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NL
Samenvatting
Het aardmagnetisch veld, dat opgewekt wordt in de vloeibare buitenkern
van de aarde, is van groot belang voor ons. Het kan niet alleen gebruikt
worden voor navigatie, maar het beschermt ons ook tegen schadelijke
straling uit de ruimte. Zonder het aardmagnetisch veld zou er geen leven op
aarde mogelijk zijn. Het beschermt ook onze elektronische apparatuur. Zo
ondervinden satellieten in een baan om de aarde meer verstoringen
wanneer ze over de zogeheten ‘Zuid-Atlantische Anomalie’, een plek waar
het veld zwakker is, vliegen. Het aardmagnetisch veld is echter niet stabiel:
de polen verplaatsen zich continu en wisselen soms zelfs van positie
(poolomkeringen) en ook de intensiteit van het veld verandert. Deze neemt
al een paar honderd jaar af in sterkte, wat volgens sommige onderzoekers
zou kunnen wijzen op een naderende poolomkering.
Om het aardmagnetisch veld en hoe het wordt opgewekt beter te
begrijpen, hebben we meer informatie nodig over hoe het zich in het
verleden gedroeg. Dit kunnen we achterhalen door middel van metingen
aan sedimentaire en vulkanische gesteenten die het aardmagnetisch veld op
het moment van neerslaan dan wel afkoelen hebben opgeslagen. Ook
archeologische voorwerpen zoals ovens, potten en bakstenen kunnen
hiervoor gebruikt worden.
Met name de intensiteit van het veld in het verleden, de zogeheten
paleointensiteit, is echter bijzonder moeilijk betrouwbaar te bepalen omdat
de eigenschappen van de gesteenten dit niet goed mogelijk maken. De
verhittingstappen waarmee veel methoden gepaard gaan, zorgen ervoor dat
veel gesteentemonsters tijdens de meting veranderen. Doordat maar weinig
meetresultaten voldoen aan de gangbare betrouwbaarheidscriteria (vaak
maar 10-20%), is er een groot gebrek aan data over deze paleointensiteit.
In dit proefschrift worden verschillende paleointensiteitsmethodieken
tegelijk toegepast op vulkanische stenen. Omdat de verschillende methodes
elk op andere principes berusten, kan het zijn dat wanneer één bepaalde
methode niet werkt, een andere methode dat wel doet. De kans op succes
wordt hierdoor dus groter. Voor monsters waarop meerdere methoden
werken, biedt deze aanpak een extra betrouwbaarheidstest doordat de
resultaten met elkaar vergeleken kunnen worden.
7

Om echt wat te hebben aan deze paleomagnetische richtingen en
intensiteiten is nog een derde aspect van belang: de ouderdom van de
gebruikte vulkanische stenen. Met behulp van radioactief verval van
isotopen kunnen deze gedateerd worden; bekende radioactieve isotopen
zijn 14C voor koolstofdatering en 40K voor K/Ar- of 40Ar/39Ar-datering. Voor
geologisch jonge gesteenten tot ca. 50.000 jaar en archeologische objecten is
koolstofdatering erg geschikt, aangenomen dat er verkoold materiaal
aanwezig is, bijvoorbeeld van bomen, dat direct met de lavastroom
geassocieerd kan worden. Voor oudere gesteenten is de K/Ar- of 40Ar/39Armethode geschikt. Door de lange halfwaardetijd van 40K van ca. 1,25 miljard
jaar is het echter moeilijk om nauwkeurige leeftijden te bepalen voor
geologisch jonge gesteenten, omdat er dan nog maar weinig 40K vervallen is
tot 40Ar. De ThermoFisher Helix multi-collector massaspectrometer die een
aantal jaar geleden op de Vrije Universiteit in Amsterdam geïnstalleerd is,
zou door zijn hoge resolutie de nauwkeurigheid van dit soort metingen
moeten kunnen verbeteren, omdat de hoeveelheid 36Ar, die gebruikt wordt
om te corrigeren voor 40Ar afkomstig uit lucht in plaats van radioactief
verval, preciezer bepaald kan worden.
Deel I van dit proefschrift bestaat uit een introductie in paleomagnetisme
en 40Ar/39Ar-datering. Hoofdstuk 1 gaat in op het aardmagnetisch veld, hoe
het opgewekt wordt en waarom het zo belangrijk voor ons is. Tevens wordt
in dit hoofdstuk beschreven hoe paleomagnetische richtingen en
intensiteiten gemeten kunnen worden en wat de theorie erachter is.
Hoofdstuk 2 geeft vervolgens een introductie in K/Ar- en 40Ar/39Ardatering, de theorie ervan, en de problemen die men tegen kan komen.
Deel II bestaat uit twee methodologische hoofdstukken, die ingaan op
verschillende methoden om de intensiteit van het aardmagnetisch veld in
het verleden te bepalen volgens de nieuwste inzichten. In Hoofdstuk 3
worden drie verschillende methoden toegepast op recente lava’s van La
Palma, een van de Canarische Eilanden. Voor deze jonge lava’s is bekend
hoe sterk het aardmagnetisch veld was op het moment dat de lava’s
uitvloeiden, dus kunnen de resultaten direct vergeleken worden met de
echte paleointensiteitswaarde. In Hoofdstuk 4 wordt een software tool
beschreven om paleointensiteitsdata verkregen met de zogeheten
‘multispecimenmethode’ te analyseren. Ook deel III van het proefschrift is
methodologisch: Hoofdstuk 5 gaat in op de ThermoFisher Helix MC
massaspectrometer. Het testen van en het vervolgens echt werken met dit
apparaat was een onderdeel van mijn promotieonderzoek, evenals het
schrijven van software om de data-analyse te vergemakkelijken.
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In deel IV, tot slot, worden de methoden die in de voorgaande
hoofdstukken besproken zijn, toegepast op vulkanische stenen uit drie
gebieden in Europa: de Etna (Sicilië, Italië; Hoofdstuk 6), El Hierro
(Canarische Eilanden, Spanje; Hoofdstuk 7) en de Eifel (Duitsland;
Hoofdstuk 8). Op deze locaties zijn respectievelijk 25, 28 en 12 lava’s
bemonsterd. Voor al deze lava’s zijn enkele belangrijke eigenschappen
bepaald en is getracht de richting en intensiteit die het aardmagnetisch veld
had op het moment van de vulkaanuitbarsting te vast te stellen. In totaal
kon voor 82% van de lava’s (voor de Eifel zelfs 100%) een betrouwbare
paleointensiteitswaarde bepaald worden. De verkregen waarden zijn over
het algemeen aan de lage kant vergeleken met het huidige veld, maar zijn in
overeenstemming met de gemiddelde intensiteit sinds de laatste ompoling,
780.000 jaar geleden. Helaas lukte het niet om nieuwe 40Ar/39Ar-dateringen
voor El Hierro te vergaren vanwege de aanwezigheid van hoge
concentraties methaan in de monsters.

9
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Summary
The Earth’s magnetic field is generated in the liquid outer core of our
planet. Apart from being useful for navigation purposes, it also acts as a
shield against harmful radiation from space. Without it, life on Earth would
not be possible. It also protects our electronic equipment. Satellites in orbit
around Earth experience significantly more malfunctions when crossing the
so-called ‘South Atlantic Anomaly’, where the field is relatively weak.
However, the geomagnetic field is not stable: its poles continually move
around and sometimes even swap positions (geomagnetic reversals) and its
intensity varies. This intensity has been decreasing for the past few hundred
years, which according to some researchers may be a sign of an impending
reversal.
In order to gain a better understanding of the present-day field and how
it’s generated, we need more information on how it behaved in the past.
This information can be obtained using sedimentary and volcanic rocks, as
well as archaeological artefacts, which store the field as it was on the
moment of deposition (sediments) or cooling (lavas and archaeological
artefacts).
However, while it is fairly straightforward to obtain data on the past
direction of the Earth’s magnetic field, it is much more difficult to obtain
reliable data on its intensity. Most palaeointensity methods involve several
heating steps, which often induce alteration in the rock samples. This
alteration, as well as other characteristics of the used rock samples, causes
many samples to fail commonly used reliability criteria. Success rates are
often in the range of 10 to 20%. As a result, there is a lack of data on the past
intensity of the geomagnetic field.
During my PhD project, I used a ‘multi-method approach’ to determine
reliable palaeointensity data. Depending on the sampling location, three to
four different palaeointensity methods were used. Because they are all
based on different principles, it is possible that if one method does not
work, one or more of the others do, thus increasing the (usually very low)
success rates. Furthermore, if more than one method works on the same site,
consistency between their results provides an additional reliability criterion.
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For these palaeomagnetic directions and intensities to be truly useful, we
also need precise and accurate ages for the volcanic rocks used in these
experiments. These can be obtained from the radioactive decay of isotopes
such as 14C (radiocarbon dating) or 40K (K/Ar or 40Ar/39Ar dating).
Radiocarbon dating is suitable for dating younger (< 50,000 years) rocks,
but it requires the presence of charcoal fragments of e.g. trees that are
unambiguously related to the overlying lava flow. For older rocks, the K/Ar
or 40Ar/39Ar method can be used. Due to 40K’s long half-life (c. 1.25 billion
years), however, it is difficult to obtain precise ages for young rocks,
because very little 40K will have decayed to 40Ar. The ThermoFisher Helix
multi-collector mass spectrometer that was installed at the Vrije Universiteit
Amsterdam a few years ago, should enable us to improve these ages. Due to
its high resolution, the amount of 36Ar and therefore the amount of 40Ar of
atmospheric rather than radiogenic origin can be determined more
precisely.
Part I of this thesis consists of an introduction to palaeomagnetism and
dating. Chapter 1 is about the Earth’s magnetic field and why it is
important to us. Additionally, it describes various methods to determine the

40Ar/ 39Ar

past direction and intensity of the field, as well as the underlying theory.
Chapter 2 is an introduction to radio-isotope dating and more specifically
K/Ar and 40Ar/39Ar dating. It describes the underlying theory and the
difficulties one might encounter.
Part II and III consist of methodological chapters. In Chapter 3, three
different palaeointensity methods were applied to recent lavas from La
Palma, one of the Canary Islands. The obtained values were compared to
each other and to the known field intensity at the time of the eruption.
Chapter 4 describes MSP-Tool, a software tool that can be uses to analyse
data obtained using the so-called ‘multispecimen protocol’ for
palaeointensity determination. Chapter 5 is about the ThermoFisher Helix
MC multi-collector mass spectrometer. Testing this machine and conducting
measurements on it, as well as writing software to facilitate data analysis,
was part of my PhD research.
Finally, in part IV the methods described in the previous chapters are
applied to volcanic rocks from three regions in Europe: Mt Etna (Sicily, Italy;
Chapter 6), El Hierro (Canary Islands, Spain; Chapter 7) and the Eifel
(Germany; Chapter 8). At these locations 25, 28 and 12 lava flows were
sampled, respectively. For each of these flows some important rock
magnetic characteristics were determined before attempting to obtain the
direction and intensity of the geomagnetic field at the time of the eruption.
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Summary
By using multiple palaeointensity methods, combined with strict selection
criteria, it was possible to determine reliable palaeointensity data for 82% of
these flows (100% for the Eifel). The obtained values are somewhat low
compared to the present-day field, but are in agreement with the average
intensity since the last reversal, 780,000 years ago. Unfortunately, attempts
to obtain new 40Ar/39Ar ages for El Hierro were unsuccessful due to the
presence of high concentrations of methane in the samples.

13
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I
Introduction

1
Introduction to palaeomagnetism

1.1 Earth’s magnetic field
Palaeomagnetism, as the name suggests, is
the study of the Earth's magnetic field in
the past. This field is generated by the
movement of conducting fluids in the
liquid outer core of our planet. This process
is referred to as the ‘geodynamo’. The
geomagnetic field is very important, as it
shields us from harmful radiation from
space by deflecting most of the solar wind.
On Mars, which does not have a magnetic
field anymore, most of its atmosphere was
stripped away by this wind. In short, life
on Earth would not be possible without its
magnetic field.

Figure 1.1. The Earth’s magnetic field can be approximated
by a dipole with a north and
south pole. From a physical
point of view, the magnetic pole
located near the north geographic pole is actually the
south pole. The angle between
the two is c. 12°. The true magnetic poles are not antipodal.

The field, however, is not stable. The
north and south poles are migrate
continuously and sometimes even swap
places completely, an event referred to as a
‘geomagnetic reversal’. The less extreme
version of this is a ‘geomagnetic excursion’, when the poles move towards
the equator or further, but return to their original positions close to the
geographical poles within a few thousand years. A geomagnetic reversal
fortunately would not have quite such dramatic effects as disaster movies
like 2012 would like people to think. These processes generally take
thousands of years and would not result in sudden massive earthquakes,
plate movements or supervolcano eruptions.
A change in field intensity, however, could be more problematic. The
field does not only protect us against radiation from space, but also our
electronic equipment. For example, when a severe solar storm hit Earth in
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March 1989, the power grid in parts of Canada went offline after several
circuit breakers tripped, resulting in a blackout in Quebec that lasted nine
hours. A solar storm of the intensity of the Carrington Event (1859) would
cause more wide-spread problems. Furthermore, satellites in orbit around
Earth experience significantly more problems when passing over the South
Atlantic Anomaly, a region located over South America and the South
Atlantic where the field is relatively weak.
For the past few hundred years, the intensity of the geomagnetic field
has been decreasing, as evidenced by the instrumental record. If this
decrease persists, the geomagnetic field’s shielding capacity would also
diminish, which would increase the likelihood of satellite malfunctions and
power outages such as the one in Canada. Some people believe that the
current decrease in field intensity could be a precursor of an imminent
geomagnetic reversal. On the other hand it could also be a temporary
fluctuation.
In order to gain a better understanding of the present-day field, it is
important to learn more about its behaviour in the past. Fortunately, the
direction and (to a certain extent) the intensity of the past field are

Figure 1.2. The virtual axial dipole moment (VADM) of the geomagnetic field over the
past 12,000 years (BP: Before Present). Will it bounce back (green) or are we heading for
a reversal, as some people think (blue)? Figure adapted from Knudsen et al. (2008). The
grey band is the uncertainty interval. For more recent periods, when more data are
available, this uncertainty is much smaller.
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preserved in sedimentary and volcanic rocks, and in archaeological
materials. In sedimentary rocks, some of the magnetic grains align
themselves with the ambient geomagnetic field at the moment of
deposition, resulting in a small remanent magnetisation. As sediments are
deposited layer by layer, however, this record is by its nature ‘smeared out’:
a standard-sized sample (1-inch diameter and 1-inch height) represents the
average field of a period that can be as long as several thousands of years.
On the other hand, sedimentary deposits also represent continuous
records that can span millions of years. Such data have several applications.
They can, for example, be used to reconstruct the movement of tectonic
plates, as the time-averaged magnetic field can be approximated by a dipole
in the centre of the Earth, which is aligned along Earth’s rotation axis (the
geocentric axial dipole or GAD hypothesis). At the equator the field is
horizontal, whereas it is vertical at the poles. This relation between the
latitude (the position relative to the equator) of a site and the expected
inclination (the angle relative to the horizontal plane) of the geomagnetic
field at that location is described by the dipole equation:

tan I = 2 tan λ
where I is the inclination of the field and λ the latitude of the site. Using
this relation, the latitude of a continent can be reconstructed for the period
spanned by the sedimentary record. Furthermore, by looking at the
movement of the poles relative to continents (which can be caused by
movement of the poles, continental drift or a combination of both), the
formation and break-up of supercontinents such as Pangaea can be traced. If
two continents were connected during a certain period, palaeomagnetic
data will show the same relative movement of the poles.
In order to study processes deep inside the Earth, such as the
geodynamo, however, we need information on short-term variations of the
field, information that ‘smeared out’ sedimentary records cannot provide.
For such ’snapshots’ of the field we have to rely on different recorders, such
as volcanic rocks and archaeological artefacts. Volcanic rocks record the
geomagnetic field of the moment they cooled down after the eruption,
whereas archaeological materials — such as pottery or kilns — record the
field at the time they were last heated. Archaeological artefacts, due to their
composition, are very suitable for palaeomagnetic measurements and in
particular often yield very good palaeointensity data. Their obvious
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oriented towards the geographical north pole
and those oriented towards the geographical
south pole. This barcode can be used to date
sedimentary sections, by matching the
geomagnetic reversals they record lto the
known pattern of reversals based on oceanic
rocks (Figure 1.3).
The main focus of this thesis, however, is
on generating full-vector data of the Earth’s
magnetic field that can be used to gain a better
understanding of the past variability of the
geomagnetic field, as well as the generation
and workings of the geodynamo. The next two
sections will discuss the first two components
of those full-vector records: palaeomagnetic
directions and intensity data, and how to
obtain them.
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same geomagnetic polarity
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(Elsevier, 2012).

Introduction to palaeomagnetism

1.2 Palaeomagnetic directions
It is relatively straightforward to obtain the direction of the past
geomagnetic field, especially for volcanic rocks. We take samples by drilling
cylindrical cores from a rock using a petrol-powered or electric drill with a
diamond-tipped, hollow drill bit (Figure 1.4a). When these samples are still
attached to the rock of the outcrop, their orientations are determined using
a compass and an inclinometer (Figure 1.4b). The samples are marked and
numbered (Figure 1.4c) and their orientations, as well as their GPS
locations, are noted down in a field book or its electronic version, a ‘field
tablet’. In the laboratory the direction of the magnetisation of the rock
relative to the orientation arrow can then be measured. Because we know
how the sample was originally oriented, we can convert this measured
magnetisation to a palaeomagnetic direction, i.e. the direction of the
magnetic field at the time of the eruption (lavas) or deposition (sediments).
In the case of sediments, it is often necessary to correct for bedding tilt.
We describe this palaeomagnetic direction using two coordinates. The
first is the declination: the angle between the field and true north. The
second is the inclination: the angle between the field and the horizontal
plane. These two coordinates can be determined from a so called Zijderveld
diagram (see Figure 1.5a,b). In such a diagram the east-west (filled dots) and
vertical components (open dots) of the magnetisation are plotted against the
north-south component. These two projections share the y-axis (Figure
1.5a,b). As the geomagnetic poles are usually located near the geographic
poles, you would expect to find a declination close to 0° (or 360°). Similarly,
as discussed earlier, you would expect the field to be close to horizontal

Figure 1.4. From left to right: a) Sampling a lava flow using a converted chainsaw at El
Hierro,
o, Canary Islands (October 2013); b) BSc student Jaap Langemeijer orienting a
core
e in the East Eifel, Germany; c) A core with orientation arrow and sample code RZ-8
(core 8 from
om Etna site Randazzo) and sample 4-16B from
from La Palma.
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near the equator and close to vertical near the poles, i.e. the inclination
increases when you move from the equator to the poles.
Palaeomagnetic directions are determined by demagnetising samples
step by step and measuring their magnetisation after each step. This can be
done by heating the samples to progressively higher temperatures in a fieldfree oven or by subjecting the samples to alternating fields of increasing
strength, also in a field-free space. The reason for this approach is that a
rock may not always completely retain its original magnetisation (its
natural remanent magnetisation or NRM). Part of its magnetic grains may
have been remagnetised at a later time, in a different field. This may happen
when a rock is heated during the eruption of the overlying lava flow or
heated in the sun (the topmost cm or so only). Nearby lightning strikes can
also result in partial or complete remagnetisation. Such a partial
remagnetisation is called an overprint (see Figure 1.5b). It is assumed that
the part of the samples NRM that is most difficult to demagnetise is also the
most difficult to remagnetise and thus yields the true direction of the field
at the time of the eruption.
a)

b)

Figure 1.5. Two examples of Zijderveld diagrams, showing the declination (filled dots)
Figur
and inclination (open dots). The north-south component is plotted on the horizontal axis
and the east-west (declination) and vertical (inclination) components on the vertical axis.
a) For this specimen from the Eifel (Germany) the direction of the measured
magnetisation does not change appreciably when demagnetising the specimen. b) This
specimen from Mt Etna (Sicily, Italy) has been partially remagnetised at a later time.
After the first six demagnetisation steps, the declination and inclination remain the
same.
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1.3 Palaeointensities
Two types of palaeointensity data can be distinguished: relative and absolute.
Relative palaeointensities can be obtained from, for example, sedimentary
sections and tell us only if the field was stronger or weaker compared to
other samples from the same section or core. Volcanic rocks and
archaeological artefacts, on the other hand, can be used to obtain absolute
palaeointensity data: the actual intensity of the field in microteslas (µT).
The reason we can obtain absolute data from volcanic rocks and
archaeological artefacts, but not from sediments, lies in the way they gain
their magnetisation. Lavas and pottery become magnetised when cooling
down, a thermoremanent magnetisation (TRM). The magnetisation of
sediments, on the other hand, is what we call a detrital remanent
magnetisation (DRM). We can replicate the process by which lavas and
pottery gained their original magnetisation simply by heating them in a
known magnetic field, but we cannot replicate the deposition and
compaction of sediments.
All absolute palaeointensity methods rely on the principle that for low (<
100 µT) fields such as the Earth’s, the magnetisation M is approximately
linearly related to the inducing field H:
M ≃ αH
where α is a constant of proportionality. If we then replicate the process in
which the volcanic rock gained its magnetisation by heating it in a
laboratory field Hlab that we do know and measure its magnetisation again,
we are able to calculate the intensity of the ancient field, assuming that the
constant of proportionality α has not changed (Figure 1.6, left and middle):

Hanc = Hlab

Manc
Mlab

Unfortunately, it is not quite that straightforward, as many rocks do not
behave in an ideal way, as illustrated in Figure 1.6, right. For example,
heating may induce chemical alteration, which basically means you are not
looking at the same rock anymore. Furthermore, it is assumed that the
sample consist of non-interacting single-domain (SD) magnetic particles.
This, however, is rarely the case. For SD grains, their unblocking temperature,
the temperature at which it loses its magnetisation and starts tracking the
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ambient field, is the same as their blocking temperature, the temperature at
which a magnetisation is ‘locked in’. For multi-domain (MD) grains these
temperatures may be different. As a result of this discrepancy, it is possible
that the new partial thermoremanent magnetisation (pTRM) is less efficient
than the original NRM, or, adversely, that the pTRM may ‘seep through’ to
grains that should not have been remagnetised at that temperature. These
effects are called tail effects.

Figure 1.6. Left: a sample has obtained its natural remanent magnetisation (NRM; grey)
in an unknown palaeofield (Hanc). Middle: by heating a volcanic rock in a known field in
the laboratory, part of its NRM is replaced by a partial thermoremanent magnetisation
(pTRM; blue), depending on the unblocking temperature Tunblock at which grains lose
their magnetisation and start tracking the field. Right: Non-ideal effects may influence
the measurement. Heating may induce alteration or the pTRM may be less effective
than the original magnetisation or, adversely, remagnetise parts of the sample it should
not. The blocking temperature Tblock is the temperature at which a magnetisation is
‘locked in’ by a grain. For MD particles, this temperature need not be the same as the
unblocking temperature.

1.3.1 Thellier-style experiments
The oldest palaeointensity method is the classic Thellier-Thellier method
(Thellier and Thellier, 1959). In this method, the specimens’ NRMs are
stepwise replaced by a pTRM by heating them to progressively higher
temperatures in a known laboratory field. In the original protocol, samples
are heated twice for every temperature step in fields that are antiparallel to
each other. This was mainly done because at that time it was difficult to
create a field-free environment in the oven.
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By vector addition and
subtraction,
the
NRM
remaining and the pTRM
the sample gained during
each
step
can
be
determined.
For each
temperature step, these are
plotted against each other
in a so-called Arai plot
(Figure 1.7). Ideally, this
plot shows a straight line.
If the slope of this line is
more than 1, the total
amount of pTRM gained is
less than the original NRM
and therefore the used
laboratory field is lower
than the ancient field. Vice

Figure 1.7. Example of an Arai plot including
pTRM checks. The amount of pTRM gained when
the specimen has been completely remagnetised is
slightly less than 1, which means the used
laboratory field was slightly lower than the
palaeofield.

versa, a slope of less than 1 means that the used laboratory field was larger
than the ancient field.
Over the past decades, several additions to and improvements on this
method have been proposed, such as the the Coe protocol (Coe, 1967) in
which the specimens are first heated to each temperature in zero field and
then in a known laboratory field. In the Aitken protocol (Aitken et al., 1988)
the order is reversed: the protocol starts with an in-field step, followed by a
zero-field step. The IZZI protocol (e.g. Yu et al., 2004) is a combination of
these two and alternates between zero-field/in-field and in-field/zero-field
temperature steps. Furthermore, several ways to check for undesirable
behaviour have been introduced. In so-called ‘pTRM checks’ (Coe, 1968),
lower-temperature in-field steps are repeated to check whether the sample’s
capacity to gain a pTRM has changed or, in other words, whether it has
undergone chemical alteration since the original temperature step. In
‘pTRM tail checks’ (Riisager and Riisager, 2001), on the other hand, zerofield steps are repeated to check whether an induced pTRM has completely
been demagnetised by heating the specimen to the same temperature. These
checks can be incorporated in the IZZI protocol, as illustrated in Figure 1.8.
Because most samples are not ideal, many of them fail these criteria, which
means success rates are generally low (often < 20%). Additionally, even with
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Figure 1.8. The IZZI protocol, showing zero-field (ZF) and in-field (IF) steps, as well as
pTRM checks (PC) and pTRM tail checks (TC). Ideally, the pTRM gained in pTRM check 1
(PC1) is the same as that gained in in-field step 1 (IF1). Similarly, the pTRM gained in infield step 3 (IF3) should be completely demagnetised by heating to the same
temperature in zero field. Zero-field step 3 (ZF3) should therefore be the same as tail
check 3 (TC3). In practice, often ten or more temperature steps are used.

these selection criteria it is often difficult to distinguish between reliable
and unreliable results.
As heating may induce alteration, other ways of demagnetising and
remagnetising the specimens have been explored. In the microwave method
(Walton et al., 1996; Hill and Shaw, 1999) samples are demagnetised by
subjecting them to a high-frequency electromagnetic field rather than by
heating them in an oven. Because the microwaves demagnetise the sample
by directly affecting the magnetic spin system using ferrimagnetic
resonance, the sample as a whole should experience less heating.
Furthermore, the microwaves are applied for a very short time (usually 10 s)
compared to heating/cooling times in an oven, which are in the order of
one hour. The risk and amount of alteration should therefore be reduced
compared to the original Thellier-Thellier protocol. The set-up required for
the microwave system is fairly complex; the only two microwave systems in
use are located in the United Kingdom and Mexico.
Specimens can also be demagnetised by subjecting them to increasing
alternating fields. As the anhysteretic remanent magnetisation (ARM)
imparted in the specimens is different from the TRM they gained in nature,
the resulting palaeointensity is inherently relative. For that reason, this
‘pseudo-Thellier method’ (Tauxe et al., 1995) was originally used to obtain
continuous relative palaeointensity records from sediments. De Groot et al.
(2013a) applied it to young volcanic rocks with known palaeointensities and
found a relation between the slope of the ‘pseudo-Arai plot’ and the real,
absolute palaeointensity. One obvious advantage of this pseudo-Thellier
approach is it does not require heating of the samples, which means
chemical alteration is avoided. However, the calibration formula used to the
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relative palaeointensities to absolute values is based on data from hotspot
volcanism from Hawaii and the Canary Islands (de Groot et al., 2013a, 2015)
and may not be applicable to different types of volcanism.

1.3.2 Shaw family of palaeointensity experiments
Another type of palaeointensity methods that applies alternating fields, is
the Shaw family of experiments (e.g. Shaw, 1974). It, however, is rarely
used. The original version of the method consists of various AF
demagnetisation and ARM acquisition steps. First, the sample’s NRM is AF
demagnetised. After that, the specimen is given an ARM, which is also AF
demagnetised. Subsequently, the specimen is given a full TRM by heating it
to above its Curie temperature in a known field. This TRM is then also AF
demagnetised, after which the specimen is again subjected to an ARM
acquisition and a fourth AF demagnetisation. By comparing the coercivity
spectra of the two ARM acquisitions it is possible to check for alteration. If
the two coercivity spectra are the same, the TRM can be used to normalise
the NRM and obtain a palaeointensity value. Variations on this method skip
the ARM steps (Valet and Herrero-Bervera, 2000), impart a TRM twice in
order to detect alteration (Tsunakawa and Shaw, 1994) or pretreat the
specimens by exposing them to very low (-160 °C) temperatures in order to
minimise the contribution of multi-domain particles (e.g. Yamamoto et al.,
2003).

1.3.3 Multispecimen approach
A different approach is the multispecimen protocol, which was developed
by Dekkers and Böhnel in 2006. Whereas Thellier-style methods use one
field and multiple temperature (or microwave, or alternating-field) steps,
the multispecimen method uses one temperature and multiple field steps.
Multiple samples, which are all heated only once, are used to ensure that
every sample has the same magnetic history. The applied field should be
parallel to the specimens’ NRMs. Samples that showed an overprint in their
Zijderveld diagrams therefore cannot be used. If the laboratory field is
lower than the ancient field, the resulting magnetisation (m1) should be
lower than the NRM (m0). Vice versa, if this field is higher than the ancient
field, the new magnetisation should be higher than the NRM. Of course, if
the laboratory field is exactly the same as the palaeofield, the specimen’s
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magnetisation should be the same before and after heating. This principle is
illustrated in Figure 1.9.

Multispecimen data are visualised by plotting the so-called ‘DB ratio’
against the used laboratory field. This DB ratio is defined as the normalised
difference between the magnetisation after heating in a parallel field (m1)
and the NRM (m0):

QDB =

m1 − m0
m0

This ratio is larger than 0 if the laboratory field is higher than the ancient
field, and lower if the laboratory field is lower. When the two fields are
equal – and m1 equals m0 – this ratio is zero. The intercept of a linear
regression through all data points with the horizontal axis is then assumed
to be the intensity of the ancient field (see Figure 1.10a).
Unfortunately, like in the Thellier-Thellier method, alteration and multidomain behaviour may affect the measurement. In the multispecimen
method, alteration can be mostly avoided by conducting the experiment at a
sufficiently low temperature. Furthermore, a preliminary test can be carried
out to test for alteration and magnetic effects at the selected multispecimen
temperature (the ARM test, de Groot et al., 2012). Tail effects (Figure 1.6,

Figure 1.9. The multispecimen protocol. Every specimen is heated only once to a
temperature below its alteration temperature (usually < 300 °C). The specimens’ NRMs
are aligned parallel to the field in the oven. If this field is lower than the palaeofield
(samples #1 and #2) the resulting magnetisation m1 should be lower than the original
NRM (m0). Similarly, if the applied field is higher than the palaeofield, m1 should be
larger than m0.
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right), however, may lead to over- or underestimates of the palaeointensity,
as was shown by Fabian and Leonhardt (2010). They proposed three
additional heating steps to correct for these effects, as well as to normalise
for the amount of NRM lost rather than the total NRM and to check for
alteration caused by these additional heating steps. Results are presented in
a very similar way, only instead of the DB ratio, the more complicated DSC
(domain-state-corrected) ratio is plotted on the vertical axis (Figure 1.10b):

QDSC = 2 ·

(1 + α)m1 − m0 − αm3
2m0 − m1 − m2

where m2 is the magnetisation after a second heating step in antiparallel
field and m3 the magnetisation after a third heating step in which the
specimen is heated in zero field and cooled in a field parallel to its NRM.
The m2 step is used to normalise the ratio the amount of NRM lost
(denominator), while the m3 step is used to correct for domain-state effects
(pTRM tails). Like in the original MSP-DB protocol, the DSC ratio should be
zero when the used laboratory field is equal to the ancient field.
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Figure 1.10. Multispecimen plots for Eifel site TB. Used (discarded) data points are
Figur
shown as filled (open) dots. The grey shaded areas represent the 95% confidence
interval. a) DB protocol. The linear regression crosses the x axis at 33.5 µT. b) DSC
protocol. The linear regression crosses the x axis at 32.6 µT. These data were analysed
MSP-Tool (Monster et al., 2015b; see Chapter 4).
using MSP-Tool
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1.4 Summary
The past direction and intensity of the Earth’s magnetic field are stored in
sedimentary and volcanic rocks and in archaeological artefacts. By stepwise
demagnetisation of oriented cores, it is fairly straightforward to obtain
directional information. Because of chemical alteration and multi-domain
effects, it is much more difficult to obtain reliable information on the past
intensity of the field. Success rates are often low and even results that pass
all selection criteria sometimes yield an incorrect result.
The various palaeointensity methods currently in use are based on
different principles and have different advantages and limitations. The
classic Thellier-Thellier method gives important information on alteration
and tail effects and contains many reliability criteria, but it is very timeconsuming (c. 3-4 weeks per sample set) and its success rates are usually
low (often < 20%). The microwave method is often more successful, but the
only microwave systems in use are located in Liverpool (United Kingdom)
and Mexico. And while it takes only 1-1.5 hours to process an individual
sample, it becomes progressively less efficient for larger sample sets because
only one sample at a time can be demagnetised or remagnetised. The
pseudo-Thellier method is very fast as it can be conducted by automated
systems like the ones in Utrecht, München and Bremen. However, it is
unclear if its calibration formula is valid for all types of volcanism (see
Chapter 5). Finally, the multispecimen method is relatively fast, but it can
only be applied to samples that do not show an overprint, which means that
in practice many lava flows are unsuitable.
In this thesis, a multi-method approach was used. By applying multiple
palaeointensity methods, palaeointensities can be obtained from more lava
flows than if just one of them were used. Furthermore, consistency between
their results provides an additional reliability criterion.

Further reading
Essentials of Paleomagnetism (2010) by Lisa Tauxe (available online via
EarthRef.org, or as paperback) is an excellent introduction to
palaeomagnetism. Chapter 13 ‘Paleointensities’ (2007) by Tauxe and
Yamazaki in Treatise on Geophysics (edited by Gerald Schubert) volume 5
gives a good overview of the theory of palaeointensity and the various
methods.
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2.1 Radioactive decay

a)

Radioactive decay is the process by
which the nucleus of an unstable
atom

loses

energy

by

emitting

radiation, such as alpha particles (α
decay; Figure 2.1a), electrons or

b)

positrons (β decay; Figure 2.1b) or
gamma rays (γ decay). A material is
considered
radioactive
if
it
spontaneously emits such radiation.
Ultimately, any unstable nucleus
decays to a stable nucleus in a single
step or a series of steps.
Radioactivity was discovered in
1896 by Henri Becquerel. While
working

with

phosphorescent

materials, he accidentally discovered
that the uranium salts he used

Figure 2.1. a) Example of alpha
decay. 238 U decays to 234 Th by
emitting an alpha particle (helium
nucleus), which then decays further in
several steps to stable 207 Pb. b)
Example of beta decay. 14C decays to
14N by converting a neutron (blue) to
a proton (red) and an electron plus
an antineutrino.

emitted some sort of invisible radiation that could pass through paper. This
form of radiation was further studied by Ernest Rutherford, Paul Villard,
and Marie and Pierre Curie. The latter two coined the term ‘radioactivity’.
The most common types of radioactive decay are:
• α decay (Figure 2.1a): In this type of decay, an alpha particle (helium
nucleus, i.e. two protons and two neutrons) is emitted. The numbers of
protons and neutrons both decrease by 2.
• β decay (Figure 2.1b): In this type of radioactive decay, an electron (β-) or
positron (β+) and an antineutrino (ν) or neutrino (ν), respectively, are
emitted by the nucleus. In this process, a neutron is changed into a
proton (n → p+ + β- + ν) or the other way around (p+ → n + β+ + ν). It is
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also possible for the nucleus to capture an orbiting electron, which
causes a proton to convert into a neutron whereby a neutrino is released
(p+ + β- → n + ν) .
• γ decay: The energy of an excited nucleus is emitted as a gamma ray. The
number of protons and neutrons in the nucleus does not change.
• Spontaneous fission: A large, unstable isotope splits into two
(occasionally three) smaller daughter nuclei. This generally leads to the
emission of gamma rays, neutrons or other particles from these fission
products.
Other modes of decay include proton and neutron emission, double
versions of proton emission, beta decay and electron capture, and cluster
decay (emission of a specific isotope that is larger than an alpha particle).
Radioactive decay can pose a serious health risk as most of its products
are ionising, i.e. they carry enough energy to free electrons from atoms or
molecules. Ionising radiation can for example cause radiation burns and
acute radiation syndrome (radiation poisoning), or damage DNA and thus
cause mutations, which can lead to an increased cancer risk or — if the
reproductive cells have mutated — heritable diseases. Large doses of
ionising radiation can be rapidly lethal. Due to these risks, the use of
radioactive materials is subject to strict rules and regulations.
Alpha particles are the most ionising, but they only travel a few
centimetres in air and are stopped by skin or paper. When alpha-decaying
isotopes are inhaled or ingested, however, they are extremely dangerous
(for example the Russian dissident Alexander Litvinenko was poisoned
with alpha-decaying polonium-210). Beta particles are less ionising, but
penetrate further. Most beta particles can be stopped by a few millimetres of
material. This material should have a low atomic number (e.g. perspex or
aluminium), as deflection of electrons by atomic nuclei can produce socalled Bremsstrahlung (‘braking radiation’), an effect which is greater for
heavy nuclei. Finally, gamma and X rays are the least ionising, but also the
furthest-travelling. In order to shield against these photons, materials of
high density and atomic number (e.g. lead) are most suitable.
Rutherford was the first to realise that all radioactive decay occurs
exponentially (see Figure 2.2). While it is impossible to predict when an
individual atom will decay, the decay rate of a large group of atoms can be
calculated. The time it takes for half the atoms in such a collection to decay
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is known as the half-life (t1/2) of
that particular isotope. This is the

a)
t=0

basis of radio-isotope dating
methods: if you know the half-life
of the parent isotope and measure
how much of the parent isotope is
left

and

daughter
produced,

how

much

of

t = t1/2

the

isotope
has
been
it is possible to

t = 2t1/2

calculate the age of a sample.
Rutherford was the first to do

t = 3t1/2

this, in 1905. The first geological
time scale, including some U/Pb
ages, was published in 1913 by
Arthur Holmes.
In geology and archeology, the

parent
isotope

(radiocarbon dating),

40K

40Ar/ 39Ar

0.8

N

0.6

0.4

(K/

0.2

238U

0

Ar and
dating) and
235
and
U (U/Pb dating). Because
of their different half-lives, these
isotopes are suitable for different
age ranges.
14C
is

formed

in

1

b)

most commonly used radio-active
isotopes for dating purposes are
14C

the

atmosphere by the interaction of

daughter
isotope

t1/2

2t1/2

3t1/2

Time

Figure 2.2. a) The half-life is the time it
takes for 50% of the parent isotope
(blue) to decay to its daughter isotope
(green). b) The amount of parent
isotope decreases exponen-tially.

cosmic rays and nitrogen, after
which

it

combines

with

atmospheric

oxygen

to

form

CO2.

