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Abstract 20 

Understanding the behavior of enigmatic geomagnetic traits such as the Levant 21 

intensity high is currently challenged by a lack of full vector records of regional 22 

variations in the geomagnetic field. Here we apply the recently proposed multi-23 

method paleointensity approach to a suite of 19 lavas from the Canary Islands 24 

dating between ~4000 BC and 1909 AD. Our new record reveals high 25 

paleointensities (VADMs >120 ZAm2) coinciding with and shortly after the peak 26 

in geomagnetic intensity in the Levant at ~1000 BC. Furthermore our data 27 

suggests a westward movement of this geomagnetic phenomenon at a rate of 28 

6.7-12° per century. In addition to IZZI-Thellier, microwave-Thellier and the 29 

multi-specimen method, the calibrated pseudo-Thellier method is an important 30 

part of the multi-method paleointensity approach. The calibration of this relative 31 

paleointensity method was derived from a suite of Hawaiian lavas; it is improved 32 

with the results of the Canarian cooling units. Pseudo-Thellier results from 33 

samples with very low Curie temperature (<150 °C), however, cannot be reliably 34 

converted to absolute paleointensity estimates. The multi-method paleointensity 35 

approach yielded a reliable estimate for ~60% of the flows sampled – an 36 

unusually high success rate for a paleointensity study involving lavas. 37 

38 
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1. Introduction 39 

Obtaining reliable paleointensities from volcanic edifices is notoriously difficult, 40 

despite recent methodological developments (e.g. Hill and Shaw, 1999; Riisager 41 

and Riisager, 2001; Tauxe and Staudigel, 2004; Dekkers and Böhnel, 2006; 42 

Fabian and Leonhardt, 2010; de Groot et al., 2012; Paterson et al., 2014) Yet, 43 

such records are indispensible to improve the accuracy of models that describe 44 

the behavior of the geomagnetic field during the Holocene, since igneous rocks 45 

are the only absolute recorders of the intensity of the geomagnetic field available 46 

around the globe and throughout geologic history. Paleointensity results of many 47 

flows have to be discarded because they do not satisfy certain quality criteria 48 

(Selkin and Tauxe, 2000; Biggin et al., 2007; de Groot et al, 2014; Paterson et al., 49 

2014), often due to thermochemical alteration induced by the laboratory heating 50 

of the samples required for paleointensity experiments. It was recently shown 51 

that combining different paleointensity methods, including a non-heating 52 

calibrated pseudo-Thellier approach, significantly increases the success rate in 53 

obtaining reliable paleointensity estimates from lavas (de Groot et al., 2013). 54 

This ‘multi-method paleointensity approach’ consists of the IZZI-Thellier 55 

protocol (Tauxe and Staudigel, 2004), microwave Thellier experiments (Hill and 56 

Shaw, 1999; 2000), the domain state corrected multispecimen method (MSP-57 

DSC) (Dekkers and Böhnel, 2006; Fabian and Leonhardt, 2010) and the 58 

calibrated pseudo-Thellier technique (de Groot et al., 2013). 59 

 60 

The Canarian archipelago (28.1 ° N, 15.4 ° W) constitutes a suite of well-dated 61 

Holocene volcanic cooling units, but relatively little work has been done in terms 62 

of paleointensity on Holocene flows. Recently, Kissel et al. (2015) presented an 63 

extensive data set of paleodirections obtained from lavas sampled at Tenerife 64 

and Gran Canaria. Here we apply the multi-method paleointensity approach (de 65 

Groot et al., 2013) to 19 Holocene lavas from the islands of Tenerife and Gran 66 

Canaria (Canary Islands, Spain) to derive their full paleomagnetic vector. We 67 

focus particularly on a group of lavas that date between 1250 BC and 250 AD, a 68 

period that includes the occurrence of a reported intensity high in the Levant 69 



 4 

(Gallet et al., 2006; Ben-Yosef et al., 2009; Shaar et al., 2011; Ertepinar et al., 70 

2012). A proper paleointensity record for the Canary Islands for the same period 71 

may provide important spatial and temporal constraints for this intriguing, yet 72 

enigmatic geomagnetic phenomenon.  73 

 74 

Our results will also assess the veracity of the multi-method paleointensity 75 

approach for a different volcanic edifice beyond the suite of Hawaiian lavas used 76 

in de Groot et al. (2013). For Hawaii it yielded reliable paleointensity estimates 77 

for 67% of all cooling units sampled, but its performance for other volcanic 78 

regions is yet to be tested. An important part of the multi-method paleointensity 79 

approach, the calibrated pseudo-Thellier method, is also used in a different 80 

region for the first time. By comparing our pseudo-Thellier results to results of 81 

other paleointensity techniques from the same flow, we improve the calibration 82 

relation for the pseudo-Thellier technique – although the difference with the 83 

calibration relation presented in de Groot et al. (2013) is small. By adding results 84 

from a different volcanic edifice to the calibration data the general applicability 85 

of the pseudo-Thellier technique to obtain absolute paleointensity estimates for 86 

samples that fail in classical techniques due to thermally induced alteration is 87 

further enhanced. 88 

2. Geological setting & sampling 89 

The geological history of Tenerife (28° 16’ N, 16° 38’ W) is mainly dominated by 90 

the evolution of two stratovolcanos: Teide and Pico Viejo. The volcanological 91 

evolution of the island of Tenerife has been studied in detail (e.g. Carracedo, 92 

1994; Guillou et al., 2004; Carracedo et al., 2007). Numerous Holocene lava flows 93 

are present; the most recent volcanic activity is in the Northwest rift zone, in the 94 

Chio and Garachico volcanic chains. The island of Gran Canaria (27° 58’ N, 15° 95 

35’ W) is approximately 100 kms to the East of Tenerife and is somewhat older 96 

in geological terms. Gran Canaria is in its post-erosional stage, and active 97 

volcanism is much less prominent than on Tenerife. Holocene volcanic activity is 98 

limited to the Northeast part of the island, the most recent eruption occurred 99 

200 years ago (Rodriguez-Gonzalez et al., 2009). 100 
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 101 

For Tenerife, Carracedo et al. (2007) recently presented a suite of both 14C and 102 

K/Ar datings from which we selected the nine most recent flows for our study: 103 

the oldest flow is ~6000 years old. From the radiocarbon datings for Gran 104 

Canaria that were presented by Rodriguez-Gonzalez et al. (2009), we could 105 

sample six independent cooling units; some of the dated flows could not be 106 

located unambiguously based on the locations provided. A total of 19 107 

independent cooling units were sampled, including four flows dated from 108 

historical records (1492, 1706, 1798 and 1909 AD). Some cooling units were 109 

sampled at multiple locations (Table 1). Since the laboratory ages are available 110 

(Carracedo et al., 2007; Rodriguez-Gonzalez et al., 2009), it was possible to 111 

recalibrate the radiocarbon results using the newest INTCAL.13 curve (Reimer et 112 

al., 2013) using the Calib 7.0 program (Stuiver and Reimer, 1993). A kml-file with 113 

our sampling locations is available in the online Supplementary information. 114 

 115 

Samples were usually taken within meters of the given UTM locations 116 

(Carracedo et al., 2007; Rodriguez-Gonzalez et al., 2009). Sampling was done 117 

using a petrol-powered drill with a bore of 2.5 cm. Taking cores in-situ was not 118 

always possible; in those cases (unoriented) hand-samples were taken – 119 

paleomagnetic directions are therefore not available for those sites. For each site 120 

up to 20 cores were drilled close together to ensure homogeneity between 121 

samples since sister specimens are indispensible to compare paleointensity 122 

methods. Where possible samples were taken from fresh surfaces (i.e. road cuts) 123 

and from solid parts of the flow; sometimes these solid parts were quite 124 

vesicular. Two sites, TF-11 and TF-13B, were difficult to drill and appeared to be 125 

volcanic glass, implying a rapid natural cooling.  126 

 127 

Paleointensity studies on Canary Islands’ lavas generally concentrate on pre-128 

Holocene geomagnetic features such as the Matuyama-Brunhes transition; or the 129 

Laschamps, Blake, or Mono Lake excursions (e.g. Quidelleur, 1996; Széréméta et 130 

al., 1999; Valet et al., 1999; Leonhardt et al., 2000; Leonhardt, 2002; Ferk et al., 131 

2011; Kissel et al., 2011). Studies on Holocene lavas are sparse (Sherwood, 1991; 132 

