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1 INTRODUCTION 

Chapter 1: 
INTRODUCTION 

INTRODUCTION 

 Magnetic susceptibility (MS) represents a very important rock property to be 
measured. This can be done not only in the laboratory using rocks samples, but also on 
outcrops or with downhole tools in wells. This property is basically controlled by the type 
and concentration of magnetic minerals contained in the rock. It can be dominated by 
minerals that are paramagnetic (clays), diamagnetic (calcite, quartz), or ferromagnetic 
(magnetite, greigite). It seems to be highly affected by several environmental factors and 
complex processes, which control its response in the sediments. 
 
 The present study constitutes a MSc. Thesis carried out at the Delft University of 
Technology within the Petroleum Engineering and Geosciences track. The apparent lack of 
correlation between the basic petrophysical properties and magnetic susceptibility acquired in 
Well Spannberg 21 was the igniter for considering this study. It was planned in order to 
determine the factor(s) responsible for the variations in magnetic susceptibilities measured in 
the borehole Spannberg-21 in the Vienna Basin (Austria).  
 
 The development of this thesis is based on the use of a full data set of LWD and WL 
logs and drill cuttings available for the whole well interval. The data was acquired back in 
2007 by the National Operating Company OMV, together with Schlumberger and Delft 
University of Technology. Previous researchers have studied the magnetic minerals in the 
area and some conclusions have been drawn regarding the chronostratigraphy, 
biostratigraphy, and magnetostratigraphy in this well. However, it was until now when the 
MS problem was tackled.  
 
 This study was considered an open-ended research project from the beginning, since 
this was the first time that a project with such data and such a research objective was being 
conducted. Therefore, the result of each task was the basis for the next step. The Vienna 
Basin is very suitable for high-resolution studies like these because it has been widely 
described through several decennia. Moreover, the rapid sedimentation which occurred in this 
basin gave rise to the formation of thick sequences. Furthermore, downhole measurements 
are helpful because they provide a continuous record of the rock properties in the subsurface.  
 
 The aim of this MSc. thesis is to perform a detailed analysis employing all the data 
available, combined with new measurements, in order to find an explanation on what controls 
the rocks' MS property, what are the reasons for its behavior, and what possible applications 
can be given after its interpretation.  



 

 

2 INTRODUCTION 

  For this project, apart from the logging data already available, the literature review 
was an extremely important part for two reasons:  
 
1. The Vienna Basin is well-known geologically because many studies have been conducted 
there, and 
2. Because only few studies have been performed on magnetic susceptibility in boreholes, 
and these were mostly done on cores.  
 
 This study evaluates first the tectonic settings and provides the required geological 
background in Chapter 2. Chapter 3 explains the technical aspects concerning magnetic 
susceptibility. The subsequent chapter 4 describes the methodology applied by mentioning 
the previous studies, and the integration of results along with newly obtained measurements. 
The results and their discussion are found in Chapter 5. The last two chapters, 6 and 7, 
contain the conclusions of this work and some recommendations for the future.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3 REGIONAL GEOLOGY 

Chapter 2:  
GEOLOGICAL SETTING 

REGIONAL GEOLOGY 

 The geology of Austria has been widely studied for several centuries and is generally 
subdivided into the following units: Bohemian Massif, Molasse Zone, Helvetic Zone, 
Penninic Zone (Flysch Penninic Windows), Austro-Alpine Unit (Central Zone of the Eastern 
Alps and Northern Calcareous Alps), Southern-Alpine Unit. 
 

 
Figure 1: Situation of the Vienna Basin within the Alpine-Carpathian thrust belt (from OMV, 1992) 

 The northern part of Austria is occupied by the southern margin of the Bohemian 
Massif including the metamorphic rocks of the Moldanubian Zone and the Moravian Zone. 
The Molasse Zone comprises a sequence of much younger detrital sediments deposited under 
marine and brackish conditions. The Helvetic Zone represents a series of mostly Cretaceous 
limestones, marls and rare sandstones. The Flysch Zone consists predominantly of marls and 
sandstones deposited in the foreland of the Alpine orogeny. The Austro-Alpine Unit and the 
Calcareous Alps units represent complex tectonic sequences that were thrusted during the 
Alpine orogeny and are responsible for much of the sediment supply in the younger basins. 



 

 

4 VIENNA BASIN 

VIENNA BASIN 

TECTONIC EVOLUTION 

 The Vienna Basin is of rhombohedral shape with a SW-NE direction and extends 
from Austria to the Czech Republic and Slovakia. Its development shows a very complex 
tectonic evolution and is summarized by Kovac et al. (2004) as follows:  
 

1. Formation of a piggy-back basin (Lower Miocene) 
2. Formation of a pull-apart basin (Middle to Upper Miocene) 
3. E-W compression and basin inversion (Upper Miocene) 
4. E-W extension (Pleistocene-Recent) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 increased abruptly in this area and an 
incipient basin was created. At this time the Vienna Basin was a piggy-back basin on tectonic 
nappes transported northward. Weissenbäck (1996) mentions that during the very last phase 
of the Karpatian, tectonic inversion caused uplifting and most of the basin emerged. 
 
Pull-apart basin (Middle to Upper Miocene) 
 During the late Karpatian, tectonic events caused a change from a piggyback basin 
into a rhombic pull-apart basin. This change in tectonic regime is documented as a major 



 

 

5 VIENNA BASIN 

regressive event at the Karpatian/Badenian boundary. During Badenian time the main phase 
of subsidence began and the basin increased its extension. This lasted well into Sarmatian 
times. 
 
E-W compression and basin inversion (Upper Miocene-Pliocene) 
 The Pannonian period began with a transgression covering most of the Sarmatian 
deposits. Primarily clay and sand were deposited in a lacustrine environment during the Early 
and Middle Pannonian.  
 
SW-NE extension (Pleistocene-Recent?) 
 Subsidence controlled by fault displacements in a transtensional regime has been 
determined along the eastern limit of the basin. 
 

DEPOSITIONAL SYSTEMS AND BASIN FILLING 

 According to the structural history of the basin, two sedimentary cycles can be  
distinguished: one part controlled by siliciclastic influx and another part dominated by a 
carbonate/detrital mix. The significant stratigraphic units covered in this study are described 
here:   

BADENIAN (16.4. -13 Ma)  

 In the central Vienna Basin, the Badenian sediments are divided into proximal deltaic 
and distal basinal deposits characterized by sandy marls and clay. The conditions for 
carbonate sedimentation and growth of coral buildups were favorable only during the 
Badenian stage and developed in two facies: the first facies is the Leitha Limestone with 
reduced terrigenous input, and the other facies type comprises fine-grained clays and marls. 
In the uppermost Badenian the sea started to become more brackish, which continued during 
the Sarmatian. The deposition of sandy sediments increased at this time.  
 
 The boundary between the Early Badenian and the Middle Badenian corresponds to 
the sequence boundary proposed by Weissenbäck (1996) within the "Upper Lagenidae Zone" 
of the southern Vienna Basin. Several small-sized deltaic bodies developed during that phase 
and they might be related to weakly developed lowstand systems tracts (LST). The mostly 
freshwater and brackish deposits consist of calcareous clays. In general, the western border of 
the southern Vienna Basin is strongly influenced by clastic sediment influx from the Northern 
Alps.  
 

SARMATIAN (13 -11.5 Ma) 

 The depositional environment turned from fully marine during the Badenian into 
brackish in the Sarmatian because of the slow but continuous separation of the Pannonian 
Basin, to which the Vienna Basin was linked in the Southeast, from the Tethys. Salinity 
decreased and reflects the isolation of the Paratethys from the world oceans. The reduced 
salinity of the Sarmatian sea caused an intense decrease of the fauna. During the regression at 



 

 

6 VIENNA BASIN 

the Badenian/Sarmatian boundary, the marine settings became restricted to basinal areas of 
the central and southern Vienna Basin.  

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 16
TH

,  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 Sarmatian/Pannonian boundary, the 
Pannonian Basin became finally isolated from the Eastern Paratethys. The salinity decreased 
even more causing a further decrease in fauna diversity compared to the Sarmatian.  
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STUDY AREA 

SPANNBERG-21  

 The well Spannberg-21 studied here was drilled in 2007 by the Austrian oil and gas 
company OMV in the central part of the Vienna Basin. The proposed appraisal well 
Spannberg-21 had the 15Z2TH reservoir level as a target, which is a Middle Badenian basin 
floor fan (see Figure 5). The well is located northeast on the Matzen-Spannberg ridge and 
reached a depth of approximately 2000 mts. that covers the Middle to Upper Miocene. 
 

 
Figure 5: Location of the well Spannberg-21. Red circle indicates the location of the well in the 15Z2TH fan (modified 

from OMV, 2007). Schematic representation of the basin floor fan and the sediments supply source. 

15Z2TH fan 

Figure 4: Stratigraphy of the Vienna Basin. From (Hamilton et al., 1999). 



 

 

  

Figure 6: Palaeogeography and Facies distribution during the Karpatian, Badenian, and Pannonian times 

arrows mean directions of overthrust. Black arrows indicate direction of main sediment

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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in the Vienna Basin. Straight red arrows mean uplift/subsidence. Bent red 



 

 

9 DEFINITION 

Chapter 3: 
MAGNETIC SUSCEPTIBILITY 

DEFINITION 

 In the broadest sense, magnetic susceptibility is a measure of the magnetic response of 
a particular material/rock when a magnetic field is applied. This measurement can tell how 
much magnetic mineral content is present in a rock. Different laboratory experiments allow 
the identification of the minerals present and can be used to make a match with the total 
magnetic susceptibility signal. 
  
 Magnetic susceptibility, according to Nelson (1993), can be expressed either as a 
volume susceptibility (κ) or as a mass susceptibility (χ). Volume susceptibility is defined as 
the ratio of the volume magnetization produced in a material when a weak magnetic field is 
applied. This is a dimensionless quantity. Nelson (1993) mentions that mass susceptibility is 
equal to the volume susceptibility divided by density, and its units are m3/kilogram in the SI 
system. Thus volume magnetic susceptibility is defined as follows:  
 

χ = �
��                                                                  (1) 

  
where χ is the magnetic susceptibility, H is the magnetic field intensity and M is the 
magnetization. Schon (2011) describes that based on the magnetic structure, materials can be 
divided into three basic groups: diamagnetic, paramagnetic, and ferromagnetic materials.   

