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ARTICLE INFO ABSTRACT

Keywords: Absolute past geomagnetic intensity values can mainly be recovered by fired archaeological materials and vol-
Archeomagnetism canic rocks. Here, we present 10 new archeointensities from the Mediterranean region that help to better
grcheomter}mg " i constrain geomagnetic field intensity changes in Europe over the last two millennia. The new archeointensity
eomagnem_ eld strength maxima results were obtained from the Thellier classical method including thermoremanent magnetization (pTRM)
Paleomagnetism . . . . .
Mediterranean checks and both the TRM anisotropy and cooling rate corrections and were derived from at least three specimens.

The new data presented, together with a selection of previous archeointensities satisfying a set of quality criteria,
confirm the presence of several intensity maxima in Europe over the last 2000 years. In particular, the new
archeointensities allow to better define the starting point of the double-oscillation feature that occurred in
Europe during the second half of the first millennium CE, and reinforce the existence of a relative maximum at
the end of the 14th century - beginning of the 15th century in Western Europe. From selected European
archeointensities two new paleosecular variation curves are constructed for Western and Eastern Europe using
temporal cubic b-splines in a bootstrap approach. The obtained curves suggest that the occurrence of the in-
tensity maxima is characterized by a period of about 300 + 50 years. In addition, our results suggest that the
maxima do not occur simultaneously in Western and Eastern Europe, pointing out an intensity eastward drift
with a mean lag-time of about 100 years.

1. Introduction conducted over the past few decades resulted in a refined description of

geomagnetic field intensity changes over the last few millennia at

Nowadays, it is well known that the past geomagnetic field strength
has exhibited numerous intense, short-lived (multidecadal) maxima at
different times and locations (eg., Ben-Yosef et al., 2009; Shaar et al.,
2011, 2016; among others). In Europe, several archeomagnetic studies

* Corresponding author.

regional scales (e.g., Genevey et al., 2016, 2018, 2019; Gémez-Paccard
et al., 2012, 2016; Kovacheva et al., 2014; Rivero-Montero et al., 2021;
Schnepp et al., 2020; Tema et al., 2010, 2012). These studies confirmed
that several relative intensity maxima and minima were achieved in
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Europe over the past 2000 years but the specific pattern of oscillations is
still a matter of debate (e.g., Kovacheva et al., 2014; Genevey et al.,
2016; Gémez-Paccard et al., 2016).

For Western Europe, the study of Genevey et al. (2016) is one of the
most detailed available studies on this topic. These authors, based on a
selection of archeointensities within an area of 700 km around Paris,
suggested that the geomagnetic field exhibited five intensity maxima
over the last 1500 years. These maxima were located at the transition
between the 6th and the 7th century CE, at the middle of the 9th century,
during the 12th century, in the second part of the 14th century and at the
very beginning of the 17th century CE. They also pointed out that some
of the peaks are smoothed or nearly absent when the selection of data is
extended to a larger region of 1250 km of radius around Paris. Almost
contemporaneously, Gomez-Paccard et al. (2016), using a different se-
lection of high-quality intensity data from France, Spain, Portugal,
Switzerland and Belgium, proposed a similar oscillation trend but with
some differences in the maximum values achieved during some of the
bumps (e.g., for the peak achieved around 600 CE) or in the occurrence
time of each peak (e.g., a short intensity peak is recorded around 1300
CE in the bootstrap curve, but observed about 50 yr later in the Bayesian
curve proposed in that study or in the work of Genevey et al., 2016). In
any case, both studies highlighted the importance of data selection for
properly reconstructing the past behavior of the geomagnetic field in-
tensity, as is has also been recognized in other publications (Chauvin
et al., 2000; Genevey et al., 2008, 2019; Gémez-Paccard et al., 2012;
Pavon-Carrasco et al., 2014; among others).

Among the different peaks identified in Western Europe, the most
important intensity feature depicted is the double-oscillation that
occurred during the second half of the first millennium CE and is char-
acterized by the highest intensities of the last two millennia (Genevey
and Gallet, 2002; Genevey et al., 2016; Gomez-Paccard et al., 2008,
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2012, 2016). This double-oscillation has also been identified in the in-
tensity paleosecular variation (PSV) curve proposed for Bulgaria
(Kovacheva et al., 2014), and from different selections of data from
Bulgaria, Greece and Italy (Gomez-Paccard et al., 2012, 2016; Genevey
et al., 2016, 2018). However, it is not well recovered in other European
regions due to the low number of available archeointensity data
covering this period and/or due to the large scatter in the available re-
sults. This is the case of Iberia, Germany and Finland, among other re-
gions. In the Iberian Peninsula, the last PSV curve centered at Madrid,
which also includes some data from southern France and northern
Morocco, does not show the double-oscillation but indicates high in-
tensity values between the 5th and 9th centuries CE (Molina-Cardin
et al., 2018). After that, a slow decrease in intensity is observed with
almost no evidence of oscillations after 1000 CE (see also Genevey et al.,
2019 for a discussion). In Germany (Schnepp et al., 2020) and Finland
(Pesonen et al., 1995) high intensities have also been obtained for this
period, but the double-oscillation is not well recognized by the few data
available.

Therefore, and despite the great effort made in the previously
mentioned studies, the spatial and temporal extension of the intensity
maxima in Europe is not well constrained. For instance, an important
unresolved question is if the different maxima are simultaneously
observed all over Europe or not (Gomez-Paccard et al., 2012, 2016;
Molina-Cardin et al., 2018; Genevey et al., 2016, 2019; Schnepp et al.,
2020). In this context, new data are essential to gain insight into the
geomagnetic field evolution in Europe over the last 2000 years. This
contribution is part of this general effort and we present a complete
archeomagnetic study of fired archaeological materials collected in six
different archaeological sites located in Spain, Italy, and Greece (Fig. 1).
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Fig. 1. Location of the six archaeological sites where the archaeological materials were recovered, and pictures of representative potteries and kilns studied.
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2. Materials

The studied collection includes 53 ceramic fragments, six tiles and
two kilns collected in six sites from Spain, Italy, and Greece (Fig. 1). In
Spain, 53 samples of utilitarian ceramics (mainly some common buff
wares but also a few amphorae), collected from the rims of the vessels to
have a precise typological classification, were selected from four
different archaeological sites in the Balearic Islands representing four
archaeological deposits dated to 400-625 CE: Sa Mesquida (Mallorca),
Es Castell (Ibiza), Can Sora (Ibiza), and Fornells (Menorca). In Italy, 12
brick samples from a kiln dated back to 1490-1574 CE were selected at
the site of Santhia. Finally, in Greece, from an archaeological site located
near Velika, we selected six unoriented samples from the walls of a kiln
dated to the 6th century CE and six large roof tiles from its production.
Macroscopically, the studied ceramics are fine-grained fragments fairly
homogeneous in their composition with no distinctive inclusions. The
tiles and kiln's samples were red clays fired at high temperatures. The
specific details of the archaeological context and dating of the studied
material are provided below.

