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The Arctic Ocean is an essential component of the global climate system, yet understanding
of its geological archives is hampered by difficulties in age modelling. In addition to the
scarcity of dateable microfossils, the palaeomagnetic record of Arctic sediments is unusual.
Palaeomagnetic inclination sequences from Arctic sediments display numerous changes from
steep positive to steep negative values that do not match the established geomagnetic polarity
timescale. Independent age constraints suggest that most changes in the upper few meters below
the sea-floor took place within the Brunhes normal chron. It has been suggested that zones
of reversed inclination contain reversed titanomaghemite, formed by sea-floor oxidation of
titanomagnetite. Until now, self-reversed components of Arctic records have not been studied
in the context of regional stratigraphic frameworks, which could elucidate the relative timing of
significant diagenetic changes, or their synchronicity between different records.

This thesis examines marine sediments from three different areas of the Arctic. All records
were evaluated within their regional stratigraphic frameworks and cross-correlated with existing
records. A combined approach that used magnetic and sedimentological data was employed to
identify the effect of depositional and diagenetic processes on the palaeo- and rock magnetic
properties. Chemical, palaeo- and rock magnetic investigations on sediments from the Arlis
Plateau and the Lomonosov Ridge revealed a complex magnetic mineralogy and constrained
reversed inclinations to a medium to high coercivity magnetic phase. The important role of
manganese in the Arctic Ocean, its involvement in iron (oxyhydr)oxide enrichment during
interglacial periods and its role in diagenesis led to the hypotheses that an unidentified magnetic
ferromanganese phase is involved in the anomalous palaeomagnetic record. Elevated pore
water manganese concentration a few meters below the sea-floor in central Arctic sediments
is evidence of ongoing diagenesis that involves manganese-oxides. A relationship with iron-
oxides is likely and can lead to alteration of existing magnetic minerals and the precipitation
of new magnetic phases. This approach revealed 1) an inconsistent alignment of zones of
negative inclination when different records were correlated using lithological parameters, 2) no
correlation of inclination changes with stratigraphic boundaries and 3) a link between diagenesis
and the palaeomagnetic record.
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1 Introduction 

1.1 The Arctic region 
The Arctic region has long been recognized as a vital part of the global climate 
system. It effectively acts as a heat-sink through interactions between the cry-
osphere, the atmosphere and its ocean and seas. Yet, the polar regions have 
proven challenging to study, due to logistical reasons and, from a geological 
perspective, difficulties in constructing reliable age models for Arctic sedi-
ments. The Arctic region is commonly defined as the area north of the polar 

Figure 1.1 Map of the Arctic Ocean, adjacent seas and bordering continents. Eleva-
tion is based on the International Bathymetric Chart of the Arctic Ocean (IBCAO; 
Jakobsson et al., 2012). Depth/height scale is spaced differently above and below 
sea-level. 
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circle1 at 66°33’48.0” N2 and is largely occupied by the Arctic Ocean and its 
adjacent seas that are characterized by a (permanent/seasonal) sea ice cover 
(figure 1.1).  

The earliest efforts to study the Arctic Ocean were undertaken at the end of 
the 19th century3, for instance by Norwegian explorer and scientist Fridtjof 
Nansen, who together with his crew were the first to collect valuable oceano-
graphic and meteorological data from the Arctic Ocean. They discovered the 
Transpolar Drift (TPD), a major surface ocean current that transports sea ice 
from the Siberian margin across the North Pole towards Svalbard and Green-
land, the existence of which had already been proposed by Norwegian mete-
orologist Henrik Mohn. The TPD is the main mechanism of ice export from 
the Arctic Ocean through the Fram Strait. Several failed attempts and disput-
able claims to have reached the North Pole were made by early explorers at 
the end of the 19th century and the beginning of the 20th century. The first 
verifiable claim to have reached the pole, by airship, was laid by Roald 
Amundsen in 1926. Yet, it was a Soviet scientific expedition that was most 
likely the first to reach the North Pole by foot as late as 1948. For comparison, 
the South Pole was reached more than 30 years earlier in 1911 by Roald 
Amundsen and 34 days later by Robert Falcon Scott and their respective 
teams4. These early explorers paved the way for more research focused expe-
ditions in the future. 

Soviet research in the Arctic was well underway by the late 1930’s with 
year-round operated scientific stations on the drift ice of the Arctic Ocean. 
The USA and Canada followed shortly to establish their own drift ice stations. 
The first Arctic Ocean sediment cores were taken from such ice-based stations 
and used to formulate the first ideas about past environmental conditions in 
the region (Steuerwald et al., 1968). Age models were constructed using the 
newly established method of magnetostratigraphy, which utilizes the capabil-
ity of sediments (and rocks) to record the ancient Earth’s magnetic field (the 
geomagnetic field) and help us understand how the geomagnetic field changes 
over geological timescales (Butler, 1992). The first non-nuclear-powered ice-
breakers that reached the North Pole were RV Polarstern and IB Oden in 1991. 
A subsequent increase in multi-disciplinary, icebreaker-led research expedi-
tions has advanced our understanding of Arctic geology considerably. 

                               
1 One alternative definition of the Arctic is the region north of the equator where the warmest 
months’ average temperature is below 10°C. 
2 The latitude of the Arctic circle, and the Antarctic circle likewise, depends on the tilt of Earth’s 
rotational axis with respect to the Sun. In general, it is defined as the southernmost, or north-
ernmost in case of the Antarctic circle, point at which the Sun does not set at least one day in a 
year. 
3 Exploration of the northern seas started much earlier, probably as early as 325 BC. 
4 Amundsen’s sole goal was to reach the South Pole and he even kept his intentions secret until 
the last minute, informing his ‘rival’ R.F. Scott by telegram when his ship reached Madeira. 
Scott on the other hand had various scientific and geographic objectives. 
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The Arctic has been a political stage since the early 20th century with the 
main actors being the states that have territory north of the Arctic circle (Rus-
sia, Canada, USA, Denmark, Iceland, Norway, Sweden and Finland). During 
World War II, the allied forces tried to resupply Russian troops through the 
Arctic Ocean and Svalbard was occupied by Germany in an effort to establish 
a meteorological station. Today, Arctic politics are concerned with resource 
development, shipping routes, territorial claims and defence interests. Envi-
ronmental issues are dealt with by the 1991 formed Arctic Council, which 
consists of the eight states and six organisations that represent indigenous peo-
ple. 

Based on the United Nations Convention on the Law of the Sea (UN-
CLOS), countries can claim a part of its continental shelf beyond the 200 nau-
tical mile zone (United Nations, 1982). In recent years most of the bordering 
countries made such claims in the Arctic Ocean. While the UNCLOS defini-
tion of the continental shelf (article 76) is different from the geological defi-
nition it still requires geological data to lay claims. The recent increase in data 
collection in the Arctic is a direct consequence of countries preparing their 
claims due to potential marine resources and shipping routes that will become 
more accessible with ongoing climate change and the demise of Arctic sea ice. 
However, the potential of the Arctic for economic purposes remains question-
able due to the logistical and infrastructural challenges involved (Farré et al., 
2014). 

Research in the Arctic Ocean remains challenging, and its prehistorical, 
geological development is not well understood. With the imminent threat of 
global warming, the Arctic Ocean has become a focus of climate research. The 
Arctic has experienced the strongest degree of warming since the industrial 
revolution and continues to warm, at an alarming rate. Understanding its role 
in the global climate system is of critical importance (Przybylak, 2007; 
Stocker et al., 2013). Feedback mechanisms in the Polar Regions are an im-
portant agent in the glacial/interglacial cycles of the Quaternary Period by am-
plifying and/or dampening warming and cooling (Ruddiman, 2008). One ex-
ample is the ice-albedo feedback (Miller et al., 2010). Snow- or ice-covered 
surfaces reflect more sunlight, amplifying cooling and thus prolonging the 
time that snow and ice prevails in warmer summer months. Initial warming 
will reduce snow- and ice-cover, exposing darker surfaces that reflect less sun-
light and thus amplify warming. 

In order to understand environmental change in the Arctic and its interac-
tion with the global climate system, reliable age models of its geological ar-
chives, such as marine sediment sequences, are paramount. One method to 
reconstruct sediment ages is magnetostratigraphy; this method is internation-
ally accepted, and routinely used for dating Cenozoic marine sediments. The 
identification of globally applicable geomagnetic polarity reversals and excur-
sions in continuous stratigraphic sequences allows correlation to the inde-
pendently dated framework provided by the geomagnetic polarity timescale 
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(GPTS; Cande & Kent, 1995; Ogg & Smith, 2005; Laj & Channell, 2015). 
Yet, Arctic Ocean sediments present unique challenges when it comes to mag-
netostratigraphy and the palaeomagnetic recording fidelity. Observations of 
an anomalous nature of the sedimentary palaeomagnetic record of the Arctic 
Ocean renders a successful application of the method questionable (e.g., Back-
man et al., 2004, 2008; O’Regan et al., 2008a; Channell & Xuan, 2009). Pal-
aeomagnetic inclination changes in central Arctic sediments are characterized 
by numerous changes from steep positive to steep negative values. In the re-
gion of the Lomonosov Ridge, these changes are constrained to sediments 
older than marine isotope stage (MIS) 6 (191 ka) on the commonly accepted 
age model (O’Regan, et al., 2008a). Similar perplexing results have been re-
ported from other regions in the Arctic. For instance, on the Yermak Plateau, 
inclination changes have been interpreted as geomagnetic excursions (e.g., 
Nowaczyk et al., 1994), yet their duration is much longer than for correlated 
events from elsewhere (Laj & Channell, 2015). Additionally, sedimentation 
rate estimates are lower than what is considered necessary to record short-term 
geomagnetic events such as excursions (Roberts & Winklhofer, 2004). Corre-
lating inclination changes to the GPTS and interpreting them as geomagnetic 
reversals, leads to unreasonable changes in sedimentation rates (Spielhagen et 
al., 1997). The alternative of interpreting them as geomagnetic excursions is 
equally insufficient due to the large number and duration of polarity changes. 
If records are visually compared on a depth scale the behaviour seems to dis-
play a coherent pattern, which led several authors to use palaeomagnetic in-
clination changes for cross-core correlation (e.g., Spielhagen et al., 2004). 

It was suggested by Channell & Xuan (2009) that reversed (i.e., negative) 
inclinations in Arctic Ocean sediments are carried by a self-reversed (ti-
tano)maghemite chemical remanent magnetization (CRM5) but they did not 
integrate their data into the commonly used stratigraphic framework of the 
central Arctic. Their work is compelling but not conclusive and as long as 
proof of a mechanism that controls the occurrence of zones of reversed palae-
omagnetic inclinations is not at hand, other hypotheses for the anomalous nat-
ural remanent magnetization (NRM) record need to be considered. 

1.2 The Scope 
The scope of this thesis is to investigate the perplexing palaeomagnetic record 
of Arctic Ocean sediments. In particular, the thesis aims to (1) test the hypoth-
esis of a reversed CRM as a cause of the anomalous palaeomagnetic records 
in the Arctic Ocean as proposed by Channell & Xuan (2009), (2) investigate 

                               
5 CRM may also abbreviate to crystallization remanent magnetization. In the case of oxidation 
of (titano)magnetite to (titano)maghemite one can argue for both, chemical or crystallization 
(Dunlop & Özdemir, 2001). 
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the inclination pattern in the regional stratigraphic context by correlating new 
records to existing ones from the Arctic Ocean (O’Regan, et al., 2008a) and 
(3) develop and test alternative hypotheses that may explain the bizarre palae-
omagnetic records. 

In order to test the hypothesis of self-reversal (Channell & Xuan, 2009), 
the existing results need to be replicated and then analysed in the regional 
stratigraphic context. To avoid circular reasoning, records should be corre-
lated based on their physical and chemical properties, explicitly excluding pal-
aeomagnetic data. This approach allows the palaeomagnetic record to be in-
terpreted in the context of other depositional processes, like chemical cycles 
or diagenetic changes, and formulate alternative, justifiable hypotheses. The 
integration of different datasets is a particular focus of the thesis. The three 
studied records form a transect across the Arctic, from the Yermak Plateau, 
across the central Lomonosov Ridge, to the Arlis Plateau in the Amerasia Ba-
sin. This geographic distribution allows us to establish how pervasive poten-
tial problems related to NRM acquisition are. 

This thesis improves our understanding of how sediments in general be-
come magnetized and the processes that may alter the depositional record. It 
can have far-reaching implications for the interpretation of palaeomagnetic 
records from other locations.  
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2 Theory 

2.1 Physics of Magnetism 
Electromagnetism is one of the four fundamental forces of nature and intrin-
sically links electric and magnetic fields, a relationship described by Max-
well’s equations (Maxwell, 1865). On the atomic scale, the orbital motion6 of 
electrons induce a magnetic field. Viewing the orbit as an elementary current 
loop we can define the magnetic moment 
 

 dμ IdS, (Eq. 2.1) 

 
where I is the current and dS is the area enclosed by the loop (figure 2.1). 
Materials that hold only paired electrons have a net magnetic moment of zero 
in the absence of an external magnetic field and are called diamagnetic mate-
rials. Materials that hold unpaired electrons have a non-zero magnetic moment 
that can 1) be still net-zero in the absence of an applied field (paramagnetic 
materials) or a permanent moment due to the interaction and exchange-cou-
pling of individual moments (ferromagnetic materials). Ferromagnetism, in a 

                               
6 This classical approach of describing magnetism is strictly speaking incorrect because it is a 
quantum mechanical phenomenon related to the electron spin (Blundell, 2001). However, in 
this short outline the simplified description will suffice. 

