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SUMMARY

Regional full-vector palacosecular variation (PSV) curves are essential to further our under-
standing of geodynamo operation. Such curves typically lack palaeointensity information (with
palaeodirectional being much more common), particularly for periods before the Holocene.
Notably low palacointensity values have been reported for significant portions of the Late Qua-
ternary. Here, we present full-vector palacomagnetic from the El Golfo section on El Hierro
(Canary Islands, Spain), spanning the age range between ~120 and ~450 ka, to substantiate
these reported low palacointensity values for the Canary Islands. We sampled 28 flows (mostly
alkaline oceanic basalts of the shield building stage) along the Camino de Jinama, a few kilo-
metres to the south of a section studied by Széréméta et al. for PSV. In line with their results, we
observe an easterly declination deviation of ~14° for the middle and lower part of our section.
We relate this to undersampling of the complete PSV spectrum; rotation of El Hierro since
~500 ka is deemed unlikely. Attempts to date the flows with the *’Ar/*’ Ar method on a multi-
collector instrument were unsuccessful due to the presence of copious amounts of methane in
the extracted gases. Stratigraphic correlation to Széréméta et al.’s section lends support to ages
(technically of very low quality) obtained for the sites reported on here. Importantly, we add
palaeointensity information in the present study, for the first time on El Hierro. Three different
palaeointensity protocols were utilized, IZZI-Thellier, multispecimen, and pseudo-Thellier,
to provide an additional consistency check and to increase the success rate. After applying
strict selection criteria, reliable palaeointensities could be obtained for 18 flows, a success rate
of ~64 per cent. If more than one protocol yielded results for the same flow, the obtained
intensities were often within error of each other, testifying to their robustness. Flows with a
common true mean direction tend to produce similar intensity values as well; this testifies
to the presumed under-sampling of PSV within the section. Obtained palaeointensity values
typically range between ~20 and ~35 T, distinctly lower than the present-day field value of
~39 uT and lower than the average intensity during the Brunhes Chron. The determinations
are in line with other rather low values obtained elsewhere for this particular time span.

Key words: Palaeointensity; Palacomagnetic secular variation; Palacomagnetism; Physics
and chemistry of magma bodies.

1 INTRODUCTION

The Earth’s magnetic field is generated in the liquid outer core of
the planet by processes referred to as the geodynamo. The field
has a higher propensity to reverse polarity when its intensity is
low, usually estimated at corresponding dipole moments <~4x 10?2
Am? (e.g. Valet et al. 2005; Channell et al. 2009). This is deduced
from calibrated relative palacointensity records which are always
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inherently smoothed to a certain degree, apart from potential issues
related to the calibration. Other workers (Lawrence et al. 2009;
Cromwell ef al. 2015) consider 4x10?> Am? within the range of
the stable dipole moment; even lower dipole moments would be
required for the field being prone to reverse. So-called absolute
palaeointensities, that is field intensities in 1T for a given location
that can be converted to a virtual (axial) dipole moment, are tedious
to obtain and therefore remain rather scarce, in particular for periods
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older than the Holocene (cf. compilations by Knudsen et al. 2008;
Ziegler et al. 2008, 2011). The average field intensity over the last
millions of years is considered to be lower than the current field, with
the Holocene field intensity being high. This most recent past 10
kyr are reasonably well constrained by data from lavas and archae-
ological artefacts at least for considerable portions of the northern
hemisphere as illustrated by, for example the CALS family of geo-
magnetic field models (Korte ef al. 2009, 2011). While the average
intensity of the Brunhes Chron is ~20 per cent higher than most of
the underlying Matuyama Chron (Ziegler et al. 2011), longer term
trends within the Brunhes Chron, however, are surprisingly poorly
characterized. It seems that the period between ~200 and ~400
ka featured a lower field intensity as determined for Hawaii (e.g.
Tauxe & Love 2003) but data paucity precludes firm inferences.
To contribute to this issue we recently revisited sites in the Eifel
(Germany) and provided multimethod palaeointensity data for a set
of lava flows (Monster et al. 2018) validating earlier estimates of
Schnepp et al. (1995, 1996). It should be realized that ages of the
lavas may come with a fairly large uncertainty, therefore improv-
ing on age determinations is also a prerequisite to progress. The
inherent resolution of radiometric dating, however, will always be
an issue given the high precision required for geomagnetic applica-
tions. Statistically establishing whether directional groups exist in
data from a stack of lava flows remains mandatory for a meaningful
interpretation in terms of geomagnetic field behaviour.

In this contribution, we present new data from El Hierro, Canary
Islands. We sampled 28 lava flows (age range ~450 to 120 ka) at
a section along the Camino de Jinama, about 4.5 km to the south
of a section sampled by Széréméta et al. (1999) for an analysis of
directional palacosecular variation. No palaeointensity results have
been published for lavas from El Hierro to date. Palacomagnetic
directions from El Hierro, including two from Camino de Jinama,
were published by Guillou ez al. (1996). Palaeointensity studies on
other islands in the Canary archipelago include work on historical
and Holocene lavas (e.g. Soler et al. 1984; de Groot et al. 2015;
Kissel et al. 2015; Monster et al. 2015a; Calvo-Rathert et al. 2016),
and on the periods around the Matuyama-Brunhes and other polarity
transitions (e.g. La Palma: Quidelleur & Valet 1996; Valet et al.
1999; Tenerife: Kissel et al. 2014; La Gomera: Caccavari et al.
2015; Lanzarote: Calvo-Rathert ef al. 2016) and geomagnetic field
excursions (e.g. Quidelleur et al. 1999; Singer et al. 2002). Previous
radiometric ages from El Hierro were mostly obtained using the
K/Ar method (Abdel-Monem et al. 1971, 1972; Fuster et al. 1993;
Guillou et al. 1996; Széréméta et al. 1999). Longpré et al. (2011)
dated four lava flows that straddle the most recent flank collapse
using the “*Ar/* Ar method bracketing its age between ~85 and
~40 ka, distinctly younger than hitherto assumed.

Here we integrate rock magnetic and palacomagnetic experi-
ments using a multimethod palaeointensity approach with radio-
metric dating. Three different palaeointensity methods are used: the
1ZZ1-Thellier protocol (e.g. Tauxe & Staudigel 2004; Yu & Tauxe
2005), the multispecimen protocol (Dekkers & Bohnel 2006; Fabian
& Leonhardt 2010) and the calibrated pseudo-Thellier approach (de
Groot et al. 2013, 2016). This multimethod approach enhances the
(usually low) success rate of palacointensity experiments. More-
over, consistency between results from different methods provides
an important additional reliability check (see also de Groot et al.
2013,2015; Monster et al. 2015a; Calvo-Rathert ef al. 2016, 2016).
In an effort to constrain the age range of the sampled flows, seven
flows were selected for *°Ar/3° Ar dating on the ThermoFisher He-
lix MC multicollector mass spectrometer at the Vrije Universiteit
Amsterdam (The Netherlands). Its unprecedented resolution should
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Figure 1. El Hierro and the Canary Islands. El Hierro (EH) is the most
westerly of the Canaries. The other islands are (from west to east) La Palma
(LP), La Gomera (LG), Tenerife (TF), Gran Canaria (GC), Fuerteventura
(FV) and Lanzarote (LZ). The dashed lines indicate our section, Camino de
Jinama (EH1-29), and Széréméta et al. (1999)’s section a few kilometres to
the north (S1-69) along the El Golfo scarp.

enable to precisely date comparatively young rocks with ages of
less than 500 ka.

2 GEOLOGICAL SETTING AND
SAMPLING

The Canary Islands are part of the Canary Island Seamount Province
(CISP) which comprises more than 100 seamounts and a collection
of islands off coast NW Africa. The CISP developed on ancient
ocean crust, the oldest Atlantic Ocean crust Jurassic in age, rel-
atively close to the continent of Africa. El Hierro is the smallest
and most westerly of the Canary Islands archipelago (Fig. 1) be-
lieved to have formed at the present location of the Canaries hot
spot (Holik et al. 1991). Some of the seamounts are considerably
older than previously thought indicating a protracted hot spot his-
tory with several recurrent episodes of ‘low production’ hotspot
activity with a shallow source (van den Bogaard 2013). Recent
geophysical-petrological lithosphere modelling (Fullea et al. 2015)
infer a strong, non-thinned lithosphere under the CISP and an en-
riched shallow mantle under El Hierro, La Palma and Lanzarote
(Hoernle er al. 1991). The islands were formed in a relatively short
time span. El Hierro lies slightly west from the top of an ancient
seamount (133 Ma), the El Hierro Ridge Seamount (van den Bo-
gaard 2013).

