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We present new archeointensity results from a series of groups of pottery fragments that were collected 
from the multi-layered archeological site Yarim Tepe II in Northern Iraq (Northern Mesopotamia) dated to 
the 6th millennium BC. This site comprises a 7-m-thick sequence of archeological deposits encompassing 
the Middle Halaf, Late Halaf and the Halaf-Ubaid Transitional (HUT), between ∼5750 and ∼5000 BC 
according to the chronology currently considered for the Halafian archeological period. Three new 
radiocarbon dates obtained from bone fragments confirm that Yarim Tepe II was likely not occupied 
before the Middle Halaf, as was independently established from archeological constraints. Archeointensity 
determinations were carried out using the protocol developed for the Triaxe magnetometer. This 
procedure takes into account thermoremanent magnetization anisotropy and cooling rate effects. 
114 fragments fulfilled our set of archeointensity selection criteria, with intensity data obtained from 
at least two but most often three specimens per fragment. Mean archeointensity values were estimated 
for 23 groups of fragments well distributed across the entire stratigraphic sequence from the averaging 
of the data obtained from a minimum of three fragments per group. These values were dated using a 
bootstrap procedure relying on the stratigraphic position of the different groups of fragments and on the 
different age constraints available inside the Yarim Tepe II sequence. The new data show a significant 
decrease in geomagnetic field intensity by ∼12 μT between the Middle Halaf and the Late Halaf–HUT 
time interval. This decrease was accompanied by a short intensity peak, which may have lasted only a 
few decades, around the Middle Halaf–Late Halaf boundary, at ∼5500 BC. This evolution is quite similar 
to that observed from Syrian and Bulgarian archeointensity data, even though the precise duration of the 
intensity peak is presently questionable. The Bulgarian data set further suggests that the intensity secular 
variation in the Near East and in Eastern Europe during the 6th millennium BC was in fact principally 
punctuated by two successive short-lasting intensity peaks, the first around 5800 BC and the second 
around 5500 BC. The scarcity of the intensity data available worldwide, however, prevents us constraining 
the geomagnetic dipole or non-dipole origin of these features. The variation rates associated with the 
rapid intensity fluctuations observed in Yarim Tepe II are of ∼0.15–0.25 μT/yr. This range of values 
appears similar to that of rapid intensity variations that sporadically occurred in more recent times, 
such as in Western Europe around 700 BC and 1000 AD. In contrast, it is lower than the variation rates 
that were proposed for geomagnetic spikes. Our results also have interesting implications on Halafian 
archeology; in particular, they suggest that the Late Halaf–HUT boundary was older by ∼ one century 
than previously considered.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Episodes of rapid, perhaps even extreme geomagnetic field vari-
ations are gaining interest throughout the archeomagnetism and 
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geomagnetism communities. This interest has come to the fore 
with the discovery of archeomagnetic jerks and of geomagnetic 
spikes, as originally proposed by Gallet et al. (2003) and Ben-Yosef 
et al. (2009), respectively. These two geomagnetic features involve 
relative intensity maxima, but between them, the nature of the 

peaks strongly differs in both amplitude and duration.
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According to Ben-Yosef et al. (2009) and Shaar et al. (2011), 
the geomagnetic spikes would last less than 30–50 yr and the as-
sociated intensity variation rates would reach up to several μT/yr, 
a value much higher than the maximum rate of intensity varia-
tions known for the recent geomagnetic field (∼0.10 μT/yr; e.g. 
Livermore et al., 2014). Owing to the fact that the uppermost part 
of the liquid outer core is probably stratified (e.g. Hirose et al., 
2013), the spike events would not be compatible with our present 
understanding of core flow patterns at the core surface. In partic-
ular, the mean velocity of the core-surface flows would need to be 
increased during only a few decades by a factor of ∼5 to 8 with 
respect to that characterizing the recent field behavior (Livermore 
et al., 2014). Consequently, the geomagnetic spikes, if confirmed, 
would probably require the existence of yet poorly known core 
processes. Although less extreme and apparently compatible with 
the core-surface flow patterns currently envisaged (e.g. Dumberry 
and Finlay, 2007), the origin of archeomagnetic jerks detected so 
far in Western Europe remains also quite uncertain. Gallet et al.
(2009) suggested that they could reflect episodes of maximum 
geomagnetic field hemispheric asymmetry, but this interpretation 
still requires confirmation.

It remains that both archeomagnetic jerks and geomagnetic 
spikes require further testing (e.g. Gallet et al., 2014; Shaar et al., 
2016; Hervé et al., 2017). Fournier et al. (2015) recently showed 
that a confirmation of the geomagnetic spikes through their pos-
sible effects on radionuclide production is far from being straight-
forward. It would also be pointless to seek corroborative evidence 
of these geomagnetic features in the global archeomagnetic field 
models covering the past few millennia (e.g. Pavón-Carrasco et al., 
2014; Nilsson et al., 2014), as their resolution is strongly penal-
ized by the uneven temporal and geographical distributions of the 
available data used to build the models. Therefore, their reliability 
can only be established from the acquisition of new archeointen-
sity results.

In archeomagnetism, if we except cases of pure chance (e.g. 
Ertepinar et al., 2012) or a result originating from a large col-
lection of precisely-dated data obtained from different sites at a 
regional scale (e.g. Genevey et al., 2013, 2016; Gallet et al., 2014;
Hervé et al., 2017), the observation of rapid or extreme geomag-
netic events requires specific sampling conditions. In the case of 
the geomagnetic spikes dated to the beginning of the first mil-
lennium BC discovered in the Levant, Ben-Yosef et al. (2009) and 
Shaar et al. (2011) analyzed copper slags collected from a series 
of layers rapidly accumulated due to intense metallurgical activ-
ity. Similar conditions also prevailed in certain archeological sites 
comprising a succession of numerous superimposed archeological 
layers, each of them characterizing a short-lasting occupation level. 
Multi-layered settlements are relatively numerous in the Near East 
or in Eastern Europe (e.g. Bulgaria) and their significant potential 
for recovering a time-sequential record of the field variations was 
underlined for instance by Kostadinova-Avramova et al. (2014) (see 
also Gallet et al., 2014 or Shaar et al., 2016).

