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Over the last years new evidences of several short-lived regional maxima of the geomagnetic field 
intensity at various times and locations have been defined. These features have important implications 
both for geomagnetic field modeling and for Earth’s dynamo simulations. However, the nature, extent and 
underlying causes of these variations are still poorly understood. The major constraint for an adequate 
description of these important features is the absence of continuous detailed records and the current 
limited availability of precisely dated geomagnetic field recorders. In this context, archeological materials 
from superimposed strata covering long sequences of occupation provide a powerful tool to investigate 
the temporal variability of geomagnetic field strength at decadal and centennial time scales. In this 
work we report the archeomagnetic study of 79 potteries from Southeastern Spain collected in 14 
different stratigraphic units. The chronological framework of the studied collection, ranging from the 
9th to the 12th centuries, is based on historical/archeological data such as written sources and well-
established typological and archeometric documentation on ceramics found on reference contexts in 
the area. Additionally, two radiocarbon dates obtained from two different stratigraphic units confirm 
the proposed chronological intervals. From classical Thellier and Thellier experiments including partial 
thermoremanent magnetization (pTRM) checks and TRM anisotropy and cooling rate corrections, height 
new high-quality mean intensities were derived. The new data provide an improved description of the 
sharp abrupt intensity decay that took place in Western Europe after the 800 AD intensity maximum, 
the most significant geomagnetic field intensity feature observed in Europe over the last two millennia. 
The new results confirm that several rapid intensity changes (with rates higher than 10 μT/century) took 
place in Western Europe during the recent history of the Earth. The comparison between the regional 
curve of Western Europe and the SHA.DIF.14k global field model predictions suggests that the 800 AD 
event observed in Europe is probably controlled by non-dipolar geomagnetic sources.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recent studies (e.g. Ben-Yosef et al., 2009; de Groot et al., 2013;
Ertepinar et al., 2012; Genevey and Gallet, 2002; Gallet et al., 2003;
Hervé et al., 2013; Hong et al., 2013; Schnepp et al., 2009;
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Shaar et al., 2011; Genevey et al., 2009, 2013; Gómez-Paccard et 
al., 2008, 2012a; Mitra et al., 2013; Cai et al., 2014) corroborate 
the occurrence of short-lived regional maxima of the geomagnetic 
field intensity during the last few millennia. A better understand-
ing of the nature and causes of these intriguing phenomena is not 
only important to understand the processes that govern the Earth’s 
dynamo but also to place into a long-term temporal perspective 
the current decay of the low field intensity anomaly currently cen-
tered around Southern Brazil and Paraguay (the so-called South 
Atlantic Anomaly, SAA) and the historically observed rapid de-
cay of the dipole moment (of about 5% per century for the last 
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Fig. 1. (a) Location of the archeological site where the archeomagnetic material was recovered (Murcia). The reference location (Paris) where the archeointensity data have 
been relocated is also shown; (b) picture of the six pottery fragments studied corresponding to the stratigraphic unit SU 1810; (c) photograph of the excavated area (white 
rectangle); (d) schematic picture showing the temporal sequence of the different stratigraphic units studied. Red numbers correspond to the red circles plotted in Fig. 4. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
80 yr). In addition, reconstructions of past solar modulations are 
crucially dependent on magnetic field strength (Muscheler et al., 
2005). This factor and its uncertainties need to be carefully in-
cluded in the reconstruction of solar activity. In this context, one 
of the biggest challenges currently facing the paleomagnetic com-
munity is to characterize these rapid geomagnetic field intensity 
events in order to investigate their spatial and temporal variability. 
Due to the limited number of high-quality intensity data a proper 
description of geomagnetic field strength during the last millennia 
is still lacking even for Western Europe, the best-covered region 
in terms of high-quality archeointensity data. One of the main 
difficulties in obtaining geomagnetic field reconstructions with a 
decadal and centennial time scale resolution is the scarcity of 
precisely dated heated archeological materials. Age uncertainty is 
perhaps the biggest concern and the most difficult to avoid. Pot-
tery fragments from superimposed strata covering long sequences 
of occupation provide a powerful tool to recover a clear temporal 
sequence of the geomagnetic field intensity trend in the past.

In this paper, we report the archeomagnetic study of 79 ceramic 
fragments collected in the city of Murcia (Southeastern Spain) and 
that were found in 14 stratigraphic units grouped in 9 consecutive 
stratigraphic levels (Fig. 1). The present study uses the new data 
obtained for 8 of the 9 studied levels together with selected high-
quality data to investigate the maximum rate of variation of the 
geomagnetic field strength observed in Western Europe during the 
last two millennia. Additionally, the spatial and temporal variabil-
ity and the dipolar/non-dipolar origin of the most significant rapid 
event (here and after called the 800 AD event) are also investi-
gated by comparing the obtained regional geomagnetic intensity 
trend with other regional reconstructions and global geomagnetic 
field models predictions.

