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A B S T R A C T

This study presents new archeointensity results from the multilayered settlement Yarim Tepe I located today in

Northern Iraq. Archeological evidences and new radiocarbon dates indicate that this site was occupied for about

four centuries, between the end of the 7th and the beginning of the 6th millennium BC, leading to a 6.5 m-thick

sequence of archeological deposits. A series of 16 groups of potsherds, with a total of 76 fragments, were col-

lected from superimposed stratigraphic layers, with thicknesses of 30 cm on average. Archeointensity mea-∼

surements were carried out using the Triaxe procedure, which takes into account both anisotropy and cooling

rate e ects on thermoremanent magnetization acquisition. In this study, 114 specimens from 40 fragments haveff

ful lled our selection criteria and mean archeointensity results were derived from nine di erent groups offi ff

fragments, with a minimum of three fragments per group. According to an age model constructed using a

bootstrap approach, the new archeomagnetic record spans a time interval of 220 years between 6070 BCE∼ ∼

and 5850 BCE. No signi cant intensity variations were observed during this time interval, with an overall∼ fi

mean intensity value of 42.0 ± 1.6 T. A comparison of the Yarim Tepe I data with other archeointensity resultsμ

spanning the 7th and 6th millennia BC previously obtained from the Near East, as well as from Eastern and

Western Europe was conducted. The Yarim Tepe I results enabled to constrain the short duration, one century at

most, of an intensity peak evidenced around 5750 BCE from the Bulgarian database. Intensity variation rates

associated with the ascending branch of the peak reached values as high as 0.12 0.15 T/year. Summarizing∼ – μ

the geomagnetic eld intensity variations in the Near East and Eastern Europe during the entire 6th millenniumfi

BC, it appears that they were likely characterized by the occurrence of two short-lasting intensity peaks

at 5750 BCE and 5500 BCE, with intensity variation rates similar or slightly higher than the maximum rates∼ ∼

prevailing in the modern eld. Finally, it is worth mentioning that the four radiocarbon dates reported in ourfi

study provide new constraints for deciphering the temporal correlation between the cultural/historical phases

(Halaf and Hassuna) that were independently de ned from excavations carried out in Iraq and Syria.fi

1. Introduction

The accuracy of the geomagnetic eld models constructed for thefi

past millennia depends on the reliability and quantity of available data,

as well as on the spatial and temporal distributions of the data. As

models go further back in time, especially beyond the rst millenniumfi

BC, their reliability when relying only on volcanic and archeological

data is reduced. The resulting uncertainties concern all components of

the geomagnetic eld, including the temporal evolution of its dipolefi

moment. Our recent studies aimed to constrain the geomagnetic eldfi

intensity behavior in the Near East during the 7th and 6th millennium

BC ( ), i.e. the two mil-Gallet et al., 2015; Yutsis-Akimova et al., 2018

lennia following the sustained adoption of pottery in this region around

7000 BCE (e.g. Nishiaki and Le Mière, 2005; Nieuwenhuyse et al., 2010,

2013). The use of pottery during this time interval, referred to as the

“ ”Pottery Neolithic , rapidly spread to the Near East and the evolution in

pottery typology and in ceramic assemblage provided essential ele-

ments for establishing local archeological chronologies in the form of a

succession of cultural phases (e.g. and re-Nieuwenhuyse et al., 2013 

ference therein).

The results dated to the 7th and 6th millennium BC currently

available in the literature, in particular compiled in the global
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archeomagnetic databases such as ArcheoInt ( ) andGenevey et al., 2008

Geomagia50.v3 ( ), are mostly from the Balkans, theBrown et al., 2015

Near East and to a lesser extent from Western Europe and from the

Paci c (Hawaii). Applying a set of minimalist selection criteria (com-fi

pletion of an alteration test, error bars provided by the authors on their

data, age uncertainties of less than ± 200 years) eliminates most of the

data except those from the Balkans (Greece, ; Bul-Fanjat et al., 2013

garia, ), and the Near East (Kovacheva et al., 2014 Nachasova and

Burakov, 1998; Gallet et al., 2015; Yutsis-Akimova et al., 2018), with a

very few data also remaining from Western Europe (Italy; Tema et al.,

2016). It thus appears that Bulgaria and the Near East, two very close

areas most likely characterized by the same geomagnetic eld behavior,fi

are the only locations where a certain temporal evolution of the geo-

magnetic eld intensity can be recovered.fi

The construction of a detailed intensity variation curve in the Near

East for this time interval is of particular interest to deciphering the

possible occurrence of extremely rapid uctuations on a regional scale.fl

Such features are attracting much attention in our community since the

discovery of geomagnetic spikes in the Near East at the beginning of the

first millennium BC (e.g. ). IfBen-Yosef et al., 2009; Shaar et al., 2011

con rmed, these events would be exceptional in the sense that theyfi

would be associated with intensity variation rates as high as several T/μ

year, much higher than the strongest rates prevailing in the modern

field ( 0.10 T/year), and far beyond our present understanding of∼ μ

geodynamo processes ( ). The 6th millennium BCLivermore et al., 2014

appears to be characterized by two short-lasting and intense intensity

peaks observed at 5750 BCE and 5500 BCE (∼ ∼ Kovacheva et al., 2014;