2.1. Sa Mesquida (Mallorca)

Sa Mesquida (MC) is a Roman rural settlement located in Santa
Ponga, Calvia, in western Mallorca (Balearic Islands) (Mas Florit et al.,
2015). The site was probably founded in the time of Augustus (27 BCE-
14 BCE) and partially destroyed at the end of the 2nd or earlier 3rd
century but shows also Late Antique phases of occupation. Precisely, the
studied ceramics were found in a Roman cistern that was later used as a
rubbish dump in Late Antiquity. The deposit contained large quantities
of regional and imported ceramics including buff common wares (many
from the neighboring island of Ibiza), cooking wares, amphorae, fine
tableware, and other materials such as faunal remains, glass, or metals.
Based on the chronologies of the ceramic materials —giving particular
importance to African Red Slip Ware (ARS), a tableware produced in
north Africa that allows for a good dating precision—, the deposit has
been dated to the first half of the 5th century but contained a few later
materials from the end of the 6th century-early 7th century CE (Orfila
and Cau, 1994; Cau, 2003; Buxeda Garrigos et al., 2005; and references
therein). All samples (n = 14) can be considered on typological grounds
typical of the first half of the 5th century (400-450 CE).

2.2. Es Castell (Ibiza)

The site of Es Castell (ESC) is a castle located in the uppermost part of
the main town of Ibiza (Balearic Islands). Excavations in the castle allow
for the definition of an interesting long stratigraphical sequence
including evidence of late antique occupation of the area before the
construction of the building. The 11 ceramic fragments studied belong to
the C.205 stratigraphic level found on the northern side of tower II of the
castle. The ceramic assemblage was composed of more than 300 vessels.
These include some imported materials, consisting mainly of fine wares
(African Red Slip wares and Gaulish ‘dérivées-des-sigillées paléochréti-
ennes’ or DS.P.), but also some cooking wares, a few amphorae, jars, and
lamps. More than half of the assemblage corresponds to presumed local
products (e.g., Ramon, 2008), including almost all the common wares,
and very few amphorae (Ramon and Cau, 1997). This context has been
dated after the ceramic study between 500 and 525 CE, with very
coherent repertoire of ARS forms, and therefore corresponding to the
Vandal period (455-534 CE) of the Balearics (Ramon and Cau, 1997).

2.3. Can Sora (Ibiza)

The rural site of Can Sora (CS) or Ses Paisses de Cala d'Hort is located
in Sant Josep, in the western coast of Ibiza. It was a Punic rural settle-
ment that developed into a Roman villa that was occupied also during
Late Antiquity (e.g., Ramon, 1986, 1995). The 16 ceramics contained in
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this study were selected from different layers found in a cistern used as a
rubbish dump in Late Antiquity. Four ceramic fragments were sampled
from level II (575-625 CE), five from level IV (525-575 CE), and seven
from level V (400-450 CE). The dating of the different contexts is based
on the typological study of the ceramics with particular attention to the
ARS forms (see for details, Ramon, 1994; Cau, 2003; Cau Ontiveros
et al., 2019). The two first deposits from level II and IV represent the
Byzantine period of the island, while level V is clearly pre-Vandal.
Instead, the deposit from Es Castell is clearly dated in the Vandal
period. Therefore, all the deposits selected from Ibiza cover a relatively
precise sequence from 400- 450 to 575-625 CE covering the Late
Roman, Vandal, and Byzantine periods of the island.

2.4. Early Christian church of Es Cap des Port de Fornells (Menorca)

The site is located at the bay of Fornells in northern Menorca
(Balearic Islands). It includes and early Christian church, a baptistery,
and a series of rooms forming a compact compound with a major
occupation in Late Antiquity. This site of Fornells (F) has been inter-
preted as an ecclesiastical complex, probably a monastic community (de
Palol, 1982; Gurt, 2007; Ripoll et al., 2012; Mas Florit et al., 2020). The
materials analyzed (n = 12) are considered of local production —some
of them imitating Galic manufactures known as Dérivées des Sigillées
Paléochrétiennes (DS.P.)— and come from several assemblages recov-
ered mainly in Rooms 39 (H.39) and 18 (H.18). The study of the
archaeological materials suggests a dating between 500 and 550 CE for
these deposits (Buxeda et al., Buxeda Garrigos et al., 1997).

2.5. Santhia

Near the small city of Santhia (SAN), in Vercelli Province, northern
Italy (Fig. 1), at the location of Cascina Madonna (Strada Castelnuovo), a
rescue archaeological excavation carried out in the occasion of the
installation of a methane pipeline by SNAM Rete Gas Vercelli-Cavaglia,
brought to light the remains of two rectangular brick kilns. Both kilns
(kiln 7a and kiln 7b) are very similar in terms of type and materials; they
are mainly made by fired clay, they have two parallel combustion
chambers and their praefurnii are partially preserved. No chronological
diagnostic artifacts were found in the site and the rescue nature of the
excavation, with limited time and financial resources, has not permitted
a precise dating of the structures based only on archaeological evidence.
However, the type of kilns presents similarities to two other kilns
excavated at Chieri (kilns B and C of the block of via della Gualderia-via
Massa-via dei Giardini), whose activity is attested between the end of the
15th and the first half of the 16th century CE (Panto and Vaschetti,
2010). A total of 22 in situ-oriented brick samples from the praefurnium
of kiln 7a were collected and studied for combined archeomagnetic and
thermoluminescence dating (Tema et al., 2019). The dating results ob-
tained from these two different techniques are in excellent agreement,
confirming that the last use of the kiln occurred around the 16th century
CE. In this study, 12 fragments from the same bricks (Fig. 1), previously
studied for archeodirection determination, were used here for arche-
ointensity experiments. The dating of the bricks as determined through
the thermoluminescence analysis is retained in this study, that is
1490-1574 CE (see details in Tema et al., 2019).

