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Abstract 27 

The magnetic field of the Earth can exhibit considerable variations at short time scales, even 28 

as short as decades. The archaeomagnetic studies of Middle Eastern artefacts (mainly from 29 

Israel and Jordan) show evidence for an exceptionally high intensity period from 1050-700 30 

BC which displays two distinct spikes over the Levant, the Levantine Iron Age Anomaly 31 

(LIAA). Its exact duration and geographical extent are still poorly known. Despite the wealth 32 

of ancient settlements, the extensive cultural heritage and a long history of trade and 33 

immigration, the archaeomagnetism of Turkey and Cyprus remains largely unexplored. This 34 

study presents a large data set of ancient directions and intensities from seven 35 

archaeological sites in the Eastern Mediterranean covering a time span of ~2000 years. The 36 

recorded directions from thirteen sets of samples are coherent with our earlier findings, yet 37 
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show significantly larger swings than existing field models. In particular, we confirm the very 38 

large swing in inclination we found earlier, from 1910-1850 BC, that is also captured by the 39 

Greek PSV curve, and shallower by more than 10° than predicted by existing field models. 40 

Consequently, these models require substantial revision in this region. We were able to 41 

determine the archaeointensity from five sets of mud-bricks, from the thirteen attempted, 42 

allowing us to provide the full field vector. Furthermore, we present thirty-one new 43 

archaeointensity results from potsherds and mud-bricks that considerably enhance existing 44 

data, especially when a set of strict selection criteria is applied. Fourteen sets of potsherds 45 

from a single site (Tell Atchana) provide the longest sequence recorded so far in Turkey, 46 

from 2100 to 1350 BC. We find exceptionally high intensities of 145 and 175 ZAm2 around 47 

700 BC, in well-dated mud-bricks and potsherds from two different locations (Tell Tayinat 48 

and Kilise Tepe), supporting extreme geomagnetic field variability in the region. Moreover, 49 

these two high intensities confirm the younger spike of the LIAA in Turkey.  50 
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1. Introduction 53 

Archaeomagnetism studies burnt or fired archaeological artefacts to help understand short 54 

term variations of the Earth’s magnetic field (palaeosecular variation; PSV) over the last 55 

8,000 years or so, PSV studies are important for understanding the geodynamo that 56 

maintains the Earth’s magnetic field while good PSV curves for a region can help to date 57 

certain archaeological artefacts. Archaeological features that are commonly studied include 58 

in-situ features such as kilns, ovens and hearths, which can provide geomagnetic field 59 

directions and palaeointensity, and ex-situ artefacts like tiles, bricks and ceramics that can 60 

only be used for palaeointensity studies (Thellier and Thellier, 1959). 61 

The importance of archaeomagnetism in revealing short term changes in the strength of the 62 

geomagnetic field, such as the Levantine High, has been highlighted in recent years by 63 

studies from Syria and Iran (Gallet et al., 2015, 2014, 2008, 2006; Gallet and Butterlin, 2015; 64 

Genevey et al., 2003; Stillinger et al., 2015), Jordan, Israel and Georgia (Ben-Yosef et al., 65 

2017, 2009, 2008a, 2008b; Shaar et al., 2017, 2016, 2015, 2011), Turkey (Ertepinar et al., 66 

2016, 2012), and Iraq and Cyprus (Shaar et al., 2015; Tema et al., 2018; Yutsis-Akimova et 67 

al., 2018a, 2018b). The focus of recent research has been on the Middle East between 68 

~3000-0 BC partly because Gallet et al. (2006) suggested that PSV may have played a role 69 

in controlling climate, related to what they called four ‘archaeomagnetic jerks’ recorded in 70 

French and Middle Eastern data. An archaeomagnetic jerk was defined as a period of high 71 

field intensity coinciding with a sharp cusp in geomagnetic field direction (Gallet et al., 2003); 72 

it is also referred to as a ‘geomagnetic spike’ when the high field intensity periods occur in 73 

relatively short episodes (Ben-Yosef et al., 2009). The three oldest intensity highs are 74 

proposed to have occurred based on data from Syria and Iran (Gallet et al., 2006). The fourth 75 

and youngest interval at 1050-750 BC shows a significantly higher magnitude than the three 76 

older events and is now well-known as the ‘Levantine Iron Age Anomaly (LIAA)’ (Shaar et al., 77 

2016). The LIAA was first discovered in the Southern Levant (Ben-Yosef et al., 2008a), and 78 

subsequently in Turkey (Ertepinar et al., 2012) and Georgia (Shaar et al., 2017). The LIAA is 79 



seen as a short period of exceptionally high field intensities producing VADM (virtual axial 80 

dipole moment) values in excess of 200 ZAm2, and appears to show two distinct spikes at 81 

~980 BC and ~740 BC (Shaar et al., 2016). However, the spatial extent of the high intensity 82 

spike is still not well constrained. Currently available data do not yet allow determination of 83 

whether the LIAA is a rapid regional perturbation or is a global scale phenomenon, and 84 

whether it is represented by single or multiple high field episodes. 85 

A better knowledge of the evolution of the geomagnetic field in space and time would allow a 86 

better understanding of geodynamo processes as well as enabling the construction of better 87 

field models and constraining regional PSV curves to establish the nature of such high field 88 

episodes. In order to acquire this knowledge, full vector field information is required from as 89 

many different locations and times as possible. There is still a lack of published work in this 90 

area centered in Turkey and Cyprus, despite their extensive cultural heritage and a long 91 

history of trade and immigration. Abundant Cypriot slag deposits have recently been 92 

exploited as a reliable recorder of the geomagnetic field and have the potential to provide a 93 

very high resolution time series (Ben-Yosef et al., 2008a; Shaar et al., 2010), However, the 94 

data from this region are still scarce. Spatially, Turkey and Cyprus (including the 95 

Mediterranean Sea) cover a very large area that is almost the same size as one third of 96 

Europe. Considering the scarcity of the data from the region, it is inevitable that geomagnetic 97 

field models are relatively unconstrained by local data and rely heavily on data published for 98 

Bulgaria (Kovacheva et al., 2014), Greece (De Marco et al., 2014; Tema and Kondopoulou, 99 

2011) and the Middle East. This study presents a new and large dataset of palaeodirections 100 

and palaeointensities from archaeological sites in Turkey and Cyprus, spanning the time 101 

interval from 2700 to 750 BC, the period suggested to include at least four high intensity 102 

episodes. The results help to better constrain the LIAA (1050-700 BC) at ~750 BC, to narrow 103 

the data gap over Turkey and Cyprus, and to increase the accuracy of global field models. 104 



2. Archaeological Context and Sampling 105 

We have sampled seven archaeological sites, two in Cyprus and five in Turkey (Fig. 1). The 106 

Cypriot sample sets consist solely of potsherds while the sample sets from Turkey consist of 107 

both potsherds and oriented samples. All potsherd sets were selected from previously 108 

excavated collections. Dependent on the availability of material, we selected sets of potsherd 109 

samples containing 6-15 samples (but occasionally only 1 or 2) per archaeological 110 

context/level (Table 1a). For oriented samples, a water-cooled drill was used to take 111 

cylindrical cores of 2.5 cm diameter and a magnetic compass was used to orient the cores in 112 

situ. Cores were drilled at different orientations in order to detect any anisotropy effect if 113 

present. If core length permitted, more than 1 specimen was cut from the core. Oriented 114 

sample sets contain 7-36 samples and 7-46 individual specimens per age/level (Table 1b). 115 

The majority (fifteen) of the oriented sets are sampled from surfaces that were exposed to 116 

fire, such as destruction levels or fire places. The remaining five sets are from a stratigraphic 117 

sequence of palace pavements and made from manufactured mud-bricks. These palace 118 

pavement mud-bricks did not experience any subsequent fire event and would only have 119 

been baked (or sun-dried) during manufacture. They are sampled for palaeointensity 120 

measurements and inclination-only analysis (explained in detail in the following sections).  121 

The age of the archaeological sites, contexts or level mostly rely on the 14C dates, pottery 122 

typology and relative chronology. Below we briefly describe the sampling sites; detailed 123 

information and references are given in the Supplementary Material.  124 

Bellapais Vounous (Cyprus). Six Red Polished Ware sherds (BV-P) have been studied here 125 

(Fig. S1); all date from the Early Cypriot I-II period (2250-2100 BC). 126 

Marki Alonia (Cyprus). We studied twenty-eight pottery sherds with various typologies (MA-127 

P) which have been taken from contexts dated between 2400-1900 BC (Fig. S1, Table S1). 128 



Hacımusalar Höyük (Turkey). We sampled three different levels from ~3 m high North-South 129 

trending trench where HM1 (fallen mud-bricks) and HM2 (a clay pit) are the uppermost and 130 

lowermost destruction levels dating back to Early Iron (1200-1000 BC) and Early Bronze 131 

Ages (3300-2100 BC), respectively. The third level HM3 (mud-bricks) is stratigraphically 132 

between the two levels, closer to HM2 (Fig. S2). 133 

Kilise Tepe (Turkey). We studied eight potsherds (KIT-P) from five different occupation levels 134 

over an age interval of 1350-30 BC (Fig. S3). 135 

Kinet Höyük (Turkey). We collected two sets of mostly mud-brick (and some serpentinite) 136 

samples from the eastern terrace of the mound (KN1 and KN2) which date back to 2000-137 

1750 BC and 1750-1550 BC (Fig. S4). 138 

Tell Atchana (Turkey). The stratigraphy of Tell Atchana has been subdivided into a sequence 139 

of eighteen occupation levels (Level 0 to Level XVII/XVIII, 2200-1305 BC). We have chosen 140 

128 potsherds (TA-P), from fourteen levels as being representative of the variety in pottery 141 

typology found on the site (Fig. S5a). We additionally sampled fourteen sets (mud-bricks, 142 

basalts and an ash layer) for the full vector analyses (Fig. S5b). Five of these sets belong to 143 

a stratigraphic sequence of levels of palace pavements that were analysed for both 144 

archaeointensity and inclination only, assuming that the bricks were horizontally fired during 145 

manufacture, instead of sun-dried. This assumption is tested in the following sections. 146 

Tell Tayinat (Turkey). We collected one mud-brick set (TT1) from the burnt Iron Age II temple 147 

that was destroyed by an intense fire at ~672 BC (Fig. S6). 148 

3. Rock Magnetic Experiments and Results 149 

Rock magnetic properties such as the room temperature bulk susceptibility, Isothermal 150 

Remanent Magnetisation (IRM) acquisition, hysteresis loops, first order reversal curve 151 

(FORC) diagrams and Curie curves are measured using a Kappabridge KLY-2, an 152 



alternating gradient force magnetometer, and a modified horizontal translation type Curie 153 

balance (Mullender et al., 1993).  154 

The IRM experiment results on potsherds (Fig. 2a) indicate that all samples contain a low 155 

coercivity phase and are saturated in fields well below 300 mT. All curves except for one 156 

(BV-P) showed almost fully reversible heating curves if heated up to ~600°C; occasionally, 157 

some alteration (oxidation) occurred if heated to 700°C, producing a slightly lower intensity in 158 

the final cooling curve. All curves from BV-P, MA-P and TA-P have a change in slope at or 159 

close to 580°C, and hence the inferred dominant magnetic carrier is magnetite. Four of the 160 

eight KIT-P samples show two Curie temperatures (Tc), the first at ~300°C, the second at 161 

~580°C implying the presence of both Ti-rich titanomagnetite and magnetite. Three of the 162 

other samples have curved thermomagnetic curves where it is impossible to isolate a Tc. The 163 

remaining one sample has a Tc of ~550°C due to the presence of Ti-poor titanomagnetite. 164 

These interpretations are supported by the low coercivities (Bc=6-14 mT) observed in the 165 

samples (Fig. 2a). 166 

The IRM acquisition and hysteresis loop experiments on oriented cores showed that all 167 

samples saturate and the loops close at fields generally well below 200 mT, while generally 168 

low coercivities (Bc=4-24 mT) are observed in the samples, supporting magnetite as carrier 169 

(Fig. 2a). The thermomagnetic curves are measured in air up to 700°C that include heating 170 

and cooling cycles to check the occurrence of chemical alteration. The applied field varied 171 

from 100/180-300 mT. All sets display similar and fully reversible heating/cooling curves up 172 

to 600°C indicating that the magnetic minerals are chemically stable up to the Curie 173 

temperature of magnetite. Only upon heating to 700°C some oxidation occurs resulting in a 174 

slightly lower final cooling curve. For all basalts (TA) and mud-bricks (HM, KN, TT and the 175 

majority of TA), the highest Tc is at ~580°C pointing to magnetite as the main magnetic 176 

carrier. A small number of mud-bricks from the palace pavements (TA14-TA18) on the other 177 

hand, have a Curie temperature varying from ~500 to 580°C which indicates the presence of 178 

some low-Ti titanomagnetite. The samples from the ash layer (TA3) have a slightly higher Tc 179 



of ~600°C which points to some cation deficient magnetite. In some of the curves from the 180 

mud-bricks and the ash layer, the heating curves display a second inflexion in the range 350-181 

420°C, which can be interpreted as Ti-rich titanomagnetite as a second carrier. The clay 182 

furnace from Hacımusalar (HM2) and the clay pot from Tell Atchana (TA5) showed rock 183 

magnetic properties identical to the mud-bricks from the sites. Therefore, they are not 184 

displayed in figure 2a; instead they are grouped with the other mud-bricks hereafter. 185 

For all samples, after removal of the paramagnetic contribution, we determined the ratios of 186 

remanent saturation magnetisation to saturation magnetisation Mrs/Ms, and the remanent 187 

coercive force to coercive force Hcr/Hc and plotted them in a Day plot (Day et al., 1977) as 188 

modified by Dunlop (2002) (Fig. 2b, Table S2) even though such a diagram may not 189 

sufficiently resolve the domain state of the magnetic particles (Roberts et al., 2018). The 190 

majority of the potsherds and mud-bricks are in the PSD part of the Day plot but above the 191 

SD-MD mixing lines with the exception of seven TA-P and one KIT-P potsherd that plot 192 

outside the PSD (and MD) field. The hysteresis ratios from MA-P and KIT-P potsherds plot 193 

within the distribution of the TA-P samples but their distribution is slightly more to the right 194 

(higher Hcr/Hc ratios) implying that these sherds are very similar to the somewhat coarser 195 

magnetic minerals of the TA-P distribution. Mud-bricks from KN and TT and the basalt 196 

samples from TA produced similar hysteresis ratios plotting in the PSD area but towards the 197 

SD field of the plot, implying generally finer-grained magnetic materials. For further 198 

(palaeointensity) analyses we discarded eight potsherds with non PSD/SD assemblage and 199 

one potsherd with an irreversible Curie curve (almost zero intensity final cooling curve due to 200 

inversion of maghemite to hematite at ~350°C). 201 

A FORC diagram is also useful to assess the domain state of magnetic minerals and the 202 

local interaction fields for an assemblage of magnetic particles. It provides an additional 203 

check on the reliability of the hysteresis parameters such as the Mrs/Ms ratio which can be 204 

altered by a mixture of domain assemblages (Roberts et al., 2000). Out of 35 measurements, 205 

one representative sample from each set is shown in figure 2a. All Bc results are in 206 



agreement with what is derived from the hysteresis experiments. The mud-brick sets KN, TA 207 

and TT have two closed inner contours with peaks at ~10 mT with narrow vertical spreading 208 

of the contours indicating that the assemblages are dominated by non-interacting PSD 209 

grains. The basalt samples have a peak at Bc=25 mT with four closed inner contours where, 210 

except for the outermost contour, all the inner contours have narrow spreading along the Bu 211 

axis which is typical for PSD grains. The ash layer from TA exhibits a distribution with a peak 212 

centered about the origin. 213 

The low field bulk magnetic susceptibility values range between 1.55×10-5 to 4.02×10-2 SI, 214 

the majority (96%) being higher than 1.00×10-3 SI. The results are used to calculate the 215 