El Hierro and La Palma represent the youngest islands with ages
of <2 Ma (Guillou et al. 1996; Carracedo et al. 1999; Tauxe et al.
2000). They are currently in the so-called declining stage of the
Canary Island volcanic sequence. El Hierro has a typical trilobate
shape, the result of three main phases of eruptive activity during the
shield building phase. Landslides played a critical role in shaping
the island (e.g. Carracedo et al. 1999; Gee et al. 2001). All clift-
bound basins are related to collapse structures. On El Hierro, the
oldest subaerial volcanism of the El Tinor edifice was dated at 1.12
Ma (Guillou et al. 1996). This volcanic edifice developed quickly,
until the northwest flank of the volcanic edifice collapsed at ~880
ka (Guillou et al. 1996). The next stage of development was the El
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Golfo edifice, which formed between approximately 545 and 176 ka
(Guillou et al. 1996). Its north flank collapsed in one (Masson 1996;
Masson et al. 2002) or more (Carracedo et al. 1999) landslides,
creating the spectacular El Golfo valley and scarp. The most recent
phase of volcanic activity consists of Rift volcanism (Carracedo
et al. 2001) that has been dated to 145 to 2.5 ka (Guillou et al.
1996). Very recently in 2011, a submarine eruption occurred near
La Restinga (Carracedo & Troll 2016).

The Canary Islands can be grouped according to the alkalin-
ity of their basalts which is rather constant for each island. The
shield-building stage basalts of El Hierro, that is most rocks on the
island, are alkaline oceanic basalts. They are moderately alkaline;
La Palma and Tenerife are more alkaline (Carracedo et al. 2002).
Very young Rift volcanism rocks on El Hierro comprise trachytes
and phonolites, typical of the declining stage.

We sampled a total of 28 lava flows from the El Golfo and Rift
volcanism phases, located along the Camino de Jinama (EH1-29,
dotted line in Fig. 1). Sites EH5 and EH15 were numbered but not
sampled, EH8 was sampled at two different levels that may be two
separate events. The sampled section starts at about 1250 m a.s.l.
down to approximately 700 m. a.s.l. The section is ~4.5 km to the
south of the section sampled by Széréméta et al. (1999) (S1-69 in
Fig. 1). The section’s schematized stratigraphy is shown in Fig. 2.
Flows, ranging in thickness between 1 and several metres, were
usually easily distinguished by the presence of scorias, pyroclastic
layers or palacosols in between the solid cooling units. The latter
indicate some more time between successive flows given the fair
amount of time needed for developing a soil, also under fairly moist
climate conditions that prevail on the windward northwest coast.

We divided consecutive flows into three groups, referred to as
the upper group (UG, consisting of flows EH1 to EH4), the middle
group (MG, EH7 to EH12) and the lower group (LG, EH16 to
EH29). Between these groups, isolated flows were sampled as well.
A notably thick layer of pyroclastics separates EH4 from EHS,
whereas appreciable palacosols are visible between flows EH6 and
EH7, flows EH15 and EH16, flows EH26 and EH27, and flows
EH28 and EH29. Some less prominent palacosols are indicated as
well on Fig. 2.

The section is occasionally intruded by dykes. We sampled as far
away from these as possible to reduce the risk of thermal overprint-
ing of the flows. Fairly large parts of the section are covered by lush
vegetation given the windward position on the northwest coast of
the island. These parts (omitted from the volcanostratigraphic col-
umn in Fig. 2) may contain a substantial number of lava flows that
cannot be sampled. Széréméta et al. (1999)’s stack, which overlaps
in age with our section, consists of a larger number of flows: 69.
Access to that section along Camino de la Pefia was prohibited due
to rock fall when we visited El Hierro in October 2014.

We took at least 15 cores (1-inch diameter) per flow using a
petrol-powered portable drill; flows EH5 (dangerous drilling con-
ditions) and EH15 (inaccessible) could not be sampled. The cores
were oriented using a magnetic compass and if weather conditions
permitted also a sun compass. Due to the often overcast weather, we
only managed to obtain solar readings for 6 flows (EH2, EH3, EH14,
EH21, EH24 and EH29). These sun compass readings generally de-
viated <3° (maximum <5) from the magnetic compass readings.
As these deviations are not systematic we cannot correct for local
magnetic anomalies influencing our compass readings, but the ob-
served deviations are generally small. Cores were usually taken in
several small clusters that were distributed laterally and vertically
over several metres, while avoiding the top part of the flow that
may have been reheated by the overlying flow. We also took hand
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samples for ** Ar/* Ar dating from seven flows: EH1, EH11, EH14,
EH17, EH22, EH28 and EH29, spanning the entire section (Fig. 2).

3 PALAEOMAGNETIC DIRECTIONS
AND ROCK MAGNETIC
CHARACTERIZATION

3.1 Demagnetization of the NRM and palaecomagnetic
directions

Palacomagnetic directions were obtained using both thermal and
alternating field (AF) demagnetization. Per site, three samples were
thermally demagnetized using temperature steps of 50 °C between
100 and 500 °C and steps of 25 °C between 500 and 600 °C. Most
specimens were measured on a 2 G DC-SQUID magnetometer;
specimens that were outside the 2G’s dynamic range were measured
on an AGICO JR-6 spinner magnetometer. This occurred mainly
for sites that had been remagnetized by lightning.

Five specimens per site were subjected to AF demagnetization
using steps of 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,
90 and 100 mT using a robotized 2 G DC-SQUID magnetometer
in a static 3-axes demagnetization set-up (Mullender et al. 2016).
Additionally, these samples were manually demagnetized at fields
of 150, 225 and 300 mT, and measured on the robotized magne-
tometer. The robotized AF set-up results in significantly less scatter
compared to the thermal data; it should be noted, however, that in
the AF demagnetization experiment samples are fixed in a holder
only once, hence positioning alignment errors are not averaged over
consecutive steps. Samples whose NRM was outside the magne-
tometer’s range were manually demagnetized and measured on a
JR-6 spinner magnetometer using fewer steps: 0, 5, 7.5, 10, 12.5,
15, 20, 25, 35, 50, 70 and 100 mT. All demagnetization data were
analysed using Palacomagnetism.org (Koymans et al. 2016).

Palacomagnetic directions could be obtained for 24 flows, the
primary magnetization of flows EH9, EH10 and EH13 was fully
overprinted. Also, some specimens from EH11 and EH12 immedi-
ately below EH9 and EH10 were affected by lightning to a lesser
extent, as well as some specimens from EH7 (Supplementary Ma-
terial A). The UG flows (EHI1 to EH4) are characterized by small
overprints in their AF Zijderveld diagrams that were removed by 5—
15 mT. Their thermal demagnetization behaviour often appeared to
be rather chaotic. Most MG and LG flows (EH7 to EH29) show uni-
vectorial demagnetization behaviour with essentially no overprints
(Fig. 3, Table 1). The associated k-values are generally >50, which
is often considered the minimum for a paleomagnetic direction from
a single cooling unit (Table 1). The mean directions of flows EH1,
EH7, EH11, EH12, EH17 do not meet this criterion; their direc-
tions are therefore not considered to be reliable spot readings of the
geomagnetic field. XXXX