Gallet et al., 2015; Yutsis-Akimova et al., 2018), which could eventually

represent new geomagnetic spikes. The archeointensity data from the

Hala an site Yarim Tepe II (Northern Iraq) recently acquired by fi Yutsis-

Akimova et al. (2018) allowed one to further constrain the duration and

the variation rates associated with the peak around 5500 BCE. If its

duration seems compatible with that of geomagnetic spikes (a few

decades or a century at most), the most probable variation rates esti-

mated for this peak on the basis of a bootstrap approach ( 0.15 0.25∼ –

μT/year) are signi cantly smaller, by one order of magnitude, thanfi

those associated with spikes. The oldest peak, which is presently only

described by the Bulgarian data ( ), remains lessKovacheva et al., 2014

well constrained and requires further investigation.

The present study is part of our e ort to densify the archeointensityff

database in the Near East for the Pottery Neolithic period. Our main

objective is to bring new constraints on the occurrence of rapid, perhaps

extreme events in the intensity secular variations. This work comple-

ments a previous study conducted on a time sequential series of groups

of potsherds dated to between 5750 BCE and∼ ∼5150 BCE discovered

in Yarim Tepe II ( ). The new archeointensityYutsis-Akimova et al., 2018

data obtained from the multi-layered site Yarim Tepe I (Northern Iraq;

hereafter also referred to as YTI) dated to the Hassuna period are even

older and they are amongst the oldest archeomagnetic data ever ob-

tained. We also report on new radiocarbon dates from bone fragments

found at Yarim Tepe I. The latter allow the construction of an age model

for the YTI sequence and they also help to evaluate the correlation (or

synchronization) between di erent cultural phases that, because offf

historical and political reasons, were independently identi ed in sev-fi

eral regions of Upper Mesopotamia (in particular in Syria and Iraq).

2. Archeological setting, archeomagnetic sampling and dating

Yarim Tepe I (λ = 36o 20 25 N, ′ ″ φ = 42 o21 8 E) is a Late Neolithic′ ″ 

multilayered settlement in the Sinjar valley, nowadays situated in

Northern Iraq, about 50 km west of the city of Mosul ( ). Located inFig. 1

the vicinity of two other archeological sites named Yarim Tepe II and

III, it was thoroughly excavated by Soviet archeologists in the late

1960s-early 1970s (Munchaev and Merpert, 1981; Merpert and

Munchaev, 1987).

Initially, the Yarim Tepe I site likely spread over an area of 2 ha,∼

but at the time of excavations, the diameter of the tell was only about

100 m. The surface of excavations reached 1700 m∼ 

2 for the upper

levels, whereas the lower levels were excavated over an area of 400 m2

( ). TheMunchaev and Merpert, 1981; Merpert and Munchaev, 1987

archeological sequence comprises 6.5 m of cultural deposits, down to∼

1.5 m underneath the present soil level. The entire sequence was di-

vided into 12 archeological levels (from I to XII counted from the top to

the bottom of the sequence), mainly based on building horizons dis-

tinguished from the architectural features and on the evolution of

pottery style. The thickness of these levels ranges from 0.3 m to 1.10 m.

Detailed description of the ceramic sequence, showing varying assem-

blages of both relatively coarse and painted ne wares, can be found infi

Merpert and Munchaev (1987). There is no doubt that the ceramics are

dated to the Hassuna cultural phase rst evidenced in Northern Iraq atfi

the eponym site of Tell Hassuna (30 km south of Mosul; ), which isFig. 1

currently dated to be between the end of the 7th millennium BC and the

beginning of the 6th millennium BC (see for instance in Bernbeck and

Nieuwenhuyse, 2013 Merpert and Munchaev (1987) ). distinguished

two periods represented in YTI: the Archaic Hassuna from level XII to

level VII, the latter level being transitional, and the Standard Hassuna

from level VI to level I ( ; see also ). However,Table S1 Petrova, 2012

they pointed out that the pottery production found in the two lower-

most levels, that was correlated to the Hassuna Ia phase, was di erentff

from that of the levels above. A similar observation was made in other

archeological sites also located today in Northern Iraq, such as in Umm

Dabaghiya, Tell Sotto and Kül Tepe (see for instance Bashilov et al.,

1980; Bader, 1989). This led to the distinction of the Proto-Hassuna

phase having preceded the Archaic Hassuna (e.g. Bader and Le Mière;

2013; Bernbeck and Nieuwenhuyse, 2013).

Hereafter we assume the chronological subdivision of the Yarim

Tepe I sequence proposed by :Bashilov et al. (1980) and Bader (1989)

levels XII and XI dated to the Proto-Hassuna stage, Level X is transi-

tional between Proto- and Archaic Hassuna, levels IX and VIII dated to

the Archaic Hassuna, with the level VII transitional between the Archaic

and Standard phases, and levels VI to I dated to the Standard Hassuna.

