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INTRODUCTION

Chapter 1:

INTRODUCTION

INTRODUCTION
Magnetic susceptibility (MS) represents a very am@nt rock property to be

measured. This can be done not only in the laboraising rocks samples, but also on
outcrops or with downhole tools in wells. This pedy is basically controlled by the type
and concentration of magnetic minerals containedhm rock. It can be dominated by
minerals that are paramagnetic (clays), diamagngaicite, quartz), or ferromagnetic
(magnetite, greigite). It seems to be highly a#édcby several environmental factors and
complex processes, which control its responsedrsédiments.

The present study constitutes a MSc. Thesis choig at the Delft University of
Technology within the Petroleum Engineering and sg@mces track. The apparent lack of
correlation between the basic petrophysical proggeend magnetic susceptibility acquired in
Well Spannberg 21 was the igniter for considering study. It was planned in order to
determine the factor(s) responsible for the vasretiin magnetic susceptibilities measured in
the borehole Spannberg-21 in the Vienna Basin {f&)st

The development of this thesis is based on theotisefull data set of LWD and WL
logs and drill cuttings available for the whole veterval. The data was acquired back in
2007 by the National Operating Company OMV, togetiveh Schlumberger and Delft
University of Technology. Previous researchers hstuglied the magnetic minerals in the
area and some conclusions have been drawn regartlieg chronostratigraphy,
biostratigraphy, and magnetostratigraphy in thidl.wéowever, it was until now when the
MS problem was tackled.

This study was considered an open-ended resean@cpfrom the beginning, since
this was the first time that a project with suchadand such a research objective was being
conducted. Therefore, the result of each task \wasbasis for the next step. The Vienna
Basin is very suitable for high-resolution studide these because it has been widely
described through several decennia. Moreover apigl Isedimentation which occurred in this
basin gave rise to the formation of thick sequenEesthermore, downhole measurements
are helpful because they provide a continuous degbthe rock properties in the subsurface.

The aim of this MSc. thesis is to perform a dethidnalysis employing all the data
available, combined with new measurements, in dé&nd an explanation on what controls
the rocks' MS property, what are the reasons $obahavior, and what possible applications
can be given after its interpretation.



INTRODUCTION

For this project, apart from the logging dataeatty available, the literature review
was an extremely important part for two reasons:

1. The Vienna Basin is well-known geologically besa many studies have been conducted
there, and

2. Because only few studies have been performethagnetic susceptibility in boreholes,
and these were mostly done on cores.

This study evaluates first the tectonic settingd provides the required geological
background in Chapter 2. Chapter 3 explains thénieal aspects concerning magnetic
susceptibility. The subsequent chapter 4 desctilbesnethodology applied by mentioning
the previous studies, and the integration of resailbng with newly obtained measurements.
The results and their discussion are found in Ghapt The last two chapters, 6 and 7,
contain the conclusions of this work and some renemndations for the future.



REGIONAL GEOLOGY

Chapter 2:

GEOLOGICAL SETTING

REGIONAL GEOLOGY

The geology of Austria has been widely studiedsveral centuries and is generally
subdivided into the following units: Bohemian MdsdViolasse Zone, Helvetic Zone,
Penninic Zone (Flysch Penninic Windows), AustroiAgpUnit (Central Zone of the Eastern
Alps and Northern Calcareous Alps), Southern-Alfiimét.
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Figure 1: Situation of the Vienna Basin within the Alpine-Carpathian thrust belt (from OMV, 1992)

The northern part of Austria is occupied by theteern margin of the Bohemian
Massif including the metamorphic rocks of the Maldaian Zone and the Moravian Zone.
The Molasse Zone comprises a sequence of much goudletrital sediments deposited under
marine and brackish conditions. The Helvetic Zog@resents a series of mostly Cretaceous
limestones, marls and rare sandstones. The Flysok Zonsists predominantly of marls and
sandstones deposited in the foreland of the Alpnogieny. The Austro-Alpine Unit and the
Calcareous Alps units represent complex tectonjueseces that were thrusted during the
Alpine orogeny and are responsible for much ofsth@iment supply in the younger basins.
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VIENNA BASIN

TECTONIC EVOLUTION

The Vienna Basin is of rhombohedral shape withV&IE direction and extends
from Austria to the Czech Republic and Slovakia. development shows a very complex
tectonic evolution and is summarized by Kovac e(2004) as follows:

Formation of a piggy-back basin (Lower Miocene)
Formation of a pull-apart basin (Middle to Upperoeiene)
E-W compression and basin inversion (Upper Miocene)
E-W extension (Pleistocene-Recent)
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Figure 2: Stratigraphic overview of the Vienna Basin fill. Time axis not to scale. From (Holzel et al., 2010)

Piggy-back basin (Lower Miocene)

Starting in the Early Miocene, subsidence incrdaabruptly in this area and an
incipient basin was created. At this time the Vigmasin was a piggy-back basin on tectonic
nappes transported northward. Weissenback (1996j)ione that during the very last phase
of the Karpatian, tectonic inversion caused upliftand most of the basin emerged.

Pull-apart basin (Middleto Upper Miocene)
During the late Karpatian, tectonic events causedhange from a piggyback basin
into a rhombic pull-apart basin. This change indeic regime is documented as a major
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regressive event at the Karpatian/Badenian boundarsing Badenian time the main phase
of subsidence began and the basin increased ssah. This lasted well into Sarmatian
times.

E-W compression and basin inversion (Upper Miocene-Pliocene)

The Pannonian period began with a transgressiopric most of the Sarmatian
deposits. Primarily clay and sand were depositadlatustrine environment during the Early
and Middle Pannonian.

SW-NE extension (Pleistocene-Recent?)
Subsidence controlled by fault displacements itraastensional regime has been
determined along the eastern limit of the basin.

DEPOSITIONAL SYSTEMS AND BASIN FILLING

According to the structural history of the basino sedimentary cycles can be
distinguished: one part controlled by siliciclastnflux and another part dominated by a
carbonate/detrital mix. The significant stratigrephinits covered in this study are described
here:

BADENIAN (16.4. -13 Ma)

In the central Vienna Basin, the Badenian sedimarg divided into proximal deltaic
and distal basinal deposits characterized by sandyls and clay. The conditions for
carbonate sedimentation and growth of coral bugdwgere favorable only during the
Badenian stage and developed in two facies: tls¢ fi@icies is the Leitha Limestone with
reduced terrigenous input, and the other facies tgmprises fine-grained clays and marls.
In the uppermost Badenian the sea started to beowone brackish, which continued during
the Sarmatian. The deposition of sandy sedimentsased at this time.

The boundary between the Early Badenian and thaglleliBadenian corresponds to
the sequence boundary proposed by Weissenback)(wa®é the "Upper Lagenidae Zone"
of the southern Vienna Basin. Several small-sizeltht bodies developed during that phase
and they might be related to weakly developed landtsystems tracts (LST). The mostly
freshwater and brackish deposits consist of cabterelays. In general, the western border of
the southern Vienna Basin is strongly influencedlagtic sediment influx from the Northern
Alps.

SARMATIAN (13 -11.5 Ma)

The depositional environment turned from fully mar during the Badenian into
brackish in the Sarmatian because of the slow batimuous separation of the Pannonian
Basin, to which the Vienna Basin was linked in ®autheast, from the Tethys. Salinity
decreased and reflects the isolation of the Péwgerom the world oceans. The reduced
salinity of the Sarmatian sea caused an intensease of the fauna. During the regression at
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the Badenian/Sarmatian boundary, the marine settiegame restricted to basinal areas of
the central and southern Vienna Basin.
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Figure 3: Evolution of the Vienna Basin through the Mid-Badenian times. a) sea level low stand, erosion of Lower
Badenian strata. Build up of large low stand delta complexes: Zwerndorf, Zistersdorf and Andlersdorf. b) transgression,
retreat of deltas, transgressive 16TH, carbonate platforms. c) highstand, shale and Matzen Haupt Marker. Deltas are
pushed back to basin limit. d) FSST, Progradation of Zistersdorf delta complex (15 and 14 TH). Deposition of 15Z2TH
basin floor fan (from OMV, 2007). Red star indicates the location of the well.

PANNONIAN (11.5 - 7.1 Ma)

After the sea level drop registered at the Saan#®annonian boundary, the
Pannonian Basin became finally isolated from thstéta Paratethys. The salinity decreased
even more causing a further decrease in faunagiiy@ompared to the Sarmatian.



/STUDY AREA

STRATIGRAPHY OF THE VIENNA BASIN: NEOGENE
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Figure 4: Stratigraphy of the Vienna Basin. From (Hamilton et al., 1999).

STUDY AREA

SPANNBERG-21

The well Spannberg-21 studied here was drilledd@7 by the Austrian oil and gas
company OMV in the central part of the Vienna Basiie proposed appraisal well
Spannberg-21 had the 15Z2TH reservoir level asgetawhich is a Middle Badenian basin
floor fan (see Figure 5). The well is located nedst on the Matzen-Spannberg ridge and
reached a depth of approximately 2000 mts. thagrsothe Middle to Upper Miocene.

IDESTHAL DELTA

SHALLOW MARIN

Figure 5: Location of the well Spannberg-21. Red circle indicates the location of the well in the 15Z22TH fan (modified
from OMV, 2007). Schematic representation of the basin floor fan and the sediments supply source.
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Figure 6: Palaeogeography and Facies distribution during the Karpatian, Badenian, and Pannonian times in the Vienna Basin. Straight red arrows mean uplift/subsidence. Bent red
arrows mean directions of overthrust. Black arrows indicate direction of main sediment transport (from OMV, 1992).
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Chapter 3:

MAGNETIC SUSCEPTIBILITY

DEFINITION

In the broadest sense, magnetic susceptibil@yngeasure of the magnetic response of
a particular material/rock when a magnetic fieldypplied. This measurement can tell how
much magnetic mineral content is present in a régKerent laboratory experiments allow
the identification of the minerals present and banused to make a match with the total
magnetic susceptibility signal.

Magnetic susceptibility, according to Nelson (1998an be expressed either as a
volume susceptibility) or as a mass susceptibility).(Volume susceptibility is defined as
the ratio of the volume magnetization produced material when a weak magnetic field is
applied. This is a dimensionless quantity. Nelst®98) mentions that mass susceptibility is
equal to the volume susceptibility divided by dénsand its units are ftkilogram in the S
system. Thus volume magnetic susceptibility isridias follows:

r=H/y 1)

where X is the magnetic susceptibility, H is the magndiaid intensity and M is the
magnetization. Schon (2011) describes that basedeomagnetic structure, materials can be
divided into three basic groups: diamagnetic, pagmetic, and ferromagnetic materials.

DIAMAGNETIC MATERIALS
This group is characterized for having a negasiveceptibility. Generally, the values
are very small and the response is independeheahiagnetizing field.

PARAMAGNETIC MINERALS

This group is characterized by positive susceliibiThe response is in general
higher than the diamagnetic response, but is sdbk. It is also independent of the
magnetizing magnetic field.

Diamagnetic Paramagnetic
No field Applied field No field Applied field

TN 10070
0000t T1070
10140 191070

Figure 7: Diamagnetic and paramagnetic material without magnetic field (A) and with magnetic field (B).
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FERROMAGNETIC MINERALS

This is the most important group and these madserae characterized by the
existence of magnetic domains even in the absenaemagnetic field. MS values caused by
this group have a wide range of values and are yalwaositive. These materials are
subdivided into three groups: ferromagnetic, whaltethe atomic magnetic moments are
parallel; antiferromagnetic, causing a weak magngti and ferrimagnetic materials
producing a strong magnetism.

Ferromagnetic Ferrimagnetic Antiferromagnetic

IRIRRRRIREIERENE
goooon [ [Hefefe

Figure 8: Ferromagnetic, ferromagnetic, and antiferromagnetic material.