Like Széréméta et al. (1999) we found predominantly easterly di-
rections (cf. Table 1): the UG flows all yielded declinations of ~30°,
combined with shallow inclinations that are on average 23.9°—a
geocentric axial dipole would yield 46.5° at this latitude. Except for
one, all MG palacomagnetic directions with £ > 50 exhibit easterly
declinations of 4.3° to 16.1°, in combination with large variations in
inclination (27.3° to 46.6°), albeit that these inclinations all are also
low for the latitude of El Hierro. The LG palacomagnetic directions
that meet our k-criterion (EH16 to EH29) produced declinations of
4.3° to 22.8°, with inclinations close to a GAD, varying between
35.4° and 50.0°. The only westerly oriented flows with £ > 50 are
EHG6 (dec = 350.5°), and EHSI (dec = 332.6°).
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Figure 2. Stratigraphy of our section along Camino de Jinama. Large parts of the section were covered by vegetation and difficult to access and are not shown
in this figure, apart from the few metres below EH7 (in white). The sites sampled for Ar/Ar dating are marked with .
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Figure 3. Rock-magnetic characterization. For three typical flows (UG: EH1, MG: EH12, and LW: EH20) the demagnetization spectra (for three samples
each; A, E, I), susceptibility versus temperature analyses (B, E J), Zijderveld diagrams (alternating field demagnetization; C, G, K), and Scanning Electron
Microscopy (SEM) images (D, H, L) are provided. The dashed lines in the susceptibility versus temperature plots indicate the onset of alteration; red arrows
indicate the initial heating cycle, blue arrows the final cooling segment. Closed dots in the Zijderveld diagrams are in the horizontal plane, open dots in the
vertical plane. Based on the SEM images all sites were classified as oxidation class I, II, ITI or IV (Table 1).
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Table 1. Palacomagnetic directions and rock-magnetic results. For each site its stratigraphic group (Strat. Group, U: upper, M: middle, L: lower), location
(UTM coordinates, zone 28R), palacomagnetic directions [declination (dec), inclination (inc), «95, k-value (k) and number of specimens (N)] and some rock
magnetic parameters [Curie (T¢) and alteration (Tyy) temperatures, and oxidation class (Ox.cl.) according to Watkins & Haggerty (1968)] are given. Four
groups of consecutive sites (EH1 to EH4, EH18 to EH20, EH21 and EH22 and EH26 and EH27) pass a common true mean directions (CTMD) test, and their
results are also interpreted as being one event (i.e. site). Sites fully remagnetized by lightning are marked with L, sites partly affected by lightning are marked
with ™. The palacodirections with an associated k-value <50 are deemed unreliable; these sites are marked with ¥. The sites sampled for Ar/Ar analyses are

marked withx.

Location (UTM 28R) Palacomagnetic directions Rock magnetic characterization
Site Strat. group ~ Northing Easting dec inc «95 k N T. (° C) Tat (° C) Ox. Cl.
EHI1 ¥ 8] 206190 3074463 29.5 28.6 10.5 34.0 7 570 300-350 v
EH2 U 206188 3074461 27.3 24.5 6.1 98.9 7 540 400450 -
EH3 8] 206173 3074441 344 20.1 4.7 139.9 8 540 450-500 -
EH4 U 206173 3074443 32.8 23 2.6 4549 8 500 450-500 v
EH1-4 U CTMD 31.2 23.9 3 71.7 30
EH6 206147 3074220 350.5 12.1 7.3 110.8 5 100, 570 300-350 11
EH7 ¥ M 205707 3073754 5 36.3 10.1 36.7 7 180, 400 300-350 11
EHSI M 205661 3073719 3326 70.1 7.7 99.7 5 570 250-300 -
EHS8 M 205651 3073743 43 38.7 39 240.5 7 570 350400 111
EH9 L M 205639 3073747 - - - - - 60, 500, 570 400450 -
EH10 ¢ M 205638 3073747 - - - - - 220 350400 -
EHI11 % M 205635 3073742 55 46.6 8.2 46.6 8 < 100 300-350 I-1I
k(L)
EH12k®) M 205631 3073733 3.1 273 8.7 49.1 7 100 250-300 -1
EH13 L 205599 3073704 - - - - - 570 300-350 -
EH14 % 205591 3073691 13.6 49.6 4.5 152.5 8 60, 570 300-350 111
EH16 L 205459 3073547 9.7 445 3.8 213.5 8 570 250-300 1I-1v
EH17 %K L 205448 3073539 354.7 42.2 15.8 13.2 8 60, 570 300-350 TI-111
EH18 L 205448 3073561 9.4 42.2 6.1 83.4 8 570 250-300 -
EH19 L 205449 3073556 6.8 40 1.9 1010.9 7 550 250-300 111
EH20 L 205447 3073560 7.4 43.2 4.8 159.1 7 570 250-300 1-1v
EH18-20 L CTMD 7.9 41.8 2.5 154.7 22
EH21 L 205442 3073560 11 50.5 4 228.7 7 570 250-300 1-1v
EH22 * L 205435 3073557 8 46.3 4.2 207.5 7 570 300-350 1-I1
EH21-22 L CTMD 9.4 48.4 2.9 188.8 14
EH23 L 205435 3073558 13 42.5 33 282.7 8 540 350400 1-I1
EH24 L 205437 3073558 14.9 354 4.1 183.5 8 570 400450 1-11
EH25 L 205437 3073556 22.8 37.3 44 159.5 8 570 300-350 11
EH26 L 205432 3073547 6.7 42.3 5.5 102.4 8 540 350400 1
EH27 L 205417 3073539 8.1 43.2 34 266.4 8 570 400-450 TI-111
EH26-27 L CTMD 7.4 42.7 3 152.2 16
EH28 * L 205412 3073534 21.7 45.7 4.6 213.1 6 570 250-300 111
EH29 = L 205403 3073529 43 39.5 4.3 166.9 8 570 400450 11

3.2 Rock magnetic and microscopic characterization

All sites were rock magnetically characterized in detail before
the start of the palaeointensity experiments. Information on the
sites’ magnetic domain state, alteration temperatures and Curie
temperatures (T¢) are used to optimize the temperature steps in
the Thellier-Thellier experiments and to choose suitable tempera-
tures for the multispecimen experiments. Alteration and Curie tem-
peratures were determined from susceptibility-versus-temperature
diagrams measured on an AGICO KLY-3S susceptometer with
a CS-3 furnace attachment. Susceptibility was measured dur-
ing nine temperature cycles up to 600 °C, each cycle increas-
ing the temperature by 100 °C and subsequently cooling by 50
°C. We define the alteration temperature as the highest temper-
ature reached in the last thermal cycle that shows reversible be-
haviour. Curie temperatures (Fig. 3, Table 1, Supplementary Mate-
rial A) were determined from the inflection point or points of the
diagrams.

The UG and LG samples are characterized by high (=500 °C)
Curie temperatures and alteration temperatures between 250° and
450° C. The MG samples are more variable: sites EH7, EH10, EH11

and EH12 have low to very low (100200 °C) Curie temperatures,
whereas sites EH8I, EH8 and EH9 have Curie temperatures of 570
°C. EH9 shows a second, very low Curie temperature of ~60 °C
(Table 1, Fig. 3, Supplementary Material A).

Magnetic domain states were assessed by measuring hystere-
sis loops and back-field curves on a MicroSense vibrating sample
magnetometer (VSM). One 8-mm diameter sample (height ~8 mm)
per site was measured. The maximum field applied in the hystere-
sis loops was 1.5 T. We applied a slope correction to remove the
paramagnetic contribution. From these measurements the saturation
remanent magnetization M,, the saturation magnetization M and
the coercive field B, were determined. The coercivity of remanence
B, was obtained from a back-field remanence curve. The M,/Mg
and B,,/B. ratios were plotted on a Day plot (Day et al. 1977). Most
sites plot within the pseudo-single-domain (PSD) range, with EH11
being close to single domain with a M,/M; of 0.44 (Fig. 4). EH6,
two MG sites (EH7 and EH12), as well as two LG sites (EH24 and
EH29) show B.,/B. ratios >5 and could be considered multidomain,
although their M,;/M; values vary between 0.09 and 0.19 and are
relatively high for multidomain behaviour.
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Figure 4. Day plot. Almost all sites are in the pseudo-single domain (PSD)
realm, with the exception of site EH11 that is close to the single domain
range (upper left), and sites EH6 and EH 7 that have very high B,,/B, ratios
(~8) and are therefore considered to be multidomain. Sites EH12, EH24
and EH29 are also close to the multidomain range (lower right).