2. Archeological context, dating and magnetic characterization

The ceramics studied here were collected in 14 stratigraphic 
units (SU) identified in a surface no bigger than 3 × 7 m2 (white 
square in Fig. 1c) located in the hearth of the ancient medieval 
madîna of Murcia and corresponding to the long-lasting andalusí
period. Between four and eight pottery shards per SU were se-
lected for analysis. These SU’s are grouped in six consecutive ar-
chaeological phases, from phase I (the older phase) to phase VI 
(the younger phase), and with ages ranging between the 9th and 
the 12th centuries AD (Fig. 1d). The different phases are defined 
by different historic moments and can include several SUs. For ex-
ample, they can be defined by the building of a room and include 
several SU such as the digging of the foundation ditches, their fill-
ing up, the soil that supports pavements, etc. (see Supplementary 
Material for further details). Several fragments per stratigraphic 
unit were subjected to rock magnetic analysis in order to gain in-
formation about the main magnetic carriers contained in the stud-
ied samples. Together (Fig. 2, Supplementary Material), the results 
indicate that the magnetic mineralogy is dominated by low coer-
civity phases corresponding to Curie temperatures in the range of 
350–590 ◦C. This suggests that the main magnetic careers are min-
erals of the titanomagnetite family with very variable Ti contents. 
In some samples, the presence of a magnetic phase character-
ized by higher coercivity, Curie and blocking temperatures above 
590 ◦C has also been detected but its remanence contribution is 
negligible in comparison to the magnetic phase described previ-
ously.

3. Paleointensity determination: laboratory protocol

We applied one of the most reliable and widely used ap-
proaches for paleointensity determination: the classical Thellier 
and Thellier method (Thellier and Thellier, 1959) including reg-
ular partial thermoremanent magnetization (pTRM) checks and 
TRM anisotropy and cooling rate corrections. Several pottery frag-
ments per SU and between two and four specimens per fragment 
were studied. In order to obtain standard paleomagnetic samples, 
1 cm × 1 cm specimens were cut and packed into salt pellets 
or into quartz cylinders. The archeointensity experiments were 
conducted at the Paleomagnetic Laboratories of the Institute of 
Earth Sciences Jaume Almera ICTJA CSIC-CCiTUB (Barcelona, Spain) 
and Géosciences-Rennes (Rennes, France). Remanent magnetiza-
tions were measured using a SRM755R (2G Enterprises) three-axes 
cryogenic superconducting and Agico JR6 magnetometers. Exper-
iments were made in air and laboratory fields of 50 or 60 μT 
were applied. Nine to fifteen temperature steps during Thellier ex-
periments were performed between 100 ◦C and 600 ◦C. At each 
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Fig. 2. Rock magnetic properties from representative ceramic fragments. (a–b) Normalized magnetization versus temperature curves and medium demagnetization temper-
ature (MDT), (c) hysteresis loops and (d) normalized IRM acquisition curves and back-field plots. Dark (light) symbols on the thermomagnetic curves indicate the heating 
(cooling) branches.

Table 1
New archeointensities. Stratigraphic unit and phase; name of the stratigraphic unit and archeological phase where the material was recovered; Stratigraphic order, strati-
graphic order of each stratigraphic unit or groups of stratigraphic units (numbers correspond to the red labels in Figs. 1 and 4); Age (yrs AD), assigned age of each stratigraphic 
unit; N , number of independent fragments retained per stratigraphic unit; n, number of specimens retained per stratigraphic unit; F ± sd, mean weighted intensity and stan-
dard deviation before TRM anisotropy and cooling rate corrections; Fm ± sd, mean weighted intensity and standard deviation corrected for TRM anisotropy; Fpa, mean 
intensity relocated to Paris; VADM, values of the virtual axial dipole moment. It is worth to notice that the cooling rate effect upon TRM acquisition has been estimated at 
specimen level (see Table S1) and considered as negligible for this collection.

Stratigraphic unit Phase Stratigraphic 
order

Age 
(yrs AD)

N n F ± sd
(μT)

Fm ± sd
(μT)

Fpa 
(μT)

VADM 
(1022 A m2)

SU 2135 I 1 [825, 875] 3 5 64.4 ± 3.9 63.1 ± 6.5 71.0 11.2
SU 2127 II 2 [850, 900] 4 6 62.0 ± 6.0 62.9 ± 5.6 70.7 11.1
SU 2095 III [900, 975] 6 7 69.3 ± 7.5 65.1 ± 4.0
SU 2080 III [900, 975] 3 6 57.4 ± 10.3 58.5 ± 5.0
SU 2078 III [900, 975] 3 4 69.8 ± 15.2 62.9 ± 6.7
Mean 2095 + 2080 + 2078 III 3 [900, 975] 12 17 65.5 ± 7.0 62.2 ± 3.4 69.9 11.0
SU 2000 IV 4 [925, 975] 3 4 67.8 ± 3.4 65.6 ± 3.5 73.8 11.6
SU 2101a V 5 [950, 1025] 3 7 61.7 ± 5.5 57.2 ± 5.7 64.3 10.1
SU 1810 V 6 [950, 1025] 6 12 60.3 ± 3.9 57.0 ± 1.8 64.1 10.1
SU 1763 VI 7 [1000, 1075] 4 7 50.1 ± 1.8 46.3 ± 2.2 52.1 8.2
SU 1740a VI 8 [1050, 1125] 4 6 54.6 ± 2.8 52.4 ± 2.5 58.9 9.3

a Note that for calculation of these two SU means two anomalous fragments were rejected (see text for further details).
temperature step, samples were first heated and cooled with the 
laboratory field applied along their Z -axis and second, were heated 
and cooled with the laboratory field applied in the opposite sense. 
The TRM anisotropy and cooling rate effects upon intensity esti-
mates were determined at the specimen level (see Supplementary 
Material for further details).