Although the magnetic rock properties are congblby the ferrimagnetic minerals,
their concentration is typically very low in rock®n the other hand, the most abundant
minerals in common rocks are paramagnetic and/amagnetic. The importance of
concentration of magnetic minerals on MS can ba sekematically in the Figure 10.

Mineral rig [107% kg ™' m’]

Mineral g [10 8 kg 1 m3] Olivine 5-130, mean 29

Mineral

Anhydrite =21
1-130

-05t0 -2.0 Magpnetite

Amphibole 16—100, mean 49

Calcite —0.48

20,000—110,000

Pyroxene

Hornblende Maghemite 40,000-50,000

Smectite

-03t0 1.4

Dolomite -
Haematite

Quartz Biotite

llmenite
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Fluorite -0.79 46—80,000

Halite -0.48 ! Titanomagnetite  2,500—12,000

-0.48 to —0.75 i Titanomaghemite 57,000

Montmorillonite

Orthoclase —0.58 r—— Goethite 26—-280

—0.49to —0.67 Bentonite 5 vaijspinel 100

1 Siderite Pyrrhotite 10-30,000
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Figure 9: Mass Susceptibility of some diamagnetic minerals (left), paramagnetic minerals (center), ferrimagnetic, and
ferromagnetic minerals (right). From Schon (2011).
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Figure 10: Mineral contributions to rock susceptibility, note that 100 % of mafic silicates contribute less than 1% of
magnetite. From (Hrouda et al., 2009).

ORIGIN OF MAGNETIC SUSCEPTIBILITY IN ROCKS

Various studies indicate that magnetic minerals mmainly related to lithogenic
sediment inputs, and that, therefore, MS is diyeptbportional to detrital inputs (Ellwood,
2006; Ellwood et al., 2000; Crick et al., 2000). wéwver, these lithogenic inputs may be
caused by climatic, sea level or tectonic changésch provides one of the main drivers of
this study. On the other hand, magnetic suscepyibd inversely correlated with carbonate
content (Prof. Ellwood, personnal communication).

If the detrital theory is valid, then it has toib8uenced by environmental parameters
such as water energy, sedimentation rate and perdhiagenesis. Moreover, MS readings are
commonly higher when the sediments are proximahé&source, characterized by coarser
grains. There is also evidence showing that dumggession events, the MS signal increases
since there is a higher input of detrital sediments

FACTORS CONTROLLING MS

Since magnetic susceptibility is environmentallytrolled, it is strongly affected by
several factors and these various influences leatifferent responses along the depositional
profiles. The first factor is the magnetic mineratsitent or its concentration. However, MS
is not only controlled by this and Table 1 listsghof these factors and their relationships
with MS. This information is collected in the coersf this study with the intention to
provide an overview of the controls on the MS signa

There is a relationship between depositional @emirents and grain size distribution.
There are, however, two opposing ideas with respectheir effect on the magnetic
susceptibility signal. The first one supports ttiea that fine grains generate higher magnetic
susceptibility than coarse grains, while the second posits that coarse grains produce
higher MS readings. The first group is based onfélce that Superparamagnetic domains of



ORIGIN OF MAGNETIC SUSCEPTIBILITY IN ROCKS

magnetic minerals, responsible for high magnetsrsptibility responses, are immersed in
very fine sediments particles. However, such granesnot very stable and might decompose
very easily. The second hypothesis relies on thcipal fact that MS is directly proportional
to detrital input and, since coarse grains aredatloser to the sediment source, there should
be higher amounts of magnetic minerals there. Algtd@aythomas (1991) mentions that
even if the magnetic minerals are relatively fimahged, they will be transported with
coarser-grained sediments because of their rebativgh specific gravities.

Several studies have been performed on the effi@ttthe magnetic grain size has
over the total susceptibility response. The reduolicate that this factor plays an important
role in the MS signal. The magnetic grain sizes green by Hatfield (2014) as
superparamagnetic (SP < 0.0®), single domain (SD, 0.03—0uIn), pseudo single domain
(PSD*, 0.1-20um) and multi-domain (MD > 2Qum). This classification is important
because it points out that when the grain size mdghes from MD* to SD*size, the
susceptibility decreases, but if the grain dimiesiurther to the smallest SP* size, then the
susceptibility increases again abruptly.

Factor Relationship
TOC
Salinity
Bioturbation
Clay content
Diagenesis
Dissolution
Coarse sediments
Fine sediments
Porosity
Iron presence
Sedimentation rate
Detrital input
Carbonates
Regression
Transgression
pH
Sulphur
Pyritization
Distal environment
Concentration of
Magnetic Minerals
Magnetic Minerals
domains

Table 1: Summary of factors affecting the magnetic susceptibility signal. P=proportional, IP=inversely proportional,* is
explained in the text.

In shallow marine sediments (here representechéyBadenian deposits) where the
carbonates form an important percentage and thmeathtion rates are high, the deposition
of magnetic minerals is typically reduced. The wé&R signal preserved in these rocks is
related to the clastic sources, the carbonate ptvity, and probably diagenesis.

*_ See the Glossary
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An important diagenetic process is post-deposafiatissolution, which acts during
and after burial. This dissolution process, howgigea function of the environment. Canfield
and Berner (1987) explain that this complicatedcess depends on the availability and
reactivity of both organic matter and reductants] &at the chemical reactions that takes
place typically yield new minerals, some of whichaynhave different magnetic
susceptibilities than their precursors.

GREIGITE AND MAGNETITE

The iron sulphide mineral greigite @S3) has the same crystal structure as magnetite
(FesO4) and is strongly ferrimagnetic. Greigite is theima@recursor of pyrite and it is
typically formed in anoxic environments. AccordittgVasiliev et al. (2008), greigite can be
divided into magnetosomal and authigenic types,eddmg on how it is formed.
Magnetosomal greigite is formed inside bacteriafgorably in anaerobic conditions.
Authigenic greigite is formed as an intermediatenaenal in the pyrite formation. Pyrite is
extremely common in anoxic marine sediments whbumdant supply of sulphate is present
and iron is available.

Magnetite is the most common magnetic mineral artiEand is usually found in
detrital sediments. In many cases magnetite andjiggebehave in a similar way, and
laboratory measurements must be conducted in togaoperly identify them.

MAGNETIC PROPERTIES OF SEDIMENTS
MARINE SEDIMENTS

The magnetic properties of marine sediments dep®tdonly on the magnetic
minerals deposited from detrital sources, but als@he diagenetic processes acting on these
sediments after deposition. Sediments acquire wkatcalled a detrital remanent
magnetization (DRM) when the magnetite grains atposed to the geomagnetic field.
Opdyke and Channel (1996) have found that the mgsbrtant magnetic remanence carrier
minerals are magnetite, titanomagnetite, hematitaghemite, goethite, and iron sulfides
such as greigite. Opdyke and Channel (1996) alsaddahat magnetite, titanomagnetite,
greigite, and goethite can be primaarriers, whereas hematite, pyrrhotite, and greigre
considered authigenic secondary minerals formednguliagenesis. Although greigite is
typically formed in the early diagenetic stagegah be considered a primary carrier in case
no other minerals are present since its magnetizaivery strong.

TERRESTRIAL SEDIMENTS

The magnetic properties in terrestrial sedimentkcate that the dominant carrier is
fine-grained magnetite. Greigite is also here apartant remanence carrier based on its
similarity to magnetite.

Figure 11 below shows the magnetic susceptibiigyues for some of the most
important minerals present in rock in a visual way.
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Figure 11: Graphic visualization of magnetic susceptibility values for the most common (top) paramagnetic, diamagnetic,
and (bottom) ferrimagnetic, ferromagnetic, and antiferromagnetic minerals. Compilation from (Schon, 2011) and
(Opdyke and Channel, 1996). Values may vary depending on the sources.

CYCLOSTRATIGRAPHY

The core of this discipline is based wsing astronomical cycles of know
periodidties to date and interprsedimentary record3 he most important of these cycles
the Earth’'s orbital cycles of precesn, obliquity, and eccentrici, known as the
Milankovitch cycles which result from perturbations of the Eartrotation:. These cycles
are expressed via climatic sedimentary changinto the sedimentary sequent

THE ORIGIN OF THE CYCLES

The sedimentary cycles basically lect changes in the environment, v some
sedimentary rock typebeing more susceptible to thethan others. In general, clas
sediments are good indicators fluctuations in water energywhereas carbonates oft
record changes in chemistry.
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A major controlling factor on sedimentary systeigighe eustatic sea level, which to
some degree is controlled by the climate, whichtuim, may be controlled by the orbital
cycles. This, together with subsidence controlsse@iment accommodation. Numerous case
studies have demonstrated that a detailed anabysike sedimentary record enables the
identification of these cycles with a good levekohfidence.

MILANKOVITCH CYCLES

Milankovitch cycles are driven by Earth’s naturatbital oscillations. These
oscillations may be reflected in many differentdgf climate proxy data that may include
magnetic susceptibility. These prominent cyclesehbeen shown to persist through long
geological records.

There are three major periodicities of Milankokitcycles and they are related to the
eccentricity (E) of the Earth’s orbit, the obliqui{O) in the Earth’s axial tilt, and the
precession (P) of the seasons. The eccentricitig cgmpletes one cycle every 95 to 123 kyr.
The obliquity corresponds to a 41 kyr cycle. Fipathe precession cycle oscillates between
19-23 kyr.

WAVELET ANALYSIS

Wavelet analysis is possibly the best way of stoglycyclicities in stratigraphic
records. Theoretically, power spectra allow thelymms of complex cycles consisting of
several oscillations. The data used for this typestadies vary from gamma ray logs,
spontaneous potential logs, carbonate contentesistivity data, among others.

The success of this analysis depends on the caoiytiof the data (quantity) and
obviously its quality. There are different methodigpically used, all with different
mathematical backgrounds and justifications, betytdo not always succeed in detecting
periodicities. The reason is because most strafiicadata are subject to more influential
factors, for example fluctuations in sedimentatiates from one sedimentary unit to another,
which may distort the cyclicities. In the presenidy very accurate sedimentation rates were
determined by Paulissen et al. (2011a; 2011b) impgothe reliability of the results to be
obtained.
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Chapter 4:
METHODOLOGY

The aim of this chapter is to explain the proceduollowed during the project. It
starts with a brief background about paleomagnetiEimen the origin of the paleomagnetic
tool used for this dataset is described and brigByprinciples of operation and data
acquisition are mentioned. The logging data avhalathe well location, and characteristics
will be presented next. New measurements perforinethis study such as XRD/XRF
analysis will then be explained. Finally, a wavedsialysis is performed on the magnetic
susceptibility data to analyze the possibility bfaning any Milankovitch cycles (O, P, E).

PREVIOUS WORKS

BASICS OF PALEOMAGNETISM

Paleomagnetism is possible basically because ralgnecontaining iron, such
as magnetite or greigite and present in sedimeetsrd the history of the Earth's magnetic
field polarities. Paleomagnetic studies are commaskd in constraining ages for rocks and
processes. In order to do this, often supplementdmpnostratigraphic information is
required to validate the paleomagnetic interpretati

ORIGIN OF THE DOWNHOLE MAGNETIC TOOL (GHMT%*)

The idea of this tool started with the collabaratof the major oil and gas operating
company TOTAL, together with the CNR&nd LETF. They designed a high-precision total
magnetic induction and susceptibility tool for HDuooke applications. These two
measurements were combined later on by the majeicee company Schlumberger into one
tool to be used for commercial purposes. The nantigeatool is Geological High-Resolution
Magnetic Tool (GHMT?).

