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Understanding the behavior of enigmatic geomagnetic traits such as the Levant intensity high is currently
challenged by a lack of full vector records of regional variations in the geomagnetic field. Here we
apply the recently proposed multi-method paleointensity approach to a suite of 19 lavas from the
Canary Islands dating between ~4000 BC and 1909 AD. Our new record reveals high paleointensities
(VADMs >120 ZAm?) coinciding with and shortly after the peak in geomagnetic intensity in the Levant
at ~1000 BC. Furthermore our data suggests a westward movement of this geomagnetic phenomenon
at a rate of 6.7-12° per century. In addition to IZZI-Thellier, microwave-Thellier and the multi-specimen
method, the calibrated pseudo-Thellier method is an important part of the multi-method paleointensity
approach. The calibration of this relative paleointensity method was derived from a suite of Hawaiian
lavas; it is improved with the results of the Canarian cooling units. Pseudo-Thellier results from
samples with very low Curie temperature (<150°C), however, cannot be reliably converted to absolute
paleointensity estimates. The multi-method paleointensity approach yielded a reliable estimate for ~60%
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of the flows sampled - an unusually high success rate for a paleointensity study involving lavas.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Obtaining reliable paleointensities from volcanic edifices is no-
toriously difficult, despite recent methodological developments
(e.g. Hill and Shaw, 1999; Riisager and Riisager, 2001; Tauxe and
Staudigel, 2004; Dekkers and Boéhnel, 2006; Fabian and Leon-
hardt, 2010; de Groot et al, 2012; Paterson et al., 2014). Yet,
such records are indispensible to improve the accuracy of mod-
els that describe the behavior of the geomagnetic field during
the Holocene, since igneous rocks are the only absolute recorders
of the intensity of the geomagnetic field available around the
globe and throughout geologic history. Paleointensity results of
many flows have to be discarded because they do not satisfy cer-
tain quality criteria (Selkin and Tauxe, 2000; Biggin et al., 2007;
de Groot et al., 2014; Paterson et al., 2014), often due to ther-
mochemical alteration induced by the laboratory heating of the
samples required for paleointensity experiments. It was recently
shown that combining different paleointensity methods, includ-
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ing a non-heating calibrated pseudo-Thellier approach, signifi-
cantly increases the success rate in obtaining reliable paleoin-
tensity estimates from lavas (de Groot et al., 2013). This ‘multi-
method paleointensity approach’ consists of the IZZI-Thellier pro-
tocol (Tauxe and Staudigel, 2004), microwave Thellier experi-
ments (Hill and Shaw, 1999, 2000), the domain state corrected
multi-specimen method (MSP-DSC) (Dekkers and Béhnel, 2006;
Fabian and Leonhardt, 2010) and the calibrated pseudo-Thellier
technique (de Groot et al., 2013).

The Canarian archipelago (28.1°N, 15.4°W) constitutes a suite
of well-dated Holocene volcanic cooling units, but relatively lit-
tle work has been done in terms of paleointensity on Holocene
flows. Recently, Kissel et al. (2015) presented an extensive data
set of paleodirections obtained from lavas sampled at Tenerife and
Gran Canaria. Here we apply the multi-method paleointensity ap-
proach (de Groot et al., 2013) to 19 Holocene lavas from the is-
lands of Tenerife and Gran Canaria (Canary Islands, Spain) to derive
their full paleomagnetic vector. We focus particularly on a group
of lavas that date between 1250 BC and 250 AD, a period that
includes the occurrence of a reported intensity high in the Lev-
ant (Gallet et al., 2006; Ben-Yosef et al., 2009; Shaar et al., 2011;
Ertepinar et al, 2012). A proper paleointensity record for the
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Canary Islands for the same period may provide important spatial
and temporal constraints for this intriguing, yet enigmatic geomag-
netic phenomenon.

Our results will also assess the veracity of the multi-method
paleointensity approach for a different volcanic edifice beyond the
suite of Hawaiian lavas used in de Groot et al. (2013). For Hawaii
it yielded reliable paleointensity estimates for 67% of all cooling
units sampled, but its performance for other volcanic regions is
yet to be tested. An important part of the multi-method paleoin-
tensity approach, the calibrated pseudo-Thellier method, is also
used in a different region for the first time. By comparing our
pseudo-Thellier results to results of other paleointensity techniques
from the same flow, we improve the calibration relation for the
pseudo-Thellier technique - although the difference with the cal-
ibration relation presented in de Groot et al. (2013) is small. By
adding results from a different volcanic edifice to the calibration
data the general applicability of the pseudo-Thellier technique to
obtain absolute paleointensity estimates for samples that fail in
classical techniques due to thermally induced alteration is further
enhanced.

2. Geological setting & sampling

The geological history of Tenerife (28°16'N, 16°38'W) is mainly
dominated by the evolution of two stratovolcanos: Teide and Pico
Viejo. The volcanological evolution of the island of Tenerife has
been studied in detail (e.g. Carracedo, 1994; Guillou et al., 2004;
Carracedo et al., 2007). Numerous Holocene lava flows are present;
the most recent volcanic activity is in the Northwest rift zone, in
the Chio and Garachico volcanic chains. The island of Gran Canaria
(27°58'N, 15°35'W) is approximately 100 kms to the East of Tener-
ife and is somewhat older in geological terms. Gran Canaria is in
its post-erosional stage, and active volcanism is much less promi-
nent than on Tenerife. Holocene volcanic activity is limited to the
Northeast part of the island, the most recent eruption occurred
200 yrs ago (Rodriguez-Gonzalez et al., 2009).

For Tenerife, Carracedo et al. (2007) recently presented a suite
of both #C and K/Ar datings from which we selected the nine
most recent flows for our study: the oldest flow is ~6000 yrs
old. From the radiocarbon datings for Gran Canaria that were pre-
sented by Rodriguez-Gonzalez et al. (2009), we could sample six
independent cooling units; some of the dated flows could not be
located unambiguously based on the locations provided. A total of
19 independent cooling units were sampled, including four flows
dated from historical records (1492, 1706, 1798 and 1909 AD).
Some cooling units were sampled at multiple locations (Table 1).
Since the laboratory ages are available (Carracedo et al., 2007;
Rodriguez-Gonzalez et al., 2009), it was possible to recalibrate the
radiocarbon results using the newest INTCAL13 curve (Reimer et
al.,, 2013) using the Calib 7.0 program (Stuiver and Reimer, 1993).
A kml-file with our sampling locations is available in the online
Supplementary information.

