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[1] Granulites from the high-grade Sveconorwegian (corresponding to Grenvillian) gneiss
terrane of SW Sweden were investigated in order to relate magnetic properties to the
granulite facies mineralogy and the amphibolite facies retrograde mineralogy. We used
standard paleomagnetic techniques, susceptibility measurements, electron and optical
microscopy, and a new way to analyze demagnetization curves based on vector difference
sums. The new technique allowed quantitation of the relative contributions of partial
natural remanent magnetization (NRM) components as well as numerical extraction of
thermal and coercive force (alternating field, AF) unblocking data. Two major components
were identified, one stable which is carried by hematite-ilmenite, and one less stable
carried by multidomain (MD) magnetite. The age of the hematite-ilmenite component is
circa 930 Ma, and it has steep negative inclination, coercivities in excess of 150 mT, and
unblocking temperatures between 540�C and 640�C. Two corresponding poles are
reported (1) paleolatitude/paleolongitude (plat/plong) (218�/�24.3�) with Dp/Dm (9.4�/
9.9�) (paleopole) and (2) plat/plong (203�/�51�) with Dp/Dm (4.4�/5.6�) (VGP). The MD
magnetite component is a recent or Cretaceous-Paleogene, steeply positive inclined
NRM component associated with strong induced magnetization (plat/plong 2�/�74� and
Dp/Dm 11�/14�) (VGP). The MD magnetite was unblocked at conditions of 6–40 mT
and 60–400�C. Our new analysis method was successful in showing that retrograde
amphibole formation strongly decreases the importance of the hematite-ilmenite
component on behalf of the MD magnetite. It has a diminishing effect on a negative
aeromagnetic anomaly in the area. The 930 Ma components constitute 80–0% of the
vector difference sums depending on rock composition. However, as this fraction goes
down to 60%, the induced magnetization seems to outweigh the hematite-ilmenite
influence on aeromagnetic anomalies due to its opposite direction. These rocks still have a
strong and stable hematite-ilmenite dominated NRM.
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1. Introduction

[2] Knowledge about remanent versus induced magneti-
zation properties is critical for understanding anomalies in
the earths magnetic field. The far most driven way to study
magnetic anomalies is to make mathematical models show-
ing the effects on the geomagnetic field due to magnetized
rock formations in the crust [Caratori Tontini, 2005;
Pedersen, 1985]. However, natural bedrock is often com-
plex, and magnetic properties of rocks at depth in situ are
largely unknown. Fortunately, the geological record con-
tains evidence of metamorphic processes, which have
occurred at depth and altered the magnetic properties. Then

they have been uplifted to upper crustal levels (or even to
the surface) where magnetic minerals are magnetically
ordered. We can thus achieve at least a partial understanding
of geomagnetic anomalies. In this article, we will describe
magnetic properties of granulites from the eastern segment
of the 980–930 Ma old Sveconorwegian domain in SW
Sweden. Investigations were made with conventional de-
magnetization techniques combined with petrographical
characterization and scanning electron microscopy. We also
make an attempt to analyze the demagnetization curves,
using new descriptive tools to assign numerical values to the
demagnetization behaviors. The purpose is to define a more
quantitative method to report rock magnetic data. Then we
assess partial components to their correct ages using con-
ventional paleopoles. Rock magnetic parameters, like NRM
intensity, susceptibility (c) and Koenigsberger ratio (Q) are
also investigated in relation to variations in mineralogy.
Exsolved hematite-ilmenite has been studied previously due
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to the high paleomagnetic stability [Merrill, 1968; Robinson
et al., 2002; Kasama et al., 2004; McEnroe et al., 2004;
Harrison et al., 2006], and the present area is characterized
by distinct negative aeromagnetic anomalies. Such anoma-
lies might be ascribed to the presence of exsolved hematite-
ilmenite, but they are also large-scale features that need a
varied approach to be well described. Here, we present data
from granulites sampled in or close to the same anomaly
investigated by McEnroe et al. [2001], but instead of
making detailed magnetic characterization and TEM
investigations, we include paleomagnetic sites and miner-
alogical characterization of (1) rocks of varying bulk
composition and (2) rocks with varying degree of retro-
gressive metamorphism.
[3] How can demagnetization and rock magnetic data be

used for prediction of geomagnetic variations in the crust?
This important question is put on its edge using the rock
magnetic variation inherent in high-grade metamorphic
rocks.

2. Regional Geology and Geochronology

[4] Currently different ways to subdivide the Precambrian
of the southwestern Baltic shield exist (for review, see
Andersen [2005]). Generally, these divisions in blocks or

segments have been based on different metamorphic histo-
ries, on the occurrence of major deformation zones and on
geochronological constraints. In this paper the domain
bounded by the mylonite zone (MZ) to the west and the
protogine zone in the east shall be called the eastern
segment (ES). The MZ bends from a more N-S directed
trend, which dominates further to the north, into an E-W
directed lineament separating the two crustal blocks
(Figure 1). The studied area is located in the ES. The ES
consists mainly of Paleoproterozoic granites formed at circa
1.66–1.70 Ga, which were later deformed and migmatized
at circa 1.44 Ga. At circa 0.97 Ga these gneisses underwent
a second high-grade deformation and metamorphic event.
This so-called Sveconorwegian event resulted in a new
generation of migmatites and in the formation of granulites.
The Sveconorwegian metamorphism was characterized by
high pressure, leading to formation of kyanite-bearing high-
pressure granulites. Eclogites were also formed. These
eclogites were first recrystallized to high-pressure granulites
during decompression, and later they were partly retro-
gressed to amphibolites [Möller, 1998].
[5] We investigated granulites in two areas �20 km S-SW

of the MZ. The places are called Gödestad and Obbhult
(Figure 1). In Gödestad, there is a mafic granulite with
minor compositional variation, but the degree of retrogres-

Figure 1. Geological map of the Varberg-Ullared area, modified from Möller et al. [1997, and
references therein] (with permission from the author and Blackwell Publishing Group). Inset map
illustrates the location of the eastern segment in the Sveconorwegian orogen, southern Scandinavia.
Sveconorwegian orogenic units: ES, eastern segment; IT, Iddefjorden Terrane (western segment);
K, Kongsberg region; B, Bamble Region; T, Telemark Region; R-A, Rogaland-Agder Region; TIB/SK,
Transcandinavian Igneous Belt and the Svecokarelian Orogen. O, Oslo paleorift. Sveconorwegian
deformation zones: PZ/SFDZ, Protogine Zone/Sveconorwegian Frontal Deformation Zone; MZ, mylonite
zone; GOA, Gödestad-Obbhult Anomaly; e, decompressed eclogite; LA, lilla Ammås eclogite. Lakes:
LV, Lake Vänern (northeast); Lake Vättern (southeast).
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sive metamorphism to amphibolite varies, whereas in
Obbhult there are granulites of different bulk composition.
The ages of the protoliths of the Gödestad and Obbhult
granulites are unknown. The metamorphic crystallization
age of the rocks in Obbhult is assumed to be circa 1.4 Ga
based on preliminary U-Pb dating of zircons (C. Möller,
unpublished data, 2002). Of greater importance, however,
are the ages of the later high-grade events and their
subsequent uplift related cooling histories. As previously
mentioned there is some evidence for metamorphism at
1.4 Ga in Obbhult, but because of the dependence of
magnetic properties on temperature it is more relevant to
consider the Sveconorwegian event. U-Pb datings of zircons
from Obbhult gave ages around 970 Ma (C. Möller, unpub-
lished data, 2002). This age is similar to that of the zircon
inclusions in the eclogite garnets at Ammås near Ullared
10 km to the east of Obbhult (Figure 1) [Johansson et al.,
2001].
[6] Page et al. [1996] and Wang et al. [1998] reported

40Ar-39Ar datings of hornblende. Their studies suggest that
this part of the ES cooled to temperatures below �500�C at
circa 930 Ma. There is no doubt that the crust was thickened
regionally due to the Sveconorwegian event. 40Ar-39Ar
datings of syntectonic hornblendes from the MZ conse-
quently gave younger ages around 915 Ma, indicating later
Sveconorwegian movements at amphibolite facies condi-
tions along the MZ. Only one muscovite age at 904 Ma has
been reported �15 km to the ENE of Obbhult and Göd-
estad. In conclusion, cooling through the temperature range
of interest for rock magnetic studies occurred at circa
0.93 Ga (500�C) with minor evidence of uplift at 904 Ma
(350�C) (see McDougall and Harrison [1988] for closure of
isotope systems).