Figure 2.1 Illustration of an ele-
mentary magnetic moment dµ 
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broad sense, can exist in different forms, depending on the organization of the 
magnetic moments (figure 2.2). 

For aggregates that contain a large number of atoms, such as crystals, we 
can define the magnetization (M) as the vector sum of all individual atomic 
magnetic moments per unit volume. Small crystals display a uniform magnet-
ization, that is, atomic moments are aligned, or, in other words, are arranged 
in a single domain (SD). To reduce magnetostatic energy, the magnetization 
of larger aggregates or crystals will split into regions of uniform magnetization 
that are separated by domain walls, giving rise to a multi domain (MD) struc-
ture. In sufficiently small particles, depending on the material, moments can 
thermally be activated on timescales of minutes to seconds, giving rise to a 
very strong paramagnetic behaviour (superparamagnetism; SP). In an exter-
nally applied magnetic field (H), the moments tend to align with the direction 
of the applied field and relate M and H: 
 

 κ
M
H
, (Eq. 2.2) 

 
where κ is the (volume) magnetic susceptibility. For diamagnetic and para-
magnetic materials7 this relationship is linear, meaning that κ stays constant 
with increasing H. In ferromagnetic materials the relationship is non-linear but 
                               
7 These materials also magnetically saturate, however very large fields are required while the 
majority of natural ferromagnetic minerals requires much lower fields to saturate. 

Figure 2.2 A schematic illustration of different or-
ganizations of exchange coupled spins in ferromag-
nets and the resulting net magnetization (M). 
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approximately linear for small H. Diamagnetic and paramagnetic materials 
exhibit no measurable magnetic moment in the absence of an applied magnetic 
field, whereas ferromagnetic materials retain a remanent magnetization even 
in the absence of an applied field. This property allows for a recording of the 
configuration of the Earth’s magnetic field by certain ferromagnetic minerals. 

The key magnetic properties of ferromagnetic materials can readily be ex-
plained by considering such a material in a cycling magnetic field (figure 2.3). 
By applying a sufficiently strong field to a sample of a ferromagnetic material, 
or a mixture of different ferromagnetic materials, the magnetization saturates 
(Ms). When the field is subsequently reduced to zero, the sample will retain a 
magnetization, the remanent magnetization (Mrs). Applying a field in the op-
posite direction, the magnetization will reduce to zero, the required field is 
termed the coercive force (Hc

8). Yet, if the field would be turned off at this 
point, the sample would still have a measurable magnetization. The field re-

                               
8 The unit of Hc is A/m. When expressed in units of Tesla (T), the denomination of the param-
eters becomes Bc. This also applies to the coercivity of remanence (Hcr in A/m; Bcr in T). 

Figure 2.3 Magnetic hysteresis loop displaying some key 
magnetic properties. H is the magnetic field, M is mag-
netization, Ms is saturation magnetization, Mrs is the 
remanent magnetization, Hc is the coercive force and Hcr 
is the coercivity of remanence. 
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quired to reduce the remanent magnetization to zeros in the absence of an ap-
plied field, is called the coercivity of remanence9 (Hcr). This behaviour is 
called magnetic hysteresis and is a useful diagnostic tool because different 
materials exhibit different properties (e.g., Blundell, 2001; Evans & Heller, 
2003). For a full account of the physics of magnetism the reader is referred to 
the literature (e.g., Butler, 1992; Blundell, 2001; Dunlop & Özdemir, 2001; 
Tauxe, 2010). 

2.2 Terrestrial Magnetic Minerals 
The most important minerals that are capable of carrying a remanent magnet-
ization and, therefore, have the capability to record the Earth’s magnetic field, 
are the iron and titanium oxides (called titanomagnetites) of the magnetite 
(Fe3O4) – ulvöspinel (Fe2TiO4) solid solution series (Dunlop & Özdemir, 
2001). The general formula for titanomagnetites is written as  

 , (Eq. 2.3) 

where x can take values between 0 and 1. They are important because of their 
widespread occurrence and the fact that they are strongly magnetic, so much 
so that they usually dominate the magnetic properties of natural samples even 
if their concentration is orders of magnitude lower than other minerals present 
in the sample. By addition of oxygen or removal of iron, titanomagnetite forms 
partially oxidised titanomaghemites and eventually fully oxidised titanohema-
tites. A generalized formula for titanomaghemites is 

 ∎ , (Eq. 2.3) 

with 8/ 8 1 , x the titanium content (between 0 and 1), z the 
oxidation state (between 0 and 1) and ∎ representing a lattice vacancy. Be-
sides titanium, other transition metals can be substituted for iron in magnetite. 
The most common ones are probably aluminium and manganese (Barrón & 
Torrent, 2013) but chromium, magnesium and nickel are also frequently ob-
served (Dunlop & Özdemir, 2001). Other important terrestrial magnetic min-
erals are those of the iron (oxyhydr)oxide (e.g., goethite, αFeOOH) and iron 
sulphide (e.g., greigite, Fe3S4 and monoclinic pyrrhotite, Fe7S8) minerals that 
are related to weathering and diagenesis. For a more detailed account, includ-
ing the varying magnetic properties of different minerals, the reader is referred 
to the literature (e.g., Butler, 1992; Thompson & Oldfield, 1986; Dunlop & 
Özdemir, 2001; Evans & Heller, 2003). 

                               
9 The coercivity of remanence, even though displayed in figure 2.2, is usually not measured 
with a normal hysteresis loop. It is measured by first saturating a sample and then applying a 
series of incremental increased fields in the opposite direction until the magnetization in the 
absence of an applied field is zero. 
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2.3 Earth’s Magnetic Field 
The Earth’s magnetic field, also referred to as the geomagnetic field, is gen-
erated and maintained in the Earth’s outer core by the convection of liquid 
iron (Buffett, 2000). It extends through the Earth’s mantle and crust into space 
where it interacts with the Sun’s magnetic field and is bent by a stream of 
charged particles that emanate from the Sun. It effectively protects us, our 
(electromagnetic) infrastructure (including artificial satellites that orbit the 
Earth) and the ozone layer from solar radiation. The interaction of these 
charged particles with the geomagnetic field can be directly observed at high 
latitudes in the form of an aurora. 

The geomagnetic field, averaged over time, can be modelled as a dipole 
that is aligned with the Earth’s spin axis. This (simplified) model of the Earth’s 
magnetic field is called the geocentric axial dipole (GAD; figure 2.4). The 
actual geomagnetic field, while predominantly dipolar today, exhibits signifi-
cant non-dipole components and is asymmetric with respect to its pole posi-
tions. The configuration of the geomagnetic field is a result of the insulating 
mantle. At the core-mantle boundary, the field is multipodal due to distinct 
convectional regimes in the outer core (Jackson et al., 2000; Christensen & 
Wicht, 2007). 

Convection models of the outer core suggest that flow is structured in col-
umns (cylinders) parallel to the Earth’s rotational axis due to the Earth’s rota-
tion (figure 2.5). This so-called tangent cylinder model has received more at-
tention in the last two decades because it might have an impact on the surface 

Figure 2.4 Simple representation of the Earth's magnetic field. Left: Normal polar-
ity, that is, field lines are pointing vertical upwards near the Earth's Geographic 
South Pole and vertically downwards near the Earth's Geographic North Pole. Right: 
Reversed polarity, that is, field lines point vertically down near the Earth’s Geo-
graphic South Pole and vertically upwards near the Earth’s Geographic North Pole. 
Asymmetry of poles is not shown. 
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expression of the field at high latitudes (Olson & Aurnou, 1999; Kono & Rob-
erts, 2002). However, computer models of the geodynamo are limited by pro-
cessing power and so far, have not been able to adequately simulate the con-
ditions in the Earth’s core. One uncertain factor is the Ekman number, which 
is in the order of 10-15 in the core and has been shown to significantly alter the 
model outcome (Kageyama et al., 2008). 

The geomagnetic field changes constantly over time from milliseconds to 
millions of years. For instance, the position of the North Magnetic Pole, that 
is, the position on Earth’s surface where the field is pointing vertically down-
wards, moved between 1900 and 2020 from 70 °N in the Canadian Archipel-
ago to > 85 °N in the eastern hemisphere (figure 2.6). This secular variation 
in geomagnetic field behaviour can also be observed in the geological record, 
termed palaeomagnetic secular variation (PSV). 

Our understanding of geomagnetic field changes is limited to a brief obser-
vational period10, indirect reconstructions from geological archives, such as 
rocks and sediments, and numerical simulations of the geodynamo 
(Glatzmaiers & Roberts, 1995; Kono & Roberts, 2002; Laj & Channell, 2015; 
Wicht & Sanchez, 2019). On geological timescales the geomagnetic field can 
fully reverse its direction (polarity), so that the Geomagnetic North Pole be-
comes the Geomagnetic South Pole and vice versa (figure 2.4; Laj & Channell, 
2015). Even though these polarity reversals have been successfully modelled 

                               
10 While geographically diverse instrumental records of the geomagnetic field are available for 
the last 500 years (Jackson et al., 2000), the first reliable observations are about 200 years old 
and were made by Carl Friedrich Gauss. 

Figure 2.5 Illustration of the tangent cylinder model (Olson & Aurnou, 1999; Kono 
& Roberts, 2002). On the left: schematic illustration of convection regimes in the 
Earth’s core. On the right: maximum (solid red line) and minimum (dashed red line) 
limits of the proposed tangent cylinder in the Arctic. 
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(Glatzmaiers & Roberts, 1995) we still lack the knowledge of why these 
changes take place. One puzzling observation is the absence of a clear perio-
dicity in reversal frequency. Even less understood are brief polarity transi-
tions, called geomagnetic excursions, that last less than 104 years (Laj & Chan-
nell, 2015). Potentially they represent an unsuccessful, or aborted, reversal 
(Hoffman, 1981; Merrill & McFadden, 1994) during which the inner core did 
not change polarity (Gubbins, 1999). A geomagnetic excursion is usually de-
fined as a deviation of > 45° from the virtual geomagnetic pole (VGP; Merrill 
& McFadden, 1994). Research on geomagnetic excursions is a frontier of pal-
aeomagnetism and encompasses many unanswered questions, such as the fre-
quency, duration and transitional field behaviour (Roberts, 2008). 

2.4 Palaeomagnetism 
Palaeomagnetism is the study of the past Earth’s magnetic field by means of 
reconstructing it from geological (sometimes archaeological) materials that 
are capable of recording the Earth’s magnetic field at the time of their for-

Figure 2.6 Position of the North Magnetic Pole (purple hexagons) between 1900 and 
2020. The rate of its motion has accelerated since 1970 and again since 2016 (Witze, 
2019). Elevation is based on IBCAO (Jakobsson et al., 2012). 



 25

mation as a NRM. Palaeomagnetists use a variety of different (natural) ar-
chives, such as, lava flows (e.g., Matuyama, 1929), (marine) sediments (e.g., 
Creer et al., 1954; Irving & Runcorn, 1957; Opdyke et al., 1966; Opdyke, 
1972), speleothems (e.g., Latham et al., 1979; Lascu & Feinberg, 2011) or 
ancient pottery (e.g., Barbetti et al., 1977; Walton, 1984) to name just a few. 
They contain ferromagnetic11 minerals that can record the geomagnetic field 
during or shortly after the materials formation, yet they also present unique 
challenges when it comes to reconstructing field direction and/or intensity. 
Here I will focus on marine sediments as archives for the palaeomagnetic 
field. 

Marine sediments contain a small percentage of magnetic minerals that are 
of terrigenous, chemical or biogenic origin (Henshaw & Merrill, 1980; Evans 
& Heller, 2003). Upon deposition, magnetic particles can align with the am-
bient geomagnetic field and thereby record its direction. The resulting mag-
netization of the sediment is called a depositional remanent magnetization 
(DRM; Tauxe et al., 2006). However, this alignment only happens if the mag-
netic force is the strongest force that acts on the particle. Several processes 
can lead to an imperfect alignment of particles, such as gravity, bottom cur-
rents and bioturbation. Additionally, particles can still rotate freely in the up-
per few mm to cm of the sediment before they are locked-in, giving rise to a 
post-depositional remanent magnetization (pDRM; Roberts & Winklhofer, 
2004). Despite the cumulative effects of the additional forces, many sediments 
have a sufficient number of magnetic particles aligned with the ambient field 
shortly after deposition and can be a reliable recorder of the geomagnetic field. 

