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We present new palaeointensity and palaeodirectional results from the Matuyama-Brunhes geomag-
netic field reversal. Volcanic sequences from La Palma and Guadeloupe record the Matuyama-Brunhes
boundary, possible precursors, and fluctuations in the magnetic field prior to the main polarity reversal.
Absolute palaeointensity was determined using the microwave technique and palaeodirectional results
were obtained from thermal demagnetisation. Ten flows from the 29 flows studied gave reliable mean
palaeointensities; however, only 1 of the 10 flows records a transitional direction. The VDM determined
from this flow is 1.9 + 0.6 (+0) x 1022 AmZ2. Analysis of all Matuyama-Brunhes data suggests that the
main directional changes occurred once the VDM was reduced below 3 x 1022 A m2(~35% of the present

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

The behaviour of the geomagnetic field during reversals is
unclear. Understanding the global temporal evolution of the geo-
magnetic field during reversals can provide important constraints
on conditions at the core-mantle boundary and on geodynamo
processes (Olson and Amit, 2006). Many palaeomagnetic stud-
ies from both sedimentary and lava sequences have sought to
uncover details of the reversal process. To fully characterise the
behaviour of the geomagnetic field the full magnetic vector must be
calculated, requiring both directional and intensity data. Sedimen-
tary sequences provide a quasi-continuous record of directional
changes (Coe and Glen, 2004), but lack absolute palaeointen-
sity data. Volcanic records can provide both palaeodirection and
absolute palaeointensity; however, they only record fragmentary
behaviour of the field at one location on the Earth’s surface and
where multiple records exist it is extremely difficult to correlate
them temporally and establish features globally (Constable, 1990;
Gubbins, 1999; Brown et al., 2007; Leonhardt and Fabian, 2007).

The fidelity of both sedimentary and volcanic records is of con-
cern. Problems affecting sedimentary records include: secondary
magnetic overprints that can be difficult to remove (Valet et al.,
1988); smoothing of the geomagnetic signal caused by low sed-
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imentation rates (Channell and Lehman, 1997; Channell et al.,
2004) or to delayed NRM acquisition related to diagenesis and
grain growth chemical-remanence mechanisms (Langereis et al.,
1992; van Hoof et al., 1993); shallowing of inclination (Celaya and
Clement, 1988; Barton and McFadden, 1996; Tauxe and Kent, 2004;
Tanetal.,,2007); and drilling induced remanence (Fuller and Hasted,
1997).

Determining absolute palaeointensity from volcanic rocks is
also problematic, the accuracy of determinations being affected by
the natural state of the samples and by laboratory experiments.
The majority of volcanic samples contain a mixture of magnetic
remanence carriers, which can cause non-ideal behaviour during
palaeointensity experiments. Samples may have been oxidised at
high or low temperatures in nature, possibly resulting in consider-
ably inaccurate determinations (Tanaka and Kono, 1991; Yamamoto
et al., 2003; Tarduno and Smirnov, 2004; Smirnov and Tarduno,
2005; Yamamoto, 2006; Biggin et al., 2007a). In the laboratory,
methods that use bulk heating (Thellier and Thellier, 1959; Shaw,
1974) can cause alteration of magnetic minerals, changing the
relationship between applied magnetic field and thermoremanent
magnetisation (TRM): a common reason for the failure of palaeoin-
tensity experiments. Cooling rate differences between nature and
the laboratory can also cause over or underestimation of palaeoin-
tensity depending upon the dominant remanence carrier (Fox and
Aitken, 1980; Halgedahl et al., 1980; Leonhardt et al., 2006). The best
method to obtain accurate absolute palaeointensity determinations
without ambiguity from non-ideal recorders is still disputed; how-
ever, new techniques (Hill and Shaw, 1999; Cottrell and Tarduno,
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Fig. 1. Location map for lava flows that record the MB reversal. La Palma (Quidelleur and Valet, 1996; Valet et al., 1998, 1999; Quidelleur et al., 1999, 2002, 2003; Singer et al.,
2002), Guadeloupe (Carlut et al., 2000; Carlut and Quidelleur, 2000), Tahiti (Chauvin et al., 1990; Mochizuki et al., 2005), Tatara San Pedro (Brown et al., 1994, 2004; Gratton
et al., 2007), Maui (Coe et al., 2004), Tongjing (Zhu et al., 1991), Sdo Miguel (Johnson et al., 1998).

1999; Yamamoto et al., 2003; Dekkers and B6hnel, 2006) and new
protocols for the Thellier method (Riisager and Riisager, 2001;
Fabian, 2001; Yu et al., 2004; Biggin et al., 2007b) have made sig-
nificant improvements in obtaining accurate data and in detecting
data affected by non-ideal remanence carriers.

In addition to having reliable magnetic measurements, accu-
rate dating of both sedimentary and volcanic reversal sequences
is required to correlate geomagnetic field variations globally and
to constrain the core processes that generate the magnetic field
(Singer et al., 2005; Leonhardt and Fabian, 2007). The need for accu-
rate dating is highlighted when the possible complexity and global
non-uniformity of the field during a reversal is considered (Coe and
Glen, 2004; Brown et al., 2007).

The Matuyama-Brunhes (MB) reversal is the most recent geo-
magnetic field reversal and is recorded in numerous sedimentary
sequences and by 16 volcanic sequences at seven locations globally
(Fig. 1).It has also been recorded in the sediments at the Acheulean
site of Gesher Benot Ya’aqov, Israel (Verosub et al., 1998; Goren-
Inbar et al., 2000). It provides our best chance to characterise a
reversal globally.

Astronomical dating, using tuned oxygen isotopes from sedi-
ments, places the main polarity change at 781 4 2 ka in the Atlantic
and at 775+ 2 ka from cores from the Indian-Pacific-Caribbean
(Tauxe et al., 1996). A significant reduction in intensity approx-
imately 15kyr before the main polarity change is also recorded
(Hartl and Tauxe, 1996). Astronomical dates from Yamazaki and Oda
(2001) from South Atlantic anoxic sediments agree with the 781 ka
estimate of Tauxe et al. (1996). They also date a number of large
geomagnetic field fluctuations before the main polarity change to
be between 788 ka and 795 ka. Channell et al. (2004) using Atlantic
sediments south of Iceland have dated the mid-point of the rever-
sal to be between approximately 772.5ka and 773.5ka, younger
than the mean estimates of previous estimates; however, within
the range of results obtained by Tauxe et al. (1996): 769.9 & 3.8 ka
to 784.2 + 19.4 ka (from 18 sites). The variations in dating could be
caused by problems with the sedimentary recording process and/or
by real global offsets in the timing of directional changes (Coe et al.,
2000; Brown et al., 2007; Leonhardt and Fabian, 2007).

40Ar/ 39Ar dating of lava flows has identified features that may
relate to the reversal process or other large fluctuations in the
geomagnetic field between 776 ka and 798 ka (Singer et al., 2002;
Brown et al., 2004; Coe et al., 2004; Singer et al., 2005). 40K/ 40Ar
dating has determined lava flows erupted between approximately
777 kaand 825 ka that again record the MB transition and large vari-
ations in the geomagnetic field, which may or may not relate to the
reversal process (Valet et al., 1999; Carlut et al., 2000; Carlut and

Quidelleur, 2000; Quidelleur et al., 2002, 2003). 1°Be records from
Antarctic ice cores have also been used to calculate virtual axial
dipole moment (VADM) variations at the time of the MB reversal.
Raisbeck et al. (2006) calculated two intensity lows, one related to
the main polarity change at approximately 780 ka and another at
approximately 800 ka.

Global modelling of the MB reversal has been attempted by Shao
et al. (1999) and Leonhardt and Fabian (2007) with the IMMAB4
model of Leonhardt and Fabian (2007) being particularly impres-
sive in its approach and its reproducibility of some features of the
MB transitional field; however, as the authors note, more detailed
palaeomagnetic records of transitional fields are required to gain
furtherinsightinto the reversal process. We aim to provide new reli-
able microwave palaeointensity and thermal palaeodirection data
for the reversal. In this study we have revisited four sections from
the island of La Palma, Canary Islands, and one section from the
island of Guadeloupe, West Indies. A recent study of the MB rever-
sal by Gratton et al. (2007) using the microwave palaeointensity
technique was able to determine palaeointensity from a series of
lava flows from Chile recording the transitional field. This moti-
vated us to re-examine these sections with the hope of improving
the palaeointensity record.

2. Background
2.1. La Palma

The island of La Palma in the Canary Archipelago (Fig. 2a and b)
is positioned on the slow moving African plate approximately 100
km north of the possible emergence of a mantle plume beneath the
island of El Hierro (Praegel and Holm, 2006). Apart from the Hawai-
ian Islands, the Canary Islands are the most studied group of islands
in the world (Carracedo et al., 1998). Unlike other intraplate oceanic
islands, such as the Hawaiian-Emperor chain, the Canary Islands
are located over very old crust (the crust underlying La Palma and
El Hierro being 150-156 Ma; Watts, 1994) and are near a passive
continental margin (Carracedo et al., 2007). The archeapelago has
developed over the last 30 million years, with the age of the islands
increasing from east to west (Carracedo et al., 1998), possibly as a
result of the west—east movement of the African plate over a mantle
hotspot (Holik et al., 1991; Guillou et al., 2001).