3. Regional Geophysics

[7] We call the anomaly where we have conducted our
study the Gödestad-Obbhult Anomaly (GOA) (Figure 2).
The GOA consists of a nearly E-W trending slightly curved
area with a negative anomaly in total field intensity. Figure 2
shows its extension together with profiles across the feature.
The data are from the Geological Survey of Sweden. The
minimum value of the anomaly is about �1500 nT, and it is
bounded to the south and to the north by sharp gradients.
The whole anomaly is �5 km wide and 20 km long. The
regional geomagnetic field is 40.054 A/m or 50 310 nT.
Right north of the GOA there is a somewhat less defined
and broader region with high total field intensity, containing
small areas of sharp negative anomalies. In the north, this
magnetic high area grades over successively to anomalies
related to the MZ (or some counterpart to the MZ). Right
south of the GOA there is also a positive anomaly, and to
the east it is bounded by large-scale, N-S trending anomalies
that may arise due to a deformation zone. To the SE,
aeromagnetic anomalies are due to the Ullared Deformation
Zone (UDZ) (Figures 1 and 2). The strongly negative total
field intensities inside the GOA indicated that rocks with
exceptional magnetic properties were present, and accord-
ing to a previous study, rocks with high Q values existed in
the vicinity of Gödestad near the town Varberg [McEnroe et
al., 2001] (Figure 2). In the middle of the GOA there is a
jump in its east west trending borders. This might be the

result of a fault that displaced the western part of the GOA
to the north.
[8] The age of the regional uplift following the Sveco-

norwegian orogeny was circa 930 Ma according to
40Ar-39Ar datings of hornblende (section 2). One purpose
here is to assess ages to those partial components, which
could contribute to the anomaly. Later we shall make such
comparisons using apparent polar wander path (APW) data
from Baltica, and the related paleomagnetic literature.
Examples of paleopoles with comparable ages are those
of the Blekinge Dalarna Dolerite (BDD) dike swarm
[Söderlund et al., 2005] and the Egersund Ogna anorthosite
complex in southern Norway (Table 1). The BDD lies west
of the Protogine Zone (PZ) and that could indicate less
Sveconorwegian resetting, but if they cooled quicker they
should also have recorded more geomagnetic disturbances.
The Egersund Ogna anorthosite paleopole is interpreted as
due to uplift at circa 900 Ma, associated with formation of
chemical remanent magnetizations (CRM) in exsolved
hematite-ilmenite lamellae [Brown and McEnroe, 2004].
Somewhat older poles exist for the Laanila-Ristijärvi dikes,
and the Kautokeino dikes at 1042 and 1062 Ma, respec-
tively (both in Finland) [Mertanen et al., 1996]. These dikes
are even further away from Sveconorwegian influence
compared to BDD. The Hunnedalen dikes in southwestern
Norway are circa 855 Ma old [Walderhaug et al., 1999], but
that is a Sm-Nd whole rock age, which is less robust
compared to U-Pb data, and the dikes sit in a terrane
characterized by regional uplift/cooling. If one chooses
the same polarity as Bylund [1992], all data needed for
our specific interpretations will plot in the southern Pacific
Ocean, however (plat 195�–270� and plong 10�–(�60�)).
When interpreting the data with respect to their natural
remanent magnetization (NRM) age, we will compare with
this plot but we cannot yet determine an overall choice of
polarity (paleomagnetic south or north poles).

4. Petrographical and Mineralogical
Observations

[9] The rocks in Obbhult are complex with at least six
different granulite types. They occur in parallel slabs (read
discs) of different thicknesses, each characterized by a
characteristic composition and degree of veining/metamor-
phic differentiation. We thus sampled all these slabs, that we
from now on call OBB L1–OBB L6. During description of
the magnetic data we will refer to samples from these layers
as the paleomagnetic sites OBB 1–OBB 6, and in the site
OBB 2 an extra site named OBB 2B was sampled in order
to use for extra checks of magnetometer intensity data. OBB
L1 is �10 m thick, OBB L2 �10 m, OBB L3 �5 m, OBB
L4 �5 m, OBB L5 �20m, and OBB L6 is �30 m thick.
Since the rocks are intensely metamorphosed it is presently
impossible to determine their protoliths. The differences
between the units are distinct. Deformation may not always
show up as foliation on the grain size scale, but it is obvious
due to the much larger structures (the occurrence of distinct
layers). Grain boundaries in between the silicate minerals
are equilibrated and angular to rounded, which makes these
loose and grainy. Veins with scapolite and minor sulphides
occur. Typical of OBB L6 is the occurrence of veins of
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Figure 2. Aeromagnetic maps and profiles with total geomagnetic field intensity in the investigated
area. (a) Regional aeromagnetic map, approximately over the same area as in Figure 1. (b) Aeromagnetic
map over the area around the GOA. (c–f) Profiles with total geomagnetic field intensity across the
GOA. The locations of these profiles, which are denoted 1–4, are shown in Figure 2b. Data are from the
Geological Survey of Sweden, airborne magnetic measurements (# Sveriges Geologiska Undersökning
(SGU), permission 30-1342/2006).
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coarse plagioclase, clinopyroxene and brown orthopyrox-
ene. Possibly these have formed during partial melting.

4.1. Obbhult, Layers 1–6

4.1.1. OBB L1
[10] OBB L1 is a lightly colored rock layer, consisting

mainly of plagioclase quartz and orthopyroxene (see
Figures 3a and 3b). The plagioclase is partly recrystallized
to a more fine-grained mosaic of plagioclase with straight
grain boundaries. There is no compositional difference
between the two modes of occurrence. The composition
of the plagioclase is approximately Ab70An30. The ortho-
pyroxene forms up to centimeter-sized megacrysts in a
matrix of plagioclase and quartz, and it is rusty brown
due to very fine numerous exsolution-lamellae. These
lamellae could not be analyzed with microprobe analyses
because of the small sizes, but they were rich in titanium.
The opaque minerals form irregular shaped millimeter sized
grains and they consist of hematite with exsolution lamellas
of ilmenite. Corundum occurs sparsely within the exsolved
ilmenite. Corundum grains were surrounded by ilmenite
rims, and zircon is a common accessory mineral.
4.1.2. OBB L2
[11] This slab consists of recrystallized plagioclase, bio-

tite, garnet, orthopyroxene and oxides. Apatite is a common
accessory mineral. Most opaque grains consist of hematite
with numerous very thin exsolution lamellas of ilmenite and
they are in the size range 200–500 mm, but some may be up
to 3 mm in size.
4.1.3. OBB L3
[12] This rock consists of fine-grained (�0.1 mm) pla-

gioclase biotite and clinopyroxene. Minor amounts of
amphibole occur. Little clinopyroxene occur and seems to
coexist with amphibole. Occasionally amphibole dominates
over clinopyroxene. Orthopyroxene occurs as an accessory
mineral. The rock is foliated and granoblastic. In this layer

there are approximately equal amounts of magnetite and
hematite. Most of the hematite lack exsolution lamellae, at
least on the scale >0.1 mm. Some hematite grains have very
thin and short (�10 mm long) exsolution lamellae of
ilmenite. The magnetite has been partly oxidized to hema-
tite. That is a volumetrically subordinate phenomenon and it
is mainly seen along small fractures in the magnetite. Most
magnetite and hematite grains are 50–200 mm but some
magnetite grains may be up to 1000 mm.
4.1.4. OBB L4
[13] This slab consists mainly of coarse-grained perthitic

feldspar biotite and opaques. Some opaques are associated
with corundum occurring in certain metamorphic textures.
Small grains of bluish sapphirine are associated with the
oxides. In this layer magnetite is far more common than
hematite. The relative amounts are estimated to �75% and
25%, respectively. The grain size of the magnetite is in the
range 50–1000 mm with most grains >500 mm. Magnetite
and hematite often form larger composite grains without any
signs of reaction along their grain boundaries. The hematite
lacks exsolved ilmenite-lamellae.
4.1.5. OBB L5
[14] Plagioclase occurs as small granoblastic grains. The

feldspar also occurs as coarser perthites and biotite and
garnet are abundant. Corundum garnet and fine-grained
oxides occur in elongated few millimeter wide patterns.
Sapphirine is also common here. With respect to the oxide
mineralogy this is the most complex rock type. Hematite
with thin ilmenite exsolution-lamellae occurs as single
200–500 mm sized grains, but also in symplectites inter-
grown with the silicates. A third textural variety of opaque
minerals consist of minute oxide plates along two distinct
crystallographic planes in the sapphirine. Because of their
small sizes they were impossible to analyze with micro-
probe. From our observations in reflective light, it was clear
that there were two different minerals resembling hematite

Table 1. Paleopoles From Baltica From the Time Interval 550–1271 Ma

Rock Formation Age plat plong Dp Dm Reference

Winter Coast red sedimentary rocksa 550 �24 132 2.3 3.8 Popov et al. [2002]
Sredniy-Kildin red bedsa 750–535 30 196 6 12 Shipunov and Chumakov [1991]
Vadsö Group Ba 750–535 23 209 4.5 9 Bylund [1994]
Kildinskaya Formation HBb 750–535 25.5 193.1 4 7 Torsvik et al. [1995]
Visingsö bedsa 735 �7 256 8 13 Lewandowski et al. [2004]
Hunnedalen dikesa 855, 848 �41 222 10 11 Walderhaug et al. [1999]
Tärnö Doleriteb 871 �0.3 237 3.6 5.9 Patchett and Bylund [1977]
Egersund Ogna Anortosita 900–950 �42.1 200.4 9 9.4 Brown and McEnroe [2004]
Obbhulta circa 930 �24 218 9.4 9.9 this paper
Gödestadb circa 930 �51 203 4.4 5.6 this paper
Lösen Fäjöb 946 �23 249 2.7 5.4 Patchett and Bylund [1977]
Falun Doleriteb 946 �6.1 237.6 4.6 7.1 Patchett and Bylund [1977]
Bräkne Hobyb 949 �22 252 3.1 6.1 Patchett and Bylund [1977]
Karlshamn Doleriteb 954 �40 207 4 4 Patchett and Bylund [1977]
Bo Doleriteb 950–1560 �4 244 10 17 Piper [1980]
Nilstorp Doleriteb 966 9 239 5.8 11 Patchett and Bylund [1977]
Årby Doleriteb 995 �7.3 227.4 6.8 9.5 Patchett and Bylund [1977]
Laanila-Ristijärvi dikesb 1042, 1013 �2 212 13 21 Mertanen et al. [1996]
Kautokeino dikesb 1062 �35 237 3.1 5.4 Mertanen et al. [1996]
Märket Dolerite dikesa 1265 �6 146 6.7 11 Neuvonen and Grundström [1969]
Saatakunta Dolerite dikes and sillsa 1264 2 158 2.4 4.4 Buchan et al. [2000]
Vaasa Dolerite dikesa 1268 7 164 3.2 5.5 Neuvonen [1966]
CSDG mean (Jämtland, Sweden)a 1264–1271 0.6 161 6.3 11 Elming and Mattsson [2001]

