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Prologue & Summary

Our planet is surrounded by a magnetic field, acting like a huge shield against

harmful solar and cosmic radiation that, if it would not be deflected by the Earth’s

magnetic field, may damage the atmosphere and disrupt communication systems

(Boteler et al., 1998; Courtillot et al., 2007). The Earth’s magnetic field can be de-

scribed with a direction and a strength, and both are constantly changing through

time. The research field studying the past variations in the Earth’s magnetic field

is known as paleomagnetism. By using archaeological materials, volcanic rocks

or sediments one can determine the past field value at that location at a specific

moment in time. Currently, the Earth’s magnetic field is characterised by a region

of weak field strength above South America, named the South Atlantic Anomaly

(SAA) (Fig. 1). This low intensity anomaly is one of the most intriguing features

of today’s geomagnetic field. Its present-day behaviour is studied using satellite

data but much about the past behaviour of the anomaly is unknown (Campuzano

et al., 2019; Engbers et al., 2022; Nilsson et al., 2022). In this thesis, I first focus

on studying the reliability of volcanic rocks as paleomagnetic recorders using data

from Mt. Etna and La Palma, and then I study the behaviour of the SAA by obtain-

ing paleomagnetic data from three different locations on Earth: the Revillagigedo

Archipelago, La Réunion and the island of Bali in Indonesia (Fig. 1).

Figure 1: Field intensity at the surface of the Earth in 2020 CE showing the outline of the

South Atlantic Anomaly, image from (Finlay et al., 2020). White contour lines are in steps

of 500 nT from 22,500 to 27,000 nT. Triangles show the location of the study areas in this

thesis, labelled per chapter those are 1) Mt. Etna, Italy, 2) La Palma, Spain, 3) Revillagigedo

Archipelago, Mexico, 4) La Réunion and 5) Bali, Indonesia.

.
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Prologue & Summary

Recent variations in the Earth’s magnetic field

When averaged over a sufficient amount of time the Earth’s magnetic field can be

approximated as a geocentric axial dipole (GAD), yet it is continuously changing

through time and space. These variations, known as paleosecular variation (PSV),

operate on timescales ranging from seconds to millions of years. On the longer

timescale, the most prominent expression of field variability is the alternation be-

tween periods of stable polarity (chrons or superchrons) and geomagnetic rever-

sals. For example, during the Cretaceous the field maintained a normal polarity for

37 million years before switching polarity in a geomagnetic reversal. Even during

such long intervals of stable polarity, the field still exhibits secular variation in di-

rection and intensity. During a geomagnetic reversal the magnetic north and south

pole of the Earth switch. Magnetic reversals have occurred very irregularly in the

past but on average around every 200,000 years (Ogg, 2020). The last reversal, the

Matuyama-Brunhes reversal, took place about 780,000 years ago. The time for a

complete reversal to take place may be in the range of hundred or thousands of

years (Mahgoub et al., 2023; Sagnotti et al., 2014, 2016; van Grinsven et al., 2025).

In contrast to full reversals, Earth’s magnetic field also shows excursions, which are

mostly only a temporary collapse of the field with directions deviating >45◦ degrees

from the geographic poles. They did occur frequently since the last reversal, an ex-

ample is the Laschamps excursion around 41,000 years ago when Earth’s magnetic

field weakened and the poles briefly switched (Guillou et al., 2004). On even shorter

timescales geomagnetic jerks occur: sudden, brief changes of the field lasting hun-

dreds of years, or even less. On top of this there is the everlasting secular variation:

constant variations in declination, inclination and intensity that make the poles

wander around the geographic poles. Secular variation also leads to the variations

in declination, which is the angle between the magnetic north and the geographic

north, that requires corrections to compass readings depending on where on Earth

you are. Secular variation of directions and intensity is measured by magnetic ob-

servatories worldwide and by satellites in space. These direct measurements re-

veal a very interesting feature of today’s Earth magnetic field: the South Atlantic

Anomaly (SAA).

The SAA is a region of anomalously low field strength located above South-America

and the South-Atlantic, and is typically defined as the area where the surface mag-

netic intensity is below 32 µT (Pavón-Carrasco & De Santis, 2016). In this region,

the Van Allen radiation belts are located at a lower altitude than usual (Domingos

et al., 2017). The belts contain trapped charged particles from the solar wind, which

can pose risks to spacecrafts passing through the area (Heirtzler et al., 2002). The

SAA is currently observed to be expanding and seems to split into two minima, one

over South America and the other over southern Africa (Fig. 1), while the entire low

intensity region is drifting westwards (Domingos et al., 2017). This westward move-

ment is thought to result from the convection of liquid iron in the Earth’s outer core.

Estimates of the average westward drift rate of the centre of the anomaly vary ap-

proximately between ~0.18◦ to ~0.3◦ per year (Fürst et al., 2009; Ye et al., 2017).

Concurrent with the growing area of the SAA is an overall decrease of the Earth’s

dipole moment, showing a decrease of 9% between 1840-2015 CE (Finlay et al.,

2016; Olson & Amit, 2006). As reversals are expected to happen when the Earth’s
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Prologue & Summary

magnetic field is weak, there is a scientific debate about whether a continuation of

this decrease in dipole moment will lead to a geomagnetic reversal. Moreover, it re-

mains a pressing question whether the SAA represents a precursor to an upcoming

reversal.

The present-day variations in the Earth’s magnetic field are closely monitored with

satellites. However, understanding the changes in the Earth’s magnetic field and

the evolution of geomagnetic anomalies prior to the direct measurements is equally

important. For this, we rely on a different type of data, which is paleomagnetic data.

Paleomagnetism

The first uses of magnetism go back to the sixth century BCE, when Thales of Mile-

tus described the properties of magnetic lodestone, and to the fourth century BCE,

when the first compasses were invented in China. Direct recordings of magnetic

declination in Europe go back to the 16th century CE. During sea voyages, dec-

lination measurements from around the world were recorded in ship logs, used

for navigational purposes. Inclinations were only measured occasionally, system-

atic records of inclination became more common from the 18th century onwards.

The very first measurements of the Earth’s magnetic field intensity began later. In

1798 CE, Alexander von Humboldt started with systematic observations of relative

magnetic intensity. True measurements of the absolute magnetic intensity started

around 1832 CE, when Carl Friedrich Gauss developed a magnetometer which was

capable to measure the direct field strength. This marked the beginning of abso-

lute systematic intensity measurements. The research field of rock magnetism went

through innovations in the early 20th century. Bernhard Brunhes discovered that

the natural remanent magnetisation in a rock was oriented in a direction antipar-

allel to the ambient field in 1906 CE. Additionally, in 1926 CE Motonori Matuyama

showed from a stack of lava flows that the younger lavas were normally magne-

tised, and the older lavas were reversed. Both of them discovered the process of a

geomagnetic reversal: the magnetic signals in the rocks had a reversed magnetic

polarity which indicated that the Earth’s magnetic poles had flipped in the past.

The last reversal, Matuyama-Brunhes reversal, was named after them. Laboratory

studies on the remanent magnetisation in volcanic rocks were further developed

by Johannes Koeningsberger (1930s), Emile and Odette Thellier (1940s) and Takesi

Nagata (1940s). They also laid the foundation for paleointensity experiments.

The basic principle of how a rock acquires a magnetisation is relatively easy. When

a rock is heated above its Curie temperature, all magnetisations of the mineral par-

ticles, such as magnetite, are removed. Upon cooling below the Curie temperature,

the magnetisation of the magnetic particles align themselves with the surrounding

magnetic field. Thereby they acquire a natural remanent magnetisation (NRM),

which reflects the direction and strength of the Earth’s magnetic field at that spe-

cific moment in time. Sediments may also acquire a magnetisation: the magnetic

particles in a water suspension of sediments can rotate freely, and they turn into

the direction of the field to acquire a depositional remanent magnetisation when

they are deposited. However, this magnetisation is generally much weaker than the

magnetisation acquired by igneous bodies. Paleodirections can be obtained from
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igneous rocks, archaeological material and sediments. The declination and incli-

nation of a sample is determined by taking oriented samples in the field, and later

demagnetising them in the laboratory. This can be done by subsequently heat-

ing the samples in steps, or by using alternating fields. After each demagnetisation

step the remaining magnetisation in the sample is measured, the results are plotted

in an orthogonal vector diagram named the Zijderveld diagram (Zijderveld, 1967).

Absolute intensity measurements are not possible for sediments, only for rocks or

archaeological material that acquired their magnetisation upon cooling. Further-

more, whereas measuring paleodirections is relatively straightforward, obtaining

paleointensity data is much more difficult.

Paleointensity

The most common method to obtain a paleointensity from a rock is to subject it to a

series of heating experiments (Thellier, 1959). In the IZZI-Thellier method (Tauxe &

Staudigel, 2004), the strength of the ancient geomagnetic field in a rock is estimated

by comparing the natural remanent magnetisation (NRM) to a thermal remanent

magnetisation (TRM) acquired in a known lab field. Samples are heated in a se-

ries of temperature increments, alternating between zero-field, in-field (ZI) steps

(Coe, 1967) and in-field, zero-field (IZ) steps (Aitken et al., 1988). The NRM remain-

ing is measured during the zero-field steps, and the TRM gained is measured in the

in-field steps. The NRM remaining vs TRM gained is plotted in an Arai diagram (Na-

gata et al., 1963) (Fig. 2), and the slope of the linear segment of this diagram times

the laboratory field is the paleointensity. Unfortunately, not all samples behave

ideally for paleointensity experiments. Often the specimens suffer from thermal al-

teration in the higher temperature steps. To check for this a pTRM check is usually

included in the measurement protocol: after each four ZI and IZ steps a previous

in-field step is repeated to check whether the pTRM of the lower temperature step

can be reproduced (Coe, 1967). Another form of non-ideal behaviour is related to

the grain size of the magnetic carrier in the sample. The Thellier type methods are

based on three laws; Additivity, Reciprocity and Independence of partial thermore-

manent magnetisation. In 1949, Néel (1949) showed that these laws were valid for

single domain (SD) grains. However, a bulk volcanic sample is often not purely SD-

sized, but is a mixture of SD, pseudo-single domain (PSD) and multi-domain (MD)

grain sizes. SD grains are very small, so all spins are aligned into one direction and

therefore their remanence is very stable. On the other hand, MD grains are large in

size, and the grain is split into several domains with a more unstable remanence.

PSD and MD grains may cause the three laws underpinning thermal paleointensity

experiments to fail and result in non-linear Arai plots.

To detect such adverse magnetic behaviour, several selection criteria have been

proposed to check the quality of paleointensity results. MD behaviour can be de-

tected using the curvature criteria k’ and there is a maximum difference a pTRM

check may give. Specimens that do not pass the selection criteria are routinely

rejected and not included in further interpretations. Applying these criteria, the

IZZI-Thellier protocol often results in success rates of only <20%. Therefore, to in-

crease the success rate, various other methods have been proposed. For example

the microwave method (Hill & Shaw, 2000; Walton et al., 1993), the multispecimen
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Figure 2: Examples of Arai diagrams with temperature steps given. Blue circles are the ZI-

steps, red circles the IZ-steps, and triangles indicate pTRM-checks. Numbers indicate the

temperature steps in ◦C. In A is an example of an ideal paleointensity recorder, the slope of

the NRM remaining vs TRM gained is linear. A laboratory field of 50µT was applied, therefore

this specimen yields a paleointensity of 36.4 µT. B shows a specimen that experiences non-

ideal behaviour such as sagging and a failing pTRM-check back to temperature step 565◦C.

technique (Dekkers & Böhnel, 2006), the pseudo-Thellier technique (De Groot et

al., 2013; Tauxe et al., 1995; Yu et al., 2003), and recent advances in end-member

modelling (van Grinsven et al., 2023). Nonetheless, the IZZI-Thellier technique re-

mains the most widely applied method for paleointensity determinations and is

used in four chapters of this thesis. In contrast to previous studies obtaining low

success rates, we achieved success rates well above 20%.

Reliability of volcanic rocks as paleomagnetic recorders

Despite volcanic rocks typically being reliable recorders of the Earth’s magnetic

field, there are often biases reported in paleomagnetic datasets. Even the samples

with linear Arai plots that all pass selection criteria may yield biased paleointensity

results (L. V. de Groot et al., 2013). A bias in the paleomagnetic data can be detected

when the data is from recent historical flows, emplaced after 1850 CE. Their dec-

lination, inclination and intensity result can be compared with the expected field

values according to the International Geomagnetic Reference Field (IGRF, (Alken et

al., 2021)), or for flows prior to 1900 CE the gufm1 model (Jackson et al., 2000). One

location for which the paleomagnetic dataset often does not match with the ex-

pected field is Mt. Etna, a volcano on Sicily, Italy. Mt. Etna is a very active volcano

with many recent lava flows, and has been extensively studied. In Chapter 1 we

investigated a possible reason for the consistent underestimation reported in pale-

omagnetic intensity and inclination data for historical flows from Mt. Etna. First,

we compiled an overview of all available paleomagnetic data from Mt. Etna, and in-

clude new paleomagnetic directional data from seven different historical flows. The

paleomagnetic dataset shows no bias in declination, but it does give consistently

lower than expected inclinations and intensities. Second, the ambient geomagnetic

field was measured at five sites above the surface of the lava flow with a three-axial

fluxgate magnetometer. This device measures the magnetic field that a hypothet-

ically new lava flow would record. The field was measured at each site along the

lengths of three paths perpendicular to the presumed flow direction at two different
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heights above the surface of the lava flow. The paths had different topography, and

consisted of at least one ridge and one gully. This allowed for detailed mapping of

changes of the ambient geomagnetic field above an irregular topography. The mea-

surements show that inclination and intensity values are lower above gullies, and

higher above ridges. Furthermore, deviations were larger for measurements closer

to the surface. Therefore, variations in the ambient magnetic field on Mt. Etna seem

to be caused by the magnetised terrain below: the irregular topography influences

the surrounding magnetic field, creating local magnetic anomalies. Lastly, we sim-

ulated what the effect would be on paleomagnetic statistics when a hypothetical

new flow would cover the surface. We randomly sampled both the complete flux-

gate measurement dataset and only the measurements from the gullies. These tests

showed that a high k-value, a precision parameter for the clustering of directional

data, does not necessarily predict accurate results. To the contrary, a high k-value

might actually indicate that local magnetic anomalies were not averaged out. We

highlight the importance of taking samples spread out over a large area, especially

in a rugged volcanic terrain, to minimise the effect of local magnetic anomalies.

Lastly, we advise future studies to always report sampling strategies in detail.

Taking samples spread out over a larger area was done in Chapter 2, where we

sampled the very young 2021 lava flow on La Palma at three different locations.

By visiting the island in October 2021 while the eruption was still ongoing, the sam-

pled rocks were only 3.5 weeks old when they were measured in the laboratory. We

tested whether the intensity of the magnetic field at the time of cooling was reliably

recorded by the new flow, how successful the IZZI-Thellier technique was on these

extremely young samples, and whether there are changes in the intensity over time.

The declination, inclination and intensity were measured from the samples of the

2021 flow immediately upon returning from the field. The results varied per site,

however, the average result is close to the expected field value. This confirms the

sampling strategy recommended in Chapter 1, and implies that this basaltic flow

is a good recorder of the Earth’s magnetic field. Then, we stored two batches of in-

tensity samples in the Earth’s magnetic field, and two batches in a shielded room

with a residual field <300 nT. For each storage condition, one batch was measured

two years after sampling and the others were measured three years after sampling.

Across all batches the average paleointensity result remains approximately similar

and in agreement with the known paleofield, although it seems to slightly decrease

after three years of storage time. However, the success rate of the paleointensity ex-

periments is lower for some sites after two or three years of storage, so fewer sam-

ples pass the quality criteria. Nevertheless, all batches had exceptionally high suc-

cess rates with the IZZI-Thellier method (>48%). Lastly, there appears to be a small

tendency for samples stored out-field to have higher success rates than those stored

in-field. During a second fieldwork in 2025, new samples were obtained from the

same 2021 lava flow, these samples were thus ’stored’ in the natural field for more

than three years. Also, Calvo-Rathert et al. (2024) obtained samples from the flow

in 2022. Interestingly, both our new samples and those from Calvo-Rathert et al.

(2024) were largely unsuccessful with the IZZI-Thellier technique. The decline in

success rate for samples stored in a magnetic field may be due to a combination

of the ’fragile curvature’ process (Tauxe et al., 2021) and the acquisition of viscous
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remanent magnetisation (L. V. de Groot et al., 2014a), although differences between

sampling the inside or outside of the flow could also play a role.

Geomagnetic anomalies in the Southern Hemisphere

Current geomagnetic field models that capture the evolution of the SAA have con-

trasting hypothesis about its emergence. The anomaly may be related to a reverse

flux patch at the edge of the Large Low-Shear Velocity Province (LLSVP) below South-

ern Africa (Tarduno et al., 2015), or migrated westwards from the Indian Ocean

(Campuzano et al., 2019; Di Chiara & Pavón-Carrasco, 2022; Nilsson et al., 2022).

Also the timing of initiation is unknown, possibly as early as 860 CE (Trindade et

al., 2018), since 950 CE (Campuzano et al., 2019), at 1250 CE (Tarduno et al., 2015)

or as late as 1800 CE (Gubbins et al., 2006). A recurrence of the SAA has also been

proposed (Engbers et al., 2022; Nilsson et al., 2022; Shah et al., 2016; Trindade et

al., 2018). The main problem with current geomagnetic models is that there is an

unequal data coverage: paleomagnetic data from the Northern Hemisphere is over-

represented in the data kernel of the models, while data from the Southern Hemi-

sphere remains scarce. To describe the recent behaviour of the Earth’s magnetic

field and the development of the SAA, paleomagnetic data from understudied re-

gions, particularly in the Southern Hemisphere is needed. At the same time, even

in the Northern Hemisphere there are remote regions without Holocene paleomag-

netic records, and filling such gaps is also valuable. We therefore present paleomag-

netic data from a remote Northern Hemisphere location in Chapter 3, followed by

two Southern Hemisphere locations in Chapters 4 and 5.

In Chapter 3 we present paleomagnetic data from the remote Revillagigedo Archi-

pelago, Mexico. These islands lie around 400-700 km south-east of the tip of the

coast of Baja California. We visited two islands, the uninhabited island of San Bene-

dicto, and the slightly larger island of Socorro. Little research has been done on

the islands: no paleomagnetic data is available from San Benedicto and only one

paleomagnetic study has been done on Socorro (Sbarbori et al., 2009). For San

Benedicto, we present paleomagnetic data from the 1953 CE lava flow. The three

sampling sites of the 1953 CE lava flow show different results in paleodirections,

but combining the results of the sites comes very close to the expected reference

value. This again supports the sampling strategy recommended in Chapter 1. The

paleointensities of the sites, however, underestimate the expected field value. This

might be due to multi-domain effects or arise from local magnetic anomalies as

proposed in Chapter 1. From the sampling sites on Socorro, one site was dated us-

ing radiocarbon and was assigned an age between 4052-2846 BCE and 4950-2846

BCE (Farmer et al., 1993). This site yielded an interestingly low inclination of 4.2◦,

whereas 35◦ is expected at this latitude according to a geocentric axial dipole. This

might suggest a previously unknown inclination anomaly in this period, as it is not

predicted by geomagnetic models. All other sampling sites on the island of Socorro

are older, likely of Pleistocene age. Successfully obtained paleodirections and in-

tensities from these latter lava flows are consistent with expected GAD-values at

this latitude, and therefore recorded no anomalous fields directions or intensities.

One hypothesis on the evolution of the SAA is that the feature migrated from the
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Indian Ocean westwards. To investigate this hypothesis, we visit the island of La

Réunion for Chapter 4. La Réunion is an island east of Madagascar in the Indian

Ocean, and therefore ideally located to study whether the SAA has influenced this

region in the past. Paleomagnetic data was obtained from 18 sampling sites around

the frequently erupting Piton de La Fournaise. Most sites yielded successful pale-

odirections: 10 sites gave reliable paleointensity results. We combined our pale-

omagnetic data with the results from two previous studies (Béguin, 2020; Tanguy

& Le Goff, 2004) to construct a full-vector PSV curve. The dataset of La Réunion

consists of a variety of dating techniques, including radiocarbon dated lava flows,

locations dated using pioneer trees, and historically documented lava flows. Addi-

tionally, there are periods when paleomagnetic data coverage is low due to periods

of low volcanic activity. To deal with these two challenges, we used a novel Bayesian

method to create PSV curves which we developed in Schanner et al. (2026). This

method takes all kinds of age distributions into account, and gives the possibility

to use only a simple prior or a global field model as prior for the Bayesian mod-

elling. Using a global field model as prior is especially useful in regions or time

periods with low paleomagnetic data coverage. The PSV curves from La Réunion

captures rapid directional changes around 1600-1750 CE, and reveal an intensity

high around 1400 CE, after which the intensity drops to ~29 µT at 1550 CE. This low

intensity might be due to the presence of the SAA. Combined with paleomagnetic

data from southern Africa, the data from La Réunion allow for two possible scenar-

ios. The first is that the SAA originated below southern Africa and affected the field

at La Réunion before moving westwards. The second option is that it migrated from

the Indian Ocean underneath La Réunion prior to 1300 CE, before shifting slightly

eastward again to influence the field at La Réunion at 1550 CE.

La Réunion is on the western side of the Indian Ocean, on the eastern side is an-

other underrepresented region in the paleomagnetic dataset: Indonesia. Indonesia

lies east of the proposed emergence area of the SAA and within a region where an-

other geomagnetic anomaly has been reported between 1620 CE to 1820 CE, known

as the West Pacific Anomaly (WPA) (He et al., 2021; Yue et al., 2024). As there is

no paleomagnetic data from volcanic rocks available, and therefore absolute pa-

leointensity data also lack, Indonesia is a key location to investigate both of these

anomalies and thereby improve global field models. In Chapter 5, we present the

first paleodirectional and paleointensity data from the volcanoes of Gunung Batur

and Gunung Agung on Bali, Indonesia. The sampled lava flows on Gunung Batur

were of historical age, and were suitable for paleodirectional and paleointensity ex-

periments. By comparing the results from these historical lava flows we find that,

contrary to the results from Chapter 1, inclinations and intensities are higher than

expected. Models of inclination anomalies in gullies indicated the effect might be

reversed in the Southern Hemisphere (Baag et al., 1995), which could be the reason

for this reversed effect. The ages of the sampled volcanics on Gunung Agung were

older, approximately from 5000 BCE until the recent lava flow of 1963 CE. We con-

struct a PSV curve based on a simple and a global model prior, which reveal rapid

directional variations with, depending on the prior, lower intensities of 32 - 36 µT

at ~1000 CE or ~1300 CE. In Chapter 4, we observed similar field behaviour at La

Réunion, only a few hundred years later. The data from Bali might reveal the initial
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phase of the South Atlantic Anomaly, or otherwise might be related to the West Pa-

cific Anomaly. We stress that to distinguish between these two scenarios improved

age constraints are needed on the lava flows of Gunung Agung, as well as a more

comprehensive global field model. Nonetheless, the results from Agung and Batur

demonstrate that these rocks are highly suitable for paleomagnetic methods. A fu-

ture PSV curve may also assist in dating volcanic deposits in Indonesia and thereby

map the eruption history, which is particularly important in regions with hazardous

volcanic activity such as Indonesia.
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Onze planeet wordt omgeven door een magnetisch veld dat fungeert als een enorm

schild tegen schadelijke zonne- en kosmische straling. Als deze straling niet door

het aardmagnetisch veld zou worden afgebogen kan het de atmosfeer beschadigen

en communicatiesystemen verstoren (Boteler e.a., 1998; Courtillot e.a., 2007). Het

aardmagnetisch veld kan worden beschreven aan de hand van een richting en een

sterkte, en beide veranderen voortdurend door de tijd heen. Het onderzoeksgebied

dat zich bezighoudt met de variaties van het aardmagnetisch veld in het verleden

staat bekend als paleomagnetisme. Door gebruik te maken van archeologische ma-

terialen, vulkanische gesteenten of sedimenten kunnen we de vroegere veldwaarde

op een specifieke locatie en op een bepaald moment in de tijd achterhalen. Op

dit moment wordt het aardmagnetisch veld gekenmerkt door een gebied met een

zwakke veldsterkte boven Zuid-Amerika, de zogenoemde Zuid Atlantische Anoma-

lie (ZAA) (Fig. 1). Deze anomalie van lage intensiteit is een van de meest intrige-

rende kenmerken van het huidige geomagnetische veld. Het huidige gedrag ervan

wordt bestudeerd met behulp van satellietdata, maar over het gedrag in het verle-

den is nog veel onbekend (Campuzano e.a., 2019; Engbers e.a., 2022; Nilsson e.a.,

2022). In dit proefschrift richt ik mij eerst op het bestuderen van de betrouwbaar-

heid van vulkanische gesteenten als paleomagnetische archieven, met behulp van

data van de Etna en La Palma. Vervolgens onderzoek ik het gedrag van de ZAA door

paleomagnetische data te verzamelen van drie verschillende locaties op aarde: de

Revillagigedo-archipel, La Réunion en het eiland Bali in Indonesië (Fig. 1).

Recente variaties in het aardmagnetisch veld

Gemiddeld genomen over een voldoende lange tijdsperiode kan het aardmagne-

tisch veld worden benaderd als een geocentrische axiale dipool (GAD), maar het

verandert voortdurend in tijd en ruimte. Deze variaties staan bekend als paleose-

culaire variatie (PSV) en vinden plaats op tijdschalen variërend van seconden tot

miljoenen jaren. Op langere tijdschalen uit veldvariabiliteit zich vooral in de afwis-

seling tussen perioden met stabiele polariteit (chrons of superchrons) en geomag-

netische omkeringen. Tijdens het Krijt behield het veld bijvoorbeeld voor maar

liefst 37 miljoen jaar een normale polariteit voordat de polen wisselden in een geo-

magnetische omkering. Zelfs tijdens zulke lange intervallen met stabiele polariteit

vertoont het veld nog steeds seculaire variatie in richting en intensiteit. Tijdens

een geomagnetische omkering wisselen de magnetische noord- en zuidpool van

de aarde van plaats. Magnetische omkeringen hebben in het verleden zeer onregel-

matig plaatsgevonden, maar gemiddeld ongeveer eens per 200.000 jaar (Ogg, 2020).

De laatste omkering, de Matuyama-Brunhes-omkering, vond ongeveer 780.000 jaar

geleden plaats. De duur van een volledige omkering ligt waarschijnlijk in de orde

van duizenden jaren (Mahgoub e.a., 2023; van Grinsven e.a., 2025). In tegenstelling

tot volledige omkeringen vertoont het aardmagnetisch veld ook excursies: dat zijn

meestal tijdelijke instortingen van het veld waarbij richtingen meer dan 45◦ afwij-

11



Proloog & Samenvatting

Figuur 1: Veldintensiteit aan het aardoppervlak in 2020 CE, met de omtrek van de Zuid Atlan-

tische Anomalie, afbeelding uit (Finlay e.a., 2020). Witte contourlijnen zijn weergegeven in

stappen van 500 nT van 22,500 tot 27,000 nT. Driehoeken tonen de locaties van de studie-

gebieden in dit proefschrift, gelabeld per hoofdstuk: 1) Etna, Italië, 2) La Palma, Spanje, 3)

Revillagigedo-archipel, Mexico, 4) La Réunion en 5) Bali, Indonesië.

ken van de geografische polen. Deze excursies kwamen sinds de laatste omkering

regelmatig voor, een voorbeeld is de Laschamps-excursie van ongeveer 41.000 jaar

geleden. Toen verzwakte het aardmagnetisch veld keerden de polen voor korte tijd

om (Guillou e.a., 2004). Op nog kortere tijdschalen treden geomagnetische ‘jerks’

op: plotselinge, snelle veranderingen in het veld die honderden jaren of nog minder

duren. Daarbovenop is er de voortdurende seculaire variatie: constante verande-

ringen in declinatie, inclinatie en intensiteit waardoor de magnetische polen rond

de geografische polen bewegen. Seculaire variatie leidt ook tot veranderingen in

declinatie, dat is de hoek tussen het magnetische noorden en geografische noor-

den, waarvoor kompasmetingen afhankelijk van locatie moeten worden gecorri-

geerd. Seculaire variatie in richting en intensiteit wordt gemeten door magnetische

observatoria wereldwijd en door satellieten in de ruimte. Deze directe metingen

laten een zeer interessant kenmerk zien van het huidige aardmagnetisch veld: de

Zuid Atlantische Anomalie (ZAA).

De ZAA is een gebied met zeer lage veldsterkte boven Zuid-Amerika en de Zuid-

Atlantische Oceaan en wordt doorgaans gedefinieerd als het gebied waar de mag-

netische intensiteit aan het oppervlak lager is dan 32 µT (Pavón-Carrasco & De

Santis, 2016). In deze regio bevinden de Van Allen-stralingsgordels zich op lagere

hoogte dan gebruikelijk (Domingos e.a., 2017). Deze gordels bevatten gevangen ge-

laden deeltjes uit de zonnewind, dat risico’s kan opleveren voor ruimtevaartuigen

die het gebied passeren (Heirtzler e.a., 2002). Momenteel zien we dat de ZAA zich

uitbreidt en lijkt te splitsen in twee minima, één boven Zuid-Amerika en één bo-

ven zuidelijk Afrika (Fig. 1), terwijl het gehele lage-intensiteitsgebied westwaarts

drijft (Domingos e.a., 2017). Deze westwaartse beweging wordt toegeschreven aan

de convectie van vloeibaar ijzer in de buitenkern van de aarde. Schattingen van de
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gemiddelde westwaartse driftsnelheid van het centrum van de anomalie variëren

tussen ongeveer ~0.18◦ en ~0.3◦ per jaar (Fürst e.a., 2009; Ye e.a., 2017). Terwijl

het oppervlak van de ZAA groeit neemt ook het dipoolmoment van de aarde af:

tussen 1840 en 2015 daalde dat met 9% (Finlay e.a., 2016; Olson & Amit, 2006). Om-

dat omkeringen worden verwacht wanneer het magnetisch veld zwak is, bestaat er

wetenschappelijke discussie over de vraag of deze afname kan leiden tot een geo-

magnetische omkering. Daarmee is het dus de vraag of de ZAA een voorbode is van

een toekomstige omkering.

De huidige variaties in het aardmagnetisch veld worden nauwlettend gevolgd met

satellieten. Het begrijpen van veranderingen vóór het tijdperk van directe metin-

gen is echter even belangrijk. Hiervoor vertrouwen we op paleomagnetische data.

Paleomagnetisme

De eerste toepassingen van magnetisme gaan terug tot de zesde eeuw BCE, toen

Thales van Milete de eigenschappen van magnetiet beschreef, en tot de vierde eeuw

BCE, toen in China de eerste kompassen werden uitgevonden. Directe registraties

van magnetische declinatie in Europa dateren uit de 16e eeuw CE. Tijdens zee-

vaartreizen werden declinatiemetingen wereldwijd vastgelegd in scheepslogboe-

ken voor navigatiedoeleinden. Systematische metingen van inclinatie kwamen pas

vanaf de 18e eeuw vaker voor. De eerste metingen van de absolute magnetische

veldsterkte begonnen nog later. In 1798 CE startte Alexander von Humboldt syste-

matische waarnemingen van relatieve magnetische intensiteit. Rond 1832 CE ont-

wikkelde Carl Friedrich Gauss een magnetometer waarmee de absolute veldsterkte

kon worden gemeten. In de vroege 20e eeuw maakte het vakgebied van gesteente-

magnetisme belangrijke ontwikkelingen door. Bernhard Brunhes ontdekte in 1906

CE dat de natuurlijke remanente magnetisatie van gesteente tegengesteld kon zijn

aan het omgevingsveld. In 1926 CE liet Motonori Matuyama zien dat jongere la-

vastromen normaal gemagnetiseerd waren en oudere omgekeerd. Hiermee werd

het verschijnsel van een geomagnetische omkering ontdekt. De laatste omkering,

de Matuyama-Brunhes-omkering, is naar hen vernoemd. Laboratoriumonderzoek

naar remanente magnetisatie in vulkanische gesteenten werd verder ontwikkeld

door Johannes Koenigsberger (jaren 1930), Emile en Odette Thellier (jaren 1940) en

Takesi Nagata (jaren 1940). Zij legden ook de basis voor paleointensiteitsexperi-

menten.

Het basisprincipe waarmee een gesteente een magnetisatie verkrijgt is relatief een-

voudig. Wanneer een gesteente boven zijn Curietemperatuur wordt verhit, verdwij-

nen alle magnetisaties van de mineraaldeeltjes, zoals magnetiet. Bij afkoeling on-

der de Curietemperatuur nemen de magnetische deeltjes de richting aan van het

omringende magnetisch veld en verkrijgen ze zo een natuurlijke remanente mag-

netisatie (NRM). Deze NRM weerspiegelt de richting en sterkte van het aardmag-

netisch veld op dat moment. Sedimenten kunnen ook gemagnetiseerd worden:

magnetische deeltjes in suspensie kunnen vrij roteren en richten zich bij afzetting

uit volgens het veld, wat leidt tot een depositional remanent magnetisation. Deze is

normaal gesproken zwakker dan die van stollingsgesteenten. Paleorichtingen wor-

den bepaald met behulp van georiënteerde monsters die in het veld worden ge-
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nomen en later in het laboratorium worden gedemagnetiseerd, door middel van

verhitting in stappen of met wisselvelden. De resultaten hiervan worden weergege-

ven in een orthogonaal vectordiagram, het Zijderveld-diagram (Zijderveld, 1967).

Absolute intensiteitsmetingen zijn niet mogelijk voor sedimenten, alleen voor ge-

steenten of voor archeologisch materiaal dat bij afkoeling een magnetisatie kreeg.

Het bepalen van paleointensiteit is moeilijker dan het verkrijgen van richtingen.

Paleointensiteit

De meest gebruikte methode om paleointensiteit te bepalen is een reeks verhit-

tingsexperimenten (Thellier, 1959). In de IZZI-Thellier-methode (Tauxe & Stau-

digel, 2004) wordt de sterkte van het oude geomagnetische veld geschat door de

natuurlijke remanente magnetisatie (NRM) te vergelijken met een thermorema-

nente magnetisatie (TRM) die in een bekend laboratoriumveld is verkregen. Mon-

sters worden stapsgewijs verhit, afwisselend in nulveld- en inveldstappen (ZI) (Coe,

1967) en inveld- en nulveldstappen (IZ) (Aitken e.a., 1988). De resterende NRM

wordt gemeten in nulveldstappen, de verkregen TRM na inveldstappen. De resul-

taten van al deze stappen worden getoond in een Arai-diagram (Nagata e.a., 1963)

(Fig. 2); de helling van het lineaire segment vermenigvuldigd met het laborato-

riumveld geeft de paleointensiteit. Helaas gedragen niet alle monsters zich ide-

aal. Thermische alteratie bij hogere temperaturen komt vaak voor. Daarom wordt

meestal een pTRM-check uitgevoerd: na elke vier ZI- en IZ-stappen wordt een eer-

dere veldstap herhaald om te controleren of de pTRM reproduceerbaar is (Coe,

1967). Niet-ideaal gedrag kan naast alteratie ook voortkomen uit de korrelgrootte

van het magnetische mineraal. Thellier-methoden zijn gebaseerd op drie wetten:

additiviteit, reciprociteit en onafhankelijkheid van partiële thermoremanente mag-

netisatie. Néel (1949) toonde aan dat deze wetten gelden voor single-domain (SD)

korrels. Vulkanische monsters bevatten echter vaak een mengsel van SD-, pseudo-

single-domain (PSD)- en multi-domain (MD)-korrels. PSD- en MD-korrels kunnen

leiden tot niet-lineaire Arai-diagrammen.

Om minder betrouwbaar magnetisch gedrag te herkennen zijn verschillende selec-

tiecriteria voorgesteld om de kwaliteit van paleointensiteitsresultaten te beoorde-

len. Multi-domain gedrag kan worden opgespoord met behulp van het krommings-

criterium k’, en er is een maximale toegestane afwijking voor een pTRM-check.

Monsters die niet aan deze selectiecriteria voldoen, worden niet meegenomen in

verdere interpretaties. Wanneer deze selectiecriteria worden toegepast, ligt het suc-

cespercentage van de IZZI-Thellier-methode vaak onder de 20%. Om dit te verho-

gen zijn verschillende alternatieve methoden ontwikkeld, zoals de microgolfme-

thode (Hill & Shaw, 2000; Walton e.a., 1993), de multispecimen-techniek (Dekkers

& Böhnel, 2006), de pseudo-Thellier-techniek (De Groot e.a., 2013; Tauxe e.a., 1995;

Yu e.a., 2003), en recente ontwikkelingen in end-membermodellering (van Grins-

ven e.a., 2023). Desondanks blijft de IZZI-Thellier-techniek de meest toegepaste

methode in paleointensiteits studies en wordt deze ook in vier hoofdstukken van

dit proefschrift toegepast. In tegenstelling tot eerdere studies met lage succesper-

centages behaalden we succespercentages van ruim boven de 20%.
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Figuur 2: Voorbeelden van Arai-diagrammen met de gebruikte temperatuurstappen. Blauwe

cirkels zijn de ZI-stappen, rode cirkels de IZ-stappen en driehoeken geven pTRM-checks

aan. Cijfers zijn de temperatuursstappen in ◦C. In A is een voorbeeld van een ideale paleoin-

tensiteitsrecorder; de helling van de overbleven NRM versus de TRM verkregen is lineair. Er

werd een laboratoriumveld van 50 µT toegepast; dit monster levert daarom een paleointen-

siteit van 36.4 µT op. B toont een monster dat niet-ideaal gedrag vertoont, zoals ‘sagging’ en

een falende pTRM-check terug naar temperatuurstap 565◦C.

Betrouwbaarheid van vulkanische gesteenten als paleomagnetisch archief

Vulkanische gesteenten worden doorgaans beschouwd als betrouwbare registra-

ties van het aardmagnetisch veld. Toch blijken paleomagnetische datasets regel-

matig af te wijken van de verwachte veldwaarden. Zelfs monsters met lineaire Arai-

diagrammen die aan alle selectiecriteria voldoen, kunnen vertekende paleointensi-

teitsresultaten opleveren (L. V. de Groot e.a., 2013). Een dergelijke bias kan worden

vastgesteld wanneer data afkomstig zijn van recente historische lavastromen (na

1850 CE). De gemeten declinatie, inclinatie en intensiteit kunnen dan worden ver-

geleken met verwachte veldwaarden volgens het International Geomagnetic Refe-

rence Field (IGRF, (Alken e.a., 2021)) of, voor lavastromen van vóór 1900 CE, het

gufm1-model (Jackson e.a., 2000). Een locatie waar paleomagnetische datasets

vaak niet overeenkomen met het verwachte veld is de Etna op Sicilië, Italië. De

Etna is een zeer actieve vulkaan met vele recente lavastromen en is uitgebreid be-

studeerd. In Hoofdstuk 1 onderzochten we waarom de gesteenten van historische

lavastromen op de Etna vaak te lage inclinaties en intensiteiten geven. Als eerste

stelden we een overzicht samen van alle beschikbare paleomagnetische data van

de Etna en voegden nieuwe paleomagnetische richtingen toe van zeven historische

lavastromen. De dataset vertoont geen bias in declinatie, maar wel consequent

lager dan verwachte inclinaties en intensiteiten. Vervolgens werd het huidige mag-

netisch veld gemeten op vijf locaties boven het oppervlak van een lavastroom met

een drie-assige fluxgate-magnetometer. Dit instrument meet het magnetisch veld

dat een hypothetisch nieuwe lavastroom zou registreren. Het veld werd gemeten

langs drie paden loodrecht op de vermoedelijke stroomrichting, op twee verschil-

lende hoogtes boven het oppervlak. De trajecten hadden variërende topografie,

met ten minste één rug en één geul. De metingen tonen aan dat inclinatie- en in-

tensiteitswaarden lager zijn boven geulen en hoger boven ruggen. Afwijkingen zijn

bovendien groter dichter bij het oppervlak. Variaties in het omgevingsveld op de

Etna lijken dus veroorzaakt te worden door het gemagnetiseerde terrein: de onre-
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gelmatige topografie beïnvloedt het lokale magnetisch veld en creëert lokale mag-

netische anomalieën. Simulaties lieten zien dat een hoge k-waarde (een maat voor

hoe goed richtingen clusteren) niet automatisch betekent dat de resultaten correct

zijn. Integendeel, een hoge k-waarde kan erop wijzen dat lokale magnetische ano-

malieën niet zijn uitgemiddeld. We benadrukken daarom het belang van ruimtelijk

verspreide bemonstering, vooral in ruig vulkanisch terrein, en adviseren toekom-

stige studies om bemonsteringsstrategieën altijd gedetailleerd te rapporteren.

