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Abstract 

 
Paleomagnetic and Thermomagnetic Studies on Rock Samples from COSC-1 Drilling 

Project  

Wanyi Li 

The COSC-1 borehole located in the Lower Seve nappe of the Central Scandinavian Caledonides is 

intended to study the tectonic evolution of the Paleozoic orogen. The drilling project reached a depth of 

2495.8m and obtained samples from different lithologal units of mica schist, amphibolite, gneiss, and 

mylonitic gneisses. 

    To test the if the samples are suitable for paleomagnetism, laboratory measurements of natural 

remanent magnetism is performed on sub-samples of the COSC-1 drill core in the paleomagnetic 

laboratory with alternating field demagnetization, IRM acquisition as well as temperature dependence 

of susceptibility measurements. Important properties of the samples such as coercivity, Curie 

temperature, inclination and declination are determined with the measurements. 

    Most of the samples carry a remanent magnetization that can be readily demagnetized with 

alternating field demagnetization up to 100 mT. Some of the samples may be suitable for 

paleomagnetism, with the major ferromagnetic mineral compositions of magnetite, hematite, and FeTi 

oxides. However, low coercivities and median destructive fields suggest that the magnetite bearing 

samples will be prone to remagnetization, making them more challenging to use in terms of retrieving 

a primary magnetization originating from the Caledonian orogeny. The thermomagnetic results of some 

samples reflect the metamorphic conditions experienced by the rocks and the mineral assemblage 

changed irreversibly during step-wise heating experiments. These results can possibly be used as an 

indicator for the metamorphic temperature experienced by the different lithologal units. Although 

further measurements are needed to get a clearer understanding of the suitability of the COSC-1 sample 

for paleomagnetic reconstructions (including thermal demagnetization experiments), this thesis indicate 

that the COSC-1 rocks contain interesting paleo- and rock magnetic features that are worth further 

study. 

 

Keywords: Scandinavian Caledonides, remanent magnetization, AF demagnetization, temperature 

dependent magnetic susceptibility 
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Populärvetenskaplig sammanfattning

 
Paleomagnetiska och termomagnetiska studier av stenprover från COSC-1 

djupborrningen  

Wanyi Li 

COSC-1-borrhålet, beläget i den lägre delen av Seveskollan av de centrala Skandinaviska 

Kaledoniderna ämnar att studera den tektoniska utvecklingen av den Paleozoiska bergskedjan. 

Borrprojektet nådde ett djup av 2495,8m och erhöll prover från olika litologiska enheter som inkluderar 

glimmerskiffer, amfibolit, gnejs, och mylonitiska gnejser. För att testa om proverna är lämpliga för 

paleomagnetism, så fokuserar denna avhandling op laboratoriemätningar av naturlig remanent 

magnetism på prover av COSC-1-borrkärnan med hjälp av växelfältsavmagnetisering, magnetisering 

genom IRM samt temperaturberoende av magnetisk susceptibilitet. Viktiga egenskaper hos proverna 
som magnetisk inklination och deklination, koercitivitet, och Curie-temperatur har bestämts med dessa 

mätningar. De flesta av proverna har en remanent magnetisering som lätt kan avmagnetiseras med 

växelfältavmagnetisering upp till 100 mT. Vissa av proverna kan vara lämpliga för paleomagnetism, 

med de viktigaste ferromagnetiska mineralsammansättningarna av magnetit, hematit och FeTi-oxider. 

Generellt låga koercitiviteter och mediandestruktiva fält tyder på att de magnetitbärande proverna är 

benägna ommagnetiseras, vilket gör dem mer utmanande att använda när det gäller att erhålla en primär 

magnetisering härrörande den Kaledonska orogenesen. Resultaten för temperaturberoende 

susceptibilitet visar att vissa prover reflektar de metamorfa förhållanden som berget genomgick och 

mineralsammansättning förändras när de genomgått temperaturbehandling. Detta resultat kan möjligen 

användas som en indikator för de metamorfa temperaturer som olika litologiska enheter har upplevt. 

Även fast fler mätningar behövs för att få en tydligare förståelse för lämpligheten av COSC-1 prover 

för paleomagnetiska rekonstruktioner (inklusive termal avmagnetisering), så visar preliminära resultat 

i denna avhandling på en intressant potential för paleomagnetiska och bergmagnetiska egenskaper i 

COSC-1 borrkärnan. 

 

Nyckelord: Skandinaviska Kaledoniderna, remanent magnetism, växelfältsavmagnetisering, 

temperaturberoende av magnetisk susceptibilitet 
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1 Introduction 

1.1 Background 

The Scandinavian Caledonides are renowned for their thrust systems, which gives rise to the geology of 

Norway and westernmost Sweden over a distance of approximately 2,000 km. The Scandinavian 

Caledonides are composed of ancient rocks formed around 400 million years ago during the Caledonian 

orogeny (Gee et al., 2018). From the Ordovician to the mid-Silurian and early Devonian, a deeply eroded 

section through this ancient orogen reveals a wealth of fragmentary information about what must have 

been a very complex and long history of ocean opening and closing, culminating in a continent collision 

between Baltica and Laurentia (Stephens, 1988). 

 

 

Figure 1.1. A schematic map of ancient Caledonides. It formed by the collision between Baltica and Laurentia (H. 

Lorenz et al., 2015). 

Led by the Swedish Scientific Drilling Program with support from the International Continental 

Scientific Drilling Program, the Collisional Orogeny in the Scandinavian Caledonides (COSC) project 

is intended to study the mountain building process of Scandinavian Caledonides at mid-crustal level. 

The first of the two boreholes (COSC-1) penetrates through the Lower Seve Nappe Complex into the 

Baltica basement, where metamorphic rock samples from different depths and lithologal units were 

collected (Lorenz et al., 2015). 

Ferromagnetic minerals record geomagnetic information such as the Earth’s field intensity and 

orientation during their formation. Paleomagnetism is the study of such remanent magnetization in rock 

samples to reconstruct the direction and strength of the past geomagnetic field as well as the ancient 
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pole positions (Condie, 2011). Due to the diversity of the samples collected from the COSC-1 drilling, 

the magnetic measurements including alternating field demagnetization of the natural, artificial and 

isothermal remanence have been conducted to investigate the magnetic stability of COSC-1 rocks. The 

purpose is to explore their suitability for paleomagnetism and find the stable magnetic recorders with 

the aim to better understand the Caledonian orogeny. Another important magnetic property of the rock 

samples is magnetic susceptibility and thermomagnetic measurements can help determine the magnetic 

phases in the samples. In addition, it has been discovered that temperature cycling measurements of 

magnetic susceptibility offer information about the temperature that the samples experienced in the past 

(Spassov & Hus, 2006). As a result, the magnetic susceptibility as a function of temperature 

measurements were carried out to explore and test if the irreversibility of the heating and cooling 

segments can be used for showing which temperatures the samples were heated to during 

metamorphism. 

 

1.2 Geological Setting 

1.2.1 The Scandinavian Caledonides 

The Caledonian Orogeny (sensu lato) along the Baltoscandian margin, involved subduction and 

accretion along the attenuated margin of Baltica, starting in the late Cambrian and lasting well into the 

Ordovician, prior to collision with Laurentia and the Scandian orogeny (Gee et al., 2021). It is preserved 

on both sides of the North Atlantic Ocean, in the mountains of western Scandinavia and northeastern 

Greenland; it continues northwards from northern Norway, across the Barents Shelf and Svalbard to the 

edge of the Eurasian Basin (Gee et al., 2008). The Scandinavian Caledonides comprise thrust sheets 

transported onto the Palaeozoic platform of the Baltoscandian margin of Baltica. The Caledonian front 

is marked by a sole thrust that dips 1o −2o westwards beneath the allochthons of the orogen, underlain 

by a thin veneer of Cambrian (locally Ediacaran) sedimentary rocks that unconformably overlie 

Proterozoic crystalline basement (Gee et al., 2008). 

The thrust sheets are subdivided into the Lower, Middle, Upper and Uppermost allochthons (Gee et 

al., 1985). The Lower Allochthon (Jämtlandian nappes) is dominated by a sedimentary succession of 

Neoproterozoic and Cambro-Silurian strata, featuring westerly-derived turbidites in the Ordovician and 

Silurian. Only minor basement derived units are incorporated in eastern parts of this allochthon (Greiling 

et al., 1998), but towards the west, reflection seismic profiles suggest that the basal décollement passes 

beneath the crystalline basement exposed in windows (Palm et al., 1991; Juhojuntti et al., 2001). The 

Middle Allochthon is of a higher metamorphic grade than the underlying units (Andreasson and 

Gorbatschev, 1980). The uppermost tectonic unit in the Middle Allochthon, previously included in the 

Upper Allochthon, is the Seve Nappe Complex, composed in most areas of three units: a lower part of 

similar protolith to the Särv Nappe, but ductilely deformed in amphibolite (locally eclogite) facies; a 
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central part (e.g. Åreskutan Nappe) of migmatites and paragneisses with a previous ultra-high pressure 

metamorphic history (Majka et al., 2014; Klonowska et al., 2017); and an upper, amphibolite-dominated 

unit with mica-schists and psammites (Lorenz et al.,2015). 