Samples were usually taken within meters of the given UTM
locations (Carracedo et al., 2007; Rodriguez-Gonzalez et al., 2009).
Sampling was done using a petrol-powered drill with a bore of
2.5 cm. Taking cores in-situ was not always possible; in those cases
(unoriented) hand-samples were taken - paleomagnetic directions
are therefore not available for those sites. For each site up to 20
cores were drilled close together to ensure homogeneity between
samples since sister specimens are indispensible to compare pale-
ointensity methods. Where possible samples were taken from fresh
surfaces (i.e. road cuts) and from solid parts of the flow; some-
times these solid parts were quite vesicular. Two sites, TF-11 and
TF-13B, were difficult to drill and appeared to be volcanic glass,
implying a rapid natural cooling.

Paleointensity studies on Canary Islands’ lavas generally con-
centrate on pre-Holocene geomagnetic features such as the
Matuyama-Brunhes transition; or the Laschamps, Blake, or Mono
Lake excursions (e.g. Quidelleur, 1996; Széréméta et al., 1999;
Valet et al, 1999; Leonhardt et al, 2000; Leonhardt, 2002;
Ferk et al., 2011; Kissel et al.,, 2011). Studies on Holocene lavas
are sparse (Sherwood, 1991; Tulloch, 1992) and only performed
on lavas younger than 1435 AD. Two of the flows presented here
were also subject of a study by Valet and Soler (1999), measuring
the local field anomalies caused by the morphology of the terrain
underneath the cooling lava (Valet and Soler, 1999). Large possi-
ble anomalies were reported: the NRM of samples was biased up
to 9° in declination, 6.5° in inclination and 20% in intensity, espe-
cially near sharp edges in the terrain and close to the underlying
flow. The influence of these local field anomalies on the magnetic
vector recorded in the flows is reduced by sampling in the upper
part of undisturbed large blocks of the cooling units.

3. Rock-magnetic behavior

To optimize the boundary conditions of the paleointensity ex-
periments the rock-magnetic behavior of samples from all sites is
characterized first. Both the thermal behavior of the susceptibility
and high-field rock-magnetic properties are assessed.

3.1. Susceptibility-versus-temperature (x -T ) analysis

The susceptibility of samples from all sites was measured as
function of temperature using an AGICO KLY-3S susceptometer
with a CS3 furnace attachment. The temperature was increased in
seven cycles with the following approximate peak temperatures:
210, 280, 330, 375, 430, 480 and 580°C. To check the reversibil-
ity of the signal the sample was cooled ~50°C after reaching each
peak temperature. An irreversible susceptibility segment indicates
(chemical) alteration in the sample. The highest peak temperature
for which the susceptibility still is reversible is the highest temper-
ature that can safely be used in paleointensity experiments, since
alteration prevents a reliable paleointensity estimate. Furthermore,
the Curie temperature of the samples is obtained from the x-T
diagrams. The Curie temperature is defined here as the inflec-
tion point after a peak in susceptibility. Several samples show two
or more inflection points, indicating the presence of at least two
magnetic carriers with different mineralogical composition. Since
the x-T behavior is diagnostic concerning the magnetic mineral
composition and magnetic properties of the samples, the sites are
categorized based on this parameter. The boundary conditions of
the paleointensity experiments are chosen accordingly.

3.1.1. Group L

Samples that lose 80% of their susceptibility at room-
temperature before reaching 150°C, are labeled as ‘type L' (low
temperature). Sites TF-2, TF-5, GC-47A, TF-1909A, and the
GC-6-(sub-)sites are in this group (Fig. 1b). These sites with a
Curie temperature between 100 and 200 °C are vulnerable to vis-
cous overprints. However, the sample shown here retains half of its
NRM at 500 °C. The onset of alteration, indicated by non-reversible
behavior in the susceptibility-versus-temperature diagram, is gen-
erally at 300-350°C. Higher temperature steps in the paleointen-
sity experiments may therefore be not reliable.

3.1.2. Group L*

Samples in group L that show a rapid decay in susceptibility
already from room-temperature onwards, interpreted to imply a
Hopkinson peak with its related Curie temperature below room-
temperature, are labeled ‘L*’. All TF-1798 and GC-64-(sub-)sites,
and sites GC-73, GC-60, GC-47B and TF-1909B form this group



Table 1

Site details. For all sites in this study the following is provided: the rock-magnetic group (see y-T analysis in Section 3.1); location in UTM coordinates (UTM zone 28R); its age (median probability age obtained using the INTCAL.13
calibration of radiocarbon results (pre-1492 AD), or historical age (post-1492)); the one standard deviation probability intervals obtained by the calibration of the radiocarbon datings; the dating sample (TFC- and CITF-samples
from Carracedo et al. (2007) and GCR-samples from Rodriguez-Gonzalez et al. (2009)) and the laboratory '“C age. The independent cooling units are identified by the prefix TF or GC (for Tenerife and Gran Canaria, respectively),
a number ('4C sites) or year (historical flows); if one cooling unit was sampled at more than one location these locations are indicated by a character following the site number.

9G1

Site Rock mag. Location [UTM] (Calibrated) One standard deviation intervals Dating sample 14C_age
age [lower bound-upper bound; relative probability]

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

291-¥S1 (S10Z) 61# S1a1397 22Ua1DS AIDI2UD]J PUD Y140 / I 32 10049 9P AT
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Fig. 1. Paleomagnetic and rock-magnetic analyses. For each rock-magnetic group a typical x-T diagram and a Zijderveld diagram of a thermal demagnetization experiment
are shown: clock-wise, starting in the upper-left corner: rock-magnetic type L* (panels a); type L (panels b); type H (panels c); type M* (panels d); and type M (panels e).
For ease of comparison the directions in all Zijderveld diagrams are put to approximately zero declination, and an inclination of ~45° down. In the y-T plots the different
temperature segments have different colors. The Curie temperature can be obtained by the estimating the inflection point after a Hopkinson peak; some samples show
multiple inflection points. A non-reversible temperature segment indicates alteration; the maximum temperature in the segment with the highest temperature that still is
reversible is regarded as the highest temperature that can be safely utilized in paleointensity experiments. The Day-plot (panel f) (Day et al., 1977) indicates the grain size of
the various samples. Samples from rock-magnetic group L are solid orange squares; rock-magnetic group L* open orange squares; group M solid red circles; group M* open
red circles; and group H blue triangles. The theoretical mixing lines for the coarse and fine grained end member (Day et al., 1977; Dunlop, 2002) are also indicated (curved
dashed lines), the area in between these mixing lines is shaded. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

(Fig. 2a). These samples loose approximately half of their NRM af-
ter a 100 °C demagnetization step; this makes these samples prone
to viscous overprints, since only a small increase in ambient tem-
perature easily reached during drilling, transport or handling the
samples can reset part of the NRM. The Zijderveld diagram of the
example (Fig. 1a) reveals a slight overprint until 200°C and is
remarkably linear for higher temperatures. The suitability for pa-
leointensity experiments of this group is therefore doubted.