PALEOMAGNETIC LOGGING TOOL

The paleomagnetic logging tool consists of two desn a total induction
magnetometer tool (nuclear resonance magnetometdy or NRMT) and a magnetic
susceptibility tool (susceptibility magnetic toadr SUMT). These two sondes were
combined by Schlumberger in the GHMT. Paulisseri128pecifies that the precision of the
susceptibility signal ) is 0.3E-06, which is required for the determioatiof rock
susceptibilities that typically range from™ 3.6 10%

DATA ACQUISITION
The data was acquired with two different loggingtes in two well sections. The
shallow 12'*" section only has WL data. The lowef?8section reached the depth of 1966

1. Centre National de la Recherché Scientifique
2. Laboratoire d'Electronique de Technologie etstitlimentation
*. Mark of Schlumberger
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mts. TVD. This section was logged with logging wehilrilling (LWD") tools. LWD acquired
density, gamma ray, porosity, resistivity, and plettctric factor logs. The high-resolution
electrical borehole images (Formation Microscanheager, FMI*) and GHMT were
obtained in two runs over the entire well length.

The borehole image measurements acquired in taerBprg-21 well are not directly
used in this study. However, it was an importartadget for defining stratigraphic units
boundaries and especially for identifying carbortayers in the Badenian section.

For LQC (log quality control) main and repeat logsre run with the paleomagnetic
logging tool over selected intervals. The repeatige indicated that the tool was properly
operating and the values were within expected stolgilances (Paulissen, 2011).

LABORATORY DATA

During earlier studies, Koolen (2010) and Paukhs$2011) conducted laboratory
measurements in order to identify the magnetic raisaesponsible for the recorded signals.
These included magnetic susceptibility measuremdéRdd, and ARM. Samples were taken
from the cuttings acquired by OMV in thé'8 section. In total 32 samples were used for
these studies. Figure 13 summarizes the resul&naot by Koolen (2010) and Paulissen
(2011).

Since greigite has coercivity values very simil@armagnetite, it is typically very
difficult to distinguish between them. Koolen (2Q0Xfentions that sometimes the values for
Bi* and DP* were overlapping for magnetite and greigker this reason, a Curie
temperature test was performed. In the end, Ko@6m0) explains that a small difference in
DP values made the difference between choosingitga@r magnetite in several cases.

The results showed that magnetite, greigite, acohabination of both were identified
as the main magnetic minerals in the analyzed ssnploolen (2010) and Paulissen (2011)
decided to subdivide greigite into detrital andhagegenic based on the work of Vasiliev et al.
(2008). Figure 12 shows a plot of MS vs. depth wiie magnetic minerals determined
during these measurements. This is a helpful toolisualizing the MS distribution along
the well.

LOGGING DATA

The most important curve to analyze in this dahis the magnetic susceptibility
(MS). The main idea of this log interpretation asestablish, if any, a correlation or pattern
between the magnetic susceptibility curve and thergoroperties acquired (density RHOB,
gamma ray GR, porosity TNPH, photoelectric fact&FPand resistivity RES_BM* and
RES_BS*).

1. For abbreviations see the Glossary at the end of the report.
*_ See the Glossary
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Depth (mts.) Mineral
480 Magnetite
530 Magnetite
545 Magnetite
590 Magnetite
615 Greigite
790 Greigite
815 Greigite
840 Greigite + Pyrite
865 Greigite

1035 Greigite

1050 Magnetite
1070 Magnetite
1130 Greigite

1155 Greigite

1240 Greigite

1250 Greigite

1285 Greigite

1325 Magnetite

1340 Greigite + Pyrite
1355 Magnetite + Greigite
1440 Greigite

1465 Greigite

1505 Greigite

1640 Magnetite

1670 Magnetite + Greigite
1820 Magnetite

1830 Greigite

1855 Magnetite

1930 Greigite

Figure 12: Distribution of magnetic minerals found by Koolen (2010) vs. Depth.
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B(l/z) Ist
Depth (m) Lithology Main component(s) component
(mT)

DP

(mT,

SIRM/total
SIRM (%)

total SIRM/kg
(*10° Am~’ /kg)

siltstone magnetite 39,8
sst, very silty magnetite 31,6
sst, very silty magnetite 60,3
claystone magnetite 39,8
siltstone greigite (M) 75,9
siltstone greigite (M) 70,8
siltstone greigite (M) 79,4
siltstone greigite (M) 75,9
siltstone greigite (M) 79,4
sst, silty greigite (M) 72,4
sst magnetite 47,9
siltstone magnetite =2 al
siltstone greigite (M) 77,6
silty claystone greigite (M) 74,1
siltstone greigite (M) 70,8
Siltstone greigite (M) 70,8
siltstone, very sandy greigite (M) 83,2
sandy clay magnetite 56,2
sandy clay greigite (M) 70,8
siltstone magnetite & greigite (A) 39,8/67,6
siltstone greigite (A) 70,8
siltstone greigite (A) 67,6
siltstone greigite (A) 61,7
sst magnetite 56,2
sst/siltstone magnetite & greigite (A) 31,8/89,1
siltstone/calc sst magnetite 50,1
siltstone/shaly sst greigite (A) 67,6
siltstone/shaly sst magnetite 50,1
calc. sst greigite (A) 64,6
calc sst magnetite 36,3

94
=t
59
96
78
67
76
86
74
83
=
45
67
78
81
93
64
85
53

42
60
70
79

53
81
79
70
90

Figure 13: Summary table with results of the 32 samples analyzed by Koolen (2010).
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The log was divided into the three stratigrapmdsipresent in the well. These units
constitute the core of this study in the Miocenartipularly the Middle to Upper Miocene
Badenian, Sarmatian, and Pannonian (see Table 2).

In the well Spannberg-21, from top to bottom, wigtidguish first from the surface

down to 300 mts. deposits which belong to the Uppamnonian. From this depth until 500
mts. the sediments correspond to the Middle Paanom@ind until approximately 860 mts. to
the Lower Pannonian. Deposits from the Lower Paramand the Upper Sarmatian have
more shales. From there until 1100 mts., the US@ematian sediments are found and down
to the range of 1283-1300 mts., the Lower Sarmafiaie Sarmatian-Badenian boundary is
interpreted within this range based on FMI and M&dThe reason why it is not specified at
a particular depth is because by looking the negigtmicroimages, a sharp contact is found
at 1283 mts. However, the MS curve shows this sltamact at 1300 mts. and it is
characterized by a significant drop in the readings

Unit Depth (mts) ‘
> Upper 0-300
w o | 2
E % Middle 300-500
S Lower 500-860
= z Upper 860-1100
w =
3 :
s s ;, Lower 1100-(1283-1300)
a
g - Upper (1283-1300)-1590
<
§ Middle 1590-1966 (TD)
<
“ Lower not reached

Table 2: Summary table with the stratigraphic units present in Spannberg-21.

The bottom part of the log shows Upper Badeniamnsents from the 1283-1300 mts.
range until 1590 mts., and finally the Middle Badendown to the total depth of the well at
1966 mts.

CURRENT WORKS

CROSS-PLOTS

After doing a quick-look interpretation and idéying the trends described above, the
next step was to analyze the magnetic suscepyiloilitve. The idea was to find a matching
pattern or correspondence between this curve andttiers. The first aspect noticeable was
the apparent poor match between MS and GR. Howthisnwas difficult to conclude at first
sight since the magnetic susceptibility has a watgge of values. Due to this, the log was
divided and different scales were defined. As alltes good match was present between
these curves in the Badenian interval, but in then®nian and Sarmatian the match was not
so good. This will be developed further in Chapter
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In order to establish a correlation between MS #red other curves, a correlation
matrix was built. The six different zones are takesm (Paulissen, 2011) where these
intervals were chosen for the determination of gbdimentation rates. In this case, these
intervals were modified a bit based on the MS alsd ¢he FMI data. Particularly for the
Sarmatian-Badenian boundary, it has been narrowea because the proposed boundary
was located between 1290-1350 mts. Table 3 shoawmtérvals defined as MS

455-500 mts | 500-860 mts | 860-1100 mts | 1100-1300 mts | 1300-1590 mts | 1590-TD

Table 3: Intervals used for the correlation matrix. Modified from Paulissen (2011).

The interval MS1 is the shortest since there aréogging data available in the first
450 meters of this zone (density, porosity, redisti and photoelectric factor). For this
correlation matrix, all values were normalized. Tgawrosity TNPH is inversely correlated
with MS and for the purpose of this exercise, bty used as a reference. The full plots can
be found in Appendix C.

These results were the starting point for invesitng the origin of the magnetic
susceptibility. The very peculiar and interestiradtprns and trends observed are an obvious
invitation to figure out what could be the factonsolved in the process, what makes a
sediment more or less magnetic, which mineralsrobiihe magnetic susceptibility curve,
etc., among other important questions.

ACID TEST

As part of the study an acid test was performedame samples in order to assess the
amount of carbonate. The cuttings are availabléHerwhole log interval and after checking
the type of lithology in the well, this basic testas performed with HCI at 10%
concentration. The selection criteria was based talking enough samples for each
stratigraphic unit and especially at the boundariedotal, 92 samples were analyzed. All
samples showed fizz, in some cases stronger oerfabhis demonstrated that calcite is
ubiquitous throughout the well, albeit in differecdncentrations. Appendix D shows the
table with the samples and depths selected foettescise.

XRD/XRF ANALYSIS

The objective of these two analyses, X-ray powadgifraction and X-ray
fluorescence, was to determine the clay mineralmgy the geochemistry of the rocks of
each zone. The plots generated for the correlatiatrix showed what is called here "the
hockey stick" pattern. As can be seen in the Chdptand in Appendix C1-C4, the first four
zones (MS1-MS4) were showing this specific shapethmt it was absent in the bottom two
zones (MS5 and MS6), corresponding to the Badenian.

By combining these plots with the magnetic minedgntification results from
Koolen (2010), the following conclusions were reathThere are apparently two different
types of shales, i.e. Pannonian and Sarmatian agerdan, and there must be an important
source of iron in the top units allowing the forroatof greigite.
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For the XRD/XRF analysis, six samples in total eveelected. The criteria was to
choose two samples in the Pannonian, two sampldggiSarmatian, and two samples in the
Badenian. Since the cuttings available are samgledy five meters, and keeping in mind
that the idea was to determine the clay mineratifghe shales, the samples were picked up
at every extreme side of the plots (refer to Figldge This was done to secure a pure shale
sample, but also the highest MS values.

l 1100-1300 1300-1590

1.000

1

0.9 - 0.900

0.8 - 0.800

0.7 0.700

0.6 0.600

0.5 - 0.500

0.4 0.400

0.3 0.300

0.2 0.200

0.1 0.100

0 0.000

0.000 0.200 0.400 MS 0,600 0.800 1.000 0.000 0.200 0.400 MS 0.600 0.800 1.000
B sample 1130 mts A Sample 1155 mts A sample 1240 mts M Sample 1325 mts A Sample 1340 mts ® Sample 1355 mts

Sample 1250 mts Sample 1285 mts [ Sample 1440 mts Sample 1465 mts ¢ Sample 1505 mts

Figure 14: Criteria used for choosing the samples for semiquantitative analysis. Left: Sarmatian unit, Right: Badenian
unit.

As a part of the selection process, the 32 sangiatyzed by Koolen (2010) were
plotted on the same graphs generated for the atimel matrix. This is first observed in
Figure 15 showing the whole data and Figure 16zpee. The main graph used was GR vs.
MS to evaluate not only the trend, but also théntagv values of GR and MS. It is important
to mention that since the cuttings were sampledyeSeneters and the idea was to have a
pure shale, only those samples with the whole vateof five meters meeting the criteria
were selected. This was not an easy task becaugesassed in Figure 17, the readings in the
Pannonian and the Sarmatian were not confined piaracular zone only, but rather they
were spread out.

