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[1] Archeomagnetic studies on 14 kilns, a group of jar fragments, and a collection
of baked bricks dated between 1000 and 1959 AD plus one Roman pottery kiln
have been conducted in order to obtain high-quality archeointensity data to enhance
the western European database. The Thellier method with corrections for anisotropy
of thermoremanent magnetization (TRM) and for cooling rate dependence upon TRM
acquisition was used. The effect of TRM anisotropy is only important for the bricks
where the corrected and uncorrected mean intensities differ by more than 5%. Cooling
rate correction factors determined per sample are up to 15% and per site up to 7.7%.
Our 17 new data together with 62 previously published results were used to obtain,
by Bayesian modeling, the geomagnetic field intensity over the past two millennia
for western Europe. Our results indicate that geomagnetic intensity remained more
or less constant between the 1st and 4th centuries and between the 14th and 16th centuries
(mean values, at Paris, around 65 and 57 u7, respectively), whereas an important
decrease occurs between 1600 and 1800 AD. The detailed evolution of geomagnetic
field intensity during the High Middle Ages is not yet well established. Despite their
differences, geomagnetic global models predict our results reasonably well. This work
indicates the need to obtain a number of archeointensity data for each time interval

in order to reliably record variations of the geomagnetic field and to test whether

any relationship exists between field intensity and climate.
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1. Introduction

[2] The study of the evolution of the geomagnetic field
requires widely distributed high-resolution magnetic
records of the Earth’s magnetic field. Prior to times of
direct measurements [Jackson et al., 2000] this can be
achieved by studying the remanent magnetization of
archeological material, lava flows and lake sediments.
Volcanic rocks sometimes lead to low success rate or
paleointensity determinations which are difficult to interpret
due to the low stability of the magnetic minerals during
heating. Sedimentary rocks can provide only a continuous
record of the relative paleointensity changes, and the trans-
lation toward an absolute scale is not always easy. In
contrast, archeomagnetic materials acquire a thermorema-
nent magnetization (TRM) that can be used to obtain at the
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same time the paleodirection and the absolute paleointensity
of the ancient Earth’s magnetic field. In addition, magnetic
minerals in archeomagnetic samples generally show good
physicochemical stability during heating, which results in
easier interpretation and high success rates (often 80% or
more) of the paleointensity experiments. Thus, archeomag-
netic studies of well-dated and “in situ” material can
presently provide the highest-resolution description of the
full-vector Earth’s magnetic field over the last millennia.
[3] Archeomagnetic, volcanic and sedimentary paleo-
magnetic data can be used to compute spherical harmonic
models of the geomagnetic field [see, e.g., Hongre et al.,
1998] that can offer better insight into the field evolution
and underlying processes at the core mantle boundary than
individual time series. A global data set of archeomagnetic
and paleomagnetic data, including intensity data covering
the past 7000 years, has been compiled by Korte et al.
[2005]. This data set has been used to construct continuous
global geomagnetic field models for the last millennia
[Korte and Constable, 2005a]. From these spherical har-
monic models, the evolution of the dipole moment during
the last millennia can be obtained. It can be seen that the
dipole moments predicted by Korte and Constable [2005a]
are significantly lower than both those predicted by Hongre
et al. [1998] and the virtual axial dipole moments (VADM)
published by Yang et al. [2000]. The evolution, during the
last two millennia, of the geographical coordinates of the
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North geomagnetic pole predicted by both models is also
different. These differences indicate the need to obtain more
directional and intensity data in order to increase the reso-
lution of these models. This will improve our knowledge of
the evolution of the Earth’s magnetic field.

[4] Archeomagnetic research started in France with the
work of E. Thellier [Thellier, 1938; Thellier and Thellier,
1959] and has progressed to the stage where several
directional secular variation curves for the last millennia
are now available for Europe, including France [Bucur,
1994; Gallet et al., 2002], Great Britain [Batt, 1997; Zananiri
et al., 2007], Bulgaria [Kovacheva et al., 1998], Germany
[Schnepp and Lanos, 2005], Hungary [Madrton, 2003;
Marton and Ferencz, 2006], Austria [Schnepp and Lanos,
2006], Spain [Gomez-Paccard et al., 2006¢c] and Italy
[Tema et al., 2006]. However, detailed and reliable measure-
ments of the geomagnetic intensity are now needed to fully
describe the evolution of the Earth’s magnetic field. Although
several studies have been carried out during the last few
decades in western Europe, the archeointensity data are still
sparse in comparison to directional data. One compilation of
the archeointensity data in western Europe for the last two
millennia has been published by Chauvin et al. [2000].
This work showed that the reliability of some of the
previously published data seems questionable (because they
were obtained using unreliable archeointensity techniques
and/or very few samples per site were considered) and
provided 20 new reliable archeointensity data for France.
Thus, there is a need not only to increase the quantity of data
but also to improve the quality of the archeointensity deter-
minations. Since then, new reliable results obtained from
French pottery fragments have been published [Genevey and
Gallet, 2002; Gallet et al., 2005]. In Spain, some archeoin-
tensity studies have been performed [Kovacheva et al., 1995;
Nachasova et al., 2002, 2007; Burakov et al., 2005, 2006;
Gomez-Paccard et al., 2006a], but for the last two millennia
only eight archeointensity values are available.

[5s] Despite such activity, the existing archeointensity data
set for western Europe remains relatively poor. In order to
address this deficit 15 kilns, a collection of baked bricks and a
group of large jar fragments coming from seven Spanish
localities have been investigated. The 17 new archeointensity
data obtained have been combined with the most reliable data
previously published for western Europe. The compilation of
79 data were then treated by Bayesian modeling [Lanos,
2004] to obtain the evolution of geomagnetic field intensity
in western Europe for the past two millennia. Our resulting
curve has been compared to one obtained using the classical
moving average window method and with global geomag-
netic field models. The new data enhance the European data
set and will contribute to future refinement of global geo-
magnetic models. The intensity curve proposed should be
useful for future archeomagnetic dating in this region,
specially in the case of displaced objects.

2. Archeological Dating and Sampling

[6] The locations of the archeological excavations where
the material was sampled are shown in Figure 1. Between 12
and 22 independently oriented samples were collected per
kiln. The samples, taken from the walls, were composed of
burnt clay, bricks or a mixture of them and were oriented by
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Figure 1. Map of Spain showing the location of the
archeomagnetic sites where our samples were collected and
Madrid.

magnetic and solar compasses on the horizontal plane of
plaster coverage. Nine infill bricks (bricks GUA2 found
inside the kiln GUA2) and 5 jar fragments (CERCALB
baked jars fired in the kiln CALB) were also collected. In
the laboratory, one standard paleomagnetic core was drilled
per archeomagnetic sample. The sampling and dating
methodology (mainly based on archeological constraints)
are reported by Gomez-Paccard et al. [2006b]. The age of
the studied samples (Table 1) ranges between the 3rd and
the 20th centuries AD.

3. Archeomagnetic Directions

[7] Remanent magnetization was measured with a Molspin
spinner or JRS (AGICO) magnetometer and low field
susceptibility was measured with a Bartington susceptibility
meter at the paleomagnetic laboratory of Géosciences-
Rennes. Our samples are characterized by a natural remanent
magnetization (NRM) lower than 13 A/m and low field
susceptibility between 10~* and 10~% SI units (Figure 2).
NRM intensity and low field susceptibility are scattered both
between and within sites. The original Thellier paleointensity
method [Thellier and Thellier, 1959], based on the compar-
ison between NRM lost and partial thermoremanent magne-
tization (pTRM) gained in a known laboratory field was used
in order to determine simultaneously the characteristic direc-
tions of magnetization (for the oriented samples) and the
paleointensities for all samples except for those from site
GUAZ2. For site GUA2, the archeomagnetic direction was
obtained by thermal demagnetization from oriented samples
taken from the walls of the kiln where unoriented bricks
studied here for paleointensity determinations were manufac-
tured and fired. In most cases, high-quality, single components
of magnetization were obtained, which likely correspond to
the TRM acquired during the last firing of the structures,
related to their abandonment. The experimental procedures
and the archeomagnetic directions obtained (Table 1) are
described by Gomez-Paccard et al. [2006b]. Figure 3 shows
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Table 1. Location and Ages of the Different Group of Samples Studied and Archacomagnetic Directions Obtained by Gomez-Paccard et

al. [2006b]*

Directional Results
[Gémez-Paccard et al., 2006b]