Chemical and biological processes can change the primary (depositional) 
magnetic minerals or form new (secondary) magnetic minerals within the sed-
iments. In unconsolidated sediments these changes can be directly linked to 
the decomposition of organic matter and its related diagenetic processes (Fro-
elich et al., 1979; Schulz & Zabel, 2006; Roberts, 2015). Altered or authigenic 
magnetic minerals may still record the ambient field, however, the time of 
their formation is not necessarily the same as the time of sediment deposition. 
Still, careful study of a sample and the characterization of its magnetic miner-
als can help to untangle different magnetizations. In turn, the magnetic mineral 
assemblage can provide information regarding diagenetic changes (cf., section 
2.5 & 2.6). 

Reconstruction of the palaeomagnetic field from sediments is commonly 
done by subsampling sediment cores with 2x2x2 cm plastic cubes that are 
vertically oriented, that is, up and down is known, alternative subsampling 
methods use plastic cylinders or long plastic u-channels (e.g., Tauxe, 2010). 
Due to the fact that sediment cores are usually round and not oriented to an 

                               
11 Actually, there are no naturally occurring perfect ferromagnetic minerals. However, a range 
of minerals with imperfect ferromagnetism exist, such as ferrimagnetic or spin-canted antifer-
romagnetic minerals (c.f., section 2.5). 
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azimuth, the horizontal component of any reconstruction is arbitrary. Individ-
ual subsamples may be oriented with respect to each other if core sections are 
split along the same axis and subsampling is performed on the same core half. 
Subsamples are usually exposed to alternating field (AF) demagnetization of 
increasing intensity with interim measurements. This treatment is designed to 
randomize the magnetic moments of minerals with coercivities ≤ the applied 
AF so that their net magnetization is near-zero. By doing so, a set of vectors 
(x, y, z) is generated that helps isolate individual (directional) components of 
different coercivity. 

To reconstruct a palaeomagnetic direction, a representative12 subset of vec-
tors is chosen to perform a principal component analysis (PCA; Kirschvink, 
1980; Love, 2007). The obtained magnetization component is termed the char-
acteristic remanent magnetization (ChRM). The quality of the fit is usually 
expressed as the maximum angular deviation (MAD), a parameter that com-
pares the eigenvalues of the data matrix used in the PCA. In the case where 
more than one directional component is present in a sample, PCA can help 
differentiate these components by choosing appropriate coercivity intervals 
that isolate a specific part. If different directional components have overlap-
ping coercivity spectra, isolation of single components may not be possible. 

2.5 Rock Magnetism 
Rock magnetism, alternatively called mineral magnetism, is concerned with 
characterizing the mineralogy, concentration and grain size of ferromagnetic 
particles contained in a sample. Several methods exist, which are usually 
used in conjunction, to achieve this characterization. There are two im-
portant constraints that need to be considered. First, natural samples are gen-
erally composed of a mixture of different magnetic minerals in terms of their 
mineralogy and grain size, and any measurement will reflect an integrated 
signal. Second, the different methods are usually sensitive to more than one 
of the outlined characteristics (i.e., mineralogy, concentration and grain size 
of magnetic particles), a problem that can partially be overcome by jointly 
considering several measurements or their ratios. Here, methods are de-
scribed that were used in this thesis. The reader is referred to the literature 
for a full account of parameters and measurement techniques (e.g., Thomp-
son & Oldfield, 1986; Dunlop & Özdemir, 2001; Evans & Heller, 2003; 
Tauxe, 2010). 

Initial magnetic susceptibility (κ if volume specific, χ if mass specific; c.f., 
section 2.1) is measured in a small magnetic field (e.g., 200 A/m or 0.25 mT) 

                               
12 A problem arises when a subsample contains components with different (potentially compet-
ing) directions. In this case additional information is necessary to decide what the representative 
or primary magnetization is. 
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and reflects the concentration of ferromagnetic minerals in a sample. The pa-
rameter is also influenced by the mineralogy and size, or domain state, of the 
magnetic particles. 

Anhysteretic remanent magnetization (ARM) is a laboratory produced rem-
anence. ARM is induced by placing a sample in an AF that ramps from 0 to a 
given peak field (typically 100 mT) and down to 0 again in the presence of a 
weak direct current (DC) field (typically 0.05 mT) that is close in intensity to 
the Earth’s magnetic field (0.025 to 0.065 mT). ARM is used to characterize 
fine (SD) magnetic grains such as fine grained (titano)magnetite. For compa-
rability, ARM is usually normalized to the applied bias field, giving the sus-
ceptibility of ARM (κARM). 

Isothermal remanent magnetization (IRM) is the remanence of a sample 
exposed to a brief pulse of a DC magnetic field of known intensity. If the 
applied field is strong enough to turn all magnetic moments in the direction of 
the field, a sample is magnetically saturated (c.f., section 2.1). The obtained 
remanent magnetization is called the saturation IRM (SIRM). Two common 
laboratory procedures use increasing field strength with interim measurements 
of the magnetization, carried out at the same temperature. This IRM acquisi-
tion can start from (1) a demagnetized sample state or (2) a magnetized sample 
state (usually a SIRM in the opposite direction of subsequently applied fields). 
From the second procedure the coercivity of remanence (Hcr or Bcr) can be 
calculated (cf. section 2.1). (S)IRM is characteristic of magnetic mineral con-
centration and, to a lesser degree, magnetic mineral grain size or domain state. 

Hysteresis parameters (Ms, Mrs, Bc) are determined from magnetic hystere-
sis measurements (c.f., section 2.1). They are, together with Bcr, indicative of 
magnetic mineralogy and magnetic domain state. Of particular usefulness is a 
plot of Bcr/Bc vs Mrs/Ms to infer magnetic domain state (Day et al., 1977). 
However, these parameters also heavily rely on several other factors, such as 
magnetocrystalline anisotropy, surface oxidation and particle shape, to name 
just three (Day et al., 1977; Roberts et al., 2018). 

Temperature dependent measurements of κ and IRM can identify magnetic 
mineralogy by indicating temperature dependent transitions. The best-known 
low temperature transitions (i.e., below room temperature) are the Verwey 
transition (Tv; Verwey & Haayman, 1941) in magnetite at approximately 120 
K (-153 °C) and the Morin transition (TMorin; Morin, 1950) in hematite at ap-
proximately 250 K (-23 °C). Both transitions are lowered and eventually sup-
pressed with increasing cation (e.g., titanium) substitution and Tv is addition-
ally suppressed, and eventually absent, with increased oxidation. Important 
high temperature transitions (i.e., above room temperature) are the Curie tem-
perature (Tc) above which a ferromagnetic mineral becomes paramagnetic and 
the Néel temperature (TN) above which an imperfect antiferromagnetic min-
eral becomes perfectly ordered. All of the above transitions are highly depend-
ent on cation substitution (e.g., Ti in magnetite lowers Tc). 
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2.6 Sedimentology and Stratigraphy 
Sedimentology is concerned with the formation of sediments, sedimentary 
rocks and sedimentary sequences (Nichols, 2009). Sediments are analysed in 
terms of their physical, chemical and biological properties that all reflect the 
materials depositional and post-depositional development. Stratigraphy is the 
study of rock or sediment successions in terms of their spatial and temporal 
correlations. Stratigraphic units can be differentiated based on visual and 
physical parameters (lithostratigraphy), chemical properties (chemostratigra-
phy) or fossil content (biostratigraphy) to name just three (Nichols, 2009). 
Chronostratigraphy comprises all cases where stratigraphic changes are used 
to assign absolute or relative ages to stratigraphic sequences. These can be 
cyclic changes (cyclostratigraphy) that follow orbital parameters (i.e., the 
Milankovitch cycles; cf., section 3.4) or changes in palaeomagnetic directions 
(magnetostratigraphy) to name just two. 

Lithological and chemical properties in sediments can be subject to altera-
tions related to the degradation of organic matter by microbes during and after 
deposition. In environments where a large amount of organic matter reaches 
the sea-floor or where bottom water oxygen concentrations are low, the avail-
able oxygen is quickly consumed and other electron acceptors are utilised 
(Froelich et al., 1979). The reaction chain proceeds through different oxidants 
generally using the one that yields the highest free energy. The proposed ideal 

Figure 2.7 Schematic illustration of diagenetically driven redox zonation in sedi-
ments. Left diagram shows concentrations of solid phase common electron accep-
tors, right diagram shows pore water concentration of associated elements/mole-
cules. Adapted from Canfield & Thamdrup (2009) and Roberts (2015). 
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order is: oxic respiration > denitrification > Mn reduction > Fe reduction > 
sulphate reduction > methanogenesis (figure 2.7; Canfield & Thamdrup, 
2009). The processes can directly or indirectly alter the chemical composition 
of the sediment by dissolution/precipitation or alteration processes. They can 
also have an effect on the magnetic mineral composition and may alter the 
original, depositional, remanence of the sediment (Roberts, 2015). 
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3 Geological Background 

3.1 Physiography 
The modern-day Arctic Ocean is almost entirely land-locked and character-
ized by extensive continental shelves that make up more than 50 % of the sea-
floor (figure 3.1; Jakobsson et al., 2003). The only deep-water connection to 
the World Oceans is the 2600 m deep Fram Strait between Greenland and 
Svalbard. The Arctic Ocean can be divided into two major ocean basins, the 
Eurasia Basin and the Amerasia Basin. These basins are separated by the Lo-
monosov Ridge, an elongated, submerged continental fragment, extending 
from northern Greenland to the Siberian shelf. The basins are distinct in their 

Figure 3.1 Map of the Arctic Ocean showcasing the major basins, ridges and 
shelves. Elevation is based on IBCAO (Jakobsson et al., 2012). 
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geology and represent different stages in the tectonic development of the Arc-
tic Ocean. 

The older Amerasia Basin comprises the Canada and Makarov Basins as 
well as the Alpha-Mendeleev Ridge complex (figure 3.1). The younger Eura-
sia Basin is subdivided into the Amundsen and Nansen Basins, which are sep-
arated by an active mid-oceanic spreading centre – the Gakkel Ridge. The 
adjacent shelves are shallow and broad on the Eurasian side: the Barents Shelf 
(200 to 300 m), the Kara Shelf (50 to 100 m), the Laptev Shelf (<50 m), the 
East Siberian Shelf (<50 m) and the Chukchi Shelf (50 to 100 m). The North 
American side comprises the narrower shelves of north of North America and 
Greenland. A comprehensive overview of the Arctic Ocean physiography is 
given by Jakobsson et al. (2003). 

3.2 Oceanography 
The Arctic Ocean water masses are primarily of Atlantic origin that enter 
through the Fram Strait and over the Barents Shelf (figure 3.2; Rudels, 2009). 
Low-salinity Pacific water enters the Arctic Ocean through the Bering Strait. 
Outflow occurs through the Fram Strait and through the narrow and shallow 
channels of the Canadian Archipelago. Based on Rudels (2009), the water 
masses in the Arctic Ocean can be classified into 5 vertical layers (figure 3.2): 

 
1. The upper, approximately 50 m thick, low-salinity polar mixed layer 

(PML) that is strongly influenced by sea ice formation and melting as 
well as by river runoff. 

2. The approximately 100 to 200 m thick halocline with temperatures 
near the freezing point and increasing salinity with depth. 

3. The 400 to 700 m thick Atlantic water (AW) layer with temperatures 
above 0 °C. 

4. The intermediate water that can freely flow across the Lomonosov 
Ridge. 

5. The deep and bottom waters of the different basins. 

Surface and near surface circulation of water masses in the Arctic Ocean is 
largely driven by wind forcing and is characterized by two main features: (1) 
the TPD that transports water and sea ice from the East Siberian Sea and Lap-
tev Sea towards the Fram Strait and (2) the anticyclonic Beaufort Gyre in the 
Canada Basin (figure 3.3a). 

Subsurface water mass circulation of Atlantic water is largely controlled by 
bathymetric features (figure 3.3b). The inflowing AW follows the slope of the 
Barents and Kara shelves and mixes with a branch that flows across the shal-
low Barents Sea. This convection of relatively warm water into the Arctic 
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Ocean induces its strong stratification that is a prerequisite for the formation 
of sea ice (Rudels, 2009, 2015). 

The modern-day circulation patterns (as shown in figure 3.3) reflect inter-
glacial conditions in the Arctic Ocean but we have a poor understanding of its 
glacial conditions. For instance, a Barents/Kara Sea ice sheet, inferred from 
geological evidence (Jakobsson et al., 2014), blocks the inflow of AW over 
the Barents/Kara Sea shelf. Additionally, the glacial Arctic Ocean provides 
different basic conditions with >100 m lower sea level that closes the Bering 
Strait and the North American ice sheet that blocks the channels of the Cana-

Figure 3.3 Circulation patterns in the modern-day Arctic Ocean. a) Surface circula-
tion is dominated by the transpolar drift (TPB) and the Beaufort Gyre (BG) that are 
driven by wind. b) Subsurface circulation of inflowing Atlantic water. Elevation is 
based on IBCAO (Jakobsson et al., 2012). 