La Palma rises 6500 m above the sea floor and 2400 m above
sea level (Valet et al., 1999). La Palma is presently in the shield-
stage of growth and is the fast growing island in the archipelago
(Carracedo et al., 1999; Guillou et al., 2001). It can be divided into
three main geological units (Singer et al., 2002): (1) basement



M.C. Brown et al. / Physics of the Earth and Planetary Interiors 173 (2009) 75-102 77

(a) -
@ AS/AN
ME/ET @
()
270 C
_ v
'_i‘ ; :ﬂ
e 7 - 5
20 f/r ; o o V
i? e GV
| . Guadeloupe 1|
o \; W) “
;;_.,.{,\Q. . . ; 3
W ] /5_\“\ o .,“’
% 4 = e
10 (\5\.\\\ P ?\ B “n.\\ 10
270 280 290 300

(b)
342 343 344 345 346 347
30 30
Canary Islands
La Palma B
. _ Lanzaroief/_/,« 2
Tenerife Pind
4 /o
L 4 jr 4
*v & FeUI:f;ventura 28
=y LaGomera .~ )
By Gran Western Sahara/
El Hierro . )
Canaria Africa  /
- 27
342 343 344 345 346 347

298" 00" 298" 30 299° 00'

P 16° 30'
Basse Terre ) Grande Terre
{ b \ b
Morne | )
Marigot |
16° 00" N . 16 00'

298" 00" 298" 30 299" 00

Fig. 2. (a) Map of La Palma with studied sections labelled. (b) La Palma in relation to the other Canary Islands. (c) Guadeloupe’s position in the Caribbean island chain. (d)
Location of the Morne Marigot quarry sections on the island of Basse Terre, Guadeloupe.

intrusive rocks exposed in the Caldera de Taburiente, which are
part of the exhumed Pliocene sea mount; (2) older subaerial lavas
which form the Taburiente and Bejenado volcanoes; (3) the younger
Cumbre Vieja volcano (Staudigel et al., 1986; Guillou et al., 1998;
Carracedo et al., 1999). The Taburiente Volcano formed the north
part of the island during the Matuyama and Brunhes chrons, with
40K/ 40Ar and 40Ar/ 39Ar ages dating lavas between 1.6 Ma to 0.5 Ma
(Carracedo et al., 1999; Quidelleur et al., 1999, 2002, 2003; Tauxe
et al,, 2000; Valet et al., 1999; Guillou et al., 2001).

ME and ET sections previously studied by Valetetal. (1998, 1999)
are located at El Time in the western part of La Palma (Fig. 2a)
and are part of the northwestern flank of the Caldera de Taburi-
ente, which was formed by large landslides (Ancochea et al., 1994).
This section either belongs to the Upper Old Series (Ancochea et al.,
1994) or the Cumbre Nueva Series (Navarro and Coello, 1993) and
therefore could have originated from two different eruptive centres.
Palaeosol and cindercone layers are common throughout both sec-
tions. The ET section is especially complicated, with flows pinching
in and out and intersected by dykes.

Palaeomagnetic sampling was conducted in March 2006. Using
previous field notes (VS) and markers left by Valet et al. (1998, 1999)
we sampled the same sections and flows as Valet et al. (1999). The
ME and ET sections are located at 28.67°N, 17.94°W, approximately
700 m apart along the road LP-1. All flows are approximately hori-
zontal; however, given their thin nature and the distance between
the sections, it was not possible to correlate the two sections in the
field. We sampled five flows from the ET section and the top 20 flows
of the ME section. All cores taken as part of this study were 25 mm
in diameter. 11 cores were taken from the ET flows and 100 from
the ME flows. We sampled the centres of the flows to avoid prob-
lems with remagnetisation by overlying flows (Valet et al., 1998).
40K/ 40Ar dates place from the ME section two flows either side of
the polarity reversal at 788 + 12 ka and 784 + 13 ka (Quidelleur et
al.,, 2003).

The study of Valet et al. (1999) provides one of the most detailed
records on palaeointensity variations around a geomagnetic field
reversal. Although no transitional directions were obtained from
these sections, palaeointensity was determined from 45 volcanic

units. Results varied from 15 T to 60 T for a number of flows
with stable directions before reducing to ~7 wT prior to the polarity
change. Palaeointensity after the reversal was also variable, recover-
ing to ~60 wT. Compared with other intensity data from the PINT03
database (Perrin and Schnepp, 2004) for the last 5 Ma these results
seem anomalously high. The palaeointensity records from the ME
and ET sections were used to calibrate the relative intensity data
from the sedimentary records used in IMMAB4 (Leonhardt and
Fabian, 2007).

The AS and AN sections are located in the Barranco del Agua, in
the north east of the island (Fig. 2a) (28.80°N, 17.77°W). The lava
flows are basaltic and part of the Upper Old Series of the Taburi-
ente Stratovolcano (Navarro and Coello, 1993). It is unclear whether
these flows are from the same eruptive centre that produced the
flows at El Time. Scoria layers (in one case 5metres thick) and
palaeosols are again seen.

We roughly followed the sampling of Quidelleur and Valet
(1996) and Singer et al. (2002) on the southern side of the gorge;
the AS section (LL in Quidelleur and Valet, 1996 and TS in Singer et
al., 2002). For the northern side of the gorge (AN section) we fol-
lowed the vertical section chosen by Quidelleur and Valet (1996)
(LS section). The TN section from Singer et al. (2002) was difficult
to trace and we were not confident that we could resolve an accu-
rate stratigraphy. The large number of flows and ambiguity in the
delimitation of some of the flows means that the results from our
study and the Quidelleur and Valet (1996) and Singer et al. (2002)
studies cannot be directly compared. 77 cores were taken from 20
flows from the AS section that sample the time around the rever-
sal (107 cores from 29 flows were sampled in total; the youngest
flows contain an excursion around 600 ka (Quidelleur et al., 1999)
or 580Kka (Singer et al., 2002)). 57 cores were taken from 16 flows
from the AN section.

Quidelleur and Valet (1996) obtained both palaeodirection and
palaeointensity results from flows on both sides of the gorge.
Palaeointensity was obtained from 17 flows; however, results from
9 flows were corrected using the method of Valet et al. (1996).
Palaeointensity prior to the polarity change is low with a mini-
mum value of 4 uT. One 49K/ 40Ar date of 797 + 12 ka was obtained
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from the northern side of the gorge from a reversed polarity flow
(Quidelleur et al., 2002). No transitional directions were obtained in
the Quidelleur and Valet (1996) study; however, Singer et al. (2002)
sampling a different section on the northern side of the gorge found
two flows that recorded transitionally reversed directions. These
flows were dated by 40Ar/ 39Ar to be 780 + 10ka and 803 + 10Kka.
Two flows lower in the stratigraphy were dated at 791 + 19ka and
796 + 10 ka and Singer etal. (2002,2005) suggest these flows record
a precursor event to the main polarity change of the MB (Hartl and
Tauxe, 1996; Brown et al., 2004; Gratton et al., 2007).

2.2. Guadeloupe

The volcanic island of Guadeloupe is situated in the West
Indies in the Atlantic Ocean (Fig. 2a) and is part of an island
arc resulting from the subduction of the Atlantic plate under the
Caribbean plate (Komorowski et al., 2005). The island is divided
into two distinct parts; the older Grande-Terre in the east and
Basse-Terre to the west. Grande-Terre comprises older volcanics of
pre-Miocene age overlain with Pleistocene limestone, while Basse-
Terre is entirely volcanic; the oldest parts of the island thought to
be no older than 2.79 Ma from 49K/ 49Ar dating methods (Samper
et al., 2007).

Palaeomagnetic sampling took place in March 2005 (MCB and
MNG) and was concentrated on the southern part of the west coast
of Basse Terre (Fig. 2b), where the age of volcanism was determined
to be less than 1 Ma by 49K/ 40Ar dating (Blanc, 1983; Carlut et al.,
2000, further 49K/ 49Ar dating by Samper et al., 2007 subsequent to
our field trip is in agreement with this conclusion). The sampling
sites for this study are: (1) Morne Marigot quarry (16.1°N, 298.2°E),
at a rare exposure of superposed andesitic lavas (heavy vegetation
on the island prevents good rock exposure); (2) a river cut section
~500 m to the south west of the quarry and ~20 m below the base
of the quarry.

We re-sampled the same Morne Marigot quarry flows studied
in Carlut et al. (2000) and Carlut and Quidelleur (2000). Carlut
and Quidelleur (2000) first identified field variations related to the
MB reversal in sections at Morne Marigot in three flows. Follow-
ing alternating field and thermal demagnetisation experiments, a
change in polarity up the sequence, from transitional to reversed
to normal from bottom to top, was observed. 40K/ 49Ar dating
of the lava flows yielded dates of 777 &+ 14 ka for the stratigraph-
ically lowest (transitional) flow (GU09) and 785 + 19ka for the
stratigraphically highest (normal) flow (GU11), respectively. These
ages identified the sequence as partially recording the MB rever-
sal. Carlut et al. (2000) carried out palaeointensity experiments on
these three flows, using the double-heating variant of the Thellier
method (Coe, 1967). Some experiments were conducted in an Argon
atmosphere, and some heated in air. Four samples yielded a mean
flow value of 5.5+ 1.0 uT for the reversed flow (GU09) and two
samples yielded a mean flow value of 11.0 & 2.7 T for the normal
flow (GU11), with one value corrected for non-linearity in the Arai-
Nagata plot, using the correction method of (Valet et al., 1996). The
transitional polarity flow (GU10) did not yield any palaeointensities
because of thermochemical alteration observed during the Thellier
experiments (Carlut et al., 2000). It is the failure of the Thermal
palaeointensity experiments that prompted us to try microwave
palaeointensity analysis to obtain transitional palaeointensity data
from this section.

In this study we have called flows GU09, GU10 and GU11 from
Carlut et al. (2000) and Carlut and Quidelleur (2000) GO1, GO2 and
GO03 and divided the quarry into three vertical sections: A, B and
C. Vertical sections were approximately 55 m apart. The A section
included all three flows; B included GO1 and G02; C only sampled
GO1. The quarry was heavily vegetated so exposure was limited.
GO1 is the lowest stratigraphic unit of these three and is 160 m

in lateral extent, with an average flow thickness of 7m with 4m
of scoria on top; GO2 is 10 m thick on average with 3 m of scoria
above that; GO03 is the highest stratigraphic unit and is on aver-
age 3 m thick with 3 m of scoria above that. 20 cores were sampled
from GO1, 14 were sampled from G02 and 8 were sampled from
GO03. Cores were taken in vertical sections throughout the thick-
ness of the flows, with sample 01 being near to base of the exposed
flow.

The river cut section is labelled GD and has not been sampled
before. No radiometric dates exist; however, the height of the flow
and the roughly horizontal dip of the flows in this area suggests that
GD is older than the sequence at Morne Marigot. It was sampled
to provide directional and palaeointensity information prior to the
transitional sequence. 8 cores were sampled.

The La Palma flows are labelled in ascending number order from
oldest to youngest and also given a flow number (FN). All graphs
showing results from individual flows are plotted as flow number.
For the Guadeloupe flows we have retained the names assigned in
the field and we have again given the flows a flow number. Con-
versions of the Guadeloupe field names to the flow numbers are
shown in Table A.4.