DIAMAGNETIC MATERIALS 

 This group is characterized for having a negative susceptibility. Generally, the values 
are very small and the response is independent of the magnetizing field.  

PARAMAGNETIC MINERALS 

 This group is characterized by positive susceptibility. The response is in general 
higher than the diamagnetic response, but is still weak. It is also independent of the 
magnetizing magnetic field. 
 

  
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 materials are characterized by the 
existence of magnetic domains even in the absence of a magnetic field. MS values caused by 
this group have a wide range of values and are always positive. These materials are 
subdivided into three groups: ferromagnetic, where all the atomic magnetic moments are 
parallel; antiferromagnetic, causing a weak magnetism; and ferrimagnetic materials 
producing a strong magnetism. 
 

 
Figure 8: Ferromagnetic, ferromagnetic, and antiferromagnetic material. 

 Although the magnetic rock properties are controlled by the ferrimagnetic minerals, 
their concentration is typically very low in rocks. On the other hand, the most abundant 
minerals in common rocks are paramagnetic and/or diamagnetic. The importance of 
concentration of magnetic minerals on MS can be seen schematically in the Figure 10.  
 

 
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 are mainly related to lithogenic 
sediment inputs, and that, therefore, MS is directly proportional to detrital inputs (Ellwood, 
2006; Ellwood et al., 2000; Crick et al., 2000). However, these lithogenic inputs may be 
caused by climatic, sea level or tectonic changes, which provides one of the main drivers of 
this study. On the other hand, magnetic susceptibility is inversely correlated with carbonate 
content (Prof. Ellwood, personnal communication). 
 
 If the detrital theory is valid, then it has to be influenced by environmental parameters 
such as water energy, sedimentation rate and perhaps diagenesis. Moreover, MS readings are 
commonly higher when the sediments are proximal to the source, characterized by coarser 
grains. There is also evidence showing that during regression events, the MS signal increases 
since there is a higher input of detrital sediments.   

FACTORS CONTROLLING MS 

 Since magnetic susceptibility is environmentally controlled, it is strongly affected by 
several factors and these various influences lead to different responses along the depositional 
profiles. The first factor is the magnetic minerals content or its concentration. However, MS 
is not only controlled by this and Table 1 lists most of these factors and their relationships 
with MS. This information is collected in the course of this study with the intention to 
provide an overview of the controls on the MS signal. 
 
 There is a relationship between depositional environments and grain size distribution. 
There are, however, two opposing ideas with respect to their effect on the magnetic 
susceptibility signal. The first one supports the idea that fine grains generate higher magnetic 
susceptibility than coarse grains, while the second one posits that coarse grains produce 
higher MS readings. The first group is based on the fact that Superparamagnetic domains of 
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magnetic minerals, responsible for high magnetic susceptibility responses, are immersed in 
very fine sediments particles. However, such grains are not very stable and might decompose 
very easily. The second hypothesis relies on the principal fact that MS is directly proportional 
to detrital input and, since coarse grains are found closer to the sediment source, there should 
be higher amounts of magnetic minerals there. Actually Waythomas (1991) mentions that 
even if the magnetic minerals are relatively fine-grained, they will be transported with 
coarser-grained sediments because of their relatively high specific gravities.  
 
 Several studies have been performed on the effect that the magnetic grain size has 
over the total susceptibility response. The results indicate that this factor plays an important 
role in the MS signal. The magnetic grain sizes are given by Hatfield (2014) as 
superparamagnetic (SP < 0.03 µm), single domain (SD, 0.03–0.1 µm), pseudo single domain 
(PSD*, 0.1–20 µm) and multi-domain (MD > 20 µm). This classification is important 
because it points out that when the grain size diminishes from MD* to SD* size, the 
susceptibility decreases, but if the grain diminishes further to the smallest SP* size, then the 
susceptibility increases again abruptly.  
 

 
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 represented by the Badenian deposits) where the 
carbonates form an important percentage and the sedimentation rates are high, the deposition 
of magnetic minerals is typically reduced. The weak MS signal preserved in these rocks is 
related to the clastic sources, the carbonate productivity, and probably diagenesis.

Factor Relationship

TOC IP

Salinity IP

Bioturbation P

Clay content P

Diagenesis IP

Dissolution IP

Coarse sediments P

Fine sediments IP

Porosity IP

Iron presence P

Sedimentation rate P

Detrital input P

Carbonates IP

Regression P

Transgression IP

pH P

Sulphur IP

Pyritization IP

Distal environment IP

Concentration of 

Magnetic Minerals
P

Magnetic Minerals 

domains
*
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 An important diagenetic process is post-depositional dissolution, which acts during 
and after burial. This dissolution process, however, is a function of the environment. Canfield 
and Berner (1987) explain that this complicated process depends on the availability and 
reactivity of both organic matter and reductants, and that the chemical reactions that takes 
place typically yield new minerals, some of which may have different magnetic 
susceptibilities than their precursors. 

GREIGITE AND MAGNETITE 
 The iron sulphide mineral greigite (Fe3S4) has the same crystal structure as magnetite 
(Fe3O4) and is strongly ferrimagnetic. Greigite is the main precursor of pyrite and it is 
typically formed in anoxic environments. According to Vasiliev et al. (2008), greigite can be 
divided into magnetosomal and authigenic types, depending on how it is formed. 
Magnetosomal greigite is formed inside bacteria preferrably in anaerobic conditions. 
Authigenic greigite is formed as an intermediate mineral in the pyrite formation. Pyrite is 
extremely common in anoxic marine sediments where abundant supply of sulphate is present 
and iron is available.  
 
 Magnetite is the most common magnetic mineral on Earth and is usually found in 
detrital sediments. In many cases magnetite and greigite behave in a similar way, and 
laboratory measurements must be conducted in order to properly identify them. 

MAGNETIC PROPERTIES OF SEDIMENTS 

MARINE SEDIMENTS 

 The magnetic properties of marine sediments depend not only on the magnetic 
minerals deposited from detrital sources, but also on the diagenetic processes acting on these 
sediments after deposition. Sediments acquire what is called a detrital remanent 
magnetization (DRM) when the magnetite grains are exposed to the geomagnetic field. 
Opdyke and Channel (1996) have found that the most important magnetic remanence carrier 
minerals are magnetite, titanomagnetite, hematite, maghemite, goethite, and iron sulfides 
such as greigite. Opdyke and Channel (1996) also found that magnetite, titanomagnetite, 
greigite, and goethite can be primary carriers, whereas hematite, pyrrhotite, and greigite are 
considered authigenic secondary minerals formed during diagenesis. Although greigite is 
typically formed in the early diagenetic stage, it can be considered a primary carrier in case 
no other minerals are present since its magnetization is very strong. 

TERRESTRIAL SEDIMENTS 

 The magnetic properties in terrestrial sediments indicate that the dominant carrier is 
fine-grained magnetite. Greigite is also here an important remanence carrier based on its 
similarity to magnetite.  
 
 Figure 11 below shows the magnetic susceptibility values for some of the most 
important minerals present in rock in a visual way. 



 

 

Figure 11: Graphic visualization of magnetic susceptibility values for the most common 

and (bottom) ferrimagnetic, ferromagnetic, and antiferromagnetic minerals. Compilation from 

(Opdyke and Channel, 1996). Values may 
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 A major controlling factor on sedimentary systems is the eustatic sea level, which to 
some degree is controlled by the climate, which, in turn, may be controlled by the orbital 
cycles. This, together with subsidence controls the sediment accommodation. Numerous case 
studies have demonstrated that a detailed analysis of the sedimentary record enables the 
identification of these cycles with a good level of confidence.   

MILANKOVITCH CYCLES 

 Milankovitch cycles are driven by Earth’s natural orbital oscillations. These 
oscillations may be reflected in many different types of climate proxy data that may include 
magnetic susceptibility. These prominent cycles have been shown to persist through long 
geological records. 
 
 There are three major periodicities of Milankovitch cycles and they are related to the 
eccentricity (E) of the Earth’s orbit, the obliquity (O) in the Earth’s axial tilt, and the 
precession (P) of the seasons. The eccentricity cycle completes one cycle every 95 to 123 kyr. 
The obliquity corresponds to a 41 kyr cycle. Finally, the precession cycle oscillates between 
19-23 kyr.  

WAVELET ANALYSIS 

 Wavelet analysis is possibly the best way of studying cyclicities in stratigraphic 
records. Theoretically, power spectra allow the analysis of complex cycles consisting of 
several oscillations. The data used for this type of studies vary from gamma ray logs, 
spontaneous potential logs, carbonate content and resistivity data, among others.  
 
 The success of this analysis depends on the continuity of the data (quantity) and 
obviously its quality. There are different methods typically used, all with different 
mathematical backgrounds and justifications, but they do not always succeed in detecting 
periodicities. The reason is because most stratigraphic data are subject to more influential 
factors, for example fluctuations in sedimentation rates from one sedimentary unit to another, 
which may distort the cyclicities. In the present study very accurate sedimentation rates were 
determined by Paulissen et al. (2011a; 2011b) improving the reliability of the results to be 
obtained.  
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Chapter 4:  

METHODOLOGY 

 The aim of this chapter is to explain the procedures followed during the project. It 
starts with a brief background about paleomagnetism. Then the origin of the paleomagnetic 
tool used for this dataset is described and briefly its principles of operation and data 
acquisition are mentioned. The logging data available, the well location, and characteristics 
will be presented next. New measurements performed in this study such as XRD/XRF 
analysis will then be explained. Finally, a wavelet analysis is performed on the magnetic 
susceptibility data to analyze the possibility of obtaining any Milankovitch cycles (O, P, E). 
 

PREVIOUS WORKS 

BASICS OF PALEOMAGNETISM  

 Paleomagnetism is possible basically because  minerals containing iron, such 
as magnetite or greigite and present in sediments, record the history of the Earth's magnetic 
field polarities. Paleomagnetic studies are commonly used in constraining ages for rocks and 
processes. In order to do this, often supplementary chronostratigraphic information is 
required to validate the paleomagnetic interpretation.  
  