aThe data were based on a number of sites.
bThe data were based on a number of samples.
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and magnetite. Beside this possible occurrence in sapphi-
rine, no magnetite was identified in OBB L5.
4.1.6. OBB L6
[15] This slab consists of a mafic rock with varying

degrees of metamorphism. Orthopyroxene plagioclase and
biotite were observed along with symplectites, which have
formed during garnet decomposition. Two oxide associa-

tions occur, single larger grains, and finer grains associated
with the symplectites. Occasionally there is plagioclase
clinopyroxene orthopyroxene and amphibole in approxi-
mately equal amounts. No garnet grains or symplectitic
textures were associated to the later. The magnetite and
hematite form composite grains some of which are up to
2 mm in size. There are relatively few (>10 mm sized)

Figure 3a. Photomicrographs of representative samples from sites OBB L1 to OBB L6. The widths of
the photos are 4 mm for OBB L1, OBB L2, and OBB L3; 2 mm for OBB L5 and OBB L6; and 8 mm for
OBB L4. For descriptions of the mineralogy, see section 4. Abbreviations follow Kretz [1983] except for
Pth-Fsp, perthitic feldspar, and Amph, amphibole.
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exsolution-lamellae of ilmenite in the hematite, and they are
clearly more common near grain boundaries toward the
magnetite (Figure 4). The magnetite is associated with the
hematite, and no solitary magnetite grains occur. In most of
the hematite there are no exsolution textures visible in optical
microscope. However, this is a false impression since scan-
ning electron microscopy clearly shows extremely fine
(<200 nm) exsolution textures in the hematite (Figure 4).

4.2. Gödestad Samples

[16] At the nearby Gödestad locality (Figure 3b) we have
distinguished two types of mafic granulites, each character-
ized by different degrees of alteration to amphibolite. We
sampled these varieties from now on called GODE 1 and
GODE 2. No contacts between the GODE 1 and GODE 2
types were visible in the field, but they represent a gradual
transition observed between adjacent outcrops.
4.2.1. GODE 1
[17] This rock is even-grained and foliated, and it consists

of plagioclase, clinopyroxene, orthopyroxene, garnet, am-
phibole and minor biotite, apatite, scapolite and pyrite. The

oxides consist of hematite with exsolution lamellae and of
magnetite. Their grain sizes range from 50 to 250 mm, but
single magnetite grains may be up to 1.5 mm. There are
approximately equal amounts of hematite/ilmenite and
magnetite in the samples, but there is a large variation in
the relative amounts between them.
4.2.2. GODE 2
[18] In this rock the retrograde reactions were less im-

portant. It consists mainly of plagioclase clinopyroxene
orthopyroxene, and garnet. Minor amounts of apatite biotite
and hornblende occur. The opaque mineral is hematite with
exsolved ilmenite. The exsolution textures are more com-
plex due to the occurrence exsolved lamellae, but inside the
previously formed ilmenite-lamellae (Figure 3b).

5. Sampling, Measurements, and Methodology

[19] We drilled seven sites in Obbhult and two sites in
Gödestad. In Obbhult, the seven sites represent the six
granulite varieties described under (4), together with an
extra site in the unit OBB L2, sampled in order to inves-

Figure 3b. Photomicrographs of representative samples from sites GODE 1 and GODE 2. (top right) A
composite magnetite-hematite grain. These types of composite grains were common in GODE 1, but they
were not found in the GODE 2 samples. (bottom right) The complex exsolution relationships between
hematite (light grey) and ilmenite (dark grey). The widths are 4 mm for Figure 3b (left), 1.65 mm Figure 3b
(top right), and 0.175 mm Figure 3b (bottom right). Abbreviations according to Kretz [1983] except
Amph, amphibole.
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tigate the usage of two different magnetometers (OBB 2). In
Gödestad they represent two granulite varieties with differ-
ent degree of metamorphic retrogression (4). The rock
magnetic sites are called OBB 1–OBB 6, OBB 2B and

GODE 1 and GODE 2, respectively. The drill cores were
split in two parts before demagnetization, one for thermal
and one for alternating field (AF) demagnetization. The
rock chips used for thin sections were also taken from these

Figure 4. Electron micrographs of typical hematite-ilmenite exsolution relationships in OBB L6.
Similar textures were common also in layers OBB L1, OBB L2, and OBB L5. Figure 4 (bottom left)
show very thin exsolution lamellas (<200 nm). Note that these lamellae were coarser close to the
hematite-magnetite grain boundary. In the interior of the hematite the exsolution lamellas are shorter,
much smaller, and irregularly shaped. This is clearly seen in Figure 4 (middle right).
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cores. The demagnetization was carried out in the Paleo-
magnetic Laboratory at Lund University, Sweden. The
samples for AF demagnetization were demagnetized and
their magnetization measured after exposure to alternating
fields of 0, 10.. 50 mT and then continuing to 70, 90..
150 mT. During AF demagnetization, the same field was
applied in the x, y, and z directions of the sample coordinate
system. The measurements were made with a 2G-Enter-
prises superconducting rock magnetometer model 755 R
except for the OBB 2B site whose samples were measured
with a Molspin Fluxgate magnetometer. The purpose of
making the OBB 2B site was that this rock unit contained
strongly magnetic samples giving to low intensities when
measured with a 2G-SQUID. Site OBB 2 could not be used
to determine NRM intensities, but demagnetization curve
parameters according to paragraph 5.1 were calculated, and
mean directions. Thermal demagnetization was made with a
Magnetic Measurements Thermal Demagnetization oven
(MMTD 80) in an outer field of less than 10 nT. During
thermal demagnetization, c was continuously measured
with a Bartington susceptibility bridge in order to look for
mineralogical reactions possibly induced by the heating. We
measured c with a Kappabridge KLY 2 (Geofyzika Brno),
and the resultant values were used to calculate Koenigs-
berger ratios using a value for the regional geomagnetic
field at 40 A/m. The measurements were made on both parts
of the separated cores, and all values included in mean
calculations. Weak field susceptibility was measured in air
in the temperature interval �196� to 700�C using the
Kappabridge KLY 2, equipped with either a cryostat or a
high-temperature furnace. In both cases, corrections were
applied to subtract the susceptibility dependencies of these.

5.1. Statistical Treatment and Calculations

[20] In order to quantitatively compare demagnetization
behavior of our sites (and in the future with other sites) we
must solve the problem of giving numerical values, to
describe the rows of small vectors that constitute the
demagnetization curves. Our method has similarities to
Petrova [1961], Ade-Hall [1969], and E. Eneroth (Palae-
omagnetic unblocking data as indicators of the micromag-
netic state in magnetite: Implications for palaeomagnetism?,
manuscript in preparation 2007). It is merely a tool adjusted
to modern demagnetization practices. In Figure 5, we have
defined the symbols NRM, RMk, vk, ck and r. They denote
the following vectors: NRM is the natural remanent mag-
netization vector, RMk is the residual magnetization vector
at demagnetization step k, vk is a minor vector component
demagnetized at demagnetization step k, if it is not part of
the characteristic remanent magnetization (ChRM), ck is
such a minor component if it is contained in the ChRM, and
r is the residual magnetization vector after the demagneti-
zation was completed. Now we define the following exper-
imental and rock magnetic parameters:

L ¼ jNRMj
P

k

jckj þ
P

k

jvkj þ jrj ð1Þ

We hereby call this entity L because it is equal to one if the
demagnetization curve is perfectly linear. Bent or noisy

curves will give lower L. In equation (1) the denominator is
identical to the vector difference sum of Tauxe [1998]:

Fr ¼
jrj

P

k

jckj þ
P

k

jvkj þ jrj ð2Þ

We choose to call this entity Fr because it represents the
residual magnetization after completed demagnetization,
calculated as a fraction of all demagnetized partial
components (L values might be irrelevant if Fr is larger
than 0.2):