3. Methods
3.1. Rock magnetic methods

A number of magnetic property measurements were made on
samples from the La Palma and Guadeloupe sections to evaluate
their suitability for palaeointensity experiments and to identify
those samples which might be expected to give the most accurate
results. Multiple measurements were made on 5 mm sub-samples
from 25 mm cores and from multiple 25 mm cores per flows. Hys-
teresis and back field coercivity measurements were carried out on
a Variable Field Translation Balance (MMVFTB) at the University
of Liverpool and on a Princeton Measurement Corporation Micro-
Mag 2900 vibrating sample magnetometer (VSM) at the Institute
for Rock Magnetism, University of Minnesota. Hysteresis measure-
ments allow the determination of saturation magnetisation, Ms,
saturation of remanence, M, and coercivity, H¢; back field rema-
nence measurements give H.. These measurements have been
used to calculate ratios of M;s/Ms and H¢/H: and plotted as a
Day plot (Day et al., 1977) or a squareness plot (Tauxe et al.,
2002).

Thermomagnetic measurements were carried out in air using
the MMVFTB. Magnetisation in an applied field of 0.75 T was mea-
sured as temperature was increased from room temperature to
700° C and then allowed to cool back to room temperature. All ther-
momagnetic curves are corrected for their paramagnetic content,
calculated from hysteresis measurements on the same sample prior
to heating using the VFTB. Curie temperature is determined using
the extrapolation method (Moskowitz, 1981). The titanium content
of the titanomagnetite is estimated using a polynomial fit to exper-
imental data for synthetic titanomagnetites (Bleil and Petersen,
1982). We recognise the limitations of this approach for determin-
ing the composition of natural titanomagnetites (see Lattard et al.,
2006).

Low temperature susceptibility was measured on a small num-
ber of samples from the ME section using a Quantum Design
Magnetic Properties Measurement System at the Institute for Rock
Magnetism, University of Minnesota. Temperature was increased
from 5K to 300K and measured at 1 Hz. Multiple samples per flow
were measured on a Bartington MS2 susceptibility meter at the
Geomagnetism Laboratory, University of Liverpool. 1 mm x 5 mm
discs of the cores were placed in liquid nitrogen for 20 min and
then allowed to heat up in the ambient conditions of the laboratory
while susceptibility was continuously measured.
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3.2. Thermal demagnetisation

Thermal demagnetisation was used to obtain palaeodirections
from samples from La Palma and Guadeloupe. A Magnetic Measure-
ments thermal demagnetiser was used to demagnetise the samples
and magnetic measurements were made using a Molspin spinner
magnetometer. Samples were demagnetised in 50° C steps up to
500° C and then in 20° C steps until the remanent magnetisa-
tion was lost (typically around 540°C). Multiple 25 mm samples
per flow were used to determine the directional changes recorded
in the AS, AN and Guadeloupe sections (see tables in Appendix A).
Only one sample per flow was used for the ME section as our initial
results were in agreement with those obtained by Valet et al. (1999).
Flows from the ET section appeared very weathered when sam-
pled in the field and pilot microwave demagnetisation experiments
revealed multiple components of magnetisation. These samples are
not suitable for directional or palaeointensity analysis and no fur-
ther experiments were performed on samples from this section.

3.3. Microwave palaeointensity method

The microwave method is an alternative to thermal techniques
and can substantially limit thermochemical alteration of mag-
netic grains during experimentation; such alteration is the main
reason for the failure of palaeointensity experiments with ther-
mal techniques such as the Thellier (Thellier and Thellier, 1959;
Coe, 1967) and Shaw techniques (Shaw, 1974; Rolph and Shaw,
1985). Thermal methods involve bulk heating samples, creating
phonons (lattice vibrations) that then generate magnons (elec-
tron spin waves) causing the magnetic grains to demagnetise in
a zero field. The microwave procedure does not use bulk heating
of the sample matrix, but instead uses high-frequency microwaves
that are resonant with the magnetic grains, exciting the magnons
within those grains directly (Walton, 2002, 20044, b; Walton et
al., 2004). It has been shown by Hill et al. (2002a) and Biggin et
al. (2007b) that in most cases were both methods are successful
microwave-thermoremanent magnetisation (Ty;RM) is equivalent
to conventional thermoremanent magnetisation (TRM).

From January 2007, two 14 GHz microwave systems with 80 W
amplifiers have been in operation at the Geomagnetism Labo-
ratory, University of Liverpool: one with a liquid-nitrogen FIT
SQUID magnetometer and another with a more sensitive three axis
liquid-helium Tristan Technologies SQUID magnetometer (max-
imum sensitivity ~ 1 x 1011 Am?2; Shaw and Share, 2007). The
systems have different microwave resonant cavities. Both sys-
tems have programmable field coils (up to 100 wT) surrounding
the microwave cavity and a TyyRM can be induced in any spec-
ified direction. This allowed us to address whether there was
any biasing of palaeointensity determinations caused by a par-
ticular experimental methodology. Three different protocols were
used: the perpendicular method (Kono and Ueno, 1977; Hill and
Shaw, 2007), the double-heating method (Coe, 1967) and the
quasi-perpendicular method (Biggin et al., 2007b). The majority
of experiments used the perpendicular method. The microwave
system with the Tristan magnetometer was only used for the quasi-
perpendicular experiments.

5 mm samples were drilled from 25 mm cores and were attached
by glue to the sample rod. During the experiments microwave
power was applied for 5s for each step. Microwave power was
increased in steps at the discretion of the operator; the next step was
determined based on the result of the previous step. Once the max-
imum power of 80 W was reached, the time of microwave power
application was increased until a maximum of 20 s and the experi-
ment stopped when the sample was fully demagnetised or became
detached from the sample rod. After each measurement declination
and inclination are calculated and outputted by the control com-

puter. This is of great importance when using the perpendicular
protocol as the primary component of magnetisation must be used
when determining a palaeointensity by this method. This, therefore,
allows us to know when we have isolated the primary component of
magnetisation. Further experimental details and the development
of the systems are well documented in Hill et al. (20023, b, 2005),
McArdle et al. (2004) and Gratton et al. (2005a, b, 2007).

3.4. Palaeointensity acceptability criteria

Palaeointensity estimates have been accessed using the criteria
of Brown et al. (2006) and are split in to three categories: class 1,
class 2, and class 3. Three classes were chosen as they more suc-
cessfully represent the variation in the quality of the data in this
study. A class 1 result must have the following:

(1) A stable primary natural remanent magnetisation (NRM) direc-
tion.

(2) Greater than or equal to four data points in a single straight line
on an NRM/TyRM plot. No point is eliminated in the selected
NRM segment, unless it can be proved to be caused by experi-
mental error (these results are shown in open circles).

(3) At least 30defined by Coe et al., 1978).

(4) A quality factor, q (defined in Coe et al., 1978) > 5.

(5) A gap factor, g (defined in Coe et al., 1978) > 0.5.

(6) A regression coefficient, 2 of the best-fitting line > 0.98.

(7) For determinations made using the perpendicular method, 6; +
6, must be between 90° and 91° (the sum of the angles between
the NRM and the (T;RM) vector and the applied field vector and
the (T\yRM) vector; Hill and Shaw, 2007).

(8) pTmRM checks differing from the original value by < 10% (using
the DRAT criteria of Selkin and Tauxe, 2000).

(9) pTmRM < 10% difference between two zero field applied power
steps (P; — P;_q, where P; is a given applied microwave power
Riisager and Riisager, 2001) for double-heating experiments.

A class 2 result must pass all the criteria listed; however, it may
fail pT\yRM checks or pTyRM tail checks if there is little or no distor-
tion to the straight line trend. This suggests that the check failure is
caused by problems with the reproducibility of the reflected power
in the microwave cavity during the microwave experiment rather
than by alteration or non-ideal behaviour. This category has been
included as many of the results have high f, g and r2 values but dis-
play this kind of behaviour. Results from the quasi-perpendicular
method are class 2. Although this protocol has been successful
in determining the historical geomagnetic field from lavas with
a range of magnetic domain states where other protocols failed
(Biggin et al., 2007a, b), it requires further validation. Class 3 results
produce a linear relationship between NRM and TyRM (12 > 0.9)
but fail some of the selection criteria and checks, and represent data
that are unreliable.

4. Results
4.1. Rock magnetism

4.1.1. La Palma

Hysteresis parameters are plotted in Fig. 3a and c. The majority
of samples plot in the pseudo-single domain (PSD) area of the Day
et al. (1977) plot and along the theoretical mixing curves of single
domain (SD) and multi-domain (MD) particles for TMO from Dunlop
(20024, b). All La Palma flows have similar characteristics on the Day
et al. (1977) plot and squareness against coercivity plots (Tauxe et
al., 2002). All flows show a spread in M;s/Ms, Hc and H¢r/H, to some
degree. Some flows show a spread in He /H. up to 4 and in Mys/Ms
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Fig. 3. Day et al. (1977) plots (a and b) and squareness against coercivity plots (Tauxe et al., 2002), (¢ and d) for La Palma (a and c) and Guadeloupe (b and d) lava flows.
Samples split between reversed, transitional and normal field directions. Transitional flows are ME45, ME46 and AS14. Day et al. (1977) plots modified using results from
(Dunlop, 2002a, b). Curves 1-3 are theoretical mixing curves of SD and MD particles for TMO from Dunlop (20023, b).

up to 0.3 (e.g. ME49). In these cases there is a range of magnetic
particle types and behaviour.

Three broad types of thermomagnetic behaviour have been
identified for the La Palma samples: types 1, 3 and 5 (Fig. 4). 171
samples from all La Palma sections were measured. 63 samples
from 33 flows show type 1 behaviour. Type 1 curves show a sin-
gle magnetic phase with Curie temperatures between 446° C and
540°C, corresponding to possible titanomagnetite compositions
between TM19 and TMO07. Magnetisation is reduced on cooling
and there is range of irreversibility. At 100° C the difference in
induced magnetisation between the two curves ranges from 3% to
45%. The magnetic phase producing type 1 behaviour could either
be a low Ti-titanomagnetite or may result from high tempera-
ture deuteric oxidation of primary high titanium titanomagnetite
producing a low titanium titanomagnetite phase (Carmichael and
Nicolls, 1967; Mankinen et al.,, 1985). No microscopy was car-
ried out as part of the present study, so oxidation cannot be
confirmed.