Tulloch, 1992) and only performed on lavas younger than 1435 AD. Two of the 133 
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flows presented here were also subject of a study by Valet and Soler (1999), 134 

measuring the local field anomalies caused by the morphology of the terrain 135 

underneath the cooling lava (Valet and Soler, 1999). Large possible anomalies 136 

were reported: the NRM of samples was biased up to 9° in declination, 6.5° in 137 

inclination and 20% in intensity, especially near sharp edges in the terrain and 138 

close to the underlying flow. The influence of these local field anomalies on the 139 

magnetic vector recorded in the flows is reduced by sampling in the upper part 140 

of undisturbed large blocks of the cooling units.  141 

3. Rock-magnetic behavior 142 

To optimize the boundary conditions of the paleointensity experiments the rock-143 

magnetic behavior of samples from all sites is characterized first. Both the 144 

thermal behavior of the susceptibility and high-field rock-magnetic properties 145 

are assessed. 146 

3.1. Susceptibility-versus-temperature (χ-T) analysis 147 

The susceptibility of samples from all sites was measured as function of 148 

temperature using an AGICO KLY-3S susceptometer with a CS3 furnace 149 

attachment. The temperature was increased in seven cycles with the following 150 

approximate peak temperatures: 210, 280, 330, 375, 430, 480 and 580 °C. To 151 

check the reversibility of the signal the sample was cooled ~50 °C after reaching 152 

each peak temperature. An irreversible susceptibility segment indicates 153 

(chemical) alteration in the sample. The highest peak temperature for which the 154 

susceptibility still is reversible is the highest temperature that can safely be used 155 

in paleointensity experiments, since alteration prevents a reliable paleointensity 156 

estimate. Furthermore, the Curie temperature of the samples is obtained from 157 

the χ-T diagrams. The Curie temperature is defined here as the inflection point 158 

after a peak in susceptibility. Several samples show two or more inflection 159 

points, indicating the presence of at least two magnetic carriers with different 160 

mineralogical composition.  Since the χ-T behavior is diagnostic concerning the 161 

magnetic mineral composition and magnetic properties of the samples, the sites 162 

are categorized based on this parameter. The boundary conditions of the 163 

paleointensity experiments are chosen accordingly. 164 



 7 

3.1.1. Group L 165 

Samples that lose 80% of their susceptibility at room-temperature before 166 

reaching 150 °C, are labeled as ‘type L’ (low temperature). Sites TF-2, TF-5, GC-167 

47A, TF-1909A, and the GC-6-(sub-)sites are in this group (Fig. 1b). These sites 168 

with a Curie temperature between 100 and 200 °C are vulnerable to viscous 169 

overprints. However, the sample shown here retains half of its NRM at 500 °C. 170 

The onset of alteration, indicated by non-reversible behavior in the 171 

susceptibility-versus-temperature diagram, is generally at 300 – 350 °C. Higher 172 

temperature steps in the paleointensity experiments may therefore be not 173 

reliable.  174 

3.1.2. Group L* 175 

Samples in group L that show a rapid decay in susceptibility already from room-176 

temperature onwards, interpreted to imply a Hopkinson peak with its related 177 

Curie temperature below room-temperature, are labeled ‘L*’. All TF-1798 and 178 

GC-64-(sub-)sites, and sites GC-73, GC-60, GC-47B and TF-1909B form this group 179 

(Fig. 2a). These samples loose approximately half of their NRM after a 100 °C 180 

demagnetization step; this makes these samples prone to viscous overprints, 181 

since only a small increase in ambient temperature easily reached during 182 

drilling, transport or handling the samples can reset part of the NRM. The 183 

Zijderveld diagram of the example (Fig. 1a) reveals a slight overprint until 200 °C 184 

and is remarkably linear for higher temperatures. The suitability for 185 

paleointensity experiments of this group is therefore doubted.  186 

3.1.3. Group H 187 

Group H (high temperature, Fig. 1c) consists of sites TF-9A, TF-9B, TF-14, TF-188 

1706, GC-13, and GC-45; their samples retain more than 80% of their room-189 

temperature susceptibility above 400 °C. These samples are characterized by a 190 

relatively constant susceptibility until they lose almost all susceptibility between 191 

500 and 550 °C. The Curie temperature is well expressed at ~520 °C. The 192 

samples unblock approximately 25% of their NRM above the 450 °C 193 

demagnetization step, with remarkably linear demagnetization behavior. 194 

However, the onset of alteration is around 350 °C, well before the Curie 195 
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temperature is reached. This implies that obtaining a reliable paleointensity 196 

from these samples using thermal methods might prove to be difficult.  197 

3.1.4. Group M 198 

The samples with behavior in-between groups L and H are labeled ‘type M’, 199 

being either a combination of minerals with various dominant Curie 200 

temperatures, or a single mineral dominated composition with a broad suite of 201 

intermediate Curie temperatures (Dunlop and Özdemir, 1997). This group is 202 

formed by sites TF-3, TF-4, TF-6A, TF-6B, TF-13A and TF-1492. The χ-T curves 203 

are dominated by at least two Curie temperatures, the lower is generally 204 

between 150 and 200 °C. The higher Curie temperature is more difficult to 205 

determine because alteration is indicated from approximately 380–450 °C 206 

onwards (Fig. 1e). Group M samples unblock up to 60% of their NRM before 207 

reaching the alteration temperatures, and show no signs of viscous overprints; 208 

therefore these sites should be suitable for paleointensity experiments.  209 

3.1.4. Group M* 210 

The two sites that in the field appeared to be volcanic glass, sites TF-11 and -13B 211 

show type M behavior with a Hopkinson peak at approximately 200 °C and a 212 

very gradual linear decay of the susceptibility towards 600 °C. They are labeled 213 

as rock-magnetic group M* (Fig. 2d). These samples are very dark and glassy and 214 

were difficult to sample. Their rock-magnetic behavior is identical and seems 215 

very suitable for paleointensity experiments: i.e. the NRM is gradually unblocked 216 

between ~200 and 500 °C and there are no signs of alteration up to at least 500 217 

°C. 218 

3.2. High-field rock-magnetic analyses 219 

To assess the magnetic grain size distribution of the samples hysteresis 220 

experiments were done and visualized in a Day plot (Day et al., 1977). Per site, 221 

three to six tiny specimens (2-10 mg) are used for the determination of the four 222 

required parameters. By measuring a hysteresis loop and a backfield curve on a 223 

Princeton instruments alternating gradient force magnetometer (PMC Model 224 

2900) the saturation magnetization (Ms), saturation remanent magnetization 225 

(Mr), coercive field (Bc) and remanent coercive force (Bcr) are obtained. Samples 226 
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appeared to be entirely saturated in fields of 0.8 T; the hysteresis loops were 227 

corrected for the paramagnetic contribution by the slope between 0.8 and 1 T.  228 

 229 

The rock-magnetic groups as defined above do not exhibit systematic behavior in 230 

the Day plot (Fig. 1f). The grain size (that dominates the Day plot) and the 231 

chemical composition (dominating the χ-T diagrams) do therefore not seem to 232 

be correlated. All samples are in the PSD domain, with about one-third of the 233 

samples plotting on the theoretical SD+MD mixing lines of magnetite (Dunlop, 234 

2002). 235 

4. Paleomagnetic directions 236 

For each (sub-)site three or four samples were thermally demagnetized using an 237 

ASC TD48-SC thermal demagnetizer, magnetizations were measured on a 2G DC-238 

SQUID magnetometer. In 11 steps of 50 °C the samples were demagnetized until 239 

only a few percent of the NRM was left at 550 °C. Furthermore, 5-10 samples per 240 

site were subjected to an AF demagnetization experiment using a robotized 2G 241 

DC-SQUID magnetometer; the peak fields used are 2.5, 5, 7.5, 10, 15, 20, 25, 30, 242 

40, 50, 60, 70, 80, 100, and 150 mT.  243 

 244 

We took oriented cores for 11 cooling units; reliable paleodirections can be 245 

obtained from these. The directions per cooling unit were averaged using Fisher 246 

statistics (results from sub-sites from the same cooling unit were taken 247 

together); for each cooling unit 5 to 34 independent sample directions could be 248 

interpreted (Table 2). Site means have small values of α95, and k values well 249 

above 100, in line with the expected behavior for lavas. Site GC-47, however, has 250 

a k value of only 5.6; this direction is therefore rejected. Both declination and 251 

inclination of most sites are within the secular variation range expected for their 252 

latitude. The declinations of sites TF-4 (~722 BC) and TF-1909A (1909 AD) 253 

deviate considerably from true North: 35.7 and -27.0°, respectively. 254 
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5. Paleointensities 255 