The uppermost levels in Yarim Tepe I were severely disturbed by the

emplacements of pits and graves, among which several graves of the

succeeding Hala an period, likely associated with the occupation of sitefi

Yarim Tepe II dated to that period (e.g. Munchaev and Merpert, 1981;

Yutsis-Akimova et al., 2018).

Most of the remains discovered in Yarim Tepe I are stored in a re-

pository at the Archeological Institute in Moscow, where we performed

our sampling. This sampling was conducted using the same strategy as

in . We collected a time-sequential series ofYutsis-Akimova et al. (2018)

16 groups of pottery fragments from superimposed 20 to 45 cm-thick

stratigraphic layers assumed homogeneous in time (or undisturbed) by

the archeologists (see discussion in ). EachYutsis-Akimova et al., 2018

group contains three to nine potsherds ( ).Fig. 2

The absolute dating of the archeological layers sampled in the

present study might clearly justify a lengthy discussion, which, how-

ever, is beyond the scope of our study. Most of the uncertainties on that

dating arise from the fact that the excavations conducted in Northern

Iraq, where the Hassuna phase was rst de ned (as also the Samarrafi fi

phase), are more than 40 years old, while more recent excavations

scrutinizing the same period of time were conducted in Syria over the

past 20 30 years ( and references therein).– Nieuwenhuyse et al., 2013 

As a consequence, there is a well-recognized problem of synchroniza-

tion between cultural/historical sub-divisions that were called di er-ff

ently between Syrian and Iraqi sites, as in particular between the Proto-

Hassuna or the Archaic Hassuna to the East and the Pre-Halaf more to

the West or between the Standard Hassuna or the Samarra phase and

the Proto-Halaf. Due to the lack of su cient comparative chronologicalffi

markers, there is at present neither a simple nor a fully convincing

approach to make such a correlation that would lead to a precise dating

of the YTI sequence. Here, we decided to rely on three sources of in-

formation: rstly, the archeological dating of YTI proposed by fi Bashilov
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et al. (1980) and Bader (1989); secondly, the standard and generally

widely accepted synthesis presented by Bernbeck and Nieuwenhuyse

(2013); thirdly, a set of new AMS radiocarbon dates directly obtained

from the YTI sequence.

The radiocarbon analyses were carried out in the Beta Analytic

dating laboratory on bone fragments recovered from four di erentff

stratigraphic layers. The radiocarbon ages were calibrated using the

INTCAL13 database ( ). The results (at 95% ofReimer et al., 2013

probability) are the following: level XI between 5.60 m and 5.80 m,

6220 6071 cal. BC (7280 ± 30 BP); level VII between 4.00 m and–

4.08 m, 6016 5899 cal. BC (7080 ± 30 BP); level V between 2.85 m–

and 3.30 m, 5846 5720 cal. BC (6900 ± 30 BP); level V between–

2.50 m and 3.10 m, 5986 5843 cal. BC (7020 ± 30 BP). It is worth–

mentioning that the age obtained for level VII is in agreement with two

radiocarbon dates, but the latter having larger uncertainties, obtained

in the 70s from the same archeological level ( ).Campbell, 2007

The age of the di erent stratigraphic layers containing the studiedff

potsherds was derived using the same bootstrap approach as described

in . The construction of the age modelYutsis-Akimova et al. (2018)

relied on the new 14 C data, together with an age arbitrarily assigned to

the top of the YTI sequence. The reason for this assumption is twofold.

Firstly, the two radiocarbon dates obtained for the archeological level V

appear relatively scattered, which precludes the determination of a

meaningful accumulation rate that could be applied up to the top of the

YTI sequence. Secondly, the Standard Hassuna - Early Halaf boundary

was dated at 5900 BCE in , but∼ Bernbeck and Nieuwenhuyse (2013)

Fig. 1. Simpli ed general map of the Middle East showing the location of the main archeological sites mentioned in the text (yellow stars). (For interpretation of thefi

references to color in this gure legend, the reader is referred to the web version of this article.)fi

Fig. 2. Examples of potsherds from di erent groups collected in Yarim Tepe I. All these fragments provided archeointensity data ful lling our Triaxe selectionff fi

criteria.

S. Yutsis-Akimova et al. Physics of the Earth and Planetary Interiors 282 (2018) 49–59

51



this age clearly appears too old when considering our new 14 C dates

associated with the Standard Hassuna ( ). Those dates insteadTable S1

lie inside the age interval classically assumed for the Early Halaf (e.g.