In addition to the spikes detected at the beginning of the first 
millennium BC, Gallet et al. (2006, 2014) proposed in the Near East 
three periods also characterized by short-lasting (∼100–200 yr) in-
tensity peaks: around 2600 BC, ∼2300 BC and ∼1500 BC. For older 
periods, before the Early Bronze Age (i.e. beyond ∼3000 BC), the 
available archeointensity data set is much more limited, preclud-
ing good knowledge of the intensity variations. However, Gallet et 
al. (2015) conducted an archeointensity study on potsherds sam-
pled in Tell Halula and Tell Masaikh (Syria) dated to between the 
7th and 6th millennium BC, i.e. during the late Neolithic (or Pot-
tery Neolithic) period. Beyond the fact that these data are among 
the oldest archeomagnetic results obtained worldwide, Gallet et al.
(2015) emphasized the excellent success rate of the archeointen-

sity experiments carried out on ceramic fragments produced dur-
ing the Halaf period (∼5900–5300 BC; e.g. Bernbeck and Nieuwen-
huyse, 2013), a cultural phase remarkable for the quality of its 
ceramic production, with various shapes and extremely elaborate 
and beautifully painted decorations. The clay paste used for this 
production was fine and well fired in predominantly oxidizing 
conditions, which makes it a perfect target for archeomagnetic in-
vestigations. This interest is even more important because both 
Kovacheva et al. (2014) and Gallet et al. (2015) found significant 
and rapid geomagnetic field intensity variations during the 6th 
millennium BC.

Many Halafian sites were identified in Northern Mesopotamia 
and some of them were excavated in the past 100 yr, for in-
stance Tell Arpachiyah, Yarim Tepe II in Northern Iraq and Tell 
Halaf, Tell Sabi Abyad, Chagar Bazar and Tell Halula in Syria 
(for a synthesis see for instance Akkermans and Schwartz, 2003;
Nieuwenhuyse et al., 2013). Among these sites, Yarim Tepe II ap-
pears as a typical multi-layered settlement comprising a 7-m-thick 
sequence of archeological deposits. It was thoroughly excavated by 
Soviet archeologists in the early 1970s (e.g. Munchaev and Mer-
pert, 1981). Today, this site is inaccessible, but fortunately most 
archeological remains (several thousands of potsherds, lithics and 
various objects including a few bone fragments) were transported 
to Moscow at the time of the excavations, listed and stored in a 
repository at the Archeological Institute. Thanks to this, here we 
present new archeointensity data obtained from a time-sequential 
series of groups of potsherds encompassing the entire thickness of 
the Yarim Tepe II deposits. Note that this work follows a previous 
study performed on the same archeological site by Nachasova and 
Burakov (1995), but which provided no information neither on the 
sampling nor on the archeomagnetic analyses. Our results there-
fore supersede the previous ones.

2. Archeological background and archeomagnetic sampling

The archeological site of Yarim Tepe II (λ = 36◦20′21′′N, ϕ =
42◦20′58′′E) is situated in Northern Iraq, in the modern province 
of Nineveh about 50 km westward from the city of Mosul 
(Fig. 1a). Historically, this territory belongs to Northern (or Up-
per) Mesopotamia. Several cultural phases were distinguished in 
this region during the Pottery Neolithic period, mainly from their 
ceramic productions: Proto-Hassuna and Archaic Hassuna, or pre-
Halaf for a more general definition, during the 7th millennium 
BC, Hassuna/Samarra or Proto-Halaf, Halaf and Halaf-Ubaid Tran-
sitional (HUT) during the 6th millennium BC (see for instance, 
Akkermans and Schwartz, 2003; Nieuwenhuyse et al., 2013 and 
references therein).

In the late 1960s, a team of Soviet archeologists headed by R. 
Munchaev and N. Merpert discovered an ensemble of six hills over 
an area of ∼0.5 km2 along the Dzhubara–Dyaryasi intermittent 
watercourse in the Tigris–Euphrates valley (Fig. 1b). Three mounds 
referred to as Yarim Tepe I/II/III revealed respectively the re-
mains of three successive cultures, Hassuna, Halaf and HUT/Ubaid 
(Munchaev and Merpert, 1981). Intensive excavations were con-
ducted until 1976 on the two most promising Yarim Tepe I and II 
sites. Here, we only focus on Yarim Tepe II. The hill is 100–120 m 
long, 50–60 m wide and 7 m high. This elongated shape is due to 
partial erosion by water flow (note that Yarim Tepe means “half of 
the hill” in Turkish). The excavations were undertaken in the cen-
tral part of the hill on a surface of ∼600 m2 (Fig. 1c). Even though 
the uppermost layers were disturbed by graves and pits emplaced 
in more recent times, they revealed ceramics similar to that dis-
covered in Yarim Tepe III and dated to the HUT period. The virgin 
soil was reached immediately below the Halafian levels.

A detailed description of the excavations can be found in 
Munchaev and Merpert (1981) and Merpert and Munchaev (1993). 

Altogether, the deposits yield a 7.0-m-thick sequence of superim-
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Fig. 1. General location map of Yarim Tepe II in the Near Eastern region (a). 
b) Satellite view of the three principal archeological sites discovered in Yarim Tepe 
(© Google Earth). c) View of the Soviet excavations conducted in Yarim Tepe II 
(© N.J. Merpert and R.M. Munchaev).