5.1 Demagnetization behavior 256 

In both IZZI-Thellier and MSP-style paleointensity experiments, the NRM is 257 

replaced by pTRMs imparted in a laboratory furnace.  The thermal 258 

demagnetization behavior of the samples is therefore important to select 259 

suitable temperature steps for IZZI-Thellier style experiments and potential set 260 

temperatures for MSP-style experiments. In both the thermal and AF 261 

demagnetization experiments samples from most sites show univectorial 262 

behavior towards the origin (Fig. 1). Sites in rock-magnetic group L* and samples 263 

from sites TF-2 and -5 show (viscous) overprints. A viscous overprint makes 264 

samples unsuitable for MSP-style experiments since these samples cannot be 265 

unambiguously aligned with their NRM in the direction of the applied field 266 

during the experiment. In both the IZZI- and pseudo-Thellier experiments, 267 

measurements made below the temperature or AF field needed to remove the 268 

overprint cannot be faithfully interpreted. 269 

5.2. IZZI-Thellier 270 

The Thellier-Thellier-family of paleointensity measurements is the classical 271 

approach in obtaining absolute estimates of the intensity of the geomagnetic 272 

field. After its introduction in 1959, several refinements to the protocol were 273 

proposed and reliability checks were introduced. In a Thellier-Thellier-274 

experiment the NRM in the samples is progressively replaced by pTRMs due to a 275 

series of heating steps to increasingly higher temperatures, alternating between 276 

applying a magnetic field in the furnace and not. We subjected at least three 277 

samples per site to the IZZI-Thellier paleointensity protocol (Tauxe and 278 

Staudigel, 2004) totalling 132 samples altogether. The temperature steps were 279 

optimized based on the rock-magnetic groups: for samples with a low Curie 280 

temperature more steps were used at low temperatures whereas for samples 281 

with a higher Curie temperature, more steps were made to higher temperatures. 282 

Both pTRM-checks (Coe, 1967) and tail-checks (Riisager and Riisager, 2001) 283 

were performed after every other temperature step. The magnetization of the 284 

samples was measured on a 2G DC-SQUID magnetometer; an ASC TD48-SC 285 
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thermal demagnetizer was used to demagnetize the samples and impart the 286 

pTRMs. The data was interpreted using ThellierTool 4.2 (Leonhardt et al., 2004); 287 

some parameters (e.g. DRATtail) must be derived from the ThellierTool output, as 288 

these are not produced by the program.  289 

 290 

To assess the quality of the IZZI-Thellier results, we used four different sets of 291 

selection criteria: TTA and TTB (Leonhardt et al., 2004), SELCRIT-1 (Selkin and 292 

Tauxe, 2000) and CLASS-A (de Groot et al., 2014) (Table 3). These sets of 293 

selection criteria rely on a number of parameters that describe the quality of 294 

Thellier results. These parameters were recently made formally consistent by 295 

Paterson et al. (2014) in the ‘Standard Paleointensity Definitions’, to which we 296 

adhere. The performance of the first three sets of selection criteria was assessed 297 

in the same study and some modifications to the original criteria were proposed 298 

(Paterson et al., 2014), here we use these modified criteria. The fourth set, 299 

CLASS-A, focuses on the number of data points (N ≥ 7) and NRM fraction (f ≥ 0.7) 300 

to be used for the linear fit in the Arai plot (de Groot et al., 2014). 301 

 302 

From our 132 samples we obtained 31 results that satisfy at least one of the sets 303 

of selection criteria (Fig. 2., Table 3). For a reliable IZZI-Thellier average from a 304 

single cooling unit we require at least three successful samples with a standard 305 

error that is less than 20% of their mean; such an average could be calculated for 306 

sites GC-6, TF-3, TF-4, TF-6, TF-11, and TF-13. The paleointensities of sites that 307 

date between 1187 and 723 BC and around 0 AD are high for this latitude: 54.4 ± 308 

3.1 μT (GC-6, 1187 BC), 68.7 ± 2.6 μT (TF-4, 723 BC), 59.6 ± 1.3 μT (TF-11, 42 309 

BC), and 65.7 ± 5.7 μT (TF-3, 74 AD). For two older sites the paleointensities 310 

compare well to the current geomagnetic field intensity at the Canary Islands 311 

(38.6 μT): 40.9 ± 2.4 μT (TF-6, 1995 BC), and 36.0 ± 4.8 μT (TF-13, 3560 BC). The 312 

details of all accepted IZZI-Thellier results are in Supplementary Table S1. 313 

5.3. Microwave-Thellier 314 

Samples from five flows (TF-2, TF-4, TF-5, GC-6, and GC-64) were subjected to 315 

the IZZI or the perpendicular (Kono and Ueno, 1977) Thellier protocol using the 316 

microwave system at the University of Liverpool (Hill and Shaw, 1999; 2000). A 317 
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total of 28 samples could be measured reliably, of which 14 passed at least one of 318 

the sets of selection criteria as specified above (Fig. 2, Table 3). For most samples 319 

the technical quality of the microwave results surpassed the quality of the 320 

thermal results.  To accept an average result for a site, we again require at least 321 

three successful results with a standard error < 20% of its mean. This yields 56.9 322 

±5.5 μT for GC-6C; 81.5 ± 2.1 μT for TF-2; 63.9 ± 7.6 μT for TF-4; and 57.3 ± 11.3 323 

μT for TF-5. The details of all microwave Thellier measurements are in 324 

Supplementary Table S2. 325 

5.4. MSP-DSC 326 

Where Thellier-style protocols assess pTRMs imparted by a constant laboratory 327 

field as function of temperature; multispecimen-style (MSP) experiments assess 328 

pTRMs imparted at a constant temperature as function of the laboratory field 329 

applied (Dekkers and Böhnel, 2006). In MSP experiments the number of heating 330 

steps per sample is considerably lower than in Thellier-style experiments; 331 

therefore the risk of magnetic memory effects that might obscure the 332 

determination of a reliable paleointensity is reduced. A drawback of this method 333 

is that the samples need to be aligned with their NRM in the direction of the 334 

applied field in the furnace; this implies that the samples cannot be affected by 335 

even small (viscous) overprints. The original MSP protocol as introduced in 2006 336 

did not correct for potential tail or domain state effects; to this end (Fabian and 337 

Leonhardt, 2010) proposed an domain state corrected (MSP-DSC) protocol – 338 

adding three extra heating steps per sample. The ‘α-parameter’ in the MSP-DSC 339 

analysis was set to 0.5, as suggested by Fabian and Leonhardt (2010). 340 

 341 

For all sites in this study up to three potential set temperatures for the MSP-DSC 342 

experiments were selected based on the thermal NRM decay curves and 343 

alteration temperatures indicated by the χ-T measurements. Ideally, samples 344 

should unblock a large part of their NRM before reaching their alteration 345 

temperature; and the potential set temperature must be below the ‘alteration 346 

temperature’. De Groot et al. (2012), however, showed that not all alteration 347 

effects are revealed by the χ-T analyses. Very subtle ‘magnetic’ alteration 348 

(explained as transdomain changes) occurring while imparting the pTRMs 349 
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prevents a reliable assessment of the paleointensity for some samples. Whether 350 

or not such alteration occurs at the set temperature can be assessed prior to 351 

paleointensity experiments by an ‘ARM-test’ (de Groot et al., 2012), which 352 

compares anhysteretic remanent magnetization (ARM) acquisition curves of 353 

pristine samples to ARM acquisition curves of sister specimens that were heated 354 

to the potential set temperature. Ideally, the ARM acquisition behavior is equal 355 

for the pristine group of samples and their heated counterparts; different 356 

behavior is associated with unreliable paleointensity results at the tested 357 

temperature. 358 

 359 

After selecting one or more potential set temperatures per site, the single-core 360 

variant of the ARM-test was done for various temperatures distributed over all 361 

flows. From the 40 ARM-tests, 18 show no or very little alteration after heating. 362 

For these 18 site-temperature combinations, the MSP-DSC experiments were 363 

done using generally 8-10 samples per experiment – the amount of material 364 

permitting. For sites GC-6D and –E the amount of material did unfortunately not 365 

allow for ARM-tests; they are both subjected to MSP-DSC experiments at two 366 

different temperatures without verification by an ARM-test. 367 

 368 

Individual samples that alter more than ±5% during the experiment (i.e. |εalt| > 369 

5%) are rejected from the interpretation and an MSP-DSC result is only accepted 370 

if the average alteration of the accepted samples is less than ±3%. This rejects 371 

seven results. Furthermore, the y-axis intercept of the linear fit must be within 372 

10% of the theoretically predicted -1 (Fabian and Leonhardt, 2010), rejecting 373 

another seven results. This leaves six acceptable MSP-DSC results. Four of those 374 

are from sub-sites of GC-6 and were interpreted together to yield a 375 

paleointensity of 47.7 μT with a standard deviation envelope of 44.0 – 51.5. The 376 

other two successful MSP-DSC results are from sites TF-11 and GC-73: 50.6 377 

[45.4-55.6] and 52.8 [51.3-54.5] μT, respectively (Fig. 3, Table 3). The details of 378 

all MSP-DSC experiments are in Supplementary Table S3. 379 
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5.3. Pseudo-Thellier 380 