By

photosynthesis, this CO2 is then incorporated into plants, and via these
plants into animals. During their lifetimes, the ratio of 14C and 12C is in
equilibrium as carbon is constantly exchanged with their environment.
After their death, the amount of 14C starts to decrease by radioactive decay
and the clock starts ticking. Because of its half-life of c. 5,730 years,
radiocarbon dating can only be reliably used for samples of up to c. 50,000
years. This method is often used in archaeology. In order to date volcanic
rocks, it is necessary to find organic material that is unambiguously related
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to the lava flow in question, such as wood or bone fragments incorporated
into the flow or directly underneath it.
Potassium is a common component of many materials, including magma.
As such, it can be used to directly date volcanic rocks. The clock starts
ticking when the material cools down to below a certain, mineral-specific
temperature, after which argon starts to accumulate. It is most suitable for
rocks of c. 100 ka and older, although it has been used successfully to date
rocks of only several thousands years old. Due to its long half-life of c. 1.25
billion years (Gyr), it is less precise for these young materials because of the
small amount of 40K that will have decayed. Apart from the age of the rock,
the amount of potassium also depends on the chemical composition of the
rock. Minerals such as sanidine are relatively K-rich, whereas for example
plagioclase contains much less potassium. Two different dating methods
utilise the decay of 40K: K/Ar dating (section 2.2) and 40Ar/39Ar dating
(section 2.3).
Finally, U/Pb dating is usually conducted on the mineral zircon (ZrSiO4),
which incorporates uranium into its lattice but strongly rejects lead. The
clock is set to zero when the mineral forms. Two different decay chains can
be used: the one from

238U

to

206Pb

(half-life: 4.47 Gyr), or the one from

235U

207Pb

to
(half-life: 710 million years (Myr)). These decay routes occur via a
series of alpha and beta decay steps. Because of the two decay routes,
multiple dating techniques exist that are based on one of these decay routes
or both of them, or that only analyse the ratios between the different lead
isotopes (Pb/Pb dating). U/Pb dating can be used to date rocks in the age
range of c. 1 Ma 1 to over 4.5 Ga with precisions of 0.1 to 1%.

1

Generally, ‘yr’ is used for durations, whereas ‘a’ (annum) is used for dates. E.g. ‘Period
x lasted from y Ma to z Ma; a duration of z-y Myr.’
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2.2 K/Ar dating
Potassium has 24 known isotopes, three
of which occur in nature: 39K (93.3%),
40K (0.0117%) and 41K (6.7%). 39K and
41K
are stable, whereas 40K is
radioactive and decays with a half-life
of c. 1.25 Gyr (Figure 2.3). Most of the
time (89.28%) it decays to stable 40Ca by
beta decay. It can also decay to stable
40Ar

Figure 2.3. The three naturally
occurring isotopes of potassium.
40
K decays to 40Ca and 40Ar with a
half-life of c. 1.25 Gyr. 39Ar can be
converted to 39Ar by irradiation
with fast neutrons (dashed line).

(10.72%) by electron capture or
positron emission. Because calcium is
often already present in rocks, it is
generally not useful for dating
purposes. Argon, on the other hand, is
not part of the crystal lattice and is able to escape from liquid rock, but
starts to accumulate when the rock solidifies. By measuring the amount of
radiogenic argon and the amount of 40K left in the sample, the age of the
rock can be determined:

!
"
40
Ar∗
1
λ
t = ln 1 +
λ
λe + λ′e 40 K

(2.1)

Where t is the time that has elapsed since the rock cooled down, λ is the
decay constant of 40K, (λe + λ’e) the partial decay constant for 40Ar (to correct
for the unmeasured amount of 40K that decayed to 40Ca), 40K the amount of
40K remaining in the sample, and 40Ar* the amount of radiogenic 40Ar found
in the sample.
As argon is a gas, trapped inside the crystal lattice, whereas potassium is
part of the crystal lattice itself, they have to be measured in different ways.
By heating the sample, argon is released and can then be measured on a
mass spectrometer. The amount of potassium is measured from a separate
sample by for example isotope dilution (in which known amounts of an
isotopically enriched substance are added to the analysed sample), atomic
absorption (based on the absorption of optical radiation) or flame
photometry (based on the flame colour a metal ion produces and its
intensity). The amount of 40K is then determined from the known 40K/K
ratio in nature (see assumption 2 below). Because the amounts of argon and
potassium are determined from separate samples, it is important that the
sample material is very homogeneous.
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The K/Ar method relies on several assumptions (McDougall and
Harrison, 1999):
1. The decay rate of 40Ar is independent of its physical state and is not
affected by differences in temperature or pressure. Changes in the
electron capture partial decay constant of 40K might occur at high
pressures, but the effects should be negligibly small.
2. The ratio between 40K and the total amount of K in nature is constant at
any given time. For terrestrial samples, this assumption is well-founded.
3. All radiogenic 40Ar in the sample was produced by decay of 40K after
crystallisation or recrystallisation. This, however, is not always the case.
For example glassy deep sea basalts may not have been completely
outgassed pre-existing radiogenic argon. This argon is referred to as
extraneous argon.
4. It is possible to correct for non-radiogenic 40Ar of atmospheric
composition (trapped argon) by measuring the amount of 36Ar present in
the sample and using the 40Ar/36Ar ratio of atmospheric argon, which is
298.56 (Lee et al., 2006). This ratio is not valid for extraterrestrial samples
(e.g. meteorites and lunar samples).
5. The sample must have remained a closed system since the event that is
being dated, i.e. no potassium or argon should have been lost or gained,
other than via radioactive decay of 40K. For rocks that have experienced
reheating (for example due to metamorphic events) this is not the case.
For such samples, the time span since the material last cooled below its
trapping temperature is measured.
After 1948, when Aldrich and Nier demonstrated that 40Ar is indeed a decay
product of 40K and suggested that this decay might be useful to date rocks,
the necessary techniques were rapidly developed. Since then, the K/Ar
method has been utilised for many geological applications, such as
determining the ages of geomagnetic reversals used in the geomagnetic
polarity time scale. In 2013 the Curiosity rover dated Martian rocks with the
K/Ar method. The ‘Cumberland rock’ was dated to 3.86 to 4.56 Ga (NASA
website, 2013). K/Ar dating is also applied in archaeology. Despite the
advantages of the 40Ar/39Ar method (see Section 2.3), the K/Ar method is
still widely used as it is faster and cheaper.
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2.3

40

Ar/39Ar dating

As mentioned earlier on, an important disadvantage of the original K/Ar
method is that potassium (a solid) and argon (a gas) are measured in
different ways from different samples. Potential but unnoticeable sample
inhomogeneity may therefore lead to an inaccurate age. The 40Ar/39Ar
dating method avoids this problem by first irradiating the sample with fast
neutrons. Part of the 39K present in the sample is then converted to 39Ar,
which can be measured at the same time as 40Ar. The amount of 39Ar is
proportional to the amount of 39K in the sample. As the ratio between 40K
and 39K is known, and the amount of 39K that has been converted to 39Ar can
be determined by irradiating a standard of known age along with the
sample of unknown age, 39Ar thus serves as a proxy for the amount of 40K
(also see Figure 2.3). The age equation then becomes:

!
"
40
1
Ar∗
t = ln 1 + J 3
λ
9ArK

(2.2)

Where t is the time that has elapsed since the rock cooled down, λ is the
decay constant (c. 5.5 · 10−10 year−1, which is equal to the natural logarithm
of 2, divided by the half-life t1/2), J the J factor, which is a measure of the
amount of 39K that has been converted to 39Ar, 40Ar* is the amount of
radiogenic argon and 39ArK is the amount of 39Ar that was produced by
neutron reactions on 39K. The J factor is obtained from the standard (e.g.
Fish Canyon sanidine). The age of this standard has to be determined using
a different method, such as K/Ar dating or astronomical tuning.

Figure 2.4. Some minerals that can be used for 40Ar/39Ar dating and their ranges
of applicability. Image adapted from geo.tu-freiberg.de. In this thesis, only
groundmass samples were used.
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2.3.1 Sample preparation
The sample preparation process (illustrated in Figure 2.5) consists of several
steps that are designed to make sure the sample is as pure as possible. For
lavas, it is usually the groundmass that is measured, but it is also possible to
conduct 40Ar/39Ar dating on certain minerals. Due to its high K content,
sanidine is very suitable. Other usable minerals include plagioclase and
amphibole, although the latter is only suitable for older rocks (preferably >
1 Ma; see Figure 2.4), as it contains little K. As some of the constituents of
volcanic rocks, such as volcanic glass, may not have been completely
outgassed before crystallisation of the lava, the mineral separation process
is very important.
In the first step of the process, rocks are reduced to smaller chunks using
a rock splitter. These smaller chunks are then fed into a jaw crusher and
sieved until enough material (for groundmass generally at least several tens
of grammes) of the desired size fraction (e.g. 250-500 µm) has been
obtained. This size fraction is then washed with purified water and left to
dry in an oven set to 50 °C. After this, most minerals are removed using

Figure 2.5. The mineral separation process as used in this thesis. Clockwise,
starting from top left: large rock samples are reduced to smaller chunks in a rock
splitter (1). These smaller chunks are then crushed in a jaw crusher (2). The crushed
material is sieved and washed and the fraction between 250 and 500 µm is
subjected to heavy liquids in an overflow centrifuge (3). Remaining minerals are
removed from the sample by hand using a tiny vacuum cleaner (4). Photos from
Vrije Universiteit Amsterdam (The Netherlands) and the schematic image of the jaw
crusher from Wikipedia.
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heavy liquids and an overflow centrifuge. By choosing the density of the
liquids appropriately (generally c. 2.80 and c. 3.00 g/cm3 for groundmass),
it is possible to separate many light (e.g. plagioclase) and heavy (e.g.
olivine) minerals from the groundmass. To remove magnetic minerals such
as magnetite, a hand magnet (not shown in Figure 2.5) is often used.
Thereafter, either remaining unwanted minerals, as well as grains that show
signs of staining, weathering, or surficial alteration, are removed by hand
(negative picking) or the desired material is collected (positive picking). To
remove intergrowths, the sample material may further be subjected to
leaching with diluted HNO3 or HF.
After the mineral separation process, the picked sample material is sent
to a nuclear reactor (e.g. in
irradiation with fast neutrons.
thesis are generally irradiated
between c. 0.1 and c. 100. As

Petten or at Oregon State University) for
Young samples such as the ones used in this
for about 1 hour. The 40Ar/39Ar ratio is then
the irradiation also causes transmutation of

other elements than 39K, some of which to radioactive daughter isotopes, the
sample material is left to radiologically ‘cool down’ for a few months before
it can be transported due to safety regulations (see Section 2.1).

2.3.2 Measurement
In order to extract the argon
from the sample, the sample
material is heated by a furnace
or a laser. Depending on the
type and amount of sample,
this is done either stepwise
(incremental heating) or in one
go (total fusion). The extracted
gas is then purified (‘gettered’)
for several minutes before it is
let into the mass spectrometer
itself.
Five
different
argon
isotopes are measured: 36Ar to
40Ar
(Figure
2.6).
This
approach allows to identify
and correct for trapped and
extraneous argon, as well as

Figure 2.6. The five different argon
isotopes that are measured during an 40Ar/
39 Ar experiment and their provenance.
Trapped argon is assumed to be of
atmospheric composition, i.e. 40Ar/36Ar =
298.56. Image adapted from Deino et al.
(1998).
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for argon isotopes that were formed by transmutation of other isotopes than
39K during the irradiation process. By measuring the amount of 36Ar, the
amount of 40Ar from trapped argon rather than radioactive decay can be
calculated, assuming that the ratio of 36Ar to 40Ar in air is constant (298.56;
see Section 2.2). 37Ar, formed by transmutation of 40Ca, can be used to
determine the ratio between potassium and calcium in the sample. As high
37Ar signals may cause noise on the detector it is measured on, it is
advisable to let it decay for a few months before measuring the sample, but
not so long that the 37Ar signal becomes too low to be measured.
These five isotopes are measured on a mass spectrometer. They can be
measured either consecutively (all on the same detector) or simultaneously
(multi-collector). Both approaches have their advantages and downsides.
For example, as the amount of 36Ar is much smaller than the amount of 40Ar,
it would be preferable to measure 36Ar on a more sensitive detector. On a
single-collector mass spectrometer this is impossible, but on a multicollector mass spectro-meter such as the Thermo-Fisher Helix MC at the
Vrije Universiteit in Amsterdam (Figure 2.7; Chapter 5) it is possible to
select a more (electron multiplier) or less (Faraday cup) sensitive detector
for each isotope (e.g. 40Ar and sometimes also 39Ar on a Faraday cup and the

Figure 2.7. The ThermoFisher HELIX multi-collector mass spectrometer at the Vrije
Universiteit Amsterdam. Photo from the VU website.
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other isotopes on electron multipliers). The disadvantage of this multicollector approach is that the detectors then have to be intercalibrated to
correct for possible differences in gain. This can be accomplished by
measuring a signal that is high enough for the Faraday cups to measure, but
low enough that it does not damage the sensitive electron multipliers, on all
other detectors. The mass spectrometer used to conduct the 40Ar/39Ar
experiments described in this thesis, as well as the measurement protocol, is
described in full detail in Chapter 5.

2.3.3 Data presentation
Argon ages are usually determined from age plateaus and/or (normal or
inverse) isochrons. In an age plateau (Figure 2.8a), the age obtained from
each temperature or laser step is plotted as a function of the amount of 39Ar
released during that step. The ratio between 40Ar* and 39ArK is converted to
an age using the J factor, which is determined from the measurement of a
standard of known age. The measured amount of 36Ar is used to correct for
40Ar from trapped air of atmospheric composition.
In a normal isochron (Figure 2.8b), the 40Ar/36Ar ratio is plotted as a
function of the 39Ar/36Ar ratio. This plot should show a straight line. The
slope of this line is a measure of the age of the sample, whereas the intercept
with the vertical axis yields information on possible excess argon. If all
argon that was present in the sample when the clock started ticking is of
atmospheric composition, this intercept should be at 298.56. If it is higher,

a)

b)

Figure 2.8. a) Age plateau. Apart from the first step, all steps in the plateau yield
overlapping ages. The age determined from the plateau is 365.6 ± 4.9 ka. b)
Normal isochron. The isochron age is 358.9 ± 22.7 ka. The 40Ar/36Ar intercept is
close to (and within error of) the ratio in air of 298.56, which means no or very little
excess argon is present in the sample. Images adapted from ArArCALC.
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that implies that there was some additional source of argon (for example
radiogenic 40Ar that was not properly outgassed before crystallisation). In
such cases, the age plateau does not yield a correct age and one should rely
on the isochron age. The inverse isochron is very similar to the normal
isochron, but plots the 36Ar/40Ar ratio against the 39Ar/40Ar ratio.
A widely used and very convenient program to analyse 40Ar/39Ar data is
ArArCALC (Koppers et al., 2002). It can be used both for data regression
and data interpretation, and produces several data tables and diagrams (age
plateau, K/Ar plateau and normal and inverse isochrons). For multicollector data it is less suitable as the gain correction from the
intercalibration of the detectors has to be applied manually (see Chapter 5).

Further reading
Geochronology and thermochronology by the 40Ar/39Ar method (1999) by
McDougall and Harrison provides an extensive overview of the basis,
theory and technical aspects of 40Ar/39Ar dating. 40Ar/39Ar dating in
paleoanthropology and archeology (1998) by Deino, Renne and Swisher is a
very clear, readable introduction to 40Ar/39Ar dating, including a glossary.
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3
The performance of various palaeointensity
techniques as a function of rock magnetic
behaviour – a case study for La Palma
Marilyn W.L. Monster1,2 , Lennart V. de Groot1, Andrew J. Biggin 3 and Mark J.
Dekkers1

Three different palaeointensity methods were applied to six historical and
three carbon-dated flows from the island of La Palma (Spain); in total fifteen
sites were processed. The two 20th-century flows were sampled at multiple
locations as their obtained directions and intensities can be compared directly
to those from the International Geomagnetic Reference Field (IGRF). After
determination of the declinations and inclinations of the natural remanent
magnetisation (NRM) by thermal and alternating-field demagnetisation, the
samples were subjected to standard rock magnetic analyses to determine their
Curie and alteration temperatures. Based on these characteristics, the sites
were allocated to one of four rock magnetic groups labelled L*, L, C, and H, a
division primarily based on the temperature-dependent behaviour of the lowfield susceptibility that has been used in studies of other volcanic edifices.
Scanning electron microscope (SEM) observations revealed little oxidation
and exsolution (oxidation classes I to III). Palaeointensities were determined
using the ‘classic’ Thellier-Thellier method (Aitken and IZZI protocols), the
microwave method and the domain-state-corrected multispecimen method.
Thellier-Thellier and microwave results were analysed using the ThellierTool
A and B sets of selection criteria as modified by Paterson et al. (2014). Their
combined success rate was around 40%. Of the eight IGRF sites, two yielded
average intensities within 10% of the IGRF value. For the microwave method,
three sites reproduced the IGRF intensity within 10%. In the domain-statecorrected multispecimen protocol, just one site (site 9, 1971) passed the ‘ARM-

This chapter was published in Physics of the Earth and Planetary Interiors 242 (2015) and was
reprinted with permission.
1

Paleomagnetic Laboratory Fort Hoofddijk, Department of Earth Sciences, Utrecht University,
Budapestlaan 17, 3584 CD Utrecht, The Netherlands.
2 Geology and Geochemistry Cluster, Faculty of Earth and Life Sciences, Vrije Universiteit
Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands.
3
Geomagnetism Laboratory, Oliver Lodge Labs, School of Environmental Sciences, University of
Liverpool, Oxford Street, Liverpool L69 7ZE, UK.
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test’ (applied in retrospect) and showed less than 3% progressive alteration.
Its multispecimen result reproduced the palaeofield within error. The other
IGRF sites over- or underestimated the palaeofield by up to 50%. The seven
older sites produces plausible palaeointensities, generally within a few µT of
model data, and if multiple methods were successful, the results were within
error of each other. For all three PI methods, it seems that sites with low Curie
temperatures (< 150 ℃; group L*), are more likely to pass all selection criteria
while substantially over- or underestimating the palaeofield. It is
hypothesised that time-dependent processes after cooling of the lava would
be a prime reason for this discrepancy: PI experiments with a laboratory
thermoremanent magnetisation (TRM), imparted at a temperature above the
site’s dominant Curie temperature but below its alteration temperature,
yielded the correct intensity of the laboratory-imparted TRM. When two or
three methods agree to within a few µT, the obtained palaeointensity is close
to the palaeofield. Multi-method consistency provides an additional
palaeointensity reliability check.

3.1 Introduction
Our understanding of the short-term behaviour of the geomagnetic field is
currently hampered by a lack of reliable, well-dated full-vector records of
the Earth’s magnetic field that are well distributed over the globe.
Geomagnetic field models such as the CALS family (e.g. Korte et al., 2011)
are based on both directional and intensity data of the Earth’s magnetic
field. However, while it is fairly straightforward to determine
palaeomagnetic directions, reliable absolute intensity data are notoriously
difficult to obtain.
During the past two decades, several new approaches such as the
microwave method (e.g. Hill and Shaw, 1999) and the multispecimen (MSP)
method (Biggin and Poidras, 2006; Dekkers and Böhnel, 2006; Fabian and
Leonhardt, 2010) have been proposed, as well as improvements on existing
methods such as the IZZI protocol (e.g. Yu et al., 2004) for Thellier-Thellier
palaeointensity (PI) determination (Thellier and Thellier, 1959). Therefore,
our technical ability to determine a robust palaeointensity value from lavas
has increased. At the same time this array of methods enables comparison
of their outcome which, in principle, would offer additional criteria to
assess the reliability of a palaeointensity value. When the palaeointensity
methods under consideration rely on different principles, consistency of
their outcome would plead for that outcome providing the correct answer
within an acceptable uncertainty. This is an approach similar to that of
Böhnel et al. (2009), Brown et al. (2010), and De Groot et al. (2013a).
Here we use three families of palaeointensity methods — two versions of
the classic Thellier-Thellier method, the microwave method, and the MSP
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protocol — and apply them to historical lavas from the island of La Palma
(Canary Islands, Spain). We test the consistency between the three methods
and compare the results to model data. Among our sites are two 20thcentury flows, whose intensity values can be compared directly to those
from the International Geomagnetic Reference Field (IGRF), providing a
direct check on the accuracy of the obtained PI. Well-known locations for
similar field tests of palaeointensity methods are the 1955 and 1960 Kilauea
flows (e.g. Yamamoto et al., 2003; Herrero-Bervera and Valet, 2009; Böhnel et
al., 2011) and 20th-century Etna flows (e.g. Biggin et al., 2007; De Groot et
al., 2013b).
This contribution focusses on the southern part of the island of La Palma.
Three carbon-dated and six historical lava flows were sampled. The latter
six were previously sampled by Soler et al. (1984) to study the palaeosecular
variation (PSV) to establish a PSV curve to date recent lavas of unknown
age. Their cores were drilled in an area of at least 50 m radius to be able to
detect (and thereby avoid) potential local anomalies. Along these lines, a
study by Valet and Soler (1999) found directional variations of up to 15° and
intensity variations of up to 20% above lava flows on La Palma and Tenerife
due to uneven surfaces of underlying magnetic strata distorting the local
geomagnetic magnetic field.
Our sampling campaign was primarily focussed on testing various
palaeointensity methods. To obtain samples with as much homogeneity as
possible, cores were drilled close together while keeping an eye on avoiding
spots in the vicinity of large topographic changes. For most sites, our
palaeomagnetic directions do not deviate significantly from the IGRF so the
influence of local anomalies is deemed to be small. The sample collection
proved to behave quite variably in terms of palaeointensity success rates
and the obtained estimates of the palaeofield. To shed light on this
variability the samples were rock magnetically characterised in detail. With
this approach, we hope to find an optimal way to deal with non-ideal
samples, as is the case in many sample collections.

3.2 Geological setting and sampling
The Canary Islands are a chain of oceanic volcanic islands off the coast of
Morocco, built by magmatic processes related to a hotspot fixed under a
plate slowly progressing eastward. La Palma is made up of two main
stratovolcanoes: the older (> 400 ka) conical northern shield and the
younger elongated Cumbre Vieja volcano at the southern part of the island,
which give the island its characteristic shape (Carracedo et al., 2001).
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Only historical and subrecent (≤ 3.2 ka) flows were
sampled for this study;
fifteen sites distributed
over nine cooling units in
total (Figure 3.1 and Table
3.1). All flows originate
from the Cumbre Vieja
volcano.
Two
sampled
flows
were
deposited
during the last century,
within the range of the
IGRF.
As
these
are
especially important for a
proper
comparison
between
the
various
palaeointensity
methods
applied here, they were
sampled
at
multiple
Figure 3.1. Simplified geological map of the
locations. The western part
southern part of La Palma (adapted from
of the 1949 flow was
Carracedo et al. 2001) showing the sampled
lava flows. Sampling locations (for precise
sampled near the crater
coordinates see Table 3.1) are indicated by red
(site 11) and at three lower
dots. Site numbers are shown next to the dots.
locations (sites 1, 7 and 15).
The map in the inset shows the position of La
The eastern part was
Palma and the other Canary Islands with
sampled once (site 13). Site
respect to Africa and Europe.
1 is from a different phase
of the eruption than the
other four (Klügel et al., 1999). The 1971 flow was sampled at three
locations: near the summit of Mt Teneguía (site 9) and at two locations
further away from the crater (sites 4 and 8). Palaeomagnetic directions for
the 1585, 1646, 1677, 1712, 1949 and 1971 flows can be compared directly to
those found by Soler et al. (1984) and to various field models, such as
ARCH3K.1e, CALS3K.4e, and CALS10.1b (e.g. Korte et al., 2009, 2011).
In most cases, sampling was done in fresh road cuts. Sites were sampled
in the solid parts of the flow, typically 0.5 to 1.5 m below the top of the
massive part of the flow. At each site, 12 to 21 cores of 3 to 8 cm length and
2.5 cm diameter were drilled using a petrol-powered drill. Cores were taken
close together to ensure as much homogeneity as realistically possible
among the samples. This sampling strategy is not ideal to obtain
palaeomagnetic directions, but is necessary to meaningfully compare the
results of the palaeointensity experiments. At least eight cores per site were
oriented with a magnetic compass and if possible also with a sun compass.
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Sun compass readings generally differ less than a few degrees from
magnetic compass readings, although for the sites that have strong NRMs
(e.g. sites 3, 9 and 10) the difference can be up to 22°. These occasionally
large differences are in agreement with the findings of Valet and Soler
(1999). These deviations are linked to topographic features at the surface of
the flows. We minimised this influence on our samples by generally
sampling at least 1 m above the underlying flow. If the obtained directions
are close to the IGRF values, no significant effect is expected.

3.3 Methods
Before starting with the various palaeointensity experiments it is important
to categorise the samples based on their rock magnetic properties and adjust
the
palaeointensity
experiments
accordingly.
Furthermore,
the
palaeodirections were obtained from these palaeomagnetic and rock
magnetic experiments.

3.3.1 Palaeomagnetic and rock magnetic analyses
3.3.1.1 Demagnetisation of the NRM and palaeodirections
To characterise both the thermal and coercive decay behaviour samples
from all sites were demagnetised both thermally and by alternating field
(AF) demagnetisation. Thermal demagnetisation experiments were
conducted using a 2G DC-SQUID magnetometer (dynamic range 3×10-12 5×10-5 Am2, sample intensities typically at the upper end of the dynamic
range) and an ASC TD48-SC thermal demagnetiser (residual field < 20 nT).
Three to six samples per site were demagnetised to above their maximum
unblocking temperatures in thirteen temperature steps (100, 140, 180, 220,
260, 300, 340, 380, 440, 500, 530, 560 and 720°C). Seven to sixteen specimens
per site were AF demagnetised in fifteen field steps (2.5, 5, 7.5, 10, 15, 20, 25,
30, 40, 50, 60, 70, 80, 90 and 100 mT) using a robotised 2G DC-SQUID
magnetometer in a static three-axis demagnetisation set-up. At the lower
temperature steps, some samples were too strong for the 2G DC-SQUID
magnetometer used in the thermal demagnetisation experiments, even after
cutting them into half or one-third the size of standard size specimens (25
mm in diameter, 22 mm long). The thermal demagnetisation behaviour of
these specimens was later derived from the zero-field steps in Thellier-style
palaeointensity experiments, measured on a JR-6 spinner magnetometer.
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Palaeodirections could be obtained from both the thermal and AF
demagnetisation experiments although it must be noted that the sampling
routine – drilling samples as close together as possible to ensure among
sample homogeneity – is not ideal to obtain reliable palaeodirections as
local anomalies may not be averaged out. However, if directions compare
well to the IGRF, local field anomalies are not important. The obtained
directions also serve as a check to ensure that the sampled blocks are in-situ.

3.3.1.2 Magnetisation and susceptibility versus temperature analyses
To describe the main magnetic carriers of the samples and to determine the
occurrence of alteration (albeit thermochemical or magnetic) that precludes
a reliable interpretation of the palaeointensity experiments, the behaviour of
the magnetisation and susceptibility of the samples was assessed as a
function of temperature. In both experiments the temperature was cycled to
check the reversibility of the signal; after reaching each peak temperature
the temperature was lowered at least 100°C. Curie and alteration
temperatures were determined using both a modified horizontal translation
Curie balance (Mullender et al., 1993), and an AGICO KLY-3S susceptometer
with a CS-3 furnace attachment (measurement frequency 976 Hz, field
strength 400 A/m peak-to-peak level, noise level 2×10-7 SI, typical signal at
least three orders of magnitude higher). The Curie balance measured the
specimen’s magnetisation as a function of temperature during nine
temperature cycles up to 700 ℃; the magnetic susceptibility was measured
as a function of temperature in six cycles up to 600 ℃. The ‘alteration
temperature’ is defined here as the highest temperature reached in a
thermal cycle with reversible magnetic behaviour upon cooling. At higher
temperatures the magnetic behaviour of the samples is altered irreversibly,
either by thermochemical alteration or transdomain processes, precluding a
reliable interpretation of the palaeointensity measurements.

3.3.1.3 High-field rock magnetic analyses
To characterise the magnetic domain state of the flows, the saturation
magnetisation Ms, the remanent saturation magnetisation Mrs, the coercive
force Bc and coercivity of remanence Bcr of the samples were measured on a
Princeton Instruments alternating gradient force magnetometer (PMC
Model 2900, instrumental noise level ~2×10-9 Am2, typical signal at least
four orders of magnitude higher). Hysteresis loops (maximum field 1 T) and
back-field remanence curves were measured for three to six rock chips per
flow (1 to 8 mg) depending on the amount of scatter among samples. The
ratios Mr/Ms and Bcr/Bc were plotted against each other in a Day plot
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(Day et al., 1977) and indicate whether the grains behave magnetically
‘small’ (single domain (SD)) or larger (pseudo-single-domain (PSD), or
multidomain (MD)).

3.3.1.4 Viscosity and anisotropy
To check for the presence of a viscous remanence, samples from nine sites
were placed with the positive z-axis in the direction of the ambient field for
a period of two weeks. After measuring the samples’ remanences (M1), they
were stored in a field-free environment for an additional two weeks and
measured again (M2). The viscosity index ν was determined using the
definition described in Fanjat et al. (2012):

ν=

"1 −M
" 2|
|M
" 2|
|M

(3.1)

Anisotropy was measured on an AGICO KLY-3 susceptometer. Its
magnitude was assessed using the anisotropy parameter %h as defined by
Tauxe et al. (1990):

%h = 100 · (τ1 − τ3 )

(3.2)

where the eigenvalues τ1 and τ3 correspond to the maximum and minimum
susceptibilities.

3.3.1.5 Scanning electron microscopy
To visualise the degree of oxidation and exsolution, thin sections were
studied with a scanning electron table top microscope (JEOL JCM-6000) in
backscatter mode using 15 kV. Images were taken at various magnification
factors and sites were categorised using the oxidation classes as described
by Watkins and Haggerty (1968).

3.3.1.6 Rock magnetic groups
To adjust the palaeointensity experiments to the rock magnetic properties of
the samples, all sites were placed in one of four groups based on their rock
magnetic characteristics as used by De Groot et al. (2013b), following
criteria defined by Calvo et al. (2002) and Biggin et al. (2007). The first
group, type H, shows a distinct high Curie temperature, characterised by a
constant or increasing susceptibility until at least 350°C. The second group,
type L, consists of sites with a distinct low temperature that retain less than
50% of their room temperature susceptibility at 250 ℃. The third group,
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type C, is an intermediate group. It is either a mixture of both components
or consists of magnetic minerals with intermediate Curie temperatures.
Finally, type L* consists of sites that have an even lower Curie temperature
than group L. Their susceptibility decreases sharply from room temperature
onwards when heated, quantified by retaining less than 50% of their room
temperature susceptibility at 100 ℃.

3.3.2 Palaeointensity experiments
In most absolute palaeointensity experiments a specimen’s NRM is replaced
by a laboratory partial thermoremanent magnetisation (pTRM). In the
classical Thellier-Thellier method (Thellier and Thellier, 1959) and its later
adaptations (e.g. Coe, 1967; Aitken et al. 1988; Yu et al. 2004) the NRM is
progressively replaced by a pTRM at stepwise increased temperatures in a
constant known magnetic field. In multispecimen style experiments
(Dekkers and Böhnel, 2006; Fabian and Leonhardt, 2010) the set temperature
(i.e. the temperature at which the experiment is conducted) is kept constant
throughout the experiment, but the magnitude of the magnetic field applied
in the furnace is varied. It is thus possible to select a temperature for the
experiment at which alteration does not occur; this temperature, however, is
not always straightforward to determine, especially when transdomain
processes are the reason for the alteration.
Conventionally, magnetisations are imparted in a furnace; the prolonged
periods at higher temperatures, however, are known to potentially induce
all kinds of alteration effects in larger PSD and MD grains (e.g. Fabian, 2001;
Leonhardt et al., 2004b; Biggin, 2006; Biggin and Poidras, 2006; Draeger et
al., 2006). pTRMs can also be imparted using high-frequency microwaves of
increasing power and/or duration to demagnetise and remagnetise the
specimen (e.g. Hill and Shaw, 1999). The microwaves directly excite the
magnetic spin system, thus reducing the heating experienced by the bulk
sample and therefore the degree of alteration.
The difference between the measured palaeointensity and the expected
value (for sites within the IGRF range) can be expressed as the intensity
error fraction (IEF) as defined by Biggin et al. (2007):
IEF =

PImeasured − PIexpected
PIexpected

(3.3)

3.3.2.1 Thellier-Thellier method
In this study, two different Thellier-style protocols were used. First the
Aitken protocol (Aitken et al., 1988) was used, with a laboratory field of 30
"T applied parallel to the NRM for three specimens per flow and second the

55

Chapter 3
IZZI protocol (e.g. Yu et al., 2004; Yu and Tauxe, 2005) was applied to up to
five specimens per site with a laboratory field of 40 !T aligned in the z-axis
of the samples. Numerous ways to check for thermochemical or magnetic
alteration that might occur during the experiment have been proposed over
the past fifty years (e.g. Coe, 1967; Aitken et al. 1988; Riisager and Riisager,
2001; Krása et al., 2003; Yu et al. 2004). We used pTRM checks (Coe, 1967) in
both protocols, as well as pTRM tail checks (Riisager and Riisager, 2001) in
the IZZI-style measurements.
The specimens were divided into two groups based on their Curie
temperatures. The sites with lower Curie temperatures were subjected to
smaller temperature steps (Aitken: 60, 80, 100, 130, 160, 200, and 240 ℃;
IZZI: 100 to 480 ℃ in steps of 40 ℃) and the sites with higher Curie
temperatures to larger temperature steps (Aitken: 60, 100, 145, 190, 235, and
290 ℃; IZZI: 100 to 600 ℃ in steps of 50 ℃). Generally, sites in rock
magnetic group L* (see section 3.3.1.6 and 3.4.1.5) were placed in the first
group and the other sites in the other group. It is important to note,
however, that in the Aitken experiment our focus was on temperatures
below the specimen’s alteration temperatures and that the temperatures
used in both series would normally be rather low for Thellier-Thellier-style
experiments. As MD effects such as sagging will likely not be visible at
these low temperatures, the obtained palaeointensities should be regarded
as upper bounds of the actual palaeofield. The samples were heated in an
ASC TD-48 thermal demagnetiser and all magnetisations were measured
using either a 2G DC-SQUID magnetometer (‘weak’ samples) or a JR-6
spinner magnetometer (strong samples).
Thellier-Thellier results were analysed using the ThellierTool software
(Leonhardt et al., 2004a), and the included A and B sets of selection criteria
(TTA and TTB, respectively) as modified by Paterson et al. (2014). These
criteria are outlined in Table 3.2. The selection criteria set boundaries for the
following parameters that can be calculated from the Thellier results: the
number of points included in the linear fit (N); the fraction of the NRM lost
(f); the standard deviation divided by the slope of the fit (ß); the quality
factor (q); the angular difference between the anchored and non-anchored
solution (α); the free-floating mean angular deviation (MAD); the relative
check error (δCK) and the cumulative check difference (δpal); and (if
applicable) the relative intensity difference between the original step and
the tail check (δTR) and the normalised tail of pTRM (δt*) (see also e.g.
Biggin et al., 2007). If more than one sample per site passed one or both sets
of criteria, an additional requirement was imposed: the standard deviation
divided by the obtained average palaeointensity (σB/B) should be less than
25%. All results failing these criteria were discarded; results that did pass
the criteria but showed clear sagging or overprints are considered suspect.
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Table 3.2. Selection criteria: ThellierTool A and B (Leonhardt et al, 2004) as modified by
Paterson et al. (2014). n is the number of points included in the linear fit, ß the standard
deviation divided by the slope of the fit, f the fraction NRM lost, q the quality factor, MADanc
the anchored mean angular deviation, α the angular difference between the anchored and
the non-anchored solution, δCK the relative check error, δpal the cumulative check
difference, δTR the tail check and δt* the normalised tail of pTRM (if applicable).
n

f

!

q

MADanc

"

≥5

≤6
≤ 15

ThellierTool A ≥ 5

≥ 0.35 ≤ 0.1

ThellierTool B ≥ 5

≥ 0.35 ≤ 0.15 ≥ 0

#CK

#pal

#TR

#t*

≤ 15 ≤ 7

≤ 10

≤ 10

≤9

≤ 15 ≤ 9

≤ 18

≤ 20

≤ 99

3.3.2.2 Microwave method
The microwave method (e.g. Hill and Shaw, 1999) only differs from thermal
Thellier-style experiments in the technique used to demagnetise and
remagnetise the samples. By directly exciting the magnetic spin system of
the remanence-carrying grains using microwaves the amount of thermal
energy exposed to the sample is greatly reduced compared to conventional
thermal Thellier techniques (Hill and Shaw, 1999). The various protocols
and tests used in the ‘classic’ Thellier-Thellier method can therefore also be
used in microwave-Thellier experiments. All measurements were conducted
on the microwave system installed in the geomagnetic laboratory of the
University of Liverpool (UK). As each specimen was processed separately,
multiple methods and laboratory fields were tested and used. Test runs
indicated that the Aitken protocol using a magnetic field of 25 !T yielded
the best results. The majority of the samples were therefore measured using
that particular protocol. A total of 67 specimens were measured using the
microwave method. Because of limited measurement time on the microwave
system, the eight sites in the IGRF range were given priority. The frequency,
power and duration of the microwaves were selected per sample based on
its resonance frequency and its microwave NRM decay curve. E.g., for a site
from rock magnetic group L* (site 11) a duration of 5 s and an increase of 1
W or less per step was used, whereas for a site from rock magnetic group H
(site 9) the power was increased by 5 W per step.
In the microwave experiment some samples (in particular numerous
samples from rock magnetic group L*) lost up to 50% of their NRM in an
initial step merely used to test for possible changes in the sample caused by
the frequency sweep used in the microwave experiment (1 W for 0.1 s, a
power at which no significant change of direction or loss of NRM is
expected), while their declination and inclination stayed the same.
Specimens with suspicious 1 W, 0.1 s steps (i.e. more than a few per cent
loss of NRM) were not taken into account when calculating average
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palaeointensities although their Arai plots may be interpreted. If for one
specimen multiple fits passed the criteria, the one with the highest quality
factor q was chosen. All data were analysed using ThellierTool 4.0 and the
ThellierTool A and B sets of selection criteria (Leonhardt et al., 2004a) as
modified by Paterson et al. (2014).