Het nemen van monsters verspreid over een groter gebied, werd toegepast in Hoofd-

stuk 2, waar we de hele jonge lavastroom van 2021 op La Palma op drie verschil-

lende locaties hebben bemonsterd. We bezochten het eiland in oktober 2021, ter-

wijl de uitbarsting nog aan de gang was, dus het gesteente was slechts 3.5 week oud

toen de monsters in het laboratorium werden gemeten. We hebben getest of de in-

tensiteit van het magnetisch veld op het moment van afkoeling betrouwbaar werd

vastgelegd door de nieuwe stroom, hoe succesvol de IZZI-Thellier-techniek was op

deze extreem jonge monsters, en of er veranderingen in de intensiteit optreden in

de loop van de tijd. De declinatie, inclinatie en intensiteit werden direct na terug-

keer van het veldwerk gemeten op de monsters van de lavastroom van 2021. De

resultaten verschilden per locatie, maar het gemiddelde komt dicht in de buurt van

de verwachte waarde van het magnetisch veld. Dit bevestigt de bemonsterings-

strategie die we aanbevelen in Hoofdstuk 1 en laat zien dat deze basaltische lava

het aardmagnetisch veld goed kan vastleggen. Daarna hebben we twee groepen in-

tensiteitsmonsters opgeslagen in het aardmagnetisch veld en twee groepen in een

afgeschermde ruimte met een restveld van <300 nT. Van elke opslagconditie werd

één groep twee jaar na bemonstering gemeten en de andere groep drie jaar na be-

monstering. Gemiddeld blijven de paleointensiteitsresultaten van alle groepen on-

geveer gelijk en komen ze overeen met het bekende magnetisch veld uit die tijd,

al lijkt de intensiteit na drie jaar opslag iets lager te worden. Wel zien we dat het

slagingspercentage van de paleointensiteitsexperimenten voor sommige locaties

lager is na twee of drie jaar opslag, waardoor minder monsters aan de kwaliteitscri-

teria voldoen. Desondanks hadden alle sets uitzonderlijk hoge slagingspercentages

met de IZZI-Thellier-methode (>48%). Ten slotte lijkt er een kleine tendens te zijn

dat monsters die buiten een magnetisch veld zijn opgeslagen hogere slagingsper-

centages hebben dan monsters die in het veld zijn opgeslagen. Tijdens een tweede

veldwerk in 2025 verzamelden we nieuwe monsters van dezelfde lavastroom van

2021; deze monsters waren dus meer dan drie jaar ‘opgeslagen’ in het natuurlijke

veld. Ook Calvo-Rathert e.a. (2024) nam in 2022 monsters van deze stroom. Op-

merkelijk is dat zowel onze nieuwe monsters als die van Calvo-Rathert e.a. (2024)

grotendeels onsuccesvol waren bij toepassing van de IZZI-Thellier-techniek. De

afname in slagingspercentage voor monsters die in een magnetisch veld zijn op-

geslagen kan het gevolg zijn van een combinatie van het ‘fragile curvature’-proces

(Tauxe e.a., 2021) en het ontstaan van viskeuze remanente magnetisatie (L. V. de

Groot e.a., 2014a), hoewel verschillen tussen het monsteren van de binnen- of bui-

tenzijde van de lavastroom ook een rol kunnen spelen.

Geomagnetische anomalieën op het zuidelijk halfrond

De huidige modellen van het geomagnetisch veld die de ontwikkeling van de ZAA
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beschrijven, bevatten uiteenlopende hypothesen over het ontstaan van deze ano-

malie. De anomalie kan samenhangen met een omgekeerde fluxplek aan de rand

van de Large Low-Shear Velocity Province (LLSVP) onder zuidelijk Afrika (Tarduno

e.a., 2015). Een andere mogelijkheid is dat de anomalie vanuit de Indische Oce-

aan naar het westen is verplaatst (Campuzano e.a., 2019; Nilsson e.a., 2022). Ook

het tijdstip waarop de anomalie is begonnen, is onbekend: mogelijk al rond 860 CE

(Trindade e.a., 2018), sinds 950 CE (Campuzano e.a., 2019), rond 1250 CE (Tarduno

e.a., 2015) of pas zo laat als 1800 CE. (Gubbins e.a., 2006). Daarnaast is ook voor-

gesteld dat de ZAA al meerdere keren in het verleden aanwezig was (Engbers e.a.,

2022; Nilsson e.a., 2022; Shah e.a., 2016; Trindade e.a., 2018). Een belangrijk pro-

bleem van de huidige geomagnetische modellen is dat de verdeling van de data on-

gelijk is: er zijn veel meer paleomagnetische data van het noordelijk halfrond in de

dataset waarop de modellen zijn gebaseerd, dan van het zuidelijk halfrond. Om het

recente gedrag van het aardmagnetisch veld en de ontwikkeling van de ZAA goed

te kunnen beschrijven, zijn juist meer paleomagnetische data nodig uit minder on-

derzochte gebieden, vooral op het zuidelijk halfrond. Tegelijkertijd zijn er zelfs op

het noordelijk halfrond afgelegen gebieden waar nog geen paleomagnetische data

uit het Holoceen beschikbaar zijn. Ook het opvullen van die hiaten is belangrijk.

Daarom presenteren wij in Hoofdstuk 3 paleomagnetische data van een afgelegen

locatie op het noordelijk halfrond, gevolgd door twee locaties op het zuidelijk half-

rond in Hoofdstukken 4 en 5.

In Hoofdstuk 3 presenteren we paleomagnetische data van de afgelegen Revillagi-

gedo archipel in Mexico. Deze eilanden liggen ongeveer 400–700 km ten zuidoos-

ten van de zuidpunt van Baja California. We bezochten twee eilanden: het onbe-

woonde eiland San Benedicto en het iets grotere eiland Socorro. Er is weinig bekend

over deze eilanden: van San Benedicto waren nog geen paleomagnetische data

beschikbaar en van Socorro bestond slechts één paleomagnetische studie (Sbar-

bori e.a., 2009). Voor San Benedicto presenteren we paleomagnetische data van

de lavastroom uit 1953 CE. De drie bemonsteringslocaties van deze lavastroom la-

ten verschillende paleorichtingen zien, maar wanneer de resultaten van de locaties

worden gecombineerd, komen ze erg dicht in de buurt van de verwachte referentie-

waarde. Dit ondersteunt opnieuw de bemonsteringsstrategie die wordt aanbevolen

in Hoofdstuk 1. De paleointensiteiten van de afzonderlijke locaties onderschat-

ten echter de verwachte veldwaarde. Dit kan het gevolg zijn van multi-domain

effecten of een gevolg zijn van lokale magnetische anomalieën, zoals voorgesteld

in Hoofdstuk 1. Van de bemonsteringslocaties op Socorro was één locatie geda-

teerd met behulp van radiokoolstof met een ouderdom tussen 4052–2846 BCE en

4950–2846 BCE. (Farmer e.a., 1993). Deze locatie liet een opvallende lage inclinatie

van 4.2◦ zien, terwijl op deze breedtegraad volgens een geocentrische axiale dipool

een inclinatie van 35◦ wordt verwacht. Dit kan wijzen op een tot nu toe onbekende

inclinatie-anomalie in deze periode, omdat bestaande geomagnetische modellen

dit niet voorspellen. Alle andere bemonsteringslocaties op het eiland Socorro zijn

ouder, waarschijnlijk uit het Pleistoceen. De succesvol verkregen paleorichtingen

en intensiteiten van deze oudere lavastromen komen overeen met de verwachte

GAD-waarden op deze breedtegraad en tonen dus geen afwijkende veldrichtingen

of -intensiteiten.
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Een hypothese over de evolutie van de Zuid Atlantische Anomalie (ZAA) is dat dit

verschijnsel vanuit de Indische Oceaan westwaarts is gemigreerd. Om deze hypo-

these te onderzoeken, bezochten we voor Hoofdstuk 4 het eiland La Réunion. Dit

eiland ligt ten oosten van Madagascar in de Indische Oceaan en is daardoor ideaal

gelegen om te bestuderen of de ZAA deze regio in het verleden heeft beïnvloed. Pa-

leomagnetische data werden verkregen van 18 bemonsteringslocaties rondom de

zeer actieve vulkaan Piton de La Fournaise. De meeste locaties leverden succesvolle

paleorichtingen op; tien locaties gaven betrouwbare paleointensiteitsresultaten.

We combineerden onze data met de resultaten uit twee eerdere studies om een vol-

ledige vector-PSV-curve te construeren. De dataset van La Réunion bevat verschil-

lende dateringsmethoden, waaronder radiokoolstofdateringen van lavastromenn,

dateringen op basis van pionierbomen en historisch gedocumenteerde uitbarstin-

gen. Daarnaast zijn er perioden waarin weinig paleomagnetische data beschikbaar

zijn, omdat de vulkanische activiteit toen laag was. Om met deze twee uitdagin-

gen om te gaan, gebruikten we een nieuwe Bayesiaanse methode om PSV-curven

te construeren, die we hebben ontwikkeld in Schanner e.a. (2026). Deze methode

houdt rekening met verschillende ouderdomsverdelingen en biedt de mogelijkheid

om gebruik te maken van een eenvoudige prior of van een globaal geomagnetisch

veldmodel als prior. Het gebruik van een globaal veldmodel als prior is vooral nut-

tig in regio’s met weinig data of bij perioden met weinig data. De PSV-curven van La

Réunion laten snelle richtingsveranderingen zien rond 1600–1750 CE en tonen een

hoge veldsterkte rond 1400 CE, waarna de intensiteit daalt tot ongeveer 29 µT rond

1550 CE. Deze lage intensiteit kan samenhangen met de aanwezigheid van de ZAA.

In combinatie met paleomagnetische data uit zuidelijk Afrika maken de data van

La Réunion twee mogelijke scenario’s mogelijk. Het eerste scenario is dat de ZAA

onder zuidelijk Afrika is ontstaan en het veld op La Réunion beïnvloedde voordat zij

westwaarts bewoog. Het tweede scenario is dat de anomalie vóór 1300 CE vanuit

de Indische Oceaan onder La Réunion migreerde en daarna weer iets oostwaarts

verschoof, om rond 1550 CE het veld op La Réunion te beïnvloeden.

La Réunion bevindt zich aan de westzijde van de Indische Oceaan. Aan de oostzijde

ligt een andere regio die ondervertegenwoordigd is in de paleomagnetische data-

set: Indonesië. Indonesië ligt ten oosten van het voorgestelde ontstaansgebied van

de ZAA en ligt binnen een regio waar tussen 1620 en 1820 CE een andere geomag-

netische anomalie is gerapporteerd, de West Pacifische Anomalie (WPA). Omdat

er nog geen paleomagnetische data van vulkanische gesteenten beschikbaar zijn

van Indonesië, en dus ook geen absolute paleointensiteiten, is Indonesië een be-

langrijke locatie om beide anomalieën te onderzoeken en daarmee mondiale veld-

modellen te verbeteren. In Hoofdstuk 5 presenteren we de eerste paleorichtings-

en paleointensiteitsdata van de vulkanen Gunung Batur en Gunung Agung op Bali,

Indonesië. De bemonsterde lavastromen op Gunung Batur waren van historische

leeftijd en geschikt voor zowel paleorichtings- en paleointensiteitsexperimenten.

Door de resultaten van deze historische lavastromen te vergelijken zien we, in te-

genstelling tot de bevindingen in Hoofdstuk 1, dat inclinaties en intensiteiten ho-

ger zijn dan verwacht. Modellen van inclinatie-anomalieën in geulen suggereren

dat dit effect op het zuidelijk halfrond omgekeerd kan zijn (Baag e.a., 1995), wat
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deze afwijking mogelijk verklaart. De bemonsterde vulkanische gesteenten op

Gunung Agung waren ouder, variërend van circa 5000 BCE tot de recente lava-

stroom van 1963 CE. We construeerden een PSV-curve op basis van zowel een een-

voudige prior als een globale model prior. Deze curven laten snelle richtingsvari-

aties zien en, afhankelijk van de gekozen prior, lagere intensiteiten van 32–36 µT

rond ongeveer 1000 CE of ongeveer 1300 CE. In Hoofdstuk 4 zagen we vergelijk-

baar veldgedrag op La Réunion, maar dan enkele honderden jaren later. De data

van Bali kunnen dus de beginfase van de Zuid Atlantische Anomalie laten zien, of

mogelijk verband houden met de West Pacifische Anomalie. We benadrukken dat

betere ouderdomsbepalingen van de lavastromen van Gunung Agung nodig zijn

om tussen deze twee scenario’s te kunnen onderscheiden, evenals een uitgebrei-

der globaal veldmodel. Toch tonen de resultaten van Agung en Batur aan dat deze

gesteenten zeer geschikt zijn voor paleomagnetisch onderzoek. Een toekomstige

PSV-curve kan bovendien helpen met het dateren van vulkanische afzettingen in

Indonesië en zo de uitbarstingsgeschiedenis beter in kaart brengen. Dit is vooral

belangrijk in gebieden met gevaarlijke vulkanische activiteit, zoals Indonesië.
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1. Local magnetic anomalies explain bias in paleomagnetic data

Abstract Volcanic rocks are considered reliable recorders of past changes in the Earth’s

magnetic field. Recent flows, however, sometimes fail to produce the known magnetic

field at the time of cooling. Previous research on Mt. Etna suggests paleomagnetic

data might not be accurately recorded. Here we test the accuracy of paleomagnetic

data obtained from Mt. Etna lavas by comparing paleomagnetic data from historical

flows to direct measurements of the magnetic field above the current topography. The

inclinations and intensities in both data sets are biased towards lower values, while

there is no such trend for the declination. Inclinations are on average 2.9◦ lower than

expected; intensities are on average 8.8 µT lower. The deviations from the expected

values depend on the height above the flow. Moreover, the inclinations and inten-

sities vary as a function of topography. Both are higher above ridges and lower in

gullies; the variations within a site are up to 14.1◦ in inclination and 12.9 µT for

intensity. To suppress this paleomagnetic data bias it is important to take samples

several meters apart and from different parts of the flow whenever possible. While

this leads to a higher degree of scatter in paleodirections, the results better represent

the Earth’s magnetic field at the time of cooling. This emphasizes the importance of

reporting paleomagnetic sampling strategies in detail.

1.1. Introduction

For decades magnetic signals from volcanic rocks have been used as a source to

study the ancient behavior of the Earth’s magnetic field. Volcanic rocks obtain a

natural remanent magnetization which reflects the direction and intensity of the

ambient geomagnetic field present during cooling. Paleomagnetic data from well-

dated flows (e.g. historical observations, radiocarbon dating) are used to create

regional paleosecular variation (PSV) curves, and models that describe the global

behavior of the Earth’s magnetic field through time. With PSV curves, lava flows

from unknown ages may be dated to improve the knowledge of eruption frequency,

which is vital for volcanic hazard assessment. An important prerequisite of the re-

liability of these models is the accuracy of the input data; volcanic rocks are often

considered to be excellent recorders of the Earth’s magnetic field. Of paleomagnetic

data obtained from recent volcanic rocks, however, the inclination and intensity

regularly fail to produce their known field values (see overview of 1960 Kilauea flow

in Cromwell et al. (2015a), Pavón-Carrasco et al. (2014), and Urrutia-Fucugauchi et

al. (2004)) or their reference value from the International Geomagnetic Reference

Field (IGRF, Alken et al., 2021).

Recent lavas from Mt Etna, Italy, have been extensively studied in terms of pale-

odirections and paleointensities. As a result there is a large paleomagnetic dataset,

which is regularly inconsistent with the reference values. Moreover, the scatter in

paleodirections from a single lava flow is often inexplicably large (Speranza et al.,

2006), with inclinations around 2◦ too shallow (Calvo et al., 2002; Incoronato et

al., 2002; Lanza et al., 2005; Rolph, 1997; Rolph & Shaw, 1986; Tanguy et al., 1985,

1999, 2003). Likewise, paleointensities are found to be generally too low (Biggin et

al., 2007; L. V. de Groot et al., 2012, 2013; Rolph & Shaw, 1986; Sherwood, 1991).

These deviations in both directions and intensities of Mt. Etna data have been

attributed to arise from various explanations. Rolph and Shaw (1986) and Rolph
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et al. (1987) mention ‘magnetic refraction’, i.e. the deflection of directions are ex-

plained due to some parts of the material being already magnetized while the rest

of the material is still cooling (Schurr et al., 1985; Tanguy, 1990; Tarling et al., 1986).

This effect is commonly only described and extensively studied in archeomagnetic

studies (Schurr et al., 1985). Hill and Shaw (1999) and Biggin et al. (2007) consider

‘multi-domain behavior’ as possible cause of the observed inaccuracy in paleoin-

tensity results: ‘sagging’ in Arai diagrams of Thellier-type experiments is explained

by the presence of multi-domain (MD) grains, leading to inaccurate interpreta-

tions of these diagrams. Calvo et al. (2002) and L. V. de Groot et al. (2013) suggest

‘transdomain processes’ to occur in paleointensity experiments, which means that

during heating there is a reorganization of the magnetic domain structure in PSD

grains which results in a loss of NRM. Lastly, Hill and Shaw (1999), Biggin et al.

(2007) and L. V. de Groot et al. (2013) point to differences between the natural and

the laboratory cooling rates for lower than expected paleointensities. In contrast to

these rock-magnetic concepts pertaining to the behavior of the magnetic particles

during remanence acquisition, the bias in paleomagnetic data might be explained

by the presence of local magnetic anomalies, i.e. a local disturbance of the mag-

netic field induced by the magnetic field from underlying lava flows.

Mt. Etna is characterized by irregular topography; virtually all lava flows are classi-

fied as a’a type and the terrain is rough with rubble up to boulder size on the sur-

face (Calvari & Pinkerton, 1998; Kilburn & Lopes, 1988). The lava flow morphology

is characterized by channels bounded by levees, which are topographically higher

ridges (Hulme, 1974; Tarquini et al., 2012). Mt. Etna lavas are also strongly magne-

tized. The remanent magnetization of specimens at Mt. Etna sometimes exceeds

20A/m and there is a large deviation between sun and magnetic compass readings

(Speranza et al., 2006). The earliest volcanic products of Mt. Etna are dated around

500 ka ago (Branca et al., 2011), therefore all lava flows must be of normal polar-

ity. Previously, measurements of the ambient geomagnetic field above the surface

of lava flows were performed with a fluxgate magnetometer on Hawaii (Baag et al.,

1995), La Palma and Tenerife (Valet & Soler, 1999) and on Mt. Etna (Tanguy & Le

Goff, 2004). Baag et al. (1995) found a maximum declination deflection from the

IGRF of -10.7◦ and -21.1◦ for inclination, Valet and Soler (1999) report deflections

of up to 15◦ for directions and 20% for intensity. Both attribute these variations in

the magnetic field to local magnetic anomalies arising from the highly magnetized

underlying terrain. Baag et al. (1995) also developed two-dimensional models of

theinclination above various topographic features. These predict different inclina-

tion deflections depending on the latitude of the site and the orientation and dip

of the slope with respect to the ambient geomagnetic field. The models predict

negative inclination anomalies in topographic lows in the Northern Hemisphere

but positive anomalies in gullies in the Southern Hemisphere. According to their

theory, declination variations only depend on the location of the site with respect

to the volcano: negative deviations are expected on the Eastern side of the vol-

cano, and positive ones on the Western side. In contrast, variations in inclination

also depend on the latitude and the exact shape of the gully or channel causing

the local magnetic anomaly (Baag et al., 1995). They did not predict the influence

of magnetic anomalies on the intensity signal. Valet and Soler (1999) suggest that
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sampling over a large distance would average out the anomalies, Baag et al. (1995)

also suggest this to remove a possible declination bias but according to their mod-

els this will not always work for the inclination bias. On Mt. Etna, Tanguy and Le

Goff (2004) followed an almost similar procedure and measured the geomagnetic

field around 10 times above 12 different sites, while avoiding obvious terrain fea-

tures. The average of their 124 measurements was close to the expected geomag-

netic field. However, when comparing the results on site level there are differences

and the averages for their sites show small deviations from the expected geomag-

netic field (±3% in intensity and ±1.5◦ in direction). Tanguy and Le Goff (2004) con-

clude that there may be some local distortion of the geomagnetic field influencing

archeomagnetic results, perhaps caused by dyke swarms in the South Rift Zone of

Mt. Etna, but by sampling broadly (i.e. over several widely distributed lava flows of

the same eruption) this effect may be minimized. However, it is often not possible

to sample similarly aged lava flows on different flanks of a volcano. Furthermore,

during measuring they avoided local terrain features, which a future lava flow will

not, and this may have improved their results with respect to the studies of Baag

et al. (1995) and Valet and Soler (1999), and ours.

Here, we test whether the strongly magnetized terrain of Mt. Etna influences the

ambient magnetic field directly above it. First, we compile an overview of paleo-

magnetic literature data to characterize a potential bias in the data, while also pay-

ing attention to which sampling strategy was used. Second, we add new paleomag-

netic directional data from 12 sites sampled from 7 different historical flows. Third,

we measure the magnetic field above 4 recent lava flows of Mt. Etna, 3 of which

were also sampled for paleomagnetic measurements. Instead of several measure-

ments spread out over a lava flow, the measurements are taken in high detail along

the length of several paths with varying topography to observe the magnetic field

a possible future overlying flow would record. Combining these datasets allows us

to characterize the expression of local magnetic anomalies in paleomagnetic mea-

surements, quantify the impact on paleomagnetic statistics, and provide recom-

mendations for paleomagnetic sampling strategies in rough volcanic terrain.

1.2. Paleomagnetic data

1.2.1. Data from previous studies

To characterize a possible bias in paleomagnetic data from Mt. Etna, we compiled

an overview of all paleomagnetic results reported by previous studies of lava flows

younger than 1850 CE. Older flows were not taken into account because the re-

sults will be compared with the expected values according to geomagnetic models;

prior to 1850 CE direct full vector measurements of the Earth’s magnetic field are

not available. The directional dataset (Supp. Table 1.1) consists of the declination,

inclination and corresponding precision parameter (k) and α95 of 14 flows, which

were deposited between 1853 and 1983. The other dataset (Supp. Table 1.2) consists

of the paleointensities of 20 flows between 1853 and 2002, including their standard

deviation and paleointensity method used.

How samples are generally obtained in the field, i.e. the sampling strategy, dif-

1

24



1.2. Paleomagnetic data

Figure 1.1: Sampling locations on Mt. Etna, Sicily, Italy. ET sites are where paleomagnetic samples were

taken and FLUX are AnomalyMapper measurement sites. Outlines of lava flows from Branca et al. (2011).
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fers between studies. Studies aiming to produce paleodirections often take sam-

ples spread out over a flow, and measurements are deemed reliable when there is

a low scatter, a small α95, and/or a high k (Fisher, 1953). For paleointensity stud-

ies samples are sometimes taken closer together to ensure homogeneity between

the samples (L. V. de Groot et al., 2012, 2013), and results are found reliable when

the standard deviation of the paleointensity results is low. These sampling strate-

gies are, however, not universally defined and not all studies report their sampling

strategy in detail. Previous studies on Mt. Etna that do report their sampling strate-

gies or describe the sampled flow are: Tanguy et al. (1985, 1999, 2003), who use

the ‘big sample method’, taking samples spread out over a larger area. In contrast,

Rolph (1997), Calvo et al. (2002) and Biggin et al. (2007) take their samples from top

to bottom at one location of one single flow. The 1971 flow of Rolph (1997) was 2m

thick, flow thickness varied for Calvo et al. (2002) between 50cm for the 1910 flow

and up to 6m for the 1928 flow. The samples of Biggin et al. (2007) were taken be-

tween 10 to 235cm from the base of the flow. For intensity Calvo et al. (2002) sam-

pled the 1928 flow at three different sites. Lastly, L. V. de Groot et al. (2012, 2013)

used closely spaced drill cores, 8-12 samples taken less than 1m of each other to

ensure sampling homogeneity. L. V. de Groot et al. (2013) also sampled at different

vertical levels within a lava flow, if known Supp. Table 1.2 includes the distance to

the top and base of the sampled lava flow. Samples of L. V. de Groot et al. (2012)were

obtained 0.5-1.5m below the top of the flow.

1.2.2. Directional data from recent flows

To complement the existing paleomagnetic data set, we sampled twelve new sites

(Fig. 1.1, named ET) from seven historical flows with ages between 1865 and 2002

during a fieldwork in April 2016. Flow 1923, 1971 and 2002 were sampled twice at

different locations and flow 1983 was sampled at three different locations. Some

sites were sampled at the same location as in L. V. de Groot et al. (2013) and most

samples were taken along road cuts. For each site, standard paleomagnetic cores

(2.5cm in diameter, up to 10cm in length) were taken using a petrol powered drill.

Cores were drilled several meters apart, at different heights in the flow, and dif-

fered in borehole orientations. To orientate the cores the use of a sun compass is

preferred to avoid the influence from the surrounding magnetized rock. Unfortu-

nately, the weather did not permit the use of a sun compass during the fieldwork.

Instead the samples were oriented using a magnetic compass and readings were

corrected for the current declination of the IGRF.

Between four to ten cores per site, depending on the amount of cores available,

were selected for paleodirection experiments. Four samples per site were ther-

mally demagnetized in 11 temperature steps: 100, 150, 200, 250, 300, 350, 400,

450, 500, 550, 600◦C and measured on a 2G cryogenic magnetometer. Some sam-

ples were magnetically so strong that they exceeded the measurement range of the

magnetometer, and could not be interpreted. A further four to nine samples were

subjected to alternating field demagnetization experiments. Because the samples

were strongly magnetized they were sliced in half (A and B specimens), their NRM

approximately at alternating field step 0 was in between 0.8 and 13.5 A/m and on

average 4.1 A/m (Supp. Table 1.9). The A and B specimens should have the exact
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Table 1.1: Sampling sites and directional results this study. For each site the age of the flow, location

and elevation (Elv) of sampling is given. The obtained directions per site are given by the parameters:

(c/n/N) number of different cores / number of samples accepted / total amount of samples per site,

the declination (Dec), inclination (Inc), precision parameter (k), 95 percent confidence interval α95.

Furthermore, the age means of four flows (1923,1971,1983 and 2002) are given. For the fluxgate mea-

surement sites only the age of the flow above which was measured, the coordinates and elevation are

given here.

Site Year(CE) Lat(N) Long(E) Elv(m) c/n/N Dec(◦) Inc(◦) k α95(◦)

ET1 1971 37.752 15.087 1185 8/14/14 6.46 49.96 156.37 3.19

ET2 1971 37.753 15.087 1200 5/8/11 -4.16 48.26 212.62 3.81

ET3 1865 37.777 15.066 1606 10/18/20 -9.04 53.46 94.51 3.57

ET4 2002 37.796 15.062 1544 6/11/11 0.59 49.63 83.82 5.02

ET5 2002 37.795 15.057 1606 8/20/20 -2.54 48.07 23.69 6.85

ET6 1923 37.845 15.081 866 4/9/9 -17.52 51.54 55.58 6.97

ET7 1947 37.854 15.023 928 7/10/14 -3.45 48.11 101.59 4.82

ET8 1923 37.854 15.113 641 4/9/9 -8.79 43.27 51.22 7.26

ET10 1983 37.676 14.982 1423 8/20/20 0.64 53.49 86.84 3.52

ET11 1983 37.688 14.987 1671 7/12/12 -1.30 44.30 130.48 3.81

ET12 1983 37.695 14.991 1833 6/14/14 -7.15 47.11 118.88 3.66

ET15 1879 37.868 15.032 778 7/12/12 -10.28 47.59 115.65 4.05

1923mean 1923 8/18/18 -12.81 47.49 46.01 5.15

1971mean 1971 13/22/25 2.51 49.45 135.03 2.68

1983mean 1983 21/46/46 -2.39 49.19 81.27 2.35

2002mean 2002 14/31/31 -1.43 48.65 32.31 4.62

FLUX1 1892 37.687 15.019 1620

FLUX2 1983 37.695 14.992 1833

FLUX3 1923 37.845 15.081 865

FLUX4 2002 37.796 15.062 1539

FLUX5 1983 37.694 14.993 1826

same paleomagnetic result, differences between them can be attributed to mea-

surement or sample orientation errors in the machine. The samples were demag-

netized in a robotized 2G DC-SQUID magnetometer (Mullender et al., 2016) with

stepwise increasing alternating fields of 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70,

80, 100, 150, 225 and 270mT. All demagnetization results were analyzed in paleo-

magnetism.org (Koymans et al., 2016). Afterwards, site mean directions were cal-

culated using Fisher statistics (Fisher, 1953) and the outliers are identified in the

VGP distribution with the fixed 45◦ cut-off (Koymans et al., 2016). All other samples

were retained for calculating site means (Fig. 1.2; Table 1.1). The precision param-

eter k ranges from 23.3 to 207.8, resulting in α95 values between 3.2◦ and 7.3◦. Our

k-values are on average lower than those from previous studies, in existing data k-

values as high as 1070 have been reported (e.g., Tanguy et al., 2003).

Some flows (1923, 1971, 1983 and 2002) were sampled at multiple sites. The di-

rections of these sites were grouped together to calculate ‘age means’ (Table 1.1).

The k-values for these age means are lower than the k-values for individual sites. As

the number of samples increases for the age means, the α95-values are also lower

than the α95-values of the individual sites. The age means averages out the effect of

sites with large deviations from the expected reference values. Therefore these age

means might be considered better estimates of the paleomagnetic vector, although

the data from some individual sites are closer to the expected field value.
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1. Local magnetic anomalies explain bias in paleomagnetic data

Figure 1.2: The (a) declination, (c) inclination and (e) intensity measurements of recent (>1850 CE) lava

flows of Mt. Etna. In (a) and (b) the error bars are the corresponding α95 values and in (c) the error

bars are the standard deviations. The histograms on the right-hand-side (b,d,f) show the paleomagnetic

result - IGRF value. This is the difference (∆) of the data points with respect to their expected field value.
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1.2.3. Bias in paleomagnetic data

All above results are compared with their expected values according to the IGRF-13

model (Alken et al., 2021), or for flows prior to 1900 CE with the gufm1 model (Jack-

son et al., 2000). The reference geomagnetic field is obtained for every lava flow at

the corresponding sampling location and elevation. In older papers the GPS coor-

dinates are not always given. In this case, the reference value was determined using

a location from the same flow from another research paper, or the geological map

of Branca et al. (2011). Rolph and Shaw (1986) do not provide the exact GPS co-

ordinates but a map with sampling locations, from this map the approximate GPS

coordinates and elevations were utilized. In Fig. 1.2 the reference values are com-

pared with the paleomagnetic data set of Mt. Etna, there is a systematic bias in the

paleomagnetic data obtained. The declinations are generally in good agreement

with the expected values according to the IGRF model: the median difference be-

tween the declination of a site and the expected value (∆̃dec) is just 0.8◦ too high

(Fig. 1.2b , declination - IGRF value), and the ∆dec is approximately Gaussian dis-

tributed around this value. In contrast to the declination, the inclination values are

skewed towards lower than expected values. Only two data points yield (slightly)

higher than expected values, while the median difference (∆̃inc) is -2.9◦ (Fig. 1.2d,

inclination - IGRF value). Of the flows sampled at multiple sites in this study (1923,

1971, 1983 and 2002) some results are closer to the reference value than others and

there are large in between site discrepancies. For the 1923 flow, for example, there

is almost a 9◦ declination difference between the two sites, and an 8◦ difference in

inclination. The majority of the intensity data is also lower than the reference value:

the median difference (∆̃int) is -8.8 µT (Fig. 1.2f, intensity - IGRF value).

There is no general correlation between the difference with respect to the refer-

ence value and the paleointensity method used. There also seems to be no relation

between the observed bias and the orientation of the flank of Mt. Etna where the

sampling sites were located. Furthermore, because not all studies reported their

sampling strategies it is hard to compare between studies with different sampling

strategies. Some that sampled from top to bottom see a slightly larger deviation at

the bottom, such as the 1971 flow of Rolph (1997) and the 1983 flow of L. V. de Groot

et al. (2013), the latter attributes the deviation to cooling rate differences.

1.3. Mapping magnetic anomalies

The ambient geomagnetic field, i.e. the magnetic field that would be recorded by a

new lava flow, was measured at five sites above four lava flows in April 2018 (Fig.

1.1, Supp. Table 1.3). Measurements were made with the AnomalyMapper, the

same device as described in B. M. de Groot and de Groot (2019). The AnomalyMap-

per is equipped with a three-axial fluxgate magnetometer, the Bartington Mag-03

(B. M. de Groot & de Groot, 2019) with a measuring range between 0-100 µT. Ac-

cording to specifications the orthogonality error between the three axes is <0.5◦.

The temperature offset coefficient of this type is 0.6 nT per degree Celsius, lead-

ing to a negligible bias of only a few nT compared to the ambient magnetic fields of

48,000nT measured on Mt. Etna. The AnomalyMapper was used previously in B. M.

de Groot and de Groot (2019) to test the variations in declination, inclination and
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intensity in a grid of 10x11 points in an area of 20x22m, at different heights above

the ground. They found visible variations depending on which height above the

surface the measurements were done.

We extend the dataset in B. M. de Groot and de Groot (2019) to five more sites on Mt.

Etna. At each site, three ‘paths’ were measured perpendicular to ridges and gullies

to obtain the largest topographic differences possible, with measurement locations

being ∼1m apart; the three paths were 20 to 80m apart up/down the slope of the

lava flow (Supp. Fig. 1). At FLUX1 to FLUX4 the paths were measured twice, with

the magnetometer positioned at 100 and 180cm above the ground. The paths of

FLUX5 were measured four times at 25, 75, 125 and 175cm above the ground (Supp.

Fig. 3–16). In total, we measured the ambient geomagnetic field above the lava

flows of Mt. Etna 1,334 times. The exact topography was obtained from the GPS

sensor mounted on the magnetometer.

The AnomalyMapper uses a scope to point the magnetometer towards a reference

point with a known (GPS) location (B. M. de Groot & de Groot, 2019). Due to the

irregular terrain it was not always possible to see the reference point, most often in

topographic lows, therefore the declination record is discontinuous for some paths.

This did not affect the inclination data, as this is only dependent on the leveling of

the magnetometer which is done using a tilt sensor, or the intensity data, that is the

length of the total vector measured irrespective of its orientation.

1.3.1. Local magnetic anomalies
For all paths we observe major variations in declination, inclination and intensity

above the lava flows. The reference field according to the IGRF-model in April 2018

was calculated for each site at the corresponding GPS coordinates and average ele-

vation (Table 1.1). Here we use the results of path 2 of site FLUX3 at 100cm height

and path 1 of site FLUX5 at 125cm height as examples (Fig. 1.3). Of FLUX3, the

variation in declination is -6.5 to 5.4◦; with a median difference of -3.2◦ with re-

spect to the expected IGRF-value for measurements done at 100cm above ground.

The inclination is on average closer to the IGRF-value, with a median difference of

-1.5◦, and varies between 46.8 and 58.7◦. The intensity varies between 42.1 and 47.9

µT, with a median offset of -0.9 µT. FLUX5 was measured with most detail, and has

for the measurements done at 125cm above the ground similar large fluctuations

as FLUX3 has at 100cm. Declination varies between -4.2 and 8.7◦, with a median

difference of -0.9◦. Inclination measurements range from 49.7 to 54.2◦ and the me-

dian difference is -1.3◦. Finally, the intensity varies between 40.9 and 47.2 µT with

a median offset from the IGRF-value of -1.5 µT. The data for all paths and sites gen-

erally show similar behavior (Supp. Fig. 3–16; Supp. Table 1.4–1.7). The median

deviations with respect to the expected IGRF values for all paths at 100cm (or in the

case of FLUX5 at 125cm) above ground in the dataset ranges from -5.9 to -0.9◦ for

∆̃dec; -2.2 to 1.1◦ for ∆̃inc; and -2.2 to 0.1 µT for ∆̃int.

1.3.2. Variations with height above surface
The deviations from the expected IGRF-values are largest close to the surface and

become less pronounced higher above the flow (Supp. Fig. 2). This is most promi-
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1.3. Mapping magnetic anomalies

Figure 1.3: Fluxgate measurements of site FLUX3, path 2 (left) and FLUX5, path 1 (right). The variation

in declination (top) does not show a clear correlation with topography (black line). The variations in

inclination (middle) and intensity (bottom) correlate with the topography variations. Measurements

closest to the ground surface (100cm for FLUX3 and 25cm for FLUX5) have the largest variation.
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nent in the inclination and intensity data, and less in the declination data. For all

three paths of FLUX3 the standard deviation decreases when measurement height

above the flow increases (Supp. Fig. 2). This is also reflected in the ∆̃ range of val-

ues. For path 2 of site FLUX3 the range of declination values is -9.8 to 2◦ at 100cm

above ground and -10.7 to 1◦ at 180cm, inclination values are -6.6 to 5.1◦ at 100cm

above ground and -4.5 to 3.3◦ at 180cm, and for the intensity the variation is -3.1 to

2.7 µT at 100cm and only -2.4 to 1.3 at 180cm (Fig. 1.3). Site FLUX5 was measured

at four different heights above the surface, with the lowest being at 25cm above

ground and the highest at 175cm. The largest spikes in the measurement data are

at 25cm height, the level closest to the lava flow (Fig. 1.3). For path 1 of FLUX5,

the ∆̃dec range decreases from -12.5 to 8.0◦ at 25cm to -7.1 to 2.8◦ at 175cm. For

the inclination the range at 25cm above the flow is -7.1 to 1.8◦ and only -3.1 to 1.1◦

at 175cm. The intensities vary from -7.4 to 5.2 at 25cm, and from 3.3 to 1.4 µT at

175cm above the flow. As the intensity of the magnetic field decays with the power

of three as function of distance to its source, the observed gradients as function of

height above the flow imply that the source of the local magnetic anomalies must

be close to the surface. This means that the magnetic signal of the flow(s) closest to

the surface have the most impact on the ambient magnetic field above the flow.

1.3.3. Correlation with topography

Beyond the influence of the height above the flow, both the inclination and inten-

sity variations seem to correlate with changes in topography. All paths are charac-

terized by an irregular topography with at least one distinct gully (Supp. Fig. 3–16).

Path 2 of site FLUX3 is a good example of such a distinct gully which is approx-

imately 35m wide and 8m deep (Fig. 1.3). The gully in FLUX5 path 1 is around

20m wide and 4m deep. Both the inclination and intensity are higher above ridges

and lower in gullies. For path 2 of FLUX3 the differences compared to the IGRF

are +4.1◦ in inclination and +2.7 µT in intensity with respect to the IGRF-value at

100cm above the highest peak in the profile. At 100cm above the lowest point, i.e. in

the gully, the inclination is -5.6◦ and the intensity -2.4 µT with respect to the IGRF-

value. For FLUX5 path 2 most measurements are done in the gully, there is not a

clear ridge in the profile but the peaks are located at the edges. At 125cm height

above the highest peak the difference with the IGRF-value is +0.6◦ in inclination

and -0.9 µT for intensity. Above the lowest peak they are -3.3◦ and -4.2 µT, respec-

tively. To statistically assess the correlation between the fluxgate measurements

and the topography, the Pearson’s correlation coefficient and its corresponding p-

value were calculated for each path and at each height. A Pearson’s coefficient of +1

is a positive correlation, 0 is no correlation and with -1 there is a negative correla-

tion. In terms of our fluxgate measurements, for a positive correlation the mea-

surement value increases with increasing topography. Supp. Table 1.8 includes

all Pearson correlation coefficients for each site and path. In Fig. 1.4 the correla-

tion coefficients are grouped for FLUX1-4 (Fig. 1.4A) based on measurement height

above the surface of the lava flows (100 and 180cm). Because FLUX5 was measured

at four different levels we consider that site independently in Fig. 1.4B. The median

correlation coefficient of declination is around 0 for FLUX1-4, which statistically

suggests there is no trend between the declination and the topography. Inclination

and intensity have a medium to strong positive correlation, these appear to have a
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Figure 1.4: Box-plots for Pearson’s correlation coefficient of A) FLUX1 to 4 and B) FLUX5. For each path a

Pearson’s correlation coefficient was calculated between the topography and the declination, inclination

or intensity. For FLUX1-4 the coefficients are grouped for inclination, declination and intensity at 100

or 180cm height. For FLUX5 all four different measurement levels (25, 75, 125 and 175cm) are together.

See Supp. Table 1.8 for the individual correlation coefficients.

positive trend with topography. Finally, for some paths the intensity signal seems to

be slightly offset with respect to the topography, as illustrated at distance 30 to 35m

in path 2 of site FLUX3 (Fig. 1.3). This offset, however, is small, not always present

and does not correlate with the orientation of the gully or with the orientation with

respect to the summit of Mt. Etna.

1.4. Discussion
1.4.1. Systematic bias due to local magnetic anomalies
Paleomagnetic data produced by this and previous studies were compared with the

reference value predicted by the IGRF-13 or gufm1 model, both are estimations of

the Earth’s magnetic field at that time and might not be fully accurate. We, however,

expect minor errors in the prediction of these models. Measured values at three dif-

ferent Italian magnetic observatories show a good correlation with the IGRF-model

during the period of 1960-2020 (Di Mauro et al., 2021). This confirms that we can

reliably compare our paleomagnetic measurements from historical lava flows with

the predicted reference values, at least the flows younger than 1960. The gufm1

model is based on full-vector measurements of the Earth’s magnetic field between

1850-1899. Especially in Europe the data coverage is good (Jackson et al., 2000),

therefore we assume that the errors prior to 1960 might slightly increase but overall

to be negligible. The paleomagnetic data set of Mt. Etna shows a systematic bias in

both the inclination and intensity, but not for the declination.

The paleomagnetic directions and intensities vary for sites sampled at different lo-

cations from a single flow, and sometimes by different studies. The inclinations

reported for the 1983 flow, for example, differ 9.1◦, and declination for the 1923

flow differs by 8.7◦ between sites (Fig. 1.2). The sites from a single flow may be

hundreds of meters to a few kilometers apart. Our fluxgate measurements cannot

explain these between-sites differences, because our fluxgate measurements were

taken over short distances. They therefore reveal changes in the ambient field on a
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scale of tens of meters. The differences between sites from a single flow may reflect

a bias in the ambient magnetic field with a longer wavelength. Another explana-

tion may be that the influence of local topography differs between sites: e.g. if a

larger portion of a flow is deposited in a gully, a more prominent bias in the result-

ing paleomagnetic direction could be expected. It is interesting to note that a large

deviation from the IGRF value in inclination does not correlate to a large deviation

in declination, and vice versa.

