fisher
statistics in Figure 3.25 and Parzen window density estimatn in Figure 3.26. Fisher
statistics shows mean direction ak;, =50 D, = 14 which is very close to the block 1
of the Model-I's mean direction estimated from the Fisher. Ielination angles distributed
similar to what we have obserd and with small increament in # angles of thecsd= 14
and g5 =5:9. On the other hand Parzen window technique for the same blockhows
estimate RM direction asl =40 D = 12. These angles are again have little increment
in comparison to the Model I's estimated angle at most 2n declination and 1 in
inclination. Estimated RM direction of the two blocks with the two approaches is shown in
the Table 3.3. If we look at the Model-II's analysis result irFigure 3.27, the yellow
triangles show the true RM directions. Rotated blocks RM dection this time is| =59 ,

D = 16 and unrotated block is the same as Model-I's unrotated bloakhich has

direction | =45 and D =45 . Both Parzen window and Fisher statistics estimate close
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RM directions as before: one pair is close to tHe@ = 270 and the other pair is around 15.
It is important to look at the declination angle di erence whch very similar to true
directions; thus, we can able to recover 4Xotation angle. Besides, unlike the Model-I, the
rotated block's direction is very close to the true RM diregbn. We see an improved
directional coverage for this model. Calculated average RMrections for the rotated block

is shown with red cone, and unrotated block is blue cone in Figgi3.28.
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Figure 3.25: Fisher statistics result for Model-1l of block 1.Blue star displays the RM
directions calculate from the well log. Purple and green ciles are the con dence angle and
circular standard deviation respectively. Yellow squarenses the mean direction.
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Table 3.3: Estimated RM directions of the Model-II

Model-I Fisher (1,D) | Parzen (I,D) | Average
Block 1 (deg) | 49.4,-12.5 | 49.9,-11.6 | 49.1,-12.0
Block 2 (deg) | 64.7,-84.8 | 62.0,-89.5 | 63.3,-87.1

Angle rot (deg) - - 41.29
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Figure 3.26: Parzen window density estimation result for Maad-II of block 1. Green closed
line indicates the highest probability contour. Bright bravn and black points show points
inside and outside that contour respectively. Pink point ishe located RM direction from

this approach.
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Figure 3.27: Directions calculated after doing the analysisith Fisher and Parzen window
method marked with the blue and red plus signs for the blocksifthe Model-1I. The yellow
upper triangle displays the true remanent magnetization dection for the unrotated block,
and the yellow lower triangle is for the rotated true magnetiation direction. Green and
cyan-colored diamonds are the averaged values of the fouricedtions for the unrotated and
rotated block.
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Figure 3.28: Model-1l calculated average directions of eablock shown with one cone in the
centered of the blocks where the red cone is for unrotated bks directions, and the blue
cone is for rotated block's directions.

3.6 Summary

We have showed the RM directions can be recovered correctiylyp for the Model-1I's
rotated block. Although one of the RM direction are far away om the true one, relative
angle is very accurate and close to the true rotation angle. &\have addressed the reasons
for the shifting seen by using our methodology especially the inclinations angles. While
Model-1 is only recovered half of the true rotation angle, ihelps to understand the weak
part in our approach. Our analyses regarding the RM presensbowed that our study can
be used to recover relative rotation angle of the blocks as afternative approach to the

paleomagnetic methods.
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CHAPTER 4
CONCLUSION

The presence of the remanent magnetization complicates theerpretations and
creates di culties in the inversion processes. However, theM also provides additional
information and create opportunities. RM directions in thearea can help us understand
the structural deformation and tectonic movements over thgeologic time. Although
general structural information from magnetization magniides re ects the lateral changes
and the magnetic mineral content and lithology from the magetic maps and 3D magnetic
inversions, this study presents additional information tht can be obtained on the relative
rotation of geologic units from the RM directions.

In contrast to the studies related to the isolation of the RM sing prescribed
susceptibility values and Q ratios, we assume a range of segtbilities with an estimated
statistical distribution in our work, which is more consisént with realistic scenarios. We
assume to know the di erent characteristics of the distribtion parameters of the , the
inducing magnetic eld, and the total magnetization recoveed from 3D magnetic inversions
to understand the behavior of RM. Furthermore, we showed thaf the RM from the given
Q and ranges have overlapping in between we can determine the ramaace. However,
we cannot specify both simultaneously since they are not iadendent from each other.

We establish a multi-disciplinary connection with paleomgnetism and statistics for
extraction of the RM direction and quantify it by using two di erent approaches. Knowing
the statistical susceptibility data and having a priori knavledge of the TM such as that
from the inversions, we can estimate an RM direction indepdently using Fisher statistics
and Parzen window density estimation. These two approachgs/e compatible estimated
RM directions. The Parzen window technique is more genenalapplicable because we do

not assume an underlying distribution whereas such an assption is important to Fisher
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statistics.

To demonstrate one geophysical application of remanent magjization, we investigate
the feasibility of estimating the geometrical rotation of gological units that have RM and
underwent structural deformation. Building two models wih di erent geological scenarios
enhances our understanding of the strength and the potentiapplicability and limitations
of our methodology. Our analysis with Parzen window technige and Fisher statistics
showed that focusing on average values for this study recosdRM directions and the
rotation of a faulted and rotated block. This synthetic modedemonstrates the value in
estimating rotation information for structural geology irterpretation.

As a result, we have shown that working with average values dfd estimated RM

directions can provide important information for structural geology interpretation.
4.1 Future Work

Extracting more structural information besides relative otation from the remanent
magnetization could be possible by doing a detailed analgsvith Fisher distribution.
Instead of focusing solely on average values, a detailedestigation should perform by
doing careful analysis. We also would like to develop an imgon algorithm for
simultaneous inversion to have remnant magnetization witsusceptibility. Additionally, we
would like to see the application of the methodology to the kel data to compare with the
other approaches. Also, using the machine learning we want itovestigate the statistical
patterns of the lithology contained in the data to make addibnal constraints in the

inversion process.
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