Molist et al., 2013; Gallet et al., 2015). This led us to assume an oc-

cupation of YTI still during the Early Halaf as de ned from Syrian sitesfi

(which thus implies a temporal overlap between the Early Halaf de nedfi

in Syria and the Standard Hassuna evidenced in Northern Iraq). Two

additional constraints were also retained that rely on the facts that the

periods of occupation of Yarim Tepe I and Yarim Tepe II did not overlap

( ; S. Amirov pers. comm.), and thatMerpert and Munschaev, 1987, 1993

Yarim Tepe II emerged around the transition between the Early Halaf

and the Middle Halaf dated at 5750 BCE (∼ Bernbeck and

Neuwenhuyse, 2013; Molist et al., 2013 Yutsis-; see discussion in 

Akimova et al., 2018). Taking into account all the available constraints,

we considered an age of 5825 BCE for the top of the YTI sequence to

which we arbitrarily attributed a reasonable uncertainty at 95% (2σ) of

75 years. On the other hand, the groups of fragments located below the

stratigraphic layer having provided the oldest radiocarbon date were

dated on the basis of a constant accumulation rate directly derived from

the two radiocarbon dates obtained from archeological levels IX and

VII.

The age model for the YTI sequence was rst constructed using vefi fi 

tie-points. The results obtained from 10,000 bootstrap runs roughly

isolate two parts, with a signi cant change in the accumulation ratesfi

between 3.00 and 2.00 m (red curve, ). On average, the accu-Fig. S1

mulation rates increased from 1 cm/year in the lower part of the se-∼

quence to 9 cm/year in its upper part. The latter accumulation rate∼

seems very unusual and in fact rather unlikely. The high value is

principally due to the 14 C date obtained for the stratigraphic layer be-

tween 2.85 m and 3.30 m, which appears deviant from the main tem-

poral trend established for YTI. For this reason, we constructed an al-

ternative age model excluding this date (green curve in ). In thisFig. S1

case, the accumulation rate estimated for the upper part of the YTI

decreases to a much more plausible value of 3 cm/year. Hereafter we∼

will consider this more reasonable age model (Tables 1, ). ItS1, S2

should be noted that the age of 5825 BCE here considered for the top∼

of the YTI sequence is very compatible with the age that would be

determined if the very same accumulation rate deduced from the two

younger remaining radiocarbon dates (i.e. obtained from the arche-

ological level VII and from the level V between 2.50 and 3.10 m) was

applied up to the top of the sequence (black dotted line in ). SuchFig. S1

an agreement further validates our assumption. According to our

computations, it is also worth mentioning that the bottom of the YTI

sequence would be dated at 6250 BCE. Finally, our preferred age∼

model indicates a decrease in the duration of the archeological levels

between the lower and upper parts of the YTI sequence, roughly

changing from 35 40 years to 10 15 years.∼ – ∼ –

3. New archeointensity results

All archeointensity results were obtained using the experimental

protocol developed for the three-axis vibrating sample magnetometer

called Triaxe ( ). A detailed description of thisLe Go and Gallet, 2004ff 

procedure can be found in several papers, for instance in Le Go andff 

Fig. 3. Examples of low eld susceptibility versus temperature curves obtained up to 600 °C from four YTI potsherds. The heating (resp. cooling) curves are in redfi

(resp. blue). (For interpretation of the references to color in this gure legend, the reader is referred to the web version of this article.)fi
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Gallet (2004), Genevey et al. (2009, 2013 Hartmann et al. (2011),), 

Gallet et al. (2014) and Yutsis-Akimova et al. (2018) . Here we only

brie y recall that, deriving from the classical fl Thellier and Thellier

(1959) method, it comprises the acquisition directly at high tempera-

tures of ve successive series of magnetization measurements obtainedfi

in zero eld or in eld. The intensity analyses are carried out betweenfi fi

two temperatures referred to as T1, usually xed at 150 °C, and T2fi

which was chosen between 500 °C and 520 °C in the present study. Note

that during the data treatment, T1 can be changed into a higher tem-

perature (T1 ) when a secondary magnetization component is still ob-′

served at T1, which allows for the determination of the archeointensity

values only from the ancient univectorial thermoremanent magnetiza-

tion (TRM). This was generally the case for the potsherds of Yarim Tepe

I. A remarkable asset of the Triaxe protocol is that the Triaxe arche-

ointensity values routinely take into account both the anisotropy and

cooling rate e ects on TRM acquisition (e.g. ff Genevey et al., 2009;

Hartmann et al., 2010, 2011; Hervé et al., 2017).

The new archeointensity data provided in satis ed theTable S2 fi

same set of selection criteria as the one used in previous studies also

reporting Triaxe data (Genevey et al., 2009, 2013, 2016; Hartmann

et al., 2010, 2011; Gallet et al., 2014, 2015; Gallet and Butterlin, 2015;

