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Abstract

We present new archeointensity results obtained from 127 potsherds and baked brick fragments dated from the last four

millennia BC which were collected from different Syrian archeological excavations. High temperature magnetization measure-

ments were carried out using a laboratory-built triaxial vibrating sample magnetometer (Triaxe), and ancient field intensity

determinations were derived from the experimental procedure described by Le Goff and Gallet [Le Goff and Gallet. Earth Planet.

Sci. Lett. 229 (2004) 31–43]. As some of the studied samples were previously analyzed using the classical Thellier and Thellier

[Thellier and Thellier . Ann. Geophys. 15 (1959) 285–376] method revised by Coe [Coe. J. Geophys. Res. 72 (1967) 3247–3262],

a comparison of the results is made from the two methods. The differences both at the fragment and site levels are mostly within

F5%, which strengthens the validity of the experimental procedure developed for the Triaxe. The new data help to better constrain

the geomagnetic field intensity variations in Mesopotamia during archeological times, with the probable occurrence of an

archeomagnetic jerk around 2800–2600 BC.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

We recently developed a new three-axis vibrating

sample magnetometer, herein called Triaxe, allowing

continuous high-temperature and in-field magnetization

measurements of small (~0.75 cm3) individual samples

[1]. This equipment offers many possibilities for inves-

tigating rock magnetic properties at high temperature.

As a first application, we proposed a completely auto-

mated experimental procedure that permits the rapid

acquisition of archeo- and paleointensity determinations

corrected both for the thermo-remanent magnetization
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(TRM) anisotropy and for the cooling rate dependence

of TRM acquisition. Taking advantage of this new

method, we analyze in the present study the natural

remanent magnetization (NRM) of numerous (127) pot-

tery and baked brick fragments from Syria archeologi-

cally dated from the last four millennia BC. Some of

these fragments were previously studied by Genevey et

al. [4] using the classical Thellier and Thellier [2] meth-

od revised by Coe [3] (hereafter referred as the TTC

method), which allows one to make a detailed compar-

ison between archeointensity values derived from the

two different methodologies. The results obtained from

a set of new dated-sites (i.e., groups of pottery or baked

brick fragments of same age found together in the same

archeological context) further provide new information

on the variations of the geomagnetic field intensity in

Mesopotamia over several millennia BC.
etters 241 (2006) 159–173
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2. High temperature archeointensity measurements

We briefly recall here the experimental procedure

extensively described in Le Goff and Gallet [1] (Fig.

1). This procedure involves continuous magnetization

measurements during heating and cooling. After a

preliminary heating to T1 (generally 150–200 8C), a
1 cm-long/1 cm-diameter specimen is heated (demag-

netized) in zero field to T2 (acquisition of the data

M1(T); T2 is typically between 450 8C and 550 8C).
It is then cooled in zero field to T1 and again heated

to T2 in order to characterize the thermal variation

between T1 and T2 of the magnetization fraction with

unblocking temperatureNT2 (acquisition of the data
Fig. 1. Example of magnetization data acquired with the Triaxe allowing

orthogonal (a) and stereographic projections (b) in order to check the directio

of the NRM (curve M1(T)). In (c), the same data are reported as a function o

the intensity computations (see text and Le Goff and Gallet [1]). All data a
M3(T) during the heating). At T2, a field of known

intensity (Hlab) is applied and maintained while the

specimen is cooled to T1, which permits the acquisi-

tion of a laboratory TRM between T2 and T1. Note

that Hlab is applied so that the laboratory TRM is

parallel to the NRM [1]. The field is next turned off

and the specimen is again heated to T2 in zero field

for demagnetizing the imparted laboratory TRM (ac-

quisition of the data M5(T)). The specimen is finally

rapidly cooled from T2 to the room temperature.

This succession of steps made automatically by the

Triaxe allows one to compute numerous values (every

58 between T1 and T2) of two ratios which both provide

estimates of the ancient field intensity (Fig. 2). The first
ancient field intensity determinations. The data are plotted both in

nal variations during heating, in particular during the demagnetization

f temperature. The three curves M1(T), M3(T) and M5(T) are used for

re reported in real time while they are continuously acquired.