 

 

1.2.2 The COSC Drilling Project 

The Collisional Orogeny in the Scandinavian Caledonides (COSC) project drilled in the Åre-Mörsil area 

of western Jämtland (Fig. 1.2), central Sweden, aims to study mountain building processes at mid-crustal 

levels in a major orogen with a focus on the transport and emplacement of the far-travelled, 

metamorphosed Seve Nappe Complex (Lorenz et al., 2015). 

During the past years of preparation for the drilling, the COSC project has improved our 

understanding of the subduction systems that existed along the Baltoscandian margin during Ordovician 

closure of the Iapetus Ocean. COSC-1, the first of the two deep boreholes in Jämtland was drilled to a 

depth of 2.5 km to penetrate a thick section of the Lower Seve Nappe Complex. The Lower Seve Nappe 

is mainly composed of a layered succession of quartzofeldspathic gneisses and amphibolites, with 

subordinate mafic bodies (metagabbro). An unexpectedly thick basal thrust zone is found in the 

lowermost 800 m of the borehole (Lorenz et al.,2015). 

The allochthons that originated from the outer parts of the continental margin were subjected to 

highgrade metamorphism and emplaced onto the adjacent Baltican platform. Cross-sections show 

similarities with other orogenic belts such as the Alps and the Himalayas with a classical foreland fold- 

and thrustbelt and locally-derived nappes that are overridden by successively more far-transported 

allochthonous units (Fig. 1.2; Gee et al., 2008). At the top of the mountain Åreskutan, ultra high pressure 

gneisses of the Åreskutan Nappe are exposed (Klonowska et al., 2017), followed downwards by the 

underlying, amphibolite facies gneisses and amphibolites of the Lower Seve Nappe (Lorenz et al., 2015; 

Giuntoli et al., 2018; 2020; Holmberg, 2017). There, the COSC-1 borehole is located and provides a 

nearly complete section through the Lower Seve Nappe and the underlying thrust zone. 
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Figure 1.2. Geological map of the Scandinavian Caledonides and a cross-section from NW to SE (H. Lorenz et 

al. 2015, modified from Gee et al. (2010)). 
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1.3 Paleomagnetic Theory 

1.3.1 The Geomagnetic Field 

As a branch of geomagnetic studies, paleomagnetism explores the spatial and temporal variations of the 

direction and intensity of Earth’s past magnetic field. The origin of Earth’s magnetic field lies in the 

outer core of the Earth, which is a liquid layer that contains mainly iron. The geomagnetic variations 

arecaused primarily by the dynamo of Earth and recorded in rocks, sediment, and archeological 

materials. 

 

 

 

 

 

 

 

Figure 1.3. The total geomagnetic field vector H can be 

split into a horizontal component Hh and a vertical 

component Hv, where Hh = HcosI, Hv = HsinI, with I 

representing inclination (dip), the angle between H and 

the horizontal. Declination D is azimuth angle between 

Hh and geographic north (Butler, 2004). 

 

 

 

 

 

 

 

 

To describe the geomagnetic field, some fundamental concepts have to be introduced. The direction of 

the surface geomagnetic field H at any point can be described by two angles, inclination and declination, 

as shown in Figure 1.3. Inclination is the angle of the field with respect to the horizontal component, 

ranging from −90o to 90o, being positive downwards. Declination is the angle between the horizontal 

magnetic field and geographic north, ranging from 0o to 3600, being positive clockwise. The geographic 

north component and east component are, respectively, 

HN = HcosIcosD 

HE = HcosIsinD 

Where H is the magnitude of total magnetic field H, and it can be derived if the components are known, 

H = (HN
2 + HE

2 + Hv
2). 
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Figure 1.4. World Magnetic Model developed by NOAA/NGDC |& CIRES, epoch 2020. The star mark indicates 

the position of the magnetic poles. (a) The map of total field intensity. The contour interval is 1000 nT and the 

weakest field lies in 60° W, 20° S, with the intensity of 23000 nT. (b) The main field inclination. The line of I = 

0° is the geomagnetic equator, coming near the geographic equator. Red lines indicate positive inclinations in the 

northern hemisphere and blue for negative inclinations in the southern hemisphere. The location of the dip pole is 

135°E, 65°S. (c) The main field declination. 
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The present Earth surface total magnetic field is shown in Figure 1.4, as well as its inclination and 

declination. As the direction and intensity of H changes over time, different timespans indicate distinct 

changes in properties of the geomagnetic field. Changes within milliseconds are caused by transient 

signals called whistlers, arising from lighting strikes. Micro-pulsations occur at periods of 1 to 300 

seconds and can last for several hours, and they are excitations by the solar wind of the resonances of 

the magnetosphere. There are also short-term fluctuations, daily magnetic variations, and magnetic 

storms that happen within short time periods, while magnetic excursions and polarity reversals occur 

over a time interval of centuries and longer. Specifically, Geomagnetic Secular Variation is composed 

of variations that stretch from 1 year to 100,000 years. The most dramatic secular variation is the switch 

of magnetic north and south poles, namely polarity reversal, which happens irregularly about every 105 

years. The present configuration of the dipole field with the north magnetic pole close to the north 

geographic pole is considered a normal polarity interval, while an opposite configuration is considered 

a reversed polarity interval. Intervals of geological time having a constant geomagnetic field polarity 

delimitated by reversals are defined as polarity chrons (Backus, 1996; Butler, 2004). 

The position of the paleomagnetic pole at different times can be calculated from the geomagnetic field 

direction recorded in rock samples, which is called the virtual geomagnetic pole (VGP) position. The 

geocentric axial dipole (GAD) hypothesis assumes that the mean VGP position over a time interval of 

tens of thousands of years coincides with the geographic pole, as if the geomagnetic field is produced 

by a single magnetic dipole placed at the centre of the Earth that aligns with the Earth’s rotation axis 

(Lowrie, 2017; Butler, 1992). 

1.3.2 Magnetic mineralogy 

As previously stated, the geomagnetic information is recorded in the rocks as magnetic remanence, or 

paleomagnetic recording. To understand the paleomagnetic recordings, we need a firm grasp of the 

carrier, which are generally magnetic iron-bearing minerals (ferromagnetic minerals). There are four 

dominant groups of ferromagnetic minerals, the iron-nickels, the iron-oxides, the iron-oxyhydroxides, 

and iron-sulfides. The most crucial ferromagnetic minerals that are widely studied are the iron-titanium 

(FeTi) oxides, which are generally opaque and often found in igneous and derivative sedimentary rocks 

(Fig. 1.5). 
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Figure 1.5. TiO2 − FeO − Fe2O3 ternary diagram. Titanomagnetite and titanohematite solid solution series are 

indicated in the trangle. The ratio of Ti4+ to total Fe increases from bottom to top and the arrow in the left shows 

the increasing ratio of ferric (Fe3+) to ferrous(Fe2+) iron (Figure redrawn from Butler, 1992). 

    According to Butler (1992), the two most common ferromagnetic iron-oxides are magnetite and 

hematite. The Néel/Curie temperature of hematite and magnetite are 680ºC and 580ºC, respectively. 

Magnetite is ferrimagnetic, with the chemical formula Fe3O4, containing both Fe3+ and Fe2+. Hematite 

is, however, ferromagnetic (anti-ferromagnetic with a spin canted moment, sensu stricto) above −23oC 

and turns paramagnetic when the temperature is higher than 680oC. Its chemical formula is αFe2O3 (α 

denotes the crystallographic structure of hematite) is related to the and it is composed of Fe3+ 

exclusively. It is worth mentioning that hematite is the dominant ferromagnetic mineral in red sediments 

(Butler,1992). Maghemite, γFe2O3, is the low-temperature oxidation product of magnetite, which shares 

an equivalent chemical formula with hematite but has a different crystallographic structure. It has the 

same spinel crystal structure as magnetite, and the crystal structure reshapes to hexagonal system when 

it is heated up to 300oC - 500oC. Thus, magnetite can be converted into hematite during low temperature 

oxidation (Butler,1992). 

    Compositional variations of FeTi oxides are displayed in Figure 1.5, with major minerals labeled in 

the diagram. The apices of the triangle are TiO2 (rutile), Fe2O3 (hematite), and FeO (wüstite), starting 

from the top, and going clockwise. The ratio of Ti4+ to total Fe increases from bottom to top and the 

arrow in the left shows the increasing ratio of ferric (Fe3+) to ferrous (Fe2+) iron, indicating a higher 

level of oxidation. Along the green and blue arrows are the increasing substitution of titanium into the 

crystal lattices of hematite (X) and magnetite (Y), respectively. 
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Figure 1.6. Saturation magnetisation and Curie temperature for titanomagetite as a function of composition (x) in 

Fe3−xTixO4. The left y-axis is saturation magnetisation Js and the right y-axis is Curie temperature Tc. The curie 

temperature of pure magnetite is 580ºC and it decreases as Ti increases. Tc drops to the lowest of -175ºC as the 

composition x reaches 1. The saturation magnetisation drops to zero at x = 1 (Butler, 1992). 

The primary focus of the FeTi oxides are the two solid solution series, titanohematite and 

titanomagnetite, which can be separated by the cooling rate and grain size distribution. Rapidly cooled 

volcanic rocks, like oceanic pillow basalts, often contain titanomagnetites with a significant portion of 

grains in the size of 1µm or smaller. Slowly cooled intrusive rocks, on the other hand, consist of lager 

grains up to 100 µm. Fine grained ferromagnetic particles are the best magnetic recorders, thus, volcanic 

rocks are preferred over coarse-grained intrusive rocks in paleomagnetic studies. 