Once the samples were chosen, a small portiobaiteb0 gr. of each was put in the
oven. All the samples were dried for 72 hrs at 9GIto remove all the water. Then, using a
mortar and pestle the samples were ground andeapfimvder was produced. The grinding
was performed by hand for about 10 minutes at steahforce. The procedure was executed
very carefully avoiding contamination and misidéoéition of samples. Finally, the fine
powder of the six samples were given to the XRD/X&thnician for laboratory analysis.
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Figure 15: Superposition of the 32 samples analyzed by Koolen (2010) in the GR vs. MS plot used for the correlation matrix. This shows the wide distribution of magnetic minerals with

depth. Purple: greigite + pyrite found. Black: magnetite + greigite found. Red: magnetite. Blue: greigite.
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Figure 16: Superposition of the 32 samples chosen by Koolen (2010) in the GR vs. MS plot used for the correlation matrix. These plots were helpful for the further samples selection.
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The XRD/XRF analysis was performed initially byetX-ray diffraction facilities at
the Materials Science and Engineering of the TUftDERculty of 3mE. After the results
were obtained, a further semiquantitative analygs proposed in order to determine the
chemistry and percentage of each sample. The ifl@@sowas to check in more detail the
weight of each component and to look for specihages such as magnetite and iron, which
are very important for the study.
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Figure 17: Samples chosen for the analysis. In total 6 samples. The criteria is fully explained in the text.

For a semiquantitative analysis to be correctstmaples must be prepared following
a very strict procedure. This was not done herenduhe first time. This was noticed while
using a computer program for this purpose calledkBock (RJ), developed by Dennis Eberl
in 2003 while working for the USGS.

Figure 18: Mortar and samples analyzed. This was the methodology applied in the first XRD/XRF preparation.
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According to Eberl (personal communication) thare two ways to perform this
analysis, either using the Rietveld method or whpétern fitting, which is what RJ
does. Rietveld calculates the pattern from firsh@ples, but is not so good for minerals or
mineraloids which have poorly defined structuresl @mpositions. RJ uses a library of
standard patterns of known intensities that atedito the diffraction pattern by a solver in
Excel. The spectrum calculated and the resultirages identified showed that effectively the
samples were not prepared accurately enough femptitipose. The phases were not showing
a proper match and not all phases were identified.

Dennis Eberl mentions (personal communication) tia degree of fit must be <0.1,
however this data had on average only a degre of &round 0.25. Therefore, the results
can only be used as a reference. Also, all inteigstomponents such as magnetite, iron,
pyrrhotite, pyrite, maghemite could not be detect€&hly the common components
mentioned in the XRD/XRF report were detected.

Because of the lacking quality of this first teat,second XRD was performed
personally by Dennis Eberl in his facilities in tb&A following his standard procedure for
subsequent semiquantitative analysis. This proeedan be found in Eberl (2003). The
results turned out to be much more accurate beautsee peaks are fitted by the calculation
with a degree of fit for all samples of <0.1, anidhvthe total close to 100% (Figure 19).

Full Pattern
Red is calculated & blue is measured

)

10 15 20 25
Two-theta

Detail
Red is calculated and blue is measured

Two-theta

Figure 19: Matching patterns performed by Rock Jock Excel program.



CURRENT WORKS

TIME-SERIES ANALYSIS

The spectral analysis performed in this study ubedmagnetic susceptibility log.
Previous workers in the area (Paulissen, 2011;i$3an et al. 2011b) have used gamma ray
logs and high resolution logs (electrical borehad@ges). The methodology described here
does not assume beforehand that any of the Milatdtoeycles are preserved and/or present
in the sedimentary record observed in the study.are

According to Torrence and Compo (1997), the wawahalysis is more efficient than
standard Fourier spectral-method because it gnfesmnation both in the time and frequency
domains as a time-frequency representation ofitirek The wavelet transforgan be used
to analyze time series that contain non-statiomanyer at many different frequencies. This
feature is very suitable for the type of data usexck.

The wavelet transform was applied using the omemce code provided by Torrence
and Compo (1997). The mother wavelet was set tdvibget wavelet (0 = 6). Since the
present data was initially per meter distributed &imen yearly distributed (kyr), the key
parameter 8t" for the wavelet analysis was set as 0.2, 0.8, @8. Finally, the plots were
generated with the 0.5 value. The other parametersN = variable for each zonét = 0.2,
0.5, 0.8 yr,s0 = 2%t, 6] = 0.2. Torrence and Compo (1997) explain that viaisie ofdj is
commonly used since it appears adequate for pmayidi smooth picture of the wavelet
power.

A critical aspect of time-series analysis is tbewersion of the signal from the depth
domain into the time domain. In this case this tasls performed using the sedimentation
rates determined by Paulissen (2011) in the Paanoand Sarmatian interval. In the
Badenian interval no sedimentation rates could dterchined because the magnetic signal
was too weak to perform a magnetostratigraphicyaigl This depth-to-time conversion is
considered to be very accurate since the sedin@mtaates were determined using a
combination of biostratigraphy, magnetostratigraphyeismic stratigraphy and
lithostratigraphy. Only six short intervals werdested in that study. In the present study a
continuous interval of nearly 1300 mts. will be diger it.

Table 4 below lists the zone subdivision with threspective depth and time interval
and the corresponding sedimentation rates. Zonelides the Upper Pannonian and 160
mts. of the Middle Pannonian. Zone 2 includes #s of the Pannonian. Zone 3 consists of
Upper Sarmatian and Zone 4 of the Lower Sarmatian.

Zone Depth Interval (mts) Time Interval (Ma) Sedimentation rate (mts/kyr)

30-460 8.9-10.6 0.3
460-860 10.6-11.65 0.36
860-1100 11.65-11.92 1.2

1100-1250 11.92-12.45 0.43

Table 4: Zones used for the spectral analysis, indicating depth and time interval as well as sedimentation rates. This zone
classification is based on the depth-time correlation defined by Paulissen (2011).
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Table 5 below shows the number of Milankovitchlegahat can be expected in each
interval. The Milankovitch cycles considered here the long and short eccentricity of 400
kyr and 100 kyr respectively, the obliquity of 4yrland the precession of 23 kyr and 19 kyr.
However, Zones 3 and 4 are not long enough to shaamplete 400 kyr cycle. Therefore,
this cycle was not considered for the study.

Orbital periods (kyr)
Rate (mts/kyr) Zone Thickness (mts) 100 41 23
0.3 430 3.6 14.3 35.0 62.3 75.4
0.36 400 2.8 11.1 27.1 48.3 58.5
1.2 240 0.5 2.0 4.9 8.7 10.5
0.43 0.9 3.5 8.5 15.2 18.4

Table 5: Sedimentation rates and thickness per zone, and the number of orbital cycles that can be expected based on
them.
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Chapter 5:
RESULTS AND DISCUSSION

The aim of this chapter is to show the results daetbwith a discussion of previous
works performed either in the study area or infiblel of magnetic susceptibility. A detailed
log interpretation is performed. Also, the corriglatmatrix analysis is explained. The idea is
to present an analysis about magnetic suscepfibitg origin, and its controlling factors
based on the present data acquired and their metatjpn. This is done with careful
discussion considering all the key points. Additiltyy the wavelet maps are analyzed for any
possible Milankovitch cycles. Finally, some answetes given for some of the questions that
were initially raised. However, there still remaimncertainties about the magnetic
susceptibility signal observed in Spannberg-21.

LOG DESCRIPTION

As mentioned earlier in the Methodology chaptelyd WD data is available from
the Lower Pannonian down to TD (the full logs canfdund in Appendix A). Therefore, the
following log interpretation refers to this intetvanly. In Table 2 found in Chapter 4 the
different units present in Spannberg-21 and theptlis can be found. Figure 20 on the next
page shows the logs for a quick reference of theviing explanations.

There is a slight decreasing trend of GR with depphe GR values are high for the
Pannonian and Sarmatian, but show lower values dawds to the Badenian. The GR shows
a fully serrated behavior in the Badenian sedimeft® GR readings in this zone is on an
average 75 GAPI, with some clean zones of 45 GAPthe Pannonian and Sarmatian there
are some long intervals that are more constaniy, vaty subtle fluctuations. The GR in these
zones is around 90 GAPI with very few clean zorfe$50GAPI.

In terms of the density curve, there is a moréceable increasing trend with depth.
The Pannonian shows density values of around 2/26.grhe Sarmatian has higher values
of about 2.35 gr/cc. The Badenian has the highekieg in the section with values on
average around 2.45 gr/cc.

Regarding photoelectric factor, the values deeredth depth. The trend is slightly
noticeable. The readings start at about 7 in then®aan, keeping the same values on
average in the Sarmatian, but decrease down t® 5rbthe Badenian. This is due to
reduction of shales in the sediments, which hawedar range of values.
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Figure 20: Logging data from Spannberg-21 - 8 section. Orange dashed line marks the Pannonian-Sarmatian
transition. Red dashed line marks the Sarmatian-Badenian transition. From left to right: GR, PEF, RES_BS, RES_BM, MS,
RHOB, TNPH.
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The porosity curve, with a similar principle asndity, changes with depth. In this
case the values decrease from the Pannonian Ratenian.

The resistivity curve varies slightly along thelwsection. It has values above 100
ohm.mts in the Pannonian and then the readingeaserdown to 80 ohm. mts on average in
the Sarmatian sediments. In the Badenian, the sajoeup a bit up to about 90 ohm.mts.
However, the important feature is not about thaieslitself but about the spiky behavior
observed in this part of the log. Multiple spikeg ahown in the resistivity curve of the
Badenian sediments while these spikes are comyplatbsient in the sediments above.

The FMI data represent a very valuable sourcenfofrination especially for a better
visualization of the lithologic changes, units bdanes, and confirmation of possible
features observed in the LWD curves. In this ciseFMI data allowed the interpretation of
the Sarmatian-Badenian boundary at the 1283-1308. mainge, which was already
constrained between 1350 and 1290 mts. by Paul{2641).

Considering the resistivity curve, it was mentidmarlier that the Badenian section is
characterized by multiple spikes in the readingsese are definitively not related to any
malfunction of the logging tool. All the spikes lea& match with the gamma ray showing a
sharp decrease, with sharply increasing density slraiply decreasing porosity readings.
Comparing these matches with the images from thd, FMis found that every spike
coincides with highly resistive layers (white inetlcolor scale of this log). These highly
resistive layers are the carbonates present iB#uenian deposits and some of them show
natural fractures.

The magnetic susceptibility curve (MS) shows ayvmarticular behavior for each of
the zones described above, and the values carvigedlinto low, medium, and high. Since
this data was acquired in th&8section with wireline, the data covers all thesigraphic
units. Appendix B shows the magnetic susceptibdistribution along the well.

Starting in the Upper Pannonian, the first 140 rate very low in magnetic
susceptibility with some punctually high values.fahitunately there is no LWD data in this
zone to correlate with the MS data. The readings tincrease to medium-high values
passing from 600 ppm on average to 1000 ppm appedrly, with some peaks of higher
values. The Middle Pannonian readings continue thighsame average values of the Upper
Pannonian until 390 mts, after that the valueseiase and this trend is kept along the Lower
Pannonian and the whole Sarmatian where the higlads¢s are reached. Almost the entire
unit is characterized by very high readings hayegks above 3000 ppm. At the Sarmatian-
Badenian boundary, specifically at 1300 mts. afsldacrease occurs and the curve shows the
lowest output in the entire log. An almost flatweiof 250 ppm on average is observed from
1300 mts. until TD at 1966 mts. corresponding ®Wpper and Middle Badenian.

The very few clean zones found in the Pannoniash Sarmatian show a good
correlation between all the curves, similar to wisadbserved in the Badenian section. This is
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indicative of the relationship between clean lidges (less clay) and magnetic
susceptibility.

In the correlation between magnetic susceptibdilyve and gamma ray four areas
can be identified. Some hypotheses are raisedafdn area based on the GR and MS values
and the magnetic behavior of some minerals (TapleThe analysis was performed with
these two curves because it was here where therpattould be best recognized. The density
and photoelectric factor curves show a very sintilgtnavior as the gamma ray (Table 7).

