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Highlights

* 19 French archeointensity data are obtained from groups of Early Medieval potsherds
* An experimental pottery firing asserts the reliability of the Triaxe protocol

* A Western European intensity variation curve is constructed for the past 1500 years

* A sequence of 5 intensity maxima is observed with a recurrence of ~250 years
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Abstract

Nineteen new archeointensity results were obtained from the analysis of groups of French
pottery fragments dated to the Early Middle Ages (6™ to 10™ centuries AD). They are from
several medieval ceramic production sites, excavated mainly in Saran (Central France), and
their precise dating was established based on typo-chronological characteristics. Intensity
measurements were performed using the Triaxe protocol, which takes into account the effects
on the intensity determinations of both thermoremanent magnetization anisotropy and cooling
rate. Intensity analyses were also carried out on modern pottery produced at Saran during an
experimental firing. The results show very good agreement with the geomagnetic field
intensity directly measured inside and around the kiln, thus reasserting the reliability of the
Triaxe protocol and the relevance of the quality criteria used. They further demonstrate the
potential of the Saran pottery production for archeomagnetism. The new archeointensity
results allow a precise and coherent description of the geomagnetic field intensity variations
in Western Europe during the Early Medieval period, which was until now poorly
documented. They show a significant increase in intensity during the 6™ century AD, high
intensity values from the 7" to the 9" century, with a minimum of small amplitude at the
transition between the 7" and the 8" centuries and finally an important decrease until the
beginning of the 11" century. Together with published intensity results available within a
radius of 700 km around Paris, the new data were used to compute a master curve of the
Western European geomagnetic intensity variations over the past 1500 years. This curve

clearly exhibits five intensity maxima: at the transition between the 6™ and 7" century AD, at
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the middle of the 9" century, during the 12" century, in the second part of the 14" century and
at the very beginning of the 17" century AD. Some of these peaks are smoothed, or nearly
absent when the selection of the data is extended to a 1250 km radius around Paris. The
apparent regularity in the occurrence of intensity maxima, with a recurrence of ~250 years, is
particularly intriguing and might reflect a new characteristic of the secular variation, at least
in Western Europe. It clearly requires further investigation and in particular the acquisition of

new data from older periods.

Introduction
The Early Middle Ages in Western Europe spanned from the end of the 5" century to the
beginning of the 11" century AD (e.g. Devroey, 2003; Davis, 2005). The perception of this
period, often called the “Dark Ages”, has largely been re-evaluated in France over the past 20
years thanks to rescue archeology. Numerous archeological excavations conducted during the
re-development within towns and in the countryside have enabled a better understanding of
the medieval habitat and of everyday life. This new information has revealed a less abrupt
transition period after the fall of the Roman Empire (e.g. Catteddu, 2009). Furthermore, these
excavations have offered unique opportunities for studying the geomagnetic secular variation
during this time interval. In particular, a large set of domestic kilns was sampled for
archeomagnetic directional analyses in the Ile-de-France region, near Paris (Warmé, 2009)
and the new results aim to contribute to the refinement of the French directional variation
curve during the Middle Ages. The discovery of pottery workshops, ranging from small units
to large production centers, also provided material for archeomagnetic directional and/or
intensity studies.

The need for new archeointensity results from the Early Middle Ages has long been

recognized (e.g. Chauvin et al., 2000; Genevey and Gallet, 2002). Despite recent and
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significant improvements (Donadini et al., 2008, 2012; Gallet et al., 2009; Tema et al., 2009;
Gomez-Paccard et al., 2012), this period remains poorly documented, which penalizes the
construction of accurate regional and/or global archeomagnetic field models (e.g. Pavon-
Carrasco et al., 2014a, 2014b). The acquisition of new archeointensity data dated to the Early
Middle Ages is thus still necessary in order to build a detailed and continuous geomagnetic
field intensity variation curve for Western Europe over the past 2000 years (Genevey et al.,
2009, 2013).

We present here 19 new archeointensity data dated to the Early Middle Ages, among
which 16 were obtained from the analysis of pottery fragments produced at Saran (Fig. 1a).
This site, located a few kilometers north of the city of Orléans, France, was an important
center of pottery production during the Middle Ages as evidenced by the numerous pottery
kilns and associated ceramics found during excavations (Jesset et al., 2001, 2010; Jesset,
2013, 2015a,b; Bouillon, 2015). The archeointensity analysis of two groups of potsherds
produced in Saran had previously been carried out by Genevey and Gallet (2002). These
results are here reassessed in the light of new information provided by an experimental firing
conducted on a reconstructed ancient kiln, which allowed a re-estimation of the cooling rate
experienced by the ceramics. We further present intensity results obtained from modern

pottery produced in known field conditions during this experimental firing.

Archeological collection

In the late sixties, when the archeological site of Lac de la Médecinerie was
discovered in Saran (47.9°N, 1.9°N; Fig. 1a) and partially excavated (Chapelot, 1973), Emile
Thellier sampled the kilns that were unearthed at the time. While being amongst the first
structures analyzed in France for their archeomagnetic directions (Thellier, 1981), the Lac de

la Médecinerie was the first archeological site revealing a medieval pottery activity in this
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city. Since then, other production units have been discovered at Saran and archeological
excavations are still being conducted some 40 years later, in particular at the Lac de la
Meédecinerie site (Jesset et al., 2010). This on-going work has allowed Saran to be recognized
as a major center of ceramic production in Central France during the Merovingian (5"-mid 8"
century AD) and Carolingian (mid 8"-10" century AD) royal dynasties.

A detailed chrono-typology for the Saran production was constructed by crossing
different information (e.g. Jesset, 2013, 2015b). It relies on constraints derived from the
excavations conducted at Saran and also on various elements obtained from other sites where
ceramics produced at Saran were discovered in a consumer context. These elements include
radiocarbon dating, coins and historical constraints among others. The chronology is based on
the recognition of the changing characteristics of pottery over time, such as the shape of the
ceramics including the evolution of the lips, spout and the base, their function, the color and
the texture of the paste, the overall quality of the production and also the decor, here often
made with a small wooden wheel. The derived chronology runs from the 6" to the beginning
of the 11" century AD. We only summarize below the major evolutionary trends of the
ceramics produced at Saran, whose resolution allows dating with a precision of +25 years in
favorable cases. This should not hide the fact that the typo-chronology relies on the
identification and integration of more elements than those presented here (Jesset, 2013,
2015b).

The beginning of ceramic production in Saran, during the 5" century AD, remains
relatively unknown. Only a few grey shards with polished surfaces, fired in redox conditions
and of Gallo-Roman appearance give evidence of some preliminary small-scale production.
The 6™ century AD is better documented; this period is characterized by forms and decors
also inherited from the Gallo-Roman corpus, with thick walls (> 5 mm) and by ochre-yellow

clay paste with a light grey color at the core. The 7" century sees the reinforcement of the
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production activity and the expansion of its area of distribution, reaching a monopoly position
during the early 8" century through a region of 50 to 70 km around Saran. While most
technological characteristics of the production do not change during the 7" century AD, such
as the texture, the color and the thickness of ceramics, the production tends, however, to
become more standardized due to the higher rate of production, with simpler decor and more
rounded shapes. In contrast, the 8" century is characterized by significant evolution: the walls
become thinner (3 to 4 mm) and the color of the pots darkened to red-ochre. The old forms
are abandoned or evolve and new forms emerge. As an example, the trefoil tubular spout,
which had appeared at the end of the 7" century, was at first separated from the neck of the
pottery before gradually converging with it and finally fusing into it in the second half of the
8" century. A decline in quality of the ceramic production is also perceived during the second
half of the 8" century, as evidenced by pots presenting defects discovered in consumer
contexts. This decline continues during the 9" century, with a more reduced corpus of
production, which foreshadows the end of the main workshops of Saran in the second part of
the 9" century. For this period, the evolution of the shapes and of the lips of the globular pots
serves as a chronological marker. The color of the ceramics dated to the 9" century is dark at
first, before becoming brighter in the late 9" century, with a light ochre-yellow clay paste that
characterizes the ceramics of the 10" century. The ceramics at this point are produced in small
production units at Saran and the weaker activity likely favors an overall higher quality of the
ceramics. Thicker walls are observed and a new profile of lips “en bandeau” appears during
the second part of the 10" century, before the generalization of the latter during the 11®
century, when, unfortunately, the ceramic production in Saran is no longer documented.
Considering only the groups of potsherds that successfully provided archeointensity
results, our collection from Saran is composed of 17 groups encompassing the period from the

6" to the 10™ century. They are mostly associated to two important production units excavated
y y y p p
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at the sites of Lac de la Médecinerie (6 groups) and La Guignace (7 groups), both situated
along the old Roman road between Chartres and Orléans. Three other groups consist of
pottery fragments from a smaller workshop excavated at the archeological site of Zac des
Vergers, which had been in activity during Saran’s period of peak production. The last group,
dated to the end of the 9" century, was sampled from a large set of ceramic fragments
discovered during domestic building works in the current center of Saran (Saran le Bourg).

All fragments collected at Saran were found in pits inside or nearby the kilns where
they were originally produced. They correspond to pottery wasters that were used to fill in the
kilns after their abandonment. The selected fragments (as illustrated in Fig. 1b) are from units
with a low level of pottery fragmentation and the potsherds show sharp (rather than eroded)
sides. These are good indicators that the fragments were thrown away soon after their
production. For each group, the fragments are from one or two stratigraphic units associated
to a single filling phase and were chosen to be representative of the ceramic materials, which
allow dating of the filling phase. These groups are homogenous in terms of the granularity
and color of the clay paste. In only one case, two successive filling events were sampled in
one kiln and two distinct groups of potsherds were thus constituted (SAR13 and SAR14). We
further note that the groups referred to as A36 and A38 were previously analyzed by Genevey
and Gallet (2002). These old results are here reevaluated and group A36 has also benefited
from a resampling (SAROS).

Sampling at Saran was complemented by other groups of pottery fragments produced
elsewhere. A group was collected at Ingré (47.9°N, 1.8°E; Fig. 1a) about 10 km southwest of
Saran. This site was a pottery workshop active during the 7" century. The production is
characterized by a decor made with a punch, a practice rarely used in Saran. The ceramic
corpus is, however, the same as that of Saran and the dating for this group thus relies on the

same typo-chronology. Three groups of pottery fragments were also produced in Vanves
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(48.8°N, 2.3°E), a suburb to the south west of Paris (Fig. 1a). Excavations have revealed that
Vanves was a major pottery production center for the region around Paris from the 6" to the
9™ centuries, as was Saran for the central region of France. Excavations conducted in the
street Rue Gaudray, in the historical center of Vanves, enabled the discovery of six pottery
kilns close to each other, with several pits filled with failed ceramics (Lefevre and Peixoto,
2015). Archeointensity results were already obtained from this site (Gallet et al., 2009). In the
present study, we report on a new set of results from fragments collected in the filling layer in
one of the six kilns, which is dated to between the middle of the 7" and the middle of the 8"
century. This dating is based on typo-morphological evidence, such as the presence of
fragments from large bowls with a small pinched spout and bowls with a wide band, both
indicative of the end of the Merovingian period. We also note the presence of bi-conical
vases, which were produced during the entire Merovingian period with an evolution over time
from a fine, fumigated and polished paste to a granular production; this form then completely
disappeared during the 8" century (Lefévre, 2007). The collected fragments have a coarse
paste with medium size inclusions (1 to 1.5 mm) and a color ranging from orange-beige to
brown (Fig. 1c). Archeological data from another site (20 Place de la République) close to
Rue Gaudray have documented the early medieval pottery production at Vanves, i.e. during
the 6™ century. No kiln was discovered but the potsherds found in different pits were
undoubtedly identified as failed pottery. The shapes of these ceramics are characteristics of
the 6™ century AD, with flanged or carinated open forms and bi-conical pots (Lefevre, 2009).
Two fragment groups with the very same typo-morphological characteristics (having a coarse
paste of light color with fine inclusions of less than 1 mm) and therefore having the same age,
were collected from two pits (groups referred to as VANO4 and VANOS) and their

archeomagnetic results will be discussed together.
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Intensity and Rock Magnetic Experiments

All experiments were carried out at the paleomagnetic laboratory of the Institut de
Physique du Globe de Paris and the Laboratory of Structural and Molecular Archeology
(LAMS) of Pierre et Marie Curie University, Paris. Intensity measurements were performed
using Triaxe magnetometers (Le Goff and Gallet, 2004). The experimental protocol, derived
from the Thellier and Thellier (1959) method, has been extensively described in previous
studies (e.g. Gallet and Le Goff, 2006; Genevey et al., 2009; Hartmann et al., 2010) and we
here present below only its key features and the main steps.