It was recently shown that a newly calibrated relative paleointensity technique, 381 

the pseudo-Thellier method (Tauxe et al., 1995), is a valuable addition to the 382 

toolbox of absolute paleointensity techniques providing estimates of the 383 

paleointensity for sites that fail in heating experiments (de Groot et al., 2013). 384 

Relative paleointensity techniques are frequently used on sediments and can be 385 

obtained either by normalizing the NRM using an ARM or IRM normalizer, or by 386 

using the more elaborate pseudo-Thellier approach (Tauxe et al., 1995). These 387 

magnetic-mineral-concentration normalizing methods compare the NRM of the 388 

samples to laboratory magnetizations that are imparted using alternating or high 389 

DC magnetic fields. Importantly, the samples need not to be heated during the 390 

experiments.  In case of lavas, thermal alteration effects that are known to 391 

prevent a reliable estimate of the paleointensity would be avoided; in many 392 

studies up to ~80% of the absolute paleointensity experiments done are affected 393 

by thermochemical alteration. Yu et al. (2003) explored the potential of using the 394 

pseudo-Thellier approach on lavas; he reported a strong grain-size dependence 395 

of the obtained results. Since grain sizes in a suite of lavas can range from SD to 396 

large MD grains, the pseudo-Thellier method cannot be used straightforwardly 397 

to obtain a relative paleointensity curve from such a set of lavas. However, de 398 

Groot et al. (2013) proposed a grain-size selector for which the pseudo-Thellier 399 

method does yield a reliable relative paleointensity record for lavas meeting the 400 

selection criterion. This grain-size selector, the alternating field that imparts half 401 

of the saturated ARM in a sample (B½ARM), can be obtained directly from the 402 

pseudo-Thellier experiments; samples with a B½ARM between 23 and 63 mT are 403 

accepted. For samples passing this selection criterion the relative 404 

paleointensities can be calibrated to absolute paleointensities using the 405 

empirical formula proposed by de Groot et al. (2013). 406 

The first step in a pseudo-Thellier experiment is to AF demagnetize the NRM of 407 

5-10 samples per site; here 165 samples were processed. In 17 steps the NRM of 408 

the samples is demagnetized to 300 mT leaving only a few percent of its initial 409 

magnitude. The fields used are: 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 410 

100, 150, 225 and 300 mT. The fields up to 100 mT are applied by a robotized 2G 411 

DC-SQUID magnetometer system that also measures the magnetizations. The 412 
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three higher fields are applied in a custom-built demagnetization coil and 413 

measured on the same robotized magnetometer. For the second step of the 414 

pseudo-Thellier protocol, (p)ARMs are imparted in the samples using the same 415 

set of AF field steps as for the demagnetization part of the experiment (step 1). 416 

The imparting DC field is set to 40 μT.  Between the 225 and 300 mT AF 417 

treatments, the ARM generally increases less than 3%, the ARM imparted by 300 418 

mT is therefore regarded as the saturated ARM. The third step in the pseudo-419 

Thellier experiment is to demagnetize the ARM in the samples using the same AF 420 

steps as in the first two steps of the pseudo-Thellier protocol. 421 

 422 

To obtain a reliable pseudo-Thellier result the (p)ARMs should be carried by the 423 

same grains that carried the NRM in the samples. Therefore the demagnetization 424 

steps of the NRM (step 1) are plotted against the demagnetization steps of the 425 

ARM (step 3). If the same grains carry the NRM and the ARM, the 426 

demagnetization behavior of the two should be proportional and therefore linear 427 

towards the origin if the NRM of the sample was fully demagnetized (Fig. 4a). 428 

The pseudo-Thellier Arai diagrams are interpreted for the AF segment that 429 

shows such behavior, generally between 10 and 100 mT. For each specimen the 430 

absolute slope of the linear fit in the Arai diagrams (ARM acquired versus NRM 431 

remaining, Fig. 4b) and the B½ARM are calculated. The pseudo-Thellier results for 432 

samples with a B½ARM between 23 and 63 mT, passing the selection criterion, are 433 

grouped to their age. If an age group consists of three or more pseudo-Thellier 434 

results, these results are averaged and a standard error is calculated. These 435 

averages per age group are then converted to absolute paleointensity estimates 436 

using the empirical formula of de Groot et al.: Babs = 7.371 × pseudo-Thellier 437 

slope + 14.661 T (under the premise that the DC-bias field used in the ARM 438 

acquisitions is set to 40 μT). 439 

 440 

The proposed calibration relation, however, was derived from a suite of 441 

Hawaiian lavas and its applicability to other volcanic edifices was  unknown. The 442 

rock-magnetic group L*, that is abundant on the Canary Islands was not present 443 

in the suite of Hawaiian lavas from which the calibration relation was obtained. 444 

Since it is very likely that the pseudo-Thellier behavior of lavas not only depends 445 
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on the grain size distribution as put forward by Yu et al. (2003), but also on the 446 

chemical composition of the remanence carrying minerals, we choose not to 447 

accept pseudo-Thellier results derived from this rock-magnetic group. Their 448 

results are reported merely to assess the performance of this rock-magnetic 449 

group as discussed below. 450 

 451 

Furthermore, the calibration relation was based on a relatively small range of 452 

intensities and the results from samples with paleointensities between 35 and 453 

40 μT were extrapolated to the higher paleointensities present in the Hawaiian 454 

data set. We now compare the pseudo-Thellier results of sites with higher 455 

paleointensities (up to 80 μT) to results of thermal paleointensity techniques 456 

obtained from the same sites in both the Hawaiian and Canary Islands data set 457 

(Fig. 5). The linear regression through all data provides an improved calibration 458 

relation to convert pseudo-Thellier data into absolute paleointensity estimates: 459 

Babs = 7.944 × pseudo-Thellier slope + 13.789 T (with the DC-bias field used in 460 

the ARM acquisitions set to 40 μT). The calibration relation in de Groot et al. 461 

(2013) is well within the 95% confidence interval of the updated relation, and 462 

differences between the outcomes of the two relations are <5% for typical 463 

paleointensities. The updated calibration relation, however, is supported by a 464 

broader range of paleointensities elucidating the general applicability of the 465 

pseudo-Thellier method for these fields. Data for units that cooled in a lower 466 

Earth’s magnetic field are unfortunately not available; the problem of the non-467 

zero y-axis intercept (de Groot et al., 2013) can therefore not be resolved by the 468 

available data. 469 

 470 

From the 165 samples subjected to the pseudo-Thellier protocol, 49 exhibit a 471 

B½ARM between 23 and 63 mT. With at least three samples per site/age, this 472 

yields pseudo-Thellier estimates (using the improved calibration relation) for 473 

nine sites (TF-2, TF-4, TF-5, TF-6, TF-14, TF-1706, TF-1909; GC-6, and GC-47). 474 

For seven of these sites, the pseudo-Thellier averages are derived from samples 475 

from rock-magnetic groups L, M, and/or H; three of these (TF-6, -14 and -1706) 476 

yield paleointensity estimates between 35 and 40 μT; the paleointensities of the 477 

other four (TF-2, TF-4, TF-5, and GC-6) are notably high: 81.6, 62.2, 58.6, and 478 
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52.3 μT, respectively (Table 3). The pseudo-Thellier averages for the two 479 

remaining sites are derived from samples from rock-magnetic group L* and are 480 

not accepted as reliable paleointensity estimates; they yield: 21.7 and 45.5 μT for 481 

sites TF-1909 and GC-47, respectively. The details of all pseudo-Thellier samples 482 

and averages are included in Supplementary Tables S4 and S5. 483 

6. Discussion 484 

6.1. Comparing paleointensity methods and materials 485 

By using four methods in one paleointensity study and interpreting the results 486 

using predefined selection criteria, the success rate in obtaining reliable 487 

paleointensities from lavas can be significantly increased. With our multi-488 

method paleointensity approach we obtained a reliable paleointensity estimate 489 

for 11 out of 19 dated flows, a success rate of almost 60%. This compares well to 490 

the success rate on Hawaiian lavas: 67% (de Groot et al., 2013). The success 491 

rates of the four methods individually are only 32% (IZZI-Thellier), 21% 492 

(Microwave-Thellier), 16% (MSP-DSC), and 37% (pseudo-Thellier). For five sites 493 

only one of the applied methods was successful, for the other six at least two 494 

methods yielded a reliable paleointensity estimate. All four methods were 495 

successful in only one site (GC-6). Differences in the results from various 496 

methods are generally small: often the estimates are within each other’s 497 

confidence interval and/or differ less than 10% (Table 3). If a paleointensity 498 

estimate can be confirmed using two or more methods, the credibility of these 499 

results is considerably enhanced (de Groot et al., 2013; Biggin and Patterson, 500 