High GR - High MS = normal correlation, deposition probably dominated by clay
minerals. MS can be caused by the paramagnetic behavior of the clay minerals and
also some ferromagnetic minerals can be present.

High GR - Low MS = deposition probably dominated by clay minerals, probably less
ferromagnetic minerals present and the MS can be caused by the paramagnetic
behavior of the clay minerals.

Low GR - High MS = anti-correlation observed with low GR but high MS values. The
MS can be caused by the presence of ferromagnetic minerals. Less clays present.

Low GR - Low MS = normal correlation, very weak MS signal probably due to the
diamagnetic behavior of some minerals. Less clays present and probably less

ferromagnetic minerals present.

Table 6: Areas identified in both GR and MS curves along the well section. Normal correlation means high GR-high MS
(also low GR-low MS). Anticorrelation means high GR-low MS and vice versa.

CORRELATION MATRIX

The plots generated for the correlation matrix #redcharacteristic pattern observed
in the results allow us to consider several keystjaes. For example, is this trend a pure
magnetic mineral effect? Or is it a combined eff#diwo different situations. Are there more
factors related to this behavior? Why do the higlgnetic susceptibility values occur only in
the Pannonian and Sarmatian, and how could thisnked to the obtained pattern? What is
the main magnetic carrier in the study area? Whielgnetic minerals are present? What are
the differences between the stratigraphic unit@bbkgpof producing such a different range of
values and curve behavior? And finally, what are thepositional and diagenetic
contributions to this response?

To answer all these questions we start by analytive cross-plots. The plot of
magnetic susceptibility vs. gamma ray shows cletavty different patterns. As seen in Figure
21, the first pattern identified in zone MS1 (andzones MS2, MS3, and MS4) seems to have
a combined effect caused by two superimposed trélifs first trend shows high values for
GR and a wide range of MS (horizontal responsejlevthe second trend shows low MS but
medium to high GR values (vertical/diagonal respdnsogether they form something like a
hockey stick. The second pattern is also obsenvéke bottom zones MS5 and MS6 (Figure
21, right, only shown for MS5) but the first pattas entirely absent in these two Badenian
zones.
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Figure 21: Correlation matrix plots generated. Top plots are GR vs. MS. Bottom plots are PEF vs. MS. The specific pattern
is observed in zone MS2 (500-860 mts) corresponding to Lower Pannonian and the other zone MS5 (1300-1590 mts)
corresponding to Badenian.

The other plots, density vs. MS and photoeledator vs. MS, show exactly the
same patterns from MS1 to MS6 as found with thergamay log. Even the plot of porosity
vs. MS, which has an inverse relationship, showsséime trend but upside down. All these
plots can be found in Appendix C.

The correlation matrix results are shown in TableThe red numbers indicate the
highest correlation coefficients which are obtaimedhe Badenian intervals MS5 and MS6.
On the other hand, the correlation is very poothe top intervals corresponding to the
Pannonian and Sarmatian.

Table 7: Correlation matrix coefficients of the LWD data with the MS data for the six zones.

Although there was no LWD data available for tinst 450 mts., a cross-plot between
GR from wireline and MS was generated. The charigtte pattern obtained in the zones
from MS1 to MS4 is not easily observed here (FigRetop). The correlation coefficient is
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only 0.11. However, what is interesting is the gahéw trend of magnetic susceptibility
values as found in the Badenian, but the unitvang different.

Even though the magnetic susceptibility valuesoled in the Upper Pannonian and
the Badenian look similar, their behavior is diffiet. The Badenian shows a steady behavior
with no sudden fluctuations and an average valugbofit 650 ppm. On the other hand, the
Upper Pannonian shows many fluctuations and inrgétige MS values increase with depth,
starting slightly above 500 ppm and ending almdstl@0 ppm at the Upper-Middle
Pannonian boundary. Also some sharp peaks arevellser this interval.

1.000

R?=0.1067

Upper Pannonian Middle Pannoni

9 39 69 100 130 161 191 222 252 283 313 344 374 405 435
Depth (mts)

Figure 22: Top plot shows GR vs. MS in the top interval. In this zone the pattern observed in the zones from MS1 to MS4
is not evident. Bottom plot shows the MS vs. Depth for the same interval. Red line indicates the limit between Upper
Pannonian and Middle Pannonian.

The comparison between GR, RHOB, PEF, TNPH andriisery zone is displayed
in Figure 23. There, three short sections fromtlinee stages are shown with the GR and the
MS alongside each other.
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Figure 23: Magnetic susceptibility and GR comparison. The light green curve in the left track is the GR. The middle track
is depth in meters. The red curve in the third track is MS. Top is Pannonian, Center is Sarmatian, and Bottom is Badenian.

XRD/XRF

The range of the GR values in the cross-plots shamove confirms the presence of
shales in the Pannonian, Sarmatian, and Badenwnoridy the Pannonian and Sarmatian
show high MS values. The Badenian shales do notvshigh MS values. The first
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impression therefore is that the shales in the &aian and the Sarmatian are different from
the shales in the Badenian.

Previous work performed by Koolen (2010) and P=eln (2011) shows that there are
zones with mostly greigite, zones with mostly mageeand zones with a combination of
both. The lowest susceptibility values are foundstlyan greigite-bearing intervals, whereas
the highest values are found in both mostly matgearing and mixed zones. However,
greigite is much more abundant than magnetite doapto Koolen (2010). This is the main
reason why greigite has been considered in retedies as the main magnetic carrier in the
area (Vasiliev et al., 2007).

The following were the main two reasons for parfmg the XRD/XRF analysis: 1. if
greigite is considered the main magnetic carrieeréd must be then an important source of
iron allowing its formation in every unit, and Retvariable responses of the signal observed
indicates the likelihood of having different typefsshales.

The results of the first XRD analysis indicatedtthll the samples contained the same
minerals, but in different quantities. The compdediound were quartz, albite, muscovite,
clinochlore, dolomite, and calcite. After reviewirtbe data, a mineral substitution was
proposed for checking other fitting options. Appenll shows the XRD results for all the
samples. It was proposed to check for illite, smectind kaolinite instead of muscovite,
clinochlore, and albite. This was done but the Itesindicated that although illite and
muscovite were both possible, the muscovite figechewhat better, and albite fits much
better than kaolinite. The smectites like nontr®ngnd montmorillonite did not fit the
measured patterns.

The Table 8 shows the XRF values organized inteetlttategories: main mineral
components, feldspar and clay components, andnf@gaetic mineral components. Based
on these results, it makes more sense to perfosgrmaquantitative analysis because these
percentages represent the total compound, butedantent can be present in more than one
phase (e.g. some Si@® in quartz and some in muscovite).
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665-670 Total % 705-710 Total % 1165-1170 Total %

Total % Total % Total %

Table 8: Distribution of elements by zone according to XRF data. Only representative elements are shown.

The Pannonian and Sarmatian sediments have tledtigpercentage of clays as
mentioned in the log interpretation with a sligleicteasing trend with depth. This is better
noticed with the semiquantitative analysis res@#se Table 9 and Figure 24). The clay
percentage is about 64% in the Pannonian (Midd lamwer), on average 53% in the
Sarmatian, and on average 38% in the Badenian,enther lowest value of 32% is found.
Table 9 summarizes the main minerals present iryesample analyzed.

Non-clays

Samples

Figure 24: Non-clays content in every sample according to the semiquantitative analysis. The clear increasing trend with
depth is observed.

The second XRD analysis was able to identify dredeffore to confirm the presence
of two different shales in the well. A very acceraemiquantitative analysis was performed
this time. According to Mr. Eberl (personal comnuation), apparently a variable slit system
was used in the first experiment because the itiensncrease with two-theta. Randomly
oriented patterns of the samples were also ruretaldbe to identify different types of clays.
This is how smectite and illite were recognized fioe six samples chosen (Figure 25).
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Smectites, which are much more iron prone thane,llidecreases from 10.5% in the
Pannonian to 2.7% and 3.9% for the two samplelsarBadenian.

Percentage (%)

10.0 15.0

B Smectite M lllite

Figure 25: Smectite vs lllite content expressed in weight percentage in the samples according to the semiquantitative
XRD analysis. For sample locations see Table 8.

The patterns shown in Table 9 below are refleitethe XRF results. As seen in
Figure 26, diamagnetic minerals such as quartzitealand dolomite increase with depth.
Combined they contribute about 25% in the Pannomvaereas for the Badenian their
contribution is 55%. Only one ferromagnetic mineralild directly be identified: Maghemite
was found at 1.5% in the first sample correspondmtghe Pannonian and at 0.2% in both
samples of the Sarmatian. Goethite is present én fitst two units, but at very low
percentages.

Diamagnetic minerals

Percentage (%)

Samples

Figure 26: Plot showing the content of diamagnetic minerals present in every sample. A clear increasing trend with
depth is observed. Sample 5 shows the highest value.
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Sample number: 1 2 3 4 5 6
Sample name: 665 to 670|705 to 710{1165 to 1170|1180 to 1185|1585 to 1590| 1740 to 1745
Full pattern degree of fit: 0.094 0.099 0.088 0.095 0.100 0.095
Mineral Weight % | Weight % | Weight % Weight % Weight % Weight %
NON-CLAYS
Quartz 14.3 17.3 20.1 24.2 34.0 28.5
Kspar (sanidine) 3.1 1.6 2.2 3.1 2.9 2.1
Kspar (anorthoclase) 0.9 4.4 2.1 3.8 2.1 3.8
Plagioclase (albite, var. cleawelandite) 2.1 1.4 2.7 2.7 4.5 2.9
Calcite 3.6 3.2 8.2 7.5 7.2 7.7
Calcite (Mg-rich) 1.4 1.5 1.2 0.9 0.4 0.5
Dolomite (Fe-rich) 5.8 6.1 5.3 7.1 13.4 7.8
Ankerite 0.9 0.4 2.5 1.6 2.2 2.4
Amphibole (ferrotschermakite) 1.0 0.6 0.5 0.5 0.9 0.3
Magnetite 0.0 0.0 0.0 0.0 0.0 0.0
Goethite 0.2 0.1 0.3 0.3 0.0 0.0
Maghemite 1.5 0.0 0.2 0.2 0.1 0.0
Total non-clays 34.7 36.6 45.3 51.8 67.7 55.9
CLAYS
Dickite 1.2 2.6 1.5 1.5 0.4 0.8
Smectite (ferruginous) 10.5 6.7 10.5 8.3 2.7 3.9
lllite (1Md) 17.0 23.3 21.7 18.3 12.3 23.0
Chlorite (Fe-rich; Tusc) 11.5 11.1 7.6 6.3 6.7 7.4
Chlorite (Mg; Luzenac) 1.0 0.8 0.1 0.5 0.6 0.2
Muscovite (2M1) 24.1 18.9 13.3 13.3 9.6 8.7
Total clays 65.3 63.4 54.7 48.2 32.3 44.1
TOTAL 100.0 100.0 100.0 100.0 100.0 100.0

Table 9: Summary table with the semiquantitative XRD results for the six samples.

Minerals with paramagnetic behavior such as mugealecreases with depth. Its
content varies from 24% in Pannonian to almost 8% adenian. Iron rich chlorite with a
high ferromagnetic behavior decreases with deptveds The distribution and percentages
of all minerals identified with the semiquantitaianalysis are listed in the Figure 27.

Percentage (%)
20.0

M Quartz M Muscovite Dolomite M Calcite M Chlorite (Fe-rich)

Figure 27: Diamagnetic and paramagnetic minerals vs. depth.
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A clear trend of minerals is observed. Quartz rf@ignetic) increases with depth,
starting at 14.3% at the top unit and ending uh &@8.5% at the bottom unit reaching the
maximum value of 34% in the second last sample.