posed layers of occupation, divided into nine archeological levels 
based on the evolution in typo-morphology of ceramics. Each level 
contains from three to five superimposed stratigraphic layers, ex-
cept level VII, which is very thin (about 30 cm). Our archeomag-
netic sampling, relying on this subdivision, was performed from 
only three central digging squares in order to avoid as much as 
possible complexities that could be related to disruption in the 
lateral extension of the layers. The position of the potsherds was 
carefully checked according to the plans established by the arche-
ologists and from the examination of the field notebooks contain-
ing all information on the excavations. We collected 30 groups 
of potsherds from successive stratigraphic layers across the en-
tire Yarim Tepe II sequence, in most cases having a thickness of 
about 20 cm (Table 1; note that only one group of fragments was 
assembled for the very thin archeological level VII). Each group 
consists of at least three, up to 13 pottery fragments (see exam-
ples in Fig. 2). The latter were chosen following the fineness of the 

clay paste and their color, from light orange to light grey.
3. Methodology

All archeointensity results were obtained using the experimen-
tal protocol developed by Le Goff and Gallet (2004) for the three-
axis vibrating sample magnetometer called Triaxe. This magne-
tometer allows continuous magnetization measurements of a small 
cylindrical specimen (volume <1 cm3) directly at high temper-
atures (up to ∼700 ◦C). The Triaxe protocol is derived from the 
Thellier and Thellier (1959) method. The archeointensity analyses 
are performed between two temperatures referred to as T1 and T2, 
with T1 fixed to 150 ◦C and T2 generally chosen between 450 ◦C 
and 550 ◦C. Note that T2 is chosen to be not too high in order to 
minimize the possibility of alteration of the magnetic mineralogy 
during heating. After an initial heating of the specimen from room 
temperature to T1, the automated procedure involves a succession 
of five series of magnetization measurements made every ∼5 ◦C 
(M1 to M5; Le Goff and Gallet, 2004):

1. The specimen is first heated in zero field between T1 and T2, 
which allows the demagnetization of the NRM (series M1).

2–3. The specimen is then successively cooled down to T1 (se-
ries M2) and again heated up to T2 in zero field (series M3), in 
order to characterize the thermal variations of the NRM fraction 
still blocked at T2.

4. The specimen is cooled to T1 in a field (Hlab), the intensity 
of which is close to the expected ancient field intensity and the 
direction of which is such as the new laboratory TRM is acquired 
parallel to the NRM direction (series M4; see discussion in Le Goff 
and Gallet, 2004).

5. The specimen is heated to T2 in zero field in order to de-
magnetize the new laboratory TRM.

The experiments end with the rapid cooling of the specimen to 
room temperature. The entire cycle of measurements lasts slightly 
more than two hours.

From the magnetization data of series M1, M3 and M5 (acquired 
while the specimen is being heated), an estimate of the ancient 
field intensity (R′(Ti)) is obtained for each temperature Ti between 
T1 and T2 using the formula:

R′(Ti) = Hlab ∗ �′1(Ti)/�′5((Ti)

Where

�′1(Ti) = (
M1(T1) − M1(Ti)

) − (
M3(T1) − M3(Ti)

)

�′5(Ti) = (
M5(T1) − M5(Ti)

) − (
M3(T1) − M3(Ti)

)

A mean intensity value is determined at the specimen level by 
averaging all the R′(Ti) data obtained between T1 and T2. In the 
case of a secondary magnetization component still existing above 
T1, this temperature can be changed into T1′ (<T2), so that the 
Triaxe intensity values are always determined from the character-
istic/primary uni-vectorial magnetization of the archeological arti-
facts acquired during their manufacturing. A significant advantage 
of the Triaxe protocol is also that for each specimen, the mean 
R′(Ti) value takes into account both the anisotropy and cooling 
rate effects on TRM acquisition, as thoroughly discussed in Le 
Goff and Gallet (2004), Genevey et al. (2009) and Hartmann et al.
(2010, 2011).

The reliability of the archeointensity values was evaluated 
through a set of selection criteria whose pertinence was clearly 
established in previous studies (e.g. Gallet and Le Goff, 2006; 
Gallet et al., 2006, 2015; Genevey et al., 2009, 2016; Hartmann 
et al., 2010, 2011). It is worth recalling that these criteria are ap-
plied at three levels: specimen, fragment and group of fragments. 
At the specimen level, the criteria concern the magnetic behav-
ior observed during the Triaxe experiments, with the isolation of 

a well-defined characteristic thermoremanent magnetization and 
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Table 1
Archeological and archeomagnetic information on the groups of fragments studied in Yarim Tepe II. Columns 1 and 2: Name and archeological age of the groups of fragments. 
Columns 3 and 4: Stratigraphic position and modeled ages of the different groups of fragments. Columns 5 and 6: Mean intensity values and their standard deviations 
obtained before and after the use of a 3σ rejection test. Column 7: Number of fragments (N) and specimens (n) used to compute the mean intensity values provided in 
column 6.

Group of 
fragments

Archeological 
period

Depth 
(m)

Age 
(BC)

Intensity 
(μT)

Intensity 3σ
(μT)

N frag. 
(n spec.)

YT01 HUT 0.20–0.40 5125 ± 56 33.6 ± 5.5 31.5 ± 2.1 5(15)
YT03 HUT 0.60–0.80 5162 ± 49 33.9 ± 4.6 31.9 ± 1.4 4(12)
YT04 HUT 1.00–1.20 5199 ± 44 31.4 ± 3.4 31.4 ± 3.4 3(8)
YT06 HUT 1.30–1.70 5237 ± 41 31.0 ± 3.4 29.7 ± 2.0 4(10)
YT07 HUT 1.70–1.85 5262 ± 38 33.3 ± 2.8 33.3 ± 2.8 3(9)
YT10 Late Halaf 2.15–2.40 5313 ± 36 30.8 ± 0.6 30.8 ± 0.6 3(6)
YT11 Late Halaf 2.20–2.40 5314 ± 36 31.9 ± 1.1 31.9 ± 1.1 3(9)
YT14 Late Halaf 2.80–3.20 5402 ± 30 31.1 ± 3.0 32.4 ± 1.6 3(8)
YT15 Late Halaf 3.20–3.40 5440 ± 25 32.4 ± 1.5 32.4 ± 1.5 3(9)
YT16 Late Halaf 3.20–3.60 5452 ± 29 32.6 ± 2.1 31.7 ± 1.0 3(9)
YT17 Late Halaf 3.40–3.70 5471 ± 27 30.9 ± 3.6 32.5 ± 1.5 3(9)
YT19 Late Halaf 3.60–3.90 5497 ± 29 31.4 ± 2.6 32.6 ± 1.1 3(8)
YT20 Late Halaf 3.70–4.00 5510 ± 30 32.5 ± 1.2 32.5 ± 1.2 6(17)
YT21 Late Halaf 4.40–4.60 5551 ± 20 34.5 ± 2.9 35.9 ± 1.3 3(8)
YT22 Late Halaf 4.60–4.70 5558 ± 21 43.2 ± 2.5 44.3 ± 1.4 3(8)
YT22A Middle Halaf 4.80–5.20 5583 ± 21 32.4 ± 4.0 31.0 ± 2.3 5(12)
YT23 Middle Halaf 5.00–5.40 5611 ± 21 39.2 ± 4.5 39.2 ± 4.5 4(11)
YT24 Middle Halaf 5.50–5.70 5658 ± 20 43.8 ± 5.0 43.8 ± 5.0 5(15)
YT25 Middle Halaf 5.60–5.86 5672 ± 19 41.5 ± 3.6 43.1 ± 0.8 4(11)
YT26 Middle Halaf 5.90–6.20 5680 ± 18 43.4 ± 2.9 44.8 ± 0.9 3(9)
YT27 Middle Halaf 6.20–6.60 5701 ± 19 45.7 ± 2.1 45.7 ± 2.1 5(15)
YT28 Middle Halaf 6.50–6.75 5714 ± 18 46.4 ± 1.6 46.4 ± 1.6 5(15)
YT29 Middle Halaf 6.70–7.00 5737 ± 22 44.1 ± 2.3 43.1 ± 0.2 4(12)