Fig. 2. Example of continuous ancient field intensity determinations deduced from the two ratios R(Ti) and RV(Ti) (curves with solid and open

symbols, respectively). See text for explanations (see also Le Goff and Gallet [1]).
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data set (hereafter called the R(Ti) data) is obtained by

computing the ratio between the NRM and laboratory

TRM fractions D1(Ti) and D5(Ti), respectively) whose

unblocking temperatures are between any temperature

Ti, between T1 and T2, and T2 (see also Boyd [5] and

Tanaka et al. [6]).

R Tið Þ ¼ Hlab4D1 Tið Þ=D5 Tið Þ ð1Þ

with

D1 Tið Þ ¼ M1 Tið Þ �M3 Tið Þ ð2Þ

and

D5 Tið Þ ¼ M5 Tið Þ �M3 Tið Þ ð3Þ

The second data set (hereafter called the RV(Ti) data)
is derived from the ratio between the NRM and labo-

ratory TRM fractions unblocked between T1 and any

temperature Ti up to T2 (DV1(Ti) and DV5(Ti), respec-
tively ). This option requires to make an approximation

as the variations in spontaneous magnetization between

T1 and Ti of the magnetization fraction with unblocking

temperatures between Ti and T2 are not known. Le Goff

and Gallet [1] found that, as a first approximation, these

variations could be neglected. In this case, the RV(Ti)
data are obtained from the formula:

RV Tið Þ ¼ Hlab4DV1 Tið Þ=DV5 Tið Þ ð4Þ

with

DV1 Tið Þ ¼ M1 T1ð Þ �M1 Tið Þð Þ � M3 T1ð Þ �M3 Tið Þð Þ
ð5Þ
and

DV5 Tið Þ ¼ M5 T1ð Þ �M5 Tið Þð Þ � M3 T1ð Þ �M3 Tið Þð Þ
ð6Þ

In our previous study, we showed that the R(Ti)

data are particularly sensitive to the cooling rate de-

pendence of TRM acquisition (see for instance Fox et

al. [7] and Genevey and Gallet [8]), while the RV(Ti)
data are much less affected by this effect (the values

being in all cases much more constant; Fig. 2). This

difference in behavior between the R(Ti) and RV(Ti)
data is due to the fact that the cooling rate effect

essentially affects, at least in our archeological sample

collection, the grains unblocked in the high tempera-

ture range. Our bbestQ estimate of the ancient field

intensity corrected for the TRM anisotropy (as the

laboratory TRM is parallel to the NRM) and for the

cooling rate effect is obtained by averaging the RV(Ti)
data within almost the entire T1–T2 temperature inter-

val. Only the few first values close to T1 (over the ~20

first degrees) are eliminated because the magnetization

fractions involved in RV(Ti) computations are then too

small [1].

The measurements are carried out over a single but

large temperature interval (generally 300 8C) which

allows one to compare the unblocking spectrum of an

important fraction of the NRM to that of the total

experimental TRM. The main interest is that this

makes the intensity determination very fast (~2 h and

10 min). We list below the selection criteria we used

in this study for retaining only the most reliable

results. These selection criteria were defined from



Fig. 3. Three examples of rejected Syrian samples because of unsatisfactory R(Ti) and/or RV(Ti) behaviors — (a), (c), (d). The behavior observed from a French potsherd is also shown for

comparison in (b).
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Fig. 4. RV(Ti) data obtained from four sites previously studied by Genevey et al. [4] using the TTC method. In our study, one sample per fragment was analyzed with the Triaxe providing each

individual RV(Ti) curve, and each site comprises several fragments (=4).
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numerous intensity measurements of pseudo-ancient

NRM acquired in known thermal and laboratory-

field conditions using thermally stabilized samples,
and subsequently analyzed using the experimental

procedure described above.

i) The magnetization must exhibit a single direc-

tional component through the entire temperature

interval considered for archeointensity determina-

tion. The fact that there is only one magnetic

component is controlled by looking at the direc-

tional data in real time both in orthogonal and

stereographic projections (Fig. 1).

ii) The magnetization fraction involved in the inten-

sity determination between T1 and T2 must rep-

resent at least 50% of the magnetization fraction

with unblocking temperatures larger than T1.

iii) The R(Ti) values must be continuously increasing

or ~constant from T1 to T2 (Fig. 2).

iv) The RV(Ti) values must be nearly straight (Fig. 2).