3.3.2.3 Multispecimen protocol
In 2006 the multispecimen palaeointensity experiment was proposed by
Dekkers and Böhnel. Instead of using one laboratory field and multiple
temperature steps, this protocol uses one temperature and multiple field
levels. The DC field for which the pTRM is equal to the sample’s NRM is
considered to be the palaeofield. An advantage of this method over Thellierstyle experiments is that multiple specimens from the same cooling unit can
be used, greatly reducing the number of heating steps and therefore
possible bias due to the magnetic treatment history of the samples.
Inhomogeneity may, however, induce scatter.
In the original multispecimen protocol (MSP-DB; Dekkers and Böhnel,
2006) each sample is heated only once in a laboratory field parallel to the
specimen’s NRM (m1; m0 is the NRM). Fabian and Leonhardt (2010)
showed that the original claim of domain state independence (Dekkers and
Böhnel, 2006) is not entirely correct and proposed two additional steps (m2
and m3) to quantify and correct for tail- and potential domain-state effects
as well as correcting for within-site differences in the fraction of NRM lost,
which may cause scatter in the MSP-DB plot. A third additional step (m4) is
a repetition of the first step, and checks for the occurrence of
thermochemical or magnetic alteration that hampers a truthful
interpretation of the obtained results. This protocol (MSP-DSC, where DSC
is short for ‘domain-state-corrected’) was applied to all fifteen sites. The set
temperatures for the experiments were decided based on the sites’ Curie
and alteration temperatures and their thermal NRM decay curves:
thermochemical or magnetic alteration should be avoided, while unblocking
a larger portion of the NRM during the experiment leads to a steeper slope
of the linear fit and therefore a narrower uncertainty interval. For sites of
rock magnetic type C and H and some sites of type L, an MSP temperature
of 200 ℃ was used (sites 1, 2, 4, 6, 9, 10, 12, 13 and 14 ). For sites of rock
magnetic type L* and the remainder of type L sites (sites 3, 5, 7, 8, 11 and 15)
the experiment was carried out at 100 ℃. The samples were heated in an
ASC TD-48 thermal demagnetiser. Magnetisations were measured on a JR-6
spinner magnetometer or a 2G DC-SQUID magnetometer.
The ARM test (De Groot et al., 2012) can be used to assess whether a
sample’s ability to gain an ARM changes after heating to the MSP
temperature. It was shown that specimens that acquire more ARM after
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having been heated yielded underestimates of the palaeofield in the MSP
protocol. However, as the ARM test had not been developed yet when the
MSP experiments in the present study were carried out, the ARM test was
performed retrospectively. The single-core protocol (De Groot et al., 2012)
was applied, but because generally very little material was left, for many
sites the single-core experiment was not conducted with multiple specimens
from the same core, but with half or quarter specimens. In the case of sites
9, 10, and 11, only very thin samples (< 10 mm) were left, making exact
alignment of the quarter specimens difficult. These results are therefore
considered less reliable. At least eight samples (four pristine and four
heated) were used per site. All ARM test measurements were conducted
using the robotised 2G DC SQUID magnetometer set-up.
MSP data were analysed using a custom-made VBA macro in Microsoft
Excel that calculates the QDB and QDSC ratios (the normalised differences
between the remanence after the first heating step and the NRM, where
QDSC is corrected for domain state effects and the fraction NRM) that are
used to plot the data for the MSP-DB and MSP-DSC protocol, respectively.
A number of other parameters proposed by Fabian and Leonhardt (2010) are
calculated as well. Data points outside two standard error envelopes were
discarded and the analysis was re-run excluding these data points. Results
for sites with an average relative alteration error (εalt) (Fabian and
Leonhardt, 2010) > 3% are considered suspect as this implies progressive
alteration or alignment issues during the experiment (De Groot et al.,
2013a). Our definition of the alteration error is slightly different to that used
by Fabian and Leonhardt (2010) as we do not take the absolute value in
order to be able to distinguish between Gaussian errors (averaging to zero)
and systematic errors (not necessarily averaging to zero).

3.4. Results
3.4.1 Rock magnetic analyses
The rock magnetic analyses presented here are used to categorise our sites
based on their rock magnetic characteristics. Examples of results obtained
for four typical examples (one per rock magnetic group) are included in this
article itself; those of all sites can be found in the supplementary
information.
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3.4.1.1 Demagnetisation of the NRM and palaeodirections
All samples collected for this study are magnetically strong; standard size
specimens generally have magnetisations beyond the dynamic range of the
2G DC SQUID magnetometer and had to be cut in half. Thermal
demagnetisation behaviour shows considerable variation between the sites;
the specific magnetisation per sample also varies among samples from the
same site (Figure 3.2, first column). Site 11, for example demagnetises very
quickly, having lost most of its magnetisation at 100 ℃, whereas most other
sites show a much more gradual decay and site 10 even retains more than
80% of its magnetisation until 350 ℃. Site 7 (1949) shows a partial selfreversal (Appendix 3.1), likely caused by alteration, as its AF Zijderveld and
NRM decay plots do not show this reversal. At 540 ℃ the magnetisation of
all samples was completely unblocked. Generally, specimens are AF
demagnetised down to 5-20% of their starting NRM at 100 mT, with the
exception of sites 9 and 12, whose samples retain up to 40% of their NRM.
Zijderveld diagrams show univectorial behaviour (Figure 3.2, second
column) with occasionally small overprints that were removed by 5 mT or
100-140 ℃. Directions obtained from AF and thermal demagnetisation
appear to be consistent as are the ‘within-site’ NRM decay curves.
Palaeomagnetic directions for the two twentieth-century flows are on
average consistent with the values from the IGRF, although the directions
for some sites deviate substantially – particularly the inclinations may
deviate up to ten degrees for some sites (Table 3.1). The obtained
declinations for sites 3 (1712) and 6 (1646) differ by nearly 20° and almost
10° from those found by Soler and Valet (1999); the other declinations and
inclinations are consistent. For the 1712 flow, Soler and Valet (1999)’s
directions are closer to model data; for the 1646 flow our data are more
consistent. In the case of site 9 (1971) sun compass readings could only be
obtained for four cores, significantly contributing to the scatter observed for
that site (α95 = 6.4°).

3.4.1.2 Magnetisation-versus-temperature and susceptibility-versustemperature analyses
The rock magnetic variations observed in the demagnetising spectra can
also be seen in the magnetisation-versus-temperature and susceptibilityversus-temperatures diagrams (Figure 3.2, third and fourth columns
respectively). Sites that have low unblocking temperatures (e.g. site 11)
exhibit low Curie temperatures often with a Hopkinson peak below room
temperature. Curie temperatures were most easily obtained from
magnetisation-versus-temperature diagrams, whereas thermochemical
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Figure 3.2. Typical rock magnetic results for the four rock magnetic groups: site 9
(1971, group H), site 1 (1949, group C), site 6 (1646, group L) and site 11 (1949,
group L*). See the main text for description of group characteristics. From left to
right: decay curve of thermally demagnetised NRM (100, 140, 180, 220, 260, 300,
340, 380, 440, 500, 530, 560, and 720 °C), Zijderveld diagram, magnetisationversus-temperature plot and susceptibility-versus-temperature plot. The grey
shaded areas in the latter two indicate the range in which the first alteration
occurred. NRM decay curves for sites 9 and 6 were obtained from the zero field
steps in IZZI-Thellier experiments (steps of 50 °C, from 100 °C to 600 °C), which
were measured on a spinner magnetometer. The thermal demagnetisation was
measured on a SQUID magnetometer that went out of range during the first
temperature steps for most of these samples; samples shown evidently stayed
within range. For site 9 an AF Zijderveld diagram is shown, as all three thermal
demagnetisation specimens were initially too magnetic for the SQUID
magnetometer. The robotised SQUID magnetometer used for AF demagnetisation
can handle smaller specimens.

alteration was usually best visible in the susceptibility-versus-temperature
plots. All sites appear to have alteration temperatures between 225 and 350
℃; Curie temperatures vary between 80 ℃ and 540 ℃ (Table 3.1).

3.4.1.3 High-field rock magnetic analyses
Hysteresis parameters reveal pseudo-single-domain behaviour for all sites
(Figure 3.3; hysteresis loops are in Appendix 3.1 in the supplementary
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information). The Mrs/Ms-ratios range from ~0.06 to ~0.3; the Bcr/Bc-ratios
from ~1.8 to ~4.4. All sites except sites 11 and 12 plot on or close to the SD +
MD mixing lines (Dunlop, 2002). Of these, sites 7 and 9 plot closest to the
SD range, whereas site 14 is distinctly more MD than all others. The values
of the hysteresis parameters sometimes vary significantly within a single
site, as illustrated by the large standard deviation of for example site 11. As
the MicroMag instrument uses very small samples (1-10 mg), this is likely
related to small-scale sample heterogeneity (cf. site 11’s SEM images). Day
plots for individual sites can be found in the electronic supplement.

3.4.1.4 Anisotropy and viscosity
Most specimens (six out of nine measured sites) showed values of the
viscosity parameter ν (e.g. Fanjat et al., 2012) below 3% (see Table 3.1). Sites
8 (1971) and 13 (1949) had viscosity indices of 3.1% and 3.2%, respectively,
whereas site 14 (3.2 ± 0.01 ka) had a ν of 5.1%. Similarly, the degree of
anisotropy %h (Tauxe et al., 1990) was generally below 3%, with the

PSD

Figure 3.3. Day plot for all sites including standard deviations. Three rock chips
were measured per site. If the standard deviation was large (σM > 0.03 for Mrs/Ms;
σB > 0.2 for Bcr/Bc), three additional chips were measured (sites 1, 5, 8, 9, 11, 12
and 14). Those sites appeared to be more heterogeneous as the standard
deviations remained higher despite doubling of the data entries. Day plots per site
are shown in Appendix 3.1.
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exception of sites 13 (10.1%) and 14 (7.8%). The viscosity and the degree of
anisotropy therefore appear to be modest and should not have an
appreciable influence on our palaeointensity experiments, except perhaps
for sites 8, 13 and 14.

3.4.1.5 Rock magnetic groups
Based on the results from the rock magnetic analyses presented above, the
various sites were categorised as one of four types using the susceptibility
curves for distinction. Sites 4, 9, and 10 exhibit high Curie temperatures and
were therefore placed in group H. Sites 3 and 6 retain less than 50% of their
room-temperature susceptibility at 250 ℃ and were therefore categorised as
type L, while samples from sites 5, 7, 8, 11, 12, 13, and 15, are characterised
by an even lower Curie temperature and were therefore put in group L*.
The remaining sites 1, 2, and 14 are of the intermediate type C.

3.4.1.6 SEM
Representative SEM images are shown in Figure 3.4; SEM photographs for
all sites can be found in Appendix 3.6. Most sites revealed little to no
oxidation or exsolution (see Table 3.1). Only sites 1 (1949) and 10 (1.09 ± 0.05
ka) showed abundant ilmenite lamellae and were therefore categorised as
oxidation class III (Watkins and Haggerty, 1968). Grain size — as expected
from the Day plot — varied. Site 9 (1971), which plots close to the SD range,
shows mostly small grains, whereas site 14 (3.2 ± 0.01 ka), which plots in the
MD range, shows only large grains. Other sites, such as 6 (1646) showed a
mixture of large and small grains. Dendrite-like white ‘smudges’ were
observed in several sites. Site 11 (1949), interestingly, revealed two distinct
‘volume phases’: one with few magnetite grains which were also quite
large, and one with abundant small grains. This inhomogeneity also
emerges in the Day plot (Figure 3.3) as a large standard deviation.

3.4.2 Palaeointensities
3.4.2.1 Thellier-Thellier method
It must first be noted that as our samples are not single-domain and do
show alteration (sections 3.4.1.2 and 3.4.1.3), they — like most natural rocks
— do not fulfil the theoretical requirements for Thellier-Thellier
experiments. Arai plots for the four rock magnetic groups are shown in
Figure 3.5 and average palaeointensities per site are listed in Table 3.3. A
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a)

b)

c)

d)

Figure 3.4. Scanning electron microscope images of thin sections, showing a
variety of observed behaviours. a) Site 9 (1971, rock magnetic group H) shows
small grains and no oxidation or exsolution. b) This grain from site 1 (1949, rock
magnetic group C) shows abundant ilmenite lamellae. c) Site 6 (1646, rock
magnetic group L) shows a mixture of small and larger grains, as well as dendritelike white ‘smudges’. d) Site 11 (1949, rock magnetic group L*) reveals two distinct
‘volume phases’; one with few but large magnetite grains, and one with abundant
small grains.

full list of parameters for all samples that passed either ThellierTool A or B
for one or more possible fits can be found in Appendix 3.2a; Arai plots are
shown in Appendix 3.2b. As our focus in the Aitken-type experiment was
on temperatures below the specimen’s alteration temperature, many
specimens did not pass either ThellierTool A or B because the fraction of
unblocked NRM was too small. Only sites 8 (1971), 11, 13 and 15 (all 1949)
yielded one or more successful results. The IZZI protocol was more
successful. The average success rate for both protocols averaged over all
sites was 36%.
However, when assessing the results of the Thellier-Thellier experiments
it is important to distinguish between ‘technically successful’ (i.e. passing
the selection criteria) and ‘correct’ (i.e. reproducing the known palaeofield
within error) results. For the 1971 flow, out of the 13 specimens that passed
either ThellierTool A or B (of a total of 26), only 2 samples from site 8
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reproduced the actual palaeofield within 10%, and while the average of site
9 reproduces the palaeofield within 2%, neither of its two specimens that
passed ThellierTool A or B were within 10% of the field. The only sample
from site 9 that did reproduce the palaeofield (sample 9-2c, see the Arai plot
in Appendix 3.2b) unfortunately did not pass either ThellierTool A or B due
to one faulty check, while its Arai plot was otherwise a nearly perfect
straight line. Similarly, of the 10 (out of 26) samples measured for the 1949
flow, only four specimens from site 15 reproduced the palaeofield to within
10%, whereas sites 7, 11 and 13 yielded large underestimates. Broadly
speaking, it seems that sites in groups L and L* (low Curie temperatures)
tend to yield large underestimates, with the exception of site 15. Of the
three high-Tc sites (groups H and C), no samples from site 1 passed the
selection criteria, while site 9 yielded a palaeointensity within 10% of the
expected value, and site 4 produced an overestimate. This overestimate,
however, may be explained by multi-domain effects as evidenced by the
sagging visible in site 4’s Arai plot (cf. Appendix 3.2b).
Palaeointensities obtained for the older flows seem plausible, although
the values of 59.1 ± 8.3 µT for site 2 (1585) and 51.9 ± 4.0 µT for site 14 (3.2 ±
0.01 ka) seem somewhat high. In the case of site 2, this high palaeointensity
may be explained by sagging, which was also observed for sites 6 (1646)
and 12 (1470-92). Site 12 yielded a low intensity value of 28.0 µT with a large
standard deviation of 8.5 µT, therefore failing the criterion that the standard
deviation divided by the average intensity should be less than 25%. Site 14
had the highest success rate (four out of seven) and produced the most
consistent PI. Its Arai plots show straight lines up until about 400 ℃
degrees, after which point scatter increases. The obtained PI therefore seems
reliable.

3.4.2.2 Microwave method
Microwave results are summarised in Table 3.3 and representative Arai
plots are shown in Figure 3.5 (middle column). All results and Arai plots
can be found in Appendices 3a and 3b. The technical success rate of the
microwave experiments is similar to that of the thermal Thellier
experiments: 38% averaged over all sites, although it must be noted that the
success rate for the five 1949 sites is drastically lower. This was mainly
caused by the large amount of specimens that did not pass the initial ‘1 W,
0.1 s’ test that was designed to test for possible changes due to the
frequency sweep. However, from Table 3.3 it is evident that generally the
microwave method produces palaeointensities that are closer to the
expected intensity. Sites 9 (1971), 7 and 11 (both 1949) yielded values within
10% of the expected palaeofield, whereas sites 13 and 15 (both 1949) were
within 15%. Sites 4, 8 (both 1971) and 1 (1949) yielded large underestimates,
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Figure 3.5. Palaeointensity plots for site 9 (1971, group H), site 1 (1949, group C),
site 6 (1646, group L) and site 11 (1949, group L*), the same sites as shown in
Figure 3.2. Both the measured palaeointensity and the IGRF value (if applicable)
are shown. From left to right: Thellier-Thellier (Aitken or IZZI) Arai plot, microwave
Arai plot (AITK = Aitken; numbers refer to the intensity of the laboratory field in
the experiment), and multispecimen plot. Insets: schematised ARM-tests (see
electronic supplement). Black and grey dotted lines are the one- and two-standarddeviation uncertainty envelopes around the lines, respectively; open dots are
outlying data points excluded from the PI calculation. The grey shaded areas
indicate the one-standard-deviation uncertainty envelopes in the PI estimate (black
line). The vertical dashed black lines represent the IGRF value of the palaeofield (if
applicable).
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but these may be explained by sagging (sites 1 and 4) or a ‘messy’ Arai plot
(site 8). In general, however, it seems that microwave Arai plots — at least
for sites that passed the ‘1 W, 0.1 s’ test — are more linear than their thermal
Thellier counterparts.
Because of limited measuring time on the microwave system, the IGRF
sites were given priority. For that reason, generally only two to three
specimens per site were measured for the older sites. As many specimens
failed the initial ‘1 W, 0.1 s’ test, often only one specimen per site passed the
selection criteria, making it difficult to assess their reliability. The obtained
palaeointensities, however, seem plausible and compare well to model data.
For the two sites (10 and 14) that produced multiple acceptable
palaeointensities, microwave results were consistent.

3.4.2.3 Multispecimen method
A summary of MSP-DSC results is shown in Table 3.3 and four plots in
Figure 3.5. All multispecimen results (MSP-DB and MSP-DSC) can be found
in Appendices 5a and 5b; results of the ARM test are shown in Appendix
3.4. Of the fifteen MSP experiments conducted in this study, ten showed less
than 3% alteration during the experiment and are therefore considered
technically successful (see Table 3.3). Four out of the five that failed are of
rock magnetic type L or L*. In general, most sites yielded acceptable results
in that their data points are on a more or less straight line and show
relatively little scatter (r2 > 0.9). As can be seen in Appendices 5a and 5b,
the sites that showed substantial scatter in their MSP-DB plots tend to
improve significantly when the DSC correction is applied. This goes in
particular for sites 2 (r2 from 0.68 to 0.95) and 9 (r2 from 0.70 to 0.93).
Looking at the eight IGRF sites it is apparent that the sites in groups H and
C (4, 9 and 1) yield the most accurate results, whereas the low-Tc sites tend
to dramatically overestimate (sites 7 and 15) or underestimate (sites 8, 11
and 13) the palaeofield.
Since the ARM-tests in this study were done in retrospect and on sparse
sample material the quality of the ARM-tests is disappointing for some
sites. Only site 4 (type H) yielded a definite positive ARM-test, but
unfortunately the samples of site 4 altered more than 3% during the MSPexperiment and its results must therefore be doubted. Indeed, the MSP-DSC
plot of site 4 yields an underestimate of the palaeofield of 23%, despite its
positive ARM-test (Table 3.3). Its MSP-DB result, however, is within 10% of
the palaeofield. The ARM-test of site 9 may also be positive but is obscured
by scatter among the samples; site 9 alters less than 3% during the MSPexperiment and reproduces the palaeofield within error (Figure 3.5; Table
3.3). Both sites with a positive ARM-test are of rock magnetic type H. The
ARM test correctly predicts the underestimate produced by site 1 and site
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35.0 [32.0 - 38.0]

36.6 [29.0 - 45.2]

19.4 [... - 29.7]
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53.6 [49.2 - 59.6]

25.3 [19.1 - 30.2]

20.3 [11.4 - 26.2]

49.5 [46.5 - 53.0]

34.1 [28.7 - 39.2]
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46.4 ± 18.0

44.2 ± 0.4
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45.4 ± 2.8

34.7 ± 8.1

40.0 ± 4.9

38.0 ± 9.8

32.2 ± 6.5

34.7 ± 11.4

22.5

35.8 ± 7.9

40.3 ± 1.1

29.3 ± 1.2

35.6 ± 14.7

Ave.

Table 3.3. Summary of palaeointensity results. The number of used samples n and the total number of samples, the calculated (average) PI and its standard
deviation (if applicable) and the intensity error fraction (IEF; Biggin, 2007a) are shown for all three palaeointensity methods. In the thermal Thellier experiments,
three specimens per site were subjected to the Aitken protocol (six for site 4) and up to five for the IZZI protocol, depending on the amount of material left. For the
MSP-DSC protocol three additional columns are added. In the ARM-test column, underest. = underestimate and overest. = overestimate, (underest.) or (overest.)
signifies that the curve is close to the ideal diagonal. ‘OK’ indicates a successful ARM test. εalt* is the progressive alteration (in percent) between the first and fourth
heating steps (Fabian and Leonhardt, 2010). The y int. (y intercept) column shows if the linear regression passes within 10% and/or 1 of (0, -1), then labelled ‘OK’. A
‘OK’ label between brackets indicates that the intersection was within 1 but not within 10% of (0, -1), as is often the case for sites that show substantial scatter. MSP
PIs that do not pass these criteria are shown in grey. ave. = average.
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7’s overestimate, but not the overestimate produced by site 15. Indeed, for
sites 8, 11, 13 and 15 the ARM test is fairly close to the ideal line, whereas
their obtained PIs substantially underestimate (sites 8, 11 and 13) or
overestimate (site 15) the field. These sites have in common that they all
have low to very low Curie temperatures. Most of them fail the alteration
criterion.

3.5. Discussion
3.5.1. Rock magnetic criteria
Comparing our host of rock magnetic data to the palaeointensity results, it
is apparent that sites with a low Curie temperature (groups L and L*) tend
to produce the worst results (cf. the large underestimates and overestimates
in Table 3.3 in all three methods). The microwave method often produces
better results than thermal Thellier-style experiments. This may be due to
the high degree of customisability of the microwave experiments, as step
sizes are chosen on a per-sample basis. Interestingly, in the thermal Aitken
experiments, it is the low-Tc sites that are technically the most successful,
most likely because we stayed below the sites’ alteration temperatures and
L and L* sites tend to unblock faster, leading to a larger fraction f. High-Tc
sites nearly universally failed because their fraction NRM unblocked was
too small (< 0.35) at these temperatures. For that reason, the IZZI-Thellier
experiments were much more successful for these sites. It should be noted,
however, that if a different set of selection criteria with a smaller required
fraction NRM lost (e.g. f ≥ 0.15 for SELCRIT2; Selkin and Tauxe, 2000) had
been used, some of these samples would have passed.
A high Curie temperature, however, is not always a guarantee for
success, as evidenced by for example site 14’s propensity for ‘messy’ Arai
plots (see Appendices 2b and 3b). This may be explained by the site’s rather
unfortunate rock magnetic characteristics. It is in the MD range (Figure 3.3)
and shows relatively high values of the anisotropy parameter %h and the
viscosity index ν (Table 3.1). These ‘messy’ plots are also observed in the
other two sites (viz. 8 and 13) with high degrees of viscosity and anisotropy.
It seems therefore recommendable to not only take into account a site’s
Curie temperature when interpreting its palaeointensity results, but also its
other rock magnetic properties such as anisotropy, viscosity and the degree
of oxidation. Encouragingly, site 9 (1971), the site with the most ideal rock
magnetic characteristics (high Tc, close to SD, negligible oxidation and
exsolution), reproduces the palaeofield to within a few per cent in all three
palaeointensity methods.
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3.5.2 Selection criteria for the Thellier-Thellier and microwave
methods
The success rates for the thermal and microwave Thellier-Thellier
experiments were very similar (36% and 38%, respectively). The microwave
Arai plots were generally more linear than their thermal counterparts, but a
fairly large number of specimens (12 out of 32 specimens within the IGRF
range and several older samples) were rejected beforehand because they
failed the initial ‘0.1 W, 1 s’ test (cf. section 3.3.2.2). A number of these
specimens yielded good Arai plots that were accepted by either ThellierTool
A or B (class TTA and TTB, respectively). As these specimens produced
inaccurate palaeointensities, some times up to 350% of the palaeofield, this
would have significantly skewed the results. The results in class TTA do not
seem significantly better than those in class TTB. Of the 10 class TTA
thermal and 11 class TTA microwave specimens within the IGRF range only
1 and 4, respectively, were within 10% of the IGRF. Out of 17 class TTB
thermal and 17 class TTB microwave specimens within the IGRF range, 5
and 3, respectively, were within 10% of the expected value.
A technically successful Arai plot, therefore, does not guarantee a correct
estimate of the palaeofield: sites 4, 8, 7, 11 and 13 all produced large
(15-32%) underestimates or overestimates in the thermal Thellier
experiments, as did sites 4, 8 and 1 in the microwave experiments (cf. Table
3.3). In many cases, however, these plots show multi-domain behaviour
(sagging) or ‘messy’ plots. These samples may pass the applied selection
criteria for part of their Arai plot, but visual inspection would reveal them
to be less than satisfactory. A combination of selection criteria and visual
inspection to identify undesirable behaviour seems therefore the best
option.

3.5.3 Multispecimen method and ARM test
The ARM test in combination with the requirement that εalt ≤ 3% seems a
good way to assess multispecimen results. For the sites for which the
palaeofield is known, applying these criteria properly identified the only
site that produced a correct estimate of the palaeofield. All other MSP
results, which did not reproduce the palaeofields intensity correctly, were
rejected. It is important to note, however, that the interpretation of the ARM
test is rather subjective to date. This is to a large extent due to the limited
number of sites processed so far. Only with a larger ARM test data base the
interpretation of the ARM test may be quantified in the future.
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Based on our results the ARM-test is only partly able to distinguish
between over- and underestimates produced by the MSP-experiments that
do not exhibit alteration during the experiment: for sites 1 and 7 the
predictions are correct, whereas site 15 is labelled as a (small) underestimate
while an overestimate is produced. Similarly, the ARM test for sites 8, 11
and 13 is close to the ideal line, but large underestimates are produced. This
may be related to these sites’ very low Curie temperatures. It should also be
kept in mind that the technical quality of the present ARM-tests is rather
disappointing since these experiments had to be done on sparingly
available samples left-over after the palaeointensity study. Test results
presented in de Groot et al. (2012, 2013a, 2013b) were based on a larger
number of specimens and are considered more robust than those presented
here.
Site 4, which yielded a positive ARM test but unfortunately showed
progressive alteration (εalt > 3%), did, however, reproduce the palaeofield
to within 10% in the MSP-DB protocol. As the ARM test did not reveal
alteration after one heating step, it may tentatively be surmised that the
MSP-DB protocol — which only includes one heating step — in those cases
may provide a reliable palaeointensity. The only other site that passed the
ARM test, site 9, showed relatively high scatter (r2 = 0.70) in its MSP-DB
plot, but the obtained palaeointensity was within 10% of the expected value,
further supporting this hypothesis.

3.5.4 Magnetic relaxation
All technically successful thermal Thellier experiments done on samples
from rock magnetic type L* yield considerable (> 20%) underestimates of
the field, while their Arai plots are often among the most successful. For
example site 11 (1949; Tc = 80 ℃) shows high-quality Thellier-Thellier Arai
plots but yields PIs that underestimate the palaeofield by nearly 30%. Here
we explore another explanation for systematically occurring underestimates
of the palaeofield: we hypothesise that for these samples with very low
Curie temperatures viscous processes continue to ‘mould’, ‘optimise’, or
‘cure’ the NRM after the lava flow was cooled to room temperature and the
initial NRM was recorded in the samples. If the NRM would be influenced
by thermally activated relaxation processes, the palaeointensity experiments
are anticipated to yield underestimates of the palaeofield. The moment of
the original TRM is anticipated to decrease with increasing time because
individual grains seek an overall lower energy configuration which is as a
rule represented by a lower magnetic moment (see also De Groot et al.,
2014). So, the NRM is ‘too low’ and when compared to a laboratory (p)TRM
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Figure 3.6. Site 11 (1949, group L*).
Multispecimen plot for a full-TRM induced
(it should be noted, however,
in the laboratory in a field of 40 µT (red
that the ARM-test predicted
line). Lines and shading according to Figure
the
occurrence
of
an
3.5. The full-TRM experiment reproduces
underestimate).
Nine
the imparted TRM of 40 µT to within 0.5%.
specimens were heated in a
field of 40 µT to a temperature
of 250 ℃, which is well above the site’s Curie temperature of 80 ℃, but well
below its alteration temperature of 325 ℃. Therefore, the specimens have
acquired a full TRM but should have experienced negligible
thermochemical alteration. However, while site 11 yielded an underestimate
of 50% in the original DSC experiment with the NRM, it reproduced the
laboratory field of 40 µT to within 0.5% in the full-TRM experiment (Figure
3.6). This observation indeed supports our hypothesis of a viscous decay of
the samples’ NRM; furthermore it provides a constraint on the speed at
which this magnetic relaxation occurs: it is undetectable at laboratory time
scales and must therefore operate on longer time scales (i.e. days or longer).
A different hypothesis for the observed underestimates may be that the
samples’ NRM is a chemical remanence (CRM) or thermochemical
remanence (TCRM) rather than a TRM. A CRM may result in linear Arai
plots that nevertheless significantly underestimate the palaeofield (see e.g.
Draeger et al., 2006). This explanation, however, seems unlikely as site 11 —
like sites 8 and 13 — did not show significant oxyexsolution (cf. the SEM
images in Figure 3.4 and Appendix 3.6 in the electronic supplement of this
contribution). Furthermore, none of our flows were overlain by more recent
flows, thus eliminating the possibility that they were reheated by an
overlying flow (e.g. baked contacts or volcanic glasses) and acquired a CRM
that way (see Draeger et al., 2006).
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3.5.5 Comparing palaeointensity methods
All palaeointensity results that pass the selection criteria applied for each
method can now be compared (Figure 3.7). The tendency to produce
underestimates of the palaeofield for the thermal Thellier-style method is
evident: of the eight IGRF sites four sites yielded large underestimates, of
21% (site 13) to 32% (site 7), while only sites 9 and 15 reproduced the
palaeofield within error, and site 1 overestimated it by 18%. The intensity
error fractions calculated from the microwave experiments are generally
smaller and more evenly distributed between over- and underestimates.
Sites 1, 4 and 8 produced large (43%, 36% and 27%, respectively)
underestimates, accompanied by sagging or ‘messy’ plots; the other five
sites reproduced the palaeofield to within 6 to 14%. The generally smaller
IEF may be related to the smaller amount of heating experienced by the
specimens in the microwave method. Specimens are subjected to lower peak
temperatures for a much shorter time span than in the ‘classic’ Thellier
method. This should reduce both the risk of alteration as well as its extent
when it does occur. The only acceptable MSP-DSC result (passed ARM test,
alteration < 3%) reproduces the palaeofield within error, as does the only
accepted MSP-DB result (passed ARM test, but alteration > 3%). From
Figure 3.7 it may be inferred that if two or three methods agree to within a
few µT, the obtained palaeointensity is close to the palaeofield as was also
IGRF
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Figure 3.7. Results from the three different methods per site. Only results that
passed our selection criteria (ThellierTool A and B as modified by Paterson et al.
(2014) for Thellier-Thellier and microwave experiments, and a positive ARM-test
for the multispecimen method) are shown. Where possible for Thellier and
microwave experiments, the results were averaged per site. The number of
accepted results is listed in Table 3.3. Standard deviations are indicated by the
thin black bars. If no error bar is shown, only one specimen passed the selection
criteria.
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shown by De Groot et al. (2013b). Site 9 (1971) yields palaeointensities of
39.8 ± 8.7 µT (Thellier-Thellier), 41.6 ± 4.1 µT (microwave) and 39.6 [35.7 43.9] µT (MSP-DSC), which are all within 10% of the IGRF value of 39.1 µT.
Similarly, for sites 15 (1949), 6 (1646) and 14 (3.2 ± 0.01 ka) (and to a lesser
extent site 3 (1712)) the Thellier-Thellier and microwave methods agree to
within a few µT. The value obtained for site 15 is close to the expected IGRF
intensity, whereas the older sites yield results very similar to the CALS
models, which are based on palaeointensity data. Conversely, when the two
Thellier-style methods yield very different palaeointensities (e.g. sites 8
(1971), 7 (1949), 11 (1949) and 13 (1949)), the obtained palaeointensities are
usually more than 10% off. The only exception is site 8 (1971), whose results
are consistent but significantly underestimate the palaeofield. However,
while its Arai plots did pass the selection criteria, they would not pass
visual inspection.