Yutsis-Akimova et al., 2018). These selection criteria essentially aim to

eliminate the fragments revealing an inappropriate magnetic behavior

(in particular due to alteration of their magnetic mineralogy during the

heating or to the presence of a strong secondary magnetization

component) or the data showing a large scatter either at the fragment

level or at the level of a group of fragments (see for instance inTable S1 

Yutsis-Akimova et al., 2018). For each retained potsherd/fragment, a

minimum of two (up to n = 5) individual specimens provided suc-

cessfully analyzed results, with on average a standard deviation

(n greater than 2) or a standard error (n = 2) of less than 5% of the

corresponding mean intensity value. A minimum of three (N > = 3)

di erent fragments obeying the previous criteria was required to de-ff

termine a mean intensity value at the level of a group of fragments, with

a standard deviation always of less than 5 T. Moreover, as in μ Yutsis-

Akimova et al. (2018), a 3 σ rejection test was also used to detect the

presence of outliers in the di erent groups of fragments de ned withff fi

N greater than 3 (see discussion in ).Yutsis-Akimova et al., 2018

Thermomagnetic low- eld susceptibility curves acquired using afi

Kappabridge unit coupled with an oven were also used to further

constrain the thermal stability of the magnetic mineralogy character-

izing the retained fragments ( ). In all cases, the heating (upFig. 3

to 600 °C) and cooling curves show a good reversibility, which∼ 

strengthens the fact that no signi cant alteration of the magnetic mi-fi

nerals occurred for these fragments during the thermal treatment. The

thermomagnetic curves show a clear in exion between 450 °C andfl

580 °C, which indicates a magnetic mineralogy likely dominated by

minerals from the (titano)magnetite family. This predominance was

further attested by hysteresis and isothermal remanent magnetization

(IRM) acquisition measurements carried out using a Vibrating Sample

Fig. 4. Magnetic properties of YTI potsherds. (a) IRM acquisition curves obtained in elds up to 1 T. (b, c) Two examples of representative hysteresis loops. (d)fi

Hysteresis ratios determined for all fragments that provided archeointensity data reported in a Day-Dunlop diagram ( ).Dunlop, 2002
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Magnetometer (VSM) housed in Institut de Physique du Globe de Paris

(IPGP). The IRM acquisition curves obtained up to 1 T show a satura-

tion of the magnetization achieved in elds of 0.2 0.3 T, with thefi ∼ – μ

absence of high coercivity minerals ( a). Moreover, the hysteresisFig. 4

loops appear either non- or very slightly constricted ( b,c), whichFig. 4

also tends to eliminate the presence of a signi cant fraction of highfi

coercivity minerals (such as hematite) in our collection of potsherds.

When reported in a Day diagram ( ), the hysteresis ratiosDunlop, 2002

lie inside the pseudo-single domain range of magnetite grains ( d).Fig. 4

In total, we analyzed 74 fragments and 233 specimens from 16

groups of fragments. The data obtained from 40 fragments (114 spe-

cimens) ful lled our selection criteria (Tables 1 and ). This corre-fi S2

sponds to a moderate success rate of 54%, a value rather similar to∼

that achieved for the Proto-Hala an potsherds previously analyzedfi

from Syrian site Tell Halula ( ), with the latter potteryGallet et al., 2015

fragments likely being at least partly contemporaneous with those from

Yarim Tepe I. We recall that the Hala an potsherds from Yarim Tepe IIfi

located in the close vicinity of YTI ( ) andYutsis-Akimova et al., 2018

from Tell Halula both provided a much higher success rate of nearly

70%. This di erence in success rate arises at least partly from a moreff 

frequent use of the studied pottery for cooking and/or heating in the

most ancient times (see below).

Most often (34 out of 40 pottery shards), the fragment-mean in-

tensity results were determined from three individual values obtained

at the specimen level (2 specimens for the six remaining fragments;

Table S2 Fig. 5). The data of four groups of fragments are reported in . In

the di erent panels, each curve exhibits the R (Ti) data obtained for oneff ’

specimen over the temperature range of analysis (e.g. le Go andff 

Gallet, 2004). In all cases, the intensity determinations were established

above 200 °C 250 °C because of the presence of a secondary magneti-–

zation component still not removed in the lower temperature range

( ). This component likely originates from a secondary ringFig. 6 fi

produced for cooking purposes, even though a viscous e ect is alsoff

possible. It is again worth recalling that the intensity determinations

were made considering only the characteristic (primary) TRM.

Owing to our selection criteria, seven groups of fragments did not

provide a mean intensity value ( , ) because the number ofTables 1 S2

retained fragments was less than 3 (two successful fragments for groups

YTI-07, YTI-13 and YTI-14, only one accepted fragment for groups YTI-

02, YTI-08 and YTI-09, and no fragment for group YTI-04). The two

main reasons for the rejection of fragments are an inadequate paleo-

magnetic behavior observed during the Triaxe experiments (due to al-

teration) or the presence of a secondary magnetization too strong re-

lative to the primary TRM. Moreover, among the retained groups of

fragments, the use of the 3 rejectionσ test led to the rejection of three

additional fragments (YTI02-03, YTI10-01, YTI12-01; ; see alsoTable S2

Table 1).