In most samples however, the RV(Ti) data are

slightly increasing, which defines a slope, through

the temperature interval of analysis. The lower the

slope of the RV(Ti) data between T1 and T2, the

better the intensity estimate. Here we compute the

slope from the ratio (RV(T2)�RV(T1)) / (mean

RV(Ti) data), expressed in %, after fitting the

RV(Ti) data with a linear trend. We reject the

specimen if the slope of the RV(Ti) data is N15%.

Note that these smoothed RV(Ti) data are only

considered for slope computations.

v) For each dated site, we analyze specimens taken

from different pottery and/or brick fragments (one

specimen per fragment). The site mean intensity

is computed from a numberN3 of independent

results obtained at the fragment level, all having

the same weight in this computation. In addition

to all previous criteria relying on the magnetic

behavior observed for each specimen, this ap-

proach further minimizes the possibility for a

systematic bias at the site level due to alteration

and especially helps to control the homogeneity

in age of the studied fragments. It is worth point-

ing out that this would not be possible if the

definition of the dated site was a set of several

specimens collected from the same potsherd or

brick fragment.
ig. 5. Analyzis of the differences between the intensity value

btained at the fragment level from the TTC and Triaxe method

xpressed in %, and relative to the TTC results obtained by Genevey

t al. [4]). The differences are reported in a histogram in (a), and they

re also plotted as a function of the degree of TRM anisotropy (b) and

f the cooling rate correction factor (c) determined for each sample by

enevey et al. [4].
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Fig. 6. Mean intensity values as a function of time obtained at the site

level from the Triaxe (open symbols) and TTC (solid symbols)

methods.
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Three examples of rejected Mesopotamian results are

shown in Fig. 3a,c,d. They failed at least one, but mostly

several criteria, despite the fact that the demagnetization

of the NRM is univectorial. These examples illustrate

typical complex behaviors that were never observed in

thermally stabilized archeological and volcanic sam-

ples. For potsherd Lot33-03 (Fig. 3a), the R(Ti) data
Table 1

Name, location and age of the new studied Syrian sites of pottery and bake

Archeological

sites

Lat

(8N)
Long

(8E)
Name of

groups

Nature of

fragments (*)

Associa

Mashnaqa 36.3 40.8 MAS 02 C Early D

Mari 34.5 40.9 Lot 24 C Early D

MR 14 B Early

Dynasti

MR 15 B Dynasty

Ur III

MR 03 B Dynasty

Ur III

MR 04 B Dynasty

Ur III

MR 08 B

Sheikh Hamad 35.8 40.9 Lot 27 C Middle

Lot 31 C Neo–As

Tell Masaikh 35.0 40.6 Lot 28 C Neo-As

Lot 29 C Neo-As

Shaara 32.7 36.6 Lot 33 C

(*) : C for Ceramics and B for Bricks.
start to increase before to slightly decrease toward the

end of the temperature interval of analysis whereas the

RV(Ti) data strongly vary throughout the entire temper-

ature interval. This behavior is similar to the one shown

in Fig. 7 of our previous study [1] obtained from a

French Dark Middle Age potsherd, and is again ob-

served in another French potsherd but dated from the

first Iron Age (Fig. 3b). Samples MR08-05 (Fig. 3c) and

Lot33-01 (Fig. 3d) illustrate another case where the

R(Ti) and RV(Ti) data display curves which are roughly

parallel, with strongly increasing RV(Ti) data, through

the temperature interval of analysis.

3. Comparison between high-temperature and

room-temperature archeointensity determinations

We have pursued the investigation of the collection

of archeological samples assembled during the Gene-

vey’s thesis [9] (see Genevey et al. [4]). The compar-

ison between the results derived from the Triaxe

procedure and those obtained by Genevey et al. [4]

using the TTC method is performed at two different

levels: 1) at the fragment level (i.e., the same fragments
d brick fragments

ted culture, period, empire Age References

ynastic II 2800–2600 BC [10]

ynastic I (First occupation

phase of city 1)

3000–2800 BC [12]

c III

(Water conduct from

the city 2 Palace;

phase P2/P3)

2650–2450 BC [13]

of (Tomb from the

Oriental Palace,

city 3)

2100–1900 BC [13]

of (Water conduct from

the Great Royal

Palace, city 3)