3.5.6 Comparing our data to models
Since our sites are at most 3.2 ka, we can compare the outcome of our
experiments to descriptive models of geomagnetic field variations, such as
CALS3K.1b, CALS10K.1b, and ARCH3K.1e (e.g. Korte et al., 2009, 2011),
which themselves are data-driven (Figure 3.8). The field models directionwise generally appear to agree with our results (Figure 3.8, upper two
plots). Only site 10 (~850 AD) shows a large deviation with a measured
declination of 30° to the east while ~10° to the west is expected and a steep
measured inclination of ~44° where ~34° is expected. This site, however,
was sampled at the edge of a small and unstable cone. Therefore it is
possible that the site is not in in-situ position; movement after cooling
cannot be excluded.
As scatter on the individual accepted palaeointensity results is rather
large, only average values per flow per method are shown in Figure 3.8.
Due to differences in rock magnetic properties within one flow, the standard
deviations of these averages are large (up to 30%) for the two 20th-century
flows. However, the average microwave results — and for the 1971 flow
also the Thellier result — reproduce the palaeofield within error. For the
older flows especially the microwave results agree very well (to within a
few µT) with the models. Our data therefore seem to concur with previously
measured palaeointensity data and the selection procedure adopted seems
robust.
If all acceptable results (e.g. Thellier and microwave classes TTA and TTB
and multispecimen results that pass the ARM test and the alteration
criterion and the y intersection criterion) are averaged for the two 20th-
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Dec (°)

century flows the obtained palaeointensities reproduce the palaeofield to
within 8 and 12 per cent, respectively (Table 3.3). This implies that sampling
a cooling unit at multiple locations, using various palaeointensity methods,
and applying strict selection criteria indeed yields a proper estimate of the
full vector of the geomagnetic field for one location and one instance in
time. This concurs with the observation by Biggin et al. (2007) that if two or
more materials from the same cooling unit with distinct rock magnetic
properties produce palaeointensity measurements of acceptable quality, the
range of values over which they overlap will very likely include the true
palaeointensity.
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Figure 3.8. Obtained declinations, inclinations and accepted palaeointensity
results plotted against time and compared to the ARCH3K.1e, CALS3K.4e and
CALS10.1b models (e.g. Korte et al., 2009, 2011).

3.6 Conclusions
The rock magnetic behaviour of samples has a major influence on their
success rates and the outcome of various palaeointensity experiments. It is
therefore important to assess this behaviour and choose the appropriate
palaeointensity technique accordingly. No combination of any Thellier
method applied in this study and the modified ThellierTool A and B sets of
selection criteria proved capable of distinguishing between correct estimates
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of the palaeofield versus over- and underestimates for individual samples.
Although the MSP-experiment with ARM-test and stringent alteration
criterion yielded only one reliable palaeointensity estimate in this study as
well as one tentative MSP-DB result, those two estimates gave the correct
known field value of these historic lavas. The most reliable palaeointensities
are those that are corroborated by multiple palaeointensity experiments that
yield the same field estimate. Furthermore, we found indications for a
viscous magnetic relaxation effect occurring in samples with very low Curie
temperatures that precludes a reliable reconstruction of the palaeofield for
those samples.
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4
MSP-Tool: a VBA-based software tool for the
analysis of multispecimen palaeointensity
data
Marilyn W.L. Monster1,2 , Lennart V. de Groot1 and Mark J. Dekkers1
The multispecimen protocol (MSP) is a method to estimate the Earth’s magnetic
ﬁeld’s past strength from volcanic rocks or archeological materials. By reducing
the amount of heating steps and aligning the specimens parallel to the applied
ﬁeld, thermochemical alteration and multi-domain effects are minimized. We
present a new software tool, written for Microsoft Excel 2010 in Visual Basic for
Applications (VBA), that evaluates palaeointensity data acquired using this
protocol. In addition the three ratios (standard, fraction-corrected and domainstate-corrected) calculated following Dekkers and Böhnel (2006) and Fabian and
Leonhardt (2010) and a number of other parameters proposed by Fabian and
Leonhardt (2010), it also provides several reliability criteria. These include an
alteration criterion, whether or not the linear regression intersects the y axis
within the theoretically prescribed range, and two directional checks. Overprints
and misalignment are detected by isolating the remaining natural remanent
magnetisation (NRM) and the partial thermoremanent magnetisation (pTRM)
gained and comparing their declinations and inclinations. The NRM remaining
and pTRM gained are then used to calculate alignment-corrected multispecimen
plots. Data are analysed using bootstrap statistics. The program was tested on
lava samples that were given a full TRM and that acquired their pTRMs at angles
of 0, 15, 30 and 90° with respect to their NRMs. MSP-Tool adequately detected
and largely corrected these artiﬁcial alignment errors.

This chapter was published in Frontiers in Earth Science (2015), an Open Access journal.
1

Palaeomagnetic Laboratory ‘Fort Hoofddijk’, Department of Earth Sciences, Utrecht University,
Utrecht, The Netherlands.
2
Geology and Geochemistry Cluster, Faculty of Earth and Life Sciences, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands.
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4.1 Introduction
The magnetic ﬁeld of the Earth is generated in its liquid outer core by
magnetohydrodynamic processes. In order to better understand these
processes, we need more information on how the ﬁeld behaved in the past, both
in terms of its direction and its intensity. However, while it is fairly
straightforward to determine palaeodirections from lava or pottery samples, it
is much more difﬁcult to obtain reliable palaeointensities (e.g. Tauxe and
Yamazaki, 2007).
For low, Earth-like ﬁelds, a thermoremanent magnetisation (TRM), as found
in lavas or pottery, is proportional to its inducing ﬁeld (e.g. Muxworthy and
McClelland, 2000). So, by comparing the ancient natural remanent
magnetisation (NRM) to a TRM imparted in a known laboratory ﬁeld, the
absolute ancient ﬁeld intensity can be recovered. However, many lavas alter
thermochemically during the acquisition of a full TRM. Several methods to
mitigate or at least detect this alteration have been proposed. In the classic
Thellier-style method (Thellier and Thellier, 1959; later modiﬁcations by e.g.
Coe, 1967; Aitken et al., 1988; Riisager and Riisager, 2001; Yu et al., 2004) pTRMs
are imparted by heating samples stepwise to increasingly elevated
temperatures. Lower-temperature steps can be repeated to test for the onset of
alteration (pTRM checks; Coe, 1967). The microwave method (e.g. Hill and
Shaw, 1999; Suttie et al., 2010) uses the same protocols, but the amount of
heating the samples experience is reduced by directly exciting the magnetic
spin system using microwaves instead of heating the sample in an oven.
An alternative approach is the multispecimen protocol (Biggin and Poidras,
2006; Dekkers and Böhnel, 2006; Fabian and Leonhardt, 2010). In contrast to
Thellier-style experiments, the multispecimen protocol uses one temperature
and multiple ﬁelds. In the original multispecimen protocol (MSP-DB; Dekkers
and Böhnel, 2006), sister samples are heated only once in-ﬁeld. Biasing effects
induced by pTRM tails are minimised by aligning the specimens’ NRMs
parallel to the ﬁeld in the oven. The temperature of the MSP experiment is
selected based on the specimen’s alteration temperature, the temperature at
which a sample starts to show irreversible behaviour in its susceptibilityversus-temperature plot. Evidently, the MSP experiment should be performed
below that temperature. Additionally, the ARM test (de Groot et al., 2012) can be
used to assess (chemical or magnetic) alteration at the intended MSP
temperature.
Fabian and Leonhardt (2010) showed that the original claim of domain-state
independence is not entirely correct and suggested three additional steps to
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estimate the amount of NRM lost, to detect (and correct for) multidomain
behaviour and to detect chemical alteration (this protocol is referred to as MSPDSC, where DSC stands for ‘domain-state-corrected’). These three steps can also
be used to calculate several parameters that give valuable information about the
samples’ domain state and to calculate single-specimen palaeointensity
estimates and intrinsic error estimates. The two multispecimen protocols have
been used by e.g. Michalk et al. (2008, 2010), Böhnel et al. (2009), Muxworthy
and Taylor (2011), de Groot et al. (2013a, 2013b), Monster et al. (2015) and Tema
et al. (2015).
A popular software tool for the analysis of Thellier-style palaeointensity
experiments is ThellierTool 4.0 (Leonhardt et al., 2004). More recently, Shaar and
Tauxe (2013) introduced Thellier GUI. The software tool described here is
designed for the analysis of multispecimen palaeointensity experiments. The
program was written in Visual Basic for Microsoft Excel (Ofﬁce 2010, Windows).
It calculates and plots multispecimen data and provides checks on the reliability
of the result. In addition, it also estimates the amount of NRM remaining and
pTRM gained and uses these to correct for possible misalignment.

4.2 The multispecimen protocol
In the original multispecimen protocol (MSP-DB) (Dekkers and Böhnel, 2006),
the specimens are only heated once (m1, with m0 being the NRM). In the DSC
protocol (Fabian and Leonhardt, 2010) three additional steps are added (m2 to
m4). The ﬁve measurements are then:
m0:
m1:
m2:
m3:
m4:

NRM
Magnetisation after heating and cooling in parallel ﬁeld
Magnetisation after heating and cooling in anti-parallel ﬁeld
Magnetisation after heating in zero-ﬁeld and cooling in parallel ﬁeld
Same as m1 (progressive alteration check)

From these ﬁve measurements of the vector remanence, the palaeointensity is
determined for a lava ﬂow. The original MSP-DB method assumes that
multidomain effects are negligible. In this case, if the laboratory ﬁeld is equal to
the palaeoﬁeld, m1 should be equal to m0 (and lower or higher if the laboratory
ﬁeld is lower or higher, respectively, than the palaeoﬁeld).The QDB ratio
(Dekkers and Böhnel, 2006) is deﬁned as follows:
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QDB =

m1 − m0
m0

(4.1)

where m0 and m1 are the scalar intensities of the two remanences. The fractioncorrected (MSP-FC) and domain-state corrected (MSP-DSC) both deﬁned in
Fabian and Leonhardt (2010) ratios are:

m1 − m0
2m0 − m1 − m2

(4.2)

(1 + α)m1 − m0 − αm3
2m0 − m1 − m2

(4.3)

QF C = 2 ·
QDSC = 2 ·

The denominator in both equations is equal to twice the amount of NRM lost.
The ratios are therefore normalized to the demagnetised part of the NRM rather
than to the complete NRM as is the case for the DB ratio. As the fraction NRM
lost is often not the same even for samples within one cooling unit, this fraction
correction should reduce the amount of scatter (Fabian and Leonhardt, 2010). At
Hlab = 0 µT, m1 - m0 is equal to minus the amount of NRM lost and therefore the
y intercept should be at (0, -1). Alteration, domain-state effects or alignment
errors, however, may lead to a different intercept. The intercept can thus serve
as a reliability check.
The parameter α in the numerator of QDSC is used to correct the FC ratio for
domain state effects. Fabian and Leonhardt (2010) empirically tested different
values for α using synthetic samples with different unblocking temperatures
and domain states. α was shown to range typically between 0.2 and 0.8, where α
≈ 0.5 yielded best results, although Fabian and Leonhardt (2010) do note that
the value of α is likely site-speciﬁc. α = 0.5 was used in e.g. de Groot et al.
(2013a, 2015) and Monster et al. (2015). Tema et al. (2015) observed very little
difference when changing the value of α for their kiln samples and chose α =
0.5. Muxworthy and Taylor (2011), however, found that for their samples α = 0
yielded the best results. In this case the DSC ratio reduces to the FC ratio.
Apart from these three ratios, a number of parameters estimating the
domain state, progressive alteration and the total (domain-state-induced or
alteration-induced) error can be calculated. Further explanation of these
parameters is provided in Fabian and Leonhardt (2010), in the electronic
supplement, and in the ‘list of parameters’ sheet in MSP-Tool.
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4.3 The VBA tool
The MSP-tool workbook consists of several sheets: ‘manual’; ‘input’;
‘parameters’; ‘parameters, corrected’; and ‘list of parameters’. Additionally,
several plots (MSP-DB, MSP-FC and MSP-DSC) are provided that can be
exported as PNG or CSV ﬁles. File actions and calculations are easily carried out
by clicking the corresponding button. MSP-Tool, as well as several input ﬁles,
can be found in the Supplementary Material or downloaded from MSPTool.org.

Figure 4.1. User interface, from top to bottom: the ‘input’ sheet, the ‘parameters’
sheet and one of the ‘plot’ sheets (MSP-DB).
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4.3.1 The ‘input’ sheet: data format and directional checks
The ‘input’ sheet is the start sheet. It provides buttons to import, save and clear
data and to carry out the actual MSP calculations. Furthermore, the values of
several parameters, such as the α parameter (Fabian and Leonhardt, 2010) and
the maximum acceptableangular deviation (AAD) between the pTRMs and the
NRMs, can be set here. Its default value is 10 degrees. If applicable, the expected
palaeointensity value may be entered to enable calculating the intensity error
fraction (IEF; Biggin et al., 2007).
MSP-Tool supports two different input formats. Data can be imported using
either the three Cartesian components of the remanence or using the intensity,
declination and inclination of the remanence (which are automatically
converted to Cartesian components). The order of magnitude for every line of
data must be the same; if not, for example for data measured on a JR-6 spinner
magnetometer, an additional (sixth) column with the exponent can be added.
Since the MSP calculations are inherently relative, the units for mx, my, mz and
the intensity can be chosen freely, as long as they are the same for all (ﬁve)
measurement steps.
Clicking the ‘Calculate and plot’ button calculates all parameters in the
‘input’ and ‘parameters’ sheets and plot the three ratios in the ‘plot’ sheets. The
VBA tool can process all three MSP protocols and will calculate and plot the
relevant ratios and parameters accordingly.
The isolated pTRMs (columns G to I) are calculated by ﬁrst estimating the
vector NRM remaining. The latter is obtained by adding the vectors m1 and m2
and dividing the result by 2, c.f. the fraction-corrected MSP-FC ratio (Fabian
and Leonhardt, 2010):
NRM remaining =

m1 + m2
2

(4.4)

The vector pTRMs are then:
pTRMi = mi − NRM remaining

(4.5)

The scalar magnetic moments m0 to m4 (column J) are simply the magnitudes of
the vector remanences m0 to m4, whereas the alignment-corrected intensities
(column K) are obtained by adding up the isolated NRM remaining and the
pTRMs. Of course, if the pTRM is parallel to the NRM, mi,corr = mi.

mi =

!

m2i,x + m2i,y + m2i,z

mi,corr = |NRM remaining| + |pTRMi |
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Columns L and M show the declination (between 0 and 360°) and inclination
(between -90 and +90°) of the m0 to m4 steps. All declinations and inclinations
are given in specimen coordinates. The declinations and inclinations of the
isolated NRM remaining and the isolated pTRMs are used to calculate the
parameters ∆dec and ∆inc (columns N and O), which are a measure of how
well the specimens were aligned to the laboratory ﬁeld. If ∆dec and ∆inc exceed
the AAD, they are shown in red. We chose to use ∆dec and ∆inc rather than a
single angular difference because using these two parameters it is easier to spot
systematic alignment errors. Please note that in case of large overprints ∆dec
and ∆inc may be high even if the pTRM was aligned perfectly with the NRM
(m0).

∆dec = |decpTRM − decNRM remaining |

(4.8)

∆inc = |incpTRM − incNRM remaining |

(4.9)

These calculations all implicitly assume that even if the specimens were not
aligned properly, at least they were aligned consistently, i.e. that the pTRMs of
heating steps 1 and 2 are exactly anti-parallel to each other, even if they are not
exactly parallel (m1) or anti-parallel (m2) to the NRM. This is a valid assumption
if the positions of the sample holders with respect to the furnace were not
changed during the experiment. To minimise orientation issues, it is advisable
to process each individual specimen on the same holder throughout the
experiment, obviating the need to orient holders for each step in the MSP-DSC
experiment. As the alignment correction does not take into account
multidomain effects such as pTRM tails, a proper alignment of the samples
during the experiment still is paramount — it is merely a tool to suppress
unavoidable small experimental misalignments.
The ‘m2 factor’ (column P) is the normalised dot product of m0 and m2. This
parameter equals +1 when m0 and m2 are parallel and -1 when they are
antiparallel. m2 is multiplied by this factor to correct for ‘negative’ m2 intensities.
Not correcting for this often results in plots with a large amount of scatter (see
Figure 4.S3 in the Supporting Information). The ‘m2 factor’ is similar to using
vector subtraction (see e.g. Muxworthy and Taylor, 2011) instead of scalar
subtraction.
Finally, the angle between the NRM lost and the NRM remaining is
calculated (eq. 10). If this angle exceeds the AAD, a warning is shown in column
R. A large difference may indicate the presence of an overprint, which would
invalidate the result. Alternatively, if the sample’s alignment was changed
between the ﬁrst two steps, the NRM remaining cannot be accurately calculated
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and the angular difference between the NRM remaining and the NRM gained
may be anomalously high.
θ = cos−1

NRMlost · NRMremaining
|NRMlost ||NRMremaining |

(4.10)

4.3.2 The ‘parameters’ sheet
The ‘parameters’ and ‘parameters, corrected’ sheets show a number of
parameters that were proposed in Fabian and Leonhardt (2010). These include a
measure of the domain state µDS, the progressive alteration εalt, single-specimen
estimates of the palaeointensity Hmax and Hest and estimates of the alteration
error and domain-state error. In the ‘parameters’ sheet these are calculated from
the uncorrected remanences m0 to m4, whereas the ‘parameters, corrected’ sheet
uses the alignment-corrected remanences.
The progressive alteration is deﬁned in a slightly different way than in
Fabian and Leonhardt (2010). Instead of the absolute value of m1 - m4
normalised by m1, we use:

ǫalt =

m4 − m1
m1

(4.11)

This helps to distinguish between measurement noise (which averages to zero)
and a systematic (alteration-induced) error. Fabian and Leonhardt’s (2010)
alteration error is shown in column D as |εalt |. Averages and standard
deviations of the parameters are shown in the last two rows. For deﬁnitions of
the parameters Hest, Hmax and three error estimates ∆QDSC,alt, ∆QDSC,ds and ∆Qi
see Fabian and Leonhardt (2010).

4.3.3 The ‘plot’ sheets: data presentation, statistics and
reliability checks
The plot sheets (DB, FC, DSC and their alignment-corrected versions) show a
plot and a table of the data points as well as the calculated palaeointensity and
its error bounds and two reliability checks: the average alteration parameter
and the difference between the theoretical and experimental intersection with
the y axis ∆b. The latter is only applicable to the fraction-corrected plots (i.e.
MSP-FC and MSP-DSC). If the linear regression does not pass through (0, -1),
this may indicate a problem in the experiment; the linear regression is therefore
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not forced through this point. Outliers can be removed by selecting the relevant
cell in the ‘used’ or ‘discarded’ column and clicking ‘Discard/restore data point’
or using the keyboard shortcut CTRL+d. The plot sheets also show the values of
r2 and χ2 of the linear regression, where χ2 is deﬁned as:
2

χ =

!

(Qi,measured − Qi,expected )
N

2

(4.12)

where Qmeasured is the measured DB, FC or DSC ratio and Qexpected the value of
the linear regression at that value of the lab ﬁeld.
Clicking ‘Bootstrap conﬁdence interval’ calculates and plots the bootstrap
average and the conﬁdence interval. The conﬁdence level may be changed in
the ‘input’ sheet; its default value is 95%. The bootstrap function resamples the
data set with replacement within their error bounds and calculates a linear ﬁt
for each bootstrap cycle. Bootstrap cycles that have a standard deviation of less
than 10 µT in their average x coordinate are discarded to prevent ﬁts through
data points at one laboratory ﬁeld (i.e. vertical ﬁts). The conﬁdence interval is
constructed by calculating the values of each linear ﬁt at eleven values of the x
axis (i.e. ﬁeld values) between 0 !T and a maximum ﬁeld value which is the
maximum used laboratory ﬁeld + the minimum used ﬁeld. For each of the
eleven values of x, the values of the linear ﬁts (i.e. the y values) are sorted and
the uppermost and lowermost portions of these values (2.5% in case of a 95%
conﬁdence level) are cut off. Eleven may seem a rather arbitrary choice, but it
empirically proved to yield smooth uncertainty envelopes, whereas a lower
number often resulted in signiﬁcantly more irregularly shaped envelopes. The
upper and lower uncertainty boundary of the palaeointensity are calculated by
linear interpolation between two data points closest to zero on the uncertainty
envelope.
The y axes of the plots are scaled automatically by Microsoft Excel, which
may result in unrepresentative plots in case of outliers. After discarding the
outliers, the y axis can be resized using the ‘Resize y axis’ button. ‘Export chart’
will export the graph as a PNG ﬁle. The data points and error envelope may
also be exported as CSV ﬁles for further processing with an application of
choice.
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4.4 Application
To test the MSP-Tool’s ability to accurately determine and correct for alignment
problems on real rocks, a complete MSP experiment including preliminary
ARM test (de Groot et al., 2012; single-core protocol) was applied to two lava
ﬂows from Mt Etna (site PI and site TD) that had been given a full TRM in the
laboratory by cooling from 600 °C in a ﬁeld of 40 !T. Half of the specimens were
deliberately misaligned. Both input ﬁles are included in the Supplementary
Material.

4.4.1 Preliminary experiments
Before carrying out the actual MSP experiment, next to the ARM test at the
MSP temperature (using 17 ﬁeld steps of up to 150 mT), some other
experiments were conducted to assess the specimens’ alteration temperature
and domain state. These experiments are described in more detail in the
Supplementary Material. The susceptibility-versus-temperature diagrams for
site TD did not show any signiﬁcant alteration after acquisition of the
laboratory full-TRM, whereas site PI showed irreversible behaviour between
300 and 400 °C (Figure 4.S1a in the Supplementary Material). Both sites plotted
within the pseudo-single domain range on a Day plot (Day et al., 1977), with the
full-TRM samples plotting closer to the single-domain ﬁeld than the original
samples, the samples in their NRM state as collected in the ﬁeld (Figure 4.S1b).
Based on the susceptibility-versus-temperature diagrams, no signiﬁcant
alteration at the selected MSP temperature of 300 °C was expected, and the
ARM test (de Groot et al., 2012) did indeed not reveal any (Figure 4.S1c). For
site PI, however, multiple heatings did induce alteration, as evidenced by its
high alteration error during the MSP experiment.

4.4.2 The MSP experiment
After the positive ARM test, the MSP-DSC protocol (Fabian and Leonhardt,
2010) was carried out using ﬁve laboratory ﬁelds (12, 24, 36, 48 and 60 µT) and
two specimens per ﬁeld level per site. Of the 20 specimens in total, half were
aligned correctly, whereas the other ten were misaligned to the ﬁeld in the oven
under various angles (∆dec = 0, 15, 30 or 90° and ∆inc = 0, 15, 30 or 90°).
Samples were aligned using a custom-made sample holder (similar to Böhnel et
al. (2009), also see Figure 4.S2 in the Supplementary Material). The specimens’
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NRM (m0) and the four remanences after in-ﬁeld heating and/or cooling (m1 to
m4) were measured on an AGICO JR-6 spinner magnetometer.

4.4.3 Results and observations
In 90% of cases, ∆dec and ∆inc as calculated by MSP-Tool were within 15° of the
intended misalignment angles (see Table 4.S1 in the Supplementary Material).
For site PI this percentage was higher: 100% of the intended ∆dec and ∆inc
values were reproduced to within 15° of the intended value of the alignment
error, of which 95% within 10° and 70% within 5°. For site TD ∆dec and ∆inc
were less precise: 80% was within 15° of the intended alignment error, 65%
within 10° and 30% within 5°. It would seem that the ∆dec and ∆inc parameters
are more accurate for larger fractions of NRM lost (c. 30% for PI and 5-10% for
TD). Intuitively, this makes sense. If the pTRM is only a small fraction of the
total remanence, slight measurement errors may have a larger effect, especially
when one of the axes is close to zero (steep tangent) and/or the remanences are
measured with few signiﬁcant digits. It is also interesting to note that the third
heating step (zero-ﬁeld heating, in-ﬁeld cooling) often yields a distinctly larger
∆dec or ∆inc than the other steps, which may be related to tail effects.
Looking at the plots (Figure 4.2), it is apparent that the ‘alignment-corrected’
plots show signiﬁcantly less scatter than the uncorrected plots, although the
correction does not always completely ‘restore’ these data points, highlighting
the importance of careful alignment in the MSP experiment. Unsurprisingly, the
worst outliers in the standard plots are the specimens with the highest
alignment errors: PI10B (∆dec = 90°, ∆inc = 0°) at 24 µT, PI13C (∆dec = 90°, ∆inc
= 30°) at 60 µT, TD4C (∆dec = 0°, ∆inc = 90°) at 36µT, and TD6C (∆dec = 90°,
∆inc = 90°) at 60 µT.
All plots except the DSC plots for site PI and the uncorrected DSC plot for
TD reproduced the ‘palaeoﬁeld’ within error. Lowering the α factor from 0.5 to
0.2 or even 0.0 (in which case MSP-DSC reduces to MSP-FC) improved the
‘palaeointensity’ estimate for the DSC protocol (Figure 4.3). The erroneous
result obtained for site PI highlights the importance of the alteration check, as
site PI shows nearly 8% progressive alteration, whereas site TD only altered by
c. 2%. Since the ARM test (using samples that had been heated only once) was
positive, this alteration must have occurred after the ﬁrst heating step. And
indeed the MSP-DB protocol (one heating step) does produce the correct
‘palaeointensity’ for site PI.

89

MSP-DB

MSP-FC

Site PI (standard)

Site PI (alignment-corrected)

Site TD (standard)

Site TD (alignment-corrected)

Figure 4.2. MSP-DB, MSP-FC and MSP-DSC plots (standard and alignment-corrected) for sites PI and TD, which were given a full
TRM at 40 µT in the laboratory.
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4.5 Discussion
4.5.1 Reliability criteria
MSP-Tool offers four reliability criteria: two directional criteria (the overprint
check, and ∆dec and ∆inc), the amount of progressive alteration εalt, and the
intersection with the y axis (not applicable to MSP-DB). A large overprint may
be reason to discard individual samples, although an overprint warning may
also occur when the alignment of the specimen was altered between steps m1
and m2, leading to an inaccurate estimate of the NRM remaining and NRM lost.
In case of consistent alignment (i.e. m1 and m2 aligned exactly antiparallel) and
high ∆dec and ∆inc, the corrected plots may be preferred. Finally, both the
average progressive alteration and the ∆b intersection criterion are shown on
the plot sheets. > 3% is considered too high (de Groot et al., 2013a).
Theoretically, the linear ﬁts through QFC and QDSC should pass through (0, -1) as
these ratios are normalised to the amount NRM lost rather than the full NRM.
Failure to pass through this point (within 10% and/or within error) may
indicate that something other than domain-state-related processes is at work
and may be a reason to distrust the obtained palaeointensity. It is strongly
recommended to conduct the ARM test (de Groot et al., 2012) prior to the MSP
experiment to test for subtle alteration at the intended MSP temperature.

4.5.2 Alignment correction
In the alignment correction procedure, the scalar intensities m1 to m4 are
calculated by adding up the isolated NRM remaining and pTRM gained. The
full-TRM experiment showed that this correction functions rather well,
although it should be noted that multidomain effects such as tails may inﬂuence
the calculation of the NRM remaining and therefore the calculated pTRMs. It is
also important to note that the alignment correction is only accurate if the
samples were aligned exactly antiparallel during the ﬁrst and second heating
steps. In order for the correction to work, therefore, it is important not to change
the orientation of the specimens in the oven between MSP steps. As the
alignment correction does not 100% restore specimens that were misaligned by
a large angle, it is still paramount to align the specimens with care.
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4.5.3 Domain-state correction: the α factor
Fabian and Leonhardt (2010) recommend a value of 0.5 ± 0.3 as default guess for
the α parameter and argue that if a sufﬁcient number of data points is available,
α can be optimised such that the mean quadratic deviation between the data
points and the linear ﬁt is minimised. By changing the value of the α parameter
in the input sheet and re-running the calculation, an optimal value can be
determined in MSP-Tool. Like Muxworthy and Taylor (2011) for their Icelandic
data set, we found that lower values of the α parameter produced results closer
to the expected value (Figure 4.3). The r2 value generally decreased for
increasing values of α. It should be noted that in site TD’s corrected MSP-DSC
plot, one outlier markedly improved by increasing α to 0.5 or higher, resulting
in N = 8 compared to N = 7 for α = 0 or 0.2. The obtained ‘palaeointensity’ as a
function of α varied between 39.0 (α = 0) and 27.8 µT (α =1) for site PI and
between 41.6 (α = 0) and 31.6 µT (α = 1) for site TD. The larger inﬂuence of the α
parameter on site PI compared to site TD may be caused by PI’s stronger
progressive alteration. By lowering the α parameter, the inﬂuence of the more
altered m3 step is also reduced.
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Figure 4.3. Simulated palaeointensity, r2, and χ2 as a function of the α parameter.
The optimal values are indicated by larger symbols. r2 and χ2 do not change
significantly with varying α. The number of samples used in the calculation of the
palaeointensity N is shown in the legend of the upper figures. For site TD, N
increased from 6 to 8 when correcting the data for misalignment; for site PI N
increased from 8 to 9.
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4.6 Conclusion and recommendations for multispecimen
experiments
MSP-Tool is an easy-to-use VBA-based tool for analysing multispecimen
experiments. It calculates all ratios and parameters from Dekkers and Böhnel
(2006) and Fabian and Leonhardt (2010). Additionally, it estimates the amount
of NRM remaining and pTRM gained and uses these to estimate and correct for
alignment errors. Moreover, it provides important criteria to assess the
reliability of the MSP experiment. For an optimal experiment, the following
aspects should be taken into account:
• The ARM test (de Groot et al., 2012) is a valuable tool to assess the risk of
alteration during the MSP experiment beforehand. If a site does not pass the
ARM test at any temperature but is shown to yield an overestimate at T1 and
an underestimate at T2, the MSP experiment may be carried out at these two
temperatures, providing upper and lower bounds of the actual palaeoﬁeld.
• Misalignment leads to incorrect estimates of the palaeoﬁeld as the measured
vector remanences are shorter (parallel ﬁeld steps) or longer (antiparallel
ﬁeld step) than the vector NRM remaining plus the vector pTRM lost. This
leads to an underestimate of m1 and therefore of QDB, QFC and QDSC, and thus
an overestimate of the palaeoﬁeld. MSP-Tool corrects for this by adding up
the two separate components (the NRM remaining and the pTRM gained).
• Site PI highlights that a large progressive alteration may lead to signiﬁcant
scatter and/or underestimates in the DSC protocol. As a successful ARM test
implies that no signiﬁcant alteration occurred after one heating step, the
alteration must therefore arise from the multiple heating steps in the MSP
experiment. It is recommended to rely on the DB plot in such cases. Even in
these cases, the DSC protocol provides valuable additional information.
• As the slope of the DB plot depends on the entire NRM rather than the
amount of NRM lost, inhomogeneity between specimens may lead to
signiﬁcant scatter. Selecting specimens based on similar amounts of NRM
lost may substantially improve the DB plots.
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Supplementary Material
1. Rock magnetic characteristics of sites PI and TD
To assess the amount of alteration that could be expected for the full-TRM
samples, the magnetic susceptibility as a function of temperature was
measured. Samples that had acquired a full TRM at 600 °C were crushed and
cycled to 200, 300, 400 and 500 °C in an AGICO KLY-3 Kappabridge
susceptometer equipped with a CS-3 furnace attachment. Site TD did not show
alteration until the ﬁnal heating cycle to 600 °C, whereas for site PI alteration
occurred between 300 and 400 °C. (Figure 4.S1a).
To estimate the sites’ domain states, hysteresis loops and back-ﬁeld curves
were measured on a Princeton Instruments MicroMag AGM. Five chips (< 0.015
g) from a sample that had been given a full TRM in the oven were measured per
site. Both sites plot within the pseudo-single domain range on a Day plot (Day
et al., 1977), with the full-TRM samples plotting closer to the single-domain
range than the pristine (NRM) samples (Figure 4.S1b). Site PI appears to be
signiﬁcantly more heterogeneous than site TD.
For both sites, two sets of ten samples for the MSP experiment, as well as
two cores for the ARM test, were heated to 600 °C in an ASC TD48-SC thermal
demagnetiser in a ﬁeld of 40 µT. With the full laboratory TRM imparted, the
ARM test was carried out according to the single-core protocol (de Groot et al.,
2012) using 17 ﬁeld steps up to 150 mT. From both sites, one core was heated in
zero ﬁeld to 300 °C, the selected temperature for the MSP experiment, whereas a
second core remained pristine. Each core was cut into four to six specimens.
Half of these were subjected to a single-axis AF demagnetisation (equivalent to
ARM acquisition with 0 !T bias ﬁeld), whereas the other half were subjected to
an ARM acquisition at the same ﬁeld steps.
If the amount of ARM gained by the heated samples is the same as that
gained by the pristine samples (i.e. those with the full laboratory TRM), no
alteration has occurred and the MSP experiment should yield the correct
palaeointensity. If the amount of acquired ARM is larger in the heated samples,
an underestimate is expected, whereas an overestimate will occur if the heated
samples acquire less ARM (de Groot et al., 2012, 2013a, 2013b). Based on the
sites’ susceptibility-versus-temperature diagrams, no signiﬁcant changes at the
MSP experiment temperature of 300 °C were expected, and the ARM test did
indeed not reveal any (Figure 4.S1c).
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Site PI

Site TD

a)

b)

c)

Figure 4.S1 a) Susceptibility-versus-temperature diagrams for sites PI and TD. The
legend shows the starting temperature of a cycle, its maximum temperature and its
end temperature. b) Day plots for sites PI and TD showing data for pristine (NRM)
samples in black and full TRM samples in red. The average values are shown as
larger open symbols. c) ARM test results.
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2. Sample alignment
In order to align the specimens parallel to the ﬁeld in the oven, we used custommade sample holders. The alignment procedure is illustrated in Figure 4.S2a-b
(also see Böhnel et al., 2009). First the specimen’s NRM is measured. The
declination (with respect to the orientation/measurement arrow) is then
indicated on the specimen, and the sample holders are rotated by the
inclination. The specimen itself is rotated such that its declination arrow points
in the direction of the ﬁeld in the oven.
a)

b)

Figure 4.S2 Alignment of the samples in the oven. a) Declination relative to the orientation/
measurement arrow. b) Inclination.
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3. The m2 factor
In the original MSP-DB and MSP-DSC protocol (Dekkers and Böhnel, 2006;
Fabian and Leonhardt, 2010), all remanences are added and subtracted as
scalars. However, in some cases the remanence after the second heating step
(m2) may be antiparallel to the NRM (m0). Not correcting for this may lead to
large outliers, as illustrated in Figure 4.S3. We have chosen to correct for
‘negative’ m2 by using the ‘m2 factor’, which is the normalized dot product of
the vectors m2 and m0. m2 is multiplied by this factor, which is equal to +1 if m2
and m0 are parallel and -1 if they are anti-parallel. This is similar to using vector
subtraction and addition as used by Muxworthy and Taylor (2011).

Figure 4.S3 Example of a site (La Palma site 12, Monster et al. (2015)) that shows a ‘negative’
m2 and the influence of the correction. Left: Zijderveld diagram of such a sample, with the
NRM (m0) and the measured remanences m1 to m4 indicated. Right: MSP-DSC plot without
correction (top) and with correction (bottom). The data points at 48 µT are ‘normal’ outliers;
the two data points at 60 µT had a ‘negative’ m2.
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Table 4.S1
This table lists the declination and inclination (in specimen coordinates), the
intended angular deviations ∆dec and ∆inc between the NRM remaining and
the pTRM gained and the values calculated by MSP-Tool, and the fraction NRM
lost (f) for all 20 samples processed in this study. The larger difference between
the intended and measured angular deviation for site TD is most likely due to
the smaller fraction NRM lost for this site compared to site PI.
Sample
orientation

Intended pTRM
angle

Measured pTRM
angle
∆decme

∆incmea

Step

Sample

dec

inc

∆dec

∆inc

as

s

f

12 µT

PI10C

193.9

8.5

0

0

1.1

3.4

25%

PI9B

297.5

3.5

15

0

20.1

4.2

38%

PI10B

176.1

-1

90

0

84.6

0.6

30%

PI9D

147.9

7.9

0

0

2

3.8

25%

PI12C

143.9

0.2

0

0

1.9

2.1

20%

PI9A

25.1

45.4

0

30

3

23.1

35%

PI13B

293.1

-5.6

15

30

11.8

24.4

21%

PI9C

116.9

74.3

0

0

1.4

1.5

28%

PI13C

137.4

-6.7

90

30

78.8

21.8

29%

PI4B

118.8

1.4

0

0

4.5

1.9

31%

TD4B

29.9

-14.2

30

0

30

18.5

10%

TD9A

43.8

4.4

0

0

6.4

9.1

11%

TD11D

182

-0.8

0

15

27.6

22.6

7%

TD4E

126.4

-58

0

0

23.5

2.5

9%

TD10B

33.8

-1.2

0

0

7.4

12.3

5%

TD4C

63.1

19.2

0

90

12.9

82.2

8%

TD3B

324

-11.3

0

0

0.8

4.6

8%

TD4D

229.5

-9.5

30

15

22.9

9.5

6%

TD1C

300.1

29.6

0

0

1.1

30.3

7%

TD6C

222.3

11.4

90

90

103.8

93.6

9%

24 µT

36 µT

48 µT

60 µT

12 µT

24 µT

36 µT

48 µT

60 µT
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The high resolution Helix multi-collector
noble gas mass spectrometer for

40

Ar/39Ar

geochronology
K.F. Kuiper, M.W.L. Monster, E. Rost, A. Bikker, D. Hamilton, O. Postma, A.
Santato, R. Stoevelaar, W. van der Plas and J.R. Wijbrans

We describe a new high-resolution multi-collector noble gas mass
spectrometer (Helix) that allows simultaneous collection of all argon isotopes
and hence is ideally suited for 40Ar/30Ar geochronology. The detector housing
of the instrument holds five Faraday collectors and five compact discrete
dynode multipliers (CDDs). The main benefit of this mass spectrometer is its a
peak resolving power in the range of > 6000, which allows for the full
separation of hydrocarbons on all masses from m/e 36-40 and partial
separation of HCl on mass 36. Here we report the characteristics of this
instrument as applied to 40Ar/39Ar geochronology.