ORIGIN OF THE DOWNHOLE MAGNETIC TOOL (GHMT*) 

 The idea of this tool started with the collaboration of the major oil and gas operating 
company TOTAL, together with the CNRS1 and LETI2. They designed a high-precision total 
magnetic induction and susceptibility tool for borehole applications. These two 
measurements were combined later on by the major services company Schlumberger into one 
tool to be used for commercial purposes. The name of the tool is Geological High-Resolution 
Magnetic Tool (GHMT*).  
 

PALEOMAGNETIC LOGGING TOOL 

 The paleomagnetic logging tool consists of two sondes: a total induction 
magnetometer tool (nuclear resonance magnetometer tool, or NRMT) and a magnetic 
susceptibility tool (susceptibility magnetic tool, or SUMT).  These two sondes were 
combined by Schlumberger in the GHMT. Paulissen (2011) specifies that the precision of the 
susceptibility signal (χ) is 0.3E-06, which is required for the determination of rock 
susceptibilities that typically range from 10-6 to 10-2. 
 

DATA ACQUISITION 

 The data was acquired with two different logging suites in two well sections. The 
shallow 121/4" section only has WL data.  The lower 81/2" section reached the depth of 1966 
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mts. TVD. This section was logged with logging while drilling (LWD1) tools. LWD acquired 
density, gamma ray, porosity, resistivity, and photoelectric factor logs. The high-resolution 
electrical borehole images (Formation Microscanner Imager, FMI*) and GHMT were 
obtained in two runs over the entire well length.   
 
 The borehole image measurements acquired in the Spannberg-21 well are not directly 
used in this study. However, it was an important data set for defining stratigraphic units 
boundaries and especially for identifying carbonate layers in the Badenian section. 
 
 For LQC (log quality control) main and repeat logs were run with the paleomagnetic 
logging tool over selected intervals. The repeat section indicated that the tool was properly 
operating and the values were within expected small tolerances (Paulissen, 2011).  

LABORATORY DATA  

 During earlier studies, Koolen (2010) and Paulissen (2011) conducted laboratory 
measurements in order to identify the magnetic minerals responsible for the recorded signals. 
These included magnetic susceptibility measurements, IRM, and ARM. Samples were taken 
from the cuttings acquired by OMV in the 81/2" section. In total 32 samples were used for 
these studies. Figure 13 summarizes the results obtained by Koolen (2010) and Paulissen 
(2011). 
 
 Since greigite has coercivity values very similar to magnetite, it is typically very 
difficult to distinguish between them. Koolen (2010) mentions that sometimes the values for 
B1/2*  and DP* were overlapping for magnetite and greigite. For this reason, a Curie 
temperature test was performed. In the end, Koolen (2010) explains that a small difference in 
DP values made the difference between choosing greigite or magnetite in several cases. 
  
 The results showed that magnetite, greigite, and a combination of both were identified 
as the main magnetic minerals in the analyzed samples. Koolen (2010) and Paulissen (2011) 
decided to subdivide greigite into detrital and authigenic based on the work of Vasiliev et al. 
(2008). Figure 12 shows a plot of MS vs. depth with the magnetic minerals determined 
during these measurements. This is a helpful tool for visualizing the MS distribution along 
the well. 

LOGGING DATA 

 The most important curve to analyze in this data set is the magnetic susceptibility 
(MS). The main idea of this log interpretation is to establish, if any, a correlation or pattern 
between the magnetic susceptibility curve and the other properties acquired (density RHOB, 
gamma ray GR, porosity TNPH, photoelectric factor PEF, and resistivity RES_BM* and 
RES_BS*).  
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Figure 12: Distribution of magnetic minerals found by Koolen (2010) vs. Depth. 



 

 

Figure 13: Summary table with results of the 32 samples analyzed by Koolen (32 samples analyzed by Koolen (2010). 
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 The log was divided into the three stratigraphic units present in the well. These units 
constitute the core of this study in the Miocene, particularly the Middle to Upper Miocene 
Badenian, Sarmatian, and Pannonian (see Table 2). 
 
 In the well Spannberg-21, from top to bottom, we distinguish first from the surface 
down to 300 mts. deposits which belong to the Upper Pannonian. From this depth until 500 
mts. the sediments correspond to the Middle Pannonian, and until approximately 860 mts. to 
the Lower Pannonian. Deposits from the Lower Pannonian and the Upper Sarmatian have 
more shales. From there until 1100 mts., the Upper Sarmatian sediments are found and down 
to the range of 1283-1300 mts., the Lower Sarmatian. The Sarmatian-Badenian boundary is 
interpreted within this range based on FMI and MS data. The reason why it is not specified at 
a particular depth is because by looking the resistivity microimages, a sharp contact is found 
at 1283 mts. However, the MS curve shows this sharp contact at 1300 mts. and it is 
characterized by a significant drop in the readings.  
 

  

Unit Depth (mts) 

M
IO

C
E

N
E

 

LA
T

E
 

P
A

N
N

O
N

IA
N

 Upper 0-300 

Middle 300-500 

Lower 500-860 

M
ID

D
LE

 

S
A

R
M

A
T

IA
N

 

Upper 860-1100 

Lower 1100-(1283-1300) 

B
A

D
E

N
IA

N
 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 Badenian sediments from the 1283-1300 mts. 
range until 1590 mts., and finally the Middle Badenian down to the total depth of the well at 
1966 mts.  
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CROSS-PLOTS 

 After doing a quick-look interpretation and identifying the trends described above, the 
next step was to analyze the magnetic susceptibility curve. The idea was to find a matching 
pattern or correspondence between this curve and the others. The first aspect noticeable was 
the apparent poor match between MS and GR. However, this was difficult to conclude at first 
sight since the magnetic susceptibility has a wide range of values. Due to this, the log was 
divided and different scales were defined. As a result, a good match was present between 
these curves in the Badenian interval, but in the Pannonian and Sarmatian the match was not 
so good. This will be developed further in Chapter 5.  
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 In order to establish a correlation between MS and the other curves, a correlation 
matrix was built. The six different zones are taken from (Paulissen, 2011) where these 
intervals were chosen for the determination of the sedimentation rates. In this case, these 
intervals were modified a bit based on the MS and also the FMI data. Particularly for the 
Sarmatian-Badenian boundary, it has been narrowed down because the proposed boundary 
was located between 1290-1350 mts. Table 3 shows the intervals defined as MSi. 

 

MS1 MS2 MS3 MS4 MS5 MS6 

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 are no logging data available in the first 
450 meters of this zone (density, porosity, resistivity, and photoelectric factor). For this 
correlation matrix, all values were normalized. The porosity TNPH is inversely correlated 
with MS and for the purpose of this exercise, it is only used as a reference. The full plots can 
be found in Appendix C. 
 
 These results were the starting point for investigating the origin of the magnetic 
susceptibility. The very peculiar and interesting patterns and trends observed are an obvious 
invitation to figure out what could be the factors involved in the process, what makes a 
sediment more or less magnetic, which minerals control the magnetic susceptibility curve, 
etc., among other important questions.   

ACID TEST 

 As part of the study an acid test was performed on some samples in order to assess the 
amount of carbonate. The cuttings are available for the whole log interval and after checking 
the type of lithology in the well, this basic test was performed with HCl at 10% 
concentration. The selection criteria was based on taking enough samples for each 
stratigraphic unit and especially at the boundaries. In total, 92 samples were analyzed. All 
samples showed fizz, in some cases stronger or faster. This demonstrated that calcite is 
ubiquitous throughout the well, albeit in different concentrations. Appendix D shows the 
table with the samples and depths selected for this exercise.   

XRD/XRF ANALYSIS 

 The objective of these two analyses, X-ray powder diffraction and X-ray 
fluorescence,  was to determine the clay mineralogy and the geochemistry of the rocks of 
each zone. The plots generated for the correlation matrix showed what is called here "the 
hockey stick" pattern. As can be seen in the Chapter 5 and in Appendix C1-C4, the first four 
zones (MS1-MS4) were showing this specific shape but that it was absent in the bottom two 
zones (MS5 and MS6), corresponding to the Badenian.  
 
 By combining these plots with the magnetic mineral identification results from 
Koolen (2010), the following conclusions were reached: There are apparently two different 
types of shales, i.e. Pannonian and Sarmatian vs. Badenian, and there must be an important 
source of iron in the top units allowing the formation of greigite.  
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 For the XRD/XRF analysis, six samples in total were selected. The criteria was to 
choose two samples in the Pannonian, two samples in the Sarmatian, and two samples in the 
Badenian. Since the cuttings available are sampled every five meters, and keeping in mind 
that the idea was to determine the clay mineralogy of the shales, the samples were picked up 
at every extreme side of the plots (refer to Figure 14). This was done to secure a pure shale 
sample, but also the highest MS values.  
 

 
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 samples analyzed by Koolen (2010) were 
plotted on the same graphs generated for the correlation matrix. This is first observed in 
Figure 15 showing the whole data and Figure 16 per zone. The main graph used was GR vs. 
MS to evaluate not only the trend, but also the high/low values of GR and MS. It is important 
to mention that since the cuttings were sampled every 5 meters and the idea was to have a 
pure shale, only those samples with the whole interval of five meters meeting the criteria 
were selected. This was not an easy task because as observed in Figure 17, the readings in the 
Pannonian and the Sarmatian were not confined to a particular zone only, but rather they 
were spread out.  
 
 Once the samples were chosen, a small portion of about 50 gr. of each was put in the 
oven. All the samples were dried for 72 hrs at 70 degC to remove all the water. Then, using a 
mortar and pestle the samples were ground and a fine powder was produced. The grinding 
was performed by hand for about 10 minutes at a constant force. The procedure was executed 
very carefully avoiding contamination and misidentification of samples. Finally, the fine 
powder of the six samples were given to the XRD/XRF technician 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 by the X-ray diffraction facilities at 
the Materials Science and Engineering of the TU Delft, Faculty of 3mE. After the results 
were obtained, a further semiquantitative analysis was proposed in order to determine the 
chemistry and percentage of each sample. The idea of this was to check in more detail the 
weight of each component and to look for specific phases such as magnetite and iron, which 
are very important for the study. 