3.1.3. Group H

Group H (high temperature, Fig. 1c) consists of sites TF-9A,
TF-9B, TF-14, TF-1706, GC-13, and GC-45; their samples retain
more than 80% of their room-temperature susceptibility above
400°C. These samples are characterized by a relatively constant
susceptibility until they lose almost all susceptibility between 500
and 550°C. The Curie temperature is well expressed at ~520°C.
The samples unblock approximately 25% of their NRM above the
450°C demagnetization step, with remarkably linear demagnetiza-
tion behavior. However, the onset of alteration is around 350 °C,
well before the Curie temperature is reached. This implies that ob-
taining a reliable paleointensity from these samples using thermal
methods might prove to be difficult.

3.1.4. Group M

The samples with behavior in-between groups L and H are la-
beled ‘type M’, being either a combination of minerals with various
dominant Curie temperatures, or a single mineral dominated com-
position with a broad suite of intermediate Curie temperatures
(Dunlop and Ozdemir, 1997). This group is formed by sites TF-3,
TF-4, TF-6A, TF-6B, TF-13A and TF-1492. The y-T curves are dom-
inated by at least two Curie temperatures, the lower is generally
between 150 and 200°C. The higher Curie temperature is more
difficult to determine because alteration is indicated from approx-
imately 380-450°C onwards (Fig. 1le). Group M samples unblock
up to 60% of their NRM before reaching the alteration temper-
atures, and show no signs of viscous overprints; therefore these
sites should be suitable for paleointensity experiments.

3.1.5. Group M*

The two sites that in the field appeared to be volcanic glass,
sites TF-11 and -13B show type M behavior with a Hopkinson peak
at approximately 200 °C and a very gradual linear decay of the sus-
ceptibility towards 600 °C. They are labeled as rock-magnetic group
M* (Fig. 2d). These samples are very dark and glassy and were
difficult to sample. Their rock-magnetic behavior is identical and
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Fig. 2. Thellier results. Six examples of typical thermal IZZI-Thellier results passing the different sets of selection criteria applied. Data points used in the linear interpolation
(blue line) are closed circles, data points disregarded are open circles. Checks are open triangles. Some temperatures are indicated, as well as the site and sample code
(between brackets) and the obtained paleointensity (Int.) with its one standard deviation confidence interval. Both axes are normalized to the starting NRM (NRMp). The
sets of selection criteria passed are specified in each panel: S = modified SELCRIT-01 (Selkin and Tauxe, 2000; Biggin et al., 2007; Paterson et al., 2014), TTA = modified
ThellierTool A (Leonhardt et al., 2004; Paterson et al., 2014), TTB = modified ThellierTool B (Leonhardt et al., 2004; Paterson et al., 2014), and A = CLASS-A (de Groot et
al.,, 2014). The bottom row (panels g-i) are microwave IZZI results that are generally technically more successful. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

seems very suitable for paleointensity experiments: i.e. the NRM is
gradually unblocked between ~200 and 500°C and there are no
signs of alteration up to at least 500 °C.

3.2. High-field rock-magnetic analyses

To assess the magnetic grain size distribution of the samples
hysteresis experiments were done and visualized in a Day plot
(Day et al., 1977). Per site, three to six tiny specimens (2-10 mg)
are used for the determination of the four required parameters.
By measuring a hysteresis loop and a backfield curve on a Prince-
ton instruments alternating gradient force magnetometer (PMC
Model 2900) the saturation magnetization (Ms), saturation rema-
nent magnetization (M;), coercive field (B.) and remanent coercive
force (B(;) are obtained. Samples appeared to be entirely saturated
in fields of 0.8 T; the hysteresis loops were corrected for the para-
magnetic contribution by the slope between 0.8 and 1 T.

The rock-magnetic groups as defined above do not exhibit sys-
tematic behavior in the Day plot (Fig. 1f). The grain size (that
dominates the Day plot) and the chemical composition (dominat-

ing the x-T diagrams) do therefore not seem to be correlated. All
samples are in the PSD domain, with about one-third of the sam-
ples plotting on the theoretical SD+MD mixing lines of magnetite
(Dunlop, 2002).

4. Paleomagnetic directions

For each (sub-)site three or four samples were thermally de-
magnetized using an ASC TD48-SC thermal demagnetizer, magne-
tizations were measured on a 2G DC-SQUID magnetometer. In 11
steps of 50°C the samples were demagnetized until only a few
percent of the NRM was left at 550 °C. Furthermore, 5-10 samples
per site were subjected to an AF demagnetization experiment us-
ing a robotized 2G DC-SQUID magnetometer; the peak fields used
are 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 100, and
150 mT.

We took oriented cores for 11 cooling units; reliable paleodi-
rections can be obtained from these. The directions per cooling
unit were averaged using Fisher statistics (results from sub-sites
from the same cooling unit were taken together); for each cooling
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Table 2

Geomagnetic directions. For 11 sites in this study paleomagnetic directions could be obtained. Per site the median probability age, number of independent samples (n, with
the number of samples outside a 45° cut-off between brackets), the mean declination; the mean inclination (inc), the precision parameter (k), and the 95% cone of confidence

(95) are specified.