Fch ¼

P

k

jckj
P

k

jckj þ
P

k

jvkj þ jrj ð3Þ

We hereby call this Fch because it depends on the total length
of all demagnetization components included in the ‘‘ChRM,’’
calculated as a fraction of all that was demagnetized. L, Fr
and Fch contain information about the shapes of demagne-
tization curves, and if mean angular deviation (MAD)
values for ChRM also are given the description will be
better, because reduced L due to noisy curves might be
distinguished from reduced L due to bent curves. L, Fr and
Fch, shall also be indexed with th and af in the following to
separate thermal from AF demagnetization. So far, we have
only considered the purely geometrical properties of the
curves and not their unblocking spectra. In order to do this,
we now define Hc25, Hc50, Hc75, Tub25, Tub50 and Tub75, and
doing this, we first consider the summed lengths of the
residual magnetization components at any demagnetization
step (for instance, a temperature). This length may be
either less or more than 75% of the denominator in
equations (1)–(3). If less, then the Tub75 value is found by
linear interpolation between that temperature, and the
preceding demagnetization temperature (which should
represent a step with summed length of more than 75% of
the denominator in equations (1)–(3)). In analogy with this,
we can also define the other parameters both for AF and
thermal demagnetization, but then we use 50 and 25%
instead of 75%. We call this way to calculate unblocking
spectra, method A. Method B is to consider 75, 50 or 25%
of the initial intensity, and use linear interpolation between
points in the raw data curves (decaying intensity curve) in
order to see where the decay curve crosses this value.
Method B should be used when there is noisy unstable
demagnetization behavior or spurious acquisition of com-
ponents at high temperatures. If we used method A on such
samples we would get meaninglessly high Tub values.
[21] We have performed these calculations on our ther-

mally demagnetized samples with few exceptions. Because
of high coercivities, the calculations were not possible when
using AF demagnetization results, except for units OBB 3
and OBB 4. For the samples that were impossible to
demagnetize with AF we give Fr only and not the other
parameters. During calculation of Hc25, Hc50, and Hc75 for
sites OBB 3 and OBB 4 we did not include r in the
denominator of equations (1)– (3). This was due to a
relatively high and stable r component, which seemed
physically unrelated to the major components of interest.
We have also given the upper and lower limits used during
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principal component analysis (PCA) for AF and thermal
demagnetization as AF1, AF2, TH1, and TH2, respectively,
and standard deviations for these parameters. NRM inten-
sities were calculated in two different ways. First, by
ordinary arithmetic means, and second by adding vectors
instead of scalars during the calculation:

hNRMi ¼

Pm

k¼1

NRMk

m
ð4Þ

The calculation of characteristic remanent magnetization
ChRM directions and mean angular deviation (MAD)

values for ChRM components were made with PCA in
the Super IAPD program (http://www.geodynamics.no).
Last, we calculated statistics according to Fisher [1953] for
the ChRM components (dec/inc, k, a95 and R), and
paleopoles and VGPs were calculated with Super IAPD
(paleopole will be used for data based on one or more site
mean directions and VGPs for data based on a number of
samples).
[22] Before using these parameters to discuss our results

we need to mention some possible complications. It is a
common case that the ChRM represents a high-blocking
component in the demagnetization curve, and that it might
be related to r. If it is difficult to demagnetize a sample (for
instance, when the AF fields are insufficient) it is necessary
to distinguish two cases: (1) r is parallel to the ChRM,
whereby it is assumed that it from a genetic point of view
represents the most high blocking ChRM fraction and (2) r
is either not parallel to the ChRM or somehow separated
from it with respect to unblocking interval (Figure 5). A
high Fr value, say 0.2, combined with case 2 is one of the
cases that could make L a less trustworthy indication of
the quality of the demagnetization result. For instance, in
the case of two distinctly different magnetic carriers with
different coercivities and responses to remagnetization
events, a perfectly linear and stable ChRM component
could end at a point whose trend toward the origin is not
parallel with the ChRM (residing in the high-coercivity
phase). Then a parameter such as L, could describe mixed
phenomena without geological meaning. There could be a
lower L value when compared to samples with truly
unstable demagnetization of ChRM. As we shall see later,
it could also be important to mind high Fr values and cases 1
and 2 when the coercive force and thermal unblocking
spectra are calculated. It is important to mind another
limitation due to method A, namely, the problem caused
by noisy behavior (meaning that each demagnetized com-
ponent is much inclined relative to the preceding step). This
could give spurious high Fch values when compared to L. In
the future, it is of interest to make more tests to define
criteria for the exclusion of Fch from a data report. Such
criteria must be based on MAD values.

6. Results From Paleomagnetic/Rock Magnetic
Investigations

6.1. Demagnetization Results

[23] Typical examples of demagnetization raw data are
shown in the Zijderveld diagrams in Figure 6, and as
intensity curves in Figures 7 and 8. We now start this
paragraph with a description of the OBB 1–OBB 6 sites.
All samples from units OBB 1, OBB 2, OBB 5 and OBB 6
had N-NW directed declinations and steep negative incli-
nations (Figure 9). During AF demagnetization of the
samples from units OBB 1, OBB 2, OBB 5, and OBB 6
the intensities were constant, so they have Fr values of
0.91–0.95 (Table 2, see also Figure 7, down to 0.82 when
measured with Molspin OBB 2B). The parameters L Fch

Figure 5. Symbolic illustration of demagnetization pro-
jected in two dimensions together with names of the minor
vector components used in equations (1)–(3). (a) A case of
type 1 in section 5, where the residual component is
assumed to be closely related to the ChRM and is minor.
(b) A case of type 2 in section 5where the residual component
is large and has another direction than the ChRM.

Figure 6. Alternating field (af) and thermal demagnetization (th) behavior of samples from Obbhult and Gödestad in
Zijderveld projections. Open squares denote vertical projections and solid denote horizontal projections. (a–b) Site OBB 1,
(c–d) site OBB 6, (e–f) site OBB 3, (g–h) site GODE 1, and (i–j) site GODE 2.
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Figure 6
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and MAD were of course not calculated for these samples.
This also means that the directions plotted in Figures 9a–9c
not are components calculated with PCA, but instead mean
values estimated from dec/inc tables. They may differ from
the NRM direction with �3� at maximum. Note that the
scale is expanded and centered around the value one in
Figures 7a, 7c and 7d. Upon thermal demagnetization of
samples from the same sites (OBB 1, OBB 2B, OBB 5, and
OBB 6) there were sharply decreasing magnetizations in the
interval between 560 and 610�C. Some samples from OBB
1 had decreases starting at lower temperatures. This follows
from the Tub25 value of 541�C, which is lower than the other
sites with this characteristic demagnetization behavior
(Table 2 and Figure 10). The thermal demagnetization
typically ended with Fr values at 0.002–0.02. L values
were in the interval 0.69–0.77, Fchth were in between 0.72
and 0.79 and MAD were in between 0.90� and 1.90� (in
Table 2, mean values are given, intervals were not regarded
as relevant). For the sites OBB 5 and OBB 6 higher Fchth
compared to the L values occurred. This was associated
with demagnetization of a partial component below 400�C
which was opposite in direction to the main component
used for ChRM calculation (Figure 9e and Table 3).

[24] Samples from units OBB 3 and OBB 4 behaved
much differently during both AF and thermal demagnetiza-
tion. During AF demagnetization, the samples from OBB 3
decreased rapidly at AF fields of 0–50 mT, but in two of the
samples, this decrease leveled out completely giving rise to Fr
values around 0.2. The NRM of the OBB 4 samples had even
lower coercivity, and the L values from AF demagnetization
were 0.88 and 0.89 for sites OBB 3 and OBB 4, respectively.
During thermal demagnetization the sites gave noisy data
with MAD values of 15� and 7.0� clearly demonstrating their
more unstable behavior during demagnetization (Figure 6).
The L values from thermal demagnetization of OBB 3 and
OBB 4 were 0.37 and 0.24 which is low. This type of
instability made the samples unsuitable for calculation of
Fchth. The values of Fchth would becomemuch higher than the
L values due to addition of the lengths of vectors inclined at
large angles relative to each other, and a meaninglessly high
Fchth would thus result. Because of unstable demagnetization
we also calculated Tub values with method B for the sites
OBB 3 and OBB 4. In Figure 10 these Tub values are seen.
There is considerable lowering of Tub25 and Tub50 for OBB 3
and OBB 4 when compared to all the other sites, particularly
when the B method values are considered.

Figure 7. Remanent intensity as a function of alternating field during demagnetization. The curves were
normalized with the initial values before plotting. (a) Results from the sites OBB 1 and OBB 2. (b) Results
from the sites OBB 3 and OBB 4. (c) Results from the sites OBB 5 and OBB 6. (d) Results from the sites
GODE 1 and GODE 2. Please note that the scale is expanded around the value one in Figures 7a, 7c,
and 7d.

B02101 ENEROTH AND JOHANSSON: DETERMINATION OF ROCK MAGNETIC PROPERTIES

12 of 24

B02101



[25] The samples from sites GODE 1 and GODE 2
behaved similarly to sites OBB 1, OBB 2B, OBB 5, and
OBB 6. However, they did not contain a reversely directed
low Tub component the way OBB 5 and OBB 6 did. The
NRM directions were somewhat shallower and more NW
directed compared to the Obbhult sites (Table 3). For AF
demagnetization we only calculated Fr values (not L, Fch
and Hc), which were 0.80 and 0.88 for GODE 1 and
GODE 2, respectively. The L values from thermal demag-
netization were somewhat lower compared to the Obbhult
results, 0.51 for GODE 1 and 0.74 for GODE 2. These low
values were associated with somewhat higher Fchth when
compared to L, which in turn was caused by instabilities/
minor components in the initial demagnetization steps up to
400�C, particularly in GODE 1 (see higher MAD compared
to Obbhult). Samples from GODE 1 had distinctly lower
Tub25 compared to all other sites, only 408�C. The low Tub
value was associated with the presence both of minor
components with Tub below the main Tub interval, but also
with a partial lowering of the main unblocking interval itself.
[26] We calculated two mean directions and two poles

using the AF and thermal demagnetization data fromObbhult
and Gödestad, respectively, and they are given in Table 3.
Mean directions with a95 confidence circles are shown in

Figure 9. Component OBB HB was calculated with samples
from sites OBB 1, OBB 2, OBB 2B, OBB 5, and OBB 6,
whereas OBB MEAN was based on the corresponding sites.
Component REV was calculated from the reverse directed
low blocking components from sites OBB 5 and OBB 6.
Component OBB LB was calculated with the data from sites
OBB 3 and OBB 4, and component GODE HB was calcu-
lated with the data from GODE 1 and GODE 2. The OBB
MEAN has plat/plong at 218�/�24.3� with a Dp/Dm of 9.4�/
9.9�, and the VGP from Gödestad is situated at plat/plong
203�/�51�with a Dp/Dm of 4.4�/5.6�. These poles are shown
in Figure 11.