Koenigsberger ratio, Qn, which is defined as the ratio of remanent to induced magnetisation 216 

that indicates a rocks capability to carry a stable remanence, in this case the TRM. All types 217 

of materials including the minor amount of low susceptibility samples have Qn>1, indicating 218 

that the samples have a stable TRM (Fig. S8). 219 

4. Archaeomagnetic Direction Determination 220 

4.1. Demagnetisation 221 

The analysis of the Natural Remanent Magnetisation (NRM) directions, all statistics and field 222 

tests were done through the on-line portal Paleomagnetism.org (Koymans et al., 2016). The 223 

portal uses orthogonal projection diagrams, eigenvector analysis and Fisher (1953) means. 224 

The acceptance limit of maximum angular deviation (MAD) of individual directions is taken as 225 

10° although was typically MAD<2°, while only means with k>50 are accepted (Table 2a, 226 

Figs. 3a and 4). We regard the results as a characteristic remanent magnetisation (ChRM). 227 

We also use a test for a common true mean direction based on the coordinate bootstrap test 228 

of Tauxe (2010) which randomly samples two distributions of directions and converts those 229 

to Cartesian coordinate (x, y, z) distributions. The test is positive if all three Cartesian 230 

distributions overlap at the 95% level.  231 



For the directional analysis, sets of 7 to 20 samples from each site are demagnetised by both 232 

thermal (2G Enterprises DC-SQUID cryogenic magnetometer) and alternating field (high 233 

precision robotized DC-SQUID magnetometer) techniques with incremental steps of 50°C up 234 

to 580-600°C or 2-5 mT up to 100 mT. 235 

One representative demagnetisation diagram from each type of building material along with 236 

the decay curves are plotted in Figure 3a. For all sets, the viscous component is removed at 237 

low temperatures (~180-210°C) or coercivities (~10 mT). The remanence is nearly 238 

completely removed at ~580°C or 100 mT and usually decays straight to the origin. These 239 

findings from the demagnetisation diagrams and intensity decay curves are coherent with the 240 

general findings from the rock magnetic experiments, although the inflexion observed in the 241 

Curie curves from the ash layer (TA3) is not seen in the demagnetisation decay curves. 242 

Occasionally, for some sister specimens from the bottom part of the oriented core, we took 243 

the component that was heated to a sufficiently high temperature. For example, TA2.13B 244 

was clearly only heated up to 500-525°C by the destruction fire, but up to that temperature 245 

giving a component that was identical to the highest temperature component of other 246 

samples from the same site (Fig. 3a). Thermal and AF demagnetisations produced identical 247 

directions as shown by the positive coordinate bootstrap test of Tauxe (2010) (Fig. 3b) . All 248 

ChRM results per site are corrected for the International Geomagnetic Reference Field 249 

(IGRF) declination at the position and time of sampling and are shown in Figure 4.  250 

4.2. Directional Results 251 

Hacımusalar Höyük. The demagnetisation diagrams of all sets display a stable NRM 252 

decaying to the origin. Two out of three sets (HM2 and HM3) produced acceptable results 253 

with k=104 and k=65, respectively. The relatively low k value of HM3 could be related to 254 

slight displacement of the bricks due to the thick earth cover on the top (as seen in figure 255 

S2). The demagnetisation diagrams of the third set (HM1) are also single component but 256 



have completely random directions; hence, the collapse must have taken place after the fire 257 

event. HM1 is thus excluded from further directional analysis.   258 

Kinet Höyük. The samples from KN1 that is composed of mud-bricks (the wall) and 259 

serpentinites (the foundation part) produced well clustered single component 260 

demagnetisation diagrams with uniform decay curves from its mud-bricks and random 261 

directions from the serpentinites. As was observed earlier by Ertepinar et al. (2016), the 262 

foundation part of the structure generally does not burn to a sufficiently high temperature to 263 

record the field. Therefore, the seven serpentinite samples are discarded, making the set of 264 

nine mud-bricks very well clustered with k=862. The samples from KN2 that is composed 265 

solely of mud-bricks also have single component demagnetisation diagrams decaying to the 266 

origin, supporting the general findings from the Curie curves. The set has a well-defined 267 

ChRM (k=366). 268 

Tell Atchana. The sets from the site form the bulk of the directional results. Nine sets were 269 

measured for both declination and inclination and an additional five sets (repairment levels of 270 

palace pavements) were analysed for inclination only. 271 

All mud-brick samples display an ideal magnetite magnetisation decaying straight to the 272 

origin with uniform decay curves as was also deduced from the Curie experiments (Fig. 2a). 273 

Out of five sets that are composed solely of mud-bricks, four sets (TA1, TA5, TA8, and TA9) 274 

have a well-defined ChRM direction with high k values. One mud-brick set (TA10) turned out 275 

to be not sufficiently burnt and shows random directions and is therefore excluded from 276 

further directional analysis. 277 

The samples from the ash layer (TA3) were extremely fragile and were demagnetised only 278 

using the AF method. The NRM of the samples decay uniformly, however the remanence is 279 

not fully removed at 100 mT pointing to the presence of maghemite, which is coherent with 280 

the Curie measurements. The set has a lower k value (k=55) compared to the other sets. 281 



This higher scatter is likely related to the fragile nature of the furnace material that makes it 282 

difficult to orient the sample. 283 

The basalt sets (TA4 and TA19) also have single component demagnetisation diagrams 284 

where the viscous component is removed at slightly higher temperatures (~250°C). The 285 

remanence is nearly completely removed at 580°C but not yet at 100 mT, which could 286 

indicate the presence of a stable single-domain (SD) magnetite or a minor amount of 287 

maghemite (which was not observed in the Curie curves). The sets produced a well-defined 288 

ChRM with k values of 294 and 223, respectively. 289 

One set that is composed of both mud-bricks and basalts (TA2) also show an extremely 290 

good cluster (k=979) where the directions of basalts and mud-bricks are in excellent 291 

agreement. This provides additional evidence that these mud-bricks are not strongly 292 

anisotropic. 293 

The results of the 5 palace pavement mud-brick sets (TA14-18) are inconclusive. The high 294 

temperature/coercivity components produced ‘shotgun pattern’ distributions (Fig. 4). When 295 

the sets are analysed for the low temperature/coercivity component (20-150°C or 0-10 mT), 296 

there appears to be a poorly constrained cluster. When only the thermal demagnetisation 297 

results are used, there is a better cluster (with a steep inclination of 73°) but still not good 298 

enough (k=21) to give a reliable result, even though we used the 45° cut-off in 299 

Paleomagnetism.org (Fig. 4). It is likely that the palace pavement mud-bricks were baked 300 

during manufacture and as this is likely to be at a lower temperature than the destruction 301 

fires, this could result in the NRM being less stable and more prone to acquiring an overprint. 302 

Alternatively the bricks might have been randomly oriented during manufacture. Finally it is 303 

possible that the samples were not baked and instead retain a sun-dried NRM (Games, 304 

1977). These sets are discarded from further directional analyses. 305 

Tell Tayinat. The mud-brick samples from the single set (TT1) from the site display single 306 

component magnetite demagnetisation diagrams with a minor overprint that is removed at 307 



210°C. The uniform decay curves and the removal of magnetisation at ~580°C are coherent 308 

with what is observed in the Curie curves. The set has a well clustered distribution (k=570). 309 

In summary, out of 21 sets of samples collected from four different archaeological sites with 310 

a wide age interval of ~2000 years, 13 sets (at least one set from each site) were considered 311 

to be of sufficient good quality. Declinations range between 344.9° and 10.2° and inclinations 312 

between 36.0° and 62.9°. 313 

5. Archaeointensity Determination 314 

5.1. Archaeointensity Methods 315 

Microwave experiments on potsherds. The 14GHz Tristan microwave system was used to 316 

conduct intensity experiments on all potsherd samples. The microwave frequency was 317 

individually tuned to optimise the absorption of each sample. Demagnetisation experiments 318 

were first conducted on each sherd prior to the intensity measurements to further determine 319 

the suitability of the sherd for intensity experiments (Fig. 3a). In total, 161 samples exhibited 320 

a single component decaying to the origin and were deemed suitable for archaeointensity 321 

experiments and 23 samples deemed unsuitable following the microwave demagnetisation 322 

and rock magnetic experiments. The majority of the unsuitable samples were rejected 323 

because they did not show a stable component of remanence decaying towards the origin. 324 

This is likely to have been caused by insufficient heating or by pot movement during firing. 325 

For each selected potsherd, a subsample was subjected to a full microwave 326 

demagnetisation/remagnetisation experiment with a field applied parallel to the NRM. We 327 

followed either the Coe protocol (1967) or an IZZI protocol (Tauxe and Staudigel, 2004; Yu et 328 

al., 2004) (Fig. 5) with applied laboratory fields between 53 and 90 T. As the KIT-P set was 329 

so small, all six samples were subject to both methods. Repeat partial microwave induced 330 

Thermoremanent Magnetisation (pTMRM) checks were carried out to monitor possible 331 

alteration and repeat zero field checks were made as an additional alteration check and also 332 



to detect Multi-Domain (MD) sensitivity when following the Coe protocol (Riisager and 333 

Riisager, 2001). It is recognised that applying the field parallel to the NRM direction will mask 334 

MD behaviour (Yu and Dunlop, 2003). The applied cooling rate (CR) correction protocol on 335 

potsherds is described in the Supplementary Material. 336 

Thermal experiments on palace pavement mud-bricks. The samples from the mud-brick 337 

palace pavements of Tell Atchana (TA14-TA18) were grouped into two as University of 338 

Liverpool and Utrecht University sets.  339 

The Liverpool experiments followed the IZZI protocol with an applied laboratory field of 53 340 

T, either sub-parallel or anti-parallel with additional alteration checks. Up to fourteen double 341 

heating steps were applied between 100°C and 525°C with pTRM checks after every second 342 

step.  343 

The Utrecht set is measured with an applied laboratory field of 50 μT in a temperature range 344 

of 20-420°C. The experiments involved seven double heating steps and were performed 345 

using the IZZI protocol with the applied field randomly oriented with respect to the NRM of 346 

the sample. The measurements were carried out with one pTRM check, enabled after the 347 

final double heating step of the experiment (Fig. 5). The CR corrections on pavement bricks 348 

are described in the Supplementary Material and show that CR effects are minimal. 349 

Combined microwave and thermal experiments on oriented mud-bricks. Mainly thermal 350 

(Utrecht) and a minor amount of microwave (Liverpool) experiments were run on six sets of 351 

mud-brick samples either following IZZI or Coe protocol with applied fields between 40 and 352 

100 T. Microwave experiments were carried out with the applied field parallel or anti-parallel 353 

to the NRM of the samples, whereas thermal experiments were performed using a custom 354 

built orientation tray that enables aligning samples individually to desired angles, in this case 355 

parallel to the NRM. In the microwave experiments, pTRM checks were performed after 356 

every double treatment to monitor the possible influence of alteration. Thermal experiments 357 



were carried out with pTRM checks either fully enabled in every two double heating steps or 358 

one successful check at the end of the experiment (Fig. 5). 359 

Due to the lengthy nature of CR experiments we did not investigate the effect of cooling on 360 

these data sets, however, based on earlier results (Biggin et al., 2013; Yu, 2011), our 361 

previous experiments on the PSD mud-bricks (Ertepinar et al., 2012), our results on the Tell 362 

Atchana pavement mud-bricks from this study and the consistency between microwave and 363 

thermal experiments which have very different cooling times suggest the CR effects are 364 

minimal and hence can be neglected. 365 

5.2. Anisotropy Determination 366 

Pottery has been shown to be strongly anisotropic (Chauvin et al., 2000) due to the 367 

preferential alignment of magnetic grains presumed to be induced during the creation of the 368 

ceramic artefact. For both wheel and hand-made pottery, if the clay is worked into a 369 

particular orientation it is probable that the plate-like clay particles become aligned during 370 

fabrication and cause a similar alignment of the magnetic minerals (Yang et al., 1993) that 371 

can lead to an error in the intensity estimation of up to 50% (Gómez-Paccard et al., 2019). In 372 

order to mitigate the effects of anisotropy, the field was applied parallel to the NRM direction 373 

(Rogers et al., 1979). The effectiveness of this method is further confirmed by Odah et al. 374 

(2001) who determined accurate palaeointensities from experimentally manufactured 375 

ceramics. As an additional check, the angle γ between the pTRM acquired at the last step 376 

used for the best-fit segment and the applied field direction (Biggin and Paterson, 2014) was 377 

checked for all potsherds and also the mud-bricks. 378 

5.3. Selection criteria 379 

For both microwave and thermal experiments, following criteria are followed: 380 

1. The number of points (N) defining the slope: N≥5 381 



2. The ratio of standard error of the slope to absolute value of the slope β<0.1 382 

(Selkin and Tauxe, 2000) 383 

3. The lower acceptance limit for the NRM fraction: f0.35 (Coe et al., 1978). 384 

However, except for two measurements, f values are much higher 385 

4. The acceptance criterion of quality factor (q) is 3 386 

5. The upper acceptance limits for the angle between anchored and non-anchored 387 

best-fit vector (α) (Selkin and Tauxe, 2000) is taken as 10°  388 

6. MD behaviour of the interpreted segment of the NRM-TRM plot is assessed by 389 

the curvature statistics, |k’|, and the acceptance limit is taken as 0.164 as 390 

suggested by Paterson (2011), but we accepted two sherds with |k’|=0.169 391 

7. pTRM checks (where applicable) were deemed to have been successful if the 392 

ratio of the difference between the check and the relevant TRM value to the length 393 

of the selected NRM-TRM segment (DRAT) was smaller than 10% (Selkin and 394 

Tauxe, 2000) and the cumulative DRAT (CDRAT), defined as the sum of all the 395 

DRATs, should be less than 11% (Paterson et al., 2014) 396 

5.4 Archaeointensity Results 397 

Potsherds. Archaeointensity experiments on potsherds were carried out on 114 individual 398 

sherds from Tell Atchana (TA-P), 6 from Kilise Tepe (KT-P), 5 from Bellapais Vounous (BV-399 

P) and 22 from Marki Alonia (MA-P). We did experiments on an additional 14 sister samples 400 

(Table S3a). 401 

From TA-P, 56 out of 114 individual potsherds (57 measurements) passed all the criteria 402 

yielding a success rate of 49%. The values for the angle γ is found to be <5° for the majority 403 

(forty-five) of the potsherds, eight have 5°<γ<10° and the remaining four have γ>10°. On 404 

average, the CR correction factor was 0.85 with the largest correction factor being 0.73 for 405 

Level IV. An unusual positive correction factor of 1.08 was recorded for Level XVII/XVIII. For 406 

the majority of levels it was only possible to carry out one CR correction experiment. The site 407 



mean (CR corrected) intensity values from the potsherds of TA-P range from 39.8 to 55.1 μT. 408 

Over the duration of the occupation of the site (2200-1300 BC) the field fluctuated between 409 

this maximum and minimum. The highest field value of 55.1 μT was recorded for the 410 

lowermost level (Level XVII/XVIII) which represents the earliest occupation level of the site, 411 

~2200-2000 BC, whereas the lowest value was from Level IX (1675-1575 BC) (Table 2b).  412 