The Triaxe protocol involves continuous high-temperature magnetization
measurements of a small specimen of ~lcm in height and with a thickness depending on that
of the fragment. It comprises a series of heating and cooling steps. In the first step, the
Natural Remanent Magnetization (NRM) of the specimen is demagnetized between a low
temperature T1 fixed at 150°C and a high temperature T2, here fixed between 480°C and
530°C depending on the specimen. After the determination of the thermal variation between
T1 and T2 of the NRM fraction still blocked above T2, a thermoremanent magnetization
(TRM) is acquired by cooling down the specimen from T2 to T1 in a laboratory field whose
intensity is chosen close to the expected value. The direction of the field is also adjusted in
order to produce a TRM parallel to the NRM direction, which allows one to account for the
TRM anisotropy effect (Le Goff and Gallet, 2004). This laboratory TRM is demagnetized by
heating again the specimen from T1 to T2. From these different series of measurements, the
ratios between the NRM and TRM fractions demagnetized between T1 and a running
temperature Ti, every 5°C, from T1 to T2 are computed and multiplied by the intensity of the
laboratory field to obtain the R’(Ti) data (see in Le Goff and Gallet, 2004). The R’(T1) data
are finally averaged between T1 and T2 to obtain an archeointensity value at the specimen

level. When a secondary magnetization component is observed above T1, the computations
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are performed over a reduced temperature interval (between T1’ and T2) where only the
primary TRM is demagnetized. Interestingly, as the Triaxe allows the acquisition of an almost
full TRM in the same way as the NRM (instead of partial TRMs as in more classical intensity
methods), the protocol limits the impact of the possible presence of multidomain grains on
intensity determination. Furthermore, it was experimentally observed from analyses on a large
collection of fragments that the Triaxe protocol allows overcoming the cooling rate effect on
TRM acquisition (Le Goff and Gallet, 2004; Genevey et al., 2009; Hartmann et al., 2010,
2011).

The intensity determinations were evaluated through a set of quality criteria identical
to those used in previous studies (for example Genevey et al., 2009). In particular, at the
specimen level, the R’(Ti) data are averaged on a temperature interval over which only the
primary magnetization component is isolated and which involves more than 50% of the
magnetization remaining above the chosen temperature T1/T1’, while the slope defined by the
R’(T1) values must be of less than 10%. The coherence of the intensity determinations is first
tested from the analysis of two to three specimens per fragment, with an error in the mean
intensity calculated at the fragment level that must be lower than 5%. A minimum of three
intensity values determined at the fragment level (with fragments collected from different
pots) is required to define a mean intensity value at the group level and the standard deviation
of the latter must be lower than 10% and lower than 5uT. It is worth recalling that the
reliability of the Triaxe protocol and the pertinence of the applied quality criteria have been
tested from cross comparison between intensity results obtained using classical intensity
methods, with strict quality criteria, and the Triaxe procedure (Genevey et al., 2009;
Hartmann et al., 2010, 2011). Nevertheless, the experimental firing performed in Saran, with

modern pots produced in controlled thermal and magnetic field conditions, provided the
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opportunity to further attest to the reliability of the Triaxe archeointensity data and to offer
new insights into the cooling rate effect.

In addition to the behavior observed during the Triaxe measurements, the stability of
the magnetic mineralogy on heating, i.e. a basic request for intensity experiments, was also
systematically tested through the reversibility of the heating and cooling curves of the low
field magnetic susceptibility obtained using a KLY3 Kappabridge coupled with a CS3
furnace. In most cases, the maximum temperature for these experiments has been fixed at
500°C because the NRM of the specimens is generally completely or almost completely
demagnetized at this temperature.

For characterizing the magnetic mineralogy of the studied fragments, thermomagnetic
susceptibility measurements were carried out up to ~680°C on two fragments from each
group. Further investigations were conducted on fresh specimens by the acquisition of
Isothermal Remanent Magnetization (IRM) curves in fields up to a maximum of ~1T and of
hysteresis loops using a Vibrating Sample Magnetometer (VSM). Thermal demagnetization
of three-axis IRM (1.25T, 0.4T, and 0.2T) acquired along three perpendicular directions
(Lowrie, 1990) was also performed on one fragment from each group, the ensemble reflecting
the variability of the magnetic mineralogy. Finally, IRM acquisition up to 9T was conducted
using a Magnetic Measurement Pulse Magnetizer MMPMI10 on a set of six fragments

selected according to the three-axis IRM results.

Experimental pottery firing at Saran: Testing the Triaxe protocol and re-evaluation of
previous intensity data

An experimental pottery firing was performed on the 14" of November 2009 at the site
of Lac de la Médecinerie (Millet et al., 2015). For this experiment, the well-preserved kiln

F196 dated to the 9" century AD was chosen and reconstructed using local clay (Fig. 2a).
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This kiln is 4 m long and has a wide-open heating chamber, 1.3 m in diameter at the base and
1.10 m at the top. Kilns with an open heating chamber were most probably used during the
whole period of activity in Saran. Here, the heating was conducted using two fires, one at the
entrance of the kiln and the second above the heating chamber (Fig. 2a). Pots were prepared
using the clay from a nearby pit, where a potter wheel dated from the 7" century was
discovered. Sixty pots were shaped following the known repertoire of forms in Saran for the
Early Middle Ages (Fig. 2b). The heating and cooling during the firing was monitored using a
single thermocouple placed inside the flue under the vessel chamber (Fig. 2c). From an
archeological point of view, this experiment showed that the options chosen for the kiln
reconstruction and the firing were appropriate. Indeed, the new ceramics appear very similar
to the Saran production of the 7" century. This experiment also provided a rare opportunity to
analyze modern ceramics produced in known thermal and magnetic field conditions, and thus
to reassess the accuracy of the intensity determinations performed using the Triaxe protocol.
For this, direct geomagnetic intensity measurements were carried out inside and outside the
reconstructed kiln. A series of 55 measurements using a fluxgate magnetometer was
conducted inside the kiln when first full of pottery, then half loaded and finally completely
empty, with measurement points located close to the ceramics, kiln walls and under the vessel
chamber. All measurements were very homogeneous, yielding a mean intensity value of
47.4+0A4uT. Twenty additional measurements were performed from about 10 m to 40 m in
the vicinity of the kiln. They yielded a nearly identical mean intensity value (47.9+0.5uT),
also very close to the geomagnetic field intensity measured in the French geomagnetic
observatory at Chambon la Forét (47.7uT), about 20 km northeast of Saran. All these direct
measurements show that the kiln and its load do not induce a significant magnetic anomaly,
and thus the intensity measured inside the kiln correctly reflects the Earth's magnetic field

intensity at Saran. Note that a similar conclusion was reached by Morales et al. (2011) from
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direct magnetic measurements performed around and inside a small original and open
artisanal kiln analyzed in Mexico.

Intensity experiments were conducted on 6 modern pots with two specimens analyzed
per pottery (group SAR00). Ten additional pots were tested but the specimens were found to
be too weakly magnetized to be analyzed using the Triaxe (i.e. with a moment of less than 40
10® A.m’; note that our sampling could not be extended as the pots are to be exhibited).
Magnetic susceptibility, IRM acquisition, hysteresis and three-axis IRM measurements were
also carried out on this modern material, and the results will be discussed below together with
those obtained from the ancient ceramics. The intensity results obtained on the 6 analyzed
pottery satisfy our set of quality criteria. As per usual, the intensity results have been first
averaged at the specimen level, then at the fragment level, and finally at the group level. This
yields a mean intensity value of 46.6+1.2uT (Table 1), which is in good agreement with the
direct intensity measurements performed inside and nearby the kiln. This test thus highlights
two points: the reliability of the experimental protocol developed for the Triaxe magnetometer
and the great potential of the ceramic production at Saran for characterizing the geomagnetic
field intensity variations during the Early Middle Ages.

The temperature measurements performed during the experimental firing were also
used for assessing the cooling rate effect on TRM acquisition in the case of intensity
determinations derived from a more classical method (Genevey and Gallet, 2002). They
showed that for this type of rather small kiln with an open heating chamber, the cooling was
very rapid, with temperatures decreasing from 1000°C to 50°C in less than five hours (Fig.
2c). This observation led us to reconsider the intensity results previously obtained from two
groups of ceramics produced at Saran (Genevey and Gallet, 2002). We recall that these data
were obtained using the Thellier and Thellier (1959) method as revised by Aitken et al. (e.g.

1988; hereafter referred to as TT-IZ method) and the cooling rate correction was determined
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from the comparison of two TRMs acquired from 450°C, one using a rapid cooling rate (as
used during the intensity experiments, i.e. ~30 min from 450°C), the second using a slow
cooling rate chosen to mimic the original medieval cooling. Genevey and Gallet (2002) used a
slow cooling time of 10 hours to decrease the temperature from 450°C to about 25°C. The
latter rate was relatively rapid (chosen because the kilns in Saran are small) but not as rapid as
that indicated by the experimental firing. Because this difference may lead to an
overestimated cooling rate correction, we conducted new experiments (i.e. on new specimens)
on the cooling rate effect using a slow cooling time of 4 hours between 450°C and room
temperature (Fig. 2c). We have reanalyzed all fragments successfully studied in 2002, plus
two fragments, which were rejected because of alteration detected during the cooling rate
experiments but not during the intensity measurements (with positive checks for the stability
of the partial thermoremanent magnetization, i.e. positive pTRM-checks). We point out that
the cooling rate experiments and the intensity measurements were not performed on the same
specimens. For the two previously rejected fragments, the new experiments were successful
(i.e. no alteration detected), allowing us to consider them now for intensity determination.
Overall, these new cooling rate experiments demonstrate that the cooling rate corrections
applied in 2002 were overestimated by 1% to 6%. Using the new corrections, we thus revised
the two intensity values previously obtained at Saran (supplementary Table S1).

