
HAL Id: hal-00573465
https://hal.science/hal-00573465

Submitted on 4 Mar 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Estimate of the magnetic anisotropy effect on the
archaeomagnetic inclination of ancient bricks

Evdokia Tema

To cite this version:
Evdokia Tema. Estimate of the magnetic anisotropy effect on the archaeomagnetic inclina-
tion of ancient bricks. Physics of the Earth and Planetary Interiors, 2009, 176 (3-4), pp.213.
�10.1016/j.pepi.2009.05.007�. �hal-00573465�

https://hal.science/hal-00573465
https://hal.archives-ouvertes.fr


Accepted Manuscript

Title: Estimate of the magnetic anisotropy effect on the
archaeomagnetic inclination of ancient bricks

Author: Evdokia Tema

PII: S0031-9201(09)00127-7
DOI: doi:10.1016/j.pepi.2009.05.007
Reference: PEPI 5174

To appear in: Physics of the Earth and Planetary Interiors

Received date: 3-10-2008
Revised date: 28-5-2009
Accepted date: 29-5-2009

Please cite this article as: Tema, E., Estimate of the magnetic anisotropy effect on
the archaeomagnetic inclination of ancient bricks, Physics of the Earth and Planetary
Interiors (2008), doi:10.1016/j.pepi.2009.05.007

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

dx.doi.org/doi:10.1016/j.pepi.2009.05.007
dx.doi.org/10.1016/j.pepi.2009.05.007


Page 1 of 41

Acc
ep

te
d 

M
an

us
cr

ip
t

Estimate of the magnetic anisotropy effect on the 1

archaeomagnetic inclination of ancient bricks 2

3

Evdokia Tema4

Dipartimento di Scienze della Terra, Università degli Studi di Torino. Via Valperga 5

Caluso 35, 10125, Torino, Italy6

7

8

Abstract9

10

The magnetic fabric of 59 bricks coming from 5 ancient kilns has been studied by 11

measuring the anisotropy of magnetic susceptibility (AMS) and the anisotropy of 12

isothermal (AIRM), anhysteretic (AARM) and thermal (ATRM) remanent 13

magnetization. The bricks are characterized by a well developed magnetic fabric that 14

matches their flat shape. The shape of the anisotropy ellipsoids is in almost all cases 15

oblate with the maximum and intermediate axes lying parallel to the large face of the 16

brick and the minimum axis perpendicular to it. The directions of the principal axes 17

are almost the same irrespectively of the type of anisotropy measured, whereas the 18

degree of anisotropy of the AIRM, AARM and ATRM is much higher than the AMS. 19

As the bricks lie horizontally within the kiln, the planar magnetic fabric results in an 20

inclination shallowing of the archaeomagnetic direction with respect to that of the 21

Earth’s magnetic field at the time of their last cooling. Estimation of this effect on the 22

grounds of ATRM measurements yields a shallowing that varies from 4o to 10o for 23

individual samples. Such inclination difference may significantly bias archeomagnetic 24
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dating; for the case of the Canosa late-Roman kiln it leads to a dating error of more 25

than two centuries.26

27

Keywords:  Bricks; Magnetic fabric; Inclination error; Archaeomagnetic dating28

29

1. Introduction30

31

Archaeomagnetism is based on the principle that archaeological artifacts fired 32

at high temperatures acquire a remanent magnetization parallel to the local 33

geomagnetic field during their cooling. This assumption is generally true but various 34

mechanisms can cause a bias of the recorded magnetic direction. Magnetic anisotropy 35

is one of them. It is the preferential alignment of the magnetic grains which results in 36

a deviation of the remanence direction with respect to the external field (Fig. 1).37

Several archaeomagnetic artifacts such as tiles, bricks and ceramics, may be38

characterized by a strong magnetic anisotropy (Rogers et al., 1979; Aitken et al., 39