2.6. Velika

During the last decade, extended archaeological excavations in
parallel with major public works, were carried out in Thessaly, Central
Greece, between the city of Larissa and the Aegean coast. Late Antiquity
phases of occupation are widespread in the area due to the fertile lands
and the proximity of rivers and the sea. A thorough description of thirty
such installations on the slopes of Mount Ossa is given by Sdrolia (2016
and references therein) and reveals a flourishing Late Antique phase
with fortifications, rural villas, industrial areas, and a monastic
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community. The whole network of installations is placed in the 6th
century CE, that is Early Byzantine, with a reliable dating based on many
findings among which pottery, glass and Emperor Justinian's coins
found in the most important of the fortifications (Velika). In the present
study we sampled another location, 5 kms to the south-east of Velika
(Fig. 1), in the coastal settlement of Kato Sotiritsa where an orthogonal
kiln of medium size (3 m x 3 m x 0.5 m) was excavated during the
construction of a modern building (Fig. 1). We selected material from
the kiln's walls (samples from 9 to 14) as well as large roof tiles from its
production (samples from 1 to 4 and 6 to 7). The kiln, built on earlier
soils, was dated in the 6th century CE upon the pottery found within its
filling, identical to the one found and accompanied by Justinian's coins
in other building plots of K. Sotiritsa and mostly in Velika Castle. Most of
the fortresses in the area were abandoned during the 7th century CE
when inhabitants moved away from the sea (Sdrolia, 2016).

3. Methodology
3.1. Rock-magnetism experiments

Rock magnetic studies were carried out on sub-samples prepared
from fragments or block off-cuts at the paleomagnetic laboratory of the
Complutense University (Madrid). These experiments were performed
in several samples per site in order to identify the main magnetic min-
erals carrying the thermoremanence of the samples as well as to evaluate
their thermal stability. The laboratory procedures followed are similar
to those described in detail in Rivero-Montero et al. (2021). Rock-
magnetic experiments include low-field magnetic susceptibility mea-
surements, magnetic hysteresis and back-field isothermal remanence
(IRM) curves, thermomagnetic curves, IRM acquisition curves, thermal
demagnetization of orthogonal IRMs and First-Order Reversal Curves.
Low field magnetic susceptibility was measured using a KLY-4S kappa-
bridge (AGICO). Hysteresis loops, IRM acquisition and back-field IRM,
were measured on crushed samples using a coercitivity spectrometer
developed in the University of Kazan (Jasonov et al., 1998) with a
maximum applied field of 500 mT. The saturation of magnetization
(Ms), the remanent magnetization after saturation (Mr) and the mag-
netic coercivity (Hc) were determined after eliminating the para-
magnetic contribution (Butler, 1998). The coercivity of remanence (Hcr)
was estimated from back-field IRM curves. The contribution of super-
paramagnetic grains to the remanent magnetization was calculated from
the decay between the IRMs measured just after applying 500 and 0 mT
(see Enkin et al., 2007). The thermomagnetic curves (K-T curves) were
measured with a KLY-4S equipped with a high-temperature furnace
apparatus (AGICO). The K-T curves were performed in Ar atmosphere,
warming up to around 650 °C and then cooling down to 40 °C. The
thermal demagnetization of orthogonal IRM cross components were
made following the protocol proposed by Lowrie (1990). Orthogonal
IRMs were applied to the samples using an ASC Scientific IM-10-30
impulse magnetizer applying magnetic fields of 2 T, 0.4 T and 0.12 T
along three orthogonal axes. Samples were thermally demagnetized in a
Schonstedt thermal demagnetizer manufactured by Magnetic Measure-
ments, and magnetization measurements were made using a Minispin
(Molspin) spinner magnetometer. In addition, the thermal demagneti-
zation of orthogonal IRMs experiments from four Santhia samples were
performed at the CIMaN-ALP Alpine paleomagnetic laboratory (Italy)
following the same protocol. Finally, eight First Order Reversal Curve
(FORC) experiments were carried out on selected potteries (2 per site) at
the Institut de Physique du Globe de Paris (Paris) with a vibrating
sample magnetometer (yu-VSM) from Princeton Measurements Corpo-
ration. The FORC diagrams were measured with an averaging time of
100 ms and with a saturating field of 1.5 T and 250 FORCs by FORC
diagram. To analyze the FORC diagrams, we used the VARIFORC soft-
ware of Egli (2013).
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3.2. Archeointensity determination

The experimental procedures followed are similar to those applied in
our recent study (Rivero-Montero et al., 2021). Between one and four
specimens per sample (103 in total) were prepared at the paleomagnetic
laboratory of the Complutense University of Madrid. For the pottery
fragments, specimens of about 1.5 x 1.5 cm? were prepared and packed
into quartz cubes using fiberglass and waterglass. For Velika and
Santhia, cylinders of about 2 cm of diameter and 2 cm-long were pre-
pared. For archeointensity determination, we followed the Thellier
classical method (Thellier and Thellier, 1959) including partial ther-
moremanent magnetization (pTRM) checks, TRM anisotropy and cool-
ing rate corrections. Between 10 and 14 temperature steps (from 100 to
600 °C) were performed. Specimens were heated during 45 min using
Magnetic Measurements Thermal Demagnetizer ovens MMTD80 or
MMTD24. At each temperature step, the specimens were heated and
cooled applying a field of 50 uT, first with the field applied along their z-
axis (defined as the long and short axes for the standard cylinders and
the potteries, respectively) and then with the field applied in the
opposite sense. The magnetic remanences of the potteries were
measured with a superconducting rock magnetometer (2G). For the
other samples, we used a Minispin (Molspin) spinner magnetometer.
Experiments also included low-field bulk susceptibility measurements
performed with a Bartington MS3 susceptibility meter after each tem-
perature step and partial thermoremanent magnetization (pTRM)
checks every two temperature steps. Both measurements allow checking
for possible magnetic alteration during heating. TRM anisotropy tensors
were measured when around 70% of the initial Natural Remanent
Magnetization (NRM) was lost. For this purpose, six additional steps
were measured with the magnetic field applied along six orthogonal
axes (+x, —x, +y, —y and +z, —z). The last +z step was used to check for
possible thermally-induced alteration during the TRM anisotropy pro-
tocol. All the archeointensity measurements were corrected according to
the obtained ATRM tensor. The cooling rate dependence of TRM in-
tensity was also analyzed by measuring four additional TRM acquisition
steps after the end of Thellier experiments. Comparing the rapid (the
typical laboratory cooling time of about 1.5 h) and slow cooling results
(of about 24 h) we quantified the cooling rate effect upon arche-
ointensity estimates for each specimen. This protocol also includes the
determination of an alteration factor used to estimate changes in the
TRM acquisition capacity of the specimens during the cooling rate
protocol. We used a slow cooling time of about 24 h but no robust in-
formation about the real past cooling time followed by our samples is
available. However, we note here that a recent publication suggests that
incorrectly estimating the duration of the ancient archaeological cooling
has a limited impact on the accuracy of the archeointensity data at least
in the archaeological fired clays studied by the authors (Herveé et al.,
2019). The results of this publication emphasize the necessity of cooling
rate correction but also indicate that different tested cooling rates (be-
tween 10 and 76 h) give average intensities close to the expected value
(see Hervé et al., 2019 for details). For a more detailed description of the
experimental procedures followed for the TRM anisotropy and cooling
rate corrections, see Gomez-Paccard et al. (2006). The treatment of the
data was performed with the StarmacAWE2.0 software developed by
Pierrick Roperch at Univ Rennes, CNRS, Géosciences Rennes, UMR
6118.