SPECTRAL ANALYSIS

The wavelet analysis can produce a high intensgponse where the data correlates
with the shape of the wavelet. Hence it is impdrtaruse a wavelet that resembles the shape
of the feature being investigated. Torrence and @oif1997) explain that while using a
Morlet wavelet withwO = 6, the Fourier periodl = 1.03 and the wavelet scale is almost
equal to the Fourier period. This is very helptul interpretation.

Since our data are both in the time and depth duortige spectrum is also obtained in
depth and time, allowing to distinguish periodestiin both domains easily. The spectral
analysis of the Sarmatian and Pannonian shows usaraycles that are significant. The
Badenian unit is not part of this analysis sincdireentation rate data was not available and
also because the MS signal is weak with little nmoget.

The global wavelet spectrums generated show iergéthree major peaks: 93 kyr in
Zone 1 and Zone 4, another peak at 65 kyr in Zoard2Zone 3, and another cycle at about
30 kyr, which is strong in Zone 3 and Zone 4. Thesaks are all above the 95% confidence
level. There are other weaker peaks below the denée level in Zone 1, Zone 2, and Zone
4. The 93 kyr cycle closely matches the short eciogly cycle of 95 kyr comparable to the
cycle value defined by Laskar et. al. (2004). Tdysle was also part of the results obtained
by Paulissen and Luthi (2011).

The global wavelet spectrum and the power spechtained from the wavelet
analysis of the four intervals selected are showrrigures 28 (a, b) and 29 (c, d). Each
interval displays its magnetic susceptibility curtree wavelet spectra vs. time and depth, and
the global wavelet spectrum. At the border of ttevelet power spectra there is a zone called
the cone of influence. Below this cone of influetite data is considered doubtful. However,
nearly the entire spectrum is found inside or alibeecone. Since we are dealing with finite-
length time series, errors are expected to occtireabeginning and end of the wavelet power
spectrum. The plots are generated over zones Xichide unconformities (Paulissen et al.,
2011a).

The contour maps generated with the wavelet aisadys found in Figures 28 and 29.
The first cycle with a periodicity of 93 kyr is aoved between the Middle to Lower
Pannonian. Additionally, some short cycles are tbunthe Upper Sarmatian and a strong
cycle in the Lower Sarmatian. The thick contourleses regions with confidences higher
than 95%.
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DISCUSSION OF RESULTS
ORIGIN OF THE MAGNETIC SUSCEPTIBILITY SIGNAL

Our data indicate that there is clearly a cornegatelationship of the MS signal with
the detrital content and an inverse relationshi wie carbonate content (Figure 30).

Detrital vs MS

Detrital (%)

*

1000 1500 2000 2500 3000

MS (ppm) R?= 0.5002

Carbonatesvs MS

1000 1500 2000 2500 3000
MS (ppm)

R*=0.7247

Figure 30: Top plot indicates the direct relationship between MS and detrital input. Detrital data are obtained from the

XRF analysis. Bottom plot indicates the inverse relationship between MS and carbonate content. Data are also obtained
from XRF.

In Figure 31 the Ti content is used as a terrigesnproxy, while Ca is used as a
marine proxy. The aforementioned relationship betwk®lS and carbonate/detrital input can
be clearly observed on these plots. Additionalhe tarine-terrestrial ratio represented by
these elements is also shown. This ratio strongtyetates with lithology and thereby also
with carbonate content. In other words, these plwtsvide information on when the
carbonate production slowed down because of detat caused by the sea level change at

the Badenian-Sarmatian boundary. These plots a®dban the XRF data of the six samples
analyzed.
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Figure 31: Top left shows carbonate content and MS response. Top right shows titanium content and MS response.
Bottom left indicates marine -terrestrial ratio (Ca/Ti) and MS response vs. depth. Bottom right shows titanium vs.
calcium vs. depth. This helps to visualize the relationship between high/low MS values and the calcium/terrigenous
content.

The nformation obtained frorthe plots above along with thelationshij established
between MS and detrital/carbor content, serves as evidence for ligh MS values four
in the Pannonian and ti&armatia, showing the highest conter$ terrigenous elemen
Similarly, it showshow MS decreas in the Badenian as thearbonate content riseln
general terms, the highexincentration of magric minerals matches the highamounts of
Fe, Ti and Al, whilethe lowest concentrations in these elements ca@nwidh zones o
reduced magnetic minerals.

Ca/Ti and Ca/Alessentially represe carbonate productivity over terenous input.
The analysis of the elemental ratios indicate the Pannonian and Sarmatian were
susceptible to siliciclastic sediments, wherethe Badenian wasmore susceptible t
carbonates, confirminghe ideas ofPiller (1999). According to achemical weathering
indicator, mobile elements (Na, Ca) dominate the geocheynistrthe sediments in tt
bottom part of the well represented by the last $amples. This correlates with the decre
of the magnetic susceptibility profile obsenon the logging data.
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DEPOSITIONAL ENVIRONMENTS

It is important to recall that the Pannonian imé&rcorresponds to a delta front and
pro delta environment with some distributary chasn&he Sarmatian is similar to the
Pannonian environment and the Badenian is charaeteby the presence of mouth bars and
distributary channels with some delta front areBsu(issen, 2011). Besides the high
influence of clays, the peak of the carbonate pcdn is reached only during the Badenian
(Piller et al., 2007). The target of the Spannli&tgwell was the 15THZ2 basin floor fan
deposited during the middle Badenian.

The XRD results indicate that the Pannonian sedisn®ok more immature than the
Badenian deposits. This, at least, in terms of dbmposition. The Pannonian and the
Sarmatian are more compositionally diverse than Baelenian (Figure 27). Therefore,
effectively the Badenian sediments are interprétezbrrespond to a more distal environment
than both the Pannonian and the Sarmatian. Thempreof mostly quartz (hard mineral) and
less muscovite (soft mineral) in the Badenian sugpibis idea. The opposite trend is found
in the Pannonian and the Sarmatian.

The high magnetic susceptibility are found in toarser sediments located in the
Pannonian (Middle and Lower) and the Sarmatian, thedlowest values in the Badenian.
Figure 32 shows the MS trends for the Sarmatigi{yriand the Pannonian (left).

GRAIN SIZE

Koolen (2010) documented the presence of magnaiasgreigite in the Sarmatian
and Pannonian intervals and authigenic greigitth@nBadenian. He also mentions that the
abundance and distribution of magnetotactic bactare dependent on organic matter, iron
content, oxygen, and sulphide. These magnetosomnairats are in the SD domain and they
are very stable. However, these SD grains have ati@gsusceptibilities that are significantly
lower than those produced by SP or MD structures.

Authigenic greigite, a precursor of pyrite, isrfed under anoxic conditions. Of the
three stratigraphic units, this condition is prdgabest met in the Badenian marine
sediments. In this case, organic matter and a $eglmentation rate may enable the sulfate
reduction to stop before all FeS is converted pyote, as explained by Berner et. al. (1979).
However, there is more greigite in the Sarmatiash tre Middle/Lower Pannonian than in
the Badenian. Koolen (2010) hypothesizes that teegige in the Sarmatian and Pannonian
has most likely a magnetosomal origin, while the onBadenian is authigenic. Roberts and
Turner (1993) mention that the low permeability ssdi by clays prevents the penetration of
sulfate resulting in the consumption of thgSHavailable before the full reaction to pyrite can
occur. In the case of the Upper Pannonian, whene mmagnetite than greigite is observed,
the fresh water conditions combined with the losedimentation rates may have prevented
the formation of greigite.
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Figure 32: Left: MS vs. Depth along the Pannonian unit showing the decreasing trend of MS values towards the top. The
trend is discussed in the text. Right: It is also a MS vs. Depth plot, but the MS values does not show any increase or decrease
trend. UP stands for Upper Pannonian, MP Middle Pannonian, LP Lower Pannonian, US Upper Sarmatian, LS Lower
Sarmatian.

One of the reasons why the magnetic susceptibilitthe Lower/Middle Pannonian
and the Sarmatian is significantly higher tharhi@a Badenian although the magnetic minerals
are mostly SD greigite, is because the effect preduby the concentration of magnetic
minerals is much higher than the effect producedytan size. Actually Clark (1997) has
found that the microstructure and size of the graioes not greatly affect the susceptibility.

High ARM in case of magnetosomal minerals preseata good indicator of high
interaction between the particles. On the othedhtre low values can be attributed to some
authigenic greigite present. Also, the SIRM/MSaatisplays high values where smaller SD
grains are present. The conclusion here is thathifle MS signal in both Sarmatian and
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Pannonian are attributed to the abundant SD magmmia greigite and some PSD-MD
authigenic greigite. Still some detrital magnetitelld be present.

It seems clear that the high MS intensity obsemedtie Pannonian and the Sarmatian
is the combined effect of magnetite and greigitewkver, the response cannot be attributed
to any of the two magnetic minerals present. Ondtieer hand, the low response in the
Badenian is most likely generated solely by authiggreigite. Hence, one could postulate
that high MS values are proportional to magnetiesence, whereas greigite presence is not
a direct indicator of high MS. The response inBaglenian allowed to make this distinction
because greigite should give high values as wall, &pparently it suffered abrupt
geochemical changes after deposition causing atiedwof its magnetic intensity.

IRON EFFECT

By combining the results into the categories nw@d in the XRF analysis, it was
possible to highlight some important aspects. Tae content itself is obviously important,
but its abundance is not proportional to the M$®oese observed. Even in zones with low
iron content, greigite still occurs and the MS &rywlow. The Sarmatian and Pannonian
intervals, with the highest MS readings recordedehon average very similar iron content as
the Badenian which has the lowest MS signal. Howeahe Pannonian and Sarmatian show
much more greigite than magnetite. The behaviortled curve confirms that the
ferromagnetic minerals present are not the samgr{etiie and greigite).

The small amounts of pyrite found in the samplesuaed always together with
greigite. This is an indication that the pyritizatiprocess took place, but most likely due to
an iron shortage, the process was interrupted l@ncthtermediate product greigite dominated
the content. Pyrite is not able to carry any remameagnetization, and therefore was not
further investigated here.

Figure 33 shows the XRF results with a conspicupatern namely that at low
ferromagnetic contents a high feldspars/clay cdntembserved and vice versa. Moreover,
there is a slight decreasing trend of ferromagnmiicerals with depth. This trend initially
makes sense in the Pannonian and the Badenianpbut the Sarmatian (in terms of MS vs.
ferromagnetic minerals).

As for the necessary iron for the greigite forroafithe relative high presence of
smectite in the top two intervals and its low presein the Badenian might be the answer. In
this case, the illitization of smectite occurring shallow depths and lower temperatures
liberates the required iron for the formation oéigite. The iron content together with the
high sedimentation rate suggests that not only etagomal greigite is present in the
Pannonian and the Sarmatian, but also some auibigegigite is formed here as well. The
insufficiently dissolved sulfate could have avoidadmore significant formation of these
minerals. This option cannot be ruled out. In gahethe same greigite abundance is
observed either at low or high iron content peragat Nevertheless, and as shown in Table
8, the iron content in the Pannonian and the S@aam& slightly higher than in the Badenian
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and this helps in explaining the greigite dominaimcéhese units. During the Badenian, the
amount of iron was not enough for completing thetpyformation, resulting in authigenic
greigite.
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Figure 33: A plot of three mineral groups versus depth, based on the XRF results.