The results from KIT-P have a much lower success rate (38%) on specimen basis, where 413 

one to two sister specimens from each sherd failed to meet the acceptance criteria. The set 414 

with the largest age interval (level I/II) did not provide any successful result from two 415 

measurements on the single sherd from the level. Two sets, levels IIa and IId, produced one 416 

successful result each, where both measurements are of good quality with similar (and high) 417 

intensity values of 83.2 and 84.1 μT, respectively. Unfortunately, no samples from these sets 418 

survived for the CR experiments. The fourth set (level IIe) again did not provide any result 419 

from the single sherd. The final set, level IIf (800-650 BC), produced a CR corrected mean 420 

intensity value of 81.9 μT from three successful measurements performed on two sherds. 421 

Individual CR measurements on these sherds are found to be 0.84 and 0.82. The angle γ for 422 

the successful measurements is found to be 3.4° on average (highest being 6.3°). 423 

Out of a sample set of 27 Cypriot sherds, 14 gave acceptable results, (success rate of 52%). 424 

The site MA-P had the largest variety of pottery typology among all sites. It is noted that 425 

there is no apparent pattern in the samples that were unsuccessful/successful which could 426 

be related to pottery type. The first group of samples consisting of Red Polished Ware, Red 427 

Polished Coarse Ware and Drab Polished Ware produced a CR corrected archaeointensity 428 

value of 38.8 μT from five potsherds out of thirteen. The second set was composed of only 429 

one Red Polished Ware sherd from Early Cypriot I-II where the CR corrected intensity value 430 

is 53.0 μT from a single measurement. The oldest set with Red Polished Philia Ware yielded 431 

four acceptable results out of nine with a mean CR corrected intensity value of 53.8 μT. The 432 

experiments run on the potsherds from BV-P produced a CR corrected mean intensity value 433 

of 46.4 µT from four potsherds out of five. The correction factor of 0.83 was adapted from the 434 



same pottery type of MA-P (Red Polished Ware) since all potsherds showed sign of 435 

alteration (Table S3a). The angle γ is <6.6° for the accepted Cypriot potsherds (2.6° on 436 

average). In all cases, the intensity determined was consistent with the other results for the 437 

level (Table S3). We therefore conclude that anisotropy is not biasing our results. 438 

For some potsherd levels there is a significant range in intensity values. For example, TA-P 439 

Level II/III has a range of 15.7 µT, while Level XVII/XVIII has 21.5 µT and MA-P Early Cypriot 440 

II/Middle Cypriot I level has 24.4 µT. Correspondingly, the standard deviations are high even 441 

though in some cases one single value determines the large range. For example, if we 442 

disregard the 43.2 result in the TA-P Level II/III the range becomes 3.5 µT. 443 

Mud-bricks. Of all 66 mud-brick samples only 18 failed, implying a high success rate of 73%. 444 

Of the 18 failed samples, 12 failed for a combination of criteria, but 6 failed due to the 445 

curvature parameter only. 446 

The mud-brick samples from the palace pavements (TA14-TA18) gave no useful directional 447 

data, but gave consistent archaeointensity results with very little zigzagging in the NRM-TRM 448 

plots. This suggests that the mud-bricks were manufactured in random orientations rather 449 

than having an unstable NRM or being sun-dried. The sets have a very high success rate of 450 

85%. For the youngest (TA14) and oldest (TA15) levels we did not perform the CR 451 

experiment. However, from the three sets where we did establish a CR factor for each set, 452 

the intensities were 1.3-2.4 μT lower, well within the standard deviation. Hence, CR effects 453 

are minimal for this data set, in line with our earlier conclusions (Ertepinar et al., 2016). The 454 

highest and lowest mean intensity recorded are 45.2 and 37.7 μT (Table 2b, Table S3b). 455 

Out of six sets of mud-bricks -which all gave good directional results- five sets gave 456 

acceptable archaeointensity results from at least two samples per set, only one set (TA5) 457 

failed. For all the accepted results, the angle γ is found to be <5.3°, suggesting that the 458 

anisotropy effects are minimal. The highest success rates of 83.3% and 67% are from TA 459 



Level 4 and Level 7 Palace samples, respectively. The mean intensity values for the sets are 460 

67.2 and 65.9 μT. 461 

The single set from Tell Tayinat (TT1, ~672 BC) produced two successful thermal results (out 462 

of four) with a mean intensity value of 96.7±2.1 μT. The fifth measurement (microwave) 463 

yielded an unrealistic overshoot result (482.5 μT) which failed in the curvature parameter, |k’|. 464 

The two remaining passed sets are from Kinet Höyük (KN1 and KN2). Samples from KN1 465 

had an indestructible NRM and therefore the NRM fraction (f) remained much lower than the 466 

acceptance limits even when high powers were applied, that caused a melting spot indicating 467 

alteration. The success rate for the level is 25% (6 rejections out of 8). The two successful 468 

results (one TT and one MW) are in good agreement with each other with a mean intensity 469 

value of 55.2±0.9 μT. Thermal measurements on two samples from KN2 gave a mean 470 

intensity value of 64.9±1.2 μT (Table 2b). 471 

6. Discussion 472 

6.1 Directions 473 

The majority of the directional data presented in this study (Figs. 6a and b) are from an age 474 

interval (mostly 1875-1465 BC) and region that is lacking data. The new results, following the 475 

IGRF correction for the declinations, are plotted against the data from Geomagia50.v3.2 476 

(downloaded on December 2018) (Brown et al., 2015), the data from Turkey, Cyprus and 477 

Israel (Ertepinar et al., 2016, 2012; Shaar et al., 2016; Tema et al., 2018) and the global field 478 

model SHA.DIF.14k (Pavon-Carrasco et al., 2014). The data are relocated to and the models 479 

are calculated at Kayseri (38.85°N, 35.63°E), the approximate center of Turkey. 480 

The declinations from the youngest data set TT1 is more to the west (D=350.2±4.2) 481 

compared to the predictions of the model SHA.DIF.14k, although it just overlaps within error 482 

the westward swing seen in the model, but the direction is in excellent agreement with the 483 



near contemporaneous data point (D=349.5±8.5) from (Ertepinar et al., 2012). These two 484 

data points, which are well constrained in age, confirm the existence of a westerly swing 485 

suggested to have occurred between 780-690 BC by SHA.DIF.14k. The inclination value of 486 

the site (I=62.7±2.7) is slightly shallower than predictions of SHA.DIF.14k (~4.5°), but again 487 

in excellent agreement with the Ertepinar et al. (2012) inclination (I=61.8±5.5). 488 

There are ten data points from 1650-1465 BC (all TA sets, KN2 and HM3) that show a trend 489 

from east (~10°) to west (~-15°), towards younger ages, with the exception of one single data 490 

point (TA5). The declination curve from SHA.DIF.14k has a very similar trend from 1800 to 491 

1450 BC in approximately the same age interval, from ~7° east to ~5° west, and the model is 492 

coherent with the trend of our new data points. However, the westernmost and easternmost 493 

declination values of our data are exaggerated by some 5-10° compared to the model curve 494 

which is likely due to the inherent smoothing in constructing the model. The reason for the 495 

misfit declination of TA5 is likely related to our (apparently unsuccessful) attempt to restore 496 

the directions of the ex-situ hearth to its original position relying on the grid plans (Fig. S5b). 497 

For the age interval of our data points, SHA.DIF.14k predicts a continuous increase in the 498 

inclination where our data are in good agreement with this increasing trend. Data points TA2, 499 

TA4 and TA19 would fit better with the model when plotted on the younger end of their age 500 

uncertainty. This could be a reasonable interpretation considering all three sets are from the 501 

same heavily burnt destruction level which ended the Level VII era. The trend in inclination is 502 

in excellent agreement with a similar trend in inclination from Ertepinar et al. (2016). Also our 503 

inclinations are exaggerated, by some 10°, because of model smoothing. 504 

The direction from KN1 plots perfectly in line with the Ertepinar et al. (2016) data, both in 505 

declination and inclination, slightly to the west of SHA.DIF.14k predictions. The inclination 506 

value of the set is 10-15° shallower than the model predictions but in good agreement with 507 

Geomagia50.v3.2 data within a few degrees.  508 



The oldest data point HM2, displays a direction consistent with the model, but this is largely 509 

due to the large errors in declination and inclination, while the site also has an extremely 510 

large age uncertainty of ±600 years.  511 

We then compared our new directional data to the best available PSV curves in the region, 512 

Greece (De Marco et al., 2014) and Bulgaria (Kovacheva et al., 2014), without their 513 

published error bounds for better readability (insets in Figs. 6a and b). Clearly, our youngest 514 

data (TT1) around 700 BC excellently fit the Greek curve both in declination and inclination. 515 

Between 1600 and 1300 BC there is poor to reasonable correspondence; the declination 516 

swing in our data (TA1, TA8 and TA9) is not seen in either curve, but our inclinations fit both 517 

curves reasonably well. Also our earlier swing to western declination between 2000 and 1700 518 

BC (Ertepinar et al., 2016) is not seen in either curve, but the conspicuous swing to shallower 519 

inclinations in the Turkish data is excellently covered in the Greek curve, but not in the 520 

Bulgarian curve. 521 

Out of the 13 sites with directional information we have the palaeointensity for 5 sites, thus 522 

providing the full field vector (Table 3). 523 

6.2 Archaeointensities 524 

The geomagnetic field in the Middle East over the time period from 3000-0 BC is marked by 525 

at least one period of extremely high field intensity, the LIAA (Shaar et al., 2017, 2016) dated 526 

to between 1050 and 700 BC. Shaar et al. (2017) argue that it actually consists of two 527 

spikes, with VADMs up to 180 ZAm2, with slightly lower VADMs<140 ZAm2 between the 528 

spikes. This high intensity was also confirmed in Turkey (Arslantepe, 176 ZAm2, Ertepinar et 529 

al., 2012). The geographic extent of the LIAA and the exact duration of these spikes remain 530 

unclear. Recently, Shaar et al. (2016) suggested these spikes are caused by a regional 531 

anomaly which extends further to the east (Georgia, 45°E), but has a limited extension to the 532 

west, at about 30-35°E. This is mainly based on the argument of Shaar et al. (2017) that 533 

there is no evidence for the LIAA in Greece and Bulgaria. However, it is evident that there 534 



are very few data in Bulgaria in the LIAA age interval, although the slightly larger database 535 

for Greece does not show intensities >105 ZAm2 either. The LIAA may extend further east, to 536 

Turkmenistan at 60-65°E where intensities >145 ZAm2 are found. In their study of Holocene 537 

lavas from the Canary Islands, de Groot et al. (2015) find high palaeointensities ~120 ZAm2 538 

at 826-723 BC. Recently, Béguin et al. (2019) used three marine sediment cores from the 539 

Mediterranean to better constrain the LIAA in time and space. They suggested that the LIAA 540 

moves from 40 to 55° East at 1000 BC to ~25° East at 0 CE, while decaying from ~150 to 541 

~110 ZAm2 in the same time span. This is partly based on the relatively low palaeointensities 542 

they find in their westernmost core in the Alboran Sea (<80 ZAm2). However, in Portugal 543 

Nachasova and Burakov (2009) find palaeointensities higher than 140 ZAm2 in the LIAA 544 

interval (880-730 BC) and higher than 160 ZAm2 around 500 BC, while a recent study of 545 

Molina-Cardín et al. (2018) reports the highest intensities ever recorded in Spain, ranging 546 

144-152 ZAm2 around 600 BC. Earlier, Hervé et al. (2013) found high intensities for Western 547 

Europe (relocated at Paris) of more than 140 ZAm2 around 800 BC. Interestingly, Bourne et 548 

al. (2016) find high relative palaeointensities from a cave deposit in Texas for the similar time 549 

interval (modelled at 893±135 BC). They suggest an almost four-fold increase in 550 

geomagnetic field intensity lasting several hundred years and presents evidence for the 551 

existence of an intensity high in North America that is roughly contemporaneous with the 552 

similar duration of the LIAA, although the age of the (single) spike is between the two spikes 553 

at ~980 and ~740 BC. They argue that the cave record may provide evidence for flux lobes 554 

as seen in the present-day field, and effects of the Near East lobe is mirrored by the North 555 

American lobe. Clearly, the nature of the LIAA in space and time, as a regional or global 556 

feature is still far from resolved. 557 

This study presents thirty-one new sets of archaeointensity results, two of which are from a 558 

period of suggested high intensities. Out of thirty-one, three sets of potsherds gave only one 559 

successful result. Even though N=1 cannot by any means be considered reliable, the results 560 

from these sets are still reported (Table 2b), but displayed separately from the rest of the 561 



group (Fig. 6c). The remaining sets have successful measurements (N ranging 2 to 9). The 562 

VADM of the sets are plotted against the field model SHA.DIF.14k, the data from the Middle 563 

East, Cyprus, Georgia, Turkey (mostly our own compilation from the respective papers) and 564 

Geomagia50.v3.2 data.  565 

The oldest four results are from the Cypriot potsherds from an age interval of 2325-2000 BC, 566 

where BV-P produced a mean which is spot on the SHA.DIF.14k prediction; all sets, ranging 567 

71-99 ZAm2, are coherent with the Middle East data and within error fit the model predictions. 568 

The set with a single successful measurement (97.0 ZAm2) is also in agreement with the 569 

Middle East data but here we have no standard deviation. 570 

The dataset from Tell Atchana potsherds provides the first semi-continuous archaeointensity 571 

sequence from a single location in Turkey spanning the age interval 2100-1350 BC. All 572 

fourteen data points differ from SHA.DIF.14k by at most 10 ZAm2, with the means ranging 573 

71.9-99.4 ZAm2. In general, the means are within error of the SHA.DIF.14k model, and nicely 574 

follow its trend for this age interval. 575 

The five sets from Kilise Tepe gave rather disappointing results. Two sets produced no 576 

results, another two sets provided no acceptable results because of only one successful 577 

measurement. Only one set produced an acceptable result. The N=1 results from 1300 and 578 

1150 BC (plotted dark green and transparent in Fig. 6c) are significantly higher than both 579 

models (by at least 40 ZAm2) and much higher than the Middle East and Geomagia50.v3.2 580 

data. The successful set consisting of three measurements has a VADM of 147±11 ZAm2 at 581 

725±75 BC. This result is higher than both models but in agreement with the Middle East and 582 

Georgia data and confirms the existence of the younger spike of the LIAA suggested by 583 

Shaar et al. (2017). It should be noted that even the rejected measurements from the set are 584 

consistently high, ranging 140-160 ZAm2 (Table S3a). 585 

Mud-brick sets from the repairment levels of palace pavements TA14-TA18 that have the 586 

highest success rate display a continuous steady decrease in the intensity from 81.6 to 68.1 587 



ZAm2 for the age interval between 2040 and 1675 BC, contemporaneous with the oldest ten 588 

sherd levels from Tell Atchana. There are no systematic differences observed for the 589 

potsherds and mud-bricks results. The decrease in the intensity is extended to younger ages 590 

by some 150 years compared to SHA.DIF.14k. This trend is followed by an abrupt increase 591 

to 79.1 ZAm2 within some 50 years. The other two mud-brick sets from TA (Levels IV and VII 592 

at 1465 and 1625 BC) are both much higher (~120 ZAm2) than the model predictions that 593 

range 80-100 Zam2 during this time span. Only the younger data point is consistent with 594 

some of the data from Geomagia50.v3.2. 595 

From Kinet Höyük we have two acceptable intensity results of 98.8 ZAm2 (KN1 at 1875 BC) 596 

and 116.1 ZAm2 (KN2 at 1650 BC). The intensity of KN1 -although higher than SHA.DIF.14k- 597 

is in excellent agreement with the high intensities ranging 90-106 ZAm2 found during this 598 

time by Ertepinar et al. (2016). The intensity of KN2 is similar to that of TA Level VII (118.9 599 