Type 3 curves (Fig. 4c—e) (70 samples from 45 flows) have a low
titanium titanomagnetite phase (Curie temperatures between 398 ©
C and 580°C, corresponding to compositions between TM29 and
TMO) and another higher titanium titanomagnetite phase (Curie
temperatures between 131° C and 333 °C, corresponding to com-
positions between TM67 and TM38). The three divisions of type
3 show the variations in the titanomagnetite compositions. Such
heating curves have been previously been observed for samples
where high temperature deuteric oxidation has converted only
part of the high titanium titanomagnetite phase to a low titanium
titanomagnetite phase or the low Curie temperature phase results
from the presence of titanomaghemite. All type 3 cooling curves
show an increase in induced magnetisation (at least for some of
the temperature range (type 3a)). Type 3c curves show the largest
increase in induced magnetisation (up to 66% at 100°C). Some
cooling curves show complete oxidation of the high titanium titano-
magnetite phase to a single lower titanium phase (Fig. 4c). Other

cooling curves show less oxidation of the higher titanium phase
(Fig. 4d and e).

Type 5a and 5b curves (Fig. 4g and h) (39 samples from 18 flows)
show a range of low Curie temperatures from between 94° C and
143°C. On heating, Curie temperatures rise to between approx-
imately 450° C and 550° C and the curves show pronounced
irreversibility. In some examples there is an increase in induced
magnetisation on cooling (measured at 100°C) up to 14 times the
original magnetisation. The oxidation product at the higher Curie
temperature could either be titanomaghemite or a low titanium
titanomagnetite formed from a primary high titanium titanomag-
netite (between TM71 and TM65). In type 5a curves there is a very
slight increase in induced magnetisation between 400° C and 500°
C which could suggest inversion of titanomaghemite to titanomag-
netite; however, without performing thermomagnetic experiments
in a vacuum it is not possible to determine whether this bump and
the large increase in induced magnetisation on cooling are a prod-
uct of oxidation during the laboratory heating or to the inversion of
titanomaghemite to titanomagnetite. Type 5b curves do not show
an increase in induced magnetisation on heating between 400° C
and 500 °C. On cooling, type 5a curves show a mixture of secondary
magnetic phases, whereas type 5b curves show a single secondary
magnetic phase. An example of a microwave palaeointensity exper-
iment performed on a sample with type 5b behaviour is shown in
Fig. 11c.

Type 1 curves were dominant for the ME section (41 samples
from 25 flows) and there were no examples of type 5 curves. The
AS section was approximately equally divided between type 1, type
3 and type 5 curves. Type 3 curves were dominant for the AN
section (11 samples from 11 flows). For a number of flows the
thermomagnetic behaviour within a type is variable and for a num-
ber of flows two types of curve have been observed. For example,
AS10 shows both type 1 and type 5 curves. This variation could
result from inhomogeneous starting compositions or to inhomo-
geneous oxidation of the titanomagnetite particles during initial
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Fig. 4. Examples of the five broad types of thermomagnetic curves from samples from La Palma and Guadeloupe. Arrows indicate heating (solid lines) and cooling (dashed

lines).

cooling at high temperature or by low temperature oxidation during
weathering.

Examples of low-temperature susceptibility curves are shown
in Fig. 5. 210 samples were tested and a range of low-temperature
behaviour was determined. They are broadly categorised into four
types (Fig. 5a-d). Considering titanomagnetite as the dominant
magnetic phase in this sample set, low-temperature behaviour is
influenced by a number factors including composition (titanium

content in titanomagnetite; Moskowitz et al., 1998) and oxidation
(either partial maghemitisation of magnetite at low temperatures
(Ozdemir et al., 1993) or to possible homogenisation of ilmenite
intergrowths to titanomagnetite at high temperatures; cf. Smirnov
and Tarduno, 2005). Fig. 5a shows a susceptibility maximum at
around 85 K. This is probably caused by partial suppression of the
Verwey transition of a low titanium titanomagnetite phase con-
taining MD particles (Moskowitz, 1981) and could be caused by a
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Fig. 5. Examples of low temperature frequency dependence of susceptibility measurements for the ME section, La Palma. Samples shown are (a) ME32-1A1; (b) ME47-2A;

(c) ME36-1A1; (d) ME41-3B.

degree of partial oxidation. In some examples the transition is very
suppressed with the ratio of initial susceptibility to room tempera-
ture susceptibility exceeding 1 and a disappearance of any isotropic
point. In Fig. 4b there is an inflection at around 50 K and a suscep-
tibility peak between 100K and 120 K. The former could be caused
by the presence of an ilmenite phase (Yamamoto, 2006). The latter
could be caused by the presence of titanium poor titanomagnetite
of varying compositions. These observations are consistent with
the results of the thermomagnetic experiments: Fig. 5a and b are
both from samples which show type 1 thermomagnetic heating
and cooling curves (they suggest the existence of low-Ti titano-
magnetite without any indication of low-temperature oxidation).
In Fig. 4c and d there are inflection points around 110K, although
they are not as pronounced compared with those shown in Fig. 4a
and b. These curves were observed from samples showing both type
1 and type 3 thermomagnetic heating and cooling curves suggesting
that no low-temperature oxidation is present. Therefore, the inflec-
tion points probably originate from the Verwey transition of low-Ti
titanomagnetite. Many flows show an internal variation of low tem-
perature susceptibility characteristics and this in agreement with
the high temperature heating and cooling curves. Such variation
could possibly represent inhomogeneous deuteric oxidation of the
flows.

4.1.2. Guadeloupe

Hysteresis parameters are shown in Fig. 3b and d. Each flow has
a distinctive distribution, but this does not relate to the palaeo-
magnetic direction recorded by the flow. The Day et al. (1977) plot
shows that GO1 (the transitional flow) has a range of particle types,
but many samples are dominated by MD particles. GO2 shows the
biggest spread in hysteresis parameters, whereas G03 shows a tight
cluster on both the Day et al. (1977) plot and the squareness against
coercivity plots.

Four types of thermomagnetic curves are observed for the four
Guadeloupe flows: types 1, 2, 3 and 4 (Fig. 4). Type 1 curves (Fig. 4a)
were determined from 29 samples from GD, GO1 and GO2. Curie
temperatures range from 522° C to 580° C corresponding to com-
positions from TMO09 to TMO. Induced magnetisation was reduced
on cooling and the curves showed a range of irreversibility from 0%

to 92% difference in induced magnetisation at 100°C. Seven type
1 curves show a small contribution from a second higher titanium
titanomagnetite phase on heating above 500 °C. In some examples
this phase has a Curie temperature close to the primary phase. On
cooling, a single phase was formed, with a lower Curie tempera-
ture and a reduction in induced magnetisation across the whole
temperature range.

Type 2 curves (Fig. 4b) show a single phase, a small secondary
phase or a mixture of phases on heating. On cooling the heating
and cooling curves cross. 11 samples from all four flows show this
behaviour. Some examples have a reduced Curie temperature on
cooling and some have the same or slightly higher Curie temper-
ature as the primary phase. This behaviour could result from a
combination of oxidation of the low titanium titanomagnetite and
alteration of the higher titanium magnetite to a lower titanium
phase on heating. Type 3 curves were only observed for 10 samples
from GO1 and GO3.

Type 4 curves (Fig. 4f) show a distinctive inflection point at
around 420°C. Before this inflection there is a small increase
induced magnetisation between 400 ° C and 420 °C. This behaviour
indicates un-mixing and inversion of titanomaghemitite to titano-
magnetite (Moskowitz, 1981). In these examples the amount
of low-temperature oxidation of the primary titanomagnetite to
titanomaghemite is thought to be low (Yamamoto and Tsunakawa,
2005). Only four samples from GAO3 showed this behaviour; how-
ever, it could suggest that type 4 samples from GAO3 contain a
mixture of titanomaghemite and titanomagnetite phases. Samples
showing evidence of maghemitisation will be unsuitable for accu-
rate palaeointensity determinations as their NRM will be a mixture
of a TRM, and a chemical remanent magnetisation (CRM) carried
by titanomaghemite (Tarduno and Smirnov, 2004). There are vari-
ations in thermomagnetic properties within the flows which could
again suggest inhomogeneous oxidation of the lava flows and the
magnetic minerals.

47 samples from the four flows underwent low-temperature
susceptibility measurements. Like the samples from La Palma,
Guadeloupe samples show a range of low-temperature curves, and
also show large internal variations. This could again be interpreted
as showing varying degrees of deuteric oxidation.
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4.2. Directional results

From the ME section, La Palma, a 25 mm core from each of
the 17 flows sampled was thermally demagnetised. The results
are shown in Table A.1 and Fig. 6. 15 cores gave reliable direc-
tions that are in good agreement with the results from Valet et
al. (1999). All samples record a secondary component of magneti-
sation, which was removed between 350° C and 400° C (Fig. 7).
(This component was also removed before applying the field in the
perpendicular microwave palaeointensity experiment.) All sam-
ples that are accepted record vectors with maximum angular
deviation (M.A.D.) (Kirschvink, 1980) less than 10°. 12 samples
have M.A.D. less than 5°. The two flows that give no results are
ME45 and ME46. These flows were emplaced between two flows
recording reversed and normal directions and show overlapping
components of magnetisation with high un-blocking temperatures,
without a clear high temperature characteristic remanence com-
ponent (Fig. 7b). These flows were studied in detail by Valet et
al. (1998) and they concluded that the complexity of the vector
is caused by partial reheating by the overlying flows recording the
post-transitional field and by progressive oxidation of titanomag-
netite, which raised the Curie temperature of the magnetic grains
carrying the remagnetisation (an observation consistent with our
thermomagnetic analysis). It has therefore not been possible to
obtain either palaeodirections or palaeointensity during the polar-
ity transition.