2100–1900 BC [13]

of (Door coffering from

the Great Royal

Palace, city 3)

2100–1900 BC [13]

(Water conduct,

end of city 3)

1850–1650 BC [13]

Assyrian (Middle Assyrian

residence, room K)

1300–1200 BC [15]

syrian (Red House,

room #CW)

600–550 BC [15]

syrian (Found directly on

the pavement TM01)

750–700 BC [14]

syrian (Found above the

pavement TM01)

700–600 BC [14]

(Found in the

dumping zone 1, K)

200–100 BC [16]



Fig. 7. RV(Ti) data obtained from four new Syrian sites.
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Fig. 8. All site-mean intensity values obtained in this study (open

symbols) and by Genevey et al. [4] (solid symbols) for the past fou

millennia BC in Syria. Solid and open circles indicate that exactly the

same sites were analyzed using the two methods, whereas the Triaxe

means obtained from new sites are indicated by open triangles. Al

results were derived at the site of Mari (k =34.58N, / =40.98E).
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were studied). This concerns 36 pottery and brick frag-

ments, 10 having failed in providing TTC values; and

2) at the dated-site level (i.e., the same groups of

fragments found in the same archeological context

were studied, including some additional fragments

which were not investigated by Genevey et al. [4]).

This comprises eight dated-sites and 11 newly investi-

gated fragments. As a whole, the comparison relies on

47 fragments analyzed with the Triaxe (Table 2).

The RV(Ti) data obtained from four sites are shown in

Fig. 4. From these plots, it is quite easy to judge the

overall quality of the data, with a direct information on

the dispersion both at the sample level (the behavior of

each RV(Ti) curve) and at the site level (the comparison

between the different RV(Ti) curves from the same site).

Ten samples (~21% of the collection) were rejected

because they failed at least one of our selection criteria

(principally those concerning the univectorial NRM

demagnetization behavior and the slope of the RV(Ti)
data). Among the ten common fragments rejected by

Genevey et al. [4], six are again rejected in our study

(Table 2). The four others do not appear problematic,

being very close to the values obtained from their

respective sites. In particular, potsherd Lot17-19 was

rejected by Genevey et al. [4] because the two studied

specimens yielded TTC intensity values that differ by

more than 5%. However, we could not perform this test

because only a single specimen per potsherd was ana-

lyzed with the Triaxe. The 5% coherence criterion [4]

was satisfied for potsherd MR05-06, but the latter was

rejected because a moderate alteration was detected

during cooling rate experiments conducted on a third

specimen. In contrast, four fragments retained by Gen-

evey et al. [4] were rejected when analyzed with the

Triaxe. We consider that the differences above are due

to the strict application of severe selection criteria. The

comparison at the fragment level between TTC and

Triaxe accepted values is possible only for 22 samples.

The differences (Triaxe intensity�TTC intensity) /TTC

Intensity expressed in % are comprised between

�16.0% and +5.2% (Table 2, Fig. 5a). In a large

proportion, the intensity results obtained using the

Triaxe are smaller than those obtained from the TTC

method (with a mean difference of �4.3F5.1%).

For deciphering the origin of these differences, we

reported them both as a function of the degree of TRM

anisotropy (Kmax /Kmin; Fig. 5b) and of the cooling rate

correction factor (Fig. 5c) determined by Genevey et al.

[4] for each studied sample. We recall that Genevey et

al. [4] (see also Genevey and Gallet [8]) estimated the

cooling rate correction factors from the ratio between

the TRM acquired for the same temperature interval
(generally from ~450 8C to room temperature) at rapid

(~30 min) and slow (~10 or 30 h) cooling rates. The two

figures show that the differences observed between the

two intensity data sets are controlled neither by the

degree of TRM anisotropy nor by the cooling rate effect.

Three samples (Lot14-01, Lot05-02 and Lot05-05) how-

ever appear to lie outside of the normal distribution seen

in Fig. 5c. They all have a cooling rate correction factor

larger than 1 (i.e., the intensity value increases after the

correction for the cooling rate dependence of TRM

acquisition; Table 2), which is a rare characteristic in

the sample collection studied by Genevey et al. [4], and

their intensity differences are among the largest:

�16.0%, �10.7% and �9.7%, respectively (Table 2).