In addition, Triaxe intensity measurements were carried out on four fragments from
the same groups. Here we were limited by the relatively weak magnetization of the fragments
and by the fact that there was sometimes not enough material for new measurements. Hence
only two fragments from group A36 and two from group A38 allowed a direct comparison
between Triaxe and TT-1Z intensity results. At the fragment level, three fragments out of four
yield similar intensity values to within 2.5% (supplementary Table S1). For fragment A38-06,

the Triaxe intensity value appears about 7% higher than the TT-IZ value (79.9uT versus
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73.8uT), even after the reevaluation of the cooling rate correction. This may be due to
differences in the cooling rate experienced by the pottery with respect to their position in the
kiln as discussed by Morales et al. (2011). In this case, the duration of 4 hours for the cooling
time from 450°C would be too long. Another option would be a bias in the TT-IZ
determination that, however, remains unclear. Interestingly, we note that the Triaxe value
obtained for this fragment is in good agreement with the other TT-IZ results (supplementary
Table S1). Even though the small number of Triaxe results limits the significance of such a
comparison, the Triaxe and TT-IZ group-mean intensity values agree to within 3.5% for both
A36 and A38. We then combined the Triaxe and TT-IZ results at the fragment level to
compute general mean intensity values for these two groups. Group A36 was further
complemented by the new Triaxe results obtained from group SARO0S8, which was collected
from exactly the same archeological ensemble. Finally, we underline here that the ages of the
A36(/SARO8) and A38 groups were slightly modified by 25 years, with respect to the
publication of Genevey and Gallet (2002), in order to take into account the refinement of the

chrono-typology since then (Jesset 2013, 2015b; Bouillon, 2015).

Magnetic Mineralogy

The aim here is to characterize the magnetic mineralogy of the pottery fragments
fulfilling the quality criteria considered for our archeointensity experiments. All these
fragments display reversible susceptibility curves after heating to 500°-550°C (Fig. 3). When
heating is conducted to 700°C, the x(T) curves are still reversible, even though a limited
alteration is observed in some potsherds (Fig. 3). Most of the %(T) curves show a single
inflection point between 520°C and 570°C, while another inflection point between 200°C and

300°C is only observed in a few cases (Fig. 3e).
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The saturation of the magnetization is never reached in a field of 1T (Fig. Sla).
However, the hysteresis loops are only rarely constricted (Fig. S1b-d). The three-axis IRM
experiments clearly show for most fragments the predominance of a magnetic mineral of low
coercivity (<0.2T) and unblocking temperatures of less than 550°C, which are typical of
magnetite with possible impurities (Fig. 4a,b). We note that the presence of titanium was
observed for the Saran production from inductively coupled plasma atomic emission
spectroscopy (Bocquet-Liénard and Birée, 2014). The hard components (0.4T and 1.25T)
indicate the presence in variable proportions of a mineral of high coercivity, whose
unblocking temperatures range between 200°C and 250°C (Fig. 4a-f). We note that this
mineral, whose precise identification is still debated (Mcintosh et al., 2007, 2011), is quite
frequent in archeological baked clay fragments, whatever their age and their geographic
origin (e.g. Chauvin et al., 2000; Genevey and Gallet, 2002; Hartmann et al., 2011).
Furthermore, a behavior more typical to that of (titano)hematite is observed for most samples
from the thermal demagnetization of the hard component between 550°C and 650°C (Fig. 4d-
f). But this magnetic phase is only present in small amounts as it was not detected from the
susceptibility measurements (Fig. 3).

Our experiments were complemented by a set of IRM data acquired up to 9T from six
fragments. Two of which are representative of the majority of the collection, i.e. with a
magnetization predominantly carried by the (titano) magnetite phase (Fig. 4a,b), whereas the
four other fragments contain in a relatively large proportion the mineral of high coercivity and
low unblocking temperatures previously characterized from the three-axis IRM results (Fig.
4c-f). In all cases, the magnetization saturation is reached at around 3.5T (Fig. 4g). On the
other hand, the behavior between ~0.2T and ~3T is entirely controlled by the ratio between

the high-coercivity and the (titano) magnetite phases (Fig. 4g). For the weak ratios (SAROS-
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19), a first plateau is seen below 0.3T and corresponds to the saturation of the magnetite
phase, while for the large ratios (SAR25-05, SAR18-11), no plateau is observed.

Finally, it is worth mentioning that the magnetic mineralogy of the fragments
(including those from the modern production) that provided accepted archeointensity data,
appears very similar to that encountered in our previous studies (Genevey and Gallet, 2002;
Genevey et al., 2009, 2013). The magnetization is hence dominated by (titano) magnetite that
conveys the geomagnetic information. It further involves a varying fraction of a magnetic
phase characterized by low-unblocking temperatures (200°-250°C) and high coercivity

(~3.5T), as well as traces of a more standard hematite demagnetized above ~550°C.

Intensity Results

The success rate of the Triaxe measurements varies among the different fragment
groups, ranging from 24% to 89%. All the intensity results obtained at the specimen level
(with a total of 276 specimens from 134 independent fragments) are reported in the
supplementary Table S2. We note that this success rate is relative to the number of fragments
whose magnetization was sufficiently strong to be analyzed using the Triaxe magnetometer.
In some cases, this limitation has significantly reduced the number of fragments available for
intensity measurements (supplementary Table S2). The intensity results from 7 groups, plus
those obtained from the modern pots are displayed in Figure 5 (one panel per group). In this
representation, each curve represents the R’(Ti) data obtained for one specimen leading on
average to a mean intensity value at the specimen level. For each group, the individual curves
appear coherent both at the specimen and fragment levels, which allows us to compute a
precise group-mean intensity value with a standard deviation of less than 5% (Table 1).

It is worth pointing out that for the two groups SAR13 and SAR14, associated with

two different filling phases inside the same kiln but sharing the same archeological dating, the
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two mean intensity values are in very good agreement (Table 1). This indicates that the time
interval between the two filling phases was most probably short. For this reason, we averaged
together all the results from these two groups to obtain a single mean intensity value for the
composite group SAR13+SAR14 (Table 1).

One of the main causes of rejection in our intensity experiments was related to the
overlapping of two components of magnetization making it difficult to reliably isolate a
primary magnetization component (Fig. 6a). This observation indicates that some pots broke
during the manufacturing process. In fact, this type of incident principally occurs during the
early stage of firing because of a very rapid temperature increase inducing stresses in the clay.
The presence of two magnetization components in some fragments could therefore indicate
reorganization or rebalancing of the load during cooling (the ceramics being somewhat
randomly stacked in the kiln — Fig. 2b), with fragments from broken pots moving abruptly or
progressively. However, we underline that, for a certain number of fragments, this complexity
did not prevent the determination of a reliable archeointensity value (Fig. 5,6b and
supplementary Table S2).

Several groups of fragments from Saran were also rejected either because the results
did not satisfy our quality criteria or because the fragments were too weakly magnetized to
achieve measurements using the Triaxe. This has, unfortunately, been the case for two groups
associated to the last period of production in Saran (end of the 10" century and beginning of
the 11" century). Another group of fragments from the early phase of ceramic production at
Saran (middle of the 6" century) was excluded because the original heating (and cooling) was
performed in redox conditions; being conducted in air (i.e. in oxidizing conditions), our
intensity experiments therefore led to an alteration of the magnetic mineralogy with a clear
lightening of the clay paste (a color similar to that of the later production). Four groups dated

to the 9" century AD were also discarded because of a non-ideal magnetic behavior during the
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intensity determination (i.e. our quality criteria were not fulfilled). The preparation of these
particular specimens revealed a soft paste during drilling. As these groups are from the period
when the quality of Saran production had declined, it is tempting to relate our failed intensity
determinations to this loss of quality. Another possibility, however, would be a relationship
with the technical evolution observed from the middle of the 8" century in the morphology of
the kilns. This evolution is marked by a kiln floor, which is no longer horizontal but inclined
in order to improve the circulation of hot air, which is most probably accompanied by a less
open heating chamber (Jesset, 2015a).

Our new archeointensity data for the Early Middle Ages are plotted in Fig. 7. They
show that this period was characterized by a rapid intensity increase during the 6" century
AD, before a high level of intensity (almost twice that of the present-day field) between the 7"
and the 9" century. However, a relative intensity minimum, here documented by two intensity
data, likely occurred at the transition between the 7" and the 8" century. Finally a rapid
intensity decrease occurred from the middle of the 9" to the beginning of the 11" century,
whose averaged variation rate, of the order of ~0.10uT/year, is similar to the one observed
during the 6™ century. We note that this value is similar to the maximum variation rate

observed in the present-day geomagnetic field (Livermore et al., 2014).

Geomagnetic field intensity variations in Western Europe over the past 1500 years

In Western Europe, the variations in geomagnetic field intensity during the Early
Middle Ages have long remained poorly documented. Several studies, however, have
improved this situation (e.g. Genevey and Gallet, 2002; Donadini et al, 2008, 2012; Gémez-
Paccard et al., 2012). This study contributes to this effort with 19 new archeointensity data
from the 6" to the 10" century AD, which allows us to decipher the intensity variations over

the past 1500 years. Here we discuss that evolution using the archeointensity data obtained in
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two circular areas centered on Paris. The first is an area with a 700 km radius around Paris
(the geographical area covered by our data), while the second region, with a radius of 1250
km, allows us to significantly increase the dataset with, in particular, the inclusion of
numerous results from Spain (e.g. Gémez-Paccard et al., 2006, 2008, 2012; Fig. 1a). For the
area of radius 700 km, we have further proceeded in two steps; first considering only our
results, which form a homogeneous collection of data, and then all the results available within
this area fulfilling a set of selection criteria (see below).

Our data collection comprises 70 intensity results dated from the 5" to the middle of
the 19" century (Genevey and Gallet, 2002; Gallet et al., 2005, 2009; Genevey et al., 2009,
2013 and this study), which share many common characteristics. One concerns their age
uncertainties, which are always of less than 100 years (this is a selection criterion for our
sampling). But, in most cases (i.e. 60 data), the dating precision is less than 50 years. A large
majority of the data was obtained using the Triaxe protocol alone or combined with data
derived using more classical intensity procedures (in this case, with an agreement within ~5%
between the respective means). Only five groups of fragments from this collection were
analyzed using solely the TT-IZ (Aitken et al., 1988) or TT-IZZI (Yu et al., 2004) protocols.
Finally, the quality criteria used to retain the mean intensity values have remained unchanged
throughout our different studies, which further contributes to the homogeneity of this dataset.

The selection of the other archeointensity data also relies on a set of quality criteria
(see also Genevey et al., 2009, 2013). These criteria first relate to the intensity method used:
the selected data are obtained using either the Thellier and Thellier (1959) method and
derived protocols including at least two pTRM-checks or the original Shaw method (1974).
The number of results used to compute a mean intensity must be larger or equal to 3
(regardless of the definition of the archeomagnetic site, i.e. fragment or group of fragments)

and the error of the corresponding mean value must be of less than 15%. In addition, the TRM
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anisotropy must be taken into account for artifacts usually considered more sensitive to this
effect, such as pottery or tiles (e.g. Genevey et al., 2008). For the dating, we alternatively
removed and introduced a criterion on the age uncertainties (i.e. within 100 years) in order to
investigate its influence.