6.2. NRM Intensity, Susceptibility, and Koenigsberger
Ratio

[27] Values of c are given in Table 4. Sites OBB 5 and
particularly OBB 1 had the lowest c (�1000 
 10�6 SI).
The samples from Gödestad had distinctly higher c
(20,000–100,000 
 10�6 SI), whereas extreme values were
encountered in OBB 4 (150,000–350,000 
 10�6 SI). The
parameter c between 45,000 and 130,000 was found for
OBB 3. Note that Figure 12 has a log-scale and that we also
give the ranges of the values in Table 4. There was often a
large spread of values within each site, and all samples had

Figure 8. Remanent intensity as a function of temperature during demagnetization. The curves were
normalized with the initial values before plotting. (a) Results from the sites OBB 1 and OBB 2. (b) Results
from the sites OBB 3 and OBB 4. (c) Results from the sites OBB 5 and OBB 6. (d) Results from the sites
GODE 1 and GODE 2.
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NRM intensities in between �0.3 and �20 A/m, with
distinct differences between the sites. Site OBB 2B had
the highest NRM values, and the lowest were encountered
in site OBB 3. To get an overview please see Table 4 or
Figure 12. During measurement of samples from OBB L2,
the 2G-SQUID gave to low and unreliable intensity data,
whereas double checks of the directions with Molspin

clearly indicated good directional stability. The OBB 2 in-
tensity data must not be discussed, however, only OBB 2B.
[28] In Gödestad, the NRM intensity was approximately

equal between GODE 1 and GODE 2 but the susceptibility
was higher in GODE 1, and thus we also got lower Q values
for GODE 1. Q for GODE 1 was 1.1 but for GODE 2 it was
7.2. Because c varied much more than the NRM intensity, it

Figure 9. ChRM directions calculated with PCA and plotted in Wulff projections. The names of the
sites are indicated in each stereoplot. Open symbols denote negative inclination and solid denote positive
inclination. (a)–(c) AF results, (d)–(f) thermal results, (g) thermal and AF results from the sites OBB 3
and OBB 4, and (h) mean directions and 95% confidence circles (a95). See text for explanation of
component names in Figure 9h (end of section 6.1).
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follows that the variation in Q was practically opposite to
that of c. Exceptional high Q values were found for the
samples from OBB L1 and OBB L2 where we encountered
1500 and 1700 at a maximum, whereas OBB 4 had some
exceptional low values, down to 0.065. The temperature
dependencies of the susceptibility at low and high temper-
atures are shown in Figure 11, and there was a clear
correlation between these results and the bulk susceptibil-
ities. The four examples bulk values span over the whole
susceptibility range encountered in all the sites, and there-
fore the data is representative of all cases. For the sample
with the lowest susceptibility mostly paramagnetic behavior
was encountered with a minor contribution of magnetite.

Even though the bulk value for this sample was low, there
was no considerable contribution from hematite, as seen
from the absence of the Morin transition at �260 K
[Morrish, 1994]. The other samples had susceptibilities
dominated by magnetite as evident from the large increases
at the Verwey transition at �120 K combined with Curie
temperatures at �585�C (Figure 11) [Muxworthy and
McClelland, 2000; Özdemir et al., 2002]. Some minor
decreases at higher temperatures occur. These might repre-
sent small contributions from hematite, but they may also in
deed be due to one of the two possible oxidation effects
because of the heating (magnetite oxidizes to hematite and
Fe silicates oxidizes to Fe oxides). The absence of the

Table 2. Demagnetization Curve Parameters Calculated According to Section 5

Site
Hc25,
mT

Hc50,
mT

Hc75,
mT Fchaf

a Fraf
a Laf

a MADaf
a

Tub25,
�C

Tub50,
�C

Tub75,
�C Fchth

a Frth
a Lth

a MADth
a

OBB 1 0.95 541 571 578 0.79 0.0024 0.77 0.90
OBB 2 0.94 573 591 603 0.72 0.0022 0.82 0.96
OBB 2Bd 0.82 559 579 589 0.75 3.2 
 10�6 0.83 1.6
OBB 3b 8.3 18 44 0.41 0.21 0.88 3.9 60 197 427 0.068 0.37 15
OBB 4b 6.3 13 27 0.66 0.030 0.89 3.2 76 214 434 0.058 0.24 7.0
OBB 5 0.918 565 591 610 0.75 0.0032 0.69 1.1
OBB 6 0.914 569 587 607 0.76 0.020 0.67 1.9
GODE 1 0.80 408 555 591 0.60 0.030 0.51 4.5
GODE 2 0.882 566 579 594 0.80 0.015 0.74 1.5

Sitec
AF1,
mT

AF2,
mT

Stdav
AF1

Stdav
AF2

TH1,
�C

TH2,
�C

Stdav
TH1

Stdav
TH2

OBB 1 524 700 22 0
OBB 2 540 680 24 45
OBB 2Bd

OBB 3 13 90 11 43 0 572 0 18
OBB 4 8 113 5 75 0 300 0 0
OBB 5 568 680 18 45
OBB 6 556 700 36 0
GODE 1 548 660 18 55
GODE 2 552 700 11 0

aFor each of the parameters the indexes were complemented with ‘‘af’’ or ‘‘th’’ to separate demagnetization techniques. Definitions were similar for each
category, see section 5.

bAll parameters in these column were calculated with the B method. The residual moment (r) was excluded during Hc calculations for these sites.
cThe parameters in this heading refer to the site mean values of AF and thermal limits used during PCA, together with the standard deviations for these

parameters.
dThe site was measured with a Molspin magnetometer instead of a 2G-SQUID during demagnetization.

Figure 10. (a) Plot of the values Tub75, Tub50, and Tub25 for all samples. All the values were calculated
with method A, and residual components were included in the denominator of equations (1)–(3).
(b) Values from thermal demagnetization of sites OBB 3 and OBB 4, calculated with method B.
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Morin transition speaks against the possibility of initial
hematite susceptibility contributions, however. The overall
results, was thus that the susceptibilities in the samples were
due to varying sample-specific contributions of multido-
main (MD) magnetite with Fe silicate contributions occur-
ring only in samples with low bulk values.

7. Discussion

7.1. Magnetic Phases and Their Properties

[29] A first step on the way to understand the causes for
the anomaly could be to assess magnetic properties to
different minerals and grain assemblages of varying sizes.
A discussion of the magnetic mineral contents in the various
rock formations must take into account both the demagne-
tization behavior, the directions, and the variations in
intensive magnetic variables such as NRM intensity, c,
and Q values. An initial comparison of the demagnetization
results from the rock formations indicated that the magnetic
properties could be understood using few, (perhaps two or
three) magnetic carriers of distinctly different character. The
demagnetization curves for units OBB 1, OBB 2, OBB 2B,
OBB 5, and OBB 6, together with GODE 1 and GODE 2
are rather similar with little loss of remanence during AF
demagnetization, and discrete unblocking intervals in be-
tween 560 and 630�C during thermal demagnetization.
OBB 3 and OBB 4 both had much lower coercivities and
lower unblocking temperatures (Table 2 and Figure 10). The
high coercivities seen during AF demagnetization in all sites
(except OBB 3 and OBB 4), is an indication against
magnetite as remanence carrier in these sites since magne-
tite usually has lower coercivity. Previous investigations at
Gödestad, argued for nanometer-sized exsolved lamellae of
intergrown hematite and ilmenite as magnetic carriers based
on a magnetization measurement and TEM study [McEnroe
et al., 2001]. In our samples (OBB 1, OBB 2, OBB 2B,

OBB 5, OBB 6, GODE 1, and GODE 2) we have both the
same demagnetization behavior and the presence of similar
hematite-ilmenite aggregates according to SEM. Thin la-
mellae occur as curved plates of an ilmenite rich phase
inside the hematite rich lamellae (Figure 4). The widths of
the thinnest lamellae were smaller than the best resolution of
the SEM, and it is likely that the NRM of units OBB L1,
OBB L2, OBB L5, and OBB L6 together with GODE 1 and
GODE 2 is hosted in such oxide aggregates. The mecha-
nism by which this type of NRM is maintained is debated
[Kletetschka et al., 2002; McEnroe et al., 2004; Burton et
al., 2005]. Even though we cannot yet solve this question
with our data and methods we now need to make a
comment, because the unblocking temperatures were often
confusingly close to the Curie temperature of magnetite.
[30] The remanence is likely associated with defects in

the hematite. McEnroe et al. [2001] argued that the NRM is
due to uncompensated spins at the interfaces between
hematite and ilmenite and that these defect associated
moments get important due to the high net surface areas
of the lamellae intergrowths. An estimation of the typical
number of mB per volume, as well as a magnetic measure-
ment of the net magnetic moment of the material (as if no
domain walls are present in those grains), remains to be
done, however, making the interpretations controversial.
The presence of a discrete unblocking temperature much
lower than the Néel temperature of hematite (560–640�C
compared to 680�C) was a characteristic feature in our
samples. The main parts of the hematite grain lattices, must
have lowered Néel temperature if some incorporation of
titanium occurs, thereby lowering also the unblocking
temperature for any defect related magnetic moments. An
ideal and defect free hematite rich exsolved phase (titano-
hematite) is predicted to have low magnetic moment be-
cause it is an antiferromagnet, whereas the bulk of the
ilmenite rich phase (hemo-ilmenite) is predicted to have