To check for oxidation and exsolution, thin sections were exam-
ined with a JEOL JCM-6000 table-top scanning electron micro-
scope (SEM) in backscatter mode; acceleration voltage was 10 kV.
Images were taken at magnifications of up to 4000. Sites were
categorized in oxidation classes (Table 1, Fig. 3, Supplementary
Material B); they exhibit variable behaviour [oxidation classes -
IV according to Watkins & Haggerty (1968)]. For example, sites
EH12 (MG) and EH29 (LG) show no or negligible oxidation and
exsolution, whereas abundant ilmenite lamellae are visible in the
SEM images of EH28 (LG). UG sites EH1 and EH4 show mottled
lamellae and/or colour differences within their magnetite grains,
placing them in oxidation class IV.

The seven flows that were prepared for *°Ar/*°Ar dating (EH1,
11,14, 17, 22, 28 and 29) were also studied with an optical mi-
croscope. These images revealed plagioclase, olivine and pyroxene
phenocrysts. Some volcanic glass was observed as well. Site EH28
(LG) consists of much finer grained material than the other six
flows, and contains more volcanic glass than the other sites, which
could pose problems for “° Ar/* Ar dating.

4 PALAEOINTENSITY EXPERIMENTS

4.1 1ZZI-Thellier technique

For each site five samples were initially subjected to the 1ZZI-
Thellier protocol (Tauxe & Staudigel 2004) with pTRM checks
(Coe 1967). Depending on the site’s Curie temperature and ther-
mal demagnetization behaviour we used steps of 50 °C between
100 and 600 °C (samples with high 7¢) or steps of 40 °C from
80 up to 480 °C (samples with lower 7¢), the bias field was set to
40 uT. Subsequently, we measured an additional 2—5 samples us-
ing the same protocol, but with more optimized temperature steps
(only minor changes compared to the original IZZI runs) and a
bias field of 50 puT, for the most promising sites. In total 190 sam-
ples were processed. The data were analysed with ThellierGUI (v.
3.13) using the auto-interpreter function to make the data interpre-
tation as objectively as possible (Shaar & Tauxe 2013). As there
are many sets of selection criteria described in the literature and
none of them stands out as superior over the others (Paterson et al.

2014), we ran the auto-interpreter with six different sets of crite-
ria: PICRIT03, emphasizing the cumulative behaviour of the pTRM
checks (Kissel & Laj 2004); SELCRIT2, with more weight on the
directional behaviour during the Thellier experiment (Biggin et al.
2007); TTA and TTB, with emphasis on the quality of the pTRM
checks (Leonhardt ez al. 2004); all as modified by Paterson et al.
(2014). Furthermore, we apply CROMWELL15 (Cromwell ef al.
2015) that includes a check for the curvature of the Arai diagram;
and Class A (de Groot et al. 2014), that focusses on the fraction
of the Arai diagram interpreted. The CROMWELLIS set is by far
the strictest, and is the only one to include a criterion to test for the
curvature of the Arai diagram. We therefore impose an additional—
rather loose—criterion to assess the curvature of the fit of the Arai
diagram on all sets of criteria: k’ (as defined by Paterson 2011)
<0.35 (Table 2). For our 190 measured samples, 64 individual sam-
ples produced interpretations that passed either one of these selec-
tion criteria; from these a total 1387 interpretations could be made
(see examples in Fig. 5, Table 3, Supplementary Table S1). One
interpretation passed CROMWELLLS, 48 passed modified TTA,
140 passed modified TTB, 321 passed modified PICRIT03, 344
passed modified SELCRIT2 and 160 passed Class A. Of course,
there are interpretations that pass multiple sets of selection criteria;
these doublings were left in the set of interpretations. With that,
a single interpretation passing more sets of selection criteria (em-
phasizing different characteristics of the Arai interpretations) gets
more weight in the averaging per site in the end.

At site level, we only accepted an average if it is the result of in-
terpretations from at least three different samples, and the standard
deviation divided by the palaeointensity is <20 per cent. For the
sites with a common true mean direction the IZZI-Thellier intensity
is also calculated as if these sites were indeed just one. We obtain
an [ZZI-Thellier average for 7 out of our 28 sites. The 4 UG sites
produce consistently very low palacointensities, with an average
palaeointensity of 8.4 &= 1.4 uT. The other sites yield palacointensi-
ties ranging from 19.2 to 40.8 uT, except for site EH25, that yields
a palaeointensity of 61.7 uT.

4.2 Multispecimen experiments

The second palacointensity technique that we applied is the domain-
state-corrected multispecimen (MSP-DSC) protocol (Fabian &
Leonhardt 2010). This extended protocol adds three heating steps
to the original multispecimen protocol proposed by Dekkers and
Bohnel in 2006 (MSP-DB). The measurement temperatures were
chosen below the sites” alteration temperatures as determined from
susceptibility-versus-temperature diagrams. As a further check for
subtle magnetic alteration at the selected temperature, we applied
the ARM test (de Groot et al. 2012). In this test, one core per site
is heated in zero field to the intended MSP temperature, whereas
a second core remains pristine. The samples are not to be AF de-
magnetized prior to the ARM acquisition as it is known that a pre-
liminary AF demagnetization removes subtle, but important signs
of alteration from the samples (de Groot et al. 2012). If the ARM
acquisitions of the heated samples are equal to those of the pris-
tine samples their acquisition behaviour was not altered by a ther-
mal step; hence the MSP method is expected to yield the correct
palaeointensity at that temperature. The ARM test, however, does
not check for progressive thermal alteration, that is alteration that
only occurs or worsens after more than one thermal cycle, such
as the additional steps necessary for the MSP-DSC protocol. The
MSP-DSC protocol has an inherent check for alteration, &, and
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Table 2. 1ZZI-Thellier selection criteria. Six sets of selection criteria were used in this study: PICRITO03 (Kissel & Laj 2004), SELCRIT2 (Biggin et al. 2007),
TTA, TTB (Leonhardt e al. 2004), as modified by Paterson et al. (2014); and CROMWELL1S5 (Cromwell et al. 2015), and Class A (de Groot et al. 2014). The

different criteria are outlined in the Standard Palaeointensity Definitions (Paterson ef al. 2014).

criterion TTA mod (TTA) TTB mod (TTB) SELCRIT2 mod (S) PICRITO03 mod (P) CLASS A (A) Cromwelll5 (C)
n >5 >5 >4 >4 >7
f >0.35 >0.35 >0.35 >0.35 >0.7
B <0.10 <0.15 <0.10 <0.10 <0.10 <0.10
q >5 >1 >1 >5
MADgpc <6.0° <15.0° <15.0° <15.0° <7.0°
MADfree <5.0°
o <15.0° <15.0° <15.0° <10.0°
NpTRM >3
DRAT <10.0 <10.0 <12.5
CDRAT <11.0
§CK <7 <9
Spal <10 <18
SCAT TRUE
FRAC >0.78
Gapmax 506
DANG <10.0°
Ik <0.164
kK’ <0.35 <0.35 <0.35 <0.35 <0.35 <0.35
NRM, = 2.23e + 00Am? 4-8B NRM, = 8.84e + 00Am? 14-4X NRMg =5.37e + 00Am? 21-2
"2 x 1.0°%0) x 104
0|
1.0
0.8 0.8
0.8 1
Z 061 z g
Z z Z
2 =z 0.4 = 0.4
0.4
021 0.2 0.2 , .
pass pass A s sagging
(a) int=10.0 uT (A, C, P, S) & (b)  int=40.4puT (P, S, TTA TTB) (c) k=1.166
0.0 T T T T T T 0.0 T T T T T T T 480 0.0 T T T T T T T T
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Figure 5. 1ZZI Thellier results. The IZZI-Thellier results were interpreted using the auto interpreter function of ThellierGUI (Shaar & Tauxe 2013). Many