2014). 501 

 502 

For site GC-6, all four methods yielded reliable results although the thermal and 503 

microwave Thellier results are somewhat higher than the results of the MSP-DSC 504 

and pseudo-Thellier methods. This might be explained by variations in the three 505 

sub-sites of GC-6: the thermal- and microwave-Thellier averages are dominated 506 

by samples from GC-6C and –D, while only samples from GC-6E could be 507 

interpreted for the pseudo-Thellier estimate; the MSP-DSC result is an average of 508 

all three sub-sites. The difference between the IZZI-Thellier and MSP-DSC result 509 
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of site TF-11 (59.9 and 50.6 μT, respectively) is harder to explain: both 510 

experiments easily pass the selection criteria applied. 511 

 512 

Samples with different rock-magnetic behavior are successful in certain 513 

paleointensity experiments, but fail in others. Samples from rock-magnetic group 514 

H are unsuccessful in thermal paleointensity experiments, but two out of three 515 

sites yield reliable pseudo-Thellier results. This can be explained by the onset of 516 

thermally induced alteration before a considerable portion of the NRM of the 517 

samples is unblocked, which is avoided in the pseudo-Thellier experiments. The 518 

IZZI-Thellier method generally works well for rock-magnetic groups M and M*, 519 

with five out of eight flows yielding a reliable estimate. The microwave yielded 520 

good results for samples from rock-magnetic group L: all three sites tried yielded 521 

a proper paleointensity estimate. Since lava flows are generally not 522 

homogeneous in terms of rock-magnetic properties (e.g. Biggin et al., 2007; de 523 

Groot et al., 2014), the chances of obtaining a reliable paleointensity estimate for 524 

a particular age can be further increased by sampling one cooling unit at multiple 525 

locations – although this may in practice not always be feasible; e.g. because of 526 

restrictions in the terrain and the availability of (radiocarbon) datings. 527 

6.2. The veracity of the calibrated pseudo-Thellier method 528 

All pseudo-Thellier results derived from rock-magnetic groups L, M and H 529 

compare well to results from other (thermal) paleointensity techniques for the 530 

same sites – i.e. the differences between the pseudo-Thellier results and the 531 

other paleointensities are not larger than the mutual variation in the results of 532 

other paleointensity methods per site (Table 3). For rock-magnetic group L*, 533 

however, the pseudo-Thellier results are lower than expected. Site TF-1909 534 

yielded 22.0 μT, approximately half of the expected value for 1909 AD; and the 535 

value found for GC-47 is on average ~15% lower than the paleointensities 536 

obtained from a site that is only ~80 years younger (GC-6) – while an increase in 537 

paleointensity is expected in that period. Since the ARM characteristics of 538 

samples not only depend on grain size (Yu et al., 2003), but also on chemical 539 

composition (e.g. Dunlop and Özdemir, 1997), it is very likely that the calibration 540 

relation also depends on the chemistry of the remanence carrying minerals – 541 
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assessed here by their bulk χ-T behavior. This is not considered in the current 542 

calibration relation that is, in fact, surprisingly tolerant in grain size distribution 543 

accepted (i.e. the width of the B½ARM-window). Here we emphasize that the 544 

chemical composition must also be considered to select samples for the pseudo-545 

Thellier methods. Currently it is best to disregard samples from rock-magnetic 546 

group L*, but in a future stage –when measurements from more sites with 547 

varying rock-magnetic and grain-size distributions become available– both the 548 

grain-size dependence and the chemical composition of the samples may be 549 

considered in an updated pseudo-Thellier calibration. 550 

6.3. Compiling the full vector record 551 

The obtained paleodirections and –intensities can now be compiled together 552 

with existing data into a full vector record for the Canary Islands (Fig. 6). The 553 

resolution of this record, and therefore its fidelity, is governed by the availability 554 

of well-dated lava flows. For the declination and inclination two recent 555 

geomagnetic models PFM9K.1b (Nilsson et al., 2014) and SHA.DIF.14k (Pavón-556 

Carrasco et al., 2014) coincide well with most of our findings.  The models also 557 

match some intensity data, but especially the SHA.DIF.14k model predicts lower 558 

values than we found for the period between ~1500 BC to 250 AD.  559 

6.4. Dating of site TF-2 560 

The highest paleointensity reported here is ~80 μT (corresponding to a VADM of 561 

~160 ZAm2) for a flow that is dated at 1058 AD (Carracedo et al., 2007). Our 562 

estimate obtained from two independent paleointensity methods differs 563 

approximately 70 ZAm2 from at least 10 coeval VADMs reported by three 564 

different studies within a 2000 km radius (Fig. 7a); and its inclination is more 565 

than 20 ° steeper than expected based on geomagnetic models (Nilsson et al., 566 

2014 ; Pavón-Carrasco et al., 2014)(Fig. 6). Furthermore, its paleomagnetic 567 

direction is close to the paleomagnetic direction of site GC-60 (612 BC) and 568 

would match the geomagnetic models between ~400-300 BC (Fig. 6: the 569 

declination matches between ~400-300 BC; the inclination matches between 570 

~700-100 BC, especially with the SHA.DIF.14k model). This paleomagnetic 571 

dating would place the high paleointensity values in a more plausible time frame 572 

considering the high paleointensities found for sites between ~1000 BC – 100 573 
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AD. The radiocarbon that was dated and associated with this flow was found just 574 

beneath the flow in a trench on the edge of what is now a pine forest (Carracedo 575 

et al., 2007). Since we did not carry out the dating ourselves it is hard to assess 576 

whether it is possible that a younger piece of carbon (e.g. as a result of a forest 577 

fire) became enclosed in the soil that was dated. We emphasize that there is no 578 

further evidence to disregard the radiocarbon dating besides the paleomagnetic 579 

correlation above; our alternative interpretation is therefore rather tentative. 580 

6.5. Spatial and temporal extent of the Levant intensity high 581 

We selected a number of lavas dating between 1250 BC and 250 AD to assess the 582 

spatial and temporal extent of the Levant intensity high (Genevey et al., 2003; 583 

Gallet et al., 2006; Ben-Yosef et al., 2009; Shaar et al., 2011; Ertepinar et al., 584 

2012). We find high paleointensities for approximately the same period (Fig. 7b), 585 

although the mean VADMs per site are consistently below the 10-point moving 586 

average through the Levant-data – at least until 723 BC.  For the period between 587 

~1050–500 BC, paleointensity data from other parts of the world are sparse; for 588 

Mexico VADMs of ~82 (Pétronille et al., 2012) and ~105 ZAm2 (Duran et al., 589 

2010) are suggested and Yu (2012) and Hong et al. (2013) report VADMs of ~80-590 

90 ZAm2 for Japan and South Korea, respectively, around ~750 BC . All reported 591 

values are much lower than the values reported for the Middle East (>150 ZAm2) 592 

and the Canary Islands (~125 ZAm2). Although the geomagnetic dipole was 593 

relatively high around 1000 BC (e.g. Hong et al., 2013), the large synchronous 594 

differences between various locations on Earth cannot sustain a dipolar 595 

explanation of the Levant intensity high. Furthermore, the VADMs reported for 596 

the Levant exceed the dipole contributions to geomagnetic field models by 50% 597 

(Korte et al., 2011); the Levant intensity high must therefore be explained by 598 

higher order contributions, like the intensity highs reported between 400 AD 599 

and today (de Groot et al., 2013). Nevertheless we notice that the spatial 600 

influence of this geomagnetic trait is quite large – the Levant and the Canary 601 

Islands are at approximately the same latitude, but differ 50-60° in longitude. 602 

 603 

To further constrain the Levant intensity high in space and time, the dating of 604 

site TF-2 is critical. Its VADM of ~160 ZAm2 compares well with the 10-point 605 
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moving average for the Levant ~1000 BC. Based on its paleomagnetic direction, 606 

however, TF-2 would be dated to ~400-300 BC. The intensity peak in the Canary 607 

Islands would then occur considerably later than in the Levant, implying a 608 

westward motion of this phenomenon. A compilation of geomagnetic data for the 609 

Balkan region (Tema and Kondopoulou, 2011), shows a less prominent peak (up 610 

to 125 ZAm2) that post-dates the Levant intensity high by ~500 years. The 611 

confidence intervals (both in time and paleointensity) associated with this 612 

record, however, is quite large; and the Balkan is relatively far to the North 613 

compared to the Levant and the Canary Islands.  Directional variations for the 614 

Levant, Balkan, and Canary Islands regions further substantiate a westward 615 

motion of the Levant intensity high. During the peak in paleointensities in the 616 