We also remark that sample Lot14-01, which reveals the

largest difference between the Triaxe and TTC intensity

values, possesses the largest degree of anisotropy (1.29;

Fig. 5b), and its TTC intensity value significantly differs

from the other data obtained from the same site (Table

2). The TTC values obtained from these three samples

most probably suffer from some experimental uncertain-

ties. Excluding these problematic samples, the averaged

difference between the Triaxe and TTC intensity values

decreases to �3.1F4.2%. Such a difference therefore

does not cast doubt on the validity of the experimental

procedure developed for the Triaxe.

The reliability of the Triaxe intensity data is further

strengthened by the comparison between the Triaxe and

TTC results obtained at the site level. The average of

the site-mean intensity differences is �2.8F4.5%. Ex-

cluding the three problematic samples discussed above

has the consequence that a mean intensity value cannot

be computed for site Lot05 because of insufficient
r

l



Table 2

Archeointensity results obtained from Syrian pottery and baked brick fragments using the TTC and Triaxe methods allowing comparisons between the two data sets

Site Location Age Sample Temp. int. H. lab. NRM T1

(%)

Slope R’

(%)

Int. Triaxe TTC

fragment

SD

(2 spec.)

Sample

dif.

TTC site

intensity

Triaxe site

intensity

Nb Site dif.

Lot 17 Mashnaqa 4000–3800 BC 31.1F2.3 32.5F2.4 4 4.4%

Lot 17-18 31.1 2.3

Lot 17-19 200–450 30 86 6 33.2 Rejected

Lot 17-22 33.4 0.5

Lot 17-23 28.9 0.7

Lot 17-24 150–450 30 91 �3 34.7 Rejected

Lot 17-25 200–450 30 93 6 29

Lot 17-26 150–450 30 71 13 33

Lot 03 Mashnaqa 3500–3300 BC 40.8F1.1 41.6F2.4 4 1.8%

Lot 03-01 150–450 40 81 9 39.3 40.3 0.1 �2.5%

Lot 03-02 270–500 40 83 14 41.3

Lot 03-03 150–450 40 56 5 40.6 42 0.2 �3.3%

Lot 03-04 150–450 40 Rejected Rejected

Lot 03-05 150–450 40 Rejected Rejected

Lot 03-06 Rejected Rejected

Lot 03-07 40 0

Lot 03-08 150–450 40 87 1 45

MR 05 Mari 2650–2450 BC 53.0F2.5 49.9F2.0 4 �5.8%

MR 05-02 150–450 50 64 9 47.5 51 0.9 �6.9%

MR 05-04 150–450 50 60 5 51.4 56.5 1.1 �9.0%

MR 05-05 230–450 50 Rejected 52.9 0.6

MR 05-06 150–450 50 61 8 49.1 Rejected

MR 05-07 150–450 50 66 3 51.6 51.5 0.9 0.2%

Lot 14 Mari 2400–2200 BC 51.0F2.8 46.5F1.6 4 �8.8%

Lot 14-01 150–450 50 80 12 46.1 54.9 0 �16.0%

Lot 14-02 150–450 50 Rejected Rejected

Lot 14-03 200–450 50 84 5 47.4

Lot 14-04 200–450 50 72 11 44.5 49.8 0.4 �10.6%

Lot 14-05 250–450 50 68 4 48.6 51 0.6 �4.7%

Lot 14-06 250–450 50 Rejected 48.3 0.3

Lot 14-07 150–450 50 76 4 45.9
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MR 02 Mari 2100–1900 BC 47.9F1.9 45.2F0.9 3 �5.7%