Titanomagnetites have cubic crystal structure and belong to the spinel group with the composition 

of Fe3−xTixO4. As x ranges from 0 to 1, the composition of titanomagetite changes from pure magnetite 

(Fe3O4) to ulvöspinel (Fe2TiO4) and the Curie temperature varies linearly between -200ºC and 580ºC 

(Figure 1.6). Any remaining Fe cations must change valence from Fe3+ to Fe2+ for each Ti4+ introduced. 

Any titanomagnetite solid solution with x larger than 0.8 is paramagnetic at room temperature and 

above. 

Titanohematites are opaque minerals with hexagonal crystal structure and, together with 

titanomagnetite, they represent one of the major sources of paleomagnetic data. Normally, 

titanohematites and their oxidation products do not contribute as much as ferromagnetic minerals in 

igneous and metamorphic rocks. 
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Figure 1.7. Saturation magnetisation and Curie temperature for titanohematite as a function of composition (y) in 

Fe2−yTiyO3. The left y-axis is saturation magnetisation Js and the right y-axis is Curie temperature Tc. The Curie 

temperature decreases linearly with increased y from 680ºC (hematite) to -218ºC (ilmenite). The saturation 

magnetisation, however, shows a more complex relationship with the composition of the mineral. It is close to 

zero until y reaches 0.45 and the intermediate titanohematites gain an uncommon magnetic property of self-

reversal of thermoremanent magnetism. Titanohematites are ferrimagnetic when y is between 0.45 and 1 and the 

curve is close to a downward parabola (redrawn from Butler,1992).  

 

The composition of titanohematite is written as Fe2−yTiyO3, with y varying from 0 to 1 and the magnetic 

properties of the mineral closely depending on the value of y: 

0 < y < 0.45, canted antiferromagnetic 

0.45 < y < 1, ferrimagnetic 

Y > 0.8, paramagnetic above/at room temperature; 

it is pure hematite when y is zero and the solid solution turns into end-member ilmenite (FeTiO3) as y 

reaches 1. The value of y tends to be in the range of 0.8 and 0.95 for the primary composition of 

titanohematite, which can be treated as pure ilmenite in most cases. 

One of the most important iron oxyhydroxides is goethite (αFeOOH), which is antiferromagnetic 

with the Néel temperature of 120oC. However, weak ferromagnetism is sometimes detected in natural 

goethites. Goethite can be altered to hematite with dehydration or heating in the laboratory up to 300oC 

to 400oC. 

Similar to the FeTi oxides, iron sulfides have the general formula of FeS1+z. The compositional 

parameter z varies between 0 to 1, indicating sulfur content in the minerals: 

z = 0, Troilite (FeS) 
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0.11 < z < 0.14, Pyrrhotite (Fe7S8 to Fe9S10) 

z = 1, Pyrite (FeS2). 

The minerals listed above are the common compositions of iron sulfides, among which troilite is mostly 

found in meteorites. Pyrite, on the other hand, is the most abundant iron sulphide mineral in sediments. 

Pyrrhotite is ferrimagnetic and has the Curie temperature of 320oC. Another ferrimagnetic iron sulphide 

worth mentioning is greigite (Fe3S4), it is the sulfur analog of magnetite (Rickard, 2012) and carries a 

stable magnetization in some lake sediments and in rapidly deposited clastic marine sediments (Opdyke 

et al., 1996; Snowball and Thompson, 1988). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

12 

2 Methodology and Samples 

2.1 Samples 

As a sample of the Scandinavian Caledonides, the location of the COSC-1 drill site was determined 

based on high-resolution reflection seismic surveys carried out in 2010 and extended in 2011 (Hedin et 

al., 2012). The selection criteria was to sample an as-thick-as-possible section of the Lower Seve Nappe 

before penetrating through the thrust zone and into the underlying nappes (Lorenz et al., 2015). 

 

 

Figure 2.1. The X axis and Z axis are marked on the 

sample and the X axis is perpendicular to Z  the Y axis in 

the horizontal plane and is positive to the right of X. The 

azimuth angle of the sample is the angle between the north 

and the projection of X in the horizontal plane (modified 

from Essentials of Paleomagnetism, Tauxe). 
 

 

 

 

 

 

 

 

 

 

Lithologically, the drill core can be divided into two parts: (1) the uppermost part, from 102.4 m to 

1710 m depth, consisting mainly of alternating layers of felsic calc-silicates/gneisses and amphibolites; 

and (2) the lowermost part, at depths greater than 1710 m, where the lithologies become increasingly 

mylonite-dominated, which indicates strong deformation (Lorenz et al., 2015; Hedin et al., 2016; Merz 

et al., 2018). 

The samples used in this thesis were collected from the lowermost section of the COSC-1 drillcore, 

which experienced amphibolite and greenschist metamorphic conditions. Twenty-one oriented samples 

(Fig. 2.1) with the volume of 11.14 cm3 were measured for their natural remanent magnetism, among 

which three groups of samples were selected for further study by anhysteretic remanent magnetization 

(ARM), isothermal remanent magnetization (IRM) and temperature dependent magnetic susceptibility. 

The depth of samples varied from 1923.64 m to 2435.75 m and the lithological units consist of mica 

schist, amphibolite, gneiss and mylonitic gneiss. 
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Table 2.1. Deformation phases of samples from certain depths (modified from Merz (2017)). 

 

Depth(m) Samples Lithologal Unit Deformation Phases 

1910-1995 A2II, A3I, A5I Mica schists 

Three deformation phases of which 

amphibolite grade D2 foliation and 

retrograde D3 symplectic structures are 

dominating. 

1996-2059 
A8III, A9IV, 

A10II, A12II 
Amphibolite 

Three deformation phases of which 

amphibolite grade D2 foliation is 

dominating and has zones of higher 

shear strain. 

2120-2168 A13II, A14III Gneiss 

Three deformation phases 

with strong amphibolite 

grade D2 and retrograde D3 

foliation. 

2193-2309 

A17II, A18II, 

A20II, A22II, 

A23I, A24I 

Upper mylonitic 

gneiss 

Three deformation phases of which 

amphibolite grade D2 and retrograde 

D3 and D4 are characterizing the fabric, 

and in which retrograde mineral 

assemblages and structural features are 

increasing with depth. 

2309-2443 

A26III, A27IV, 

A29III, A30II, 

A33I, A35I 

Lower mylonitic 

gneiss 

Four deformation phases of which 

retrograde, greenschist facies D4 

foliation and mylonitization are 

dominating. 

 

 

2.2 Methodology 

2.2.1 Natural Remanent Magnetism 

The measurements of magnetic remanence were conducted with a cryogenic magnetometer (Fig. 2.2), 

operated with superconducting quantum interference devices (SQUIDs). One important factor in 

paleomagnetism is the magnetic coercivity of rocks, which is closely related to the relaxation time. It is 

the basis of the alternating field (AF) demagnetization method that we used to uncover the remanent 

magnetization in this thesis. As is explained in Tauxe (2020), all the grain magnetic moments with 

coercivities below the peak AF will track the field in AF demagnetization and these entrained moments 

will become stuck as the peak field gradually decays below the coercivities of individual grains. 
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Figure 2.2. Cryogenic Magnetometer in the paleomagnetic laboratory at Uppsala University. 

 

Typically, multiple components of NRM can be contained and recognized in the sample. The 

magnetic remanence in a rock with recorded geomagnetic field during its formation is called primary 

natural remanent magnetism and the subsequent alteration to the rock magnetism is the secondary NRM. 

The vectorial sum of primary NRM and secondary NRM produces the overall NRM. 

There are three basic types of primary NRM: thermal remanent magnetization (TRM), chemical 

remanent magnetization (CRM) and detrital remanent magnetization (DRM). The first one, 

thermoremanent magnetization (TRM), formed by the imprinting of the geomagnetic field on rocks 

during cooling from high temperatures. The chemical remanent magnetization (CRM) is acquired during 

grain growth or chemical reactions involving ferromagnetic minerals below the Curie temperature. The 

detrital or depositional remanent magnetism (DRM) forms when the ferromagnetic minerals are 

deposited as sediments, in water or in air. The secondary NRM is usually produced due to exposure to 

an extreme environment, for example, high temperature, magnetic influence, resulting in an event of 

remagnetization. With the results from AF demagnetization of NRM, we are able to tell if there are 

several components existing in the samples and separate them into different groups regarding their 

coercivity. Thus, further analysis can be done on the selected samples. 

Demagnetization spectra and principal component analysis (PCA) 

The Zijderveld diagram is used to show the vector components of the step-wise AF demagnetization 

results (Zijderveld, 1967; Butler, 1992). In the Zijderveld plots, the magnetization of the specimen at 
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each stage of demagnetization is resolved into north (N), east (E) and vertical (V) components (Lowrie, 

2013). As is shown in Figure 2.3, the horizontal and vertical projections of the magnetic vector 

components are combined into the Zijderveld diagram, where the open squares are the vertical 

components and the solid ones indicate the horizontal components. In the example in Fig. 2.3, Butler 

(2004) explained that each NRM vector is labeled with a number corresponding to the demagnetization 

level with point 0 indicating NRM prior to demagnetization. Numbers 1-3 display the low-stability 

components and numbers 4-6 are the demagnetization levels of high-stability components. 