1981; Veitch et al., 1984; Lanos, 1987; Sternberg, 1989; Yang et al., 1993; Chauvin et 40

al., 2000; Hedley, 2001; Hus et al., 2002; 2004) that is mainly related to their mode of 41

fabrication.42

Ancient techniques for the production of bricks and tiles involved the 43

preparation of a clay-water mixture that was extruded or molded usually as 44

rectangular blocks. Manual pressure was usually applied in order to give the bricks a 45

flat form. Due to the strain applied during shaping, the magnetic grains included in the 46

clay mixture tend to be oriented parallel to the horizontal depositional surface. The 47

azimuthal orientation of the grains is casual but their long axes preferentially lie 48

parallel to the brick’s flat surface (Fig. 1a). In these cases magnetic anisotropy is49
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important and highly influenced by the shape of the bricks (Hus et al., 2003). If the50

bricks were then placed horizontally in an archaeological structure (e.g. a kiln), the 51

ambient magnetic field recorded by the magnetic grains would be deflected towards 52

the direction of the long axes of the ferromagnetic particles and thus its direction 53

would differ from that of the Earth’s magnetic field (Fig. 1b). Such a bias is important 54

for inclination while declination is less influenced; shaping strain forces magnetic 55

particles to lie horizontally but does not control the direction of their long axis.56

Moreover, bricks positioned in a kiln loose the azimouthal orientation they had when 57

manufactured, so that the preferential direction, if any, of the grain long axes within 58

each brick is random. Any possible bias on declination is, thus, reduced by calculating 59

the mean value of the remanence directions of a large number of samples. On the 60

contrary, the horizontal position of the bricks in the kilns’ walls or baking floor causes 61

a systematic inclination shallowing. Such significant deviation between the inclination 62

of the remanence vector and that of the ancient geomagnetic field has important 63

implications on archaeomagnetic dating.64

The anisotropy of magnetic susceptibility (AMS) is the most frequently used 65

measurement of magnetic anisotropy. AMS measurements are simple and rapid and 66

they provide a first estimation of the magnetic fabric. For strongly magnetic minerals 67

like magnetite, titanomagnetite or titanomaghemite, AMS reflects preferential linear 68

or planar alignment of the grains’ long axes (Stephenson, 1994). However, AMS 69

depends critically on the size of the particles; maximum susceptibility is parallel to the 70

long axis in multi-domain (MD) grains and perpendicular to it in single-domain (SD) 71

(Stephenson et al., 1986). Moreover, AMS is the sum of the susceptibility anisotropies 72

of all the mineral components in a rock, including the diamagnetic and paramagnetic 73

fractions. To avoid these effects, the anisotropy of magnetic remanence (ARM) is 74
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increasingly being applied to magnetic fabric studies. The ARM only depends on the 75

ferromagnetic particles which actually carry the remanence and in this case the 76

maximum remanence is parallel to the grain’s long axis irrespective of its size. The 77

anisotropies of isothermal remanent magnetization (AIRM) and anhysteretic remanent 78

magnetization (AARM) are currently the most common applied types of ARM, since 79

they provide reasonably good analogues of the anisotropy of thermoremanent 80

magnetization (ATRM), whose measurements are by far more complex and time 81

consuming (Jackson, 1991; Potter, 2004). 82

In the present study, the AMS, AIRM and AARM of brick samples collected 83

from five ancient kilns are studied. A simplified ATRM estimation involving three 84

heating positions is proposed. The results of the different methods are compared and 85

the magnetic anisotropy effect on the remanence inclination is calculated. The effect 86

of inclination shallowing on archaeomagnetic dating is lastly discussed with reference 87

to an archaeologically dated kiln.88

89

90

2. Magnetic anisotropy and remanent magnetization: Some theoretical 91

considerations92

93

In the presence of a weak magnetic field, such as that of the Earth (F < 70 94

μT), the induced magnetization (J) is linearly related to the magnetizing field (H): J = 95

κ H, where κ is the magnetic susceptibility represented by a single constant in the case 96

of isotropic materials. In contrast, materials characterized by a developed fabric are 97

magnetically anisotropic and therefore κ is direction-dependent and mathematically 98

described by a second-rank symmetric tensor [kij]: 99
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J = [kij] H100

This tensor is expressed by its principal eigenvalues and eigenvectors kmax> kint > kmin101

representing the maximum, intermediate and minimum axes of susceptibility, 102

respectively. Similarly, the AMR may as well be described by a symmetric second-103

rank tensor with Rmax> Rint > Rmin corresponding to the maximum, intermediate and 104

minimum axes of remanence.105

Magnetic anisotropy results in a deviation of the remanence direction acquired 106

by a magnetic mineral with respect to that of the ambient field and lead to important 107

deviations and even to infidelity of the RM record (Stephenson et al., 1986). This 108

problem has been investigated by several authors in order to understand and estimate 109

mathematically and experimentally the effect of magnetic anisotropy on the direction 110

of TRM (Strangway, 1961; Uyeda et al., 1963; Stacey & Banerjee, 1974; Coe, 1979; 111