Zam2) at 1625 BC (Fig. 6c). When compared to the two potsherd results from the same age, 600 

there is a significant difference, the potsherds having lower intensities by ~45 ZAm2, almost 601 

40%. The cooling rate effect cannot explain this discrepancy, since the mean effect in our 602 

mud-bricks is on average 5%, in line with the majority of the estimates (mostly 4-10%) from 603 

the compilation of (Genevey et al., 2008). The older set KN1 has one microwave and one 604 

thermal measurement which are extremely consistent (Table S3b) despite the very different 605 

cooling times of a few seconds (MW) to up to an hour (TT). The VADM plot shows that the 606 

potsherd results are more consistent with Geomagia50.v3.2 data and the SHA.DIF.14k 607 

predictions. Since there is no clear preference in terms of data quality, we cannot favour any 608 

of the two results over the other two. Although very rapid changes have been shown to occur 609 

(e.g. during the LIAA), we lack sufficient data to speculate on this. 610 

The set from Tell Tayinat (TT1) from ~672 BC has a very high intensity of 174.4 ZAm2, and 611 

equals the highest VADMs found by Shaar et al. (2016). This confirms the LIAA younger 612 

spike to be recorded in Turkey.  613 



Finally, we applied a number of strict criteria on Geomagia50.v3.2 data, following Poletti et 614 

al. (2018). However, we were more lenient on the age error (±250 year instead of ±100) and 615 

we did not require MD monitoring. These criteria removed about 80% of the 616 

Geomagia50.v3.2 data (inset in Fig. 6c). The major improvement applying the strict criteria is 617 

on the age interval of 2300-1300 BC, where there is significantly less scatter. Our 618 

contribution from this study doubles the available data for this time interval. 619 

7. Conclusions 620 

In this study, we present thirteen new directional data five of which provide the full vector of 621 

the field. The recorded directions show larger swings than the models for both declination 622 

and inclination, which we contribute to the inherent smoothing in the construction of the 623 

models. This was also noted earlier by Ertepinar et al. (2016) who found similar larger 624 

directional swings than the models. Hence, our earlier and present data contribute 625 

significantly to improving the resolution of existing models, in particular for this region. 626 

In addition, we provide thirty-one new archaeointensity results from both potsherds and mud-627 

bricks. The potsherds from Tell Atchana provide the longest sequence from 2100 to 1350 BC 628 

recorded so far in Turkey. In general, the results agree well with existing data from the 629 

Middle East, and are usually in reasonable agreement with model predictions. Applying strict 630 

criteria (Poletti et al., 2018) on Geomagia50.v3.2 archaeointensity data improves the 631 

resolution for the age interval of 2300-1300 BC and the data presented in this study doubles 632 

the amount of high-quality data for this time interval. The conspicuous high intensity interval 633 

of the LIAA is further confirmed in Turkey; in particular the younger spike of the LIAA is 634 

recorded by our new data, both in well-dated mud-bricks and potsherds, from two different 635 

locations (Tell Tayinat and Kilise Tepe). Earlier, we provided evidence for very high 636 

intensities in the older spike of the LIAA as recorded in Arslantepe by Ertepinar et al. (2012). 637 

It appears that the LIAA is a robust feature, at least in the Levant and Middle East. Its spatial 638 

and temporal extents, however, require more records from geographically distinct areas. 639 
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Figure Captions 648 

Figure 1. Location map of studied sites from the Mediterranean (red). Green circles are the 649 

previously published data from Anatolia and Upper Mesopotamia, Turkey. Blue circles are 650 

the data from the Middle East (see the text for references). 651 

Figure 2. (a) Representative Curie curves, hysteresis loops (displayed after the 652 

paramagnetic correction on a mass-specific basis), IRM acquisition curves of potsherds and 653 

oriented cores from each sampling site. For all potsherds, the Curie curves are almost fully 654 

reversible, where red (blue) lines are the heating (cooling) curves, with Tc at ~580°C 655 

indicating the presence of magnetite as the main carrier. The inflexion at ~300°C in KIT-P 656 

sample points the presence of Ti-rich titanomagnetite. Samples from BV-P exhibit a 657 

paramagnetic contribution in their Curie curves and hysteresis loops. IRM acquisition curves 658 

(green lines) for all samples show saturations fields of well below 300 mT. All oriented cores 659 

display near reversible heating (red) and cooling (blue) curves, with Tc at ~580°C indicating 660 

the presence of magnetite. A second inflexion at 350-420°C observed in ash layer of TA and 661 

mud-brick of TT can be interpreted as Ti-rich titanomagnetite as a second carrier. IRM 662 

acquisition curves (green lines) for all samples show saturations fields <200 mT. The FORC 663 

diagrams of oriented cores are generated using a smoothing factor (SF) of 3 and contour 664 

interval of 10. All mud-brick and basalt samples have closed inner contours and display 665 

narrow vertical spreading indicating the dominance of non-interacting PSD grains. (b) 666 

Hysteresis ratios plotted in Day plot modified by Dunlop (2002). Majority of the samples plot 667 

above the SD-MD mixing lines but well into the PSD field of the plot. 668 

Figure 3. (a) Stepwise microwave - MW (potsherds), and thermal-Th or alternating field-AF 669 

(oriented samples) demagnetisation diagrams. Closed (open) symbols represent the 670 

projection of the vector end-points on the horizontal (vertical) plane; values represent 671 

microwave power/time in Watt/second, temperature in °C or alternating field in or mT. 672 

Normalized intensity decay plots are also shown for the oriented samples. All samples, 673 



except for a partially burnt mud-brick from TA where there is a low-temperature (LT) and a 674 

high temperature (HT) component, display a single component demagnetisation diagram 675 

decaying to the origin. (b) Comparison of Th and AF demagnetisations using the coordinate 676 

bootstrap test (Tauxe, 2010) for randomly selected mud-brick set (KN2). 677 

Figure 4. The characteristic remanent magnetisation (ChRM) directions. The red circles are 678 

ɑ95 cone of confidence, k is dispersion parameter and D/I is the declination and inclination. 679 

For the inclination only sets (TA14-TA18), high-temperature/high coercivity (HT/HC) and low-680 

temperature/low coercivity (LT/LC) components are shown separately. 681 

Figure 5. NRM-TRM plots of one representative example from each sample set and 682 

associated orthogonal vector plots in core coordinates. The arrows represent the pT(M)RM 683 

checks and the squares are pTMRM tail checks enabled when applying the Coe protocol on 684 

potsherds. Closed (open) circles are accepted (rejected) double heating steps; values 685 

represent microwave power/time in Watt/second or temperature in °C. Solid blue (open 686 

green) circles on the orthogonal plots are horizontal (vertical) planes and the plots are single 687 

component decaying towards the origin. 688 

Figure 6. New (a) declination and (b) inclination data (red) plotted against Geomagia50.v3.2 689 

data (gray), data from Turkey (blue, pink and orange), Cyprus and Israel (green) and the 690 

global field models SHA.DIF.14k (green). The insets are data from this study and Ertepinar et 691 

al. (2016, 2012) data plotted against PSV curves from Greece and Bulgaria. (c) site mean 692 

VADMs of potsherds (red diamonds) and mud-bricks (red circles) along with the data from 693 

Geomagia50.v3.2 (gray), the Middle East, Cyprus, Georgia (orange), and Turkey (blue and 694 

pink) and the global field model SHA.DIF.14k (green). The sets with only one successful 695 

measurement (N=1) are displayed dark green and transparent. The inset shows comparison 696 

of the data from this study, Ertepinar et al. (2016, 2012) data and Geomagia50.v3.2 data with 697 

modified Poletti et al. (2018) cut-offs.  698 
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 Large swing to shallow inclinations in Turkey (~1900 BC) is corroborated 

 Longest sequence of intensity records from Tell Acthana potsherds (2100-1350 BC) 

 Intensity high over the Levant (LIAA) is confirmed with 2 new datasets from Turkey 
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Abstract 27 

The magnetic field of the Earth can exhibit considerable variations at short time scales, even 28 

as short as decades. The archaeomagnetic studies of Middle Eastern artefacts (mainly from 29 

Israel and Jordan) show evidence for an exceptionally high intensity period from 1050-700 30 

BC which displays two distinct spikes over the Levant, the Levantine Iron Age Anomaly 31 

(LIAA). Its exact duration and geographical extent are still poorly known. Despite the wealth 32 

of ancient settlements, the extensive cultural heritage and a long history of trade and 33 

immigration, the archaeomagnetism of Turkey and Cyprus remains largely unexplored. This 34 

study presents a large data set of ancient directions and intensities from seven 35 

archaeological sites in the Eastern Mediterranean covering a time span of ~2000 years. The 36 

recorded directions from thirteen sets of samples are coherent with our earlier findings, yet 37 
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show significantly larger swings than existing field models. In particular, we confirm the very 38 

large swing in inclination we found earlier, from 1910-1850 BC, that is also captured by the 39 

Greek PSV curve, and shallower by more than 10° than predicted by existing field models. 40 

Consequently, these models require substantial revision in this region. We were able to 41 

determine the archaeointensity from five sets of mud-bricks, from the thirteen attempted, 42 

allowing us to provide the full field vector. Furthermore, we present thirty-one new 43 

archaeointensity results from potsherds and mud-bricks that considerably enhance existing 44 

data, especially when a set of strict selection criteria is applied. Fourteen sets of potsherds 45 

from a single site (Tell Atchana) provide the longest sequence recorded so far in Turkey, 46 

from 2100 to 1350 BC. We find exceptionally high intensities of 145 and 175 ZAm2 around 47 

700 BC, in well-dated mud-bricks and potsherds from two different locations (Tell Tayinat 48 

and Kilise Tepe), supporting extreme geomagnetic field variability in the region. Moreover, 49 

these two high intensities confirm the younger spike of the LIAA in Turkey.  50 

Keywords: Archaeomagnetism, archaeointensity, Turkey, Cyprus, geomagnetic spike, 51 

Levantine Iron Age Anomaly  52 



1. Introduction 53 

Archaeomagnetism studies burnt or fired archaeological artefacts to help understand short 54 

term variations of the Earth’s magnetic field (palaeosecular variation; PSV) over the last 55 

8,000 years or so, PSV studies are important for understanding the geodynamo that 56 

maintains the Earth’s magnetic field while good PSV curves for a region can help to date 57 

certain archaeological artefacts. Archaeological features that are commonly studied include 58 

in-situ features such as kilns, ovens and hearths, which can provide geomagnetic field 59 

directions and palaeointensity, and ex-situ artefacts like tiles, bricks and ceramics that can 60 

only be used for palaeointensity studies (Thellier and Thellier, 1959). 61 

The importance of archaeomagnetism in revealing short term changes in the strength of the 62 

geomagnetic field, such as the Levantine High, has been highlighted in recent years by 63 

studies from Syria and Iran (Gallet et al., 2015, 2014, 2008, 2006; Gallet and Butterlin, 2015; 64 

Genevey et al., 2003; Stillinger et al., 2015), Jordan, Israel and Georgia (Ben-Yosef et al., 65 

2017, 2009, 2008a, 2008b; Shaar et al., 2017, 2016, 2015, 2011), Turkey (Ertepinar et al., 66 

2016, 2012), and Iraq and Cyprus (Shaar et al., 2015; Tema et al., 2018; Yutsis-Akimova et 67 

al., 2018a, 2018b). The focus of recent research has been on the Middle East between 68 

~3000-0 BC partly because Gallet et al. (2006) suggested that PSV may have played a role 69 

in controlling climate, related to what they called four ‘archaeomagnetic jerks’ recorded in 70 

French and Middle Eastern data. An archaeomagnetic jerk was defined as a period of high 71 

field intensity coinciding with a sharp cusp in geomagnetic field direction (Gallet et al., 2003); 72 

it is also referred to as a ‘geomagnetic spike’ when the high field intensity periods occur in 73 

relatively short episodes (Ben-Yosef et al., 2009). The three oldest intensity highs are 74 

proposed to have occurred based on data from Syria and Iran (Gallet et al., 2006). The fourth 75 

and youngest interval at 1050-750 BC shows a significantly higher magnitude than the three 76 

older events and is now well-known as the ‘Levantine Iron Age Anomaly (LIAA)’ (Shaar et al., 77 

2016). The LIAA was first discovered in the Southern Levant (Ben-Yosef et al., 2008a), and 78 

subsequently in Turkey (Ertepinar et al., 2012) and Georgia (Shaar et al., 2017). The LIAA is 79 



seen as a short period of exceptionally high field intensities producing VADM (virtual axial 80 

dipole moment) values in excess of 200 ZAm2, and appears to show two distinct spikes at 81 

~980 BC and ~740 BC (Shaar et al., 2016). However, the spatial extent of the high intensity 82 

spike is still not well constrained. Currently available data do not yet allow determination of 83 

whether the LIAA is a rapid regional perturbation or is a global scale phenomenon, and 84 

whether it is represented by single or multiple high field episodes. 85 

A better knowledge of the evolution of the geomagnetic field in space and time would allow a 86 

better understanding of geodynamo processes as well as enabling the construction of better 87 

field models and constraining regional PSV curves to establish the nature of such high field 88 

episodes. In order to acquire this knowledge, full vector field information is required from as 89 

many different locations and times as possible. There is still a lack of published work in this 90 

area centered in Turkey and Cyprus, despite their extensive cultural heritage and a long 91 

history of trade and immigration. Abundant Cypriot slag deposits have recently been 92 

exploited as a reliable recorder of the geomagnetic field and have the potential to provide a 93 

very high resolution time series (Ben-Yosef et al., 2008a; Shaar et al., 2010), However, the 94 

data from this region are still scarce. Spatially, Turkey and Cyprus (including the 95 

Mediterranean Sea) cover a very large area that is almost the same size as one third of 96 

Europe. Considering the scarcity of the data from the region, it is inevitable that geomagnetic 97 

field models are relatively unconstrained by local data and rely heavily on data published for 98 

Bulgaria (Kovacheva et al., 2014), Greece (De Marco et al., 2014; Tema and Kondopoulou, 99 

2011) and the Middle East. This study presents a new and large dataset of palaeodirections 100 

and palaeointensities from archaeological sites in Turkey and Cyprus, spanning the time 101 

interval from 2700 to 750 BC, the period suggested to include at least four high intensity 102 

episodes. The results help to better constrain the LIAA (1050-700 BC) at ~750 BC, to narrow 103 

the data gap over Turkey and Cyprus, and to increase the accuracy of global field models. 104 



2. Archaeological Context and Sampling 105 

We have sampled seven archaeological sites, two in Cyprus and five in Turkey (Fig. 1). The 106 

Cypriot sample sets consist solely of potsherds while the sample sets from Turkey consist of 107 

both potsherds and oriented samples. All potsherd sets were selected from previously 108 

excavated collections. Dependent on the availability of material, we selected sets of potsherd 109 

samples containing 6-15 samples (but occasionally only 1 or 2) per archaeological 110 

context/level (Table 1a). For oriented samples, a water-cooled drill was used to take 111 

cylindrical cores of 2.5 cm diameter and a magnetic compass was used to orient the cores in 112 

situ. Cores were drilled at different orientations in order to detect any anisotropy effect if 113 

present. If core length permitted, more than 1 specimen was cut from the core. Oriented 114 

sample sets contain 7-36 samples and 7-46 individual specimens per age/level (Table 1b). 115 