Additionally, strict selection criteria were applied to check the 
reliability of the intensities determined at the specimen level. 
pTRM checks have been considered positive if, at a given tem-
perature step, the difference between the original pTRM and the 
pTRM check does not exceed 10% of the total TRM acquired. We 
fixed a limit of 50% for the fraction of the initial natural remanent 
magnetization (NRM) involved for archeointensity determinations 
( f parameter; Coe et al., 1978). Only linear NRM–TRM diagrams 
corresponding to well defined straight lines going to the origin in 
the Zijderveld diagrams have been considered. The maximum an-
gular deviation (MAD; Kirschvink, 1980) and the deviation angle 
(DANG; Pick and Tauxe, 1993) were both restricted to a maxi-
mum value of 5◦ . Finally, mean intensities at the SU level were 
only retained if were derived from at least two independent frag-
ments (indicated by N in Table 1) and four intensity values at the 
specimen level (indicated by n in Table 1). The protocol applied 
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Fig. 3. Thellier archeointensity results. Typical NRM–TRM diagrams. Examples of accepted (a–d) and rejected (e–f) archeointensity results of representative specimens. The 
NRM–TRM diagrams are shown together with the Zijderveld diagrams, in sample coordinates. In the Zijderveld diagrams open (solid) circles are projections upon vertical (hor-
izontal) planes. NRM/TRM plots are normalized to the initial NRM intensity and closed circles correspond to data used for archeointensity determinations. The archeointensity 
(F) without TRM anisotropy correction, the NRM fraction used for calculation of the paleointensity (f) and the quality factor (Coe et al., 1978) are also indicated.
provides, in our opinion, the bases to recover highly reliable esti-
mates of past field intensity.

4. Results: new archeointensity data for Western Europe

Thellier experiments were attempted on 79 pottery fragments. 
Two types of behavior have been observed. In some cases well-
defined straight lines going toward the origin after removal of 
a weak secondary component of magnetization during the first 
temperature steps are observed (Fig. 3a–d). This (characteristic) 
component likely corresponds to the TRM acquired during the 
manufacture of the pottery fragments. The maximum unblocking 
temperatures observed range between ∼320–350 ◦C and 580 ◦C, 
which is in agreement with the rock-magnetic results described 
in Section 3. For these specimens linear NRM–TRM diagrams have 
been obtained. In other samples, we observed a complex behav-
ior, with straight lines not going toward the origin (Fig. 3e) or 
with two clear components of magnetization in the Zijderveld 
diagrams (Fig. 3f). In order to only consider the most reliable 
archeointensities we discarded the estimations based on this type 
of behavior. 74 archeointensities satisfied the selection criteria 
applied at the specimen level. Mean intensities at the SU level 
were only retained if derived from at least four specimens. This 
cut-off number of specimens corresponds to the A and B “high-
quality” categories defined in Pavón-Carrasco et al. (2014a). This 
results in a total of 67 accepted intensity values, corresponding to 
41 different fragments (Supplementary Table S2). The NRM frac-
tion used for archeointensity determination ranges between 0.51 
and 0.93 and the quality factors q between 4.7 and 88.3. Spec-
imens 2135-03B, and 1740-06B corresponding to MAD = 5.6◦
and MAD = 5.1◦ , respectively, were accepted as they meet all 
the other quality standards described before in Section 4 and 
sister specimens provide very similar intensities (Supplementary 
Table S2). Approximately 50% of the studied fragments were re-
jected for archeointensity determination. This success rate is low 
in comparison with archeointensity studies performed on repeat-
edly heated structures for which a more stable rock-magnetic 
behavior is generally observed (e.g. Gómez-Paccard et al., 2006, 
2012b; Catanzariti et al., 2012) but similar to paleointensity ex-
periments performed on ceramic fragments (e.g. Tema et al., 2012;
Genevey et al., 2013).