interpretations passed more than one set of selection criteria (e.g. 5A, B, D). C = CROMWELLI1S5, P = PICRIT03 modified, S = SELCRIT02 modified,
TTA = ThellierTool A modified, TTB = ThellierTool B modified, A = CLASS A; see also Table 2. ‘Sagging’ was not uncommon in the IZZI-Thellier results
(5C), leading to no interpretations for such a sample. Two-slope behaviour also occurred regularly. When this two-slope behaviour is the result of a low-
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temperature overprint (5D) the high-temperature part yielded results that pass (one of the sets of) selection criteria; sometimes both slopes produced satisfying
results (SE); and when alteration checks fail for the high-temperature segment and the low temperature segment is not overprinted, this low temperature segment
may yield successful interpretations (5F).
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MSP-DSC theory dictates that the line-fit that determines the hori-
zontal axis’ cut-off and thereby the palacointensity, must cross the
vertical axis at —1 (Fabian & Leonhardt 2010). A positive ARM
test in combination with an MSP-DSC line-fit that has an associated
leat] >3.0 and/or does not cross the vertical axis at —1 within its
bootstrap error may be indicative for such progressive alteration.
In this particular case we prefer the MSP-DB result since only one
heating step is necessary for that protocol, on the notion that this
result may very well be slightly too high because of the lack of a do-
main state correction. The MSP experiment was only carried out for
sites that passed the ARM test. The ARM test data were analysed
using a custom-made VBA macro. All multispecimen data were
analysed using MSP-Tool for Excel 2010, this macro can correct
for small alignment errors of the samples’ NRM to the applied field
in the furnace (Monster ef al. 2015b).

Fifteen sites were subjected to the ARM test at temperatures
ranging from 180 to 350 °C tailored to the alteration temperature
of the respective flows (Supplementary Material C). Of these, five
passed the test at the first attempted temperature. An additional five
sites passed the test at a second, lower temperature. For nine out of
these 10 sites, a meaningful MSP palaeointensity could be deter-
mined (Fig. 6, Table 3, Supplementary Material D). All accepted
MSP palaeointensities are between 18.1 and 32.5 uT. As expected
the DSC corrected palacointensities are lower than those from the
DB protocol; downward corrections are between 1.3 and 6.5 uT.

4.3 Pseudo-Thellier method

In the calibrated pseudo-Thellier method (de Groot et al. 2013,
2015, 2016; Paterson et al. 2016), specimens are demagnetized
using alternating fields of increasing strength instead of by heat-
ing them to progressively higher temperatures like in the classic
Thellier—Thellier style methods. Chemical alteration due to heating
is therefore avoided. The first step was AF demagnetization of the
samples (Section 3.1). Secondly, the samples were subjected to an
ARM acquisition using the same AF steps with a bias field of 40 uT.
Finally, the ARM was demagnetized, again at the same field levels.
This ARM demagnetization functions as a reliability check: if the
ARM is carried by the same grains as the NRM, a plot of the ARM
demagnetization against the NRM demagnetization should show a
straight line. To find the sample’s relative palaeointensity, the NRM
remaining after each field step is plotted against the ARM gained
during that same step. This relative intensity can be converted to an
absolute palaeointensity using the empirical relation arising from
data obtained from naturally imparted TRMs (NRMs in volcanic
material) between the slope and the palacointensity: B,,s = 7.718
- pseudo-Thellier slope + 14.600 uT (de Groot ef al. 2016). This
calibration formula is valid for a bias field of 40 1T and for samples
that have gained half of their maximum ARM (the Bj,arm value)
between 23 and 63 mT. Data were analysed using a custom-made
VBA macro for Microsoft Excel 2010.

The calibrated pseudo-Thellier palacointensity experiment was
the most successful of the three methods: 72 specimens (54 per cent)
from 18 different sites passed the Bynarm selection criterion and
showed straight lines in their pseudo-Arai plots (Fig. 7, Table 2 and
Supplementary Material E). The obtained palacointensities were
also generally between ~20 and ~35 T. With 38.7 £ 3.5 uT EHI1
was slightly higher while EH25 with 48.7 & 0.5 uT was distinctly
higher. Importantly, with the calibrated pseudo-Thellier method also
successful palacointensity could be retrieved from two of the sites
that had been partially remagnetized by lightning (EH8I and EH11;
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respectively 23.4 £ 0.7 and 38.7 £ 3.5 uT). Their overprints were
removed by AF fields of ~15 and ~10 mT, respectively; calibrated
pseudo-Thellier palacointensity were obtained using the part of the
Arai plots between 20 and 100 mT, and 15 and 100 mT, respectively.

5 Y“Ar/Ar DATING

Samples from seven flows at critical points in the stratigraphy (EH1,
EH11, EH14, EH17, EH22, EH28 and EH29) were crushed and
sieved followed by standard heavy liquid separation to remove min-
erals such as plagioclase, amphibole and olivine from the ground-
mass. The size fraction 400—500 um was hand-picked under a mi-
croscope to obtain pure groundmass samples without visible phe-
nocrysts. To remove intergrowths, all samples were leached using a
3 per cent solution of nitric acid. Approximately 0.5 g of groundmass
per site was irradiated in CLICIT facility of the OSU Triga reactor
at Oregon State University with fast neutrons for one hour. 20 to 30
grains of Fish Canyon sanidine (FCs) were irradiated together with
each groundmass sample as a neutron fluence monitor.

After irradiation, samples of ~30 grains or ~150 mg were loaded
in either 21 or 5 hole Cu trays, respectively and pre-baked for at
least 24 hr at 150 °C. Next, samples were placed in an in-house
built extraction line and baked for at least 24 hr at 120 °C. The
extraction line is equipped with NP10, ST172 and N10 getters, as
well as a Ti sponge (used both at room temperature and 500 °C) and
a Lauda cold trap set to —60 °C. The gas was gettered for 6 min
before being let into the mass spectrometer. Samples were analysed
in multicollector mode on a ThermoFisher Helix MC multicollector
mass spectrometer at VU University Amsterdam (the Netherlands).
40 Ar was measured on the H2 Faraday cup with a 10'3 Q amplifier,
while ¥Ar, 33Ar, 37 Ar and *®Ar were measured on respectively the
H1, AX, L1 and L2 Compact Discrete Dynode multipliers (CDD).
The five detectors were intercalibrated by measuring CO, present
in the mass spectrometer in dynamic mode. Data were analysed us-
ing ArArCALC (Koppers 2002) and custom-made VBA macros to
convert Qtegra data to the ArArCALC input format and to calculate
and apply the intercalibration correction. Ages were calculated us-
ing an age of 28.201 % 0.046 Ma for Fish Canyon sanidine (Kuiper
et al. 2008) and Min et al. (2000)’s values of the decay constants.

Although optical microscopy did not reveal any minerals that
might hamper obtaining a reliable age except for small amounts
of volcanic glass, none of the seven sites produced an acceptable
plateau or isochron age. Age spectra and isochron plots for EH1,
EH11 and EH14 are shown in Fig. 8. Surprisingly, while the age
spectra of Samples EH1 and EH11 do not not pass generally ac-
cepted criteria for reliability, the obtained ‘ages’ are broadly in line
with what we would expect based on stratigraphic correlation with
Széréméta et al. (1999)’s section. EH14, on the other hand, is older
than would be expected. EH17, EH22, EH28 and EH29 produced
even worse age plateaus; isochron spectra are shown in Supplemen-
tary Material F.