Fig. 2. Examples of ceramics discovered in Yarim Tepe II. a) Anthropomorphic clay vessel dated to the Middle Halaf (drawing from Merpert and Munchaev, 1993). b–d) Pot-
sherds from groups YT01, YT03 an YT22 that provided archeointensity results satisfying our selection criteria. Note that one fragment from group YT01 (#05) is not shown 

as all material was used for the archeointensity analyses.



S. Yutsis-Akimova et al. / Earth and Planetary Science Letters 482 (2018) 201–212 205
Fig. 3. Magnetic properties of pottery fragments from Yarim Tepe II. a) IRM curves acquired up to 1 T. b) Two examples of hysteresis loops. c) Distribution of the hysteresis 

ratios with zonation from Dunlop (2002). See Fig. S1 for additional IRM data obtained from other fragments.
with a nominal behavior for the R′(Ti) data as described in Le 
Goff and Gallet (2004). The R′(Ti) data vs temperature curves must 
show a linear and flat evolution, with a slope of less than 10%, and 
the magnetization fraction involved in archeointensity determina-
tion must be larger than 50% of the magnetization above T1/T1′ . 
At the level of the fragment (potsherd) and at the level of each 
group of fragments, the criteria principally concern the consis-
tency of the data. A fragment-mean intensity is considered only 
when at least two specimens give intensity values with a standard 
error (n = 2) or a standard deviation (n = 3) of less than 5% of the 
mean, whereas a group-mean intensity value is retained when at 
least three different fragments provide a mean intensity value with 
a standard deviation of less than 5 μT (Table S1).

In our study, we used an additional test to account for the fact 
that some groups of fragments may contain shards not representa-
tive (in time) of the archeological layers, where they were found. 
It is worth mentioning that such complexity, in the context of 
multi-layered settlements, is particularly critical. Indeed, for these 
sites, it may be extremely difficult if not impossible to ascertain 
the temporal homogeneity of the artifacts found in one particu-
lar stratigraphic layer. For a group of fragments, this may result in 
an intensity value significantly different from the other much less 
scattered values. In order to detect these fragments and eliminate 
the associated intensity values, we used a 3σ rejection test, as-
suming that a single shard at maximum for each group is possibly 
involved in such a perturbation. We conducted this test for each 

group containing at least four fragments successfully analyzed.
In addition to archeointensity measurements, rock magnetic 
experiments were carried out on all the fragments meeting our 
archeointensity selection criteria. These experiments, which aim 
to constrain the magnetic mineralogy of the fragments, include 
isothermal remanent magnetization (IRM) acquisition, hysteresis 
measurements and the acquisition of low-field susceptibility vs 
temperature curves.

4. Magnetic mineralogy

For all the retained fragments, the IRM measurements per-
formed in fields up to 1 T show a magnetization saturation 
achieved between ∼0.3 T and ∼0.5 T (Fig. 3a), compatible with the 
presence of minerals from the (titano)magnetite family. Note that 
additional IRM data are shown in Fig. S1. The absence of high-
coercivity minerals is further attested by the fact that the mea-
sured hysteresis loops are not constricted (Fig. 3b). In the Day di-
agram, the hysteresis ratios, with Mrs/Ms values ranging between 
∼0.05 and ∼0.30 and Hcr/Hc values between ∼1.5 and ∼4.0, lie 
inside the area of pseudo-single domain (PSD) grains of magnetite 
(Fig. 3c; Dunlop, 2002).

The predominance of (titano)magnetite in our collection is also 
evidenced from the low-field susceptibility vs temperature curves 
carried out in most cases up to 600 ◦C. These curves show a clear 
inflexion point close to the Curie temperature of magnetite (Fig. 4
and Fig. S1). In some fragments, another inflexion point is observed 
in intermediate temperatures, around 350 ◦C, which may indicate 

the presence of magnetite with two main grain sizes or different 
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Fig. 4. Examples of low-field susceptibility vs temperature curves acquired up to 600 ◦C. In red the heating curves, in blue the cooling curves. See Fig. S1 for supplementary 

susceptibility data obtained from other fragments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
titanium contents. It is worth pointing out that in all cases, the 
heating and cooling curves are reasonably well reversible, which 
further demonstrates the stability upon heating of the magnetic 
mineralogy of the fragments fulfilling our archeointensity selection 
criteria.

The magnetic mineralogy of the fragments from Yarim Yepe 
II hence appears very similar to that previously identified in the 
Halafian potsherds from Tell Halula and Tell Masaikh, and more 
generally to that observed for most Syrian ceramic fragments dated 
to the Bronze Age period (e.g. Genevey et al., 2003; Gallet et al., 
2014, 2015).