As expected, differences between uncorrected and TRM aniso-
tropy corrected values at the specimen level are high (more than 
10%) for some of the specimens. It is worth noting that very dif-
ferent TRM anisotropy correction factors can be obtained for spec-
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imens from the same fragment. For example, the TRM correction 
factor is −4.8% for the specimen 2135-03A and 11.7% for spec-
imen 2135-03B. This confirms that this effect should be studied 
and corrected separately for each specimen when studying pottery 
fragments for archeointensity determination. For the specimens 
prepared using salt pellets no control of the exact position of the 
specimens was possible. In contrast, the quartz cylinders technique 
allowed controlling the relative position of sister specimens dur-
ing heating. When feasible and for sister specimens, the magnetic 
field was applied in two perpendicular directions (for one speci-
men perpendicular to the fragment surface, i.e., along the difficult 
axis of magnetization, and for the other parallel to it, i.e., along 
the easy axis). This orientation control allowed additional testing 
of the TRM anisotropy correction applied. For example specimens 
2080-01A and 2080-01D, both of them from the same fragment, 
yielded archeointensities of 75.7 ± 2.3 and 65.9 ± 1.8 μT, respec-
tively, before TRM anisotropy correction (Table S2). The laboratory 
field was applied perpendicular to the fragment surface in spec-
imen 01-A, whereas it was approximately parallel in 01-B. It is 
noticeable how archeointensities after TRM correction only differed 
in 2.3 μT (65.8 ± 2.1 and 63.5 ± 1.6 μT). This value is within the 
statistical level of uncertainty. This test confirms the good perfor-
mance of the applied TRM anisotropy corrections. For ∼50% of the 
studied specimens the magnetic alteration during the cooling rate 
protocol hampered a reliable estimation of the cooling rate factor 
(see Table S2). For the other specimens, the results indicate that 
the cooling rate effect upon TRM acquisition is low (<5%), being 
the mean value of about 1.9% (see Table S2). Therefore, the cooling 
rate effect upon TRM acquisition has been considered as negligi-
ble for the overall collection and no cooling rate correction factors 
were applied.

In general, specimens from the same fragment give very sim-
ilar TRM corrected intensities (see for example SU 2135-01A and 
-01B or SU 2080-04A and -04C). But some important differences 
are observed for other fragments (SU 2127-04A and -04B), high-
lighting the appropriateness of measuring several fragments per 
SU and several specimens per fragment. From the TRM corrected 
archeointensities obtained at the specimen level (Table S2) we cal-
culate mean fragment values. The fragment means were then used 
to derive the mean intensities at the SU level, derived using the 
mean weighting factors defined by Prévot et al. (1985).

Three “anomalous” high intensities are obtained for SU 2101-
03A, SU 1740-05A and SU 1740-05B (marked with stars in Ta-
ble S2) in comparison with the other results obtained for the SU 
concerned (in particular seven specimens for SU 2101 and six for 
SU 1740). The rejection of these “anomalous” specimens led to 
a sharp decrease in the standard deviation (sd) of the means at 
the SU level. For example, if the specimen SU 2101-03A is re-
tained a very high sd around the mean is obtained (66.5 ±13.4 μT, 
∼20%). This high sd is due to the SU 2101-03A intensity value 
(83.2 ± 1.0 μT after the TRM anisotropy correction) that gives an 
anomalously high intensity, but very well defined, in comparison 
with the other seven specimens of the same site which led to a 
much lower intensity range between 51.0 and 66.3 μT. We can, 
therefore, reasonably suspect that some problems occurred dur-
ing the selection of the pottery fragments at the archeological 
site or that this anomalous fragment corresponds to a different 
age interval than the other fragments of SU 2101. If this “out-
lier” data is rejected the SU 2101 mean is 61.7 ± 5.5 μT before 
TRM anisotropy correction and 57.2 ± 5.7 μT, after TRM anisotropy 
correction. A similar phenomenon is observed for specimens SU 
1740-5A and -5B. We, therefore, reject these three specimens for 
further interpretation (however the “anomalous” intensity values 
at the specimen level are also included in Table S2).

The ten SU mean intensities are summarized in Table 1. They 
have been obtained and derived from at least 3 independent pot-
Fig. 4. Past geomagnetic field intensity changes in Western Europe. (a) New 
archeointensity data obtained in this study (red circles) together with selected high-
quality results (see text for explanation of the selection criteria used). Archeoin-
tensity data are all referred to Paris (France). Red numbers indicate the temporal 
(stratigraphic) sequence of the different levels studied. These temporal constraints 
provide an additional tool to interpret geomagnetic field intensity past changes. The 
mean Bayesian and Bootstrap curves derived from the selected data are shown in 
orange and blue, respectively, together with their 95% envelopes (orange and blue 
areas). (b) The new data and curves obtained in this study compared with the in-
tensity curve of Genevey et al. (2013). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

tery fragments and 4 specimens. The standard deviations of the 
SU means are lower than 6.7 μT (or ∼10% of the means). Consid-
ering the archeological and stratigraphic constraints described in 
section 2, we calculate a mean intensity for the period 900–975 AD 
using SU 2095, SU 2080 and SU 2078 that correspond to the same 
stratigraphic level and age interval (Fig. 1d). Therefore, height new 
high-quality mean intensities have been obtained. The final inten-
sities proposed are listed in Table 1 where the relative stratigraphic 
order is also indicated (numbers from 1 to 8 in Table 1 and Fig. 1d, 
Fig. 4 red circles). The new data provide a temporal sequence 
of past intensity changes in Southeastern Spain between the 9th 
and the 12th centuries AD. Intensity values between 73.8 ± 3.5 μT
(11.6 × 1022 A m2, SU 2000) and 52.1 ± 2.2 μT (8.2 × 1022 A m2, 
SU 1763) were obtained.