 

 

. 

Figure 2.3. Zijderveld plot with both the horizontal and vertical components. Solid data points indicate vector end 

points projected onto the horizontal plane; open data points indicate vector end points projected onto the vertical 

plane; numbers adjacent to data points are relative demagnetization levels (Butler, 2004). 

Principal component analysis (PCA) is simply a linear transformation of the orthogonal coordinate 

axes to a new orthogonal reference frame that corresponds to the geometry of the data set (Kirschvink, 

1980), to get the best-fit line through the scattered paleomagnetic data points. While applying PCA to 

our observations, we normally pick at least three data points to obtain the fit-line, using the software 

PuffinPlot (Lurcock and Wilson, 2012). There are three options regarding the origin of the vector 

component spectrum: (1) the "free" line fit, where the origin is left out; (2) the fit-line is forced through 

the origin("anchored" line fit); (3) use the origin as a separate data point, which is called “origin” line 

fit (Butler, 2004). In this thesis, we present the results of the first two methods. 

 

2.2.2 Anhysteretic Remanent Magnetism (ARM) 

ARM acquisition is conducted with an alternating field (AF) in the presence of a small bias with a small 

DC field. The applied AF will turn those magnetic moments with coercivities lower than the peak field 
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around over and over again as the field flips. As the peak field decays some particles will remain 

magnetized in the direction of the bias DC field direction as their coercivity is eventually larger than the 

applied AF. 

In this thesis, the AF applied to the samples ranges from 0 to 100 mT, with a 0.05 mT bias DC field. 

After ARM acquisition, we again apply the AF demagnetization from 0 to 100 mT but with 

incrementally increasing field strengths and no DC in the background, effectively demagnetizing the 

sample. The remanence of the samples is measured between each step after the AF is applied. 

2.2.3 Isothermal Remanent Magnetism (IRM) 

For IRM acquisition we expose the specimen to a 2.5 T magnetic field using an impulse magnetizer 

(ASC Model IM-10-30), in which the magnetic moments of grains in the sample would change their 

direction to become parallel with the applied field. The main characteristics of this applied magnetic 

field is its instantaneity. The remanence of the magnetized specimen is subsequently measured, before 

applying step-wise increasing IRM in the opposite direction of the specimen. The step-wise increasing 

IRM thus reduces the first saturating IRM remanence to zero and reaches a new saturation with applied 

DC in the opposite direction. The coercivity of remanence is defined as the field intensity when original 

IRM is reduced to zero. 

2.2.4 Magnetic susceptibility 

Magnetic susceptibility is a dimensionless property describing the magnetizability of magnetic minerals. 

The relationship between induced magnetisation MI and the external field H is MI = KbH, where Kb is the 

bulk susceptibility. Theoretically, it is defined as the ratio of magnetization to the applied field and its 

value can be affected by temperature, frequency of the applied field, intensity of the external field, and 

orientation (anisotropy). As is shown in Figure 2.4, the magnetic susceptibility is negative and 

independent of temperature for diamagnetic materials like quartz, and positive for paramagnetic 

materials, e.g. iron-bearing silicates. The magnetisation is linear with the applied field for both 

diamagnetic and paramagnetic minerals, the M-H relation of ferromagnets, however, is a hysteresis loop 

and the susceptibility is therefore not constant at different applied fields. 

The equipment used to study the temperature dependence of susceptibility is the AGICO Kappabridge 

with the CS4 furnace supplement (Figure 2.5) and the control software Sufyte5 for temperature-

dependent measurements of magnetic susceptibility. The temperature range used is from 40oC to 700oC. 

Samples were crushed into fine powder to fit in the sample holder, and it is filled with argon during the 

measurement to keep the sample from being oxidized at high temperatures. 

By heating up and cooling down the sample in the pre-defined range, it is possible for us to find its 

Curie temperature, which allows us to determine the kind of ferromagnetic phases that are present, as 

well as how temperature affects the magnetic stability of samples. At the Curie temperature, the 
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magnetic ordering of the ferromagnetic mineral is destroyed and the material becomes paramagnetic. It 

is shown in the measurement as a dramatic drop in susceptibility and the methods for finding the Curie 

temperature are summarised in the following. One widely used method to obtain the Curie temperature 

is shown in Figure 2.6. Two tangents to the susceptibility curve are drawn and the temperature at the 

intersecting point is estimated to be the Curie temperature. Another approach to approximate the Curie 

temperature is the differential method (Figure 2.7). 

 

 

Figure 2.4. Relation between magnetisation and applied field. (a) Diamagnetism, i.e. quartz; the magnetic 

susceptibility is negative and constant and independent of temperature. (b) Paramagnetism; susceptibility is 

positive and constant as a function of applied field. Note that the susceptibility of paramagnetic materials are 

inversely proportional to temperature. (c) Hysteresis of ferromagnetic materials; susceptibility is not constant for 

ferromagnetic minerals as a function of temperature. Ms is the saturation magnetisation and it decreases with 

increasing temperature. 

The maximum of the curvature, in other words, the maximum of the second derivative of the curve, 

gives the estimated Curie temperature. There are flaws in the two methods mentioned above. The tangent 

method is only straightforward when it is carried out manually and the contribution of noise is large in 

the differential method (Tauxe, 2020). Before reaching the Curie temperature, the susceptibility may 

rise sharply, resulting in the so-called Hopkinson peak, suggesting a transition in domain state. It is 

caused by the unpinning of domain walls in MD grains or of grain magnetic moments in SD grains, 

resulting in the increased magnetization in the direction of the ambient field H. 

There are some other indices characterizing the alternations during heating and cooling of the samples 

introduced by Hrouda (2003). For example, the index A40 indicates the change in the room temperature 

susceptibility after executing the whole cycle of heating and cooling: 

, 
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where k40 and K40 are the susceptibilities on the cooling and heating curves at 40°C, respectively (Hrouda 

et al., 2002). A positive A40 index indicates higher susceptibilities during cooling than during heating, 

while a negative value indicates the opposite relationship (Hrouda, 2003). 

Three sets of temperature dependent magnetic susceptibility measurements were conducted, in which 

a stepwise heating approach was applied. For the first set, the samples were heated up to 700°C from 

40oC progressively and cooled to room temperature. In the second experiment, one sample was heated 

up repetitively for three times in the same temperature range. Some of the samples were heated up to 

gradually increasing temperatures with an interval of 100oC for each step and 50oC between 600°C and 

700oC in the last set of measurements. 

 

 

 

Figure 2.5. Equipment of susceptibility measurement, MFK1-FA and CS4 attachment. 
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Figure 2.6. Diagram of the intersecting tangent method of Curie temperature estimation for sample A10II. 

 

 

 

 

 

Figure 2.7. Differential method of Curie temperature estimation. The temperature at the maximum of the second 

derivative is the Curie temperature, which is 590.4ºC for sample A10II shown as an example here. 
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3 Results 

3.1 Natural Remanent Magnetization (NRM) 

 

 

Figure 3.1. AF demagnetisation of sample A2II, A14III, and A23I. All of them show a smooth trend of 

demagnetisation with complete demagnetisation. A2II and A14II have quite low coercivity and it is relatively 

higher for A23I. The red dots are selected data points for PCA analysis. 

A total of 21 samples were demagnetized using alternating field demagnetization. Most of the samples 

are completely or near completely demagnetized (Figures 3.1 and 3.2), except samples A10II and sample 

A27IV (Figure 3.3). The specimens are separated into three groups, one is the perfectly demagnetized 

set, containing samples A2II, A5I, A8III, A9IV, A14III, A20III, A22II, A23I, A29III, A33I, A35I, and 

the MDF of these samples is very low, around 2.5mT. Samples A9IV and A22II have relatively higher 

but still very small MDFs of 4.3mT and 4.9mT, respectively. The magnetization plot of A22II is rather 

smooth, so is the Zijderveld projection plot, both the vertical and horizontal projections have good PCA 

fits. Another group of samples are more noisy, including A3I, A12II, A13II, A17II, A18II, A24I, A26III, 

A30II, among which sample A18II is behaving differently than the others. The anchored and non-

anchored plots of the Zijderveld projection are not quite consistent with a reversed slope of the PCA 

fits, whereas other samples from group 2 (Table 3.1) exhibit no distinct discrepancy when the fit lines 

are forced through the origin. Notably, the anchored and non-anchored fit lines of Sample A12II are 

practically superimposed. For the last group, we include samples A10II and A27IV, which were not 

effectively demagnetized and also have varied anchored fits similar as A18II. 
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Figure 3.2. AF demagnetisation of sample A18II and A26III. Besides sample A10II and A27IV, sample A18II 

has the highest coercivity among the seven samples that are being compared in the body and it demagnetised 

incompletely (25 % remanence remaining at 80 mT). The remanence observed at higher AF in A26III is likely to 

reflect noise. 

 

 

 

Figure 3.3. AF demagnetisation of sample A10II and A27IV. A10II is partly demagnetised and the NRM of A27IV 

is completely untouched. 