Veitch et al., 1984). Uyeda et al. (1963) proposed a quantitative relationship for the 112

deviation of TRM direction due to shape anisotropy in terms of the shape 113

demagnetizing factors and the susceptibility of induced magnetization. According to 114

this relationship:115

tan If = P tan Im     (1)116

where If is the inclination of the ambient field during cooling, Im is the 117

palaeomagnetic inclination recorded by the studied material and P is the degree of the 118

anisotropy of the magnetic remanence susceptibility. Stephenson et al. (1986)119

comparing the anisotropy of magnetic susceptibility and remanent magnetization in 120

rocks and minerals showed that remanence anisotropy is a more sensitive and reliable 121

measure of the magnetic fabric. Further studies by Stephenson and Potter (1989) 122

confirmed that AMS measurements in some cases seriously underestimate the true 123

magnitude of anisotropy depending on the presence of MD and/or SD magnetic 124
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grains. Jackson (1991) underlined the advantages of the magnetic remanence 125

anisotropy for certain geological applications and suggested that the anisotropy degree 126

of remanent magnetization should be used for correcting the directional deviations127

caused by anisotropy. Using artificial sediments deposited in the laboratory, Jackson 128

et al. (1991) suggested that inclination errors in detrital remanent magnetization 129

(DRM) may be recognized and corrected using the AARM. Potter (2004) compared130

the various remanence anisotropy methods and concluded that the shape of the 131

anisotropy ellipsoid of AIRM and AARM is very close to the shape of the ATRM 132

ellipsoid acquired in the Earth’s magnetic field and is therefore a good substitute for133

the more complicated and more time consuming calculation of the ATRM. 134

Collombat et al. (1993) calculated an AARM ratio using a four position 135

AARM method in order to correct the inclination shallowing observed in deep sea 136

sediments. Gattacceca and Rochette (2002) measured the AMS, AARM and ATRM 137

of pyroclastic deposits and found no general relation between the degree of AMS and 138

AARM, while the degree of AARM and ATRM were almost identical. They 139

concluded that a reliable correction may be applied to palaeomagnetic directions using 140

in equation (1) the degree of the AARM.141

Little literature is available on the application of anisotropy corrections to142

archaeomagnetic data. Several authors have applied anisotropy corrections on the 143

determination of archaeointensities by measuring the ATRM during the Thellier 144

experiments (Veitch et al., 1984; Yang et al., 1993; Chauvin et al., 2000; Genevey &145

Gallet, 2002). Nevertheless, the deviation of the archaeomagnetic directions due to 146

magnetic anisotropy, even if studied by several authors, very rarely has been 147

quantified. Recently, a great number of directional archaeomagnetic data have been148

published for several European countries (Gallet et al., 2002; Schnepp et al., 2004; 149
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Gomez-Paccard et al., 2006; Tema et al., 2006). Only in few cases, however, the 150

magnetic anisotropy has been studied and anisotropy corrected directions are included 151

in the databases, even if often systematic shallow inclinations in bricks and floor 152

baked clay are reported (Schnepp et al., 2004). Hus et al. (2002) studied the magnetic 153

fabric in ancient bricks showing that they are characterized by a well developed 154

shape-related AMS and they proposed a partial AARM at 30 mT as the best substitute 155

of the ATRM ellipsoid. In their case, however, they concluded that anisotropy is 156

unlikely to be responsible for the discrepancy between the archaeomagnetic and 157

presumed historical age of the studied brick kiln.158

159

160

3. Samples and experimental procedures161

162

A total of 59 bricks have been sampled from five archaeological kilns 163

excavated in southern (Ascoli Satriano, Vagnari, Canosa) and central Italy (Roma 1 164

and Roma 2) and 246 specimens have been prepared and studied. In all cases the 165

bricks have been oriented in situ using a magnetic and a solar compass. Hand samples 166

have been collected and cylinders of standard size (diameter = 25.4 mm, height = 22 167

mm) have then been cut in the laboratory perpendicular to the brick’s flat surface; in 168

this way the x, y axes of the specimen reference system lie within the brick’s large169

side while the z axis is orthogonal to it. All samples are bricks coming from different 170

parts of the kilns’ walls with only exception Ascoli Satriano where the collected171

bricks come from the kiln’s baking floor. 172

Magnetic mineralogy has been investigated by isothermal remanent 173

magnetization (IRM) and back-field curves (Fig. 2a) that show the occurrence of a low-174
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coercivity ferromagnetic mineral (thorough discussion in Tema, 2006). Thermal 175

demagnetization of IRM components (Lowrie, 1990) shows the dominating role of the 176

magnetically soft fraction with unblocking temperatures ranging between 480 and 580 177

oC (Fig. 2b), pointing to magnetite and/or Ti-magnetite as the main magnetic carrier.178