Considering the new data obtained and the chronological and 
stratigraphic constraints described previously (Fig. 1d), an inten-
sity decrease of 19.3 μT between 950 AD (SU 2000, point 4 in 
Fig. 4 and Table 1) and 1040 AD (SU 1763, point 7) is deduced 
if the mean age and mean intensity value are considered. This cor-
responds to a rapid change of the geomagnetic field strength in 
the area of about 22 μT/century. The new data also suggest that 
a rapid intensity increase of about 6 μT occurred during the 11th 
century in Murcia. A relative minimum value is obtained for SU 
1763 (point 7, 46.3 ± 2.2 μT, 1037.5 AD) followed by a rapid in-
tensity increase (SU 1740, point 8, 52.4 ± 2.5 μT, 1087.5 AD). We 
would like to point out, however, that these rates of changes they 
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are rough estimates and more sophisticated analysis and additional 
data are required to probe more deeply into the details of geomag-
netic field behavior during these rapid events.

5. Discussion: the 800-AD European event: a regional or a global 
signature?

As mentioned above, several recent studies have attempted to 
constrain the spatio-temporal characteristics of different regional 
rapid intensity events (e.g., Ben-Yosef et al., 2009; Ertepinar et al., 
2012; Shaar et al., 2011, 2015; Gallet et al., 2015). Extreme geo-
magnetic field intensity changes in the range of 400–500 μT/cen-
tury ca. 1000 BC in the Near East have been proposed (Ben-Yosef 
et al., 2009; Shaar et al., 2011). These extreme values, not ob-
served elsewhere at the Earth’s surface, are not compatible with 
our current understanding of the Earth’s dynamo (Livermore et 
al., 2014). Europe, the best-covered region in terms of high-quality 
archeomagnetic intensity data (Pavón-Carrasco et al., 2014a), offers 
a unique opportunity to obtain a detailed description of past geo-
magnetic field intensity changes at decadal-centennial time scales, 
a resolution currently hard-to-access in other regions. Our current 
knowledge demonstrate that several rapid intensity fluctuations re-
lated to rates of change of at least 5–10 μT/century occurred in 
Western Europe over the last 2 ka (Genevey et al., 2009, 2013; 
Gómez-Paccard et al., 2008, 2012a). However, these rates are de-
termined from averaged local curves and the existence of episodes 
with larger intensity variations rates cannot be excluded. These 
studies clearly evidence that the most important intensity feature 
observed for the last 2 ka is the high intensity feature first iden-
tified in France by Genevey and Gallet (2002) and related to a 
strong intensity decrease between the first half of the 9th cen-
tury and the 12th century. Recently, Gómez-Paccard et al. (2012a)
indicate that the 800 AD event took place at the continental Eu-
ropean scale and was probably related to a double oscillation of 
the field intensity with the maximum values occurring around 
600 and 800 AD. This double oscillation is well defined for East-
ern Europe but still requires confirmation in the western part of 
this region. The new data obtained here focuses on the decreas-
ing part of this intensity feature. The obtained intensities were 
relocated to Paris (latitude 48.9◦N, longitude 2.3◦E) by the Vir-
tual Axial Dipole Moment method and are plotted in Fig. 4. The 
new data provide an improved description of the 800 AD event 
and help to better define the intensity minimum that took place 
around 1050 AD.

In order to obtain an up-to-date reconstruction of geomagnetic 
field strength fluctuations in Western Europe, we selected high-
quality archeointensities for the last 2250 years. This selection 
corresponds to the A and B quality categories previously defined 
in Pavón-Carrasco et al. (2014a), i.e. data derived from at least 
4 specimens and obtained from the original or derived Thellier 
and Thellier method including pTRM checks and TRM correction 
via TRM anisotropy tensor whatever the material analyzed is, or 
data not including the TRM anisotropy correction but obtained 
from unlikely anisotropic objects (e.g. kilns, hearths, burnt soils). 
Data determined by the Triaxe vibrating sample magnetometer 
protocol (Le Goff and Gallet, 2004) and derived from at least 4 
specimens are also included in these categories. A total of 135 
data from France (91), Spain (34), Portugal (2), Switzerland (5), 
and Belgium (3) fulfills these eligibility criteria. Two mathemati-
cal approaches have been applied to the selected dataset. First, we 
used the Bayesian approach based on roughness penalty (Lanos, 
2004). This approach uses variable window widths that are auto-
matically adapted to the density of points along the time axis. The 
advantages of this method include that it naturally takes into ac-
count the intensity and dating errors and assumptions concerning 
what is physically reasonable are encoded through prior probabil-
Table 2
Averaged intensity ratios (μT/century) for the time intervals shown in the first col-
umn.