Lat  Long
Name °N)  (°E)  fmin tmax  Meth. n D, 1 ko Site Structure
1 DENA 38.86 0.02 220 250 arch 10 —4.5 526 669 1.9 Denia, Setla Mirarosa kiln
Miraflor
2 MURG 3798 —1.12 1000 1100 arch 8 217 51.3 1437 1.5 Murcia, c¢/Sagasta glass making kiln
3 CALA 39.02 —3.82 1275 1300 arch/his 11.4 449 356 2.9 Calatrava la Vieja pottery kiln
4 CALB 39.02 —3.82 1275 1300 arch/his 10 7.1 444 284 2.9 Calatrava la Vieja pottery kiln
5 CERCALB (*) 39.02 —3.82 1275 1300 arch/his Calatrava la Vieja jars fragments
fired in CALB
6 VALN 39.47 —0.37 1238 1350 arch 9 21 46.6 1859 1.2 Valencia, Velluters bricks making kiln
7 VALI 3947 —0.37 1238 1400 arch 11 44 46.4 725 1.7 Valencia, Velluters bricks making kiln
8 VALK 39.47 —0.37 1300 1450 arch 9 30 442 1606 1.3 Valencia, Velluters glass making kiln
9 VALM 3947 —0.37 1300 1450 arch 9 72 47.0 2733 1.0 Valencia, Velluters glass making kiln
10 CALC 39.02 —3.82 1400 1420 arch/his 8 3.0 47.0 790 2.0 Calatrava la Vieja pottery kiln
11 PATA 39.50 —0.43 1450 1500 arch 10 3.6 56.4 792 1.7 Paterna, ¢/Huertos pottery kiln
12 PATJ 39.50 —0.43 1429 1611 Cl4 16 6.6 62.2 1201 1.1 Paterna, Testar del Moli pottery kiln
13 PATH 39.50 —0.43 1450 1600 arch 10 7.3 53.5 831 1.7 Paterna, Testar del Moli pottery kiln
14 PATB 39.50 —0.43 1525 1650 arch 11 58 64.1 827 1.6 Paterna, c/Huertos pottery kiln
15 VALL 3947 —0.37 1575 1625 arch 11 9.1 56.6 557 1.9 Valencia, Velluters Kiln
Not studied GUA2 40.60 —3.20 1825 1845 arch/his 13 —21.1 61.5 238 2.7 Guadalajara, Huertas Furnace
here del Carmen

16 BRICKS 40.60 —3.20 1825 1845 arch/his Brick fragments

GUA2 (¥) fired in GUA2
17 YUS2 40.10 —5.70 1959 1959 his 5 —11.1 582 138 6.5 Yuste, monastery Kiln

#Columns from left to right: No, number; Name, name; Lat. and Long., latitude and longitude of the sampling site; #,;,, minimum age in years AD; fiyax
maximum age in years AD; Meth., method of dating (arch.: archacological age estimate, hist: historical document, C14: calibrated '*C); n, number of
samples taken into account in the calculation of the mean site direction; Dy and I, declination and inclination in situ; & and s, precision parameter and
95% confidence limit of characteristic remanent magnetization; Site; site name; Structure, kind of structure. (¥) number 5 are jar fragments fired in the kiln

CALB and number 16 are brick fragments fired in the kiln GUA2.

the results relocated to Paris together with the secular
variation curve for France [Gallet et al., 2002] implemented
using Bayesian statistics [Lanos, 2004]. The directions of
magnetization were relocated to Paris via the virtual geo-
magnetic pole (VGP). It can be seen that mean directions of
magnetization for structures of the same age are very similar,
with their circles of confidence (cws) overlapping (as for
example for CALA-B, or VALN-I). The structures PATB
and PAT]J, with large age uncertainties, seem to be contem-
poraneous. Despite some differences, the archeomagnetic
directions obtained show the same general pattern as the
French secular variation curve, indicating consistency with
the proposed archeological dates [Gomez-Paccard et al.,
2006c¢].

4. Magnetic Mineralogy

[8] Low field susceptibility versus temperature curves
(K-T curves), isothermal remanent magnetization (IRM)
acquisition and thermal demagnetization of composite
IRM have been carried out in order to determine the principal
magnetic carrier in our samples. Thermomagnetic curves
were performed in air using a KLY3 (Agico) susceptibility
meter with fitted furnace. IRM was obtained using an ASC
Scientific impulse magnetizer. One sample has been also
analyzed by scanning electron microscopy (SEM) and energy
dispersive X-ray analysis.

4.1. K-T Curves

[9] A total of 109 K-T experiments up to 700°C were
performed. Heating and cooling curves are reasonably revers-
ible, suggesting that few mineralogical changes occurred
during heating (Figure 4). Curie temperatures (7¢) between

350°C and 650°C were observed. In some cases only one
magnetic phase is present (Figures 4a and 4¢) and in others two
clear magnetic phases, one of low 7¢ (around 350—400°C) and
another of high 7c (Figure 4b). Generally, the 7c of this high-Tc
component ranges between 550 and 585°C. Some samples
have a T¢ higher than 585°C, which can be interpreted in terms
of partially oxidized (titano)magnetite or (titano)maghemite
or hematite (Figure 4d). Thermomagnetic curves suggest that
the principal magnetic phase present in our samples is
magnetite or titanomagnetite with different Ti content. Some
stable Al, Na, Mg substituted maghemite (with low 7¢)
could also be present. Curie temperatures are in agreement

104 N=160 T
] . s ¢ ° .:‘o
E R
S/ 1_ L] L] ° o. ..:..
s ] . 'o.
o ° LY ° .
b o o ° o
. “
o1y
10 100 1000

Susceptibility (107° S1)

Figure 2. Natural remanent magnetization (NRM)
intensity (A/m) versus susceptibility (107> SI units) for
all samples.
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[Fisher, 1953] of the studied Spanish structures, (b and ¢) declination and inclination of mean direction.
The French secular variation curve, obtained by Bayesian modeling, is also plotted. All data are relocated

to Paris (latitude 48.9° N, longitude 2.3° E).

with the unblocking temperatures observed during the Thel-
lier experiments.

4.2. IRM Acquisition and Thermal Demagnetization
of Composite IRM

[10] Fifty-five samples (from all studied sites) were
analyzed by progressive acquisition of IRM. In most cases
saturation is reached for fields between 50 and 150 mT
(Figure 5a). This suggests that magnetization is carried by
low-coercivity magnetic minerals such as titanomagnetite or
magnetite. A gradual increase in the intensity of the IRM up
to the maximum magnetizing field of 1150 mT is observed
in some samples (Figures 5b and 5c), suggesting the
presence of hematite or titanohematite.

[11] Thermal demagnetization of three-axes composite
IRM [Lowrie, 1990] was also conducted on the same set
of samples. IRM acquisitions were performed in three steps.

First, the samples were remagnetized in a field of 1150 mT
along their z axis, then a second IRM was given along their
x axis in a field of 300 mT, and finally a third IRM was
given along their y axis in a field of 150 mT. The thermal
demagnetization of each orthogonal component is then
analyzed separately (Figure 5). Usually the low-coercivity
IRM along the y axis has the highest intensity and its
unblocking temperatures ranges between 350°C and
600°C (Figures 5a and 5b). In a few samples from three
sites (VALI, GUA2 and YUS2) the magnetization acquired
along the z axis (in 1150 mT) has unblocking temperatures
above 650°C (Figures 5b and 5c). This suggests the
presence of hematite. Goethite was also recognized in some
samples (Figure 5b). These experiments again suggest that
the main magnetic carrier in our samples is magnetite or
titanomagnetite with different Ti contents.
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Figure 4. Examples of typical susceptibility versus temperature curves (K-7 curves). Susceptibilities are
in arbitrary units. Heating (cooling) branches are plotted in black (gray) circles.

4.3. SEM and Energy Dispersive X-Ray Analysis

[12] SEM and energy dispersive X-ray analysis were
carried out on sample VALI-13 where hematite was detected
(see Figure 5b). For this purpose we used a conventional
SEM JSM-6400 and an energy-dispersion spectrometer
OXFORD Link Isis in the C.M.E.B.A. at the University
of Rennes 1. SEM experiments confirm the previous results:
titanomagnetite and hematite were found in this sample. The
particle shown in Figure 6a (titanomagnetite: for this
particle the X-ray analysis confirm the presence of O, Fe
and Ti but the numerical results are biased by the presence
of C contained in the matrix of the bulk sample) is supposed
to represent the low-coercivity (less than 150 mT) magnetic
phase observed in VALI-13. The particle shown in Figure 6b
(hematite: 47.16% of O and 31.62% of Fe) corresponds to
the magnetic phase which does not reach saturation at
1150 mT (see IRM results).