For the computations of a master curve, we used the least-squares method developed
by Thébault and Gallet (2010) that relies on a cubic B-splines time parameterization, with an
even time distribution of the spline knots, and on an iteratively reweighting scheme allowing
the detection and the weighting of the data appearing as outliers. The method includes a
bootstrap approach to account for the experimental and age uncertainties of the data. From the
bootstrap resampling technique, the code estimates a large ensemble of individual maximum
likelihood curves (about 60000), reconstructs the probability density distribution (pdf) of the
maximum likelihood, and then displays its variability at 95% (i.e. the envelope containing
95% of the individual curves) and a 95% confidence interval obtained using a classical
weighted least-squares inversion. In addition, the self-consistency of the data uncertainties is
explored for each model through the computation of the normalized root mean square
(NRMS) that evaluates the ratio between the a posteriori and a priori errors assumed for the
data (i.e. the ratio between the distance of the data to the model and the original error attached
to the data). It is important to stress that the bootstrap resampling method aims at enhancing
only the patterns common to all individual curves estimated after resampling within the dating
and experimental data uncertainties. The final master curve is in general smoother, but more
robust, than the curve estimated via simple weighted least-squares.

The different datasets discussed above are displayed in Figure 7 together with the
corresponding master curves. When considering only our collection of data, the derived
master curve clearly shows the occurrence of five intensity maxima, at the transition between

the 6™ and 7" century AD, at the middle of the 9" century, during the 12" century, in the
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second part of the 14" century and at the very beginning of the 17" century (Fig. 7a and Table
2; see also Genevey et al., 2013). That computation is characterized by a mean NRMS of
1.10+0.12, which underlines for this dataset the self-consistency between the a priori and a
posteriori data uncertainties. In this case, the 95% fluctuation envelope and the 95%
confidence interval match almost perfectly (Fig. 7a). The incorporation of 22 data acquired in
the same geographical area (i.e. 700 km around Paris; Fig. 1a) does not markedly change the
previous description of the field behavior (Fig. 7b,e and Table 2). However, the mean NRMS
for this curve is larger (1.43 +0.13), which indicates that the model could not fit all data
within their a priori errors. This is also expressed in Fig. 7b by the fact that the 95%
confidence interval becomes wider than the 95% fluctuation envelope of the master curve.
Nevertheless, the additional data allow to better document both the significant increase and
decrease in geomagnetic field intensity that bound (and characterize) the Early Medieval
period, whereas our new data tend to reduce the amplitude of the intensity variations
previously suggested by Gomez-Paccard et al. (2012), in particular with a less pronounced
relative intensity minimum at the transition between the 7" and the 8" century AD.

Regarding the data reported in Gémez-Paccard et al. (2012), one was obtained in
Saran from a series of bricks from kiln F256 excavated at the Zac des Vergers site (laboratory
code 45302A; mean intensity at Paris: 80.6+8.3uT). After its abandonment, the kiln was filled
with pottery fragments, whose typo-morphology was used to determine its dating. In this
study, we analyzed a group of potsherds (A36/SAROS) found in this filling, which gave a
mean intensity at Paris of 72.7£3.6u'T (Table 1). Although the two intensity results are
compatible within their error bars, we cannot exclude the fact that the field intensity during
the last use of the kiln was slightly higher than the intensity at the time of production of the
pottery found inside the kiln (we further note that Goémez-Paccard et al. (2012) applied a slow

cooling time of 24 hours for correcting their data from kiln F256 which, according to the
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experimental firing described in this study, may lead to an under-estimated mean intensity
value). This difference is in agreement with the moderate decrease in intensity observed
between the early 7" century and the transition between the 7" and 8" century (Fig. 7a,b). We
note, however, that a time lag between the two contexts is not the most likely option from an
archeological point of view.

Further extending the geographical area of the data to 1250 km (Fig. 1a,7¢c) does not
have any real impact on the reconstruction of the intensity evolution during the Early
Medieval period because only three results are added to the previous dataset. By contrast, the
number of results dated after the 10™ century is significantly increased (Fig. 7e). In particular,
the dataset now includes the numerous results obtained in Liibeck (Germany; Schnepp et al.,
2009), whose dating was constrained by a time-sequential relationship based on the
stratigraphy. It is worth mentioning that this chronology was taken into account for the
computation of the probability density function (as was also the case for data obtained by
Gomez-Paccard et al., 2006; 2008). As previously discussed in Genevey et al. (2009, 2013),
the extended dataset provides a master curve characterized by smooth fluctuations between
~1200 and 1600 AD, which is due to the scatter between the data. Here the degraded internal
consistency of the dataset, considered as a whole, is expressed by a NRMS of 1.71+0.13. This
dispersion most probably arises from underestimated experimental uncertainties and/or dating
errors for some data, as well as from a possible (though likely limited) effect due to secular
variation within the rather large geographical area of concern (Casas and Incoronato, 2007).
Not surprisingly, introducing a selection criterion of the data based on the dating precision
(i.e. within 100 years) decreases the NRMS to 1.63+0.13 and we can better recognize the
intensity peaks observed in Fig. 7a,b (Genevey et al., 2013).

Detailed comparisons with geomagnetic field intensity variation curves deduced from

regional and global archeomagnetic field models were already described in Genevey et al.
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(2013). The new results reported in this study, focused only on the Early Middle Ages, do not
change the main conclusions, in particular regarding the detection from the field models of
three intensity maxima observed in Western Europe from the 11" century onwards (Fig. 8a-e,
where geomagnetic field models only incorporating volcanic and archeological data were
used: Pavon-Carrasco et al., 2009, 2014b; Korte and Constable, 2009; Licht et al., 2013). The
regional field modeling constructed by Pavén-Carrasco et al. (2009), that was derived without
the archeointensity data obtained by Gomez-Paccard et al. (2012), provides the best evidence
for the succession of five intensity maxima since the fifth century AD (Fig. 8a,e). Only the
amplitude of the intensity peak at the transition between the 6™ and 7" century AD differs
significantly. These models were principally constrained by the intensity data obtained in
Eastern Europe, mainly in Bulgaria where the dataset was recently updated (Kovacheva et al.,
2014). Following Tema and Kondopoulou (2011), we selected the data available within a
radius of 700 km around Thessaloniki. Furthermore, as in Genevey et al. (2013), we released
the selection criterion relying on the use of pTRM-checks for testing the thermal stability of
the magnetic mineralogy of the studied archeological artifacts. Otherwise this would have led
to the rejection of a large proportion of this collection of data; it is worth recalling that the
same approach applied to the Western European data set would not alter the results shown in
Fig. 7. The resulting Balkan master curve given in Figure 8f shows a series of intensity
maxima more or less in phase with that from Western Europe, except for the peak around 850
AD in Western Europe (Fig. 8a,f). Moreover, the amplitudes of the relative maxima
significantly differ between the two European regions. At this stage, we note that searching
for evidence of a westward drift in geomagnetic field intensity fluctuations from a comparison
between figures 8a and 8f appears inconclusive, or at least premature.

Figure 7 strongly supports the idea that the Western European region was characterized by

five geomagnetic field intensity maxima over the past 1500 years. What is particularly
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striking is the recurrence of these peaks. This can be quantified using a Fourier analysis,
which indicates the occurrence of a signal with a pseudo period of ~250 years (Fig. 9). It is
worth mentioning that this period is data-driven, based on a coherent dataset, and not
introduced by the modeling procedure. We venture that this feature betrays a genuine
characteristic of the secular variation, at least in Western Europe, which could be related to a
wave motion in the liquid core (e.g. Finlay and Jackson, 2003; Buffett, 2014). In any case, it
will require further testing, in particular by continued data acquisition from older periods for
which the present scatter observed between the available data prevents a robust analysis (e.g.

Gallet et al., 2009; Pavon-Carrasco et al., 2014a).

Conclusions

The results of this study can be organized around five main points:

1. A good agreement is obtained between directly measured geomagnetic field intensities
inside or in the periphery of an ancient kiln reconstructed for an experimental firing and the
mean intensity value derived from the analysis of pottery produced during this firing. Such
agreement confirms and strengthens the reliability of the experimental protocol (and of our
selection criteria) developed for the Triaxe magnetometer. This also demonstrates the
potential of the ceramic production at Saran to recover the geomagnetic field intensity
variations during the Early Middle Ages.

2. Our data show that the magnetic mineralogy of the pottery produced at Saran between the
6™ and the 10" century AD is dominated by magnetite, which may have titanium impurities.
Another magnetic phase characterized by high coercivity and low unblocking temperatures
(200°-250°C) 1is often present in various proportions. Here we show that this phase is

saturated in fields of about 3.5T.
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3. We obtain 19 new archeointensity data spanning the Early Middle Ages, a period which
was until now very poorly documented in Western Europe. The geomagnetic field intensity
variations are characterized by a rapid increase during the 6" century AD, then by high
intensity values from the 7" to the 9" centuries and finally by a strong decrease until the
beginning of the 11" century. A minimum in intensity of small amplitude is also observed at
the transition between the 7" and the 8" century AD.

4. We construct a master curve covering the past 1500 years using a selection of data obtained
within 700 km around Paris. This curve clearly exhibits five intensity maxima, at the
transition between the 6™ and the 7" century AD, at the middle of the 9" century, during the
12" century, in the second part of the 14" century and at the very beginning of the 17" century
AD. Some of the peaks are smoothed, or nearly absent when the selection of the data is
extended to a radius of 1250 km around Paris.

5. We note that the intensity peaks observed in Western Europe over the past 1500 years
occur every ~250 years. This regularity, unnoticed until now, might reflect a new
characteristic of the secular variation, at least in Western Europe. It clearly requires further

testing, in particular focusing on older periods.
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Figure captions
Figure 1: (a) Location map of the three medieval archeological sites of Saran, Ingré and

Vanves sampled in this study (pink circles). The blue circles indicate the locations of our data
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previously obtained in France and for one result from Belgium (Genevey and Gallet, 2002;
Genevey et al., 2009, 2013; Gallet et al., 2009). The green squares correspond to published
intensity results available within a radius of 700 km and 1250 km around Paris (indicated by a
red star). See text in section Geomagnetic field intensity variations in Western Europe over
the past 1500 years, for a description of these selected data, which were obtained in Belgium,
Denmark, England, France, Germany, Italy, Spain and Switzerland. (b) Photo illustrating a
group of pottery fragments, as analyzed in this study. Here the SAR04 group collected at Lac
de la Médecinerie in Saran associated to kiln F196. (c) Photo of pots discovered in the filling
units of the kiln 1098 during excavations conducted in the street Rue Gaudray in Vanves. The

VANO7 group is associated to this kiln © Laurent Petit, Inrap.

Figure 2: Experimental firing at Saran-Lac de la Médecinerie (a) Kiln F196 after its
reconstruction and at the end of the firing. The ashes above the heating chamber attest to the
use of a second fire during the heating, in addition to the one located at the kiln entrance (b)
Load of the kiln (after baking) - a magnetic probe was inserted inside the kiln in order to
directly measure the geomagnetic field intensity (c) Evolution of the temperatures measured
by a thermocouple located inside the flue (Millet et al., 2015). The moderate firing during the
two first hours was used to dry the clay and avoid cracking in the ceramics. A short episode of
rain during the first hour of the cooling may have accelerated the beginning of the cooling,
but most likely it did not influence its end. The grey square shows the temperature interval
involved in our experiments on cooling rate effect on TRM acquisition. A 4-hour cooling time

from 450°C to 30°C was therefore used to mimic the original cooling of the pottery.