Site Median age n (rejected) Declination Inclination k ®95
(°) ()
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 3194 3.1
GC-73 8 AD 8 —20.0 394 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 45

unit 5 to 34 independent sample directions could be interpreted
(Table 2). Site means have small values of ags, and k values well
above 100, in line with the expected behavior for lavas. Site GC-47,
however, has a k value of only 5.6; this direction is therefore re-
jected. Both declination and inclination of most sites are within
the secular variation range expected for their latitude. The decli-
nations of sites TF-4 (~722 BC) and TF-1909A (1909 AD) deviate
considerably from true North: 35.7 and —27.0°, respectively.

5. Paleointensities
5.1. Demagnetization behavior

In both 1ZZI-Thellier and MSP-style paleointensity experiments,
the NRM is replaced by pTRMs imparted in a laboratory furnace.
The thermal demagnetization behavior of the samples is there-
fore important to select suitable temperature steps for 1ZZI-Thellier
style experiments and potential set temperatures for MSP-style
experiments. In both the thermal and AF demagnetization experi-
ments samples from most sites show univectorial behavior towards
the origin (Fig. 1). Sites in rock-magnetic group L* and samples
from sites TF-2 and -5 show (viscous) overprints. A viscous over-
print makes samples unsuitable for MSP-style experiments since
these samples cannot be unambiguously aligned with their NRM
in the direction of the applied field during the experiment. In both
the 1ZZI- and pseudo-Thellier experiments, measurements made
below the temperature or AF field needed to remove the overprint
cannot be faithfully interpreted.

5.2. 1ZZI-Thellier

The Thellier-Thellier-family of paleointensity measurements is
the classical approach in obtaining absolute estimates of the inten-
sity of the geomagnetic field. After its introduction in 1959, several
refinements to the protocol were proposed and reliability checks
were introduced. In a Thellier-Thellier-experiment the NRM in the
samples is progressively replaced by pTRMs due to a series of heat-
ing steps to increasingly higher temperatures, alternating between
applying a magnetic field in the furnace and not. We subjected at
least three samples per site to the IZZI-Thellier paleointensity pro-
tocol (Tauxe and Staudigel, 2004) totaling 132 samples altogether.
The temperature steps were optimized based on the rock-magnetic
groups: for samples with a low Curie temperature more steps were
used at low temperatures whereas for samples with a higher Curie
temperature, more steps were made to higher temperatures. Both
pTRM-checks (Coe, 1967) and tail-checks (Riisager and Riisager,
2001) were performed after every other temperature step. The
magnetization of the samples was measured on a 2G DC-SQUID
magnetometer; an ASC TD48-SC thermal demagnetizer was used

to demagnetize the samples and impart the pTRMs. The data was
interpreted using ThellierTool 4.2 (Leonhardt et al., 2004); some
parameters (e.g. DRAT,j) must be derived from the ThellierTool
output, as these are not produced by the program.

To assess the quality of the IZZI-Thellier results, we used four
different sets of selection criteria: TTA and TTB (Leonhardt et al.,
2004), SELCRIT-1 (Selkin and Tauxe, 2000) and CLASS-A (de Groot
et al., 2014) (Table 3). These sets of selection criteria rely on a
number of parameters that describe the quality of Thellier re-
sults. These parameters were recently made formally consistent by
Paterson et al. (2014) in the ‘Standard Paleointensity Definitions’,
to which we adhere. The performance of the first three sets of se-
lection criteria was assessed in the same study and some modifica-
tions to the original criteria were proposed (Paterson et al., 2014),
here we use these modified criteria. The fourth set, CLASS-A, fo-
cuses on the number of data points (N > 7) and NRM fraction
(f > 0.7) to be used for the linear fit in the Arai plot (de Groot
et al., 2014).

From our 132 samples we obtained 31 results that satisfy at
least one of the sets of selection criteria (Fig. 2, Table 3). For a
reliable 1ZZI-Thellier average from a single cooling unit we require
at least three successful samples with a standard error that is less
than 20% of their mean; such an average could be calculated for
sites GC-6, TF-3, TF-4, TF-6, TF-11, and TF-13. The paleointensities
of sites that date between 1187 and 723 BC and around O AD are
high for this latitude: 54.4 £ 3.1 uT (GC-6, 1187 BC), 68.7 £ 2.6 uT
(TF-4, 723 BC), 59.6 &+ 1.3 uT (TF-11, 42 BC), and 65.7 £ 5.7 uT
(TF-3, 74 AD). For two older sites the paleointensities compare well
to the current geomagnetic field intensity at the Canary Islands
(38.6 uT): 40.9 £+ 2.4 uT (TF-6, 1995 BC), and 36.0 4.8 uT (TF-13,
3560 BC). The details of all accepted IZZI-Thellier results are in
Supplementary Table S1.

5.3. Microwave-Thellier

Samples from five flows (TF-2, TF-4, TF-5, GC-6, and GC-64)
were subjected to the IZZI or the perpendicular (Kono and Ueno,
1977) Thellier protocol using the microwave system at the Univer-
sity of Liverpool (Hill and Shaw, 1999, 2000). A total of 28 samples
could be measured reliably, of which 14 passed at least one of
the sets of selection criteria as specified above (Fig. 2, Table 3).
For most samples the technical quality of the microwave results
surpassed the quality of the thermal results. To accept an average
result for a site, we again require at least three successful results
with a standard error <20% of its mean. This yields 56.9 + 5.5 uT
for GC-6C; 81.5 & 2.1 uT for TF-2; 63.9 & 7.6 uT for TF-4; and
57.3 +11.3 uT for TF-5. The details of all microwave Thellier mea-
surements are in Supplementary Table S2.
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Table 3

Paleointensity results. All successful paleointensity results are grouped per site (site) and therefore age (median age). For each result the paleointensity method (IZZI = ther-
mal 1ZZI-Thellier, MW = microwave Thellier, MSP-DSC = MSP-DSC method, and pTh = pseudo-Thellier (based on the updated calibration relation)); the number of samples
(pTh and MSP-DSC) or the number of data points interpreted (IZZI and MW) (N); the paleointensity in uT, the standard deviation (SD) of the respective interpretation, the
corresponding lower and upper bounds of the confidence interval and the standard error (SE) over the paleointensity are specified. Per site the results of the different meth-
ods are averaged and the standard error is calculated (the fraction of the standard error over the average between brackets). The standard deviation of the MSP-DSC results
is asymmetric, therefore lower and upper bounds are given and the standard error/paleointensity is calculated as follows (upper bound - lower bound)/(2 x paleointensity)

and preceded by a tilde.