No bias in declination

The declinations of the paleomagnetic data show variation around the expected

IGRF-values (Fig. 1.2a,b), but there is no systematic offset. The median declina-

tions in our direct measurements, however, are up to 6.5◦ lower than the expected

IGRF-values. Due to the design of the AnomalyMapper, the declination is prone to

errors and potentially a bias (B. M. de Groot & de Groot, 2019). It relies on aiming

the AnomalyMapper to a fixed reference point using a scope, while the inclination

is determined using a tilt-sensor, and the intensity is independent of the orienta-

tion of the device. If the scope is slightly offset in its mount this would lead to a

systematic bias in the declinations and limit their interpretation to describing rel-

ative variations. The requirement of having a line of sight to a reference point also

sometimes prevents determining a declination. Especially in deeper gullies the ref-

erence point is sometimes not visible. If the bias in declinations would be strongly

positive deep in the gullies, a lack of declination measurements there may also ex-

plain the bias towards negative values for the median declinations. For the sites that

do have continuous declination data in the gullies, such a trend may be suggested

(e.g. site FLUX5 paths 2 and 3 which have Pearson correlation coefficients at 125cm

of -0.4 and -0.6, respectively), but it is not present for all sites, and it is certainly not

strong enough to explain the deviations in median declinations fully. Lastly, Baag et

al. (1995) predicts positive declination deflections on the western side of a volcano,

and negative ones on the eastern side. The fluxgate sites and most paleomagnetic

sampling sites in this study are only on the northern and southern slopes. Except

ET1 and ET2 which were on the eastern flank, but the largest positive declination

deflection is of ET1 so this does not correlate.

Bias in inclination

The median difference in inclination (-2.9◦) is very close to the inclination shallow-

ing of 3◦ that Pavón-Carrasco et al. (2014) reported for paleomagnetic data from

volcanic products on the Northern Hemisphere for the past 400 years. Our Anoma-

lyMapper measurements indicate that the inclination varies as a function of topog-

raphy and is lower in the gullies. The correlation between the variations in incli-

nation and topography are strong: the Pearson’s correlation coefficient is positive

for all sites, and the median coefficient is well above 0.5 for all heights above the

surface (Fig. 1.4). We expect the largest volume of a new flow to be deposited in the

gullies, where it would record inclinations that are biased to lower values. There-

fore our direct field observations with the AnomalyMapper may explain the overall

bias in the paleomagnetic inclination data (Fig. 1.2D).

Our observed inclination anomalies agree with the theoretical models of Baag et al.
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(1995). Their models predict that on the Northern Hemisphere negative inclination

anomalies occur in gullies, or channels. Especially their V-shaped valley models

closely resemble some of our inclination anomalies in the gullies, for example as

in site FLUX2 path 2. In the models of Baag et al. (1995) these channels are E-W

oriented; in our AnomalyMapper measurements the orientation of channels does

not seem to correlate with the amount of inclination shallowing. Baag et al. (1995)

predicts the inclination anomalies to be negative in gullies on the Northern Hemi-

sphere and positive in the gullies in the Southern Hemisphere, and therefore to be

latitudinally dependent. This would imply that our inclination bias on Mt. Etna is

specific to this latitude.

Bias in intensity

For the intensities we observe a bias similar as the one for the inclinations: the

intensities are biased to somewhat lower values in the gullies. This correlation is

supported by the Pearson’s coefficients, although somewhat less strong compared

to the correlations for the inclinations (Fig. 1.4). The big caveat here is that we only

find deviations up to a few (2 to 3 µT) in our AnomalyMapper observations, while

the paleomagnetic data generally shows much larger deviations from the expected

IGRF field, sometimes up to 20 µT (Fig. 1.2E, F). Our direct field observations there-

fore only explain a (small) part of the bias observed in our paleomagnetic data.

It is important to emphasize that obtaining a paleointensity is difficult, and that

all paleointensity methods have low success rates. The low paleointensities for

Mt. Etna have been attributed to ‘magnetic refraction’ by Rolph and Shaw (1986)

and Rolph et al. (1987); ‘multi-domain behavior’ by Hill and Shaw (1999) and Big-

gin et al. (2007); ‘transdomain processes’ by Calvo et al. (2002) and L. V. de Groot

et al. (2013); and differences between natural and laboratory cooling rates by Hill

and Shaw (1999), Biggin et al. (2007) and L. V. de Groot et al. (2013). The com-

mon ground for these rock-magnetic processes is that they violate the central as-

sumptions underpinning paleointensity experiments, e.g. the laws of additivity and

reciprocity (Tauxe, 2010), and therefore hamper a reliable reconstruction of the pa-

leointensity. The study of obtaining a reliable paleointensity is an entire research

field on its own. Why these aforementioned rock-magnetic processes seem to sys-

tematically lead to even lower paleointensities than predicted by our direct field

observations is therefore beyond the scope of this study.

1.4.2. The impact on paleomagnetic statistics
If a hypothetical new flow on Mt. Etna would record the ambient magnetic field

that we measured directly with the AnomalyMapper, we can simulate what the ef-

fect of local magnetic anomalies would be on a paleomagnetic study. More than

20% of the data points in sites FLUX1 and FLUX4 lack declinations, we therefore

exclude these sites from this simulation. For the other sites, we randomly drew

10 AnomalyMapper measurements for each site and calculated what the resulting

declination, inclination, intensity, k and intensity error (σ) would be. This was re-

peated a 1000 times and we report the median values for each site in Table 1.2. We

expect the largest volume of a new flow to be deposited in the gullies of the under-

lying flow, we therefore repeated this analysis by selecting only AnomalyMapper
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Table 1.2: Random sampling of fluxgate measurements. Simulated paleomagnetic data based on

AnomalyMapper measurements. N is the amount of measurements available to take random samples

from, ∆̃dec,inc,int is the difference of the median with the IGRF-value, k med is the median of the pre-

cision parameter and σ is the standard deviation of the intensity measurements.

.
All measurements Gully +3m

Site N ∆̃dec ∆̃inc ∆̃int k med σ N ∆̃dec ∆̃inc ∆̃int k med σ

FLUX2 187 -2.76 -0.81 -0.82 1226 1.26 134 -2.67 -0.96 -1.20 1522 1.12

FLUX3 257 -4.87 -0.38 -0.79 953 1.12 96 -5.12 -1.78 -1.25 1372 1.05

FLUX5 344 -2.27 -0.94 -1.49 461 2.24 188 -0.84 -2.23 -2.69 667 1.89

Average 788 -3.30 -0.71 -1.03 880 1.54 418 -2.88 -1.66 -1.72 1187 1.35

Gully +2m Gully +1m

Site N ∆̃dec ∆̃inc ∆̃int k med σ N ∆̃dec ∆̃inc ∆̃int k med σ

FLUX2 71 -3.03 -1.16 -1.33 1504 1.19 53 -2.82 -1.41 -1.61 1457 1.21

FLUX3 60 -4.89 -2.18 -1.16 1857 1.02 28 -5.15 -2.50 -1.25 2026 1.16

FLUX5 148 -0.55 -2.64 -2.94 908 1.85 88 0.04 -2.94 -3.41 980 1.87

Average 279 -2.82 -1.99 -1.81 1423 1.35 169 -2.64 -2.28 -2.09 1488 1.41

measurements from the gullies. We defined a gully as the lowest point in the topog-

raphy, the local minimum, and selected the measurements around it up to +1, +2m

or +3m height.

The k-value is an expression of how well measurements from individual samples

agree. The median k-values are 1226 for FLUX2, 953 for FLUX3, and 461 for FLUX5,

when all measurements per site are considered. If a new flow would be deposited

deep in the gullies (+1m from the lowest point), the k-values increase to 1457, 2026,

and 980, respectively. This illustrates that high k-values in rough volcanic terrain

may indicate that a local magnetic anomaly is not averaged out sufficiently. More-

over, it should be emphasized that the AnomalyMapper measurements do not suf-

fer from orientation errors that occur during paleomagnetic sampling and mea-

surements that would certainly lower our simulated k’s. k’s associated with real pa-

leomagnetic data are therefore expected to be lower than these theoretical upper

limits for these flows from our simulation. The standard deviation of paleointen-

sity measurements, σ, is a measure of how well paleointensity results from different

samples agree. For this parameter we see for some sites the same trend as for the

k-value, but the σ’s reported here are negligible compared to the uncertainties aris-

ing from paleointensity experiments (e.g., Biggin et al., 2007; L. V. de Groot et al.,

2012, 2013).

It is important to emphasize that these theoretical ‘maximum’ k-values from our

simulations only pertain to these specific flows and cannot be generalized to other

flows and/or locations. Local circumstances such as the morphology of the under-

lying terrain and the magnetization of the flows will impact the actual bias at each

new location. Our observations do suggest that very high k-values do not necessar-

ily imply that the paleodirection reproduces the expected geomagnetic field at that

location within error; while low k-values do not necessarily mean that the paleodi-

rection is unreliable.
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1.4.3. Optimal sampling strategies

Our observations have consequences for paleomagnetic sampling strategies. To

suppress the influence of local magnetic anomalies arising from the underlying ter-

rain, it is important to take samples for both paleodirectional and paleointensity

studies far apart on the outcrop, in an area of several tens of meters wide. If pos-

sible, take samples not far from the top of a flow or throughout a flow. If there are

substantial differences between samples taken from the top and bottom this could

indicate that the bottom of the flow was influenced by the magnetized terrain be-

low.

The question of how many samples (N) are enough for a reliable paleomagnetic

result has been addressed previously, although this differs for paleodirectional and

paleointensity data. For paleodirections, it was previously shown that the α95 un-

certainty interval decreases with each additional sample up to N=10 (Tauxe, 2010).

Beyond ten samples, the effect of adding more samples onα95 is small. Even though

we show that a small α95 does not imply that the resulting direction is close to the

true paleomagnetic direction, an average based on N=10 seems a good target. By

bootstrapping a published dataset, Cromwell, Johnson, et al. (2018) showed that

the resulting paleomagnetic direction already came close to the published value for

only four samples. They therefore suggest a minimum of four samples and a preci-

sion parameter k≥50. Here we show that a higher k-value does not necessarily cor-

respond to a more accurate measurement of the expected paleomagnetic direction.

A sampling strategy based on only four samples therefore seems less ideal for vol-

canic terrains with a topography like Mt Etna’s. For paleointensities, the variations

between samples from a single site can be quite large and the optimum number of

samples may be as large as 24 (Paterson et al., 2010), although such a high number

is likely not achievable because of the time consuming paleointensity techniques.

The CCRIT paleointensity selection criteria demands a minimum of three speci-

mens per site (Cromwell et al., 2015a). This is, however, the absolute minimum, as

Paterson et al. (2010) considers studies with N<10 less reliable. Given the low suc-

cess rates of paleointensity studies, it is advisable to measure at least 10 samples

per site, and only accept a result for a site if it is based on a minimum of three sam-

ples.

A sun compass is preferable for sample orientation to avoid the influence of local

magnetic anomalies on drill core orientations. Other techniques to suppress this

influence are backsighting using distinct landmarks (Tauxe, 2010) or a differential

GPS technique (Lawrence et al., 2009), originally developed for high-latitude sam-

pling sites but also useful when due to weather conditions a sun compass cannot

be used. Sometimes, however, non of these orientation methods are available, and

one has to revert to using a magnetic compass for orienting the samples. This was

also the case for the paleomagnetic data in this study, as weather conditions only

allowed using a magnetic compass. This is not the ideal scenario because Speranza

et al. (2006) already demonstrated that there might be significant differences be-

tween Sun and magnetic compass declination readings on Mt. Etna. The use of

a magnetic compass, however, would only influence the declination of the sample

orientation. When determining a magnetic direction for a site/flow the results of
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several samples are averaged. We do not find a systematic trend between the mag-

netic declination and topography (Fig. 1.4); and the declination of paleomagnetic

data from Mt. Etna does not show a systematic deviation from their expected values

(Fig. 1.2B). This implies that the error made by using a magnetic compass can be

reduced when samples are taken well spread out over the flow, with different bore

hole orientations, and on different sides of an outcrop.

If a paleomagnetic protocol prescribes the use of sister specimens it is necessary

to take multiple groups of samples to average out local magnetic anomalies. Then,

it is important to avoid using samples from the same group to determine the pale-

odirection or paleointensity of the entire cooling unit. Finally, if a certain cooling

unit is accessible at different locations, e.g. on both sides of a lava flow, higher or

lower on a mountain, or even at different flanks of the volcano, taking multiple sites

from a cooling unit several hundreds of meters apart and calculating ‘age means’

greatly increases the chance of being closer to the ‘true’ paleomagnetic vector at

the time of cooling. In practice it is often difficult to find multiple lava flows of the

same eruption on different flanks of the mountain, in this case sampling as widely

as possible on one site is the only option. As shown in Table 1.2, it is possible that

when the samples are taken spread out over an outcrop and the area is affected by

magnetic anomalies, a low k-value is obtained - but this does not necessarily indi-

cate a poor paleomagnetic result. It is worth noting that taking samples well spread

out over the flow and from different parts also averages out possible variations in

the properties of the magnetic minerals present in the sample (e.g., L. V. de Groot

et al., 2014a; Thellier, 1977).

To follow all optimal sampling strategy recommendations is of course often diffi-

cult during paleomagnetic fieldwork because of limitations in availability and/or

accessibility of outcrops. This emphasizes the need to report the sampling strategy

in high detail in forthcoming publications and as metadata in data repositories.

1.5. Conclusion

Paleomagnetic data from recent flows of Mt. Etna often yield lower inclinations and

intensities than expected from the IGRF. Inclinations are on average 2.9◦ lower than

expected, the intensities are on average 8.8 µT lower. The declination of paleomag-

netic data does not show a systematic bias from the expected IGRF fields. The bias

in inclination can be explained by local magnetic anomalies due to the underlying

irregular terrain of Mt. Etna. Our direct measurements of the current geomagnetic

field made with a three-axial fluxgate magnetometer above the strongly magnetized

lava flows show that inclination varies as function of topography: the inclination is

biased to lower values in the gullies and higher values above ridges. The site level

variations in inclinations are up to 14.1◦. The largest deviations are found clos-

est to the surface, which emphasizes the influence of the underlying terrain on the

ambient magnetic field. For the intensities we find similar behavior as for the incli-

nations: a systematic bias that correlates with topography, with a maximum within

site variation of 12.9 µT. The bias found, however, only explains a small portion of

the bias in intensities reported in paleomagnetic data for Mt. Etna.
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1.5. Conclusion

Our observations have implications for optimal paleomagnetic sampling strategies.

The variation of the geomagnetic field on Mt. Etna with topography emphasizes

the need to take samples spread out over a larger area. This may lower the k-value

but averages out local magnetic anomalies best. Because local morphology of the

volcanic terrain and magnetic properties of the rocks will influence local magnetic

anomalies elsewhere, it is difficult to generalize our findings for Mt. Etna any fur-

ther. Nevertheless, our findings illustrate that the sampling strategy should always

be reported alongside paleomagnetic data and preferably also in metadata of pale-

omagnetic data in repositories.
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1. Local magnetic anomalies explain bias in paleomagnetic data

1.6. Supplementary Information

Supplementary Figure 1.1: Locations of the AnomalyMapper measurements for the three different

paths. A) site FLUX1, B) site FLUX2 and FLUX5 (right corner), C) site FLUX3, and D) site FLUX4

.
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1.6. Supplementary Information

Supplementary Figure 1.2: Median declination, inclination and intensity and their standard deviations

for each site and path against the measuring height above the lava flow. Dotted line is the expected IGRF

value
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.3: FLUX1 path 1
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1.6. Supplementary Information

Supplementary Figure 1.4: FLUX1 path 2
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.5: FLUX1 path 3
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1.6. Supplementary Information

Supplementary Figure 1.6: FLUX2 path 1
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.7: FLUX2 path 2
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1.6. Supplementary Information

Supplementary Figure 1.8: FLUX2 path 3
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.9: FLUX3 path 1
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1.6. Supplementary Information

Supplementary Figure 1.10: FLUX3 path 3
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.11: FLUX4 path 1
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1.6. Supplementary Information

Supplementary Figure 1.12: FLUX4 path 2
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.13: FLUX4 path 3
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1.6. Supplementary Information

Supplementary Figure 1.14: FLUX5 path 1
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Figure 1.15: FLUX5 path 2
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1.6. Supplementary Information

Supplementary Figure 1.16: FLUX5 path 3
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1. Local magnetic anomalies explain bias in paleomagnetic data
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1.6. Supplementary Information
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1. Local magnetic anomalies explain bias in paleomagnetic data
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1.6. Supplementary Information
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1. Local magnetic anomalies explain bias in paleomagnetic data
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1. Local magnetic anomalies explain bias in paleomagnetic data
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1. Local magnetic anomalies explain bias in paleomagnetic data
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1.6. Supplementary Information
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1. Local magnetic anomalies explain bias in paleomagnetic data

Supplementary Table 1.8: Pearson’s correlation coefficient for the fluxgate measurements. Given are

the inclination, declination and intensity (Inc, Dec, Int) at 100 and 180cm height above the surface for

FLUX1-4 and at 25, 75, 125 and 175cm above the surface for FLUX5.

FLUX 1 Dec100 Inc100 Int100 Dec180 Inc180 Int180

Path1 -0.1023 0.6705 0.5546 -0.1301 0.8062 0.5825

Path2 -0.3833 0.6333 0.7416 0.0223 0.1229 0.8780

Path3 0.2472 0.2807 0.4483 0.3709 0.2484 0.5161

FLUX 2 Dec100 Inc100 Int100 Dec180 Inc180 Int180

Path1 0.3859 0.6942 0.4446 0.3986 0.7188 0.5166

Path2 -0.0601 0.7551 0.4406 -0.0416 0.8108 0.5625

Path3 -0.1797 0.3319 0.6179 -0.2443 0.2713 0.7660

FLUX 3 Dec100 Inc100 Int100 Dec180 Inc180 Int180

Path1 -0.1015 0.6052 0.5387 -0.1609 0.7671 0.7582

Path2 0.0362 0.7405 0.2956 0.0552 0.8747 0.4281

Path3 0.3422 0.6424 -0.0150 0.3512 0.6373 -0.0860

FLUX 4 Dec100 Inc100 Int100 Dec180 Inc180 Int180

Path1 0.1069 0.5553 0.5530 -0.4833 0.5412 0.6129

Path2 0.8004 0.0810 -0.6172 0.6925 0.1697 -0.6295

Path3 -0.2765 0.5733 0.2586 -0.5143 0.7197 0.0316

FLUX 5 Dec25 Inc25 Int25 Dec75 Inc75 Int75

Path1 -0.0567 0.7111 0.4885 -0.0108 0.8559 0.6259

Path2 -0.4028 0.8333 0.4604 -0.3791 0.9335 0.7663

Path3 -0.6067 0.5623 0.5939 -0.6385 0.4592 0.6857

FLUX 5 Dec125 Inc125 Int125 Dec175 Inc175 Int175

Path1 -0.0324 0.9356 0.6673 -0.0477 0.8601 0.6980

Path2 -0.4008 0.9646 0.8423 -0.5063 0.9633 0.8572

Path3 -0.6193 0.7923 0.7276 -0.6606 0.8252 0.7672
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1.6. Supplementary Information

Supplementary Table 1.9: NRM of the samples interpreted in this study. A and B samples are from the

same paleomagnetic core and measured with alternating field demagnetization experiments. Samples

noted with X- are demagnetized thermally.

Sample NRM(µA/m) Sample NRM(µA/m) Sample NRM(µA/m) Sample NRM(µA/m)

ET1-1A 3092908 ET4-2B 3257553 ET8-2A 8462077 ET15-1A 3509292

ET1-1B 2930121 ET4-3A 3443849 ET8-2B 7299002 ET15-1B 3199333

ET1-2A 13511401 ET4-3B 3702208 ET8-3A 7608797 ET15-2A 9535772

ET1-3A 6828289 ET4-4A 4120059 ET8-3B 6624950 ET15-2B 7462288

ET1-3B 5894238 ET4-4B 4772933 ET8-4A 5041369 ET15-3A 8014720

ET1-4A 3409072 ET5-1A 5244755 ET8-4B 4963602 ET15-3B 5679607

ET1-4B 8243283 ET5-1B 5631377 ET10-1A 2873601 ET15-4A 2925096

ET1-5A 5435003 ET5-2A 3886582 ET10-1B 2457480 ET15-4B 2770129

ET1-5B 7029630 ET5-2B 3871541 ET10-2A 5285084 ET15-5A 4523973

ET1-6A 5156109 ET5-3A 4910945 ET10-2B 4662239 ET15-5B 4907541

ET1-6B 4845787 ET5-3B 4490898 ET10-3A 3239964 ET1-X7 4827813

ET2-1A 2708659 ET5-4A 3794956 ET10-3B 4424104 ET1-X8 6970862

ET2-1B 1713699 ET5-4B 4440607 ET10-4A 2875667 ET1-X10 5203466

ET2-2A 2026065 ET5-5A 4526611 ET10-4B 2574870 ET2-X4 5692232

ET2-2B 1053086 ET5-5B 4683804 ET10-5A 3255704 ET3-X6 3479066

ET2-3A 2892208 ET5-6A 1761023 ET10-5B 3310312 ET3-X12 5323614

ET2-3B 2695999 ET5-6B 2672738 ET10-6A 4416003 ET4-X1 3763388

ET2-4A 1225170 ET5-7A 5189950 ET10-6B 4734828 ET4-X2 3535889

ET2-4B 1294795 ET5-7B 4769996 ET10-7A 3551614 ET4-X7 5939519

ET2-5A 2872171 ET5-8A 2420816 ET10-7B 3593348 ET5-X1 5293338

ET2-5B 3113476 ET5-8B 1957681 ET10-8A 5404135 ET5-X2 3647215

ET3-1A 1281908 ET6-1A 3551925 ET10-8B 4954208 ET5-X6 3645919

ET3-1B 1184509 ET6-1B 3149407 ET11-1A 4475224 ET5-X7 4392351

ET3-2A 1684043 ET6-2A 2695712 ET11-1B 4895059 ET6-X6 5456887

ET3-2B 1532256 ET6-2B 3036555 ET11-1C 5170786 ET7-X1 2622103

ET3-3A 1984353 ET6-3A 6018155 ET11-2A 3757785 ET7-X7 4162528

ET3-3B 1789187 ET6-3B 5240134 ET11-2B 4255364 ET7-X8 2588562

ET3-4A 2162886 ET6-4A 3165071 ET11-3A 4362736 ET8-X2 3611097

ET3-4B 2106486 ET6-4B 3095686 ET11-3B 3927018 ET10-X1 4054887

ET3-5A 1474009 ET7-1A 5012518 ET11-3C 3694101 ET10-X2 3920099

ET3-5B 1538818 ET7-1B 4160444 ET12-1A 3617137 ET10-X7 4423374

ET3-6A 948775 ET7-2A 6804917 ET12-1B 3168212 ET10-X8 4626168

ET3-6B 1029318 ET7-2B 5880862 ET12-2A 9687689 ET11-X1 3383326

ET3-7A 1099807 ET7-3A 5840308 ET12-2B 10577655 ET11-X9 5257113

ET3-7B 1420304 ET7-3B 3303745 ET12-3A 4731036 ET11-X7 4314440

ET3-8A 761847 ET7-4A 5809016 ET12-3B 4129426 ET11-X8 6798544

ET3-8B 758202 ET7-4B 5031405 ET12-4A 7348584 ET12-X7 4221618

ET3-9A 1316996 ET7-5 5229006 ET12-4B 7084175 ET12-X8 4323160

ET3-9B 1336292 ET7-6A 3712982 ET12-5A 8376841 ET15-X5 5067583

ET4-1A 2518621 ET7-6B 3897407 ET12-5B 7605274 ET15-X6 2358392

ET4-1B 2571713 ET8-1A 2928274 ET12-6A 3667464

ET4-2A 2909900 ET8-1B 5154923 ET12-6B 3431768

1

67





2
Effect of storage conditions on

paleointensity results from very

young volcanics, the 2021

Tajogaite eruption, La Palma

Romy Meyer, Rosa. A. de Boer and Lennart V. de Groot

69



2. Effect of storage conditions on paleointensity results from very young volcanics

Abstract Our knowledge of Earth’s past magnetic field strength relies primarily on

paleointensity experiments. These experiments are, despite recent methodological

advances, notorious for their high failure rates. In this study, we assess whether the

very young lava flow from the 2021 Tajogaite eruption accurately records the Earth’s

magnetic field and whether its magnetic signal changes over time. At the time of sam-

pling, the samples were at most 3.5 weeks old. Five batches of samples for intensity

measurements were prepared, the first was measured immediately in 2021, the four

others were stored either randomly oriented in the Earth’s magnetic field or in a zero-

field environment. Additionally, samples were obtained from the inside and outside

of the flow. The stored batches were measured in 2024 and 2025, and their results

were compared with newly collected samples from a field campaign in 2025. There

are small differences in paleointensity results and success rates between batches, sug-

gesting subtle viscous changes in remanence over time. Overall, there seems to be

a tendency for samples stored out-field to perform better, and exterior flow samples

yield more reliable results than interior ones.

2.1. Introduction

Understanding variations in the Earth’s magnetic field strength over time has long

been a central topic in paleomagnetism. The methods for recovering absolute pa-

leointensities from archaeological materials, and later volcanic rocks, were devel-

oped since the 1930s (Thellier, 1938, 1959). However, these paleointensity experi-

ments such as the Thellier-Thellier method are time consuming and notorious for

their high failure rates (e.g. L. V. de Groot et al. (2013) and Kosterov and Prévot

(1998)). During a Thellier experiment the initial remanence (NRM) is replaced in

several heating steps with a partial thermal remanence (pTRM) in a known labora-

tory field. The method relies on the assumption that a magnetization blocked at a

certain temperature can be unblocked by reheating to the same temperature in a

zero magnetic field. The Thellier method is based on three fundamental laws, Ad-

ditivity, Reciprocity and Independence of partial thermoremanent magnetization

(see Tauxe (2010)). Additivity states that the total TRM is the sum of pTRMs ac-

quired over smaller temperature intervals; Reciprocity is that the blocking temper-

ature equals the unblocking temperature; and Independence that a pTRM gained

in one temperature interval is independent by those acquired in other intervals.

These laws were proven by Néel to be valid for single domain (SD) grains (Néel,

1949).

There are several reasons why these laws are often violated, and Thellier-method

often fails. The first is that the material often does not contain purely SD sized

grains, but is a combination of multiple grain sizes. Especially the presence of the

larger multi domain (MD) grains can cause Thellier’s laws to fail, by introducing dif-

ferences between blocking and unblocking temperatures. Whereas SD grains nor-

mally produce linear Arai plots, MD grains often yield curved, sagging, or zigzagged

Arai plots (Dunlop et al., 2005). Another issue with the heating experiments is ther-

mally induced alteration at increasingly higher temperature steps, leading to irre-

versible changes in a sample’s capacity to acquire a remanence (Coe, 1967). Third,

for low ancient fields there may be a non-linear relationship of the TRM to the field
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2.1. Introduction

in which the remanence was acquired (Selkin et al., 2007). Another factor which
was proposed to influence the experiments was differences between laboratory and
natural cooling rates (Biggin et al., 2007; Yu, 2011). Finally, paleointensity methods
are based on the assumption that when a rock obtained a magnetization in an an-
cient field, this magnetization is stable and will not change over time. However, this
assumption has been challenged (Koenigsberger, 1938), as the original magnetiza-
tion may be altered by residing in a magnetic field for long periods of time, a process
known as viscous (re)magnetization (Dunlop & Özdemir, 1997; Tauxe, 2010). A low
temperature viscous remanent magnetization (VRM) in magnetites is usually easily
removed (Dunlop & Özdemir, 1997). But in case the VRM is larger than the NRM, it
may affect the original record of the geomagnetic field in the material (Yu & Tauxe,
2006).

Time dependent magnetization changes in volcanic rocks have been recently stud-
ied by L. V. de Groot et al. (2014a) and Tauxe et al. (2021) and Fabian (2024). L. V. de
Groot et al. (2014a) and Fabian (2024) introduced a special form of a viscous rema-
nent magnetization. They observed metastable domain states which evolved into
more stable lower energy configurations. This process was described as a trapdoor
viscous remanent magnetization (tdVRM), leading to unstable TRM behaviour and
therefore violation of the Thellier method laws. Tauxe et al. (2021) focused on the
curvature of Arai plots. They performed aging experiments on samples, and ob-
served that initially straight Arai plots developed an increased curvature after being
stored in a laboratory field for two years, an effect named fragile curvature (Santos
& Tauxe, 2019; Sbarbori et al., 2009; Shaar & Tauxe, 2015; Tauxe et al., 2021). This
could be related to the relaxation from a local energy minimum to a stable state
with higher unblocking temperatures, violating Thellier’s law of Reciprocity (Tauxe
et al., 2021).

In this study, we test how well the intensity signal is initially recorded by volcanic
rocks and whether it changes after being stored for several years, both in an ambi-
ent magnetic field and under zero-field conditions. These aging experiments are
performed on very young lava rocks collected specifically for this purpose dur-
ing the 2021 volcanic eruption on La Palma, Spain. A study by Calvo-Rathert et
al. (2024) obtained samples from the same 2021 La Palma lava flow in September
2022 (Calvo-Rathert et al., 2024). Unexpectedly, many of these samples showed
a strong viscous overprint. While the mean paleomagnetic directions were close
to the expected field value, their paleointensity experiments yielded a low success
rate, although the accepted measurements agreed with the expected value accord-
ing to the International Geomagnetic Reference Field (IGRF, (Alken et al., 2021)).
The samples of the 2021 La Palma lava flow used in our study were no more than
3.5 weeks old at the time of sampling. Therefore, they are ideal for testing whether
the intensity signal is initially well-stored but alters over time, potentially leading
to unsuccessful Thellier-style measurements, such as observed by Calvo-Rathert et
al. (2024). From the samples obtained in 2021, five intensity batches were made.
The first one was measured immediately upon returning from the field. The other
batches were stored at paleomagnetic laboratory Fort Hoofddijk, Utrecht. Two of
them were stored in random orientations in the Earth’s magnetic field, and two
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2. Effect of storage conditions on paleointensity results from very young volcanics

were stored in a field-free environment. From each of them, one batch was mea-

sured in 2024 and the other in 2025. The results from these batches are compared

with samples obtained during a new fieldwork in 2025 and thus were aligned with

the ambient magnetic field for more than three years.

2.2. Geological setting and sampling strategy
La Palma (28.7◦N, 17.8◦W) is one of the Canary Islands, a volcanic archipelago con-

sisting of seven islands off the coast of North West Africa. The classic model of

formation of the archipelago is that of a mantle plume (Negredo et al., 2022) which

started around 68 Ma ago (Troll & Carracedo, 2016). As the African plate moves to

the east this leaves a chain of volcanoes where the age of the volcanoes decreases

from east to west. La Palma is one of the the youngest islands of the archipelago

(2 Ma), together with El Hierro (1.1 Ma) (Carracedo et al., 1999). The northern part

of the island consists of the older Caldera de Taburiente and the southern part is

formed by a volcanic ridge named the Cumbre Vieja. The ridge formed from around

125 ka ago (Carracedo et al., 1999) and most recent volcanic activity is centred here.

Before the eruption of 2021, there were six historic eruptions of which the most re-

cent lava flow is from 1971 CE. The eruption of 2021, named the Tajogaite eruption,

started on 19th September 2021 and finished on the 13th of December that year. Its

85 days makes it the longest eruption in the recorded history of the island (Dayton

et al., 2023).

2.2.1. Sampling strategy

This study consists of two different sampling campaigns to the 2021 lava flow. The

first sampling campaign was during the eruption, from 28 to 30 October 2021, when

three sites were sampled (LP1, LP2 and LP3). The second sampling campaign was

done in February 2025. During this fieldwork, LP1 and LP2 were resampled (LP1-

2025, LP2-2025). The location of LP3 was no longer accessible because new lava

covered the outcrop in the last phase of the eruption. Instead, an additional three

sites (LP4, LP5 and LP6) were sampled at different locations (Fig. 2.1, Table 2.1). The

lava at LP1 and LP3 formed between 11-17 October 2021, the lava at LP2 between

4-10 October, at LP4 between 18-24 October, at LP5 between 22-28 November and

lastly LP6 between 1-7 November 2021 (map Emergency Response Coordination

Centre ERCC). During the first field campaign, the sampled rocks were a maximum

of 3.5 weeks old and because the eruption was still ongoing, only the top of the

edges of the flow were accessible. During the second field campaign in 2025, access

to the top of the flow was restricted and samples were obtained from road cuts.

At each sampling site, between 10 to 20 paleomagnetic samples (up to 25mm in di-

ameter and 10cm in length) were taken with a water-cooled petrol-powered drill.

Samples were collected spread out over the outcrop and from different blocks for

sites LP1, LP1-2025, LP2 and LP3. For the other sites sampled in 2025 the samples

were taken closer together. During the 2021 campaign, samples from sites LP1 and

LP3 were taken along two ridges, together with volcanic glass at these locations.

Sampling at the location of LP2 was more difficult in 2021, due to the persistent

southwestern wind most ash had accumulated in this region and the flow was very
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2.2. Geological setting and sampling strategy

Figure 2.1: Sampling locations on the island of La Palma, Spain. Sampling sites are from the field cam-

paign in 2021 (LP1, LP2 and LP3) and the field campaign in 2025 (LP1, LP2, LP4, LP5 and LP6). Red area

is the outline of the 2021 lava flow

aa’ like with large blocks. We sampled the three largest blocks at site LP2 that we

could find to minimize the risk of post-cooling rotations. In 2025, access to the lava

flow area was restricted, and as a result sampling was limited to blocks exposed

in road cuts. Samples were always oriented with a magnetic compass and where

possible with a sun compass. Due to the ash cloud this was not possible for most

samples from LP1 and some of LP3. For each site the reference value according to

the IGRF is calculated at that specific location, elevation and date of lava formation.

At LP1, LP2 and LP3 the intensity of the Earth’s magnetic field was also measured

multiple times with a fluxgate magnetometer around 1m above the surface of the

lavaflow (Table 2.1). The field was measured 17 times, and was on average 39.1 µT.

This is slightly higher than the 38.7 µT indicated by the IGRF. In 2021 we took mu-

metal containers with us in the field, and the samples were stored in those until

they arrived at Fort Hoofddijk paleomagnetic laboratory where they were immedi-

ately transferred to and kept in the magnetically shielded room. Due to the larger

numbers of samples taken, this was not possible during the 2025 sampling cam-

paign, when the samples were stored and transported in the Earth’s magnetic field

before they were stored in the shielded room in the laboratory upon arrival.

2.2.2. Sample processing

The samples obtained in 2021 were taken to see how accurate the magnetic field

is stored in volcanic samples, and whether the original magnetization may be al-

tered by residing in an ambient magnetic field for certain periods of time. To study

such a potential viscous effect, the samples were processed in two specific ways.
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2. Effect of storage conditions on paleointensity results from very young volcanics

Table 2.1: Sampling sites and rock magnetic characteristics. Given are the sites, latitude and longitude,

the year in which samples were taken (YS), elevation (Elv), IGRF-values for declination (Dref), inclination

(Iref) and intensity (Intref). Intflux is the average intensity signal above the lava flow directly measured

by a fluxgate magnetometer.

Site Lat(N) Long(E) YS Elv(m) Dref Incref Intref Intflux

LP1 28.6262 -17.8852 2021 521 -4.866 37.134 38.692 39.644

LP1 28.6261 -17.8850 2025 520 -4.866 37.134 38.692

LP2 28.6021 -17.9197 2021 30 -4.883 37.094 38.688 39.689

LP2 28.6043 -17.9203 2025 35 -4.883 37.098 38.689

LP3 28.6220 -17.8738 2021 736 -4.869 37.105 38.686 38.063

LP4 28.6313 -17.9057 2025 319 -4.871 37.144 38.697

LP5 28.6084 -17.8765 2025 651 -4.847 37.095 38.681

LP6 28.6115 -17.8995 2025 380 -4.864 37.106 38.687

First, samples were taken from the end of the core (typically 4–10 cm from the

flow surface; labelled A), and second, from the cores’ exterior, representing the ex-

posed outcrop surface (labelled B). In paleointensity studies, specimens are rou-

tinely taken from the deeper end of the core as the outside may be more susceptible

to surface weathering. This weathering probably did not yet occur during the 3.5

weeks that these young rocks were exposed. Therefore, we test whether there is a

substantial difference between inside or outside samples of very fresh rock surfaces.

The second sample processing technique is related to the long-time storage of sam-

ples. From the samples obtained in 2021, five measurement batches were made. Of

the first batch, the directions and intensities were measured directly after the field-

work. An additional four batches of samples were prepared for paleointensity mea-

surements only and stored at Fort Hoofddijk. Two batches were stored in a random

orientation in the Earth’s magnetic field (in-field), while the other two were stored

out of the Earth’s magnetic field in a shielded room (out-field). Of each storage

batch, one batch was measured in February 2024 and the other in June 2025.

Lastly, the samples obtained during the fieldwork in February 2025 have been in

the Earth’s magnetic field on La Palma for three more years after the eruption, and

were therefore ’aligned’ with their imparting field direction for a prolonged period

of time. These samples were used to test how accurately they reproduce the ex-

pected field intensity when stored along that vector. Because these samples were

obtained from road-cuts, which is already the inside of a core, we did not distin-

guish between A- or B-samples.

2.3. Rock Magnetic Characteristics
Rock magnetic analyses were performed to identify the remanence magnetization

carriers and test the suitability of the samples for paleomagnetic measurements.

From the 2021 samples the Curie Temperature (TC ) was measured on a horizon-

tal translation Curie Balance (Mullender et al., 1993). Of site LP1, from nine cores

an inside (A) and outside (B) sample was measured as well as one volcanic glass
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sample. Of site LP2, from ten cores an A- and B-sample was measured and of site

LP3 eight A- and B-samples were measured and one volcanic glass sample. For the

2025 samples two samples per site were measured. Most of the 2021 samples were

heated from room temperature up to 600◦C and lowered again to room tempera-

ture. The samples from 2025, and a few samples per site for the 2021 samples, were

heated in steps of 75, 225, 300, 375, 450, 525 and 600◦C. After each step the temper-

ature was lowered by 75◦C to check the reversibility of the signal, the temperature

at which the signal is not reversible any more is determined as the alteration tem-

perature (Tal t ). Usually, measuring one sample per site is sufficient to determine

the Curie and alteration temperature. The sampled sites from 2021 were measured

in more detail, and the Curie temperature and amount of alteration varies between

the samples. Examples are in Fig. 2.2A-C, and all Curie plots are in Supp. Fig.

2.2-2.6. For site LP1, some samples show a fully reversible curve (LP1-glass, Fig.

2.2, LP1-2B, Supp. Fig. 2.2), whereas others have an alteration temperature of 300-

375◦C (LP1-1A, Supp. Fig. 2.2, LP2-5 2025, Supp. Fig. 2.6). LP3 shows similar be-

haviour, only the glass sample has a reversible thermomagnetic curve (Supp. Fig.

2.5). LP2 behaves more ideally, only LP2-7A has an alteration temperature around

450◦C and all others are fully reversible (Supp. Fig. 2.3, 2.4). The Curie tempera-

ture varies between the samples. Most samples without alteration show one single

Curie temperature around 460◦C (LP1-glass or LP2-12B, Supp. Fig. 2.3, 2.4). Oth-

ers yield two distinct Curie temperatures, one lower around 180-230◦C, indicative

of a larger amount of Ti-rich titanomagnetite, and a higher one around 460-540◦C,

consistent with low-Ti titanomagnetite approaching the Curie temperature of mag-

netite. Generally, the A-samples exhibit more alteration at a lower temperature and

therefore indicate less suitable behaviour for paleointensity experiments compared

to the B-samples. Samples obtained in 2025 show the same variability in Curie tem-

perature, and except for LP4, an alteration temperature of 300◦C.

To assess the magnetic domain state of the samples hysteresis experiments were

performed. Three to five A-samples and three to five B-samples were measured for

the 2021 sites, as well as one volcanic glass sample for site LP1 and LP3. For the

2025 samples only one sample per site was measured. For each sample, a hystere-

sis loop and back-field curve was measured on an PMC 3900 Alternating Gradient

Magnetometer, with a maximum field set at 500 mT and an averaging time of 150

ms. The contribution of paramagnetic minerals to the signal was removed by a

slope correction of 70%. The saturation magnetization (Ms ), remanent saturation

magnetization (Mr s ) and coercive force (Bc ) were derived from the hysteresis loop.

The remanent coercive force (Bcr ) was obtained from the DCD curve. The ratio of

remanence (Mr s /Ms ) and coercivity (Bcr /Bc ) of the samples are plotted in the Day-

diagram (Day et al., 1977). Depending on the ratio of Mr s /Ms and Bcr /Bc the bulk

magnetic state is labelled as single-domain (SD), pseudo single-domain (PSD) or

multi-domain (MD). Almost all samples from the 2021 flow of La Palma end up in

the PSD domain (Fig. 2.2F), which is an expected result for a volcanic rock (Tauxe

et al., 2002). Only sample LP3-4A (Fig. 2.2D) falls in the MD range. Despite that

all samples come from the same flow, they show a wide scatter within the PSD do-

main, but many plot closer to the SD range of the SD-MD mixing curves (Dunlop,

2002). For LP3, some B-samples seem to be more SD than the A-samples, but this is
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2. Effect of storage conditions on paleointensity results from very young volcanics

not seen as clearly in the other sites. For the 2025 sampling sites, LP1 and LP5 plot

closest to the SD-range.