Part of the lack of reliable age spectra can be attributed to severe
peak suppression during the analyses (examples in Supplementary
Material F). This implies that we were not able to sufficiently re-
move contaminants such as water, hydrogen, nitrogen, carbon diox-
ide and/or hydrocarbons (particularly methane) during the cleaning
(gettering) process, leading to unreliable estimates of the amounts of
argon in the samples. Adding another getter, heating the Ti sponge
to 500 °C and using a Lauda cold trap set to —60 °C improved
our measurements somewhat, but unfortunately did not sufficiently
reduce the observed peak suppression.
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Figure 6. Typical multispecimen (MSP) results. The corrected DB protocol is successful for flow EH7 (a); the DSC protocol yield the best interpretation for
site EH22 (b). Both the MSP result (top-left) and the ARM-test (lower-right; de Groot et al. 2012) are provided. Both ARM-tests are technically successful
since the data plots on the diagonal indicating no change in ARM acquisition behaviour after heating. The x-axes intersections of the bootstrapped line fit in the
MSP-plots yield the palaeointensity, here 28.9 and 23.5 uT, respectively. Open dots are data points rejected by the bootstrap approach (Monster et al. 2015b).
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Figure 7. Calibrated pseudo-Thellier results. The pseudo-Thellier slopes are generally very linear, as illustrated by the results of samples EH4-6A (a), and
EH18-1A (b). Minor non-linear behaviour is visible for the lower alternating field levels (top left points) and the highest alternating field levels (bottom right

points). The most linear segment is interpreted.
6 DISCUSSION

6.1 Quality of the “*Ar/*’ Ar ages

As described in the previous section, contaminants in the sample
resulted in peak suppression and thus caused all **Ar/3? Ar experi-
ments essentially to fail. Note that some of the older published K—-Ar
ages (Abdelmonem et al. 1972; Fuster 1993) were also argued to
be inconsistent by Gillou et al. (1996). To identify the source of
the contaminants seriously interfering with our dating effort, we
heated and gettered sample material using our standard procedures,
followed by a peak scan over 0—50 amu (atomic mass units). All
samples appeared to contain large amounts of methane (Fig. S1),
more than 30 times the amount of *’Ar. The gettering capacity of
our system, however, cannot be improved straightforwardly.

The possibility of methane introduction during mineral separa-
tion or irradiation procedures can be excluded, since samples from
a different volcanic edifice (Terceira, the Azores) that were sepa-

rated and irradiated in the same batch did not show this behaviour.
One would expect possible contaminants introduced during the min-
eral separation process to be relatively easily removed during pre-
baking. In addition, samples from the El Golfo sequence on El
Hierro studied by Longpré et al. (2011) who dated the El Golfo
debris avalanche, were also dated in the same VU laboratory on a
different extraction line and mass spectrometer, but with a similar
gas clean-up and gettering approach. Therefore, the high methane
contents have a natural origin related to magmatic processes or to
release from the sediment package between the El Hierro edifice
and the ocean crust.

Before the actual construction of El Hierro starting at ~2 Ma
an approximately 1-km-thick layer of sediments was deposited
on Jurassic-aged ocean crust (e.g. Carracedo & Troll 2016). Note
that the ocean between Fuerteventura and Lanzarote and continen-
tal Africa where up to 10 km of sediment has accumulated is a
prospection target for hydrocarbon exploitation. Eruptive activity
could have entrained methane released from the organic matter in
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the sediments. Abiogenic methane can also form during the ser-
pentinization of ultramafic rocks and subsequently be entrained in
the rising magma. Horita & Berndt (1999) conducted experiments
under conditions similar to those commonly encountered during
serpentinization. It appeared that abiogenic methane forms rapidly
under reducing conditions in the presence of even small amounts of
Ni-Fe contained in olivine solid solution. Horita & Berndt (1999)
therefore suggest that abiogenic methane may be more widespread
than commonly thought.

Hernandez et al. (1998) investigated diffuse emission of CH,,
CO, and *He in the summit crater of Mt Teide on Tenerife. Their
flux measurements indicated a total output of 1.6 tonnes of methane
per day. The origin of this methane is uncertain, although low §'3C
values suggest a biogenic contribution (Hernandez ef al. 1998).
Experimental results of Horita & Berndt (1999), however, indicate
that it is difficult to distinguish between abiogenic and biogenic
methane based on isotopic composition. Next to Mt Teide, methane
argued to be of abiogenic origin or a mixed biogenic-abiogenic
origin has been reported at various locations, such as Precambrian
Shield rocks in Canada and South Africa (Sherwood Lollar et al.
2006) and serpentinized ultramafic rocks in Turkey (Hosgormez
et al. 2008) and the Philippines (Abrajano et al. 1988).

The methane we observe may thus well be of natural origin. If
that is the case, we would expect other K/Ar and *° Ar/*° Ar studies to
have faced similar problems. However, Abdel-Monem et al. (1971,
1972), Guillou et al. (1996), Széréméta et al. (1999) and Longpré
et al. (2011) do not report peak suppression and/or methane con-
tamination. Furthermore, Guillou e al. (1996) and Széréméta et al.
(1999)’s K/Ar dates are all in stratigraphic order, adding to the
reliability of their results. Guillou et al. (1996) do state that ages
published before 1996 by Abdel-Monem et al. (1971, 1972) and
Fuster et al. (1993) are notably inconsistent, but we do not have

sufficient information to link these inconsistencies to methane con-
taminations. The origin of the methane observed in our samples
therefore remains unclear at present. The Camino de Jinama sec-
tion is closer to the then active volcanic vent than the Camino de la
Tefia section, so it may have been more prone to methane contami-
nation.

6.2 Age model of the Camino de la Jimana section

Due to the unreliable “°Ar/* Ar dating results, we had to rely on
stratigraphic correlation using Google Earth (Supplementary ma-
terial G) and palacomagnetic correlation with Széréméta et al.
(1999)’s section. Because of the extensive vegetation cover of rather
large parts in the Camino de Jimana section, it was difficult to fol-
low individual flows from one section to the other. Furthermore,
the number of big palaeosol levels in the two sections is not equal,
complicating correlation attempts.

Comparing the stratigraphic locations of our sites to those of
Széréméta et al. (1999), it would seem that our Upper Group (EH1
to EH4) and EH6 are most likely part of the Rift Volcanism phase
(sites S23-24, S46-65 (S65 is their topmost flow, dated at 134 + 4
ka) and S1 (lowermost flow, dated at 158 =+ 4 ka) of Széréméta et al.
(1999); we label their flows with ‘S’ followed by a flow number).
The age of EHI through EH6 would thus be between 134 + 4 and
158 £ 4 ka. The provisional EH1 age determined in this study, albeit
of dubious quality (Fig. 8), supports this correlation. The palaeosol
below EH6 may be equivalent to the topmost ‘red layer’ (naming
from the Széréméta et al. study) between their S1 and S25 flows,
with S25 representing the uppermost flow of the El Golfo phase.
Rift volcanism flows in the Camino de la Pefia section outnumber
those in the Camino de la Jimana section likely because of the wider
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distribution of vents in the Rift Volcanism phase than in the El Golfo
phase (Carracedo et al. 2001), leading to more local variation.

The tephra deposits between flows EH6 and EH7 could be equiv-
alent to those between S3 and S4. Flow EH7 at the top of our Middle
Group (elevation ~950 m) can be traced with some degree of cer-
tainty to flow S13 at a height of ~425 m. They appear to share
a common true mean direction (CTMD), implying that these may
indeed have been erupted around the same time. Our Middle Group
could then be placed between 261 + 6 and 275 + 6 ka (Széréméta
et al. 1999). The provisional age obtained for EH11 (284 £ 39
ka, Fig. 8) is in line with this. The thick palaeosol between EH15
and the Lower Group unfortunately cannot be found in Széréméta
et al. (1999)’s section. Based on stratigraphic correlation, however,
it seems likely that the lowest part of our section is more or less
equivalent to the lowest part of Széréméta er al. (1999)’s section
and therefore is not older than ~450 ka.

6.3 Palacomagnetic secular variation

Declination, inclination and palaeointensity are plotted in strati-
graphic order in Fig. 10. Sites with a CTMD are encircled and sites
with £ < 50 have an open symbol. The UG sites (Rift volcanism)
represent a spot reading of the field since EH1-4 share a CMTD.
EHG6 is less reliable (k < 50). Therefore we consider further only MG
and LG samples. Like Széréméta et al. (1999) we observed predom-
inantly easterly directions (Fig. 9, top): 13.7° averaged over all MG
and LG samples, compared to 14.2° for Széréméta et al. (1999)’s El
Golfo sequence. Other PSV data for El Hierro are rather scattered.
Watkins (1973) reports average D of 8.5° and [ of 47.1° for a set of
35 flows (87 specimens) broadly allocated with a Pleistocene age
mainly from the Rift and El Golfo volcanic sequences gauging from
their location map. PSV data for La Palma are reported to be con-
form a geocentric axial dipole field (Tauxe ef al. 2000). Also the old
data set of Watkins (1973) consisting of 21 flows [107 specimens;
average (D, I) of 359.5° and 37.6°] supports this inference.