All group-mean intensity values are well de ned with a quite smallfi

scatter. After the use of the 3 rejection test, their standard deviationsσ 

range from 0.7 T to 3.4 T, or from 1.7% to 8.1% of the correspondingμ μ

means. We note that for the three groups revealing outliers, their

standard deviation before that use still lies below the 5 T-thresholdμ

value ( ). The new archeointensity results obtained in YarimTable 1

Tepe I, both at the fragment and group levels (including the three

outliers), are reported in according to their stratigraphic position.Fig. 7 

One can see that the intensity values remain very similar within 5 T∼ μ

at maximum and this diagram shows that no signi cant geomagneticfi

field intensity variations occurred during the occupation of this

Fig. 5. Archeointensity data obtained for four groups of potsherds after the use of the 3 rejection test. Each curve represents the R (Ti) data obtained for oneσ ’

specimen over the temperature interval considered for intensity determination (see text). The data were rst averaged at the specimen level, next at the fragmentfi

level and nally at the level of the group of fragments.fi
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settlement. Altogether, the intensity value averaged at the level of

Yarim Tepe I amounts to 42.0 ± 1.6 T (9 groups) or 42.6 ± 2.4 Tμ μ

(40 fragments).

4. Discussion

The new archeointensity results from Yarim Tepe I directly com-

plement two other datasets previously obtained in Upper Mesopotamia,

the rst from Tell Sotto (Iraq; ) and thefi Nachasova and Burakov, 1998

second from Tell Halula (Syria; ). The Tell Sotto dataGallet et al., 2015

were obtained using the experimental procedure developed by Burakov

(1981) and Burakov and Nachasova (1985), which allows correction

both for TRM anisotropy and alteration e ects (see also in ff Genevey

et al., 2008 Nachasova and Burakov (1998)). In , however, very few

details were provided on the acquisition of these results, in particular

on the magnetic behavior during the thermal treatment. It is only stated

that a large proportion of the samples revealed a secondary magneti-

zation component and, as a consequence, that the intensity determi-

nations were made on relatively high temperature ranges. Furthermore,

the results were only reported in a gure, but not speci ed in a table.fi fi

Fig. 6. Examples of thermal demagnetiza-

tion diagrams obtained during the Triaxe

experiments (left column). Open (close)

symbols refer to the inclinations (declina-

tions). The red point in each panel indicates

the direction at temperature T1 (see text).′ 

The corresponding R (Ti) archeointensity’

data are shown in the right column between

T1 and T2 (green triangles) and between T1′

and T2 (red circles). We recall that each

intensity value determined at the specimen

level are derived from the average of the

R (Ti) data between T1 and T2 (’ ′ Le Go andff 

Gallet, 2004). (For interpretation of the re-

ferences to color in this gure legend, thefi

reader is referred to the web version of this

article.)
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Here, we use the results provided by K. Burakov to A. Genevey (A.

Genevey, pers. comm.) while she was compiling the ArcheoInt database

( ). Another limitation of the Tell Sotto data is thatGenevey et al., 2008

they were misdated by (see also dis-Nachasova and Burakov (1998) 

cussion in ). Tell Sotto, which was occupied betweenGallet et al., 2015

the late Proto-Hassuna and the Standard Hassuna is largely con-

temporaneous with Yarim Tepe I ( ; e.g. Table S1 Bashilov et al., 1980;

Bader, 1989; Bernbeck and Nieuwenhuyse, 2013 ). However, according

to the preliminary absolute dating in the 6th millennium BC proposed

by for the Tell Sotto settlement, Bader (1975; 1989) Nachasova and

Burakov (1998) assumed a time interval between 5800 BCE∼

and 5500 BCE, i.e. more or less contemporaneous with that of the∼

Middle Halaf period ( ; e.g. ). Such a lateTable S1 Molist et al., 2013

dating is clearly at odds with the archeological and chronological

constraints currently considered. Using the dating of Yarim Tepe I (see

Section ), we thus re-dated the Tell Sotto data roughly considering that2

the latter site had been occupied between 6350 BCE and 5850 BCE with

age uncertainties (2 ) of 75 years for these two limits ( ). Inσ Table S1

addition, due to the lack of information on the correspondence between

the sampled stratigraphic layers and the successive archeological levels

traced by the archeologists, we had to assume a constant accumulation

rate throughout the entire sequence. On the other hand, the data from

Tell Halula were obtained using the procedure developed for the Triaxe

magnetometer and they share exactly the same set of selection criteria

with the Yarim Tepe I results. Thereby, the Tell Halula and Yarim Tepe I

determinations form a very homogeneous dataset. All the data dis-

cussed above are reported in .Fig. 8

Fig. 8 shows a very good agreement between the Yarim Tepe I and

Tell Halula data, although the latter are few (three) for the time interval

represented in YTI. In contrast, nding an agreement is more di cultfi ffi

with the Tell Sotto data that appear signi cantly higher than the newfi

results obtained at Yarim Tepe I. Two remarks can be made. The rst isfi

that the conclusions achieved independently from the two datasets are

the same, namely that no signi cant geomagnetic eld intensity var-fi fi

iation occurred during the occupation period of the two sites ( andFig. 7 

see discussion in ). The second pointNachasova and Burakov, 1998

Table 1

New archeomagnetic intensity data obtained at the fragment group level in Yarim Tepe I. The name, the stratigraphic position, the corresponding archeological level

and the archeological age of the groups of potsherds are indicated in the rst four columns. Their ages ( ± 2 ) estimated using our preferred age model are providedfi σ

in the fth column. The group-mean archeointensity results before and after the use of a 3 rejection test and the number of fragments and specimens used for thefi σ 

mean computations are provided in the last three columns.