Site Median age Method N Paleoint. SE Lower bound Upper bound Se/paleoint.
(uT) (uT) (uT) (uT)
TF-1706 1706 AD pTh 4 39.4 0.9 385 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 1271 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 1271 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 553
SE 4.7 (8.4%)
TF-4 723 BC 1271 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 171 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 1271 3 40.9 2.4 38.5 433 5.9%
TF-6 1995 BC pTh 10 38.1 4.4 33.7 425 11.6%
Average 395
SE 1.4 (3.5%)
TF-13 3560 BC 1271 5 34.1 2.4 31.7 36.5 7.0%
TF-14 3983 BC pTh 4 36.3 11 35.2 37.3 3.0%
5.4. MSP-DSC temperature’. De Groot et al. (2012), however, showed that not all

Where Thellier-style protocols assess pTRMs imparted by a con-
stant laboratory field as function of temperature; multi-specimen-
style (MSP) experiments assess pTRMs imparted at a constant tem-
perature as function of the laboratory field applied (Dekkers and
Bohnel, 2006). In MSP experiments the number of heating steps
per sample is considerably lower than in Thellier-style experi-
ments; therefore the risk of magnetic memory effects that might
obscure the determination of a reliable paleointensity is reduced.
A drawback of this method is that the samples need to be aligned
with their NRM in the direction of the applied field in the furnace;
this implies that the samples cannot be affected by even small (vis-
cous) overprints. The original MSP protocol as introduced in 2006
did not correct for potential tail or domain state effects; to this
end (Fabian and Leonhardt, 2010) proposed a domain state cor-
rected (MSP-DSC) protocol - adding three extra heating steps per
sample. The ‘o-parameter’ in the MSP-DSC analysis was set to 0.5,
as suggested by Fabian and Leonhardt (2010).

For all sites in this study up to three potential set temperatures
for the MSP-DSC experiments were selected based on the ther-
mal NRM decay curves and alteration temperatures indicated by
the x-T measurements. Ideally, samples should unblock a large
part of their NRM before reaching their alteration temperature;
and the potential set temperature must be below the ‘alteration

alteration effects are revealed by the y-T analyses. Very subtle
‘magnetic’ alteration (explained as transdomain changes) occurring
while imparting the pTRMs prevents a reliable assessment of the
paleointensity for some samples. Whether or not such alteration
occurs at the set temperature can be assessed prior to paleointen-
sity experiments by an ‘ARM-test’ (de Groot et al., 2012), which
compares anhysteretic remanent magnetization (ARM) acquisition
curves of pristine samples to ARM acquisition curves of sister spec-
imens that were heated to the potential set temperature. Ideally,
the ARM acquisition behavior is equal for the pristine group of
samples and their heated counterparts; different behavior is asso-
ciated with unreliable paleointensity results at the tested temper-
ature.

After selecting one or more potential set temperatures per site,
the single-core variant of the ARM-test was done for various tem-
peratures distributed over all flows. From the 40 ARM-tests, 18
show no or very little alteration after heating. For these 18 site-
temperature combinations, the MSP-DSC experiments were done
using generally 8-10 samples per experiment - the amount of ma-
terial permitting. For sites GC-6D and -E the amount of material
did unfortunately not allow for ARM-tests; they are both subjected
to MSP-DSC experiments at two different temperatures without
verification by an ARM-test.
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Fig. 3. MSP-DSC results. The result of site TF-11 is in panel a (data points solid dots, the linear fit is the solid line and the one-standard deviation error envelop is dashed),
with its ARM-test in panel c. Site GC-73 (panel b) yielded 5 samples (two indistinguishably close together) that altered more than 5% between step 1 and step 4 and were
therefore rejected from the interpretation (open circles); the accepted data points are depicted with rescaled axis in the inset. The ARM-test of site GC-73 is in panel e. For
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Individual samples that alter more than +5% during the exper-
iment (i.e. |ea¢| > 5%) are rejected from the interpretation and an
MSP-DSC result is only accepted if the average alteration of the
accepted samples is less than +3%. This rejects seven results. Fur-
thermore, the y-axis intercept of the linear fit must be within 10%
of the theoretically predicted —1 (Fabian and Leonhardt, 2010), re-
jecting another seven results. This leaves six acceptable MSP-DSC
results. Four of those are from sub-sites of GC-6 and were inter-
preted together to yield a paleointensity of 47.7 uT with a standard
deviation envelope of 44.0-51.5. The other two successful MSP-DSC
results are from sites TF-11 and GC-73: 50.6 [45.4-55.6] and 52.8
[51.3-54.5] uT, respectively (Fig. 3, Table 3). The details of all MSP-
DSC experiments are in Supplementary Table S3.

5.5. Pseudo-Thellier

It was recently shown that a newly calibrated relative paleoin-
tensity technique, the pseudo-Thellier method (Tauxe et al., 1995),
is a valuable addition to the toolbox of absolute paleointensity
techniques providing estimates of the paleointensity for sites that
fail in heating experiments (de Groot et al., 2013). Relative pale-
ointensity techniques are frequently used on sediments and can
be obtained either by normalizing the NRM using an ARM or IRM
normalizer, or by using the more elaborate pseudo-Thellier ap-
proach (Tauxe et al., 1995). These magnetic-mineral-concentration

normalizing methods compare the NRM of the samples to labo-
ratory magnetizations that are imparted using alternating or high
DC magnetic fields. Importantly, the samples need not to be heated
during the experiments. In case of lavas, thermal alteration effects
that are known to prevent a reliable estimate of the paleointensity
would be avoided; in many studies up to ~80% of the absolute
paleointensity experiments done are affected by thermochemical
alteration. Yu et al. (2003) explored the potential of using the
pseudo-Thellier approach on lavas; he reported a strong grain-size
dependence of the obtained results. Since grain sizes in a suite of
lavas can range from SD to large MD grains, the pseudo-Thellier
method cannot be used straightforwardly to obtain a relative pale-
ointensity curve from such a set of lavas. However, de Groot et al.
(2013) proposed a grain-size selector for which the pseudo-Thellier
method does yield a reliable relative paleointensity record for lavas
meeting the selection criterion. This grain-size selector, the alter-
nating field that imparts half of the saturated ARM in a sample
(Bwarm), can be obtained directly from the pseudo-Thellier experi-
ments; samples with a Byary between 23 and 63 mT are accepted.
For samples passing this selection criterion the relative paleoin-
tensities can be calibrated to absolute paleointensities using the
empirical formula proposed by de Groot et al. (2013).