5. Archeointensity Determinations
5.1. Experimental Procedure

[13] The original Thellier method [Thellier and Thellier,
1959] with pTRM checks was used. The TRM anisotropy
tensor and cooling rate dependence of TRM intensity were
determined for each sample. The paleointensity results were
then corrected for these effects. For a detailed description of
experimental procedures and selection criteria used see
Gomez-Paccard et al. [2006a]. A laboratory field of 50 or
60 uT was applied during heating and cooling along the
cylindrical axis (z) of the samples. Samples were heated in
air in a Magnetic Measurements oven, from 100°C until
more than the 85% of the initial NRM was lost, using
between 7 and 19 temperature steps.

[14] The archeological information available for the stud-
ied structures suggests that the cooling time in the archeo-
logical site was probably 1 or 2 days. Thus, two cooling

times of 24 and 48 h have been used in order to quantify the
cooling rate effect upon TRM intensity in our samples. The
correction factors per sample and the corresponding alter-
ation (that occurred during the heatings carried out in order
to estimate the cooling rate correction factor) have been
calculated.

5.2. NRM-TRM Diagrams

[15] Paleointensity determinations were attempted on
175 samples, and 160 of them have given reliable results.
The very high success rate of more than 90% shows the
excellent physical and chemical stability of the magnetic
minerals contained in our samples. The acceptance criteria
used here are the same as those described by Gomez-Paccard
et al. [2006a]. All accepted results at sample level are given in
Table 2. The high-quality NRM-TRM diagrams observed
(see Figure 7) allow us to obtain archeointensity determina-
tions from fractions of the NRM component (f factor) bigger
than 0.5, maximum angle of deviation (MAD) lower than
5.5° and deviation angle (DANG) lower than 5°. Only for
four samples the potential error on the estimation of the
paleointensity due to the acquisition of chemical remanent
magnetization (CRM) as a percentage of the applied field
obtained is bigger than 10% (Figure 8 and Table 2). In order
to calculate the mean site intensities the weighting factor per
specimen proposed by Prévot et al. [1985] has been used. The
dispersion around the mean is expressed as the standard
deviation (s.d.). For the unoriented bricks and jar fragments
the archeomagnetic direction of the corresponding structure
(Table 1) has been used in order to calculate the virtual dipole
moment (VDM).

5.3. TRM Anisotropy

[16] TRM anisotropy has been determined for 157 samples.
For the majority of the samples the degree of TRM anisotropy
ki/ks (where k; and k3 are the maximum and minimum axes
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Figure 5. Representative examples of isothermal remanent
magnetization (IRM) acquisition curves and thermal
demagnetization of three-axis IRM.

of the tensor of TRM anisotropy) were generally lower than
10%. There is no dominance of magnetic lineation or
foliation and the directions of the principal axes of the tensors
are scattered within almost all the sites. Figure 9a shows an
example (CALA) of this general behavior.

[17] The infill bricks (bricks GUA2) are the exception. In
this case higher degrees of TRM anisotropy, were found and
magnetic foliation dominates (Figure 9b). All the samples
from GUA2 were drilled perpendicular to the flattening plane
of the bricks. The easy plane of magnetization is contained in
the flattening plane (XY plane of the sample) of the bricks and
the hard direction of magnetization is along the z axis of the
samples.

[18] The random directions of the principal axes of the
tensors, together with the generally low degrees of TRM
anisotropy, explain the similarity of the mean intensities and
mean directions of magnetization per site before and after
correction (Table 3). Only for bricks GUA2 the differences

GOMEZ-PACCARD ET AL.: DIPOLE MOMENT IN WESTERN EUROPE

B09103

between the mean site intensity before and after TRM
anisotropy correction are significant (5.7%).

5.4. Dependence of Cooling Rate Upon TRM Intensity

[19] The correction factors and the corresponding alter-
ations obtained for a linear cooling of 24 h are shown in
Figure 10a. Figure 10b shows the correction factors retained
per sample and applied to the archeointensity determinations,
plotted in Figure 10a in the “accepted” zone. When the
correction factors were lower than the alteration factors, no
cooling rate correction was applied (“rejected” zone in
Figure 10a). In these cases it is not possible to estimate if
the TRM acquisition capacity has changed because of the
cooling rate effect or because of mineralogical changes. The
uncorrected intensity values were retained in order to calcu-
late the mean intensity per site.

[20] The correction per sample upon the archeointensity is
typically lower than 10%, but can reach values up to 14%
(Figure 10b). A big variability between samples of the same
archeological site is observed (see Figure 10a), suggesting
than the cooling rate effect is highly dependent of the
particular magnetic mineralogy of the samples. This indicates
the necessity of carrying out the correction for each sample.
Alteration is typically lower than 5% (Figure 10a).

[21] The mean site correction factors (overestimation of
the paleointensity) are important (bigger than 5%) for four
sites, moderate (between 3 and 5%) for five, and not so
significant (less than 3%) for the other 8 sites. The
maximum value of overestimation (7.7%) was found for
the kiln VALI. For one of the kilns, MURG, the mean site
correction factor is +0.5% (the paleointensity mean is an
underestimate). The decrease of TRM intensity as the
cooling rate decreases has been associated in the literature

Figure 6. Examples of scanning electron microscopy
observations. Points where energy dispersive X-ray analyses
were done are marked by white crosses (see section 4.3).
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Table 2. Archeointensity Results per Sample®
Name Sample  NRM X Tnin-Tmax MAD DANG CRM F + oF F,