Levant, the declinations for the Middle East are approximately true North 617 

(Ertepinar et al., 2012); while the declination at Tenerife is up to ~20-35° to the 618 

East, this is in good agreement with both the Spanish (Gómez-Paccard et al., 619 

2006a) and British (Zananiri et al., 2007) secular variation master curves. 620 

Around ~500 BC, the declination in the Canary Islands is approximately true 621 

North, while the declination for the Levant is more than 10 degrees to the West. 622 

The declination curve for the Balkan – that is better constrained than the 623 

intensity curve - shows a change from ~15 degrees East (deviated towards the 624 

longitude of the Levant) to 15 degrees West (deviated towards the Canary 625 

Islands longitude) (Tema and Kondopoulou, 2011). We therefore hypothesize 626 

that the observed behavior may be explained by a regional field anomaly 627 

produced by a strong non-dipole field centered in the Levant around ~1000 BC 628 

and moving to the west at a rate of 6.7-12.0° per century.  629 

7. Conclusion 630 

The multi-method paleointensity approach yielded reliable estimates of the 631 

paleointensity for ~60% of all cooling units sampled in this study. This testifies 632 

to its potential to obtain high-resolution intensity records from volcanic edifices 633 

and its applicability to other volcanic areas beyond Hawaii. A further assessment 634 

of the calibrated pseudo-Thellier method corroborates its potential to provide 635 

absolute paleointensity estimates for sites that suffer from thermally induced 636 
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alteration during traditional, thermal paleointensity techniques. Our new record 637 

for the Canary Islands reveals paleointensities higher than 100 ZAm2 between 638 

~1250 BC to ~250 AD and provides important constraints for the Levant 639 

intensity high. Its influence reached at least 50-60° west, and our data may 640 

suggest a westward movement of this geomagnetic phenomenon at a rate of 6.7-641 

12° per century.  642 
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Captions to figures and tables 884 

Fig. 1 – Paleomagnetic and rock-magnetic analyses. For each rock-magnetic 885 

group a typical χ-T diagram and a Zijderveld diagram of a thermal 886 

demagnetization experiment are shown: clock-wise, starting in the upper-left 887 

corner: rock-magnetic type L* (panels a); type L (panels b); type H (panels c); 888 

type M* (panels d); and type M (panels e). For ease of comparison the directions 889 

in all Zijderveld diagrams are put to approximately zero declination, and an 890 

inclination of ~45° down. In the χ-T plots the different temperature segments 891 

have different colors. The Curie temperature can be obtained by the estimating 892 

the inflection point after a Hopkinson peak; some samples show multiple 893 

inflection points. A non-reversible temperature segment indicates alteration; the 894 

maximum temperature in the segment with the highest temperature that still is 895 

reversible is regarded as the highest temperature that can be safely utilized in 896 

paleointensity experiments. The Day-plot (panel f) (Day et al., 1977) indicates 897 

the grain size of the various samples. Samples from rock-magnetic group L are 898 

solid orange squares; rock-magnetic group L* open orange squares; group M 899 

solid red circles; group M* open red circles; and group H blue triangles. The 900 

theoretical mixing lines for the coarse and fine grained end member (Day et al., 901 

1977; Dunlop, 2002) are also indicated (curved dashed lines), the area in 902 

between these mixing lines is shaded. 903 

 904 
Fig. 2 – Thellier results. Six examples of typical thermal IZZI-Thellier results 905 

passing the different sets of selection criteria applied. Data points used in the 906 

linear interpolation (blue line) are closed circles, data points disregarded are 907 

open circles.  Checks are open triangles. Some temperatures are indicated, as 908 

well as the site and sample code (between brackets) and the obtained 909 

paleointensity (Int.) with its one standard deviation confidence interval. Both 910 

axes are normalized to the starting NRM (NRM0). The sets of selection criteria 911 

passed are specified in each panel: S = modified SELCRIT-01 (Selkin and Tauxe, 912 

2000; Biggin et al., 2007; Paterson et al., 2014), TTA = modified ThellierTool A 913 

(Leonhardt et al., 2004; Paterson et al., 2014), TTB = modified ThellierTool B 914 

(Leonhardt et al., 2004; Paterson et al., 2014), and A = CLASS-A (de Groot et al., 915 
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2014). The bottom row (panels g-i) are microwave IZZI results that are generally 916 

technically more successful. 917 

 918 

Fig. 3 – MSP-DSC results. The result of site TF-11 is in panel a (data points solid 919 

dots, the linear fit is the solid line and the one-standard deviation error envelop 920 

is dashed), with its ARM-test in panel c. Site GC-73 (panel b) yielded 5 samples 921 

(two indistinguishably close together) that altered more than 5% between step 1 922 

and step 4 and were therefore rejected from the interpretation (open circles); 923 

the accepted data points are depicted with rescaled axis in the inset. The ARM-924 

test of site GC-73 is in panel e.  For site GC-6 ARM-tests are not available due to a 925 

limited amount of material, but the MSP-DSC result is based on four different 926 

sub-site/temperature combinations all yielding comparable results: sub-site C at 927 

150 °C in blue, sub-site D at 150 °C in purple, sub-site D at 200 °C in yellow, and 928 

sub-site E at 250 °C in red; one rejected data point is the open dot. 929 

 930 

Fig. 4 – Pseudo-Thellier example (site TF-6B). If the same grains that carried the 931 

NRM carry the ARM, the trend in the demagnetization of the NRM versus the 932 

demagnetization of the ARM (panel a) should be linear towards the origin (under 933 

the premise that the NRM was fully removed). Five different samples are shown 934 

in different colors and symbols, the lines are the linear trend-lines through the 935 

data in the corresponding color. For low AF fields, the NRM of the samples may 936 

suffer from a viscous overprint (grey area in the upper right corner). In this 937 

example the overprints are removed by a field of 7.5 mT (open symbols); for 938 

very high AF fields (>100 mT) the behavior in the Arai diagram (panel b) 939 

sometimes becomes non-linear, these AF fields are also not interpretable (gray 940 

area in lower right corner of panel b). Therefore these Arai diagrams can be 941 

faithfully interpreted between 7.5 and 100 mT. The average of the absolute 942 

slopes of the linear fits through the data from the different samples are the 943 

pseudo-Thellier results, as indicated. 944 

 945 

Fig. 5 – Recalibrating the pseudo-Thellier method. For all sites that yielded an 946 

acceptable pseudo-Thellier result and acceptable results in one or more other 947 

(thermal) paleointensity methods those results are plotted against each other 948 
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(pseudo-Thellier vs. IGRF or GUFM1 models for flows younger than 1840 AD in 949 

yellow triangles, vs. IZZI Thellier in green squares, vs. microwave Thellier in 950 

purple diamonds, and vs. MSP-DSC in red circles). The error bars are one 951 

standard deviation error envelopes; all data are from de Groot et al. (2013) and 952 

this study. The linear fit through all data (blue line) gives an improved 953 

calibration relation (Babs = 7.994 × pseudo-Thellier slope + 13.789). The 954 

calibration relation from de Groot et al. (2013) (red line) is well within the 955 

confidence interval of the new calibration relation (95%, blue shading). Both fits 956 

are faded towards the non-zero y-axis intercept. 957 

 958 

Fig. 6 – Full vector geomagnetic field record. The declination (panel a), 959 

inclination (panel b) and intensity (panel c) results for the past 6000 years, with 960 

the PFM9K.1b (red line), and SHA.DIF.14k (blue line) models, with their one 961 

standard deviation confidence envelopes (color shading). The declination and 962 

inclination data from this study are depicted as gray diamonds, with the vertical 963 

error bar being the α95 interval; data of Kissel et al. (2015) are open circles, Ferk 964 

et al. (2011) open diamonds, GEOMAGIA.v3 (Donadini et al., 2006; Korhonen et 965 

al., 2008) open squares (GEOMAGIA.v3 query: data type: all; age: -4500 to 2000 966 

AD; geographical region: Europe / Canary Islands). In the paleointensity panel 967 

(c) IZZI-Thellier results are green squares; microwave Thellier results are purple 968 

diamonds; red circles are the MSP-DSC results; blue triangles are the pseudo-969 

Thellier results. Data of Ferk et al. (2011) are open diamonds; GEOMAGIA.v3 970 

data are open squares.  The vertical error bars indicate one–standard-deviation 971 

confidence intervals; in some cases the confidence intervals are very narrow and 972 

the error bars are not larger than the data points. The horizontal error bars for 973 

the data from this study are one-standard-deviation probability intervals of the 974 