In addition to the hysteresis measurements, First Order Reversal Curves (FORCs)

(C. R. Pike et al., 1999; Roberts et al., 2000) were measured for two A-samples and

two B-samples per site. For each sample a suite of 200 FORCs was measured using

the same Alternating Gradient Magnetometer, the saturating field was set at 200

mT, the averaging time at 200 ms and Hu ranged from -40 mT to 40 mT. The FORC

data were processed using FORCinel 3.08 (Harrison & Feinberg, 2008) and the VARI-

FORC algorithm (Egli, 2013). The results for samples LP2-13A and 13B and LP3-15A

and 15B are shown in Fig. 2.2G-J. Site LP1 and LP3 show similar behaviour. The

FORCs exhibit a small vertical spread at Bc = 20 mT, accompanied by an extending

central ridge. For LP3-15B, there is a wider distribution of the signal around the

central ridge (Fig. 2.2J). LP2-13A and LP2-13B have a wider distribution at Bc = 0,

and a characteristic boomerang shape in the region of Bu <0, which points to single

vortex state behavior (Fig. 2.2H). Overall, the FORC diagrams indicate vortex type

behaviour and the influence of MD grains, in agreement with the samples plotting

in the PSD field in the Day diagram.

2.4. Paleomagnetic directions

Paleomagnetic directions were only determined for the samples obtained in 2021.

For each site, four samples were thermally demagnetized in steps of 50◦C up until

600◦C. After each thermal demagnetization step the remaining magnetization was

measured on a 2G cryogenic magnetometer. In addition to thermal demagnetiza-

tion experiments, eight (LP1 and LP2) or seven (LP3) specimens were measured

using alternating field (AF) demagnetization experiments on a robotized 2G DC-

SQUID cryogenic magnetometer (Mullender et al., 2016). The specimens were de-

magnetized in AF steps of 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 150,

200, 225, and 270mT. During all measurements the samples were kept in a magnet-

ically shielded environment. The demagnetization results were analysed in paleo-

magnetism.org (Koymans et al., 2016, 2020) in which the Characteristic Remanent

Magnetization (ChRM) was identified in the orthogonal vector diagrams. Site mean

directions were calculated with Fisher statistics (Fisher, 1953) and some outliers

were identified in the VGP distribution using the 45◦ cut-off. The samples of site

LP2 showed clear evidence of movement during cooling in both the thermal and AF

demagnetizations (Fig. 2.2K). Therefore, only the lower temperature interval of 0-

300◦C was interpreted for three thermally demagnetized samples of LP2, and for the

five AF demagnetized samples only the first range of AF steps were used. The other

four samples are excluded from interpretation as they were complete outliers due

to the post solidification movement. In contrast to site LP2, the ChRM-direction

of the samples from LP1 and LP3 was mostly a straight line to the origin (Fig. 2.2J,

L). Declinations were determined using the magnetic and sun compass readings,

Table 2.2 shows the results of both, but the k-values and α95 are reported based on

the sun compass readings. There are minor variations between the results based

on the magnetic and sun compass readings: the magnetic compass declination is

around 1-2◦ different from the sun compass declination. Since the sun compass is
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Figure 2.2: Rock magnetic and directional results. Representative examples of magnetization vs tem-

perature plots of A) LP1-glass, B) LP2-8B and C) LP3-19A. Heating curve is indicated with a downward

pointed arrow, cooling curve is pointing upward. Hysteresis loops are shown for D) LP3-4A and E) LP3-

4B, in orange is the raw data and the black curve has a 70% paramagnetic contribution correction. The

Mr s /Ms and Bcr /Bc for the hysteresis measurements are plotted in the Day-Diagram (F). The measure-

ments are divided into the A- or B-samples, two volcanic glass measurements and samples from 2025.

The dashed lines are the theoretical mixing curves for uniaxial shape anisotropy and negative cubic

shape anisotropy from Dunlop (2002). In G-J are FORC diagrams of LP2 and LP3. Zijderveld diagrams

with declination and inclination results are given for K) LP1-3, L) LP2-8 and M) LP3-14. The closed cir-

cles are the declination and open circles are the inclination demagnetization steps. Straight line through

the steps indicate the interpreted ChRM direction, step 350◦C at LP3-14 is not used for interpretation.
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2. Effect of storage conditions on paleointensity results from very young volcanics

the preferred method of orientation, the results below are discussed based on this

orientation method.

2.4.1. Results
Interestingly, the directional results of sites LP1, LP2 and LP3 show large between-

site variations. The declination between the sites varies with as much as 6.7◦, and

the inclination with 9.5◦. The smallest α95 and highest k-value is from site LP3. We

compare the directional results of the sites with the IGRF value given in Table 2.1.

LP2 gives the least accurate results, even though the k-value of this site is 160, the

declination is 5.9◦ higher than expected and the inclination is 5.3◦ lower with a total

angular deviation of 7.2◦. It seems that even though we were careful in selecting the

most reliable ChRM-direction steps, the results for this site might still be influenced

by the block rotation. Site LP1 and LP3 are more accurate: the difference in declina-

tion of LP1 compared to the reference value is 2.2◦, and especially the declination

of LP3 is close to the expected value with only a 0.8◦ difference. The inclination de-

viates more: LP1 has an inclination that is 4.1◦ higher and LP3’s inclination is 4.9◦

lower than expected. The total angular deviation of LP1 is lowest with 4.8◦, which

is remarkable given the low k-value of this site.

When the sites are grouped (Table 2.2) into a single average for the entire flow, the k-

value decreases, but both the α95 and the difference with the IGRF reference value

are lower as well. Because the direction of LP2 might be affected by block rotation,

the grouped results using only LP1 and LP3 are also provided. Because the incli-

nation of LP1 is higher than expected and the inclination of LP3 lower, the average

result of LP1 and LP3 is very close to the IGRF-value. The declination is only 0.6◦

higher and inclination is 0.6◦ lower. The angular difference of LP1 and LP3 com-

bined is just 0.8◦.

Table 2.2: The obtained directions per site are given by the parameters: (n/N) number of samples ac-

cepted / total amount of samples per site, the declination (D), declination from sun compass readings

(Dsun), inclination (I), 95 percent confidence interval (α95), precision parameter (k), and the separate

errors for declination (∆Dx) and inclination (∆Ix). ∆D, ∆Dsun and ∆I are the difference with the IGRF

values given in Table 2.1 and ∆Ang is the angular difference between the vectors. The grouped directions

of LP1+2+3 and LP1+3 are also given.

Site n/N D(◦) Dsun (◦) I(◦) α95(◦) k ∆Dx ∆Ix ∆D ∆Dsun ∆I ∆Ang

LP1 10/12 -1.3 -2.6 41.2 5.5 77.7 6.2 7.6 3.5 2.2 4.1 4.8

LP2 8/12 -0.2 1.0 31.8 4.4 160.5 4.3 6.4 4.7 5.9 -5.3 7.2

LP3 11/11 -6.7 -5.6 32.2 3.4 182.0 3.4 5.2 -1.8 -0.8 -4.9 4.9

LP1+2+3 29/35 -3.9 -2.8 35.2 2.8 89.5 2.9 4.0 1.0 2.1 -1.9 2.5

LP1+3 21/23 -5.9 -4.3 36.5 3.5 85.9 3.8 5.3 -1.0 0.6 -0.6 0.8

2.5. Field intensity
Compared to the directional measurements, the intensity signal in the samples is

measured more thoroughly, as the samples obtained in 2021 were divided into five

measurement batches. The samples obtained on La Palma in 2025 were measured

directly after returning from the field. The results from all batches will be compared

to check if there have been any changes in the capacity of the samples to store a
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TRM during this time period.

For each batch 10-11 specimens from the same sampling cores were selected and

subjected to the IZZI-Thellier paleointensity measurement method (Tauxe & Staudi-

gel, 2004). Of the 2021 samples, for each sample an inner (A) and outer (B) spec-

imen was measured, which resulted in 20 to 22 specimens per site. For LP1 and

LP3 a further 5 glass specimens were measured. From the 2025 sampling sites, be-

tween 10 to 25 specimens were subjected to the method. All specimens were glued

into glass vials with quartz wool and kaliumsilicate. During the IZZI-Thellier ex-

periment, the specimens were heated in several steps whereby the natural rema-

nent magnetization (NRM) was progressively replaced by a partial thermal rema-

nent magnetization (pTRM) under a laboratory field of 50 µT. Because the thermal

demagnetization behaviour of the specimens differed at site-level, all specimens

were measured in extreme detail. The specimens were all subjected to the same

temperature steps with increments of only 30◦C up to 590◦C, or until they lost their

magnetization. After each cycle of zero-field, in-field (Coe, 1967) and in-field, zero-

field (Aitken et al., 1988) steps a pTRM-check was included to check whether the

specimen’s ability to carry a remanent magnetization has changed, resulting in a

’ZIIZP’-protocol. The specimens were measured on a 2G cryogenic magnetometer

and during measuring kept in a magnetically shielded room.

The intensity results were interpreted using paleointensity.org (Béguin et al., 2020).

To assess the quality of the results, six different sets of selection criteria were ap-

plied. These are: TTA and TTB (Leonhardt et al., 2004), SELCRIT2 (Selkin & Tauxe,

2000), PICRIT03 (Kissel & Laj, 2004), CLASS-A (L. V. de Groot et al., 2014b) and

CCRIT (Cromwell et al., 2015b). The first four are modified as proposed by (Pa-

terson et al., 2014). CCRIT is the strictest criterion and has a curvature criteria of

k’<0.164, the others have the curvature criteria set at k’<0.35. From all interpreta-

tions that passed a set of selection criteria the average paleointensity and standard

deviation were calculated. This means that interpretations that passed more than

one set of selection criteria were included more often, and therefore these more

reliable interpretations receive more weight. In addition to the site-level results,

average intensities and uncertainties were analysed separately for the A- and B-

samples.

2.5.1. Results 2021 samples

Analysing the samples obtained in 2021, we find that paleointensities and success

rates, e.g. the accepted specimens divided by the number of samples, vary among

the different sites and batches measured. The paleointensity results for each site

and batch are given in Table 2.3 and shown in Fig. 2.4. In addition to the average

paleointensity, the standard deviation, success rate of the batch and the average

curvature of the Arai plot of the samples was also determined. The paleointensity

results and success rates are also split for the inside (A) and outside (B) samples as

shown in Fig. 2.5. We will describe the results of each site separately below, starting

with the variations in success rate before discussing intensity variations.
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LP1-2021

The specimens of site LP1 from the 2021 batch yielded a high success rate of 76%

(Table 2.3). Interestingly, the success rate for the 2024 in-field stored samples drops

to 48%, while it is notably higher for the out-field stored samples from the same

batch, at 80%. A similar pattern is observed in the specimens measured in 2025,

where out-field samples are clearly more successful than the in-field stored sam-

ples (Fig. 2.4). This difference is also reflected in the absolute curvature of the Arai

plots, k’abs is higher for the in-field samples than the out-field samples, suggesting

more non-ideal behaviour. Comparing the inside (A) and the outside (B) samples,

the success rate of the B-samples is higher across all batches except for the 2025

out-field batch (Fig. 2.5).

The average paleointensity of site LP1 exceeds the expected 38.711µT for all batches

(Fig. 2.4). Values are above 41 µT for the 2021 and 2024 out-field batches, and low-

est for the 2025 out-field batch at 39.916 µT. Standard deviations range from 2.65

to 3.35 µT, with the smallest variation observed in the 2025 batches. Comparing A-

and B-samples, the 2021 batch shows similar paleointensity values for both groups

(Fig. 2.5), whereas larger differences appear in later batches. In 2024, B-samples

are closer to the reference value, while in the 2025 in-field batch, A-samples yield

higher intensities (41.992 µT) than B-samples (37.967 µT). The 2025 out-field batch

shows the opposite trend, with A-samples giving lower paleointensities.

LP2-2021

Similar to site LP1, site LP2 also yields high success rates across the different batches,

ranging from 59.1% to 95.5%. For the batch measured in 2024, the out-field sam-

ples again yield higher success rates than the in-field samples. However, this trend

is reversed in the 2025 batches. Here, the in-field samples hold the highest success

rate of the LP2 batches. Again, the success rate seems to follow the pattern of k’abs.

Comparing the k’abs from batches of the same year, a higher k’abs results in lower

success rates. Across all batches the B-samples have higher success rates than the

A-samples (Fig. 2.5).

The average paleointensity of site LP2 is the least accurate among all sites. The

paleointensity is between 4.877 and 8.569 µT lower than the expected IGRF-value.

The σ is also relatively large, between 5.52 and 7.3 (Table 2.3). As also seen in LP1,

the average paleointensity for the 2024 in-field stored samples is lower, at 30.138

µT lower, while the out-field samples show a higher value of 33.650 µT. This pattern

is reversed for the 2025 batch. The paleointensity results, when divided into A- or

B-samples, show no consistent pattern (Fig. 2.5), except that LP2 is the only site

where a clear difference between the groups is already present in the 2021 batch.

LP3-2021

LP3 is the most successful site as almost all specimens across the different batches

pass at least one of the sets of selection criteria. An example of the Arai plots ob-

tained from LP3 from the different batches is shown in Fig. 2.3. Similar to the

results seen in the 2024 batches from LP1 and LP2, the 2024 in-field samples are

again slightly less successful than the out-field samples (Fig. 2.4). In 2025, both in-
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and out-field batches have a 100% success rate, together with the lowest k’abs of

all batches. With the exception of the 2021 batch, all B-samples passed the selec-

tion criteria. A-samples from the 2021 and 2024 batches were less successful, but

in 2025 they also achieved a 100% success rate (Fig. 2.5).

Not only the success rate of LP3 is high, the average paleointensity is also closest

to the reference value. The ∆Int ranges from 0.102 to -1.053 µT, with a standard

deviation between 3.42 to 5.99. Compared to the results obtained in 2021, the pa-

leointensity has decreased by 1.458 µT in 2025. The paleointensity result of the A

and B samples is similar in 2021. In 2024 and 2025, the in-field B-samples result in

a higher paleointensity, whereas the out-field stored B-samples yield a lower inten-

sity.

All sites sampled in 2021

To provide a complete overview we combine the results from all three sites that

were sampled during the eruption in 2021 (Table 2.3, Supp. Fig. 2.1). Both the

paleodirectional and the paleointensity results from LP2 clearly deviate from the

expected IGRF value. We find that these large deviations are most likely caused by

the rotation of some of the blocks sampled at site LP2. While a few segments of

temperature steps passed selection criteria, the rotation most likely influenced the

entire intensity signal. Because this site experienced block rotation, we also give

the results of only combining LP1 and LP3 in Table 2.3 and Supp. Fig. 2.1.

The samples measured immediately in 2021 yield success rates around 80%. Af-

ter storing the samples in a magnetic field for two years, the success rate drops.

The samples stored in a field free environment remain at a similar success rate.

However, after storing the samples for three years, the success rate of the in-field

samples is around 80% again, the sample value that it was in 2021. Interestingly, af-

ter storing the samples out of the Earth’s magnetic field for three years, the success

rate has even increased to above 90%.

Comparing the average paleointensities, we observe that the average paleointen-

sity of LP1+2+3 is around or slightly below the expected field value. However, due

to the LP2 rotation the results of only combining LP1 and LP3 are more reliable

than those based on all three sites. The paleointensity values of LP1+LP3 are higher

compared to the full dataset. There is no clear trend visible since there are only

minor paleointensity variations between the batches. We do note that the values

obtained in 2025 are slightly lower than those from 2021.

2.5.2. Results 2025 samples
In contrast to all batches of the samples obtained in 2021, the samples obtained and

measured in 2025 have markedly lower success rates and less accurate paleointen-

sity results (Fig. 2.4). For site LP1-2025, the success rate dropped to 52% with a very

large σ and a difference with the reference value of 13.6 µT. LP2-2025 was unsuc-

cessful, as there is only one interpretation that passes a set of selection criteria. The

newly sampled sites, LP4, LP5 and LP6 have success rates varying between 40 to
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Figure 2.3: Arai plots of LP3-4A and LP3-4B across the different batches. The given intensity is according

to the green line which represents the greatest segment accepted by paleointensity selection criteria.

Blue circles are the ZI-steps, red circles are the IZ-steps, and triangles indicate pTRM-checks. Selection

criteria are PICRIT (P), SELCRIT (S), TTA, TTB, CLASSA (A) and CCRIT (C).
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71.4%. These lower success rates are reflected in higher k’ values, which range from

0.68 to 1.02. Amongst the 2025 sampling sites, LP5 is most successful and accurate.

The paleointensity difference with the reference value is -3.58 µT. Sites LP4 and LP6

have differences of 15.6 µT and -9.12 µT, respectively. Because these results are no-

tably different from the results of the 2021 batches, and all have relatively high σ/PI

values, we did not combine the results from these sites with any of the 2021 sites.

Figure 2.4: Paleointensity results of LP1, LP2 and LP3, from the samples obtained in 2021, and for LP1

and LP2 also the new samples from 2025. LP4, LP5 and LP6 are samples obtained in 2025. Shown are

the intensity results at the top (squares), with the standard deviation, for each sampling site and in- or

out-field batch measured in 2024 or 2025. The striped line is the expected paleointensity value. The bar

plots at the bottom indicate the success rate of the sites.

2.6. Discussion
We first discuss the paleodirectional and paleointensity results from the samples

collected and measured in 2021, including recommendations on sampling and mea-

suring techniques. Then we discuss the differences between samples from the in-

side and outside part of a flow, and end with the effect of storage conditions on

paleointensity results.

2.6.1. Paleomagnetic directions
The directions obtained in 2021 show variability between sites, with declination

and inclination variations up to 6.5◦ and 9.4◦, respectively. The orthogonal vector

diagrams of LP2 indicate evidence of block rotations. Therefore, the directions of

LP1 and LP3 are deemed most reliable. Combining the results from LP1 and LP3

resulted in a lower k-value but a remarkably accurate direction of only a 0.6◦ differ-

ence in both declination and in inclination. Previously, it was suggested that tak-
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Figure 2.5: Similar paleointensity results as Figure 2, but divided into inside (A, red) and outside (B, blue)

samples. Shown are the intensity results at the top (squares) for each sampling site and in- or out-field

batch measured in 2024 or 2025, with again the striped line as the expected paleointensity value. The

bar plots at the bottom indicate the success rate.
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Table 2.3: Paleointensity results. The obtained paleointensities per site are given by the following pa-

rameters: the year in which the samples were obtained (YS=Year Measured), the year in which the batch

was measured (YM=Year Measured), if they were stored in a magnetically free environment (OUT) or in

the Earth’s magnetic field (IN), number of samples accepted/total number of samples (n/N), number of

interpretations (n_int), resulting paleointensity (PI), standard deviation (σ), standard deviation divided

by the paleointensity (σ/PI), the curvature of the Arai plot (k’), the success rate (SR) and difference with

the with the IGRF values given in Table 2.1 (∆Int).

YS YM Stored n/N n_int PI (µT) σ σ/PI k’ SR (%) ∆Int

Results site LP1

2021 2021 - 19/25 1978 41.086 3.35 8.14 0.52 76 2.375

2021 2024 IN 12/25 494 40.141 3.17 7.90 0.65 48 1.430

2021 2024 OUT 19/25 1492 41.297 3.68 8.92 0.38 80 2.586

2021 2025 IN 16/25 1648 40.250 3.01 7.48 0.58 64 1.539

2021 2025 OUT 23/25 1582 39.916 2.65 6.63 0.51 92 1.205

2025 2025 - 13/25 186 52.292 17.88 34.2 0.8 52 13.6

Results site LP2

2021 2021 - 17/22 1135 32.133 6.65 20.70 0.29 77.3 -6.574

2021 2024 IN 13/22 540 30.138 5.52 18.32 0.43 59.1 -8.569

2021 2024 OUT 18/22 825 33.650 5.54 16.46 0.23 81.8 -5.057

2021 2025 IN 21/22 962 33.830 6.39 18.88 0.31 95.5 -4.877

2021 2025 OUT 19/22 1472 32.031 7.3 22.8 0.41 86.3 -6.676

2025 2025 - 1/12 1 31 - - 1.04 8.3 -7.7

Results site LP3

2021 2021 - 23/25 2214 39.110 4.82 12.33 0.4 92 0.405

2021 2024 IN 23/25 2179 39.074 3.42 8.75 0.29 88 0.369

2021 2024 OUT 24/25 1721 38.807 5.52 14.22 0.32 96 0.102

2021 2025 IN 25/25 2971 37.859 4.42 11.68 0.20 100 -0.846

2021 2025 OUT 25/25 2765 37.652 5.99 15.92 0.20 100 -1.053

Results site LP4, LP5, LP6

2025 LP4 - 5/10 94 54.317 10.97 20.20 0.75 50 15.6

2025 LP5 - 15/21 416 35.120 6.36 18.12 0.68 71.4 -3.58

2025 LP6 - 4/10 35 29.583 7.33 24.79 1.02 40 -9.12

Combined results LP1, LP2 and LP3

2021 2021 - 58/72 5585 38.483 5.81 15.10 0.38 80.6 -0.224

2021 2024 IN 48/72 3213 37.736 5.14 13.62 0.46 66.3 -0.972

2021 2024 OUT 61/72 4038 38.673 5.65 14.62 0.31 83.1 -0.034

2021 2025 IN 62/72 5581 37.870 4.96 13.09 0.37 86.1 -0.838

2021 2025 OUT 67/72 5819 36.846 6.42 17.42 0.37 93.1 -1.862

Combined results LP1 and LP3

2021 2021 - 42/50 4450 40.103 4.26 10.6 0.39 82 1.395

2021 2024 IN 35/50 2673 39.271 3.40 8.66 0.46 68 0.563

2021 2024 OUT 43/50 2605 39.963 4.92 12.3 0.25 82 1.255

2021 2025 IN 41/50 4774 38.673 4.11 10.62 0.39 82 -0.035

2021 2025 OUT 48/50 4393 38.480 5.14 13.36 0.35 96 -0.228
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ing samples spread out is the best strategy for paleomagnetic studies (Meyer & de

Groot, 2024). While k-values may decrease by doing so, any influence from the un-

derlying magnetized terrain would be averaged and this leads to more accurate pa-

leodirections. Since site LP1 and LP3 were sampled 1.2km apart and their averaged

directions are very accurate, the sampling strategy of taking samples distributed

over a larger area may indeed lead to more accurate results. While sampling over

such large distances is often not feasible, taking samples across the widest possible

area remains a valuable approach.

2.6.2. Paleointensity
In addition to the high accuracy of the directional data, the intensity results from

the samples obtained in 2021 were also very successful. Compared to the outside

(B) samples, the inside (A) samples often yielded somewhat lower success rates.

The thermomagnetic curves of the inside samples generally showed less ideal be-

haviour than the outside samples, which might partly explain the lower success

rates. Nevertheless, many thermomagnetic curves indicated non-ideal behaviour,

yet most samples still passed at least one of the sets of selection criteria. This may

be due to the use of the very small temperature steps of only 30◦C during the IZZI-

Thellier measurement. An example is the thermomagnetic curve of LP3-4A (Supp.

Fig. 2.4): thermal alteration is visible from 375◦C onwards. Because of the small

temperature steps the lower and intermediate steps can be interpreted and do give

correct interpretations (Fig. 2.3). For such samples, excluding the high temperature

steps did not significantly affect the overall success rate of the batches. While us-

ing such small temperature increments is not always feasible, it highlights the need

for careful selection of optimal temperature steps. It also shows that samples with

thermal alteration in the higher temperature steps do not necessarily need to be

discarded.

The paleointensity result of LP2 is lower than expected across all batches. As men-

tioned before, this is most likely caused by the block rotation during cooling. In

contrast, the IZZI-Thellier results of site LP1 consistently yielded higher paleoin-

tensities than expected. During the fieldwork we also took fluxgate magnetometer

intensity measurements above the surfaces of the lava flows at LP1, LP2, and LP3.

At LP1 and LP2 these measurements indicated a slightly higher intensity then ex-

pected, whereas at LP3 the values were somewhat lower. It is possible that, instead

of recording the 38.692 µT expected from the IGRF, the lava flow at LP1 recorded

the higher intensity of 39.644 µT influenced by the underlying terrain. Again, such

effects are most likely averaged out when sampling over large areas (Meyer & de

Groot, 2024).

2.6.3. Inside or outside samples
In 2021, we took samples from both the inside and the outside of standard paleo-

magnetic cores. For LP1, LP2, and LP3, the outside of the cores corresponds to the

natural surface of the lava flow, which cooled most rapidly. In most cases, samples

from the inside yielded lower success rates than the outer samples. In paleomag-

netic studies, specimens are typically taken from the core interior to minimize the

effects of alteration due to surface weathering. However, in the very young sam-
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ples of this study some signs of alteration were already visible in the thermomag-

netic curves. Moreover, the alteration was more pronounced in the inside samples,

and therefore seem to not be caused by the exposure to the environment. We ex-

plain this different behaviour between inside and outside samples by a difference

in cooling rate. The outside of a sample cools more rapidly, and faster cooling is

often associated with single-domain sized particles and therefore a higher success

rates in paleointensity experiments (Cromwell et al., 2015b; Cromwell, Trusdell, et

al., 2018). This is supported by the rapidly cooled volcanic glass samples from LP1

and LP3, which showed both ideal Arai plots, a high success rate, and accurate pale-

ointensity results. Additionally, the 2025 specimens of this study and Calvo-Rathert

et al. (2024) were often from road-cuts and therefore the interior of the flow. In

contrast to the samples collected in 2021, the samples obtained in 2025 yielded

low success rates and large differences with the expected intensity values. In the

Day-diagram, four of the 2025 sampling sites plot closer towards the MD side of the

SD-MD mixing curves. Site LP1 and LP5 plot closest to the SD range (Fig. 2.2F), and

compared to the other 2025 sampling sites yielded the most successful interpre-

tations. The non-ideal behaviour observed in the paleointensity experiments may

be explained by the 2025 samples having been taken from the flow interior, where

slower cooling likely produced a higher proportion of multidomain (MD) grains.

However, this is not very clearly seen in the FORC diagrams of LP2 and LP3 (Fig.

2.2G-J). Nonetheless, it seems that the interior of a flow is not necessarily better, at

least for paleointensity experiments.

2.6.4. Effect of storage conditions

The paleointensity samples were stored in the ambient geomagnetic field, out of

the Earth’s magnetic field and on La Palma itself aligned with the natural magnetic

field. The success rate of the sites seems to be slightly dependent on storage condi-

tions. Samples stored out of the field generally yield a higher success rate than in-

field stored samples. This is especially visible in the results of LP1. Unexpectedly,

specimens stored for three years out of the Earth’s magnetic field get even higher

success rates than the original specimens. Samples that aged for three years on La

Palma, yield the lowest success rates and least accurate paleointensities across all

sampling sites. Even samples obtained one year after the eruption had low success

rates (Calvo-Rathert et al., 2024). Therefore, it seems that storing samples out of a

magnetic field is preferred over in-field storage. The reason for the changes in suc-

cess rate over the years can be partially explained.

We observe that after storing the samples for two years in an ambient geomagnetic

field, the success rates drop and generally the k’ curvature value increases. This

is in line with fragile curvature (Tauxe et al., 2021): Arai diagrams tend to become

more curved when the samples are aged in a magnetic field. Additionally, Tauxe

et al. (2021) observed that the paleointensity lowers for the specimens which show

fragile curvature. This might explain the lower intensities for the 2025 batch of LP3,

although it does not explain the large success rates of this site.

Storing paleointensity samples in a zero-field environment has not been tested

extensively. We observe that samples that were stored out-field tend to perform
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better in paleointensity experiments than those stored in-field. In L. V. de Groot

et al. (2014a), magnetic force microscopy samples were stored for one year in a

zero field environment, and they observed unstable pTRM domains that seemed

to evolved back into a domain state that more closely resembles the original NRM

configuration over time. This suggests that, in the absence of an external field,

the magnetic domains in the samples relax into the energetically most favourable

state, whereas when they are exposed to an ambient field there is a driving force

that causes the magnetic domain states to evolve into alternative local energy min-

ima. Such metastable domain configurations with a shift from a high energy state

towards a low energy state, was described as the trapdoor VRM process (Fabian,

2024), in which high-energy states are irreversibly depleted over time. Such viscous

local energy minima reconfigurations may explain why some in-field batches yield

lower paleointensity success rates compared to sister samples that were stored out-

field, where no external driving force is present. The higher success rate observed

again in the 2024 batch, however, remains unresolved. For future studies, it would

be interesting to test whether success rates improve for older samples if they are

first stored in a zero-field environment before the paleointensity is measured.

2.7. Conclusion

The very detailed paleointensity measurements in this study carried out on the very

young lava from the 2021 Tajogaite eruption provided unique insights in changes in

the intensity signal over time. First, samples obtained from the outside, or surface

of the flow generally performed better in paleointensity experiments. They yield

higher success rates, which may be related to faster cooling and the presence of

single domain sized particles. Second, storage conditions seemed to influence the

success rate of the experiments. Samples stored out of the Earth’s magnetic field

often yielded higher success rates than those stored in-field. The same flow was re-

sampled in 2025, when only the interior of the flow could be sampled. These sam-

ples yielded much lower success rates. The variations in success rates and paleoin-

tensity results may reflect a combination of the process of fragile curvature and the

reconfiguration of viscous local energy minima. It remains to be tested whether the

behaviour of samples affected by viscous processes in paleointensity experiments

can be improved by storing them for extended periods in a magnetically shielded

environment.
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2.8. Supplementary Information

2.8. Supplementary Information

Supplementary Figure 2.1: Paleointensity results of all sites combined and of LP1 and LP3 combined.

Shown are the intensity results at the top (squares) the in- or out-field batch measured in 2024 or 2025.

Striped line is the expected paleointensity value. The bar plots at the bottom indicate the success rate.
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Supplementary Figure 2.2: Thermomagnetic curves of site LP1
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2.8. Supplementary Information

Supplementary Figure 2.3: Thermomagnetic curves of site LP1 and LP2

2

91



2. Effect of storage conditions on paleointensity results from very young volcanics

Supplementary Figure 2.4: Thermomagnetic curves of site LP2 and LP3
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2.8. Supplementary Information

Supplementary Figure 2.5: Thermomagnetic curves of site LP3
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Supplementary Figure 2.6: Thermomagnetic curves of the sites sampled in 2025.
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3. A reconnaissance of Quaternary paleomagnetic directions and paleointensities

in the East Pacific Ocean

Abstract The Earth’s magnetic field is continuously changing both temporally and

spatially. Recent geomagnetic field variations on decadal to centennial timescales

are well documented over the past ∼400 years; such secular variation in the past,

however, is less well described. Determining such changes requires a rock record, that

in the realm of the Pacific Ocean is only available from often uninhabited volcanic

Islands. Here, we present paleomagnetic data from Isla Socorro and Isla San Bene-

dicto, two islands in the Mexican Revillagigedo Archipelago in the eastern Pacific

Ocean. On Isla San Benedicto, we sampled a lava delta from the 1952 CE eruption.

The average direction from three locations is very close to the expected value. The in-

tensity outcome, however, varies from 27.4 µT to 41.9 µT, whereas an intensity of 42.8

µT is expected according to the IGRF. We attribute this variation to a combination

of rock magnetic and local magnetic anomaly disturbances induced by the underly-

ing magnetic terrain. On Isla Socorro, we sampled the most recently deposited lavas

in the island’s southeast. Only one of these sites is associated with an absolute age

constraint, with calibrated radiocarbon ages of 4052-2846 BCE and 4950-2846 BCE.

Interestingly, this site yielded a very shallow inclination of 4.2◦, whereas a Geocen-

tric Axial Dipole predicts an inclination of 35◦ at this latitude. This might indicate

a local distortion in the Earth’s magnetic field at Revillagigedo during that period,

possibly related to recurrent South Atlantic Anomaly–like behaviour. The paleoin-

tensities for the Socorro sites are in the range of 30-47 µT, which is consistent with the

expected range of secular variation in this region.

3.1. Introduction

The Earth is protected from solar storms and cosmic radiation by its magnetic field.

The Earth’s magnetic field is dominantly dipolar, but non-dipolar contributions

cause high variability in direction and intensity in both time and space (Tauxe &

Kent, 2004). At each location on Earth, the magnetic field can be described by a

vector consisting of a declination, inclination, and intensity. Since the 17th century

variations in declination and inclination have been measured directly, and since

the 19th century scientists recorded the intensity of the geomagnetic field as well.

To understand the variations in the Earth’s magnetic field prior to that we rely on

paleomagnetic data. Such data can be obtained from both sedimentary and vol-

canic rocks, or from archaeological artefacts. For the absolute intensity of the past

Earth’s magnetic field one can only rely on archaeological material and volcanic

rocks, and particularly for oceans like the Pacific, which covers one third of the area

of our planet, obtaining such records is a challenge. As a result, the paleomagnetic

dataset is not equally distributed over the globe, as archaeological or volcanic sam-

ples are not available everywhere and are often located in difficult to reach regions,

such as isolated volcanic islands or regions in the Southern Hemisphere (GEOMA-

GIA50, Brown et al. (2015)). Therefore, obtaining paleomagnetic data from addi-

tional locations to improve the global distribution of paleomagnetic data is impor-

tant. The aim of this study is to obtain paleomagnetic data from the youngest lava

flows at two volcanoes of the remote Mexican archipelago of Revillagigedo during a

multidisciplinary investigation of the islands in 2022. This extends the paleomag-

netic database with data from a remote and few accessible area and may contribute

to improving our understanding of the behaviour of the Earth’s magnetic field over
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the last ∼5000 years.

On San Benedicto island, a volcanic eruption created a large lava delta in the south-

east in 1952 CE. We collected samples from three sampling locations on this 1952

CE lava delta. Therefore, we can compare the paleomagnetic data obtained on

San Benedicto with the reference value according to the International Geomagnetic

Reference Field (IGRF, Alken et al. (2021)), to check how well this lava records the

Earth’s magnetic field. We also visited Isla Socorro, the largest island of the Revil-

lagigedo Archipelago. Previously, the study of Sbarbori et al. (2009) obtained full-

vector paleomagnetic data from Isla Socorro. They found a mean direction of -2.8◦

in declination and 40.2◦ in inclination, which aligns approximately to the expected

Geocentric Axial Dipole (GAD) direction of 35◦ for this location. The average pa-

leointensity of their sites was 30±7.1 µT, which corresponds to an average virtual

axial dipole moment (VADM) of 67.6±16 ZAm2. This is lower than the current field

strength of about 38.5µT or 87 ZAm2 in the Revillagigedo Archipelago. The Sbarbori

et al. (2009) sampling locations were mainly from the oldest, pre- and syn-caldera

deposits (540-370 ka). The post-caldera formations are the youngest according to

Bohrson et al. (1996) (<180 ka) but only four of the Sbarbori et al. (2009) sampling

sites are from the two post-caldera formations. These post-caldera formations are

located in the south-eastern quadrant of the island. Therefore, this part of Socorro

was the focus of our paleomagnetic field campaign. We present paleomagnetic data

from nine sampling locations on Isla Socorro that are most likely of Pleistocene

age. One of the sampling locations was dated to uncalibrated 4690±270 BP and

5040±460 BP using 14C (Farmer et al., 1993).

3.2. Geological setting and sampling strategy

The Revillagigedo Archipelago comprises four volcanic islands: Socorro, San Bene-

dicto, Clarión, and Roca Partida (Fig. 1A). These remote islands are situated in the

Pacific Ocean between 400-700 km southeast of the tip of the coast of Baja Califor-

nia, Mexico. In March 2022 we visited Isla Socorro and Isla San Benedicto as part

of a multidisciplinary field expedition, where we collected samples for this paleo-

magnetic reconnaissance survey. The two islands are approximately 50 km apart

and both located at the northern part of the Mathematician ridge near the Clarion

Fracture Zone (Bryan, 1966). The Mathematician ridge is an abandoned mid-ocean

ridge spreading center, the northern boundary of which went extinct ∼3.15 Ma ago

after which spreading shifted to the East Pacific Rise (Mammerickx et al., 1988). The

spreading center became inactive before the oldest known eruptions of Socorro,

which may be the youngest part of a hotspot track (Fleitout & Moriceau, 1992). Cur-

rently, there are active fumaroles near the summit of the Evermann volcano on So-

corro and the most recent significant reported activity was in 1993 CE when floating

scoriaeous blocks from a submarine vent on Socorro rose to the surface (Siebe et

al., 1995). Earlier small eruptions are summarized in Bryan (1966) and probably oc-

curred on Socorro in 1951, 1896, and 1848 CE. Von Humboldt (1811) mentioned the

observation of floating pumice during an expedition in 1803 CE. Although none of

these activity reports mention the formation of lava flows, they indicate that Isla So-

corro shows signs of volcanic activity and therefore young volcanic deposits might
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be present. On San Benedicto we know young volcanic deposits are accessible: a

series of eruptions in 1952-1953 created a completely new volcano: Volcán Bárcena

(Richards, 1959) (Fig. 1B,D).

3.2.1. Isla San Benedicto

Isla San Benedicto is the second largest island of the Revillagigedo archipelago, al-

though it is just 4 km long by 2 km wide (Fig. 1B) and uninhabited. The most recent

episode of volcanic activity started in August 1952 and created the Bárcena volcano.

Few geological studies were done on the island; the most extensive research is by

(Richards, 1959, 1965, 1966), carried out in 1952-1957 in the aftermath of the vol-

canic eruption. The eruption created the Bárcena tephra cone, located south of the

older crater Herrera. Volcanism of the older crater probably occurred during the

Pleistocene (Richards, 1959) but none of the deposits are dated. The young Bárcena

cone is predominantly composed of trachydacite tuffaceous material, tephra, and

fine ash layers. Adjacent to the southeastern part of the cone, a lava delta formed in

December 1952 to February 1953 when blocky aa lava flowed out of a basal fissure

into the ocean (Richards, 1966) (Fig. 3.1D). Most volcanics are trachybasalt and tra-

chyandesites; samples from the lava delta are chemically classed as sodic trachytes

(Richards, 1966). We collected samples at three locations (SB1-3) on the northern

part of the lava delta (Fig. 1.1B, Table 3.1).

3.2.2. Isla Socorro

Isla Socorro is the largest of the four Revillagigedo islands, approximately 17 km

long and 16 km wide (Fig. 3.1C). The highest point of 1130 m belongs to the top

of the basaltic shield volcano the Cerro Evermann. Isla Socorro is uninhabited, ex-

cept for a navy base in the south. This part of the island is also the least vegetated

area and there are some roads; therefore most previous research was done here.

The island’s exposed units are generally grouped in two phases of volcanic activity:

the pre- and syn-caldera phase (540-370 ka) and the post-caldera phase (<180 ka)

(Bohrson et al., 1996; Bryan, 1959; Bryan, 1966). The post-caldera phase is further

divided into the Cerro Evermann Formation and the Lomas Coloradas Formation.

Both formed simultaneously in the 180-12 ka period, the oldest 40Ar/39Ar age of

179±2 ka and the youngest 40Ar/39Ar age of 12±2 ka are both from the Cerro Ev-

ermann Formation. There is one very recent dated deposit, with uncalibrated ra-

diocarbon ages of 4690±270 BP and 5040±460 BP from lacustrine deposits (Farmer

et al., 1993) located within the Lomas Coloradas Formation in the saddle area be-

tween two scoria cones. When calibrated in MatCal (Lougheed & Obrochta, 2016)

with the 14C calibration curve IntCal20 (Reimer et al., 2020), these age ranges fall

between 4052-2846 BCE and 4950-2846 BCE, respectively. The lacustrine deposits

are overlain by a basaltic lava that must be younger. According to Bohrson et al.

(1996), the Lomas Coloradas Formation erupted between 150 to 70 ka. However,

these recent radiocarbon ages indicate volcanic activity did not completely cease

after 70 ka. Therefore, sampling this formation and the nearby region of the young

basaltic flow were the main aims for the paleomagnetic fieldwork.
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Figure 3.1: Sampling locations in the Revillagigedo Archipelago, Mexico (A) were on the islands of San

Benedicto (B) and Isla Socorro (C). The outcrop area of the Cerro Evermann and Lomas Coloradas For-

mations on Isla Socorro are after Bohrson et al. (1996). In (E) are the sampling sites around the scoria

cones, the northern cone is unit 7 and the southern cone is unit 8. Pictures from the field expedition

are from (D) the fissure on the southeastern side of Volcano Bárcena on San Benedicto with the 1952 CE

lava delta in the front, (F) sampling location R3 on Socorro, (G) the river gully of sampling location R7

and (H) sampling location R9
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3.2.3. Sampling Strategy

Previous paleomagnetic work of the Lomas Coloradas and Cerro Evermann Forma-

tions was done by Sbarbori et al. (2009). Those authors obtained samples from four

lavas within these formations. One site was in the Lomas Coloradas Formation,

which showed non-ideal behaviour during paleointensity experiments and could

not be interpreted. The other three sites were within the Cerro Evermann For-

mation, of which one was discarded because of magnetic biasing from lightning

strikes. We collected samples from a total of nine locations from the Lomas Col-

oradas Formation on the south-east of the island, referred to as R-sites (Fig. 3.1C),

the youngest and stratigraphically highest of the local stratigraphy. Because the

objective was to sample recent lavas, only the radiometric dating technique with

radiocarbon (14C) could be useful. We were not able to collect additional mate-

rial for 14C dating of the sites, and we therefore explore whether anomalous direc-

tions or paleointensities are apparent that may warrant additional research. Site

R10 was sampled closest to the dated deposit with 14C ages of 4690±270 BP and

5040±460 BP. Since detailed GPS coordinates were not published for the flow above

the dated rocks, we used the geological map, pictures, and descriptions provided to

assure that the lava we sampled corresponds to the black vesicular basalt described

in Farmer et al. (1993).