(Age) Number _ (A/m)  (10~%) 0 (9] n S g q ©) ©) (%) (D WD

DENA 82-A 3.20 700 11.50 100-560 14 0.77 091 56.1 1.6 0.7 4.6 584 +0.8 585

220-250 83-A 1.80 356 12.71 100-530 13 0.64 0.90 24.6 2.5 1.7 3.7 603+ 1.5 64.0

84-A 1.97 513 9.65 100-500 12 0.68 0091 29.5 1.9 0.3 2.4 61.2+13 61.1

85-A 5.56 1029 13.59 100-560 13 0.86 0.89 48.0 2.3 1.0 33 58.1+1.0 558

86-A 543 483 28.25 100-530 13 0.84 0.89 41.3 1.7 1.8 5.7 539+1.0 534

88-A 5.94 478 31.20 100—450 10 0.68 0.87 20.0 4.9 2.5 122 62.1+2.0 58.0

89-A 2.29 522 11.04 100-560 14 0.86 0.92 483 1.7 1.1 5.5 62.1+1.0 613

90-A 1.21 913 3.32 100-530 13 078 091 459 2.4 0.8 2.4 58.1+£09 60.8

91-A 1.99 671 7.45 100-530 13073 0091 379 2.3 0.5 3.7 56.9+1.0 574

92-A 2.70 536 12.64 100-560 14 0.87 0.92 68.3 1.6 0.7 3.6 59.5+£0.7 597

MURG 1-B 0.31 926 0.8 150-320 5 051 073 4.0 33 0.4 4.2 472 +45 487

1000—-1100 2-B 0.52 58 22.5 100-480 11 090 0.89 47.5 1.1 0.4 1.1 744 +13 740

3-B 8.25 1145 18.1 100-390 8 090 0.83 49.8 1.9 0.9 3.2 563 +0.8 55.0

10-A 0.16 134 3.0 100-360 7 079 0.79 31.4 2.2 0.5 2.0 554+1.1 544

11-A 0.34 157 5.4 100-420 9 078 0.84 66.7 1.8 0.2 2.2 58.6+0.5 562

12-A 0.4 101 10.0 100-450 10 0.79 0.79 314 22 0.5 2.0 558+ 1.7 550

13-A 5.99 115 130.9 100—-480 11 078 0.89 453 1.9 0.5 3.6 63.4+10 604

17-A 0.01 10 2.5 280-420 5 041 0.74 9.3 1.7 2.5 3.9 419+14 405

CALA 2-A 5.65 859 16.5 100-530 12 0.83 0.90 38.2 2.6 0.6 3.1 587+1.1 577

1275-1300 4-A 3.07 530 14.6 100-560 13 0.88 0.90 160.0 1.6 0.5 1.4 57.0+03 57.6

6-A 2.15 597 9.1 100-560 13 0.88 091 56.1 2.3 0.4 4.1 60.0 £0.8 62.8

7-A 2.49 655 9.6 100-560 13 0.84 091 116.1 1.6 0.3 1.7 558 +£04 583

8-A 3.03 610 12.5 100—-500 11 088 0.89 54.7 1.4 0.4 2.0 61.4+08 61.7

10-A 232 263 222 100-500 11 091 0.89 113.6 1.1 0.4 1.8 577+04 587

11-A 1.52 441 8.7 100-560 13 085 0091 45.2 2.5 0.9 3.0 57.8+1.0 604

13-A 7.54 1241 15.3 100-530 12 0.85 0.90 40.6 1.9 0.5 2.2 558+1.0 57.0

14-A 2.11 500 10.6 100-360 7 050 0.83 26.8 1.6 34 1.8 65.7+1.0 653

CALB 1-B 1.60 614 6.6 100-530 14 083 0091 30.9 2.7 1 4.5 56.2+14 57.1

1275-1300 2-B 4.89 983 12.5 100-410 10 0.75 0.86 28.7 2.8 0.2 3.2 639+14 647

3-A 4.73 871 13.7 100-500 13 085 0091 61.4 2.0 0.5 1.9 63.1 £0.8 61.0

4-A 2.22 555 10.1 100—-500 13 0.80 0.92 453 3.1 1.9 2.9 55.7+09 55.6

6-A 1.70 383 11.2 100-530 14 085 0.92 17.4 39 0.8 8.8 56.2+25 550

7-B 1.18 257 11.5 100-530 14 0.87 092 61.8 4.1 0.5 4.1 53.5+0.7 53.6

8-B 1.50 330 11.4 100—-500 13 0.87 0.92 47.8 5.0 0.5 2.7 51.9+0.8 504

9-A 3.09 766 10.1 100-560 15 0.86 0091 69.5 34 1.6 34 58.7+£0.7 549

13-A 1.29 227 14.3 100-560 15 0.82 0.81 33.8 3.6 34 2.4 61.1+13 604

14-B 1.61 579 7.0 100-560 15 0.83 0.92 36.9 32 0.4 3.5 534+1.1 537

CERCALB 1-A 0.35 257 3.4 150-470 9 048 085 5.8 3.6 1.1 7.0 46.0 +3.2 463

1275-1300 2-A 2.74 404 17.0 100-530 12 0.85 0.90 349 1.8 0.9 2.1 492+ 1.1 524

4-A 1.83 292 15.8 200-440 7 054 083 9.9 4.7 1.7 3.1 513+23  56.6

6-A 0.63 119 13.3 320-600 10  0.58 0.88 22.9 2.7 2.4 5.7 71.1+1.6 629

VALN 1-A 3.96 1090 9.14 100-540 13077 091 102.1 2.7 0.4 2.7 53.1+04 527

1238-1350 2-A 2.09 624 8.40 100-540 13 081 0091 43.1 2.1 0.7 3.6 50209 499

4-A 1.71 383 11.21 100-540 13 083 0091 57.2 2.0 0.9 2.1 462+ 0.6 445

5-A 1.70 420 10.17 100—540 13 0.82 091 69.1 2.7 1.0 32 489 +£0.6 45.6

6-A 221 536 10.36 100-540 13 0.83 0091 68.4 1.7 0.9 2.2 49.1+0.6 49.0

7-A 2.07 469 11.09 100-540 13 0.80 0.92 57.5 2.6 1.7 3.1 50.5+0.7 50.7

9-A 3.12 934 8.40 100—540 13 0.78 0.90 76.7 35 1.5 4.6 52.6+0.5 52.6

12-A 2.89 791 9.19 100-540 13 0.85 0091 82.4 1.8 1.2 3.7 503+£05 509

14-A 3.60 1004 9.02 100-540 13079 091 102.9 3.1 2.2 4.5 558+04 546

16-A 2.80 1228 5.72 100-540 13 0.73 091 36.9 4.3 32 7.8 51.9+1.0 522

18-A 2.63 1066 6.19 100-540 13 0.79 0.92 522 32 33 6.1 53.1+0.8 519

VALI 5-A 2.03 810 6.3 100—-450 10 0.65 0.89 20.9 2.8 0.7 3.5 545+15 522

1238—-1400 6-A 1.12 396 7.1 100-540 13 0.72 091 22.8 2.5 1.5 4.6 57.0+1.6 578

8-A 3.01 1031 7.4 100-540 13 0.77 091 322 1.6 1.9 1.7 57.5+13 571

11-A 1.37 540 6.4 100—540 13 0.80 0091 71.4 2.1 0.8 23 529+0.6 542

12-A 1.01 218 11.6 100-540 13 0.76 091 40.7 2.3 1.0 3.1 559+1.0 564

13-A 1.58 360 11.0 100—-480 11 067 0.90 29.8 2.2 23 4.5 572 +12 583

14-B 2.98 898 8.3 100-510 12073  0.90 24.1 53 4.7 7.2 582+1.7 584

17-B 0.89 272 8.2 100-510 12 0.77 091 52.1 2.8 0.8 1.9 48.1+0.7 49.2

18-A 2.20 845 6.5 100-510 12078 091 35.1 23 0.9 32 51.7+1.1 530

19-A 0.62 227 6.9 100-510 12 0.64 091 27.2 32 1.5 4.4 50.6+1.1 518

21-A 0.90 308 7.3 100-510 12 0.62 0.90 31.6 2.9 3 7.1 55.0+1.0 569

VALK 1-A 1.94 579 8.4 100—-450 10 052 0.87 19.9 35 0.8 4.0 57.6+12 540

13001450 2-A 8.91 1128 19.9 100-560 15 0.88 0.90 65.4 0.6 0.0 1.5 573+0.7 559

4-A 0.67 236 7.1 100-560 15 0.87 0.90 53.6 0.8 0.0 2.4 60.7+0.8 564

5-A 0.37 134 6.9 100-560 15 085 092 64.0 1.3 0.0 34 60.5+0.7 564

11-A 5.95 1433 10.4 100-580 16 0.89 0.92 83.6 0.8 0.0 2.5 572+0.5 56.0

12-A 0.24 74 8.2 200-560 13077 091 59.9 1.6 0.5 2.5 61.2+0.7 598

13-A 2.34 811 7.3 100-560 13 0.75 0091 60.3 2.1 1.2 2.5 582+0.7 572

14-B 7.51 1417 13.3 100-560 15 0.87 0.92 55.8 1.8 0.9 2.1 523 +£0.7 49.6

15-B 2.64 505 13.1 100-500 12 0.69 0.90 34.8 2.5 1.9 2.9 51.8+£0.9 48.6
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Table 2. (continued)
Name Sample ~ NRM X Tinin-Tmax MAD DANG CRM F + oF F.

(Age) Number  (A/m)  (10) 0 9] n S g q © © (%) W (1)