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 correct, the samples must be prepared following 
a very strict procedure. This was not done here during the first time. This was noticed while 
using a computer program for this purpose called RockJock (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. 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000

N
o

rm
al

iz
e

d
 G

R

Normalized MS

500-860

Interval 665-670 Interval 705-710

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000
N

o
rm

al
iz

e
d

 G
R

Normalized MS

1100-1300

Interval 1165-1170 Interval 1180-1185

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000

N
o

rm
al

iz
e

d
 G

R

Normalized MS

1590-TD

Interval 1740-1745

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000

N
o

rm
al

iz
e

d
 G

R

Normalized MS

1300-1590

Interval 1585-1590



 

 

26 CURRENT WORKS 

 According to Eberl (personal communication) there are two ways to perform this 
analysis, either using the Rietveld method or whole pattern fitting, which is what RJ 
does. Rietveld calculates the pattern from first principles, but is not so good for minerals or 
mineraloids which have poorly defined structures and compositions. RJ uses a library of 
standard patterns of known intensities that are fitted to the diffraction pattern by a solver in 
Excel. The spectrum calculated and the resulting phases identified showed that effectively the 
samples were not prepared accurately enough for this purpose. The phases were not showing 
a proper match and not all phases were identified.  
 
 Dennis Eberl mentions (personal communication) that the degree of fit must be <0.1, 
however this data had on average only a degree of fit of around 0.25. Therefore, the results 
can only be used as a reference. Also, all interesting components such as magnetite, iron, 
pyrrhotite, pyrite, maghemite could not be detected. Only the common components 
mentioned in the XRD/XRF report were detected.  
 
 Because of the lacking quality of this first test, a second XRD was performed 
personally by Dennis Eberl in his facilities in the USA following his standard procedure for 
subsequent semiquantitative analysis. This procedure can be found in Eberl (2003). The 
results turned out to be much more accurate because all the peaks are fitted by the calculation 
with a degree of fit for all samples of <0.1, and with the total close to 100% (Figure 19).  
 

  
Figure 19: Matching patterns performed by Rock Jock Excel program.  
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TIME-SERIES ANALYSIS 

 The spectral analysis performed in this study used the magnetic susceptibility log. 
Previous workers in the area (Paulissen, 2011; Paulissen et al. 2011b) have used gamma ray 
logs and high resolution logs (electrical borehole images). The methodology described here 
does not assume beforehand that any of the Milankovitch cycles are preserved and/or present 
in the sedimentary record observed in the study area.  
 
 According to Torrence and Compo (1997), the wavelet analysis is more efficient than 
standard Fourier spectral-method because it gives information both in the time and frequency 
domains as a time-frequency representation of the signal. The wavelet transform can be used 
to analyze time series that contain non-stationary power at many different frequencies. This 
feature is very suitable for the type of data used here.  
 

 The wavelet transform was applied using the open source code provided by Torrence 

and Compo (1997). The mother wavelet was set to the Morlet wavelet (ω0 = 6). Since the 
present data was initially per meter distributed and then yearly distributed (kyr), the key 

parameter "δt" for the wavelet analysis was set as 0.2, 0.5, and 0.8. Finally, the plots were 
generated with the 0.5 value. The other parameters were N = variable for each zone, δt = 0.2, 
0.5, 0.8  yr, s0 = 2*δt, δj = 0.2. Torrence and Compo (1997) explain that this value of δj is 
commonly used since it appears adequate for providing a smooth picture of the wavelet 
power.  
 
 A critical aspect of time-series analysis is the conversion of the signal from the depth 
domain into the time domain. In this case this task was performed using the sedimentation 
rates determined by Paulissen (2011) in the Pannonian and Sarmatian interval. In the 
Badenian interval no sedimentation rates could be determined because the magnetic signal 
was too weak to perform a magnetostratigraphic analysis. This depth-to-time conversion is 
considered to be very accurate since the sedimentation rates were determined using a 
combination of biostratigraphy, magnetostratigraphy, seismic stratigraphy and 
lithostratigraphy. Only six short intervals were selected in that study. In the present study a 
continuous interval of nearly 1300 mts. will be used for it.  
 
 Table 4 below lists the zone subdivision with their respective depth and time interval 
and the corresponding sedimentation rates. Zone 1 includes the Upper Pannonian and 160 
mts. of the Middle Pannonian. Zone 2 includes the rest of the Pannonian. Zone 3 consists of 
Upper Sarmatian and Zone 4 of the Lower Sarmatian. 
 

 
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). 

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

1 30-460 8.9-10.6 0.3

2 460-860 10.6-11.65 0.36

3 860-1100 11.65-11.92 1.2

4 1100-1250 11.92-12.45 0.43
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 Table 5 below shows the number of Milankovitch cycles that can be expected in each 
interval. The Milankovitch cycles considered here are the long and short eccentricity of 400 
kyr and 100 kyr respectively, the obliquity of 41 kyr and the precession of 23 kyr and 19 kyr. 
However, Zones 3 and 4 are not long enough to show a complete 400 kyr cycle. Therefore, 
this cycle was not considered for the study.  
 

 
Table 5: Sedimentation rates and thickness per zone, and the number of orbital cycles that can be expected based on 

them.  

Zone Rate (mts/kyr) Zone Thickness (mts) 400 100 41 23 19

1 0.3 430 3.6 14.3 35.0 62.3 75.4

2 0.36 400 2.8 11.1 27.1 48.3 58.5

3 1.2 240 0.5 2.0 4.9 8.7 10.5

4 0.43 150 0.9 3.5 8.5 15.2 18.4

Orbital periods (kyr)
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Chapter 5:  
RESULTS AND DISCUSSION 

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

LOG DESCRIPTION  

 As mentioned earlier in the Methodology chapter, only LWD data is available from 
the Lower Pannonian down to TD (the full logs can be found in Appendix A). Therefore, the 
following log interpretation refers to this interval only. In Table 2 found in Chapter 4 the 
different units present in Spannberg-21 and their depths can be found. Figure 20 on the next 
page shows the logs for a quick reference of the following explanations.  
 
 There is a slight decreasing trend of GR with depth. The GR values are high for the 
Pannonian and Sarmatian, but show lower values downwards to the Badenian. The GR shows 
a fully serrated behavior in the Badenian sediments. The GR readings in this zone is on an 
average 75 GAPI, with some clean zones of 45 GAPI. In the Pannonian and Sarmatian there 
are some long intervals that are more constant, with very subtle fluctuations. The GR in these 
zones is around 90 GAPI with very few clean zones of 45 GAPI. 
 
 In terms of the density curve, there is a more noticeable increasing trend with depth. 
The Pannonian shows density values of around 2.25 gr/cc. The Sarmatian has higher values 
of about 2.35 gr/cc. The Badenian has the highest values in the section with values on 
average around 2.45 gr/cc.  
 
 Regarding photoelectric factor, the values decrease with depth. The trend is slightly 
noticeable. The readings start at about 7 in the Pannonian, keeping the same values on 
average in the Sarmatian, but decrease down to 5.5-6 in the Badenian. This is due to 
reduction of shales in the sediments, which have a wider range of values. 
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Figure 20: Logging data from Spannberg-21 - 8

1/2"
 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 as density, changes with depth. In this 
case the values decrease from the Pannonian to the Badenian.  
 
 The resistivity curve varies slightly along the well section. It has values above 100 
ohm.mts in the Pannonian and then the readings decrease down to 80 ohm. mts on average in 
the Sarmatian sediments. In the Badenian, the values go up a bit up to about 90 ohm.mts. 
However, the important feature is not about the values itself but about the spiky behavior 
observed in this part of the log. Multiple spikes are shown in the resistivity curve of the 
Badenian sediments while these spikes are completely absent in the sediments above.  
 
 The FMI data represent a very valuable source of information especially for a better 
visualization of the lithologic changes, units boundaries, and confirmation of possible 
features observed in the LWD curves. In this case, the FMI data allowed the interpretation of 
the Sarmatian-Badenian boundary at the 1283-1300 mts. range, which was already 
constrained between 1350 and 1290 mts. by Paulissen (2011).  
 
 Considering the resistivity curve, it was mentioned earlier that the Badenian section is 
characterized by multiple spikes in the readings. These are definitively not related to any 
malfunction of the logging tool. All the spikes have a match with the gamma ray showing a 
sharp decrease, with sharply increasing density and sharply decreasing porosity readings. 
Comparing these matches with the images from the FMI, it is found that every spike 
coincides with highly resistive layers (white in the color scale of this log). These highly 
resistive layers are the carbonates present in the Badenian deposits and some of them show 
natural fractures. 
 
 The magnetic susceptibility curve (MS) shows a very particular behavior for each of 
the zones described above, and the values can be divided into low, medium, and high. Since 
this data was acquired in the 81/2" section with wireline, the data covers all the stratigraphic 
units. Appendix B shows the magnetic susceptibility distribution along the well. 
 
 Starting in the Upper Pannonian, the first 140 mts are very low in magnetic 
susceptibility with some punctually high values. Unfortunately there is no LWD data in this 
zone to correlate with the MS data. The readings then increase to medium-high values 
passing from 600 ppm on average to 1000 ppm approximately, with some peaks of higher 
values. The Middle Pannonian readings continue with the same average values of the Upper 
Pannonian until 390 mts, after that the values increase and this trend is kept along the Lower 
Pannonian and the whole Sarmatian where the highest values are reached. Almost the entire 
unit is characterized by very high readings having peaks above 3000 ppm. At the Sarmatian-
Badenian boundary, specifically at 1300 mts. a sharp decrease occurs and the curve shows the 
lowest output in the entire log. An almost flat curve of 250 ppm on average is observed from 
1300 mts. until TD at 1966 mts. corresponding to the Upper and Middle Badenian. 
 
 The very few clean zones found in the Pannonian and Sarmatian show a good 
correlation between all the curves, similar to what is observed in the Badenian section. This is 
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indicative of the relationship between clean lithologies (less clay) and magnetic 
susceptibility. 
 