BADENIAN LOW RESPONSE

The Badenian has so far been interpreted to beindd®d by authigenic greigite
formed in the pyritization process. However, thasan for the low magnetic content and the
low response in this interval remains unclears lumlikely that the MS can be explained by
the effect of one single factor/process, and in@e likely to be a combination of several
factors, many of them very complex, some still eacland the combined effect produces
what is on the log. In this particular questiore #lituation can be explained either by changes
in the provenance of the sediments, or by a deergadetrital magnetic minerals input, or
even by post-depositional processes acting ondtiienents. This is explain as follows:

PROVENANCE OF THE SEDIMENTS

Some elements such as Na, Ca, K, and Sr are vebjlerand are easily removed
from parent rocks. Among the common terrigenousetds found in the XRF results, Si, Fe,
and K are not necessarily good indicators of temays influences. By contrast, Al and Ti
are very resistant to weathering or diageneticggses and are well conserved elements. For
this, they are generally used to estimate the admoel of terrigenous materials in
sedimentary sequences. Wei et. al. (2006) fount Thas the best proxy for terrestrial
materials. Figure 34 shows correlations of these élements and their positive relationship
indicates that there was not a big change in tbegmance of sediments. Additionally, Rb
and Fe are also shown and they are also seenrdaterwith these elements and thus could
be seen as additional terrigenous input indicatOrsthe other hand, Ca often represents the
carbonate fraction of the sediment.
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Figure 34: Detrital elements correlation.

DETRITAL INPUT

During Badenian times, where the conditions wergransuitable for carbonate
deposition, the terrestrial input was still quitgth This indicates that the only possible
explanation for the low MS response in the Badefi@on the post depositional processes
that acted on the sediments (dissolution).

DISSOLUTION

There is some evidence for significant dissolutiorthe study area:1) the magnetic
susceptibility values in the low readings zones age low as typical diamagnetic /
paramagnetic values, which suggests that most nitgrad greigite particles have been
removed or reduced in size. 2) Low magnetic unigsendeposited under anoxic conditions,
either marine or with high sedimentations ratesaratierized by high organic carbon
contents. 3) Pyrite has been identified in somepéasnwith low MS zones but was not
detected in high MS zones.

If there was significant dissolution in the Badamithe first grains that disappear
were probably SD and SP. If the process continB&M and finally MD disappeared as well.
If mostly authigenic greigite is present with pelds in the PSD-MD range, then the
dissolution effectively was strong, reducing thexantration of the magnetic minerals and
thus producing a decrease in its MS signal. Th&h@wvn with the positive relationship in the
ARM vs. MS plot and also the low ARM (indicatingniing of grains) (Figure 35, right)
(Koolen, 2010). The low ARM response is also causethe absence of magnetic minerals.
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Figure 35 (left) shows that exactly at the starthef Badenian, there is an increase in the
ARM/MS ratio indicating fine magnetic grains coiditig with the decrease of the MS
readings. Further evidence of this loss can be bgenormalizing the ARM (sensitive to
grain size and concentration) to SIRM (sensitivectmcentration), to get a parameter
sensitive to grain size.
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Figure 35: Left plot (modified from Koolen, 2010) shows ARM/MS and ARM/SIRM vs. depth. Red dashed line marks the
start of the Badenian. Right plot shows MS vs. ARM with a positive correlation coefficient indicating a change of the
magnetic grains with depth. ARM and SIRM show a clear indicative of the low concentration of magnetic minerals in the
Badenisan. Plots generated using the data acquired by Koolen (2010). ARM/SIRM is expressed in A/mts. MS is expressed
in ¥107SI.

Organic matter and the sedimentation rate arekdélyeelements for the dissolution
process. The Badenian sediments had the conditionsthis to happen with high
sedimentations rates and high organic input, cgusite progressive dissolution and/or
transformation of the magnetic minerals into grteigEven in some cases the formation of
magnetite is interrupted in these conditions.

Since dissolution has been proposed here as ar nmagtor for the magnetic
susceptibility response in the Badenian, the geogtey of the sediments linked to chemical
weathering is also studied. It is important to poout that the chemical weathering
mentioned here is referred to the sediments duaimd after deposition. It can be seen as
either a diagenetic or a paleoclimate indicator.
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Figure 36: Simplified model illustrating the progressive dissolution of SD and PSD magnetite (dark/grey area/line) and
the formation of SP/SD greigite (light grey line/area)., followed by the delay before greigite grows to SD size and to a
continuous greigite growth in zone 3. SMT = sulfate-methane transition. Modified from (Rowan et al., 2009).

ELEMENTAL RATIOS ANALYSIS

Elemental ratios are more useful than single eles because they are typice
insensitive to dilution effectéGovin et al., 2012)Among existing ratios, calcium/tnium
(CalTi), titanium/aluminum(Ti/Al), calcium/iron (Ca/Fe), aluminum/silicon (/Si) and,
calcium/aluminum (Ca/Al) & the most commonly used for paleoclimand source studies.
Elements with differenmobilities are differentiated during chemical weathering, dnel
degree ofchemical differentiation is determined by the irsién of chemice weathering.
Element ratios of detritahaterials such as Al/Ti, Al/K, Al/Na, Ca/Ti, K/, Na/Ti, Ca/Fe,
Rb/Sr and, Si/Kin mixed carbonate and detrital sediments have usedhere to decipher
this intensity. Additionally, Ti/Al, Mg/Al, Si/Al,and Rb/Alfor mixed carbonate and detri
sedimentslso have been used to trace the intensichemical changes.

In Figure 37, the top left plot sho the increase of calcium with depth. Similathe
Ca/Ti and Ca/Fe ratios also indicate an increasiaigd with depth. Therefore, titanium
decreasing with deptlkigure 3¢ shows how the increigg Ca/Fe ratio with depth match
with the decreasing MS signaThese results demonstrate thhie MS readingsare
proportional to the amount of terrigenous input amersely proportional to the carbon:i
content.
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Figure 37: Marine and terrestrial elements vs. depth.
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Figure 38: Marine-Terrigenous ratio of the proxies Ca/Al and Ca/Fe. Both curves cross each other roughly at Badenian
onset (1200-1300 mts) where the influx of sediments is reduced and the carbonates control the lithology.

An increaseof the chemical weathering may result in highefT# and Al/Na ratios.
Actually the general trendeams to indicate that chemical weathhg is decreasing wil
depth as shown by Figure 39.
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Figure 39: Al/Ti ratio and Al/Na ratio indicating high chemical changes in the top and decreasing with depth.

Ca/Ti, Na/Ti, Ti/Al, Mg/Al, and Si/Al ratios showncreasing trends with depth
accompanied with a decreasing trend of Al/Na, ATi (Figures 40 and 41). Even Rb/Sr
and Al/Ca shows the highest values for the top $esnpuggesting a higher degree of
weathering. All this seems to suggest a decreasharhical weathering intensity with depth.
The Chemical Index of Alteration (CIA) was alsoadated here and the values present in
both Sarmatian and Pannonian sediments reflecttiiese units were subjected to strong
chemical weathering. The CIA values of the sedimeahge from 38.7 to 56.3. This and the
rest of the elemental plots can be found in Appeli
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Figure 40: Na/Ti ratio and Al/K ratio calculated indicating chemical weathering strength. Below 1300 mts (Badenian) the
intensity decreases.

An increase in Si/Al and Si/K may be related toeahanced input of quartz, which in
turn may be due to a higher transport energy. heegent with this, the higher values of
Si/Al and Si/K observed in the bottom interval nimyexplained as consequence of this. This
is observed in the XRD results that show predontigaquartz for the distal sediments (the
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Badenian)whereas less quartz and other phases are foun@xmyal sediments interprete
as theSarmatian and Pannonie
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Figure 41: The Si/Al and Si/K ratios can be useful proxies for the energy associated with sediment transport.

To sum up, the combination of the effect causethbydepositional environmetrthe
detrital/carbonate influencehe increasing trend with depth of diamagnetic mals the
decreasing trend with depth as well of paramaghetromagnetic minerals, the hi
concentration of magnetic minerals in the top twitsy and the dissoluti/dilution effect
seem to explain the behavioirthe magntic susceptibility signal record.

WAVELET ANALYSIS

Sedimentary cycles are caused either by eustaitesel changes or tectonic evel
In this case, the 95 kyr cycmay be linked to the global sea level dtbpt occurred at the
BadenianSarmatian boundary and to orbital forces. Howefrom the Middle to Upper
Miocene, he sedimentation was governed by combination of-apart tectonic and
multiple sea-level changesssociated wit them. Therefore, the smaller cycle of 65 ky
very likely to have a tectonic origin and does mecord anorbital influence

Two types of lithologice cycles were predominairt the Vienna Basin and even
the other basins in the vicin. The first type is characterized hiigclastics cyclicity while
the seconne is predominated by carbor-clay cycles. Due to the different sediment
regimes,strong differences in the expressionperiodicities are showin the lithological
cycles. Van Vugt et al.2001)concluded that carbonatkyminated basins ¢ susceptible to
precession whereas siliciclastic basins are sensitive to eccentricityn our analysis no
carbonates sections were considered (Badeniarthahdould be a rson why ncprecession
cycles were identified.

The presence athese multiple sand/cl cycles is very typicain the Sarmatian-
Pannonian sedimentary record in the Vienna Badies& major trends the sedimentary fil
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observed on the well logs indicate changes caugedriital forces based on the results
shown in the wavelet analysis. The smaller peritd& observed are generally difficult to

define accurately in this type of environments [[elma marine) because the record is often
discontinuous. The discontinuity of the cycleshe Sarmatian is originated by the multiple
sea level changes caused in turn by the tectomnts\that took place during this time. For
this reason, and considering the zonal classiboatiefined by (Paulissen, 2011), it was
convenient to divide this interval into two. Thiwidion allows us to notice the discontinuity

in the cycles very clearly. On the other hand, sitinis typical sedimentary pattern is not only
present in the Vienna Basin, but in the Styrian @rahsylvanian Basin as well as pointed out
by Harzhauser et al. (2004), the changes of depoalt environments can be correlated
throughout the whole Paratethys zone. All this gatks that effectively some of the cycles
are not caused only by local tectonic movementspipumajor oscillations in the relative sea
level in the whole area.
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Chapter 6:

CONCLUSIONS

CONCLUSIONS

Significant changes in magnetic properties areeoniesl above and below the
Badenian-Sarmatian boundary. This major event defty marked the end of one cycle and
the onset of a very different one, and it had pbbpareated different conditions suitable for
the formation and/or preservation of magnetic nafeerTherefore, magnetic susceptibility
can be seen as a powerful but complicated proxyirftarpreting changes in climate and
depositional environments.

Authigenic greigite is considered the main precursf pyrite and its formation is
related to the shortage of either iron mineralssalved sulphate or organic matter during the
pyritization process. The high sedimentation rages whe main factor capable of generating
the anoxic conditions needed for greigite formationthe Sarmatian and Badenian. The
dissolution of the detrital magnetite in the Ba@d®anseems to be the best explanation for the
negligible MS response observed in that unit. seilts show that magnetic susceptibility is
dominated and controlled by the mineral magnetitéd therefore, it is the main magnetic
carrier.

It is concluded during this study that the magnstisceptibility property cannot be
explained by the single effect of one processatt, f multiple processes at different times are
responsible for the evolution of this signal. Thembination of these processes during
deposition and post-deposition produces remarkaidages in the magnetic properties of the
sediments.

This thesis offers a compilation of data on théatrenship between magnetic
susceptibility (MS), environmental parameters (pmad-distal, mineralogy, grain size
distribution, sedimentation rates) and depositioeavironments (shallow marine and
terrigenous) during different Miocene stages. Inagal, the magnetic susceptibility signal
depends on the presence of ferromagnetic mineridsiever, the susceptibility response
observed in the Badenian seems to be carried nérbymagnets but by diamagnets. The
susceptibility in the top units is determined bytbthe presence of magnetic minerals and the
abundance of terrigenous Fe-rich clays.
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The excellent negative correlation between magnstisceptibility and carbonate
content verifies that the susceptibility signalleefs the concentration of the non-carbonate
fraction.