Figure 3.2 Sketch of Arctic Ocean water mass distribution and simplified tem-
perature/salinity profiles for the Eurasia Basin and Amerasia Basin. BS Bering 
Strait; CP Chukchi Plateau; AB Amerasia Basin; AMR Alpha-Mendeleev Ridge; 
LR Lomonosov Ridge; EB Eurasia Basin; GK Gakkel Ridge; YP Yermak Plat-
eau; FS Fram Strait. Adapted from Rudels (2009). 
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dian Archipelago. Furthermore, the lower sea level leads to the subaerial ex-
posure of the Chukchi, East Siberian and Laptev seas. With the Fram Strait 
remaining the only oceanic connection to the World Oceans during glacial 
periods. Therefore, we can expect the glacial Arctic Ocean to exhibit a differ-
ent circulation pattern than that observed today (Jakobsson et al., 2014). A 
detailed description of the modern-day circulation patterns in the Arctic Ocean 
can be found in Rudels (2009). 

3.3 Tectonic Evolution 
The tectonic development of the Arctic Ocean and its adjacent seas is complex 
but can generally be characterized by the Mesozoic opening of the Amerasia 
Basin, followed by the Cenozoic opening of the Eurasia Basin. The poor data 
coverage, especially in parts of the Amerasia Basin, where sea ice cover is too 
thick for ship-based data acquisition, introduces large uncertainties in plate 
tectonic models (Shephard et al., 2013). 

The two major basins in the Arctic Ocean (cf. figure 3.1) comprise distinctly 
different tectonic developments (figure 3.4). The formation of the younger 
Eurasia Basin is much better understood than that of the older Amerasia Basin 
beyond the Lomonosov Ridge (Herman, 1974). The oldest structure in the 
Arctic Ocean is most likely the Alpha-Mendeleev Ridge complex that formed 
around 121 Ma as part of the High Arctic Large Igneous Province (Shephard 
et al., 2013). Whether its formation was contemporary with the opening of the 
Amerasia Basin is unclear. Spreading in the Eurasia Basin started around 56 
to 54 Ma ago (Brozena et al., 2003; O’Regan et al., 2008b), detaching the 
Lomonosov Ridge from the Barents Sea Shelf. However, spreading in the cen-
tral part of the Gakkel Ridge may have been delayed until 40 Ma ago (Mina-
kov & Podladchikov, 2012). 

Figure 3.4 Tectonic evolution of the Arctic Ocean at different times. At 120 Ma, the 
Alpha-Mendeleev Ridge complex formed and possibly the opening of the Amerasia 
Basin concluded. Between 60 Ma and 0 Ma, the Eurasia Basin opened and continues 
to spread today. Approximate position of the Lomonosov Ridge is indicated by dark 
shaded area. Plate boundaries from Shephard et al. (2013). Elevation is based on IB-
CAO (Jakobsson et al., 2012). 
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This spreading is supported by a clear set of linear magnetic anomalies in 
the Eurasia Basin with Chron C24 being distinctly identified (Brozena et al., 
2003). Current sea-floor full spreading rates along the Gakkel Ridge are be-
tween 12.7 mm/yr to 6.0 mm/yr making it the slowest known spreading centre 
on Earth (Cochran et al., 2003; Jokat & Schmidt-Aursch, 2007). A detailed 
account of the tectonic history of the Arctic is given by Shephard et al. (2013). 

3.4 Arctic Glacial History 
Our modern icehouse world, characterized by bi-polar ice sheets and sea ice, 
started approximately 33.9 Ma ago at the Eocene-Oligocene boundary with 
the onset of glaciation in Antarctica. The large-scale development of northern 
hemisphere glaciation marks the start of the Quaternary Period approximately 
2.58 Ma ago (Raymo, 1994). Changes between glacial (large ice sheets in the 
northern hemisphere), and interglacial periods are primarily controlled by pre-
dictable changes in the Earth’s orbit around the Sun that influence the total 
amount and distribution of solar radiation. The orbital periods follow a distinct 
pattern called the Milankovitch cycles (Milankovitch, 1920). Early Quater-
nary glacial cycles were initially controlled by the shorter ~41 kyr obliquity 
cycle but around 0.8 Ma ago they transitioned towards the ~100 kyr eccen-
tricity cycle (Raymo & Nisancioglu, 2003). However, we still lack a complete 
understanding of how the Arctic changed across glacial cycles in the Quater-
nary. 

Arguably the most formidable obstacle to interpreting the palaeoenviron-
mental development of the Arctic using marine sediment cores is geochronol-
ogy. The scarcity, and discontinuous records of marine microfossils and the 
perplexing palaeomagnetic record of the Arctic Ocean make dating attempts 
difficult (Alexanderson et al., 2014). A variety of different methods have been 
applied to overcome this problem, but more often than not sediments are dated 
based on relative methods that rely on cross-core correlation. The current strat-
igraphic age model for the last 1 Ma (i.e., what is recovered by most gravity 
and piston coring) accepted by most researchers follows the argumentation 
presented by Jakobsson et al. (2000, 2001, 2003) for sediment cores from the 
central regions of the Lomonosov Ridge. Based on this approach, the sedi-
mentary record of the last two major glaciations (MIS 6, 194 to 135 kyr ago; 
MIS 4 to 2, 155 to 11.7 kyr ago) is distinctly different compared to older gla-
ciations. The base of MIS 6 is marked by the first notable occurrence of a 
diamict in Pleistocene sediment from the Lomonosov Ridge. This pronounced 
change in grain size towards a higher percentage of coarse grains coincides 
with a distinct change in the palaeomagnetic record (Backman et al., 2004). 
Below MIS 6 we find numerous changes in palaeomagnetic inclination that 
disappear in the younger sediments above.  
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Based on physiographic analogies between the Arctic Ocean and western 
Antarctica, Mercer (1970) proposed that during peak glacial periods the shal-
low continental shelves of the Arctic Ocean were covered with marine based 
ice sheets (i.e., grounded below sea-level). As a consequence, the entire Arctic 
Ocean, or parts of it, may have been covered with floating ice shelves. Deep 
grounding of ice on the Lomonosov Ridge, evident from mega-scale glacial 
lineations and their systematic configuration has been proposed to be the result 
of such a large ice shelf (Jakobsson et al., 2010, 2016). Further evidence for 
marine based ice sheets is found in submarine glacial landforms on the Bar-
ents/Kara Sea shelves and the East Siberian shelf (Jakobsson et al., 2014). The 
reconfiguration of water mass circulation due to sea-level change and redirec-
tion of ocean currents and rivers by glacial ice, may have a large impact on 
the chemical, biological and physical configuration of the glacial Arctic 
Ocean. 

This change is dramatically expressed in the manganese budget of Arctic 
Ocean sediments. During interglacial periods, when sea-level is high, the large 
Asian rivers supply Mn to the adjacent shelves where it is eventually remobi-
lized and exported to the deeper basins (Löwemark et al., 2014). During inter-
glacial periods, when sea-level is low, the shelves are either exposed or cov-
ered by ice and rivers are partially blocked, which greatly reduces the flux of 
Mn to the deeper basins of the Arctic Ocean. This process can readily be ob-
served in Arctic sediments. Interglacial sediments are characterized by finer 
grain sizes, bioturbation, sporadic occurrences of microfossils and pervasive 
Mn enrichments. Mn cycles are now routinely being used for cross-core cor-
relation and cyclostratigraphic dating (Jakobsson et al., 2000; Löwemark et 
al., 2008; März et al., 2011; Ye et al., 2019; Park et al., 2020). A detailed 
account of our current knowledge of the glacial history of the Arctic Ocean is 
given by Jakobsson et al. (2014) and reviews of the Arctic manganese cycle 
are given by März et al. (2011) and Löwemark et al. (2014). 
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4 History of Palaeomagnetic Research in the 
Arctic Ocean 

Palaeomagnetism has been at the heart of a decades’ long debate about age 
models for Quaternary Arctic Ocean sediments. Palaeomagnetic research in 
the Arctic Ocean can be divided into three major phases: 
 
I Early work carried out on material collected from drifting ice stations 

in the 1950’s and 1960’s that interpreted palaeomagnetic inclination 
changes as geomagnetic reversals. Sediment cores were taken from 
the Canada Basin, the Mendeleev Ridge and the Alpha Ridge.  

II Studies conducted in the 1990’s in the eastern and central parts of the 
Arctic that interpret palaeomagnetic inclination changes as geomag-
netic excursions. Work was carried out in the Eurasia Basin, Makarov 
Basin, on the Morris Jesup Rise, the Yermak Plateau and in the Fram 
Strait.  

III Studies done since the early 2000’s that mainly focused on integrating 
the palaeomagnetic record with other dating methods and the realiza-
tion that the palaeomagnetic record in the central Arctic is perplexing. 

4.1 Early Work – Reversal Magnetostratigraphy 
The first palaeomagnetic studies were carried out in the central Arctic Ocean 
on material recovered from floating ice station T3 (Steuerwald et al., 1968; 
Clark, 1970). Short sediment cores, 1.5 to 3.5 m long, were recovered from 
the Canada Basin, the Mendeleev Ridge and the Alpha Ridge. Steuerwald et 
al. (1968) and Clark (1970) interpreted the uppermost polarity transition as the 
Brunhes/Matuyama reversal, which was (apparently) found in approximately 
30 of almost 100 sediment cores. However, the records were not inde-
pendently dated and the identification of shorter events, such as Blake and 
Jaramillo was based on extrapolation of sedimentation rates from the inferred 
Brunhes/Matuyama boundary. 

The methodology for magnetic measurements used in these early studies is 
unclear in certain cases (e.g., Clark, 1969) and cannot uphold to present day 
standards in palaeomagnetic studies. For example, sample intervals (every 5 
to 10 cm) were half or less of what is standard today for (high-resolution) 
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palaeomagnetic studies. In the cases where samples were demagnetized, only 
two steps at 5 and 15 mT were used to assess the stability of the magnetization 
(compared to 10 to 20 steps used today). Despite the shortcomings of the pal-
aeomagnetic age models, they were used to interpret palaeoenvironmental 
changes and estimate sedimentation rates. 

The stratigraphic model developed by Steuerwald et al. (1968) and Clark 
(1969, 1970, 1971) was subsequently used as the basis for palaeoenvironmen-
tal studies in the Arctic Ocean. The low sedimentation rates implied that the 
Arctic basins were “sediment starved”. Clark et al. (1980) summarized the 
early findings and established a concise lithostratigraphy composing 13 units 
(A to M). The age model was based on the magnetostratigraphic interpretation 
of the Brunhes, Matuyama, Gauss and Gilbert chrons. The resulting sedimen-
tation rates were found to be approximately 1 to 2 mm/kyr. Other studies, 
which also used magnetostratigraphic interpretations (Aksu & Mudie, 1985; 
Witte & Kent, 1988) or amino acid racemization (AAR; Macko & Aksu, 1986) 
seemingly confirmed the low sedimentation rate age model. 

Aksu & Mudie (1985) followed a more detailed protocol for stepwise de-
magnetization and noted that reversed (i.e., inclination is negative) magnet-
ized samples typically show a normal polarity component of low coercivity. 
They interpreted the normal component, which was removed after 10 to 20 
mT AF demagnetization13, as a viscous remanent magnetization (VRM) of no 
palaeomagnetic value. 

The conclusion reached by Clark (1971) is that the low sedimentation rates 
in the Arctic Ocean are a result of a permanent ice cover since at least the 
Middle Pliocene. However, other researchers argued against the low sedimen-
tation rate age model derived from palaeomagnetic measurements. For exam-
ple, Sejrup et al. (1984) challenged this view using AAR. Additional evidence 
for higher sedimentation rates and younger ages were reported from the East-
ern Arctic (Markussen et al., 1985; Zahn et al., 1985). 

 Jones (1987) and Darby et al. (1989) discussed the age model of Clark et 
al. (1980) and pointed out the shortcomings of the palaeomagnetic measure-
ments. Nevertheless, this interpretation of the age model of central Arctic sed-
iments persisted until well into the 1990’s (Spielhagen et al., 1997).  

4.2 Reinterpretation – Excursion Magnetostratigraphy 
Geomagnetic excursions, i.e., short-lived (less than 10 kyrs) changes in the 
polarity of the Earth’s magnetic field, were described in marine sediments as 
early as the 1960’s by Smith & Foster (1969). However, many excursions 
were not accepted as genuine geomagnetic features until the late 1990’s 

                               
13 However, Aksu & Mudie (1985) did not use PCA to analyse their data, potentially missing 
the normal component that was still present at higher AF amplitudes (cf., section 7)  
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(Langereis et al., 1997). Thus, the interpretation of palaeomagnetic data from 
the 1960’s and 1970’s from the Amerasia Basin was in the spirit of the time. 