Since specific age constraints were not available, Bohrson et al. (1996) assigned rel-

ative age relations to units within the Lomas Coloradas Formation, labelled younger

or older than the adjacent unit in their geological map. We sampled volcanic de-

posits from four of these units (Table 3.1). For some units we have multiple sam-

pling locations, so we can test whether their paleomagnetic directions and intensi-

ties are similar and therefore whether these deposits might be of similar age. Sam-

pling site R1 corresponds most likely to a small strip of the larger flow unit 15; site

R9 is sampled in a river gully in this unit as well (Fig. 3.1F). Sampling sites R2, R3,

R4, and R10 were taken around two scoria cones (Fig. 3.1E). Flow unit 7 is the north-

ern cone; in this unit we sampled our sites R2, R3, and R4. Site R10 was taken from

the saddle area between the two scoria cones of which the northern cone is unit 7

and the southern cone is unit 8. According to Farmer et al. (1993), the basaltic flow

is from the northern cone. Site R10 was indeed sampled on a flow directed down-

ward from the northern cone to the southeast, but because the location is within

flow unit 8 we will assign both unit numbers to site R10. Finally, sampling sites R5,

R6, and R7 were from flow unit 17. R5 and R6 are sampled on top of a massive ap-

pearing lava flow; R7 is sampled in a river gully (Fig. 3.1G) at a lower elevation, and

this lava flow could be older than the one sampled at R5 and R6. One unoriented

block was collected at site R8, and therefore this site was not further used in this

study. According to Bohrson et al. (1996), units 7 and 8 are the youngest of the units

we sampled on Isla Socorro, preceded by unit 17, and unit 15 is the oldest.

For each site, between 10 to 20 paleomagnetic samples up to 15 cm in length and 25

mm in diameter were collected with a standard gas-powered paleomagnetic drill.

Samples were taken over several 10s of meters of the exposure and taken from dif-

ferent blocks, which were checked to have cooled in-situ. For most locations, sam-

ples were obtained from the top of the flow unit. Except for site R9, where only the
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side of the lava was accessible, and sites R1 and R3 from which samples were taken

from both the side and top of the flow. Orienting paleomagnetic cores is preferably

done with a solar compass to avoid any influence of possibly strongly magnetized

neighbouring rocks on the measured declination. This was done except where the

exposure was in the shade or during overcast weather conditions. Hence samples

from sites SB1, SB2, SB3, and R1 were only oriented with a magnetic compass.

3.3. Methods

3.3.1. Rock Magnetic Characteristics
The remanence magnetization carriers and suitability of the samples for paleomag-

netic measurements were tested with rock magnetic analyses. The Curie temper-

ature (TC ) was measured to identify the best temperature steps for paleointensity

experiments. TC was measured on a horizontal translation Curie Balance (Mul-

lender et al., 1993). For each site, one small sample (20-30 mg) was heated from

room temperature to subsequently higher temperatures of 75, 225, 300, 375, 450,

525 and 600 ◦C. After each step the temperature was lowered by 75 ◦C to check the

reversibility of the signal. The highest temperature at which the magnetic signal is

still reversible is referred to as the alteration temperature (Tal t ). The Curie temper-

ature was determined using the two-tangent method.

The magnetic domain state of the samples was assessed with hysteresis measure-

ments. One sample (5-15 mg) per site was measured on an Alternating Gradient

Magnetometer, and for each sample a hysteresis loop and back-field/DCD curve

was measured. The maximum field was set to 500 mT with an averaging time of 150

ms. The slope correction of the hysteresis loop was set to 70% to remove the para-

magnetic contribution to the magnetic signal. The saturation magnetization (Ms ),

remanent saturation magnetization (Mr s ), and coercive force (Bc ) were calculated

from the hysteresis loop. The remanent coercive force (Bcr ) was obtained from the

DCD curve. The ratio of remanence (Mr s /Ms ) and coercivity (Bcr /Bc ) can inform

whether the sample is in the single domain (SD), pseudo-single domain (PSD), or

multi-domain (MD) range in the Day diagram (Day et al., 1977), although this in-

terpreted space has limitations with mixed coercivity and mineralogy (Roberts et

al., 2018). Most of the (titano)magnetite-carrying igneous rocks in paleomagnetic

studies are expected to be within the pseudo-single domain range. To provide more

information about the domain state of the samples, in addition to the classic hys-

teresis measurements First Order Reversal Curves (FORCs) (C. R. Pike et al., 1999)

were measured. The FORCs were measured using the same alternating gradient

magnetometer, the saturating field was set at 200 mT, the averaging time at 200ms

and Hu ranged from -40mT to 40 mT. From one sample per site a total of 240 FORCs

were measured and the FORC data were processed using FORCinel 3.08 (Harrison

& Feinberg, 2008) with the VARIFORC algorithm (Egli, 2013). All smoothing param-

eters are in Supp. Table 3.2.

3.3.2. Paleodirections
To determine the paleomagnetic direction of the sites, samples were subjected to

both thermal and alternating field (AF) demagnetization experiments. Four sam-
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ples per site were thermally demagnetized in steps of 50 ◦C up to 600 ◦C. For the

SB-sites this was limited to two samples per site, as these three sampling locations

are expected to give the same result and therefore all specimens can be grouped

afterwards. After each thermal demagnetization step the remaining magnetiza-

tion was measured on a 2G cryogenic magnetometer. Some samples from sites

R3, R4, R5, and R6 were magnetically very strong and therefore measured on a JR-

6 spinner magnetometer. AF demagnetization experiments were performed using

a robotized 2G DC-SQUID cryogenic magnetometer (Mullender et al., 2016). For

the SB-sites, six samples were subjected to AF demagnetization and for the R-sites

eight samples were used. These samples were demagnetized in 18 AF steps rang-

ing from 0 to 270 mT. During all measurements, the samples were kept in a mag-

netically shielded environment. The demagnetization results were analysed using

paleomagnetism.org online data reduction software (Koymans et al., 2016, 2020)

and plotted in Zijderveld diagrams (Zijderveld, 1967). The Characteristic Rema-

nent Magnetization (ChRM) was identified as a straight line to the origin. Samples

with a Maximum Angular Deviation (MAD)>10◦ were removed from further inter-

pretation. Site mean directions were calculated with Fisher statistics (Fisher, 1953)

and the outliers were identified in the Virtual Geomagnetic Pole (VGP) distribu-

tion using a 45◦ cutoff. For sites that were sampled close together, i.e., in the same

flow or unit, or that show similar directional results, we checked whether they share

a Common True Mean Direction (CTMD). When the CTMD test is positive the di-

rections are statistically indistinguishable (Tauxe, 2010) and the sampled rocks may

represent the same spot reading of the paleomagnetic field. This can be interpreted

as such sites recording a coeval remanence.

3.3.3. Paleointensities

The absolute paleointensity of the sites was determined using Thellier-Thellier type

(Thellier, 1959) paleointensity measurements. Between six (SB-sites) to eight (R-

sites) specimens were subjected to the IZZI-Thellier technique (Tauxe & Staudigel,

2004), which combines the zero-field, in-field (ZI) method (Coe, 1967) and the in-

field, zero-field, (IZ) method (Aitken et al., 1988). After each group of four steps

(ZIIZ) we included a partial thermal remanent magnetization (pTRM) check (Coe

et al., 1978) to check for changes to the capacity of the samples to acquire a TRM.

The samples were glued with quartz-wool and a potassium silicate solution into

small glass cups. Depending on their Curie temperature, the samples were mea-

sured in different batches starting from 50 ◦C, 100 ◦C or 200 ◦C up to 610 ◦C or until

they were demagnetized. After each heating step the (remaining) magnetization

was measured on a 2G cryogenic magnetometer in a magnetically shielded room.

For the in-field steps a DC field of 50 µT was applied during heating and cooling.

The NRM remaining was plotted against the pTRM gained in an Arai plot for each

sample (Nagata et al., 1963). In the Thellier-Thellier method it is assumed there is

a linear relationship between the NRM of a sample remaining after heating and the

imparted TRM under a laboratory field. Many samples, however, exhibit non-ideal

behaviour during thermal paleointensity experiments (Coe, 1967). Typical reasons

for failure of paleointensity experiments are the presence of multi- or pseudo-single

domain grains, resulting in a ’sagged’ or downward curved Arai plot (Dunlop &
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Table 3.1: Sampling sites and rock magnetic characteristics. Given are the sites, their assigned unit, in
which the numbers represent the flow units defined by Bohrson et al. (1996), latitude and longitude,
elevation (Elv), flow unit according to Bohrson et al. (1996), dominant Curie Temperatures (Tc) and
alteration temperature determined from the magnetization vs temperature diagrams (Talt). Observed
domain state are single vortex state (A), uniaxial non-interacting single domain (B) and multidomain
behaviour (C). *R10 is on the border of the two units, the radiocarbon age could be 4690±270 BP to
5040±460 BP.

Site Unit Lat (N) Long (W) Elv (m) Tc (◦C) Talt (◦C) Domain

SB1 1952-flow 19.3059 110.7967 5 150/580 375 A
SB2 1952-flow 19.3053 110.7967 5 180/580 375 A
SB3 1952-flow 19.3037 110.7967 5 200/570 375 AC
R1 15 18.7336 110.9433 80 200/550 A
R2 7 18.7335 110.9401 56 220 225 AD
R3 7 18.7327 110.9388 55 570 300 AB
R4 7 18.7325 110.9386 51 340/530 225 A
R5 17 18.7621 110.9684 383 580 525 AB
R6 17 18.7612 110.9688 380 140/560 375 A
R7 17 18.7598 110.9684 360 570 AC
R9 15 18.7462 110.9331 240 180/540 300 A
R10 7 and 8* 18.7322 110.9372 46 300/560 225 AB

Özdemir, 2001; Tauxe et al., 2021), or thermal alteration, resulting in failed pTRM
checks. To check for non-ideal behaviour the paleointensity results are interpreted
in the online analysis platform paleointensity.org (Béguin et al., 2020). We used
the automated interpretation function and six different sets of selection criteria to
assess the quality of our results: TTA and TTB (Leonhardt et al., 2004), SELCRIT2
(Selkin & Tauxe, 2000), PICRIT03 (Kissel & Laj, 2004), CLASS-A (L. V. de Groot et al.,
2014a), and CCRIT (Cromwell et al., 2015b). The first four included the modifica-
tions as proposed by Paterson et al. (2014). The Arai plot curvature criteria k’<0.35
was applied to all except CCRIT to detect MD behaviour. CCRIT is the strictest cri-
terion and has a threshold of k’<0.164. The other selection criteria values can be
found in Supp. Table 3.3. All interpretations that pass one or more selection criteria
are considered when calculating site mean paleointensities. Therefore, interpre-
tations that pass more sets of selection criteria are deemed more reliable and are
given a greater weight in the resulting paleointensity.

3.4. Results

3.4.1. Rock Magnetic Characteristics
The magnetization-vs-temperature diagrams (Fig. 3.2A-C and Supp. Fig. 3.1) reveal
that the samples yield a range of Curie temperatures (Table 3.1). Several samples
carry two Curie temperatures, an indication of the presence of two populations of
magnetic minerals. Among the latter are the samples from all three sites of San
Benedicto (Fig. 3.2A) and R1, R4, R6, R9, and R10 from Socorro. Sites R3, R5, and
R7 yield a single TC close to 580 ◦C; the dominant magnetic carrier in these sam-
ples is therefore magnetite. Except for sites R1 and R7 (Fig. 3.2C), which show re-
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versible behaviour, all samples exhibit some degree of alteration. The alteration
of R5 is small and only at the higher temperature step 520◦C; this is the only sam-
ple with a cooling curve slightly lower than the heating curve. In contrast, R2 (Fig.
3.2B), R4, and R10 have a low alteration temperature around 225 ◦C. Site R2 in par-
ticular shows a high degree of alteration with a cooling curve much higher than
the heating curve. These heating-cooling curve differences can be an indication
of oxyexsolution during cooling, where the initial titanomagnetite with a lower TC

exsolves into intergrowths of Ti-rich ilmenite and Ti-poor magnetite, thereby rais-
ing the Curie temperature (Dunlop & Özdemir, 1997). The sites that indicate a high
degree of alteration are considered not ideal for paleointensity experiments (Coe,
1967; Tauxe, 2010). Nonetheless, as perhaps not all samples of a site experienced
the same amount of alteration regardless of their rock magnetic characteristics, all
sites were subjected to paleointensity experiments.

Hysteresis experiments indicated that the domain structure of all samples is within
the PSD domain (Fig. 3.2F) of the Day plot and they fall along the theoretical mixing
lines of Dunlop (2002). This is expected for these lava flows because most basaltic
samples plot within this PSD area (e.g., Tauxe et al., 2002). Examples of hysteresis
curves are in Fig. 3.2D,E and Supp. Fig. 3.2. Back field curves are in Supp. Fig. 3.3.
An initial interpretation is that these lavas contain a mixture of SD to MD titano-
magnetite grains (e.g., Dunlop, 2002). Representative FORC diagrams are shown
in Fig. 3.2G-I. The FORC diagrams mostly agree with the PSD field: the FORCs
show consistent single-vortex (SV) behaviour (Table 3.1, Fig. 3.2G-I), which is the
leading physical explanation of PSD behaviour (e.g., Roberts et al., 2017). Thus, we
conclude that stable remanence in these lavas is carried by a mixture of SD and
stable vortex-sized grains, with some unstable remanence carried by an MD com-
ponent. In the Day-plot, Mr s and Bcr are largest for site R2, suggesting the presence
of smaller sized grains. The FORC diagram of R2 (Fig. 3.2G) shows a vertical spread
at Bc 40-100mT with a long central ridge tail, perhaps due to a higher coercivity
content (Supp. Fig. 3.3). For R6 (Fig. 3.2E) the Bcr /Bc ratio is especially high,
suggesting a larger magnetic contribution from multi-domain grains. The FORC
diagram of this site is slightly anomalous, it yields some SV state grains but there is
influence of other states. For sites R3, R5, and R10, besides the single vortex state we
observe a well-defined central ridge and negative FORC distribution along the Bu
axis (Fig. 3.2H-I), which is characteristic of uniaxial non-interacting SD magnetite
(Egli, 2013; Newell, 2005; Roberts et al., 2014). This suggests an ideal assemblage
for recording the magnetization. The presence of multidomain magnetite besides
the SV behaviour is seen in R7 and SB3 (Supp. Figure 3.4), which would make them
less ideal for paleointensity experiments (Dunlop & Özdemir, 2001; Fabian, 2001;
Paterson, 2011).

3.4.2. Paleodirections

The paleodirectional data obtained from San Benedicto and Isla Socorro generally
show consistent demagnetization behaviour between samples from the same site
(Fig. 3.3A,B and Supp. Fig. 3.5, 3.6) and no overprints for most sites as expected
for recent lavas. There are some exceptions, with three samples of site SB1 and two
samples from R2 from the AF demagnetization experiments did not trend to the
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Figure 3.2: Magnetization as a function of temperature plot of A) SB2, B) R2 and C) R7. Arrow pointing

down is the heating curve, arrow pointing up is the cooling curve. Examples of hysteresis curves are

shown for D) SB1 and E) R6. The black loop is with a 70% correction for the paramagnetic contribution,

in orange is the raw data. In (F) the results for Mr s /Ms and Bcr /Bc ratios of the samples are plotted in

the Day-diagram. Vertical and horizontal lines indicate the boundaries for SD, PSD and MD domains.

Dashed lines are the theoretical mixing curves of (Dunlop, 2002). FORC diagrams of R2, R5, and R10 are

in G-I.
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origin of the Zijderveld diagram (Supp. Fig. 3.5, SB1). Furthermore, the Zijderveld

diagram of three samples from R6 are chaotic and the best fit shows a maximum

angular deviation (MAD)>10◦. These samples are therefore not used for further

paleodirectional analyses. Samples from site R3 show univectorial demagnetiza-

tion behaviour, and samples lost their magnetic signal around 550 ◦C or AF steps

60-150 mT with typical MAD values <3◦ (Supp. Fig. 3.5). The resulting directions,

however, are scattered: when all samples are accepted the k-value is just 1.2 – an

almost random distribution. We therefore excluded this site from further interpre-

tation. The obtained mean paleomagnetic ChRM directions for all other sites are in

Table 3.2 and Fig. 3.3C, rejected samples not described above did not pass the 45◦

VGP cut-off.

We could not use the solar compass due to overcast weather at sites SB1, SB2, SB3,

and R1. The results from the sampling locations on Socorro for which we have both

sun and magnetic compass readings show that the differences between these two

orientations are generally small, on average just 1.2◦ (Table 3.2 and Supp. Table 3.1).

The declination of R5 changes most, with a correction of 3.6◦. Interestingly, the re-

sulting k-values and α95 values show considerable differences between the sun and

magnetic compass readings. Site R5 shows the largest variations. Compared to the

magnetic readings, the solar compass results for site R5 show a decrease in α95 by

1◦ and an increase in the k-value by 82. Except for site R4, the k-value increases

and the α95 value decreases for all paleomagnetic directions. The use of a magnetic

compass therefore appears to introduce an additional noise or bias in the data com-

pared to sun compass readings.

According to the IGRF, the expected paleomagnetic direction for the SB-sites is a

declination of 10.5◦ and an inclination of 43.7◦ in December 1952. The site means

of SB1, SB2, and SB3 deviate from these reference values by different amounts (Ta-

ble 3.2), although these deviations are within the α95 range. The angular difference

between the measured vector and the IGRF is smallest for SB2 at 4.7◦, and largest

for SB1 at 7◦. The largest variation from the expected value in the mean declina-

tion is 6.1◦ for SB2. SB1 shows the largest inclination variation, at 6.1◦ lower than

expected (Table 3.2). Surprisingly, the directions of SB1 and SB2 differ consider-

ably from the direction of SB3: the declination of SB1 and SB2 are close together,

whereas the declination of SB3 deviates approximately 12◦ from SB1 and SB2. The

maximum difference in inclination is 10.3◦ between SB1 and SB3. Therefore, only

SB1 and SB2 share a CTMD, whereas SB3 fails a CTMB test with both SB1 and SB2.

When combining the specimens of the three sites, however, the mean direction is

is only 1.3◦ off from the IGRF reference value.

The directions from sites R2 and R4 have the lowest precision parameter k and

largest confidence limit α95. A low k-value does not necessarily mean an unreli-

able result. This is, for example, reflected in the grouped SB1+2+3 sites, which yield

more accurate results compared to a single SB-site, despite having a lower k-value

of 63.3. However, the k-values of R2 and R4 are even lower. Site R2 has a k-value of

27 and an α95 of 10.1◦. R4 has a k-value of 13.2 and an α95 of 13.1◦, and therefore

these two sites are unreliable. The paleomagnetic directions of all other R-sites have
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Table 3.2: Directional results. The measured directions per site are given by the parameters: number of

samples accepted/number of samples measured (n/N), the declination from magnetic or solar compass

readings (Dec), inclination (Inc), 95 percent confidence interval (α95), precision parameter (k) and the

separate errors for declination (∆Dx) and inclination (∆Ix). ∆Dec and ∆Inc are the differences from the

IGRF-values and∆Angle is the angular difference between the two vectors.Results in italic are unreliable.

For sites from similar units, the grouped directions are also given.

Site n/N Dec (◦) Inc (◦) α95(◦) k ∆Dx ∆Ix ∆Dec ∆Inc ∆Angle

SB1 5/8 15.1 37.6 7.9 93.9 9.9 13.2 4.6 -6.1 7.0

SB2 8/8 16.5 42.0 7.3 58.6 8.3 10.0 6.0 -1.7 4.7

SB3 8/8 5.2 47.9 5.0 123.0 7.1 7.3 -5.3 4.2 5.6

SB1+2+3 21/24 12.2 43.3 4.0 63.3 4.8 5.7 1.7 -0.4 1.3

R1 11/12 2.9 33.3 3.1 220.8 2.6 3.8

R2 9/12 -8.6 15.8 10.1 27.0 9.1 17.1

R3 0/12

R4 12/12 7.1 17.9 12.7 13.9 11.9 21.9

R5 12/12 4.0 29.9 3.2 190.8 2.8 4.4

R6 7/12 29.1 28.9 4.7 165.6 6.0 6.9

R7 12/12 0.8 28.9 6.0 53.4 6.0 9.4

R9 10/12 -0.5 36.9 4.9 97.1 4.5 6.2

R10 9/12 -7.4 4.2 4.0 163.7 3.8 7.5

R1+R9 21/24 2.3 35.0 2.8 126.7 2.6 3.6

R5+R7 24/24 3.6 29.5 3.8 63.0 3.9 6.1

R5+R6+R7 31/36 9.7 29.8 4.5 34.8 4.9 7.6

lower uncertainties and have an α95 value <7◦ and k>50. The inclination for all

but one of these sites ranges from 28.9◦ to 36.9◦, which is expected for this latitude

based on the GAD hypothesis. Site R10 yields an interesting shallow inclination of

4.2◦ in combination with an easterly declination.

3.4.3. Paleointensities

Ninety samples were subjected to the IZZI-Thellier paleointensity technique: 64 of

them passed one or more sets of selection criteria. However, some of the segments

interpreted by paleointensity.org were unreliable because the samples gained al-

most no pTRM compared to the NRM lost during demagnetization; this produced

extremely high paleointensity results between 100-700 µT (Supp. Fig. 3.5, R3).

Some samples from sites R4 and R6, as well as all samples belonging to R3, were

therefore removed from further analysis. Considering the scattered paleodirections

and extreme paleointensity values, site R3 was most likely struck by lightning. Dis-

carding site R3 results in 55 samples passing at least one of the sets of selection

criteria, a success rate of 61%. One sample from SB1, one sample from R4, and two

samples from R5 passed the strictest selection criteria CCRIT. The resulting pale-

ointensities are in Table 3.3 and examples of Arai diagrams are shown in Fig. 3.3D-F.

Most samples from the SB-sites passed at least one set of selection criteria. Because

the intensity in 1952 CE on San Benedicto is known, and was approximately 42.8 µT,

we compare our results with this reference value. Of the three SB-sites, only SB1 is

close to this value with a paleointensity of 41.9 µT. SB2 and SB3 produced lower pa-

leointensities than expected: 27.4 µT and 38.5 µT, respectively (Supp. Fig. 3.5). The

paleointensity of all interpretations from the three sites combined is therefore also
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Figure 3.3: Zijderveld diagrams of thermal demagnetization experiments (A) and alternating field de-
magnetization experiments (B) of samples from sites R6 and R10. Closed circles are declination; open
circles are inclination. Straight lines through the measurement steps indicate the ChRM direction. (C)
The stereographic projection of the site mean directions and their confidence ellipses. (D-F) Arai plots
of the IZZI-Thellier experiments from sites SB1, R6, and R10. Blue circles are the ZI-steps, red circles
the IZ-steps, and triangles indicate pTRM-checks. Temperature steps are given, for readability only the
first and last segments of SB1-8 and R6-7 are shown. The complete series of temperature steps can be
found in Supp. Fig. 3.5, 3.6. Selection criteria are CCRIT (C), SELCRIT (S), PICRIT (P), TTA, TTB, and
CLASSA (A). The green line is the largest segment that passed a selection criterium; intensity shown is
the average result of all selection criteria.

8.3 µT lower than expected. Some of the SB-samples display non-ideal behaviour
in the Arai diagrams. Two samples of SB1 and three samples of SB3 exhibit a curved
Arai plot, indicative of multi-domain behaviour (Dunlop & Özdemir, 2001; Fabian,
2001). A small ’zigzag’ pattern between temperature steps 350-480 ◦C is observed
for one sample of SB1 and SB3 and in three samples of SB2.

The sites sampled on Socorro were less successful in the IZZI-Thellier measure-
ments. R2 and R3 yielded no interpretable results. Only three samples from R4
could be interpreted and the resulting paleointensity is 7.3 µT. Even though one of
the samples passed the strictest selection criteria (CCRIT), there are several reasons
to question this anomalously low paleointensity. First, the paleodirection of R4 has
a large α95 value; for some samples this is because of a small overprint which sug-
gests there may be an issue with how the magnetization is recorded in the samples.
Additionally, two paleointensity samples from R4 could not be interpreted because
of the steep NRM/TRM slope; another sample exhibited sagging behaviour most of-
ten attributed to multi-domain behaviour. In combination with the low alteration
temperature determined from the thermomagnetic curves, we therefore consider
results from this site unreliable. From sites R7, R9, and R10, as many as six samples
passed the selection criteria but all have a large scatter in the paleointensities from
different samples (i.e., a large σ/PI ratio). Samples from site R7 especially show
sagging behaviour in the Arai diagrams, and the first temperature steps pass some
selection criteria and provide a paleointensity of 60-70 µT but the higher tempera-
ture steps yield paleointensities of 10-20 µT. The most reliable paleointensities are
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Table 3.3: Paleointensity results. The obtained paleointensities per site are given by the parameters:

number of samples that pass a set of selection criteria/number of samples measured (n/N), number of

interpretations (n_int), resulting paleointensity (PI), standard deviation (σ), standard deviation divided

by the paleointensity in percent (σ/PI) and the difference with the IGRF-value (∆Int). Unreliable results

are in italic.

Site n/N n_int PI (µT) σ σ/PI ∆Int

SB1 5/6 173 41.9 5.0 12.0 -0.9

SB2 6/6 212 27.4 4.1 14.9 -15.4

SB3 6/6 56 38.3 5.9 15.4 -4.5

SB1+2+3 17/18 439 34.5 5.8 12.2 -8.3

R1 7/8 86 47.3 5.8 12.2

R2

R3

R4 3/8 131 7.3 0.8 11.5

R5 8/8 378 29.8 5.4 18.0

R6 6/8 338 34.7 7.3 21.0

R7 5/8 40 57.1 24.2 42.4

R9 7/8 161 41.9 12.7 30.3

R10 2/8 20 41.9 18.2 43.5

R1+R9 14/16 247 43.8 11.1 25.3

R5+R6 14/16 716 32.1 6.8 21.1

R5+R6+R7 19/24 756 33.5 10.3 30.8

measured from sites R1, R5, and R6. These yield paleointensities of 29.8 µT, 34.7

µT, and 47.3 µT, respectively, which correspond to VADMs of 67.8, 79.1, and 106.2

ZAm2.

3.5. Discussion

We obtained paleodirectional and paleointensity data from the islands of San Bene-

dicto and Socorro. The dataset is discussed below according to the relative age of

the sampled units, starting with the youngest flow from the 1952 CE eruption on

San Benedicto and concluding with unit 15 of the Lomas Coloradas Formation on

Socorro.

3.5.1. The 1952 San Benedicto flow

The three sampling sites on San Benedicto were from the 1952 CE lava flow. The

expected IGRF field values are a declination of 10.5◦, an inclination of 43.7◦, and

an intensity of 42.8 µT. The site level ChRM directions and intensity results deviate

from these IGRF-values by different amounts (Table 3.2, 3.3). There are several pos-

sible explanations for these deviations. The declination variation could be due to

the use of a magnetic compass to orient the samples: the magnetization of nearby

rocks can influence the ambient magnetic field, offsetting the magnetic compass

readings at these sampling locations. However, even though the declination devia-

tion is limited to 6◦, they are still too large to be explained by the magnetic compass

alone - certainly because the difference between the sun and magnetic compasses

yielded a deviation of only 1.2◦ on average for the Socorro sites. Therefore, we do
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not conclude that the use of a magnetic compass is the sole explanation for the

declination deviations, especially because the inclination also deviates from the

expected value. The sites may have experienced post-cooling movement. Because

samples were collected from a larger area and from different blocks, any individual

block rotations should be detectable, whereas a uniform rotation of the entire site

would affect all directions equally. In addition, the intensity values also show a de-

viation from the expected value, up to 15.4 µT lower for SB2. Lower-than-expected

paleointensities are often reported for historical lavas (e.g., Biggin et al., 2007; L. V.

de Groot et al., 2013; Meyer & de Groot, 2024; Smirnov et al., 2017; Tanaka et al.,

2012). Frequently, such lower-than-expected values are attributed to rock mag-

netic characteristics such as multi-domain effects or alteration. This might also be

the case for the SB-samples, because a few display minor amounts of zig-zagging

or sagging in the Arai diagrams (Supp. Fig. 3.5), which are characteristic of these

effects. However, multi-domain magnetite is only observed in the FORC diagram

of SB3. Furthermore, the intensity of SB1 was consistent whereas it has the same

rock magnetic characteristics as SB2, a similar alteration temperature around 375
◦C and the Arai plots of SB2 do not clearly show more non-ideal behaviour than SB1

or SB3. We therefore evaluate other options for the large deviation of SB2. Possibly,

the rocks could be affected by magnetic anomalies arising from the underlying flow.

Magnetic anomalies create a local disturbance in the magnetic field, and thus in-

fluence the remanence stored in a new flow during cooling. This ‘magnetic terrain

effect’ cannot be corrected by using a solar compass, and it also affects the incli-

nation. Similar deviations from the actual geomagnetic field caused by magnetic

anomalies were reported for Hawaii (Baag et al., 1995), La Palma, Tenerife (Valet &

Soler, 1999), and Mt. Etna (Meyer & de Groot, 2024; Tanguy & Le Goff, 2004). Such

local anomalies would be larger in areas with large topographic differences, which

was the case for the 1952 CE flow on San Benedicto. The lava flow had a very irreg-

ular topography, with gullies up to 3m deep, there were large blocks, and sampling

was performed in topographic lows within the lava.

Previous studies on the magnetic terrain effect found a correlation between lower

inclinations and lower intensities (B. M. de Groot & de Groot, 2019; Meyer & de

Groot, 2024). We do not see this for our SB-sites: the declination and inclination of

all three SB-sites deviates from the IGRF-value in some amount but there appears

to be no correlation with intensity deviation. Previous analyses also predict that

magnetic anomalies are averaged when sampling is performed over sufficiently

large distances (e.g., Meyer & de Groot, 2024; Tanguy & Le Goff, 2004; Villasante-

Marcos & Pavón-Carrasco, 2014). This is the case for the average direction for sites

SB1+2+3, which is statistically indistinguishable from the expected direction; we,

however, do not see this reflected in the average intensity of the three SB sites. Mag-

netic anomalies may therefore explain a part of the disagreement between the pa-

leodirections and the expected values, but the reason for the significantly higher

intensity deviation of up to 15 µT remains unclear. In summary, we infer that the

difference between the directions and intensities of the SB-sites and the reference

value can be explained by a combination of the use of a magnetic compass and the

magnetic terrain effect.
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3.5.2. Lomas Coloradas Formation unit 7 and 8

Bohrson et al. (1996) did not distinguish between the ages of the Lomas Coloradas

Formation unit 7 and 8, which are two scoria cones in the south of Socorro island.

We sampled sites R2, R3, and R4, south of the northern cone (Fig. 3.1E). In both

directional and paleointensity experiments the three sites show erratic paleomag-

netic behaviour,and were deemed unreliable. The paleodirectional results from R2

and R4 have large error ranges, with an α95 larger than 10◦ and k-values as low as 27

and 13.2. During the IZZI-Thellier experiments most samples from R2 and R4 were

affected by thermal alteration in the higher temperature steps, which was also ob-

served in the magnetization-vs-temperature diagrams (Supp. Fig. 3.1). The largest

heating-cooling curve differences and lowest alteration temperature was found for

R2 (Fig. 3.2B); this sample also has a high coercive component revealed by the

FORC measurements: this hampered interpreting the paleointensity in these sam-

ples.

Site R10 is in the saddle area between the two cones (Fig. 3.1E), on the border of

unit 7 and 8. Although the other sampling sites from unit 7 yielded scattered re-

sults, site R10 successfully produced paleodirections and yielded an interesting in-

clination of only 4◦. The geomagnetic implications of this result for the region are

discussed below. Only two paleointensity samples passed a set of selection criteria,

as most other samples suffered from thermal alteration during the higher temper-

ature steps (Fig. 3.3F). One specimen passed three selection criteria but suffered

from sagging. Therefore, only the lower temperature steps were interpreted and re-

sult in a paleointensity of 50.8±4.3 µT. The other sample only passed PICRIT, with

a paleointensity of 6.3 µT. Two samples that are so far apart are not sufficient for a

reliable paleointensity determination for this cooling unit.

The three sites within unit 7 failed to produce a reliable paleodirection and inten-

sity, whereas site R10, located at the boundary between the two scoria cones, did

yield a reliable paleodirection. It appears that the flow of R10 produced reliable di-

rectional data, whereas the volcanics from the northern scoria cone did not. There-

fore, we advise future paleomagnetic studies to not sample unit 7.

3.5.3. Lomas Coloradas Formation unit 17

Sampling sites R5, R6, and R7 were obtained from flow unit 17. Their inclinations

agree within 1◦, but the declination of site R6 deviates 27◦ from the declinations of

R5 and R7. Therefore, only R5 and R7 share a CTMD. In the field, this unit appeared

to be a single massive flow, and at each site the samples were taken distributed over

the flow. The difference in declination between site R6 and the other two sites is too

large to be explained by the magnetic terrain effect. This result could imply that the

area of site R6 was rotated by 27◦, which seems untenable from field observations.

Another explanation is that site R6 belongs to a currently unidentified underlying

cooling unit with a different age. Without further age constraints, we cannot dis-

criminate between these scenarios.

The magnetization-vs-temperature diagram of site R7 showed completely reversible

behaviour (Fig. 3.2C) which would point to being an ideal recorder. However, the
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FORC measurements indicate the presence of MD-grains which most likely ham-

pered the paleointensity experiments as most Arai diagrams from samples from

R7 show sagging behaviour. Moreover, the paleointensity interpretations of site R7

that do pass a set of selection criteria show an unacceptably low internal consis-

tency: it has a σ/PI value of 42.4%. Of sites R5 and R6, based on the rock magnetic

properties R5 (Table 3.1) is expected to yield the most reliable paleointensity re-

sults. From site R5 all samples are accepted, and the internal consistency of both

site R5 and R6 is much better than that of R7, although still low with σ/PI values

of 18% and 21%, respectively (Table 3.3). In some studies, a paleointensity result is

deemed unreliable when the σ/PI exceeds 20% (Béguin et al., 2021), while in others

this is set at 25% (Kissel & Laj, 2004; Paterson et al., 2010; Selkin & Tauxe, 2000).

Given the large difference in the paleomagnetic direction between R5 and R6 and

that they may not be from the same cooling unit, it is notable that their paleointen-

sities do agree within error. This might point toward a post-remanence-acquisition

block rotation – even though we are convinced that we would have noticed this in

the field.

To summarize, we calculated the combined direction of sites R5 and R7 to have

a declination of 3.6◦ and an inclination of 29.5◦. The grouped direction of all three

sites of unit 17 is also given (Table 3.2), which has a similar inclination but due to

the declination of R6 results in an overall declination of 9.7◦; this value should be

treated with caution. Because in the field sampling sites R5 and R6 appeared to be-

long to the same lava flow unit, we calculated the average intensity from both sites,

which is 32.1±6.8 µT and corresponds to a VADM of 72.1 ZAm2. With R7 included,

these values are similar, but with a larger uncertainty range of 33.5±10.3 µT or 75.7

ZAm2 (Table 3.3).

3.5.4. Lomas Coloradas Formation unit 15
Site R1 and R9 were obtained 1.6 km apart but were located within the same cool-

ing unit as mapped by Bohrson et al. (1996). The directional data of both sites have

an α95 <5◦ and k values of 220.8 and 97.1 and are therefore deemed reliable. Fur-

thermore, they share a CTMD, resulting in a direction with a declination of 2.3◦ and

an inclination of 35◦ (Table 3.2). Site R1 yielded the most successful IZZI-Thellier

results. For site R9, most samples pass at least one set of selection criteria, but the

σ/PI value exceeds 30%. This is mainly due to sagging in the Arai diagram. When

the paleointensity results from these two sites are combined, we obtain an inten-

sity of 43.8±11.1 µT with an internal consistency σ/PI of 25%. This intensity cor-

responds to a VADM of 98.9 ZAm2. Given that the two sites have the same rock

magnetic characteristics, that they share a CTMD and their paleointensities over-

lap, we conclude that they are most likely from the same unit. Unit 15 covers a large

area in the south; therefore one large eruption must have occurred or the eruption

rate was high.

3.5.5. Geomagnetic implications
From the five cooling units we studied, two have associated radiometric ages: the

1952-flow (all SB-sites) and unit 7-8 (R10). From site R10 we obtained an unexpect-

edly low inclination of 4.2◦. The expected average inclination for the Revillagigedo
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Archipelago according to the GAD hypothesis is 35.0◦. This implies that around or

after the calibrated ages associated with site R10, 4052-2846 BCE and 4950-2846

BCE, the inclination at Revillagigedo was shallow. An inclination as low as 4.2◦ is

not predicted in any of the recent geomagnetic models for this age (Constable et

al., 2016; Nilsson et al., 2022; Schanner et al., 2022), although the reliability of these

models is limited due to the lack of paleomagnetic data coverage in this region. It is

possible, however, that the sampled volcanic deposit is not the basaltic flow Farmer

et al. (1993) refers to as unit 7-8. Although we are convinced the sampling location

is correct, the lack of GPS coordinates in Farmer et al. (1993)’s work introduces un-

certainty. In the scenario in which we did not sample unit 7-8, but an older, under-

lying unit, it might be linked to older events such as negative inclinations identified

at 26,000 BCE in the regional paleosecular variation (PSV) curve of Mexico (Mah-

goub et al., 2019). In this PSV curve, the declination is also negative around 26,000

BCE, which would match with the negative declination of R10. However, due to

the location in between the two scoria cones and the presence of lacustrine sand-

stones, we are convinced that the shallow inclination of site R10 does correspond to

the 4052-2846 BCE to 4950-2846 BCE period. This suggests that around this period

there was an unknown shallow inclination anomaly in the region.

Currently, the magnetic field at Revillagigedo also deviates from the expected GAD

direction. In 2024 the declination was 7.5◦ and the inclination 44.6◦, which is higher

than the expected 35◦. One possible explanation for the higher inclination in this

region could be an influence related to behaviour similar to that of the present-

day South Atlantic Anomaly (SAA). The SAA is usually characterized as a region of

anomalously low intensity. The current minimum field strength at the Earth’s sur-

face is 22.5µT and located in Paraguay (Pavón-Carrasco & De Santis, 2016), whereas

based on the current dipole a strength of approximately 33 µT is expected at this

latitude. In addition to the very low intensity, the magnetic equator is currently lo-

cated further south in the Middle and South-American region (Abdu et al., 2005;

Trivedi et al., 2005). While the magnetic equator is more northerly located in the

African region and inclinations there are currently shallower than expected from

a GAD field. The occurrence of the SAA has led to rapid directional variations in

combination with low intensity values, for example in southern Africa (Hare et al.,

2018) and Brazil (Trindade et al., 2018). If the rapid directional variations go be-

yond the area of the intensity anomaly, then an inclination anomaly in the north

may be associated with an intensity anomaly in the south. A recurrence of the SAA

has been hypothesized before (Engbers et al., 2022; Shah et al., 2016; Tarduno et

al., 2015; Trindade et al., 2018). Therefore, we hypothesise that the shallow 4.2◦

inclination and negative declination of R10 is a local distortion in an episode in

which the Earth’s magnetic field was relatively non-dipolar. Such non-dipolar be-

haviour could be related to a recurrence of an SAA-like anomaly, somewhere else

in the Southern Hemisphere than its current location in South America. Future

studies on the Revillagigedo Islands could focus on obtaining more results and ra-

diocarbon ages for this age to determine whether our observations arise from an

as yet undocumented spurious occurrence of non-dipolar behaviour in this region,

or whether the anomalous behaviour could be linked to recurrent behaviour of the

SAA.
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Three of our five sampled cooling units have only relative age constraints and can

be compared broadly to the results of Sbarbori et al. (2009). They obtained an av-

erage paleointensity of 30±7.1 µT from older Pleistocene lavas from Socorro. Their

results correspond to an average virtual axial dipole moment (VADM) of 67.6±16

ZAm2, which is slightly lower than the current field strength at Socorro of 87 ZAm2.

Our three independent successful paleointensity sites on Socorro yield values in

the range of 30-47 µT, corresponding to a VADM range of 67.8 - 106.2 ZAm2 with an

average of 84 ZAm2 Our field strength calculations are thus slightly higher than the

one documented by Sbarbori et al. (2009), although they all are within a plausible

range of variations in field strength for the Pleistocene. In summary, the sampled

Pleistocene lavas of Socorro do not record a markedly anomalous paleomagnetic

field intensity.