Since the MS is related mostly to lithogenic irgpuhe decreasing trend of values
with distance observed in the three units is comdl with the semiquantitative analysis
results. According to these results, the Badenedinsents were deposited far from the
source or at a higher relative sea level. Moreoteis interval is affected strongly by
carbonate production that prevented the depositianagnetic minerals.

Another major factor has to do with eustatic Is¥al changes because it controls the
detrital influx, influencing therefore the magnesiasceptibility behavior. This is what it is
observed in the Sarmatian and Pannonian afteeg8pective sea level drops.

The reduced detrital input documented in the Betedoes not look strong enough
to be the only responsible agent for the low M$oese. Here we propose a prolonged
dissolution affecting all magnetic mineral domaleaving the MS response to be solely
produced by diamagnetic minerals as supported dgéimiquantitative analysis results.

In terms of cyclostratigraphy, one can concludémarily by saying that the
combination of a fully environmentally controlledoperty such as magnetic susceptibility
with the analysis of sedimentary cycles, which ateflects changes in environmental
conditions, represent a powerful method for reaoicting climate conditions.

The wavelet analysis provided evidence that nbt Bfilankovitch cycles are present
in the Sarmatian and Pannonian. Definitively otbiteices affected the central part of the
Vienna Basin during the Miocene and these forcesealated to the sedimentary 93 kyr cycle
observed. The short eccentricity cycle of 95 kyraekated to the major sea level fall which
occurred at both Sarmatian-Pannonian and Baderdamg®ian boundaries. It looks
continuous throughout the record and it is repriegskehy a strong peak in the power spectra.
There are, however, other prominent cycles presaming a more discontinuous behavior
easily observed during Sarmatian. The 65 kyr cighery strong, but represents more of a
tectonically originated cycle than a eustatic cycle

The data quality and quantity was definitively asiiive feature of the magnetic
susceptibility signal. The unconformities did ndayany role in the interpretation of the
results as they could be eliminated by the integratudy of Paulissen et al. (2011). This
accuracy of the sedimentation rates was also irapbfbor guaranteeing the quality of the
results. The prominent cycle of 95 kyr is obserwsabtly in shaly environments, hence the
record seems to be reliable. The presence of thiesynd their distribution are consistent
with the fact that sea level fluctuations and tem@vents occurred at these times.



RECOMMENDATIONS

Chapter 7:

RECOMMENDATIONS

RECOMMENDATIONS

The idea of this chapter is to mention some pothet can be helpful in the
understanding of some ideas still unclear aftes Whork. The purpose is to propose further
studies if more knowledge is desired about magraigceptibility in order to be able to
minimize doubts as expressed in this thesis.

The recommendations are as follows:

+«+ Thin sections would be useful for samples in theri@aian, Sarmatian, and especially
Badenian for confirming the theory about dissolutibut also to verify the magnetic grain
size of the magnetosomal greigite present in tipetteo units. Looking for SP domains
would be also interesting.

s The low MS values in the Badenian characterizedniypaby greigite, which is
supposed to have also high readings, represemtar@sting problem. For this reason, DTA
or TGA experiments are proposed to see if the pdae also show greigite.

« SEM analysis might be helpful for a more convincidgntification of the magnetic
minerals present.

% Despite an improving understanding of magnetic episioility and the effect that
diagenesis has on this property, a better ideatibia and even quantification of this effect
should remain a priority for future research.
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APPENDIX B: magnetic susceptibility per zone
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APPENDIX C.1: GR vs. MS cross plot used for the correlation matrix
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APPENDIX C.2: RHOZ vs. MS cross plot used for the correlation matrix
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APPENDIX C.3: PEF vs. MS cross plot used for the correlation matrix
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APPENDIX C.4: TNPH vs. MS cross plot used for the correlation matrix
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APPENDIX D: depth intervals analyzed for acid test
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APPENDIX E.1: XRD spectrum for Sample 1 and Sample 2 in compatible scales (counts vs. 20)
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APPENDIX E.2: XRD spectrum for Sample 3 and Sample 4 in compatible scales(counts vs. 20)
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APPENDIX E.3: XRD spectrum for Sample5 and Sample 6 in compatible scales (counts vs. 20)
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APPENDIX F.1: XRD spectrum for Sample 1, original report
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APPENDIX F.2: XRD spectrum for Sample 2, original report
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APPENDIX F.3: XRD spectrum for Sample 3, original report
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APPENDIX F.4: XRD spectrum for Sample 4, original report
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APPENDIX F.5: XRD spectrum for Sample 5, original report
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APPENDIX F.6: XRD spectrum for Sample 6, original report
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APPENDIX G.1: single elements and ratios for geochemistry analysis
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APPENDIX G.2: single elements and ratios for geochemistry analysis
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GLOSSARY

GLOSSARY OF TERMS

Anhysteretic remanent magnetization (ARM): a laboratory remanence that results from
applying a small DC magnetic field (~50-100 to a sample in the presence of an
alternating magnetic field that is decreased frames peak value to 0. In most laboratories,
the peak field is about 100 mT. A partial ARM dam applied by only switching on the DC
field over a limited range of alternating field thg the decrease from a peak alternating field
value.

Authigenic: An authigenic mineral is one that formed in plaegher than being transported
from another location.

B1-: is defined as the field at which half of the SIReached.

CIA: The Chemical Index of Alteration was proposed laghitt and Young (1982) as a
measure of the role played by chemical weathenmnthé production of clastic sediments.
The ratio CIA = (AbO3/Al,03 + CaO* + NaO + K,O) X 100 (where CaO* is the calcium

content of silicates) is based on the assumptiah ttte dominant process during chemical
weathering is the degradation of feldspars anddimreation of clay minerals.

Coercivity of remanence (Bcr): The direct reversed magnetic field that must hdieg and
then removed to demagnetize to zero the saturagomanent magnetization that was
imparted in the opposite direction.

Curietemperature (Tc): As temperature increases in a ferromagnetic nahténieratomic
distances increase, and the magnetic exchangectiter becomes weaker. At Tc, thermal
energy overcomes the exchange energy, and magnetieents become independent so that
the material becomes paramagnetic. Named for tleachr scientist Pierre Curie (1859-
1906).

Cyclostratigraphy: the study of periodic behavior of the propertiglsa sequence of
sedimentary rocks.

Dispersion parameter DP: is the width of the distribution, given by onerstard deviation
of the logarithmic distribution.

DTA: Differential thermal analysis is athermo analysichnique, similar to differential
scanning calorimetry. In DTA, the material undardst and an inert reference are made to
undergo identical thermal cycles, while recording eemperature difference between sample
and reference. This differential temperature isnth@otted against time, or against
temperature (DTA curve, or thermogram).



Eccentricity: the deviation of the Earth’s elliptical orbit aralithe Sun from circularity. An
eccentricity of O is a circular orbit, an eccerntyicof 1 is a parabola. Earth’s orbital
eccentricity has ranged from 0.0034 to 0.058 ovemtast several hundred thousand years.

GAPI: APl gamma ray units. A unit defined by the Ameri¢troleum Institute for gamma
ray log measurements.

IRM/SIRM: Remanent magnetism resulting from short-term exygo® strong magnetizing
fields at constant temperature is referred to @hemal remanent magnetism(IRM). In the
laboratory, IRM is imparted by exposure (usuallyctm temperature) to a magnetizing field
generated by an electromagnet. The maximum remartbat can be produced is called the
saturation isothermal remanent magnetization (SIRM)

LWD: it stands for Logging While Drilling. is a techuig of conveying well logging
tools into the well borehole downhole as part ef bottom hole assembly (BHA). LWD tools
work with its measurement while drilling (MWD) sgsh to transmit partial or complete
measurement results to the surface via typicallribing mud pulser or other improved
techniques, while LWD tools are still in the borhavhich is called "real-time data".

Magnetosome: A magnetic nanoparticle produced by, and foundriagnetotactic bacteria.
Magnetosomes are usually aligned in chains anceacased by a thin cellular membrane.
These chains act like a compass needle to orieghetatactic bacteria in the geomagnetic
field. Magnetosomes commonly consist of magnetitgreigite.

Magnetotactic bacteriaz A class of bacteria discovered in the 1960s thamtain
ferrimagnetic crystals within cell structures themable the bacteria to navigate along
geomagnetic field lines.

Multidomain (MD): As a magnetic particle increases in size, its raagrenergy increases.
In order to minimize this energy, a particle wikdin to nucleate domain walls at a critical
grain size threshold. These walls divide the plartioto two or more magnetic volumes or
domains. The magnetization is uniform in each dombut it differs in direction from
domain to domain. MD grains are less effective @alagnetic recorders than singlemain
grains.

Natural remanent magnetization (NRM): The magnetic remanence of a geological sample
prior to laboratory treatment. The NRM is typicatlgmposed of more than one component
acquired at different times during a sample's hystblagnetization components are usually

identified in the laboratory using stepwise thermrahlternating field demagnetization.

Obliquity: In astronomy, axial tilt, also known as obliquitis the angle between an
object's rotational axis and its orbital axis, equivalently, the angle between its equatorial
plane and orbital plane. It differs from orbitatiimation.



Precession: is a change in the orientation of the rotationals aof a rotating body. In
astronomy, "precession” refers to any of severmalvsthanges in an astronomical body's
rotational or orbital parameters, and especialligaoth's precession of the equinoxes.

Pseudo-single-domain (PSD): A magnetic structure intermediate between thelsidgmain
(SD) and multidomain states in which particles aontmore than one domain but exhibit
many of the stable magnetic properties typical Df frticles. PSD grains can have stable
remanent magnetizations over geological time scabescan therefore be paleomagnetically
important.

RES _BS: shallow button resistivity for the LWD tool.
RES _BM: medium button resistivity for the LWD tool.

SEM (scanning electron microscopy): is a type of etetimicroscope that produces images
of a sample by scanning it with a focused beamlemft®ns. The electrons interact with
atoms in the sample, producing various signals ttzat be detected and that contain
information about the sample's surface topograpityc@mposition.

Singleedomain (SD): A uniformly magnetized magnetic particle with aagle magnetic
domain. Noninteracting SD grains are ideal recadémpaleomagnetic information. In most
magnetic minerals, stable SD grains are extrenmalis(the SD size range in magnetite is
~30-80 nm).

Superparamagnetism (SP): Class of magnetic behavior exhibited by very srpalticles
(<30 nm in magnetite) that have relaxation timesatnoratory time scales (typically <100 s).
For these patrticles, atomic magnetic moments aliga magnetic field to produce a strong
induced magnetization that can be rapidly destrdoyethermal vibration soon after removing
the field (seconds to minutes).

TEM (transmission electron microscopy)s a microscopy technique in which a beam
of electrons is transmitted through an ultra-ttpe@men, interacting with the specimen as it
passes through. An image is formed from the intemaof the electrons transmitted through
the specimen; the image is magnified and focuséal an imaging device. SEM focuses on
the sample’s surface and its composition wheredsl pPEovides the details about internal
composition.

TGA: Thermo gravimetric analysis or thermal gravimeti@alysis is a method of thermal
analysis in which changes in physical and chenpoaperties of materials are measured as a
function of increasing temperature (with constagdating rate), or as a function of time (with
constant temperature and/or constant mass lossp €& provide information about
physical and chemical phenomena such as second-gmdase transitions, including
vaporization, sublimation, adsorption, absorptemd] desorption.



WL: it stands for Wireline. the term wireline usualgfers to a cabling technology used by
operators of oil and gas wells to lower equipmanimeasurement devices into the well for
the purposes of well intervention, reservoir evatrg and pipe recovery. Tools inserted into
the well for both workover and logging efforts, aline and slickline are very similar
devices. While a slickline is a thin cable introdddnto a well to deliver and retrieve tools
downhole, a wireline is an electrical cable uselbiger tools into and transmit data about the
conditions of the wellbore called wireline logs.



High-resolution magnetic susceptibility
data interpretation in a well through
the Miocene of the Vienna Basin