INTCAL.13 calibration. If more than one interval was obtained, a horizontal thin 975 

gray line connects them and the thickness of the bars is equivalent to their 976 

relative probability.  Per site only one horizontal error bar is given, if the results 977 

per site do not overlap, a vertical thin grey line connects them. The horizontal 978 

error bars for literature data are depicted as specified in the study (if available). 979 

 980 
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Fig. 7 – Comparing new data to existing data. A compilation of literature data 981 

from a 2000 km-radius around the Canary Islands (panel a) and a comparison to 982 

paleointensity data reported for the Levant (panel b), expressed as virtual axial 983 

dipole moments (VADMs). VADMs included here are an average of at least three 984 

successful Thellier-style paleointensity experiments with a standard deviation < 985 

20% of their mean. Data in panel a from Tenerife are violet stars (Ferk et al., 986 

2011), West-Africa are squares (Mitra et al. (2013) in yellow, and Gómez-987 

Paccard et al. (2012b) in red), Portugal are diamonds (Hartmann et al. (2009) in 988 

purple, and Nachasova and Burakov (2009) in green), the Azores are triangles 989 

(Di Chiara et al. (2014) in red), and Spain are circles (Catanzariti et al. (2012) in 990 

pink, Gómez-Paccard et al. (2006b) in light blue, Gómez-Paccard et al. (2008) in 991 

dark blue, Gómez-Paccard et al. (2012a) in green, and Gómez-Paccard et al. 992 

(2013) in orange). Data form the Levant (panel b) are from Aitken et al. (1984) in 993 

black, Genevey et al. (2003) in yellow, Gallet et al. (2006) in green,  Gallet and Le 994 

Goff (2006) in red, Ben-Yosef et al. (2008) in dark blue, Ben-Yosef et al. (2009) in 995 

orange, Shaar et al. (2011) in light blue, Ertepinar et al. (2012) in brown, and 996 

Gallet and Butterlin (2014) in pink). The blue line in panel b is a 10-point moving 997 

average of the Levant literature data. A compilation of Balkan data (Tema et al., 998 

2011) is the gray line, with its uncertainty (gray shading). Data from the present 999 

study is superimposed on the literature data in both panels (larger symbols: 1000 

thermal Thellier green squares, microwave Thellier purple diamonds, MSP-DSC 1001 

red circles, and pseudo-Thellier blue triangles). The averages per cooling unit 1002 

(Table 3) are connected by a red line. The implications of a possibly incorrect 1003 

dating of site TF-2 (see main text) are indicated by a gray arrow and red dashed 1004 

lines. 1005 

 1006 

 1007 

Table 1 – Site details. For all sites in this study the following is provided: the 1008 

rock-magnetic group (see χ-T analysis in section 3.1.); location in UTM 1009 

coordinates (UTM zone 28R); its age (median probability age obtained using the 1010 

INTCAL.13 calibration of radiocarbon results (pre-1492 AD), or historical age 1011 

(post-1492)); the one standard deviation probability intervals obtained by the 1012 

calibration of the radiocarbon datings; the dating sample (TFC- and CITF-1013 
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samples from Carracedo et al. (2007) and GCR-samples from Rodriguez-Gonzalez 1014 

et al. (2009)) and the laboratory 14C age. The independent cooling units are 1015 

identified by the prefix TF or GC (for Tenerife and Gran Canaria, respectively), a 1016 

number (14C sites) or year (historical flows); if one cooling unit was sampled at 1017 

more than one location these locations are indicated by a character following the 1018 

site number.  1019 

 1020 

Table 2 – Geomagnetic directions. For 11 sites in this study paleomagnetic 1021 

directions could be obtained. Per site the median probability age, number of 1022 

independent samples (n, with the number of samples outside a 45 ° cut-off 1023 

between brackets), the mean declination; the mean inclination (inc), the 1024 

precision parameter (k), and the 95% cone of confidence (α95) are specified. 1025 

 1026 

Table 3 – Paleointensity results. All successful paleointensity results are grouped 1027 

per site (site) and therefore age (median age). For each result the paleointensity 1028 

method (IZZI = thermal IZZI-Thellier, MW = microwave Thellier, MSP-DSC = 1029 

MSP-DSC method, and pTh = pseudo-Thellier (based on the updated calibration 1030 

relation)); the number of samples (pTh and MSP-DSC) or the number of data 1031 

points interpreted (IZZI and MW) (N); the paleointensity in μT, the standard 1032 

deviation (SD) of the respective interpretation, the corresponding lower and 1033 

upper bounds of the confidence interval and the standard error (SE) over the 1034 

paleointensity are specified. Per site the results of the different methods are 1035 

averaged and the standard error is calculated (the fraction of the standard error 1036 

over the average between brackets). The standard deviation of the MSP-DSC 1037 

results is asymmetric, therefore lower and upper bounds are given and the 1038 

standard error/paleointensity is calculated as follows (upper bound – lower 1039 

bound)/(2 x paleointensity) and preceded by a tilde. 1040 
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Site	   Rock	  
mag.	   Location	  [UTM]	   (Calibrated)	  

age	  
One	  standard	  deviation	  intervals	  

[lower	  bound	  –	  upper	  bound;	  relative	  probability]	   Dating	  sample	   14C-‐age	  

TF-‐1909A	   L	   324752	   3131746	   1909	   	   	   	   	   	   	  
TF-‐1909B	   L*	   326848	   3130665	   1909	   	   	   	   	   	   	  
TF-‐1798A	   L*	   332754	   3125462	   1798	   	   	   	   	   	   	  
TF-‐1798B	   L*	   332754	   3125462	   1798	   	   	   	   	   	   	  
TF-‐1798C	   L*	   333741	   3124222	   1798	   	   	   	   	   	   	  
TF-‐1798D	   L*	   332754	   3125462	   1798	   	   	   	   	   	   	  
TF-‐1798E	   L*	   333741	   3124222	   1798	   	   	   	   	   	   	  
TF-‐1706	   H	   326786	   3135197	   1706	   	   	   	   	   	   	  
TF-‐1492	   M	   326634	   3129562	   1492	   	   	   	   	   	   	  

	  TF-‐2	   L	   327595	   3132121	   1058	  AD	   987	  –	  1056	  AD;	  0.488	   1076	  –	  1154	  AD;	  0.512	   	   	   TFC-‐369	   990	  ±	  70	  

TF-‐9A	   H	   332814	   3135598	   235	  AD	   89	  -‐	  100	  AD;	  0.033	   123	  -‐	  382	  AD;	  0.967	   	   	   TFC-‐25	   1790	  ±	  120	  

TF-‐9B	   H	   332795	   3135625	   235	  AD	   89	  -‐	  100	  AD;	  0.033	   123	  -‐	  382	  AD;	  0.967	   	   	   TFC-‐25	   1790	  ±	  120	  

TF-‐3	   M	   331425	   3125118	   74	  AD	   40	  BC	  -‐	  140	  AD;	  0.941	   160	  -‐	  165	  AD;	  0.020	   196	  -‐	  208	  AD;	  0.038	   	   TFC-‐219	   1930	  ±	  80	  

GC-‐73	   L*	   448157	   3092155	   8	  AD	   38	  -‐	  8	  BC;	  0.323	   4	  BC	  -‐	  53	  AD;	  0.677	   	   	   GCR-‐73	   1990	  ±	  40	  

TF-‐11	   M*	   339309	   3133172	   42	  BC	   337	  -‐	  329	  BC;	  0.017	   204	  BC	  -‐	  130	  AD;	  0.983	   	   	   TFC-‐02	   2020	  ±	  140	  

GC-‐60	   L*	   457291	   3100098	   612	  BC	   756	  -‐	  679	  BC;	  0.350	   671	  -‐	  605	  BC;	  0.291	   598	  -‐	  516	  BC;	  0.359	   	   GCR-‐60	   2470	  ±	  50	  

TF-‐4	   M	   324650	   3133033	   723	  BC	   914	  -‐	  509	  BC;	  0.996	   497	  -‐	  495	  BC;	  0.004	   	   	   TFC-‐138	   2600	  ±	  160	  

TF-‐5	   L	   325906	   3133153	   826	  BC	   887	  -‐	  884	  BC;	  0.019	   843	  -‐	  797	  BC;	  0.981	   	   	   TFC-‐375	   2660	  ±	  40	  

GC-‐64A	   L*	   434565	   3105941	   912	  BC	   974	  -‐	  954	  BC;	  0.136	   943	  -‐	  834	  BC;	  0.864	   	   	   GCR-‐64	   2760	  ±	  60	  

GC-‐64B	   L*	   434565	   3105941	   912	  BC	   974	  -‐	  954	  BC;	  0.136	   943	  -‐	  834	  BC;	  0.864	   	   	   GCR-‐64	   2760	  ±	  60	  