The first step in a pseudo-Thellier experiment is to AF demag-
netize the NRM of 5-10 samples per site; here 165 samples were
processed. In 17 steps the NRM of the samples is demagnetized
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to 300 mT leaving only a few percent of its initial magnitude.
The fields used are: 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60,
70, 80, 100, 150, 225 and 300 mT. The fields up to 100 mT are
applied by a robotized 2G DC-SQUID magnetometer system that
also measures the magnetizations. The three higher fields are ap-
plied in a custom-built demagnetization coil and measured on the
same robotized magnetometer. For the second step of the pseudo-
Thellier protocol, (p)ARMs are imparted in the samples using the
same set of AF field steps as for the demagnetization part of the
experiment (step 1). The imparting DC field is set to 40 uT. Be-
tween the 225 and 300 mT AF treatments, the ARM generally in-
creases less than 3%, the ARM imparted by 300 mT is therefore re-
garded as the saturated ARM. The third step in the pseudo-Thellier
experiment is to demagnetize the ARM in the samples using the
same AF steps as in the first two steps of the pseudo-Thellier pro-
tocol.

To obtain a reliable pseudo-Thellier result the (p)ARMs should
be carried by the same grains that carried the NRM in the sam-
ples. Therefore the demagnetization steps of the NRM (step 1) are
plotted against the demagnetization steps of the ARM (step 3). If
the same grains carry the NRM and the ARM, the demagnetization
behavior of the two should be proportional and therefore linear to-
wards the origin if the NRM of the sample was fully demagnetized
(Fig. 4a). The pseudo-Thellier Arai diagrams are interpreted for the
AF segment that shows such behavior, generally between 10 and
100 mT. For each specimen the absolute slope of the linear fit in
the Arai diagrams (ARM acquired versus NRM remaining, Fig. 4b)
and the By,arv are calculated. The pseudo-Thellier results for sam-
ples with a Bi,arm between 23 and 63 mT, passing the selection
criterion, are grouped to their age. If an age group consists of three
or more pseudo-Thellier results, these results are averaged and a
standard error is calculated. These averages per age group are then
converted to absolute paleointensity estimates using the empirical
formula of de Groot et al.: By,s = 7.371 x pseudo-Thellier slope
+ 14.661 uT (under the premise that the DC-bias field used in the
ARM acquisitions is set to 40 uT).

The proposed calibration relation, however, was derived from a
suite of Hawaiian lavas and its applicability to other volcanic edi-
fices was unknown. The rock-magnetic group L*, that is abundant
on the Canary Islands was not present in the suite of Hawaiian
lavas from which the calibration relation was obtained. Since it is
very likely that the pseudo-Thellier behavior of lavas not only de-

pends on the grain size distribution as put forward by Yu et al.
(2003), but also on the chemical composition of the remanence
carrying minerals, we choose not to accept pseudo-Thellier results
derived from this rock-magnetic group. Their results are reported
merely to assess the performance of this rock-magnetic group as
discussed below.

Furthermore, the calibration relation was based on a relatively
small range of intensities and the results from samples with pale-
ointensities between 35 and 40 uT were extrapolated to the higher
paleointensities present in the Hawaiian data set. We now compare
the pseudo-Thellier results of sites with higher paleointensities (up
to 80 uT) to results of thermal paleointensity techniques obtained
from the same sites in both the Hawaiian and Canary Islands data
set (Fig. 5). The linear regression through all data provides an
improved calibration relation to convert pseudo-Thellier data into
absolute paleointensity estimates: B,ps = 7.944 x pseudo-Thellier
slope +13.789 uT (with the DC-bias field used in the ARM acquisi-
tions set to 40 uT). The calibration relation in de Groot et al. (2013)
is well within the 95% confidence interval of the updated relation,
and differences between the outcomes of the two relations are
<5% for typical paleointensities. The updated calibration relation,
however, is supported by a broader range of paleointensities eluci-
dating the general applicability of the pseudo-Thellier method for
these fields. Data for units that cooled in a lower Earth’s magnetic
field are unfortunately not available; the problem of the non-zero
y-axis intercept (de Groot et al., 2013) can therefore not be re-
solved by the available data.

From the 165 samples subjected to the pseudo-Thellier proto-
col, 49 exhibit a By,arm between 23 and 63 mT. With at least three
samples per site/age, this yields pseudo-Thellier estimates (using
the improved calibration relation) for nine sites (TF-2, TF-4, TF-5,
TF-6, TF-14, TF-1706, TF-1909; GC-6, and GC-47). For seven of
these sites, the pseudo-Thellier averages are derived from samples
from rock-magnetic groups L, M, and/or H; three of these (TF-6,
-14 and -1706) yield paleointensity estimates between 35 and
40 uT; the paleointensities of the other four (TF-2, TF-4, TE-5, and
GC-6) are notably high: 81.6, 62.2, 58.6, and 52.3 uT, respectively
(Table 3). The pseudo-Thellier averages for the two remaining sites
are derived from samples from rock-magnetic group L* and are not
accepted as reliable paleointensity estimates; they yield: 21.7 and
45.5 T for sites TF-1909 and GC-47, respectively. The details of all
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pseudo-Thellier samples and averages are included in Supplemen-
tary Tables S4 and S5.

6. Discussion
6.1. Comparing paleointensity methods and materials

By using four methods in one paleointensity study and inter-
preting the results using predefined selection criteria, the success
rate in obtaining reliable paleointensities from lavas can be signif-
icantly increased. With our multi-method paleointensity approach
we obtained a reliable paleointensity estimate for 11 out of 19
dated flows, a success rate of almost 60%. This compares well to
the success rate on Hawaiian lavas: 67% (de Groot et al., 2013).
The success rates of the four methods individually are only 32%
(1ZZI-Thellier), 21% (Microwave-Thellier), 16% (MSP-DSC), and 37%
(pseudo-Thellier). For five sites only one of the applied methods
was successful, for the other six at least two methods yielded a re-
liable paleointensity estimate. All four methods were successful in
only one site (GC-6). Differences in the results from various meth-
ods are generally small: often the estimates are within each other’s
confidence interval and/or differ less than 10% (Table 3). If a pale-
ointensity estimate can be confirmed using two or more methods,
the credibility of these results is considerably enhanced (de Groot
et al., 2013; Biggin and Patterson, 2014).