5.1 Introduction
For much of the last 50 years, the standard measuring device in argon
geochronology laboratories has been a single collector noble gas mass
spectrometer, where the ion beams of the five (three in conventional K/Ar
dating) argon isotopes are measured sequentially in a number of cycles on
either a Faraday collector or on a discrete dynode Secondary Electron
Multiplier (SEM) detector. In the last 5 - 7 years the first generation of multicollector noble gas mass spectrometers was developed allowing for
simultaneous detection of multiple ion beams on Faraday and SEM
collectors (e.g. Brumm et al., 2010, Coble et al, 2011, Mark et al., 2009,
Phillips and Matchan, 2013, Jicha and Singer, 2016). This current state-ofthe-art is defined by relatively low-resolution (compared to Helix MC)
multi-collector instruments, such as the NU Instruments Noblesse and the
ThermoFisher Argus-VI. These instruments have up to five collectors (four
SEMs plus an axial Faraday, in the configuration 2SEM-1F-2SEM, for the
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Noblesse) and six collectors (5F-1SEM, in the ThermoFisher Argus-VI), and
60° sector magnets with quoted resolutions in the range ~250. This first
generation of multi-collector mass spectrometers has the potential to be
substantially more precise compared to the — by now classic — single
collector instruments of the 1980s and 1990s, largely due to application of
pulse counting detection on the SEM collectors, and low-noise 1011 and 1012
Ohm resistor amplifiers on the Faraday collectors.
Here we present the first data of the new high-resolution ThermoFisher
Helix MC with a 5-channel Faraday/SEM collector assembly and a peak
resolving power in the range > 6000. Its high resolution allows to resolve
36Ar from molecular isobaric interferences and therefore leads to a more
precise correction for atmospheric argon. This way, a bias on the 40Ar* signal
that is otherwise difficult to constrain can be removed. We will also show
that isobaric interferences on the other argon isotopes for some samples
might cause systematic errors when measured on low resolution mass
spectrometers. We further provide a general description of the system
including characteristics on linearity and blanks, as well as collector
intercalibration procedures and measurement protocols.

5.2 VUA System description
Figure 1 shows a schematic overview of the system as developed at the Vrije
Universiteit Amsterdam. Here we describe the different parts of the system
in more detail.

5.2.1 Argon release from samples
Argon can be released from samples by either heating or crushing. In our
laboratory we have two different lasers available for the Helix MC: a
Brilliant pulsed Nd-YAG laser and industrial Synrad continuous wave CO2
laser. The latter is used as the “working-horse” for the system. The sample
house for the CO2 laser is equipped with a doubly pumped Zn-S window
with an diameter of 45 mm and an 1-1.5 mm indium seal. A metal mesh
filter that filters c. 90% of the signal can be placed in the path of the laser for
use in the low-end temperature steps. Its placement is controlled by inhouse developed software. This filter is not operated during the high-end
heating steps of samples to enable complete fusion. We further attached a
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Figure 5.1. Helix process scheme. An overview of the Helix MC including
extraction line and sample inlet system.
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small volume resistance furnace to the extraction line (see Wijbrans et al.
(1995) for detailed description) and installed an additional port for the
connection of e.g. a crusher (see Qiu and Wijbrans, 2008).
Table 5.1. Volumes of the gas purification line. All volumes are in ml. See Figure 1
for explanation of the different items listed in this table. Values in bold contribute
to volume during a measurement with maximum gettering capacity.

Item

Open

Closed

V_inl_1 (valve to laser sample house)

8.3

2.6

V_inl_2 (valve to furnace)

8.3

2.6

V_inl_3 (valve to optional port)

8.3

2.6

V_GP_6 (valve to Lauda cold trap)

8.3

2.6

V_GP_1 (valve to Ti sponge)

8.3

2.6

V_GP_2 (valve to SAES-C10-St797)

8.3

2.6

V_GP_3 (valve to ion getter pump)
V_GP_4 (valve to SAES-St172)

2.6
8.3

V_PL_1 (valve to pump line)

2.6
6.7

V_GP_7 (manual valve to pumpline)

7.4

5.0

V_GP_5 (valve between “dirty” and
“clean” part)

4.7

2.9

V_MS_3 (inlet valve mass spectrometer)

4.7

2.9

Sample chamber

19.6

Connection tube to sample chamber

10.5

“Dirty part” purification line

26.4

“Clean part” purification line

40.0

Ti sponge

13.8

SAES-C10-St797

64.1

SAES-St172

35.2

Lauda Cold trap

13.8

Maximum volume:

293.8
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5.2.2 Gas purification line
Once the gas is released from the sample it can be exposed to a series of
getters to remove active gases such as water, nitrogen and hydrocarbons.
Getter capacity can be adjusted according to specific sample requirements.
The getters currently attached to the system are titanium sponge, a SAESC10-St797, a SAES-St172, a Gamma Vacuum N50 non-evaporable getter and
a Lauda cooler that all can be isolated behind pneumatic valves and are
controlled by the in-house developed software.
During tray changes all components of the line are isolated behind
valves. The gas is then directly pumped into the “pumping line” part of our
system, which consists of a turbo pump, fore-vacuum reservoir, rotary
pump and drag pump. During routine runs the valve between the forevacuum reservoir and the rotary pump/drag pumps is closed. Only at a
certain pressure threshold the fore-vacuum reservoir is pumped. The
different ports that can potentially be used for gas release and the Lauda
cooled getter (for “dirty” samples) are isolated from the rest of the system
by pneumatic valve VGP5 and represent the “dirty” part of the system. The
“clean” part of the extraction line houses the remaining getters and an ion
getter pump used to clean the line after a run.
The pipette system contains two separate 10-l reservoirs each with its
own pipette (Figure 1). Both reservoirs are filled with diluted,
unfractionated air from the laboratory. The 38/40 reservoir has been used in
the past with spiked 38Ar; the 40Ar/38Ar composition in this reservoir is
therefore still slightly enriched in 38Ar.
The different components of the system can be baked at temperatures of
120°C (sample house) to 150°C (rest of the line). Table 5.1 lists the volumes
of the different parts of the line. The total maximum volume is c. 300 ml,
which means that the volume of the Helix MC (c. 3500 ml) is c. 10x larger
than the volume of the sample purification line. Hence, when equilibrium
has been attained after opening the valve between the sample purification
line and the Helix MC, c. 90% of the sample gas will have entered in the
mass spectrometer.

5.2.3 Mass spectrometer
The Helix MC Plus is an all-metal ultrahigh-vacuum noble gas static mass
spectrometer. The instrument is fitted with a 5-channel Faraday/SEM
collector assembly. Its resolution is > 1500 true peak valley resolution and
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its peak resolving power is in the range > 6000. For all five dual collectors,
either a Faraday collectors with a 1011, 1012 or 1013 resistor amplifiers or a
pulse-counting discrete dynode SEM collectors (CDDs) can be selected. This
flexibility leads to an optimal dynamic range and the highest sensitivity
technically achievable. The ionisation of argon is achieved by electron
bombardment with a 10 kV Electron Impact (EI) ion source. The generated
ion beam passes through a variable entrance slit (0.25 mm, 0.1mm or 0.05
mm), which can be adjusted depending on the preference for a higher
resolution or higher sensitivity of the measurement. Then, the ion beam
moves through two sets of extraction plates in the lens system, focusing the
ion beam and enhancing its alignment before entering the flight tube. The
flight tube has a 35-cm radius and a curvature of 120°. The ions are focused
on the multi-collector block, which contains dual collectors. Of these, the H2
and the H1, and the L1 and the L2 can be moved, whereas the axial (AX)
detector in the middle is fixed (Figure 5.2). The maximum beam size for the
CDDs is 50 fA, equivalent to about 300,000 cps. The CDDs have an ion
counting efficiency > 85% and an inherent low noise of < 10 cpm.
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Figure 5.2. Set-up of collector block. Five ion beams can be focused on the
collector array for simultaneous collection. All detectors are fitted with a dual
detector: Faraday detectors with 1012 Ohm resistor amplifiers and compact
discrete dynode secondary electron multipliers (CDD) with pulse counting
detection. Four channels (H2, H1, AX and L1) are fitted with standard slit collectors
and the fifth channel (L2) is fitted with a high resolution slit.
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5.2.4 Automation of system
The design of our fully automated system is based on modular control
devices built around PIC-processors that contain the basic safety functions,
and microcomputers controlling the sample preparation and purification
process. This is a tested design that already functions on different systems
in our laboratory (Schneider et al. 2009). The mass spectrometer itself is
controlled by the ThermoFisher Qtegra software. Data are exported to CSV
files, which are converted with an in-house developed macro for Microsoft
Excel to a data format that can be used in the data reduction software
package ArArCALC (Koppers et al., 2002).

5.3 Performance
5.3.1 Detector baselines
We tested the baselines of all detectors by running a series of experiments at
half mass positions with the ion beam in a defocused mode. When baselines
are collected simultaneously on all 10 collectors, we observe a scatter in the
Faraday cups that may be due to a ripple effect from the CDD to the
Faraday as they are physically very close to each other (Figure 5.3a). To test
this, we also conducted the baseline experiments for the Faraday cups with
the supply voltage of all CDDs set to 0 V. Note that the beam deflection is
still set to 3250 V to prevent ions entering the CDDs when they are disabled.
All Faraday cups are fitted with 1012 Ohm amplifiers. Furthermore, the
impact of different integration times on the baseline scatter was assessed for
all collectors.

5.3.1.1 Faraday baselines
Specifications indicate that the baseline scatter should be < 100 µV or <
0.1 fA standard deviation for a 1012 Ohm amplifier for a 4.19 s integration
time. During five experiments of c. 30 min collection time each, we
collected data for seven different integration times (1.05, 2.11, 4.19, 8.39,
16.78, 33.55, 67.11s) and a settling time of 5000 ms. Some representative data
are shown in Figures 5.3c and 5.3d. Additional data are provided in Figure
5.S1 in the supplementary information. Figure 5.3e shows the integration

109

Chapter 5
time versus the standard deviation of the baseline. We chose 33.55 s as the
routine integration time for our experiments, as a longer integration time of
67.11 s drastically increased the measurement duration while not
significantly decreasing the amount of scatter. During our baseline
experiments, we also observed amplifier malfunctioning. Figure 5.4b shows
two examples of this: strange baseline jumps (blue squares) and huge
scatter (red squares). Regular assessment of amplifier performance is
therefore crucial.
0.1

a)

CDD voltage on

b)

CDD voltage off

0.2
sudden jumps

a)
-0.1
-0.2
-0.3
-0.4
-0.5

huge scatter

0

Intensity (fA)

Intensity (fA)

0

-0.2
-0.4
-0.6
-0.8

0
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Time (min)
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Figure 5.3. Baselines. a) Typical scatter on Faraday (H2) due to a ripple effect from
the CDD to the Faraday; b) Typical examples of a malfunctioning amplifier. c)
Faraday baseline (H2) for 4.19s integration time. d) Faraday baseline (H2) for
33.55s integration time. e) Integration time versus the standard deviation of the
Faraday baselines. f) CDD baselines for 33.55s integration time.
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5.3.1.2 CDD baselines
Figure 5.4f (and Figure 5.S2) show similar experiments for the CDDs. We
rarely observe any counts for the H2, AX and L2 CDDs, whereas the
baseline for the H1 CDD and particularly the L1 CDD do show some counts.
This is caused by the implantation and subsequent decay of
respectively.

39Ar

and

37Ar,

5.3.2 Measurement protocols
Samples run on single collector instruments samples are typically measured
in a peak jumping mode with different integrations times for each isotope in
10-20 cycles (for the MAP215-50 we generally used 12-16 cycles of 16 s for
m/e 40, 39, 38 and 36, 12 s for m/e 37, and 6 s for half-mass baselines). For
the Helix-MC we determined the optimal protocol by running series of air
pipettes in multi-collector mode (m/e 40 on H2:Far; m/e 38 on AX:CDD;
m/e 36 on L2:CDD) with different integration times (from 4 to 67 s) and
numbers of cycles (15, 20 or 25). A longer integration time decreases the
amount of scatter, but also increases the measurement duration. Very short
integration times (corresponding to analysis times of < 5 mins) are generally
not used anyway because they do not allow enough time for pumping of
the sample house and extraction line between experiments. As with the
baseline runs, we concluded that a 33-s integration time is the optimal
choice. For all integration times the 1σ intercept error is generally < 0.1% for
40Ar

on H2:Far. A 67 sec integration gave the lowest uncertainties on the
time zero intercept (1σ < 0.25% for 36Ar; < 0.4% for 38Ar), although a 33 s
integration time yielded almost identical results (1σ < 0.3% for 36Ar; < 0.5%
for 38Ar). Lower integration times lead to substantially larger uncertainties.
For experiments with a longer (e.g. 33 s) integration time, the number of
cycles (15, 20 or 25) does not influence the intercept uncertainty. Therefore,
we decided to run our experiments in 15 cycles with a 33 s integration time.

5.3.3 Blanks and backgrounds
Low blanks and backgrounds are crucial in 40Ar/39Ar geochronology.
Current state-of-the art studies that required low blanks yielded blanks in
the order of < 10-18 moles for m/e 36, 37, 38 and 39 and < 10-16 for m/e 40
(e.g. Phillips and Matchan, 2013; Mark et al., 2014). Since both the Helix MC
extraction line and mass spectrometer are new, it is anticipated that the
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blanks of our system will be higher. Routine use of the system with regular
baking of the extraction line and continuous pumping when no gas is being
analysed will improve our system blanks over time. The blanks for the
Helix MC range currently between 1 and 3 fA of 40Ar for the complete
system (sample purification line + mass spectrometer with 5 min isolation
time in the extraction line) which corresponds to 3.5 × 10-16 – 1.05 × 10-15
moles 40Ar (see Section 5.3.4 for the sensitivity used to convert from fA to
moles). The blanks for 36Ar, 37Ar, 38Ar, 39Ar are generally all < 0.008 fA (c. 3 ×
10-16 moles).
In the fall of 2014 we performed a careful assessment of the blanks in our
system. The total system blank at that time was c. 7-8 fA. Mass spectrometer
blanks were ~0.04 fA. We isolated different parts of our extraction line to
test which parts of the system dominate the background (table 3). Note that
c. 65% of the blank originates from the “clean” part including the getters.
The getters seem to be a dominant factor contributing to the blanks with
getter filament degassing as a likely cause.
Table 5.2. Average
fA.

40Ar

blanks for different parts of the sample purification line in
40

Ar blank (fA)

Complete extraction line

7.67

Clean part gas purification line (getters + pipettes)

4.95

Dirty part gas purification line

2.71

Clean part gas purification line + Ti sponge (cold)

3.07

Clean part gas purification line + NP10

3.36

Clean part gas purification line + St172

3.98

5.3.4 Sensitivity of the Helix MC
According to factory specifications the argon sensitivity of the Helix MC
should be > 7 × 10-4 A/Torr at 200 µm trap current. In practice, we are more
interested in the amount of moles of 40Ar released from a sample and
analysed in the mass spectrometer, expressed as the total system sensitivity
in mol/V or mol/fA. This sensitivity not only depends on mass
spectrometer characteristics, but also on the gas extraction and purification
systems and therefore differs between laboratories. We obtained data from
literature on “total system sensitivity” to compare this with the sensitivity
of our Helix MC system (Table 5.3).
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Figure 5.4. Sensitivity of the Helix MC. Left: The measured 40Ar intensity increases
linearly with increasing weight. Right: There is no correlation between sample
amount and sensitivity.

To determine the sensitivity of the Helix MC system non-irradiated HDB1 biotite was weighed and loaded in the system. Samples were fused,
purified and measured with the 40Ar beam on the H2 Faraday collector with
a 1012 Ohm amplifier and 36Ar on the L2:CDD. Blanks were run after every
2-3 unknowns. We used a value of 7.510 nl/g for 40Ar content of HD-B1 in
combination with the weight of the sample to convert the signal to mol/fA
(or mol/V). Figure 5.4a shows a linear increase of intensity with weight (as
expected) and Figure 5.4b shows the sensitivity. There is no correlation
between the amount of sample and the sensitivity; slight variations might
be attributed to incomplete sample degassing. The mean sensitivity is ~3.5 ×
10-13 mol/V. This value is comparable to Noblesse and MAP215-50 data as
published in literature (note: remarkably few studies do actually report the
sensitivity of their mass spectrometers), while the ARGUS V & VI have a
higher sensitivity.
Table 5.3. Some argon sensitivity values as reported in literature. a) based on 15.5
A/mol with 1011 Ohm amplifier; b) calculated from data in their appendix; c) based
on 3.55 ⋅ 10-17 mol/fA converted to mol/volt assuming a 1012 Ohm amplifier.

Reference

Machine

Sensitivity (mol/V)

Noblesse

6.45 × 10-13

Mark et al. (2009)

ARGUS V

7 × 10-14

Mark et al. (2014)

MAP215-50

1.13 × 10-13

Renne et al. (2013)

MAP215-50

1.1 × 10-13

Brumm et al. (2010)b

Noblesse

8 × 10-13

Coble et al.

(2011)a

Phillips and Matchan (2013)c Argus VI

3.55 × 10-14
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5.3.5 Linearity

and the 36Ar on the L2:CDD
(figure X). The data show that
between 100 and 1000 fA the
system behaves linear. At
smaller signal size, more
scatter is observed. However,

Ar/36Ar

330

320

40

Linearity tests were performed
by analysing a series of air
pipettes
of
different
40
intensities. The Ar beam was
measured on the H2:Faraday

310

300
0

200

400

600

800

1000

1200

Intensity (fA)

Figure 5.5. Linearity of the Helix MC. At
low signals, more scatter is observed. This
is attributed to potential off-peak
measurements on the low 36Ar peak.

we attribute this to potential
off-peak measurements due to
our peak centring routine
during these test (peak centring on low intensity

36Ar

peak on L2:CDD;

40Ar

whereas we now use the
signal on H2). More testing is currently
underway; initial results do not show linearity issues in the < 100 fA range.

5.3.6 Detector calibration and mass discrimination
To use multi-collector arrays for isotope ratio mass spectrometry, the
efficiency and amplifier characteristics need to be determined as slight
differences between channels will cause inter-channel bias. For instruments
with only Faraday collectors inter-channel bias can be addressed in a
relatively straightforward way by a software controlled gain procedure that
uses a stable reference current to determine the gain calibration factor for
each of the current amplifiers (e.g. Koornneef et al., 2012). This technology
is applicable to 1011 and 1012 Ohm resistors, but a different strategy is
required for 1013 Ohm resistors (e.g. the “sample-standard bracketing
method” described in Koornneef et al., 2014). As soon as ion counters or
secondary multipliers are used, channel intercalibration is more
complicated due to potential non-linear behaviour of these collectors. A few
studies have addressed this problem, but until now it has not yet been
solved for SEM based multi-collector arrays to better than 0.5% precision
(e.g. Coble et al., 2011). The procedure we developed for our Helix MC is
described below.
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5.3.6.1 Gain correction using air pipettes
Samples and standards are either run with 40Ar, 39Ar, 38Ar, 37Ar and 36Ar on
H2:Far, H1:Far, AX:CDD, L1:CDD and L2:CDD, respectively, or on H2:Far,
H1:CDD, AX:CDD, L1:CDD and L2:CDD, respectively (and very rarely on
all five CDDs). The maximum signal size on the CDDs is c. 50 fA
(corresponding to c. 300.000 cps) and our two air pipette have at the
moment higher signal sizes. Air pipettes allow therefore only
intercalibration of the H2 and H1 Faraday collectors that can also be
intercalibrated with the software using the reference beam. We therefore
decided to develop a different protocol.

5.3.6.2 Gain correction using CO2
CO2 is generally present as residual gas in noble gas mass spectrometers. Its
mass, 43.9898 amu, is in the range of the argon isotopes (36-40 amu). Here,
we use the CO2 beam to determine the gain for the different collectors by
peak jumping in dynamic mode. The dynamic CO2 background is c. 2-4 fA
in our system. The advantage of measurements in dynamic mode is that we
are dealing with a more or less constant beam intensity rather than a
decaying one. Therefore, we can avoid regression analyses of 10-20 data
points to determine a time-zero intercept, and calculate ratios for each
individual cycle. CO2 is measured in peak jumping mode on H2, H1, AX, L1
and L2 consecutively. After peak centring, 15-25 blocks of data are collected
with 33 s integration time. Figure 5.6 shows data from CO2 measurements
conducted from August to October 2015.

Jump 1: H2:Far
Jump 2: H1:Far/CDD
Jump 3: AX:CDD
Jump 4: L1:CDD
Jump 5: L2:CDD

Intensity (fA)

2.8
2.6
2.4
2.2
2

1.1

b)

H2 (jump 1)/L2 (jump 5)
H1 (jump 2)/L2 (jump 5)
AX (jump 3)/L2 (jump 5)
L1 (jump 4)/L2 (jump 5)

1.05

Gain factor

3

a)

1

0.95

1.8
1.6
0

200

400

600

800

Analysis number

1000

1200

0.9

0

200

400

600

800

1000

1200

Analysis number

Figure 5.6. a) CO2 intensity, as measured on the five different detectors during
three different CO2 measurement series in August, September and October 2015,
respectively (separated by dashed lines). The first measurement (25 data points) of
the series is often off-peak on L2:CDD. b) The calculated gain factors. The first 25
cycles were excluded because L2:CDD was off-peak. Data points outside two
standard deviations from the average were removed as well.
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As can be seen from Figure 5.6, the CO2 intensity is not completely
stable. Part of this scatter is caused by off-peak measurements (L2:CDD is
often off-peak during the first measurement; see Figure 5.6, left) and some
of it is caused by real fluctuations in CO2, which are dependent on e.g. the
type of samples run previously. The gain factors, obtained by dividing the
measured intensity by the intensity measured on L2:CDD (equations 5.1 to
5.4; Figure 5.6b), however, are remarkably stable, also over longer periods.
In our database, which consists of data over the past two years, we do not
observe major changes.
Based on these CO2 data we can determine gain correction factors,
normalised to H2:

39Ar

(H1:CDD or H1:Far)

CO2
gH1/H2
=

[CO2 ]H1
[CO2 ]H2

(5.1)

38Ar

(AX:CDD)

CO2
gAX/H2
=

[CO2 ]AX
[CO2 ]H2

(5.2)

37Ar

(L1:CDD)

CO2
gL1/H2
=

[CO2 ]L1
[CO2 ]H2

(5.3)

36Ar

(L2:CDD)

CO2
gL2/H2
=

[CO2 ]L2
[CO2 ]H2

(5.4)

If 40Ar was measured on the Faraday cup rather than the CDD, it is
preferable to normalise to L2:CDD, as the CO2 signal is rather low. The
uncertainty in measurements on Faraday cups are therefore larger than the
uncertainty when measured on a CDD (cf. Figure 5.6).
These gain correction factors are determined using a custom-made macro
for Microsoft Excel, which plots the CO2 intensities and baselines for all five
detectors and calculates the gain ratios, normalised by either H2 or L2.
Baselines are obtained from off-peak measurements (e.g. the baseline for H2
is determined when the CO2 beam is focussed on one of the other four
detectors) and subtracted from the CO2 signal. As the CDD baselines are
zero or close to zero, this is only important for Faraday cups. Outliers can
be removed manually (e.g. when a measurement was off-peak) or
automatically, by discarding all data points outside one or two standard
deviations. Finally, the gain correction factors are determined by averaging
all measured gain ratios for each detector and calculating their standard
deviations and standard errors.
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5.3.6.3 Data reduction
For data reduction we use the ArArCALC software (Koppers, 2002),
although that is not fully compatible with the current demand of our multicollection set-up. CO2 data are processed using the Excel macro described
above. For all other runs (blanks, air pipettes, standards, unknowns) we
perform our initial data reduction in ArArCALC with the mass
discrimination set to 1. The uncorrected intercept values for blanks (F1 in
ArArCALC) and unknowns/standards/airs (F2 in ArArCALC) are exported
to a different Excel spreadsheet. This macro can also handle measurements
that were run in peak-jump mode, with both 40Ar and 39Ar measured on
H2:Far.
These intercept values are corrected for gain differences by dividing the
measured intensities by their respective gain factors using a custom-made
VBA macro for Microsoft Excel. Errors are propagated. The gain-corrected
mass discrimination factor (MDF) is then plugged into the measurement of
the standard, and the gain-corrected MDF and the gain- and MDF-corrected
J-factor are plugged into the sample measurement. After this, standard
procedures to calculate an age can be followed. Note that we take extra care
to measure air pipettes, standards and samples consecutively and
preferably in the same intensity range, so that any systematic uncertainties
will effect samples and standards in the same way and cancel out.

5.3.7 Resolution of the Helix MC
The main benefit of the Helix MC is its resolution. Until now we were not
able to distinguish between peaks of argon and hydrocarbons (and/or
chlorine) at the five masses of the argon isotopes. We always assumed that
the gas released from the samples was purified by exposure to different
getters and cold traps, but were never able to test this assumption. Here we
laser step-heated a c. 150 ka groundmass sample from Etna according to our
routine laboratory procedures (~ 12 min getter exposure). Figure 5.7 shows
that we observe hydrocarbon peaks for m/e 36-39 with higher hydrocarbon
intensities in all heating steps compared to the blanks. This implies that the
gettering capacity of our system is not sufficient to remove all hydrocarbons
and that data analysed on a lower resolution mass spectrometer will be
compromised. In fact, for this particular sample we would have
overestimated our beam intensities with 0.6%, 5.9%, 11% and 1.8% for m/e
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39, 38, 37, 36, respectively. This clearly demonstrates the need for highresolution mass spectrometry for argon geochronology.
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Figure 5.7. Resolution of the Helix MC. Plots a to e show the 40Ar, 39Ar, 38Ar, 37Ar
and 36Ar signal intensity measured during several heating steps on ground mass
from Mt Etna. The grey shaded measurements represent blanks. As can be seen,
the amount of hydrocarbons in the blank is not equal to the amount of
hydrocarbons in the sample.
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5.4 Conclusions
The Helix MC was specifically developed to improve the resolution for
noble gas isotope analyses. At the VU Amsterdam the system is
implemented for 40Ar/39Ar geochronology. Due to development of a new
extraction line, and outgassing of the stainless steel the blanks are still a bit
high. The sensitivity of the system is comparable to that of the its
predecessor at the VUA, a MAP215-50. Its high resolution is crucial for
samples containing hydrocarbons and/or chlorine. We have overcome intercalibration issues between the different collector cups by developing a novel
routine where background CO2 is measured in dynamic mode. In-house
Excel macros were developed to make the data output compatible with
existing data reduction software.
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Supplementary figures
Figure 5.S1 (p. 120-122). Faraday baselines. Data collected for 5 experiments of c.
30 min collection time each for seven different integration times (1.05, 2.11, 4.19,
8.39, 16.78, 33.55, 67.11s) and a settling time of 5000 ms. The CDD supply
voltages was set to zero. All outliers > 2 standard deviation were removed.
Figure 5.S2 (p. 123) CDD baselines. Data collected for 5 experiments of c. 30 min
collection time each for three different integration times ( 4.19, 16.78, 33.55s) and
a settling time of 5000 ms. The CDD supply voltages was set to zero. Note that the
H1 and L1 CDDs have slightly higher baselines due to implantation and decay of
39
Ar and 37Ar, respectively. All outliers > 2 standard deviation are removed.
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Integration time: 1 s

Integration time: 2 s
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Integration time: 67 s
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Full-vector geomagnetic field records of the
Late Quaternary from Mt Etna, Sicily
Marilyn W.L. Monster1,2 , Roy Lagerburg1, Mark J. Dekkers1, Klaudia F.
Kuiper2, Lennart V. de Groot1, Stefano Branca 3 and Jan R. Wijbrans2

In order to create meaningful models of the geomagnetic field, high-quality
input data are needed. Directional data are fairly straightforward to obtain,
but reliable intensity data are much more scarce. This is especially the case for
periods before the Holocene. For this study, a total of 25 flows in the age
range of c. 25 to c. 150 ka were sampled at Mt Etna, Sicily (Italy). The samples
were subjected to palaeomagnetic and standard rock magnetic measurements
before carrying out three different methods to determine palaeointensities:
the classic Thellier-Thellier method (IZZI protocol), the multispecimen
method (domain-state-corrected protocol) and the calibrated ‘pseudoThellier’ method. This multi-method approach increases the usually rather
low success rate of palaeointensity experiments, and provides an additional
consistency check. In this study palaeointensities with at least one approach
could be obtained for 20 out of 25 sites. Palaeointensities obtained using the
IZZI-Thellier and multispecimen methods typically range between 30 and 45
!T, a bit low compared to the present-day value of c. 45 µT, but in agreement
with the average Brunhes intensity of c. 35 µT. The pseudo-Thellier method
consistently yields results that are c. 8 µT lower, suggesting that the current
calibration formula may not be applicable to all types of volcanism. When
converting the palaeointensities to VADMs, our results compare reasonably
well to the PISO-1500 and PADM2M stacks.
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6.1 Introduction
The Earth’s magnetic field is very important as it shields us - and our
electronic equipment - from harmful cosmic radiation. However, while the
present-day field is relatively high compared to most of the past 50 kyr, it
has been sharply decreasing for the past few hundred years (e.g. Knudsen et
al., 2008; Korte et al., 2009, 2011). In order to gain a better understanding of
the variability of the field and the processes in the liquid outer core that
sustain it, the geodynamo, we need more data on its past behaviour.
Unfortunately, while it is straightforward to obtain information on the past
direction of the geomagnetic field, it is much more difficult to obtain a
robust set of palaeointensity data for a given region.
During the past two decades, several new palaeointensity methods or
variations on existing methods have been developed, such as the IZZI
protocol (e.g. Yu et al., 2004), the microwave method (e.g. Hill and Shaw,
1999), the multispecimen protocol (Dekkers and Böhnel, 2006; Fabian and
Leonhardt, 2010) and the calibrated pseudo-Thellier method (Tauxe et al.,
1995; Yu et al., 2003; de Groot et al., 2013aa). Further, new checks and
reliability criteria have been proposed, such as pTRM tail checks (Riisager
and Riisager, 2001) and sets of selection criteria for Thellier-style
experiments such as SELCRIT2 (Selkin and Tauxe, 2000; Biggin et al., 2007),
PICRIT-03 (Kissel and Laj, 2004), ThellierTool A and B (Leonhardt et al.,
2004) and modifications on these (Paterson et al., 2014). By using a multimethod approach (see e.g. de Groot et al., 2013a; Monster et al., 2015a), the
often low success rates of these methods can be increased. Furthermore,
consistency between the results from different methods provides an
additional reliability criterion.
For the present study, 25 lava flows in the age range of c. 25 to c. 150 ka
were sampled on Mt Etna, Sicily. Of these flows, 20 had been dated by De
Beni et al. (2005, 2011), Branca et al. (2008) or Del Carlo et al. (2012). All sites
were rock magnetically characterised in detail (Curie and alteration
temperatures, domain state and oxidation class) and their palaeomagnetic
directions were determined. Three palaeointensity methods were applied:
the classic Thellier-Thellier method (Thellier and Thellier, 1959) using the
IZZI protocol and including pTRM checks (Coe, 1967) and pTRM tail checks
(Riisager and Riisager, 2001), the multispecimen protocol (Dekkers and
Böhnel, 2006; Fabian and Leonhardt, 2010) and the pseudo-Thellier method
(Tauxe et al., 1995; de Groot et al., 2013ab).
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6.2 Geological setting and sampling
Mt Etna is a composite basaltic stratovolcano located in the north-eastern
part of Sicily, Italy. The oldest volcanic products were dated to c. 540 ka (De
Beni et al., 2011). After a hiatus between c. 320 and c. 220 ka, volcanic
activity was mostly continuous, although the eruptive centres changed
(Branca et al., 2011). Branca et al. (2011) divides its geological evolution into
eight synthems or four supersynthems that are separated by
unconformities: the Basal Tholeitic Supersynthem (c. 540 - c. 320 ka), the
Timpe Supersynthem (c. 220 - c. 110 ka), the Valle del Bove Supersynthem
(c. 110 - c. 65 ka) and the Stratovolcano Supersynthem (c. 56 - present).
We sampled a total of 25 flows from the Timpe, Valle del Bove and
Stratovolcano Supersynthems during two field trips. Site locations are
provided in Table 6.2; a schematic map of the fieldwork area is shown in
Figure 6.1. At most sites, at least 14 cores of 1-inch diameter were taken
using a petrol-powered drill. If possible, samples were taken from the solid
part of the flow and drilled closely together to ensure as much homogeneity
as realistically possible. Many flows showed cracks, indicating possible tilt.

Figure 6.1. Sampling locations. Red and blue dots indicate locations sampled
during the first and second field campaign, respectively. The blue dots are mostly
located in Valle del Bove, which was covered in snow during the April field trip.
The main roads are shown in black (A18) and grey (SS roads). Image adapted from
Google Maps.
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In some cases (sites DM2 and TC) it was difficult to see whether the
sampling location was still in situ. Samples were oriented using a magnetic
compass, as the weather conditions or site location (shade) generally
precluded sun compass readings. At sites that were difficult to access due to
steep terrain, oriented hand samples were taken instead of drilled cores. In
the laboratory, 1-inch diameter cores were drilled from these hand samples
perpendicular to the oriented surface. It should be noted that directions
obtained from these hand samples are somewhat less precise than those
obtained from cores that were drilled in the field as they were based on
fewer independently oriented samples. At eight locations, the magnetic
field 10, 50 and 100 cm above the lava flow was measured using a
Bartington three-axes magnetometer to detect possible distortions in the
magnetic field caused by the underlying lava flow (see Appendix 6A).
Mt Etna is notorious for its unreliable palaeointensity results and low
success rates. Indeed, three studies on historic lavas from Mt Etna focus on
the difficulties of palaeointensity determination. They explore reasons for
the failure of palaeointensity measurements (Calvo et al., 2002) and the
underestimates often observed in recent Etna flows (de Groot et al., 2013ab),
or offer criteria to distinguish between unreliable and reliable
palaeointensity estimates (Calvo et al., 2002; Biggin et al., 2007). Similarly,
Tanguy (1975), Haag et al. (1995) and Hill and Shaw (1999) also reported
problems with alteration and/or cooling rate effects in their thermal or
microwave Thellier-style experiments. Other studies include Besse et al.
(1984)’s on palaeodirections from the Upper Cretaceous to the Quaternary,
Sagnotti et al. (2011)’s on relative palaeointensities from sedimentary cores
drilled c. 2 km to the east of the Sicilian coastline, and a study by Tanguy
and Le Goff (2004) in which the distortion of the magnetic field above Etna
lava flows was measured.

6.3 Methods
6.3.1 Palaeomagnetic and rock magnetic analyses
6.3.1.1 Demagnetisation of the NRM and palaeodirections
Samples were demagnetised both by alternating field (AF) and thermal
demagnetisation. At least three specimens per site were AF demagnetised in
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fourteen or fifteen steps of up to 100 mT using a robotised 2G DC-SQUID
magnetometer with three orthogonal sets of AF demagnetisation coils inline with the magnetometer. Three specimens per site were subjected to
thermal demagnetisation in an ASC TD48-SC thermal demagnetiser
(residual field < 20 nT) and demagnetised in thirteen or fourteen steps
between 100 and 600 °C to above their maximum unblocking temperatures.
These specimens were measured on 2G DC-SQUID magnetometer or an
AGICO JR-6 spinner magnetometer if their NRMs were beyond the SQUID’s
dynamic range. Palaeodirections were obtained from both the AF and
thermal demagnetisation experiments using Remasoft32 (Chadima and
Hrouda, 2006). AF and thermal NRM decay curves were obtained by
normalising the scalar NRM intensity as a function of AF field strength and
temperature, respectively, by NRM.