Time interval 
(AD)

Bayesian 
(this study)

Bootstrap 
(this study)

0–500 −0.9 −1.2
500–800 10.1 7.6/−7.6/18.0a

800–1000 −9.9 −9.5
1000–1100 4.5 3.0
1100–1225 −9.5 −6.2
1225–1350 3.6 2.3
1350–1500 −5.4 −5.1
1500–1600 4.3 4.0
1600–1780 −7.5 −7.0
1780–1900 5.0 4.3

a The bootstrap curve presents in this period a minimum around 700 AD, for this 
reason we provided 3 different intensity rates corresponding to increasing/decreas-
ing parts of the curve. We remind here that for the interval 500–800 AD the results 
must be interpreted with caution.

ity density functions. The stratigraphic constraints available for the 
archeological materials are also considered (for example for the 
potteries studied here, numbers from 1 to 8, Fig. 4a). And second, 
we used the iteratively reweighted least-squares algorithm com-
bined with a Bootstrap approach following Thébault and Gallet
(2010), which also explores the effect of dating and intensity er-
rors on the master curve estimation. The Bootstrap and Bayesian 
results are plotted in Fig. 4a (see also Supplementary Tables S3 
and S4) as a mean curve (orange and blue dark lines, respec-
tively) together with their error at 95% confidence (orange and 
blue shaded bands). The two obtained master curves are very sim-
ilar for the periods with a high density of data, that is 0–450 AD 
and 800–1900 AD, showing small intensity fluctuations during the 
first above-mentioned period with a relative maximum around 
200 AD and a relative minimum around 350–450 AD. Between 800 
and 1900 AD, three short intensity peaks, similar to those observed 
by Genevey et al. (2013), are identified in both curves (Fig. 4b). 
However, some differences are observed between 450 and 800 AD. 
While the Bayesian curve is characterized by a maximum value 
of the intensity of about 85.9 μT at 750 AD, the Bootstrap curve 
gives some support to the presence of a double intensity oscillation 
with the two maxima achieved at 600 AD (72.8 μT) and 800 AD 
(82.8 μT). The differences between both estimates are clearly due 
to the scarcity of data and, therefore, the master curves obtained 
here for this period must be considered with caution. It would be 
worthwhile to obtain new data for the interval 450–800 AD to re-
solve the single or double character of this event. Whatever the 
case, from 800 AD to around 1050 AD, both curves show a well 
defined intensity decay (Fig. 4b).

From the Bayesian and Bootstrap master curves, the rate of 
intensity change can be calculated. Recourse to determining an 
average rate of change over the most significant increasing or de-
creasing trends is unfortunately all that appears possible given the 
presently available dataset and curves. The rates of change cal-
culated here are, obviously, a simplification of the true evolution 
of the geomagnetic field. They should be interpreted as the aver-
age rate of change for the periods defined in Table 2, rather than 
constant rates of change for the entire interval. Rapid fluctuations 
corresponding to shorter time scales cannot be excluded consid-
ering our current archeointensity dataset (see for example differ-
ences between our new data 5–6, 7 and 8, red circles in Fig. 4). 
The mean rates obtained (Table 2) confirm that several rapid in-
tensity changes took place in Western Europe over the last 2 ka. 
Excluding the 500–800 AD period for which the curves are not 
well constrained, rates of change of about 7–10 μT/century are ob-
served between 800 and 1000 AD, between 1100 and 1225 AD 
and for 1600–1780 AD. Curiously the maximum rates are related 
with the decrease of the geomagnetic field strength. Interspersed 
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pulses of partial paleointensity recovery occurred, but rarely ex-
ceed rates of 4 μT/century. These high rates of about 10 μT/century 
are perfectly compatible with the predicted rates of change per 
century in total intensity at the Earth’s surface for the interval 
2015–2020 as predicted by the 12th generation of the IGRF model 
(Thébault et al., 2015) for other mid latitudes locations. For ex-
ample, for the 2015–2020 time interval, the IGRF-12 (Thébault et 
al., 2015) predicts the largest decreasing rate in intensity to take 
place in the center of North America (with rates of 11–12 μT/cen-
tury) as well as the South-eastern Pacific Ocean (10 μT/century) 
whereas the largest increasing rate (of about 10 μT/century) is 
predicted at the Southern Indian Ocean. For a longer interval, the 
IGRF-12 model also indicates an almost linear decrease in inten-
sity since 1940 until the present for the SSA, with an average 
decrease of 3.4 μT/century. Our data therefore demonstrates that 
similar (and higher) rates of intensity decrease have been often 
seen over the past 2 millennia. The rates of change obtained for 
the last 2000 years in Western Europe are also compatible with the 
upper limit of 62 μT/century (at the Earth’s surface) proposed by 
Livermore et al. (2014) from numerical simulations of the Earth’s 
geodynamo.

Another major – and difficult – issue taking into account the 
state-of-the-art of the current archeointensity global dataset con-
cerns the evaluation of the origin and nature of the observed 
rapid geomagnetic field intensity variations (e.g., Gallet et al., 2003, 
2009; Knudsen et al., 2008; de Groot et al., 2013; Mitra et al., 
2013). These events might have a regional or a global charac-
ter depending on their dominant non-dipolar or dipolar harmonic 
sources, respectively. To investigate this, we first compared the 
local VADM estimations for Western Europe (from this study), Bul-
garia (Kovacheva et al., 2014) and the Middle East (Gallet et al., 
2015) directly computed from the corresponding regional intensity 
curves (Fig. 5a). The VADM values are the equivalent axial dipole 
moments that would produce the observed intensity at these lati-
tudes. Obviously, any non-dipole field contribution will distort in-
dividual VADM result compared to the true axial dipole moment 
(ADM). This comparison shows that high VADM values (of more 
than 12 · 1022 A m2) were achieved in the European continent be-
tween 500 and 1000 AD: maximum values are observed both in 
Western Europe and in Bulgaria (Eastern Europe). The results indi-
cate the non-synchronization of the VADM maxima from Western 
(∼790 AD in Paris) and Eastern (∼933 AD in Sofia) Europe sug-
gesting an eastward drift of the geomagnetic field in the European 
region. However, in the Middle East curve (Gallet et al., 2015) this 
maximum is not clearly observed. This is probably due to the high 
dispersion of the data that produces a smoother trend. If we apply 
the three selection criteria described before to the Middle East in-
tensity data corresponding to a 1000-km radius circle around the 
location (36◦ 49′N and 40◦ 02′E, the same region used in Gallet 
et al., 2015) only six high-quality data are available (see Supple-
mentary Material Figure S2). Therefore, and taking into account 
the available data it is not clear if the studied geomagnetic field 
intensity feature dissipates eastwards or not.