Figure 3: Representative examples of magnetic susceptibility versus temperature curves

obtained for fragments fulfilling the quality criteria used for intensity determinations. (a-e)
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Medieval pottery fragments; (f) Pottery produced during the experimental firing. The heating
was first performed up to 500°C-550°C (blue axis in the insets; red/heating and blue/cooling
curves). Another heating up to ~680°C was next conducted on new powders (black axis;

black/heating and grey/cooling curves).

Figure 4: Thermal demagnetization of three-axis IRM components acquired in orthogonal
fields of 1.25, 0.4 and 0.2T for (a,c.d,e,f) five medieval pottery fragments and (b) a modern
ceramic produced during the experimental firing. (g) IRM curves obtained up to 9T acquired

on twin specimens for the same 6 fragments as in (a-f).

Figure 5: Archeointensity results obtained from 7 groups of medieval pottery fragments (one
group per archeological site) and from the modern pottery production; one panel for each
group of results. Each curve represents the intensity data obtained for one specimen over the

temperature interval used for intensity determination.

Figure 6: (a) Example of a rejected fragment for which the thermal demagnetization during
the Triaxe experiment did not allow us to isolate a well-defined primary magnetization
component (left panel) and the corresponding R’(Ti) data (right panel). (b) Example of a
retained fragment with two magnetization components well isolated during heating, and the
corresponding R’(T1) data before (blue curve, right panel) and after (purple curve, right panel)
adjusting the T1 temperature (see text in Section Intensity and Rock Magnetic Experiments).
Open (closed) symbols refer to the inclinations (declinations) in the orthogonal vector
diagrams. Note that the Triaxe protocol provides measurements every 5°C and that only a
subset of the data (every 25°C from 100°C up to the highest temperature) was reported in

these diagrams.
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Figure 7: Geomagnetic field intensity variations in Western Europe over the past 1500 years.
These variations were established from four different datasets: (a) Our data; (b) selected data
available within a 700 km radius around Paris (c) within a 1250 km radius around Paris, (d)
Same as in (c) but only the data with age uncertainties of less than 100 years are retained. All
data were reduced at the latitude of Paris (48.9°N). (e) Age distribution of the first three
datasets (respectively in dark blue, light blue and grey). Following Genevey et al. (2008,
2009, 2013), an arbitrary 5% decrease was implemented for the data, indicated by *, for
which the cooling rate effect was not originally evaluated. We note that this only concerns 9
data. The master curves are computed using cubic-B splines with 50 years knot spacing and
displayed in the form of a probability distribution function (the grey scale in (a) is identical in
the other 3 figures). The curves in pink show the maximum likelihood vs. time (solid line)
and its variability at 95% (dotted lines). The thin blue dotted lines indicate the 95%

confidence interval obtained using a classical least-squares inversion.

Figure 8: Comparison over the past 1500 years of (a) the master curve of the geomagnetic
field intensity variations derived from data selected within 700 km around Paris (same as in
Fig. 7b) with predictions at Paris from global (b, c, d) and regional (e) archeomagnetic field
models computed from the inversion of archeomagnetic and volcanic data only. (b)
ARCH3k.1: Korte and Constable (2009); (c) AF_M: Licht et al. (2013); (d) SHA .DIF.14k:
Pavén-Carrasco et al. (2014b); (e): SCHA.DIF.3k: Pavon-Carrasco et al. (2009). (f): Selected
data obtained within 700 km around Thessaloniki and master curve derived from this dataset
(same conventions as in Fig. 7; all data were reduced to the latitude of Thessaloniki,
40.65°N). The data are mainly (~85%) from Bulgaria (Kovacheva et al., 2014) but also from

Greece and Southern Italy (Evans, 1986; Aitken et al., 1988, 1989; Tema et al., 2009; Spassov
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et al., 2010; Spatharas et al., 2011; Kondopoulou et al., 2014). The NRMS of 2.40+1.60

indicates that the model could not fit a significant number of data with their a priori errors.

Figure 9: Spectral analysis of the master curve derived from our dataset. (a) red and blue
curves (left axis): Maximum likelihood of the pdf and its trend estimated using a Singular
Spectral Analysis; purple curve (right axis) : Residual signal between the master curve and
the trend. (b) Power Spectrum Density of the residual signal using Fourier analysis. The

observed peak indicates a pseudo periodicity of ~250 years for the intensity maxima.

Table captions:

Table 1: New archeointensity data obtained from the analysis of 20 groups of pottery
fragments dated to the Early Middle Ages.

The pottery fragments were produced in Saran (47.9°N, 1.9°N), Ingré (47.9°N, 1.8°E) and
Vanves (48.8°N, 2.3°E). SU stands for stratigraphic unit. N frag. (or n spec.), number of
different fragments (or specimens) retained for each group for computing a mean intensity

value; F+oOF, mean intensity at the group-level and its standard deviation in uT; F,,;, mean

Paris»

intensity in u'T after reduction to the latitude of Paris (48.9°N) using the hypothesis of a

geocentric axial dipole field.

Table 2: Maximum likelihoods of the Western European geomagnetic field intensity variation
estimated at Paris from 400 to 1850 AD years and their 95% fluctuation intervals computed in
steps of 25 years.

These computations rely firstly on our data and secondly on data available within 700 km

around Paris fulfilling selection criteria (see text). They were carried out using the iteratively
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re-weighted least squares method combined with a bootstrap algorithm developed by

Thébault and Gallet (2010).

Supplementary material:

Figure S1: (a) Curves of progressive IRM acquisition up to 1T for two fragments from each
group. The colored lines (as opposed to the black curves) indicate the fragments (one per
group) chosen for the three-axis IRM experiments. The six colored thick curves underline the
fragments for which IRM experiments were conducted up to 9T (see Fig. 4g). (b, ¢c) Examples
of hysteresis curves, showing non-constriction, usually observed for this collection. (d)

Example of hysteresis curve with a wasp-waisted shape.

Table S1: Revised intensity results obtained for groups A36 and A38 using the Thellier and
Thellier method as revised by Aitken et al. (e.g. 1988; TT-IZ) and their comparison with
Triaxe intensity determinations.

The results were originally published in Genevey and Gallet (2002). A slow cooling time of
10 hours from 450°C to room temperature was used at the time for the cooling rate
experiments. However, the experimental firing performed in Saran indicated that the original
cooling rate was likely faster, requiring a correction to the 2002 intensity data. New cooling
rate experiments were performed with a slow cooling time of 4 hours from 450°C to room
temperature (see Fig. 2c). The new cooling rate correction factors and the new corresponding
intensity results are reported. For each TT-IZ intensity determination at the specimen level: n

gives the number of temperature steps, T,,;,-T,.. indicates the corresponding temperature

range, f is for the NRM fraction involved in the computation. Columns g and q display the

gap and quality factor as defined by Coe et al. (1978). F,, indicates the intensity of the

laboratory field in uT, H,, e the archeointensity before TRM anisotropy and cooling rate
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corrections in uT, OF, the standard error in uT, F, i uopy comectea the archeointensity after TRM

anisotropy correction in uT. F and F

mean value per potsherd corrected for the cooling rate effect Triaxe mean value per potsherd

(see also in Table S2) are given in uT. The F,.,,+0F (TT-1Z) (resp. Triaxe) column reports the
mean intensity at the site level and its standard deviation in ¢ T using the TT-1Z (resp. Triaxe)
protocol. The two fragments marked with a star were initially rejected because an alteration
occurred during the cooling rate experiments (and not during the TT-IZ experiments with
positive pTRM-checks). In these two cases, the new cooling rate experiments were
successful, allowing us to retain the fragments. Intensity results are given at the site of Saran
(47.9°N, 1.9°N). ** indicates that the dating of the groups were slightly modified by 25 years,
with respect to the publication of Genevey and Gallet 2002, in order to integrate new
archeological constraints.

Reference:

Coe, R. S., Gromme S., Mankinen E. A., 1978. Geomagnetic paleointensities from

radiocarbon-dated lava flows on Hawaii and the question of the Pacific nondipole low,

J. Geophys. Res., 83, 1740-1756.

Table S2: Triaxe intensity results obtained at the specimen and fragment levels.

T~ Tmax 1ndicates the temperature range used for the intensity determinations. H,, is the

X

intensity of the laboratory field in yT. NRM T1 (T1’) indicates the % of NRM involved.
Slope R’ is the slope expressed in % of the line between the first and the last point used for

the intensity computations. F indicates the intensity value obtained at the specimen level.

Triaxe

F oF indicates the intensity value at the fragment level with its standard

Triaxe mean value per fragment =
deviation. (n1/n2/n3)* indicates for each group the number of collected fragments (nl), the

number of fragments whose magnetization was strong enough to be measured using the

Triaxe (n2) and the number of fragments which fulfilled our quality criteria (n3).



1008



Figure 1



(b)

1200 .

1000

800

Temperature (°C)
[N
=
S

400

200

wooden fuel supply halted

Figure 2

Time (Hour)

20h16



1.2,

10
0.8
0.6}
0.4

0.2L

SAR12-04

a)

0700 200 300 400 500 )

0

1.2
1
0.8
0.6
0.4

0.2

100 200 300 400 500 600 700

d)  SAROS8-19

I0 1|00 20q 300 £|100 50|0

sertey |

0

100 200 300 400 500 600 700

Temperature (°C)

12

0.8

0.6

04

0.2

0

[ 0.6

b)  INGO1-05

0 100 200 300 400 500

100 200 300 400 500 600 700

e)  SAR25-05

I0 1?0 200, 300 4{00 50|O

100 200 300 400 500 600 700

Temperature (°C)

Figure 3

12

0.8

0.6

04

02

0

12

0.8

0.6

04

0.2

0

VANO07-04

<)

0 100 200 300 400 500

0 100 200 300 400 500 600 700

f) SAR00-23

1.2,

10
0.8
0.6}
0.4

0.2L

0 100 200 300 400 500

0 100 200 300 400 500 600 700

Temperature (°C)



IRM (A/m)

IRM (A/m)

a) SARO08-19

b) SARO00-23

8 4

7

6. 3

54

4 2

34

24 1

14

0 0 I\.ﬁ : : 3

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
°C °C

—— 02T a— 04T —o— 1.25T
e) SARI18-11 f) VANO05-03
.