75 samples from 20 flows from the AS section, La Palma, were
thermally demagnetised. A primary component of magnetisation

was obtained for 16 flows; however, only 13 flow means were
determined from three or more samples per flow. The majority of
flows record secondary components of magnetisation, which were
removed between 250° C and 400° C (Fig. 7 and Table A.2). We
include all 16 flows in our subsequent analysis, but advise great
caution when interpreting results from the three flow means deter-
mined from less than three directions. All results are shown in
Table A.2 and Fig. 6. There is a range of precision in the flow mean
directions; from ags = 1.3 to ag5 = 14.8. Two flows (AS10 and AS9)
have ags < 5 and one flow (AS17) has ags > 10, the other 10 flows
have 5 > ag5 < 10. 10 flows record the reversed field, four flows
record the normal field and two flows record the transitional field.
The precision of the first transitional direction (AS7) is fair (Butler,
1992)(n = 4, ags = 9.4); however, the second transitional direction
(AS14) (Fig. 7d) is only determined from one sample (Fig. 7d). The
transitional direction determined from AS7 records a large fluctua-
tion (or excursion) in the geomagnetic field before the main polarity
change. The timing of this event and how it relates to the evolu-
tion of the geomagnetic field is discussed in Section 5.1. Flow AS14
is between a normally and reversely magnetised flow and could
record a transitional direction from the main directional reversal.
From the AN section, La Palma, 55 samples from 16 flows were
thermally demagnetised. Palaeodirections are obtained for all the
flows; however, only eight flow means are determined from three
or more samples. 6 flows record large secondary components of
magnetisation that were removed between 350° Cand 400° C (e.g.
Fig. 7g). The other flows record a small viscous component of mag-
netisation (Fig. 7i). Only three flow mean directions have ags < 5,
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Fig. 6. Inclination, declination and palaeointensity for the ME (a-c), AS (d-f), AN (g-i) and Guadeloupe (j-1) sections. Error bars on ME inclination and declination data are
M.A.D. (Kirschvink, 1980) as only one measurement made per flow (see text for details); error bars on AS, AN, and Guadeloupe inclinations are a5 (Fisher, 1953) and for the
declinations are a5/ cos(I). Directional results: closed circles are flow means calculated from three or more samples; open circles are flow means calculated from less than
three samples. Palaeointensity results: solid circles are more robust determinations and are calculated from 1st and 2nd class data (discussed in Section 3.4); open circles
are flow mean palaeointensities determined using all estimates presented in Tables B.1-B.3. The dashed lines join flow means calculated using 1st and 2nd class data. MB
indicates position of the Matuyama-Brunhes boundary; P? indicates possible position of the precursor or another large fluctuation in the geomagnetic field.
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the remaining five flows have 5 < ag5 < 10. All results are shown
in Table A.3 and Fig. 6. We again include all 16 determinations in our
analysis. No transitional directions were recorded: 5 flows record
reversed directions and 11 flows record normal directions. As the
normal flows are not dated we do not know if they relate to the
reversal process or to more stable field behaviour in the Brunhes
chron.

From the Guadeloupe section 26 samples from four flows were
thermally demagnetised and 22 samples give reliable directions
with an isolated primary component of magnetisation (Table A.4
and Fig. 8). Four samples are rejected because no stable component
of magnetisation was recorded or the samples gave significantly
different directional results from the majority of other samples in
the flow. Samples from GO1 (FN2) and GO2 (FN3) record large sec-
ondary components of magnetisation; however, they were removed
between 250° C and 300° C (Fig. 8). All mean directional results are
shown in Table A.4 and Fig. 6. For the stratigraphically lowest flow

(GD (FN1)) all seven samples tested record stable primary compo-
nents of magnetisation, with a mean reversed direction of 169° in
declination and —31° in inclination. For flow GO1 (FN2), four out of
six samples give stable directions, with a mean intermediate polar-
ity direction of 253° in declination and 12° in inclination; however,
ags = 17.1°. Seven out of eight samples from flow GO2 (FN3) again
record a reversed stable NRM direction, with a mean value of 192°
in declination and —62° in inclination. Flow GO3 recorded the most
consistent directions (g5 = 3.8), with four out of five samples giv-
ing a stable normal polarity direction: mean declination of 354° and
mean inclination of 24°.

4.3. Palaeointensity results
Individual palaeointensity results from the La Palma sections are

listed in Tables B.1-B.3. Representative Arai-Nagata plots (Nagata
et al., 1963) for class 1 and class 2 data are shown in Fig. 10a-f.
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There is a large range in the quality of the palaeointensity results
from all sections (Fig. 9) and this can be attributed to the variation
in suitability of the samples for palaeointensity experiments. 186
palaeointensity experiments were performed on samples from the
ME, AS and AN sections. 119 (64%) experiments produced results
that could be classified (classes 1-3); 67 (36%) results are class 1 or
2;7(4%)areclass 1 (Fig. 9). Palaeointensity results from Guadeloupe
are of a lower quality (Fig. 9). From 42 experiments, 19 palaeoin-
tensities were determined. Individual palaeointensity results are
shown in Table B.4 and in Fig. 10g and h. None passed the class
1 selection criteria and only seven were classified as class 2. The
remaining eleven are class 3 results and are likely to be unreliable.
Failure of experiments can be classified into three types:

(1) Apparent instability in the NRM direction. Using the perpendic-
ular method this is detectable by measuring the angle between
the characteristic remanence (ChRM) and the resultant vector
601, and the angle between the resultant vector and the applied
field 6, (if the instability is outside the ChRM applied field
plane). Variations in 81 + 6, can also be generated if the sample
is anisotropic, if there is an error in the direction of the applied
field, orif the magnetometer is not measuring correctly (Hill and
Shaw, 2007). If the NRM directional instability is in the ChRM
applied field plane then the relationship between the NRM and
TmRM will be non-linear.

(2) Concave-down NRM Ty RM slopes (Fig. 11a). 23 samples failed
because of this behaviour and it was only seen in experiments
using the perpendicular method. In all but two examples 61 + 6,
are between 90° and 91°. There is no apparent relationship
between this behaviour and the behaviour of either the pTy;RM
checks or Ty RM tail checks; for some points these checks will

pass and for others they will fail. A more subtle variant of this
behaviour is observed in the quasi-perpendicular experiments.
For large fractions of the NRM the relationship between NRM
and TyRM is linear; however, at higher microwave powers a
concave-down decreasing slope begins (Fig. 11b). A palaeoin-
tensity estimate has been taken for the straight line segment,
but this behaviour needs further consideration.

(3) Concave-up NRM Ty RM slopes (Fig. 11¢). This behaviour is seen
in 11 samples using the double heating or quasi-perpendicular
protocol. Four experiments fail pTy;RM checks at maximum
microwave power for times greater than 5 s, which would sug-
gest magnetomineralogical alteration. (In theory a small sample
in the centre of the cavity will not be subject to high electric
fields but in practice this is not true. Magnetic and electric
field distribution inside the cavity is influenced by the cou-
pling slot, the sample rod, and the sample. Applying power to a
pure quartz sample at 14.2 GHz will eventually heat it, clearly
demonstrating the effect of dielectric heating and the presence
of alternating electric fields in the sample.) Other examples pass
both pTyRM checks and pTyRM tail checks, though as in the
example shown in Fig. 11c there is failure of some checks.

Flow mean palaeointensities have been calculated in three ways
and are shown in Table 1 and plotted in Fig. 6. Using all the data
that could be classified, 29 flow means were calculated. The second
approach was just only include individual palaeointensity esti-
mates that are class 1 and 2. 25 flow means were calculated from
these determinations; however, only 10 of these flows had three or
more determinations.

Applying the in-flow variation criterion of Selkin and Tauxe
(2000) (the ratio of the standard deviation of the palaeointensity
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palaeointensity result, as discussed in Section 3.4

estimates to the mean should be less than 25%) to the flow means
calculated from classes 1 and 2 data would cause rejection of a large
amount of data with low flow means. For flows with palaeointensity
estimates below 10 . T small variations in the estimates can greatly
affect the in-flow variation value; this criterion has not been applied
to these flows and these results are reliable (Hill et al., 2005). Four
flows from the ME section (ME32, ME47, ME48 and ME49) show a
large range of palaeointensity determinations. ME32 has an in-flow
variation value of 29% and fails the criterion. The three other flows
pass the criterion; however, they show non-ideal characteristics
for acquisition of thermal remanent magnetisation and for Thellier
type palaeointensity determinations. We include these four flows
in the further analysis, but express caution over their reliability.

5. Discussion

We discuss the temporal and global evolution of the field during
the MB reversal and compare our data with previously published
data. We also compare our results with the output generated by
model IMMAB4 by Leonhardt and Fabian (2007) and a simple math-
ematical reversal model (Brown et al., 2007) based upon CALS7K.2
(Korte and Constable, 2005). Even though our data set is small, it is
possible to make direct comparisons to IMMAB4; however, only a
statistical comparison can be made to the model based on CALS7K.2.

IMMABA4 is global geomagnetic field model of the MB rever-
sal and uses an iterative Bayesian inversion method to construct
a spherical harmonic expansion of the transitional field from pale-
omagnetic data. The initial model is based on the Atlantic ODP core
of Valet et al. (1989) with the second iteration including a calibra-
tion for absolute palaeointensity from the volcanic section ME-ET,
La Palma, from Valet et al. (1999). Subsequent iterations include the
Atlantic sedimentary records of Clement and Kent (1986, 1991).

CALS7K.2 is a continuous global model for the last 7000 years
determined by a regularized least squares fit to archaeomagnetic
and palaeomagnetic data using spherical harmonics in space and
cubic B-splines in time. We follow the approach of Brown et al.
(2007) and take the field structure of CALS7K.2 and examine the
effects on the surface field morphology by scaling the magnitude
of the axial dipole component linearly with time.

5.1. Palaeodirectional and palaeointensity variations

All three sections from La Palma sample the reversed and nor-
mal field either side of the main polarity change. Unfortunately,
only one flow from the AS section (AS14) records the transitional
field during the main polarity change; however, another flow from
(AS7)records an equatorial virtual geomagnetic pole (VGP) ata time
before the main polarity change (Fig. 12). Without 9Ar/ 39Ar dates
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Fig. 10. Examples of Arai-Nagata plots (Nagata et al., 1963) for the La Palma (a-f) and Guadeloupe (g and h) sections. (a) and (c) Show 1st class results, (b, d-h) show
2nd class results. r2 and q are defined in Section 3.4. Fy, is the applied field during the palaeointensity experiment and Fg. is the palaeointensity estimate. Numbers
accompanying the data points are the microwave power steps in watts. The numbers in brackets are time in seconds; where no bracketed numbers are shown, the time of
application was 5. Perpendicular denotes that the perpendicular applied method was used; Coe, the double-heating method (Coe, 1967); Quasi, the quasi-perpendicular
applied field method (Biggin et al., 2007b). Examples (f) and (h) were determined using the quasi-perpendicular method, so no pTyRM checks or tail checks were used. Quasi-
perpendicular experiments were performed on the Tristan 14 GHz system, which has a more efficient cavity, so the amount of power needed to de(re)magnetise the sample was

much less.
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for these two flows it is not possible to determine which stage of the
reversal these transitional directions belong to. AS7 could record
part of the precursor event relating to the MB reversal (Singer et
al., 2002, 2005) or an earlier excursion at 821 + 13 ka (Quidelleur
et al,, 2003). The date of the excursion also corresponds with the
dated flows from the TS section prior to the main polarity change
(Singer et al., 2002)(Fig. 12) and also with a transitional direction
from western Mexico (dated at 819 + 2 ka (Petronille et al., 2005).
It is also not clear whether this excursion is also part of the MB
reversal (Gratton et al., 2007). AS14 could record the precursor,
as determined for flows 17 and 18 from the TN section of Singer
et al. (2002), or the main polarity change. Although Quidelleur et

Table 1

al. (2002, 2003) and Singer et al. (2002) dated many flows from
both the AS and AN sections, they did not record either of the
transitional directions determined in this study (Fig. 12). All three
studies show differences in the number of flows sampled and the
directional results obtained. We attribute this discrepancy to dif-
ficulties in re-identifying flows from previous studies in the field
and also to the large number of flows which were often hard to
delimit.