Following the results obtained from the demagnetization experiments, several samples were selected 

as representatives for further experiments. A2II, A14III, and A23I (Figure 3.1) are picked from group 1 

to study the features of fully demagnetized samples with low coercivity, as A18II and A26III (Figure 

3.2) are representative of group 2 (Table 3.1), with relatively higher and lower coercivity, respectively. 

The two undemagnetized samples A10II and A27IV are essential for the sequential measurements and 

have the highest coercivity. Sample A14IV has the lowest coercivity and A18II has the highest 

coercivity among the rest of the chosen samples. 

The results of NRM measurements of all samples are listed in Table 3.1. The AF demagnetization is 

shown in Figures 3.1, 3.2 and 3.3 and the Zijderveld projection of the demagnetization results are shown 

in Figures 3.4 to 3.6. AF demagnetization and Zijderveld projection for the rest of the samples are 

included in the appendices. Sample A10II lost around half of its magnetization at small AF’s in the 
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beginning and the curve remained steady with increasing AF strength for the rest of the measurement 

(Figure 3.3). Sample A27IV, however, seems to be completely untouched during the set of applied AF 

up to 80 mT. Sample A2II, A14III, and A23I are perfectly demagnetized with the MDF around 2.5 mT. 

We take sample A18II and sample A26III as completely demagnetized although their remanence is 

noisy at higher AF. 

 

Table 3.1. Declination and Inclination of demagnetization, and MDF of demagnetized samples. The MDF values 

of PCA analysis are presented in the brackets after the inclination and declination. Two data points are selected 

for the PCA analysis for star-labelled samples. 

 

Sample 

Declination(º) Inclination(º) 

MDF 

(mT) 

Depth 

(m) 
Group Anchored 

(MAD) 

Not anchored 

(MAD) 

Anchore

d 

(MAD) 

Not anchored 

(MAD) 

A2II* 
68.18 

(4.46) 
48.13 (0.00) 

77.88 

(4.04) 
72.10 (0.81) 2.30 1923.640 1 

A3I 3.19 (8.73) 42.57 (0.00) 
49.28 

(7.82) 
38.51 (5.29) 8.16 1986.031 2 

A5I* 
84.01 

(0.00) 
85.83 (35.81) 

11.38 

(4.79) 
-11.44 (0.00) 2.46 1995.268 1 

A8III* 
121.08 

(0.00) 
123.95 (58.28) 

34.99 

(5.58) 
19.9 (0.00) 3.26 2011.466 1 

A9IV 
314.43 

(5.07) 
310.19 (0.00) 

49.73 

(3.69) 
44.41 (2.76) 4.29 2012.445 1 

A12II* 
301.82 

(0.00) 
276.99 (0.93) 

8.49 

(11.16) 
-0.10 (0.00) 4.94 2059.042 2 

A13II* 
15.84 

(0.00) 
344.30 (64.16) 

-38.86 

(3.34) 
-28.03 (0.00) 5.34 2119.913 2 

A14III* 
345.58 

(0.00) 
336.84 (30.87) 

-12.97 

(24.87) 
-30.22 (0.00) 1.58 2129.383 1 

A17II* 
117.14 

(0.00) 
123.75 (74.35) 

-17.59 

(4.60) 
-38.20 (0.00) 5.97 2193.443 2 

A18II* 
262.65 

(0.00) 
230.60 (7.22) 

77.86 

(2.20) 
75.57 (0.00) 4.32 2209.056 2 

A20II* 
301.79 

(0.00) 
321.75 (26.18) 

50.51 

(5.61) 
48.22 (0.00) 3.91 2236.940 1 

A22II* 
131.53 

(0.00) 
130.65 (28.41) 

69.27 

(0.87) 
66.02 (0.00) 4.86 2243.650 1 
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A23I* 
343.03 

(0.00) 
339.79 (82.98) 

67.44 

(3.15) 
61.1 (0.00) 3.68 2244.248 1 

A24I* 
266.37 

(0.00) 
267.79 (1.19) 

42.73 

(0.84) 
40.26 (0.00) 2.83 2257.839 2 

A26III* 
280.02 

(0.00) 
265.97 (87.47) 

14.83 

(27.79) 
-29.82 (0.00) 2.51 2309.279 2 

A29III* 
271.81 

(0.00) 
266.51 (38.42) 

24.44 

(4.19) 
15.94 (0.00) 2.82 2402.546 1 

A30II* 326 (0.00) 282.85 (16.32) 
-13.87 

(12.95) 
-14.20 (0.00) 4.88 2406.052 2 

A33I* 
107.54 

(0.00) 
114.86 (0.00) 

2.00 

(6.31) 
-9.14 (0.00) 2.38 2424.141 1 

A35I* 5.80 (0.00) 28.11 (0.00) 
80.53 

(4.06) 
61.70 (0.00) 2.74 2435.747 1 

A10II* 
34.23 

(0.00) 
44.20 (0.00) 

33.53 

(3.96) 
-28.65 (0.00) 23.89 2056.714 3 

A27IV 
292.86 

(0.42) 
229.55 (0.00) 

12.50 

(9.41) 
-60.54 (2.45)  2390.538 3 

 

The median destructive fields (MDF) for the majority (15 out of 19) of the samples are in a range 

between 2.3 mT and 5.0 mT, with the variance of 0.97mT and averaged of 3.5mT. The rest of the 

samples are slightly diverted from the mean value, except for sample A3I, whose MDF is 8.2 mT,  

significantly above the mean. In general the MDF is smaller than 10 mT for all samples that were 

completely or nearly completely demagnetized. 

The best-fit inclination and declination, based on PCA, over the depths from 1900m to 2500m are 

shown in Figure 3.8. The inclination lies in the range from −60o and 90o and the declination scatters 

broadly between 0o and 360o. It is worth noting that there is a cluster of data with negative inclination 

near the equator. In contrast, the inclination and declination of epoch 2020 (present-day field) near the 

COSC-1 drill hole are 72ºN and 4ºE, respectively, based on Figure 1.4. 
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Figure 3.4. Zijderveld projection plots of sample A2II, A10II and A14III. For vertical projection, the y axis 

corresponds to the vertical direction and the x axis is the north. The upward direction on the plot indicates north 

for horizontal projection. The left plot of each sample is the unanchored data and the right one is anchored data. 
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Figure 3.5. Zijderveld projection plots of sample A18II and A23I. For vertical projection, y axis corresponds to 

the vertical direction and x axis is the north. The upward direction on the plot indicates north for horizontal 

projection. The left plot of each sample is the unanchored data and the right one is anchored data. 



 

26 

 

 

Figure 3.6. Zijderveld projection plots of sample A26III and A27IV. For vertical projection, y axis corresponds 

to the vertical direction and x axis is the north. The upward direction on the plot indicates north for horizontal 

projection. The left plot of each sample is the unanchored data and the right one is anchored data. 

 

 

 

Figure 3.7. MDF of all samples except for A27IV and A10II. A3I hits the highest point and A14III for the lowest. 
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Figure 3.8. Inclination and declination for all samples investigated, as a function of depth. A broad range of values 

are shown for both inclination and declination. 
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3.2 Anhysteretic remanent magnetization (ARM) 

As is shown in Figure 3.9, samples A2II, A14III, A26III, A23I have lower MDF than other samples 

considering demagnetization of the ARM, which is partly consistent with the NRM results. A2II, A14III, 

and A23I are from group 1 and have MDF’s of 6.7 mT, 6.3 mT, and 4.3 mT, respectively. Sample 

A26III, however, in the group of completely demagnetized samples with low coercivity during NRM 

measurement has the second-lowest MDF of 5.5 mT. The magnetization of A2II is reduced to zero at 

around 45 mT and becomes negative with increasing AF (likely arising from noise). A23I has less stable 

ARM than NRM, whereas, samples A18II and A26III show the same trends as in the NRM 

measurements. The MDF of A18II is 12.1 mT, ranking only second to A10II, whose MDF is 14.0 mT. 