Minor intermediate- and hard-coercivity components do not significantly contribute to 179

the IRM. The alternating field (AF) demagnetization curves (Lowrie & Fuller, 1971)180

show that the NRM and the IRM have similar coercivity distribution (Fig. 2c). At 60 181

to 70 mT peak field more than 90 % of the NRM and IRM is canceled. The IRM 182

acquisition plotted versus its AF demagnetization curve shows a non symmetric 183

behavior; demagnetization curve has a steeper decay at low fields and points to the 184

presence of PSD and/or MD grains (Cisowski, 1981). Archaeomagnetic directions are 185

well defined with the presence of one stable component of magnetization while very 186

minor secondary components are easily removed at low temperatures or in low peak187

field (Fig. 3). 188

The AMS of all specimens was measured with a KLY-3 Kappabridge. The 189

principal magnetic susceptibilities and their directions were obtained with the Agico, 190

Anisoft program and the most important anisotropy parameters: lineation L = kmax/ 191

kint, foliation F = kint/kmin, degree of anisotropy P = kmax/kmin, and shape factor T = [2 192

ln (kint/kmin) / ln (kmax/kmin)]-1, were calculated according to Jelinek (1981). The 193

AIRM and AARM were measured for a collection of specimens. To evaluate the 194

AIRM, specimens were first tumbling demagnetized at a 90 mT peak field, after 195

which no or a very small residual remanence survived (Fig. 2c and Fig. 3). Following, 196

they were given a 20 mT direct field using a PUM-1 Pulse Magnetizer and the 197

resulting IRM was measured with a JR-6 spinner magnetometer. A 20 mT field is198

considered high enough for AIRM experiments on materials dominated by low-199
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coercivity PSD and/or MD grains (Stephenson et al., 1986; Hrouda, 2002). Specimens200

were then tumbling AF demagnetized at 60 mT and the IRM was given along a 201

different direction. This operation was repeated for six different sample orientations. 202

In each position the field was applied twice, in two opposite directions: in this way, 203

residual remanence, if any, not erased during the preceding AF demagnetization was204

cancelled out by averaging the two IRM measurements. In total 12 independent 205

measurements were made and they were used to derive the AIRM tensor. AARM 206

determination was done in an analogous way; specimens were given an ARM using a 207

0.1 mT steady field produced by a small coil inside and coaxial to the AF 208

demagnetizing coil and a 60 mT peak field. Again a 12 position procedure was 209

followed for eliminating any residual field. The anisotropy tensor and the anisotropy 210

parameters, P, L and F were calculated using the AREF program based on Jelinek’s 211

(1993) theory. The mean anisotropy results for each site are summarized in Table 1.212

213

214

4. Results215

216

4.1 Comparison of AMS, AIRM and AARM217

Equal-area projections of the principal AMS ellipsoid axes show that in almost 218

all cases there is a well developed magnetic fabric. The maximum and intermediate 219

susceptibility axes lie parallel to the large face of the brick with no preferential220

orientation while the minimum axis is systematically perpendicular to it (Fig. 4). The 221

shape of the AMS ellipsoid is oblate for the 95% of specimens and the anisotropy 222

degree ranges from 1.03 to 1.16 with small variations from kiln to kiln (Fig. 5).223



Page 10 of 41

Acc
ep

te
d 

M
an

us
cr

ip
t

Measurements of AIRM and AARM show similar results. The magnetic fabric 224

is dominated by flattening and the AIRM and AARM ellipsoids agree within few 225

degrees with both each other and the AMS ellipsoid (Fig. 6 a,b). This agreement 226

shows that no significant amount of SD grains does occur in the bricks. In all cases 227