1) I . =P~ B S

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
°C °C

Figure 4

04
0

Normalized magnetization

¢) SAR22-05

d) SAR25-05

AA
S

0 T e
100 200 300 400 500 600 700 O 100 200 300 400 500 600 700

°C °C
124 2
14
0.8
—VAN05-03  —— SAR08-19
0.6+ —SARI8-11  —— SAR25-05
——SAR22-05  —— SAR00-23
044
0.2
0J
0 2 4 6 8 10

Field (T)



Intensity (uT)

Intensity (uT)

——— VANO7-04A ——— VANO7-05A
——— VAN07-04B  —— VANO07-05B
—— VANO07-04C

Intensity (#T)

Intensity (uT)

—— VAN04-03A° —— VANO04-08A
~——— VANO04-03C

—— VANO05-03A
—— VANO5-03B

—— VANO05-04C

VAN04-08C ——— VANO05-04D

100

90

80

70

60

50

VAN04/05

40

150 200

100

90

80

70

60

50

40

100

90

80

70

50

40

100

90

80

70

60

50

—— SAR20-03A
~——— SAR20-03B

—— SAR20-04A
——— SAR20-04B

250 300 350 400 450 500 550

—— SAR20-06A
—— SAR20-06B

—— SAR20-09A
——— SAR20-09B

—— SAR20-14A
——— SAR20-14B

—— SAR20-07A
——— SAR20-07B

—— SAR20-10A
—— SAR20-10B

—— SAR20-15A
SAR20-15B

200 250 300 350 400 450

—— VANO7-06A
—— VANO07-06B
——— VANO07-06C

——— VANO7-08A  —— VANO7-09A
——— VANO7-08B —— VANO07-09B

200 240 280 320 360 400 440 480

—— SARI10-03A° —— SARI10-04A —— SARI10-05A
~—— SARI10-03B —— SARI10-04C —— SARI10-05C
—— SARI10-03C

—— SARI10-08B
——— SARI10-08C

200 240 280 320 360 400 440 480
Temperature (°C)

—— SARI2-02A —— SARI2-06A —— SARI2-17A SARI12-25A
——— SARI12-02B ——— SARI12-06B ——— SARI12-17B ——— SARI12-25B
—— SARI2-03A —— SARI2-11A —— SARI2-18A —— SARI12-27A
SARI12-03B ——— SARI2-11B ——— SARI2-18B —— SARI2-27B
—— SARI2-04A —— SARI2-15B —— SARI2-21A
—— SARI12-04B ——— SARI12-15C ——— SARI12-21B
100
90
80
70
60
50
40 L
200 240 280 320 360 400 440 480
—— INGO1-01A —— INGO1-05A —— INGO1-09A
——— INGO1-01B ——— INGO1-05C ——— ING01-09C
—— INGO1-01C
—— INGO1-04A —— INGO1-07A
—— INGO1-04B ——— INGO1-07B
100
INGO1

90

80

) ,‘_&’

PRI
vV

70
60
50
0L
200 240 280 320 360 400 440 480
—— A36-03C —— SAR08-05B —— SARO08-18A ——— SAR08-23A°  ——— SARO08-34A
— A36-03D —— SAR08-05C ——— SARO08-18B ——— SARO08-23B ~———— SAR08-34B
SAR08-23C
—— A36-05A —— SAR08-13A —— SARO08-19A —— SARO08-33A
A36-05C ——— SAR08-13B ~——— SARO08-19C ——— SARO08-33B
100
] A36/SAR08
90
80 4
70 4
60 -
50
40 e e e
200 240 280 320 360 400 440 480 520
—— SARO00-10A —— SARO00-23A —— SARO00-36A
~—— SARO00-10B —— SAR00-23B ——— SAR00-36B
—— SARO00-18A ——— SAR00-25A —— SAR00-48A
——— SARO00-18B ~——— SAR00-25B ——— SAR00-48B

20

200 240 280 320 360 400 440 480

Temperature (°C)



a) SARO07-18
Rejected

100

90 -

80 ]

70

Intensity (u#T)

60

Scale: 10-2 A/m 50

7T e S B R I B LR AL BN AL B R I
200 250 300 350 400 450

b) SAR13-09A Temperature (°C)
83.2uT - s=5%

100

90

Scale: 10-2 A/m
80

70

Intensity (#T)

60

50

sl by b baa o baaa

40

T T T T T T T T
200 240 280 320 360 400 440 480

Temperature (°C)

Figure 6



Intensity in Paris (uT)

Intensity in Paris (uT)

100

90

80

70

60

50

40

30

100

90

80

70

60

50

40

30

400

B Our dataset

NRMS=1.10£0.12

NRMS= 1.43 +0.13

data selected within 700km
around Paris

e )

Data selected within 1250km
around Paris

NRMS =1.71+0.13
PRI I NS S S U S S N

Data selected within 1250km
around Paris with AAge<100 yr.

- NRMS=1.63+0.13

600 800 1000 1200 1400 1600 1800 2000 400

Date (AD)

600

800 1000 1200

Date (AD)

Figure 7

1400

1600

1800 2000

£ This study

Genevey and Gallet (2002); Gallet et al. (2009);
Genevey et al. (2009;2013)

A Games and Baker (1981)

0 Chauvin et al. (2000)

¢ Gram-Jensen et al. (2000)*

v Casas et al. (2005)*

Go6mez-Paccard et al. O (2006); O (2008);
O (2012)

I\ Spassov et al. (2008)*

Donadinietal. 4 (2008); & (2012)

<& Kovacheva et al. (2009)*

A Schnepp et al. (2009)

0 (2009);

Tema et al. (2013)

O Catanzariti et al. (2012)

+ Direct Measurements

400 600 800 1000 1200 1400 1600 1800 2000

Date (AD)



(a)

Intensity in Paris (uT)

(c)

Intensity in Paris (uT)

~
<
~

Intensity in Paris (uT)

=

Intensity in Thessaloniki (xT)

80 7] = 0.1
] 005
70 4 . A Data selected within 700km [ o
i around Paris P
60 5
50 1
_ 70
ARCH3k.1 C
C 60
80 B
j C 50
70 C
C 40
A_FM
60
50
_70
SHA .DIF.14k B
— 60
90 B
] — 50
80 - -
] — 40
70 SCHA DIF 3k
60
50 -
90 -
Balkan data m with pTRM-check
1 0 without pTRM-check
80
70 01
005

60

30 A

NRMS = 2.40+.160 ]

400 600 800 1000 1200 1400 1600 1800 2000
Date (AD)

(b)

(M) stred ur Kysudyug

(d)

(L) sueq ur Ayisuoup



Input

— Intensity (uT) =

Trend

Power

LI B
[\

—T
(L) renpisoy =

1
(\S)

4

400 600 800
b)

1000 1200
Date (AD)

1800

2000

10!

10-2

10-3

104 o

Figure 9



Normalized magnetization

VANO04-03 SAR13-22 VANO07-04 SARO05-06 SARO00-18
VANO05-03 SAR13-25 VANO7-05 SARO05-19 SAR00-23
SARO00-25
SARI16-11 SAR14-12 SARO08-05 SAR27-05
SAR16-12 SAR14-26 SARO08-19 SAR27-13
SAR18-07 SAR22-05 SAR25-04 A38-06
SAR18-11 SAR22-23 SAR25-05
SAR12-04 INGO1-01 SAR26-01 SAR04-21
SARI12-11 INGO1-05 SAR26-05 SAR04-22
SAR20-06 SAR23-05 SAR10-04
SAR20-07 SAR23-11 SAR10-08
12 —
1 —]
c |
]
= |
<
N 08 -
q_) —
=)
bD —
s
E —
= 06 —
o)
Q i
B
= i
g _|
S 04 —
Z i
02 —
0 —
I T T T I T T T I T T T I T T T I T T T I T T T I
0 02 04 0.6 0.8 1 1.2
Field (T)
b) c) d)
12 N — 12 N 12 S
- AROS-1 SAR25-05
0g | SAR00-23 ] g |  SAR08-19 ] os | ]
04 | ] 04t ] 04 | ]
0 - ] 0 - ] 0 - ]
04 ] 04 ] 04 ]
08} ] 08} ] 08} ]
12 e 12 S 12 N N
212 08 04 0 04 08 12 12 08 04 0 04 08 12 12 08 04 0 04 08
Field (T) Field (T) Field (T)

Figure S1

12



Table 1.

Site
#Group Age (CE) (Location, Archeological excavation) Archeological description N Frag. (n Spec.) F+0oF (uT) F e (uT)
L Pits2 & 6
VANO04/VANO5 525-575 Vanves, rue de la République (SU 1023 & SU 1039 & SU 2008 ) N=4 (n=8) 73.6x1.8 73.6
SARI6 550-600 Saran, Lac de La Médecinerie Kiln YSE:EI;I)“ 298 N=3 (9) 76.9+1.4 777
SARI8 550600 Saran, La Guignace U 50 N=8 (n=16) 771519 779
SAR12 550-600 Saran, Lac de La Médecinerie e " N=11 (1=22) 787212 79.5
. Kiln 7
SAR20 575-625 Saran, La Guignace (SU 3024) N=8 (n=16) 78.5+2.5 79.3
SARI3 625-675 Saran, Lac de La Médecinerie K?S"UWI vgad ;fé N=11 (n=22) 77.3£2.6
SARI14 625-675 Saran, Lac de La Médecinerie K oy /10 N=6 (n=12) 777211
SARI3+SARI4 625675 Saran, Lac de La Médecinerie 1 1heM G IC0 SIS 0 Na17s36) 77.422.1 782
. Kiln 9
SAR22 625-675 Saran, La Guignace (SU 2731) N=8 (16) 76.1£1.5 76.8
INGO1 600-700 Ingré Pit N=5 (n=11) 77.6+£0.9 784
. Kiln 8
SAR23 650-700 Saran, La Guignace (SU 2968) N=7 (n=14) 78.0+1.3 78.8
VANO7 650-750 Vanves, Rue Gaudray (KsllUn 11102988) N=5 (n=12) 749+1.5 749
A36/SAR08 675-725 Saran, Zac des Vergers (SU133252¢5&6/SZI§320066) N=12 (n=29) 72.0+3.6 727
. Kiln 4
SAR25 750-800 Saran, La Guignace (SU 1907) N=5 (n=10) 78.0+3.1 78.8
. Kiln 11
SAR26 750-800 Saran, La Guignace (SU 1605) N=4 (n=8) 75242.1 759
SARO7 775-825 Saran, Zac des Vergers (311(;1?01118@8225%/1236138) N=6 (n=12) 76.9+3.1 77.7
SARO5 800-850 Saran, Zac des Vergers U Z]é‘é";%} 21637) N=5 (n=10) 78.3+2.6 79.1
SAR27 800-850 Saran, La Guignace (Slél]&gz) N=7 (n=14) 80.1+3.8 80.9
A38 800-850 Saran, Lac de La Médecinerie Kiln E N=4 (n=12) 79.0+1.9 79.8
SAR04 800-850 Saran, Lac de La Médecinerie g%"&’[ﬁ;ﬁ; o 31276) N=10 (n=20) 78,6433 794
SAR10 850-950 Saran, le Bourg Working area N=4 (n=9) 76423 77.1
SARO00O 14/11/09 Saran, Lac de La Médecinerie Experimental firin, N=6 (n=12) 46.6+1.2 47.1
p g



Table 2.