Nevertheless, a sharp change in slope is noticeable in the plot of A10II, as the AF intensity reaches 20 

mT (Fig. 3.9). To be precise, the MDF obtained for A10II is doubtful and further measurements are 

required to figure out its magnetic properties. What draws the most attention in this section is that sample 

A27IV is demagnetized to a great extent (90%) here with a surprisingly low coercivity, its MDF is 

merely 5.9 mT, lower than the average of 7.8 mT.  
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Figure 3.9. ARM results and MDF of 7 samples. The demagnetisation curve of A2II, A14II, A23I, A26III and 

A27IV all dropped steeply to zero and the MDF is around 5.5 mT. A18II is completely demagnetised as well but 

with a relatively flattened curve. What stands out in this figure is the sharp change in slope in sample A10II, when 

the field intensity reaches 20 mT. The last plot (h) is the MDF of the selected samples from the ARM 

measurements, plotted as a function of depth. The highest is 14.0 mT of sample A10II, followed by A18II with 

12.1 mT. Sample A23I shows the lowest MDF and is easiest to demagnetise. 
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3.3 Isothermal remanent magnetization (IRM) 

The results of the IRM acquisition tests are shown in Figure 3.10, where the curves are normalized for 

a clearer comparison. The IRM acquisition curves follow approximately the same trace with large 

increase in remanence at lower applied fields. The acquisition becomes smaller when the field rises to 

about 60 mT, as shown by samples A23I and A14III. Samples A27IV and A26III show similar 

acquisition curves to each other, and the rate of acquisition of A27IV reduces at around 60 mT. Sample 

A27IV is not as readily magnetized as A23I at 60 mT, but the acquisition appears to converge with this 

sample when the field approaches 600 mT. Specimen A26III, however, stands out among all the samples 

because its IRM peaks at 500 mT and drops somewhat in intensity at 1 T, while other samples tend to 

become saturated at high fields (>500 mT). The curve of A26III is smoother and its inflection point is 

not as obvious as A27IV, which is the same for the other three samples, A10II, A18II, and A2I with 

higher coercivity. All of these latter samples are acquiring magnetization steadily (note that A18II has 

the increase in magnetization, which is in contrast to NRM and ARM results). A2I is found to have 

higher coercivity than most of the samples with a smooth acquisition curve. In terms of sample 10II, it 

magnetises rather slowly as well. Its acquisition curve shows no clear change in slope and does not 

saturate at 1 T applied field. Figure 3.11 shows the coercivity of remanence (Hcr) for the samples, 

attained from the acquisition curve. Similar to the ARM result, sample A23I shows the lowest Hcr (14.1 

mT), followed closely by sample A14III (Hcr = 14.6 mT). Sample A10II has the strongest Hcr of 27.1 

mT, and the Hcr of samples A2II and A18II are both close to 23mT. The other two samples A26III and 

A27V have medium coercivities of 17.6 mT and 16.2 mT. 

 

Figure 3.10. Normalised IRM results. A14III shows a low coercivity (sharp increase in IRM), followed closely 

by A23I. A27IV and A26III plot similarly while the curve of A26III is smoother and A27IV exhibits a clear 
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inflection point. The other three samples have higher coercivity, A10II, A18II, A2II, and do not appreciably 

saturate at 1 T applied field. 

 

Figure 3.11. Coercivity of remanence, obtained from the IRM acquisition curve. It is shown in a more explicit 

way that sample A2II, A10II and A18II have relatively higher coercivity. 

3.4 Magnetic susceptibility as a function of temperature 

The results of temperature dependent magnetic susceptibility measurements are composed of three parts: 

1) susceptibility changes during heating and cooling for all chosen samples, 2) cycling for sample A23I, 

and 3) step-wise heating for samples A14III, A23I, and A27IV. Figure 3.12 comprises the results of the 

susceptibility measurements of the seven samples during the initial experiments, where heating was 

made up to 700ºC. The Curie temperatures obtained from Figure 3.12 are shown in Table 3.2. Clearly, 

all the samples have a Curie temperatures of ca.590oC, which is somewhat higher than the Curie 

temperature of magnetite (usually around 585oC). The slightly higher than expected Tc arises from the 

method used to calculate Tc. 

The susceptibility of sample A26II is reversible during heating and cooling, with Curie temperatures 

of 594.5oC and 598.7oC for heating and cooling curves, respectively. Similarly, the heating and cooling 

curves of samples A14III and A18II partly overlay each other, and similar to sample A26II, their Curie 

temperatures are calculated to be at around 595oC as well. The index A40 is zero for A26II, A18II, and 

A14III. Whereas both the heating and cooling curves of A14III are fairly irregular, all the heating curves 

of other samples are smooth enough to be considered as a straight line. Sample A27IV shows a small 

drop in susceptibility while being cooled compared to during heating. Nevertheless, the two curves are 

parallel with a negative A40 and share a similar Curie temperature of approximately 596oC. In summary, 

the difference in Curie temperatures of the heating and cooling process is negligible for the four samples 

mentioned above. In contrast, the remaining three samples A2II, A10II, and A23I exhibit distinct cooling 
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curves and alteration of their magnetic properties. Sample A2II has clear Curie temperatures of 584oC 

during heating and 319oC for cooling. The curve remains steady after it falls to zero at Tc until the sample 

is cooled down to 580oC, where a minor increase appears. The susceptibility increases sharply at 300oC, 

followed by a gradual decline from 240oC to 40oC. The magnetic susceptibility is reduced to half of its 

original value after the measurement. Likewise, there are newly created Tc points on the cooling curve 

of sample A23I and its A40 index is less than zero, indicating an irreversible reduction in susceptibility. 

The Curie temperature of A23I is 597oC and the cooling curve begins to rise at 589oC during cooling. 

The increase is about one-sixth of the initial susceptibility, while the second point of increase at 434oC 

doubles the susceptibility. It is striking that the cooling curve of sample A10II is higher than the heating 

curve. The cooling curve initially follows the heating curve and witnesses a significant increase as the 

temperature drops down below the Curie temperature of 590oC. It shares the same path with the heating 

curve for about 15oC and goes above the heating curve. The curve increases again at 470oC and peaks at 

400oC, with twice the susceptibility seen at the beginning of the heating, after which it declines gradually 

to about 80% of the highest value. It is worth mentioning that the susceptibility of all the samples 

increases slightly during heating, except for samples A10II and A14III, whose susceptibility decreases 

slightly as the temperature increases.  
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Figure 3.12. Susceptibility curves in the temperature range between 40ºC to 700ºC. Red line is the heating curve 

and blue indicates the cooling curve. The heating and cooling curve of sample A26III coincides as A14III and 

A18II show a similar reversible trend but with noticeable noise. 
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Figure 3.13. Susceptibility as a function of temperature, in the cycling experiment of sample A23I. The red line is 

the heating curve and blue is cooling curve. The sample is heated up and cooled down for the first time in (a), 

followed by a second heating-cooling run in (b) and a third time in (c). It is clearly seen that there is steep drop in 

susceptibility at 240ºC in (b), corresponding to the last phase of cooling in (a) where the susceptibility start to 

increase as the temperature dropped below 300ºC. The heating curve in (b) and the cooling curve in (a) are nearly 

zero at around 580ºC. 

Based on the results we obtained, more measurements were conducted to further explore the changes 

in susceptibility that occurred. A cycling heating method is applied on sample A23I in Figure 3.13, 

where the sample is heated up to 700oC and cooled down to 40oC similar to what was previously, but 

repeated three times. The program was interrupted when the sample was heated up for the third time 

and the original figure was lost. Plot (c) in Fig. 3.13 was redrawn with some of the exported data, thus 

the missing y-axis and the difference in appearance. There are two noticeable inflection points at around 

600oC and 300oC on the cooling curve for the first cycle, which is rather identical to the result observed 

for some samples in Fig. 3.12. Following a steady increase, the heating curve of the second cycle 

witnesses a sharp drop in susceptibility from 300oC to 100oC. The susceptibility remains steady for a 

while and falls steeply at 580oC, which is consistent with the cooling curve of the first cycle. The 

susceptibility of the cooling curve appears to be higher than that of the heating curve when the 

temperature range is between 420oC and 300oC. The cooling curve increases twice at 590oC and 420oC, 

followed by a steady decrease in susceptibility as the temperature decreases. The susceptibility is higher 
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during heating than cooling in general during the first two cycles. However, the cooling curve is higher 

than the heating curve in the third circle. The Curie temperature obtained from the heating curve is 

around 427oC and 580oC and as was concluded before, it is equivalent to the cooling curve of the second 

circle. The cooling curve of the third cycle is partly parallel to the heating curve but with a higher Curie 

temperature of 620oC and 451oC. Another notable observation on the cooling curve is an indentation 

between 427oC and 242oC and the ’bump’ that follows right after, which is likely to be a Hopkinson’s 

peak. 

 

Table 3.2. Curie temperatures measured from heating and cooling curves. It is clear that originally all the samples 

have a Curie temperature of ca. 590°C. Some of the samples have a secondary characteristic temperature on the 

cooling curve. 

 

 Curie Temperature (ºC) 

Sample Heating Cooling 
Secondary 

Tc 

A2II 584.1 582.2 318.8 

A10II 590.4 592.6 469.8 

A14III 596.6 598.2  

A18II 590.8 594.1  

A23I 597.0 588.9 298.9 

A26III 594.5 598.7  

A27IV 595.2 598.5  

 

 

    The last part of this section concerns the step-wise heating conducted on samples A14III, A23I, and 

A27IV. All the samples measured are showing reversible trends at a low-temperature range. For sample 

A14III, the susceptibility changes very little during the first two steps of heating, and the spikes are 

likely noise, other than that the heating and cooling curves can be seen as identical. The susceptibility 

stays constant as the temperature changes in the range from 40oC to 200oC. Nevertheless, the heating 

curve witnesses a gradual drop at 70oC during the third step, where the sample is heated up to 300oC. 