AMS and ARM results show a well developed magnetic foliation while magnetic 228

lineation is poor (Fig. 7). In order to compare the shapes of the susceptibility and 229

remanence ellipsoids, the normalized AMS principal axes have been plotted against 230

the normalized AIRM and AARM principal axes (Stephenson et al., 1986). A strong 231

linear relationship is clear and both sets of ellipsoid axes are coincident with 232

minimum and maximum axes coinciding each other (Fig. 8 a,b). The straight lines 233

pass through the point (1/3, 1/3) and have a positive slope, characteristic of 234

anisotropic samples containing multidomain magnetite (Stephenson & Potter, 1989).235

However, even if the orientations of the principal axes of the three ellipsoids are 236

similar, the shapes of the susceptibility and remanence tensors are significantly 237

different. The slope of the lines in the plots of AMS versus AIRM and, AMS versus238

AARM (Fig. 8 a,b) is different than 1, that would indicate identical ellipsoid shapes239

(Stephenson et al., 1986), and clearly shows that AMS is less than AIRM and AARM. 240

Consequently, even if AMS measurements yield a reliable orientation of the 241

anisotropy axes, they underestimate the actual value of the anisotropy degree, which 242

is systematically lower than the degree of the anisotropy of remanence (Fig. 6 c and 243

Table 1). 244

On the other hand, the slope of the best fitting straight line between the AIRM 245

and AARM principal axes is not far from 1, with axis intercept po = 0.094 (fig. 8c).246

Even if po ≠ 0, which shows that the two ellipsoids have not identical shapes, it 247
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however indicates that they are quite similar to each other. AARM ellipsoid is slightly 248

more anisotropic than the AIRM.249

250

251

4.2 Results of ATRM experiments252

The primary remanent magnetization acquired by baked archeological artifacts 253

like bricks is a TRM. From this perspective the most appropriate method for 254

investigating the magnetic fabric is the measurement of the anisotropy of the TRM. In 255

order to determine the ATRM, specimens are heated above the Curie point of their 256

ferromagnetic minerals and then cooled in the presence of a weak steady field. The257

heating-cooling cycles are repeated for different orientations in respect to the applied 258

field (Stephenson et al., 1986). This technique however is very time consuming.259

Stephenson et al. (1986) have shown that the various types of remanence anisotropy 260

measured on a specimen do share the same principal axes, and only the degree of 261

anisotropy changes as a function of the type of remanence. In the case the orientation 262

of the anisotropy ellipsoid of the specimen is already known, the degree of ATRM can 263

thus be calculated from only two heatings; the steady field during cooling being 264

applied parallel once to the maximum axis Rmax and once to the minimum axes Rmin.265

Seven cylindrical specimens from Roma 1 kiln have been heated up to 600 oC266

in the small, non-magnetic Bartington oven (normally used to monitor magnetic 267

susceptibility changes versus temperature), using the Earth’s magnetic field at the 268

laboratory (≈ 44-45 μT) as steady field. In order to make easier the orientation, the 269

specimens chosen had the best match between the magnetic fabric and the brick’s 270

shape: the minimum anisotropy axis orthogonal to the bricks’ flat surface and 271
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therefore parallel to the cylinder axis, and the maximum axis parallel the bricks’ flat 272

surface and therefore orthogonal to the cylinder axis. 273

The oven and specimen orientation was checked using a Bartington 3-axes 274

fluxgate magnetometer. The first heating/cooling cycle was run to give a TRM in the 275

Rmin direction. The cylinder was fixed in an inclined position in order to have its 276

minimum anisotropy axis oriented parallel to the laboratory magnetic field. In the 277

second cycle, the basis of the cylinder was set vertical and parallel to the field and the 278

cylinder rotated around its axis in order to make the field to coincide with the Rmax279

direction. Following this procedure, the degree of anisotropy is given by:280

PATRM = Rmax / Rmin = Jmax/Jmin281

where Jmin and Jmax are the remanence values measured at the end of each 282

heating/cooling cycle.283

The experiment was repeated a third time placing the specimen in the furnace 284

with the axis of the cylinder vertical and the reference mark on its top side along the 285

azimuthal direction measured in situ during sampling. This position is almost the 286

same with the position that the brick had in the kiln during its last cooling, apart a 287

small difference in magnetic declination due to secular variation.288

The PATRM calculated for the 7 specimens ranges between 1.086 < PATRM < 289

1.302 with mean value P ATRM = 1.165. Plots of the PAMS versus the PAIRM, PAARM and290