GC-‐64C	   L*	   434565	   3105941	   912	  BC	   974	  -‐	  954	  BC;	  0.136	   943	  -‐	  834	  BC;	  0.864	   	   	   GCR-‐64	   2760	  ±	  60	  

GC-‐45	   L*	   439107	   3102273	   994	  BC	   1074	  -‐	  1065	  BC;	  0.032	   1057	  -‐	  906	  BC;	  0.968	   	   	   GCR-‐45	   2830	  ±	  60	  

GC-‐6C	   L	   439834	   3100061	   1187	  BC	   1282	  -‐	  1076	  BC;	  0.976	   1064	  -‐1058	  BC;	  0.024	   	   	   GCR-‐6	   2970	  ±	  70	  

GC-‐6D	   L	   439834	   3100061	   1187	  BC	   1282	  -‐	  1076	  BC;	  0.976	   1064	  -‐1058	  BC;	  0.024	   	   	   GCR-‐6	   2970	  ±	  70	  

GC-‐6E	   L	   439834	   3100061	   1187	  BC	   1282	  -‐	  1076	  BC;	  0.976	   1064	  -‐1058	  BC;	  0.024	   	   	   GCR-‐6	   2970	  ±	  70	  

GC-‐47A	   L	   434892	   3104525	   1266	  BC	   1406	  -‐	  1191	  BC;	  0.912	   1176	  -‐	  1163	  BC;	  0.043	   1144	  -‐	  1131	  BC;	  0.046	   	   GCR-‐47	   3030	  ±	  90	  

GC-‐47B	   L*	   434892	   3104525	   1266	  BC	   1406	  -‐	  1191	  BC;	  0.912	   1176	  -‐	  1163	  BC;	  0.043	   1144	  -‐	  1131	  BC;	  0.046	   	   GCR-‐47	   3030	  ±	  90	  

TF-‐6A	   M	   332519	   3125886	   1995	  BC	   2196	  -‐	  2169	  BC;	  0.057	   2148	  -‐	  1865	  BC;	  0.780	   1849	  -‐	  1773	  BC;	  0.163	   	   TFC-‐56	   3620	  ±	  140	  

TF-‐6B	   M	   332584	   3125930	   1995	  BC	   2196	  -‐	  2169	  BC;	  0.057	   2148	  -‐	  1865	  BC;	  0.780	   1849	  -‐	  1773	  BC;	  0.163	   	   TFC-‐56	   3620	  ±	  140	  

TF-‐13A	   M	   339977	   3133533	   3560	  BC	   3704	  -‐	  3492	  BC;	  0.719	   3470	  -‐	  3373	  BC;	  0.281	   	   	   TFC-‐01	   4790	  ±	  140	  

TF-‐13B	   M*	   339977	   3133533	   3560	  BC	   3704	  -‐	  3492	  BC;	  0.719	   3470	  -‐	  3373	  BC;	  0.281	   	   	   TFC-‐01	   4790	  ±	  140	  

TF-‐14	   H	   340578	   3133782	   3983	  BC	   4222	  -‐	  4209	  BC;	  0.036	   4157	  -‐	  4132	  BC;	  0.066	   4067	  -‐	  3895	  BC;	  0.634	   3881	  -‐	  3800	  BC;	  0.265	   CITF-‐60	   5170	  ±	  110	  

	  



site	   median	  age	   n	  (rejected)	   declination	  	  [°]	   inclination	  [°]	   k	   α95	  

TF-‐1909A	   1909	  AD	   9	   -‐27.0	   49.2	   184.5	   3.8	  
TF-‐2	   1058	  AD	   7	   3.1	   50.5	   264.4	   3.7	  
TF-‐3	   74	  AD	   8	   13.1	   41.8	   319.4	   3.1	  
GC-‐73	   8	  AD	   8	   -‐20.0	   39.4	   52.9	   7.7	  
GC-‐60	   612	  BC	   12	   12.8	   49.3	   232.8	   2.9	  
TF-‐4	   723	  BC	   9	   35.7	   43.3	   207.2	   3.6	  
GC-‐64	   912	  BC	   34	   10.0	   43.1	   105.2	   2.4	  
GC-‐6	   1187	  BC	   9	   19.7	   50.1	   281.6	   3.1	  
GC-‐47	   1266	  BC	   14	  (1)	   13.1	   42.9	   5.6	   19.2	  
TF-‐13A	   3560	  BC	   5	   2.5	   45.4	   191.5	   5.5	  
TF-‐14	   3983	  BC	   7	   -‐6.6	   39.7	   177	   4.5	  

	  



Site	   Median	  
age	   Method	   N	   Paleoint.	  

[μT]	   SE	  [μT]	   Lower	  bound	  
[μT]	  

Upper	  bound	  
[μT]	   SE	  /paleoint.	  

TF-‐1706	   1706	  AD	   pTh	   4	   39.4	   0.9	   38.5	   40.3	   2.3%	  
	  	   	  

	   	   	   	   	   	   	  TF-‐2	   1058	  AD	   MW	   3	   81.5	   2.1	   79.4	   83.6	   2.6%	  
TF-‐2	   1058	  AD	   pTh	   6	   81.7	   10.0	   71.7	   31.7	   12.2%	  
	   	   Average	   	   81.6	   	   	   	   	  
	  	   	   SE	   	  	   0.1	  (0.1%)	   	  	   	  	   	  	   	  	  

	  
	  

	  
	  

	   	   	   	   	  TF-‐3	   74	  AD	   IZZI	   4	   58.0	   9.0	   49.0	   67.0	   15.5%	  
	  	   	  

	   	   	   	   	   	   	  GC-‐73	   8	  AD	   MSP-‐DSC	   10	   52.8	   -‐	   51.3	   54.5	   ~3.0%	  
	  	   	  

	   	   	   	   	   	   	  TF-‐11	   42	  BC	   IZZI	   3	   59.9	   1.4	   58.5	   61.4	   2.4%	  
TF-‐11	   42	  BC	   MSP-‐DSC	   5	   50.6	   -‐	   45.4	   55.6	   ~10.1%	  

	   	   Average	   	   55.3	   	   	   	   	  
	  	   	   SE	   	  	   4.7	  (8.4%)	   	  	   	  	   	  	   	  	  

	  
	  

	   	   	   	   	   	   	  TF-‐4	   723	  BC	   IZZI	   6	   63.4	   7.8	   55.5	   71.2	   12.4%	  
TF-‐4	   723	  BC	   MW	   3	   63.9	   7.6	   56.3	   71.5	   11.9%	  
TF-‐4	   723	  BC	   pTh	   4	   59.3	   1.6	   57.7	   60.9	   2.7%	  
	  	   	   Average	   	  	   62.2	   	  	   	  	   	  	   	  	  
	   	   SE	   	   2.1	  (3.3%)	   	   	   	   	  
	  	   	  

	   	   	   	   	   	   	  TF-‐5	   826	  BC	   MW	   4	   57.3	   11.3	   46.0	   68.6	   19.8%	  
TF-‐5	   826	  BC	   pTh	   6	   59.9	   6.3	   53.6	   66.3	   10.5%	  
	   	   Average	   	   58.6	   	   	   	   	  
	  	   	   SE	   	  	   1.3	  (2.2%)	   	  	   	  	   	  	   	  	  

	  
	  

	   	   	   	   	   	   	  GC-‐6	   1187	  BC	   IZZI	   7	   54.4	   3.1	   51.3	   57.5	   5.7%	  
GC-‐6	   1187	  BC	   MW	   3	   56.9	   5.5	   51.4	   62.4	   9.7%	  
GC-‐6	   1187	  BC	   MSP-‐DSC	   19	   47.7	   -‐	   44.0	   51.5	   ~7.9%	  
GC-‐6	   1187	  BC	   pTh	   4	   50.3	   6.3	   43.0	   48.1	   5.6%	  
	  	   	   Average	   	  	   52.3	   	  	   	  	   	  	   	  	  
	   	   SE	  	   	   3.6	  (6.8%)	   	   	   	   	  

	  
	  

	   	   	   	   	   	   	  TF-‐6	   1995	  BC	   IZZI	   3	   40.9	   2.4	   38.5	   43.3	   5.9%	  
TF-‐6	   1995	  BC	   pTh	   10	   38.1	   4.4	   33.7	   42.5	   11.6%	  
	  	   	   Average	   	  	   39.5	   	  	   	  	   	  	   	  	  
	   	   SE	   	   1.4	  (3.5%)	   	   	   	   	  

	  
	  

	   	   	   	   	   	   	  TF-‐13	   3560	  BC	   IZZI	   5	   34.1	   2.4	   31.7	   36.5	   7.0%	  
	  	  	   	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  

TF-‐14	   3983	  BC	   pTh	   4	   36.3	   1.1	   35.2	   37.3	   3.0%	  
	  