The susceptibility starts to increase at 100oC, followed by a relatively flat decline until 160oC. The 

heating curve and cooling curve overlap at 220oC, and both curves remain stable as the temperature 

changes. The cooling curve follows a similar path as the heating curve but with higher susceptibility, 

and continues in the next cycle of heating (40oC - 500oC). A different pattern is shown when the sample 

is heated to 500oC. The heating curve has a decaying trend in general with minor irregularities, while 

the cooling curve goes up slightly in the beginning and drops sharply at 250oC. The heating curve has a 

higher susceptibility than the cooling curve between 300oC to 500oC. What draws attention here is that 

the cooling curve shows the lowest susceptibility in susceptibility as the heating curve reaches local 

peaks at 340oC and 450oC, which forms an ‘8’ shaped figure (Fig. 3.14 e). For the next cycling 
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measurement, no crossing of heating and cooling curves occur and the susceptibility during heating is 

constantly higher than that of the cooling. Consistent with the last measurement, the susceptibility 

decreases somewhat around 250oC. The Hopkinson peak is observed in the last two steps where the 

sample is heated up to 650oC and 700oC, respectively. As is shown in the last plot of Figure 3.14, the 

susceptibility of sample A14III falls below zero, which is not observed in Figure 3.12 or any other 

susceptibility measurements. Normally, the negative susceptibility suggests a diamagnetic phase, 

whereas, the susceptibility of diamagnetic materials is supposed to be independent of temperature. 

Therefore it can be assumed that the negative susceptibility is caused by instrumental noise. 

Figure 3.15 shows cycling experiments for sample A23I, showing reversible trends for the heating 

and cooling curves in plots (a) to (e) where the sample is progressively heated up to 500oC. It reaches 

the Curie temperature of 597oC in plot (f) and the susceptibility drops dramatically as the temperature 

approaches 600oC. Unlike the results obtained from the last two measurements of sample A23I, the 

cooling curve overlays with the heating curve until around 560oC. There is one clear increase in the 

cooling curve when the sample is cooled down to 300oC, the rest of the curve seems rather steady with 

a decreasing trend either before or after the increase. The cooling curve exhibits two sharp points of 

increase in susceptibility, at 580oC and 300oC when the sample has been heated up to 700oC (final 

heating step), and the susceptibility started decrease as the temperature drops lower than 300oC. Also, 

the irreversible behavior of the cooling curve is consistent with the result of sample A23I in Fig. 3.12. 

The result of sample A27IV is shown in Figure 3.16, which shows perfectly reversible trends in the 

heating and cooling curves. The susceptibility during heating keeps increasing slightly, with fluctuations 

and the variation in the susceptibility before the temperature rises to 600oC. One pronounced feature of 

the plots under relatively lower temperatures is the overlapping heating and cooling curves. There is no 

noticeable Hopkinson peak before the drop in the susceptibility. The last two plots in the temperature 

range from 40oC to 600oC and from 40oC to 700oC look almost identical, except for the relatively more 

distinct difference between the heating curve and cooling curve in Figure 3.16 (g).  
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Figure 3.14. Cycling measurement of sample A14III between 40oC and 700oC. The plots can be seen as reversible 

and the final step gives a similar result as the one shown in Figure 3.12. 
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Figure 3.15. Cycling measurement of sample A23I for 7 steps between 40ºC to 700ºC. No observable alteration 

until the sixth step where the temperature rises to 600ºC. The two cooling curves in plot (f) and (g) show distinctive 

differences. 



 

39 

 

Figure 3.16. Cycling measurement for sample A27IV from 40oC to 700oC. The plots show relatively steady trends 

until the sample is heated up to 600oC and the curves look perfectly reversible when the temperature reaches 600oC 

and above. 
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4 Discussion 

The discussion is divided into three parts, the first one being the likely remanence bearing phases in the 

different samples based on the results of the measurements. However, the magnetic phases determined 

by different experiments are not consistent for some samples. To further identify the new magnetic 

phases, usually it is helpful to have the X-ray powder diffraction (XRD) conducted. However, the small 

amount of iron-oxide in the samples may make it difficult. The next part of the discussion revolves 

around the metamorphic grade versus the temperature cycling measurements, and the last section is the 

paleogeographic. 

 

4.1 Remanence bearing phases in different samples 

Sample A2II shows low coercivity for demagnetizing the natural remanent magnetism and the 

Zijderveld projections fit perfectly. Nevertheless, the coercivity obtained from both ARM and IRM are 

quite high among the measured samples. It is known from the reflected light microscopy conducted by 

Merz (2017) that the opaque minerals in A2II is mainly consisted of magnetite and ilmenohematite. The 

steady curve of IRM acquisition suggests the existence of high coercivity minerals, meaning that the 

main components should be ilmenohematite. The Curie temperature of magnetite is between 560oC and 

580oC and the Curie temperature of ilmenohematite varies from 590oC to 625oC (Heller and Egloff 

1974). The K-T curve of A2II is not reversible and the Curie temperature obtained from the heating 

curve is 584oC. Theoretically, the existence of magnetite and ilmenohematite should give two 

noncontinuous drops at different temperatures. This is not observed in this measurement, possibly 

because the chosen temperature interval is not fine enough. The steep increment of susceptibility at ca. 

318oC during cooling can an indicator of pyrrhotite, as its Curie temperature is around 320oC (Volk, et 

al., 2016). This is, however, a doubtful interpretation since no change at 318oC is recorded on the heating 

curve. Another possible explanation is the increment on the cooling curve is caused by the exsolution 

of solid solutions. With the help of the two characteristic temperatures of 318oC and 580oC, the newly 

created minerals are possibly titanomagnetite with x=0.4 and x close to zero, or titanohematite with the 

same value of x. The latter case appears reasonable, based on the IRM acquisition curve. 

Sample A10II is only partly demagnetized during the AF demagnetization, suggesting the presence 

of two phases with different coercivity. It coincides with the inflection point at ca.18 mT on the ARM 

curve of sample A10II, which is also a sign of the presence of two different magnetic phases. The MDF 

obtained from the ARM measurement is 14 mT, and the diagnostic coercivity from the IRM acquisition 

curve is 27 mT, both are the highest among all measured samples. However, the IRM acquisition of 

A10II is fairly smooth and no sharp change is observed. It can be deduced that there is hematite or/and 

goethite in the sample. The fact that there is no change in susceptibility at 120oC rules out the possibility 

of goethite. The K-T curve also exhibits a different behavior compared to other samples. First of all, the 
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susceptibility in the cooling curve is higher than in the heating curve, showing production of a magnetic 

phase during heating, which is not evident until the cooling starts. The Curie temperature attained from 

the heating curve is 590oC, suggesting the presence of magnetite or Ti-poor titanohematite. 

Nevertheless, the composition of Ti-poor titanohematite is close to hematite. Normally, the natural 

remanent magnetism carried in the two analogous minerals should be demagnetized under similar field 

intensity, which contradicts the observation from the NRM measurement. As a result, it is reasonable to 

assume that the two phases present in A10II are hematite and magnetite. 

Sample A14III has the weakest MDF and it is completely demagnetized during AF demagnetization 

of the NRM and ARM. The coercivity of IRM acquisition of A14III is quite low as well and there is a 

clear turning point on the steep curve before the field intensity reaches 200 mT. Together with the fact 

that the acquisition curve saturates above 300 mT, it suggests the presence of low coercivity components 

like magnetite, titanomagnetite, or titanohematite (Fe2−xTixO3) with x in the range of [0.5, 0.8]. The main 

composition is inferred to be magnetite or titanomagnetite with x close to 0.05 based on the Curie 

temperature of 597oC. The less distinctive drop at around 680oC suggests the existence of hematite, 

which is, however, not supported by the IRM measurement. 

Sample A18II has the highest MDF among all samples and the sample remanence is noisy at higher 

applied field during AF demagnetization. In addition, the coercivity of both ARM and IRM are quite 

strong as well. The K-T curve is nearly reversible with a slight decrease observed during cooling. Its 

main composition is assumed to be magnetite and some portion of hematite given that the Curie 

temperature of the sample is about 590oC and the IRM acquisition curve has no inflection. Reflected 

light microscopy shows sample A18II is composed of magnetite, pyrite, and ilmenohematite/ilmenite 

(Merz, 2017). The presence of ilmenohematite is supposed to create exsolution of the oxide phase under 

cooling, but the cooling curve of A18II is rather smooth. 

Sample A23I has the lowest MDF for the ARM and IRM measurement and its Curie temperature is 

597oC. The primary assumption is the mineral contains Ti-poor titanomagnetite. The K-T curve of A23I 

is similar to that of A2II, both of them show an increase in susceptibility at around 590oC and 300oC, 

respectively, on the cooling curve, except that the increment at around 590oC is greater for sample A23I, 

meaning that A23I likely contain more magnetite than A2II. Meanwhile, there should be a larger portion 

of pyrrhotite in A2II. A more prominent Hopkinson peak is shown in step 2 of cycled heating experiment 

of A23I (Figure 3.11) at about 260oC, and the curie temperature is close to 300oC, suggesting either the 

presence of pyrrhotite or the transition from maghemite to hematite. Overall, the sample seems to show 

a decaying trend in susceptibility when it is heated up, until the third time of repeated heating, where 

the cooling curve goes above the heating curve. It is worth noting that the heating curve of the third 

heating cycle and cooling curve of the second heating cycle share a similar trend in Figure 3.13. A linear 

relationship between susceptibility and temperature is observed during the low temperature stage of 

step-wise heating (Figure 3.15). The sudden increase at 300oC on step 6 is partly consistent with the 

results in Figure 3.13, as a sign of a new magnetic phase created. None of the final plots of the three 
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susceptibility measurements conducted on sample A23I resembles one other, but they do have similar 

critical temperatures at around 300oC and 590oC. Different heating conditions apparently create diverse 

effects on the minerals. 