PATRM show that the degree of remanence anisotropy is always higher than the PAMS291

(Fig. 9a), even if no systematic relationship occurs between the values of these 292

parameters. This absence of relationship may tentatively be attributed to the 293

contribution of different magnetic grain sizes to the anisotropy susceptibility and 294

remanence as already noticed and discussed by Gattacceca and Rochette (2002) for 295

the case of pyroclastic deposits. However, a better correlation occurs between the 296
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anisotropy degrees of the different types of remanence PAIRM, PAARM and PATRM (Fig. 297

9b). A linear correlation between IRM, ARM and TRM anisotropy has been reported 298

by several authors and has been often suggested that AIRM and AARM 299

measurements can efficiently substitute the more complicated ATRM measurements 300

(Jackson et al., 1991; Gattacceca & Rochette, 2002; Collombat et al., 1993; Hus et al., 301

2002).302

The inclination recorded after heating with the specimen placed in the same 303

position as it was in the kiln structure, results in interesting observations concerning304

the inclination deviations of TRM due to anisotropy. The inclination values recorded 305

by the specimens are significantly lower (Table 2) than the inclination of the 306

laboratory Earth’s magnetic field namely 59-60o. The inclination shallowing ΔI (ΔI = 307

Im- If, where Im is the inclination measured after the experiment and If the inclination 308

of the Earth’s magnetic field), is for some specimens as high as 10o (Table 2). The 309

recorded inclination is in all cases significantly biased towards the horizontal plane 310

following the planar orientation of the magnetic grains (Fig. 10). Between PATRM and 311

ΔI a good correlation according to the theoretical relationship tan If = P tan Im, does 312

exist (Table 2). Using the mean values in Table 2, we obtain If = 57.4o that is in good 313

accordance with the expected value of 59-60o, taking into consideration an error of 314

few degrees due to possible errors in the orientation of the specimens.315

316

317

5. Discussion and conclusions318

319

During recent years great interest has been focused on archaeomagnetism as a 320

method of reliable and accurate dating of lava flows and archaeological materials. 321
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Great progress has also been made regarding the construction of robust reference 322

secular variation curves as well as the mathematical approach for comparing 323

archaeomagnetic directions to reference curves (Lanos, 2004; Lanos et al., 2005). 324

Bricks are often used in archaeomagnetic studies because they carry a very 325

stable TRM, they are easy to sample and orientate, and they need no consolidation,326

but they may be strongly magnetically anisotropic. The systematic AMS, AIRM, 327

AARM and ATRM measurements presented in this study reveal a well developed 328

magnetic fabric that matches the flat shape of the bricks. Such a strong planar fabric 329

may bias the TRM inclination of an amount of some degrees (4o to 10o in the present 330

study), much larger than the alpha-95 values usual obtained in archaeomagnetic 331

studies. The case of Canosa kiln is here taken as an example. It is well dated to around 332

the 6th century AD according to abundant archaeological evidence (Volpe et al., 333

2003). Moreover, all bricks were horizontally placed in the kiln’s wall. The magnetic 334

fabric does therefore systematically affect the inclination of the remanence, whereas 335

the bias on declination may be assumed as negligible due both to the absence of a 336

definite magnetic lineation and the casual azimuthal orientation of the bricks in the 337

kiln walls.338

The mean archaeomagnetic direction for Canosa kiln is: D= 359.4o, I= 51.3o339

with α95= 3.1o (Tema et al., 2006). If we use the mean degree of AARM (PAARM= 340

1.351) and the equation (1) to correct the inclination value we obtain Icor= 59.3o. To 341

date this structure the French reference curve (dataset from Gallet et al. 2002, treated 342

with Lanos algorithm, Lanos, 2004) has been used; using the Italian secular variation 343

(SV) curve would lead to misleading results because the archaeodirection of Canosa 344

kiln has been used as reference point for the construction of the Italian SV curve 345