Group of fragments Depth (m) Archeological level Archeological period Age (BC) ± 2 Intensity ( T) Intensity 3 ( T) N frag. (n spec.)σ μ σ μ

YTI-01 0.8 1.00 II Standard Hassuna 5848 ± 52 41.6 ± 3.0 41.6 ± 3.0 3(9)–

YTI-02A 0.9 1.20 III Standard Hassuna 5854 ± 50 42.2 ± 2.6 40.9 ± 0.7 3(9)–

YTI-03 1.40 1.60 IV Standard Hassuna 5867 ± 52 44.9 ± 2.2 44.9 ± 2.2 3(9)–

YTI-05 1.90 2.30 V Standard Hassuna 5887 ± 60 41.1 ± 1.2 41.1 ± 1.2 3(9)–

YTI-06 2.20 2.45 V Standard Hassuna 5894 ± 64 42.0 ± 0.7 42.0 ± 0.7 3(9)–

YTI-08A 3.30 3.60 VI Standard Hassuna 5939 ± 58 44.1 ± 3.4 44.1 ± 3.4 3(7)–

YTI-10 4.25 4.35 VII Archaic/Standard Hassuna 5996 ± 56 41.9 ± 3.2 40.6 ± 1.7 4(11)–

YTI-11 4.45 4.65 VIII Archaic Hassuna 6024 ± 52 42.6 ± 2.2 42.6 ± 2.2 3(9)–

YTI-12 4.70 5.15 IX Archaic Hassuna 6066 ± 60 42.0 ± 3.4 40.4 ± 1.4 3(9)–

Fig. 7. New archeointensity data obtained in

Yarim Tepe I as a function of their stratigraphic

position. These data are both reported at the

fragment level (grey dots) and, when the number

of fragments ful lling our selection criteria arefi

is > =3, at the level of the di erent groups offf

fragments after the use the 3 rejection testσ 

(purple dots). The open circles show the data at

the fragment level for which no intensity value

was determined at the group level (because of an

insu cient number of fragments) or that wereffi

eliminated by the 3 rejection test. (For inter-σ 

pretation of the references to color in this gurefi

legend, the reader is referred to the web version

of this article.)
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concerns the cooling rate e ect on TRM acquisition, which was notff

taken into account in the case of the Tell Sotto data. Hence, the latter

data could be reconciled with those of Yarim Tepe I by considering a

cooling rate e ect of 7%, which seems to be a very reasonable andff ∼

plausible estimate ( ; A. Genevey pers. comm.).Genevey et al., 2008

Additional studies on fragments from Tell Sotto would certainly be

particularly interesting, but at this stage it seems to us that the data

from Tell Sotto and Yarim Tepe I are rather compatible.

Also reported in are the results from the Bulgarian databaseFig. 8 

compiled by after their transfer to the latitudeKovacheva et al. (2014) 

of Yarim Tepe I. The oldest data are slightly younger than the YTI re-

sults. However, the YTI dataset provides an interesting new constraint

on the duration of the intensity peak at 5750 BCE, i.e. around the∼

Early Halaf - Middle Halaf transition, presently only observed from the

Bulgarian data (see also the discussion in )Yutsis-Akimova et al., 2018

and which might be associated with an archeomagnetic jerk (Tema and

Kondopolou, 2011). When considering the data from Yarim Tepe I, it

appears that the duration of this peak did not exceed a century at

maximum (see the blueish zone in ), that is a duration similar toFig. 8

that of the second intensity peak consistently observed at 5500 BCE,∼

around the transition between the Middle Halaf and the Late Halaf

(Kovacheva et al., 2014, Gallet et al., 2015; Yutsis-Akimova et al.,

2018). It is worth pointing out that this observation only holds if the

data reported in are reliable, what should beKovacheva et al. (2014) 

assessed by a complementary study focused on the Early Halaf period. A

few additional archeointensity results dated to the 6th millennium BC

are also shown in , two from Italy ( ) and oneFig. 8 Tema et al., 2016

from Greece ( ). They are in good agreement with theFanjat et al., 2013

overall trend de ned by the Near-eastern and Bulgarian data.fi

From the archeointensity data obtained at Yarim Tepe II, Yutsis-

Akimova et al. (2018) estimated the intensity variation rates associated

with the peak at 5500 BCE to be 0.15 0.25 T/year. According to∼ ∼ – μ

the results shown in , it seems probable that quite similar varia-Fig. 8

tion rates also prevailed for the intensity peak at 5750 BCE. To∼

further decipher that issue, we used the same bootstrap approach as

that was considered in (see a descriptionYutsis-Akimova et al. (2018) 

of the method in this article). For this, we used the intensity values

obtained for YTI-01 (41.6 ± 3.0 T) and YTI-02A (40.9 ± 0.7 T), i.e.μ μ

from the two uppermost stratigraphic layers in YTI with a group-mean

archeointensity value, and successively the two Bulgarian results de-

fining the culmination of the intensity peak around 5750 BCE

(63.3 ± 0.8 T and 62.0 ± 1.9 T dated to 5754 ± 80 BC andμ μ

5760 ± 42 BC, respectively) after their transfer to the latitude of YTI.