Can the easterly deviation observed for El Hierro be explained
by a vertical axis rotation, as suggested by Széréméta et al. (1999)?
Geologically, a rotation of 15° in less than 450 kyr seems unlikely, as
other Canary Islands are not rotated and El Hierro is not located near
a strike-slip fault which could have accommodated a local rotation.
Other tectonic disturbances, such as the El Golfo flank collapse or
the San Andres fault system on the east coast of the island are inter-
preted to be related to a possibly incipient flank collapse (see e.g.
Day et al. 1999) and should also be considered. An elusive aspect
is that major normal faults which would be related to the El Golfo
collapse(s) are not indicated on the geological map of El Hierro. To
stay on the safe side, Tauxe ez al. (2000) did not include data from El
Hierro in their database for time-averaged field modelling because
of potential tectonic disturbance; they considered especially the El
Golfo section suspect.

We should also consider the possibility that the number of
sampled flow units undersamples the true palacosecular variation.
Therefore, we applied the A95 test (Deenen et al. 2011) to our
combined MG and LG (minus site 81), and the El Golfo data set of
Széréméta et al. (1999), which are roughly equivalent in age. This
test provides an N-dependent A95 envelope (bounded by lower limit
A5, = 12%N~%40 and upper limit A95,,,, = 82xN~063) that can
be used to determine whether a data set has sufficiently sampled
palaeosecular variation and therefore represents geomagnetic field
behaviour. Here, the aspect that some consecutive flows share a
CMTD warrants attention. In essence there are two options: (1)
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Figure 9. Palacosecular variation analyses. Top panel: the observed scatter
in our combined Middle and Lower Group (red triangles) and Széréméta
et al. (1999)’s Rift (black diamonds) and El Golfo (blue squares) sections
compared to the expected scatter from Model G (McFadden et al. 1988)
and TK03.GAD (Tauxe & Kent 2004) (A). The observed scatter is generally
(just) within error of the expected scatter. The open symbols represent the
unfiltered data (all units are counted as individual entries), the solid symbols
are the filtered data (units with a CMTD count as a single entry). Bottom
panel: the VGP distribution of the unfiltered data of Széréméta et al. (1999)’s
Rift (in blue) and El Golfo (in red) sections, and our combined Middle and
Lower Group (in green). All three data sets show an apparent east—west
elongation; the filtered data shows the same trend (not shown).

these flows have been emplaced shortly after each other, that is in
ensemble they represent a spot reading of the geomagnetic field
or (2) the PSV was indeed low for a given amount of time during
which the flows were emplaced. To test between these options Love
(1998) suggested that palacointensity may be used: in absence of
directional field variability, the palacointensity may show substan-
tial variation as indicated by historical field observations. EH1-4,
EH18-20, EH21-22 and EH26-27 share CMTDs (Fig. 9) defined as
directional averages of consecutive flows being statistically indis-
tinguishable (‘A” in the nomenclature of McFadden & McElhinny
1990). CMTD testing was carried out with the Palacomagnetism.org
package (Koymans et al. 2016). The CMTD itself is the Fisherian
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Figure 10. Full-vector geomagnetic information for the Camino de Jinama section. The declination (a), inclination (b) and intensity (c) of the palacofield
are given as a function of site number. The four groups with a Common True Mean Direction (CTMD) are encircled in grey; the palacointensity results are
averaged per method for these CTMD groups (open symbols) and provided in addition to the palaeointensity results per site. The upper (UG), Middle (MG)
and Lower Group (LG) are indicated by vertical grey dashed lines. The horizontal dashed lines are the present-day field values (dd. 2015). Error bars refer to

standard deviations.

mean of the flows involved. Flows with a CTMD appear to show
a similar palaeointensity (Fig. 9), certainly when considering indi-
vidual palaeointensity protocols. EH18-20 and EH21-22 also show
a reasonable between-method coherence; EH1-4 yield remarkably
low 1ZZ1 Thellier values while EH26-27 show overlapping IZZI and
MSP values with notably higher pseudoThellier values. This would
plead for those flows being spot readings of the field. For the sake
of completeness we show both unfiltered data (all units are counted
as individual entries; Fig. 9 open symbols) and filtered data (units
with a CMTD count as single entries; Fig. 9 solid symbols).

As explained earlier on the Deenen et al. (2011) test calcu-
lates the average VGP with scatter envelope for a sample collec-
tion. That envelope should be within the sample-number-dependent
VGP scatter envelope bounded by A95,,.x and A95,,,. Using the
filtered data (N = 15), our combined Middle and Lower Group
does not pass the Deenen ef al. (2011) test: the calculated VGP
scatter A95 = 3.7° while A95,,;, = 4.1° and A95,,.x = 14.9° (for
the unfiltered data (N = 19): A95 = 3.0° while A95,,;, = 3.7°
and A95,,,x = 12.8°). This implies that the determined PSV scat-
ter is lower than that the PSV scatter envelope calculated from the
TKO03.GAD field model (Tauxe & Kent 2004). Our directional data
set thus undersamples true palacosecular variation as it shows in-
sufficient scatter. Széréméta er al. (1999)’s filtered data of the El
Golfo section (N = 28) barely pass the A95 test (Deenen eral. 2011):
A95 =3.3° while A95 i, = 3.2° and A95,,,x = 10.0° (unfiltered data

(N=46): A95=2.7°; A95 i, = 2.6° and A5, = 7.4°). SzEéréméta
et al. (1999)’s filtered Rift sequence (N = 17) shows more scatter:
A95 = 6.0° whereas A95 i, = 3.9° and A95max = 13.8° [unfiltered
data (N =23): A95 =5.9°; A95nin = 3.4° and A95,,,x = 11.4°]. We
also calculated the VGP scatter following McElhinny & McFadden
(1997; upper and lower confidence limits from Cox 1970) for our
combined Middle and Lower Groups, and Széréméta et al. (1999)’s
Rift and El Golfo sequences. As is shown in Fig. 9 (top), these
values are all within error of the expected scatter from TK03.GAD
(Tauxe & Kent 2004) and Model G (McFadden et al. 1988; values
of a and b from McElhinny & McFadden 1997).

From these latter tests, it would seem that our section and those of
Széréméta et al. (1999) do properly sample palacosecular variation.
Both tests yield a conflicting outcome, with the A95 failing (merged
MG and LG) or barely passing (El Golfo data from Széréméta et al.
1999). However, when looking at the VGP distributions of the three
sections in Fig. 10 (bottom), the distributions seem elongated (keep
in mind that a VGP distribution should be Fisherian in absence
of disturbances while direction distributions are always elongated).
To illustrate the extent of this VGP elongation, we applied the E/I
test for inclination shallowing (Tauxe & Kent 2004; calculations
performed in Palacomagnetism.org; Koymans et al. 2016). If these
were sedimentary data, the inclination of Széréméta et al. (1999)’s
filtered El Golfo section would be ‘unflattened’ from ~38° to ~61°.
For the Rift section and our combined Middle and Lower Group,
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the differences between measured and ‘unflattened’ data are much
smaller (3.3° and 7.3°, respectively). We are obviously not dealing
with sedimentary data, but the observed elongation does suggest
that there has indeed been some form of (tectonic) disturbance. The
obtained palaecomagnetic directions should therefore be regarded
with caution, and we refrain from making firm inferences about
possible vertical axis rotation.