MR 02-01

MR 02-02 150–450 50 58 14 45.5 48.2 0.2 �5.6%

MR 02-03 150–450 50 Rejected 50.4 0.5

MR 02-04 150–450 50 Rejected Rejected

MR 02-05 300–450 50 Rejected 46 0.2

MR 02-06 150–450 50 65 4 45.8 46.9 0.2 �2.3%

MR 02-07 150–450 50 73 5 44.2

MR 11 Mari 1850–1650 BC 43.4F2.2 42.1F0.9 4 �2.9%

MR 11-01 200–500 50 76 2 40.9 40.9 0.2 0.0%

MR 11-02 150–450 40 73 4 42.8 44.3 0.2 �3.4%

MR 11-03 150–450 40 53 12 42.1 45 0.4 �6.4%

MR 11-04 150–450 40 63 12 42.7 Rejected

Lot 05 Tell Mashtale 1200–1100 BC 61.5F4.7 58.0F3.5 7 �5.7%

Lot 05-01 150–450 60 90 3 53.4 54.8 0.6 �2.6%

Lot 05-02 150–450 60 84 6 54.9 61.5 0.2 �10.7%

Lot 05-03 150–450 60 81 1 60.9

Lot 05-04 150–450 60 Rejected Rejected

Lot 05-05 150–450 60 71 0 58.7 65 0.6 �9.7%

Lot 05-06 150–450 60 62 �3 61.9

Lot 05-07 150–450 60 81 0 61.2 64.5 0.6 �5.1%

Lot 05-08 150–450 60 79 1 54.8

TM 01 Tell Masaikh 750–700 BC 71.6F4.3 71.7F2.7 6 0.1%

TM 01-01

TM 01-02 150–450 70 83 9 70.6 67.1 0.2 5.2%

TM 01-03 150–450 70 73 7 71.2 70.3 0.3 1.3%

TM 01-04 150–450 70 80 10 70.2

TM 01-05 150–450 70 55 10 77.1 75.6 1.6 2.0%

TM 01-06 150–450 70 71 12 70.6 76.6 0.3 �7.8%

TM 01-07 150–450 70 81 7 70.2 68.5 0.2 2.5%

Temp. int., temperature interval (in 8C) of intensity determination; Lab H., laboratory field used for TRM acquisition; NRM T1 (%), fraction of NRM involved from T1 in intensity determination;

Slope R’ (%), slope of the R’(Ti) data within the temperature interval of analysis (see text for further explanation); Int. Triaxe, intensity value in AT derived per fragment from the Triaxe (this study);

TTC fragment, mean intensity value determined at the fragment level from two specimens by Genevey et al. [4] using the TTC method; SD (2 spec.), standard deviation in AT of the TTC mean

intensity value determined at the fragment level; Sample dif., difference expressed in % between the Triaxe and TTC intensity values obtained at the fragment level; TTC site intensity, mean TTC

value in AT obtained at the site level and its standard deviation; Triaxe site intensity, mean Triaxe intensity value in AT obtained at the site level and its standard deviation; Nb, number of data used

for the computation of the mean Triaxe intensity value; Site dif., difference expressed in % between the mean TTC and Triaxe intensity values determined at the site level.
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Table 3

Triaxe archeointensity results obtained from new Syrian dated-sites

Site Location Age Sample Temp. inter. Lab H. NRM T1

(%)

Slope R’

(%)