3.6. Conclusion

This reconnaissance study presents paleomagnetic data from three sampling sites

on Isla San Benedicto and nine sampling sites on Isla Socorro, both uninhabited

volcanic islands of the Revillagigedo Archipelago in the eastern Pacific Ocean. The

sites on San Benedicto are from a 1952 CE lava delta, and site level directions varied

from the expected IGRF-value. However, combining the three sites yielded a re-

sult consistent with the IGRF value emphasizing the need to obtain samples spread

out and study several sites within a single lava flow. For paleointensity, almost all

samples from San Benedicto Island passed at least one set of selection criteria, but

only one site came close to the expected field value. The other two sites yielded

lower than expected intensities. A combined mean intensity yields a value 8.3 µT

lower than the IGRF-value. For the Socorro sampling sites, only one location has an

age constraint of 4690±270 BP and 5040±460 BP determined by radiocarbon dat-

ing. This site yields an interestingly low inclination of 4.2◦, more than 30◦ lower

than expected for this latitude. We suggest that such a deviation is related to non-

dipolar features of the Earth’s magnetic field, such as a recurring anomaly in the

South Atlantic. Future paleomagnetic results from dated volcanic deposits on the

Revillagigedo Islands within this time period will provide insights into the variabil-

ity of the Earth’s magnetic field and occurrence of perhaps previously unknown ge-

omagnetic anomalies. Other successfully obtained paleodirections and intensities

from Socorro for the Pleistocene are consistent with expected values at this latitude

and show that these Pleistocene lavas did not record strongly anomalous fields.
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3.8. Supplementary Information

Supplementary Figure 3.1: Magnetization versus temperature plots for all sampling sites on the Revil-

lagigedo Archipelago. The heating curve is the downward pointed arrow, the cooling curve is the upward

pointed arrow.
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3.8. Supplementary Information

Supplementary Figure 3.2: Hysteresis loops for all sampling sites on the Revillagigedo Archipelago.
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SB1 SB2 SB3

R1 R2 R3

R4 R5 R6

R7 R9 R10

Supplementary Figure 3.3: DCD backfield curves for all sampling sites on the Revillagigedo Archipelago.
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3.8. Supplementary Information

Supplementary Figure 3.4: First Order Reversal curves for all sampling sites on the Revillagigedo

Archipelago. Smoothing parameters used are specified in Supp. Table 3.2.
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Supplementary Figure 3.5: Examples of Zijderveld and Arai diagrams from specimens of sampling sites

SB1-R3. In the Zijderveld diagram the top is up/west. Selection criteria used for interpreting the Arai

plots are in Supp. Table 3.3. Blue circles are the ZI-steps, red circles the IZ-steps, and triangles indicate

pTRM-checks. Selection criteria are CCRIT (C), SELCRIT (S), PICRIT (P), TTA, TTB, and CLASSA (A). The

paleointensity given is according to the green line, which is the largest interpretable segment.
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Supplementary Figure 3.6: Examples of Zijderveld and Arai diagrams from specimens of sampling sites

R4-R10.
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Supplementary Table 3.1: Paleomagnetic directions from magnetic compass readings.The obtained di-

rections per site are given by the parameters: number of samples accepted/number of samples mea-

sured (n/N), the declination from magnetic compass readings corrected for the current declination of

the field (Dec), inclination (Inc), 95 percent confidence interval α95, precision parameter (k) and the

separate errors for declination (∆Dx) and inclination (∆Ix). ∆Dec and ∆Inc are the difference with the

IGRF values. Of SB1+2+3 the grouped directions are also given.

Site n/N Dec (◦) Inc (◦) α95(◦) k ∆Dx ∆Ix ∆Dec ∆Inc

SB1 5/8 15.1 37.6 7.9 93.9 9.9 13.2 4.6 -6.1

SB2 8/8 16.5 42.0 7.3 58.6 8.3 10.0 6.0 -1.7

SB3 8/8 5.2 47.9 5.0 123.0 7.1 7.3 -5.3 4.2

SB1+2+3 21/24 12.2 43.3 4.0 63.3 4.8 5.7 1.7 -0.4

R1 11/12 2.9 33.3 3.1 220.8 2.6 3.8

R2 9/12 -9.6 15.8 10.5 24.82 9.25 17.4

R3 0/12

R4 12/12 5.0 17.1 11.3 17.3 10.0 18.5

R5 12/12 7.6 29.9 4.2 109.2 4.2 6.6

R6 7/12 30.5 28.9 5.6 118.8 5.4 8.6

R7 12/12 -0.3 28.9 6.2 49.7 6.2 9.9

R9 10/12 1.5 36.9 5.1 89.4 4.8 6.6

R10 9/12 -7.4 4.2 4.2 148.8 4.0 7.9

Supplementary Table 3.2: Smoothing parameters used for processing FORC data in FORCinel 3.08.

Sample Mass(g) Sc0 Sc1 Sb0 Sb1 λ Output

SB1-11 0.0168 6 6 4 5 0.1 1

SB2-6 0.0130 8 8 5 6 0 1

SB3-8 0.0123 6 6 5 5 0.15 1

R1-14 0.0148 10 10 4 8 0.1 1

R2-15 0.0115 10 10 6 8 0 1

R3-10 0.014 10 10 5 7 0.1 1

R4-1 0.0103 12 12 7 9 0 1

R5-3 0.0154 9 9 4 6 0.1 1

R6-24 0.0172 10 10 5 8 0.1 1

R7-14 0.0119 12 12 5 9 0.1 1

R9-2 0.0139 10 10 5 7 0.1 1

R10-13 0.0162 9 9 5 7 0.1 1
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Supplementary Table 3.3: The six paleointensity selection criteria applied to assess the quality of the

results. SELCRIT2 (Selkin and Tauxe, 2000), TTA and TTB (Leonhardt et al., 2004), PICRIT03 (Kissel and

Laj, 2004), CCRIT (Cromwell et al., 2015b) and CLASS-A (L. V. de Groot et al., 2014a). The first four have

the modifications as proposed by Paterson et al. (2014) and all have at least the curvature criterion k’

set at ≤ 0.35. All definitions of the criteria can be found in the Standard Paleointensity Definitions v1.1

(Paterson et al., 2014).

Criterion SELCRIT2 PICRIT03 TTA TTB CCRIT CLASSA

n ≥ 4 4 5 5 7

f ≥ 0.35 0.35 0.35 0.35 0.7

β ≤ 0.1 0.1 0.1 0.15 0.1

q ≥ 1 2 5 0

FRAC ≥ 0.78

Gap Max ≤ 0.6

SCAT ≤ TRUE

DANG ≤ 10

k’ ≤ 0.35 0.35 0.35 0.35 0.164 0.35

MADanc ≤ 15 7 6 15 7

MAD f r ee ≤ 5

α ≤ 15 15 15 10

npT RM ≥ 3

DRAT ≤ 10 10 12.5

CDRAT ≤ 11

δCk ≤ 7 9

δpal ≤ 10 18

DRATt ai l ≤ 10

δTR ≤ 10 20

δt ≤ 9 99
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Supplementary Table 3.4: Specimens that passed at least one of the selection criteria as defined above

Specimen SELCRIT2 PICRIT03 TTA TTB CLASSA CCRIT

SB1-3 41.1 41.1 40.9

SB1-8 41.8 41.8 41.5 41.2 42.2 42.1

SB1-12 51.8 52.7 47.7 50.2

SB1-x1 44.6 46.7 58.8 46.5

SB1-x2 33.1 33.8 34.6 34.5 30.2

SB2-2 39.6 39.9 39.9

SB2-6 27.6 27.9 28.1 27.6 27.9

SB2-8 17.3 19.2 18.9

SB2-17 33.4 33.1 33.3 33.4

SB2-19 25.0 25.3 25.6 23.4

SB2-20 24.1 23.6 23.8 24.7 22.0

SB3-3 42.2 41.8 47.3 41.4

SB3-4 43.6 43.6 43.6 42.0 44.2

SB3-6 34.6 31.8 25.9

SB3-8 34.6 34.6 35.8

SB3-10 46.9 44.0

SB3-11 32.7 32.7 33.9

R1-1 50.8 50.8 47.7 50.2 47.9

R1-2 43.6

R1-8 46.0 39.9 42.8 42.8

R1-10 50.8 50.8

R1-13 48.6 48.6

R1-14 48.5 44.3 47.1 49.1

R1-16 41.0 41.0 41.0

R4-4 6.4 6.4 6.4 6.4 6.4

R4-5 8.0 8.0 8.0 8.0 8.0

R5-1 27.1 27.1 26.8 27.4 27.2

R5-3 27.1 27.1 26.0 27.6 27.0

R5-5 36.1 36.1 36.1 37.9 39.7

R5-6 69.9 69.9 74.6

R5-13 30.4

R5-14 48.6

R5-16 33.5 33.5 33.5 33.5 34.4 35.0

R5-17 26.2 26.6 26.3 26.3 26.2 26.1

R6-4 45.3 45.3 45.6 45.6 44.5

R6-5 40.8 60.2 41.6 41.6 43.3

R6-7 28.7 28.7 28.9 28.9 29.0

R6-10 31.2 31.2 31.9 31.7 32.6

R6-11 29.5 29.6 27.4 29.2 30.7

R7-1 49.8 49.8 51.3 59.1

R7-3 65.1 65.1 68.7 64.0 63.6

R7-13 87.3

R7-14 10.9

R7-20 13.4 13.2

R9-5 42.6 41.6 41.6

R9-7 46.7 44.5 46.4 46.7 40.7

R9-15 43.6 42.9 30.7

R9-16 30.7 30.9 30.6 30.7 31.0

Continued on next page
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Table 3.4 (continued)

Specimen SELCRIT2 PICRIT03 TTA TTB CLASSA CCRIT

R9-18 57.0 56.5 57.0 57.0

R9-22 57.6 55.2 56.1 58.7 55.9

R10-9 51.7 51.7 49.9

R10-13 6.3
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

Abstract Competing hypotheses suggest that the South Atlantic Anomaly (SAA) ei-

ther formed beneath the Indian Ocean and migrated westward, or originated below

southern Africa. The origin and evolution of the SAA can only be unravelled by ge-

omagnetic field models, but current versions are limited by a lack of paleomagnetic

data from the Southern Hemisphere. Here, we present paleodirectional and paleoin-

tensity data obtained from recent volcanics of the Piton de La Fournaise on the island

of La Réunion. La Réunion is located in the Indian Ocean and therefore ideal to study

the formation of the SAA. Paleomagnetic data was obtained from 18 sampling sites

of 15 different lava flows, deposited between approximately 583-2019 CE. From the

successful sites of this study and two previous studies, a full-vector paleosecular vari-

ation (PSV) curve was generated, using both a simple prior and a global geomagnetic

field model prior. The PSV curve of La Réunion reveals large paleodirectional changes

between 1500-1750 CE, a high intensity (~45-53 µT) around 1400 CE, followed by a

low intensity (~29-32 µT) around 1550 CE. These variations probably indicate the

influence of the South Atlantic Anomaly at La Réunion at 1550 CE, and are therefore

a valuable addition to be used in future geomagnetic field models.

4.1. Introduction

The South Atlantic Anomaly (SAA), located under South America, is a remarkable

feature of the Earth’s magnetic field. In this region, the magnetic field intensity

is significantly lower than expected from a geocentric axial dipole, and the Van

Allen radiation belts are located at a lower altitude than usual (Domingos et al.,

2017). This is problematic, as trapped charged particles in the belts may cause

harm to spacecrafts crossing the area (Heirtzler et al., 2002). The present behaviour

of the anomaly is analysed using satellite data, such as the Swarm mission from ESA

(Friis-Christensen et al., 2006), and the anomaly is currently observed to be expand-

ing and moving westwards. Depending on the definition of the centre location of

the SAA, the average drift rates vary approximately between ~0.18 to ~0.3◦ per year

(Fürst et al., 2009; Ye et al., 2017). Concurrent with the growing area of the SAA is the

overall decrease of the Earth’s dipole moment, which has been recorded since di-

rect measurements of geomagnetic field strength started (Constable & Korte, 2006;

Gubbins et al., 2006), showing a decrease of 9% between 1840 - 2015 CE (Olson &

Amit, 2006). Whether a continuation of the decrease in the dipole moment will lead

to a geomagnetic reversal is a topic of scientific debate (Pavón-Carrasco & De San-

tis, 2016), as does the question whether the South Atlantic Anomaly represents a

precursor to such a reversal. Nonetheless, these recent changes in the behaviour of

the geomagnetic field emphasise the importance of improving our understanding

of the SAA’s evolution.

The emergence of the anomaly is generally linked to the formation of reverse flux

patches at the core-mantle boundary (CMB) (e.g. Amit et al., 2021; Campuzano

et al., 2019; Hulot et al., 2002; Tarduno et al., 2015; Trindade et al., 2018, although

modelling showed it might also be an interplay among multiple normal and re-

versed flux patches (Terra-Nova et al., 2017). Reverse flux patches represent areas

where the polarity of the Earth’s magnetic field at the CMB is opposite in direction

compared to the surrounding magnetic field. The reason for the generation of re-
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verse flux patches is a topic of debate. They may be due to protrusions at the CMB

or thermal differences between the mantle and core, affecting outer core flow. This

would suggest a top-down influence on the outer core (Beguin et al., 2023; Olson,

2016; Tarduno et al., 2015). In this scenario the formation of a reverse flux patch was

connected to the large low shear velocity province (LLSVP) located underneath the

African continent. The westward flow in the upper part of the outer core would be

disturbed upon reaching the Eastern boundary of the LLSVP, therefore this region

would be the preferential location for inducing geomagnetic anomalies (Constable

et al., 2016). Instead of a top-down influence, a bottom-up control of the geody-

namo was also suggested (Aubert et al., 2013; de Oliveira et al., 2024), in which

the solid inner core influences flow in the outer core both through gravitational

coupling between the inner core and mantle and through asymmetric inner core

growth.

The location and timing of formation of these reverse flux patches, and therefore

the formation of the SAA, are also under debate. A reverse flux patch may have

emerged as early as 860 CE (Trindade et al., 2018), or as late as 1800 CE (Gubbins

et al., 2006). For the location, some propose the SAA formed in the Indian Ocean

region (Campuzano et al., 2019; Di Chiara & Pavón-Carrasco, 2022; Hellio & Gillet,

2018; Nilsson et al., 2022) and subsequently drifted westwards under the African

continent since 1100 CE (Di Chiara & Pavón-Carrasco, 2022). Others propose the

anomaly formed beneath Southern Africa (Tarduno et al., 2015; Terra-Nova et al.,

2017). Further questions persist whether the anomaly is an abnormal expression

of today’s magnetic field (De Santis et al., 2013) and may indeed be a precursory

event for a reversal, or whether it is a recurrent feature (Aubert, 2015; de Oliveira

et al., 2024; Engbers et al., 2022; Tarduno et al., 2015; Trindade et al., 2018). Over

the past 10 ky the geomagnetic field strength was found to be lower in the Southern

Hemisphere than in the Northern Hemisphere, with larger values of paleosecular

variation (Constable et al., 2016), which points to a recurrent low in the Southern

Hemisphere.

Current global field models that track the onset and evolution of the anomaly are

hampered by the scarcity of paleomagnetic data from the Southern Hemisphere,

specifically around South-Africa. There is directional data available from archaeo-

logical sites in South-Africa, Botswana and Zimbabwe (Hare et al., 2018), sediment

cores of Madagascar (Haberzettl et al., 2021), and some full vector paleomagnetic

data obtained from archaeological sites in South-Africa (Neukirch et al., 2012; Tar-

duno et al., 2015) but for a global field model on the evolution of the SAA this is

rather scarce. An additional location that might reveal the onset of the SAA is La

Réunion, a volcanic island located in the Western Indian Ocean (21°S, 55°E) and

therefore ideally suited to assess whether the SAA once moved from the Indian

Ocean westwards, or whether it originated underneath the African continent. Two

previous paleomagnetic studies on recent (<5ka) volcanic deposits were carried out

on the island. Tanguy et al. (2011) reported directional data from 18 sites dated be-

tween 200 CE and 1976 CE. In addition to an inclination higher than expected from

a geocentric axial dipole, they observed a steepening of the inclination between ap-

proximately 1500 CE and 1700 CE. Recently, this dataset was extended with paleodi-
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rections from an additional 14 age units, and with the first recent paleointensities

(Béguin, 2020). Béguin (2020) sampled 22 age units, and obtained paleointensities

for 14 of them. They reported high paleointensities for La Réunion of 46.7-53.1 µT

between 1410-1455 CE, after which the intensity drops to 29.2 µT at 1592 CE. For

Southern Africa, Tarduno et al. (2015) found a decrease in field strength after 1250

CE and the lowest paleointensities at 1370 CE. If we are able to connect these two

different datasets, this might reveal the onset of the South Atlantic Anomaly.

The reported high paleointensities on La Réunion are based on two data points,

and only one low paleointensity was found. As these also suffer from large age un-

certainties, improving the data coverage on La Réunion is important to study the

emergence of the South Atlantic Anomaly. Here, we present full-vector paleomag-

netic data obtained during a fieldwork in April 2022. We sampled an additional 18

sites from 15 different lava flows, 7 of them were deposited between 1450-1600 CE,

which seems to be the crucial moment the magnetic field exhibits large changes

in both direction and intensity. From the newly obtained data combined with the

data of Tanguy et al. (2011) and Béguin (2020), a paleosecular variation (PSV) curve

is created to visualise the short term behaviour of the Earth’s magnetic field at La

Réunion.

4.2. Geological setting and sampling

La Réunion is located in the Western Indian Ocean (21◦S, 55◦E) and consists of two

volcanoes, the nowadays extinct Piton des Neiges (3071m) in the north and the

frequently erupting basaltic shield volcano Piton de La Fournaise (2632m) in the

south (Fig. 4.1). Piton de La Fournaise has been active from at least 360 ka ago (Mc-

Dougall, 1971). Historical eruptions are known since the first humans settled on

the island in 1638 CE, although during the first 70 years after settlement the erup-

tions at La Réunion were not reliably reported (Michon et al., 2013). There are six

historical lava flows on the flanks of Piton de La Fournaise that erupted from fis-

sures, with ages between 1708 CE to 1998 CE. However, most historical lava flows

are concentrated within the U-shaped depression in the east, known as the Enclos

Fouqué. The average eruption frequency is as much as one eruption per 9 months

(Michon et al., 2013), an overview of the historical eruptions of Piton de La Four-

naise is published in Tanguy et al. (2011) and Michon et al. (2013). To determine

the ages of lava flows which were deposited prior to the historical lava flows we rely

on radiometric dating techniques. For recent lava flows (<55,000 years) the radio-

carbon dating technique on palaeosols or charcoal below volcanic deposits is used.

Chevallier and Bachèlery (1981) and Morandi et al. (2016) reported various radio-

carbon dates for lava flows in the area of Piton de La Fournaise, some of these lava

flows were already sampled in Tanguy et al. (2011) and Béguin (2020).

Radiocarbon dating is a very useful technique but it has its limitations. First, carbon

is not always present below a volcanic deposit and second, the radiocarbon dating

method may give large age ranges. This is because the technique relies on changes

in the atmospheric 14C/12C ratio, a given laboratory radiocarbon age must there-

fore be calibrated to obtain the absolute ages. There are several calibration curves
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made using tree-rings (e.g. Hogg et al., 2020; Reimer et al., 2020 available. The ra-

tio of 14C/12C is often not a linear relation but the calibration curves may contain

plateaus or reversals, in these cases the calibrated age range becomes very wide

(Guilderson et al., 2005; Taylor et al., 1996). Recently, Albert et al. (2020) created

a statistical model that correlates the size of the pioneer tree Agarista Salicifolia to

the age of the lava flows on La Réunion on which they grow. The Agarista tree is

known to be among the first to grow on recently formed lava flows on La Reunion,

and they do not regenerate once the flows are covered in vegetation (Albert et al.,

2020). With this method 11 lava flows were dated on La Réunion, with average ages

ranging from 1447 CE to 1823 CE. Because the Agarista model does not depend on

calibrated ages, the uncertainty in age interval is Gaussian distributed and on La

Réunion generally smaller than the uncertainty of the radiocarbon dated lava flows.

Five of our sampling sites were of lava flows which were dated with the pioneer-

tree method, with ages between 1581-1753 CE. Besides the pioneer-tree sites we

have 11 sites which were dated with the radiocarbon method (Morandi et al., 2016)

and two historical flows (Fig. 4.1, Table 4.1. Of these sites we resampled a few flows

which where previously sampled by Beguin et al. (2023) and Tanguy and Le Goff

(2004). We resampled the Ravine d’Ango lava and the Piton Chisny flows (RE15,

TGY-10 and RE16, TGY-16) because they gave interesting high paleointensity re-

sults. One location, Piton Taipoul, was resampled because it did not yield success-

ful paleointensities in the previous study (RE33, and TGY-9). We also sampled the

Mare Longue flow close to the GPS-coordinates in Albert et al. (2020), which Tan-

guy et al. (2011) sampled closer to the coast (TGY-14). Finally, we resampled the

Petit Cratère cone (TGY-11). For calibration of the radiocarbon ages the calibration

curve SHCal20 is used, this calibration curve is created specifically for the Southern

Hemisphere (Hogg et al., 2020). Ages were converted using the age calibration pro-

gram MatCal (Lougheed & Obrochta, 2016). SHCal20 is at time of publication the

most recent calibration dataset, and is the update to the SHCal13 version, which

was used in Béguin (2020), and SHCal04 which was used in Tanguy et al. (2011).

Therefore, some of their calibrated ages shifted slightly in age compared to their

previous interpretation. The probable age of RE16 shifted most, in Béguin (2020)

the age was set at 1592 CE but the new age is 1499 CE. This is because of a reversal

in the atmospheric 14C/12C ratio from 1550 CE to 1600 CE.

At each sampling site up to 20 standard paleomagnetic samples (up to 25mm in

diameter and 10cm in length) were taken with a petrol-powered drill. Samples

were taken as close as possible to the GPS coordinates given by previous studies

but spread out over the outcrop. Samples were taken from as many different blocks

as possible and mostly from the top of the lava flow. Except for site RN2, which

was along a road, and RN14, where we obtained samples from the top and side

of the flow. Unfortunately, because the East and Southern side of La Reunion are

known for cloudy weather and because especially the sampling sites dated by the

pioneer method were far into the rainforest, these conditions did not permit the

use of a sun compass. Instead, samples were oriented with a magnetic compass.

This is less preferable because of the possible influence of the magnetised rocks on

the surrounding magnetic field and therefore the resulting declination may have a
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small bias. The use of a magnetic compass does not influence the inclination or

intensity of the samples.

Figure 4.1: Map showing the location of La Réunion (A) and the sampling locations of this study around

the Piton de La Fournaise in the southeast (B, C).

4.3. Rock magnetic characteristics
To define the magnetic carriers in the samples several magnetic properties were

analysed. Curie temperatures were determined using a horizontal translation type

Curie balance (Mullender et al., 1993). For each site one sample (20-45 mg) was

heated from room temperature in several cycles up to 600◦C, every other cycle

the temperature was lowered by 75◦C to check for reversibility of the signal to de-

termine the alteration temperature. The alteration temperature was defined as

the highest temperature to which the signal was still reversible. Curie tempera-

tures are derived from the magnetization against temperature plots using the two-

tangent method (Grommé et al., 1969) (Table 4.1, Figure 4.2A-C). Most samples

show two Curie temperatures, the lower one in the range of 125-240◦C indicative of

titanomagnetite with a large Ti content. Higher Curie temperatures are around 500-

555◦C, closer to the characteristic temperature of magnetite. Most samples with a

high Curie temperature loose their magnetization gradually. Except for RN2, RN14,

RN15 and RN17 all thermomagnetic curves show irreversible behaviour during the

heating-cooling cycles. The alteration temperature of RN1 and RN12 is low, around

300◦C. Both sites have two Curie temperatures of which one is much higher than

the alteration temperature, based on this these two sites are therefore not ideal for

paleointensity experiments.

Hysteresis measurements were performed on an Alternating Gradient Magnetome-

ter to assess the magnetic domain state of the samples (6-17 mg) (Figure 4.2D-E).

The maximum field was set at 500 mT with an averaging time of 150 ms. From the
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

hysteresis loops the saturation magnetization (Ms ), remanent saturation magne-

tization (Mr s ) and coercive force (Bc ) are derived, after a slope correction for the

paramagnetic contribution. The remanent coercive force (Bcr ) is derived from the

back-field (or DCD) curve. To determine the domain state of the samples, whether

they are single domain (SD), pseudo-single domain (PSD), or multi domain (MD),

the ratios of Mr s /Ms versus Bcr /Bc were plotted (Day et al., 1977) (Figure 4.2F). All

sites fall within the pseudo-single domain range, and in between the theoretical

SD-MD mixing curves (Dunlop, 2002). Some samples have a high coercivity and

fall beneath the Bcr /Bc threshold of 1.5, reflecting a larger magnetic contribution

from SD grains.

Classic hysteresis experiments suffer from the fact that it is a bulk magnetic mea-

surement and therefore the measurement represents an average of the magnetic

properties of all magnetic grains in a sample (Roberts et al., 2014). As a result prac-

tically all paleomagnetic samples are within the PSD range (Tauxe, 2010). In ad-

dition to the classic hysteresis measurements we measured First Order Reversal

Curves (FORCs) (C. Pike & Fernandez, 1999). During a FORC experiment, a sam-

ple is brought to saturation in a strong positive applied field, after which the field is

lowered to some reversal field, and brought to the saturation field again (Muxwor-

thy & Roberts, 2007; Roberts et al., 2014). A FORC is the curve measured during this

process, which is repeated many times to get a series of curves. FORCs give more

information not only on the domain state of the sample but also about magneto-

static interactions between the particles within paleomagnetic samples. Samples

with large amounts of magnetostatic interactions might hamper paleointensity ex-

periments. On the same Alternating Gradient Magnetometer a suite of 200 FORCs

were measured for each sample. The saturation field was 500 mT and the averag-

ing time was set at 150 ms. To process the data FORCinel was used (Harrison &

Feinberg, 2008). For the smoothing factor (SF) usually there is a balance between

using the smallest SF while keeping the noise to an acceptable level (Roberts et

al., 2000). We apply a variable smoothing of smoothing parameters Sc0=4, Sc1=7,

Sb0=4, Sb1=7 and the horizontal lambda and vertical lambda are 0.1 (Egli, 2013).

A lower branch of N=4 FORCs are subtracted to remove artefacts along the rema-

nence diagonal. For RN6 and RN17 a drift correction was applied. Examples of

representative FORC diagrams are in Fig. 4.2J-K. Some samples (e.g. RN14) indi-

cate the presence of multi domain (MD) grains, with open contours and a vertical

spread of FORC distribution along the Bu axis at low Bc values (Fig. 4.2K). In other

cases we observe a single vortex state, with a ’boomerang shape’ in the negative Bu

region (RN9, RN16). Some sites (RN5, RN7) show besides a vortex state influence of

uniaxial SD grains (Fig. 4.2J) with closed inner contours, a small spread along the

Bu axis and a negative region along the Bu axis.

Finally, for each site one thin section of a sample was analysed under an optical

microscope to observe the larger iron-oxide grains in the samples. The magnetite

grains were imaged using reflected light. In sites RN2, RN4, RN13 and RN16 the

iron-oxide grains are cubic in shape and around 10 µm in size (Figure 4.2G). In all

other samples the titanomagnetite is smaller and dendritic shapes are observed. In

RN3A, 3B and in some parts of RN8 and RN9, the titanomagnetite is sawtoothed or

4
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Figure 4.2: Rock magnetic results. In (A-C) are the magnetization as a function of temperature diagrams

with the heating curve (arrow down) and cooling curves (arrow up). Examples of hysteresis curves are

in (D-E). The black loop is with a 70% correction for the paramagnetic contribution, in orange is the raw

data. In (F) the results for Mr s /Ms and Bcr /Bc ratios of the samples are plotted in the Day diagram.

Dashed lines are the theoretical mixing curves for uniaxial shape anisotropy and negative cubic shape

anisotropy from Dunlop (2002). (G-I) show the micrographs of RN2, RN3A and RN17, with the smallest

dendrites observed for RN17. (J-K) FORC diagrams.
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

needle formed (Figure 4.2H). The smallest and largest amount of dendrites are seen

in RN5, RN6, RN7 and RN17 (Figure 4.2I). Dendrites are assumed to form when the

melt has cooled and crystallised rapidly. The size and morphology of dendrites af-

fects the magnetic properties of the samples (Shaar & Feinberg, 2013). Thin and

small dendrites are known to act as SD domain sized and are therefore ideal for

paleointensity experiments Béguin, 2020. Table 4.1 indicates whether small or big

dendrites are observed in samples. Although based on their rock magnetic char-

acteristics some sites are more suitable for paleointensity experiments than others,

all sites will still be subjected to all experiments.

4.4. Paleomagnetic directions

4.4.1. Methods
Paleomagnetic directions were obtained from both thermal and alternating field

(AF) demagnetization experiments in a magnetically shielded room. For the ther-

mal demagnetization experiments, all specimens were taken from different ori-

ented samples. The natural remanent magnetization (NRM) of two to four spec-

imens per site was thermally demagnetised in steps of 50◦C up until 600◦C. After

each heating step the remaining magnetization was measured on a 2G-cryogenic

magnetometer. Several specimens were magnetically so strong they exceeded the

measurement range of the magnetometer, among them were all specimens from

RN12, RN13 and RN15, two samples of RN16 and one sample of RN9 and RN17.

These strong samples were measured on a spinner magnetometer instead. In addi-

tion to thermal demagnetization, between four to eight specimens were subjected

to increasing alternating fields using a robotised 2G DC-SQUID cryogenic magne-

tometer (Mullender et al., 2016). Similar to thermal demagnetization, for most sites

the specimens were taken from different samples, except for RN10 and RN11, of

which two specimens were taken from one sample and were labelled A and B. These

two specimens should have the same result. All specimens were demagnetised in

AF steps of 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 150, 200, 225, and

270 mT. The demagnetization results were analysed in paleomagnetism.org (Koy-

mans et al., 2016, 2020) in which the demagnetization diagrams are plotted as Zi-

jderveld diagrams (Zijderveld, 1967), The characteristic remanent magnetization

(ChRM) is determined as the straightest line to the origin, with a maximum angu-

lar deviation (MAD) <10◦. The site mean directions were calculated with Fisher

statistics (Fisher, 1953). Of both RN5 and RN7 one sample was rejected because

they were difficult to orient in the field, other outliers were identified in the Virtual

Geomagnetic Pole (VGP) distribution using the 45◦-cutoff.

4.4.2. Results
The Zijderveld diagrams indicate that the samples had no to small overprints, which

were easily removed by not interpreting the first steps. Generally, the specimens de-

cayed straight to the origin from step 50◦C or 10 mT onwards and lost their magne-

tization gradually. The magnetic signal was almost always removed at their Curie

temperature or ∼150 mT, and the ChRM generally yielded MAD <5◦. Three sites

were more problematic: RN12, RN13 and RN15. The demagnetization steps did

not decay straight to the origin and the specimens were often already deprived of

4
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4.4. Paleomagnetic directions

Table 4.2: Rock magnetic and directional results. Given are the dominant Curie Temperatures (Tc) and

alteration temperature determined from the magnetization vs temperature diagrams (Talt). Sites with

dendrites (Den) are indicated as Db (big dendrites) or Ds (small dendrites). The obtained directions

per site are given by the parameters: (c/n/N) number of different cores / number of samples accepted

/ total amount of samples per site, the declination (Dec), inclination (Inc), precision parameter (k), 95

percent confidence interval α95 and the separate errors for declination (∆Dx) and inclination (∆Ix). Of

RN3A+RN3B and RN6+RN7 the grouped results are also given.

Site Tc (◦C) Talt (◦C) Den n/N Dec (◦) Inc (◦) α95(◦) k ∆Dx ∆Ix

RN1 240/540 300 Db 12/12 4.6 -43.0 3.6 148.7 4.6 5.4

RN2 125/510 - - 12/12 -9.9 -31.1 2.6 279.1 2.4 3.7

RN3A 560 375 Db 12/12 14.1 -38.6 3.6 148.6 3.6 4.8

RN3B 570 525 Db 11/12 13.8 -38.6 3.7 154.4 4.2 5.5

RN4 545 525 - 12/12 -0.5 -38.9 3.7 137.3 3.8 5.0

RN5 125/510 450 Ds 10/12 -21.8 -57.0 3.7 172 5.8 4.3

RN6 210/500 375 Ds 12/12 -16.2 -31.5 4.1 115.2 3.5 5.3

RN7 155/535 375 Ds 11/12 -18.4 -32.2 5.6 66.8 5.6 8.5

RN8 120/550 375 Db 12/12 -6.1 -26.3 2.2 407.9 1.8 2.9

RN9 235/520 525 - 12/12 -19.1 -58.3 3.7 135.5 6.1 4.3

RN10 185/515 525 Db 10/10 -15 -52.4 7.1 46.8 8.2 7.3

RN11 165/505 450 Ds 12/12 -17.8 -51.9 3.4 160.7 5.2 4.7

RN12 215/560 300 Db 0/12

RN13 215/560 300 - 10/12 5.2 -26.2 12.7 13.8 12.1 20.9

RN14 540 - Ds 7/10 -1.9 -35.0 11.3 29.5 13.1 18.6

RN14b 540 - Ds 6/10 -7.6 -34.0 6.6 105.6 5.9 8.6

RN15 535 - Ds 0/12

RN16 205/550 375 - 8/12 -2.9 -33.2 9.6 34.2 9.4 13.8

RN17 515 - Ds 10/11 -7.2 -44.0 4.1 138 5.5 6.3

RN3A+3B - - - 23/24 13.9 -38.6 2.4 158.5 2.6 3.4

RN6+7 - - - 23/24 -17.3 -31.8 3.2 88.5 3.1 4.6
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

the magnetic signal around field step 25-40 mT. The specimens of RN12 measured

thermally on the spinner yielded almost randomly distributed directions. Only four

samples yielded interpretable results after AF demagnetization, but because they

show large overprints in the initial field steps and their ChRM directions remain

highly scattered in the VGP distribution, this site was discarded. Samples from

site RN13 show broadly similar behaviour. Although the highest AF field steps of

6 specimens yield consistent directions (Fig. 4.3E) and the spinner samples are

slightly less scattered, the mean direction reported for RN13 in Table 4.2 should

be interpreted with caution. At site RN15, only one specimen (RN15-3) could be

interpreted at the higher AF and thermal demagnetization steps. The remaining

specimens retained a strong overprint up to 400 °C and were already demagnetized

by 40 mT. As only a single sample yielded reliable results, this site was discarded

from further interpretation. All other sites could be interpreted and their thermal

and AF demagnetization results are grouped, as the two techniques yielded similar

mean directions (Table 4.2). In general, the α95 values are below 5◦ and the k-values

exceed 100, although RN10, RN14, and RN16 show somewhat lower k-values. For

RN14, this is due to a single divergent specimen. Sample RN14-6 has a declination

of 35◦, whereas all other specimens from the site have declinations below 0◦. Ini-

tially, there was no reason to question this measurement. However, when RN14-6 is

excluded, the mean direction becomes similar to that of site RE16 from Beguin et al.

(2023) (RE16: dec = 7.7◦, inc = 33.9◦), and these sites then share a CTMD. Therefore,

RN14 without RN14-6 is reported as RN14b in Table 4.2, and this result is consid-

ered more reliable.

Sites located close to one another were tested for a Common True Mean Direction

(CTMD) using the paleomagnetism.org implementation of the approach described

by Tauxe, 2010. When this test is positive the sites represent the same spot reading

of the paleofield and are most likely of similar age. RN3A and RN3B were sampled

very close to one another and they share a CTMD. RN4 was sampled in close vicin-

ity to RN3, however the declination is clearly different and there is no CTMD match.

This site has to be of different age than RN3. The sites dated with the pioneer tree

method were often hard to reach. In the field we were convinced that site RN6

was sampled on the 1817 CE dated flow. However, the site was sampled close to

RN7 and rock magnetically the samples of the two sites behave very similarly. RN6

and RN7 also share a CTMD, therefore we assume we unintentionally sampled the

same flow twice. Because of the appearance of the vegetation on satellite images,

RN7 seems to be in the middle of a flow, whereas RN6 is on an edge towards similar

looking vegetation. Therefore we assume RN6 to be the 1581 CE flow as well. The

mean direction of the grouped sites RN3A+3B and RN6+RN7 are also given in Table

4.2, which results in a lower α95 than for the individual sites.

4.5. Paleointensity

In addition to the paleodirectional experiments, specimens from all 18 sites were

subjected to paleointensity experiments. For each site, five to eight small speci-

mens per site were glued with quartz wool and potassiumsilicate into glass cups.

In total 139 specimens were subjected to the IZZI-Thellier paleointensity method
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4.5. Paleointensity

Figure 4.3: Representative directional and IZZI-Thellier results. Arai diagrams of several specimens are

shown. The blue circles are the ZI-steps, red circles are the IZ-steps and the triangles indicate pTRM-

checks. The green line is the largest temperature segment accepted by at least one of the selection cri-

teria. Which selection criteria the specimens pass is given by SELCRIT (S), PICRIT (P), CLASSA (A), TTA,

TTB and CCRIT (C). In the inset the Zijderveld diagram of thermal or alternating field demagnetization

experiments is shown. Closed circles are declination, open circles are inclination. The straight lines

through the measurement steps indicate the ChRM direction.
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

(Tauxe & Staudigel, 2004) whereby their NRM is progressively replaced by a partial

thermal remanent magnetization (pTRM).

During the IZZI-Thellier experiment, or in our case the ’ZIIZP-Thellier’ measure-

ment scheme, samples are heated in several steps. First, samples are heated and

cooled in a zero-field, after which the samples are heated again to the same tem-

perature step but now while applying a laboratory bias field of 50 µT during the

in-field steps. For the next temperature the order of the zero field and in-field mea-

surements is switched. After each set of zero-field, in field (ZI) (Coe, 1967), and in-

field, zero-field (IZ) (Aitken et al., 1988) measurements, a pTRM check is included

to check for changes in the ability of the sample to carry a thermal remanence. The

pTRM check is a repetition of a lower temperature step, and thus should be simi-

lar to the original partial thermal remanence gained at that temperature. Deviating

pTRM-checks are an indication of alteration of the magnetic behaviour of the spec-

imens during the experiment.

Depending on the thermal demagnetization behaviour of our samples, the spec-

imens for the IZZI-Thellier method were divided in a low, medium, and high tem-

perature batch. The low temperature batch had smaller step increments <350◦C,

the medium temperature batch was evenly divided in steps of 50◦C and the high

temperature batch had smaller temperature steps >350◦C. The specimens were

measured on a 2G cryogenic magnetometer and the experiment continued on each

specimen until around 95% - 100% of the NRM was replaced. The samples were

kept in a magnetically shielded environment throughout the experiment.

Because paleointensity experiments often suffer from a high failure rate due to non-

ideal behaviour during the heating and cooling cycles, we applied two methods

to assess the quality of the results. First, all specimens are interpreted in paleoin-

tensity.org (Béguin et al., 2020) where six different selection criteria are applied.

These are TTA and TTB (Leonhardt et al., 2004), SELCRIT2 (Selkin & Tauxe, 2000),

PICRIT03 (Kissel & Laj, 2004), CLASS-A (L. V. de Groot et al., 2014a) and CCRIT

(Cromwell et al., 2015b). The first four have the modifications as proposed by Pa-

terson et al. (2014). The curvature criteria k’ is strictest for CCRIT, <0.164, all others

have the curvature criteria set at k’<0.35. From the interpretations that passed a se-

lection criterion the average paleointensity and standard deviation are calculated.

This means that interpretations that passed more than one selection criteria are in-

cluded multiple times in the data analyses, so these results that are deemed more

reliable get more weight. The site average paleointensity is considered to be more

reliable when the standard deviation divided by the mean (σ/PI) did not exceed

25% (Paterson et al., 2014) and when there are at least three specimens to interpret.

In addition to the previous interpretation method using selection criteria, the Bias

Corrected Estimation of Paleointensity (BiCEP) method (Cych et al., 2021, 2023)

is applied to our data. This paleointensity interpretation method uses a Markov

Chain Monte Carlo (MCMC) method followed by a Bayesian approach to determine

the paleointensities. This technique focuses on the curvature k’ of the Arai plot to

predict the bias for each specimen. The method attempts to correct this bias and
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4.5. Paleointensity

therefore all specimens that would otherwise have been excluded due to non-linear

Arai plots are included as long as they do not show clearly visible alteration. The

BiCEP method is most appropriate for sites that fail the traditional interpretation

methods due to curvature or multi-domain behaviour and have at least five speci-

mens. We applied it to all sites, and only excluded specimens with clear alteration.

Below, we will first discuss the results from the selection criteria and then compare

them with the outcome of the BiCEP method.

4.5.1. Interpretation using selection criteria
Of the 139 specimens subjected to the IZZI-Thellier method, 94 specimens passed

at least one or more sets of selection criteria. This is a success rate of 68%, which

is exceptionally high for paleointensity experiments. 19 specimens passed CCRIT,

the strictest set of election criteria. Unfortunately, not all samples that passed a set

of selection criteria also yielded meaningful paleointensity interpretations. Some

specimens of sites RN12, RN13, RN15 and RN16 did pass certain sets of selection

criteria, but the specimens gained almost no pTRM compared to the amount of

NRM lost during demagnetization (Fig. 4.3E). This led to very high paleointensity

site estimates: up to 600 µT. In combination with the failed paleodirection exper-

iments, we expect this to be due to lightning to have occurred, and therefore they

are rejected from further interpretations. In previous studies, paleointensity results

were usually rejected when their σ/PI exceeded 20% (Béguin et al., 2021) or 25%

(Paterson et al., 2010). Although the cut-off of this parameter is not theoretically

defined sites with a percentage > 20% are generally considered less reliable. Of

our sampling sites only RN1, RN2 and RN3A and 3B have a high σ/PI. Most sam-

ples from these sites show non-ideal behaviour in the Arai diagrams: they either

suffer from sagging, kinked Arai-diagrams, or fail pTRM checks. For RN1 this was

expected based on the thermomagnetic curve. The only sample (from RN3B) with-

out sagging that passed all sets of selection criteria yielded a paleointensity of 44

µT. This suggests that the average paleointensity values of 75 µT and 58.6 µT from

RN3A and RN3B (Table 4.3) are likely unreliable. Out of the 18 measured sites, 10

were accepted.