(Tema et al., 2006). D, I and Icor have been reduced via pole method (Noel & Batt, 346
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1990) to Paris, where the French SV curves are referred to (Gallet et al., 2002) and 347

compared with the D and I reference curves separately (Fig. 11a,b,c). The comparison 348

has been done using the Bayesian statistic approach (Lanos, 2004) that allows the 349

estimation of the calendar date interval of an archaeological feature by calculating the 350

probability densities separately for each geomagnetic field element (declination, 351

inclination and intensity when available) after comparison with the reference SV 352

curves. The final dating interval is obtained by combining the separate probability 353

densities and the most probable solution (Lanos, 2004) is calculated at 95% 354

probability (Fig. 11c, f). 355

Archaeomagnetic dating of Canosa kiln using the uncorrected I value, places356

its last firing in the time interval 117 - 366 AD (Fig. 11c), that is about two centuries 357

before the archaeological age of the structure. It is interesting to remark that the older 358

age mainly results from the lower mean inclination recorded by the bricks studied in 359

respect to the inclination variation given by the French SV curve for the VI century 360

AD (Fig. 11b). The declination value, on contrary, fits well the curve (Fig. 11a).361

Dating the same structure using the Icorr value, results in an age around 365 - 615 AD, 362

in good agreement with the archaeological age. The other two possible ages, 309 BC-363

103 AD and 1587-1632 AD, are a priori rejected due to the archaeological context of 364

the site. 365

Comparison of the archaeomagnetic directions of the other sites (Vagnari, 366

Ascoli Satriano, Roma 2) with the Italian archaeomagnetic data from literature (Tema 367

et al., 2006) relocated at Paris, and the French SV curve (Fig. 12) shows similar 368

results; the declination values fit well the curve, whilst the inclination values are 369

lower than expected for their archaeological age. The only exception consists of Roma 370

1 kiln where, even if individual samples are strongly anisotropic, the different371
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orientation of the bricks within the kiln structure (horizontal, vertical, inclined) 372

significantly reduces the shallowing effect (Fig. 12b).373

In conclusion, this study confirms that magnetic fabric of bricks may 374

significantly bias their archaeomagnetic directions and a method for estimating this 375

effect on inclination values of horizontally placed bricks is proposed. AARM 376

measurements can be used for defining the orientation of the magnetic remanence 377

ellipsoid and all specimens, already thermally demagnetised for the determination of 378

their  characteristic remanent magnetization, can then be heated two more times. In 379

this way the ATRM degree can be calculated and used for correcting the 380

archaeomagnetic inclination. 381

382
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Table caption546

547

Table 1. Mean values of bulk magnetic susceptibility and principal anisotropy 548

parameters of AMS, AIRM and AARM of the studied sites. Symbols: n/N= number 549

of specimens/ number of samples; L = lineation; F = foliation; P = anisotropy degree; 550

T = shape factor of susceptibility ellipsoid.551

552

Table 2. Experimental results of ATRM; ΔI = If – Im; PATRM = Rmax/Rmin (see text for 553

explanation). Specimens come from independently oriented samples from Roma 1554

kiln.555

556

557

558

Figure captions559

560

Fig. 1. a) Magnetic grains are aligned with their long axes parallel to the flat surface 561

of the brick causing the record of b) a shallower inclination of remanence respecting 562

that of the ambient field during the brick’s last firing. Symbols: white ellipsoids = 563

magnetic grains; If, = Inclination of the Earth’s magnetic field; Im = recorded 564

inclination; F = Earth’s magnetic field.565

566

Fig. 2. a) Isothermal remanent acquisition (IRM) and back field curves; b) thermal 567

demagnetization of IRM components. Symbols: triangle = low-; square = 568

intermediate-; dot = high-coercivity component; c) IRM acquisition curve and 569

alternating field demagnetization (AF) of the NRM and the IRM acquired in a steady 570
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field of 1 T. Symbols: black diamond = IRM acquisition; black squares = AF 571

demagnetization of the NRM; open squares = AF demagnetization of the IRM.572

573

Fig. 3. Representative Zijderveld diagrams of thermal and AF demagnetization. 574

Symbols: full dot = declination; open dot = inclination; figures: temperature (oC) or 575

AF peak-field (mT).576

577

Fig. 4. Equal-area projections, in sample coordinates, of the principal axis of the AMS 578

ellipsoids from individual samples from Ascoli, Canosa and Roma 1 and Roma 2 579

kilns. Symbols: light grey square = maximum; grey triangle = intermediate; black dot 580