 In the correlation between magnetic susceptibility curve and gamma ray four areas 
can be identified. Some hypotheses are raised for each area based on the GR and MS values 
and the magnetic behavior of some minerals (Table 6). The analysis was performed with 
these two curves because it was here where the patterns could be best recognized. The density 
and photoelectric factor curves show a very similar behavior 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 and the characteristic pattern observed 
in the results allow us to consider several key questions. For example, is this trend a pure 
magnetic mineral effect? Or is it a combined effect of two different situations. Are there more 
factors related to this behavior? Why do the high magnetic susceptibility values occur only in 
the Pannonian and Sarmatian, and how could this be linked to the obtained pattern? What is 
the main magnetic carrier in the study area? Which magnetic minerals are present? What are 
the differences between the stratigraphic units capable of producing such a different range of 
values and curve behavior? And finally, what are the depositional and diagenetic 
contributions to this response? 
 
 To answer all these questions we start by analyzing the cross-plots. The plot of 
magnetic susceptibility vs. gamma ray shows clearly two different patterns. As seen in Figure 
21, the first pattern identified in zone MS1 (and in zones MS2, MS3, and MS4) seems to have 
a combined effect caused by two superimposed trends. The first trend shows high values for 
GR and a wide range of MS (horizontal response), while the second trend shows low MS but 
medium to high GR values (vertical/diagonal response). Together they form something like a 
hockey stick. The second pattern is also observed in the bottom zones MS5 and MS6 (Figure 
21, right, only shown for MS5) but the first pattern is 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 photoelectric factor vs. MS, show exactly the 
same patterns from MS1 to MS6 as found with the gamma ray log. Even the plot of porosity 
vs. MS, which has an inverse relationship, shows the same trend but upside down. All these 
plots can be found in Appendix C. 
 
 The correlation matrix results are shown in Table 7. The red numbers indicate the 
highest correlation coefficients which are obtained in the Badenian intervals MS5 and MS6. 
On the other hand, the correlation is very poor in the top intervals corresponding to the 
Pannonian and Sarmatian. 
 

 
MS1 MS2 MS3 MS4 MS5 MS6 

GR 0.08 0.26 0.12 0.15 0.69 0.62 

RHOB 0.04 0.09 0.07 0.07 0.56 0.61 

PEF 0.07 0.15 0.12 0.14 0.61 0.72 

TNPH 0.007 0.17 0.06 0.13 0.02 0.02 

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 the first 450 mts., a cross-plot between 
GR from wireline and MS was generated. The characteristic pattern obtained in the zones 
from MS1 to MS4 is not easily observed here (Figure 22, top). The correlation coefficient is 
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only 0.11. However, what is interesting is the general low trend of magnetic susceptibility 
values as found in the Badenian, but the units are very different.  
 
 Even though the magnetic susceptibility values observed in the Upper Pannonian and 
the Badenian look similar, their behavior is different. The Badenian shows a steady behavior 
with no sudden fluctuations and an average value of about 650 ppm. On the other hand, the 
Upper Pannonian shows many fluctuations and in general the MS values increase with depth, 
starting slightly above 500 ppm and ending almost at 1000 ppm at the Upper-Middle 
Pannonian boundary. Also some sharp peaks are observed in this interval. 
 
  

 

 The comparison between GR, RHOB, PEF, TNPH and MS in every zone is displayed 
in Figure 23. There, three short sections from the three stages are shown with the GR and the 
MS alongside each other.  
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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 
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Pannonian and Middle Pannonian. 
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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 shown above confirms the presence of 
shales in the Pannonian, Sarmatian, and Badenian, but only the Pannonian and Sarmatian 
show high MS values. The Badenian shales do not show high MS values. The first 
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impression therefore is that the shales in the Pannonian and the Sarmatian are different from 
the shales in the Badenian.  
  
 Previous work performed by Koolen (2010) and Paulissen (2011) shows that there are 
zones with mostly greigite, zones with mostly magnetite, and zones with a combination of 
both. The lowest susceptibility values are found mostly in greigite-bearing intervals, whereas 
the highest values are found in both mostly magnetite-bearing and mixed zones. However, 
greigite is much more abundant than magnetite according to Koolen (2010). This is the main 
reason why greigite has been considered in recent studies as the main magnetic carrier in the 
area (Vasiliev et al., 2007).  
 
 The following were the main two reasons for performing the XRD/XRF analysis: 1. if 
greigite is considered the main magnetic carrier, there must be then an important source of 
iron allowing its formation in every unit, and 2. the variable responses of the signal observed 
indicates the likelihood of having different types of shales.   
 
 The results of the first XRD analysis indicated that all the samples contained the same 
minerals, but in different quantities. The components found were quartz, albite, muscovite, 
clinochlore, dolomite, and calcite. After reviewing the data, a mineral substitution was 
proposed for checking other fitting options. Appendix F shows the XRD results for all the 
samples. It was proposed to check for illite, smectite, and kaolinite instead of muscovite, 
clinochlore, and albite. This was done but the results indicated that although illite and 
muscovite were both possible, the muscovite fitted somewhat better, and albite fits much 
better than kaolinite. The smectites like nontronite and montmorillonite did not fit the 
measured patterns.  
 
 The Table 8 shows the XRF values organized into three categories: main mineral 
components, feldspar and clay components, and ferromagnetic mineral components. Based 
on these results, it makes more sense to perform a semiquantitative analysis because these 
percentages represent the total compound, but each element can be present in more than one 
phase (e.g. some SiO2 is in quartz and some in muscovite). 
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Table 8: Distribution of elements by zone according to XRF data. Only representative elements are shown. 

 The Pannonian and Sarmatian sediments have the highest percentage of clays as 
mentioned in the log interpretation with a slight decreasing trend with depth. This is better 
noticed with the semiquantitative analysis results (see Table 9 and Figure 24). The clay 
percentage is about 64% in the Pannonian (Middle and Lower), on average 53% in the 
Sarmatian, and on average 38% in the Badenian, where the lowest value of 32% is found. 
Table 9 summarizes the main minerals present in every sample analyzed.  
 
 
 
 
 
  
 
 
 
 
 
 
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 and therefore to confirm the presence 
of two different shales in the well. A very accurate semiquantitative analysis was performed 
this time. According to Mr. Eberl (personal communication), apparently a variable slit system 
was used in the first experiment because the intensities increase with two-theta. Randomly 
oriented patterns of the samples were also run to be able to identify different types of clays. 
This is how smectite and illite were recognized for the six samples chosen (Figure 25). 

SiO2 Al2O3 CaO K2O MgO Na2O Fe2O3 TiO2 SO3

ferromagnetic mineralsfeldspars/claysmain minerals components

Total % Total % Total %

SiO2 54.021 SiO2 53.93 SiO2 54.737

CaO 6.181 CaO 5.856 CaO 9.972

Al2O3 17.7 Al2O3 17.998 Al2O3 15.453

Na2O 0.898 Na2O 0.943 Na2O 0.932

K2O 6.643 K2O 7.137 K2O 5.734
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Smectites, which are much more iron prone than illite, decreases from 10.5% in the 
Pannonian to 2.7% and 3.9% for the two samples in the Badenian. 
 

 
Figure 25: Smectite vs Illite 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 reflected in the XRF results. As seen in 
Figure 26, diamagnetic minerals such as quartz, calcite, and dolomite increase with depth. 
Combined they contribute about 25% in the Pannonian whereas for the Badenian their 
contribution is 55%. Only one ferromagnetic mineral could directly be identified: Maghemite 
was found at 1.5% in the first sample corresponding to the Pannonian and at 0.2% in both 
samples of the Sarmatian. Goethite is present in the first two units, but at very low 
percentages. 
 

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

 Minerals with paramagnetic behavior such as muscovite decreases with depth. Its 
content varies from 24% in Pannonian to almost 9% in Badenian. Iron rich chlorite with a 
high ferromagnetic behavior decreases with depth as well. The distribution and percentages 
of all minerals identified with the semiquantitative analysis are listed in the Figure 27. 
 

 
Figure 27: Diamagnetic and paramagnetic minerals vs. depth.  

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. cleavelandite) 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
Illite (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
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 A clear trend of minerals is observed. Quartz (diamagnetic) increases with depth, 
starting at 14.3% at the top unit and ending up with 28.5% at the bottom unit reaching the 
maximum value of 34% in the second last sample. 

SPECTRAL ANALYSIS 

 The wavelet analysis can produce a high intensity response where the data correlates 
with the shape of the wavelet. Hence it is important to use a wavelet that resembles the shape 
of the feature being investigated. Torrence and Compo (1997) explain that while using a 
Morlet wavelet with ω0 = 6, the Fourier period λ = 1.03s and the wavelet scale is almost 
equal to the Fourier period. This is very helpful for interpretation. 
   
 Since our data are both in the time and depth domain, the spectrum is also obtained in 
depth and time, allowing to distinguish periodicities in both domains easily. The spectral 
analysis of the Sarmatian and Pannonian shows various cycles that are significant. The 
Badenian unit is not part of this analysis since sedimentation rate data was not available and 
also because the MS signal is weak with little movement.  
 
 The global wavelet spectrums generated show in general three major peaks: 93 kyr in 
Zone 1 and Zone 4, another peak at 65 kyr in Zone 2 and Zone 3, and another cycle at about 
30 kyr, which is strong in Zone 3 and Zone 4. These peaks are all above the 95% confidence 
level. There are other weaker peaks below the confidence level in Zone 1, Zone 2, and Zone 
4. The 93 kyr cycle closely matches the short eccentricity cycle of 95 kyr comparable to the 
cycle value defined by Laskar et. al. (2004). This cycle was also part of the results obtained 
by Paulissen and Luthi (2011). 
 
 The global wavelet spectrum and the power spectra obtained from the wavelet 
analysis of the four intervals selected are shown in Figures 28 (a, b) and 29 (c, d). Each 
interval displays its magnetic susceptibility curve, the wavelet spectra vs. time and depth, and 
the global wavelet spectrum. At the border of the wavelet power spectra there is a zone called 
the cone of influence. Below this cone of influence the data is considered doubtful. However, 
nearly the entire spectrum is found inside or above the cone. Since we are dealing with finite-
length time series, errors are expected to occur at the beginning and end of the wavelet power 
spectrum. The plots are generated over zones that exclude unconformities (Paulissen et al., 
2011a). 
 