The majority (fifteen) of the oriented sets are sampled from surfaces that were exposed to 116 

fire, such as destruction levels or fire places. The remaining five sets are from a stratigraphic 117 

sequence of palace pavements and made from manufactured mud-bricks. These palace 118 

pavement mud-bricks did not experience any subsequent fire event and would only have 119 

been baked (or sun-dried) during manufacture. They are sampled for palaeointensity 120 

measurements and inclination-only analysis (explained in detail in the following sections).  121 

The age of the archaeological sites, contexts or level mostly rely on the 14C dates, pottery 122 

typology and relative chronology. Below we briefly describe the sampling sites; detailed 123 

information and references are given in the Supplementary Material.  124 

Bellapais Vounous (Cyprus). Six Red Polished Ware sherds (BV-P) have been studied here 125 

(Fig. S1); all date from the Early Cypriot I-II period (2250-2100 BC). 126 

Marki Alonia (Cyprus). We studied twenty-eight pottery sherds with various typologies (MA-127 

P) which have been taken from contexts dated between 2400-1900 BC (Fig. S1, Table S1). 128 



Hacımusalar Höyük (Turkey). We sampled three different levels from ~3 m high North-South 129 

trending trench where HM1 (fallen mud-bricks) and HM2 (a clay pit) are the uppermost and 130 

lowermost destruction levels dating back to Early Iron (1200-1000 BC) and Early Bronze 131 

Ages (3300-2100 BC), respectively. The third level HM3 (mud-bricks) is stratigraphically 132 

between the two levels, closer to HM2 (Fig. S2). 133 

Kilise Tepe (Turkey). We studied eight potsherds (KIT-P) from five different occupation levels 134 

over an age interval of 1350-30 BC (Fig. S3). 135 

Kinet Höyük (Turkey). We collected two sets of mostly mud-brick (and some serpentinite) 136 

samples from the eastern terrace of the mound (KN1 and KN2) which date back to 2000-137 

1750 BC and 1750-1550 BC (Fig. S4). 138 

Tell Atchana (Turkey). The stratigraphy of Tell Atchana has been subdivided into a sequence 139 

of eighteen occupation levels (Level 0 to Level XVII/XVIII, 2200-1305 BC). We have chosen 140 

128 potsherds (TA-P), from fourteen levels as being representative of the variety in pottery 141 

typology found on the site (Fig. S5a). We additionally sampled fourteen sets (mud-bricks, 142 

basalts and an ash layer) for the full vector analyses (Fig. S5b). Five of these sets belong to 143 

a stratigraphic sequence of levels of palace pavements that were analysed for both 144 

archaeointensity and inclination only, assuming that the bricks were horizontally fired during 145 

manufacture, instead of sun-dried. This assumption is tested in the following sections. 146 

Tell Tayinat (Turkey). We collected one mud-brick set (TT1) from the burnt Iron Age II temple 147 

that was destroyed by an intense fire at ~672 BC (Fig. S6). 148 

3. Rock Magnetic Experiments and Results 149 

Rock magnetic properties such as the room temperature bulk susceptibility, Isothermal 150 

Remanent Magnetisation (IRM) acquisition, hysteresis loops, first order reversal curve 151 

(FORC) diagrams and Curie curves are measured using a Kappabridge KLY-2, an 152 



alternating gradient force magnetometer, and a modified horizontal translation type Curie 153 

balance (Mullender et al., 1993).  154 

The IRM experiment results on potsherds (Fig. 2a) indicate that all samples contain a low 155 

coercivity phase and are saturated in fields well below 300 mT. All curves except for one 156 

(BV-P) showed almost fully reversible heating curves if heated up to ~600°C; occasionally, 157 

some alteration (oxidation) occurred if heated to 700°C, producing a slightly lower intensity in 158 

the final cooling curve. All curves from BV-P, MA-P and TA-P have a change in slope at or 159 

close to 580°C, and hence the inferred dominant magnetic carrier is magnetite. Four of the 160 

eight KIT-P samples show two Curie temperatures (Tc), the first at ~300°C, the second at 161 

~580°C implying the presence of both Ti-rich titanomagnetite and magnetite. Three of the 162 

other samples have curved thermomagnetic curves where it is impossible to isolate a Tc. The 163 

remaining one sample has a Tc of ~550°C due to the presence of Ti-poor titanomagnetite. 164 

These interpretations are supported by the low coercivities (Bc=6-14 mT) observed in the 165 

samples (Fig. 2a). 166 

The IRM acquisition and hysteresis loop experiments on oriented cores showed that all 167 

samples saturate and the loops close at fields generally well below 200 mT, while generally 168 

low coercivities (Bc=4-24 mT) are observed in the samples, supporting magnetite as carrier 169 

(Fig. 2a). The thermomagnetic curves are measured in air up to 700°C that include heating 170 

and cooling cycles to check the occurrence of chemical alteration. The applied field varied 171 

from 100/180-300 mT. All sets display similar and fully reversible heating/cooling curves up 172 

to 600°C indicating that the magnetic minerals are chemically stable up to the Curie 173 

temperature of magnetite. Only upon heating to 700°C some oxidation occurs resulting in a 174 

slightly lower final cooling curve. For all basalts (TA) and mud-bricks (HM, KN, TT and the 175 

majority of TA), the highest Tc is at ~580°C pointing to magnetite as the main magnetic 176 

carrier. A small number of mud-bricks from the palace pavements (TA14-TA18) on the other 177 

hand, have a Curie temperature varying from ~500 to 580°C which indicates the presence of 178 

some low-Ti titanomagnetite. The samples from the ash layer (TA3) have a slightly higher Tc 179 



of ~600°C which points to some cation deficient magnetite. In some of the curves from the 180 

mud-bricks and the ash layer, the heating curves display a second inflexion in the range 350-181 

420°C, which can be interpreted as Ti-rich titanomagnetite as a second carrier. The clay 182 

furnace from Hacımusalar (HM2) and the clay pot from Tell Atchana (TA5) showed rock 183 

magnetic properties identical to the mud-bricks from the sites. Therefore, they are not 184 

displayed in figure 2a; instead they are grouped with the other mud-bricks hereafter. 185 

For all samples, after removal of the paramagnetic contribution, we determined the ratios of 186 

remanent saturation magnetisation to saturation magnetisation Mrs/Ms, and the remanent 187 

coercive force to coercive force Hcr/Hc and plotted them in a Day plot (Day et al., 1977) as 188 

modified by Dunlop (2002) (Fig. 2b, Table S2) even though such a diagram may not 189 

sufficiently resolve the domain state of the magnetic particles (Roberts et al., 2018). The 190 

majority of the potsherds and mud-bricks are in the PSD part of the Day plot but above the 191 

SD-MD mixing lines with the exception of seven TA-P and one KIT-P potsherd that plot 192 

outside the PSD (and MD) field. The hysteresis ratios from MA-P and KIT-P potsherds plot 193 

within the distribution of the TA-P samples but their distribution is slightly more to the right 194 

(higher Hcr/Hc ratios) implying that these sherds are very similar to the somewhat coarser 195 

magnetic minerals of the TA-P distribution. Mud-bricks from KN and TT and the basalt 196 

samples from TA produced similar hysteresis ratios plotting in the PSD area but towards the 197 

SD field of the plot, implying generally finer-grained magnetic materials. For further 198 

(palaeointensity) analyses we discarded eight potsherds with non PSD/SD assemblage and 199 

one potsherd with an irreversible Curie curve (almost zero intensity final cooling curve due to 200 

inversion of maghemite to hematite at ~350°C). 201 

A FORC diagram is also useful to assess the domain state of magnetic minerals and the 202 

local interaction fields for an assemblage of magnetic particles. It provides an additional 203 

check on the reliability of the hysteresis parameters such as the Mrs/Ms ratio which can be 204 

altered by a mixture of domain assemblages (Roberts et al., 2000). Out of 35 measurements, 205 

one representative sample from each set is shown in figure 2a. All Bc results are in 206 



agreement with what is derived from the hysteresis experiments. The mud-brick sets KN, TA 207 

and TT have two closed inner contours with peaks at ~10 mT with narrow vertical spreading 208 

of the contours indicating that the assemblages are dominated by non-interacting PSD 209 

grains. The basalt samples have a peak at Bc=25 mT with four closed inner contours where, 210 

except for the outermost contour, all the inner contours have narrow spreading along the Bu 211 

axis which is typical for PSD grains. The ash layer from TA exhibits a distribution with a peak 212 

centered about the origin. 213 

The low field bulk magnetic susceptibility values range between 1.55×10-5 to 4.02×10-2 SI, 214 

the majority (96%) being higher than 1.00×10-3 SI. The results are used to calculate the 215 

Koenigsberger ratio, Qn, which is defined as the ratio of remanent to induced magnetisation 216 

that indicates a rocks capability to carry a stable remanence, in this case the TRM. All types 217 

of materials including the minor amount of low susceptibility samples have Qn>1, indicating 218 

that the samples have a stable TRM (Fig. S8). 219 

4. Archaeomagnetic Direction Determination 220 

4.1. Demagnetisation 221 

The analysis of the Natural Remanent Magnetisation (NRM) directions, all statistics and field 222 

tests were done through the on-line portal Paleomagnetism.org (Koymans et al., 2016). The 223 

portal uses orthogonal projection diagrams, eigenvector analysis and Fisher (1953) means. 224 

The acceptance limit of maximum angular deviation (MAD) of individual directions is taken as 225 

10° although was typically MAD<2°, while only means with k>50 are accepted (Table 2a, 226 

Figs. 3a and 4). We regard the results as a characteristic remanent magnetisation (ChRM). 227 

We also use a test for a common true mean direction based on the coordinate bootstrap test 228 

of Tauxe (2010) which randomly samples two distributions of directions and converts those 229 

to Cartesian coordinate (x, y, z) distributions. The test is positive if all three Cartesian 230 

distributions overlap at the 95% level.  231 



For the directional analysis, sets of 7 to 20 samples from each site are demagnetised by both 232 

thermal (2G Enterprises DC-SQUID cryogenic magnetometer) and alternating field (high 233 

precision robotized DC-SQUID magnetometer) techniques with incremental steps of 50°C up 234 

to 580-600°C or 2-5 mT up to 100 mT. 235 

One representative demagnetisation diagram from each type of building material along with 236 

the decay curves are plotted in Figure 3a. For all sets, the viscous component is removed at 237 

low temperatures (~180-210°C) or coercivities (~10 mT). The remanence is nearly 238 

completely removed at ~580°C or 100 mT and usually decays straight to the origin. These 239 

findings from the demagnetisation diagrams and intensity decay curves are coherent with the 240 

general findings from the rock magnetic experiments, although the inflexion observed in the 241 

Curie curves from the ash layer (TA3) is not seen in the demagnetisation decay curves. 242 

Occasionally, for some sister specimens from the bottom part of the oriented core, we took 243 

the component that was heated to a sufficiently high temperature. For example, TA2.13B 244 

was clearly only heated up to 500-525°C by the destruction fire, but up to that temperature 245 

giving a component that was identical to the highest temperature component of other 246 

samples from the same site (Fig. 3a). Thermal and AF demagnetisations produced identical 247 

directions as shown by the positive coordinate bootstrap test of Tauxe (2010) (Fig. 3b) . All 248 

ChRM results per site are corrected for the International Geomagnetic Reference Field 249 

(IGRF) declination at the position and time of sampling and are shown in Figure 4. 250 

4.2. Directional Results 251 

Hacımusalar Höyük. The demagnetisation diagrams of all sets display a stable NRM 252 

decaying to the origin. Two out of three sets (HM2 and HM3) produced acceptable results 253 

with k=104 and k=65, respectively. The relatively low k value of HM3 could be related to 254 

slight displacement of the bricks due to the thick earth cover on the top (as seen in figure 255 

S2). The demagnetisation diagrams of the third set (HM1) are also single component but 256 



have completely random directions; hence, the collapse must have taken place after the fire 257 

event. HM1 is thus excluded from further directional analysis.   258 

Kinet Höyük. The samples from KN1 that is composed of mud-bricks (the wall) and 259 

serpentinites (the foundation part) produced well clustered single component 260 

demagnetisation diagrams with uniform decay curves from its mud-bricks and random 261 

directions from the serpentinites. As was observed earlier by Ertepinar et al. (2016), the 262 

foundation part of the structure generally does not burn to a sufficiently high temperature to 263 

record the field. Therefore, the seven serpentinite samples are discarded, making the set of 264 

nine mud-bricks very well clustered with k=862. The samples from KN2 that is composed 265 

solely of mud-bricks also have single component demagnetisation diagrams decaying to the 266 

origin, supporting the general findings from the Curie curves. The set has a well-defined 267 

ChRM (k=366). 268 

Tell Atchana. The sets from the site form the bulk of the directional results. Nine sets were 269 

measured for both declination and inclination and an additional five sets (repairment levels of 270 

palace pavements) were analysed for inclination only. 271 

All mud-brick samples display an ideal magnetite magnetisation decaying straight to the 272 

origin with uniform decay curves as was also deduced from the Curie experiments (Fig. 2a). 273 

Out of five sets that are composed solely of mud-bricks, four sets (TA1, TA5, TA8, and TA9) 274 

have a well-defined ChRM direction with high k values. One mud-brick set (TA10) turned out 275 

to be not sufficiently burnt and shows random directions and is therefore excluded from 276 

further directional analysis. 277 

The samples from the ash layer (TA3) were extremely fragile and were demagnetised only 278 

using the AF method. The NRM of the samples decay uniformly, however the remanence is 279 

not fully removed at 100 mT pointing to the presence of maghemite, which is coherent with 280 

the Curie measurements. The set has a lower k value (k=55) compared to the other sets. 281 



This higher scatter is likely related to the fragile nature of the furnace material that makes it 282 

difficult to orient the sample. 283 

The basalt sets (TA4 and TA19) also have single component demagnetisation diagrams 284 

where the viscous component is removed at slightly higher temperatures (~250°C). The 285 

remanence is nearly completely removed at 580°C but not yet at 100 mT, which could 286 

indicate the presence of a stable single-domain (SD) magnetite or a minor amount of 287 

maghemite (which was not observed in the Curie curves). The sets produced a well-defined 288 

ChRM with k values of 294 and 223, respectively. 289 

One set that is composed of both mud-bricks and basalts (TA2) also show an extremely 290 

good cluster (k=979) where the directions of basalts and mud-bricks are in excellent 291 

agreement. This provides additional evidence that these mud-bricks are not strongly 292 

anisotropic. 293 

The results of the 5 palace pavement mud-brick sets (TA14-18) are inconclusive. The high 294 

temperature/coercivity components produced ‘shotgun pattern’ distributions (Fig. 4). When 295 

the sets are analysed for the low temperature/coercivity component (20-150°C or 0-10 mT), 296 

there appears to be a poorly constrained cluster. When only the thermal demagnetisation 297 

results are used, there is a better cluster (with a steep inclination of 73°) but still not good 298 

enough (k=21) to give a reliable result, even though we used the 45° cut-off in 299 

Paleomagnetism.org (Fig. 4). It is likely that the palace pavement mud-bricks were baked 300 

during manufacture and as this is likely to be at a lower temperature than the destruction 301 

fires, this could result in the NRM being less stable and more prone to acquiring an overprint. 302 

Alternatively the bricks might have been randomly oriented during manufacture. Finally it is 303 

possible that the samples were not baked and instead retain a sun-dried NRM (Games, 304 

1977). These sets are discarded from further directional analyses. 305 

Tell Tayinat. The mud-brick samples from the single set (TT1) from the site display single 306 

component magnetite demagnetisation diagrams with a minor overprint that is removed at 307 