The establishment of robust and objective criteria to select the most
reliable intensity estimations is not an easy task and has been largely
discussed in the literature (e.g., Chauvin et al., 2000; Genevey et al.,
2008; Paterson et al., 2014). Here, we applied several quality criteria at
the specimen level following our previous studies (Gomez-Paccard et al.,
2006, 2019; Rivero-Montero et al., 2021). Archeointensity estimates
were only determined from well-defined single components of magne-
tization pointing to the origin in the Zijderveld plots. At least five tem-
perature steps must be selected for archeointensity determination. Only
estimations related to maximum angular deviation (MAD; Kirschvink,
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1980) and deviation angles (DANG; Pick and Tauxe, 1993) lower than 5°
were retained. We also checked the fraction of the remanence used for
calculation of the intensity values as well as the scatter, linearity, and
alteration effects in the NRM-TRM plots. The f parameter (NRM frac-
tion, Coe et al., 1978) must be at least 50%. The ratio of the standard
error of the slope to the absolute value of the slope () must be lower
than 0.1 (Shaar et al., 2016). NRM-TRM diagrams must be linear and
PTRM checks, including the alteration checks made after the determi-
nation of the ATRM tensors and cooling rate factors, lower than 10% of
the total TRM acquired.
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Finally, we calculated a mean value per archaeological group by
averaging the intensities obtained at the specimen level, defining an
archaeological group as the ceramics of the same archaeological layer,
the hand samples from the same kiln (SAN and VE) and the group of tiles
from VE. The samples from the walls of the kiln VE and the tiles from its
production were treated as separated groups as there is no robust
archaeological evidence that they correspond to the same heating event
since the tiles were found piled outside but close to the kiln. Only the
mean values derived from at least three different specimens were
retained.
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Fig. 2. Rock magnetic results. A) and D) Hysteresis loops measured up to 500 mT and corrected for the paramagnetic contribution. B) and E) SIRM (saturation
isothermal remanent magnetization) and back field SIRM curves. C) and F) First-Order Reversal Curves (FORCs). G) Day plot (Day et al., 1977) with SD (single
domain) - MD (multidomain) mixing curves for magnetite (Dunlop, 2002). H) Thermomagnetic K-T curves. I), J) and K) Thermal demagnetization of orthogonal
IRMs (Lowrie, 1990).
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4. Results
4.1. Rock magnetism

Initial Natural Remanent Magnetization (NRM) intensities vary be-
tween 2.0-10™* and 2.5.1072 Am?/kg. 25 hysteresis loops with IRM
acquisition and back-field IRM were measured. Several samples per site
were analyzed. Magnetic hysteresis cycles are closed with non-
constricted loops that saturate at about 150-300 mT and with co-
ercivities in the range of 4 and 16 mT (Fig. 2A and D) suggesting the
dominance of low coercivity minerals. Isothermal remanent magneti-
zation (IRM) acquisition experiments up to 500 mT show that most of
the samples saturate between 150 and 300 mT (Fig. 2B and E). However,
a few samples from Velika do not completely saturate at the maximum
applied field of 500 mT. Reversal of IRM acquisitions show a decrease of
the remanence when switching the field, indicating a significant
superparamagnetic (SP) fraction (Fig. 2E). IRMs up to 2 T and further
thermal demagnetization of IRM-cross components (Lowrie, 1990)
performed on 13 samples from VE and SAN confirm the presence of a
low coercivity phase such as magnetite/titanomagnetite in the samples
of these sites (Fig. 2I and K). Some samples also display the presence of a
higher coercivity phase such as hematite or epsilon hematite (Fig. 2I and
J).

The magnetic hysteresis-derived parameters from the saturated
samples from all the sites were plotted on the Day-Dunlop plot (Dunlop,
2002). All the studied samples fall into the single domain (SD) and
pseudo-single domain (PSD) regions of the Day-Dunlop plot (Fig. 2G).
However, some samples deviate from the general behavior and are
shifted to the right or up, very likely due to the presence of SD and/or
high coercivity minor traces. This is in agreement with the eight FORCs
diagrams obtained, where we can see the presence of two peaks: one
very close to the origin with vertical contours characteristic of SP grains,
and one centered at coercivities of around 4-16 mT, that might be
attributed to stable SD grains (Roberts et al., 2000), as seen in Fig. 2C
and F.

Nine K-T curves were measured including samples from the Spanish
and Greek archaeological sites. Curie temperatures range between 530
and 580 °C and the shape of the K-T curves suggest the presence of
magnetite/titanomagnetite with variable Ti content. In some curves, the
samples show a small increase in the susceptibility in the range of
300-350 °C, suggesting the presence of maghemite (Fig. 2H) (Kontny
and Grothaus, 2017).