 

Table 4.1. Possible magnetic minerals in the samples based on the Curie temperature determination and IRM 

spectrum analysis. 

 

Sample Curie Temperature 
Coercivity of IRM 

Acquisition 
Additional Information 

A2II 

ca.590 ºC 

(titano)magnetite 

and/or 

titanohematite with a 

low portion of Ti 

>300mT 

(titanomagnetite and 

hematite) 

reflected light microscopy 

(magnetite and 

ilmenohematite) 

A10II 

>300mT 

(titanomagnetite and 

hematite) 

change of slope 

on ARM curve and 

partly 

demagnetized NRM 

A14III 

<200mT no IRM 

acquired in 

H>300 mT 

(titanomagnetite) 

insignificant drop 

in susceptiblity 

at ca.680ºC 

(hematite) 

A18II 

>300mT 

(titanomagnetite and 

hematite) 

 

A23I 

<200mT no IRM 

acquired in 

H>300 mT 

(titanomagnetite) 

 

A26III 

<300mT sharp 

growth below 

300mT followed by 

neglectable acquisition 

(titanomagnetite) 

 

A27IV 

<300mT sharp 

growth below 

(titanomagnetite) 

not AF demagnetised 
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Sample A26III has low MDF for both NRM and ARM measurements and medium coercivity of IRM 

acquisition. The IRM curve is quite steep between 0 to 100 mT and flattens out as the applied field keeps 

increasing. It appears to contain both high and low coercivity minerals, assumingly hematite and 

titanomagnetite(magnetite). The susceptibility curves are highly reversible and the Curie temperature is 

594oC. Together with the fact that there is no obvious Hopkinson peak, A26III is deduced to have the 

dominating composition of MD grain magnetite, and some portion of hematite. 

The natural remanent magnetism of A27IV is not affected at all by the AF up to 80 mT. Nevertheless, 

the coercivity of ARM and IRM are quite low. The clear inflection on the IRM acquisition curve and 

the curie temperature of 595oC suggest the presence of hematite and titanomagetite. They ought to be 

stable remanent magnetism carriers if no other minerals exist in the A27IV. 

The other four samples, A14III, A18II, A26III, and A27IV, are stable IRM carriers under heating and 

cooling. A27IV and A26III both come from the lower myl. gneiss unit, the former sample has a strong 

coercive force against the applied field, while A26III shows much less coercivity during the same 

measurements. Sample A14III from the gneiss unit is mainly composed of magnetite, and it is the easiest 

to demagnetize among all the measured samples. A18II is part of the upper myl. gneiss unit and it 

consists of magnetite, pyrite, and ilmenite. Its susceptibility or composition is not much affected by 

heating or cooling, and the coercivity is relatively strong against the IRM acquisition. 

 

4.2 Metamorphic grade and temperature cycling 

It is worth discussing why the unusual behavior happens on the K-T curve of sample A2II, A10II, and 

A23I. One possibility is the exsolution of titanomagnetite above the Curie temperature. Another 

possibility is that, the metamorphic temperatures that rocks underwent provides an of equilibrium 

temperature wherein the samples remain stable. The mineral assemblage could be altered when the 

sample is placed in a heated environment for too long and cools down with an extremely slow cooling 

rate. When the sample is being heated up to a certain temperature (e.g. 550oC to 600oC in our case) in 

the lab with a higher heating temperature than the rock experienced during metamorphism, causes 

alteration of the magnetic mineral composition. 

For sample A23I, the curves of susceptibility as a function of temperature are reversible until the 

sample is heated up to 600oC, suggesting that the sample had experienced the same high temperature 

during metamorphism. This is most likely representing the metamorphic temperature where the mineral 

assemblage equilibrated (or nearly reached equilibrium). By increasing the temperature higher than 

these conditions, we begin to alter the mineral composition. The temperature range also coincides with 

the thermobarometry result of amphibolites and micaschists by Giuntoli et al. (2020), which suggests a 

first high-pressure stage at 400°C – 500°C and 1–1.3 GPa recorded in mineral relics. The main mylonitic 

foliation developed under epidote amphibolite facies conditions along the retrograde path from 600°C 
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and 1 GPa to 500°C and 0.5 GPa (Giuntoli et al., 2020). According to Merz (2017), sample A23I belongs 

to the upper mylonitic gneiss unit and has the dominating deformation phases of amphibolite grade D2 

and retrograde D3 and D4, and the possible components are magnetite and/or ilmenohematites with 

magnetite exsolution. However, similar deformation phases are observed in samples from different 

lithologal units and depths as well. A2II are mica rich mylonitic rock with dominating deformation 

phases of amphibolite grade D2 foliation and retrograde D3 symplectic structures, and symplectite is 

found in A2II. This suggests the intergrowth of more than one crystals in the sample. Moreover, sample 

A18II belongs to the same upper mylonitic unit as sample A23I and the susceptibility as a function of 

temperature is highly reversible during heating and cooling. In addition to the fact that all the samples 

with new magnetic phases appearing during cooling are from different depth and lithologal unit, it is not 

obvious why or in what type of samples the thermomagnetic curves are reversible. Further 

measurements on more samples would be needed. 

4.3 Implications for Paleogeographic reconstructions 

The inclination and declination obtained from the PCA are scattered in a quite wide range. Many data 

points are rejected during the PCA analysis for the high maximum angular deviation (MAD) values. 

Well-defined magnetization components with the MAD values of less than 5º are selected from the PCA 

analysis. Samples A2II, A9IV, A10II, A24I have the smallest MAD, and the inclinations of the samples 

are 72º, 44º, -28º, 41º, respectively. Cocks & Torsvik (2002) prensented that the Iapetus ocean between 

the continent Laurentia and Baltica was located around 30ºS from 500 Ma to 460 Ma (Figure 4.1). By 

the time of its closure (400 Ma), the latitude of the Scandinavian Caledonides was between 30ºS and 0º, 

which can be related to the cluster of inclination data between 30ºS and the equator. It is possibly that 

these rock samples were magnetized during the orogeny. However, it is yet to be determined due to the 

instability of their magnetic remanence and the large MAD values. The inclination results with 

acceptable MAD values are obviously not close to 0º or 30ºS of the model by Cocks & Torsvik (2002). 

One reason is that the samples are not stable magnetic recorders and their magnetic components have 

been altered during metamorphism or other events. It is also possible that the samples became 

magnetized after or prior to the orogeny. There are, however, samples whose MAD values cannot be 

restricted to below 10º, possibly because of a polarity event or excursion of geomagnetic field (Meng et 

al., 2009). 
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Figure 4.1. The positions of the continent Laurentia and Baltica between 400 Ma and 500 Ma. The South Pole is 

labeled by the star. Modified from Cocks & Torsvik, 2002. 
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5 Conclusion 

The number of tested samples for the measurements are clearly not enough to fully explore the potential 

of the COSC-1 core for paleomagnetic applications, but here we test a smaller number of samples to 

evaluate the paleomagnetic and rock magnetic properties to provide the preliminary results of 

paleomagnetism and further work will be needed in the future. The major compositions of the samples 

are magnetite, hematite, and FeTi oxides. All the samples recorded magnetic remanences, but as it can 

been seen in the Zijderveld diagrams, they are not stable. All the tested samples are effectively 

demagnetized, except for sample A10II and sample A27IV, from the amphibolite and the upper 

mylonitic gneiss unit, respectively. Therefore, most of the samples are generally not very good 

paleomagnetic carriers. The main magnetic components in A10II are Ti-poor titanomagnetite and 

hematite, for A27V it is magnetite only. It is not clear why these two samples are not effectively AF 

demagnetized as their magnetic components are not so different from the other samples, but the most 

likely reason is the presence of high coercivity magnetic phases. 

There is no clear relation between depth and the inclination or declination recorded in the samples. 

The difference in inclination of two samples with a distance of around 10m can be up to 100º. It may 

suggest possible polarity events and the rock samples are not necessarily magnetized during the 

Caledonian Orogeny; the samples may have been remagnetized. 

For the ARM measurements, the most important result is that of sample A10II, where the change of 

slope suggests two different magnetic phases with different coercivity. It is also consistent with the 

result that sample A10II is partly demagnetised during AF demagnetization. The rest of the samples are 

smoothly demagnetized. 

We know from the IRM spectrum analysis that samples A2II, A10II, and A18II did not reach 

saturation magnetization at 300mT in IRM acquisition curves, meaning that there are both 

titanomagnetite and hematite in the sample. The other samples (A14III, A23I, A26III and A27IV) have 

lower coercivities and they contain only titanomagnetite. However, the Curie temperature determination 

shows that all the samples have their Curie temperature at ca. 590ºC, slightly higher than the Curie 

temperature of magnetite. This results from the method we used the calculate our Curie temperatures. 

Moreover, there is a small drop in susceptibility at around 680ºC of sample A14III, suggesting the 

presence of hematite. To conclude, all the samples are composed of magnetite or Ti-poor titanomagnetite 

and sample A14III contains hematite as well. 

The thermomagnetic results also show that some samples (e.g. A23I) were surrounded by the high 

temperature for a relatively long-term during metamorphism and the mineral assemblage changed. 

However, such change is partly reversible when the sample is heated above the Curie temperature. This 

could be used for thermal structure modelling of the subduction zone. More measurements are needed 

to get a clearer understanding of this observation. 
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