VGP paths from the three La Palma sections are quite dif-
ferent (Fig. 13a-c); however, these differences result from the
discrete nature of the flows in each sequence and do not rep-
resent the behaviour of the field between VGPs. Each volcanic

Mean microwave palaeointensity results per flow for the ME, AS and AN sections from La Palma and the Guadeloupe section, West Indies. All estimates takes all classes, 2 and
3 results; classes 1 and 2 estimates takes all estimates that pass the classes 1 and 2 selection criteria (Section 3.4). n is the number of estimates used to calculate the flow mean.
Mean F is the mean palaeointensity; or is one standard deviation of the flow mean intensity; VDM is the flow mean virtual dipole moment; oy is the standard deviation of

the flow mean VDM. R.S.D. (%) is the relative standard deviation of the flow.

Flow number All estimates

Class 1 and 2 estimates

n Mean F oF VDM x 10?2 oy x 10?2 R.S.D. n Mean F oF VDM x 10?2 oy x 10?2 R.S.D.
(nT) (pT) (Am?) (Am?) (%) (nT) (pT) (Am?) (Am?) (%)

ME section, La Palma
32 7 36.1 10.7 8.3 24 29.6 4 35.0 10.2 8.1 24 29.1
36 3 12.1 3.1 2.5 0.8 25.6 1 16.4 34
39 4 1.3 3.1 2.9 0.8 274 0
40 6 103 1.8 2.6 0.5 17.5 4 10.5 2.1 2.7 0.5 20.0
42 4 15.8 21 4.0 0.5 13.3 4 15.8 2.1 4.0 0.5 13.3
44 3 15.7 43 4.0 1.1 274 1 13.1 34
47 10 36.6 12.2 8.8 29 333 5 421 10.0 10.1 24 23.8
48 14 414 10.5 9.5 24 254 8 37.7 5.9 8.7 14 15.6
49 8 303 13.8 6.9 3.2 45.5 3 442 8.1 10.1 1.9 18.3
AS section, La Palma

4 1 35.4 79 1 35.4 79

8 3 171 2.0 4.0 0.5 1.7 1 194 4.6
12 3 3.0 13 0.7 0.3 433 1 4.3 1.1
14 4 10.0 3.1 1.9 0.6 31.0 4 10.0 3.1 1.9 0.6 31.0
17 4 16.3 7.0 33 14 429 1 14.7 3.0
18 5 14.6 8.5 33 1.9 58.2 1 4.3 1.0
19 12 6.9 6.1 13 1.2 88.4 8 6.3 5.1 1.2 1.0 81.0
20 5 3.6 29 0.9 0.7 80.6 1 9.7 0.6
AN section, La Palma

1 3 24 0.8 0.5 0.2 333 0

2 2 9.6 24 1 7.5 1.8

3 5 6.9 33 1.7 0.8 47.8 3 7.1 4.2 1.8 1.0 59.2

6 1 4.8 0.7 1 4.8 0.7

7 2 12.3 2.8 0

8 4 53 2.5 1.0 0.5 47.2 1 3.7 0.7

9 4 22.8 3.5 4.0 0.6 15.4 3 223 4.2 3.9 0.7 18.8
12 1 31.7 7.2 0
Guadeloupe section, West Indies

1 2 22.1 5.1 2 22.1 5.1

5 5.1 1.6 1.3 04 314 1 3.0 0.8
3 4 14.7 4.6 24 0.8 31.3 1 17.0 2.8
4 8 16.8 4.9 4.0 1.2 29.2 3 204 55 49 13 26.7
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Fig. 12. Comparison of VGP latitude against flow number for the Barranco del Agua sections, La Palma. Errors on VGP latitude can be found in Quidelleur and Valet (1996)

and Singer et al. (2002) and in Table A.2. Dates on the LS section are 4°K/ “°Ar; TS and TN

sequence records part of a transitional field that is more com-
plex than indicated by any of the three records. The problem of
assessing VGP paths (and the complexity of all directional changes)
from volcanic sequences is highlighted when compared with the
results generated for La Palma by IMMAB4 (Leonhardt and Fabian,
2007)(Fig. 13f). Our new directional results do not match the results
from IMMAB4 in detail (Fig. 13a-c and f); however, the incorpo-
ration of sedimentary records in this model has greatly increased
the detail that can be resolved for the reversal recorded on La
Palma. Without analysis of sedimentary records in accompani-
ment to volcanic records the recorded transitional field behaviour
can be simplified and misinterpreted. Such possible complexity
in directional changes for the MB reversal is seen in the sedi-
mentary records of Channell and Lehman (1997) and Yamazaki
and Oda (2001), which both show multiple polarity changes and
other large directional variations before the final polarity change.
This behaviour has also been seen for a number of other reversals
recorded in sedimentary sequences (see Coe and Glen, 2004 and
references therein). However, problems in the sedimentary record-
ing mechanism and the fidelity of sedimentary records must always
be considered. In addition, both volcanic and sedimentary records

will always be incomplete and can only give a lower bound on
the amount of directional and intensity variation for any particular
reversal (Coe and Glen, 2004).

The palaeointensity results determined from the ME section
using the microwave technique are in broad agreement with those
determined by Valet et al. (1999) using the thermal Thellier method
(Fig. 14). When no selection criteria are used the results from all
flows agree (to within 20) with the exceptions of ME36, ME38
and ME39 (Fig. 14a). For two flows only one thermal Thellier or
microwave determination was possible. For the third flow (ME39)
the thermal Thellier result is 2.5 times greater. The individual
microwave results from this flow were all class 3 and only one
thermal Thellier result passed the class 1 selection criteria. Results

from this flow are deemed unreliable. When the microwave flow
mean palaeointensities are compared with the flow means deter-
mined using the thermal Thellier method for the three normal
flows (ME47, ME48 and ME49), the means are comparable; how-
ever there is a larger range of individual palaeointensity results
determined using the microwave technique. Only the compar-
isons to ME48 and ME47 are statistically significant, as only two
determinations were made using the thermal Thellier method for
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Fig. 13. Calculated VGP paths from palaeomagnetic data from (a) ME, (b) AS, (c) AN sections from La Palma and (e) Guadeloupe. Dashed lines indicate portions of great circles
between VGPs. (d) VGP paths for La Palma and (f) Guadeloupe, generated by IMMAB4 (Leonhardt and Fabian, 2007), with each dot at 10-year intervals.

ME49. For ME48 the range of determinations using the microwave
technique is 36.9 wT compared with 5.8 uT for the thermal Thel-
lier technique; for ME47 the range of determinations using the
microwave technique is 35.5 T compared with 8.3 uT for the
thermal Thellier technique. When the class 1 and 2 selection
criteria are applied to both data sets the mean palaeointensi-
ties from the three normal polarity flows are no longer in good
agreement (Fig. 14b).

Palaeointensity was only obtained for one transitional flow on
La Palma (AS14) giving a value of 10 &+ 3.1 uT (n = 4), correspond-
ing to a virtual dipole moment (VDM) of 1.9+ 0.6 x 1022 A m?2.
Before the main polarity change the ME section gives a mean VDM
of 3.4+ 0.53 x 1022 Am? and the AS/AN sections give a mean VDM
0f 1.48 + 0.52 x 1022 Am? (determined using all class 1 and class 2
data). This resultis 2.3 times lower than the results from the ME sec-
tion. It has already been noted in Section 2.1 that the palaeointensity
results from the ME section (Valet et al., 1999) appear anoma-
lously high when compared to the PINTO3 database (Perrin and
Schnepp, 2004) and this is again seen in our study. One possibil-
ity for this discrepancy is that the ME section and AS/AN sections
were erupted at different times and capture different parts of the
reversal; the AS/AN sections recording times when the field was at
a minimum and the ME section recording times, possibly earlier in
the reversal’s history, when the palaeointensity was higher. Another
possibility is that these palaeointensities are erroneous and this
is related to the samples’ oxidation state. Yamamoto et al. (2003)
determined overestimated palaeointensities from samples from the
1960 Hawaii lava flow. They observed that these samples had under-
gone intermediate oxidation on initial cooling below their Curie
temperature and that they could have acquired a thermochemi-
cal remanent magnetisation (TCRM). No microscopy was done in
this study so such bold conclusions cannot be drawn; however,
variations in the composition and the low-temperature properties
of samples from the same flows and the same 25 mm cores sug-

gest that some oxidation of these samples has occurred and that it
was not homogeneous. Nevertheless, all La Palma sections show a
decrease in palaeointensity during the directional changes (Fig. 15)
and low palaeointensities have been recorded in flows that record
both normal and reversed directions.

The directional record from Guadeloupe shows a reversed-
transitional-reversed-normal progression with time (Fig. 13d). The
transitional-reversed-normal progression was also recorded by
Carlut et al. (2000); however, our directional results differ. For the
transitional and reversed flows the two sets of results are com-
parable (within the 95% cone of confidence); however, for the
normal flow there is a discrepancy. The mean direction for this flow
from this study is D = 353.8°,1 = 24.2° (N = 4) compared with the
equivalent result of flow GU11 (Carlut et al., 2000) of D = 340.7°;
[=31.4°(N=09).