In the 1980’s and 90’s, several studies from the Norwegian-Greenland Sea, 
the Yermak Plateau north of Svalbard and the Eurasia Basin report palaeo-
magnetic data comprising short-lived geomagnetic excursions (Løvlie et al., 
1986; Bleil & Gard, 1989; Nowaczyk & Baumann, 1992; Nowaczyk et al., 
1994; Frederichs, 1995). Unlike the central Arctic Ocean, sediments from 
around the Fram Straight have more abundant occurrences of micro- & nan-
nofossils, allowing for independent age control. The resulting sedimentation 
rates from these studies were much higher than what was reported for the Am-
erasia Basin. Frederichs (1995) was the first to propose that the polarity rever-
sals in central Arctic sediments may in fact be excursions. In his thesis, he 
presents two age models for sediment cores from the central Arctic, one based 
on the interpretation of changes in palaeomagnetic inclination as geomagnetic 
reversals and an alternative where these changes are interpreted as geomag-
netic excursions. Sedimentation rates calculated for both scenarios differ by 
an order of magnitude. 

Despite the apparent conflict in interpretation, Spielhagen et al. (1997) in-
terpreted inclination changes as geomagnetic reversals without discussing the 
possibility of these changes being geomagnetic excursions. Sedimentation 
rates calculated from this interpretation change dramatically between polarity 
chrons. In core PS2185 from the Lomonosov Ridge, Spielhagen et al. (1997) 
find approximately 3.5 m of sediments deposited during the Brunhes chron 
(with a duration of ~780 ka) but only approximately 1 m deposited during the 
Matuyama chron (with a duration of ~1800 ka). Some of the authors of that 
1997 publication later present both interpretations (Nowaczyk et al., 2001) 
and finally revised their palaeoenvironmental interpretation of this record us-
ing the higher sedimentation rate scenario (Spielhagen et al., 2004). 

This change of view came about in the early 2000’s, mainly as a result of 
three publications focusing on sediment cores from the central Lomonosov 
Ridge (Jakobsson et al., 2000, 2001, 2003). These papers combined three main 
observations, (1) they recognized the occurrence of the calcareous nannofossil 
Emiliana huxleyi, which evolved globally in MIS 8 (Thierstein et al., 1977; 
Anthonissen & Ogg, 2012), in sediments that were dated to MIS 15 in the 
existing palaeomagnetic age model, (2) independent ages from optically stim-
ulated luminescence dating of quartz grains suggested a MIS 5 age for the 
occurrence of E. huxleyi, and (3) that variations in Mn oxide concentrations 
could be convincingly tied to the global δ18O record. 

Following these pioneering papers, Backman et al. (2004) presented a con-
cise review of the debate and added seismically imaged sediment thickness 
calculations to the discussion. They were able to show that average sedimen-
tation in the Amundsen Basin, since the onset of spreading along the Gakkel 
Ridge, require rates in the order of several cm/ka. 
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Based on the new age model, Jakobsson et al. (2000) interpreted the first 
change in inclination as the BIWA II excursion, an event that was dated to 272 
ka (Kawai et al., 1972; Yaskawa et al., 1973). Previously this inclination 
change was interpreted as the Brunhes/Matuyama boundary at 780 ka, imply-
ing an almost 30 % lower sedimentation rate estimate. However, the interpre-
tation of inclination changes as geomagnetic excursions also has major short-
comings. The BIWA II excursion, among others, is not considered to be ade-
quately dated (figure 4.1; Laj & Channell, 2015) and geomagnetic excursions 
are still an area of intense research (Roberts, 2008). 

Figure 4.1 The geomagnetic polarity time scale (GPTS; Cande & 
Kent, 1995) and accepted geomagnetic excursions according to (Laj & 
Channell, 2015). Grey coloured excursions are poorly dated and poten-
tially unreliable. NGS Norwegian Greenland Sea; CR Calabrian 
Ridge. 
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4.3 Disenchantment – Chemical Overprint 
The perplexing and contradictory interpretations of the palaeomagnetic record 
of the central Arctic led Backman et al. (2008) to construct the Neogene age 
model for the International Ocean Discovery Program (IODP) Expedition 
302, the Arctic Coring Expedition (ACEX), without the use of palaeomagnetic 
data. O’Regan et al. (2008a) also noted that cross-core correlations based on 
physical properties cannot unequivocally confirm coeval occurrences of pal-
aeomagnetic inclination changes in a suite of sediment cores from the Lomon-
osov Ridge. Their findings question the practice used in previous studies of 
central Arctic sediments to correlate cores based on inclination changes (e.g., 
Nowaczyk et al., 2001; Spielhagen et al., 2004). 

It has been accepted that the palaeomagnetic record in the Arctic Ocean is 
anomalous and recent palaeoenvironmental studies moved away from using 
magnetostratigraphy in the Arctic Ocean. Age models are routinely based on 
cross-core correlation and cyclostratigraphy whose greatest weakness remains 
a lack of independent age control to anchor the chronologies (e.g., Polyak & 
Jakobsson, 2011; Löwemark et al., 2014; Jakobsson et al., 2016; Dipre et al., 
2018; Ye et al., 2019). 

In a series of papers Channell & Xuan (2009), Xuan & Channell (2010) 
and Xuan et al. (2012) proposed sea-floor oxidation of (titano-)magnetite to 
(titano-)maghemite that is accompanied by the acquisition of a self-reversed 
CRM. These papers in particular led many studies to disregard magnetostra-
tigraphy as a valid dating tool for Arctic Ocean sediments (e.g., Jakobsson et 
al., 2010; Alexanderson et al., 2014; Kremer et al., 2018; Wang et al., 2018; 
Park et al., 2020). 

Recent palaeomagnetic work in the Arctic Ocean has mainly focused on 
the reconstruction of Holocene palaeointensity and PSV from high sedimen-
tation rate environments from the Canadian and Siberian shelf (Brachfeld et 
al., 2009; Lisé-Pronovost et al., 2009; Barletta, et al., 2010b). However, two 
recent studies again argue for low sedimentation rates in some parts of the 
central Arctic Ocean (Hillaire-Marcel et al., 2017) and interpretation of palae-
omagnetic inclination changes as geomagnetic reversals (Liu et al., 2019). 
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5 Hypotheses 

Channell & Xuan (2009) suggested that reversed (i.e., negative) inclinations 
are carried by a self-reversed (titano-)maghemite CRM, but they did not inte-
grate their data into the commonly used stratigraphic framework of the central 
Arctic. Their work provided the first steps towards unravelling the processes 
leading to the anomalous palaeomagnetic data in the Arctic. However, it is 
still unknown what controls the occurrence of zones of negative inclinations, 
how pervasive this problem is across the Arctic (and perhaps elsewhere), and 
if other explanations for the anomalous record should be considered. I formu-
late two main hypotheses, which can be further subdivided, for the palaeo-
magnetic record of Arctic Ocean sediments: 

 
I The record is a genuine record of the Earth’s magnetic field and 

A zones of negative inclination were deposited when the Earth’s 
magnetic field was fully reversed, 

B zones of negative inclination were deposited during geomag-
netic excursions, 

C at high latitudes, Earth’s magnetic field exhibits a behaviour 
that is different from the general dipole field that is prevalent 
on the rest of the globe. 

II The record is not a genuine record of the Earth’s magnetic field and 
A zones of negative inclination comprise a major directional 

component that is held by (self-)reversed titanomaghemite that 
formed during sea-floor oxidation of titanomagnetite, 

B zones of negative inclination are the result of post-depositional 
alterations of the primary (depositional) magnetic mineral as-
semblage. 

5.1 Genuine Record Hypothesis 
Our current understanding of changes of the Earth’s magnetic field is limited 
to a short period of observation (approximately the last 500 years) that in-
cludes incomplete measurements (Jackson et al., 2000). The observation pe-
riod for which we have reliable measurements is less than 200 years. Under-
standing of long-term changes in the geomagnetic field is based on the geo-
logical record and computer models (constrained by palaeomagnetic data) that 
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simulate the geodynamo (cf., section 2.3; Buffett, 2000; Christensen & Wicht, 
2007; Kono & Roberts, 2002). It is widely believed that during a reversal (or 
excursion) the predominant dipole configuration we observe today remains 
mostly intact and transitional periods are characterized by a ‘wander’ or ‘flip’ 
of the poles (e.g., Channell, 2017). This interpretation seems questionable be-
cause most records we have are too low in resolution to accurately record field 
changes during transitional periods (Roberts & Winklhofer, 2004; Roberts, 
2008; Valet & Fournier, 2016). Additionally, it seems established that the field 
strength is greatly reduced during transition processes, lowering the recording 
quality (Roberts & Turner, 2013). 

It has been suggested that the convection regime in the outer core, where 
the Earth’s magnetic field is generated, can be divided into two separate re-
gimes (cf., section 2.3; Jackson et al., 2000; Olson & Aurnou, 1999; Wardin-
ski & Holme, 2006). They are separated by a virtual cylinder, tangent to the 
Earth’s rotation axis. The flow patterns are generally controlled by the Corio-
lis effect with columnal/helical flow outside and less organized three-dimen-
sional flow inside the tangent cylinder. This configuration could lead to a fun-
damentally different behaviour of the high latitude (i.e., north of ~70°N and 
south of ~70°S) geomagnetic field (cf., figure 2.5). 

If this is the case, the Arctic Ocean palaeomagnetic record could indeed 
represent genuine past field behaviour that cannot be matched to the GPTS. 
So far, only Holocene age PSV’s from the western Arctic have successfully 
been correlated to model predictions and lower latitude sites (e.g., Lisé-Pro-
novost et al., 2009; Barletta et al., 2010b). Unfortunately, testing anomalous 
field behaviour in the southern hemisphere is impeded by Antarctica being 
covered by thick ice sheets, although, two previous studies did not find any 
anomalous field behaviour (Jovane et al., 2008; Lawrence et al., 2009). 

In the central Arctic Ocean, the complex changes in inclination with almost 
equal distribution between positive and negative directions occur below a 
depth of usually a few meters. Utilising the tangent cylinder as an explanation 
for the occurrence of the high frequency changes would also need to explain 
why the approximately last 200 to 300 kyr do not show the same anomalous 
behaviour. A possible explanation is that since a range of physical parameters 
change alongside the palaeomagnetic record, the recording capabilities of the 
sediments have changed. However, further complications arise from the fact 
that inclination changes do not seem to be coeval between cores that are cor-
related using lithological parameters (O’Regan et al., 2008a). 

5.2 Overprint Hypothesis 
The model promoted by Channell & Xuan (2009) suggest (partial) sea-floor 
oxidation of (titano)magnetite grains to (titano)maghemite and the acquisition 
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of a CRM that is antiparallel (reversed) to the original (p)DRM. Low-temper-
ature oxidation of (titano)magnetite has been studied mostly in laboratory ex-
periments and in sea-floor basalts (e.g., Bailey & Hale, 1981; Marshall & Cox, 
1971, 1972; Nguyen & Pechersky, 1987). How oxidation alters the (original) 
remanence of sea-floor rocks has large implications for the interpretation of 
magnetic anomalies. Sea-floor oxidation of (titano)magnetite in sediments has 
been less studied and seems to be restricted to low sedimentation rate envi-
ronments like the central North Pacific (e.g., Kent & Lowrie, 1974; Johnson 
et al., 1975). 

The oxidation of (titano)magnetite to (titano)maghemite at low tempera-
tures (< 200 °C) is characterized by diffusion of near-surface lattice site Fe2+ 
to the surface of the grain where it is converted to Fe3+, creating a vacancy in 
the crystal lattice (cf., formula for titanomaghemite, section 2.2). With an in-
creasing degree of oxidation, the surface layer is converted to γ-Fe2O3 that is 
usually exchange coupled with the original phase (Dunlop & Özdemir, 2001). 
The model holds for SD and potentially (pseudo)SD grains but will fail for SP 
and MD grains. Despite the theoretical exchange coupling that should parallel 
the moment of the new phase to the original phase, it has been shown that a 
partial or full reversed CRM of the new phase can be achieved under specific 
conditions (e.g., O’Reilly & Banerjee, 1966; Hedley, 1968; Heider & Dunlop, 
1987; McClelland, 1987; McClelland & Goss, 1993; Doubrovine & Tarduno, 
2004, 2006). Specifically, O’Reilly & Banerjee (1966) calculate a necessary 
Ti4+ content of at least x = 0.6 and z = 0.9 for a reversed CRM to occur, where 
increasing x will lower the necessary z. Henshaw & Merrill (1980) point out 
the difference between apparent reversed CRM due to maghemitization in ma-
rine sediments (e.g., Kent & Lowrie, 1974; Johnson et al., 1975) and the effect 
of the same process on submarine basalts where it merely decreases the NRM 
intensity with little effect on the direction. 

A key aspect controlling sea-floor oxidation in sediments seems to be the 
availability and type of organic matter and the resulting microbial activity 
(Roberts, 2015). Low concentrations of reactive organic matter limit the ac-
tivity of reducing microbes, delaying oxygen consumption and increasing ox-
ygen penetration depth (Schulz & Zabel, 2006). Johnson et al. (1975) found 
anomalous remanence directions in two cores from the North pacific that hold 
low carbon contents; however, they could not unambiguously identify sea-
floor oxidation as the cause. Furthermore, they identified (titano)maghemite 
in the six other cores they studied and these cores show stable remanences. 