Int. Triaxe Mean int. Nb

samples

Lot 24 Mari 3000–2800 BC 37.2F1.1 8

Lot 24-01 200–500 40 Rejected

Lot 24-02 200–500 40 84 –1 39.5

Lot 24-03 200–500 40 85 5 37.5

Lot 24-04 200–500 40 86 9 37.1

Lot 24-05 200–500 40 85 13 36.8

Lot 24-06 200–500 40 91 13 37.7

Lot 24-07 200–500 40 88 15 36.6

Lot 24-08 200–500 40 90 13 36.4

Lot 24-09 200–500 40 88 14 36.1

MAS 02 Mashnaqa 2800–2600 BC 40.9F3.4 4

MAS 02-01 150–450 50 60 9 45.9

MAS 02-02 150–450 50 73 15 38.8

MAS 02-03 150–450 50 93 3 39.1

MAS 02-04 150–450 50 Rejected

MAS 02-05 150–450 40 78 6 39.6

MAS 02-06 200–450 40 Rejected

MAS 02-07 230–450 40 Rejected

MR 14 Mari 2650–2450 BC 51.9F0.4 5

MR 14-01 150–450 50 76 7 52

MR 14-02 300–450 50 60 7 51.3

MR 14-03 150–450 50 58 5 52.5

MR 14-04 150–500 50 52 8 52.1

MR 14-05 150–500 50 55 12 1.7

MR 15 Mari 2100–1900 BC 45.9F1.5 6

MR 15-01 150–450 50 68 3 45.9

MR 15-02 150–450 50 74 6 47.8

MR 15-03 150–450 50 73 4 45.1

MR 15-04 150–450 50 66 5 44.2

MR 15-05 150–450 50 75 6 47.6

MR 15-06 150–450 50 82 1 44.6

MR 04 Mari ville 3 2100–1900 BC 40.8F2.7 6

MR 04-01 150–450 40 64 2 45.6

MR 04-02 150–450 50 76 1 39.4

MR 04-03 150–450 50 53 13 41.0

MR 04-04 150–450 40 67 7 40.7

MR 04-05 190–450 50 61 10 40.7

MR 04-06 150–450 40 55 11 37.5

MR 03 Mari ville 3 2100–1900 BC 37.4F1.4 6

MR 03-01 150–450 50 73 4 37.4

MR 03-02 150–450 40 74 9 39.8

MR 03-03 150–450 40 Rejected

MR 03-05 150–450 40 56 15 36.9

MR 03-06 150–450 40 64 7 36.8

MR 03-07 150–450 40 75 4 36

MR 08 Mari 1850–1650 BC 43.4F0.9 4

MR 08-01 150–500 40 53 6 43.6

MR 08-02 230–450 40 Rejected

MR 08-03 150–450 40 63 15 44.6

MR 08-04 150–450 40 65 6 43.1

MR 08-05 150–450 40 Rejected

MR 08-06 150–450 40 52 13 42.4
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Table 3 (continued)

Site Location Age Sample Temp. inter. Lab H. NRM T1

(%)

Slope R’

(%)

Int. Triaxe Mean int. Nb

samples

Lot 27 Sh. Hamad 1300–1200 57.1F3.6 4

Lot 27-01 150–450 60 Rejected

Lot 27-02 150–450 60 76 15 55.6

Lot 27-03 200–450 60 54 14 54.5

Lot 27-04 150–450 60 64 0 61.2

Lot 27-05 150–450 60 Rejected

Lot 27-06 150–450 60 Rejected

Lot 27-07 Magnetization

too weak

Lot 28 Tell Masaikh 750–700 BC 73.4F2.5 8

Lot 28-01 150–450 70 75 5 75.9

Lot 28-02 150–450 70 83 7 70

Lot 28-03 250–450 70 59 15 71

Lot 28-04 150–450 70 82 3 75.1

Lot 28-05 220–450 70 61 13 70.5

Lot 28-06 150–450 70 64 5 73.4

Lot 28-07 150–450 70 71 8 75

Lot 28-08 150–450 70 73 6 76.2

Lot 29 Tell Masaikh 700–600 BC 74.7F1.9 4

Lot 29-01 150–450 70 84 5 74.7

Lot 29-02 150–450 70 Rejected

Lot 29-03 150–450 70 74 4 72.1

Lot 29-04 150–450 70 Rejected

Lot 29-05 150–450 70 Rejected

Lot 29-06 250–450 70 58 10 76.3

Lot 29-07 150–450 70 90 1 75.8

Lot 31 Sh. Hamad 600–550 BC 70.1F0.9 7

Lot 31-01 230–450 70 84 12 71.8

Lot 31-02 350–500 70 96 7 69.5

Lot 31-03 225–500 70 Rejected

Lot 31-04 275–500 70 86 14 70.4

Lot 31-05 225–500 70 90 5 69.5

Lot 31-06 300–500 70 81 13 70.7

Lot 31-07 225–500 70 92 11 69.9

Lot 31-08 225–500 70 85 6 69

Lot 33 Shaara 200–100 BC 1

Lot 33-01 250–450 60 Rejected

Lot 33-02 200–500 60 Rejected

Lot 33-03 330–550 60 Rejected

Lot 33-04 225–525 50 90 14 51.6

Lot 33-05 285–525 50 Rejected

Lot 33-06 370–525 50 Rejected

Same conventions as in Table 2.
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number of data (N =2). For the remaining sites, the

mean difference is �2.0F4.2%. The mean intensity

values are finally reported in Fig. 6 as a function of age.

This figure shows that for each case the mean intensity

values obtained from the same site using the different

methods agree with one another within their error bars.