5. New archeointensity results

We analyzed a total of 181 fragments (561 specimens). Among 
them, 114 fragments (321 specimens; Table S1) gave R′(Ti) data 
satisfying our archeointensity selection criteria. This corresponds 
to a success rate of ∼63%, quite similar to that achieved by Gallet 
et al. (2015) from Syrian Halaf potsherds. In a large proportion (94 
fragments), the mean intensity values at the fragment level were 
determined from the data obtained from three different specimens 
(two specimens for the 20 remaining fragments).

Four examples of thermal demagnetization diagrams from re-
tained fragments are shown in Fig. 5. A low unblocking temper-
ature component, likely of viscous origin, is first isolated up to 
∼150 ◦C. A secondary magnetization component is often observed 
up to ∼300–350 ◦C whose origin is probably linked to the fact that 
the associated pots were used in a culinary context. The charac-

teristic or primary magnetization component is thus generally iso-
lated over relatively high temperatures, often from ∼250 ◦C–350 ◦C 
up to ∼510 ◦C.

The rejection of fragments arose from three main causes: 1) a 
magnetization too weak to be measured with the Triaxe magne-
tometer (∼30% of rejected fragments); 2) inappropriate behavior 
observed during the archeointensity experiments, either due to 
an alteration of the magnetic mineralogy or to the presence of 
a strong secondary magnetization component (∼43% of rejected 
fragments); and 3) uncertainties at the fragment level exceeding 
the threshold value of 5% of the corresponding mean (∼27% of 
rejected fragments). This led to the rejection of one group of frag-
ments (YT12) for which no fragment was successfully analyzed. 
Group-mean intensity values could also not be determined for four 
groups because of an insufficient number of retained fragments 
(i.e. less than 3), YT02 and YT08 with only one fragment, and YT09 
and YT18 with two fragments each (Table S2). The other groups 
contain from three to six fragments.

Fig. 6 exhibits the archeointensity data obtained at the speci-
men level for four different groups of fragments. They illustrate the 
limited scatter in the results obtained at the level of each group of 
fragments after the use of the 3σ rejection test for detecting out-
liers. This test allowed us to eliminate 13 fragments (Table S2). At 
this stage, only two groups of fragments were eliminated because 
the standard deviation of their mean intensities is larger than 5 μT 
(YT05 and YT13). Twenty-three groups of fragments of 30 origi-
nally were therefore successfully analyzed. The standard deviation 
of their means ranges from 0.6 μT to 5.0 μT (with an average of 
1.8 ± 1.2 μT), or from 1.9% to 11.5% (with an average of 5.0 ± 3.1%) 

of the corresponding means.
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Fig. 5. Examples of thermal demagnetization diagrams obtained using the Triaxe protocol. The red point in each diagram indicates the directional data at T1′ (see text for 
explanation). Open (closed) symbols refer to the inclinations (declinations) in the orthogonal vector diagrams. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.)

The mean archeointensity values are displayed in Fig. 7 accord-
ing to their stratigraphic position. They are reported both at the 
fragment level (including the data discarded) and at the level of 
the different groups of fragments after the use of the 3σ rejec-
tion test. From the 23 groups of fragments retained, we observe 
an overall step-like evolution, with a marked decrease in inten-
sity by ∼12 μT around stratigraphic level ∼5 m (Table 1). The 
intensity values abruptly change from 43.8 ± 2.4 μT (the mean 
intensity value derived from seven groups in the lower part of 
the sequence, i.e. from groups YT23 to YT29) to 32.2 ± 1.4 μT 
(from 14 groups between YT21 and YT01). However, this change 
is accompanied by a “rebound” as group YT22 with a stratigraphic 
position between 4.60 and 4.70 m yields a mean intensity value 
of 44.3 ± 1.4 μT, whereas the underlying group YT22A (strati-
graphic position 4.80–5.10 m) yields a mean intensity value of 
31.0 ± 2.3 μT (Fig. 7).

The information conveyed by the results of the 3σ rejection 
test is also of interest. Detecting an outlier in several superimposed 
archeological layers as we did for 13 groups of fragments (Table 1) 
may arise from two different situations. For instance, outliers were 
detected in groups YT21, YT22 and YT22A that define the inten-
sity peak previously mentioned around 4.6 m (Fig. 7). In this case, 
their presence may reflect the interdependence between the dura-
tion of the age interval associated with these archeological layers 
and the occurrence of large and rapid geomagnetic field intensity 
fluctuations during the same time interval. Hence, a fragment con-
sidered as an outlier may nevertheless belong to the same time 
interval than the other fragments of the same group. The same in-
terpretation may stand for groups YT25 and YT26 that, we note, 
immediately underlie two groups of fragments (YT23 and YT24) 
possessing mean intensity values with relatively large standard de-
viations of 4.5 and 5.0 μT (∼11.5% of the corresponding means) 
but for which the 3σ rejection test was either unsuccessful or not 
possible. However, the detection of outliers appears widespread 

through the entire Yarim Tepe II sequence, in particular for groups 
YT01 and YT03 located at the top of the hill where stratigraphic 
disturbances did likely occur because of the emplacement of graves 
and pits. This seems to favor a second option in which an outlier 
comes from another archeological layer (or time interval) relative 
to that of the other fragments of the same group. This option, 
leading to the questioning of the homogeneity or integrity of the 
archeological layers assumed by the archeologists, is clearly less 
favorable for our archeomagnetic purposes. The important point to 
note here is the overall good consistency of the archeointensity re-
sults obtained in Yarim Tepe II after the use of the 3σ rejection 
test, with a weak intensity dispersion of less than 3.0 μT observed 
at the level of most groups of fragments. This suggests that the 3σ
rejection test was efficient to eliminate most spurious data.