VALM 1-A 0.53 281 4.7 100—-450 10 0.71 0.88 12.5 4.0 1.2 6.3 582+£29 586

13001450 2-A 1.42 537 6.6 100-420 9 0.82  0.84 333 1.9 1.2 34 46.8 £1.0 46.8

3-A 6.45 1590 10.2 100—-560 15 076 0.92 32.8 2.5 0.4 2.5 462 +1.0 474

4-A 3.07 897 8.6 100-560 15 0.80 0.92 56.4 1.6 0.5 3.1 53.8+0.7 539

6-A 1.31 642 5.1 100-560 15 0.84 092 65.1 1.5 0.9 2.4 548 £0.7 527

7-A 341 1235 6.9 100—-560 15 086 0093 66.3 1.9 0.9 2.5 504 +0.6 48.6

8-A 5.99 1695 8.9 100-560 15 082 0093 54.0 2.1 0.6 2.3 498 £0.7 49.0

12-A 291 1065 6.9 100—-480 11 0.68 0.89 26.8 2.6 2.0 3.5 48.6 £1.1 473

14-A 3.18 1067 7.5 100—-480 11 0.68 0.89 21.0 2.5 3.0 4.6 475+14 449

CALC 1-A 1.71 176 24.4 100-530 12 0.88 0.90 62.4 2.6 0.4 1.3 50.5+0.7 50.1

1400—-1420 2-A 0.51 118 10.9 100-530 12 0.74 0.86 50.1 3.0 1.8 3.8 53.9+0.7 49.0

4-A 0.98 371 6.6 100-500 11 082 0.89 73.9 1.9 0.9 23 56.0+0.5 542

8-A 0.83 332 6.3 100-500 11 083 0.89 57.3 1.7 1.2 2.3 549 +£0.7 530

9-A 0.20 131 3.8 100—440 9 0.76  0.84 62.1 1.9 0.1 1.7 521 +£05 518

10-A 1.06 327 8.1 100—-500 11 082 0.90 45.8 1.8 0.2 1.1 48.5+0.8 477

11-A 0.82 127 16.2 100-440 9 0.66  0.87 72.6 2.0 3.8 3.6 485+04 472

16-A 0.56 57 24.7 100—-500 11 083 0.89 75.4 1.8 0.8 1.7 527+05 513

17-A 1.42 115 31.0 100-500 11 086 0.89 110.2 1.8 0.7 2.2 478 £04 48.0

PATH 1-A 2.35 831 7.1 100-400 9 0.81 0.86 22.9 4.6 0.4 11.3 541+1.6 544

1450—-1600 3-B 0.54 318 43 100—-400 9 0.52  0.83 12.5 34 1.0 8.3 643 +£23 643

4-A 0.22 357 1.5 100-325 6 0.69 0.78 11.5 43 24 11.3 59.7+29 620

5-B 0.24 112 54 100-550 15 081 092 40.3 2.6 1.3 4.6 547+1.0 547

6-A 1.02 339 7.6 100-550 15 0.83 092 53.6 2.9 1.1 2.8 51.8+0.8 51.6

7-A 3.11 906 8.6 100—-400 9 0.84 0.85 30.4 2.8 0.8 3.1 53.7+13 542

8-"A 0.16 44 9.1 100—600 17 0.88 093 59.5 2.5 3.2 5.1 571 +£0.8 553

10-A 4.13 895 11.6 100-450 10 0.88 0.87 36.5 1.2 1.5 1.8 513+1.1 512

11-A 0.14 54 6.5 100-475 12 0.67 0.90 19.0 4.9 2.3 4.3 538+ 1.7 55.1

12-A 0.12 45 6.7 100—600 17 092 0093 50.3 2.0 0.6 2.5 489+09 523

PATA 50°-A 9.48 1683 14.2 100-525 15 0.89 092 64.4 2.0 0.5 4.2 554 +£0.7 55.1

1450—-1500 51°-A 10.25 1381 18.7 100-550 17 0.68 0.92 54.8 2.9 0.8 3.8 484 +0.6 455

52-A 5.75 1390 10.4 100—-450 13075 0.86 30.3 2.2 1.0 5.0 524 +1.1 53.6

53-A 3.39 1366 6.2 100-425 12 0.66 0.88 28.0 3.7 2.0 6.9 50.0 1.1  50.8

54-A 4.42 1770 6.3 100-425 12 0.63 0.88 17.3 4.2 1.7 9.7 482 +15 452

55-A 6.05 1905 8.0 100-575 18 0.88 0.86 57.9 3.8 3.1 7.9 472 +0.6 452

56-A 3.30 1150 7.2 100-450 11 083 0.81 38.6 2.4 0.4 4.2 555+1.0 563

57-B 7.09 1702 10.5 100-350 9 0.77  0.79 45.5 1.9 0.9 53 563 +£0.8 577

58-A 5.51 1025 13.5 100-600 19 092 092 105.6 2.2 0.8 43 562 +0.5 564

62-A 3.31 769 10.8 100-525 16 0.70  0.90 39.3 34 1.2 4.8 508 +£0.8 51.8

PATB 1-A 2.14 394 13.62 100—-500 12 0.67 0.88 23.8 2.0 1.4 7.2 488+12 479

1525-1650 2-A 1.94 451 10.82 100-590 15 0.87 091 60.5 2.2 1.5 3.7 473 +0.7 47.6

3-A 4.54 1308 8.71 100-390 8 0.52  0.85 10.4 2.1 3.2 8.4 604 +£2.6 59.0

4-A 4.74 932 12.78 100—-480 11 083 0.88 33.0 1.3 0.8 6.3 506 £1.2 499

5-B 2.35 512 11.54 100-530 13 086 091 31.8 43 1.2 11.5 483 +£1.2 465

6-A 1.83 1035 4.45 100-330 6 0.52  0.80 6.3 4.0 1.4 8.5 528 +£35 523

7-A 4.53 520 21.89 150-390 7 0.78  0.78 41.8 1.1 1.2 34 492 +0.7 492

8-A 4.09 894 11.50 100-330 6 0.69 0.75 15.1 1.2 1.4 3.0 58.6 2.0 584

11-A 4.97 968 12.89 100—-390 8 0.55 0.85 9.6 2.1 3.2 5.7 543 +£2.7 51.6

12-A 2.76 713 9.72 100—-480 11 078 0.89 23.9 2.8 1.5 5.6 532+1.6 519

14-A 4.45 904 12.36 100-480 11 084 0.90 344 3.0 1.0 6.1 500+ 1.2 483

20-A 3.06 1019 3.06 100-330 6 0.74 0.79 12.0 2.9 1.3 8.0 58.1+£2.8 60.1

PATJ 40-A 3.57 654 13.72 100-525 14 0.82 0.90 48.3 2.1 1.9 6.9 51.2+0.8 528

1429-1611 41-A 1.50 256 14.74 100-575 16 0.88 0.92 122.5 1.4 0.4 4.5 50.6 £04 52.6

42-A 1.71 350 12.26 100—475 12 0.61 0.90 41.0 1.8 2.0 6.5 51.9+£0.7 509

43-B 1.68 474 8.90 100-500 13 0.70 0.88 332 2.2 1.2 7.1 61.6+ 1.1 588

44-A 3.31 1070 7.78 100—-450 11 053 0.89 11.5 3.9 1.1 9.3 62.1£2.6 619

45-B 1.91 584 8.24 100-550 15 079 092 449 2.1 1.6 4.6 534+£09 545

46-A 2.50 880 7.13 100-375 8 0.73  0.83 15.6 2.0 1.3 4.7 60.2 +£2.2 583

47-B 0.79 192 10.36 100—600 17 0.89 092 131.8 23 2.5 6.0 527+04 525

48-A 435 613 17.84 100-525 14 084 0.90 38.0 2.1 1.4 6.9 573+12 569

49-A 0.52 109 11.99 100-600 17 091 092 95.8 2.9 0.4 5.5 525+0.5 527

50-A 4.03 707 1431 100—425 10 0.66 0.86 18.9 3.1 1.9 11.0 62.1+£19 623

52-A 3.73 677 13.85 100-550 15 085 0091 73.1 2.1 0.7 6.1 59.5+£0.6 58.1

53-B 3.98 1020 9.81 100-525 14 074 092 27.4 2.2 1.3 7.4 539+13 528

54-A 2.83 594 11.99 100-550 15 085 092 60.6 1.3 0.9 3.5 542 +£0.7 526

55-°A 3.04 822 9.28 100-475 12 0.60 0.90 14.9 42 1.4 7.2 525+19 504

56-A 7.68 1274 15.14 100—-425 10 0.74 0.87 33.6 2.0 0.1 6.3 629+12 60.6

VALL 1-A 2.63 456 14.51 100—-390 8 0.85 0.83 69.4 1.3 2.2 5.4 61.5+0.7 609

1575-1625 2-A 2.60 454 14.38 100-420 9 091 0.83 26.8 2.3 3.0 5.3 545+1.5 554

3-A 2.73 481 14.28 100-420 9 0.90 0.82 46.2 1.2 0.1 2.7 593+£1.0 59.7

4-A 4.47 669 16.79 100—-420 9 0.90 0.83 74.0 1.2 0.4 2.0 57306 563

5-A 2.04 293 17.52 100-420 9 0.90 0.83 88.0 1.5 1.1 4.6 58.7+0.5 58.1
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Table 2. (continued)
Name Sample ~ NRM X Tinin-Tmax MAD DANG CRM F + oF F.
(Age) Number  (A/m)  (10) 0 9] n S g q © © (%) W (1)
7-A 1.45 272 13.38 100—-420 9 0.70  0.86 38.7 4.5 1.9 4.1 56.8£09 552
8-A 1.13 236 11.99 100-390 8 0.86  0.84 47.8 1.0 3.8 8.8 483 +£0.8 47.8
14-A 2.87 503 14.33 100—-420 9 092 0.84 33.1 1.5 0.4 3.7 559+13 572
16-A 3.65 852 10.77 100-390 8 0.84 0.83 19.1 3.1 32 8.1 533+1.8 51.7
17-A 2.70 1429 4.75 100-390 8 0.73  0.83 18.2 2.8 1.7 6.4 507+ 1.7 509
18-A 3.93 518 19.07 100-390 8 0.89  0.79 50.6 2.1 3.0 5.0 55.6+08 57.6
Bricks GUA2 3-A 0.23 283 2.0 100-560 12 0.82  0.90 67.4 2.3 0.7 2.6 482 +0.5 443
18251845 4-A 2.34 184 32.0 100—-400 8 0.80  0.85 59.9 1.7 0.9 0.8 493 +0.5 46.7
6-A 3.22 744 10.9 100—-470 10  0.84 0.88 37.0 2.1 0.7 1.6 492 +1.0 456
7-A 0.15 30 12.6 100—-600 15 085 0091 116.7 1.9 1.6 4.5 53.7+04 502
8-A 0.19 123 3.9 100-530 12 0.79 0.88 67.0 3.0 1.3 1.5 53.8+0.5 46.7
9-A 7.59 659 28.9 100-400 8 0.83 0.83 68.2 0.9 0.5 1.3 499+05 484
YUS2 11A3 0.14 17 20.7 100-580 14 0.62 0.85 12.80 1.7 1.1 433 +1.9
1959 13A3 0.15 23 16.4 100—-580 14 099 0.86 27.70 4.8 3.1 433 +13
23A1 0.8 86 23.4 100-560 13 090 0.83 151.80 0.8 0.1 53.8+03 538
41A2 0.8 47 42.8 100-530 12092 0.74 25.25 2.9 2.6 3.8 441 +£08 41.7
43A3 13 888 36.8 100-530 12099 0.87 43.36 33 2.5 2.6 420+09 41.0