Channell & Xuan (2009) and Xuan & Channell (2010) suggest that the al-
teration of (titano)magnetite in Arctic Ocean sediments is lithologically con-
trolled. Unfortunately, they did not present any stratigraphy for their cores or 
attempt to correlate them to existing stratigraphic frameworks (e.g., O’Regan, 
et al., 2008a). Their approach makes it difficult to evaluate the proposed mech-
anism because no age model is presented that could show the mirrored effect 
in sediments of Matuyama age (i.e., reversed CRM’s show normal polarity). 
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Furthermore, the model does not include any effect of delayed lock-in of mag-
netic grains that already underwent oxidation and could potentially be aligned 
to the ambient field. 

Korff et al. (2016) show how changing redox-conditions can create mag-
netite depleted zones that are strongly imprinted in rock-magnetic parameters, 
but the directional record of the field seems to have been unaffected. Dissolu-
tion of iron-bearing minerals releases iron into the pore waters that diffuse up 
and down and precipitate iron-oxides, or iron-sulphates, depending on the en-
vironment (Roberts, 2015). If the precipitating iron minerals are able to carry 
a remanent magnetization, a secondary CRM may form. The magnetization of 
this secondary component usually aligns to the local geomagnetic field at the 
time of formation, i.e., when minerals grow beyond their blocking volume 
(Dunlop & Özdemir, 2001). 

Interestingly, due to the surface dominated effect of oxidation of (ti-
tano)magnetite, reduction will first affect the (titano)maghemite rim, effec-
tively removing it (Yamazaki & Solheid, 2011). Alternatively, cation substi-
tution of e.g., Mn into (partially) oxidized (titano)magnetite could alter the 
magnetic properties and even self-reverse the original magnetization 
(O’Reilly & Banerjee, 1966; Henshaw & Merrill, 1980), although whether this 
occurs in reductive environments is unclear. 

Henshaw & Merrill (1980) show that the unreliable palaeomagnetic record 
of North Pacific cores may not be due to maghemitization as was previously 
proposed (Kent & Lowrie, 1974; Johnson et al., 1975). Indeed, oxic conditions 
lead to authigenesis of ferromanganese phases that are directly associated with 
magnetic minerals. By comparing hysteresis parameters of samples from (1) 
unaffected parts of a non-fossil bearing core with (2) affected parts of the same 
core (a) before and (b) after acid-reducing (i.e., removing) the authigenic fer-
romanganese phase, they can show that the difference in magnetic properties 
between (1) and (2) is due to the authigenic phase and that associated ma-
ghemitization only plays a minor role. 

März et al. (2012) show that Mn-enrichment in Arctic Ocean sediments is 
accompanied by Fe-enrichment, particularly in the form of iron (oxyhydr)ox-
ides (e.g., ferrihydrite, goethite, hematite). A potential model for the Arctic 
Ocean could thus facilitate the authigenesis of (magnetic) ferromanganese 
phases that are (1) linked to glacial/interglacial cycles and (2) strongly altered 
by non-steady state diagenesis. The result would be a chaotic mixture of orig-
inal (p)DRM and multi-generation CRM’s with potentially overlapping mag-
netic properties that are difficult to untangle. Potential iron sulphide authigen-
esis in deeper parts can complicate the picture even further. 
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6 Summary of Papers 

Papers I to III investigated new sediment cores from the Arctic Ocean and 
integrated the results into existing stratigraphic frameworks. For quick refer-
ence, figure 6.1 displays all relevant core locations used in these studies. For 
detailed maps, the reader is referred to the original publications. Paper IV is a 
software meta-paper that does not deal with a specific dataset but describes a 
python tool for PCA. 

Figure 6.1 Map of the Arctic Ocean that displays relevant core locations. Stars mark 
locations of new sediment cores investigated in papers I, II and III, white dots mark 
locations of existing sediment cores that were referenced in the respective studies. 
PS92 cores, PS2138-1, PS1553-3, PS2212-3 and HLY0503-22JPC are discussed in 
paper I. SWERUS-L2-13-PC1, ARA03B-28A, NP26 cores, PS72 cores and 
HLY0503-08JPC are discussed in paper II. AO16-5-PC1 and ACEX are discussed 
in paper III. Elevation data from IBCAO (Jakobsson et al., 2012). 
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6.1 Paper I 
Late Pleistocene Chronology of Sediments From the Yermak Plateau and 
Uncertainty in Dating Based on Geomagnetic Excursions 

The Yermak Plateau, located north of Svalbard, is one of several regions in 
the Arctic Ocean where sediments yield anomalous paleomagnetic directions. 
Palaeomagnetic studies in the 1990s reconstructed a number of Pleistocene 
geomagnetic excursions and proposed a new, regional, excursion, the Norwe-
gian-Greenland Sea excursion (Nowaczyk et al., 1994). The anomalous nature 
of the directional changes is twofold and identified by independent dating of 
sediments from which they were reconstructed. First, sedimentation rate esti-
mates yield values that are considered too low to reliably record short-term 
geomagnetic events, such as excursions (Roberts & Winklhofer, 2004). Sec-
ond, VGP deviations from the GAD that are considered excursional, that is > 
45° (Verosub & Banerjee, 1977; Merrill & McFadden, 1994), are character-
ized by considerably longer durations when compared to records from the rest 
of the world. 

Paper I investigated palaeomagnetic data from three sediment cores from 
the Yermak Plateau (PS/92 cores 39-2, 45-2 & 54-1; green stars in figure 6.1) 
in conjunction with rock magnetic, sedimentological and stable oxygen iso-
tope (δ18O) data. Building on the work of Xuan et al. (2012) the study corre-
lated the investigated cores based on their lithological parameters and δ18O 
variations to validate the coherency of the ratio of κARM to κ (κARM/κ), a proxy 
for magnetic grain size. A comparison of κARM/κ with several other published 
records from the plateau showed that variations can be used for cross-core 
correlation. The strong correlation of κARM/κ to δ18O in records where both 
parameters were available shows that variations in magnetic grain size are 
linked to glacial/interglacial cycles. The waxing and waning of the Barents 
Sea and Svalbard ice sheets is the proposed mechanism for these variations by 
controlling transport distance and position/strength of bottom currents. 

The palaeomagnetic data of the studied sediment cores showed several neg-
ative inclination intervals. A detailed investigation of the AF demagnetization 
data and application of moving interval PCA (cf., paper IV) revealed that neg-
ative inclination components are carried by a medium to high coercivity mag-
netic phase. A potential candidate could be titanomaghemite, as proposed by 
Channell & Xuan (2009). However, these results remain ambiguous as it is 
unknown what directional component is carried by which magnetic phase, and 
what the formation mechanisms are for the different phases. 

Tuning κARM/κ to a global δ18O stack (Lisiecki & Raymo, 2005) allowed 
the construction of an age model independent of palaeomagnetic data that was 
verified by radiocarbon ages, and supported by δ18O measurements on plank-
tic foraminifera. A comparison of palaeomagnetic inclination changes on the 
newly derived age scale revealed asynchronous patterns across the studied 
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cores. The palaeomagnetic record of the Yermak Plateau is, therefore, consid-
ered to not represent genuine field behaviour. The length and frequency of 
negative intervals in inclination show a positive relation to water depth. Bot-
tom current strengths, organic carbon supply and changes in water mass chem-
istry potentially change sediment redox conditions on glacial/interglacial 
timescales that alter the primary palaeomagnetic signal. 

6.2 Paper II 
The Arctic Ocean Manganese Cycle, an Overlooked Mechanism in the 
Anomalous Palaeomagnetic Sedimentary Record 

The first palaeomagnetic studies conducted in the Arctic Ocean sampled sed-
iments from the western Arctic (Steuerwald et al., 1968; Clark, 1970). While 
some areas of the western Arctic, like the Alpha Ridge, are still under sampled 
due to severe sea ice conditions, the areas of the Mendeleev Ridge and Chuk-
chi Plateau have been subject of several palaeoenvironmental studies since the 
early 2000s (e.g., Polyak et al., 2004, 2009; Adler et al., 2009; Stein et al., 
2010; Schreck et al., 2018). However, most studies refrained from using mag-
netostratigraphy to construct age models because by this time it had been sug-
gested that its use is unreliable in the Arctic (Backman et al., 2004; Channell 
& Xuan, 2009). Sediment cores retrieved from locations close to the East Si-
berian Shelf display distinct manganese variations that are interpreted to re-
flect influx changes on glacial/interglacial cycles (Löwemark et al., 2008; 
März et al., 2011), a relationship first described in sediments from the Lomon-
osov Ridge (Jakobsson et al., 2000). 

Paper II built on the work from paper I by following the same initial ap-
proach of correlating records based on their lithological parameters. Palaeo-
magnetic and rock magnetic data of a sediment core from the Arlis Plateau, 
close to the East Siberian Shelf (SWERUS-L2-13-PC1; red star in figure 6.1), 
were interpreted in the context of its physical (excluding magnetic data) and 
chemical changes. The proximity of the core to ARA03B-28A allowed a 
straightforward integration with the regional stratigraphic framework devel-
oped by Schreck et al. (2018). This integration enabled a comparison of pal-
aeomagnetic inclination changes in SWERUS-L2-13-PC1 with those in 
HLY0503-8JPC, a core studied by Xuan & Channell (2010). Intervals of neg-
ative inclination in HLY0503-8JPC were interpreted to be carried by self-re-
versed titanomaghemite that formed during sea-floor oxidation of titanomag-
netite. The mechanism relies on oxygenated bottom waters, low organic car-
bon input and slow sedimentation rates. Correlation of the two cores showed 
that SWERUS-L2-13-PC1 displays a much faster sedimentation rate yet a 
larger number of negative inclination intervals in sections of the same age. 
Reduced exposure time due to faster sedimentation rates should theoretically 
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result in a lower degree of oxidation in titanomagnetite and hence a smaller 
number of negative inclination intervals. 

Integration of chemical and magnetic property changes in SWERUS-L2-
13-PC1 highlight diagenetic changes that were linked to the manganese cycle 
in previous studies (März et al., 2011, 2012; Meinhardt et al., 2014). Previous 
studies of anomalous palaeomagnetic records from the north Pacific (Kent & 
Lowrie, 1974; Johnson et al., 1975) were shown to likely result from the pres-
ence of one or several magnetic ferromanganese phases (cf., section 5.2; Hen-
shaw & Merrill, 1980). The involvement of manganese in diagenesis of Arctic 
Ocean sediments and its large influx changes over glacial/interglacial cycles 
may lead to prominent non-steady state diagenesis with redox boundaries fre-
quently moving vertically through the sediment column. The (re)precipitation 
of magnetic ferromanganese phases and potential alterations of the primary, 
depositional magnetic minerals present an alternative hypothesis to primary 
sea-floor oxidation of titanomagnetite. 

6.3 Paper III 
Post-depositional diagenesis in Arctic Ocean sediments and its implications 
for the palaeomagnetic record 

The central Arctic Ocean and the Lomonosov Ridge in particular, have re-
ceived much attention from the scientific community in the past two decades. 
Several studies used palaeomagnetic inclination changes for dating sediment 
sequences and for cross-core correlation. Initially, inclination changes were 
interpreted to represent geomagnetic reversals (Spielhagen et al., 1997). New, 
independent dating methods questioned this interpretation (Jakobsson et al., 
2000) and changes were subsequently interpreted to represent geomagnetic 
excursions (e.g., Nowaczyk et al., 2001; Spielhagen et al., 2004). Even longer 
durations and higher frequencies of reconstructed excursions from Arctic 
Ocean sediments when compared to established chronologies from the rest of 
the world (Laj & Channell, 2015) led to an ongoing controversy of the genu-
ineness of the records (Backman et al., 2004). Consequently, the Neogene age 
model for the ACEX cores was constructed without the use of palaeomagnetic 
interpretations (Backman et al., 2008). 

Paper III investigated a sediment core from the central Lomonosov Ridge 
(AO16-5-PC1; blue star in figure 6.1) adding much needed pore water geo-
chemical data to the approach followed in paper II. The recovered sediment 
sequence is typical for the Lomonosov Ridge with a correlation of variations 
in bulk density and coarse grain content. This relationship is particularly pro-
nounced in the upper few meters of the sequence and, based on the currently 
accepted age model (Backman et al., 2008; O’Regan et al., 2008a), correlate 
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with the last two glacial cycles. In AO16-5-PC1, the inferred MIS 6/7 bound-
ary marks a change in palaeomagnetic properties, akin to other records from 
the ridge. Above the boundary, palaeomagnetic inclination is predominantly 
positive, below it is characterized by several excursional, negative values that 
are held by a high coercivity magnetic phase. IRM experiments on six selected 
samples, representative of normal, transitional and reversed inclinations, re-
vealed the presence of magnetic minerals with coercivities of > 300 mT and > 
1 T. Potential candidates are fine grained hematite and goethite. Low temper-
ature remanence cycling of the six samples was interpreted to show the pres-
ence of partially oxidised titanomaghemite. However, these measurements are 
inconclusive since varying Ti-content in titanomagnetites can result in similar 
effects. High temperature susceptibility measurements disclose complicated 
heating and cooling curves with alteration, destruction and/or formation of 
(new) magnetic phases. 