For site GC-6, all four methods yielded reliable results although
the thermal and microwave Thellier results are somewhat higher
than the results of the MSP-DSC and pseudo-Thellier methods. This
might be explained by variations in the three sub-sites of GC-6:
the thermal- and microwave-Thellier averages are dominated by
samples from GC-6C and -D, while only samples from GC-6E could
be interpreted for the pseudo-Thellier estimate; the MSP-DSC re-
sult is an average of all three sub-sites. The difference between the
1ZZI-Thellier and MSP-DSC result of site TF-11 (59.9 and 50.6 uT,
respectively) is harder to explain: both experiments easily pass the
selection criteria applied.

Samples with different rock-magnetic behavior are successful in
certain paleointensity experiments, but fail in others. Samples from
rock-magnetic group H are unsuccessful in thermal paleointensity
experiments, but two out of three sites yield reliable pseudo-

Thellier results. This can be explained by the onset of thermally
induced alteration before a considerable portion of the NRM of the
samples is unblocked, which is avoided in the pseudo-Thellier ex-
periments. The 1ZZI-Thellier method generally works well for rock-
magnetic groups M and M*, with five out of eight flows yielding a
reliable estimate. The microwave yielded good results for samples
from rock-magnetic group L: all three sites tried yielded a proper
paleointensity estimate. Since lava flows are generally not homoge-
neous in terms of rock-magnetic properties (e.g. Biggin et al., 2007;
de Groot et al., 2014), the chances of obtaining a reliable paleoin-
tensity estimate for a particular age can be further increased by
sampling one cooling unit at multiple locations - although this
may in practice not always be feasible; e.g. because of restrictions
in the terrain and the availability of (radiocarbon) datings.

6.2. The veracity of the calibrated pseudo-Thellier method

All pseudo-Thellier results derived from rock-magnetic groups
L, M and H compare well to results from other (thermal) paleoin-
tensity techniques for the same sites - i.e. the differences between
the pseudo-Thellier results and the other paleointensities are not
larger than the mutual variation in the results of other paleoin-
tensity methods per site (Table 3). For rock-magnetic group L*,
however, the pseudo-Thellier results are lower than expected. Site
TF-1909 yielded 22.0 uT, approximately half of the expected value
for 1909 AD; and the value found for GC-47 is on average ~15%
lower than the paleointensities obtained from a site that is only
~80 yrs younger (GC-6) - while an increase in paleointensity is
expected in that period. Since the ARM characteristics of samples
not only depend on grain size (Yu et al., 2003), but also on chem-
ical composition (e.g. Dunlop and Ozdemir, 1997), it is very likely
that the calibration relation also depends on the chemistry of the
remanence carrying minerals - assessed here by their bulk y-T
behavior. This is not considered in the current calibration relation
that is, in fact, surprisingly tolerant in grain size distribution ac-
cepted (i.e. the width of the Biy,arm-window). Here we emphasize
that the chemical composition must also be considered to select
samples for the pseudo-Thellier methods. Currently it is best to
disregard samples from rock-magnetic group L*, but in a future
stage - when measurements from more sites with varying rock-
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Fig. 6. Full vector geomagnetic field record. The declination (panel a), inclination (panel b) and intensity (panel c) results for the past 6000 yrs, with the PFM9K.1b (red
line), and SHA.DIF.14k (blue line) models, with their one standard deviation confidence envelopes (color shading). The declination and inclination data from this study are
depicted as gray diamonds, with the vertical error bar being the «95 interval; data of Kissel et al. (2015) are open circles, Ferk et al. (2011) open diamonds, GEOMAGIA.v3
(Donadini et al., 2009; Korhonen et al., 2008) open squares (GEOMAGIA.v3 query: data type: all; age: —4500 to 2000 AD; geographical region: Europe/Canary Islands). In the
paleointensity panel (c) IZZI-Thellier results are green squares; microwave Thellier results are purple diamonds; red circles are the MSP-DSC results; blue triangles are the
pseudo-Thellier results. Data of Ferk et al. (2011) are open diamonds; GEOMAGIA.v3 data are open squares. The vertical error bars indicate one-standard-deviation confidence
intervals; in some cases the confidence intervals are very narrow and the error bars are not larger than the data points. The horizontal error bars for the data from this
study are one-standard-deviation probability intervals of the INTCAL.13 calibration. If more than one interval was obtained, a horizontal thin gray line connects them and the
thickness of the bars is equivalent to their relative probability. Per site only one horizontal error bar is given, if the results per site do not overlap, a vertical thin gray line
connects them. The horizontal error bars for literature data are depicted as specified in the study (if available). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

magnetic and grain-size distributions become available - both the
grain-size dependence and the chemical composition of the sam-
ples may be considered in an updated pseudo-Thellier calibration.

6.3. Compiling the full vector record

The obtained paleodirections and -intensities can now be com-
piled together with existing data into a full vector record for the
Canary Islands (Fig. 6). The resolution of this record, and therefore
its fidelity, is governed by the availability of well-dated lava flows.
For the declination and inclination two recent geomagnetic models
PFM9K.1b (Nilsson et al., 2014) and SHA.DIF.14k (Pavén-Carrasco
et al., 2014) coincide well with most of our findings. The mod-
els also match some intensity data, but especially the SHA.DIF.14k
model predicts lower values than we found for the period between
~1500 BC to 250 AD.