“Name (Age), name of the group samples (age of the samples); NRM, intensity of the natural remanent magnetization in A/m; Y, initial susceptibility in
107> SI units; 0, Koenigsberger ratio for an ambient magnetic field of 50 xT; interval temperature 7;,;,— T inax used for the slope calculation; 7, number of
data points within this temperature interval; f, fraction of the NRM component used in the slope calculation; g, gap factor; ¢, quality factor; MAD,
maximum angle of deviation; DANG, deviation angle; CRM, potential error on the estimation of the paleointensity due to the acquisition of CRM during
Thellier experiment as a percentage of the applied field; F + oF, paleointensity estimate and its standard error without anisotropy correction; Fe,

paleointensity estimate after correction of anisotropy.

to multidomain (MD) pure magnetite grains [McClelland
Brown, 1984]. In our samples there is no evidence for MD
grain behavior since curvature in the NRM/TRM plots is
not seen. The linearity of these diagrams clearly indicates
the dominance of single-domain (SD) magnetic grains. Our
samples are characterized by Curie temperatures lower than
580°C, suggesting that the magnetic carriers are not pure
magnetite.

[22] A linear cooling time of 48 h was also applied. A very
small increase in the correction factors was observed. For
this reason, and in order to retain the mean intensity values
least affected by magnetochemical alteration, we consider
that the mean intensity values corrected for a cooling time of
24 h are the most reliable.

5.5. New Archeointensity Results

[23] Seventeen new mean archeointensity determina-
tions have been obtained. The standard deviation around
the mean intensity (s.d.) is lower than 8% for 9 of them
(Table 3 and Figure 11a). For 5 sites s.d. is between 8 and
11%, and for the other three (CERCALB, YUS2 and MURG)
the s.d. is greater, between 11 and 18%. Archeointensity
values determined from sites dated within the same time
interval are generally close, for example VALN and VALI or
VALM and CALC. The results obtained for the kiln CALB
are very similar to the result obtained for the group of jar
fragments CERCALB fired within this kiln. However, the
mean intensity from CALA (dated at the same interval as
CALB) is 4 uT (6%) higher. The archeological constraints
clearly indicate that the kilns CALA and CALB, sampled at
the same archeological site, are contemporaneous and dated
between 1275 and 1300 AD [Gomez-Paccard et al., 2006b].
The very similar archeomagnetic directions for CALA and
CALB (Table 1 and Figure 3) obtained are in agreement with
the archeological information. This indicates that the differ-
ences observed are most probably related to the precision
limit of the archeointensity determinations [Gomez-Paccard
et al., 2006a]. The slight differences seen between mean

intensity from other contemporaneous kilns may be partially
explained by the kilns being different ages (inside the interval
proposed by archeologists) or again, may reflect the limita-
tions of the experimental method and/or samples [Gomez-
Paccard et al., 2006a].

6. Mean Archeointensity Curve and Discussion

6.1. Archeointensity Results for Western Europe
Over the Last 2000 Years

[24] Chauvin et al. [2000] compiled available results for
western Europe giving different weights to the data in order
to reduce the considerable scatter seen. The data were
weighted depending on three criteria: the paleointensity
technique used, the type of materials analyzed and the
number of samples per site used to calculate the mean.
Chauvin et al. [2000] demonstrated that some of the
available results (associated with low weighting factors)
do not seem to be reliable. Therefore, we have conducted
the same analysis and compiled here the most reliable data
from western Europe. The compilation has been restricted to
the past two millennia and to sites for which the weight was
equal or bigger than 10 (the maximum weight possible is 16
and the minimum is 3). The retained data, coming from
Spain, France, Denmark and South Norway, are described
in the following paragraphs.

6.1.1. Spain

[25] There are only 8 previously published archeointen-
sity data from Spain with a weight equal or bigger than 10
for the last two millennia. The first one, obtained from a
Roman pottery kiln has been published by Kovacheva et al.
[1995]. Recently, seven archeointensity values were
obtained from contemporaneous kilns from Murcia dated
between 1100 and 1200 AD by archeological constraints
[Gomez-Paccard et al., 2006a]. These data were obtained
using the classical Thellier method and were corrected for
TRM anisotropy and cooling rate effect using a cooling time
of 24 h.
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Figure 7. Examples of single component natural remanent magnetization/thermoremanent magnetiza-
tion (NRM/TRM) diagrams together with orthogonal vector projections of the remanent magnetization in
sample coordinates. Open (solid) circles are projections upon vertical (horizontal) planes. Diagrams are
normalized to the initial NRM intensity. Closed circles on the NRM/TRM diagrams are data used for
archeointensity determinations. The laboratory field (Hlab) used during the Thellier experiments and the
obtained paleointensity (F) together with the quality factor ¢ are indicated.

6.1.2. France

[26] Data published by Gallet et al. [2005], Genevey and
Gallet [2002] and Chauvin et al. [2000] were acquired by
the Thellier method and corrected for TRM anisotropy and
cooling rate effects. Different cooling times were used to
correct the archeointensity means. For this region 41 high-
quality archeointensity results for the last two millennia are
available.

6.1.3. Denmark and South Norway

[27] Gram-Jensen et al. [2000] studied 15 archeomag-
netic sites in Denmark and one in South Norway. The
experiments were performed using the Thellier method,
and TRM anisotropy was investigated. However, no cooling
rate corrections were performed in this study. Although the
number of samples is low for some sites and no cooling rate
corrections were performed, 13 paleointensity values satis-
fied our criteria [Chauvin et al., 2000, 2005].
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Figure 8. Variations of some parameters used to test the quality of our archeointensity determinations.
(a) f, fraction of the NRM component used in the slope calculation; (b) MAD, maximum angle of
deviation; (c) DANG, deviation angle and (d) CRM, potential error on the estimation of the paleointensity
due to the acquisition of chemical remanent magnetization as a percentage of the applied field.
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Figure 9. Examples of stereographic projections of the direction of the principal axes of the TRM
anisotropy tensor, and Flinn diagrams of individual sample lineation and foliation data for (a) kiln CALA
and (b) bricks from GUA2. Results are plotted in sample coordinates. Samples were drilled
perpendicularly to the flattening plane of the samples (when present).
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Table 3. Archeointensity Results per Structure or Group of Samples®
Age Fm + s.d. Fpo Fpocr Fpa VDM VADM

Name (years AD) N/No (uT) (uT) 7)) (uT) 10%2 A/m> 10%% A/m>
DENA 220-250 10/10 59.0 + 3.1 58.8 544 £34 61.1 10.2 9.5
MURG 1000—-1100 8/8 55.5+£9.6 58.0 58.3 £10.5 66.4 11.1 10.3
CALA 1275-1300 9/9 599 £2.38 59.3 584 +£3.1 66.8 12.0 10.2
CALB 1275-1300 10/12 56.6 £ 4.2 56.4 544 £3.7 62.2 11.2 9.5
CERCALB 1275-1300 4/5 54.6 +7.0 55.9 55.6+7.0 61.8 11.4 9.7
VALN 1238—-1350 11/12 50.4 + 3.1 50.7 48.5+2.6 54.7 9.7 8.4
VALI 1238—-1400 11/11 544 +£3.1 54.6 504 £2.0 57.9 10.2 8.8
VALK 13001450 9/9 549 + 3.6 55.4 51.6 4.1 58.3 10.6 9.0
VALM 13001450 9/9 499 +43 499 47.1 £4.5 53.2 9.4 8.2
CALC 1400—-1420 9/9 503 +£2.5 50.2 48.7 £ 3.0 533 9.7 8.5
PATH 1450—-1600 10/11 555+43 54.4 525+£53 58.7 9.8 9.1
PATA 1450—-1500 10/12 51.8+49 52.7 512+53 56.9 9.2 8.9
PATB 1525-1650 12/13 519+42 50.6 50.4 + 4.0 55.1 8.2 8.8
PATJ 1429-1611 16/17 55.5+4.0 54.5 525+42 57.6 8.7 9.1
VALL 1575-1625 11/13 55.5+4.0 56.4 554 £4.6 61.1 9.9 9.6
Bricks GUA2 18251845 6/10 47.0 = 2.1 47.4 46.8 £2.9 51.0 7.9 8.0
YUS2 1959 5/5 453 £ 4.8 49.2 48.1 £ 6.5 52.8 8.4 8.3

*Name, name of the structure or group of samples; Age, age of the structure; N/No number of accepted/number of studied samples; Fm + s.d., anisotropy
corrected mean intensity and standard deviation; Fpo, weighted mean intensity; Fpocr, weighted mean intensity after cooling rate correction, Fpa, weighted
mean intensity at the latitude of Paris after cooling rate correction; VDM and VADM, values of the virtual dipole moment and virtual axial dipole moment
calculated using the weighted mean intensities corrected for the effect of cooling rate upon TRM acquisition.