Altogether the rock-magnetic results suggest that the main magnetic
carrier observed in the Spanish pottery fragments is magnetite and
titanomagnetite, sometime with low maghemite contribution, with a
very homogenous behavior within samples from the same site. For
Santhia kiln, in the samples for which rock-magnetic experiments are
available, a similar magnetic behavior characterized by low coercivity
minerals is observed. In Velika two different kind of samples were
studied: fired clays taken from the walls and a collection of tiles. In the
fired clays from the walls the magnetization is mainly controlled by
magnetite and titanomagnetite. In the tiles, in addition to these two
minerals, epsilon hematite is also seen in the thermal demagnetization of
IRM cross components. A deeper analysis of the IRM acquisition curves
by means of coercivity spectral analysis at VE site reveals that differ-
ences in magnetic mineralogy are related to the archeo-lithology not the
location of the samples.

Magnetite/titanomagnetite (Fig. 2I, K and G), hematite (Fig. 2I),
maghemite (Fig. 2H) and epsilon hematite (Fig. 2I and K) seem to be the
four actors present in the samples, although concentration is highly
variable. However, recent studies have shown that local conditions are
key to develop magnetic mineralogy at sub-centimetric scale (Lopez-
Sanchez et al., 2020). The overall result of the rock magnetic experiment
(and Thellier experiments as we will explain in the next section) sum-
marizes how the magnetic signal is dominated by SD or mainly SD
particles. Most samples studied of the different sites suggest the presence
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of magnetite and/or titanomagnetite with variable Ti-content.
4.2. New archeointensities

The 63.2% of the studied specimens passed the selection criteria
applied at the specimen level and resulted into linear NRM-TRM dia-
grams corresponding to a single component of magnetization going to-
wards the origin in the Zijderveld plots that is well isolated, after a small
viscous component, between 100-200 °C and 440-560 °C (Fig. 3A). The
linearity of the selected NRM/TRM with no evidence of concave up
behavior, together with the rock-magnetic results described above,
suggests the dominance of SD magnetic grains in the selected samples. In
the other cases, a more complex behavior was observed, with several
components of magnetization, concave up pattern or evidence of
important mineralogical changes during Thellier experiments (Fig. 3B).
Such specimens were rejected fromarcheointensity determination.

Successful results are summarized in Table S1 of the Supplementary
Material. The success rates associated with the archeointensity study are
higher for the Spanish potteries with rates ranging between 75% and
100% for the different studied groups (see Table 1). For Velika, the
success rate is low, with only about 20% retained specimens for the tiles
and 47% for the kiln samples. In the case of Santhia, about 44% of the
specimens studied passed the selection criteria. The differences observed
between the high success rates for potteries and the low rates obtained
for the kilns and tiles could be explained by the fact that the Spanish
potteries are more fine-grained than the other samples. Moreover, in
some cases important mineralogical alterations were observed in the
kiln's samples and, hence, the corresponding f factors were lower than
0.5 and the specimens were discarded. The NRM fractions used for
archeointensity determination (f parameter) range between 0.53 and
0.98 and quality factors (q) between 7.2 and 79.7, all of them corre-
sponding to MAD and DANG angles lower or equal to 5° (Fig. 4 and
Table S1).

The effect of the TRM anisotropy upon archeointensity estimates has
been corrected at the specimen level. The differences between the cor-
rected and uncorrected intensities are plotted in Fig. 4C. As expected,
the TRM anisotropy effect is higher for the potteries and tiles than for the
fired clay fragments from the kilns for which very similar intensity
values are generally obtained before and after the TRM anisotropy
correction (see Fig. 4C). The cooling rate (CR) effect has also been
investigated in all the specimens. The mean CR correction value for our
collection is 7.6%, with the highest values obtained for the VE tiles (up
to 18%) (Fig. 4F). When it was not possible to experimentally determine
the CR due to evidence of mineralogical alteration at high temperatures,
we applied a mean value derived from the CR effect measured for the
other specimens of the same group or, if this was not possible, we
applied a 5% CR factor as suggested for older studies (Genevey et al.,
2008) and in agreement with other results performed on archaeological
fired clays (e.g., Hervé et al., 2019).

From the results accepted at the specimen level, we calculated a
mean intensity per group (see Table 1). Only mean intensities derived
from at least three different specimens were retained. In general, we
found very similar intensities between specimens from the same group.
The standard deviation/mean intensity ratios (6,/Fm in Table 1) are
lower than 10% for all the groups except for the tiles of Velika. Mean
intensities range between 51.7 + 4.5 and 68.0 + 1.1 pT corresponding to
Virtual Axial Dipole Moment (VADM) values between 89.9 + 7.8 and
119.0 + 1.9 ZAm? respectively. The new data obtained from the
Balearic Islands (Spain) support the presence of a rapid intensity in-
crease between 400 and 625 CE corresponding to the initial phase of the
double-oscillation in Western Europe (see Fig. 5A). The results obtained
from the tiles and wall's fragments from the kiln sampled at Velika
(Greece) indicate that the geomagnetic field intensity was of about
60-62 pT during the 6th century CE in the region. Moreover, the values
obtained are similar to the one obtained from a collection sampled in the
same area and of the same period (TEM kiln from Tema et al., 2012). The
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Fig. 3. A) NRM (natural remanent magnetization) - TRM (thermoremanent magnetization) diagrams for representative specimens together with the corresponding
Zijderveld plots. Orange points and green lines correspond to the temperature interval selected for archeointensity determination. The initial natural remanent
magnetization (NRM), the quality factor q (Coe et al., 1978) and the archeointensity obtained before (F) and after (Fatrm) the anisotropy corrections are indicated. B)
Examples representative of rejected specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1

Summary of the new archeointensities obtained for Europe. Country, country of origin; Site, name of the archaeological site; Lat. and Long., geographical coordinates.
Material and Lab code, Material and Laboratory code for the studied collection; Date, indicate the age ascribed to each group; Ns (ng), number of samples (specimens)
studied in the laboratory; Ny (ng), number of samples (specimens) retained to calculate mean intensities; F + ¢, mean intensity and standard deviation before cor-
rections; Fatrm & 6aTRM, Mean intensity and standard deviation corrected for the TRM anisotropy effect; Fy, + o, mean intensity and standard deviation corrected for
the TRM anisotropy and cooling rate effects upon archeointensity estimates; 6,,/Fm, standard error/mean intensity; VADM, values of the virtual axial dipole moment +

error.