6. Construction of an age model for the Yarim Tepe II sequence

The pottery production found in Yarim Tepe II was unambigu-
ously dated to the Halaf period, with some HUT levels (Munchaev 
and Merpert, 1981; Merpert and Munchaev, 1987, 1993; Bader, 
1989; Amirov, 1994; Akkermans and Schwartz, 2003; Nieuwen-
huyse et al., 2013). Further, based on results from excavations 
made in Syria over the past decades, several authors underlined 
the absence of Early Halaf pottery in Yarim Tepe II (e.g. Campbell, 
2007; Robert, 2010; Bernbeck and Nieuwenhuyse, 2013). To better 
constrain this issue, we carried out AMS radiocarbon dating (Beta 
Analytic laboratory) of bone fragments, ∼20–30 g each, from three 
different stratigraphic levels in the lower half of the sequence: 
3.80–4.30 m (reference Beta-453545, 6620 ±30 BP: 5621–5492 cal. 
BC at 95%), 5.60–05.80 m (reference Beta-456967, 6810 ± 30 BP: 
5736–5643 cal. BC at 95%) and 6.25–6.50 m (reference Beta-
453547, 6730 ± 40 BP: ∼5718–5564 cal. BC at 95%). The livestock 
discovered in Yarim Tepe II principally consists of cattle, sheep and 
goats as attested by the finding of their teeth. The bone fragments 
that were analyzed therefore likely originate from these animals. 

The calendar ages obtained using the OxCal program with the INT-
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Fig. 6. R′(Ti) data obtained at the specimen level for four different groups of fragments after the use of the 3σ rejection test (see text). The data were first averaged at the 
level of each specimen (i.e. all data from each curve), these results were next averaged at the level of each fragment, and the latter mean values were finally averaged at the 

level of each group of fragments.

CAL13 calibration curve (Reimer et al., 2013) fall within the Middle 
Halaf and the Late Halaf, according to the chronology currently 
considered for the Halaf (Fig. 8). These new results thus strengthen 
the consideration on the age of Yarim Tepe II. Hereafter, we will 
consider the Middle Halaf time interval dated to between 5750 BC 
and 5550 BC, the Late Halaf between 5550 BC and 5300 BC and fi-
nally the Halaf-Ubaid Transitional period ranging from 5300 BC to 
5000 BC (e.g. Campbell, 2007; Bernbeck and Nieuwenhuyse, 2013;
Molist et al., 2013).

To report the new archeointensity data from Yarim Tepe II as a 
function of time, we constructed an age model using a bootstrap 
procedure that relies on the stratigraphic position of the different 
groups of fragments and on several tie-points available within the 
sequence. The latter are the three radiocarbon dates obtained in 
the present study and the three archeological boundaries traced by 
the archeologists. These are the Early Halaf-Middle Halaf boundary 
at the bottom of the sequence (∼7.0 m), the Middle Halaf–Late 
Halaf boundary at ∼4.80 m and the Late Halaf–HUT boundary 
at ∼2.20 m. Uniform uncertainties of 20 cm (±10 cm) were at-
tributed to the stratigraphic position of these boundaries, that is 
the typical thickness of the archeological layers defined by the 
archeologists (Table 1). Furthermore, we arbitrarily attributed rea-
sonable uncertainties (1σ ) of 25 yr to the age of the Early Halaf-

Middle Halaf and Middle Halaf–Late Halaf boundaries currently 
considered in the Halafian chronology (5750 BC and 5550 BC, re-
spectively; see references above), whereas the value was chosen 
higher (1σ = 37.5 yr) for the Late Halaf–HUT boundary (5300 BC) 
in order to take into account of the fact that its age is arguably less 
well known (Campbell, 2007; Campbell and Fletcher, 2010; and see 
below). The age of the groups of fragments archeologically dated 
to the HUT period was necessarily derived from another approach. 
Here we made the rough approximation of a constant accumula-
tion rate for this part of the sequence, with a rate (0.94 cm/yr) 
derived from the other part of the Yarim Tepe II sequence using 
the same assumption but with a variability (1σ ) of 25% around 
this value.

10,000 random samples were considered for the bootstrap us-
ing a uniform sampling for the depths and a Gaussian sampling for 
the ages of the three archeological boundaries. For the three radio-
carbon dates, the random sampling was conducted according to 
each probability distribution resulting from their calibration using 
INTCAL13. The results of the age model are reported in Fig. 8 (see 
also Table 1). The ages obtained exhibit a rather smooth evolu-
tion, which does not significantly change if the free parameters of 
the computations are modified (i.e. the uncertainties on the exact 
stratigraphic position and age of the three archeological bound-
aries). Also interesting is the fact the ages that would be derived 

using the assumption of a constant accumulation rate through the 
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Fig. 7. New archeointensity results from Yarim Tepe II reported as a function of their 
stratigraphic position in the 7-m thick sequence of archeological deposits. The re-
tained data are exhibited both at the fragment level (grey dots) and at the level of 
each group of fragments (red dots). White dots refer to intensity values at the frag-
ment level that were not considered further either because they were eliminated by 
the 3σ rejection test, or the number of suitable fragments at the group level was 
less than 3 or because the standard deviation at the group level was larger than 
5.0 μT. Archeological subdivisions according to Munchaev and Merpert (1981) and 
Amirov (1994) are also indicated on the figure. The archeological levels are labeled 
from I to IX. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

entire Yarim Tepe II sequence (grey dots) lie inside the 95% en-
velope given by the bootstrap procedure (red dotted lines). This 
means that, considering the available constraints, any option for 
the computation of an age model in Yarim Tepe II gives relatively 
similar results.

7. Discussion

7.1. Intensity secular variation in the Near East and Eastern Europe 
during the 6th millennium BC

There now exists two principal regional archeointensity data 
sets for the 6th millennium BC, one obtained in Northern Mesopo-
tamia (Syria and Iraq; Gallet et al., 2015 and this study), the second 
in Eastern Europe (Bulgaria; see Kovacheva et al., 2014 for a syn-
thesis).