Table 3. Directions, Paleopoles, and Statistics for ChRM Components

Component Dec/Inca Nb Rc kd a95e
North Pole

Latitude/Longitudef South Poleg Dp/Dm
h

OBB LB NRM 7.2/68 19 17 11 10.7
OBB LB 3.7/60.0 14 13 20 9.2 182/74 (VGP) 2/�74 11/14
OBB HB NRM 331/�78.7 50 50 105 2.0
OBB 1 339/�75 10 10 513 2.1
OBB 2 3.7/�80.4 11 11 283 2.7
OBB 2B 323/�85.1 10 10 522 2.1
OBB 5 311/�77.6 11 11 74 5.4
OBB 6 324/�75.8 10 10 271 2.9
OBB MEAN 332/�79.3 5 5 214 5.2 38.0/24.3 (paleopole) 218/�24.3 9.4/9.9
OBB HB 332/�79.3 52 52 118 1.8 38.0/24.3 (VGP) 218/�24.3 3.3/3.4
OBB REV 110.4/72.6 4 3.9 51 13 218/�51 (VGP) 38/51 21/23
GODE 1 301/�59.7 11 11 243 2.9
GODE 2 311/�68.6 9 9 81 5.7
GODE HB 304.5/�63.8 20 19.8 90 3.5 23/51 (VGP) 203/�51 4.4/5.6
GODE NRM 314.1/�62.6 20 20 64 4.1

aMean declination and inclination.
bNumber of samples (for VGPs) or sites (for paleopoles).
cPrecision parameter according to Fisher [1953].
dPrecision parameter according to Fisher [1953].
eThe 95% cone of confidence according to Fisher [1953].
fPaleopole position according to dipole model (for north pole).
gSouth pole choice for VGPs.
hOvals of statistical confidence for VGPs.
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zero remanence because of its cryogenic Curie temperature
(below this temperature it is a ferrimagnet). If one does not
accept defect related contributions to the magnetism, we
would have to deal with either a phase of low net moment,
or a phase with high net moment but with cryogenic Curie
temperature [Carmichael, 1962; Ishikawa, 1962]. Our main
conclusive point is thus only that magnetite is not needed to

explain the unblocking temperatures. We will call this type
of grains magnetic carriers of type 1.
[31] The units OBB 3 and OBB 4 were completely

different with Hc50 in between 10 and 20 mT, and Tub50 at
�200�C (Figure 10 and Table 2). This strongly suggests
multidomain (MD) magnetite as remanence carrier, because
the interval 5–20 mT is lower than the assumed coercivity

Figure 11. Weak field susceptibility as function of temperature during heating in air between –192 and
700�C. (a)–(b) Sample OBB 7 from unit OBB L2, (c)–(d) OBB 16 from unit OBB L2, (e)–(f) GODE 3
from unit GODE 1, and (g)–(h) sample GODE 9 from unit GODE 2.
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due to magnetocrystalline anisotropy. The magnetocrystal-
line anisotropy puts a minimum value on the coercivity of
single-domain (SD) grains (in practice, it would be higher
due to shape anisotropy) [Dunlop and Özdemir, 1997], and
thus it follows that demagnetization must have been due to

domain wall translation during AF treatment. This is prob-
ably also reflected by low unblocking temperatures, that
were �350�C below the Curie temperature. Note that we
rely on Tub calculation with Method B for these sites. The
reasons were instabilities in the demagnetization curves and

Table 4. Bulk Rock Magnetic Parameters for the Obbhult and Gödestad Sites

Site
hci,a

SI 
 10�6
Minimum

ca
Maximum

ca
hNRMi,b
mA/m

hNRMi,c
mA/m

Min.
NRMb

Max.
NRMb hQid

Minimum
Qd

Maximum
Qd

OBB 1 1,100 6.9 3,200 2,200 2,200 320 4,400 480 25 1500
OBB 2g 4,600 250 8,900 9,800 9,800 2,000 13,000 230 8.4 1300
OBB 2Bf 2,900 290 8,700 16,000 16,000 12,000 20,000 480 42 1700
OBB 3 89,000 46,000 130,000 1,500 1,500 460 3,000 0.45 0.12 0.79
OBB 4 210,000 160,000 360,000 5,700 4,900 370 10,410 0.59 0.058 0.96
OBB 5 910 520 2,600 4,400 4,400 450 8,600 130 14 310
OBB 6 17,000 650 35,000 3,200 3,200 1,300 7,300 24 0.96 130
GODE 1 100,000 89,000 150,000 4,300 4,300 3,500 5,300 1.1 0.62 1.8
GODE 2 24,000 18,000 31,000 6,600 6,500 4,400 8,000 7.2 3.7 11

Geometric Meane

OBB 1 240 1,700 180
OBB 2g 3,000 8,500 71
OBB 2Bf 1,700 16,000 240
OBB 3 85,000 1,300 0.38
OBB 4 200,000 4,400 0.43
OBB 5 870 3,500 88
OBB 6 9,600 2,800 7.8
GODE 1 100,000 4,300 1.1
GODE 2 23,000 6,400 6.7

ahci denotes the mean value of volume susceptibility, and minimum c and maximum c are the range in c.
bhNRMi is used for intensity mean values, and minimum NRM and maximum NRM are for ranges.
cMean values of NRM according to equation (4).
dQ are mean values of Koenigsberger rations, and minimum Q and maximum Q are the ranges there of (geomagnetic field of 40.035 A/m assumed).
eGeometrical means are given instead of arithmetic.
fThe site was demagnetized with a Molspin magnetometer due to high NRM values.
gValues of NRM and Q affected by high intensity NRM samples measured in 2G-SQUID.

Figure 12. Weak field susceptibility, NRM intensity, and Koenigsberger ratio (Q) for all the samples.
The scale to the left is common for all these parameters, but the unit for susceptibility is SI 
 10�6, and
the unit for NRM is mA/m (Q is also read from the same scale, but it is dimensionless).
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possible laboratory-induced components at high demagne-
tization temperatures. Pure magnetite grains of the approx-
imate sizes 20–500 mm were also observed in the SEM,
which supports our domain state interpretation together with
the high-temperature susceptibility results. The grain sizes
and the formation mechanisms of MD magnetite grains
could be different in Gödestad and Obbhult, but because of
their characteristic magnetic behavior we will now refer to
them as type 2 carriers.
[32] Deviations from pure type 1 and type 2 behavior

occur. In the site OBB 3, samples could have Fr components
up to 20% (Figure 7b). These Fr components were fully
isolated from the type 2 remanences following demagneti-
zation at 40 mT, but they remained stable in direction and
intensity up to 150 mT. Their endpoint directions were steep
and directed toward north (we did not make statistics on
these endpoint directions because they were to few). This is
completely different when compared to the type 1 grains. In
the SEM, we observed pure hematite with few or no
ilmenite lamellae. These must be the carrier grains of the
stable Fr components (the endpoints), and thus the OBB 3
samples represent an intermediate variety, seemingly with a
physical mixture of type 1 and type 3 carriers. Type 3
magnetic grains do not dominate bulk magnetic properties
in any of the samples.
[33] Another deviation from the pure type 1 or 2 behav-

iors occurs in the site GODE 1. During AF demagnetization
there was demagnetization of a minor component with Hc at
10 mT, but after this there were no further changes of the
remanence intensity or direction. A counterpart was seen in
the intensity decreases at low temperatures during thermal
demagnetization (Figure 8d). Again, a physical mixture is
indicated but with type 1 (hematite-ilmenite) and 2 (MD
magnetite) carriers, not type 3. We also see the presence of
these components as small increases of the remanence in the
AF results of Figure 7d (note that its scale is less expanded
compared to Figures 7a and 7c). This increase is because
of the large angle between the remanence directions asso-
ciated with types 1 and 2 in site GODE 1. In Table 2 the
phenomenon manifests as a lower L (0.51) and Fch (0.60)
during thermal demagnetization, when we compare to the
sites with type 1 remanence only (remember it was the high-
blocking type 1 remanence which was used as ChRM). The
Fr values during AF demagnetization (0.80) were also the
lowest found for all sites with type 1 remanence. In
conclusion, we have seen rocks with type 1 magnetic
carriers only (OBB 1, OBB 2, OBB 2B, OBB 5, OBB 6
and GODE 2). We have seen rocks with major type 1 and
minor type 2 (GODE 1), rocks with minor type 3 and major
type 2 (OBB 3), and last we have seen rocks with type 2
only (OBB 4).
[34] Now, we can compare the demagnetization results