= minimum axis. 581

582

Fig. 5. Plots of the shape parameter T, versus the anisotropy degree, PAMS for samples 583

from Vagnari, Ascoli, Canosa, Roma 1 and Roma 2 kilns. In almost all cases the 584

shape of the anisotropy ellipsoids is oblate.585

586

Fig. 6. Magnetic anisotropy results from Roma 2 kiln. a) Equal-area projections of the 587

principal axes of AMS, AIRM and AARM ellipsoids; b) Comparison of the directions 588

of the principal axes of AMS, AIRM and AARM ellipsoids for the specimens Tr1b 589

and Tr5c; c) Distribution of the degrees of anisotropy PAMS, PAIRM and PAARM. 590

591

Fig. 7. Magnetic lineation (L) versus magnetic foliation (F) of a) AMS, b) AARM and 592

c) AIRM ellipsoids for samples from Roma 2 kiln.593

594
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Fig. 8. Plots of the normalized AMS principal axes versus the normalized a) AIRM 595

and b) AARM axes. c) Plot of the normalized AIRM versus the normalized AARM 596

principal anisotropy axes. Symbols: squares = maximum, triangle = intermediate and 597

dot = minimum ellipsoid axes. The star is at (1/3, 1/3). Results from Roma 2 kiln.598

599

Fig. 9. a) Plots of the PAMS versus the PAIRM, PAARM and PATRM. b) Plots of PAARM-600

PAIRM (left) and PATRM-PAARM (right) for samples from Roma 1 kiln.601

602

Fig. 10. Representation of a cylindrical brick specimen. a) Inclination, If, of the 603

Earth’s magnetic field, F; b) Inclination, Im, of the remanence vector, R. In an 604

anisotropic specimen, R is deflected towards the preferred direction of the magnetic 605

grains resulting in the recording of a lower inclination, Im< If. Symbols: white 606

ellipsoids = magnetic grains; F = Earth’s magnetic field; Fz, Fh = vertical and 607

horizontal component of the F; If = inclination of the Earth’s magnetic field; R = 608

remanent magnetization; Rz, Rh = vertical and horizontal component of the 609

remanence; Im = recorded inclination.610

611

612

Fig. 11. Archaeomagnetic dating of Canosa kiln at 95% of probability level, after 613

comparison with the French SV curves (dataset Gallet et al., 2002) using Lanos’s 614

method (Lanos, 2004). a), b) Probability densities obtained by the declination and615

inclination curve using D and Im respectively, c) final dating interval obtained by 616

combining the probability densities of (a) and (b); d), e) probability densities obtained 617

by the declination and inclination curve, using D and the anisotropy corrected 618

inclination, Icor, f) final dating intervals after anisotropy correction obtained by 619
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combining the probability densities of (d) and (e). The black lines represent the 620

French SV curves with their error envelopes while the grey areas at c) and f) represent621

the probability density obtained from comparison with the reference curves. All data 622

are reduced to Paris via pole method (Noel and Batt, 1990).623

624

Fig. 12. a) Declination and b) inclination values of Italian archaeomagnetic data 625

plotted versus the French SV curves (black line surrounded by the 95% error envelope 626

in grey color- dataset Gallet et al., 2002). Larger black dots indicate the sites referred 627

in this study. Declination values are in good agreement with other data with similar 628

age while inclination values result lower than expected. All data are reduced to Paris.629
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AMS AIRM AARM

SITE

Bulk susceptibility

(10-3 SI) n/N L F P T n/N L F P n/N L F P

Vagnari 8.350 32/9 1.025 1.043 1.069 0.334 9/3 1.051 1.123 1.186

Ascoli 8.649 25/5 1.020 1.050 1.071 0.412 15/5 1.037 1.107 1.157

Canosa 6.102 104/26 1.020 1.053 1.074 0.420 24/8 1.053 1.191 1.253 18/7 1.057 1.287 1.351

Roma 1 1.923 53/11 1.015 1.052 1.069 0.465 11/11 1.046 1.061 1.116 10/10 1.044 1.070 1.122

Roma 2 9.033 32/8 1.011 1.042 1.053 0.619 21/8 1.049 1.088 1.137 23/9 1.052 1.152 1.223

Table 1
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Specimen Measured 

inclination (o)

ΔI (o) PATRM

T1d 55.2 - 4.5 1.095

T2c 49.4 - 10.4 1.302

T3c 53.2 - 6.8 1.140

T6c 54.6 - 5.2 1.085

T7b 54.5 - 4.5 1.148

T8c 56.7 - 5.4 1.086

T11c 49.2 -10.1 1.300

Mean value: 53.3 -6.7 1.165

Table 2