Data selected within 700 km

Our dataset around Paris
Date Max. 95% Fluctuation = Max. 95% Fluctuation
(AD) Likelihood Interval Likelihood Interval
(T) (#T) (uT) (#T)
400 61.5 6.7 64.4 53
425 63.0 5.1 64.5 4.0
450 65.1 4.0 65.8 3.7
475 67.7 3.6 67.8 3.7
500 70.5 35 70.4 3.6
525 733 33 73.1 34
550 75.7 2.7 75.7 2.8
575 77.7 2.0 77.8 2.0
600 78.7 1.7 78.9 1.8
625 78.7 1.7 78.8 1.7
650 78.0 1.7 78.1 1.7
675 77.2 1.8 77.4 1.9
700 76.6 2.3 77.1 2.5
725 76.5 2.6 77.1 3.0
750 76.8 2.6 77.7 3.1
775 77.6 2.5 78.6 2.7
800 78.7 2.2 79.4 2.3
825 79.2 2.1 79.4 22
850 78.5 2.4 78.6 2.5
875 76.7 3.0 76.8 3.1
900 74.0 38 74.2 38
925 70.5 4.4 71.1 4.5
950 66.8 4.9 67.7 4.8
975 63.6 5.0 64.6 4.6
1000 61.5 4.7 62.2 4.2
1025 60.6 4.4 60.9 38
1050 60.8 4.1 60.6 3.6
1075 61.5 3.8 61.1 3.4
1100 62.0 32 61.9 3.0
1125 61.7 2.7 61.8 2.7
1150 60.1 2.4 60.4 2.6
1175 57.9 2.5 58.3 2.8
1200 56.0 2.7 56.5 3.0
1225 54.8 3.1 55.2 33
1250 54.4 3.1 54.7 33
1275 54.8 2.8 55.0 2.9
1300 55.6 22 55.7 22
1325 56.5 1.7 56.7 1.7
1350 57.0 1.7 57.5 1.6
1375 56.9 1.8 57.5 1.8
1400 56.1 1.6 56.8 1.7
1425 54.9 1.4 55.6 1.6
1450 53.6 1.4 54.1 1.4
1475 52.5 1.7 52.8 1.6
1500 51.7 1.5 51.8 1.4
1525 51.7 1.1 51.7 1.2
1550 52.5 1.1 52.5 1.1
1575 53.4 1.3 53.2 1.3
1600 53.9 1.5 53.5 1.6
1625 53.7 1.6 533 1.5
1650 52.7 1.9 52.4 1.8
1675 51.0 2.4 50.8 2.1
1700 48.8 2.5 48.9 2.4
1725 46.6 2.5 47.1 2.2
1750 45.1 2.1 455 1.9
1775 443 1.6 44.5 1.6
1800 442 1.1 442 1.0
1825 44.6 0.7 44.5 0.6

1850 44.8 1.8 45.3 0.9




Table S1.

Genevey and Gallet, 2002 This study
Potsherd Samples n Toin=Toax f g q Fiab Fnon OF F Cm)ling rate F mean value per ~ Fmean+0F COOlil‘lg rate F mean value per F Triaxe mean FmeantoF FmeantoF
corrected anisotropy correction factor - potsherd corrected (TT-ZI) correction factor - potsherd corrected for  value per potsherd (TT_[Z) (Triaxe)
corrected Slow CDOlil’lg Jor the cooling rate Slow cooling time  the cooling rate effect
time Of 10hours  effect (slow cooling of 4hours from (slow cooling time of 4
from 450°C time of 10 hours) 450°C hours)
A 36 : Saran [675-725 ADJ**
A36-01 X317 13 150-500 0.89 0.89 51.57 600 665 10 695 0.92 62.5+1.7 0.98 66.5+1.7
X318 13 150-500 0.87 0.90 4639 600 659 1.1 662
A36.03* X325 6 375-500 0.62 0.79 19.18 600 673 1.7 747 X X 1.00 74.4+0.3 73.9+0.6
X326 6 375-500 058 0.8 1748 600 644 1.7 741
X328 11 250-500 0.69 090 38.73 600 634 10 69.1 093 64.9+0.7 63.7+1.1 0.97 67.7+0.7 68.2+1.1
A36-05 X329 12 200500 072 091 5521 600 627 07 705 68.943.1 711229
A36-06 X334 11 250-500 0.81 0.86 4598 600 646 10 717 091 64.3+1.0 0.97 68.6+1.0
X335 13 150-500 0.85 0.89 49.74 600 619 09 697
A36-08 X338 14 100-500 0.86 090 8893 600 689 0.6 692 0.90 63.1+0.9 0.96 67.2+0.9
X339 11 250-500 0.80 0.88 6245 600 68.8 08 709
A 38 : Saran [825-875 ADJ**
A38-02 X250 13 150-500 0.88 091 4741 600 835 14 822 093 76.140.5 0.99 80.9+0.5
X252 13 150-500 090 091 4840 600 838 14 813
ABO 05011 23030 08 084 s 00 752 13 88 ) o P
A38-04 X259 12 200-500 0.88 0.90 4930 600 690 1.1 81.8 0.94 77.310.4 747435 0.95 78.1+0.4 780230 80.5+0.6
X260 11 150-450 0.66 0.88 3539 600 666 1.1 82.6
A38-06 X265 13 150-500 0.82 090 4409 600 767 13 782 091 70.7+0.5 0.95 73.8+0.5 79.9+0.4
X267 13 150-500 0.81 090 4347 600 746 13 772



Table S2.

Fragment Specimen Tmin-Tmax FLab NRM T1 Slope R' F Triaxe F Triaxe mean
(T1Y value per fragment
+ oF
W) @) (%) (%) @T) @T)
VANO04/05, Vanves, rue de la République, [525-575] AD, (27/17/4)*
VANO04-03 VANO04-03A  260-505 70 91 -4 73.6 732+04
VANO04-03C 270-515 75 90 3 72.8
VANO04-08 VANO4-08A 210-520 70 87 -1 76.2 75.1x1.1
VANO04-08C  175-520 75 89 0 74.0
VANO05-03 VANO5-03A  195-510 75 70 2 74.5 74 .8+0.3
VANO5-03B  180-510 75 81 5 75.0
VANO05-04 VANO05-04C  260-495 75 67 3 69.7 71.2+1.5
VANO05-04D  260-485 75 68 1 72.6

SAR16, Saran, Lac de La Medecinerie, [550-600] AD, (13/7/3)*

SAR16-06 SAR16-06A 265-510 75 82 -3 77.8 78.5+£0.7
SAR16-06B  225-510 75 90 5 79.1
SAR16-06C 270-510 75 89 1 782

SAR16-11 SARI16-11A 195-510 75 87 -3 76.0 76.4+1.1
SAR16-11B  185-510 75 90 2 77.6
SARI16-11C 185-510 75 91 -4 75.5

SAR16-12 SAR16-12A  205-510 75 94 1 77.5 75.8+1.5
SAR16-12B  205-510 75 96 1 74.6
SAR16-12C 205-510 75 96 5 75.3

SAR18, Saran, La Guignace, [550-600] AD, (15/9/8)*

SAR18-01 SAR18-01A 180-490 70 91 3 76.9 75.6x1.3
SARI18-01B 180-475 75 87 2 743

SAR18-02 SARI18-02A 180-485 70 90 2 75.6 76.7+1.1
SAR18-02B  220-480 75 85 1 77.7

SAR18-03 SAR18-03B  200-480 75 93 3 73.7 74 .8+1.1
SAR18-03C 195-480 75 90 0 75.8

SAR18-07 SARI18-07A 215-485 70 92 3 78.6 79.1+0.5
SAR18-07B  200-480 75 91 6 79.6

SAR18-09 SAR18-09A 260-485 70 87 -5 74.0 75.1+1.1
SAR18-09B  260-480 75 86 0 76.1

SAR18-10 SARI18-10A 215-490 70 89 3 76.2 77.3+1.1
SARI18-10B 180-475 75 81 2 78.3

SARI18-11 SARI18-11A 180-490 70 87 -2 78.5 78.5+0.0
SARI18-11B 180-475 75 84 1 78.5

SARI18-14 SARI18-14A 205-490 70 86 -3 79.7 79.7£0.0
SARI18-14B  205-490 75 83 1 79.7

SARI12, Saran, Lac de La Medecinerie, [550-600] AD, (27/16/11)*

SAR12-02 SARI12-02A  230-510 80 84 4 76.7 77.5+0.8
SARI12-02B  235-505 75 89 1 78.3

SAR12-03 SAR12-03A  175-505 65 93 3 79.6 79.9+0.3
SARI12-03B  195-495 75 73 9 80.1

SAR12-04 SARI12-04A  175-505 80 93 -3 76.2 76.5+0.3
SARI12-04B  205-495 75 94 6 76.7

SAR12-06 SAR12-06A 195-510 80 93 1 78.2 78.9+0.7
SARI12-06B 195-485 75 93 2 79.5



SAR12-11

SAR12-15

SAR12-17

SAR12-18

SAR12-21

SAR12-25

SAR12-27

SAR20-03

SAR20-04

SAR20-06

SAR20-07

SAR20-09

SAR20-10

SAR20-14

SAR20-15

SAR13-04
SAR13-08
SAR13-09
SAR13-13
SAR13-14
SAR13-16
SAR13-18
SAR13-19
SAR13-20
SAR13-22

SAR13-25

SARI12-11A 175-505 75 89 2
SAR12-11B  175-505 75 84 3
SAR12-15B  180-495 75 91 5
SAR12-15C 180-495 75 93 7
SARI12-17A 175-495 75 93 -1
SARI2-17B  175-490 75 93 -3
SAR12-18A 175-505 75 87 3
SAR12-18B  175-505 75 91 -2
SARI2-21A 175-505 75 95 7
SAR12-21B  175-505 75 89 9
SAR12-25A 175-505 75 96 -2
SAR12-25B  175-500 75 96 7
SARI12-27A  175-505 75 81 5
SARI12-27B  200-505 75 78 6
SAR20, Saran, La Guignace, [575-625] AD, (16/14/8)*
SAR20-03A 185-485 75 88 2
SAR20-03B  200-485 75 84 -4
SAR20-04A 240-485 75 86 -1
SAR20-04B  240-475 75 79 4
SAR20-06A 180-490 75 86 4
SAR20-06B  180-475 75 80 2
SAR20-07A 180-485 75 91 -2
SAR20-07B  180-475 75 89 -2
SAR20-09A 180-485 75 87 0
SAR20-09B  190-475 75 78 -4
SAR20-10A  225-485 75 80 -6
SAR20-10B  230-485 75 80 1
SAR20-14A  255-485 75 85 0
SAR20-14B  275-475 75 80 4
SAR20-15A 175-475 75 79 0
SAR20-15B 175475 75 79 2
SAR13, Saran, Lac de La Medecinerie, [625-675] AD, (27/21/11)*
SAR13-04A 180-500 75 90 5
SAR13-04B 180-495 75 91 3
SAR13-08A 340-505 75 94 4
SAR13-08C 375-510 75 90 4
SAR13-09A 305-510 75 75 5
SAR13-09B 325495 75 84 3
SARI13-13A 175-510 75 90 -5
SAR13-13D 180-510 75 91 -3
SAR13-14A 245-510 75 92 5
SAR13-14B  250-500 75 87 5
SARI13-16A 220-510 75 95 6
SARI13-16C  225-500 75 91 1
SAR13-18A 205-510 75 90 5
SAR13-18B  225-500 75 91 5
SAR13-19A 220-510 75 92 2
SARI13-19B  180-500 75 85 -4
SAR13-20B  200-495 75 96 -1
SAR13-20C  200-485 75 93 1
SARI13-22A  175-500 75 95 3
SAR13-22B  200-500 75 94 -1
SAR13-25A 175-490 75 94 2
SAR13-25B 185490 75 89 6
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80.0
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752
76.7
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77.4+0.5
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79.0+0.1
78.5+0.5
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81.3+0.1

76.0+0.8

79.4+1.5

78.2+0.2
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83.0+0.0
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76.3+0.2