4.5.2. BiCEP
In contrast to the interpretation method based on sets of selection criteria, the Bi-

CEP method includes specimens that show sagging in the Arai plots (Table 4.3).

With BiCEP, only sites RN2, RN10 and RN17 have a few samples that are excluded

because they exhibit a sudden loss of previously gained pTRM at one to two differ-

ent temperature steps. All specimens from site RN5 can now be interpreted, but

only the initial temperature steps (up to 150–210◦C) are used for the paleointen-

sity analysis, as most specimens already lost about 80% of their magnetization by

200◦C and higher-temperature steps were affected by alteration (Fig. 4.4D). For

sites RN3A and RN3B, only 16 specimens can be interpreted, as the sites separately

gave too scattered results. The mean results of the successful sites are shown in Ta-

ble 4.3 and all have a R̂ of 1. R̂ quantifies the convergence between chains in the

method, and should be between 1.1 and 0.9. RN3A, RN3B, RN13, RN15 and RN16

failed BiCEP because the effective sample size n_eff, which represents the number

of independent draws from the posterior that would provide the same estimation
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise
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4.6. Discussion

accuracy as the correlated MCMC samples, was lower dan 1000. The low success

rate of these sampling sites is most likely caused by the low alteration temperature

(Table 4.1).

The mean intensities of the sites with a BiCEP category label A or B align closely

with the outcome of the interpretation based on sets of selection criteria, confirm-

ing the reliability of these sites. For RN5, only three out of eight samples passed

the selection criteria, but the average paleointensity of the selection criteria inter-

pretation method and BiCEP is similar, further supporting the reliability of this site.

The differences between selection criteria and BiCEP methods are largest for sites

RN1, RN2 and RN3A+B. For all these sites the BiCEP category label is C, which indi-

cates that more samples are required for a higher level of confidence. For RN1 and

RN2 more samples could improve interpretation, but site RN3A and RN3B com-

bined already have 16 samples. Therefore increasing the number of specimens is

not necessarily better or feasible. The results from the historical flows RN10 and

RN11 are categorised as D and B, respectively. Both sites have the lowest amount

of samples, as RN10 only has 4 specimens that are interpretable. The results might

improve with more samples, however, the large error does not seem to arise from

sagging and it is unknown whether adding specimens will improve the BiCEP cate-

gory label.

Previously, in some studies only samples that meet the CCRIT criteria were ac-

cepted and BiCEP was used as an alternative (Cych et al., 2021, 2023; Tauxe et al.,

2022). Few of our samples pass the CCRIT selection criteria (Table 4.3). Applying

only CCRIT would have resulted in no outcome for any of the La Réunion sampling

sites. Instead, we accepted all interpretations that satisfied at least one of the six se-

lection criteria. Therefore, interpretations that meet multiple selection criteria are

weighted more and thus considered more reliable. The sites that work well with the

BiCEP analysis align with the results from all selection criteria. This suggests that

using all selection criteria together is a robust approach, and it seems it is not nec-

essary to focus only on samples accepted by CCRIT. A combination of using mul-

tiple selection criteria and BiCEP will help finding the most reliable paleointensity

results.

4.6. Discussion
In this study we obtained paleodirectional and paleointensity data from recent lava

flows from the island of La Réunion. Below, we first discuss the paleomagnetic data

obtained, compare it with results from previous studies, use our new data to pro-

duce a paleosecular variation curve for La Réunion, and discuss the impact our new

data has on our understanding of the origin and behaviour of the SAA.

4.6.1. Paleomagnetic data

The paleomagnetic experiments were generally successfull, and produced new pa-

leodirections for 14 of our 17 sites, and new paleointensities for 11 sites. Sites RN10

and RN11 are historical flows; their results can be compared with the International

Geomagnetic Reference Field (IGRF, Alken et al., 2021) value. RN10 is the 2019 CE
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4. Paleomagnetic data from recent volcanics of Piton de La Fournaise

Figure 4.4: Example of BiCEP results. Arai plot of sample RN3A-17 (A) and RN5-19 (D). Symbols are sim-

ilar to Fig. 4.3, open dots represent temperature steps that are not selected. The green lines are the fits

from the BiCEP method. In (B) and (E) are the relationship between the intensity and the curvature cri-

terion k. The red circle is the selected sample RN3A-17 or RN5-19, black lines around the sample are the

uncertainties, black line on the intensity-axis is the mean intensity. In (C) and (F) are the corresponding

site histogram of the mean intensities, and the lower and upper uncertainty interval.

lava flow, the expected declination of this flow is -19.6◦, the expected inclination

is -54.3◦ and the expected intensity is 38.5 µT. For RN11, a 2005 CE lava flow, the

expected declination and inclination are -20◦ and -54.4◦, and the intensity was 37.2

µT in 2005 CE. The directional results of both sites show small differences with the

reference value. The measured declination of RN10 is -15◦, and the inclination is

-52.4◦. The measured declination of RN11 is -17.8◦ and the inclination is -51.9◦.

Therefore, the declination of both sites is slightly higher and the inclination slightly

lower than expected. In addition, the measured intensities of RN10 and RN11 are

6.8µT and 2.5µT lower than expected. RN10 did not pass BiCEP, therefore this pale-

ointensity is not the most robust paleointensity in our dataset. However, lower than

expected inclinations and intensities are a well known problem, and was also found

for the historical flows on La Réunion by Béguin (2020). A bias towards lower values

than predicted according to the IGRF was explained to arise from local magnetic

anomalies from the underlying magnetised terrain (Baag et al., 1995; Meyer & de

Groot, 2024; Tanguy & Le Goff, 2004; Valet & Soler, 1999). However, the modelling

study of Baag et al. (1995) predicted the inclination anomaly to be reversed in the

Southern Hemisphere, which is not observed here. As an alternative explanation,

Chapter 2 of this thesis showed that a gradual decrease in intensity can occur after

several years of sample storage. Future work should therefore examine whether this

represents a systematic underestimation of the field strength and whether a corre-

sponding correction is warranted.

Some of the sites from this study were sampled previously by Tanguy et al. (2011)

and Beguin et al. (2023) (Table 4.1). Site RN1 was presumably obtained from the

Mare Longue lava flow, we sampled around 60m from the GPS coordinates in Al-
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bert et al. (2020). Tanguy et al. (2011) sampled this flow (TGY-14) further downs-

lope. At the time of the study of Tanguy et al. (2011) the Mare Longue lava flow

was not yet dated, and they concluded based on the obtained paleodirections of

-6.1◦ in declination and -37.1◦ in inclination that the Mare Longue flow would be

of an age between 1390-1500 CE. We obtained different results at our site RN1, as it

gave a positive declination of 4.6◦ and an inclination of -43◦. The paleodirection of

site RN1 does not match with the results from any of the flows of similar age (e.g.

RN6, RN7, RN8, RN17) and the intensity of around 50 µT and with a large σ/PI, is

much higher. We therefore question whether RN1 corresponds to the Mare Longue

flow. Moreover, the location of the radiocarbon dated Mare Longue flow was not

the same in the figure of Albert et al. (2020) as it was according to their GPS coordi-

nates: the figure shows a location 630m to the Northeast of our sampling location

RN1. As the results from Tanguy et al. (2011) do fit the calibrated age of 1523 CE, we

therefore assume their directions are from the Mare Longue flow.

Two other sites with positive declinations were sampling sites RN3A and RN3B.

They were taken near site TGY-10 (Dec=-10.5◦, Inc=-34.8◦, Tanguy et al. (2011) and

RE15 (Dec=-9.6◦, Inc=-37.4◦, Int=52.1 µT, Béguin (2020)), dated at 455±70 BP, and

are presumed to be from the Ravine d’Ango lava. Although RN3A and RN3B yield

high paleointensities in our study, with a large σ/PI, the declinations differ signifi-

cantly from RE15 and TGY-10. Because these samples were taken farther from the

GPS coordinates of the radiocarbon dated site, we trust the results of RE15 and TGY-

10. Site RN4 was sampled nearby and shows a declination of -0.5◦, still somewhat

different from RE15 and TGY-10 but to a lesser extent. For this reason, we currently

retain RN4 in our dataset.

Site RN14 was obtained from the Piton Chisny flow, at the exact same location

as RE16 and from the same flow as TGY-16. As explained before, the directional

results without the erroneous sample RN14-6 are comparable to the results from

RE16 (Béguin, 2020) and TGY-16 (Tanguy et al., 2011). Additionally, the intensity of

30.1 µT is similar to the result of RE16. This confirms the low intensity around 1500

CE. The site with an age shortly prior to 1500 CE that was sampled previously is

RN17, sampled at the same location as RE33 (dec=-3.3, inc=-43, Béguin (2020)) and

TGY-9 (dec=-1.5, inc=-46.2, Tanguy et al. (2011). The declination again deviaties

slightly, between 3.9◦ and 5.7◦, and the inclination result of 44◦ is similar. Site RE33

did not give successful paleointensity results, whereas our site RN17 did. Although

RN17 plots closest to the MD domain in the Day plot (Fig. 4.2F), its thermomagnetic

curve was reversible (Fig. 4.2C) and the micrograph showed small dendrites (Fig.

4.2I). These rock-magnetic characteristics indicate RN17 was ideal for paleointen-

sity experiments, and it yielded an intensity of 32.1 µT. This is consistent with the

other relatively low intensities from this period.

4.6.2. Paleosecular variation curve

To understand changes in the Earth’s magnetic field at La Réunion we construct a

paleosecular variation curve of the last 2000 years. The paleomagnetic dataset of La

Réunion contains a wide variety of types of dating. For many recent historical flows

the age is absolutely known from historical sources. Others are dated based on ra-
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diocarbon datings and may have a large and multimodal age uncertainty, or are

dated with the pioneer tree method and therefore have a normally distributed age

uncertainty. For this reason we use the Bayesian method of Schanner et al. (2026),

which is built upon the method of Béguin et al. (2021), and can take all types of

age datings into account. We created two full vector PSV curves at the location of

Piton de la Fournaise on La Réunion. The first curve uses a simple prior: the current

Geocentric Axial Dipole field, evaluated for La Réunion’s location. With this prior all

available data for La Réunion can be used: the paleomagnetic data from this study,

Tanguy et al. (2011) and Béguin (2020). The second PSV curve is generated using

a global geomagnetic field model as a prior. Here, only data that is not yet in the

GEOMAGIA database (Brown et al., 2015) can be used to avoid circular reasoning,

so only the data from this study and Béguin (2020) are included.

Some sites are excluded from the PSV curve as they were deemed unreliable. From

this study, those are the sites in italic in Table 2 and Table 3, as well as sites RN1,

RN3A and RN3B due to reasons described in section 6.1. Additional sites from

Béguin (2020) and Tanguy et al. (2011) are excluded following the reasoning of Béguin

(2020): site RE11 is not used for the construction of the PSV curve, as this site had

an unusual declination and a very large age uncertainty. TGY-17 is also excluded

because it did not match a flow of the same age (RE18) that was taken closer to the

GPS coordinates of the radiocarbon dated deposit. Finally, Béguin (2020) observed

that it is more likely that the direction of the 1800 CE flow of TGY-5 is actually the

1776 CE flow (TGY-6) and vice versa. Therefore the results of these two sampling

sites are switched. The curves generated with a simple prior and geomagnetic field

model prior are shown in Fig. 4.5 and discussed below.

Simple Prior

The first PSV curve is based on all paleomagnetic data known for La Réunion us-

ing a simple prior with a constant axial dipole strength that is equal to the current

strength of the geocentric axial dipole evaluated for La Réunion (Fig. 4.5A-C). This

PSV curve is compared to the model predictions from four geomagnetic field mod-

els: the gufm1 model (Jackson et al., 2000), CALS10k.2 (Korte et al., 2011), pfm9k.2

(Nilsson et al., 2022) and ArchKalmag14k (Schanner et al., 2022). Prior to 1000 CE

we see that declination values are relatively steady over time, whereas there are

some variations in inclination and intensity. The inclination increases until around

1000 CE, while the intensity may only have decreased a little during this period.

There is a lack of data between 1000-1400 CE, so the PSV curve shows little vari-

ation. At 1400 CE there is a steeper inclination and a clearly stronger field of ~50

µT. After 1400 CE the PSV curve shows major changes in all three components: the

declination decreases to −18◦ in 1750 CE, the inclination increases to −34◦ in 1550

CE and then drops to −55◦ in 1850 CE; and the intensity drops to ~32 µT in 1550 CE.

Geomagnetic field models for La Réunion show a general agreement with the sim-

ple prior PSV curve of La Réunion, with some notable differences. For instance, the

PSV curve indicates lower declination values between 200 to 1200 CE and higher

intensities prior to 1500 CE. Also, the PSV curve clearly shows an intensity peak fol-

lowed by a pronounced intensity low around 1500 CE, features that are absent from
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geomagnetic models. The only period where the models and our PSV curve diverge

strongly is between 1400 and 1600 CE, where especially the declination of our PSV

curve is higher than that of the geomagnetic models. Here, the declination data

points scatter and therefore the PSV curve follows the upper range of data points,

but the models align more with the lower data points. It remains unclear whether

the scatter in declination data indicates rapid variations during that time period or

it is instead caused by the large age uncertainties.

Geomagnetic model prior

The second PSV curve is generated using the data of Béguin (2020) and this study,

with a global model as a prior. Using a global model as a prior can be useful in

regions with a low paleomagnetic data coverage. At La Réunion, this is for exam-

ple the case around 500 CE and 1200 CE, where the PSV curve based on the sim-

ple prior can only connect the neighbouring data points. As a prior, the pfm9k.2

model was applied (Nilsson et al., 2022), Fig. 4.5D-F. The most obvious difference

with the simple prior PSV curve is that the spread in the posterior ensemble mem-

bers decreases, and therefore the uncertainty decreased. There are only minor dif-

ferences between the declination and inclination curves of the simple and pfm9k

prior–based models. For example, the geomagnetic model curve shows a shallower

inclination around 800 CE, and a more pronounced steep inclination around 1250

CE. In the intensity curve, the model prior captures more variations and an inten-

sity low around 750 CE, but it fails to reproduce the high intensities around 1450 CE

and the low intensities around 1600 CE. This is likely because the new data points

diverge too much from the pfm9k.2 model in this time interval.

In declination, both the simple and the geomagnetic field model prior indicate a

positive peak around 1200-1300 CE. It is important to note that the paleomagnetic

dataset for La Réunion for this interval only has a few data points, and all have large

age uncertainties associated with their age. Site RN1, RN3A and RN3B have positive

declinations, but were sampled too far from the GPS-location of the radiocarbon

dated flow to be reliably attributed to their age. The Piton Indivis flow, sampling

site TGY-18, resulted in a declination of 10.4◦, however this flow was not yet dated

at that time and only recently it received a dating of 420±80 BP. This dating results

in a rather large age uncertainty, see Fig. 4.5A and B. A young lava flow sampled

by Watkins (1973) close to the Piton Indivis location had a similar direction of 8.2◦

declination and -35.5◦ inclination. Lastly, the RE11 declination result of the Piton

Moka from Béguin (2020) was 7.8◦. All of these sites have inclinations ranging from

35-40◦. Considering the positive declinations together with the inclinations, these

sites align more closely with the 1200-1300 CE period. It should however be noted

that data coverage in this time period is low, making the global model prior an in-

teresting addition to the PSV curve.

When comparing the PSV curves generated with a simple prior and with a global

field model prior, we consider the simple prior to be more appropriate for peri-

ods before 1750 CE. The global field model prior produces a curve that remains

closer to the model which is inherently hampered from a lack of data in this re-

gion, which comes at the cost of smoothing out variability. For example, the sharp
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changes around 1500 CE are largely suppressed, even though such rapid variations

are strongly supported by the data. Since our primary interest is to capture the true

variability recorded by the data, we therefore prefer the simple prior-based model.

Nonetheless, it is useful to construct both curves to identify the most reliable re-

sult. For recent periods, i.e. after 1750 CE, the PSV curves generated with the global

model prior are more accurate as they align with the gufm1 model.

Figure 4.5: Paleosecular variation curves of La Réunion. In A-C are the declination, inclination and

intensity curves made using a simple prior. In D-F are the PSV curves made using the pfm9k.2 model

(Nilsson et al., 2022). In all plots, the black line is the PSV curve at the location of La Réunion. The

light blue lines represent the posterior ensemble members. The coloured lines are the predictions from

global magnetic field models. In red are the data results from this and previous studies. In D-F only the

results of this study and Béguin (2020), in A-C also those of Tanguy et al. (2011) are included. The dots

show the normally distributed errors in declination, inclination and intensity. Also the age uncertainties

are shown, there is no error in age when the site was absolutely dated, the pioneer sites have a normal

age distribution and the radiocarbon dated sites are shown as red violins with the middle point as the

most probable age.

4.6.3. Implications geomagnetic field evolution La Réunion
The PSV curves generated in Fig. 4.5 give new insights on the behaviour of the

Earth’s magnetic field at the location of La Réunion. We will discuss some interest-

ing observations regarding directional changes and intensity variations. In the in-

tensity curve, the simple prior accurately catches the high intensities of the dataset

of ~49 µT at 1300 CE (Fig. 4.5C), after which it drops to ~30-32 µT at 1550 CE. The

estimated decrease in field strength would be ~0.068 µT per year. During this time

there are also rapid directional changes, both the declination and inclination val-
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ues decrease. The declination decreases from around 1625 CE to 1750 CE with 0.08◦

per year, while the inclination varies from 1600 CE to 1850 CE with around 0.092◦

per year. These directional variations in combination with the low intensity could

be due to the presence of the South Atlantic Anomaly. Similar directional changes

are found in Southern Africa (Tarduno et al., 2015) between 1225-1550 CE, with the

lowest intensities at ca. 1370 CE. This dataset yielded directional changes of 0.11◦ to

0.12◦ per year and an intensity decrease of -0.054 ± 0.036 µT per year. The decline

in field strength at La Réunion is therefore more pronounced than in South Africa.

It is worth emphasizing that the intensity gradient at ca. 1370 CE is exceptionally

steep. At that time, the low intensities in South Africa are contrasted with the high

intensity at La Réunion, resulting in a difference of about 25 µT across a distance of

roughly 2700 km. For comparison, a gradient of this magnitude in the present-day

field would only occur over approximately twice that distance. Such a steep gradi-

ent highlights the complexity of the field behaviour around 1370 CE. To account for

both the South African and La Réunion datasets, we propose two scenarios.

In the first scenario, the SAA migrated from the Indian Ocean underneath La Réu-

nion to South Africa prior to 1300 CE, and grew or shifted slightly eastwards around

1550 CE. This could explain the slightly lower intensity at 750 CE in the simple prior

PSV curve, but due to the scarcity of paleomagnetic data for these periods this low

intensity is less certain than the one at 1550 CE. The second option is that the SAA

formed under Southern Africa and influenced the field at La Réunion around 1550

CE, before moving westwards to its present-day location at South America. Cur-

rently, the SAA has a secondary minimum Southwest of Africa (Amit et al., 2021), a

similar process may have occurred at La Réunion. In both scenarios, depending on

whether La Réunion captured the Eastern edge of the SAA or the actual minimum

was located underneath La Réunion, the drift rate of the SAA after 1550 CE would

be around 0.19◦ to 0.23◦, which fits with current estimated drift rates (Fürst et al.,

2009; Ye et al., 2017). To distinguish between these scenarios, and assess whether

the SAA is linked to a reverse flux patch beneath Southern Africa, more data from

regions to the East of La Réunion are required, combined with a geomagnetic field

modelling study based on the new data.

4.7. Conclusion

In this study we presented paleomagnetic data from recent volcanics (<2ka) from

the island of La Réunion. Of our 18 sampling sites, 12 sites successfully yielded

paleodirections and 10 sites gave reliable paleointensity results. We combined our

data with paleomagnetic data from previous studies on La Réunion to generate a

paleosecular variation curve spanning the last 2000 years. Using a new Bayesian

method to reconstruct PSV curves while taking all uncertainties in dating prop-

erly into account we produced two PSV curves: the first using a simple prior for

the Bayesian modelling, and the second with the pfm9k model as a global geomag-

netic field model prior. The PSV curves indicate rapid directional variations around

1500-1750 CE, together with an intensity high ~1400 CE followed by an intensity

low ~1550 CE. These findings support the presence of the South Atlantic Anomaly

at La Réunion during this period and, when combined with paleomagnetic data
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from Southern Africa, point to two possible scenarios for its origin. In the first,

the anomaly migrated from the Indian Ocean prior to 1300 CE and moved slightly

eastwards to La Réunion around 1550 CE before migrating Westwards again. Alter-

natively, in the second scenario the SAA formed under Southern Africa and grew, or

shifted East, to influence the field at La Réunion around 1550 CE.
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4.8. Supplementary Information

Supplementary Table 4.1: Results of Béguin, 2020. Given are the sites, lava flow age in years CE or BP,

latitude and longitude. The obtained directions per site are given by the declination (Dec), inclination

(Inc), 95 percent confidence interval α95 and the precision parameter (k). Also the intensity (PI) and

intensity error (σ) are given.

Site Age Error Lat (S) Long (E) Dec (◦) Inc (◦) α95(◦) k PI (µT) σ

RE18 1890BP 55 -21.2091 55.6432 -8.2 -54.9 111.6 3.9 42.5 5.4

RE19 1465BP 75 -21.2123 55.6818 -11.2 -38.7 78.4 6.7 33.7 5.9

RE26 1105BP 60 -21.3887 55.6459 -4.1 -30.8 106.2 5 37.6 4

RE29 1105BP 60 -21.3323 55.6423 -6.4 -27.7 175.7 4.2 27.8 3.9

RE30 1105BP 60 -21.3584 55.6466 -4.9 -28.9 345.1 3.3

RE26,29,30 1105BP 60 -5.1 -29.2 184.7 2.3 37.1 4.5

RE4 575BP 75 -21.3546 55.7227 -3.2 -39.1 78.5 5.2 43.2 4.9

RE5 575BP 75 -21.3514 55.7067 -5.9 -37.6 79.9 5.8 53.1 6.8

RE4,5 575BP 75 -4.4 -38.5 80.7 3.6 46.7 7.4

RE15 455BP 70 -21.3533 55.7898 -9.6 -37.4 47.8 6.1 52.1 6.1

RE33 355BP 75 -21.2878 55.7124 -3.3 -43 90.5 4.6

RE16 381BP 26 -21.2308 55.6622 -7.7 -33.9 325.2 3.1 29.2 3

RE10 1708CE -21.1565 55.7619 -20.9 -45.9 170.1 3.5 37.3 3.6

RE14 1776CE -21.3287 55.8067 -16.4 -52.2 274.4 2.8

RE31 1776CE -21.3288 55.8010 -15.5 -49.5 288.2 2.7 37.3 3.9

RE14,31 1776CE -15.9 -50.8 187.9 1.9

RE22 1801CE -21.2981 55.7994 -12.6 -54.7 290.5 3.3 35.1 6.6

RE23 1801CE -21.2817 55.7999 -6.9 -51 201.3 4.7 40.5 3.3

RE22,23 1801CE -10 -53.2 156.4 2.8 39.8 4.2

RE20 1931CE -21.2193 55.8051 -2.6 -59 59.1 7.9 32.4 2

RE24 1943CE -21.2761 55.7918 -18.3 -54.3 160 4.4 29.6 4.4

RE25 1943CE -21.2780 55.7916 -13.4 -51 115.9 5.2 32.3 2.8

RE24,25 1943CE -15.8 -52.7 92.9 3.3 31.9 3.2

RE8 1961CE -21.2312 55.8016 -6.9 -50.4 81 4.6

RE9 1977CE -21.1684 55.8018 -20 -51.9 85.2 6 40 4.9

RE2 1986CE -21.3179 55.7949 29.4 3.9

RE3 1986CE -21.3190 55.7955 -22.5 -47.6 36.5 9.3 31.1 3.1

RE32 1986CE -21.3309 55.8068 -19.2 -49.5 136.2 4.8 27.1 3.6

RE3,32 1986CE -18.4 -48.27 94.7 3.95 31.4 3.9

RE28 1998CE -21.2230 55.8063 -16.6 -50 4.2 174.7 29.4 3.9

RE6 2002CE -21.2522 55.7958 -29 -53.1 4.9 185.9

RE21 2002CE -21.2193 55.8050 -20.4 -56.9 5.8 176.3

RE6+21 2002CE -25.3 -54.9 3.7 107.7

RE7 2004CE -21.2413 55.7988 -14.2 -47.9 3.9 240.9

RE1 2007CE -21.2817 55.7956 -17.5 -50.3 35.4 10.3
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5. Recent geomagnetic field behaviour in Indonesia

Abstract Global geomagnetic field models critically depend on the availability and

quality of paleomagnetic data. The paleomagnetic database, however, is highly bi-

ased towards the Northern Hemisphere, whereas the recent behaviour of the Earth’s

magnetic field in the Southern Hemisphere is characterised by intriguing anoma-

lies. Here, we present paleodirectional and paleointensity results obtained from two

volcanoes on the island of Bali, Indonesia. Global geomagnetic field models predict

the emergence of the South Atlantic Anomaly (SAA) West of Bali, and the presence of

the West Pacific Anomaly (WPA) North of Bali. Understanding the onset and evolu-

tion of these anomalies is hampered by extremely low data coverage in the region of

the Indonesian archipelago, with only sedimentary records or much older paleomag-

netic data available. On Bali, we sampled 8 recent lava flows on Gunung Batur that

erupted between 1849-1974 CE. Those results can be compared to reference values

from the International Geomagnetic Reference Field (IGRF). On Gunung Agung we

sampled lava flows with approximate ages from 5960 ± 70 BP to the most recent flow

from 1963 CE. Based on only the most reliable paleodirectional and intensity results

we constructed two full-vector paleosecular variation (PSV) curves using a Bayesian

approach. The first PSV curve was based on a simple dipole prior, the second on a

global geomagnetic field model prior. The curves capture interesting variations in the

period ~1000 CE until ~1300 CE, which is characterised by rapid directional varia-

tions combined with lower intensities. These new results fill a critical void in the

global paleomagnetic database, and provide new constraints on regional field be-

haviour in Southeast Asia, with implications for understanding the emergence and

evolution of the South Atlantic and West Pacific anomalies.

5.1. Introduction

The behaviour of the Earth’s geomagnetic field over the past millennia offers key

insights into the dynamics of the geodynamo and long-term magnetic field vari-

ability. Short term variations over the last centuries are captured in global geo-

magnetic field models, while regional short term changes in the Earth’s magnetic

field are described by full-vector paleosecular variation (PSV) curves. The reliabil-

ity of both global models and regional PSV curves critically depends on the amount

of paleomagnetic data available, from either sediments, archaeological materials

or volcanic rocks. Currently, the global paleomagnetic database is dominated by

data from the Northern Hemisphere (Panovska et al., 2015). Paleomagnetic data

from the Southern Hemisphere, equatorial regions and especially the West Pacific

remain scarce. This is particularly unfortunate as these regions are currently, or

have been recently, influenced by geomagnetic anomalies. One such anomaly is

the South Atlantic Anomaly (SAA), a region of low field intensity currently centred

over South America (Amit et al., 2021; Finlay et al., 2020) and of which the onset

and evolution remain unclear. Additionally, there is evidence for a second histor-

ical low-intensity feature occurring in the West Pacific: the West Pacific Anomaly

(WPA) (He et al., 2021; Yue et al., 2024). The WPA may have been present in the

West Pacific from 1600 to 1820 CE (Yue et al., 2024). The evolution of both anoma-

lies is mostly inferred from global field models, but regional paleomagnetic data

coverage is extremely limited, hampering studies into the onset, origin and evolu-

tion of these geomagnetic anomalies.
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Beyond their global relevance, high-quality PSV curves also serve as valuable tools

for dating volcanic deposits (Béguin et al., 2021; Goguitchaichvili et al., 2019; Pavón-

Carrasco et al., 2011). Radiocarbon dating remains the standard for recent volcan-

ism, but suitable material is not always available below a lava flow and/or the cal-

ibrated ages may give large uncertainties. In these cases, PSV curves can offer an

independent chronological framework to provide information on the eruption his-

tory of hazardous volcanoes.

Only a few paleomagnetic studies have been conducted so far in Indonesia. Avail-

able records include paleomagnetic data from lava flows and dykes of Brunhes and

late Matuyama age from the islands Java and Bawean (Elmaleh et al., 2004); data

from deep-sea sediment cores close to Indonesia and the Philippines (Lund et al.,

2006); a paleosecular variation curve from stalagmites in East Java (Bijaksana et

al., 2009); paleomagnetic secular variation data from Lake Kalimpaa on Sulawesi

(Haberzettl et al., 2013); and relative paleointensity records for the last 60 kyr from

Lake Towuti, Sulawesi (Kirana et al., 2018). To reconstruct the recent behaviour of

the geomagnetic field over the last 5,000 years in detail, these studies are of lim-

ited use: either they cover periods too far in the past, or they provide sedimentary

records that lack absolute paleointensity determinations.

To improve global geomagnetic field models and thereby our knowledge of the lo-

cal geomagnetic field behaviour, we did paleomagnetic fieldwork on the island of

Bali, Indonesia. Indonesia has many active Holocene volcanoes because of its loca-

tion in the Pacific ’Ring of Fire’. Here, we present paleomagnetic data obtained from

two volcanoes on the island of Bali. On the first volcano, Gunung Batur, we sam-

pled eight sites from seven very recent lava flow units (between 1849-1974 CE) and

one volcanic unit of disputed age. On Gunung Agung, we sampled twelve lava flow

units with approximate ages according to the volcano’s geological map (Nasution et

al., 2004). In total we obtained samples from 25 sampling sites on Gunung Agung.

Samples from all sites were subjected to both paleodirectional and paleointensity

experiments to characterise the recent behaviour of the Earth’s magnetic field in

Indonesia. These directions and intensities are the first Holocene full-vector pale-

omagnetic data from the region between the Indian and Pacific Oceans, providing

a valuable addition to close the gap in the global paleomagnetic record.

5.2. Geological setting and sampling

The island of Bali is part of the Sunda arc, which is generated by the subduction of

the Indo-Australian plate beneath the Eurasian plate (Suryanata et al., 2024). His-

torically active volcanism on Bali occurs on the volcanoes Gunung Batur and Gu-

nung Agung. Both are located in the Eastern part of the island (Fig. 5.1A). Gunung

Batur is a 1717 m high stratovolcano, of which the centre lies within two caldera

rims. The first caldera rim was formed around 29,300 BP, which created the Ubud

Ignimbrite (Reubi & Nicholls, 2004; Sutawidjaja, 2009). The inner caldera rim was

formed around 20,150 BP, during which the Gunungkawi ignimbrite deposit was

formed. Since the 1800’s, the volcano has erupted at least 22 times (Sutawidjaja,
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2009). The locations of lava flows erupted between 1849 CE to 1974 CE are well

documented (Sutawidjaja et al., 1992).

Gunung Agung, located east of the Batur Caldera, is the highest peak on Bali at 3031

m. There are four confirmed Holocene eruptive periods for Gunung Agung (GVP,

Venzke, 2025). The largest of these occurred in 1963 CE (Self & King, 1996), when

a disastrous volcanic eruption generated pyroclastic density currents and formed

a lava flow on the north flank of the volcano (flow unit AL14, Fig. 5.1C). Besides

this, there are multiple older lava flow deposits according to the geological map of

Nasution et al. (2004), of which AL1 should be the oldest and AL14 corresponds to

the youngest lava flow (1963 CE). Using radiocarbon dating, Fontijn et al. (2015)

dated charcoal within pyroclastic density deposits and palaeosols between scoria

fall deposits from Agung. Using geochemical and petrographical analysis Syafitri

et al. (2021) made a correlated chronology by combining their own samples with

Fontijn et al.’s samples and samples from Dempsey et al. (2013). They divided the

lava flow units of Agung into four eruptive periods: pre-3200 ± 60 BP, 3200 ± 60 to

1870 ± 40 BP, 1870 ± 40 to 1040 ± 50 BP, and post-1040 ± 50 BP. The radiocarbon

ages of Fontijn et al. (2015) were roughly correlated to the stratigraphy of the geo-

logical map by Syafitri et al. (2021), and the stratigraphic age correlations are shown

in Fig. 5.2.

5.2.1. Sampling strategy

Fieldwork was done in February-March 2025 to collect paleomagnetic samples (25

mm in diameter and up to 10 cm in length) from Gunung Batur and Gunung Agung:

sites from Gunung Agung are labelled as ’A’ sites; sites from Gunung Batur as ’B’-

sites. For each sampling site 10 to 25 samples were taken with a water-cooled

petrol-powered drill. Samples were oriented with a magnetic compass, due to the

rainy season it was often cloudy and at midday the sun was too high to use a sun

compass for orientations. The lava flows on Gunung Batur were aa’ like, with large

boulders and an irregular topography. Samples were taken spread out over the out-

crop from as many blocks as possible. Except for B7, all samples were obtained

from historical flows for which the reference value according to the International

Geomagnetic Reference Field (IGRF, Alken et al. (2021)) is known (Table 5.1). The

IGRF describes the field values from 1900 CE until now; prior to that the expected

values are according to the gufm1 model (Jackson et al., 2000) and might be less ac-

curate. Site B7 was taken from the northern wall of the caldera: the Bunbulan lava

flow. The moment of formation of the Bunbulan lava dome complex was bracketed

in between the formation of the two caldera’s at 29,300 BP - 20,150 BP by Reubi

and Nicholls (2004). However, according to the geological map of Sutawidjaja et

al. (1992) the Bunbulan lava formed around 5500 BP. Samples on Gunung Agung

were obtained from outcrops along the road and often from riverbeds. The size of

the outcrop in the river varied, from a massive lava flow to large boulders. Sam-

ples were always taken far apart from each other, and where possible from different

boulders. Sampling sites on Agung are mostly located within the area of a lava flow

unit according to Nasution et al. (2004) (Table 5.1), except for A4, A7 and A27. Site

A4 is located slightly South of the AL5 unit; A7 is slightly north of the indicated lo-

cation of the Pawon scoria cone but the outcrop corresponded to the geological
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description (Fig. 5.2); and A27 was sampled in a riverbed a little bit north of unit

AL4 (Fig. 5.2). Paleomagnetic samples were not obtained at AL11, where only soil

was found, and AL17, where pyroclastics were sampled. In some cases the sam-

pling location is also close to a sampling location of Syafitri et al. (2021) or Fontijn

et al. (2015), including A1 (close to MTG-5A,B,C), A2 (near MTG-1B), A4 (at AG013),

A6 (close to TAR-1,2); A8 (near GA-TU1) and A18 (close to GA-DA1).

Figure 5.1: Sampling locations. Map showing the island of Bali (A) with the locations of Gunung Batur

(B) and Gunung Agung (C). Sampling locations on both volcanoes are shown, lava flows in years CE on

Batur are after the geological map of Sutawidjaja et al. (1992), locations of lava flow units on Agung are

from Nasution et al. (2004).

5.3. Rock Magnetic Characteristics
To characterise the remanence-carrying minerals and to evaluate the suitability of

the samples for paleointensity experiments, we performed rock magnetic analyses

on representative specimens from all sites. The thermomagnetic behaviour of the

samples was assessed using Curie balance experiments, and high-field hysteresis

measurements were carried out to assess domain state properties. The thermo-

magnetic measurements were done on one sample per site (~15 mg) using a hor-

izontal translation Curie balance (Mullender et al., 1993) to determine their Curie

temperatures. Samples were heated sequentially from room temperature to 150◦C,

225◦C, 300◦C, 375◦C, 450◦C, 525◦C and 600◦C, and then cooled down. After each

step the temperature was lowered by 75◦C to check for the reversibility of the signal.

The alteration temperature was defined as the highest temperature step at which
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Table 5.1: Sampling sites and rock magnetic characteristics for Gunung Batur and Gunung Agung. Given

are the sites, lava flow in years CE or flow unit according to the geological maps (Nasution et al., 2004;

Sutawidjaja et al., 1992), latitude and longitude, elevation (Elv), IGRF values for declination (Dref), incli-

nation (Iref) and intensity (Intref), dominant Curie Temperatures (Tc) and alteration temperature deter-

mined from the magnetization vs temperature diagrams (Talt).

Site Unit Lat (◦S) Long (◦E) Elv (m) Dref (◦) Incref (◦) Intref (µT) Tc (◦C) Talt (◦C)

B1 1888 -8.2559 115.3931 1103 1.8 -31.0 43.1 350/540

B2 1849 -8.2710 115.3804 1109 0.4 -30.2 42.0 350/540 525

B3 1974 -8.2399 115.3532 1129 1.7 -34.8 44.8 310/540 525

B4 1904 -8.2416 115.3513 1120 1.6 -32.8 43.6 360/580

B5 1963 -8.2598 115.3553 1143 2.2 -34.7 44.8 500/560

B6 1963 -8.2686 115.3612 1129 2.2 -34.7 44.8 380/540

B7 Bun. -8.2212 115.3965 1184 600

B8 1968 -8.2557 115.3693 1178 2.0 -34.8 44.8 310/540 525

B9 1921 -8.2592 115.3752 1156 1.5 -34.0 44.1 300/540 525

A1 AL9 -8.3176 115.588 236 550

A2 AL10 -8.3129 115.5949 188 560 375

A3 AL5 -8.2991 115.5937 162 380/580

A4 AL5 -8.3167 115.5693 461 580

A5 PL -8.3883 115.57 582 340/580 525

A6 AL9 -8.368 115.5403 1119 580

A7 PS -8.3773 115.5541 824 390/580

A8 AL12 -8.2856 115.601 68 480/580 375

A9 AL12 -8.2968 115.5788 240 580

A10 AL12 -8.2925 115.5663 339 580

A12 AL11 -8.3243 115.5983 222 540 375

A13 AL11 -8.3544 115.5761 556 580

A14 AL7 -8.3623 115.5689 662 380/580 450

A15 AL6 -8.4017 115.5957 383 410/580

A16 AL1 -8.3623 115.4576 1166 560

A18 AL9 -8.2953 115.545 566 480/580 375

A19 AL14 -8.2745 115.5148 502 2.2 -34.7 44.8 580 450

A21 AL8 -8.3347 115.5582 696 580 375

A22 AL8 -8.3252 115.5752 407 560 375

A23 AL7 -8.3602 115.5908 394 580 375

A24 AL13 -8.2903 115.5211 673 0.1 30.0 41.7 520 375

A25 AL3 -8.2884 115.4968 714 490/580 375

A26 AL4 -8.2804 115.4878 615 510/580 375

A27 AL4 -8.2973 115.4701 860 540

A28 AL2 -8.369 115.4707 1139 580
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Figure 5.2: Stratigraphic correlation according to Syafitri et al. (2021) from the lava flow units of Gunung

Agung.The radiocarbon ages on the left are the approximate top and bottom age assigned to the lava flow

unit, note that these lava flow units were not directly dated with radiocarbon (Syafitri et al., 2021). In the

middle are the sampling sites of this study, with some pictures of the sampling sites on the right. Ages of

units AL1, AL2 and AL3 are estimated, for AL7 and PL (Pawon Lava) there are no assigned radiocarbon

ages but the Pawon Lava and Pawon scoria cone erupted towards the end of the 3200 ± 60 to 1870 ± 40

BP period.
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the heating and cooling curves were reversible.

Hysteresis measurements were obtained with a PMC 3900 Alternating Gradient Mag-

netometer. For one sample per site both a hysteresis loop and a back-field curve

were measured to assess the magnetic domain state of the samples. The hysteresis

loops were measured with a maximum field of 500 mT and an averaging time of

150 ms. The contribution of paramagnetic minerals to the signal was removed by a

slope correction above 70% of the maximum field applied. The saturation magneti-

zation (Ms ), remanent saturation magnetization (Mr s ) and coercive force (Bc ) were

derived from the hysteresis loop. The backfield demagnetization curve of 30 steps

had a maximum field at 300 mT with an averaging time of 200 ms. The remanent

coercive force (Bcr ) was obtained from this DCD curve. The ratios of remanence

(Mr s /Ms ) and coercivity (Bcr /Bc ) of the samples were plotted on a Day diagram

(Day et al., 1977) (Fig. 5.3F). Depending on the ratio of Mr s /Ms and Bcr /Bc , the

magnetic domain state of the samples is identified as single domain (SD), pseudo

single-domain (PSD) or multi domain (MD). Although Day plots represent bulk

magnetic measurements and thus provide only a first order estimate, they nonethe-

less give a useful impression of magnetic domain states.

5.3.1. Results Gunung Batur
The thermomagnetic measurements for the sites of Gunung Batur show broadly

similar behaviour. All sites have a high Curie temperature (Tc) around 540-580◦C

and, except for site B7, a second lower Curie temperature between 300-500◦C (Ta-

ble 5.1, Fig. 5.3A). This indicates (titano-)magnetite as main magnetic carrier, with

variable amounts of Ti-substitution. There is a minor amount of alteration present:

sites B2, B3, B8 and B9 have a cooling curve slightly higher than the heating curve.

These curves become reversible after the temperature step of 525◦C, which is a very

high alteration temperature. Site B7 shows a single high Tc of 580◦C, indicating Ti-

poor magnetite (Fig. 5.3B). Although this site shows a cooling curve below the heat-

ing curve, alteration again occurs above 525◦C since all lower temperature steps are

reversible.