[28] The 17 new Spanish data together with the previous
results for France, Spain, Denmark and South Norway are
shown in Figure 11a. The centered dipole moment model
was used to calculate the paleointensities at the latitude of
Paris. This relocation process may introduce some errors,
which can be estimated using the IGRF 2000 model.
Murcia, the most distant locality from Paris in our data set
was chosen to conduct this test. The difference between the
relocated intensity and the direct intensity at Paris is 3 u7'
(6%). This discrepancy is of the same order or lower than
the typical error associated with the compiled mean paleo-
intensity data (see Figure 1la or Table 3). As there is no
way to quantify relocation error systematically we do not
take them into account.

[29] During the 3rd, the 14th and the 16th centuries our
new Spanish intensity data are in very good agreement with
the other results (see Figure 11a). For the modern periods,
we note that the mean intensity of YUS2 (48.1 = 6.5 u7T) is
in agreement with the IGRF at Yuste for 1959 AD (43.8 u7)
if we take into account the s.d. around the mean value. In
contrast, some discrepancies are observed for other periods.
For example, the three data from Calatrava, around 1250 AD
(sites CALA-B) differ by 10 7 or more from the previous
results obtained by Genevey and Gallet [2002]. It is worth
pointing out that some dispersion of the data is generally
observed for all the periods covered (Figure 1la), both
between data published by the same authors, or between
data acquired by different laboratories. Some of the scatter
may be due to age uncertainties. However, even for con-
temporaneous structures, sampled at the same archeological
site and carrying very close directions of magnetization (as
data from Gomez-Paccard et al. [2006a] or CALA-B), the
dispersion in the intensity data is seen. The same fact is also
observed in other studies [Hill et al., 2007]. Therefore, some
part of the dispersion is probably an indication of the
limitations of the experimental method and/or the samples.
This can include discrepancies between the true cooling
time of the archeomagnetic structures and the cooling rate
used in the laboratory. We can notice that the data are either
not corrected [ Gram-Jensen et al., 2000] or corrected for the

cooling rate effect using 4 h [Kovacheva et al., 1995], 8§ h
[Chauvin et al., 2000], 10 or 33 h [Gallet et al., 2005;
Genevey and Gallet, 2002] or 24 h (this study) of cooling.

[30] The compiled data set includes several results per
century, except for the period between 500 AD and 1100 AD.
Future archeointensity research should focus on this period.

6.2. Evolution of the Geomagnetic Field Intensity
in Western Europe Over the Past 2000 Years Inferred
From Bayesian Modeling

[31] Bayesian modeling [Lanos, 2004] based on rough-
ness penalty has been used in order to calculate the
evolution of the geomagnetic intensity in western Europe
during the last millennia. This approach puts some prior
knowledge on the global nature of the curve to be estimated
(it is assumed that the studied physical phenomena varies in
a smooth way). It allows the window width to be automat-
ically adapted to the density of points along the time axis,
making the points movable inside the dating ranges; and it
can take into account stratigraphic constraints provided by
archeological investigations. Figure 11 shows the obtained
curve together with the 95% error envelope at the latitude of
Paris. Table 4 gives the results in 25-year steps. It is worth
pointing out that the Bayesian curves computed with or
without the data from Denmark and South Norway are very
similar. This suggests that in this case the use of these data
(not corrected for the cooling rate effect) do not introduce a
significant bias.

[32] The results obtained using the classical moving
average window technique have been also computed. In
order to determine the best window widths to use, several
values were tested (80, 100 and 120 years). No significant
differences were found therefore it was decided to use a
window width of 100 years, plotted in 25 years, with at
least three reference points per window. The mean values
obtained with the two methods (Bayesian and moving
average window) are very similar (Figure 11b), although
the moving window curve is not continuous because some
time windows contain less than three archeointensity data.
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Figure 10. (a) Absolute values of the effect of cooling rate
upon TRM intensity per sample versus the corresponding
alteration (variation of the TRM acquisition capacity), for
cooling times of 24 h, (b) histogram showing the cooling
rate correction factors applied per sample.

[33] The Bayesian results, which take into account both
uncertainties on ages and magnetic data, indicate small
variations of the geomagnetic field intensity during Roman
times (—200 to 400 AD). For High Middle Ages (around
600—900 AD) rapid variations (7 T per century) of the field
strength have been proposed [Genevey and Gallet, 2002].
However, only three archeointensity data are available for
this period and consequently, the Bayesian curve is not very
well constrained. The smaller narrow bump in intensity
proposed by Genevey and Gallet [2002] during the 14th
and 15th centuries is not confirmed by our results. On the
contrary, the geomagnetic field intensity seems to be constant
between the 14th and the 16th centuries, before decreasing
from 56 pTto 47 pT during the 17th and 18th centuries. The
Bayesian curve has been compared with direct measurements
made near Paris (Figure 11a). The fit between the curve and
direct measurements seems good for the 19th century. This
indicates a small overestimation of the field intensity during
the 20th century.
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[34] Recent analysis showed that secular variation in
western Europe is characterized over the last two millennia,
by two major directional changes at 200, and 1350 AD
[Gomez-Paccard et al., 2006c]. Neither of these cusps
seems clearly associated with a large intensity increase
(see Figure 11).

[35] Recently, Gallet et al. [2005] and Courtillot et al.
[2007] proposed a connection between the geomagnetic
field and climate changes over centennial timescales. These
authors found within their French archeointensity data a
relationship between rapid intensity increases and the
occurrence of cooling periods in western Europe for the
last two millennia. The western European data compiled
here (Figure 11), as well as the Bayesian and moving
window average obtained in this work, do not clearly show
all the intensity peaks proposed by Gallet et al. [2005]
which were used for comparison with climatic changes.

[36] One cannot reject the suggestion that the Bayesian
treatment or moving window average used in this work can
lead to a too smoothed mean curve. However, as previously
discussed, scatter of the order of 10% might be caused by
errors in age and limitations of the experimental method and/
or samples. This scatter has to be taken into account in the
analysis [McElhinny and Senanayake, 1982; Korte and
Constable, 2005b]. This can be achieved by obtaining a
larger number of archeointensity data for each time interval,
as has been done for directional secular variation curves
[Gallet et al., 2002; Schnepp and Lanos, 2005; Gomez-
Paccard et al., 2006c] and by using an accurate method for
the computation of the mean curve. We clearly need more
high-quality data in order to refine the variation of the
geomagnetic field intensity for western Europe. Only with
a refined curve will it become possible to test rigorously the
hypothesis (still discussed, see Bard and Delaygue [2008]
and Courtillot et al. [2008]) of a connection between the
Earth’s magnetic field and climate at this timescale.

[37] The Bayesian intensity curve proposed here has
been compared with the CALS3(7)K.2 global models of
Korte and Constable [2005a], the model of Hongre et al.
[1998] and the GUFMI1 model of Jackson et al. [2000].
The fit between the prediction of the CALS3(7)K.2 model
and our curve seems very good (Figure 12). The prediction
is practically contained inside the Bayesian error margin at
95% confidence level. The similarity of the curves could
be explained by the fact that the majority of the arche-
ointensity data used in CALS3(7)K.2 are European. In
contrast the intensity predictions obtained with Hongre’s
model are not so similar to the curve obtained. This model
shows, in general, higher values than the Bayesian curve
(see Figure 12).

6.3. Dipole Moment and Comparison With Global
Models

[38] Figure 13 shows the variation curve of the virtual
axial dipole moments (VADM) for eastern Europe [Valet,
2003] and the VADM Bayesian curve obtained using the
western European data compiled in this work. Since Euro-
pean archeomagnetic data do not always incorporate incli-
nation records, comparison must rely on VADMs. The
eastern European curve indicates a more significant inten-
sity variation at a shorter timescale than our western
European curve (Figure 13). Korte and Constable [2006]
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(a) Evolution of the geomagnetic intensity obtained by Bayesian modeling. The mean curve

is shown together with the marginal errors at 95% confidence level. The 79 reliable paleointensity data
for western Europe used are plotted together with direct measurements made in Paris [Thellier and
Thellier, 1959] and at Chambon La Forét observatory, near Paris (Bureau Central du Magnétisme,
http://obsmag.ipgp.jussieu.fr/, ftp://par-gin.ipgp.jussicu.fr/BecmtDataBase/clf/clf.year), and (b) comparison
between the Bayesian and the moving average window curve obtained using a window width of 100 years.