Country Site Material Lab. Code Date Ns Np ng ng Fto FatrRM £ GATRM Fm &+ 0 Om/ VADM
(Lat. Long.) (yrs CE) (vT) (1) (1) Fm (ZAm?)
(%)
Spain Sa Mesquida Pottery MC 400-450 CE 14 11 14 11 629+ 56.6 + 5.3 51.7 + 8.8 89.9+7.8
11.1 4.5
(39.52°N, 2.49°E)
Es Castell Pottery ESC 500-525 CE 11 10 11 10 69.7 +£ 6.3 61.5 + 4.5 56.7 £ 8.4 99.2 + 8.4
4.8
(38.91°N,
1.42°E)
Can Sora Pottery CS-Nivel V. 400-450 CE 7 7 7 7 68.0£6.9 59.3+3.8 55.2 + 5.6 96.6 + 5.4
3.1
(38.89°N, Pottery CS - Nivel 525-575 CE 5 4 5 4 87.3+4.1 73.2 £ 0.6 68.0 £ 1.6 119.0 + 1.9
1.22°F) v 1.1
Pottery CS-Nivel I 575-625 CE 4 3 4 3 78.4 + 67.6 £ 5.0 61.9 + 9.5 108.4 +
15.5 5.9 10.3
Fornells Pottery H.39 500-550 CE 5 4 5 4 69.7 + 59.7 £ 6.1 55.5 £ 6.1 95.8 + 5.9
12.8 3.4
(40.06°N, Pottery H.18 500-550 CE 7 7 7 7 705+79 60.3+58 57.6 + 9.1 99.4 £9.1
4.13°E) 5.3
Italy Santhia Kiln SAN 1490-1574 12 5 18 8 61.4+40 61.6+3.1 59.2 + 5.1 96.4 + 4.9
CE 3.0
(45.37°N, 8.17°E)
Greece Velika Tiles VE Tiles 500-600 CE 6 2 15 3 93.4 + 73.6 +£ 6.6 62.7 + 11.9 108.7 +
19.4 7.4 12.8
(39.73°N, Kiln VE Kiln 500-600 CE 6 4 17 8 65.2 +£ 6.0 64.0 £ 5.0 60.7 £ 7.7 105.3 + 8.2
22.85°E) 4.7
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Fig. 4. Quality parameters and TRM anisotropy and cooling rate (CR) correc-
tion factors of retained specimens (Table S1). A) f, fraction of the NRM. B) q,
quality factor. C) TRM anisotropy correction factor. D) MAD, maximum angle of
deviation. E) DANG, deviation angle. F) CR, cooling rate correction factor
experimentally determined in this study.

new Greek data also allow to better constrain the geomagnetic field
strength during the initial increase phase of the double-oscillation
(Fig. 5B). Finally, a mean value of 59.2 + 3.0 uT was obtained for
Santhia (Italy), giving additional information to better define the rela-
tive maximum achieved at the beginning of the 15th century CE in
Western Europe (Fig. 5A). For the Santhia kiln, an archeomagnetic di-
rection obtained in a previous publication was already available so the
new data offer a full geomagnetic field vector record for the beginning of
the 15th century CE in Italy (Tema et al., 2019).

5. Discussion

In order to refine the past changes of the geomagnetic field strength
in Europe between 200 CE and 1800 CE, we compiled the European
archeointensities using the GEOMAGIA50v3.4 database updated in
January 2021 (Brown et al., 2015). One of the main problems involved
in geomagnetic field intensity reconstructions is the quality assessment
of the input data used for modeling the field. It has been largely
recognized that some of the older studies contain some archeointensities
that might not be accurate markers of past geomagnetic field strength (e.
g., Chauvin et al., 2000; Genevey et al., 2008). Here and following our
previous studies (Gomez-Paccard et al., 2012; Campuzano et al., 2019;
Pavon-Carrasco et al., 2021) we selected data following different quality
criteria based on the type of material analyzed, the number of specimens
retained to calculate the mean values and the laboratory protocol fol-
lowed to obtain the archeointensities. We selected data obtained from
three or more specimens and derived from Thellier type methods
including partial pTRM checks. For ceramics or highly anisotropic ma-
terials, only data considering the correction of the TRM anisotropy effect
upon intensity estimates were selected. Following the results of Genevey
et al. (2008) for older studies, a 5% decrease of the intensity values was
applied when the cooling rate correction factor was not experimentally
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determined. Finally, it is important to note that a specific criterion
regarding the uncertainties around the mean intensity values has not
been applied. After this selection, we compiled the data corresponding
to an area of 7° of radius (~780 km) centered in two locations: 45°N /
5°E (France) for Western Europe and 45°N / 25°E (Romania) for Eastern
Europe (see dark blue and orange circles in Fig. 6). From 200 CE to 1800
CE, 138 data from Western Europe (Hedley and Wagner, 1991; Chauvin
et al., 2000; Genevey and Gallet, 2002; Gomez-Paccard et al., 2006,
2008, 2012; Spassov et al., 2008; Gallet et al., 2009; Genevey et al.,
2009, 2013, 2016, 2019; Kovacheva et al., 2009; Tema et al., 2010,
2015; Donadini et al., 2012; Schnepp and Briiggler, 2016; Schnepp et al.,
2020) and 77 from Eastern Europe (Burlatskaya, 1970; Burlatskaya
et al., 1986; Ogishima et al., 2000; De Marco et al., 2008; Kovacheva
et al., 2009, 2014; Spatharas et al., 2011; Tema et al., 2012; Kondo-
poulou et al., 2015; Aidona et al., 2018; Genevey et al., 2018; Schnepp
et al., 2020) pass our selection criteria (Table S2). As it can be seen in
Fig. 5A and B, our new archeointensities are in agreement with the
selected data, both in Western and Eastern Europe. Only the new in-
tensity obtained for the CS-Nivel II group (575-625 CE) seems to be
outside the general trend given by the previous coetaneous data
(Fig. 5A). This datum presents a large standard deviation (5.9 pT) due to
the discrepancy between the three intensities derived at the fragment
level. The datum passes the quality criteria used in this work and thus no
scientific reason can be considered to discard it from our analysis.
However, this scatter could also be explained by a strong variation of the
geomagnetic field strength over the time interval associated to the
context (50 years) and therefore the fragment CS0062 (fragment
recording the lowest intensity for the CS-Nivel II group) could be older
than the rest of fragments of the same group.