4. Discussion

From the previous results, we consider that our ex-

perimental procedure using the Triaxe provides in ~2 h an

intensity value from one sample which is as reliable as
data obtained from the TTC method with stringent se-

lection criteria and corrected as precisely as possible for

the anisotropy of TRM and for the cooling rate depen-

dence of TRM acquisition [4,8]. We then obtained addi-

tional archeointensity results from 12 new dated sites

collected from different Syrian archeological excava-

tions (Mashnaqa, Mari, Tell Masaikh, Sheikh Hamad

and Shaara; Table 1 [10–16]). This concerns 80 frag-

ments whose results are reported in Table 3. The RV(Ti)
data obtained from 4 sites are shown in Fig. 7. Nineteen

samples failed our selection criteria (24%), which again

demonstrates the overall good suitability of the Meso-
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potamian pottery and brick fragments for archeointensity

studies [4]. This is likely due to a combination of several

favorable parameters such as the type of clays, the prep-

aration for making these archeological objects, the firing

conditions and the region’s dry climate. However, the

site from Shaara (Lot33) had to be rejected because only

one fragment provided a satisfactory result (against 5

rejected data; Fig. 3b,c and Table 3).

Fig. 8 displays the mean intensity values previously

obtained by Genevey et al. [4] together with the new

ones obtained using the Triaxe. Altogether these data

provide a description of the changes in geomagnetic

field intensity in the Middle East during the last four

millennia BC. The new data, although they bring more

details on these variations, do not modify the field

behavior discussed in Genevey et al. [4] (see compar-

isons with other archeointensity data sets in the latter

study). It is however of interest to recall the rapid and

important intensity fluctuations between ~2000 and 0

BC, with an intensity increase by a factor ~1.8 between

~2000 and ~750 BC. There is a very high intensity

maximum during the first half of the first millennium

BC, which was associated with an archeomagnetic jerk

by Gallet et al. [17]. The new data strengthen the

possibility that a sharp intensity increase happened

around 2800–2600 BC (Fig. 8; see also Genevey et

al. [4]): the latter could reveal the occurrence of another

archeomagnetic jerk, perhaps also detected by Snow-

ball and Sandgren [18] from lake sediments in Sweden.

The agreement between intensity results obtained

from sites archeologically dated of the same age is

particularly satisfactory in three cases (Tables 2 and 3).

This concerns for instance the new site Lot28 from Tell

Masaikh consisting of potsherds found directly overly-

ing the baked brick pavement that constitutes site TM01

[4]. The site mean difference between the two (Triaxe

and TTC, respectively) intensity values is only 2.5%.

The agreement is also almost perfect between sites

MR08 and MR11 collected from two different pave-

ments dated at the end of city 3 of Mari (difference of

0.1%) and between sites MR14 and MR05 (baked brick

fragments from a water conduct and from a pavement),

both dated at the beginning of city 2 ofMari, with a mean

intensity difference of�2.0%. However, the new Triaxe

data illustrate in two cases some limitations due to the

dating precision of the studied sites. The first case con-

cerns two sites collected from two different excavations

(Mari and Mashnaqa [10,12]) and dated between 2800

and 2600 BC (Fig. 8). These two sites provide signifi-

cantly different mean intensity values, which indicates

that these two sites do not have the same age within the

same age bracket given by the archeologists (i.e., based
on the archeological context linked to a cultural settle-

ment). According to the field intensity variations, the site

from Mashnaqa would be older than the one from Mari.

The second case is around 2000 BC. Four different sites

of baked brick fragments from Mari (MR02, MR03 and

MR04 collected from the Great Royal Palace and MR15

from the Oriental Palace; see Table 1) provide at least

two different intensity values (Fig. 8), although they are

all archeologically dated at the beginning of the city 3 of

Mari (~2100–1900 BC [12–14]). This difference likely

indicates the occurrence of rapid intensity variations

during this period which cannot be resolved due to the

insufficient dating precision.

This study constitutes the direct continuation of the

Le Goff and Gallet [1] paper. The analyses of more than

one hundred pottery and brick fragments from Syria

confirm that the intensity determination method devel-

oped with the Triaxe is particularly suitable for baked

archeological materials. The good success rate in inten-

sity determination obtained in our study, together with

the rapidity of data acquisition with the Triaxe, make

Mesopotamia a perfect working area for obtaining a

very detailed, and probably the longest (~eight millen-

nia) archeointensity curve.
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Dentzer (Ed.), Recherches Archéologiques sur la Syrie du Sud à
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