 The contour maps generated with the wavelet analysis are found in Figures 28 and 29.  
The first cycle with a periodicity of 93 kyr is observed between the Middle to Lower 
Pannonian. Additionally, some short cycles are found in the Upper Sarmatian and a strong 
cycle in the Lower Sarmatian. The thick contour encloses regions with confidences higher 
than 95%.  
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Figure 28: Wavelet analysis contour maps and global wavelet spectra indicating the periodicities in each interval. Dashed orange line indicates the 95% confidence level. Both time and 

depth domains along the magnetic susceptibility response are shown. a)  Upper and Middle Pannonian; b)  Middle and Lower Pannonian. Modified MATLAB code from (Torrence and 

Compo, 1997) 
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Figure 29: Wavelet analysis contour maps and global wavelet spectra indicating the periodicities in each interval. Dashed orange line indicates the 95% confidence level. Both time and 

depth domains along the magnetic susceptibility response are shown. c)  Upper Sarmatian; d) Lower Sarmatian. Modified MATLAB code from (Torrence and Compo, 1997) 
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DISCUSSION OF RESULTS 

ORIGIN OF THE MAGNETIC SUSCEPTIBILITY SIGNAL 

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

 
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 terrigenous proxy, while Ca is used as a 
marine proxy. The aforementioned relationship between MS and carbonate/detrital input can 
be clearly observed on these plots. Additionally, the marine-terrestrial ratio represented by 
these elements is also shown. This ratio strongly correlates with lithology and thereby also 
with carbonate content. In other words, these plots provide information on when the 
carbonate production slowed down because of detrital input caused by the sea level change at 
the Badenian-Sarmatian boundary. These plots are based on the XRF data of the six samples 
analyzed.  
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Figure 31: Top left shows carbonate content and MS response. 

Bottom left indicates marine -terrestrial ratio (Ca/Ti) and MS response vs. depth. 

calcium vs. depth. This helps to visualize the relationship between high/low MS values and the calcium/terrigenous 

content. 

 The information obtained from 
between MS and detrital/carbonate
in the Pannonian and the Sarmatian
Similarly, it shows how MS decreases
general terms, the highest concentration of magnet
Fe, Ti and Al, while the lowest concentrations in these elements coincide with zones of 
reduced magnetic minerals. 
 
 Ca/Ti and Ca/Al essentially represent
The analysis of the elemental ratios indicate that 
susceptible to siliciclastic sediments, whereas 
carbonates, confirming the ideas of 
indicator, mobile elements (Na, Ca) dominate the geochemistry of the sediments in the 
bottom part of the well represented by the last two samples. This correlates with the decrease 
of the magnetic susceptibility profile observed 
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shows carbonate content and MS response. Top right  shows titanium content and MS response. 

terrestrial ratio (Ca/Ti) and MS response vs. depth. Bottom right 

epth. This helps to visualize the relationship between high/low MS values and the calcium/terrigenous 

nformation obtained from the plots above along with the relationship
between MS and detrital/carbonate content, serves as evidence for the high MS values found

Sarmatian, showing the highest contents of terrigenous elements.
how MS decreases in the Badenian as the carbonate content rises. 

concentration of magnetic minerals matches the highest 
the lowest concentrations in these elements coincide with zones of 

essentially represent carbonate productivity over terrig
The analysis of the elemental ratios indicate that the Pannonian and Sarmatian were more 
susceptible to siliciclastic sediments, whereas the Badenian was more susceptible to 

the ideas of Piller (1999). According to a ch
, mobile elements (Na, Ca) dominate the geochemistry of the sediments in the 

bottom part of the well represented by the last two samples. This correlates with the decrease 
of the magnetic susceptibility profile observed on the logging data.  
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shows titanium content and MS response. 

Bottom right shows titanium vs. 

epth. This helps to visualize the relationship between high/low MS values and the calcium/terrigenous 

relationship established 
high MS values found 

of terrigenous elements. 
carbonate content rises. In 

ic minerals matches the highest amounts of 
the lowest concentrations in these elements coincide with zones of 

carbonate productivity over terrigenous input.  
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more susceptible to 
chemical weathering 

, mobile elements (Na, Ca) dominate the geochemistry of the sediments in the 
bottom part of the well represented by the last two samples. This correlates with the decrease 



 

 

45 DISCUSSION OF RESULTS 

DEPOSITIONAL ENVIRONMENTS  

 It is important to recall that the Pannonian interval corresponds to a delta front and 
pro delta environment with some distributary channels. The Sarmatian is similar to the 
Pannonian environment and the Badenian is characterized by the presence of mouth bars and 
distributary channels with some delta front areas (Paulissen, 2011). Besides the high 
influence of clays, the peak of the carbonate production is reached only during the Badenian 
(Piller et al., 2007). The target of the Spannberg-21 well was the 15THZ2 basin floor fan 
deposited during the middle Badenian.  
 
 The XRD results indicate that the Pannonian sediments look more immature than the 
Badenian deposits. This, at least, in terms of the composition. The Pannonian and the 
Sarmatian are more compositionally diverse than the Badenian (Figure 27). Therefore, 
effectively the Badenian sediments are interpreted to correspond to a more distal environment 
than both the Pannonian and the Sarmatian. The presence of mostly quartz (hard mineral) and 
less muscovite (soft mineral) in the Badenian supports this idea. The opposite trend is found 
in the Pannonian and the Sarmatian. 
 
 The high magnetic susceptibility are found in the coarser sediments located in the 
Pannonian (Middle and Lower) and the Sarmatian, and the lowest values in the Badenian. 
Figure 32 shows the MS trends for the Sarmatian (right) and the Pannonian (left).  

GRAIN SIZE  

 Koolen (2010) documented the presence of magnetosomal greigite in the Sarmatian 
and Pannonian intervals and authigenic greigite in the Badenian. He also mentions that the 
abundance and distribution of magnetotactic bacteria are dependent on organic matter, iron 
content, oxygen, and sulphide. These magnetosomal minerals are in the SD domain and they 
are very stable. However, these SD grains have magnetic susceptibilities that are significantly 
lower than those produced by SP or MD structures. 
 
 Authigenic greigite, a precursor of pyrite, is formed under anoxic conditions. Of the 
three stratigraphic units, this condition is probably best met in the Badenian marine 
sediments. In this case, organic matter and a high sedimentation rate may enable the sulfate 
reduction to stop before all FeS is converted into pyrite, as explained by Berner et. al. (1979). 
However, there is more greigite in the Sarmatian and the Middle/Lower Pannonian than in 
the Badenian. Koolen (2010) hypothesizes that the greigite in the Sarmatian and Pannonian 
has most likely a magnetosomal origin, while the one in Badenian is authigenic. Roberts and 
Turner (1993) mention that the low permeability caused by clays prevents the penetration of 
sulfate resulting in the consumption of the H2S available before the full reaction to pyrite can 
occur. In the case of the Upper Pannonian, where more magnetite than greigite is observed, 
the fresh water conditions combined with the lower sedimentation rates may have prevented 
the formation of greigite. 
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 One of the reasons why the magnetic susceptibility in the Lower/Middle Pannonian 
and the Sarmatian is significantly higher than in the Badenian although the magnetic minerals 
are mostly SD greigite, is because the effect produced by the concentration of magnetic 
minerals is much higher than the effect produced by grain size. Actually Clark (1997) has 
found that the microstructure and size of the grains does not greatly affect the susceptibility.  
 
  High ARM in case of magnetosomal minerals present are a good indicator of high 
interaction between the particles. On the other hand, the low values can be attributed to some 
authigenic greigite present. Also, the SIRM/MS ratio displays high values where smaller SD 
grains are present. The conclusion here is that the high MS signal in both Sarmatian and 
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Pannonian are attributed to the abundant SD magnetosomal greigite and some PSD-MD 
authigenic greigite. Still some detrital magnetite could be present.  
 
 It seems clear that the high MS intensity observed in the Pannonian and the Sarmatian 
is the combined effect of magnetite and greigite. However, the response cannot be attributed 
to any of the two magnetic minerals present. On the other hand, the low response in the 
Badenian is most likely generated solely by authigenic greigite. Hence, one could postulate 
that high MS values are proportional to magnetite presence, whereas greigite presence is not 
a direct indicator of high MS. The response in the Badenian allowed to make this distinction 
because greigite should give high values as well, but apparently it suffered abrupt 
geochemical changes after deposition causing a reduction of its magnetic intensity. 
 

IRON EFFECT 

 By combining the results into the categories mentioned in the XRF analysis, it was 
possible to highlight some important aspects. The iron content itself is obviously important, 
but its abundance is not proportional to the MS response observed. Even in zones with low 
iron content, greigite still occurs and the MS is very low. The Sarmatian and Pannonian 
intervals, with the highest MS readings recorded, have on average very similar iron content as 
the Badenian which has the lowest MS signal. However, the Pannonian and Sarmatian show 
much more greigite than magnetite. The behavior of the curve confirms that the 
ferromagnetic minerals present are not the same (magnetite and greigite).  
 
 The small amounts of pyrite found in the samples occurred always together with 
greigite. This is an indication that the pyritization process took place, but most likely due to 
an iron shortage, the process was interrupted and the intermediate product greigite dominated 
the content. Pyrite is not able to carry any remanent magnetization, and therefore was not 
further investigated here.  
 
 Figure 33 shows the XRF results with a conspicuous pattern namely that at low 
ferromagnetic contents a high feldspars/clay content is observed and vice versa. Moreover, 
there is a slight decreasing trend of ferromagnetic minerals with depth. This trend initially 
makes sense in the Pannonian and the Badenian, but not in the Sarmatian (in terms of MS vs. 
ferromagnetic minerals).  
 
 As for the necessary iron for the greigite formation, the relative high presence of 
smectite in the top two intervals and its low presence in the Badenian might be the answer. In 
this case, the illitization of smectite occurring at shallow depths and lower temperatures 
liberates the required iron for the formation of greigite. The iron content together with the 
high sedimentation rate suggests that not only magnetosomal greigite is present in the 
Pannonian and the Sarmatian, but also some authigenic greigite is formed here as well. The 
insufficiently dissolved sulfate could have avoided a more significant formation of these 
minerals. This option cannot be ruled out. In general, the same greigite abundance is 
observed either at low or high iron content percentage. Nevertheless, and as shown in Table 
8, the iron content in the Pannonian and the Sarmatian is slightly higher than in the Badenian 
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and this helps in explaining the greigite dominance in these units. During the Badenian, the 
amount of iron was not enough for completing the pyrite formation, resulting in authigenic 
greigite.  
 