6.4. Dating of site TF-2

The highest paleointensity reported here is ~80 pT (corre-
sponding to a VADM of ~160 ZAm?) for a flow that is dated
at 1058 AD (Carracedo et al., 2007). Our estimate obtained from
two independent paleointensity methods differs approximately
70 ZAm? from at least 10 coeval VADMs reported by three differ-
ent studies within a 2000 km radius (Fig. 7a); and its inclination
is more than 20° steeper than expected based on geomagnetic
models (Nilsson et al., 2014; Pavén-Carrasco et al.,, 2014) (Fig. 6).
Furthermore, its paleomagnetic direction is close to the paleo-
magnetic direction of site GC-60 (612 BC) and would match the
geomagnetic models between ~400-300 BC (Fig. 6: the declination
matches between ~400-300 BC; the inclination matches between
~700-100 BC, especially with the SHA.DIF.14k model). This pale-
omagnetic dating would place the high paleointensity values in
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Fig. 7. Comparing new data to existing data. A compilation of literature data from a 2000 km-radius around the Canary Islands (panel a) and a comparison to paleointensity
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(2008) in dark blue, Gomez-Paccard et al. (2012a) in green, and Gomez-Paccard et al. (2013) in orange). Data form the Levant (panel b) are from Aitken et al. (1984) in black,
Genevey et al. (2003) in yellow, Gallet et al. (2006) in green, Gallet and Le Goff (2006) in red, Ben-Yosef et al. (2008) in dark blue, Ben-Yosef et al. (2009) in orange, Shaar
et al. (2011) in light blue, Ertepinar et al. (2012) in brown, and Gallet and Butterlin (2014) in pink). The blue line in panel b is a 10-point moving average of the Levant
literature data. A compilation of Balkan data (Tema and Kondopoulou, 2011) is the gray line, with its uncertainty (gray shading). Data from the present study is superimposed
on the literature data in both panels (larger symbols: thermal Thellier green squares, microwave Thellier purple diamonds, MSP-DSC red circles, and pseudo-Thellier blue
triangles). The averages per cooling unit (Table 3) are connected by a red line. The implications of a possibly incorrect dating of site TF-2 (see main text) are indicated by a
gray arrow and red dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a more plausible time frame considering the high paleointensi-
ties found for sites between ~1000 BC-100 AD. The radiocarbon
that was dated and associated with this flow was found just be-
neath the flow in a trench on the edge of what is now a pine
forest (Carracedo et al., 2007). Since we did not carry out the dat-
ing ourselves it is hard to assess whether it is possible that a
younger piece of carbon (e.g. as a result of a forest fire) became
enclosed in the soil that was dated. We emphasize that there is no
further evidence to disregard the radiocarbon dating besides the
paleomagnetic correlation above; our alternative interpretation is
therefore rather tentative.

6.5. Spatial and temporal extent of the Levant intensity high

We selected a number of lavas dating between 1250 BC and
250 AD to assess the spatial and temporal extent of the Lev-
ant intensity high (Genevey et al., 2003; Gallet et al., 2006;
Ben-Yosef et al., 2009; Shaar et al., 2011; Ertepinar et al., 2012).
We find high paleointensities for approximately the same period
(Fig. 7b), although the mean VADMs per site are consistently be-
low the 10-point moving average through the Levant-data - at
least until 723 BC. For the period between ~1050-500 BC, paleoin-
tensity data from other parts of the world are sparse; for Mexico
VADMs of ~82 (Pétronille et al., 2012) and ~105 ZAm? (Duran
et al., 2010) are suggested and Yu (2012) and Hong et al. (2013)
report VADMs of ~80-90 ZAm? for Japan and South Korea, re-
spectively, around ~750 BC. All reported values are much lower
than the values reported for the Middle East (>150 ZAm?) and
the Canary Islands (~125 ZAm?). Although the geomagnetic dipole
was relatively high around 1000 BC (e.g. Hong et al., 2013), the
large synchronous differences between various locations on Earth
cannot sustain a dipolar explanation of the Levant intensity high.
Furthermore, the VADMs reported for the Levant exceed the dipole
contributions to geomagnetic field models by 50% (Korte et al.,
2011); the Levant intensity high must therefore be explained by
higher order contributions, like the intensity highs reported be-

tween 400 AD and today (de Groot et al., 2013). Nevertheless we
notice that the spatial influence of this geomagnetic trait is quite
large - the Levant and the Canary Islands are at approximately the
same latitude, but differ 50-60° in longitude.

To further constrain the Levant intensity high in space and
time, the dating of site TF-2 is critical. Its VADM of ~160 ZAm?
compares well with the 10-point moving average for the Levant
~1000 BC. Based on its paleomagnetic direction, however, TF-2
would be dated to ~400-300 BC. The intensity peak in the Canary
Islands would then occur considerably later than in the Levant, im-
plying a westward motion of this phenomenon. A compilation of
geomagnetic data for the Balkan region (Tema and Kondopoulou,
2011), shows a less prominent peak (up to 125 ZAm?) that post-
dates the Levant intensity high by ~500 yrs. The confidence inter-
vals (both in time and paleointensity) associated with this record,
however, is quite large; and the Balkan is relatively far to the
North compared to the Levant and the Canary Islands. Directional
variations for the Levant, Balkan, and Canary Islands regions fur-
ther substantiate a westward motion of the Levant intensity high.
During the peak in paleointensities in the Levant, the declina-
tions for the Middle East are approximately true North (Ertepinar
et al,, 2012); while the declination at Tenerife is up to ~20-35°
to the East, this is in good agreement with both the Spanish
(Gomez-Paccard et al.,, 2006a) and British (Zananiri et al., 2007)
secular variation master curves. Around ~ 500 BC, the declination
in the Canary Islands is approximately true North, while the decli-
nation for the Levant is more than 10° to the West. The declination
curve for the Balkan - that is better constrained than the inten-
sity curve - shows a change from ~15° East (deviated towards the
longitude of the Levant) to 15° West (deviated towards the Canary
Islands longitude) (Tema and Kondopoulou, 2011). We therefore
hypothesize that the observed behavior may be explained by a
regional field anomaly produced by a strong non-dipole field cen-
tered in the Levant around ~1000 BC and moving to the west at a
rate of 6.7-12.0° per century.
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7. Conclusion

The multi-method paleointensity approach yielded reliable es-
timates of the paleointensity for ~60% of all cooling units sam-
pled in this study. This testifies to its potential to obtain high-
resolution intensity records from volcanic edifices and its applica-
bility to other volcanic areas beyond Hawaii. A further assessment
of the calibrated pseudo-Thellier method corroborates its potential
to provide absolute paleointensity estimates for sites that suffer
from thermally induced alteration during traditional, thermal pa-
leointensity techniques. Our new record for the Canary Islands
reveals paleointensities higher than 100 ZAm? between ~1250 BC
to ~250 AD and provides important constraints for the Levant in-
tensity high. Its influence reached at least 50-60° west, and our
data may suggest a westward movement of this geomagnetic phe-
nomenon at a rate of 6.7-12° per century.
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