210°C. The uniform decay curves and the removal of magnetisation at ~580°C are coherent 308 

with what is observed in the Curie curves. The set has a well clustered distribution (k=570). 309 

In summary, out of 21 sets of samples collected from four different archaeological sites with 310 

a wide age interval of ~2000 years, 13 sets (at least one set from each site) were considered 311 

to be of sufficient good quality. Declinations range between 344.9° and 10.2° and inclinations 312 

between 36.0° and 62.9°. 313 

5. Archaeointensity Determination 314 

5.1. Archaeointensity Methods 315 

Microwave experiments on potsherds. The 14GHz Tristan microwave system was used to 316 

conduct intensity experiments on all potsherd samples. The microwave frequency was 317 

individually tuned to optimise the absorption of each sample. Demagnetisation experiments 318 

were first conducted on each sherd prior to the intensity measurements to further determine 319 

the suitability of the sherd for intensity experiments (Fig. 3a). In total, 161 samples exhibited 320 

a single component decaying to the origin and were deemed suitable for archaeointensity 321 

experiments and 23 samples deemed unsuitable following the microwave demagnetisation 322 

and rock magnetic experiments. The majority of the unsuitable samples were rejected 323 

because they did not show a stable component of remanence decaying towards the origin. 324 

This is likely to have been caused by insufficient heating or by pot movement during firing. 325 

For each selected potsherd, a subsample was subjected to a full microwave 326 

demagnetisation/remagnetisation experiment with a field applied parallel to the NRM. We 327 

followed either the Coe protocol (1967) or an IZZI protocol (Tauxe and Staudigel, 2004; Yu et 328 

al., 2004) (Fig. 5) with applied laboratory fields between 53 and 90 T. As the KIT-P set was 329 

so small, all six samples were subject to both methods. Repeat partial microwave induced 330 

Thermoremanent Magnetisation (pTMRM) checks were carried out to monitor possible 331 

alteration and repeat zero field checks were made as an additional alteration check and also 332 



to detect Multi-Domain (MD) sensitivity when following the Coe protocol (Riisager and 333 

Riisager, 2001). It is recognised that applying the field parallel to the NRM direction will mask 334 

MD behaviour (Yu and Dunlop, 2003). The applied cooling rate (CR) correction protocol on 335 

potsherds is described in the Supplementary Material. 336 

Thermal experiments on palace pavement mud-bricks. The samples from the mud-brick 337 

palace pavements of Tell Atchana (TA14-TA18) were grouped into two as University of 338 

Liverpool and Utrecht University sets.  339 

The Liverpool experiments followed the IZZI protocol with an applied laboratory field of 53 340 

T, either sub-parallel or anti-parallel with additional alteration checks. Up to fourteen double 341 

heating steps were applied between 100°C and 525°C with pTRM checks after every second 342 

step.  343 

The Utrecht set is measured with an applied laboratory field of 50 μT in a temperature range 344 

of 20-420°C. The experiments involved seven double heating steps and were performed 345 

using the IZZI protocol with the applied field randomly oriented with respect to the NRM of 346 

the sample. The measurements were carried out with one pTRM check, enabled after the 347 

final double heating step of the experiment (Fig. 5). The CR corrections on pavement bricks 348 

are described in the Supplementary Material and show that CR effects are minimal. 349 

Combined microwave and thermal experiments on oriented mud-bricks. Mainly thermal 350 

(Utrecht) and a minor amount of microwave (Liverpool) experiments were run on six sets of 351 

mud-brick samples either following IZZI or Coe protocol with applied fields between 40 and 352 

100 T. Microwave experiments were carried out with the applied field parallel or anti-parallel 353 

to the NRM of the samples, whereas thermal experiments were performed using a custom 354 

built orientation tray that enables aligning samples individually to desired angles, in this case 355 

parallel to the NRM. In the microwave experiments, pTRM checks were performed after 356 

every double treatment to monitor the possible influence of alteration. Thermal experiments 357 



were carried out with pTRM checks either fully enabled in every two double heating steps or 358 

one successful check at the end of the experiment (Fig. 5). 359 

Due to the lengthy nature of CR experiments we did not investigate the effect of cooling on 360 

these data sets, however, based on earlier results (Biggin et al., 2013; Yu, 2011), our 361 

previous experiments on the PSD mud-bricks (Ertepinar et al., 2012), our results on the Tell 362 

Atchana pavement mud-bricks from this study and the consistency between microwave and 363 

thermal experiments which have very different cooling times suggest the CR effects are 364 

minimal and hence can be neglected. 365 

5.2. Anisotropy Determination 366 

Pottery has been shown to be strongly anisotropic (Chauvin et al., 2000) due to the 367 

preferential alignment of magnetic grains presumed to be induced during the creation of the 368 

ceramic artefact. For both wheel and hand-made pottery, if the clay is worked into a 369 

particular orientation it is probable that the plate-like clay particles become aligned during 370 

fabrication and cause a similar alignment of the magnetic minerals (Yang et al., 1993) that 371 

can lead to an error in the intensity estimation of up to 50% (Gómez-Paccard et al., 2019). In 372 

order to mitigate the effects of anisotropy, the field was applied parallel to the NRM direction 373 

(Rogers et al., 1979). The effectiveness of this method is further confirmed by Odah et al. 374 

(2001) who determined accurate palaeointensities from experimentally manufactured 375 

ceramics. As an additional check, the angle γ between the pTRM acquired at the last step 376 

used for the best-fit segment and the applied field direction (Biggin and Paterson, 2014) was 377 

checked for all potsherds and also the mud-bricks.5.3. Selection criteria 378 

For both microwave and thermal experiments, following criteria are followed: 379 

1. The number of points (N) defining the slope: N≥5 380 

2. The ratio of standard error of the slope to absolute value of the slope β<0.1 381 

(Selkin and Tauxe, 2000) 382 



3. The lower acceptance limit for the NRM fraction: f0.35 (Coe et al., 1978). 383 

However, except for two measurements, f values are much higher 384 

4. The acceptance criterion of quality factor (q) is 3 385 

5. The upper acceptance limits for the angle between anchored and non-anchored 386 

best-fit vector (α) (Selkin and Tauxe, 2000) is taken as 10°  387 

6. MD behaviour of the interpreted segment of the NRM-TRM plot is assessed by 388 

the curvature statistics, |k’|, and the acceptance limit is taken as 0.164 as 389 

suggested by Paterson (2011), but we accepted two sherds with |k’|=0.169 390 

7. pTRM checks (where applicable) were deemed to have been successful if the 391 

ratio of the difference between the check and the relevant TRM value to the length 392 

of the selected NRM-TRM segment (DRAT) was smaller than 10% (Selkin and 393 

Tauxe, 2000) and the cumulative DRAT (CDRAT), defined as the sum of all the 394 

DRATs, should be less than 11% (Paterson et al., 2014) 395 

5.4 Archaeointensity Results 396 

Potsherds. Archaeointensity experiments on potsherds were carried out on 114 individual 397 

sherds from Tell Atchana (TA-P), 6 from Kilise Tepe (KT-P), 5 from Bellapais Vounous (BV-398 

P) and 22 from Marki Alonia (MA-P). We did experiments on an additional 14 sister samples 399 

(Table S3a). 400 

From TA-P, 56 out of 114 individual potsherds (57 measurements) passed all the criteria 401 

yielding a success rate of 49%. The values for the angle γ is found to be <5° for the majority 402 

(forty-five) of the potsherds, eight have 5°<γ<10° and the remaining four have γ>10°. On 403 

average, the CR correction factor was 0.85 with the largest correction factor being 0.73 for 404 

Level IV. An unusual positive correction factor of 1.08 was recorded for Level XVII/XVIII. For 405 

the majority of levels it was only possible to carry out one CR correction experiment. The site 406 

mean (CR corrected) intensity values from the potsherds of TA-P range from 39.8 to 55.1 μT. 407 

Over the duration of the occupation of the site (2200-1300 BC) the field fluctuated between 408 



this maximum and minimum. The highest field value of 55.1 μT was recorded for the 409 

lowermost level (Level XVII/XVIII) which represents the earliest occupation level of the site, 410 

~2200-2000 BC, whereas the lowest value was from Level IX (1675-1575 BC) (Table 2b).  411 

The results from KIT-P have a much lower success rate (38%) on specimen basis, where 412 

one to two sister specimens from each sherd failed to meet the acceptance criteria. The set 413 

with the largest age interval (level I/II) did not provide any successful result from two 414 

measurements on the single sherd from the level. Two sets, levels IIa and IId, produced one 415 

successful result each, where both measurements are of good quality with similar (and high) 416 

intensity values of 83.2 and 84.1 μT, respectively. Unfortunately, no samples from these sets 417 

survived for the CR experiments. The fourth set (level IIe) again did not provide any result 418 

from the single sherd. The final set, level IIf (800-650 BC), produced a CR corrected mean 419 

intensity value of 81.9 μT from three successful measurements performed on two sherds. 420 

Individual CR measurements on these sherds are found to be 0.84 and 0.82. The angle γ for 421 

the successful measurements is found to be 3.4° on average (highest being 6.3°). 422 

Out of a sample set of 27 Cypriot sherds, 14 gave acceptable results, (success rate of 52%). 423 

The site MA-P had the largest variety of pottery typology among all sites. It is noted that 424 

there is no apparent pattern in the samples that were unsuccessful/successful which could 425 

be related to pottery type. The first group of samples consisting of Red Polished Ware, Red 426 

Polished Coarse Ware and Drab Polished Ware produced a CR corrected archaeointensity 427 

value of 38.8 μT from five potsherds out of thirteen. The second set was composed of only 428 

one Red Polished Ware sherd from Early Cypriot I-II where the CR corrected intensity value 429 

is 53.0 μT from a single measurement. The oldest set with Red Polished Philia Ware yielded 430 

four acceptable results out of nine with a mean CR corrected intensity value of 53.8 μT. The 431 

experiments run on the potsherds from BV-P produced a CR corrected mean intensity value 432 

of 46.4 µT from four potsherds out of five. The correction factor of 0.83 was adapted from the 433 

same pottery type of MA-P (Red Polished Ware) since all potsherds showed sign of 434 

alteration (Table S3a). The angle γ is <6.6° for the accepted Cypriot potsherds (2.6° on 435 



average). In all cases, the intensity determined was consistent with the other results for the 436 

level (Table S3). We therefore conclude that anisotropy is not biasing our results. 437 

For some potsherd levels there is a significant range in intensity values. For example, TA-P 438 

Level II/III has a range of 15.7 µT, while Level XVII/XVIII has 21.5 µT and MA-P Early Cypriot 439 

II/Middle Cypriot I level has 24.4 µT. Correspondingly, the standard deviations are high even 440 

though in some cases one single value determines the large range. For example, if we 441 

disregard the 43.2 result in the TA-P Level II/III the range becomes 3.5 µT. 442 

Mud-bricks. Of all 66 mud-brick samples only 18 failed, implying a high success rate of 73%. 443 

Of the 18 failed samples, 12 failed for a combination of criteria, but 6 failed due to the 444 

curvature parameter only. 445 

The mud-brick samples from the palace pavements (TA14-TA18) gave no useful directional 446 

data, but gave consistent archaeointensity results with very little zigzagging in the NRM-TRM 447 

plots. This suggests that the mud-bricks were manufactured in random orientations rather 448 

than having an unstable NRM or being sun-dried. The sets have a very high success rate of 449 

85%. For the youngest (TA14) and oldest (TA15) levels we did not perform the CR 450 

experiment. However, from the three sets where we did establish a CR factor for each set, 451 

the intensities were 1.3-2.4 μT lower, well within the standard deviation. Hence, CR effects 452 

are minimal for this data set, in line with our earlier conclusions (Ertepinar et al., 2016). The 453 

highest and lowest mean intensity recorded are 45.2 and 37.7 μT (Table 2b, Table S3b). 454 

Out of six sets of mud-bricks -which all gave good directional results- five sets gave 455 

acceptable archaeointensity results from at least two samples per set, only one set (TA5) 456 

failed. For all the accepted results, the angle γ is found to be <5.3°, suggesting that the 457 

anisotropy effects are minimal. The highest success rates of 83.3% and 67% are from TA 458 

Level 4 and Level 7 Palace samples, respectively. The mean intensity values for the sets are 459 

67.2 and 65.9 μT. 460 



The single set from Tell Tayinat (TT1, ~672 BC) produced two successful thermal results (out 461 

of four) with a mean intensity value of 96.7±2.1 μT. The fifth measurement (microwave) 462 

yielded an unrealistic overshoot result (482.5 μT) which failed in the curvature parameter, |k’|. 463 

The two remaining passed sets are from Kinet Höyük (KN1 and KN2). Samples from KN1 464 

had an indestructible NRM and therefore the NRM fraction (f) remained much lower than the 465 

acceptance limits even when high powers were applied, that caused a melting spot indicating 466 

alteration. The success rate for the level is 25% (6 rejections out of 8). The two successful 467 

results (one TT and one MW) are in good agreement with each other with a mean intensity 468 

value of 55.2±0.9 μT. Thermal measurements on two samples from KN2 gave a mean 469 

intensity value of 64.9±1.2 μT (Table 2b). 470 

6. Discussion 471 

6.1 Directions 472 

The majority of the directional data presented in this study (Figs. 6a and b) are from an age 473 

interval (mostly 1875-1465 BC) and region that is lacking data. The new results, following the 474 

IGRF correction for the declinations, are plotted against the data from Geomagia50.v3.2 475 

(downloaded on December 2018) (Brown et al., 2015), the data from Turkey, Cyprus and 476 

Israel (Ertepinar et al., 2016, 2012; Shaar et al., 2016; Tema et al., 2018) and the global field 477 

model SHA.DIF.14k (Pavon-Carrasco et al., 2014). The data are relocated to and the models 478 

are calculated at Kayseri (38.85°N, 35.63°E), the approximate center of Turkey. 479 

The declinations from the youngest data set TT1 is more to the west (D=350.2±4.2) 480 

compared to the predictions of the model SHA.DIF.14k, although it just overlaps within error 481 

the westward swing seen in the model, but the direction is in excellent agreement with the 482 

near contemporaneous data point (D=349.5±8.5) from (Ertepinar et al., 2012). These two 483 

data points, which are well constrained in age, confirm the existence of a westerly swing 484 

suggested to have occurred between 780-690 BC by SHA.DIF.14k. The inclination value of 485 



the site (I=62.7±2.7) is slightly shallower than predictions of SHA.DIF.14k (~4.5°), but again 486 

in excellent agreement with the Ertepinar et al. (2012) inclination (I=61.8±5.5). 487 

There are ten data points from 1650-1465 BC (all TA sets, KN2 and HM3) that show a trend 488 

from east (~10°) to west (~-15°), towards younger ages, with the exception of one single data 489 

point (TA5). The declination curve from SHA.DIF.14k has a very similar trend from 1800 to 490 

1450 BC in approximately the same age interval, from ~7° east to ~5° west, and the model is 491 

coherent with the trend of our new data points. However, the westernmost and easternmost 492 

declination values of our data are exaggerated by some 5-10° compared to the model curve 493 

which is likely due to the inherent smoothing in constructing the model. The reason for the 494 

misfit declination of TA5 is likely related to our (apparently unsuccessful) attempt to restore 495 

the directions of the ex-situ hearth to its original position relying on the grid plans (Fig. S5b). 496 

For the age interval of our data points, SHA.DIF.14k predicts a continuous increase in the 497 

inclination where our data are in good agreement with this increasing trend. Data points TA2, 498 