Pore water profiles in AO16-5-PC1 show that active Mn and Fe diagenesis 
take place, starting approximately 2.5 m below the sea-floor. While active Mn 
diagenesis has been observed in several Arctic Ocean cores, active Fe diagen-
esis has not been observed in most cores (Meinhardt et al., 2016). The profiles 
of Mn, Mo and Fe in AO16-5-PC1 correlate, suggesting a close relationship 
between these elements. Mo is often associated with Mn (oxyhydr)oxides 
(Schulz & Zabel, 2006) and a link between Fe and Mn (oxyhydr)oxides has 
been previously proposed for Arctic Ocean sediments (März et al., 2012; 
Meinhardt et al., 2016; paper II). 

The possibility of a ferromanganese phase, which was investigated in paper 
II, is further consolidated by the results of paper III. Alteration of magnetic 
minerals in Arctic Ocean sediments seems not to be limited to sea-floor oxi-
dation of titanomagnetite. The identification of goethite, a Fe (oxyhydr)oxide, 
by IRM acquisition and high temperature magnetic susceptibility measure-
ments in conjunction with pore water data show that further investigations into 
the palaeomagnetic significance of these phases is necessary.  

6.4 Paper IV 
Paleopca, a Tool to Unlock the full Potential of Principal Component Anal-
ysis in Palaeomagnetism 

Principal component analysis is the established tool to find directional com-
ponents in palaeomagnetic data. The method has been used largely unchanged 
since it was introduced by (Kirschvink, 1980). The primary interpretation is 
that the largest eigenvalue, obtained by PCA, is representative of the principal 
direction of the underlying data. Usually, PCA is performed on a subset of the 
AF demagnetization data of consecutive steps in a specific coercivity interval. 
With increasing amounts of data to be analysed, automated methods become 
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necessary to reduce processing time or a fixed interval is chosen and applied 
to all samples. A common method is to iterate through all steps with a chang-
ing interval length and choose the interval that has the lowest MAD. However, 
this method can lead to directional estimates that do not represent the desired 
(depositional) component if samples contain more than one (directional) com-
ponent. The alternative of choosing a fixed interval for all samples has the 
drawback that it cannot account for changes in the magnetic mineral compo-
sition and potential changes in which component reliably recorded the geo-
magnetic field. 

The tool constructed and described in paper IV is designed to provide users 
with the means to quickly analyse the full demagnetization vector and identify 
potentially competing directional components. It provides functionality to cal-
culate PCA for a fixed interval and to find the minimum MAD for a given 
minimum interval length. These methods can be applied as a batch process to 
more than one sample at the same time and as a moving interval of specified 
length. Results are presented in the usual orthogonal projections (Zijderveld, 
1967) or as sequential plots of magnetization, inclination, declination and 
MAD. In the case of moving interval PCA, results are displayed as a mesh 
plot that is colour coded by a parameters value (figure 6.2). 
 

Figure 6.2 Example output of a moving interval PCA. The data used are from 
AO16-5-PC1 and an interval length of 3 steps was chosen. From left to right: re-
maining magnetization after each AF demagnetization step normalized to the NRM 
intensity, colour-coded inclination values for each 3-step interval, colour-coded dec-
lination values for each 3-step interval, the maximum angular deviation (MAD) 
from a prolate variance ellipsoid spanned by the intervals’ eigenvalues, MAD for an 
oblate variance ellipsoid. 
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7 Synthesis 

This thesis investigates the perplexing palaeomagnetic record of Arctic Ocean 
sediments. Of the four studies that constitute the work, three (papers I, II & 
III) deal with materials from different parts of the Arctic Ocean (figure 6.1). 
This spatial distribution allows for an interpretation of the results with regards 
to different depositional environments and glacial histories. The analysis de-
scribed in paper IV was applied to all studied cores and enables an in-depth 
interpretation of the full palaeomagnetic vectors. 

The palaeomagnetic results from papers I, II & III show common features 
and confirm the anomalous record of Arctic Ocean sediments that were noted 
by previous authors (Backman et al., 2004, 2008; O’Regan et al., 2008a; 
Channell & Xuan, 2009; Xuan & Channell, 2010; Xuan et al., 2012). Intervals 
of negative inclination in all studied cores are shown to be held by a medium 
to high coercivity phase that is not constrained to any lithological unit. By 
correlating the newly studied cores with records from their respective regions 
using physical properties, it becomes apparent that these intervals are unlikely 
to be coeval (e.g., on the Lomonosov Ridge; figure 7.1; table 7.1). However, 
depending on the interval or method used to calculate a ChRM inclination, 
results and interpretations will differ. To consider any reconstructed inclina-
tion record from Arctic Ocean sediment as a characteristic remanence is, 
therefore, misleading. Furthermore, the comparative quality of cross-core cor-
relation depends on the number of tie-points used and the degree of bioturba-
tion (Blaauw, 2012). For records from the Lomonosov Ridge in particular, 
variations in physical properties of sediments older than MIS 6 are small and 
correlation might not be conclusive as to whether or not palaeomagnetic incli-
nation changes are coeval (figure 7.1). 

Using the software presented in paper IV to analyse the demagnetization 
data of AO16-5-PC1 illustrates some of the issues related to the coercivity 
interval that is used in a PCA (figure 7.2). Calculating a best-fit that minimizes 
the MAD yields a steep positive inclination for all samples, even if the mini-
mum interval length is long. For example, 10 steps from a total of 19 AF steps 
yields MAD’s well below 10°, which is most likely because the NRM in the 
majority of the samples is reduced to approximately 20 % of its original value 
after 35 to 50 mT demagnetization. AO16-5-PC1 was demagnetized at 2.5 mT 
increments up to 20 mT, providing the necessary number of steps to calculate 
a precise direction for low coercivities. Nevertheless, single-interval PCA’s at 
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higher coercivities seemingly produce acceptable results with the MAD 
mostly below 25° (for 30 to 80 mT; figure 7.1). Most palaeomagnetic studies, 
and those investigating Arctic sediments in particular, use less demagnetiza-
tion steps, larger increments and report single step data to justify the use of 
high coercivity intervals (e.g., Nowaczyk et al., 1994; Liu et al., 2019). This 
practice is misleading because a single step can have a negative inclination 
while a positive component is still being removed. Inclination after 20 mT in 
AO16-5-PC1 shows several negative intervals, yet the PCA results between 
20 and 60 mT do not (figure 7.2).  

Table 7.1. Circular-circular correlation parameters (Mardia & Jupp, 2009) of incli-
nation between 4.63 and 7.88 m (ACEX rmcd; interval between MIS 6/7 boundary 
and peach layer). Correlation coefficients on the upper diagonal, corresponding p-
values on the lower diagonal. 

 ACEX PS2185 96/12 AO16-5-PC1 

ACEX 1 0.551 0.579 0.387 
PS2185 4.98 × 10-13 1 0.552 0.398 
96/12 1.06 × 10-13 8.03 × 10-12 1 0.616 
AO16-5-PC1 5.30 × 10-7 1.82 × 10-6 1.32 × 10-14 1 

Figure 7.1 Depth migrated density, coarse fraction and inclination records from four 
sediment cores from the central Arctic Ocean. Cores were first correlated based on 
density and coarse fraction content, then migrated to the ACEX rmcd depth scale. 
ACEX coarse fraction is weight % of the fraction > 125 µm, all other cores > 63 
µm. Inclination based on: ACEX after 40 mT AF demagnetization, PS2185 PCA of 
unknown interval, 96/12 after 40 mT AF demagnetization and AO16-5-PC1 (5PC) 
PCA between 30 and 80 mT. Red shaded areas in inclination graphs indicate exem-
plary discrepancies between the records. Black and green dashed lines mark tie point 
locations (between 4 and 8 m, rmcd), green marks prominent features. 
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Rock magnetic concentration parameters (e.g., ARM intensity) in all studied 
cores are approximately one order of magnitude higher than the corresponding 
NRM intensities (NRM/ARM ratio of ~0.1). For comparison, the ratio of 
NRM to ARM in some varved lake sediments in Sweden is close to unity 
(Snowball et al., 2013) while in cores from the St. Laurence estuary in eastern 
Canada, NRM/ARM ratios range from 0.3 to 0.6 (Barletta et al., 2010a). The 
low recording fidelity in Arctic sediments is not restricted to zones of negative 
inclination, where competing polarity components may lower the NRM. The 
Earth’s magnetic field is strongest at the poles and sediment magnetization 
should reflect this intensity as statistically more particles align with the ambi-
ent field during or shortly after deposition (Tauxe, 1993). Thus, the cause for 
the weak magnetization of Arctic Ocean sediments is likely related to altera-
tions of depositional magnetic minerals. Further investigations of rock mag-
netic parameters in all studied cores reveal a strong imprint of depositional 
changes, in particular with glacial/interglacial cycles, and indications of dia-
genetic alterations. The dissolution and/or alteration, to less magnetic, or non-
magnetic phases, of the primary (depositional) remanence carriers can lower 
the NRM intensity. However, dissolution of remanence carriers would also 
affect any normalizer (e.g., ARM), hence having a limited effect on the ratio. 
Taking into account the noncorrelation of palaeomagnetic inclination changes 

Figure 7.2 Results of detailed PCA performed with the software described in paper 
IV. From left to right: remaining intensity after each AF demagnetization step nor-
malized to NRM intensity; best fit PCA inclination with at least 10 consecutive 
steps; corresponding best fit MAD values; inclination after 20 mT AF demagnetiza-
tion; fixed interval (20 to 60 mT) PCA inclination; colour coded inclination of each 
AF demagnetization step; colour coded inclination of 3-step moving interval PCA. 
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with physical and chemical properties, the alteration or precipitation of new 
magnetic phases seems favourable. To this end, the palaeomagnetic record 
from Arctic Ocean sediments cannot be considered as an accurate record of 
past geomagnetic field changes. 

With regard to self-reversal of (titano)magnetite, low-temperature data 
from AO16-5-PC1 confirms the presence of (titano)maghemite but also show 
that there is no obvious difference between samples that record negative and 
positive inclination. Additionally, titanium content of iron oxides in Arctic 
Ocean sediments is highly variable (Bischof & Darby, 1997; Darby, 2003) but 
a high titanium content (x > 0.6) and a high degree of oxidation (z > 0.9) are 
necessary to produce self-reversal (O’Reilly & Banerjee, 1966). Sea-floor ox-
idation of (titano)magnetite likely takes place, but it is unlikely to be respon-
sible for the observed anomalous pattern in palaeomagnetic inclination. 

Papers II and III present new data that suggests the presence of a magnetic 
ferromanganese phase, akin to what Henshaw & Merrill (1980) proposed for 
North Pacific cores, which show anomalous palaeomagnetic records (cf., sec-
tion 5.2). High temperature magnetic susceptibility curves play a key role in 
the argument. Unpublished magnetic susceptibility measurements on material 
from PS92/039-2 from the Yermak Plateau (paper I) show a similar behaviour 
during a heating/cooling cycle (figure 7.3) to that of samples from the Lomon-
osov Ridge (paper III). Through application of IRM acquisition, paper III ar-
gues that an (authigenic) goethite phase is being converted during heating to 
a stronger magnetic phase (possibly magnetite). The association of Fe and Mn 
(oxyhydr)oxides (März et al., 2012) make it likely that this phase is not pure 
Fe-goethite but comprises Mn-doped Fe(oxyhydr)oxides. However, newly 
formed phases during heating experiments can partially be derived from iron-
bearing hydrous aluminium phyllosilicates (De Boer & Dekkers, 2001; Jian 
Liu, 2004). In the area of the Mendeleev Ridge the proportion of iron-bearing 
phyllosilicates is almost equivalent to the proportion of (oxyhydr)oxides 
(März et al., 2012), a model that may apply for the whole Arctic. Yet, for the 
palaeomagnetic record only the (oxyhydr)oxides can be of any significance 
because iron-bearing phyllosilicates are unable to carry a remanent magneti-
zation. 