6.3.1.2 Rock magnetic analyses
Curie and alteration temperatures were determined using an AGICO
KLY-3S susceptometer with a CS-3 furnace attachment. Samples were heated
in air; c. 0.5 to 1 g of pulverised sample was used per measurement. The
magnetic susceptibility was measured as a function of temperature in six
cycles (maximum temperatures 225, 325, 425, 500 and 600 °C). Curie
temperatures were estimated from the inflection point or points of the
curve. Determining the Curie temperature from a susceptibility-versustemperature diagram is less precise than from a magnetisation-versustemperature diagram, but usually gives a good indication of the ‘true’ Tc.
We define the ‘alteration temperature’ as the highest temperature in the last
thermal cycle that shows reversible magnetic behaviour. Irreversible
magnetic behaviour indicates chemical alteration; a meaningful
palaeointensity cannot be obtained at temperatures above this alteration
temperature.
Hysteresis loops (maximum field of 1 T) and back-field curves were
measured on a Princeton Instruments alternating gradient force
magnetometer (MicroMag model 2900; instrumental noise level 2 10 9
Am2, typical signal at least four orders of magnitude higher). A slope
correction was applied to the hysteresis loops to remove the paramagnetic
contribution. Depending on the amount of scatter between samples, three to
six small rock chips (c. 1-10 mg) per flow were processed. From these
measurements, the average values of the saturation remanent magnetisation
Mr, the saturation magnetisation Ms, the coercive field Bc and the coercivity
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of remanence Bcr were determined. The ratios Mr/Ms and Bc/Bcr were plotted
against each other in a Day plot (Day et al., 1977). This plot provides an
estimate of the domain state of the specimens.
Thin sections of most sites (eight lightning-affected sites were excluded)
were studied using a JEOL JCM-6000 table-top scanning electron
microscope (SEM) to estimate the oxidation class as described in Watkins
and Haggerty (1968). The SEM was used in backscatter mode with a voltage
of 10 kV. Images were taken at magnifications of 22 to 4000x.

6.3.2 Palaeointensity experiments
It is notoriously difficult to obtain reliable palaeointensity data. Undesirable
behaviour such as multi-domain effects and chemical alteration due to
heating may influence the results and cause many samples to fail commonly
adopted sets of selection criteria (e.g. SELCRIT2 (Selkin and Tauxe, 2000;
Biggin et al., 2007), PICRIT-03 (Kissel and Laj, 2004), ThellierTool A and B
(Leonhardt et al., 2004) and modified versions of these (Paterson et al.,
2014)). By using multiple palaeointensity methods, the usually low success
rates of each individual method can be increased. Furthermore, consistency
between their results provides an additional reliability check.
First, we applied the classic Thellier-Thellier method (Thellier and
Thellier, 1959) using the IZZI protocol (Yu et al., 2004) and incorporating
both partial thermoremanent magnetisation (pTRM) checks (Coe, 1967) and
pTRM tail checks (Riisager and Riisager, 2001). Samples were divided into
two groups based on their thermal demagnetisation behaviour. For sites
that demagnetised more quickly, steps of 40 °C between 80 and 480 °C were
used, whereas steps of 50 °C between 100 and 600 °C were used for sites
that demagnetised more slowly. We used a laboratory field of 40 µT. Data
were analysed using ThellierTool 4.0 (Leonhardt et al., 2004). Their
reliability was assessed using the ThellierTool A and B sets of selection
criteria (Leonhardt et al., 2004) as modified by Paterson et al. (2014). All
results failing these criteria were discarded; results that did pass the criteria
but showed clear sagging (indicative of multi-domain behaviour) were
considered less reliable. As ThellierTool 4.0 does not provide statistics (such
as the one proposed by Paterson et al., 2011) to quantify curvature, Arai plot
curvature was assessed visually. For some specimens, more than one linear
regression passed our selection criteria (Table 6.1). In these cases the
regression with the highest quality factor q was preferred. If more than one
sample per site passed, an additional requirement was imposed that the
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Table 6.1. The ThellierTool A and B selection criteria (Leonhardt et al., 2004) as modified by
Paterson et al. (2014). n is the number of data points used in the regression, f the fraction
NRM

n

f

!

q

MADanc

"

TTA

≥5

≥ 0.35

≤ 0.1

≥5

≤6

TTB

≥5

≥ 0.35

≤ 0.15

≥0

≤ 15

#CK

#pal

#TR

$t*

≤ 15 ≤ 7

≤ 10

≤ 10

≤9

≤ 15 ≤ 9

≤ 18

≤ 20

≤ 99

standard deviation divided by the obtained average palaeointensity (σB/B)
should be less than 25% (Selkin and Tauxe, 2001). We used Dixon’s Q test
(Dean and Dixon, 1951) to identify outliers.
Second, the multispecimen protocol (Dekkers and Böhnel, 2006; Fabian
and Leonhardt, 2010) was applied. In contrast to Thellier-style methods, in
which one laboratory field and multiple temperature steps are used, the
multispecimen protocol (MSP) uses one temperature but multiple fields,
that are applied parallel to the specimens’ NRMs. Therefore, only sites that
do not show an overprint are suitable. The temperature at which the MSP
experiment was carried out was selected per site based on its alteration
temperatures as determined from its susceptibility-versus-temperature plots
and its thermal demagnetisation behaviour. Prior to the MSP experiment,
sites were subjected to the ARM test (de Groot et al., 2012) to test for subtle
alteration at the selected temperature. In this test, the amount of
anhysteretic magnetic remanence (ARM) gained by a set of specimens that
has been heated to the target temperature of the MSP experiment, is
compared to the amount of ARM acquired by a sister specimen set that has
remained pristine. No AF demagnetisation should be carried out prior to
the ARM acquisition. If these amounts are the same, it has been shown by
analysis of historic lavas that the MSP experiment will yield the correct
palaeointensity. Sites that failed this test, were tested again at one or more
lower temperatures. All sites that passed the test, as well as some that did
not, were subjected to the extended, domain-state-corrected multispecimen
protocol (MSP-DSC; Fabian and Leonhardt, 2010) using four or five field
steps and generally two to three specimens per field step, depending on the
amount of sample material available. For the sites that did not pass the
ARM test, the obtained palaeointensity values are considered lower or
upper bounds of the actual palaeointensity. Data were analysed using MSPTool for Microsoft Excel 2010 (Monster et al., 2015b) and its built-in selection
criteria. For MSP-DSC plots, the progressive alteration should be less than
3% and the y intercept of the linear regression through the data points
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should be within 10% or within error of its theoretically prescribed value of
(0, -1).
Finally, the pseudo-Thellier method (Tauxe et al., 1995; de Groot et al.,
2013aa) was used. Rather than demagnetising specimens by heating them,
like in the classic Thellier-Thellier method, specimens are demagnetised by
applying AF fields of increasing strength. The pseudo-Thellier method is
therefore inherently a relative palaeointensity method and was originally
used to obtain continuous relative palaeointensity records from sedimentary
archives (e.g. Tauxe et al., 1995). It is well known that ARM is grain-size
dependent. Therefore, a common grain-size window should be selected
where grain-size effects are filtered out. In an analysis of historic lavas from
Hawaii, de Groot et al. (2013a) showed empirically that the AF field at
which the specimens have acquired half their total ARM, B1/2ARM, should be
between 23 and 63 mT for the calibration formula to be applicable (see de
Groot et al., 2013aa). This calibration formula to convert the slope of the
pseudo-Thellier Arai plot to an absolute palaeointensity value was derived
from young volcanic rocks with a known palaeointensity (de Groot et al.
2013a, 2015). The practical procedure is as follows: After AF demagnetising
the samples, they are subjected to an ARM acquisition at the same AF steps.
The NRM remaining is then plotted as a function of the ARM gained. To test
whether the ARM is carried by the same grains as the original NRM, the
ARM is demagnetised using the same field steps as the NRM
demagnetisation and the ARM acquisition. The ARM remaining is then
plotted against the NRM remaining and should yield a straight line,
although overprints may cause a deviation in the low-field steps. Data were
analysed using a custom-made Excel macro and converted to absolute
palaeointensity values using the calibration formula from de Groot et al.
(2015).

6.4 Results
6.4.1 Palaeomagnetic and rock magnetic analyses
6.4.1.1 Demagnetisation of the NRM and palaeodirections
Some Zijderveld diagrams are shown in Figure 6.2; plots for all sites are
provided in Appendix 6B. Palaeomagnetic directions could be obtained for
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all sites except for GI and MO and were generally close to the declination
and inclination expected at Sicily for a geocentric axial dipole field. A
relatively high number of sites, however, showed signs of remagnetisation
by lightning. Apart from sites GI and MO, sites CS, DM1/2, GI, LN, RZ, TD
and some samples from site ZT showed partial or possibly complete
overprints that were characterised by a steep decay in their AF NRM decay
curves (Appendix 6B), often combined with high NRM intensities (up to c.
80 A/m for one MO specimen). These sites are marked with a superscript
‘l’ (partial lightning overprint) or ‘L’ (complete lightning overprint) in Table
6.2. Site MC may also have been remagnetised by lightning. In some cases,
the directions obtained from the linear, high-AF field part of their
Zijderveld diagrams yielded plausible directions, whereas in other cases
(most notably sites DM1/2) the obtained declinations and inclinations differ
markedly from the values expected for a geocentric axial dipole field. Site
DM1 was dated to 33.2 ± 5.4 ka (1σ uncertainty) by De Beni et al. (2011),
while DM2 based on the geology of the area is probably only a few
thousand years older. Similarly, site MC has been dated to 29.1 ± 6.4 ka (De
Beni et al., 2011). It is therefore possible that these flows were deposited
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Figure 6.2. Thermal NRM decay curves, thermal Zijderveld diagrams, hysteresis
loops and susceptibility-versus-temperature plots for sites OI, AG, BT and RZ. RZ
has likely been remagnetised by lightning.
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during the Mono Lake (c. 33 ka) or Laschamp (c. 41 ka) excursions (Laj and
Channell, 2007). Their suspected lightning overprints, however, seem a
more likely culprit for the observed aberrant directions. Additionally, in the
field it was very difficult to see if site DM2 was still in situ. This was also
the case for site TC, which yielded a very low declination (c. 265°) and a
negative inclination (c. -32°).
The AF NRM decay curves of the sites that are not suspected of lightning
strikes are very similar to each other, the NRM decaying to c. 20% of its
initial intensity at 60 mT and less than 10% at 100 mT peak field. Thermal
decay curves can be subdivided into three categories: sites that demagnetise
slowly, retaining more than 60% of their NRM at 400 °C (AG, CV, IN2, MT,
MO, NA, OI, SA and some samples from ZM); sites that show a gradual
NRM decay (BT, GI, IN1, P1, some samples from PI, TC, TD, VS and ZT);
and sites that demagnetise quickly, retaining less than 20% of their NRM at
200 °C (RZ, some samples of PI and ZM). The thermal demagnetisation
behaviour of the remaining sites (CS, DM1/2, ER, LN, MC, VS) was
obscured by their partial overprints.
Local anomalies should not have influenced on the obtained directions.
Experiments with a portable fluxgate (Appendix 6A) revealed that the
measured angular deviation was generally less than 5° and the intensity
distortion generally less than 5%, with the exception of two lava flows that
had been remagnetised by lightning (GI and ZT) and site ER. One metre
above site GI, whose NRM intensity was 6-8 times higher than that of the
other Etna sites, the magnetic field was 36% higher than would be expected
from the International Geomagnetic Reference Field (IGRF). In general,
however, the measured distortions appeared to be marginal.

6.4.1.2 Rock magnetic analyses
For nine sites, irreversible behaviour in their susceptibility-versustemperature plots (Figure 6.2 and Appendix 6B) first occurred between 225
and 325 °C. Fourteen sites started showing signs of chemical alteration
between 325 and 425 °C, while two sites (DM2 and MC) had higher
alteration temperatures. Most sites had high (> 400 °C) Curie temperatures.
These sites can be further subdivided into sites that show a relatively linear
increase of the susceptibility to temperatures of 400 °C followed by a sharp
decrease (such as site OI in Figure 6.2) and sites whose susceptibility peaks
at a lower temperature, between c. 150 (site PI) and c. 350 °C (sites AG and
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Table 6.2. Site age and location (UTM zone 33), palaeodirections (where n
represents the number of samples used in the average and N the total number of
samples that were processed), Curie and alteration temperatures and oxidation
class (Watkins and Haggerty, 1968). Ages are from De Beni et al. (2005, 2011),
Branca et al. (2008) and Del Carlo et al. (2012) and were corrected for the latest
values of the decay constants and standard ages. Sites marked with a small
superscript l showed a partial lightning overprint, whereas sites marked with a
capital superscript L appear to have been completely overprinted. For sites that
are marked with a superscript H, directions were obtained from hand samples,
leading to higher α95 values. Site ER’s inclination is considered less reliable due to
orientation issues with the hand samples. Site TC was likely not in situ.
UTM
Age ± 1!
(ka)

Site

Easting Northing n (N)

Directions
Direct
ions
"95

Rock magnetic
magnet data

Dec (°) Inc (°)

Tc (℃)

Talt (℃)

Oxidatio
n

AG

156.5 ± 8.6 0515332 4160675 9

4.1

334.1 58.9

540

225

I-II

BT

41.4 ± 7.3

0482401 4179964 8

3.8

344.6 49.6

200

225

II

CSl

41.9 ± 3.1

0506283 4173509 6 (9) 3.5

332.2 42.5

540

325

I-II

CV

H

80.4 ± 2.1

0501846 4173857 5

5.4

350.0 44.4

540

325

I-II

DM1l 33.2 ± 5.4

0515260 4160697 7

8.1

235.0 66.4

125

225

I-II

DM2l -

0515287 4160636 9

5.1

317.9 -63.0

540

425

ERH

101.4 ± 5.9 0506156 4177608 8

9.7

358.3 42.3

350 /
540

225

GIL

-

540

325

IN1

133.4 ± 2.4 0515180 4161960 9

3.6

355.4 31.6

200 /
540

225

II

IN2

-

0515256 4161940 9

2.2

359.2 54.1

570
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III

LNl

42.5 ± 5.3

0492472 4186454 8 (9) 9.2

335.2 46.3

300 /
540

325

MC

29.1 ± 6.4

0433749 4180461 5 (6) 5.3

275.1 81.1
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500

MOL

-

0500806 4174673 -
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128.1 ± 2.4 0511729 4176486 9

3.7

1.9

61.3
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IV

NA
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5.5

7.8

53.4
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OI
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GI), and decreases more gradually after. Five sites (BT, DM1, IN1, RZ and
TC) showed low (< 200 °C) Curie temperatures. Sites ER and LN had
intermediate primary Curie temperatures of 350 and 300 °C, respectively.
Susceptibility-versus-temperature plots for these sites are provided in
Appendix 6B.
On a Day plot (Figure 6.3), all sites plot in the pseudo-single domain
(PSD) range, usually slightly above the SD+MD mixing curves (Dunlop et
al., 2002). The sites with high (> 400 °C) Curie temperatures, shown in black
and grey, generally have higher Mr/Ms rations and plot closer to the singledomain (SD) range than sites with intermediate (Tc of 200-400 °C; shown in
red) and low (Tc < 200 °C; shown in blue) Curie temperatures.
Scanning electron microscope images (Figure 6.4) revealed oxidation
levels varying between class I and class IV. Sites AG, CS, CV, DM1, MC, PI
and ZM showed no or very few signs of oxidation (class I-II according to
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Figure 6.3. Day plot showing the Mr/Ms ratios and the Bcr/Bc ratios of most sites
and the SD+MD mixing curve envelope (Dunlop et al., 2002). Sites shown in black
or grey have high (> 400 °C) Curie temperatures, with the black sites (high TC (1))
having their maximum susceptibility value at temperatures above 400 °C and the
grey sites (high TC (2)) having their peak susceptibility at lower (150-350 °C)
temperatures (also see main text). Sites shown in blue have low (< 200 °C) Curie
temperatures, whereas sites shown in red have intermediate (200-400 °C) Curie
temperatures.
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Watkins and Haggerty, 1968), whereas abundant ilmenite lamellae (class III)
were visible in the SEM images of sites IN2, NA, OI, P1, SA and VS.
Sometimes these lamellae were mottled (class IV). Sites BT, ER and IN1
showed some ilmenite lamellae and were categorised as class II.

a) CV

b) BT

c) NA

d) MT

Figure 6.4. SEM images. a) Site CV shows no visible signs of oxidation and was
classified as class I-II according to Watkins and Haggerty (1968). b) Site BT shows a
few ilmenite lamellae (indicated by the black arrow) and was placed in class II. c)
Site NA shows abundant lamellae and was therefore categorised as class III. d) The
lamellae observed for site MT are mottled, placing this site in class IV.

6.4.3 Palaeointensity experiments
Palaeointensity results are summarised in Table 6.3; some representative
examples are shown in Figure 6.5. Thellier parameters and Arai plots are
provided in Appendix 6D; ARM test and MSP method results in Appendices
6E and 6F, respectively; and pseudo-Thellier results in Appendix 6G.
IZZI-Thellier (Figure 6.5, left panels; Appendix 6D). Of the 75 specimens
from 15 sites that were subjected to the IZZI-Thellier experiment, 54 pass
our selection criteria, which implies a high success rate of 72%. However,
with the exception of sites AG, BT, MC and ZM, all sites yielded Arai plots
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that showed sagging (marked with an asterisk in Table 6.3). The results from
these 11 sites, therefore, should be considered as unreliable despite passing
the ThellierTool A or B selection criteria as modified by Paterson et al.
(2014). In most cases (sites IN1/2, MT, NA, OI and SA), this sagging did not
occur until after the onset of alteration, visible as failing pTRM checks. Due
to their sagging or two-slope behaviour, sites CS, CV, IN2, MT (if taking the
highest-quality factor regressions rather than the low-temperature
regressions) and P1 failed the additional criterion that σB/PI should be less
than 25%. The sites that passed this criterion yield palaeointensities
between c. 25 µT and c. 50 µT, with most sites between 30 and 40 µT. Site OI
produces a markedly higher palaeointensity of nearly 130 µT. Like site MT
(Figure 6.5), however, this site showed sagging after a failed pTRM check.
Multispecimen. In total, ten sites were subjected to the ARM test
(Appendix 6E; insets in Figure 6.5). Four sites passed the test at the first
temperature they were tested at; the sites that failed were tested again at a
lower temperature. In some cases, an additional ARM test was carried out at
a lower temperature when the MSP-DSC protocol showed progressive
alteration. In total, eight sites passed the ARM test at one or more
temperatures, while site IN1 was predicted to yield an underestimate at all
three tested temperatures, and site ZM failed the test at four different
temperatures. Site ZM, however, was predicted to yield underestimates at
200 and 280 °C, and overestimates at 240 and 260 °C. By carrying out the
MSP experiment at a temperature that is expected to yield an overestimate
and at a temperature that is expected to yield an underestimate, upper and
lower bounds of the actual palaeointensity can be determined. For other
sites, the MSP experiment was conducted at the temperature or
temperatures at which they passed the ARM test, so the outcome of the MSP
experiment is considered correct.
The multispecimen protocol was applied to all ten sites (Figure 6.5,
middle panel; Appendix 6F). Many of these sites were subjected to the
experiment twice, at different temperatures, each time with a fresh set of
specimens, because they showed progressive alteration in the MSP-DSC
protocol at the first attempted temperature. Most sites (sites AG, IN1/2, MT,
NA, OI, SA, and ZM (at 200 °C)) yielded fairly linear plots, whereas others
(sites CV, ER, and ZM (at 240 °C)) showed significant scatter. The obtained
palaeointensities generally vary between 20 and 40 µT. Site OI, like in the
IZZI-Thellier experiment, yielded a high palaeointensity of c. 67 µT (DB
protocol), although a second MSP experiment at a lower temperature
yielded a much lower palaeointensity of c. 47 µT (DB protocol). As site OI
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passed the ARM test at both temperatures, it is difficult to determine which
– if any – of these two results is reliable. Its DSC results were discarded due
to progressive alteration (εalt > 3%). Indeed, most DSC plots failed one or
more criteria at one or both temperatures (see Appendix 6F). In these cases,
the DB results were preferred (Table 6.3) as the ARM test revealed no
alteration after just one heating step (c.f. Monster et al., 2015b).
The only two sites that passed the εalt < 3% and y intercept criteria were
IN2 (at 300 °C) and SA (at 200 °C). For SA, the domain-state correction was
only -1.7 µT, whereas the correction for IN2 was much larger: -13.4 µT. IN2’s
DSC plot, however, shows more scatter than its DB plot. Three outliers were
discarded, compared to only one in the DB protocol. Furthermore, its
average alteration (-2.8%) is close to the threshold value of 3%. For this
reason, its DB result may be preferable.
Calibrated pseudo-Thellier. In total, 110 samples from 23 sites were
subjected to the pseudo-Thellier protocol. Of these, 62 pass both the B 1/2ARM
criterion and the linearity criterion, a success rate of 56%. The obtained
palaeointensities are between c. 20 and c. 35 µT. Site OI again yielded the
highest value, in this case of 37.5 ± 2.3 µT, which is much more in line with
the other pseudo-Thellier results and distinctly lower than its IZZI-Thellier
and MSP results. Several sites that are unsuiTable 6.for the MSP protocol

Figure 6.5. IZZI-Thellier, multispecimen (MSP-DB) and pseudo-Thellier results for
sites AG and MT. The multispecimen plots include schematic ARM test plots.
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due to their overprints did yield palaeointensities using the pseudo-Thellier
method. In these cases, the first few field steps were not used in the linear
regression. No pseudo-Thellier palaeointensities could be obtained for sites
LN and RZ (lightning), and BT, ER, IN1, MC, TC and ZM (B1/2ARM < 23 mT,
often combined with non-linear behaviour). Sites GI and MO were not
measured because of their lightning overprints.

6.5 Discussion

6.5.1 IZZI-Thellier: sagging and selection criteria
Only two sites showed (more or less) linear behaviour in their Arai plots:
sites AG and MC. One specimen from site ER also yielded a linear Arai plot.
Site BT’s Arai plots are linear to temperatures of up to 240 °C, but show
significant scatter at higher temperatures. This is inferred to be due to
alteration, as BT’s pTRM checks start failing between 200 and 280 °C. These
linear sites yielded consistent palaeointensities that easily passed the σB/PI
< 25% criterion.
Most sites, however, showed sagging in their IZZI-Thellier Arai plots,
indicative of multi-domain behaviour. In most cases (sites IN1/2, MT, NA,
OI and SA), this sagging only occurred after the first failed pTRM check, i.e.
after the onset of alteration. In these cases the observed sagging could
conceivably be a result of thermochemical alteration rather than domainstate effects. If that is the case, the low-temperature part of the Arai plot
may still yield a correct palaeointensity. Taking into account, however, that
these IZZI-Thellier palaeointensities were significantly (c. 4 to c. 14 µT)
higher than the corresponding multispecimen results, it appears unlikely
that the observed two-slope behaviour is only due to alteration.
The ThellierTool A and B selection criteria (Leonhardt et al., 2004) as
modified by Paterson et al. (2014) do not discern between linear Arai plots
and plots that show sagging. However, as the linear regression with the
highest quality factor q often varies between the low-temperature, steeper
part of the curve and the high-temperature, flatter part of the curve, sites
that show sagging usually fail the additional σB/PI < 25% criterion. By
imposing this criterion on top of the ThellierTool A and B criteria, most sites
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that show multi-domain behaviour are therefore discarded on objective
grounds.

6.5.2 Multispecimen: predictive value of the ARM test
In principle, the MSP experiment is only carried out for sites which pass the
ARM test; therefore they are expected to yield the correct palaeointensity.
For two sites, however, none of the ARM tests passed at the tested
temperatures (Appendix 6E). Site IN1 was predicted to yield underestimates
at 360, 240 and 200 °C, whereas site ZM was predicted to yield
overestimates at 240 and 260 °C, but underestimates at 280 and 200 °C.
Furthermore, site AG was measured at both 240 °C (ARM test: passed) and
200 °C (underestimate), and site SA at 240 °C (passed) and 200 °C
(overestimate). For five other sites (ER, IN2, MT, NA and OI), the MSP
experiment was conducted at two temperatures for which the ARM test
predicted a correct palaeointensity estimate. Do the obtained
palaeointensities support these predictions?
Before looking at the results themselves, it is useful to look at several
possible causes of over- and underestimates. According to the
phenomenological model proposed by Fabian and Leonhardt (2010),
pseudo-single domain samples such as ours should yield overestimates in
the MSP-DB protocol. That this need not always be the case was shown by
de Groot et al. (2012, 2013b), who found underestimates of up to 45% for
historical lavas from Mt Etna. However, the ARM test had not been
developed yet. Indeed retrospective ARM tests on the Etna lavas from de
Groot et al. (2012) predicted underestimates (de Groot et al., 2013ab).
Two sample sets from this study, sites PI and TD, were given a full TRM
in Monster et al. (2015b). They passed the ARM test at the MSP temperature
and were shown to reproduce the correct ‘palaeointensity’ in the DB
protocol. Of these two sites, the one that showed less than 3% progressive
Table 6.3. Multispecimen results and ARM tests. From left to right: the temperature at
which the MSP experiment was conducted, the protocol used, the obtained
palaeointensity and its lower and upper bound, its r2 value, the progressive alteration
εalt and the distance between the y intercept and its theoretically prescribed value of (0,
-1) Δb (DSC protocol only), the number of samples used in the regression n and the
total number of specimens N, and finally the ARM test’s prediction (see Appendix 6E).
ARM test results are classified as ‘passed’ (curve on the ideal diagonal), ‘OKish’ (within
error of the ideal line), ‘overest’ (below the diagonal: expected overestimate) or
‘underest’ (above the ideal line: expected underestimate). A ‘y’ in the Δb column
signifies that the intercept is within error of (0, -1).
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AG

T

protocol PI (µT) min

max

r2

200

DB

31.4

29.3

33.6

0.966

DSC
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27.3
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0.946
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DB

31.0
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33.4
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-

-

-
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12 / 12 underest
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-9.5% 0.15 y 8 / 12 underest
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45.3
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DB
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28
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0.938

DSC

29.1

19.3
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0.697
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30.9

29.1
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0.967

DSC

24.6
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29
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DSC
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alteration (TD) also reproduced its laboratory ‘palaeointensity’ in the DSC
protocol. The other site (PI) showed nearly 8% progressive alteration and
yielded a c. 20% underestimate in the DSC protocol. The large downward
domain-state correction observed for many of the sites in this study may
therefore be linked to their large progressive alteration.
In most cases, the experimental multispecimen results are consistent
with the predictions of the ARM test, keeping in mind that we cannot know
the true palaeointensities in this study. Sites IN2, MT (Figure 6.6a,e) and
NA passed the ARM test at two temperatures and yielded MSP-DB results
that differ by less than 1.5 µT. Site IN2‘s acceptable DSC result at 300 °C
(Figure 6.6d,h), however, is 13.4 µT lower, but its progressive alteration εalt
(-2.8%) is close to the maximum acceptable value of 3%. Similarly, site AG’s
results also support the ARM test’s predictions: the obtained palaeointensity
value is lower (c. 31 µT) for the experiment at 200 °C (predicted
underestimate) than at 240 °C (36 µT; ARM test passed). Site ZM (Figure
6.6b,f) is less reliable as it shows significant scatter in its MSP plots due to
inhomogeneity (between 1 and 74% NRM lost at 240 °C) between the three
different hand samples. Its results, however, are in line with the predictions
of the ARM test: the value obtained when the MSP-DB experiment was
carried out at 240 °C is higher (c. 31 µT; predicted overestimate) than the
value obtained at 200 °C (c. 22 µT; predicted underestimate). Its true
palaeointensity is therefore likely somewhere between these two values. Its
uncertainty intervals, however are large, due to inhomogeneity between the
different hand samples.
On the other hand, site SA yielded a higher palaeointensity at 240 °C (c.
32 µT; DSC) than at 200 °C (c. 39 µT; DB), while the opposite would be
expected. Their 95% confidence intervals, however, overlap. Similarly, sites
ER and OI (Figure 6.6c,g), which passed the ARM test at two temperatures,
yielded results that differ by c. 40 and c. 20 µT, respectively (Table 6.3). In
ER’s case, the MSP results are obscured by scatter, whereas OI’s plots are
reasonably linear. It should be noted, however, that due to lack of sample
material, the second MSP experiment (at 300 °C) had to be carried out using
left-over specimens of inferior quality. Furthermore, OI’s ARM tests showed
a ‘hiccup’ at low AF fields (Figure 6.7c,g; Appendix 6E), where the pristine
samples gained much less ARM than the heated samples (insets in Figure
6.6d,h). It is therefore difficult to assess the reliability of its palaeointensity
results.
In summary, based on this limited data set it seems that the ARM test is a
rather good predictor of multispecimen results. However, further testing of
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Figure 6.6. Multispecimen results and ARM tests (insets) of sites MT, ZM, OI and IN2. MT and ZM support the ARM test’s predictions (MT:
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the multispecimen protocol in combination with the ARM test is required to
make any definitive statements. Especially data from historical lavas from
periods of known palaeointensity would provide useful information.
Finally, it is interesting to note that passing the ARM test at some
temperature T does not necessarily mean that the site in question will also
pass the test at a lower temperature (e.g. sites AG, CV and SA; see Table 6.3
and Appendix 6E).

6.5.3 Consistency between methods: the pseudo-Thellier
calibration formula
Figure 6.7 shows the obtained IZZI-Thellier, multispecimen and pseudoThellier results for each site. For 20 out of 25 sites, at least one
palaeointensity value could be obtained. Only sites GI, LN, MO, RZ and TC
did not yield any palaeointensity data at all. From Figure 6.6a it is apparent
that in general the IZZI-Thellier method yields the highest results, whereas
the pseudo-Thellier method is consistently lowest. For the only site where
both the IZZI-Thellier and MSP results are considered reliable, site AG,
these two results agree within error (1.9 µT difference). Its pseudo-Thellier,
result, however, is significantly lower.
In Figure 6.8, the IZZI-Thellier (linear Arai plots only) and
multispecimen results (MSP-DB, except for IN2 and SA) are plotted as a
function of pseudo-Thellier slope. The calibration relation from de Groot et
70
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Figure 6.7. IZZI-Thellier (blue squares), multispecimen (black triangles) and
pseudo-Thellier (red circles) results as a function of site name. If no error bar is
shown, the obtained palaeointensity is based on only one measurement (IZZIThellier and pseudo-Thellier). Open symbols indicate results that passed our
selection criteria but that are considered less reliable due to sagging (IZZI) or a
large difference between MSP-DB and MSP-DSC (multispecimen). The
multispecimen uncertainty intervals are indicated by grey lines. For site CV the
MSP result represents an upper bound according to the ARM test, while for site
IN1 it is an lower bound of the actual palaeointensity.
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al. (2015) is shown as a black line.
While the number of data points is
too limited to be able to infer a
calibration relation for Mt Etna, it is
clear that the current calibration
relation results in palaeointensities
that are consistently low compared
to IZZI-Thellier and MSP. These
results suggest that the current
calibration formula (de Groot et al.,
2015), which is based on data from
lavas from hotspot islands (Hawaii
and the Canary Islands) and
produces consistent results for other
hotspots such as El Hierro (Canary
Islands) and the German Eifel (see
chapters 7 and 8.), may not
necessarily be applicable to other

Figure 6.8. IZZI-Thellier (blue square)
and MSP (black triangles) palaeointensities as a function of pseudoThellier slope. On average these
values are c. 8 µT above the calibration formula (black line).

types of volcanism.

6.5.4 The full-vector record
The palaeomagnetic directions and intensities discussed above are plotted
as a function of time in Figure 6.7. Our directional data are generally close
to the present-day values and the values expected for a geocentric axial
dipole. We do not observe aberrant directions for flows that may have been
emplaced during the Laschamp and Blake geomagnetic excursions.
Palaeointensity results were converted to virtual axial dipole moments
(VADMs) in order to compare them to the PISO-1500 stack (Channell et al.,
2009) and the PADM2M model (Ziegler et al., 2011). Pseudo-Thellier results
were forced to the IZZI-Thellier and multispecimen results by adding 8 µT
to the calibration formula from de Groot et al. (2015). It should be kept in
mind, however, that the PISO stack and PADM2M models are based on
sedimentary data and do capture short-term and regional variations,
whereas our data provide spot readings of the field at a specific location.
Generally speaking, our palaeointensity data agree quite well with the
VADMs from the PISO and PADM2M stacks, taking into account the
sometimes large uncertainty in the ages of the flows. The multispecimen
results and the IZZI-Thellier results that were obtained from linear Arai
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Figure 6.7. Full-vector record. From top to bottom: declination, inclination and
virtual axial dipole moment (VADM) as a function of geological time. The dashed
lines represent the present-day values (IGRF). Ages from Branca et al. (2008), De
Beni et al. (2005, 2011) and Del Carlo et al. (2012). The palaeointensity plot also
shows the PISO-1500 stack (Channell et al., 2009) in green and the PADM2M
model (Ziegler et al., 2011) in orange. Uncertainty intervals were omitted for clarity.
Pseudo-Thellier data were forced onto the IZZI and MSP data by adding 8 µT
before the conversion to VADMs. Age errors are given as 1σ.

plots are nearly always within error of the PISO and PADM2M curves,
whereas IZZI-Thellier results from sites that showed sagging (open squares)
are generally higher. The site that yielded the most consistent
palaeointensity data, site AG (154.9 ± 8.6 ka; 1σ error), is very low compared
to the PISO stack, but compares well to the PADM2M stack.