 

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 be dominated by authigenic greigite 
formed in the pyritization process. However, the reason for the low magnetic content and the 
low response in this interval remains unclear. It is unlikely that the MS can be explained by 
the effect of one single factor/process, and it is more likely to be a combination of several 
factors, many of them very complex, some still unclear and the combined effect produces 
what is on the log. In this particular question, the situation can be explained either by changes 
in the provenance of the sediments, or by a decrease in detrital magnetic minerals input, or 
even by post-depositional processes acting on the sediments. This is explain as follows:  

PROVENANCE OF THE SEDIMENTS 

 Some elements such as Na, Ca, K, and Sr are very mobile and are easily removed 
from parent rocks. Among the common terrigenous elements found in the XRF results, Si, Fe, 
and K are not necessarily good indicators of terrigenous influences. By contrast, Al and Ti 
are very resistant to weathering or diagenetic processes and are well conserved elements. For 
this, they are generally used to estimate the abundance of terrigenous materials in 
sedimentary sequences. Wei et. al. (2006) found that Ti is the best proxy for terrestrial 
materials. Figure 34 shows correlations of these two elements and their positive relationship 
indicates that there was not a big change in the provenance of sediments. Additionally, Rb 
and Fe are also shown and they are also seen to correlate with these elements and thus could 
be seen as additional terrigenous input indicators. On the 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 were more suitable for carbonate 
deposition, the terrestrial input was still quite high. This indicates that the only possible 
explanation for the low MS response in the Badenian lies on the post depositional processes 
that acted on the sediments (dissolution).  
 

DISSOLUTION 

 There is some evidence for significant dissolution in the study area:1) the magnetic 
susceptibility values in the low readings zones are as low as typical diamagnetic / 
paramagnetic values, which suggests that most magnetite and greigite particles have been 
removed or reduced in size. 2) Low magnetic units were deposited under anoxic conditions, 
either marine or with high sedimentations rates, characterized by high organic carbon 
contents. 3) Pyrite has been identified in some samples with low MS zones but was not 
detected in high MS zones.  
 
 If there was significant dissolution in the Badenian, the first grains that disappear 
were probably SD and SP. If the process continued, PSD and finally MD disappeared as well. 
If mostly authigenic greigite is present with particles in the PSD-MD range, then the 
dissolution effectively was strong, reducing the concentration of the magnetic minerals and 
thus producing a decrease in its MS signal. This is shown with the positive relationship in the 
ARM vs. MS plot and also the low ARM (indicating fining of grains) (Figure 35, right) 
(Koolen, 2010). The low ARM response is also caused by the absence of magnetic minerals. 
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Figure 35 (left) shows that exactly at the start of the Badenian, there is an increase in the 
ARM/MS ratio indicating fine magnetic grains coinciding with the decrease of the MS 
readings. Further evidence of this loss can be seen by normalizing the ARM (sensitive to 
grain size and concentration) to SIRM (sensitive to concentration), to get a parameter 
sensitive to grain size.  
 

 

 
 Organic matter and the sedimentation rate are the key elements for the dissolution 
process. The Badenian sediments had the conditions for this to happen with high 
sedimentations rates and high organic input, causing the progressive dissolution and/or 
transformation of the magnetic minerals into greigite. Even in some cases the formation of 
magnetite is interrupted in these conditions.  
 
 Since dissolution has been proposed here as a major factor for the magnetic 
susceptibility response in the Badenian, the geochemistry of the sediments linked to chemical 
weathering is also studied. It is important to point out that the chemical weathering 
mentioned here is referred to the sediments during and 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 t

continuous greigite growth in zone 3. SMT = sulfate
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 In Figure 37, the top left plot shows
Ca/Ti and Ca/Fe ratios also indicate an increasing trend with depth. Therefore, titanium is 
decreasing with depth. Figure 38
with the decreasing MS signal. 
proportional to the amount of terrigenous input and inversely proportional to the carbonate 
content.  
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: Simplified model illustrating the progressive dissolution of SD and PSD magnetite (dark/grey area/line) and 

reigite (light grey line/area)., followed by the delay before greigite grows 

continuous greigite growth in zone 3. SMT = sulfate-methane transition. Modified from (Rowan et al., 2009)

ELEMENTAL RATIOS ANALYSIS 

lemental ratios are more useful than single elements because they are typically
 (Govin et al., 2012). Among existing ratios, calcium/tita
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e the most commonly used for paleoclimate 
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in mixed carbonate and detrital sediments have been used 

this intensity. Additionally, Ti/Al, Mg/Al, Si/Al, and Rb/Al for mixed carbonate and detrital 
also have been used to trace the intensity of chemical changes. 

In Figure 37, the top left plot shows the increase of calcium with depth. Similarly, 
Ca/Ti and Ca/Fe ratios also indicate an increasing trend with depth. Therefore, titanium is 

Figure 38 shows how the increasing Ca/Fe ratio with depth matches 
with the decreasing MS signal. These results demonstrate that the MS readings 
proportional to the amount of terrigenous input and inversely proportional to the carbonate 
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Figure 37: Marine and terrestrial elements vs. depth. 

 

Figure 38: Marine-Terrigenous ratio of the proxies Ca/Al and Ca/Fe

onset (1200-1300 mts) where the influx of sediments is reduced and the carbonates control the lithology. 

   
 An increase of the chemical weathering may result in higher Al/Ti
Actually the general trend see
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 show increasing trends with depth 
accompanied with a decreasing trend of Al/Na, Al/K, Al/Ti (Figures 40 and 41). Even Rb/Sr 
and Al/Ca shows the highest values for the top samples, suggesting a higher degree of 
weathering. All this seems to suggest a decrease of chemical weathering intensity with depth. 
The Chemical Index of Alteration (CIA) was also calculated here and the values present in 
both Sarmatian and Pannonian sediments reflect that these units were subjected to strong 
chemical weathering. The CIA values of the sediments range from 38.7 to 56.3. This and the 
rest of the elemental plots can be found in Appendix G. 
  

 
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 to an enhanced input of quartz, which in 
turn may be due to a higher transport energy. In agreement with this, the higher values of 
Si/Al and Si/K observed in the bottom interval may be explained as consequence of this. This 
is observed in the XRD results that show predominantly quartz for the distal sediments (the 
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Badenian) whereas less quartz and other phases are found in proximal sediments interpreted 
as the Sarmatian and Pannonian. 
 

Figure 41: The Si/Al and Si/K ratios can be
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observed on the well logs indicate changes caused by orbital forces based on the results 
shown in the wavelet analysis. The smaller periodicities observed are generally difficult to 
define accurately in this type of environments (shallow marine) because the record is often 
discontinuous. The discontinuity of the cycles in the Sarmatian is originated by the multiple 
sea level changes caused in turn by the tectonic events that took place during this time. For 
this reason, and considering the zonal classification defined by (Paulissen, 2011), it was 
convenient to divide this interval into two. This division allows us to notice the discontinuity 
in the cycles very clearly. On the other hand, since this typical sedimentary pattern is not only 
present in the Vienna Basin, but in the Styrian and Transylvanian Basin as well as pointed out 
by Harzhauser et al. (2004), the changes of depositional environments can be correlated 
throughout the whole Paratethys zone. All this indicates that effectively some of the cycles 
are not caused only by local tectonic movements, but by major oscillations in the relative sea 
level in the whole area. 
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Chapter 6: 
CONCLUSIONS 

CONCLUSIONS 

 Significant changes in magnetic properties are observed above and below the 
Badenian-Sarmatian boundary. This major event definitively marked the end of one cycle and 
the onset of a very different one, and it had probably created different conditions suitable for 
the formation and/or preservation of magnetic minerals. Therefore, magnetic susceptibility 
can be seen as a powerful but complicated proxy for interpreting changes in climate and 
depositional environments. 
 
 Authigenic greigite is considered the main precursor of pyrite and its formation is 
related to the shortage of either iron minerals, dissolved sulphate or organic matter during the 
pyritization process. The high sedimentation rate was the main factor capable of generating 
the anoxic conditions needed for greigite formation in the Sarmatian and Badenian. The 
dissolution of the detrital magnetite in the Badenian seems to be the best explanation for the 
negligible MS response observed in that unit. The results show that magnetic susceptibility is 
dominated and controlled by the mineral magnetite and therefore, it is the main magnetic 
carrier. 
 
 It is concluded during this study that the magnetic susceptibility property cannot be 
explained by the single effect of one process. In fact,  multiple processes at different times are 
responsible for the evolution of this signal. The combination of these processes during 
deposition and post-deposition produces remarkable changes in the magnetic properties of the 
sediments. 
  
 This thesis offers a compilation of data on the relationship between magnetic 
susceptibility (MS), environmental parameters (proximal-distal, mineralogy, grain size 
distribution, sedimentation rates) and depositional environments (shallow marine and 
terrigenous) during different Miocene stages. In general, the magnetic susceptibility signal 
depends on the presence of ferromagnetic minerals. However, the susceptibility response 
observed in the Badenian seems to be carried not by ferromagnets but by diamagnets. The 
susceptibility in the top units is determined by both the presence of magnetic minerals and the 
abundance of terrigenous Fe-rich clays. 
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 The excellent negative correlation between magnetic susceptibility and carbonate 
content verifies that the susceptibility signal reflects the concentration of the non-carbonate 
fraction.  
 
 Since the MS is related mostly to lithogenic inputs, the decreasing trend of values 
with distance observed in the three units is confirmed with the semiquantitative analysis 
results. According to these results, the Badenian sediments were deposited far from the 
source or at a higher relative sea level. Moreover, this interval is affected strongly by 
carbonate production that prevented the deposition of magnetic minerals.  
 
  Another major factor has to do with eustatic sea level changes because it controls the 
detrital influx, influencing therefore the magnetic susceptibility behavior. This is what it is 
observed in the Sarmatian and Pannonian after the respective sea level drops.  
 
 The reduced detrital input documented in the Badenian does not look strong enough 
to be the only responsible agent for the low MS response. Here we propose a prolonged 
dissolution affecting all magnetic mineral domains leaving the MS response to be solely 
produced by diamagnetic minerals as supported by the semiquantitative analysis results.  
 