The most probable variation rates computed range from 0.12 T/yr∼ μ

to 0.15 T/yr∼ μ ( ), and thus lie in the lower bound of the ratesFig. S2

derived for the intensity peak at 5500 BCE. These estimates are close∼

to the strongest intensity variation rates prevailing in the modern

geomagnetic eld (e.g. ). It is recognized thatfi Livermore et al., 2014

these are only rough estimates that still need to be strengthened by the

acquisition of a time series of Early Hala an archeointensity results.fi 

Finally, it is worth mentioning that the new radiocarbon dates ob-

tained in Yarim Tepe I may indicate the need for a revision of the

correlation scheme between the di erent phases of the Hassuna periodff

distinguished from excavations conducted a long time ago in Iraq and

the cultural/historical phases referred to as Proto-Halaf and Early Halaf

that were de ned more recently in Syria (e.g. fi Bernbeck and

Nieuwenhuyse, 2013 and references therein). In contrast with what was

considered so far, it appears that the Standard Hassuna characterized at

Yarim Tepe I would better correspond with a time interval encom-

passing the recent part of the Proto-Halaf and at least the older half of

the Early Halaf, between 5980 and 5825 BCE, rather than only with∼ ∼

the Proto-Halaf period dated from 6050 to 5900 BCE (∼ ∼ Table S1; Fig.

S1). Furthermore, the Archaic Hassuna de ned at Yarim Tepe I wouldfi

range from the uppermost Pre-Halaf to the middle of the Proto-Halaf,

between 6090 and 5980 BCE ( ). This shift towards∼ ∼ Table S1; Fig. S1

younger ages of the old Iraqi subdivisions clearly requires further in-

vestigation (and the acquisition of new radiocarbon dates), but it may

o er new constraints for scrutinizing probable di erent time evolutionsff ff

Fig. 8. Archeointensity data from the Near East

and from relatively close regions (Bulgaria,

Greece, Italy) presently available for the 7th and

6th millennium BC. All data were transferred to

the latitude of Yarim Tepe I. The color code is

the following: dark and light blue dots, Tell

Halula -Syria (Gallet et al., 2015; Yutsis-

Akimova et al., 2018, respectively); dark blue

triangles, Tell Masaikh -Syria (Gallet et al.,

2015); purple dots, Yarim Tepe I -Iraq (this

study); red dots, Yarim Tepe II -Iraq ( Yutsis-

Akimova et al., 2018); green triangles, Tell Sotto

-Iraq ( using a newNachasova and Burakov, 1998 

dating discussed in the present study); grey cir-

cles, results from the Bulgarian database

( ); green dot, Avgi -GreeceKovacheva et al., 2014

( ); orange dots, PortonovoFanjat et al., 2013

-Italy ( ). (For interpretation ofTema et al., 2016

the references to color in this gure legend, thefi

reader is referred to the web version of this ar-

ticle.)
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in ceramic assemblage across the Upper Mesopotamian area.

5. Conclusions

The new archeointensity data obtained at Yarim Tepe I allow one to

better constrain the geomagnetic eld intensity variations in the Nearfi

East over a period of 220 years encompassing the very end of the 7th∼ 

millennium BC and the beginning of the 6th millennium BC. During this

time interval, the YTI results show no signi cant geomagnetic eldfi fi

intensity variations, with a fairly stable value around 42.0 ± 1.6 T.μ

This relative stability would have immediately preceded a distinct in-

tensity peak around 5750 BCE, at present only observed from arche-

ointensity data obtained in the neighboring Bulgarian region

( ). Assuming that the latter results are reliable,Kovacheva et al., 2014

the available dataset shows that this intensity peak lasted a century at

most and that it would have involved variation rates of 0.12 0.15 T/∼ – μ

year. This intensity peak would likely be of the same nature as the

second peak observed soon after at 5500 BCE (∼ Yutsis-Akimova et al.,

2018). These variation rates, even though they are very strong relative

to those prevailing in the modern geomagnetic eld, do not allow forfi

the interpretation of these two peaks as being geomagnetic spikes.

The new radiocarbon dates obtained at YTI also bring new con-

straints on the temporal correlation between the di erent cultural/ff

historical phases distinguished from the pottery data unearthed by ex-

cavations carried out in Iraq more than 40 years ago and those de nedfi

more recently in Syria. It appears that the periods referred to as Archaic

Hassuna and Standard Hassuna in YTI would range from the uppermost

Pre-Halaf to the younger half of the Early Halaf, with a transition

around the middle of the Proto-Halaf period.
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