The palaeointensity results from the two flows of Carlut and
Quidelleur (2000) determined by the thermal Thellier method are
significantly different to the microwave results determined in this
study. Both the flows gave higher palaeointensities when deter-
mined using the microwave technique. For G02 (FN3) (G10; Carlut
and Quidelleur, 2000) there is a difference of 12.8 w.T and for GO3
(FN4) (GU1) there is a difference of 11.1 wT. Only one sample from
all the Carlut and Quidelleur (2000) flows passes the classes 1 and 2
selection criteria, and although the quality of the microwave results
is generally low, it has improved upon the results from the original
study.

40K/ 40Ar dating of the flows studied in Carlut et al. (2000)
and Carlut and Quidelleur (2000) ranges from 777 + 14 ka (+o0)
to 785 + 22 (40) ka. The VGP calculated from the transitional flow
is very similar to that recorded by AS7 from La Palma. The errors on
the dating, the agreement of VGPs and the reversed-transitional-
reversed trend could suggest that the transitional flow records the
precursor to the main polarity change at 793 + 3 ka (Singer et al.,
2005) or possibly an earlier excursion. Although the quality of the
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Fig. 14. Comparison of microwave flow mean palaeointensity results from this study
(open circles) and thermal Thellier results from Valet et al. (1999) (closed circles).
(a) All estimates of palaeointensity. (b) Palaeointensity results that pass the class 1
and class 2 selection criteria. Error bars are +o.

palaeointensity data determined for the transitional-reversed part
of the Guadeloupe sequence is poor, the VDM remains low (below
3 x 1022 Am?2) during this time (Fig. 15d). This result is consistent
with VDM values determined from the precursor event recorded
in the Tatara-San Pedro lavas, Chile (Brown et al., 2004; Gratton
et al., 2007). The Tatara-San Pedro section consists of a series of
lavas that record very similar directions, with VGPs that cluster over
Australia. 40Ar/ 39Ar dates place this VGP cluster at 791.7 + 3 ka.
It has been suggested that during the reversal there is sustained
field behaviour related to mantle-controlled magnetic flux patches
(Hoffman and Singer, 2004 ), which leads to clustering of VGPs. Such
clusters have also been determined for a number of other rever-
sal records (Mankinen et al., 1985; Hoffman, 1992, 1996; Glen et
al., 1994, 2003). Consistent directions could have been recorded
by rapidly erupted lavas with no requirement for another physical
mechanism; however, debate about the meaning of the geochemi-
cal analysis (Dungan et al., 2001), rock magnetic results (Brown et
al., 2004; Gratton et al., 2007), and our understanding of long-lived
geochemical systems means that both hypotheses remain for this
section.

Error in dating the normal flow from Guadeloupe means that
it is not clear if this flow records the post-reversal normal field
or part of the precursor event. Although VDM is seen to increase
(4.9+1.3 (+0) x 1022 Am?) (Fig. 15a), this could be associated
with the precursor, as seen in sedimentary records (Hartl and
Tauxe, 1996) and possibly in the Tatara-San Pedro volcanic sequence
(Gratton et al., 2007). The temporal evolution of the Guadeloupe
and Tatara San Pedro sections is very difficult to interpret due to the
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Fig. 15. VGP latitude and VDM plots for (a) ME, (b) AS, (¢) AN and (d) Guade-
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was determined from less than three samples.
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discrete nature of the sampling. The interpretation is further com-
plicated by the possible speed of directional changes. Leonhardt
and Fabian (2007) determined from IMMAB4 that local field direc-
tions can rotate very quickly (up to 2.2°/year), a feature that has
been generated in dynamo simulations (Coe et al., 2000) and sim-
ple mathematical models of reversals (Brown et al., 2007). Rapid
changes in the field have been suggested to explain the palaesomag-
netic record of Steens Mountain (Mankinen et al., 1985); however,
these changes were more rapid, with maximum changes between 3
and 10°/day (Coe and Prévot, 1989; Coe et al., 1995). This behaviour
is thought to be significantly site dependent (Clement, 2004; Wicht,
2005; Brown et al., 2007; Leonhardt and Fabian, 2007).

IMMAB4 does not resolve the precursor in direction before the
main polarity change (Fig. 13e and f); however, a broad decrease
in intensity is seen between 790ka and 780 ka before a peak in
intensity prior to low field values during the main polarity change
(Leonhardt and Fabian, 2007 do note the model is less reliable
for dates > 782ka). This intensity variation, but not a polarity
change, is (unsurprisingly) seen in the sedimentary and volcanic
records of Valet et al. (1989, 1999). The difference between the
records could be caused by non-uniformity in the timing and
the size of the global reduction in the field during this time;
however, low intensity approximately 16 ka before the main polar-
ity change has been observed globally (Schneider et al., 1992;
Meynadier et al., 1994; Hartl and Tauxe, 1996; Dinarés-Turell et al.,
1999).

The precursor event recorded in lavas at 793 + 3 ka could relate
to the initial onset of geodynamo instability (Singer et al., 2005),
resulting in a reduction in the relative strength of the large-scale
dipole contributions and an emergence of non-dipole contribu-
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tions at the Earth’s surface. Geodynamo instability could result from
an emergence of magnetic upwellings (generated within buoy-
ancy driven upwellings in the outer core, but with little or no
dramatic change in fluid flow; Wicht and Olson, 2004), which
amplify and transport a generally multipolar magnetic field from
the inner boundary to the core-mantle boundary (Aubert et al.,
2008).

5.2. Comparison with other Matuyama-Brunhes data

To compare palaeodirection and palaeointensity results from
multiple global locations we characterise all results as VGPs and
VDMs. We recognise the limitations of this approach. The assump-
tion that the field is a geocentric dipole during the reversal (Merrill
and McFadden, 1999) is certainly flawed due to the observation of
various VGP paths for the MB reversal. Results from this study and
all published MB data are shown in Fig. 16a and b. A clear feature
is the rather simple relationship between variations in VGP and
VDM. There are two broad groups: data that lie between +£90° and
+60° VGP latitude and data that lie between —60° and 60° VGP
latitude. Within the two high latitude bands VDM varies greatly,
with VDMs at high VGP latitude both higher and lower than the
present day dipole moment (7.9 x 1022 Am?2 calculated from the
CHAOS geomagnetic field model; Olsen et al., 2006). Low values
relate to times before and after the main polarity transition, where
the dipole field is reduced in its strength but major directional
changes have not occurred. This supports the idea that major direc-
tional changes have a shorter duration than intensity variations
related to the reversal (Lin et al., 1994; Merrill and McFadden,
1999). All major directional changes (—60° to 60° VGP latitude)
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Fig. 16. (a) VDM versus VGP for all Matuyama-Brunhes data (number of determined means = 121). All estimates from this study and all other published data. No selection
criteria were applied and many flow means were determined from less than three results. (b) VDM versus VGP for selected Matuyama-Brunhes data with three or more
determinations per flow (n = 31). The class 1 and 2 selection criteria was imposed on data from this study. Previously published data were assessed on the published statistical
parameters and where possible the class 1 selection criteria from this study were applied. This includes the removal of any data that used the Valet et al. (1996 ) palaeointensity
correction. (a-b) Solid circles are microwave data and open circles are thermal Thellier data; solid circles: ME section (this study); open circles: ME and ET section (Valet et
al,, 1999); solid diamonds: AS section (this study); open diamonds: LL section (Quidelleur and Valet, 1996); solid upwards triangles: AN section (this study); open upwards
triangles: LS section (Quidelleur and Valet, 1996); solid squares: Guadeloupe section (this study); open squares: Guadeloupe section (Carlut et al., 2000; Carlut and Quidelleur,
2000); solid downward triangles: Tartara San Pedro sections, Chile (Brown et al., 2004; Gratton et al., 2007); left pointing triangles: Tongjing basalts, China (Zhu et al., 1991);
right pointing triangles: Punaruu Valley, Tahiti (Chauvin et al., 1990). (c) VDMs and VGPs generated by IMMAB4 (Leonhardt and Fabian, 2007) for locations shown in (a) and
(b). (d) VDMs and VGPs generated by a simple reversal model based on CALS7K.2 (Korte and Constable, 2005; Brown et al., 2007) for the location shown in (a) and (b).
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are coincident with VDMs less than 3 x 1022 Am? (approximately
35% of the present day globally averaged dipole moment). This sug-
gests that the dipole moment needs to be reduced to at least this
value before major directional instability occurs due to the emer-
gence of dominant non-dipolar fields. Our interpretation of the
MB is severely limited by the lack of data, especially if only flows
with three or more palaeointensity determinations are included
(Fig. 16b).

We compare the MB dataset with IMMAB4 transitional field
structure dominated by the quadrupole with a reduced dipole con-
tribution (Leonhardt and Fabian, 2007)(Fig. 16c). For all locations
except China, the general banding of VGPs and VDMs is observed.
The generation of high VDM at equatorial VGP latitudes is incon-
sistent with our data. Our analysis is clearly restricted by the
characterisation of the data as VGPs and VDMs, which does not
allow an assessment of the dominant non-dipolar terms. In addi-
tion, the data for a number of locations is considered from areas not
included in the original model. In this case the model needs to be
refined with additional data.

We have carried the same analysis using the simple reversing
axial dipole model of Brown et al. (2007) based on CALS7K.2 (Korte
and Constable, 2005). We again see the banding of VGPs and VDMs
in the simulated reversal; however, generated VDMs are lower at
transitional VGP latitudes. This is because CALS7K.2 underestimates
the likely strength of the non-dipole field as the model has very
little resolution above spherical harmonic degree four (C. Constable,
personal communication).

6. Conclusions

The microwave technique has been used to determine a
fragmentary record of the evolution of geomagnetic field inten-
sity through the Matuyama-Brunhes geomagnetic field reversal
recorded in three sections on La Palma, and one section on Guade-
loupe. These sections record the main polarity transition, possible
precursors, and fluctuations in the magnetic field prior to the
main polarity reversal; however, it has proved difficult to obtain
robust palaeointensity determinations. Only 10 flows from the 29
flows studied gave reliable mean palaeointensities with three or
more determinations per flow. Of these 10 flows, only 1 records

Table A1
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a transitional direction. The VDM determined from this flow is
1.9+ 0.6 (+0) x 1022 AmZ2. Analysing both thermal Thellier and
microwave palaeointensity results from all Matuyama-Brunhes
studies suggests that the main directional changes occurred once
the VDM was reduced below 3 x 1022 Am2. However, the lack of
transitional data does not allow us to make any robust statements
about the transitional field behaviour. To understand the reversal
process and how this links to geodynamo behaviour, more accurate
transitional palaeointensity determinations are required. In addi-
tion detailed radiometric dating is needed to clearly determine the
temporal variation and complexity of reversal features recorded
in volcanic sections and, where more than one record exists for
a particular reversal, correlate them globally.
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Appendix A. Palaeodirection results

See Tables A 1-A4 .