In order to estimate the origin of the 800 AD event in terms 
of dipolar or non-dipolar sources, we compared it with the 
dipole moment estimations at global scales. In this sense, some 
previous considerations must be highlighted. Averaging of glob-
ally distributed VADMs or VDMs can mitigate the dipole mo-
ment distortion related to non-dipolar sources. However, care 
has to be taken with inhomogeneous data distributions and as 
it has been recently showed that global modeling approach pro-
vides more reliable estimations of the geomagnetic dipole mo-
ment than averaged weighting approaches even if strongly biased 
databases are used (Campuzano et al., 2015). In Fig. 5b we plot 
global averaged VADM/VDM reconstructions constructed by apply-
ing temporal and geographical averages to all the available data 
Fig. 5. Comparison between the geomagnetic field intensity (transformed into 
VADM) variation curves in Western Europe (this study, in orange and blue shaded 
area) with a) the VADM regional curves from Bulgaria (Kovacheva et al., 2014), the 
Middle East (Gallet et al., 2015) and b) global VADM and mixed VADM–VDM esti-
mations (Genevey et al., 2008; Knudsen et al., 2008); and dipole moment (DM) and 
axial dipole moment (ADM) estimation derived from the time-dependent spherical 
harmonic global models of the Earth’s magnetic field ARCH3K.1 (Korte et al., 2009), 
CALS3K.4 (Korte and Constable, 2011), A_FM (Licht et al., 2013) and SHA.DIF.14k 
(Pavón-Carrasco et al., 2014b). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

(Knudsen et al., 2008) and to selected data fulfilling certain qual-
ity criteria (Genevey et al., 2008). They are seen to be more or less 
constant during the first millennium AD (oscillating between 9.5 
and 11 · 1022 A m2) and to have decreased up to ∼8.5 · 1022 A m2

at 1800 AD. We thus also compute the dipole moment (DM, calcu-
lated from the three first Gauss coefficients) and the axial dipole 
moment (ADM, calculated from g0

1) derived from the most recent 
spherical harmonic (SH) global models based on paleo/archeo-
magnetic data. The time-varying Gauss coefficients derived from 
the ARCH3k.1 (Korte et al., 2009), the CALS3k.4 (Korte and Con-
stable, 2011), the A_FM (Licht et al., 2013) and the SHA.DIF.14k 
(Pavón-Carrasco et al., 2014b) global models were used to estimate 
the fluctuations of the DM and ADM over the past 2 ka (Fig. 5b). 
It is interesting to note that the VADM/VDMs global estimates 
are systematically higher than the geomagnetic dipole moment 
based on spherical harmonic analysis for the 0–1300 AD interval. 
The data quality, the effect of uncorrected averaged non-dipolar 
contributions, and the fact that the available data distribution is 
extremely biased towards the Northern hemisphere are the re-
sponsible for the discrepancy between global averaged V(A)DM 
and (A)DM (see Campuzano et al., 2015 for more details).

All the different geomagnetic field models with the excep-
tion of the CALS3K.4 show the same general (A)DM behavior. The 
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Fig. 6. a) Map of the North Hemisphere showing the differences between the total intensity and the dipolar intensity at 800 AD as predicted by the SHA.DIF.14k model 
(Pavón-Carrasco et al., 2014b). The green curve represents the predicted positions of the North geomagnetic pole (from 500 AD up to 1100 AD) and the yellow star the 
location of Paris. b) Intensity curve in Paris using different harmonic contributions from 250 BC to 1900 AD. c) The intensity at 800 AD in Paris as a function of the harmonic 
degree n (considering all the order m, i.e. m = 0, 1 . . .n). The intensity values were synthesized using the global model SHA.DIF.14k. In b) and c) the mean Bayesian and 
Bootstrap curves obtained in this study are shown in orange and blue, respectively, together with their 95% envelopes (orange and blue areas). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
CALS3K.4 model gives significantly low dipole moment estimations 
before 1650 AD that could be attributed to the re-calibration of the 
sediment records used in the modeling approach (Korte and Con-
stable, 2011). We therefore exclude this model for the following 
discussion and only use the models exclusively based on archeo-
magnetic and lava flow data.