All at the latitude of Paris.

suggest that over the last 7 ka, phases of true dipole decrease
or increase could be decadal to centennial in length, as it is
observed over the last 150 years by direct measurements. So
some parts of the small timescale variations observed in
Figure 13 could reflect a true dipole moment variation.
Differences observed between eastern and western European
curves could be related to the type of methods used for their
construction (stacking of three curves built by moving
window averages of data from Bulgaria, Caucasus and
Ukraine in the first case, and the Bayesian method in the
second case). They could be explained also by the lack of data
for some periods, or by some small geographical length-scale
nondipole effects.

[39] Dipole moments calculated using GUFMI,
CALS3(7)K.2 and Hongre et al. [1998] spherical harmonic

analysis (SHA) global models, together with the estimation
of the dipole moment published by Gubbins et al. [2006] and
the VADMSs obtained by Yang et al. [2000] and Valet et al.
[2008] from archeomagnetic data are also shown in Figure 13.
The dipole moment values estimated by these different works
are in close agreement for the last three or four centuries.
[40] In the contrary, some discrepancies are observed
before 1500 AD or for older periods. The dipole moment
obtained by Hongre et al. [1998] model fits better the VADM
results published by Yang et al. [2000], Valet [2003] or Valet
et al. [2008] than the dipole moment obtained by
CALS3(7)K.2 models. VADMs published by Yang et al.
[2000] and by Valet et al. [2008] were obtained using global
compilations of archeointensity data. Then, they are sup-
posed to eliminate the nondipole component of the Earth’s
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Table 4. Intensity Curve Obtained by Bayesian Modeling Each 25 Years®

Error Error Error Error
Age F (uT) Min. Max. Age F (uT) Min. Max.
—100 61.98 54.92 69.24 950 65.69 59.17 72.26
-75 62.71 56.45 69.11 975 64.21 57.71 70.77
-50 63.46 58.04 68.97 1000 62.83 56.36 69.35
-25 64.21 59.63 68.83 1025 61.59 55.29 67.90
0 64.96 61.19 68.73 1050 60.49 54.66 66.35
25 65.66 62.37 68.97 1075 59.56 54.55 64.68
50 66.34 63.14 69.55 1100 58.87 54.77 63.14
75 66.93 63.63 70.20 1125 58.48 55.09 62.03
100 67.32 63.95 70.68 1150 58.42 55.29 61.56
125 67.55 64.18 70.93 1170 58.47 55.35 61.51
150 67.63 64.35 70.91 1200 58.50 55.26 61.61
175 67.54 64.40 70.61 1225 58.35 55.02 61.56
200 67.21 64.24 70.12 1250 57.92 54.63 61.12
225 66.71 63.79 69.65 1275 57.19 54.12 60.31
250 66.22 63.13 69.35 1300 56.53 53.66 59.52
275 65.82 62.62 69.05 1325 56.15 53.38 58.98
300 65.54 62.40 68.68 1350 56.00 53.25 58.69
325 65.29 62.19 68.39 1375 55.85 53.20 58.43
350 65.05 61.90 68.24 1400 55.61 53.17 58.11
375 64.84 61.52 68.16 1425 55.54 53.21 57.95
400 64.60 61.00 68.17 1450 55.72 53.30 58.16
425 64.29 60.24 68.30 1475 55.99 53.31 58.58
450 63.91 59.31 68.54 1500 56.08 53.25 58.83
475 63.56 58.46 68.78 1525 55.97 53.12 58.88
500 63.29 57.81 68.97 1550 55.85 53.05 58.85
525 63.12 57.35 69.15 1575 55.80 52.95 58.78
550 63.05 57.10 69.33 1600 55.66 52.64 58.58
575 63.10 57.04 69.54 1625 55.04 51.76 58.12
600 63.29 57.16 69.82 1650 53.84 50.31 57.25
625 63.63 57.46 70.20 1675 52.26 48.48 56.01
650 64.12 57.94 70.69 1700 50.55 46.62 54.51
675 64.79 58.59 71.33 1725 48.93 45.12 52.83
700 65.65 59.40 72.15 1750 47.64 44,01 51.40
725 66.70 60.38 73.18 1775 46.83 43.40 50.40
750 67.91 61.47 74.38 1800 46.59 43.33 49.93
775 69.10 62.52 75.57 1825 46.81 43.53 50.08
800 70.04 63.34 76.53 1850 47.32 43.78 50.76
825 70.52 63.75 77.03 1875 47.96 44.15 51.62
850 70.38 63.59 76.91 1900 48.67 44.60 52.58
875 69.68 62.93 76.22 1925 49.42 45.02 53.68
900 68.57 61.90 75.13 1950 50.17 45.32 54.95
925 67.19 60.61 73.76 1975 50.90 45.39 56.42

?Age, age in years; F, intensity in 47} error min. and error max., minimum an maximum marginal errors in ;7. All data at the

latitude of Paris.

magnetic field. It seems that the Korte and Constable models
underestimate the dipole part of the Earth’s magnetic field for
some time periods.

[41] Discrepancies between VADM (or VDM) data and
dipole moment computed from SHA have already been
recognized [Korte and Constable, 2005b]. The authors
suggested that VADM (or VDM) averaged over centennial
and millennial timescales are higher than the true dipole
moment. They attributed the bias observed in VADM (VDM)
data to an incomplete average of the nondipole field and to
data quality.

[42] As VADM curves computed from one site (western
or eastern Europe) do not completely remove contributions
from the nondipole field, their analysis suggests that the
nondipole part of the field over Europe was important at
some periods, for example during the two first centuries or
between 600 and 900 AD (see Figure 13). Note that during
these periods the intensity predictions (using CALS3(7)K.2
models) at Paris agree very well with our obtained curve
(see Figure 12).

—@—Hongre et al. [1998] — — CALSK7.2 [Korte and Constable, 2005a]

amd Jackson et al. [2000] — — CALSKS.2 [Korte and Constable, 2005a]
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Figure 12. Comparison between the intensity Bayesian
curve and global models. All at the latitude of Paris.
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Figure 13. Comparison between dipole moment predicted by global models, time-averaged virtual axial
dipole moments (VADM) results from Yang et al. [2000] and Valet et al. [2008], the dipole moment curve
for eastern Europe from Valet [2003], and the dipole moment evolution proposed in this work inferred
from Bayesian modeling and the most reliable western European data.

[43] However, discrepancies between VADM computed
using data from different locations around the world and
dipole moment computed from CALS(3)7K.2 models could
also be explain by a lack of power in the dipole term of this
SHA [Valet et al., 2008].

[44] In our opinion, strong geographical biases in the
distribution of the data seem to affect both VADM (VDM)
average results and dipole moment variations computed
from SHA. An increase of the number of archeointensity
data and a better geographical distribution of them are
clearly needed in order to better constrain the accuracy of
global models.

7. Conclusions

[45] Seventeen new mean archeointensity determinations
have been obtained on kilns and large jar fragments, with
standard deviation (s.d.) lower than 8% for 9 of the 17 sites.
Our new data, together with 62 previous results from France,
Denmark and Spain, have been used to construct a geomag-
netic field intensity variation curve for western Europe.
Bayesian modeling was used for this purpose. The intensity
curve obtained using the classical moving average method
gives very similar results. Geomagnetic field intensity
remained more or less constant between the 1st and 4th
centuries, and between the 14th and 16th centuries (mean
values around 65 and 57 uT, respectively), whereas an
important decrease occurs between the 17th and 18th centu-
ries. More data are clearly needed in order to establish a
reliable reference curve for High Middle Ages (600—
1000 AD).

[46] Differences between geomagnetic global models
[Hongre et al., 1998; Korte and Constable, 2005a], and
between these models and VADMs [Yang et al., 2000; Valet
et al., 2008] have been observed. This indicates the need to
obtain more reliable archeointensity data and to improve the
geographical sites distribution. Our work also indicates that
errors in ages and limitations in experimental method and/or

the samples have to be taken into account before testing the
hypothesis of a relationship between field intensity and
climate changes over the last millennia [Gallet et al.,
2005; Courtillot et al., 2007].

[47] The new data enhance the European data set. The use
of the intensity reference curve obtained for dating remains
very difficult for some periods because of little variation of
the geomagnetic field or to the large envelope error of the
curve. However, for some periods and for displaced objects,
the intensity curve proposed should be useful for future
archeomagnetic dating in this region.
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