6.4 Palaeointensities: reliability and consistency

An 1ZZI Thellier flow average could be obtained for 7 out of 28
sites (25 per cent success rate). Ten out of 15 sites showed a positive
ARM test; 9 yielded an MSP palaeointensity. Calibrated pseudo-
Thellier estimates could be obtained from 18 different flows. The
three different palacointensity methods appear to be broadly sup-
portive of each other (Fig. 10 lowermost panel) given the tedious
rock magnetic behaviour during some of the palaeointensity experi-
ments. For site EH16 MSP and calibrated pseudo-Thellier appear to
be indistinguishable. EH14 and EH28 have nearly overlapping con-
fidence intervals. EH2S5 is less successful in this matter. It should
be realized that both IZZI-Thellier and MSP come with a large
uncertainty envelope for that site. Given its reasonably high cali-
brated pseudo-Thellier intensity, it seems likely that the field was
indeed relatively strong at that moment in time. Sites with only
one successful palacointensity approach yield palacointensities in
line with the others. We now discuss the sites that share a CTMD:
EH1-4, EH18-20, EH21-22 and EH26-27. ‘Within-method’ they all
appear to be consistent, strongly suggesting that they represent spot
readings of the field. EH18-20 (all three methods), EH21-22 (MSP
and calibrated pseudo-Thellier), and EH26-27 (IZZI-Thellier and
MSP; calibrated pseudo-Thellier is markedly higher) are also rea-
sonably consistent with overlapping uncertainty envelopes. EH1-4
does not show consistency between the two technically successful
approaches: IZZI-Thellier and calibrated pseudo-Thellier markedly
differ with the IZZI-Thellier value notably low: just ~8 uT, while
calibrated pseudo-Thellier yields ~21 uT. This may be due to the
current calibration formula used for the pseudo-Thellier results (de
Groot et al. 2016): this empirical relation does not intersect the ori-
gin, hence a pseudo-Thellier slope of 0 results in a palacointensity
of 14.6 uT (see de Groot et al. 2016). Palaeointensities of ~20
1T, however, have been reliably calculated using this calibration
formula, but lower palacointensities cannot be reliably interpreted.
The 1ZZI-Thellier values are therefore probably more reliable for
these sites.

A standing question with the multimethods approach is how to
come to a single palaeointensity value per cooling unit. If the out-
comes of the different methods agree within error, albeit one or
two standard deviations, the palacointensities could be averaged
and an associated uncertainty envelope can be calculated. If the
palaeointensities produced by a single cooling unit differ, however,
it is currently challenging to reject or accept either method over the
other, because a theoretical framework on the quality criteria or ap-
plicability of the different palacointensity methods currently lacks.
Therefore, averaging palacointensities that do not agree within er-
ror, is dangerous since there is no guarantee that the average is
closer to the ‘real’ palacointensity than either one of the results of
the methods used. We noted earlier (de Groot et al. 2016) that the
MSP data are often on the lower end of the spectrum, while the
1ZZ1-Thellier data are on the higher end. Here we observe the same
trend.

Only the palaeointensity results of sites EH16 and EH18 fully
overlap with one standard deviation. Averaging these results yields
palaeointensities of 28.6 and 31.0 puT, respectively. Nevertheless,
we prefer to report the outcomes of the palacointensity methods
individually, so that when they are used (i.e. as input for a geomag-
netic model) they can be accepted, rejected or weighted based on
the latest insights.

The obtained palaeointensities range between ~20 and ~35 uT
is somewhat low compared to the present-day (2015) value of
~38.5 uT. This is in line with observations from e.g. the East
Eifel (Schnepp 1995, 1996; Monster ef al. 2018) which are broadly
coeval. Due to the lack of precise age constraints, it is impossible to
compare our data to geomagnetic field models such as PADM2M
(Ziegler et al. 2011) or palaeointensity stacks such as PISO-1500
(Channell ez al. 2009) and SINT-800/SINT-2000 (Guyodo & Valet
1999; Valet et al. 2005). Converting our range of 20-35 uT to
VADMs, however, yields 4.0-7.0 x 10?2 Am?, in agreement with
the average Brunhes value of 6.2 x 1022 Am? (Ziegler et al. 2011).

7 CONCLUSIONS

Here we presented the first decent full-vector palacomagnetic record
for El Hierro; the palaeointensities were obtained with three inde-
pendent techniques. For 20 out of 28 sites at least one palaeoin-
tensity value could be obtained. When two or more methods were
successful for the same site, palacointensity values appear to have
overlapping or nearly overlapping confidence intervals supporting
their veracity. Two sites, however, show highly deviating palaeoin-
tensity values depending on the technique adopted. These sites we
deem not robust. Our palaeointensities are typically between ~20
and ~35 uT; when converted to VADMs (4-7 x 10> Am?), the ob-
tained palaeointensity values are in agreement with average values
reported by Ziegler et al. (2011) for the Late Quaternary.

The palacomagnetic declinations obtained for our section are
predominantly easterly, deviating by ~14° from true north, sim-
ilar to the value obtained by Széréméta et al. (1999). The scat-
ter due to palacosecular variation in our data are within error of
the scatter expected from Model G (McFadden ef al. 1988) and
TKO03.GAD (Tauxe & Kent 2004) and therefore seems to prop-
erly sample palacosecular variation. Our data, however, do not pass
Deenen et al. (2011)’s A95 test and Széréméta’s data exhibits an
elongated VGP distribution. This hints at some undersampling of
normal palaeosecular variation, hence the observed easterly devi-
ation in the palacomagnetic directions may not fully represent the
average direction of the Earth’s magnetic field. Therefore, we re-
frain from firm interpretations in the context of a suggested tectonic
rotation of the island of El Hierro.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure Al. Day plot, showing Mrs/Ms plotted against Ber/Be. The
SD + MD mixing lines (Dunlop 2002) are shown in grey.

Figure Flab. Four specimens passed the B arv and linearity cri-
teria. EH1-9B was not taken into account.
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Figure F2ab. Only EH2-4A passed the By,arwm criterion.

Figure F3ab. Sample EH3-6A shows an overprint. Otherwise ho-
mogeneous data.

Figure F4ab. Specimen EH4-3A fails the B1/2ARM criterion.
Figure F5ab. All specimens fail the B1/2ARM criterion and show
non-linear behaviour.

Figure Fé6ab. All specimens fail the BI/2ARM criterion and show
non-linear behaviour.

Figure F7ab. These specimens show a lightning-induced overprint
at low AF fields (<20 mT).

Figure F8ab. Except for EHI1-11A, all specimens passed the
B1/2ARM criterion and show linear behaviour.

Figure F9ab. All specimens fail the BI/2ARM criterion.

Figure F10ab. EH14-11A was not taken into account due to non-
linearity.

Figure Fl1lab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F12ab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F13ab. Only two specimens passed the BI/2ARM and lin-
earity criteria.

Figure F14ab. Three out of four specimens passed the BI/2ARM
and linearity criteria.

Figure F15ab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F16ab. Three specimens passed the BI/2ARM and linearity
criteria.

Figure F17ab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F18ab. All specimens passed the BI/2ARM and linearity
criteria. EH23-12A shows an overprint.

Figure F19ab. All specimens failed the BI/2ARM and linearity
criteria.

Figure F20ab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F21ab. All specimens failed the B1/2ARM criterion.
Figure F22ab. EH27-9A was not taken into account in the average
because its BI/2ARM <23.

Figure F23ab. All specimens passed the BI/2ARM and linearity
criteria.

Figure F24ab. All specimens failed the B1/2ARM criterion.

Fig. G1 Peak scan from atomic mass 0 to 50 u. The methane signal
at c. 16 u is c. 100 times larger than the *°Ar signal. Because

Full-vector geomagnetic record from El Hierro 1717

of this large amount of methane, the ionization process was often
incomplete, leading to peak suppression.

Fig. G2 “°Ar signal as measured on the Helix MC. These results are
from the first measurement of these samples. In later measurements,
more getters were employed to better filter out contaminants such
as methane and thus reduce the amount of peak suppression. Left:
This heating step of site EH1 shows severe peak suppression. Right:
In this case (site EH29), a regression can be calculated through the
last 9 data points.

Fig. G3 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH1, adapted from ArArCALC-generated plots.
This site shows no real plateau and rather noisy isochrons. The
smaller squares in the isochrons represent the discarded steps.

Fig. G4 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH11, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Fig. G5a Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH14, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Fig. G6 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH17, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Fig. G7 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH22, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Fig. G8 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH28, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Fig. G9 Age plateau, K/Ca plateau, normal isochron and inverse
isochron for site EH29, adapted from ArArCALC-generated plots.
The smaller squares in the isochrons represent the discarded steps.
Figure H1. Stratigraphic correlation between our section along
Camino de Jinama (in red) and Széréméta et al. (1999)’s section
along Camino de la Tefia (in yellow). Image created using Google
Earth. The ‘wobbles’ in some of the white lines are due to the
software.
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