We find that the dipole moment has been continuously de-
creasing since 250 AD, with values ranging between 10.3 and 
8.3 · 1022 A m2, approximately. The (A)DM trends show several 
small short-term oscillations superimposed to this general behav-
ior. Some of these small fluctuations are different for the three 
models due to the different model parameters used for their con-
struction since the databases were similar. It can be seen that 
they all show a relative maximum around 850 AD (of about 
9.8 · 1022 A m2) achieved after a partial recovery from a minimum 
at 700 AD (9.2 · 1022 A m2), approximately. A relative minimum 
of about 9.5 · 1022 A m2 is also predicted at 950 AD. Although 
being subject to some uncertainties – as evidenced by the dif-
ferences between the results computed from the different global 
models – the larger discrepancies between the (A)DM estimates 
and the regional VADM curves for Western Europe are clearly ob-
served for the 500–1000 AD period. This may suggests a signifi-
cant non-dipolar contribution to the high-intensity 800 AD event. 
It is noticeable that the small (A)DM fluctuation around 850 AD 
presents similar values of magnitude than other variations for the 
last 2 ka (Fig. 5b), and it seems that none of them are linked to 
pronounced high-intensity events.

In order to obtain the non-dipolar contribution from the global 
geomagnetic field models we subtracted the dipole field (i.e. the 
first 3 Gauss coefficients) to the total field. We thus compared 
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the paleosecular variation curves in Paris directly computed from 
archeomagnetic data with the predictions in Paris given by three 
different models (Supplementary Figure S3). None of the models 
reported here capture a significant maximum in the dipolar inten-
sity for the 500–1000 AD interval. Only two small relative maxima 
around 500 and 850 AD are observed.

To analyze the possible effect of the tilt of the dipole axis to-
wards Western Europe, we have also computed the polar path of 
the geomagnetic pole predicted by the SHA.DIF.14k model (Fig. 6a). 
We use this model since it is the global model that better fit 
the 800 AD event (Supplementary Material). It can be seen how, 
in fact, the pole moves towards Western Europe between 500 
and 800 AD. This movement should induce simultaneous enhance-
ments of the intensity and inclination in Paris, as it is already 
seen in Figs. S3c and S3e. In order to go deep in this issue, we 
have quantified the difference in the intensity produced by an ax-
ial dipole (n = 1, m = 0) and by a tilted dipole (n = 1, m = 0, 1) 
at 800 AD. A value of 5 μT is obtained from the SHA.DIF.14k. This 
suggests that a tilted dipole cannot totally explain the high inten-
sity increase observed in Paris around this period.

The observations above mentioned indicate that, on the basis of 
the current state of geomagnetic field global models, non-dipolar 
terms must be considered to predict the 800 AD event in Europe. 
We therefore sought to quantify the contribution of the different 
harmonic terms to the intensity curve predicted in Paris (Fig. 6b). 
The results show how different intensity patterns are predicted de-
pending on the used harmonic degree n. For the 800 AD event, we 
can see how this maximum increases as higher degree harmon-
ics are considered: an intensity value of 65.0 μT is predicted for 
n = 1, which rapidly increases to 69.4, 72.9 and 76.3 μT and 77.6 
for n = 2, 3, 4 and 5, respectively. For n ≥ 6 an intensity of about 
78 μT is obtained (Fig. 6c). The largest harmonic contributions are 
given by the quadrupole (degree n = 2), octupole (degree n = 3), 
and 4-multipole (degree n = 4) terms (Fig. 6c).

Finally, we investigate the spatial variation of this geomagnetic 
field intensity feature and plotted the differences between the to-
tal intensity field and the intensity dipolar field at 800 AD for the 
whole North hemisphere (Fig. 6a). The map shows a clear intensity 
anomaly of non-dipolar origin that covers North-Central Europe 
with a maximum of around 13 μT centered in the Norwegian Sea, 
just to the north of the United Kingdom. This positive intensity 
anomaly is the main responsible of the maximum observed in Paris 
at 800 AD. The extension of this anomaly (about 11 · 103 km from 
South to North and 7 · 103 from East to West) agrees, in average, 
with the spatial half-wavelength characteristic of the quadrupolar, 
octupolar and 4-multipolar fields, i.e. around 10 · 103, 6.5 · 103 and 
5 · 103 km, respectively.

6. Conclusion

Eight new highly reliable intensity data have been obtained 
for Western Europe from the study of well-dated pottery frag-
ments. The new data provide a better description of the 800 AD 
event, the most important change observed in Europe during the 
last 2000 years. The results derived from global modeling sug-
gest that this event is linked to a large non-dipolar source of the 
geomagnetic field, at that time centered in the Norwegian Sea. 
This anomaly probably induced the rapid high-intensity events ob-
served at the European continent (from Paris to Sofia) over the 
500–1000 AD period. It is important to notice that current global 
geomagnetic field models are nowadays constructed considering 
the complete archeomagnetic and/or volcanic databases (no qual-
ity selection criteria have been applied to select the most reliable 
paleointensities). Whatever the predicted results correspond to a 
real geomagnetic field behavior or not will be confirmed by ad-
ditional high-quality intensity data and future improved regional 
and global geomagnetic reconstructions. We acknowledge that new 
data are essential to gain insight into the spatial and temporal 
evolution of this and other similar rapid geomagnetic intensity fea-
tures.
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