On the Day plot (Fig. 5.3F), all Batur samples fall within the PSD range (Fig. 5.3F),

which is expected for these extrusive basaltic rocks. Most samples plot slightly

above the negative crystalline shape anisotropy mixing curve from Dunlop (2002),

B3 plots furthest away and is the only outlier. The site closest to the single-domain

range is B2, while B7 has the lowest Mr s /Ms ratio. Sites B4, B5 and B6 behave very

similarly, and plot in between B2 and B7. Because all samples show either no al-

teration or only at very high temperatures, and fall within the PSD range, they are

expected to perform well during paleodirectional and paleointensity methods.

5.3.2. Results Gunung Agung
Like the Batur samples, the Gunung Agung sites all have at least one high Curie tem-

perature with the magnetization gradually decreasing until around 540◦C-580◦C

(Table 5.1, Fig. 5.3C-E). Some sites, such as A3 or A15, also yield a second lower

Curie temperature around 340◦C-510◦C. Most curves are largely reversible (Fig. 5.3E),

while others point to an onset of alteration at 375◦C, with cooling curves both lower
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Figure 5.3: Representative rock magnetic results of Gunung Batur and Gunung Agung. Thermomag-

netic measurement results are in A-E, arrows pointing down indicate the heating curve, pointing up is

the cooling curve. In F) is the Day plot shown, horizontal and vertical lines are the boundaries of the

single-domain, pseudo-single-domain or multi-domain range. Orange dots are Batur samples, green

dots are Agung samples. Dashed lines are the theoretical mixing curves for uniaxial shape anisotropy

and negative cubic shape anisotropy from Dunlop (2002).

and higher than the heating curves (Fig. 5.3C,D). In most cases the differences be-

tween the heating and cooling curves are modest (Fig. 5.3C). The largest differ-

ences, and thus most pronounced alteration, are seen in sites A14, A22 and A23.

These sites are expected to behave less favourable during paleomagnetic measure-

ments, compared to the other sites with high Curie temperatures.

Nearly all Agung samples fall in PSD range of the Day plot, except site A7 which

shows a high Bcr . The results cluster in the lower half of the PSD range, and near the

lower end of the theoretical SD-MD mixing curves (Dunlop, 2002). Hence the sam-

pling sites from Gunung Agung exhibit magnetic properties that tend to be closer

to MD than SD behaviour, which might not be ideal during paleointensity exper-

iments as MD grain sizes tend to produce non-linear Arai plots. Sites A6, A7, A12

and A14 show the strongest influence from MD grains; while site A22 plots closest

to the SD range. The samples from Gunung Agung appear to behave slightly less

ideal than those from Batur. Nonetheless, because most curves indicate only mi-

nor alteration and all samples fall within the PSD domain, all sites were included in

all paleodirection and paleointensity experiments.

5.4. Paleomagnetic directions
To obtain paleomagnetic directions specimens from both volcanoes were subjected

to thermal and alternating field demagnetization experiments. At least 12 speci-

mens per site were measured, except for site B7, A7 and A8 where sampling was dif-

ficult and the amount of material was limited. One (only for site B7) to four spec-

imens per site were thermally demagnetised, in steps of 50◦C up to 600◦C. After
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each step the remaining magnetization in the specimen was measured on a 2G-

cryogenic magnetometer. Due to an instrument alignment issue, measurements

below 150◦C were oriented incorrectly (Fig. 5.4C). However, because most speci-

mens lost only very little magnetization at these low temperatures this had almost

negligible influence on the results. Very strongly magnetised samples were mea-

sured on a JR6 spinner magnetometer. Additionally, 7 to 12 specimens per site were

subjected to alternating fields demagnetization experiments using a robotised 2G

DC-SQUID magnetometer (Mullender et al., 2016), with steps of 0, 2.5, 5, 7.5, 10,

15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 150, 200, 225, and 270 mT. Throughout all mea-

surements the samples were kept in a magnetically shielded room to avoid bias due

to viscous magnetizations. Paleodirections were interpreted using the online portal

paleomagnetism.org (Koymans et al., 2016, 2020), where the demagnetization dia-

grams were plotted as Zijderveld diagrams (Zijderveld, 1967) from which the char-

acteristic remanent magnetization (ChRM) direction was determined as the most

stable linear component towards the origin. Site mean directions were calculated

using Fisher statistics (Fisher, 1953); outliers were identified using a 45◦ cut-off. Pa-

leodirectional results are given in Table 5.2, and results from historical sampling

sites are compared to their corresponding IGRF value.

5.4.1. Results Gunung Batur
Most of the Batur samples demagnetise in a straight line to the origin of the Zi-

jderveld diagram. Only site B7 and some specimens from B6 have a small overprint,

which is easily removed by an alternating field step of 15 mT. The resulting paleo-

magnetic directions from the recent lava flows on Gunung Batur yield directions

with declination ranging between -5.7◦ and 5.8◦; and their inclinations vary from

-23.7◦ to -45.3◦. Except for site B2 and B4, all sites yield precision parameters (k)

above 50. The oldest deposit, site B7, has the highest k-value, and site B2 shows

the largest scatter, with a k-value of 21.7 and an α95 of 10◦ (Fig. 5.4A). There is no

general consensus on the minimal k-value for a reliable paleodirection interpreta-

tion, and a lower k-value does not necessarily mean less accurate results (Meyer

& de Groot, 2024). This is reflected in the result of B8: the k-value is in the lower

range but its difference from the reference value is only 1.3◦ in declination and 2.3◦

in inclination (Table 5.1). On the other hand, site B4 has a low k-value of 35.6 and

does have a 12.5◦ lower inclination than expected. Site B2 also has a lower inclina-

tion than predicted, all other sites show inclinations that are steeper than the IGRF

value.

5.4.2. Results Gunung Agung
Specimens from most Agung sites demagnetise straight to the origin of the Zijderveld

diagram, or have only a small overprint that is removed by applying a 5 mT alter-

nating field (Fig. 5.4D). Sites A15, A21, A22 and A23 show slightly more pronounced

overprints, until 15 - 30 mT; all paleodirections, however, are well interpretable by

disregarding the first steps. From the 25 sampling sites on Gunung Agung, 15 sites

yield high k-values between 51 and 565.7. The very high k-values around 500 are all

from massive lava flows located in riverbeds (A1, Fig. 5.2). The lower k-value of 51

from sampling site A7, and 66.9 from site A5, were to be expected: site A7 was sam-

pled on the northern part of the Pawon Scoria cone and sampling was challenging
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due to many loose fragments in the scoria (Fig. 5.2, Fig. 5.4D). Site A5 was also from

this unit, but from a blocky lava outcrop further East.

Not all sampling sites yielded interpretable results. Eight sites show a wide scatter in

their VGP distribution, and could not be reliably interpreted. Among them are sites

A9, A12, A21, A22 and A25, where the ChRM directions of individual specimens are

a straight line to the origin, suggesting that the scatter is due to post-solidification

movement of larger blocks. Specimens from A15 and A23 exhibit an overprint in the

low alternating field (0-20 mT) and temperature steps (20-250◦C), but their scat-

tered directions are most likely also due to post-solidification movement. The last

site with scattered directions is A18, whose specimens were so strongly magnetised

that AF demagnetization was problematic. In an attempt to better constrain the pa-

leodirection from sites A14 and A24 extra samples were measured, but despite this

the k-values of the sites are still very low with 9.5 and 11.9, respectively. Site A14

was sampled on the side of a small road and some blocks might have been rotated

during road construction. Sampling further inland was unfortunately not permit-

ted. Site A24 was sampled on the edge of the very blocky aa’ flow unit AL13 which

might explain post-solidification movement of some blocks. Because the VGP dis-

tribution does show some clustering of directions, the results of A14 and A24 are

given in italic in Table 5.2.

Two flow units on Gunung Agung are associated with absolute, historical, datings:

flow unit AL13 from site A24 most likely has an age of 1843 CE, and the 1963 CE lava

flow was sampled at site A19. The results of these two sites can therefore be com-

pared to the International Geomagnetic Reference Field (IGRF, Alken et al. (2021)),

although prior to 1900 CE the predicted directions might be less accurate. For 1843

CE the expected declination and inclination are 0.1◦ and -30.0◦, respectively. The

resulting declination at A24 was -3.1◦ and inclination -29.0◦. Surprisingly, the av-

erage direction of A24 is actually very accurate, despite the unfavourable paleo-

magnetic statistics. The paleomagnetic direction of A19 could be interpreted from

only 6 specimens out of 12. The 1963 CE lava flow front was very overgrown, it

was therefore difficult to identify reliable blocks and samples were obtained from

as many boulders as possible. Only the most reliable samples were interpreted. The

expected direction in 1963 CE is 2.2◦ for declination and -34.7◦ in inclination. Site

A19 yielded directions of -2.3◦ in declination and -26.2◦ for inclination, with an α95

of 5.7◦. Thus especially the inclination is higher than expected.

For the successful sites, the declinations range from -9.8◦ to 6.3◦, and the inclina-

tions are between -26.2◦ and 1.7◦. The mean inclination of all sites is -17.8◦, which

is in agreement with the -16.2◦ that is expected from a geocentric axial dipole (GAD)

at this location. Especially site A13 and A26 diverge from this value, with very shal-

low inclinations of +1.7◦ and -4.5◦, respectively (Fig. 5.4E,F).

5.5. Paleointensities

To obtain information about the past field strength in Indonesia, samples from each

sampling site were subjected to paleointensity experiments. Only site A18 was not
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subjected to the experiment, as it behaved very poorly in the paleodirectional ex-

periments. Initially, for each site four specimens were subjected to the IZZI-Thellier

paleointensity method (Tauxe & Staudigel, 2004), in two batches. Depending on the

success rate of these first specimens and the quality of their Arai plots, an additional

two to four specimens were measured in a third batch to improve the statistical ac-

curacy of the average paleointensity at site level. The IZZI protocol alternates sets

of zero-field, in field (ZI) steps (Coe, 1967), and in-field, zero-field (IZ) steps (Aitken

et al., 1988). After each ’ZIIZ’ set, a pTRM check was included to check for thermal

alteration (Coe et al., 1978), resulting in a ’ZIIZP’-protocol. A laboratory field of 50

µT was applied during the in-field steps. The temperature increments were chosen

based on the thermomagnetic measurements. The first group of samples were di-

vided into two batches. The first batch was subjected to 40◦C increments between

100 and 300◦C, and then 50◦C-steps to 500◦C. The second batch used 50◦C incre-

ments up to 400◦C, before going in steps of 40◦C. The third batch with the addi-

tional set samples was measured from 200◦C in steps of 50◦C to 400◦C, followed by

steps of 440, 480, 520, 540 and 580◦C. All batches ended with steps of 540◦C, 580◦C

and sometimes 600◦C. To ease the handling of the specimens, all specimens were

glued into small glass vials with quartz wool and potassium-silicate. They were

heated in an ASC TD48-SC furnace and measured on a 2G cryogenic magnetome-

ter, both housed in the same magnetically shielded room to avoid bias from viscous

magnetizations.

The quality of the paleointensity results was assessed using paleointensity.org (Béguin

et al., 2020). The results were analysed using six different sets of selection criteria:

SELCRIT2 (Selkin & Tauxe, 2000), TTA and TTB (Leonhardt et al., 2004), PICRIT03

(Kissel & Laj, 2004), CLASS-A (L. V. de Groot et al., 2014a) and CCRIT (Cromwell

et al., 2015b). The first four included the modifications as proposed by Paterson

et al. (2014). The curvature criteria k’ is strictest for CCRIT, k’≤0.164, all others have

the curvature criteria set at k’≤0.35. All other selection criteria values are in Supp.

Table 5.1. The auto interpreter function of paleointensity.org was used to avoid sub-

jective interpretation bias. From the interpretations that passed a set of selection

criteria, the average paleointensity and standard deviation was calculated at site

level. This means that interpretations that passed more than one selection criteria

were included as many times as they passed a set of selection criteria, and therefore

received more weight in the site level average paleointensity. The site average pale-

ointensity was considered to be more reliable when the standard deviation divided

by the mean (σ/PI) did not exceed 25% (Paterson et al., 2014) and there were at least

three specimens to interpret. All results are given in Table 5.2, with representative

Arai diagrams in Fig. 5.4.

5.5.1. Results Gunung Batur

Rock magnetically, most samples from Gunung Batur indicated favourable behaviour

for paleointensity experiments, which is reflected in relatively high success rates

in these experiments. Out of 51 specimens measured, 47 passed at least one of

the selection criteria, resulting in a success rate of 92%. All Batur sites had at least

three specimens to interpret. Although site B6 and B7 have a σ/PI below 25%, most

of their specimens suffered from ’sagging’ in their Arai plot, most likely caused by
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Figure 5.4: Representative paleodirectional and paleointensity results from six sampling sites of Gunung

Agung and Gunung Batur. Of each site an Arai diagram is shown, where the blue circles represent the

ZI-steps and the red circles the IZ-steps. Black triangles are the pTRM checks, the green line is the largest

segment accepted by at least one of the selection criteria. The paleointensity result for each sample is

given, as well as which selection criteria the specimen passes: PICRIT03 (P), SELCRIT2 (S), CLASSA (A),

TTA, TTB and CCRIT (C). On the top right is the Zijderveld diagram. Closed circles are declination steps,

open circles are inclination steps. The straight line through the measurement steps represent the ChRM

direction for declination (green) and inclination (red).
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MD behaviour; or failing pTRM checks after 400◦C, an expression of high tempera-

ture alteration. Therefore, only limited numbers of either low or high temperature

steps passed sets of selection criteria, resulting in a bimodal set of paleointensities.

These two sites are therefore less reliable and we did not measure extra specimens.

Specimens from the other sites yielded high quality results with intensities between

41.0 and 55.3 µT, and σ ranging from 3.7 to 7.5 µT. Compared to the expected IGRF

value, only site B5 has an intensity that is lower than expected, by 3.8 µT. All other

sites produced intensities that are higher than expected, between 1.8 µT higher for

the 1888 CE flow at B1, to 10.5 µT for the 1974 CE flow at site B3.

5.5.2. Results Gunung Agung
Out of the 138 specimens measured for the sampling sites from Gunung Agung, 93

passed at least one of the selection criteria, a success rate of 67.4%. However, not

all sites also yielded meaningful results. For each of the sites A21, A23, A25, A26 and

A28 only one specimen was accepted, which is not enough for a reliable interpre-

tation. Most of the specimens fail the selection criteria due to various ways of non-

ideal behaviour. Almost all experience sagging and have a k’>0.35, so there seems

to be a larger contribution from MD grains in these samples then expected based

on the rock-magnetic analyses pointing to the PSD range (Fig. 5.3F). Additionally,

some have failing pTRM checks at temperatures higher than 400◦C, which is con-

sistent with their alteration temperature at 375◦C (Table 5.1). Specimens from A21

and A26 also display zigzagging behaviour (Fig. 5.4F) and some specimens of site

A28 gain almost no TRM compared to the NRM lost. Other sites that we deem less

reliable are those with a σ/PI larger than 25%, which are sites A10, A16, A22 and

A24. Moreover, sites A10 and A16 each yielded only 2 successful specimens and

therefore fail our reliability criteria for a site mean paleointensity. Specimens from

A24 experience sagging and produced paleointensity values ranging from 15 to 70

µT, and therefore unreliable. Site A22 performed slightly better, but with a σ/PI of

26.9%, its result should be treated with caution.

Ultimately, paleointensities could be determined successfully from 73 samples from

14 sites; and ranged from 36.2 µT for sampling site A8, to 51.3 µT for sampling site

A6. Some sites that yielded unsuccessful paleodirections due to post-solidification

block rotations, such as A12 and A15, did give reliable paleointensity values. The

mean paleointensity of all sites is 43.6 µT, which is in line with the average paleoin-

tensity at Bali island of 44.2 µT since 1850 CE (IGRF, Alken et al. (2021)), but much

higher than the intensity of ~31 µT according to the Geocentric Axial Dipole (GAD)

estimate based on the present day field. The historical flow at A19 yielded a pale-

ointensity of 46.4 µT, which is only 1.6 µT higher than the expected intensity in 1963

CE.
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5.5. Paleointensities
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5. Recent geomagnetic field behaviour in Indonesia

Table 5.2: Paleodirectional and paleointensity results. The obtained directions per site are given by the

parameters: (n/N) number of samples accepted / total amount of samples per site, the declination

(Dec), inclination (Inc), 95 percent confidence interval α95 and the precision parameter (k). The ob-

tained paleointensities per site are given by: number of samples accepted / total amount of samples per

site (n/N), number of interpretations (n_int), resulting paleointensity (PI), standard deviation (σ) and

the standard deviation divided by the paleointensity (σ/PI). The difference with the IGRF value given in

Table 5.1 is declination (∆Dec) and inclination (∆Inc) and intensity (∆Int). Paleodirections or paleoin-

tensities with a low reliability are in italic.

5.6. Discussion
Below, we will first discuss the paleomagnetic results from the historical lava flows

on Gunung Batur and Gunung Agung. Then the age uncertainties in the dataset of

Gunung Agung are addressed. Based on the data from only the reliable sites, we

produce a paleosecular variation curve from 3000 BCE until 2000 CE for the island

of Bali. Finally, we will discuss the implications of this curve for the behaviour of

Earth’s magnetic field.

5.6.1. Paleomagnetic results after 1800 CE
To assess the reliability of our paleomagnetic data, we compare the historical sites

in our data-set with the expected paleomagnetic directions and paleointensities

from the IGRF (Alken et al., 2021). Two sampling sites from Gunung Agung (A19

and A24) and all but one sites from Gunung Batur were from historical lava flows.

Their results are plotted against the associated expected IGRF values in Fig. 5.5D-F.

The declination results are scattered around the expected value, and except for B5

and B9, agree within error. The inclinations obtained are, except for site B2 and B4,

steeper (higher) than expected. In the Northern Hemisphere, lava flows frequently

yield inclinations that are more shallow (lower) than expected (Pavón-Carrasco et

al., 2014; Tanguy, 1990; Urrutia-Fucugauchi et al., 2004). This bias may be explained

by local magnetic anomalies, imposed by the strongly magnetised underlying rocks

in a topographic rough volcanic terrain (Baag et al., 1995; Meyer & de Groot, 2024).

A modelling study of inclinations in gullies (Baag et al., 1995) predicted a bias to

more negative inclinations in topographic lows in the Northern Hemisphere and a

bias towards positive inclinations in the Southern Hemisphere; which agrees with

what we see in the results from the recent lava flows on Bali. Besides more nega-

tive inclinations, previous studies have also reported lower than expected intensi-

ties. Here, we observe the opposite, as we obtained higher than expected intensi-

ties. Higher than expected intensities were suggested by Yamamoto et al. (2003) to

be caused by the acquisition of thermochemical remanent magnetization (TCRM)

during initial lava flow formation. However, most Batur samples show ideal rock

magnetic behaviour and linear slopes in the Arai diagrams, and do not show any

signs of TCRMs.

A potential cause of the higher than expected intensities may also be the occur-

rence of local magnetic anomalies resulting from the magnetic terrain effect. If

so, the intensity bias, like the inclination bias, would be reversed in the Southern

Hemisphere compared to the Northern Hemisphere. If local magnetic anomalies

are responsible for the bias in inclinations and intensities observed on Bali, we
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5.6. Discussion

could not minimise the effects by sampling across a large area on the lava flows,

wherever possible. Future research should therefore examine whether this bias to-

wards higher inclinations and intensities is systematic and whether it requires cor-

rections.

5.6.2. Uncertainties

In Fig. 5.5A-C, the declination, inclination and intensity results from the Gunung

Agung sampling sites are plotted against the variations of the field predicted by

several geomagnetic field models. All ages are after those given in Fig. 5.2. The

radiocarbon ages are converted to calendar ages using the age calibration program

MatCal (Lougheed & Obrochta, 2016) with the SHCal20 calibration curve (Hogg et

al., 2020). These radiocarbon ages are correlated approximately to the stratigraphy

of the geological map. Therefore there is always some uncertainty about the age of

the sampled flow as not a directly radiocarbon dated unit was sampled. Addition-

ally, some units have two assigned radiocarbon dates which are usually very close,

in Fig. 5.5A-C we use the average of these two ages with the largest age uncertainty.

For sampling sites from lava flow units that are only bracketed between older and

younger flows (AL2, AL3, AL7 and PL) a dashed age error bar is given. Sites with un-

certain declination, inclination, or intensity results (for reasons described below)

are shown in grey with dashed error bars and are not included in the PSV curves.

The sampling sites on Gunung Batur generally have well constrained ages, except

for site B7 from the Bunbulan lava flow unit. This unit might have erupted between

29,300 - 20,150 BP (Reubi & Nicholls, 2004), or ~5500 BP (Sutawidjaja et al., 1992).

It is difficult to resolve this with the paleomagnetic results obtained from B7, since

the reliability of geomagnetic field models at <5500 BP remains uncertain. How-

ever, B7 does share a Common True Mean Direction (CTMD) with A16, which was

sampled from AL1, the oldest lava flow known on Gunung Agung. Therefore, it is

possible the Bunbulan unit and AL1 erupted at the same time, although lava flow

unit AL1 has a very large age uncertainty. The result of A16 is shown in Fig. 5.5A,B

but is not included while generating a PSV curve due to its large age uncertainty.

Lava flow units on Gunung Agung were often sampled at multiple locations, but

not all results are similar across the units. For example, the directions of A1 and A6

agree and they share a CTMD, but their intensity results differ. Given that even the

results from Gunung Batur, obtained from flows of similar age, show variability, we

did not discard results based on these differences. Sites A4 and A27 are considered

less certain, as they were sampled slightly outside of the lava flow unit area and

may therefore be less reliable than the other site from the same unit. Nonetheless,

they will be used to generate a PSV curve. The intensity result from A9 is most likely

unreliable. A9 yielded no directional result due to block rotation after cooling, and

the paleointensity values from similar aged sites A8 and A10, albeit a large σ/PI,

are much lower than that of A9. Therefore, this site is excluded from the PSV curve

construction.

Finally, the unsuccessful results from A14, A22 and A24 are plotted in grey for com-

parison. Site A22 yielded no successful directions while the paleointensity result
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5. Recent geomagnetic field behaviour in Indonesia

has aσ/PI only slightly higher than 25%. Therefore the result is shown in Fig. 5.5 but

not used in the PSV curve. Despite the age uncertainties, the dataset presented here

provides the most reliable basis currently available to generate a local PSV curve for

Bali.

5.6.3. Regional PSV behaviour before 1800 CE

To construct a local PSV curve for Bali we apply the Bayesian method of Schanner

et al. (2026), which builds upon the method of Béguin et al. (2021). This method

begins with a prior distribution, which can be defined either as a simple constant

prior or as an informative prior based on a global geomagnetic field model. More-

over, the Bayesian framework of this method allows for the consistent incorpo-

ration of the different types of age information used in this study, whether they

are non-Gaussian distributions from calibrated radiocarbon dates, absolute ages,

or stratigraphic units constrained only by bracketing layers. As described above,

some units were associated with multiple radiocarbon ages. For PSV construction,

we approximated these by using the mean of the reported ages together with the

largest associated uncertainty, or a slightly higher uncertainty. This simplification

may reduce the accuracy of the age constraints, but it provides the most consistent

treatment possible with the data currently available. For lava flow units only brack-

eted between older and younger flows we used a Gaussian uncertainty of 100 to 300

years. All ages and uncertainties are shown in Supp. Table 5.2. We generated two

PSV curves: the first uses a simple GAD prior, and the second uses a global geo-

magnetic field model as prior. A global geomagnetic field model may be useful in

regions with low paleomagnetic data coverage as it does not rely solely on connect-

ing the available data points where there are major gaps in the record. As a prior, we

chose the pfm9k.2 model(Nilsson et al., 2022). Both PSV curves are shown in Fig.

5.6. Because unit AL1 (A16) is excluded, the PSV curves are generated from 3000

BCE until 2000 CE.

As expected, the PSV curve generated with a simple, GAD prior (Fig. 5.6A-C) gives a

reconstruction that is closer to the data and exhibits a smoother trend. In contrast,

the pfm9k.2 model prior (Fig. 5.6D-F) yields a PSV curve that in some intervals

tracks the geomagnetic field model more closely and, as a result, shows larger vari-

ability. For the declination, the geomagnetic field models mostly follow the results

we obtained and remain between -5 and +5◦. The pfm9k.2 prior-based PSV curve

has more variability but, on average, follows both the data and the prior model well.

The spread in the posterior ensembles, and thus the uncertainty, of the PSV curve

based on the pfm9k.2 model prior is very small for time periods after 0 CE. For

the inclination, the differences between the PSV curves based on the simple and

pfm9k.2 priors are more pronounced. The pfmk9k.2 prior shows an unexplained

low inclination at 200 BCE, a time period for which no data are available, making

this feature highly uncertain. After this interval the pfm9k.2 prior-based PSV curve

aligns more closely with the site data. Notably, there is an interesting sweep in the

pfm9k.2 prior-based PSV curve from almost positive inclinations, measured at site

A13, at 1000 CE to steep values of -40◦ at 1500 CE. The global geomagnetic field

models also predict inclination fluctuations during this period, from -15◦ in 1000

CE to -35◦ around 1500 CE. However, the result from A13 suggests that the incli-
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5.6. Discussion

Figure 5.5: Paleomagnetic results from Bali, Indonesia, since 5000 BCE. Declination (A), inclination (B)

and intensity (C) results are given for sampling sites from Gunung Agung. All ages are approximate after

Fig. 5.2. Striped age errors are given for lava flow units without radiocarbon ages. In grey are the less

reliable results. Coloured lines are geomagnetic field models (Constable et al., 2016; Jackson et al., 2000;

Nilsson et al., 2014; Schanner et al., 2022). D-F shows the results for the historical lava flows.
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5. Recent geomagnetic field behaviour in Indonesia

nation change may have even been larger. The simple prior-based PSV curve also

exhibits an inclination drop, but it is much less pronounced than the pfm9k.2 prior-

based PSV curve.

Looking at the intensity results around 1000 CE, sampling sites A12 and A13 yielded

intensities around 42µT, whereas the global geomagnetic field models predict lower

values, around 35 µT (Fig. 5.5C). In our PSV curve based on the simple prior the

data are more closely followed, with intensities remaining around 40 µT until they

reach a peak at 47 µT around 500 CE, followed by a decline of ~10 µT, reaching ~37

µT by 1500 CE. In contrast, the PSV curve using the pfm9k.2 model as prior shows a

lower minimum, ~32 µT, which is reached earlier, at 1000 CE, before the field recov-

ers to the current field strength. Although the PSV curves based on both the simple

and pfm9k.2 priors generally follow the paleomagnetic data obtained in this study,

the limited number of sites combined with the age uncertainties means that the

PSV curve based on the simple prior has very large uncertainties and is not the pre-

ferred. In contrast, the pfm9k.2 based PSV curve not only reproduces the site data

within their error ranges but also incorporates information from the global field be-

haviour, making it a more reliable representation of the local field behaviour in Bali.

Future PSV curve reconstructions will become increasingly robust with additional

data.

5.6.4. Implications for the South Atlantic and West Pacific

Anomalies

Given the age uncertainties in the Bali dataset, we consider the local PSV curve con-

structed with a global geomagnetic field model prior to be the more reliable of the

two. This curve indicates paleointensities of approximately 32 µT at ca. 1000 CE,

followed by an increase in declination of ~0.033◦ per year and a rapid steepening

of the inclination of ~0.092◦ per year until 1500 CE. Low intensities combined with

rapid directional variations as observed in Bali, were also reported at La Réunion

(Béguin (2020), Chapter 4). At La Réunion, the lowest paleointensity values occur

around 1550 CE and are most likely related to the presence of the South Atlantic

Anomaly (SAA). In Southern Africa, however, reduced intensities are documented

as early as 1370 CE (Tarduno et al., 2015), whereas at that time La Réunion still

recorded high intensities.

The SAA is often defined as the region where the surface magnetic intensity falls

below 32 µT (Pavón-Carrasco & De Santis, 2016). The lower intensities of roughly

32 µT observed at Bali therefore do not place it within the centre of the anomaly,

but rather along its northern margin, given that Bali lies approximately 14◦ more

North of both South Africa and La Réunion. The South African site showing low

intensities is located about 85◦ West in longitude relative to Bali, implying a west-

ward drift rate of approximately 0.22◦ per year, which is consistent with estimates

for the present-day drift rate of the SAA’s centre (Fürst et al., 2009; Ye et al., 2017).

Taken together, these results suggest that the anomaly may have originated near

Indonesia, drifted westward underneath La Réunion toward Southern Africa, and

subsequently shifted Eastward again to influence La Réunion.
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5.6. Discussion

Figure 5.6: Paleosecular variation curve of Bali, Indonesia, from 3000 BCE until 2000 CE. In A-C is the

PSV curve generated with a simple prior, in D-F using the pfmk.2 model as a prior. The black line is

the PSV curve mean, the light blue lines show samples from the posterior ensemble. In red are the

paleomagnetic data points, with error bars for ages and declination, inclination and intensity. Violins

are radiocarbon age uncertainties.
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5. Recent geomagnetic field behaviour in Indonesia

If, instead of the pfm9k.2 prior-based PSV curve, the simple prior-based PSV curve

best describes the geomagnetic field behaviour, the low intensity at Bali is not ob-

served until 1290 CE. In this alternative scenario, the low intensities reported at

Bali cannot be attributed to the SAA and are more likely related to the West Pacific

Anomaly (WPA). The WPA is defined as the region where the surface field inten-

sity falls below 35 µT (Yue et al., 2024), with its minimum at 1650 CE located in the

ocean between the Philippines and Vietnam. The low intensities in Bali would im-

ply that the WPA was already present before 1600 CE, and stretched farther South

than previously recognized.

To determine whether the low intensities observed in the PSV curves from Bali rep-

resent the initial phase of the South Atlantic Anomaly, or the West Pacific Anomaly,

improved age constraints from the Gunung Agung volcanics, as well as a more com-

prehensive global field model, are required. Nonetheless, the successful paleodi-

rectional and paleointensity results obtained from these volcanoes indicate that

this region is highly suitable for future paleomagnetic studies and it is ideally lo-

cated to discriminate between these two scenarios.

5.7. Conclusion

We presented the first paleodirectional and paleointensity data for the last 5,000

years obtained from volcanic rocks from Bali, Indonesia. Results from recent lava

flows (>1849 CE) from Gunung Batur show inclinations and intensities that are

higher than the expected field values, in contrast to many previous studies in other

regions that reported lower than expected inclinations and intensities for volcanic

samples relative to the corresponding IGRF values. Lavas from Gunung Agung,

dated between approximately 5960 ± 70 BP and 1963 CE, yielded 15 reliable direc-

tions and 13 paleointensity determinations. From the reliable data, we constructed

local PSV curves using both a simple prior and a global geomagnetic field model

prior. The latter approach is particularly valuable in regions with sparse paleomag-

netic data coverage, such as Indonesia. The PSV curve based on a global geomag-

netic field model as a prior records a decrease in paleointensity together with dec-

lination changing from negative to positive values around 1000 CE. This is followed

by an inclination steepening of ~0.092◦ per year. Very similar field behaviour is ob-

served a few centuries later in the dataset of La Réunion and Southern Africa. These

directional and intensity variations recorded in the lavas of Gunung Agung may re-

flect the beginning of the South Atlantic Anomaly, or rather an earlier development

of the lesser-known West Pacific Anomaly.
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5.8. Supplementary Information

5.8. Supplementary Information

Supplementary Table 5.1: Selection criteria. The six paleointensity selection criteria applied to assess

the quality of the results. SELCRIT2 (Selkin & Tauxe, 2000), TTA and TTB (Leonhardt et al., 2004), PI-

CRIT03 (Kissel & Laj, 2004), CCRIT (Cromwell et al., 2015b) and CLASS-A (L. V. de Groot et al., 2014a).

The first four have the modifications as proposed by Paterson et al. (2014) and all have at least the cur-

vature criterion k’ set at ≤ 0.35. All definitions of the criteria can be found in the Standard Paleointensity

Definitions v1.1 (Paterson et al., 2014).

Criterion SELCRIT2 PICRIT03 TTA TTB CCRIT CLASSA

n ≥ 4 4 5 5 7

f ≥ 0.35 0.35 0.35 0.35 0.7

β ≤ 0.1 0.1 0.1 0.15 0.1

q ≥ 1 2 5 0

FRAC ≥ 0.78

Gap Max ≤ 0.6

SCAT ≤ TRUE

DANG ≤ 10

k’ ≤ 0.35 0.35 0.35 0.35 0.164 0.35

MADanc ≤ 15 7 6 15 7

MAD f r ee ≤ 5

α ≤ 15 15 15 10

npT RM ≥ 3

DRAT ≤ 10 10 12.5

CDRAT ≤ 11

δCk ≤ 7 9

δpal ≤ 10 18

DRATt ai l ≤ 10

δTR ≤ 10 20

δt ≤ 9 99
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5. Recent geomagnetic field behaviour in Indonesia

Supplementary Table 5.2: Age uncertainties for the PSV curve. Successful sampling sites from Gunung

Agung with their assigned ages and uncertainties. In case of two radiocarbon ages in Fig. 5.2, the av-

erage is used together with the highest or even slightly higher uncertainty. Ages and their uncertainties

are given in BP or CE, as a Southern Hemisphere radiocarbon age (14C SH), Gaussian uncertainty or

absolute age.

Site Age BP or CE Age Type

A1 1630 ± 40 BP 14C SH

A2 1300 ± 20 BP 14C SH

A3 3225 ± 60 BP 14C SH

A4 3225 ± 60 BP 14C SH

A5 100 ± 100 CE Gaussian

A6 1630 ± 40 BP 14C SH

A7 100 ± 100 CE Gaussian

A8 660 ± 50 BP 14C SH

A10 660 ± 50 BP 14C SH

A12 1085 ± 60 BP 14C SH

A13 1085 ± 60 BP 14C SH

A14 100 ± 100 CE Gaussian

A15 2735 ± 70 BP 14C SH

A19 1963 ± 0 CE absolute

A26 3225 ± 60 BP 14C SH

A27 3225 ± 60 BP 14C SH

A28 -2300 ± 300 CE Gaussian

5
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6
Epilogue

This thesis explored the behaviour of the geomagnetic field during the Holocene

at five different locations on Earth. Each chapter contributed their own piece to

the puzzle of the field’s complex variability. Chapters 1 and 2, with volcanic rocks

from Mt. Etna and La Palma, provided insights into potential sources of bias in

paleomagnetic data. Chapters 3, 4 and 5, based on field campaigns to the Revil-

lagigedo archipelago, La Réunion and Bali, contributed new knowledge on geomag-

netic variability in the Southern Hemisphere and equatorial regions, in particular

regarding the South Atlantic Anomaly and the West Pacific Anomaly.

Sampling and Storage Recommendations

For paleomagnetic sampling aimed at constructing local PSV curves or improving

global geomagnetic field models, I recommend taking samples distributed over a

larger area across the lava flow. As demonstrated in Chapter 1, topographically

rough and strongly magnetised volcanic terrains may generate local magnetic anoma-

lies. Such local anomalies distort the ambient geomagnetic field and thereby in-

fluence the magnetisation a hypothetical new overlying lava flow records. These

anomalies appear to be one possible explanation for the frequently observed lower

than expected inclinations and intensities in paleomagnetic datasets. This mecha-

nism may explain why recent lavas in this study from the Northern Hemisphere, at

Mt. Etna, La Palma, and Revillagigedo, as well as at La Réunion, consistently yield

lower than expected field values. In contrast, the recent lavas from Bali (Chapter 5),

located in the Southern Hemisphere, record higher than expected inclinations and

intensities. This raises the question of whether the observed bias is reversed in the

Southern Hemisphere, although the data from La Réunion suggest the situation is

more complex. Whether a general correction for such bias is possible and required

therefore remains uncertain. In Chapters 2 and 3, we sampled a single lava flow not

only across the flow at one site but also at three different locations. The site-mean

directional result was very close to the reference value known from the IGRF. This

not only supports the approach of spatially distributed sampling, but also shows

the value of sampling the same flow at multiple locations whenever possible. Fi-

nally, it is essential to report whether sample orientation was performed using a
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magnetic or a sun compass, with the sun compass being the preferred method.

In Chapter 2, we obtained samples from a very young lava flow of only up to 3.5

weeks old. Specimens were obtained from the interior and exterior of the flow.

Five batches of intensity specimens were prepared: the first was measured imme-

diately upon return to the laboratory in 2021, while four others were stored either

randomly oriented in the Earth’s magnetic field or in a zero-field environment and

were measured in 2024 and 2025. The paleointensity result was on average very ac-

curate, and the success rate of the differently stored batches seemed to be slightly

affected by whether samples were stored in-field or in zero-field conditions. Addi-

tionally, samples taken from the outside of the lava flow generally yielded higher

success rates than those from the interior. Therefore, I recommend that paleomag-

netic studies, if possible: 1) store samples in a field free environment immediately

after sampling to minimise the process of viscous remanent magnetisation and 2)

for paleointensity experiments, use both samples taken from the surface of the flow

and from its interior.

Constructing Paleosecular Variation Curves

In the second part of this thesis, we focused on obtaining paleodirectional and pale-

ointensity data from previously underrepresented regions on Earth. We applied the

IZZI-Thellier method and used six sets of selection criteria, with an auto-interpreter

function to avoid bias, to assess the results. In this way, interpretations that pass

more than one set of selection criteria are included as many times as they pass a set

of selection criteria and therefore receive more weight. In Chapter 4, we also ap-

plied the BiCEP method to interpret the IZZI-Thellier data. Paleointensity results

are approximately similar for both, confirming the reliability of using these six sets

of selection criteria together and averaging the result.

In Chapters 4 and 5, we constructed a paleosecular variation (PSV) curve based

on carefully selected and reliable paleomagnetic data. For PSV curve construc-

tion, we applied a new Bayesian method that allows the use of a prior, developed

together with dr. Schanner from GFZ Potsdam and presented in Schanner et al.

(2026). The prior can either be a simple constant value that represents a Geocen-

tric Axial Dipole moment, or derived from a global geomagnetic field model. Ad-

ditionally, with this method, declination, inclination and intensity errors are taken

into account while dating uncertainties are explicitly addressed through four age

types: absolute/historical ages, uniformly distributed intervals, calibrated radio-

carbon ages, and normally distributed estimates. Applying a global field model

prior is particularly useful in regions with sparse paleomagnetic data coverage, as

it provides additional constraints and prevents the curve from merely connecting

the often limited available data points. This code is openly available as the pack-

age pypsv on GitHub (https://github.com/arthus701/pypsv). For regions with little

paleomagnetic data coverage or large age uncertainties, I recommend constructing

a PSV curve using both a simple prior and a global geomagnetic field prior. The

use of both priors allows comparison between a simple data driven curve and one

constrained by global field behaviour, improving the reliability of the final recon-

struction.

6
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Tracing the South Atlantic Anomaly through time and space

The paleomagnetic data presented in this thesis helped to close the gap in global

data coverage, and the new PSV curve construction method provides additional

constraints on the emergence and evolution of the SAA. In Chapter 4, the PSV curve

from La Réunion suggests that the SAA influenced this region around 1550 CE. Low

paleointensities attributed to the SAA are seen in South Africa at 1390 CE (Tarduno

et al., 2015). The Bali PSV curves indicate low intensities either around 1300 CE

(simple prior) or around 1000 CE (global field prior). Both Bali and La Réunion

records show paleointensity lows together with fast directional changes. To con-

nect these datasets, we propose two scenarios. In the first, the SAA influenced the

field in Indonesia around 1000 CE and subsequently drifted westwards to South-

ern Africa. After influencing Southern Africa the anomaly must have expanded or

shifted slightly eastwards again to affect La Réunion. In the second scenario, Bali

did not experience low field intensities until around 1300 CE. In this case the low

intensity does not align with data from Southern Africa and La Réunion, and the

SAA must have formed further west. The lower intensities and rapid directional

changes at Bali may instead reflect the West Pacific Anomaly, which would mean

this anomaly was then already present before 1600 CE, earlier than its currently

accepted time of formation. In both scenarios, the La Réunion and Bali paleomag-

netic datasets capture an interesting initial phase of either the SAA or WPA.

Outlook

Overall, this thesis provides new paleomagnetic data to improve global data cover-

age and offers new insights into the onset and development of the South Atlantic

Anomaly. To distinguish between the two scenarios above it is important to incor-

porate all our new data into a new global geomagnetic field model and assess the

behaviour of the Earth’s magnetic field on the Southern Hemisphere over the past

2000 years. This effort is currently underway, and this new global geomagnetic field

model will provide crucial insights into the origin, onset, and evolution of both the

SAA and the WPA. Therefore, this future model will also help distinguish between

the two scenarios outlined above and in Chapters 4 and 5. Ideally, it should also

incorporate different types of age determinations and account for measurement

uncertainties. Such a future model could also test the hypothesis that observed low

intensities are linked to reverse flux patches forming at the margins of the large low

shear velocity provinces (LLSVPs).

This thesis provided the first paleomagnetic data for the Holocene from this region

and showed most volcanics are highly suitable for paleomagnetic studies, although

age constraints are associated with rather large uncertainties. Future paleomag-

netic work on recent volcanic products in Indonesia should therefore be done in

close collaboration with volcanologists, to prioritise direct dating of the volcanic

deposits with radiocarbon dating techniques. Reducing age uncertainties will yield

a more robust local PSV curve, which can in turn assist with dating other deposits

which in turn may be used to understand the eruption history of hazardous volca-

noes and provide stronger constraints for global models. Together, these steps will

help to resolve the complex variability of Earth’s magnetic field.
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