with values of NRM intensity c and Q for the different sites.
OBB 1, OBB 2B, OBB 5, and OBB 6 together with GODE
2 had the lowest susceptibilities and the highest Q values
(Figure 12 and Table 4). None of these sites had any type 2
(MD) remanence during demagnetization (MD magnetite).
GODE 1, which had 10–100 times higher c also had some
type 2 remanence but it was subordinate. OBB 3 had high
susceptibility and �20% type 3 (hematite) remanence at
maximum, the rest was dominated by type 2 behavior. OBB
4, however, which had even 2 times higher c than GODE 1

and OBB 3, only had remanence carriers of type 2. It is
clear that the proportion of demagnetized type 2 remanence
was correlated to the susceptibility. The susceptibility was
due to MD magnetite, because there was no Hopkinson
effect in the thermomagnetic curves. All this is consistent
because the coercivity spectrum of the type 2 grains also
indicated MD magnetite. The magnetite might not show up
at all or just a little during demagnetization, even though it
dominates the susceptibility completely. This is not only
due to the proportions between the types 1 and 2 grains, but
in deed also due to their respective relations between
susceptibility and remanence properties (MD magnetite is
an inefficient NRM carrier but has high susceptibility). For
those sites, which only had type 2 magnetic grains according
to demagnetization, we would expect a characteristic prop-
erty also with respect to the NRM susceptibility or Q values.
This also turned out to be the case. The mean Q values were
closer to 0.5 for the sites OBB 3 and OBB 4, which is
exactly the prediction for thermal remanent magnetization
(TRM) in MD magnetite [Stacey and Banerjee, 1974]
(Table 4). Furthermore, the much varying susceptibility
was not correlated to as much varying NRM intensities.
Therefore the main trends for Q were opposite to those for c:

Q ¼ jNRMj
c �Hgeo

ð5Þ

In equation (5), Hgeo represents the geomagnetic field. On
the basis of our petrographic descriptions and the findings
above, the susceptibilities must be due to combinations of
the contributions from MD magnetite hematite-ilmenite and
paramagnetic silicates, such as pyroxenes amphiboles and
biotite. Assuming low amounts of noninteracting magnetite
grains and no problematic correlations between grains sizes
and magnetite amounts, one may propose the following
equation for Q:

Q / jNRMMt þ NRMHemilmj
xMt 
 cMt þ xHemilm 
 cHemilm þ xpara 
 cpara

� �
Hgeo

ð6Þ

In equation (6), xMt, xHemilm and xpara denote the volume
concentrations of MD magnetite hematite-ilmenite and
paramagnetic minerals, respectively. The indexed c symbols
denote the susceptibilities of these minerals (using some
weighted average value for the paramagnetic phases). The
sites OBB 5 and OBB 6 together with GODE 2, and
particularly OBB 1 and OBB 2B have higher Q than the
other sites due to low or zero xMt in equation (6), enabling
the discussion of yet another interesting phenomenon, the
internal Q variation in sites OBB 1 and OBB 2B. These
contain extreme Q values, up to �1700. They could be due
to low values for the ratio xpara/xHemilm. The nominator is
not affected by xpara for instance, because the NRM is only
due to the hematite-ilmenite grains. The denominator on the
contrary, could be affected by varying paramagnetic
contents. If all the paramagnetic minerals were removed,
the Q value in equation (6) would start to approach the Q
value for a pure average hematite-ilmenite grain, which is
an unknown high number. To see if this is the case, one
must compare whole rock susceptibilities with the suscept-
ibilities for bulk pyroxene. If the bulk rock values turn out
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to be much lower than that, then the variation in Q will be
governed by the different depletion of paramagnetic
contents in the samples [Rochette, 1987]. This is definitely
consistent with the paramagnetic low-temperature suscept-
ibility curves shown in Figure 11. The mean susceptibility of
site OBB 1 was 1.1 
 10�3 SI or 0.24 
 10�3 SI (geometric
mean), but the lowest value (corresponding to the 1500 Q
sample of OBB 1) was 6.9 
 10�3 SI. That is only 4–6 per
mil of the bulk susceptibility for orthopyroxene [Hunt et al.,
1995]. This is in agreement with our microscopy observa-
tion that dark rock forming silicates were rare in OBB L1
and partly also in OBB L2 (Figure 3). The NRM intensities
themselves are indeed more geophysically important
compared to these variations in Q, but the distinct behavior
of the hematite-ilmenite grains, including their close to zero
contribution to c can be demonstrated this way with the site
OBB 1. The conclusions merely demonstrate the complex
rock magnetic properties of the granulites.

7.2. Origin of the Magnetic Phases

[35] The Fe-Ti oxideminerals in the Obbhult and Gödestad
samples demonstrate different textural relationships, and
there is also a marked variation in grain size from <30 mm
to >3000 mm for single grains. Four textural types can be seen
easily in thin sections. The most common one is more or less
irregularly shaped hematite with ilmenite exsolution lamel-
lae. The second is composite grains of magnetite and hema-
tite. In layers OBB L4 and OBB L5 furthermore, the Fe-Ti
oxides are to a large extent associated with corundum and
sapphirine and they occur in elongated metamorphic reac-
tion domains. The fourth textural type contains Fe-Ti
oxides, occurring as crystallographically oriented inclusions
mainly in orthopyroxene and sapphirine, and these may
have formed due to exsolution processes or as epitactic
grains. All rocks at Obbhult and Gödestad have been
metamorphosed at high temperatures, and even though clear
differences exist, it is less interesting to relate this to the
magnetic results. A preliminary study based on just a few
analyses indicated temperatures close to 800�C at pressures
around 0.7 GPa (C. Möller, personal communication, 2002).
The rocks are completely recrystallized and all silicate
minerals, possibly with exception of the coarse-grained
plagioclase in OBB L1, are of metamorphic origin. It is
very difficult to know to what extent the Fe-Ti oxides are
the result of the intense metamorphism or if any single
oxide crystals physically ‘‘survived’’ the metamorphism and
deformation. From a rock magnetic point of view it is clear
that the thermal overprint during the high-temperature
metamorphism must have erased any ‘‘memory’’ from
premetamorphic stages.

7.3. Age of the ChRM Components

[36] In order to understand how the NRM was formed it
is of interest to determine its age. The main purpose,
however, was not to determine the APW path but to tie
concepts related to regional geophysics and geology, to
those magnetic properties that could be of interest for
aeromagnetic anomalies. Therefore the discussion needs to
be short and strict but still helpful for such specific purposes.
[37] The uplift which caused cooling through 500–350�C

after the Sveconorwegian event occurred at 930 Ma, or
possibly in the interval 930–900 Ma. This is the time-

temperature interval of interest for paleomagnetism/rock
magnetism, and we are primarily concerned with the acqui-
sition of components OBB MEAN and GODE HB. There
has been some uncertainty concerning the Sveconorwegian
loop, which is seen as the approximate APW path outlined
in Figure 13. Walderhaug et al. [1999] denied the existence
of the loop due to the presence of a new pole from the
Hunnedalen dikes at its southern apex (Figure 13 and
Table 1). The Hunnedalen pole was assigned a relatively
young age of 850 Ma, and thereby the northward contin-
uation of the loop would be impossible. New Neoproter-
ozoic data from the sedimentary Visingsö formation
indicate, however, that the APW path still must approach
the equator at some time after the Sveconorwegian orogeny
[Lewandowski et al., 2004]. Pisarevsky and Bylund [2006]
furthermore, argued for a reestablishment of the loop. Our
data do not exclude any of the existing interpretations.
Regardless, there are several coeval poles that resemble
our, so we argue that the ages of OBB MEAN and GODE
HD is Sveconorwegian and that they are from the interval
900–950 Ma. Our poles, particularly the Gödestad pole are
also correlated to the Egersund-Ogna anorthosite pole from
southern Norway whose age was suggested to 950–900 Ma
[Brown and McEnroe, 2004]. We remind that there could be
some disturbance of the Obbhult pole due to late faulting (see
geophysical background in section 2).
[38] Walderhaug et al. [2007] argue that Sveconorwegian

granulites have high anisotropy, which has been indicated
by AMS measurements, and that this could cause deflec-
tions of the NRM. However, such an argument is indirect
because NRM and susceptibility are two different physical
entities. Moreover, in Obbhult there are mixtures of MD
magnetite and hematite-ilmenite of all proportions, but in
neither case a sample has had its susceptibility dominated
by hematite-ilmenite (which is the remanence carrier).
Susceptibility has always been due to MD magnetite except
where extreme Q values occurred. When this happened, the
susceptibility seemed to be due to paramagnetic phases such
as orthopyroxene. Therefore it seems that the AMS proper-
ties are uninteresting, at least in Obbhult and Gödestad.
[39] Generally, the investigation of rocks with regard to

magnetization age benefits from a large geographical spread
between sampled sites, but that is not the case with this
study. Here we rather deal with rocks containing magnetic
components of distinctively different blocking conditions
and the relations between them could form an argument for
their relative ages. These have become essential in the
discussion and a larger geographic sampling area would
therefore not be as helpful as in some other cases. Particu-
larly, Ar-Ar ages show regional variation. Once one type of
evidence is searched for other problems could appear, be-
cause geological events must not occur the same way in a
larger area, and now, this leads over to a discussion of the
OBB LB data.
[40] The component LB, which was found in sites OBB 3

and OBB 4 had the direction dec/inc 3.7�/60� and a paleo-
pole at plat/plong �74�/2�, whereas Bylund and Halvorsen
[1993] reported a Jurassic pole at plat./plong �69�/283�.
That pole corresponds to an age of 180 Ma; however, the
OBB LB pole is closer to the present magnetic South Pole,
and therefore it must be younger than Jurassic. Cederbom
[2002] discussed the possibility of a minor burial event
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during the Cretaceous-Paleogene in southern Sweden based
on her fission track data. The LB pole is possibly related to
this event. That is very much in agreement with the low Tub
values of the OBB LB component, which may suggest mild
blocking conditions or unpinning of multidomains due to
changed stress regimes. The declination of the OBB LB
component is somewhat shallower than the present field at
Obbhult and Gödestad (by �10�) indicating that it is not
entirely a viscous imprint of the present field.