6.6 Conclusions
By using a multi-method approach, it was possible to obtain palaeointensity
data for 20 out of 25 sites. The obtained palaeointensities range between c.
30 and c. 45 µT, a bit low compared to the present-day field but in
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agreement with the average Brunhes intensity in that region (35 µT; Ziegler
et al., 2011). The calibrated pseudo-Thellier method was the most successful
(15 sites). Its consistently lower results than those obtained using IZZIThellier and the multispecimen protocol, however, suggest that the
calibration formula from de Groot et al. (2015) is not necessarily valid for
non-hotspot volcanism. The accepted IZZI-Thellier and multispecimen
results generally agree well with the PISO-1500 stack (Channell et al., 2006)
and the PADM2M model (Ziegler et al., 2011), keeping in mind that the
sedimentary records the PISO-1500 stack and the PADM2M model are based
on do not capture short-term field variations. The Etna record could be
further expanded with data from other lava flows in the age range of c. 10
to c. 540 ka (see e.g. De Beni et al., 2011).
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Full-vector geomagnetic field records from
the El Golfo section, El Hierro, Canary
Islands, Spain

Marilyn W.L. Monster1,2 , Joris van Galen1, Lennart V. de Groot1, Mark J.
Dekkers1 and Klaudia F. Kuiper2
The quality of geomagnetic field models critically depends on the quality of their
input data. While directional data are fairly straightforward to obtain, reliable
palaeointensity data are much more scarce, especially for periods before the
Holocene. Here, we present data from the El Golfo section (El Hierro, Canary
Islands, Spain). To retrieve full-vector geomagnetic field data we sampled 28 flows
along the Camino de Jinama path, a few kilometres to the south of a section (c. 150c. 450 ka) that was studied by Széréméta et al. (1999) for palaeosecular variation. We
observed an easterly deviation of c. 14° for the middle and lower part of our section,
in line with results from Széréméta et al. (1999). The main focus of the present study
is, however, palaeointensity determination. To increase the success rate and to
provide an additional consistency check, we used three different palaeointensity
protocols (IZZI-Thellier, multispecimen and pseudo-Thellier). After applying strict
selection criteria, reliable palaeointensities could be obtained for 22 flows, a success
rate of over 70%. Values range generally between c. 20 µT and c. 35 µT (present-day
field: c. 39 µT). If more than one protocol yielded results for the same flow, the
obtained intensities were nearly always within error of each other, testifying to their
robustness. Flows with a common true mean direction tend to produce similar
intensity values, also adding to the robustness. Unfortunately, 40Ar/39Ar dating was
for the most part unsuccessful due to the presence of large amounts of methane in the
extracted gases. The ages obtained for sites EH1 and EH11, however, are in line with
what would be expected based on stratigraphic correlation with Széréméta et al.
(1999)’s section.
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Paleomagnetic Laboratory Fort Hoofddijk, Department of Earth Sciences, Utrecht
University, Budapestlaan 17, 3584 CD Utrecht, The Netherlands.
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Geology and Geochemistry Cluster, Faculty of Earth and Life Sciences, Vrije
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7.1 Introduction
The Earth’s magnetic field is generated in the liquid outer core of the planet
by processes referred to as the geodynamo. For meaningful model
descriptions of the field, we need information on how its direction and
intensity varied in the past. However, while the past 10 kyr are fairly wellconstrained by data from lavas and archaeological artefacts (see e.g. the
CALS family of geomagnetic field models (Korte et al., 2009, 2011), much
less data are available for earlier periods. Especially reliable palaeointensity
(PI) data are scarce.
In this contribution, we present new data from El Hierro, Canary Islands.
We sampled 28 lava flows (age range c. 150 to 450 ka) at a section along
Camino de Jinama, about 4.5 km to the south of a section sampled by
Széréméta et al. (1999) for palaeosecular variation. No palaeointensity
results have been published for lavas from El Hierro so far. Other
palaeomagnetic directions from El Hierro, including two from Camino de
Jinama, were published by Guillou et al. (1996). Intensity work on other
islands in the Canary archipelago includes data from historical lavas (e.g.
Soler et al., 1984; de Groot et al., 2015; Monster et al., 2015), as well as
from the periods around the Matuyama-Brunhes transition (e.g. La Palma:
Quidelleur and Valet, 1996; Valet et al., 1999) and geomagnetic field
excursions (e.g. Quidelleur et al., 1999; Singer et al., 2002). Previous
radiometric ages from El Hierro were mostly obtained using the K/Ar
method (Abdel-Monem et al., 1972; Fúster et al., 1993; Guillou et al., 1996;
Szeremeta et al., 1999). Longpré et al. (2011) dated four lava flows that
bracket the most recent flank collapse using the 40Ar/39Ar method.
In this study, we combined rock magnetic and palaeomagnetic
experiments with a multi-method palaeointensity approach and 40Ar/39Ar
dating. We used three different palaeointensity methods: the IZZI-Thellier
protocol (e.g. Yu and Tauxe, 2004), the multispecimen protocol (Dekkers
and Böhnel, 2006; Fabian and Leonhardt, 2010) and the ‘pseudo-Thellier’
approach (Yu et al., 2003; de Groot et al., 2013). This multi-method
approach boosts the usually low success rates. Moreover, consistency
between results from different methods provides an additional reliability
check. Seven flows were selected for 40Ar/39Ar dating on the ThermoFisher
Helix MC multi-collector mass spectrometer at the Vrije Universiteit
Amsterdam. Its unprecedented resolution should enable it to date young
rocks more precisely.
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7.2 Geological setting and sampling
El Hierro is the smallest and most westerly of the Canary Islands (see
Figure 7.1). The islands of La Palma and El Hierro are the youngest of the
Canary archipelago (< 2 Ma; Guillou et al., 1996) and were formed
simultaneously. El Hierro formed in several stages of volcanic development
formed by landslides (e.g. Carracedo et al., 1999; Gee et al., 2001), creating
its current trilobate shape. The oldest subaerial volcanism was dated to 1.12
Ma (Guillou et al., 1996). This volcano developed quickly, until the
northwest flank of the volcanic edifice collapsed at around 882 ka (Guillou
et al., 1996). The next stage of development was the El Golfo volcano,
which formed between approximately 545 and 176 ka (Guillou et al., 1996).
Its north flank collapsed in one (Masson, 1996; Masson et al., 2002) or
more (Carracedo et al., 1999) landslides, creating the spectacular El Golfo
valley and scarp. The most recent phase of volcanic activity consists of Rift
volcanism (Carracedo et al., 2001) that has been dated to 145 to 2.5 ka
(Guillou et al., 1996).
We sampled a total of 28 lava flows from the El Golfo and Rift
volcanism phases. These flows were located along the Camino de Jinama
(EH1-29, dotted line in Figure 7.1), from al altitude of about 1250 m down
to approximately 700 m. Our section is located about 4.5 km to the south of

Figure 7.1. El Hierro and the Canary Islands. El Hierro (EH) is the most westerly of
the Canaries. The other islands are (from west to east) La Palma (LP), La Gomera
(LG), Tenerife (TF), Gran Canaria (GC), Fuerteventure (FV) and Lanzarote (LZ).
Camino de Jinama, along which we sampled, is shown in red. The dotted lines
indicate our section (EH1-29) and Széréméta et al. (1999)’s section a few kilometres
to the north (S1-69). Image adapted from Google Earth.
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the section sampled by Széréméta et
al. (1999) (S1-69 in Figure 7.1). A
stratigraphy of the section is shown in
Figure 7.2. Flows were usually easily
distinguished by the presence of
scorias, pyroclastic layers or
palaeosols.
We divided the flows into three
groups: the Upper Group (consisting
of flows EH1 to EH4), the Middle
Group (EH7 to EH12) and the Lower
Group (EH16 to EH29). A thick layer
of pyroclastics separates EH4 from
EH5, whereas palaeosols are visible
between flows EH6 and EH7, flows
EH15 and EH16, flows EH26 and
EH27, and flows EH28 and EH29. At
some locations the section was
intruded by dikes. We sampled as far
away from these as possible. Fairly
large parts of the section are covered
by vegetation. These parts (not shown
in the stratigraphy) may contain a
substantial number of lava flows that
were not visible. Indeed, Széréméta et
al. (1999)’s stack, which presumably
overlaps in age with our section,
consists of 69 flows. This section
(along Camino de la Peña) was closed
off due to rockfall when we visited El
Hierro.
Wi t h t h e e x c e p t i o n o f E H 5
(dangerous drilling conditions) and
EH15 (inaccessible), we took at least
15 cores (1-inch diameter) per flow
using a petrol-powered drill. These
cores were oriented using a magnetic
compass and if weather conditions
permitted also a sun compass. Due to
the often overcast weather, we only
managed to obtain solar readings for 6
flows (EH2, EH3, EH14, EH21, EH24
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Figure 7.2. Stratigraphy of our
section along Camino de Jinama.
Large parts of the section were
covered by vegetation and difficult
to access and are not shown in this
figure, apart from the few metres
below EH7 (in white).
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and EH29). As these sun compass readings generally deviated by less than 5
degrees from the magnetic compass readings, the lack of sun compass
readings for the other sites should not pose a problem. Cores were usually
taken in several small clusters that were distributed laterally and vertically
over several meters, while avoiding the top part of the flow that may have
been reheated by the overlying flow. We also took hand samples for 40Ar/
39Ar dating.

7.3 Palaeomagnetic and rock magnetic experiments
7.3.1 Demagnetisation of the NRM and palaeomagnetic
directions
Palaeomagnetic directions were obtained using both thermal and alternating
field (AF) demagnetisation. Per site, three samples were thermally
demagnetised using temperature steps of 50 °C between 100 and 500 °C
and steps of 25 °C between 500 and 600 °C. Most specimens were
measured on a 2G DC-SQUID magnetometer. Specimens that were outside
the dynamic range of this magnetometer were measured on an AGICO JR-6
spinner magnetometer. This occurred mainly for sites that had been
remagnetised by lightning.
Five specimens per site were subjected to AF demagnetisation using
steps of 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 and 100 mT
using a robotised 2G DC-SQUID magnetometer in a static 3-axes
demagnetisation set-up. Additionally, these samples were manually
demagnetised at fields of 150, 225 and 300 mT. The robotised set-up results
in significantly less scatter compared to the thermal data, although it should
be noted that in the AF experiment alignment errors are not averaged out.
Samples whose NRM was outside the magnetometer’s range were manually
demagnetised and measured on a JR-6 spinner magnetometer using fewer
steps: 0, 5, 7.5, 10, 12.5, 15, 20, 25, 35, 50, 70 and 100 mT. All
demagnetisation data were analysed using Paleomagnetism.org (Koymans
et al., 2016).
Palaeomagnetic directions could be obtained for 24 sites. A full summary
of our results is shown in Table 7.1; some representative examples are
shown in Figure 7.3. The Upper Group (EH1 to EH4) is characterised by
small overprints in their AF Zijderveld diagrams that were removed by 5-15
mT and often rather chaotic thermal Zijderveld diagrams. Most sites from
the Middle and Lower Groups (EH7 to EH29) showed univectorial
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Table 7.1. Location (UTM coordinates), palaeomagnetic directions (declination,
inclination, α95 and number of specimens N) and rock magnetic data (Curie and
alteration temperatures, and oxidation class according to Watkins and Haggerty,
1968) for all sites. Common true mean directions (CTMDs) are shown in bold-face
directly below the relevant sites. A superscript capital L in the site name column
indicates that the site in question has been remagnetised by lightning. A
superscript small l indicates a partial lightning overprint.
Location
Locat

Palaeomagnet directions
Palaeomagnetic
directions

Rock magnetic
magnetic characterist
characteristics

(UTM zone 28R)
Site

Northin Easting
g

EH1
EH2

Inc

!95

N

Tc

Talt

0206190 3074463 29.5

28.6

10.5

7

570

300-350 IV

0206188 3074461 27.3

24.5

6.1

7

540

400-450 -

EH3

0206173 3074441 34.4

20.1

4.7

8

540

450-500 -

EH4

0206173 3074443 32.8

23

2.6

8

500

450-500 IV

EH1-4

23.9

3

30

0206147 3074220 350.5

12.1

7.3

5

100, 570

300-350 II

EH7

0205707 3073754 5

36.3

10.1

7

180, 400

300-350 II

EH8Il

0205661 3073719 332.6

70.1

7.7

5

570

250-300 -

EH8

0205651 3073743 4.3

38.7

3.9

7

570

350-400 III

EH9L

0205639 3073747 -

-

-

-

60, 500, 570 400-450 -

EH10L

0205638 3073747 -

-

-

-

220

350-400 -

EH11l

0205635 3073742 5.5

46.6

8.2

8

< 100

300-350 I-II

EH12l

0205631 3073733 3.1

27.3

8.7

7

100

250-300 I-II

EH13L

0205599 3073704 -

-

-

-

570

300-350 -

EH14

0205591 3073691 13.6

49.6

4.5

8

60, 570

300-350 III

EH16

0205459 3073547 9.7

44.5

3.8

8

570

250-300 III-IV

EH17

0205448 3073539 354.7

42.2

15.8

8

60, 570

300-350 II-III

EH18

0205448 3073561 9.4

42.2

6.1

8

570

250-300 -

EH19

0205449 3073556 6.8

40

1.9

7

550

250-300 III

EH20

0205447 3073560 7.4

43.2

4.8

7

570

250-300 III-IV

41.8

2.5

22

CTMD

31.2

Oxidatio
n

EH6

EH18-20

CTMD

Dec

7.9

EH21

0205442 3073560 11

50.5

4

7

570

250-300 III-IV

EH22

0205435 3073557 8

46.3

4.2

7

570

300-350 I-II

48.4

2.9

14

EH21-22

CTMD

9.4

EH23

0205435 3073558 13

42.5

3.3

8

540

350-400 I-II

EH24

0205437 3073558 14.9

35.4

4.1

8

570

400-450 I-II

EH25

0205437 3073556 22.8

37.3

4.4

8

570

300-350 II

EH26

0205432 3073547 6.7

42.3

5.5

8

540

350-400 I

EH27

0205417 3073539 8.1

43.2

3.4

8

570

400-450 II-III

42.7

3

16

EH26-27

CTMD

7.4

EH28

0205412 3073534 21.7

45.7

4.6

6

570

250-300 III

EH29

0205403 3073529 4.3

39.5

4.3

8

570

400-450 II
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behaviour with no or only small overprints.
Like Széréméta et al. (1999) we found predominantly easterly directions:
the Upper Group (EH1 to EH4) all yielded declinations of c. 30°, while the
Middle Group (EH7 to EH12, minus sites EH8I, EH9 and EH10) showed an
easterly deviation of 3.1 to 16.1°, and the Lower Group (EH16 to EH29)
produced declinations of 4.3 to 22.8°. The only westerly oriented sites are
EH6 (dec = 350.5°), EH8I (dec = 332.6°) and EH17 (dec = 354.7°). The
latter showed a large amount of scatter (α95 = 15.8).
No directional data could be obtained from sites EH9, EH10 and EH13,
which appear to have been remagnetised by lightning, based on their high
NRM intensities (up to 663 A/m for one EH13 sample) and their rapid loss
of NRM with increasing AF field. Some specimens from the two sites
immediately below EH9 and EH10 (EH11 and EH12), as well as site EH8I
and some specimens from EH7, show the same behaviour to a much lesser
extent. For these three sites, the lightning-induced overprint seems to be
only partial (see Figure 7.3/Appendix 7A), although the directions obtained
from EH8I deviate significantly from the other sites.
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Figure 7.3. Thermal decay curves, susceptibility-versus-temperature diagrams and
AF Zijderveld diagrams for site EH1 from the Upper Group, EH12 from the Middle
Group and EH20 from the Lower Group. The dashed lines in the susceptibilityversus-temperature plots indicate the onset of alteration.
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7.3.2 Rock magnetic characterisation
All sites were rock magnetically characterised in detail before the start of
the palaeointensity experiments. Information on the sites’ magnetic domain
state, alteration temperatures and Curie temperatures are used to optimise
the temperature steps in a Thellier-Thellier experiment and to choose a
suitable temperature for the multispecimen experiments. A summary of our
results is provided in Table 7.1. Plots of representative samples are shown
in Figure 7.3, while plots for all sites can be found in Appendix 7A. SEM
images are shown in Figure 7.3 and Appendix 7B.
Alteration and Curie temperatures were determined from susceptibilityversus-temperature diagrams measured on an AGICO KLY-3S Kappabridge
susceptometer with a CS-3 furnace attachment. Susceptibility was measured
during 9 temperature cycles up to 600 °C, each time increasing the
temperature by 100 °C and subsequently cooling by 50 °C. We define the
alteration temperature as the highest temperature reached in the last thermal
cycle that shows reversible behaviour. Curie temperatures were determined
from the inflection point or points of the diagrams. The Upper and Lower
Groups are characterised by high (> 500 °C) Curie temperatures and
alteration temperatures between 250 and 450 °C. The Middle Group shows
more variation: sites EH7, EH10, EH11 and EH12 have low to very low
(100-200 °C) Curie temperatures, whereas sites EH8I, EH8 and EH9 have
Curie temperatures of 570 °C. EH9 shows a secondary low Tc of c. 60 °C.

Figure 7.4. Day plot.
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Magnetic domain states were determined by measuring hysteresis loops
and back-field curves on a MicroSense vibrating sample magnetometer
(VSM). One 8-mm diameter sample (height c. 5-10 mm) per site was
measured. The maximum field applied in the hysteresis loops was 1.5 T. For
the back-field remanence curve, a maximum field of 0.53 T was used. From
these measurements the saturation remanent magnetisation M r, the
saturation magnetisation Ms, the coercive field Bc and the coercivity of
remanence Bcr were determined. We applied a slope correction to remove
the paramagnetic contribution. The Mr/Ms and Bc/Bcr ratios were plotted on
a Day plot (Day et al., 1977). Most sites plot within the pseudo-single
domain (PSD) range (Figure 7.4). Three sites from the Middle Group (EH6,
EH7 and EH12), as well as two sites from the Lower Group (EH24 and
EH29) show high Bcr/Bc ratios.
In order to check for oxidation and exsolution, thin sections were studied
using a JEOL JCM-6000 table-top scanning electron microscope (SEM) in
backscatter mode using a voltage of 10 kV. Images were taken at
magnifications of up to 4000. Sites were categorised in the oxidation
classes described in Watkins and Haggerty (1968). They exhibit variable
behaviour (oxidation classes I to IV according to Watkins and Haggerty,
1968; Figure 7.5a-d). For example sites EH12 and EH29 show no or
negligible oxidation and exsolution, whereas abundant ilmenite lamellae are
visible in the SEM images of EH28. Sites EH1 and EH4 from the Upper
Group show mottled lamellae and/or colour differences within their
magnetite grains, placing them in oxidation class IV (Watkins and
Haggerty, 1968).
The seven sites that were prepared for 40Ar/39Ar dating were also studied
with an petrological microscope using polarised light. These images (Figure
7.5e-h) revealed plagioclase, olivine and amphibole phenocrysts. Some
volcanic glass was observed as well. Site EH28 consists of much finergrained material than the other six flows (Figure 7.5g-h). Its plagioclase
crystals seem to be oriented in one direction. It contains more volcanic
glass than the other sites, which could pose problems for 40Ar/39Ar dating.

Figure 7.5. a-d) Scanning electron microscopy images, showing sites that were
classified as oxidation class I, II, III and IV. e-h) Optical microscopy images. Most
sites showed plagioclase needles, as well as olivine, some amphibole and some
glass. Site EH28 is much more fine-grained and consists nearly entirely of
plagioclase.
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a) EH26 (2000x), oxidation class I

b) EH6 (2000x), oxidation class II

c) EH14 (2000x), oxidation class III

d) EH1 (2000x), oxidation class IV

e) EH11 (10x), with analyser

f) EH11 (10x), without analyser

g) EH28 (4x), with analyser

h) EH28 (4x), without analyser

162

El Hierro

7.4 Palaeointensity experiments
7.4.1 Thellier-Thellier method
We used the IZZI protocol (e.g. Yu et al., 2004) with pTRM checks (Coe,
1967) and pTRM tail checks (Riisager and Riisager, 2001). Depending on
the site’s Curie temperature and thermal demagnetisation behaviour we
used steps of 50 °C between 100 and 600 °C (samples with high Tc) or steps
of 40 °C from 80 up to 480 °C (samples that demagnetised more quickly).
Data were analysed with ThellierTool 4.0 (Leonhardt et al., 2004) with its
built-in ThellierTool A and B sets of selection criteria as modified by
Paterson et al., 2014. If more than one specimen passed these criteria for
one site, an additional criterion was imposed that the standard deviation σB
divided by the average palaeointensity should not be larger than 25%
(Selkin and Tauxe, 2000). Initially, five samples per site were measured
using a laboratory field of 40 µT. Up to five additional samples were
measured for sites for which only a few specimens passed our selection
criteria (see N in Table 7.2). For these samples, we used a laboratory field
of 50 µT.
A total of 65 specimens (34%) passed our selection criteria (see
Appendix 7C). The sites that passed these criteria as well as the consistency
criterion generally yielded palaeointensities between c. 20 and c. 40 µT. It
should be noted, however, that only sites EH7, EH14, EH18, EH19 and
EH25 yielded straight lines in some or all of their Arai plots. The Upper
Group (EH1 to EH4), as well as site EH6, produced very chaotic plots and
very low palaeointensities (four samples < 10 µT, one sample c. 16.5 µT),
while the Lower Group (EH16 to EH29) is characterised by sagging. For
these sites, the linear regressions that did pass the selection criteria should
therefore be regarded with caution. EH25 shows straight Arai plots that
yield very high (60.3 ± 2.4 µT) palaeointensities. Two examples are shown
in Figure 7.6 (left).

7.4.2 Multispecimen method
We used the domain-state-corrected multispecimen (MSP-DSC) protocol
(Fabian and Leonhardt, 2010). This extended protocol adds three heating
steps to the original multispecimen protocol proposed by Dekkers and
Böhnel in 2006 (MSP-DB). The measurement temperatures were chosen
below the sites’ alteration temperatures as determined from susceptibilityversus-temperature diagrams. As a further check for subtle magnetic
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alteration at the selected temperature, we applied the ARM test (de Groot et
al., 2012). In this test, one core per site is heated to the intended MSP
temperature, whereas a second core remains pristine. If the amount of ARM
gained by the heated sample is equal to the ARM gained by the pristine
sample, we expect the MSP method to yield the correct palaeointensity. The
MSP experiment was only carried out for sites that passed the ARM test.
The ARM test data were analysed using a custom-made VBA macro. All
multispecimen data were analysed using MSP-Tool for Excel 2010
(Monster et al., 2015).
Fifteen sites were subjected to the ARM test (see Appendix 7D). Of
these, five passed the test at the first attempted temperature. An additional
five sites passed the test at a second, lower temperature. For nine out of
these ten sites, an MSP palaeointensity could be determined (see Table 7.2
and Appendix 7E). All obtained MSP palaeointensities are between c. 20
and c. 35 µT. The DB protocol was preferred for sites EH7, EH22 and
EH26 because their progressive alteration was higher than 3% or because
the linear regression did not intersect with the y-axis within 10% of (0, -1).
For sites EH14, EH21, EH25 and EH26 the MSP-DB results were preferred
because the large scatter in their DSC plots precluded a meaningful result.
Two examples, with inset ARM tests, are shown in Figure 7.6 (centre).
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Figure 7.6. Some representative palaeointensity plots. From left to right:
Thellier-Thellier Arai plot (IZZI protocol) for sites EH7 and EH18, multispecimen
plots with ARM test (inset) for sites EH7 and EH18, and pseudo-Thellier Arai
plots for sites EH4 and EH18.
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Table 7.2. Palaeointensity data. For IZZI-Thellier and pseudo-Thellier this table shows the average palaeointensity (PI), standard
deviations (σ), the standard deviation divided by the average (σ/PI) and the number of samples n of the total N that passed our
selection criteria. Values of σ/PI shown in bold-face exceed the maximum acceptable value of 25%. For MSP the calculated
palaeointensity, the 95% confidence interval and the number of samples n of the total N that were used for the regression are shown.
Palaeointensities marked with one asterisk were obtained from Arai plots or MSP plots that passed the selection criteria but showed
significant scatter, whereas the values marked with two asterisks were obtained from Arai plots that showed sagging.
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7.4.3 Pseudo-Thellier method
In the pseudo-Thellier method (Tauxe et al., 1995; Yu et al., 2003; de Groot
et al., 2013), specimens are demagnetised using alternating fields of
increasing strength instead of by heating them to progressively higher
temperatures like in the classic Thellier-Thellier method. Chemical
alteration due to heating is therefore avoided. The first step was AF
demagnetisation of the samples (see Section 3.1). Secondly, the samples
were subjected to an ARM acquisition using the same AF steps and a bias
field of 40 µT. Finally, the ARM was demagnetised, again at the same field
levels. This ARM demagnetisation functions as a reliability check: if the
ARM is carried by the same grains as the NRM, a plot of the ARM
demagnetisation against the NRM demagnetisation should show a straight
line. To find the sample’s relative palaeointensity, the NRM remaining after
each field step is plotted against the pARM gained during that same step.
This relative intensity can be converted to an absolute palaeointensity using
the following empirical relation between the slope and the palaeointensity:
Babs = 7.944 · pseudo-Thellier slope + 13.789 µT (de Groot et al., 2015).
This calibration formula is valid for a bias field of 40 µT and for samples
that have gained half of their maximum ARM (the B1/2ARM value) between
23 and 63 mT. Data were analysed using a custom-made VBA macro for
Microsoft Excel 2010.
The pseudo-Thellier palaeointensity experiment was the most successful
of the three methods: 72 specimens (54%) from 18 different sites passed the
B1/2ARM selection criterion and showed straight lines in their pseudo-Arai
plots (see Table 7.2 and Appendix 7F). The obtained palaeointensities were
generally between c. 20 and c. 35 µT. EH11 (38.6 ± 3.5 µT) and EH25 (48.9
± 0.5 µT) yielded higher results. The pseudo-Thellier method was also
successful for two of the sites that had been partially remagnetised by
lightning (EH8I and EH11). Their overprints were removed by AF fields of
c. 15 and c. 10 mT, respectively; pseudo-Thellier palaeointensity were
obtained using the part of the Arai plots between 20 and 100 mT, and 15
and 100 mT, respectively.

7.5

40Ar/39Ar

dating

Seven sites (EH1, EH11, EH14, EH17, EH22, EH28 and EH29) were
prepared for 40Ar/39Ar dating. Samples were crushed and sieved followed
by standard heavy liquid separation to remove minerals such as plagioclase
and amphibole from the groundmass. The size fraction 400-500 µm was
hand-picked under a microscope to obtain a pure groundmass. All samples
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were leached using a 3% solution of nitric acid. Approximately 0.5 g of
groundmass per site was irradiated in CLICIT facility of the OSU Triga
reactor at Oregon State University with fast neutrons for one hour. 20 to 30
grains of Fish Canyon sanidine (FCs) were irradiated together with each
groundmass sample as a neutron fluence monitor.
After irradiation, samples of c. 30 or c. 150 mg were loaded in either 21
or 5 hole Cu trays and pre-baked for at least 24 hours at 150 °C. Next,
samples were placed in an in-house build extraction line and baked for at

Figure 7.7. 40Ar/39Ar data. Age plateau (top row) and normal isochron (bottom
row) EH1, EH11 and EH14. Plots for the other four sites are provided in Appendix
7G. Uncertainties are given as 2σ. The dashed lines in the plateau plots indicate
which steps were used for the age calculation. In the isochron plots, data points
corresponding to steps that were used in the plateau are shown in black, whereas
discarded data points are shown as smaller grey squares.
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least 24 hours at 120 °C. The extraction line is equipped with NP10, ST172
and N10 getters, as well as a Ti sponge (used both at room temperature and
500 °C) and a Lauda cold trap set to -60 °C. The gas was gettered for six
minutes before being let into the mass spectrometer. Samples were analysed
in multi-collector mode on a ThermoFisher Helix MC multi-collector mass
spectrometer at VU University Amsterdam (the Netherlands). 40Armeasured on
the H2 Faraday cup with 1013 Ω amplifier, while 39Ar, 38Ar, 37Ar and 36Ar
were measured on respectively the H1, AX, L1 and L2 Compact Discrete
Dynode multipliers (CDD). The five detectors were intercalib rated by
measuring CO2 present in the mass spectrometer in dynamic mode (Kuiper
et al. in prep). Data were analysed using ArArCALC (Koppers, 2002) and
custom-made VBA macros to convert Qtegra data to the ArArCALC input
format and to calculate and apply the intercalibration correction. Ages were
calculated using an age of 28.201 ± 0.046 Ma for Fish Canyon sanidine
(Kuiper et al., 2008) and Min et al. (2001)’s values of the decay constants.
Although optical microscopy did not reveal any minerals that might
hamper obtaining a reliable age except for small amounts of volcanic glass,
none of the seven sites produced an acceptable plateau or isochron age. Age
spectra and isochron plots for EH1, EH11 and EH14 are shown in Figure
7.7. Surprisingly, while the age spectra of Samples EH1 and EH11 do not
not pass generally accepted criteria for reliability, the obtained ‘ages’ are
broadly in line with what we would expect based on stratigraphic
correlation with Széréméta et al. (1999)’s section. EH14, on the other hand,
is much older than would be expected. EH17, EH22, EH28 and EH29
produced even worse age plateaus and isochrons spectra and are shown in
Appendix 7G.
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Figure 7.8. 40Ar signal as measured on the Helix MC. These results are from the
first measurement of these samples. In later measurements, more getters were
employed to better filter out contaminants such as methane and thus reduce the
amount of peak suppression. Left: This heating step of site EH1 shows severe
peak suppression. Right: In this case (site EH29), a regression can be calculated
through the last 9 data points.
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Part of the lack of reliable age spectra can be attributed to severe peak
suppression during the analyses (see Figure 7.8 for examples). This implies
that we were not able to sufficiently remove contaminants such as water,
hydrogen, nitrogen, carbon dioxide and/or hydrocarbons during the cleaning
(gettering) process, leading to unreliable estimates of the amounts of argon
in the samples. Adding another getter, heating the Ti sponge to 500 °C and
using a Lauda cold trap set to -60 °C improved our measurements
somewhat, but did not sufficiently reduce the observed peak suppression.

7.6 Discussion
7.6.1

40

Ar/39Ar ages

As described in the previous section, contaminants in the sample resulted in
peak suppression and thus caused all 40Ar/39Ar experiments to fail. To
identify the source of these contaminants, we heated and gettered sample
material using our standard procedures, followed by a peak scan over 0 – 50
amu. We found that all samples contained large amounts of methane (see
Figure 7.9), more than 30 times the amount of 40Ar. One could argue that
we should improve the current gettering capacity of our system, or expose
the released gas longer to the getters. However, we also looked into
alternative explanations, such as sample contamination during preparation.
It seems unlikely that the methane was introduced during mineral
separation or irradiation procedures,
since samples from a different
volcanic edifice (Terceira, the Azores) that were separated and irradiated in
the same batch did not show this behaviour. Furthermore, one would expect
possible contaminants introduced during the mineral separation process to
be relatively easily removed during pre-baking. In addition, samples from
Longpré et al. (2011) were dated in the same laboratory on a different
extraction line and mass spectrometer, but with a similar gas clean-up and
gettering approach, leading to our assumption that the high methane
contents might originate from magmatic processes.
Abiogenic methane may be formed during the serpentinisation of
ultramafic rocks. Experimental results by Horita and Berndt (1999)
conducted under conditions similar to those commonly encountered during
this serpentinisation process showed that abiogenic methane forms rapidly
in the presence of even small amounts of Ni-Fe alloy under reducing
conditions. These Ni-Fe alloys can occur for example in olivine. Based on
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their results, Horita and Berndt (1999) suggest that abiogenic methane
might be more widespread than previously thought.
Hernández et al. (1998) investigated diffuse emission of CH4, CO2 and
3He in the summit crater of Mt Teide on Tenerife. Their flux measurements
indicated a total output of 1.6 tonnes of methane per day. The origin of this
methane is uncertain, although low δ13C values suggest a biogenic
contribution (Hernández et al., 1998). However, experimental results by
Horita and Berndt (1999) showed that it is difficult to distinguish between
abiogenic and biogenic methane based on isotopic composition. Methane of
possible abiogenic origin has been reported at various locations, such as
Precambrian Shield rocks in Canada and South Africa (Sherwood Lollar et
al., 2006) and serpentinised ultramafic rock in the Philippines (Abrajano et
al., 1988).
It therefore seems possible that the methane we observed is of abiogenic
origin. If that is the case, we would expect other K/Ar and 40Ar/39Ar studies
to have faced similar problems. However, Abdel-Monem et al. (1972),
Guillou et al. (1995), Széréméta et al. (1999) and Longpré et al. (2011) do
not report peak suppression and/or methane contaminations. Furthermore,
Guillou et al. (1996) and Széréméta et al. (1999)’s K/Ar dates are all in
stratigraphic order, adding to the reliability of their results. Guillou et al.
(1996) do state that ages published before 1996 by Abdel-Monem (1971)
and Fúster et al. (1993) are notably inconsistent, but we do not have
sufficient information to link these inconsistencies to methane
contaminations. The origin of the methane observed in our samples
therefore remains unclear. More experiments are necessary to narrow down
its origin.
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Figure 7.9. 40Ar/39Ar dating was unsuccessful due to large amounts of methane in
the samples. This peak scan from atomic mass 0 to 50 amu shows that the methane
signal at c. 16 amu is c. 30 times larger than the 40Ar signal. Because of this large
amount of methane, the ionisation process was often incomplete, leading to peak
suppression (see Figure 7.8).
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7.6.2 Age model
Due to the large amount of methane in the samples that were selected for
dating, only three (highly uncertain) ages could be obtained. For
large parts of the section, we therefore had to rely on stratigraphic (using
Google Earth, see Figure 7H1 in Appendix 7H) and palaeomagnetic
correlation with Széréméta et al. (1999)’s section a few kilometres northeast
of ours. Because of the vegetation covering large parts of our section, it was
difficult to follow individual flows from one section to the other.
Furthermore, the number of palaeosols in the two sections is not equal,
complicating attempts to correlate them.
Comparing the stratigraphic locations of our sites to those of Széréméta
et al. (1999)’s, it would seem that our Upper Group (EH1 to EH4) and EH6
are most likely part of the Rift Volcanism phase (sites S23-24 and S46-65)
and thus probably between 134 ± 4 ka and c. 158 ± 4 ka (Széréméta et al.,
1999). The age obtained for EH1, albeit highly uncertain, supports this. The
palaeosol below EH6 may be equivalent to the palaeosol between S1 and
S25, and the tephra deposits between EH6 and EH7 to those between S3
and S4. The much larger number of lava flows in the upper part of
Széréméta et al. (1999)’s section than in ours may be caused by the wider
distribution of vents in the Rift Volcanism phase compared to the El Golfo
phase (Carracedo et al., 2001), leading to more local variation.
Flow EH7 at the top of our Middle Group (elevation c. 950 m) can be
traced with some degree of certainty to a height of c. 425 m in Széréméta et
al. (1999)’s section. It shares a CTMD with flow S13, implying that these
may indeed have been erupted around the same time. Our Middle Group
could then be placed between 261 ± 6 ka and 275 ± 6 ka (Széréméta et al.,
1999). The age obtained for EH11 (284 ± 39 ka) is in line with this. The
thick palaeosol between EH15 and the Lower Group unfortunately cannot
be found in Széréméta et al. (1999)’s section. Based on stratigraphic
correlation, however, it seems likely that the lowest part of our section is
more or less equivalent to the lowest part of Széréméta et al. (1999)’s
section and therefore is not older than c. 450 ka.
40Ar/ 39Ar

7.6.3 Palaeomagnetic directions: evidence for rotation?
Like Széréméta et al. (1999) we observed predominantly easterly directions
(see Figure 7.11, top): 13.7° averaged over all samples from the Middle and
Lower Groups, compared to 14.2° for Széréméta et al. (1999)’s El Golfo
sequence. Can this easterly deviation be explained by a rotation, as
suggested by Széréméta et al. (1999)? Geologically, a rotation of 15° in less
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Figure 7.10. Left: Scatter of our combined Middle and Lower Group and
Széréméta et al. (1999)’s Rift and El Golfo sections compared to the expected
scatter from Model G (McFadden et al., 1988) and TK03.GAD (Tauxe and Kent,
2004). The observed scatter is within error of the expected scatter. Right: VGP
distribution, showing an apparent east-west elongation. Széréméta et al. (1999)’s
Rift and El Golfo sections are shown in red and blue, respectively, whereas our
combined Middle and Lower Group is shown in green. The plot shows the
unfiltered data, but the filtered data shows a similar distribution.

than 450 kyr seems unlikely, as the Canary Islands are not located near any
plate boundaries. A local cause, such as the El Golfo flank collapse, or the
San Andres fault system (see e.g. Day et al., 1997) seems more plausible.
Indeed, Tauxe et al. (2000) did not include data from El Hierro in their
database for time-averaged field modelling because of possible significant
tectonic disturbance and considered especially the El Golfo section suspect.
We applied the A95 test (Deenen et al., 2011) to both our combined
Middle and Lower Group (minus site 8I), and Széréméta et al. (1999)’s El
Golfo sequence, which should be roughly equivalent in age. This tests
provides an N-dependent A95 envelope (bounded by lower limit A95min =
12 · N-0.40 and upper limit A95max = 82 · N-0.63) that can be used to determine
whether a data set has sufficiently sampled palaeosecular variation and
therefore geomagnetic field behaviour. Using the filtered data, our
combined Middle and Lower Group does not pass this test: A95 = 3.7°
while A95min = 4.1° (unfiltered data: A95 = 3.0° and A95min = 3.7°).
Széréméta et al. (1999)’s El Golfo section just barely passes the A95 test:
A95 = 3.3° while A95min = 3.2° (unfiltered data: A95 = 2.7° and A95min =
2.6°). Széréméta et al. (1999)’s Rift sequence shows more scatter: A95 =
6.0° whereas A95min = 3.9° (unfiltered data: A95 = 5.9° and A95min = 3.4°).
Second, we calculated the scatter following McElhinny and McFadden
(1997; upper and lower confidence limits from Cox, 1967) for our
combined Middle and Lower Groups and Széréméta et al. (1999)’s Rift and
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El Golfo sequences. As is shown in Figure 7.9 (left), these values are all
within error of the expected scatter from TK03.GAD (Tauxe and Kent,
2004) and Model G (McFadden et al., 1988; values of a and b from
McElhinny and McFadden, 1997).
From these tests, it would seem that our section and those of Széréméta
et al. (1999) do properly sample palaeosecular variation. However, when
looking at the VGP distributions of the three sections in Figure 7.9 (right),
the distributions seems elongated. To illustrate the extent of this elongation,
we applied a test for inclination shallowing (Paleomagnetism.org; Koymans
et al., 2016). If these were sedimentary data, the inclination of Széréméta et
al. (1999)’s filtered El Golfo section would be ‘unflattened’ from 37.72 ° to
61.07°. For the Rift section and our combined Middle and Lower Group,
the differences are much smaller (3.32° and 7.34°, respectively). Ours are
obviously not sedimentary data, but the observed elongation does suggest
that there has indeed been some form of (tectonic) disturbance. The
obtained palaeomagnetic directions should therefore be regarded with
caution.

7.5.4 Palaeointensities: reliability and consistency
Looking at Figure 7.11, which shows the obtained directions and
palaeointensities as a function of site number, it is apparent that the three
different methods are generally fairly consistent. For sites EH16 and EH26
the two successful methods (MSP and pseudo-Thellier, and Thellier and
MSP, respectively) are indistinguishable in the figure. For EH18, EH19,
EH21 and EH22 the error envelope of the results from two or three methods
overlap, while for EH14 and EH28 they nearly overlap. Sites that share a
CTMD (EH1-EH4, EH18-EH20, EH21-EH22 and EH26-EH27) generally
also produce similar palaeointensities. The worst outliers are usually values
obtained from plots that did pass our selection criteria, but that either
showed sagging in their IZZI Arai plot (EH20) or significant scatter in their
MSP plot (EH25). EH25’s IZZI-Thellier palaeointensity is very high, but
considering its straight IZZI Arai plot and its high pseudo-Thellier intensity,
it seems likely that the field was indeed relatively strong at that moment in
time.
The intensity values are broadly speaking between c. 20 and c. 35 µT.
This is somewhat low compared to the present-day (2015) value of c. 38.5
µT. However, converting these intensities to VADMs shows that they are in
line with the average value for the past 300 ka and past 300 Ma. The
average VADM for the entire section is 5.97 ± 1.65 · 1022 Am2 (4.17 ± 0.25
· 1022 Am2 for the Upper Group and 6.21 ± 1.60 · 10 22 Am2 for the
combined Middle and Lower Groups). This is close to the average Brunhes
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value of 6.2 · 1022 Am2 (Ziegler et al., 2011). Compared to the average
VADM of 8.47 ± 3.10 · 1022 Am2 for the past 300 ka and 4.6 ± 3.2 · 1022
Am2 for the period 0.3-300 Ma (Selkin and Tauxe, 2000), the average
VADM obtained for the Upper Group is lower than would be expected.
However, as these four sites share a CTMD, they most likely represent one
spot reading rather than a longer period. Due to the lack of precise age
constraints, it is impossible to compare our data to geomagnetic field
models such as PADM2M (Ziegler et al., 2011) or palaeointensity stacks
such as PISO-1500 (Channell et al., 2006) and SINT-800/SINT-2000
(Guyodo and Valet, 1999; Valet et al., 2005).