 In terms of cyclostratigraphy, one can conclude primarily by saying that the 
combination of a fully environmentally controlled property such as magnetic susceptibility 
with the analysis of sedimentary cycles, which also reflects changes in environmental 
conditions, represent a powerful method for reconstructing climate conditions.  
 
 The wavelet analysis provided evidence that not only Milankovitch cycles are present 
in the Sarmatian and Pannonian. Definitively orbital forces affected the central part of the 
Vienna Basin during the Miocene and these forces are related to the sedimentary 93 kyr cycle 
observed. The short eccentricity cycle of 95 kyr is related to the major sea level fall which 
occurred at both Sarmatian-Pannonian and Badenian-Sarmatian boundaries. It looks 
continuous throughout the record and it is represented by a strong peak in the power spectra. 
There are, however, other prominent cycles present having a more discontinuous behavior 
easily observed during Sarmatian. The 65 kyr cycle is very strong, but represents more of a 
tectonically originated cycle than a eustatic cycle. 
 
 The data quality and quantity was definitively a positive feature of the magnetic 
susceptibility signal. The unconformities did not play any role in the interpretation of the 
results as they could be eliminated by the integrated study of Paulissen et al. (2011). This 
accuracy of the sedimentation rates was also important for guaranteeing the quality of the 
results. The prominent cycle of 95 kyr is observed mostly in shaly environments, hence the 
record seems to be reliable. The presence of the cycles and their distribution are consistent 
with the fact that sea level fluctuations and tectonic events occurred at these times.  
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Chapter 7: 
RECOMMENDATIONS  

RECOMMENDATIONS 

 The idea of this chapter is to mention some points that can be helpful in the 
understanding of some ideas still unclear after this work. The purpose is to propose further 
studies if more knowledge is desired about magnetic susceptibility 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 the Pannonian, Sarmatian, and especially 
Badenian for confirming the theory about dissolution, but also to verify the magnetic grain 
size of the magnetosomal greigite present in the top two units. Looking for SP domains 
would be also interesting.  

 
� The low MS values in the Badenian characterized mainly by greigite, which is 

supposed to have also high readings, represent an interesting problem. For this reason, DTA 
or TGA experiments are proposed to see if the peaks there also show greigite. 

 
� SEM analysis might be helpful for a more convincing identification of the magnetic 

minerals present. 
  
� Despite an improving understanding of magnetic susceptibility and the effect that 

diagenesis has on this property, a better identification 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. 2ϴ) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

77 APPENDICES 

APPENDIX E.2: XRD spectrum for Sample 3 and Sample 4 in compatible scales(counts vs. 2ϴ) 
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APPENDIX E.3: XRD spectrum for Sample5 and Sample 6 in compatible scales (counts vs. 2ϴ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

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: XRD spectrum for Sample 3, original report 
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APPENDIX F.4: XRD spectrum for Sample 4, original reportXRD spectrum for Sample 4, original report 
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APPENDIX F.5: XRD spectrum for Sample 5, original report

 

: XRD spectrum for Sample 5, original report 
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APPENDIX F.6: XRD spectrum for Sample 6, original report

 

: 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 (~50–100µT) to a sample in the presence of an 
alternating magnetic field that is decreased from some peak value to 0. In most laboratories, 
the peak field is about 100  mT. A partial ARM can be applied by only switching on the DC 
field over a limited range of alternating field during the decrease from a peak alternating field 
value. 
 
Authigenic: An authigenic mineral is one that formed in place, rather than being transported 
from another location. 
 
B1/2: is defined as the field at which half of the SIRM is reached. 
 
CIA: The Chemical Index of Alteration was proposed by Nesbitt and Young (1982) as a 
measure of the role played by chemical weathering in the production of clastic sediments. 

The ratio CIA = (Al2O3/Al 2O3 + CaO* + Na2O + K2O) × 100 (where CaO* is the calcium 
content of silicates) is based on the assumption that the dominant process during chemical 
weathering is the degradation of feldspars and the formation of clay minerals. 
 
Coercivity of remanence (Bcr): The direct reversed magnetic field that must be applied and 
then removed to demagnetize to zero the saturation remanent magnetization that was 
imparted in the opposite direction. 
 
Curie temperature (Tc): As temperature increases in a ferromagnetic material, interatomic 
distances increase, and the magnetic exchange interaction becomes weaker. At Tc, thermal 
energy overcomes the exchange energy, and magnetic moments become independent so that 
the material becomes paramagnetic. Named for the French scientist Pierre Curie (1859–
1906). 
 
Cyclostratigraphy: the study of periodic behavior of the properties of a sequence of 
sedimentary rocks. 
 
Dispersion parameter DP: is the width of the distribution, given by one standard deviation 
of the logarithmic distribution. 
 
DTA: Differential thermal analysis is a thermo analytic technique, similar to differential 
scanning calorimetry. In DTA, the material under study and an inert reference are made to 
undergo identical thermal cycles, while recording any temperature difference between sample 
and reference. This differential temperature is then plotted against time, or against 
temperature (DTA curve, or thermogram).  
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Eccentricity: the deviation of the Earth’s elliptical orbit around the Sun from circularity. An 
eccentricity of 0 is a circular orbit, an eccentricity of 1 is a parabola. Earth’s orbital 
eccentricity has ranged from 0.0034 to 0.058 over the past several hundred thousand years. 
 
GAPI: API gamma ray units. A unit defined by the American Petroleum Institute for gamma 
ray log measurements. 
 
IRM/SIRM: Remanent magnetism resulting from short-term exposure to strong magnetizing 
fields at constant temperature is referred to as isothermal remanent magnetism(IRM). In the 
laboratory, IRM is imparted by exposure (usually at room temperature) to a magnetizing field 
generated by an electromagnet. The maximum remanence that can be produced is called the 
saturation isothermal remanent magnetization (SIRM).  
 
LWD: it stands for Logging While Drilling. is a technique of conveying well logging 
tools into the well borehole downhole as part of the bottom hole assembly (BHA). LWD tools 
work with its measurement while drilling (MWD) system to transmit partial or complete 
measurement results to the surface via typically a drilling mud pulser or other improved 
techniques, while LWD tools are still in the borehole, which is called "real-time data".  
 
Magnetosome: A magnetic nanoparticle produced by, and found in, magnetotactic bacteria. 
Magnetosomes are usually aligned in chains and are encased by a thin cellular membrane. 
These chains act like a compass needle to orient magnetotactic bacteria in the geomagnetic 
field. Magnetosomes commonly consist of magnetite or greigite. 
 
Magnetotactic bacteria: A class of bacteria discovered in the 1960s that contain 
ferrimagnetic crystals within cell structures that enable the bacteria to navigate along 
geomagnetic field lines. 
 
Multidomain (MD): As a magnetic particle increases in size, its magnetic energy increases. 
In order to minimize this energy, a particle will begin to nucleate domain walls at a critical 
grain size threshold. These walls divide the particle into two or more magnetic volumes or 
domains. The magnetization is uniform in each domain, but it differs in direction from 
domain to domain. MD grains are less effective paleomagnetic recorders than single-domain 
grains. 
 
Natural remanent magnetization (NRM): The magnetic remanence of a geological sample 
prior to laboratory treatment. The NRM is typically composed of more than one component 
acquired at different times during a sample's history. Magnetization components are usually 
identified in the laboratory using stepwise thermal or alternating field demagnetization. 
 
Obliquity: In astronomy, axial tilt, also known as obliquity, is the angle between an 
object's rotational axis and its orbital axis, or, equivalently, the angle between its equatorial 
plane and orbital plane. It differs from orbital inclination. 
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Precession: is a change in the orientation of the rotational axis of a rotating body. In 
astronomy, "precession" refers to any of several slow changes in an astronomical body's 
rotational or orbital parameters, and especially to Earth's precession of the equinoxes. 
 
Pseudo-single-domain (PSD): A magnetic structure intermediate between the single-domain 
(SD) and multidomain states in which particles contain more than one domain but exhibit 
many of the stable magnetic properties typical of SD particles. PSD grains can have stable 
remanent magnetizations over geological time scales and can 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 electron microscope that produces images 
of a sample by scanning it with a focused beam of electrons. The electrons interact with 
atoms in the sample, producing various signals that can be detected and that contain 
information about the sample's surface topography and composition.  
 
Single-domain (SD): A uniformly magnetized magnetic particle with a single magnetic 
domain. Noninteracting SD grains are ideal recorders of paleomagnetic information. In most 
magnetic minerals, stable SD grains are extremely small (the SD size range in magnetite is 
∼30–80 nm). 
 
Superparamagnetism (SP): Class of magnetic behavior exhibited by very small particles 
(<30 nm in magnetite) that have relaxation times on laboratory time scales (typically <100 s). 
For these particles, atomic magnetic moments align in a magnetic field to produce a strong 
induced magnetization that can be rapidly destroyed by thermal vibration soon after removing 
the field (seconds to minutes). 
 
TEM (transmission electron microscopy): is a microscopy technique in which a beam 
of electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it 
passes through. An image is formed from the interaction of the electrons transmitted through 
the specimen; the image is magnified and focused onto an imaging device. SEM focuses on 
the sample’s surface and its composition whereas TEM provides the details about internal 
composition.  
 
TGA: Thermo gravimetric analysis or thermal gravimetric analysis  is a method of thermal 
analysis in which changes in physical and chemical properties of materials are measured as a 
function of increasing temperature (with constant heating rate), or as a function of time (with 
constant temperature and/or constant mass loss). TGA can provide information about 
physical and chemical phenomena such as second-order phase transitions, including 
vaporization, sublimation, adsorption, absorption, and desorption.  
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WL: it stands for Wireline.  the term wireline usually refers to a cabling technology used by 
operators of oil and gas wells to lower equipment or measurement devices into the well for 
the purposes of well intervention, reservoir evaluation, and pipe recovery. Tools inserted into 
the well for both workover and logging efforts, wireline and slickline are very similar 
devices. While a slickline is a thin cable introduced into a well to deliver and retrieve tools 
downhole, a wireline is an electrical cable used to lower tools into and transmit data about the 
conditions of the wellbore called wireline logs. 
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High-resolution magnetic susceptibility 
data interpretation in a well through 
the Miocene of the Vienna Basin 