7.4. Implications for the Origin of Local Anomalies

[41] Section 7.1 discussed different contents of magnetic
phases and the different proportions with which they
contribute to the remanence. The age of the high blocking
component, which was carried by hematite-ilmenite was
900–950 Ma whereas the component in MD magnetite
appeared to be Cretaceous. Since we know both the ages of
the components, as well as their directions and now also due
to our new classification method, their proportions in the
samples, we will be able to support the discussion differ-
ently compared to previous studies. In a longer perspective
such methods may answer critical questions about how
magnetic anomalies arise (compare Figure 14).
[42] We shall now start our discussion of the OBB sites.

One must bear in mind that the angle between the present
field and the NRM components of sites OBB 3 and OBB 4
is small (�10�), whereas for all other sites it was 130–150�.
The angles were estimated from the NRM directions in

Table 3 and the value for the present inclination (�70�). The
effects, which the varying magnetic properties could have
on the anomaly, will depend both on these angles and the
proportions of induced versus remanent magnetization. In
Obbhult we got different results from granulites of different
compositions. Five of the seven sites in Obbhult (OBB 1,
OBB 2B, OBB 5, and OBB 6) gave completely remanence-
dominated results with the high-angle 150� between the
NRM and the present field, and this is combined with NRM

Figure 13. Paleopoles for the time interval shortly before, during, and shortly after the Sveconorwegian
orogeny. The marked cluster at plat 0�, plong �150� corresponds to the Saatakunta Igneous Complex in
Finland and the Central Swedish Dolerite Group (CSDG). The marked cluster at plat �30�, plong �190�
corresponds to Neoproterozoic poles from sedimentary rocks at the Varanger and Kola peninsulas. All the
poles plotted here are also listed in Table 1.

Figure 14. NRM intensity in (open bars), and induced
magnetization (solid bars). The values are geometric mean
values calculated from individual values for each sample
within a site. The error bars show standard deviations.
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intensities between 6 and 40% of the geomagnetic field. The
magnetization from these rock units must contribute to the
attenuation of the geomagnetic field at least for the OBB
sites that are located in the middle of the GOA.
[43] With our new method for determination of Fch we

have proven that the magnetization, which was used to
calculate the paleopole in Figure 13, constitutes 70–80% of
the total remanence (Table 2). So, it is evident that 70–80%
of the NRM in Figure 14 is Sveconorwegian, and the
geophysical property, which could contribute to the GOA
is hence also Sveconorwegian. However, both OBB 3 and
OBB 4 have induced fields parallel to the geomagnetic field
comparable in magnitude to the NRM components in some
of the HB dominated sites. OBB 4 had a total magnetization
corresponding to �15% of the geomagnetic field (induced
plus remanent). This magnetic contribution is nearly parallel
to the geomagnetic field. It seems that the granulites from the
GOA represent extreme opposites with respect to geophys-
ical behavior. The presence of such rocks might explain
the sharp peaks of small positive anomalies (positive
relative to the GOA itself but not relative to the regional
field) (Figures 2c–2e). The total volume of these rocks in
Obbhult, however, was smaller compared to the rocks with
strong Sveconorwegian remanence and negative inclina-
tions. In Table 4, we gave not only conventional mean
NRM intensities but also, intensity values calculated by
vector addition. Analogously with this it is possible to
calculate a vector based mean intensity and direction for
the OBB sites including both MD magnetite and hematite-
ilmenite dominated rocks (equation (4)). Doing so, we
arrived at a mean magnetization of 3.5 A/m in the direction
336/�74. Adding also vector mean induced components the
result will be 1.65 A/m but the direction changes with less
than 1�.
[44] A different pattern was seen in Gödestad due to the

metamorphic retrogression, which has led to a much more
amphibole rich and garnet depleted rock locally (GODE 1).
Gödestad is situated outside the GOA, which might have
been missed in previous publications [McEnroe et al., 2001].
It is not possible to use the data presented here to make
models of the geomagnetic variations, but nevertheless it is
essential to make a first attempt to characterize the surround-
ings of the GOA in terms of rock magnetic properties in order
to indicate why the whole anomaly occurs.
[45] In Gödestad, we obtained Sveconorwegian ChRM

with Fch ratios of 60 and 80% for GODE 1 and GODE 2,
respectively. When it comes to GODE 2 the picture is
simply the same as for OBB 1, OBB 2B, OBB 5, and
OBB 6. GODE 2 type granulites could only have a
canceling effect on the geomagnetic field, whereas the
retrogressed GODE 1 must be nearly indifferent in this
respect (Figure 14). The induced magnetization is of the
same magnitude as the NRM, but their directions are almost
opposite (130�). Thus it seems that the retrogressive meta-
morphism has altered the oxide mineral compositions to
give a rock, which contributes much less or nothing to the
GOA anomaly. However, this is also dependent on the
today’s situation with Sveconorwegian ChRM directions
combined with the induced field directions. That is consis-
tent with the lower Fch value for the Sveconorwegian ChRM
(60% compared to 80% for GODE 2). We identified the
breakdown of garnet with subsequent formation of magne-

tite during the metamorphic retrogression in GODE 1
(section 4). That is probably one part of the explanation.
However, the amount relations between magnetite and
hematite-ilmenite were likely also affected by crystallization
of amphibole, which can contain more titanium compared to
orthopyroxene and clinopyroxene. This reaction has likely
favored magnetite on the expense of hematite-ilmenite.
[46] Eventually, two factors/processes have been identi-

fied, that diminish the effect of the strong and stable
Sveconorwegian remanence in the area. The first is the
presence of minor units of differing bulk composition with
high amounts of MD magnetite (OBB 4 which is an Al-
enriched variety and OBB 3). The second factor is retro-
gression of granulite to amphibolite (GODE 2 becomes
GODE 1 type). We still argue that the GOA is due to the
strong Sveconorwegian ChRM, but the total picture and
internal variations were more complex than previously
believed. Last we point out that the GOA anomaly is
�5 km wide and 20 km long. The width 5 km is quite
small compared to what would be expected if it originated at
lower or mid levels in the crust. Therefore this particular
anomaly cannot provide evidence of deep-seated anomalies,
for instance, on Mars [cf. Robinson et al., 2002].

8. Conclusions

[47] 1. Two new methods were defined to calculate
paleomagnetic unblocking data. The A method is based
on subdivision of the vector difference sum in 25, 50, and
75% quartiles. The B method consists of the calculation of
median destructive fields (MDF), but not only 50% were
calculated, also 25 and 75% values.
[48] 2. The A and B methods were successfully applied to

characterize rock magnetic properties of granulites. The A
method was successfully applied to components associated
with exsolved hematite-ilmenite, but the B method was
needed for components associated with MD magnetite
because of unstable behavior.
[49] 3. Magnetic properties of rocks in and around the

GOA are due to different proportions of exsolved hematite-
ilmenite combined with MD magnetite, but the exsolved
hematite-ilmenite causes the negative aeromagnetic anomaly.
[50] 4. In Gödestad, there were NRMs with 60–80%

hematite-ilmenite contributions, and in Obbhult, there were
NRMs 0–80% hematite-ilmenite contributions. The paleo-
poles mentioned under 6.) (below) were calculated from sites
all having 60% or more hematite-ilmenite components. This
gives quantitative assignment of ages to partial components.
[51] 5. Unblocking characteristics were as follows:

Exsolved hematite-ilmenite dominated samples had all Tub
quartiles (Tub25–Tub75) between 540 and 595�C, and Hc25-
Hc75 values much in excess of 150 mT. MD magnetite had
Tub values between 60 and 430�C and Hc values between 6
and 45 mT. The results thus represent a situation of no
overlap between partial components.
[52] 6. Comparison between demagnetized MD magnetite

content and bulk susceptibility could be made. About 40%
MD magnetite corresponded to susceptibilities high enough
to make the induced magnetization comparable in magnitude
to the NRM (they were due to MD magnetite in almost all
samples). The directions of the induced and remanent mag-
netizations were almost opposite (separated by 130–150�).
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[53] 7. In Gödestad the proportion of MD magnetite
increases with increased retrograde metamorphism. In
Obbhult, there were more varying proportions but due to
different bulk compositions instead. Altogether, this implies
a more complex/varied origin for the GOA compared to
previous models.
[54] 8. Three poles were reported: (1) plat/plong (218�/

�24.3�) with Dp/Dm equal to (9.4�/9.9�) based on four sites
in Obbhult (paleopole), (2) plat/plong (203�/�51�) with Dp/
Dm equal to (4.4�/5.6�) based on two sites in Gödestad (VGP)
(both of these are uplift poles associated with hematite-
ilmenite, and their approximate age is 930 Ma), and (3) plat/
plong 2�/�74� with Dp/Dm equal to 11�/14�. This pole was
based on sites from Obbhult with abundant MD magnetite.
Its age is less certain, possibly regarded as a maximum age,
but it is most likely Cretaceous-Paleogene.
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