A potential link between the Arctic manganese cycle and the palaeomag-
netic record, explored in paper II, can provide a model for the central Arctic 
as well. Active manganese diagenesis has been observed in several Arctic 
Ocean sediment cores (Meinhardt et al., 2016) including AO16-5-PC1 (paper 
III). However, the magnetic properties of ferromanganese (oxyhydr)oxides 
have been insufficiently studied, even though they are a common component 
in marine sediments (Uramoto et al., 2019). Magnetostratigraphy has been 
used to calculate growth rates of ferromanganese crusts from the Pacific, il-
lustrating their potential to carry a remanent magnetization (e.g., Oda et al., 
2011; Noguchi et al., 2017). While Oda et al. (2011) suggest detrital (ti-
tano)magnetite as the main remanence carrier, Bogdanova et al. (2008) state 
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that the primary iron minerals in ferromanganese nodules are feroxyhyte and 
goethite. Studies on Arctic Ocean ferromanganese crusts show that they con-
stitute a higher Fe/Mn ratio than those from other ocean basins (Hein et al., 
2017; Konstantinova et al., 2017, 2018), an observation that probably also ap-
plies to ferromanganese micronodules within the sediment column. The de-
gree of manganese diagenesis seems to be spatially variable (März et al., 
2011), and redistribution of Mn by diagenetic processes is considered less im-
portant than input variations regarding the formation of manganese rich layers 
(Löwemark et al., 2008). Iron input and iron (oxyhydr)oxide enrichment seem 
to be controlled by the same mechanisms but much less affected by diagenetic 
redistribution (März et al., 2012; Meinhardt et al., 2016). Diagenetic nodules 
are almost completely composed of manganese, rendering them unimportant 
for palaeomagnetic concerns. However, diagenetic Mn depletion in ferroman-
ganese (oxyhydr)oxides may ultimately generate ferromagnetic phases. 

Differences in diagenesis in Arctic Ocean sediments have not been studied 
in great detail, allowing only for a superficial comparison with the palaeomag-
netic record. Meinhardt et al. (2016) identify three different regimes that are 
controlled by organic carbon supply, distance from the shelf and NO  pene-
tration depth. Except for one sediment core from the Canada Basin, all cores 
studied by these authors show active Mn diagenesis and associated remobili-
zation. A direct comparison of active diagenesis and the palaeomagnetic rec-
ord is only possible in AO16-5-PC1 where pore water and palaeomagnetic 
data are available. The onset of frequent changes in palaeomagnetic inclina-
tion at 2.2 m coincides with the precipitation depth of remobilized Mn, Fe and 
Mo. The source of dissolved Mn and Mo seem to be much deeper than the 
penetration depth of the core, for comparison, in the ACEX core, active Mn 

Figure 7.3 High-temperature magnetic susceptibility measurements from two sub-
samples from PS92/039-2. Red curves are during heating, blue curves during cool-
ing. A common feature, also with samples from AO16-5-PC1, is the difference be-
tween magnetic susceptibility before and after cooling, being interpreted as the alter-
ation/formation of a strongly magnetic phase. 
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dissolution takes place at approximately 20 m. Similar to other central Arctic 
records, the overlying coarser interval in AO16-5-PC1 does not show anoma-
lous inclinations changes. This stratigraphic confinement is not observed in 
sediments from the Mendeleev Ridge that show negative inclination intervals 
in this section, but they also lack the distinct diamicts that are observed in the 
central Arctic. Thus, the physical properties of the sediments likely play a key 
role in the formation of the anomalous palaeomagnetic record. Similarly, sed-
iments from the Yermak Plateau, while displaying asynchronous inclination 
patterns, are not confined to any stratigraphic unit. 

Based on independent stratigraphic correlations, records of palaeomagnetic 
inclination are not aligned across the different regions of the Arctic, nor are 
they perfectly aligned within regions. A genuine nature of inclination changes 
is unlikely, even if the high latitude geomagnetic field deviates from a general 
dipole behaviour. Similar arguments speak against the hypothesis of wide-
spread sea-floor oxidation and self-reversal. Invoking changes in deep-water 
ventilation or organic carbon export to the sea-floor would likely generate a 
more cohesive pattern in inclination changes. While sea-floor oxidation cer-
tainly takes place, significant self-reversal is less likely. 

An alternative hypothesis that tries to link palaeomagnetic changes with 
manganese variability, ferromanganese (oxyhydr)oxides and diagenetic 
changes requires more detailed studies. Parallels can be drawn to greigite bear-
ing sediments that are also known to complicate palaeomagnetic interpreta-
tions (Snowball & Thompson, 1990). Greigite as a mineral was first recog-
nised in the 1960’s (Skinner et al., 1964), yet its palaeomagnetic significance 
was not realized until the second half of the 1990’s. Greigite was interpreted 
as a reliable recorder of the geomagnetic field (e.g., Tric et al., 1991; Roberts 
& Turner, 1993). Later studies found contradictory polarities in sediments 
from Taiwan (Horng et al., 1998; Jiang et al., 2001), the Ross Sea (Sagnotti et 
al., 2004) and Turkey (Lucifora et al., 2012), to name just three. Several mech-
anisms for greigite formation have been recognised and linked to diagenesis 
(Roberts & Weaver, 2005). Ferromanganese (oxyhydr)oxides, even though 
known to be an active participant in diagenesis, have not received the same 
attention but may indeed be a significant contributor to sediment magnetiza-
tion. The low organic carbon content in Arctic sediments may inhibit sulphate 
reduction to great depth, making earlier stages of diagenesis that involve iron 
(oxyhydr)oxides more important. Finally, the non-steady state nature of dia-
genesis due to highly variable Mn input on glacial/interglacial timescales in 
the Arctic could have caused several remagnetization events. 
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8 Outlook 

The results of this thesis raise pertinent questions that are worth pursuing. 
Some of which are probably just of regional, that is Arctic Ocean, conse-
quence, while others may have implications for our understanding of sediment 
magnetism in general. 

The synchronicity, or lack thereof, of palaeomagnetic inclination changes 
in Arctic Ocean sediments requires further investigation. It requires the com-
parison of palaeomagnetic inclination changes on a common depth (or age) 
scale. This can be achieved through lithostratigraphic correlation of records 
based on several, independent, physical and chemical parameters to a high 
resolution while considering error propagation. To avoid the pitfalls described 
in section 7, the full demagnetization vector should be considered and differ-
ent coercivity intervals should be compared. This approach could also reveal 
regional differences within the Arctic as outlined in section 7. 

The possible contribution of ferromanganese (oxyhydr)oxides to sediment 
magnetization warrants further investigation. They might be a common com-
ponent of marine sediments and could have implications for the interpretation 
of marine sedimentary palaeomagnetic records world-wide. A first step would 
be to extract and identify (or classify) these phases and investigate their mag-
netic properties. To avoid extracting other magnetic particles, such as magnet-
ite, complementary non-magnetic methods need to be applied and verified by, 
for example, electron microscopy. 
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Summary in Swedish 

Arktiska havet är en väsentlig komponent i det globala klimatsystemet, men 
forskning av dess marina geologiska arkiv har hittils förhindrats av extrema 
svårigheter i åldersmodellering. Förutom brist på daterbara mikrofossiler, så 
utgör den paleomagnetiska registreringen av arktiska marina sediment en ut-
maning för att etablera en pålitlig magnetostratigrafi. Inklination av paleomag-
netiska data från centrala arktiska sediment visar frekventa förändringar från 
branta positiva till branta negativa värden som inte överensstämmer med den 
etablerade geomagnetiska polaritetsskalan. Ursprungligen tolkades dessa för-
ändringar som geomagnetiska polomkastningar, medan senare åldersbestäm-
melser utförda oberoende av paleomagnetiska överväganden, antyder att de 
flesta förändringar i de övre få meter av sediment faller inom Brunhes normala 
kron. Därefter tolkades förändringarna som geomagnetiska exkursioner och 
mönster i dessa förändringar användes för korrelation för sedimentkärnor. 
Matchning av förändringar i inklinationen till accepterade geomagnetiska ex-
kursioner skulle emellertid åberopa orimliga förändringar i hastigheten av se-
dimentatavlagring som sammanfaller med de antagna exkursionerna, vilket 
leder till tveksamhet om denna praxis. 

Det har föreslagits att zoner med omvänd polaritet innehåller självomvänd 
titanomaghemit, bildad genom oxidation avtitanomagnetit på havsbottnen. 
Processen har observerats i basalter under vatten och föreslogs försämra den 
paleomagnetiska registreringen av vissa marina sediment i Norra Stilla havet. 
För att självomvändning ska ske i titanomaghemit krävs emellertid ett högt 
titaninnehåll i titanomagnetit och hög oxideringsgrad. Dessa är förutsättningar 
som kanske inte håller för de mycket av de arktiska sedimenten. Hittills har 
förändringar av inklination inte studerats i samband med sedimentär stratigrafi 
i Arktiska havet. Den sedimentära stratigrafin från Lomonosovryggen är väl 
etablerat, med två grova kornintervall inom de första decimetrarna till me-
terna, vilket som tolkas som avsatta under de två senaste glacialperioderna. 
Under detta intervall är glaciala/interglaciala cykler mindre markanta och se-
dimenten är finkornigare, medan på samma nivå börjar paleomagnetiska data 
att påvisa frekventa förändringar från positiva till negativa inklinationer. Var-
för sediment i yngre ålder än marinisotopsteg 6 inte påvisar dessa förändringar 
är oklart. Andra områden i Arktis, som Yermak-platån och Mendeleevryggen, 
uppvisar också oregelbundna paleomagnetiska resultat, men inklinatiosnför-
ändringar inte så lätt begränsade till äldre sediment. Medan paleomagnetiska 
studier från Mendeleevryggen är sällsynta och paleo-miljöstudier vanligtvis 
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förlitar sig på andra dateringsmetoder, så har rekonstruerade inklinationsför-
ändringar av sedimentfrån Yermak-platån tilldelats paläomagnetiska utflyk-
ter. Sedimentationshastigheten på Yermak-platån anses emellertid för låg för 
att pålitligt registrera geomagnetiska exkursioner, men de rekonstruerade ne-
gativa intervallerna är mycket bredare än väntat. 

Denna avhandling undersöker marina sediment från tre olika områden i 
Arktis; Yermak-platån norr om Svalbard, Arlis-platån norr om östsibiriska 
hyllan och Lomonosovryggen i centrala Arktis. För alla studieområden kon-
struerades en litostratigrafisk modell som sedan anpassades till ett regionalt 
stratigrafiskt ramverk. Denna metod gjorde det möjligt att korrelera den li-
tostratigrafiska modellen med befintliga rekonstruktioner, oberoende av pa-
leomagnetisk data. Nästa steg i studien bestod i en detaljerad analys av paleo-
magnetiska demagnetiseringsdata för att identifiera intervallen av normal och 
omvänd polaritet. Detta avslöjade att negativa inklinationer som vanligtvis 
hålls av ett mineral med hög koercivitet som i vissa fall är motståndskraftig 
mot avmagnetisering i växelfält (AF). Mineralmagnetiska mätningar bekräf-
tade närvaron av magnetiska mineral med koercivitet med >100 mT, vilket är 
det maximala AF-steget som användes. Dessutom användes en kombinerad 
metod som använde magnetiska tekniker och sedimentologiska data för att 
identifiera effekten av deponerings- och diagenetiska processer på paleo- och 
mineralmagnetiska egenskaper. 

Mineralmagnetiska egenskaper på Yermak-platån visade ett starkt avtryck 
av miljöförändringar och med en koppling till glaciala / interglaciala cykler. 
Den starka korrelationen mellan en proxy för magnetisk kornstorlek med reg-
ionala och globala syreisotopregister tillät att använda förhållandet mellan 
känsligheten för anhysteretisk remanens och den magnetiska susceptibiliteten 
(κARM/κ) för korrelation mellan sedimentkärnor. Dessutom ledde använd-
ningen av κARM/κ i jämförelse med syreisotopdata till en konstruktion av en 
robust regional åldersmodell. Detta tillvägagångssätt avslöjade en asynkron 
karaktär av den paleomagnetiska inklinationen i de tre studieområdena. 

Detaljerade kemiska och paleo- och mineralmagnetiska undersökningar av 
sediment från Arlis-platån och Lomonosovryggen avslöjade en komplex mag-
netisk mineralogi och begränsade omvända inklinationer till en magnetisk fas 
med hög koercivitet. Den viktiga rollen av mangan i Arktiska havet, dess in-
blandning i järn (oxyhydr) oxider under interglaciala perioder och dess roll för 
diagenes har lett till en hypotes om att ett oidentifierat magnetiskt ferro-
mangan mineral ger upphov till den oregelbundna paleomagnetiska datan. 
Förhöjd mangankoncentration i porvatten några meter under havsbottnen i se-
diment from centrala Arktis ger bevis på pågående diagenes som involverar 
manganoxider. En relation med järnoxider är trolig vilket kan leda till föränd-
ring av befintliga magnetiska mineral och utfällning av nya magnetiska faser. 
Eftersom mangankoncentrationer i Arktiska sediment följer glaciala / intergla-
ciala cykler, kommer diagenetiska fronter sannolikt att röra sig på samma tids-
skala. Studier i denna avhandling avslöjade 1) oregelbundet förekommande 
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zoner med negativ inklination när fysikaliska egenskaper korreleras, som till 
exempel densitet, mellan olika sedimentkärnor, 2) ingen korrelation mellan 
förändringar i inklination och stratigrafiska gränsskikt och 3) en koppling mel-
lan diagenes och paleomagnetiska resultat.  
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