77300

74.9+1.2



SARI14, Saran, Lac de La Medecinerie, [625-675] AD, (27/11/6)*

SAR14-03 SAR14-03A 230-490 75 79 1 783 78.1+0.3
SAR14-03B  215-505 75 89 2 77.8

SAR14-07 SAR14-07A 175-505 75 95 4 77.8 77404
SAR14-07B  175-485 75 91 8 77.0

SAR14-09 SAR14-09A 175-505 75 89 7 76.8 77.4+0.6
SAR14-09B 175-490 75 93 5 78.0

SAR14-12 SARI14-12A 175490 75 95 4 759 76.2+0.3
SAR14-12B  175-485 75 91 2 764

SAR14-19 SAR14-19A 220-505 75 93 1 79.1 79.4+0.3
SAR14-19B 245-490 75 93 1 79.7

SAR14-26 SAR14-26A 175-505 75 89 0 774 77.4+0.1
SAR14-26C  200-510 75 91 1 773

SAR22, Saran, La Guignace, [625-675] AD, (23/14/8)*

SAR22-05 SAR22-05A 180-490 75 91 5 754 742+1.3
SAR22-05B  180-495 75 88 6 729

SAR22-08 SAR22-08A 415-490 75 79 2 772 76.8+0.4
SAR22-08B  340-480 75 81 0 76.4

SAR22-10 SAR22-10A 250-495 75 91 2 76.3 76.6x£0.3
SAR22-10B  245-490 75 87 4 76.9

SAR22-11 SAR22-11A  200-490 75 90 2 79.1 78.9+0.2
SAR22-11B  180-485 75 89 1 78.7

SAR22-12 SAR22-12A  250-485 75 84 4 78.1 77.0+1.1
SAR22-12B  265-485 75 92 6 759

SAR22-17 SAR22-17A 180-485 75 91 0 750 74.9+0.2
SAR22-17B  180-480 75 87 -3 74.7

SAR22-21 SAR22-21A 175-485 175 90 2 76.0 75.3+£0.7
SAR22-21B  180-480 75 86 2 74.6

SAR22-23 SAR22-23A  200-490 75 93 4 75.1 75.0+0.2
SAR22-23B  180-480 75 88 1 74.8

INGO1, Ingré, [600-700] AD, (11/10/5)*

INGO01-01 INGO1-01A 180-515 80 86 2 79.0 78.7+0.5
INGO1-01B  175-500 80 89 -3 78.1
INGO1-01C  175-495 80 87 3 79.0

INGO01-04 INGO1-04A  200-495 80 79 1 77.8 77.2+0.6
INGO1-04B  180-490 75 93 6 76.6

INGO1-05 INGO1-05A  175-515 80 92 -3 76.3 76.5+0.2
INGO1-05C  175-495 75 86 -6 76.6

INGO1-07 INGO1-07A  200-455 70 96 -1 79.5 78.4+1.1
INGO1-07B  175-475 80 94 4 77.3

INGO1-09 INGO1-09A 200-460 75 69 -2 78.1 77.1+1.0
INGO1-09C 195-480 75 76 2 76.1

SAR23, Saran, La Guignace, [650-700] AD, (17/15/7)*

SAR23-04 SAR23-04A 215-490 75 83 4 78.2 77.7+0.6
SAR23-04C 175-482 75 89 0 77.1

SAR23-05 SAR23-05A 195-485 75 83 5 78.2 78.6+£0.4
SAR23-05B  205-490 75 88 1 79.0

SAR23-06 SAR23-06A 175485 75 83 1 77.7 78.5+£0.8
SAR23-06B  180-485 75 82 -1 79.3

SAR23-09 SAR23-09A 180-490 75 83 4 752 76.0+0.8
SAR23-09B  190-485 75 83 -1 76.8

SAR23-15 SAR23-15A 200-490 75 92 4 76.6 76.8+0.2



SAR23-16

SAR23-17

VANO07-04

VANO7-05

VANO07-06

VANO7-08

VANO7-09

A36-03

A36-05

SAR08-05

SARO08-13

SARO08-18

SARO08-19

SARO08-23

SAR08-33

SARO08-34

SAR25-01

SAR25-02

SAR25-04

SAR25-05

SAR25-06

SAR26-01

SAR23-15B  180-490 75 92 2
SAR23-16A 180-485 75 89 2
SAR23-16B  180-490 75 89 1
SAR23-17A  225-490 75 88 4
SAR23-17B  260-485 75 77 6
VANO7, Vanves, Rue Gaudray, [650-750] AD, (14/13/5)*
VANO7-04A 220-500 75 93 7
VANO7-04B  175-490 75 91 3
VANO7-04C  240-490 75 88 5
VANO7-05A 175-500 75 91 -3
VANO7-05B 175-500 75 90 4
VANO7-06A 175-500 75 86 -4
VANO7-06B  225-490 75 73 4
VANO7-06C  255-500 75 79 8
VANO7-08A  250-500 75 89 7
VANO0O7-08B  250-500 75 94 5
VANO7-09A 185-500 75 86 1
VANO7-09B 195-500 75 88 7
A36/SARO08, Saran, Zac des Vergers, [675-725] AD, (43/29/9)"<
A36-03C 380-520 70 0
A36-03D 360-520 70 87 1
A36-05A 390-485 65 69 6
A36-05C 355-500 70 80 4
SARO08-05B  205-485 70 87 6
SARO08-05C 180-480 70 91 2
SARO8-13A  335-480 70 79 4
SARO08-13C  385-495 70 77 -3
SARO08-18A  180-515 70 94 -1
SARO08-18B  185-500 70 92 2
SARO8-19A 225-500 70 96 4
SARO08-19C  265-495 70 95 5
SARO08-23A  250-500 70 96 5
SARO08-23B  240-470 70 86 4
SAR08-23C  205-465 70 80 5
SARO08-33A  215-500 70 91 3
SARO08-33B  235-470 70 77 3
SARO08-34A  195-500 70 98 4
SAR08-34B  225-470 70 83 2
SAR2S5, Saran, L.a Guignace, [750-800] AD, (9/9/5)*
SAR25-01A 175-495 75 90 2
SAR25-01B  190-485 75 86 2
SAR25-02A 195-495 75 91 -3
SAR25-02B  176-495 75 89 -1
SAR25-04A 175-500 75 94 3
SAR25-04B 175-485 75 90 4
SAR25-05A 175-495 75 89 2
SAR25-05B  175-485 75 87 -6
SAR25-06A 175-495 75 85 0
SAR25-06B 175-485 75 91 1
SAR26, Saran, La Guignace, [750-800] AD, (12/8/4)*
SAR26-01A 175-495 75 98 4
SAR26-01B  175-490 75 96 1
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774
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80.2
80.1
73.2
73.8
794
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75.2
76.7
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80.4

73.2
73.3

79.9+0.5

78.2+1.3

75.6+0.3

73.1+1.1

76.7+1.3

75.7+£0.5

73.6+1.0

73.9+0.6

68.2+1.1

73.8+1.7

72.5+0.2

76.7+0.8

71404

74.6+0.5

72.9+0.3

77.0+0.4

80.2+0.1
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79.4+0.0

76.0+0.8

80.8+0.4

73.3+0.1



SAR26-02

SAR26-06

SAR26-08

SAR07-01

SARO07-10

SARO07-19

SAR07-21

SAR07-23

SARO07-26

SARO05-03
SAR05-06
SARO5-11
SARO05-13

SARO05-19

SAR27-01
SAR27-03
SAR27-05
SAR27-07
SAR27-09
SAR27-10

SAR27-13

A38-03

A38-06

SAR26-02A 180-500 75 94
SAR26-02B  175-490 75 91
SAR26-06B  225-520 75 94
SAR26-06C 225-520 75 94
SAR26-08A 270-485 75 75
SAR26-08B  280-500 75 85
SARO07, Saran, Zac des Vergers, [775-825] AD, (30/23/6)*
SAR07-01B  195-515 75 83
SARO07-01C  175-530 75 90
SARO7-10A 320-485 75 85
SARO7-10B  355-480 75 85
SARO07-19A 175-500 75 93
SARO07-19B  175-480 75 88
SARO07-21A 255-505 75 94
SARO07-21B  255-480 75 83
SARO07-23A 175-500 75 93
SARO07-23B  175-485 75 85
SARO07-26A  230-480 75 82
SARO07-26B  270-470 75 75
SARO0S, Saran, Zac des Vergers, [800-850] AD, (24/22/5)*
SARO05-03B  345-540 80 96
SARO05-03D 310-540 80 91
SARO05-06A 175-515 80 96
SARO05-06B  175-490 80 83
SARO5-11A  175-520 80 94
SARO05-11B  175-485 80 85
SARO05-13A  310-515 80 80
SARO05-13C  335-505 80 83
SARO05-19A  180-480 80 88
SARO5-19B  175-470 80 82
SAR27,Saran, La Guignace, [800-850] AD, (14/14/7)*
SAR27-01A 175-495 80 86
SAR27-01B 175-495 80 88
SAR27-03A 190-475 80 93
SAR27-03B  175-475 80 87
SAR27-05A 295-495 80 81
SAR27-05C 280-495 80 76
SAR27-07A 335-495 80 82
SAR27-07B  335-495 80 83
SAR27-09B 175-510 80 87
SAR27-09C 190-510 80 87
SAR27-10A  235-495 80 90
SAR27-10B  200-485 80 87
SAR27-13A  290-495 80 65
SAR27-13B  325-520 80 76
A38, Saran, Lac de La Medecinerie, [800-850] AD, (6/5/2)*
A38-03B 295-505 80 97
A38-03C 255-510 80 97
A38-06B 175-470 80 92
A38-06B 175-465 80 89

SARO04, Saran, Lac de La Medecinerie, [800-850] AD, (31/26/10)*
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SAR04-03
SAR04-13
SAR04-17
SAR04-18
SAR04-19
SAR04-21
SAR04-22
SARO04-24
SARO04-25

SAR04-29

SAR10-03

SAR10-04
SAR10-05

SAR10-08

pot 10
pot 18
pot 23
pot 25
pot 36

pot 48

SARO04-03A 295-495 80 88
SAR04-03B  280-475 75 88
SAR04-13A  333-495 80 81
SARO04-13B  310-490 75 90
SARO04-17A  175-495 80 79
SAR04-17B  175-475 75 78
SAR04-18A  175-480 75 89
SAR04-18C 175-500 75 88
SARO04-19A 360-480 75 75
SAR04-19B  400-470 75 63
SAR04-21A 180-480 75 87
SAR04-21B  200-470 75 78
SAR04-22A  240-480 75 81
SAR04-22B  260-485 75 91
SAR04-24A  175-480 75 72
SAR04-24B  180-490 75 87
SARO04-25A  245-480 75 83
SAR04-25B  270-480 75 82
SAR04-29A  220-480 75 92
SAR04-29B  225-485 75 91
SARI10, Saran, le Bourg, [850-950] AD, (9/7/4)*
SARI10-03A 225-490 75 90
SAR10-03B 225470 75 87
SAR10-03C  225-460 75 82
SAR10-04A 335-490 75 78
SAR10-04C  325-500 75 91
SAR10-05A 175-490 75 96
SAR10-05C 175-460 75 86
SAR10-08B  195-490 75 83
SARI10-08C 175-490 75 86
SARO00, Saran, Lac de La Medecinerie, 14/11/2009, (17/6/6)*
SARO00-10A 185-495 50 80
SAR00-10B  195-495 50 79
SARO00-18A 210-495 50 72
SAR00-18B  185-490 50 72
SARO00-23A  220-495 50 90
SAR00-23B  200-485 50 89
SARO00-25A  190-485 50 67
SAR00-25B  195-510 50 78
SARO00-36A  190-495 50 86
SAR00-36B  195-510 50 92
SARO00-48A  180-510 50 91
SAR00-48B  180-495 50 84
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