TA4 and TA19 would fit better with the model when plotted on the younger end of their age 499 

uncertainty. This could be a reasonable interpretation considering all three sets are from the 500 

same heavily burnt destruction level which ended the Level VII era. The trend in inclination is 501 

in excellent agreement with a similar trend in inclination from Ertepinar et al. (2016). Also our 502 

inclinations are exaggerated, by some 10°, because of model smoothing. 503 

The direction from KN1 plots perfectly in line with the Ertepinar et al. (2016) data, both in 504 

declination and inclination, slightly to the west of SHA.DIF.14k predictions. The inclination 505 

value of the set is 10-15° shallower than the model predictions but in good agreement with 506 

Geomagia50.v3.2 data within a few degrees.  507 

The oldest data point HM2, displays a direction consistent with the model, but this is largely 508 

due to the large errors in declination and inclination, while the site also has an extremely 509 

large age uncertainty of ±600 years.  510 



We then compared our new directional data to the best available PSV curves in the region, 511 

Greece (De Marco et al., 2014) and Bulgaria (Kovacheva et al., 2014), without their 512 

published error bounds for better readability (insets in Figs. 6a and b). Clearly, our youngest 513 

data (TT1) around 700 BC excellently fit the Greek curve both in declination and inclination. 514 

Between 1600 and 1300 BC there is poor to reasonable correspondence; the declination 515 

swing in our data (TA1, TA8 and TA9) is not seen in either curve, but our inclinations fit both 516 

curves reasonably well. Also our earlier swing to western declination between 2000 and 1700 517 

BC (Ertepinar et al., 2016) is not seen in either curve, but the conspicuous swing to shallower 518 

inclinations in the Turkish data is excellently covered in the Greek curve, but not in the 519 

Bulgarian curve. 520 

Out of the 13 sites with directional information we have the palaeointensity for 5 sites, thus 521 

providing the full field vector (Table 3). 522 

6.2 Archaeointensities 523 

The geomagnetic field in the Middle East over the time period from 3000-0 BC is marked by 524 

at least one period of extremely high field intensity, the LIAA (Shaar et al., 2017, 2016) dated 525 

to between 1050 and 700 BC. Shaar et al. (2017) argue that it actually consists of two 526 

spikes, with VADMs up to 180 ZAm2, with slightly lower VADMs<140 ZAm2 between the 527 

spikes. This high intensity was also confirmed in Turkey (Arslantepe, 176 ZAm2, Ertepinar et 528 

al., 2012). The geographic extent of the LIAA and the exact duration of these spikes remain 529 

unclear. Recently, Shaar et al. (2016) suggested these spikes are caused by a regional 530 

anomaly which extends further to the east (Georgia, 45°E), but has a limited extension to the 531 

west, at about 30-35°E. This is mainly based on the argument of Shaar et al. (2017) that 532 

there is no evidence for the LIAA in Greece and Bulgaria. However, it is evident that there 533 

are very few data in Bulgaria in the LIAA age interval, although the slightly larger database 534 

for Greece does not show intensities >105 ZAm2 either. The LIAA may extend further east, to 535 

Turkmenistan at 60-65°E where intensities >145 ZAm2 are found. In their study of Holocene 536 



lavas from the Canary Islands, de Groot et al. (2015) find high palaeointensities ~120 ZAm2 537 

at 826-723 BC. Recently, Béguin et al. (2019) used three marine sediment cores from the 538 

Mediterranean to better constrain the LIAA in time and space. They suggested that the LIAA 539 

moves from 40 to 55° East at 1000 BC to ~25° East at 0 CE, while decaying from ~150 to 540 

~110 ZAm2 in the same time span. This is partly based on the relatively low palaeointensities 541 

they find in their westernmost core in the Alboran Sea (<80 ZAm2). However, in Portugal 542 

Nachasova and Burakov (2009) find palaeointensities higher than 140 ZAm2 in the LIAA 543 

interval (880-730 BC) and higher than 160 ZAm2 around 500 BC, while a recent study of 544 

Molina-Cardín et al. (2018) reports the highest intensities ever recorded in Spain, ranging 545 

144-152 ZAm2 around 600 BC. Earlier, Hervé et al. (2013) found high intensities for Western 546 

Europe (relocated at Paris) of more than 140 ZAm2 around 800 BC. Interestingly, Bourne et 547 

al. (2016) find high relative palaeointensities from a cave deposit in Texas for the similar time 548 

interval (modelled at 893±135 BC). They suggest an almost four-fold increase in 549 

geomagnetic field intensity lasting several hundred years and presents evidence for the 550 

existence of an intensity high in North America that is roughly contemporaneous with the 551 

similar duration of the LIAA, although the age of the (single) spike is between the two spikes 552 

at ~980 and ~740 BC. They argue that the cave record may provide evidence for flux lobes 553 

as seen in the present-day field, and effects of the Near East lobe is mirrored by the North 554 

American lobe. Clearly, the nature of the LIAA in space and time, as a regional or global 555 

feature is still far from resolved. 556 

This study presents thirty-one new sets of archaeointensity results, two of which are from a 557 

period of suggested high intensities. Out of thirty-one, three sets of potsherds gave only one 558 

successful result. Even though N=1 cannot by any means be considered reliable, the results 559 

from these sets are still reported (Table 2b), but displayed separately from the rest of the 560 

group (Fig. 6c). The remaining sets have successful measurements (N ranging 2 to 9). The 561 

VADM of the sets are plotted against the field model SHA.DIF.14k, the data from the Middle 562 



East, Cyprus, Georgia, Turkey (mostly our own compilation from the respective papers) and 563 

Geomagia50.v3.2 data.  564 

The oldest four results are from the Cypriot potsherds from an age interval of 2325-2000 BC, 565 

where BV-P produced a mean which is spot on the SHA.DIF.14k prediction; all sets, ranging 566 

71-99 ZAm2, are coherent with the Middle East data and within error fit the model predictions. 567 

The set with a single successful measurement (97.0 ZAm2) is also in agreement with the 568 

Middle East data but here we have no standard deviation. 569 

The dataset from Tell Atchana potsherds provides the first semi-continuous archaeointensity 570 

sequence from a single location in Turkey spanning the age interval 2100-1350 BC. All 571 

fourteen data points differ from SHA.DIF.14k by at most 10 ZAm2, with the means ranging 572 

71.9-99.4 ZAm2. In general, the means are within error of the SHA.DIF.14k model, and nicely 573 

follow its trend for this age interval. 574 

The five sets from Kilise Tepe gave rather disappointing results. Two sets produced no 575 

results, another two sets provided no acceptable results because of only one successful 576 

measurement. Only one set produced an acceptable result. The N=1 results from 1300 and 577 

1150 BC (plotted dark green and transparent in Fig. 6c) are significantly higher than both 578 

models (by at least 40 ZAm2) and much higher than the Middle East and Geomagia50.v3.2 579 

data. The successful set consisting of three measurements has a VADM of 147±11 ZAm2 at 580 

725±75 BC. This result is higher than both models but in agreement with the Middle East and 581 

Georgia data and confirms the existence of the younger spike of the LIAA suggested by 582 

Shaar et al. (2017). It should be noted that even the rejected measurements from the set are 583 

consistently high, ranging 140-160 ZAm2 (Table S3a). 584 

Mud-brick sets from the repairment levels of palace pavements TA14-TA18 that have the 585 

highest success rate display a continuous steady decrease in the intensity from 81.6 to 68.1 586 

ZAm2 for the age interval between 2040 and 1675 BC, contemporaneous with the oldest ten 587 

sherd levels from Tell Atchana. There are no systematic differences observed for the 588 



potsherds and mud-bricks results. The decrease in the intensity is extended to younger ages 589 

by some 150 years compared to SHA.DIF.14k. This trend is followed by an abrupt increase 590 

to 79.1 ZAm2 within some 50 years. The other two mud-brick sets from TA (Levels IV and VII 591 

at 1465 and 1625 BC) are both much higher (~120 ZAm2) than the model predictions that 592 

range 80-100 Zam2 during this time span. Only the younger data point is consistent with 593 

some of the data from Geomagia50.v3.2. 594 

From Kinet Höyük we have two acceptable intensity results of 98.8 ZAm2 (KN1 at 1875 BC) 595 

and 116.1 ZAm2 (KN2 at 1650 BC). The intensity of KN1 -although higher than SHA.DIF.14k- 596 

is in excellent agreement with the high intensities ranging 90-106 ZAm2 found during this 597 

time by Ertepinar et al. (2016). The intensity of KN2 is similar to that of TA Level VII (118.9 598 

Zam2) at 1625 BC (Fig. 6c). When compared to the two potsherd results from the same age, 599 

there is a significant difference, the potsherds having lower intensities by ~45 ZAm2, almost 600 

40%. The cooling rate effect cannot explain this discrepancy, since the mean effect in our 601 

mud-bricks is on average 5%, in line with the majority of the estimates (mostly 4-10%) from 602 

the compilation of (Genevey et al., 2008). The older set KN1 has one microwave and one 603 

thermal measurement which are extremely consistent (Table S3b) despite the very different 604 

cooling times of a few seconds (MW) to up to an hour (TT). The VADM plot shows that the 605 

potsherd results are more consistent with Geomagia50.v3.2 data and the SHA.DIF.14k 606 

predictions. Since there is no clear preference in terms of data quality, we cannot favour any 607 

of the two results over the other two. Although very rapid changes have been shown to occur 608 

(e.g. during the LIAA), we lack sufficient data to speculate on this. 609 

The set from Tell Tayinat (TT1) from ~672 BC has a very high intensity of 174.4 ZAm2, and 610 

equals the highest VADMs found by Shaar et al. (2016). This confirms the LIAA younger 611 

spike to be recorded in Turkey.  612 

Finally, we applied a number of strict criteria on Geomagia50.v3.2 data, following Poletti et 613 

al. (2018). However, we were more lenient on the age error (±250 year instead of ±100) and 614 



we did not require MD monitoring. These criteria removed about 80% of the 615 

Geomagia50.v3.2 data (inset in Fig. 6c). The major improvement applying the strict criteria is 616 

on the age interval of 2300-1300 BC, where there is significantly less scatter. Our 617 

contribution from this study doubles the available data for this time interval. 618 

7. Conclusions 619 

In this study, we present thirteen new directional data five of which provide the full vector of 620 

the field. The recorded directions show larger swings than the models for both declination 621 

and inclination, which we contribute to the inherent smoothing in the construction of the 622 

models. This was also noted earlier by Ertepinar et al. (2016) who found similar larger 623 

directional swings than the models. Hence, our earlier and present data contribute 624 

significantly to improving the resolution of existing models, in particular for this region. 625 

In addition, we provide thirty-one new archaeointensity results from both potsherds and mud-626 

bricks. The potsherds from Tell Atchana provide the longest sequence from 2100 to 1350 BC 627 

recorded so far in Turkey. In general, the results agree well with existing data from the 628 

Middle East, and are usually in reasonable agreement with model predictions. Applying strict 629 

criteria (Poletti et al., 2018) on Geomagia50.v3.2 archaeointensity data improves the 630 

resolution for the age interval of 2300-1300 BC and the data presented in this study doubles 631 

the amount of high-quality data for this time interval. The conspicuous high intensity interval 632 

of the LIAA is further confirmed in Turkey; in particular the younger spike of the LIAA is 633 

recorded by our new data, both in well-dated mud-bricks and potsherds, from two different 634 

locations (Tell Tayinat and Kilise Tepe). Earlier, we provided evidence for very high 635 

intensities in the older spike of the LIAA as recorded in Arslantepe by Ertepinar et al. (2012). 636 

It appears that the LIAA is a robust feature, at least in the Levant and Middle East. Its spatial 637 

and temporal extents, however, require more records from geographically distinct areas. 638 
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Figure Captions 647 

Figure 1. Location map of studied sites from the Mediterranean (red). Green circles are the 648 

previously published data from Anatolia and Upper Mesopotamia, Turkey. Blue circles are 649 

the data from the Middle East (see the text for references). 650 

Figure 2. (a) Representative Curie curves, hysteresis loops (displayed after the 651 

paramagnetic correction on a mass-specific basis), IRM acquisition curves of potsherds and 652 

oriented cores from each sampling site. For all potsherds, the Curie curves are almost fully 653 

reversible, where red (blue) lines are the heating (cooling) curves, with Tc at ~580°C 654 

indicating the presence of magnetite as the main carrier. The inflexion at ~300°C in KIT-P 655 

sample points the presence of Ti-rich titanomagnetite. Samples from BV-P exhibit a 656 

paramagnetic contribution in their Curie curves and hysteresis loops. IRM acquisition curves 657 

(green lines) for all samples show saturations fields of well below 300 mT. All oriented cores 658 

display near reversible heating (red) and cooling (blue) curves, with Tc at ~580°C indicating 659 

the presence of magnetite. A second inflexion at 350-420°C observed in ash layer of TA and 660 

mud-brick of TT can be interpreted as Ti-rich titanomagnetite as a second carrier. IRM 661 

acquisition curves (green lines) for all samples show saturations fields <200 mT. The FORC 662 

diagrams of oriented cores are generated using a smoothing factor (SF) of 3 and contour 663 

interval of 10. All mud-brick and basalt samples have closed inner contours and display 664 

narrow vertical spreading indicating the dominance of non-interacting PSD grains. (b) 665 

Hysteresis ratios plotted in Day plot modified by Dunlop (2002). Majority of the samples plot 666 

above the SD-MD mixing lines but well into the PSD field of the plot. 667 

Figure 3. (a) Stepwise microwave - MW (potsherds), and thermal-Th or alternating field-AF 668 

(oriented samples) demagnetisation diagrams. Closed (open) symbols represent the 669 

projection of the vector end-points on the horizontal (vertical) plane; values represent 670 

microwave power/time in Watt/second, temperature in °C or alternating field in or mT. 671 

Normalized intensity decay plots are also shown for the oriented samples. All samples, 672 



except for a partially burnt mud-brick from TA where there is a low-temperature (LT) and a 673 

high temperature (HT) component, display a single component demagnetisation diagram 674 

decaying to the origin. (b) Comparison of Th and AF demagnetisations using the coordinate 675 

bootstrap test (Tauxe, 2010) for randomly selected mud-brick set (KN2). 676 

Figure 4. The characteristic remanent magnetisation (ChRM) directions. The red circles are 677 

ɑ95 cone of confidence, k is dispersion parameter and D/I is the declination and inclination. 678 

For the inclination only sets (TA14-TA18), high-temperature/high coercivity (HT/HC) and low-679 

temperature/low coercivity (LT/LC) components are shown separately. 680 

Figure 5. NRM-TRM plots of one representative example from each sample set and 681 

associated orthogonal vector plots in core coordinates. The arrows represent the pT(M)RM 682 

checks and the squares are pTMRM tail checks enabled when applying the Coe protocol on 683 

potsherds. Closed (open) circles are accepted (rejected) double heating steps; values 684 

represent microwave power/time in Watt/second or temperature in °C. Solid blue (open 685 

green) circles on the orthogonal plots are horizontal (vertical) planes and the plots are single 686 

component decaying towards the origin. 687 

Figure 6. New (a) declination and (b) inclination data (red) plotted against Geomagia50.v3.2 688 

data (gray), data from Turkey (blue, pink and orange), Cyprus and Israel (green) and the 689 

global field models SHA.DIF.14k (green). The insets are data from this study and Ertepinar et 690 

al. (2016, 2012) data plotted against PSV curves from Greece and Bulgaria. (c) site mean 691 

VADMs of potsherds (red diamonds) and mud-bricks (red circles) along with the data from 692 

Geomagia50.v3.2 (gray), the Middle East, Cyprus, Georgia (orange), and Turkey (blue and 693 

pink) and the global field model SHA.DIF.14k (green). The sets with only one successful 694 

measurement (N=1) are displayed dark green and transparent. The inset shows comparison 695 

of the data from this study, Ertepinar et al. (2016, 2012) data and Geomagia50.v3.2 data with 696 

modified Poletti et al. (2018) cut-offs.  697 
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Locality Site Age (BC) N

Bellapais Vounous - BV-P (35°17'57"N, 33°22'28"E)

Early Cypriot I-II 2250 - 2100 6

Marki Alonia -  MA-P (35°01'24"N, 33°19'29"E)

Early Cypriot III/ 

Middle Cypriot I
2100 - 1900 15

Early Cypriot I-II 2250 - 2100 1

Philia Early Cypriot 2400 - 2250 12

Kilise Tepe Höyϋk - KIT-P (36°30'09"N, 33°33'13"E)

I/II 1350 - 30 1

IIa 1350 - 1250 2

IId 1150 (destruction age) 2

IIe 1150 - 800 1

IIf 800 - 650 2

Tell Atchana - TA-P (36°14'25"N, 36°22'56"E)

II/III 1400 - 1305 9

IV 1450 - 1400 10

V 1525 - 1450 10

VII/VIII 1675 - 1600 9

IX 1675 - 1600 8

X 1800 - 1675 8

XIIa 1800 - 1675 9

XIIb 1800 - 1675 10

XIIc 1800 - 1675 8

XIII 2000 - 1800 9

XIV 2000 - 1800 7

XV 2000 - 1800 9

XVI 2000 - 1800 7

XVII/XVIII 2200 - 2000 15

 

Table 1a. Sampling localities with sites, each with a set of N 

potsherds, for archaeointenty measurements. Ages are based 

on pottery and relative chronology.