From the compiled datasets (Table S2) and the new data presented
here, we calculated two new intensity PSV curves for Western (45° N, 5°
E; France) and Eastern Europe (45° N, 25° E; Romania) (Table S3). The
curves were developed following the method proposed by Thébault and
Gallet (2010). A time fitting was applied using temporal cubic b-splines
by means of a bootstrap approach that considers both age and intensity
uncertainties. In contrast to Thébault and Gallet (2010), our modeling
approach does not reweight the archeointensity data by the residuals.
The bootstrap provides an ensemble of 5000 PSV curves whose mean
and standard deviations can be estimated providing a single continuous
PSV curve with its error bar at 68 or 95% of probability (see Rivero-
Montero et al., 2021 for details). The two PSV curves clearly show a
sequence of intensity maxima between 200 and 1800 CE (Fig. 5). From a
first visual inspection, it seems that the observed maxima were achieved
at different times in Western and Eastern Europe. According to the
Western Europe PSV curve (Fig. 5A), the maxima occurred around 310
CE, 620 CE and 820 CE (corresponding to the double-oscillation), 1140
CE, 1380 CE and 1600 CE; with maximum values of 63.0 & 5.1 pT, 76.5
+ 4.9 T, 76.9 + 3.5 uT, 59.3 & 3.7 T, 55.7 = 3.0 pT and 54.1 + 2.5 T,
respectively (errors at 95% of probability). Whereas in Eastern Europe
(Fig. 5B), the maxima are identified at 350 CE, 670 CE and 940 CE (the
double-oscillation), 1300 CE, 1580 CE and 1710 with intensities of 59.0
+ 6.3 uT, 72.2 + 14.4 uT, 74.6 + 8.0 uT, 56.8 + 4.1 pT, 61.2 + 7.3 uT
and 56.6 + 5.9 puT, respectively (errors at 95% of probability). It is
important to note that, however, some of these maxima are not well
defined such as the 310 CE maximum for Western Europe or the 350 CE
maximum for Eastern Europe and, hence, more data are needed in order
to robustly define them. In spite of some uncertainties of the maxima
depicted the trend of the obtained curves suggests, however, that the
Eastern maxima seem to occur several decades later than those observed
in Western Europe. However, considering the uncertainties associated
with the PSV curves and represented by the error bands at 95% of
probability, this result should be considered with caution. To deeply
investigate the potential lag-time between the curves, we perform an
additional statistical study that is explained in detail at the end of this
section.

The new PSV curves are then compared with previous PSV curves
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Fig. 5. New PSV curves (blue lines) obtained for Western and Eastern Europe plotted with its 2-sigma error band (shaded areas) and compared to: A) and B) New
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is referred to the web version of this article.)

(see Fig. 5C and D) and with the predictions derived from different
regional and global archeomagnetic models (see Fig. 5E and F). In
Western Europe (Fig. 5C), the double-oscillation feature (with two
maxima around 620 CE and 820 CE in our curve) was already recorded
in previous curves but showing a smoother behavior (Genevey et al.,
2016) or lower intensity values for the first maximum and higher for the
second (Gomez-Paccard et al., 2016) than those provided by our new
PSV curve. Thanks to the new data obtained here the starting point of
the first bump of the double-oscillation feature is now better defined. It
is worth noting than the pronounced minimum observed now between
the two maxima of the double-oscillation (around 720 CE) is linked to

rope. (For interpretation of the references to colour in this figure legend, the reader

new intensity data acquired recently by Schnepp et al. (2020) and thus
not available when the previous curves were constructed. Finally, a
satisfactory agreement is found between the previous curves and the
new obtained here for the last maxima (1140 CE, 1380 CE and 1600 CE),
highlighting that even if the selected input data and regions used in the
different publications are not exactly the same, the observed trend of
oscillations seems to be well constrained in Western Europe (except the
small maximum around 310 CE that needs to be further studied). When
compared to the most recent regional and global archeomagnetic models
(Fig. 5E) it can be seen how the models show a clear smoother behavior
during the whole period. Although the SHAWQ2k (Campuzano et al.,
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2019) and SCHA.DIF.4 k (Pavon-Carrasco et al., 2021) models show the
double-oscillation feature, they do not capture the occurrence of in-
tensity maxima after the double-oscillation. This highlights the necessity
to implement robust local PSV curves, since they are the best approach
to accurately determine the past variations of the geomagnetic field at
regional scales. For the ARCH10k.1 model (Constable et al., 2016) the
smooth behavior is more noticeable and the double-oscillation feature is
not observed. Differences between the model predictions can also be
related to the used input data, since the SHAWQ2k and SCHA.DIF.4 k
models applied similar selection criteria than those used in this study,
while the ARCH10k.1 model used all the available data regardless of the
laboratory methodology used to obtain them.

In Eastern Europe (Fig. 5D), the previous PSV curves and the new one
show different behaviors although the general trend is quite similar. The
Bulgarian curve published in 2014 (Kovacheva et al., 2014) showed a
trend of oscillations, including the double-oscillation feature, with sig-
nificant amplitudes (corresponding to rates of change up to 21.5 pT/

10

century). Since neither our selected high-quality dataset nor the new
PSV curve present this high variability, we suggest that some of the
Bulgarian maxima and minima are controlled by some archeointensities
that do not accomplish modern standards of quality. In fact, some of
these oscillations are described by archeointensities derived from the
Thellier method but not including pTRM cheks so not included in our
dataset. Our new curve clearly fits better the Genevey et al. (2016) and
Gomez-Paccard et al. (2012) curves, which show several maxima,
including the double-oscillation event. It is important to note that, ac-
cording to all the PSV curves, the double-oscillation shows a stronger
decline in intensity between the two peaks in Eastern (with a minimum
of 56.1 puT in our curve) than in Western Europe (with a relative mini-
mum of 68.4 uT in our curve). The minimum in Eastern Europe is
controlled by four low and quite consistent intensity values (Kovacheva
etal., 2014; Spatharas et al., 2011). In Western Europe, although 16 data
are available (Genevey et al., 2016; Gomez-Paccard et al., 2012; Kova-
cheva et al., 2009; Tema et al., 2010; Schnepp et al., 2020), only four of
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them suggest a more pronounced minimum as mentioned above
(Gomez-Paccard et al., 2012; Schnepp et al., 2020). More well dated
archeointensities, both for Eastern and Western Europe are needed to
further discern this issue. As for Western Europe, the regional and global
models show again smoother trends for the intensity element at these
regional scales (Fig. 5F).