The series of new archeointensity data from Yarim Tepe II 
comes as a complement to previous Halafian and HUT results ob-
tained in Northern Mesopotamia from the archeological sites of 
Tell Halula and Tell Masaikh (Gallet et al., 2015). A comparison be-
tween these data sets is shown in Fig. 9a after conversion of the 
intensity values into Virtual Axial Dipole Moments (VADM). This 
comparison first appears quite problematic. However, similarities 
exist with, in both cases, the occurrence of a peak in intensity dur-
ing the Late Halaf and low intensity values during the HUT time 
interval. It is possible to reconcile the two records owing to the 
facts that the Late Halaf data from Tell Halula possess a strati-
graphic relationship, with five superimposed occupation levels, and 
that the latter were dated making the rough approximation of an 
equi-temporal distribution for these occupation levels within the 
entire Late Halaf period (see discussion in Gallet et al., 2015). As a 
result, there is no inherent impossibility that these occupation lev-
els (nine groups of fragments) actually date from the older part of 
the Late Halaf. The site of Tell Halula would then have been aban-
doned during the recent part of the Late Halaf. To illustrate this 
possibility, the Late Halaf intensity results from Tell Halula were 

also reported in Fig. 9a assuming that the site was only occupied 
Fig. 8. Modeled ages derived for the 23 groups of fragments successfully analyzed 
in Yarim Tepe II (red dots). See the text for a description of the age model, which 
relies on a bootstrap approach with six different tie-points (in blue, the AMS radio-
carbon dates obtained from three bone fragments; in green, the three archeological 
boundaries traced by the archeologists inside the Yarim Tepe II sequence). The red 
dotted lines show the age envelope of the groups of fragments at 95%. The age un-
certainties of the tie-points are also reported at 95%. The grey dots exhibit the age 
of the groups of fragments derived from the rough assumption of a constant accu-
mulation rate through the entire Yarim Tepe II sequence (see text). In this case, note 
that the ages are uniformly distributed inside the age intervals reported. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

during the first one-third of this time interval (light blue dots and 
grey arrows). From this rough approximation, again perfectly com-
patible with the archeological constraints, a satisfactory correlation 
emerges between the Syrian and Iraqi data, with in both cases, a 
short lasting intensity peak around 5500 BC at the beginning of 
the Late Halaf period.

Situated relatively close to the Northern Mesopotamian area, 
it is most probable that the Bulgarian archeointensity results 
(Kovacheva et al., 2014) have recorded the same geomagnetic field 
intensity variations. The age of 16 of 41 available data was con-
strained using radiocarbon dating, in complement with archeolog-
ical and stratigraphic arguments. The VADM values are reported 
in Fig. 9b with a distinction between the results the reliability of 
which was constrained or not by the use of partial-TRM (pTRM) 
checks during the experimental procedure (black and grey dots, 
respectively). There is no evidence for a bias between the two 
series of data, as both series exhibit a similar decreasing trend 
between ∼5800 BC and ∼5600 BC and an increasing trend be-
tween ∼5400 BC and ∼5000 BC. In contrast, no intensity result 
with pTRM checks allows one to strengthen the occurrence of the 
intensity peak at ∼5500 BC (Fig. 9b). Therefore, only the good 
agreement observed during the other periods suggests that a major 
bias in the data around 5500 BC is rather unlikely.

Fig. 9b also shows the average curve computed from the Bul-
garian archeointensity data using the Monte Carlo Markov Chain 
approach developed by Lanos (2004) (and with further improve-
ments more recently achieved by P. Lanos). These results reveal 
the existence of two distinct short-lasting intensity peaks during 
the 6th millennium BC: a first peak around 5800 BC, which would 
have occurred during the Early Halaf according to the Halafian 

chronology, and a second peak around 5500 BC. The latter is clearly 
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Fig. 9. Comparison between the archeointensity data available in Northern 
Mesopotamia (Syria, Iraq) and in Eastern Europe (Bulgaria, Greece) for the 6th mil-
lennium BC. a) Northern Mesopotamian data set. Comparison of the new data from 
Yarim Tepe II (red dots) with the archeointensity results previously obtained by 
Gallet et al. (2015) in Tell Halula and Tell Masaikh (dark-blue dots and triangles, re-
spectively). The light-blue dots show the Late Halaf data obtained from Tell Halula 
assuming that this site was only occupied during the first one-third of this time 
interval (see text for explanations). b) Yarim Tepe II (red dots) and Eastern Euro-
pean data sets. The black (resp. grey) dots show the Bulgarian archeointensity data 
(Kovacheva et al., 2014), the reliability of which was constrained (resp. not) by the 
use of pTRM checks during the experimental procedure. The green dot exhibits the 
single result obtained in Greece by Fanjat 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.)

reminiscent of the one observed in the Middle East from the Tell 
Halula and Yarim Tepe II data (Fig. 9a). The average Bulgarian curve 
suggests a duration of ∼100–200 yr for this peak, whereas the 
data from Yarim Tepe II may indicate a shorter duration of only a 
few decades. At least a part of this difference may arise from the 
smoothing resulting from the construction of the Bulgarian curve, 

but it is also important to note the uncertainties existing on the 
accuracy and reliability of the dating of the different (Bulgarian, 
Iraqi and Syrian) data sets.

The comparison between the results dated to the end of the 
6th millennium BC is more problematic. The HUT data from Tell 
Masaikh and Yarim Tepe II are all very similar, with low VADM of 
∼5–6·1022 Am2 (∼30–33 μT, Figs. 7, 9a), whereas the data from 
Bulgaria show a significant increasing trend with VADM reaching 
∼9·1022 Am2 at the end of the 6th millennium (Fig. 9b). A large 
part of this discrepancy would be resolved if the Syrian and Iraqi 
results were dated from the very beginning of the HUT period, 
which is not in contradiction with the available archeological con-
straints. Furthermore, a quite excellent agreement would be ob-
tained if the Late Halaf–HUT boundary were to be shifted by about 
one century relative to the Halafian chronology presently consid-
ered (e.g. Molist et al., 2013). Such a possibility seems reasonable 
thanks to recent, yet unpublished data from Tell Begum in Iraqi 
Kurdistan (O. Nieuwenhuyse, personal communication; see also 
discussion in Campbell, 2007 and Campbell and Fletcher, 2010), 
but it still requires further work.