Table1a
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Locality Site Epoch Age (BC) Dating Method Structure Material

Hacımusalar Höyük (36°38'32"N, 29°50'11"E)

HM1 Early Iron 1200 - 1000 Relative chronology and stratigraphy Bricks from a profile Mud-brick

HM2 EB 3300 - 2100 Relative chronology and stratigraphy Clay pit Clay

HM3 MB/LB 2100 - 1200 Relative chronology and stratigraphy Bricks from a profile Mud-brick

Kinet Höyük (36°51'13"N, 36°09'26"E)

KN1 MB I 2000 - 1750 Ceramics, archaeological findings Wall Mud-brick, serpentinite

KN2 MB II 1750 - 1550
14

C, archaeological findings Wall Mud-brick

Tell Atchana (36°14'25"N, 36°22'56"E)

TA1 LB I 1503 - 1430 Ceramics,
14

C, relative chronology Level 4 Palace wall Mud-brick

TA2 MB II 1675 - 1600 Ceramics and relative chronology Level 7 Palace wall Mud-brick, basalt

TA3 LB I 1519 - 1420 Ceramics,
14

C, relative chronology Furnace floor Ash layer

TA4 MB II 1675 - 1600 Ceramics and relative chronology Level 7 basalt structure Basalt

TA5 MB II 1650 - 1550 Ceramics and relative chronology Hearth Clay

TA8 LB I 1503 - 1430 Ceramics,
14

C, relative chronology Level 4 Palace wall Mud-brick

TA9 LB I 1503 - 1430 Ceramics,
14

C, relative chronology Level 4 Palace wall Mud-brick

TA10 LB I 1503 - 1430 Ceramics,
14

C, relative chronology Level 4 Palace wall Mud-brick

TA14 MB II - LB I 1724 - 1675 Relative chronology Pavement tiles (not in-situ ) Mud-brick*

TA17 MB II - LB I 1773 - 1724 Relative chronology Palace pavement Mud-brick*

TA18 MB II - LB I 1822 - 1773 Relative chronology Palace pavement Mud-brick*

TA16 MB II - LB I 1870 - 1822 Relative chronology Palace pavement Mud-brick*

TA15 MB II - LB I 2040 - 1870 Ceramics,
14

C, relative chronology Palace pavement Mud-brick*

TA19 MB II 1675 - 1600 Ceramics and relative chronology Level 7 Palace wall Basalt

Tell Tayinat (36°14'54"N, 36°22'33"E)

TT1 Iron Age II  672 (destruction) Tiglat-Pileser III carving, C14 Wall Mud-brick

Table 1b. Sampling localities and sites, each with a set of N samples (cores) oriented in-situ  (except TA14) giving Nspec specimens, for both directional and 

archaeointensity analysis. Mud-bricks are fired during destruction, Mud-bricks* (TA14-18) are baked during manufacture. EB/MB/LB: Early/Middle/Late Bronze Age and 
14

C is radiocarbon dating.
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Dec Inc Dec Inc

TA1 1503 - 1430 Th, AF 14/16 -8.0 56.7 -8.3 59.2 239.8 2.6

TA2 1675 - 1600 Th, AF 12/13 0.0 58.3 0.0 60.7 979.1 1.4

TA3 1519 - 1420 AF 5/7 1.3 57.1 1.4 59.5 54.6 10.4

TA4 1675 - 1600 Th, AF 14/20 4.8 57.6 5.0 59.9 293.9 2.3

TA5 1650 - 1550 Th, AF 11/15 -15.1 48.3 -15.6 51.3 373.3 2.4

TA8 1503 - 1430 Th, AF 15/17 -13.1 55.9 -13.5 58.4 487.9 1.7

TA9 1503 - 1430 Th, AF 13/13 -7.0 62.9 -7.2 65.0 965.5 1.3

TA10 1503 - 1430 Th, AF - - - - - - -

TA19 1675 - 1600 Th, AF 18/20 10.2 60.2 10.7 62.3 222.6 2.3

TT1 672 Th, AF 8/10 -9.5 60.5 -9.8 62.7 570.2 2.3

KN1 2000 - 1750 Th, AF 9/16 1.0 36.0 0.9 38.9 862.1 1.8

KN2 1750 - 1550 Th, AF 28/33 3.4 43.4 3.3 45.9 366.0 1.4

HM1 1200 - 1000 Th, AF - - - - - - -

HM2 3300 - 2100 Th, AF 5/7 -3.5 47.3 -2.6 49.6 103.5 7.6

HM3 2100 - 1200 Th, AF 15/20 9.9 54.7 10.3 57.6 65.3 4.8

Table 2a. IGRF corrected archaeomagnetic directions from the studied sites. n/N, number of 

samples accepted over measured; Dec, mean declination; Inc, mean inclination; k, 

dispersion parameter; α95, 95% confidence cone of mean directions.

α95

at the site at Kayseri
Site Treatment n/N kAge (BC)

Table2a
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Site Age (BC) Treatment n(s)/N(s) PI stdev PICR stdev

BV-P (EC I-II) 2250 - 2100 MW 4/5 55.9 5.0 46.4 4.1

MA-P (EC III/MC I) 2100 - 1900 MW 5/13 49.1 11.5 38.8 9.1

MA-P (EC I-II) 2250 - 2100 MW 1/1 63.9 --- 53.0 ---

MA-P (PEC) 2400 - 2250 MW 4/9 62.2 9.6 53.8 11.4

KIT-P level I/II 1350 - 30 MW 0/2 --- --- --- ---

KIT-P level II-a 1350 - 1250 MW 1/2 83.2 --- --- ---

KIT-P level II-d 1150 MW 1/1 84.1 --- --- ---

KIT-P level II-e 1150 - 800 MW 0/2 --- --- --- ---

KIT-P level II-f 800 - 650 MW 3/6 99.0 6.6 81.9 6.2

TA-P Level II/III 1400 - 1305 MW 4/9 64.7 8.6 53.7 7.2

TA-P Level IV 1450 - 1400 MW 7/11 62.2 5.6 45.4 4.1

TA-P Level V 1525 - 1450 MW 6/8 65.8 5.1 51.3 4.0

TA-P Level VII/VIII 1675 - 1600 MW 2/6 47.4 1.4 40.8 1.2

TA-P Level IX 1675 - 1600 MW 5/9 48.0 4.2 39.8 3.5

TA-P Level X 1800 - 1675 MW 3/9 56.3 10.8 50.6 9.7

TA-P Level XII-a 1800 - 1675 MW 3/9 51.3 3.6 45.1 3.2

TA-P Level XII-b 1800 - 1675 MW 7/11 51.8 3.8 44.0 3.3

TA-P Level XII-c 1800 - 1675 MW 2/6 51.0 1.3 45.4 1.1

TA-P Level XIII 2000 - 1800 MW 2/8 51.5 3.7 42.2 3.0

TA-P Level XIV 2000 - 1800 MW 4/8 55.5 4.7 46.1 3.9

TA-P Level XV 2000 - 1800 MW 2/9 54.1 9.7 46.0 8.2

TA-P Level XVI 2000 - 1800 MW 4/4 58.8 5.1 48.2 4.2

TA-P Level XVII/XVIII 2200 - 2000 MW 6/16 51.0 6.6 55.1 7.1

TA Level IV 1503 - 1430 TT 5/6 67.2 4.8 --- ---

TA Level VII 1675 - 1600 TT 2/3 65.9 2.0 --- ---

TA5 1650 - 1550 TT 0/1 --- --- --- ---

TA14 1724 - 1675 TT 8/10 43.9 4.6 --- ---

TA15 2040 - 1870 TT 4/5 45.2 1.9 --- ---

TA16 1870 - 1822 TT 7/9 45.0 4.0 43.0 3.8

TA17 1773 - 1724 TT 7/8 39.2 3.6 37.7 3.5

TA18 1822 - 1773 TT 9/9 41.9 3.5 39.7 3.3

TT1 672 MW+TT 2/5 96.7 2.1 --- ---

KN1 2000 - 1750 MW+TT 2/8 55.2 0.9 --- ---

KN2 1750 - 1550 TT 2/2 64.9 1.2 --- ---
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Table 2b. Archaeointensity results obtained from thermal Thellier & Thellier (TT) and microwave 

(MW) measurements. n(s)/N(s) is the number of accepted measurements (sherds) over total number of 

measurements (sherds) analysed, PIave. is the average paleointensity value of individual samples, 

stdev is the standard deviation and PICR is the cooling rate corrected paleointensity result. Sample 

sets in grey italic have Ns=1 and are deemed not reliable. Strikethrough sample sets gave no result.
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Site Lat (°N) Long (°E) Age (BC) dAge Dec (°) dDec (°) Inc (°) dInc (°) PI

AT1 38.382 38.361 -1050 150 0.8 7.2 64.0 4.0 100.47

AT-A 38.382 38.361 -2515 100 -3.7 1.1 48.2 1.1 60.84

AT-C 38.382 38.361 -2495 100 -7.4 3.1 50.2 2.9 58.29

AT-D 38.382 38.361 -2485 100 -4.9 1.9 54.8 1.6 52.64

KA1 39.363 33.787 -1765 65 -1.8 2.3 45.1 2.5 58.51

KT1 38.851 35.635 -1750 20 5.0 2.6 56.0 2.0 59.59

KT2 38.851 35.635 -1850 20 -11.3 2.2 50.3 2.0 60.37

KT3 38.851 35.635 -1892.5 57.5 2.9 2.0 48.4 2.0 57.81

KT4 38.851 35.635 -1892.5 57.5 1.0 2.1 42.1 2.6 54.67

KT5 38.851 35.635 -1892.5 57.5 0.2 1.1 44.2 1.3 51.48

KT8 38.851 35.635 -1892.5 57.5 2.2 2.3 41.4 2.8 54.31

KT12 38.851 35.635 -2400 50 3.9 2.3 59.7 1.5 62.26

KT13 38.851 35.635 -1892.5 57.5 -2.6 3.7 45.9 4.1 53.91

KN1 36.854 36.157 -1875 125 1.0 1.7 36.0 2.3 55.20

KN2 36.854 36.157 -1650 50 3.4 1.7 43.4 1.9 64.85

TA-L4 36.240 36.382 -1466.5 36.5 -10.5 3.2 56.3 2.2 67.22

TA-L7 36.240 36.382 -1625 50 0.0 2.5 58.3 1.8 65.90

TT1 36.248 36.376 -672 20 -9.5 4.2 60.5 2.7 96.71

Table 3. IGRF corrected directions (at the site) and archaeointensities, including the full vector results 

from Ertepinar et al. 2012 and 2016.

Table3
Click here to download Table: Table3_Rev1.xlsx

http://ees.elsevier.com/epsl/download.aspx?id=1132256&guid=7e1793a2-7a22-405c-8adb-995299fefe03&scheme=1


  

Supplementary material for online publication only
Click here to download Supplementary material for online publication only: SUPPLEMENTARY MATERIAL_Rev1.docx

http://ees.elsevier.com/epsl/download.aspx?id=1132262&guid=4e8d69f1-dae6-425a-afc8-07d765769856&scheme=1


  

FigureS1
Click here to download Supplementary material for online publication only: Fig S1_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1133016&guid=e4304b16-05c5-452a-a492-45dc2f987fd9&scheme=1


  

FigureS2
Click here to download Supplementary material for online publication only: Fig S2_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1132264&guid=ccfb473e-6381-4260-9547-aa45c30fda10&scheme=1


  

FigureS3
Click here to download Supplementary material for online publication only: Fig S3_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1132265&guid=99e25b28-6214-4056-8d34-fb5b506522cb&scheme=1


  

FigureS4
Click here to download Supplementary material for online publication only: Fig S4_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1132266&guid=1e30a9f1-4314-4248-a2a8-1748980f62ac&scheme=1


  

FigureS5a
Click here to download Supplementary material for online publication only: Fig S5a_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1133017&guid=900bc76b-14c6-48ed-b74c-b20046d5cb09&scheme=1


  

FigureS5b
Click here to download Supplementary material for online publication only: Fig S5b_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1132268&guid=1fcfdbb1-ff29-4f12-be40-375890fdac44&scheme=1


  

FigureS6
Click here to download Supplementary material for online publication only: Fig S6_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1132269&guid=50ee1ef8-a039-41ed-877b-907de3058a8d&scheme=1


  

FigureS7
Click here to download Supplementary material for online publication only: Fig S7_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1133018&guid=32cdcf21-89bc-4aac-83e4-bd6e0e9422a5&scheme=1


  

FigureS8
Click here to download Supplementary material for online publication only: Fig S8_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1133019&guid=e8f74637-9514-44f9-9779-217c2f85cff6&scheme=1


  

FigureS9
Click here to download Supplementary material for online publication only: Fig S9_Rev1.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1133020&guid=578b4cca-4dd8-43bf-a761-d9cd9f914fd2&scheme=1


  

TableS1
Click here to download Supplementary material for online publication only: Table S1_Rev1.xlsx

http://ees.elsevier.com/epsl/download.aspx?id=1132273&guid=5fcb4a16-d706-44a6-9cb6-932011556d47&scheme=1


  

TableS2
Click here to download Supplementary material for online publication only: Table S2_Rev1.xlsx

http://ees.elsevier.com/epsl/download.aspx?id=1132274&guid=247da988-20eb-4a0b-85cd-bd0962413f06&scheme=1


  

TableS3a_b
Click here to download Supplementary material for online publication only: Table S3a_b_Rev1.xls

http://ees.elsevier.com/epsl/download.aspx?id=1132275&guid=c036c546-2614-4fd0-896b-ebe0ffa2529e&scheme=1


  

TableS4
Click here to download Supplementary material for online publication only: Table S4_Rev1.xlsx

http://ees.elsevier.com/epsl/download.aspx?id=1132276&guid=8a208e30-0402-413c-8ae7-732a040fbd6d&scheme=1


Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

*Declaration of Interest Statement