Since the double-oscillation event is the most important feature of
the European geomagnetic field strength over the last two millennia, we
tried to evaluate the time and spatial evolution of this event throughout
Europe. To do that, we obtained the PSV curves for five additional re-
gions (all of them with 7° of radius) in Europe following the same
methodology explained before (see map in Fig. 6). Despite the great
effort made during the last years, the number of archeointensity data is
still very low for some of the selected regions. For example, in Iberia
(Fig. 6A) the lack of data between 600 and 800 CE has not allowed to
identify the minimum between the two maxima of the double-oscillation
and, hence, a single maximum is seen in the PSV curve. In central
Europe, the PSV curves of the regions “50°N / 15°E” (Fig. 6E) and
“47.5°N / 20°E” (Fig. 6F) are not well defined between 500 and 700 CE
and 700 and 850 CE, respectively, due to the low number of data
available. More data are clearly needed in order to better define
geomagnetic field intensity changes all over Europe during this period.

Despite these gaps, the differences of the oscillation intensity trends
observed between the Western and Eastern Europe can be analyzed. As
indicated before, a visual inspection of the results obtained for the
double-oscillation event suggests that there is a time delay between the
maxima observed in Western Europe and those recorded in the Eastern
side of this continent (Fig. 6H). However, considering the uncertainties
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associated with the PSV curves and represented by the error bands at
95% of probability, this hypothesis should be considered with caution.
An interesting study in terms of frequency and correlation between the
observed oscillation trends can be attempted. To quantify the visual
correlation proposed in Fig. 6H, we carry out two more sophisticated
studies using the Western and Eastern European curves.

The first study is focused on the estimation of the characteristic pe-
riods found in both curves. To do that, we use two different approaches:
the empirical mode decomposition (EMD, Flandrin, 2009) and the
wavelet analysis. The EMD method provides the characteristic period
considering the error bars of the curves by means of a Monte-Carlo
bootstrap, and transferring the intensity error to the uncertainty of the
characteristic periods. Results are given in Fig. 7A. It can be seen that the
Western curve is characterized by a period of about 275 + 20 yr, this
result being consistent with the period proposed by Genevey et al.
(2016) (~250 yr) and Livermore et al. (2018) (269 + 9 yr) for Western
Europe for the last 1500 yr. The Eastern curve presents a higher period
of about 325 + 30 yr, corresponding to the average dominant period for
the whole-time interval in statistical terms, although it may be not
representative for last two maxima separated just by 130 yr. The
Western and Eastern periods are indistinguishable in the range between
250-350 yr (overlapping window of the histograms).

The wavelet analysis allows to know how the characteristic periods
of the curves are distributed within the considered time window, i.e.
200 CE - 1800 CE. For each PSV curve, the wavelet analysis is shown in
Fig. 1S (left panel). For the Western curve, the wavelet shows a clear
period of about 270 yr (in agreement with the EMD study) for the whole
time window. However, the wavelet of the Eastern curve shows a large
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Fig. 7. A) Characteristic period of the PSV curves obtained by application of the empirical mode decomposition method for Western (in blue) and Eastern (in orange)
Europe. B) Cross-correlation wavelet analysis for both Western and Eastern curves showing the shared characteristic periods. C) Correlation between the Western and
Eastern curves. The mean correlation is given by the thick red line (with error bands at 68% -thin red lines- and 95% -dashed red lines- of confidence). D) Histogram
showing the lag-time that corresponds to the maximum correlation obtained in C). Note that for A), B) and D) a Monte-Carlo approach is applied by means of a
bootstrap to take into account the error bar of both PSV curves. This method provides a set of 5000 PSV curves whose analysis is reflected in the different plots by the
histograms (A and D) and the curves (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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range of periods, but showing the higher amplitude (red colors) for a
period of about 325 yr (in agreement too with the EDM results) and
other period around 550 yr (that can be also seen in the Western curve,
but with less significance). To analyze if both wavelets share some pe-
riods, we apply a cross-correlation wavelet analysis that combines the
previous wavelet results to provide the common periods of both curves.
The cross-correlation wavelet is shown in Fig. 7B. Results at 95% of
confidence show that the Eastern and Western curves share a common
period of about 250-350 yr (supporting the findings of the EMD study)
and a higher period of about 550-600 yr that is not significant due to the
length of the time window of our analysis.

A second statistical study was carried out to estimate the lag-time
between the PSV curves (as visually suggested by the correlation
attempted in Fig. 6H). To perform this study, we fix in time the Western
curve and move the Eastern curve using lag-times between 0 and 500 yr
by steps of 1 yr. As for the previous study, the mean and the error bar at
95% of the PSV curves (Fig. 7C) are taken into account by means of a
Monte-Carlo bootstrap. To better determine the lag-time, for each iter-
ation of the bootstrap approach, we keep the lag-time given by the
maximum correlation index of that iteration. These selected lag-times
follow a normal distribution (Fig. 7D) with which we estimate the
mean lag-time and its standard deviation. Results show that the
maximum of correlation (about 0.6) provides a systematic lag-time of
approx. 100 + 20 yr, but other possible lag-times are also possible with
lower correlation index (see Fig. 7C and D and the right panel of Fig. S1
of the supplementary material).

In summary, our statistical analysis (Fig. 7) suggests that the
occurrence of the intensity maxima is characterized by a period of about
300 =+ 50 yr for both the Western and the Eastern curves. This result is in
agreement with the period of 250 years proposed by Genevey et al.
(2016) for Western Europe and that was interpreted as a particular
characteristic of the secular variation in the region probably linked to a
wave motion in the liquid core (e.g., Finlay and Jackson, 2003; Buffett,
2014). In addition, the lag-time of about 100 yr found between the
Eastern and Western curves seems to indicate an eastward drift of a
regional intensity patch at the core-mantle boundary beneath Europe
that is the responsible of the succession of the intensity maxima
observed at the Earth's surface. However, cautions about these results
should be considered, since the uncertainties involved in the arche-
ointensity measurements play an important role (from the laboratory
experimental to dating and construction of the mean curves) and these
findings clearly require further confirmation. The establishment of more
robust and precise PSV curves for the different European regions will
provide new insights for confirming or not the hypothesis proposed
here. For this purpose, the acquisition of robust data from precisely
dated archaeological European contexts is crucial.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.pepi.2021.106749.
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