From the archeointensity data obtained in Yarim Tepe II, it is 
possible to determine the intensity variation rates associated with 
the peak at ∼5500 BC using a bootstrap procedure with a Gaus-
sian sampling for both the intensities and the ages. We therefore 
performed the computations between groups YT22A and YT22 and 
between YT22 and YT21 that define the ascending and descending 
branches of the peak, respectively. Because there are an overlap of 
the age intervals and a time-order relationship between the dif-
ferent groups of fragments, the intensity variation rates obtained 
from the bootstrap are not normally distributed and only the de-
termination of the maximum of probability is meaningful. The lat-
ter amounts to 0.23 μT/yr in the first case and 0.19 μT/yr in the 
second case (Fig. S2). Likewise, the most probable intensity varia-
tion rate associated with the rapid decrease in intensity between 
groups YT24 and YT22A before the occurrence of the intensity 
peak reaches ∼0.14 μT/yr. This order of magnitude, between ∼0.15 
and ∼0.25 μT/yr, is slightly higher than the maximum intensity 
variation rate prevailing in the recent field (Livermore et al., 2014). 
It appears similar to that of the variation rates observed in Western 
Europe around 700 BC (Hervé et al., 2017) and probably during the 
10th century AD (Genevey et al., 2013, 2016). The rate of all these 
variations appears significantly lower than that of the intensity 
variations associated with the geomagnetic spikes (e.g. Ben-Yosef 
et al., 2009; Shaar et al., 2011, 2016), while it would characterize 
that of the intensity peaks that were associated with archeomag-
netic jerks (Gallet et al., 2003, 2014).

7.2. Regional vs global geomagnetic field intensity variations during the 
6th millennium BC

For testing the global vs regional nature of the geomagnetic 
field intensity variations observed in the Near East and in East-
ern Europe, it is necessary to compare the latter data with those 
available in other distant regions, whether obtained from arche-
ological artifacts or volcanic rocks. However, examining databases 
such as ArcheoInt or Geomagia50.v3 (Genevey et al., 2008; Brown 
et al., 2015) shows that they are rare and often do not meet 
modern reliability criteria. If minimalist selection criteria are con-
sidered, such as the need for pTRM checks, at least two samples 
analyzed per intensity value and age uncertainties of less than 
±200 yr established from a convincing approach, there is cur-
rently almost no data allowing one to further document the ge-
omagnetic field intensity evolution during the 6th millennium BC. 
In particular, several data from Central Asia, Caucasus and West-
ern Europe (Spain) were eliminated because of their large or 
poorly constrained age uncertainties. More than a dozen inten-

sity data obtained from long cores SOH1 and SOH4 drilled in 
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the Hawaiian Kilauea volcano had to be eliminated because they 
were published without age uncertainties (e.g. Laj et al., 2002;
Gratton et al., 2005). For both cores, their dating was established 
from a rough age model relying on a too limited number of radio-
metric tie-points, leading to a questionable reliability (Tema et al., 
2017). For this reason, Tema et al. (2017) also discarded these re-
sults from their recent compilation of the Hawaiian intensity data 
available for the Holocene.

Hence, as a consequence of the lack of data, it is not yet pos-
sible to specify to what extent the intensity fluctuations observed 
in the Near East and Eastern Europe during the 6th millennium BC 
are global or only regional features, and can be assigned to dipole 
or non-dipole field variations. However, the shortness of the in-
tensity peaks observed around 5800 BC and 5500 BC suggests that 
they are more likely to be principally related to non-dipole field 
components. As was suggested by Gallet et al. (2009) to explain 
archeomagnetic jerks in Western Europe, these peaks might be 
related to episodes of maximum geomagnetic field hemispheric 
asymmetry involving the behavior of the dipole and quadrupole 
field components. It is worth pointing out that the Hawaiian area, 
which is approximately 180◦ away in longitude from the Near East 
and Eastern Europe, would be a very promising region to test a 
such geomagnetic origin.

On another hand, it is worth stressing that the scarcity of the 
data available for the 6th millennium BC prevents the computation 
of reliable and accurate global field models over this time interval. 
As was previously noted by Gallet et al. (2015), the models that 
were nevertheless computed for this period (e.g. Pavón-Carrasco 
et al., 2014; Nilsson et al., 2014) are further penalized by the fact 
that they incorporated a large number of data from the Near East 
(Tell Sotto, Iraq; Nachasova and Burakov, 1998) supposedly dated 
from the 6th millennium BC, whilst that are actually unambigu-
ously dated from the 7th millennium BC (see for instance Bernbeck 
and Nieuwenhuyse, 2013). It thus follows that the comparison of 
the archeointensity data obtained in the Near East and Bulgaria 
with the intensity values expected from the global geomagnetic 
field models does not provide further information to deciphering 
the geomagnetic origin of the intensity peaks discussed here.

8. Concluding remarks

In spite of its antiquity, the Halaf period appears as a privileged 
time interval to bring interesting new constraints on rapid geo-
magnetic field evolution over decadal and centennial timescales. 
The archeomagnetic study led in Yarim Tepe II clearly shows the 
occurrence in the Near East of a short-lasting geomagnetic field 
intensity peak, perhaps over only a few decades, around 5500 BC 
(during the early Late Halaf), in agreement with previous Bulgar-
ian and Syrian data. In addition, the Bulgarian data argue for the 
occurrence of another intensity peak around 5800 BC, during the 
Early Halaf. The intensity secular variation in the Near East and 
Eastern Europe during the 6th millennium BC was thus principally 
punctuated by two distinct decadal- to centennial-scale peaks.

The intensity variation rates associated with the rapid inten-
sity fluctuations observed in Yarim Tepe II reach a value as high 
as ∼0.15–0.25 μT/yr. Being slightly stronger than the maximum 
rates prevailing in the modern field, this value appears quite sim-
ilar to that of other rapid intensity variations that were evidenced 
in Western Europe during more recent archeological periods. Un-
fortunately, the scarcity of the intensity results dated to the 6th 
millennium BC still obtained worldwide prevents us from deci-
phering to what extent the geomagnetic field intensity variations 
observed in the Near East and in Eastern Europe do represent rapid 
fluctuations in the dipole and/or non-dipole field components.

From an archeological point of view, the discrepancy observed 

for the end of the 6th millennium BC between the Northern 
Mesopotamian (Syria, Iraq) and Bulgarian archeointensity data sets 
could help in deciphering the age and duration of the Halal-Ubaid 
Transition period, that are yet poorly understood. Archeointensity 
investigations focused on the 6th millennium BC should therefore 
be continued.
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