Figure 7.11. Declination, inclination and intensity as a function of site number.
CTMDs are shown in grey. The 2015 values are shown as dashed lines.
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7.7 Conclusions
The palaeomagnetic directions obtained for our section are predominantly
easterly, deviating by c. 14° from true north, similar to the value obtained
by Széréméta et al. (1999). The section passed Deenen et al. (2011)’s A95
test and its scatter was within error of the scatter expected from Model G
(McFadden et al., 1988) and TK03.GAD (Tauxe and Kent, 2004) and
therefore seems to properly sample palaeosecular variation. Its elongated
VGP distribution, however, does appear to hint at some form of disturbance
and therefore we regard the obtained palaeomagnetic directions as
suspicious.
For 22 out of 28 sites, at least one palaeointensity value could be
obtained. When two or more methods were successful for the same site,
these values generally agreed within error. Outliers usually corresponded to
plots that showed sagging or significant scatter. When converted to
VADMs, the obtained palaeointensity values are in agreement with average
values reported by Selkin and Tauxe (2000). Our multi-method approach
combined with strict selection criteria therefore seems to lead to robust
palaeointensities.
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Full-vector geomagnetic field records from
the East Eifel, Germany
Marilyn W.L. Monster1,2 , Jaap Langemeijer1, Laura R. Wiarda1, Mark J.
Dekkers1, Andy J. Biggin 3, Elliot A. Hurst3 and Lennart V. de Groot1
To create meaningful models of the geomagnetic field, high-quality
directional and intensity input data are needed. However, while it is fairly
straightforward to obtain directional data, intensity data are much more
scarce, especially for periods before the Holocene. Here, we present data from
the East Eifel, Germany. Twelve flows in the age range of c. 200 to c. 470 ka
were sampled. These sites had been previously studied by Böhnel et al. (1982)
and Schnepp (1996). Samples were subjected to classic palaeomagnetic and
rock magnetic analyses. Palaeomagnetic directions were obtained using both
stepwise thermal demagnetisation and alternating-field demagnetisation.
Four different palaeointensity methods – IZZI-Thellier, the multispecimen
method,
pseudo-Thellier
and
microwave-Thellier
–
were
used.
Palaeointensities could be obtained for all twelve sites with at least one
method. Intensity values typically range between c. 30 µT and c. 40 µT, with
one site yielding a palaeointensity of c. 80 µT. Results from different methods
are remarkably consistent and generally agree well with the values reported
by Schnepp (1996). Compared to the average VADM for the periods 0-300 ka
and 0.3-300 Ma (Selkin and Tauxe, 2000), especially the values for the younger
sites seem rather low. These sites could, however, be very close in age.
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8.1 Introduction
Current geomagnetic field models (e.g. Knudsen et al., 2008; Ziegler et al.,
2011) are hampered by a lack of reliable palaeointensity data. Despite recent
advances such as the microwave method (Hill and Shaw, 1999), the IZZI
protocol (e.g. Yu et al., 2004) and the multispecimen protocol (Dekkers and
Böhnel, 2006; Fabian and Leonhardt, 2010) and several checks (e.g. Coe,
1967; Riisager and Riisager, 2000) and selection criteria (e.g. Paterson et al.,
2014), success rates remain low and it is often difficult to assess the
reliability of a palaeointensity result. A multi-method approach (see de
Groot et al., 2013a; Monster et al., 2015a) can be used to increase the success
rate and to provide an additional consistency check: if methods that are
based on different principles yield a similar result, the obtained
palaeointensity is much more likely to be correct.
In this study, we revisited twelve sites in the East Eifel volcanic field
(Germany) from Böhnel et al. (1982) and Schnepp (1996) and applied four
different palaeointensity methods: IZZI-Thellier (Yu et al., 2004), the
multispecimen protocol (Dekkers and Böhnel, 2006; Fabian and Leonhardt,
2010), pseudo-Thellier (Tauxe et al., 1995; de Groot et al., 2013a) and the
microwave method (Hill and Shaw, 1999). These results were compared to
the results obtained by Schnepp (1996) using the Thellier-Thellier method
(Thellier and Thellier, 1959) and the Coe protocol (Coe, 1967). We only
sampled sites that had already been dated using the K/Ar method or the
39Ar/ 40Ar method (Schmincke and Mertes, 1979; Fuhrman and Lippolt,
1985, 1986 and Bogaard et al., 1989). Their ages range between c. 200 ka and
c. 470 ka.

8.2 Geological setting and sampling
The East Eifel volcanic field is a volcanic area of about 400 km 2 located west
of Koblenz, Germany. It can be subdivided into two main phases of
volcanism: the older eruptive centres (c. 400 ka) west of the Laacher See and
the younger centres (c. 200 ka) east of the Laacher See. It consists of scoria
cones, lava flows, tuff rings and some phonolitic complexes (Schnepp,
1996). In this study, only lava flows were sampled (12 sites), with the
exception of Hochstein (HS), which was a scoria cone.
We revisited twelve sites from Schnepp (1996) that had previously been
dated by Schmincke and Mertes (1979), Fuhrman and Lippolt (1985, 1986)
180

Eifel
and Bogaard et al. (1989). At the Korretsberg (KB; KB1 in Schnepp (1996)),
Meirother Kopf (MK) and Plaidter Hummerich (PH2) the precise original
sampling location was recovered. For the other sites, no existing drill holes
could be found, although we did sample the same eruption centres.
Especially in quarries such as the Eiterköpfe (EI1-2), Plaidt (PL),
Hochsimmer (SI) and Tönchesberg (TB) the original sampling locations
often did not exist anymore or were inaccessible. The original sites EI1-2, for
example, had been converted to a waste deposit.
At each site, at least fifteen 1-inch diameter cores were drilled using a
portable, petrol-powered drill. Samples were oriented using a magnetic
compass and if possible also a sun compass (all sites except HS, MK and
TB). For most sites, the sun compass correction was less than 5°; for sites
Dachsbusch (DB), Hannebacher Ley (HL), Korretsberg (KB) and Plaidt (PL)
the correction was somewhat larger, up to nearly 8° for site KB. At locations
Hochsimmer (SI) and Hochstein (HS) an additional, unoriented hand
sample was taken due to drilling difficulties (SI) and the suspected
likelihood of past lightning strikes at the only in situ outcrop (HS).

Figure 8.1. Schematic location map of the fieldwork area. The main roads, as well
as the Laacher See and the Rhine are indicated. Image adapted from Google
Maps. GPS locations are provided in Table 8.1.
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8.3 Methods
8.3.1 Demagnetisation of the NRM and palaeomagnetic
experiments
Samples were demagnetised using both thermal and alternating field (AF)
demagnetisation. Three samples per site were heated in steps of 50 °C from
100 up to 500 °C and subsequently in steps of 25 °C to 600 °C. Most
specimens were measured on a 2G-DC SQUID magnetometer; samples
whose NRM exceeded c. 5 A/m were measured on an AGICO JR-6 spinner
magnetometer. Five specimens per site were subjected to AF fields of 2.5, 5,
7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 and 100 mT, using a robotised 2G
DC-SQUID magnetometer in a static 3-axes demagnetisation set-up
(Mullender et al., submitted). All demagnetisation data were analysed using
RemaSoft (Chadima and Hrouda, 2006); all plots shown in this article were
created using Paldir. Thermal and AF NRM decay curves were obtained by
plotting the scalar NRM intensity as a function of temperature and AF field
strength, respectively. These data were normalised by the starting natural
remanent magnetisation (NRM).

8.3.2 Rock magnetic analyses
All sites were subjected to commonly adopted rock magnetic analyses.
Alteration and Curie temperatures were determined by measuring
susceptibility as a function of temperature during several temperature
cycles on an AGICO KLY-3S Kappabridge susceptometer with a CS3 furnace
attachment (noise level 2 · 10-7 SI, typical signal at least three orders of
magnitu-de higher). Sample mass typically ranged between 0.5 and 1 g of
crushed rock chips. During the first temperature cycle, the temperature was
gradually increased to 175 °C and then decreased to 125 °C. In subsequent
cycles, the temperature was increased by 75 °C and then decreased by 50 °C.
The alteration temperature is then defined as the range of temperatures in
the cycle during which irreversible behaviour first occurs. Curie
temperatures cannot be determined as precisely from susceptibility curves
as from magnetisation-versus-temperature curves, but can be estimated
from the inflection point or points of the decreasing branch of the
susceptibility curve (Petrovský and Kapička, 2006).
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Domain state estimates were determined from hysteresis loops and backfield curves measured at room temperature on a MicroSense vibrating
sample magnetometer (VSM). Samples of 8-mm diameter and typical length
of 6 mm were subjected to a maximum field of 1.5 T in the hysteresis loops
(75 measurement points, spaced more closely near the origin) and 0.53 T in
the back-field remanence curves. From these plots, the values of the
saturation remanent magnetisation Mr, the saturation magnetisation Ms, the
coercive field Bc and the coercivity of remanence Bcr were determined. A
slope correction was applied to the hysteresis loops to remove the
paramagnetic contribution. The ratios Mr/Ms and Bc/Bcr were plotted against
each other in a Day plot (Day et al., 1977). From this plot, the domain state
of the samples can be estimated.
To estimate the oxidation class, thin sections were studied using a JEOL
JCM-6000 table-top scanning electron microscope (SEM) in backscatter
mode using a voltage of 10 kV. Images were taken at magnifications of up to
4000x. Sites were categorised in the oxidation classes described in Watkins
and Haggerty (1968).

8.3.3 Palaeointensity experiments
In order to increase the success rate and to provide an additional
consistency check, we used four different palaeointensity methods: the
‘classic’ Thellier-Thellier method (Thellier and Thellier, 1959) using the IZZI
protocol (e.g. Yu et al., 2004), the domain-state-corrected multispecimen
protocol (Dekkers and Böhnel, 2006; Fabian and Leonhardt, 2010), the
calibrated pseudo-Thellier method (de Groot et al., 2013a) and the
microwave method (Hill and Shaw, 1999). As all four methods are based on
different premises, consistency between their result is a strong indication
that the obtained palaeointensity is reliable.
First, we applied the IZZI protocol (e.g. Yu et al., 2004) with pTRM
checks (Coe, 1967) and pTRM tail checks (Riisager and Riisager, 2001) to
seven specimens per site. A laboratory field of 50 µT was used and applied
at an angle of 0 to 90° to the samples’ NRMs. Data were analysed using
ThellierTool 4.0 (Leonhardt et al., 2004). The reliability of the results was
assessed using the built-in ThellierTool A and B sets of selection criteria
(Leonhardt et al., 2004) as modified by Paterson et al. (2014). If more than
one specimen passed these criteria, an additional criterion that the standard
deviation divided by the average palaeointensity should not exceed 25%
was imposed (Selkin and Tauxe, 2000). Additionally, samples that passed
183

Chapter 8
these criteria but showed sagging, indicative of multi-domain effects, were
considered less reliable.
Second, we used the multispecimen method (Dekkers and Böhnel, 2006;
Fabian and Leonhardt, 2010). In the MSP protocol, all sites that did not
reveal an overprint in their thermal and AF Zijderveld diagrams were first
subjected to the ARM (anhysteretic remanent magnetisation) test (de Groot
et al., 2012) at one or more temperatures based on their susceptibilityversus-temperature plots and their thermal NRM decay curves. No AF
demagnetisation should be carried out. If a core heated to the selected
temperature gains the same amount of ARM as an unheated (pristine) core,
it is very plausible that the multispecimen method will yield the correct
palaeointensity. The ARM gained is determined by subjecting half of the
samples from the pristine and heated cores to an ARM acquisition, whereas
the other half are subjected to AF demagnetisation in the same axis. No AF
demagnetisation should be carried out prior to the ARM acquisition. Only
the sites that passed the ARM test were subjected to the domain-statecorrected multispecimen protocol (MSP-DSC) at the same temperature. We
used four field levels (15, 30, 45 and 60 µT) and three specimens per field
level. Data were analysed using MSP-Tool for MS Excel 2010 (Monster et al.,
2015b) and its built-in reliability criteria. If the average alteration εalt
between the first and fourth heating step exceeded 3% (de Groot et al.,
2013a) and/or if the intersection with the y-axis of the linear fit in the
domain-state-corrected plot was not within error of its theoretically
prescribed value of (0, -1), the result from the original method (MSP-DB;
Dekkers and Böhnel, 2006) was preferred.
Third, the pseudo-Thellier method (Tauxe et al., 1995; Yu et al., 2003; de
Groot et al., 2013a) was applied to five specimens per site. After AF
demagnetisation (see section 3.1), these samples were subjected to an ARM
acquisition at the same AF field steps (up to 100 mT), using a DC bias field
of 40 µT. The NRM remaining after each AF step was plotted against the
pARM gained after each step in a ‘pseudo-Arai plot’. As a third step, the
ARM was demagnetised using the same AF steps to test whether the ARM
was carried by the same grains as the NRM. If that is the case, a plot of the
NRM remaining against the ARM remaining should show a straight line.
Results were analysed using a custom-made VBA macro. The slope of the
pseudo-Arai plot was converted to an absolute palaeointensity using the
empirically derived calibration formula from de Groot et al. (2015). This
formula is based on data from Hawaii (de Groot et al., 2013) and the Canary
Islands (de Groot et al., 2015). It is valid for samples whose value of B1/2ARM,
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the AF field at which they have gained 50% of their maximum ARMs, is
between 23 and 63 mT (de Groot et al., 2013a).
Finally, the microwave method (Hill and Shaw, 1999) was used. This
method is similar to the classic Thellier-Thellier protocol, but instead of
heating the samples, the samples are demagnetised using microwaves that
directly excite the magnetic spin system. This should reduce the amount of
heating experienced by the specimens and therefore the amount of
alteration. The experiments were carried out at the University of Liverpool.
We used the IZZI protocol (e.g. Yu et al., 2004) including pTRM checks (Coe,
1967), at a laboratory field of 30 µT. One specimen from site TB was
measured using a field of 40 µT and for site DB, which was expected to
yield a higher palaeointensity, a laboratory field of 60 µT was used. Data
were analysed using ThellierTool 4.0 (Leonhardt et al., 2004) and its built-in
ThellierTool A and B selection criteria as modified by Paterson et al. (2014).
Samples of 5-mm diameter and c. 5-mm length were used. Due to time
constraints, only one or two specimens per site were processed.

8.4 Results
8.4.1 Demagnetisation of the NRM and palaeomagnetic
directions
Representative Zijderveld diagrams and thermal decay curves are provided
in Figure 8.2; the obtained palaeodirections are shown in Table 8.1. Plots for
all twelve sites can be found in Appendix 8A. Most sites showed
univectorial behaviour in their Zijderveld diagrams, although four sites
(DB, KB, MK and PH2) as well as some individual samples from EI1, HL, SI
and VK showed small overprints that were removed by 5-10 mT or 100-150
°C. The obtained inclinations were consistent with those obtained by
Schnepp (1996), but declinations sometimes differed by up to 20°. Site HS
showed a small overprint combined with a relatively high NRM intensity
and a quick NRM decay in the first few AF demagnetisation steps. These
characteristics, as well as its inconsistent palaeodirections (α 95 = 17.6), hint
at a nearby lightning strike. Its directions are therefore not included in the
interpretation (cf. Figure 8.6).
Thermal decay curves can be divided into two main groups. The first
group demagnetised slowly until c. 400 °C and demagnetised more quickly
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Figure 8.2. From left to right: thermal NRM decay curves, AF Zijderveld diagrams,
hysteresis loops and susceptibility-versus-temperature diagrams for sites PL, DB
and SI. The dashed lines in the susceptibility-versus-temperature diagrams indicate
the alteration temperature.

after, sometimes showing two distinct phases (e.g. sites DB, EI1, EI2 and
HS). The second, smaller, group demagnetised more quickly, retaining 50%
or less of its NRM at 300 °C. AF NRM decay curves show varying
behaviour. Most sites retain less than c. 20% of their NRMs at 100 mT, but
sites DB, EI1, TB and some samples from sites EI2 and MK had lost less
than 40% of their NRMs at that field level (see Appendix 8A).

8.4.2 Rock magnetic analyses
Some representative susceptibility-versus-temperature plots are shown in
Figure 8.2; plots for all sites are provided in Appendix 8A. The values of the
Curie and alteration temperatures can be found in Table 8.1. Most sites
show high primary Curie temperatures (> 500 °C). Sites MK, PH2 and TB,
on the other hand, yielded lower (200-300 °C) primary Curie temperatures.
These three sites also showed a secondary, higher Curie temperature of >
500 °C. Site HS yielded an intermediate Curie temperature of c. 350 °C.
Alteration temperatures generally varied between 225 and 400 °C. The only
exception is site HS, which did not show visible thermochemical alteration
until 600 °C.
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I
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Table 8.1. Palaeomagnetic and rock magnetic data. From left to right: site age (Schmincke and Mertes, 1979; Fuhrmann and Lippolt, 1985, 1986)
1
and location (latitude and longitude in decimal minutes), palaeomagnetic directions and their α95 and number of accepted samples n out of the total
number of samples N, Curie (Tc) and alteration temperatures (T alt), and oxidation class according to Watkins and Haggerty (1968) for all twelve sites.
Class I is pristine, VI is most oxidised.
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Figure 8.3. Day plot showing the Mrs/Ms and Bcr/Bc ratios of all twelve sites. The
SD+MD mixing curves (Dunlop, 2002) are shown in grey.
Site HS: class I

Site PL: class II-III

Site VK: class III

Site TB: class III-IV

Figure 8.4. SEM images for sites HS (no signs of oxidation: class I), PL (some
ilmenite lamellae: class II-III), VK (abundant ilmenite lamellae: class III) and TB
(mottled lamellae: class III-IV).
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On a Day plot (Fig. 3), most sites plot in the pseudo-single domain (PSD)
range, generally slightly above the SD+MD mixing line (Dunlop, 2002). Site
HL plots in the multi-domain (MD) range. Site MK yields a very high Bcr/Bc
ratio (10.6) combined with a relatively high Mr/Ms ratio (0.45) when
measured on the VSM. Its hysteresis loop (Appendix 8A) shows two
components, which makes its position on the Day plot ambiguous.
The SEM images revealed varying oxidation states (see Table 8.1, Figure
8.4 and Appendix 88B). Generally speaking, the younger sites (200-300 ka)
showed higher oxidation levels than the older sites (> 300 ka). Sites HS and
DB did not show any signs of oxidation (class I). The abundant ilmenite
lamellae observed for sites PL and VK place them in class III. Sites EI1-2, KB
and TB showed mottled lamellae and were put in oxidation class III-IV. The
remaining sites showed some signs of oxidation and were placed in either
class I-II (sites HL, MK, SI) or II-III (site PH2).

8.4.3 Palaeointensity experiments
The Thellier-Thellier method was generally very successful: 59% of the
individual samples passed our selection criteria, typically at least four
specimens per site. Some representative plots are shown in Figure 8.5; all
plots that passed our criteria can be found in Appendix 8C. Seven out of
twelve sites (DB, EI1-2, HS, KB, PL and TB) showed linear Arai plots, as
well as one sample from site VK. The other sites (HL, MK, PH2 and SI)
showed sagging, indicative of multidomain behaviour. The obtained
palaeointensities are between c. 20 and c. 45 µT, with the exception of sites
PH2 (average: 52.4 ± 5.1 µT) and DB (average: 81.4 ± 17.1 µT). The high
value obtained for site PH2 may be explained by sagging: the
palaeointensity value was obtained from the low-temperature (steep) part
of the plot. Site DB, on the other hand, yielded straight Arai plots.
Of the eight sites that did not show an overprint in their Zijderveld
diagrams, five passed the ARM test (insets in Figure 8.5; also see Appendix
8D) and were subjected to the multispecimen protocol (Appendix 8E). Sites
EI2, SI and TB passed the test at 250 °C, and sites HL and PL at 200 °C. Sites
PL, SI and TB yielded MSP-DB plots with high r2 values and few outliers,
whereas sites EI2 and HL showed more scatter. Palaeointensity values vary
from c. 28 µT (site EI2) to c. 36.0 µT (site SI). Only sites EI2 and TB passed
the selection criteria for the MSP-DSC protocol; the other sites either failed
the alteration criterion εalt < 3% (sites HL and SI) or the criterion that the
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linear regression should intersect with the y-axis within error of (0, -1) (site
PL). For these three sites, therefore, the MSP-DB protocol was preferred. Site
TB’s MSP-DB and MSP-DSC results are indistinguishable (32.8 [29.7-35.5]
µT and 32.6 [31.0-34.0] µT, respectively), adding to the robustness of the
obtained palaeointensity value. For site EI2, on the other hand, the DSC
protocol yielded a palaeointensity that was 7.1 µT lower than the result
obtained with the DB protocol.
Pseudo-Thellier palaeointensities could be obtained for eight out of
twelve sites (Figure 8.5 and Appendix 8F). The success rate for individual
specimens was 43% (25 out of 58 specimens). The remaining 57% either
showed non-linear ARM-versus-NRM demagnetisation diagrams (sites DB,
HL and some specimens from VK) or failed the B1/2ARM criterion (sites EI2
and SI, and some specimens from sites KB, MK, PH2 and TB). The obtained
palaeointensities vary between c. 24 µT (site PH2) and c. 41 µT (site TB).
Sites HS and PL yielded the most linear plots and most consistent
palaeointensities (standard deviations of 0.6 and 0.5 µT, respectively). Site
VK appears to yield two distinct palaeointensities: samples VK20A and 22A
yielded a value of c. 25 µT, whereas samples VK6A, 9A and 14A produced a
value of c. 36 µT. These samples were drilled in different clusters, so these
data suggest that we may have sampled different flows, although we did
not see signs of that in the field.
One or two specimens per site were subjected to the microwave method
(Figure 8.5 and Appendix 8G). Palaeointensities could be obtained from 11
out of 15 measurements, a success rate of 73%. The obtained Arai plots are
generally very linear, with the exception of sites MK and SI and sample
VK22b, which showed sagging. Site PL’s two-slope behaviour (Figure 8.5) is
probably due to its overprint in the first few microwave steps, as its
Thellier-Thellier Arai plots were mostly linear. The obtained
palaeointensities vary from c. 10 µT (site MK, sagging) and c. 48 µT (sample
TB14b). Some samples (most notably site DB) showed a significant overprint
in the z direction, suggesting partial remagnetisation caused by drilling the
smaller 5-mm diameter samples from the original 1-inch diameter samples.
The linear fit with the highest quality factor q (Coe et al., 1978) was
preferred, although for some sites a second, manual regression was
calculated excluding the overprint. The obtained palaeointensities differed
less than 2 µT from the automatic ThellierTool (Leonhardt et al., 2004)
results.
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Figure 8.5. Palaeointensity results for sites PL (top) and TB (bottom). From left to right: IZZI-Thellier, multispecimen (ARM test in the
insets), pseudo-Thellier and microwave. For the three types of Arai plots, several temperature, field and power steps are indicated.
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31.4

PI

31.5

12 (12) 40.9

9 (12)

9 (10)

8 (12)

8 (12)

n (N)

6.4

1.0

0.5

3.3

N.A.

N.A.

0.6

2.2

!

20%

2%

1%

14%

N.A.

N.A.

2%

7%

!/PI

Pseudo-Thellier

5 (5)

2 (5)

5 (5)

3 (5)

1 (5)

1 (5)

3 (3)

5 (5)

n (N)

32.8

43.0

N.A.

7.0

N.A.

N.A.

20.4(*)
25.2*

N.A.

N.A.

N.A.

N.A.

N.A.

!

38.9*

10.1*

25.6

32.7

31.7

PI

N.A.

16%

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

!/PI

1 (1)

2 (2)

1 (1)

1 (1)

1 (1)

1 (1)

1 (2)

1 (1)

0 (1)

1 (1)

0 (1)

0 (1)

n (N)

Microwave Thellier

Table 8.2. Palaeointensity results. For IZZI-Thellier, pseudo-Thellier and microwave Thellier this table shows the average
palaeointensity (PI), standard deviations (σ), the standard deviation divided by the average (σ/PI) and the number of samples n of the
total N that passed our selection criteria. For MSP the calculated palaeointensity, the 95% confidence interval and the number of
samples n of the total N that were used for the regression are shown. Palaeointensities marked with one asterisk were obtained from
IZZI or microwave Arai plots that passed the selection criteria but showed sagging and are therefore considered less reliable. For site
VK, only a few specimens showed sagging. All palaeointensities are given in µT.

Eifel

8.5 Discussion
8.5.1 Palaeomagnetic directions
Looking at the declinations and inclinations (top and middle panels in
Figure 8.6) it is apparent that while our inclinations agree well with those
reported by Böhnel et al. (1982) and Schnepp (1996), our declinations
sometimes differ markedly. Sites DB, HL, PH2 and TB are indistinguishable
from Böhnel et al. (1982) and Schnepp (1996)’s results, but especially sites
EI1-2 show a large difference (20 and 22°, respectively). The declinations
obtained for sites KB, MK, PL and SI also deviate from the values found by
Böhnel et al. (1982) and Schnepp (1996). Site SI showed large cracks, so in
this case it is possible that our sampling location was not entirely in situ.
For some of the other sites, the observed deviation may have been
caused by orientation differences between a magnetic compass and a sun
compass, as neither Böhnel et al. (1982) and Schnepp (1996) nor we were
able to use the latter for all sites. Indeed, for site KB, most of the 11.1°
difference between our declination and Böhnel et al. (1982) and Schnepp
(1996)’s could be explained by the average sun compass correction of nearly
8° for that site. Similarly, the 11.5° difference observed for site MK may be
due to our lack of sun compass readings. Sites DB and HL, on the other
hand, had large sun compass corrections, but in these cases our results and
those of Böhnel et al. (1982) and Schnepp (1996) overlapped. Likely in both
cases sun compass readings were used.
For sites EI1-2 and PL a different explanation is needed, as the sun
compass corrections are too small to account for the observed declination
differences. One possibility is the different sampling strategies that were
employed: Böhnel et al. (1982) and Schnepp (1996)’s samples were spread
over distances of several tens or hundreds of metres, whereas our samples
were generally drilled in clusters that were only several metres apart. Socalled local anomalies due to terrain effects (e.g. Baag et al., 1995; Valet and
Soler, 1999) in our data would therefore not be averaged out as well as in
Böhnel et al. (1982) and Schnepp (1996)’s data. However, as Böhnel et al.
(1982) and Schnepp (1996)’s palaeodirections generally showed low scatter
(α95 usually less than 4°), it appears unlikely that the sampling method
caused these large deviations. The most plausible explanation therefore
seems that, while we did sample the same eruption centres, we did not
always sample the exact same flows as Böhnel et al. (1982) and Schnepp
(1996). Especially in the case of EI1-2 this seems likely, as Böhnel et al.
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(1982) and Schnepp (1996) sampled scorias on the southwestern part of the
Eiterköpfe, whereas we sampled massive lava flows a few hundred metres
to the north.

8.5.2 Different palaeointensity protocols
The East Eifel volcanic field generally yielded good and consistent
palaeointensities and notably high success rates, 59% (11 sites) for IZZIThellier, 5 sites for MSP, 43% (8 sites) for pseudo-Thellier and 73% (9 sites)
for the microwave method, including specimens that are considered less
reliable due to sagging (IZZI and microwave). Reliable palaeointensities
with at least one method could be obtained for all twelve sites (Figure 8.6).
Palaeointensity values (Figure 8.6, lowermost panel) vary from c. 20 µT
(site PL, microwave method) to c. 80 µT (site DB, IZZI) and are usually close
to the average intensity during the Brunhes chron of c. 40 µT (Ziegler et al.,
2011; converted from VADM). Generally, the four methods are remarkably
consistent (see e.g. site PL in Figure 8.5). Outliers were usually IZZI-Thellier
or microwave-Thellier results that passed our selection criteria but are
considered less reliable because of sagging (e.g. site PH2). The pseudoThellier method generally agrees very well with results from the other
methods. The calibration formula (de Groot et al., 2015), which is based on
data from Hawaii (de Groot et al., 2013) and the Canary Islands (de Groot et
al., 2015), therefore seems to be applicable to the Eifel volcanism as well.
The consistency between the different methods adds considerably to the
credibility of the obtained values (see also de Groot et al., 2013; Biggin and
Paterson, 2014; Monster et al., 2015a).
It is noteworthy that sites EI1-2 and PL, whose declinations vary
significantly from the Coe-Thellier values reported by Schnepp (1996),
yielded very similar palaeointensity values. Similarly, KB and SI, the two
other sites whose directions deviate from the original values, also yielded
palaeointensities that are within a few µT of those measured by Schnepp
(1996). For sites DB, HL, HS, MK and TB the new palaeointensities differ
more (10-20 µT), although in the cases of DB, HL and TB they are still within
error of the original values. The large difference found for site MK may be
caused by the sagging observed in its Arai plots (see Appendix 8C and G).
Selecting the low-temperature part of the curve would lead to an
anomalously high palaeointensity. The high IZZI palaeointensity obtained
for site DB cannot be explained this way as its Arai plots were linear.
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The palaeointensities obtained for the older sites (HS to HL) are in
agreement with the average palaeointensity expected for the period 0.3-300
Ma (Selkin and Tauxe, 2000; VADMs converted to field intensity), whereas
the sites < 300 ka (TB to VK) seem rather low, also compared to the average
Brunhes intensity of 40.0 µT for the Eifel (Ziegler et al., 2011; converted from

Inclination (°)

Declination (°)

VADM). On the other hand, apart from site DB, these data do agree very
well with the average over the period 0.3-300 Ma, perhaps suggesting an
earlier or more gradual decrease of the average VADM between 200 and 300
ka. It should be kept in mind, however, that sites TB to DB sites are
40
20
0
-20
-40

80
60
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0
100
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Microwave

Schnepp (1995)

Present day

Brunhes avg.

PI (µT)
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60
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HS
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same age

Figure 8.6. Declination, inclination and palaeointensity as a function of site
name (ordered chronologically). Sites EI1-2 and PL should have the same age,
according to Schnepp (1996). Values from Schnepp (1996) are shown as black
crosses. The four different palaeointensity methods are shown as blue circles
(IZZI), black squares (MSP), red triangles (pseudo-Thellier) and grey diamonds
(microwave). Data from Arai plots that passed the objective selection criteria but
did show sagging are shown as open symbols to indicate that they should be
considered as less reliable. If no error bar is shown, the palaeointensity value is
based on a single sample. The shaded blue areas represent the average values
expected for the periods 0-300 ka and 0.3-300 Ma (Selkin and Tauxe, 2000;
VADMs converted to palaeointensities). The blue dashed line represents the
average intensity during the Brunhes (Ziegler et al., 2011; converted from
VADM).
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clustered together in age and the uncertainty intervals of their ages overlap.
It is therefore possible that these flows were erupted in a relatively short
period of lower than average field. The 28 lava flows from El Hierro
(Chapter 7) in the same age range (c. 150-c. 450 ka) produced an average
palaeointensity of 29.3 ± 8.3 µT, much closer to the average Brunhes
intensity for that location (30.8 µT).

8.6 Conclusions
The multi-method palaeointensity approach used in this study yielded
reliable palaeointensities for all twelve sites. Results were generally
consistent within sites and are usually within error of the results reported
by Böhnel et al. (1982) and Schnepp (1996). Considering the high success
rates and the often linear Arai plots, the Eifel appears to be an excellent
location for future palaeointensity investigations. Full-vector records could
be improved by new, more precise radio-isotope ages.
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Epilogue
Our understanding of the Earth’s magnetic field in the past and the
underlying processes that generate it is currently hampered by a lack of
reliable, well-dated, globally-distributed palaeointensity data. Palaeointensity methods generally have rather low (10-20%) success rates, and
even measurements that pass all selection criteria may not always yield the
correct value, as illustrated by several sites from La Palma in Chapter 3. By
using multiple methods, it is possible to increase the usually low success
rates. Consistency between results from different methods provides an
additional reliability criterion. This multi-method approach, following De
Groot et al. (2013a, 2015), yielded good results for the sampling locations
discussed in Chapters 6 to 8.
An important part of this multi-method approach is the application of
strict selection criteria. In Thellier-style experiments, for example, samples
may pass all selection criteria for the line fit even though their Arai plots
show sagging. Results from such plots are often significantly higher or
lower than results obtained using different methods (see Chapters 6 to 8).
Often, sites that show sagging do not pass the additional criterion that the
standard deviation between samples within one site should be less than
25%, as the best quality fit is sometimes taken through the low-temperature
(steeper) part of the plot and sometimes through the high-temperature
(flatter) part. As this is not always the case, it is important to visually assess
the Arai plots when analysing Thellier data with a program that does not
include a curvature criterion.
Similarly, the multispecimen protocol may yield perfectly acceptable
plots that nevertheless do not reproduce the correct palaeointensity. The
large over- and underestimates observed in Chapter 3, however, were for
the most part correctly identified by a retrospective ARM test. It is therefore
strongly recommended to conduct an ARM test prior to any multispecimen
experiments. The results from Mt Etna (Chapter 6) also indicate that the
ARM test is a good predictor of multispecimen results, although unlike in
Chapter 3 we do not know the ‘true’ palaeointensities in this case.
The ARM test, however, only shows alteration after one heating step.
Unfortunately, many sites that do not show alteration after one heating step,
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do show alteration after the four heating steps used in the extended,
domain-state-corrected multispecimen protocol, which makes their results
unreliable. Chapter 4, in which the multispecimen method was used on two
lavas from Mt Etna that had been given a full TRM, seems to indicate that if
a site passes the ARM test, results obtained using the original MSP-DB
method are reliable, as the DB protocol, like the ARM test, only involves one
heating step. Of the two sites presented in Chapter 4, the one that did not
show progressive alteration also yielded the correct value in the extended
MSP-DSC protocol, whereas the site that showed strong (c. 8%) alteration
between heating steps 1 and 4 yielded an underestimate. Such a large
downward ‘correction’ by the DSC protocol was also observed for Mt Etna
samples (Chapter 6) that passed the ARM test but showed progressive
alteration (> 3%).
The palaeointensity chapters in this thesis raise a few intriguing
questions with regard to the ARM test and the multispecimen protocol:
•

•

•

How close to the ideal diagonal line does the curve have to be in the
ARM test? Is being within error of the ideal line, the criterion used in
Chapters 6 to 8, strict enough? How problematic is it if the curve moves
away from the ideal line at higher AF fields? And what does it mean
when the curve oscillates around the ideal line?
Can the ARM test be used to quantify the expected over- or
underestimate? If so, this would make the multispecimen protocol much
more widely applicable.
Does the DB protocol always yield the correct palaeointensity if the site
in question passed the ARM test? In other words: would the ARM test
have predicted the overestimates linked to multi-domain behaviour that
were shown in Fabian and Leonhardt (2010)?

More data, especially from lavas that were erupted in periods of known
palaeointensity, are required to answer these questions. Furthermore, it
would be very interesting to see an ARM test carried out on samples that
were heated multiple times to mimic the extended, MSP-DSC protocol.
The pseudo-Thellier method has a relatively high success rate and
therefore produces valuable extra data points. Intrinsically, however, it is a
relative palaeointensity method. The calibration formula from de Groot et
al. (2015) seems to work well on products of hotspot volcanism such as
Hawaii, the Canary Islands (Chapter 7), and the Eifel (Chapter 8). For lavas
from Mt Etna (Chapter 6), however, this method consistently produces
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results that are about 8 µT lower than those obtained using the IZZI-Thellier
or multispecimen method. Results from historical lavas of known
palaeointensity from different types of volcanism could shed more light on
the applicability of the current calibration formula. Perhaps a calibration
formula can be constructed that takes into account differences in chemical
composition and grain size.
The 40Ar/39Ar dating part of this thesis was, unfortunately, mostly
unsuccessful. All seven sites from El Hierro failed due to large amounts of
methane present in the sample, even after extensive cleaning with currently
state-of-the-art cleaning (gettering) techniques. The origin of this methane is
unclear. It seems unlikely that the mineral separation process somehow
introduced this methane, as it was not observed for samples from a different
volcanic edifice that were treated in the same batch. On the other hand, as
none of the K/Ar and 40Ar/39Ar experiments previously published for El
Hierro appear to have suffered from this effect, it also seems unlikely that
the observed methane is of abiogenic origin, unless it was caused by a
localised process. The sites of the other studies were a few kilometres away
from ours. Experiments on the isotopic composition of the measured
methane might shed some light on this issue. Furthermore, improved
gettering of the gas might reduce the problem.
Finally, while the Eifel (Chapter 8) yielded very good palaeointensity
results, the existing K/Ar ages have high uncertainties. By improving these
ages, the Eifel region could constitute an important contribution to regional
palaeointensity records for Europe.
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