Appendix B. Palaeointensity results

See Tables B.1-B4.

Palaeodirection results for the MB reversal from the ME section, La Palma. Flow Number labels individual lava flows and is the number shown in any figure relating to
palaeodirection or palaeointensity results. I is inclination; D is declination; M.A.D. is maximum angular deviation (Kirschvink, 1980); Temp range is the temperature interval
taken for the directional analysis of the primary component of magnetisation; Accept is whether the individual sample was included in the flow analysis; Flow [ is the mean
inclination; Flow D is the mean declination; ays is the angular standard deviation (Fisher, 1953; Butler, 1992); « is the precision parameter (Butler, 1992); VGP Lat. is the
virtual geomagnetic pole latitude and VGP Long. is the virtual geomagnetic pole longitude (Butler, 1992).

Sample Flow number 1(°) D(°) M.A.D. (°) Temp range (°C) VGP Lat. (°) VGP Long. (°)
ME30-3B 30

ME31-4B 31

ME32-4B 32 -31.6 167.0 3.8 350-525 -734 30.8
ME34-3A 34 -33.6 184.9 1.9 350-525 -78.8 317.5
ME35-5B 35 -41.4 187.3 5.1 450-525 -81.8 287.1
ME36-2A 36 —43.9 198.6 3.1 450-525 -73.2 257.9
ME37-1A 37 -1.3 168.0 34 350-525 -59.7 6.4
ME38-5A 38 -74 177.3 4.0 300-525 —64.9 348.4
ME39-5A 39 -12.7 180.5 6.1 400-525 -67.8 340.7
ME40-2A 40 -9.9 174.2 2.1 400-525 -65.7 356.2
ME41-1B 41 -79 166.3 3.8 400-525 -62.1 124
ME42-2B 42 -8.1 173.0 35 350-525 —64.5 358.5
ME43-4B 43 -9.3 169.2 5.7 450-525 -63.9 7.2
ME44-5B 44 -2.5 174.7 4.8 350-525 -62.1 353.4
ME45-1B 45

ME46-1A 46

ME47-4B 47 25.1 20.0 2.5 350-525 65.8 107.7
ME48-2A 48 31.2 16.1 2.7 350-525 711 107.2
ME49-2A 49 32.0 26.8 29 400-525 62.9 90.9
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Table A.2

Palaeodirection results from the AS section, La Palma. Where no result is shown, it was not possible to determine a primary component of magnetisation. Flow I is the mean
inclination; Flow D is the mean declination; ags is the angular standard deviation (Fisher, 1953; Butler, 1992); « is the precision parameter (Butler, 1992); VGP Lat. is the
virtual geomagnetic pole latitude and VGP Long. is the virtual geomagnetic pole longitude (Butler, 1992); dm is the confidence limit for VGP latitude and dp is the confidence
limit for VGP longitude (Butler, 1992). See Table A.1 for explanation of other column headings.

Sample Flow I1(°) D(°) M.AD. (°) Temprange (°C) Accept FlowI(°) FlowD(°) o5 (°) « VGP Lat. (°) VGPLong.(°) dm(°) dp(°)
number

AS1-1 1 -19.8 157.8 42 200-525 Y

AS1-2 -21.7 156.2 9.8 150-525 Y

AS1-3 -336 157.8 4.4 450-525 Y

AS1-4 -345 163.3 3.6 200-525 Y

AS1-5 -29.4 1619 8.4 150-525 Y -27.8 159.3 6.9 1248 -66.3 40.4 6.5 7.5

AS2-1 2 -32 1935 41 400-525 Y -32 193.5 -73.1 292.1

AS3-1 3 -4.7 2053 5.4 250-525 N

AS3-3 -333 161.6 4.5 0-525 N

AS3-4 -28.9 198.3 2.0 150-525 Y

AS3-5 -29.4 167.8 1.6 250-525 N

AS3-6 -31.7 196.5 7.0 150-525 Y -30.3 197.4 -74.1 286.5 6.4 7.8

AS4-1 4 -14 2246 1.7 100-525 N

AS4-2 -44.6 170.8 7.4 350-525 N

AS4-3 -459 114 13 400-525 N

AS5-1 5 -399 1734 3.9 250-525 Y

AS5-2 -332 1883 3.7 150-525 Y

AS5-3 -35.8 178.9 29 400-525 Y

AS5-4 -355 182.6 3.0 350-525 Y -36.2 181 6.5 1979 -81.3 336.3 5.8 7.6

AS6-1 6

AS6-3 -38.9 179 5.5 350-525 Y

AS6-4 -37.1 173.6 0.3 400-525 Y

AS6-5 -395 1701 17.3 350-525 Y

AS6-6 —449 178.7 1.2 400-525 Y —40.2 175.3 5.3 298.8 -82.7 19 4.8 6.4

AS7-1 7 —49.5 304.5 2.7 250-525 Y

AS7-3 -59.6 292.7 5.4 400-525 Y

AS7-4 -53.5 296.8 7.0 150-525 Y

AS7-5 —67.2 2943 3.1 250-525 Y -57.3 297.7 9.4 96.7 1.3 206.4 10.0 13.7

AS8-1 8 —44.6 188.4 4.1 400-525 Y

AS8-2 —48.7 188.4 2.9 250-525 Y

AS8-3 -46.5 188.3 4.2 100-525 Y

AS8-4 -35.8 1789 29 400-525 Y

AS8-5 -41.9 1823 8.5 150-525 Y -43.6 185 5.6 1853 -844 288.1 5.1 7.0

AS9-1 9 -28.7 159.8 8.2 350-525 Y

AS9-2 -29.5 158.3 9.5 250-525 Y

AS9-3 -28 1593 2.9 250-525 Y —-28.7 158.8 1.3 86922 -66.2 42.2 1.2 14

AS9-4

AS9-5

AS10-1 10

AS10-2 -13.1 161 2.5 450-525 Y

AS10-3 -17.3 1573 4.3 300-525 Y

AS10-4 -15.5 161 4.0 400-525 Y -15.3 159.8 4.5 758 —61.6 28.4 52 4.6

AS11-1 11

AS11-2 -21.2 1539 43 400-525 Y -21.2 153.9 -59.9 413

AS11-4

AS12-1 12 —22.7 166.2 5.1 350-500 Y

AS12-3 -18.3 1504 7.8 400-525 Y

AS12-4 -16.2 1573 6.7 400-525 Y

AS12-5 -19.2 159.2 8.1 450-525 Y -19.2 158.2 7.6 1472 -62.2 33.8 8.0 7.9

AS13-1 13

AS13-2

AS13-3

AS13-4

AS14-1 14 52.7 2745 2.5 300-550 Y 52.7 274.5 18.7 280.6

AS15-1 15

AS16-1 16

AS16-2

AS16-3

AS16-4

AS16-5

AS17-1 17 42 17 7.4 350-500 Y

AS17-2 463 351.1 1.0 100-550 Y

AS17-3 43 34 53 350-550 Y 445 4.2 14.8 70.7 85.4 107.1 13.5 18.6



M.C. Brown et al. / Physics of the Earth and Planetary Interiors 173 (2009) 75-102 95

Table A.2 (Continued )

Sample Flow 1(°) D () M.AD.(°) Temprange (°C) Accept FlowI(°) FlowD(°) «o5(°) « VGP Lat. (°) VGPLong.(°) dm(°) dp(°)
number

AS18-1 18 32.7 358.7 6.6 350-550 Y

AS18-2 32.6 41.7 5.9 350-550 N

AS18-3 35.6 2.1 2.1 350-550 Y 34.2 0.4 79.9 160.2 7.9 10.1
AS19-1 19 48.7 344.1 1.3 400-550 Y

AS19-2 523 351.8 23 400-550 Y

AS19-3 43.6 18.3 53 350-500 N

AS19-4 35 350 15.7 350-550 N

AS19-5 52.6 52.6 2.4 350-550 Y 51.4 352.5 89 1934 82.5 280 8.7 12.1
AS20-1 20 12.3 6.9 3.0 350-550 Y

AS20-2 8.2 20.2 4.3 350-550 Y

AS20-3 13.2 104 111 400-550 Y

AS20-4 5 226 11.2 400-550 Y 9.7 15.1 9.5 U810 62.2 128.5 12.7 9.6
Table A.3

Palaeodirection results for the MB reversal from the AN section, La Palma. Where no result is shown it was not possible to determine a primary component of magnetisation.
See Table A.2 for explanation of column headings.

Sample  Flow I(°) D(°) M.AD.(°) Temprange(°C) Accept FlowI(°) FlowD (°) «o5(°) &« VGP Lat. (°) VGPLong.(°) dm(°) dp(°)
number

AN1-1 1

AN1-2 -303 1624 3.6 100-525 Y

AN1-3 -31 169.1 2.6 100-525 Y

AN1-4 -379 1725 3.2 100-525 Y

AN1-5 -41 162.0 24 250-525 Y -35.1 167 7.6 146 745 37.8 6.8 8.8

AN2-1 2 -233 1919 0.7 450-525 Y

AN2-2 -17.4 1922 29 400-525 Y -203 192 —68.5 308.2

AN3-1 3 -20.8 186.0 28 350-525 Y

AN3-3 —-142 1874 24 350-525 Y -17.5 187 —69.2 3223

AN4-1 4

AN4-2

AN4-3 184 2023 3.7 450-550 Y

AN4-4 143 2071 35 450-550 Y

AN4-5 10 2035 2 450-550 Y 14.2 204 7.4 280 -47 3054 8.7 7.6

ANG6-1 6

ANG6-2

AN6-3

AN6-4

AN6-5 -746 1741 3.6 350-500 Y -74.6 174 -57.4 156.9

AN7-1 7 31.2 90 24 400-525 Y

AN7-2 33.2 34 31 400-525 Y

AN7-3 343 48 25 400-525 Y

AN7-4 343 75 32 0-525 Y 333 6 29 984 77.9 132.8 2.6 33

AN8-1 8 46 23 27 0-525 Y

AN8-2 50.5 1.8 34 0-525 Y

ANS8-3 -17.7 1874 49 0-525 N 49.7 3 86.6 421

AN9a-1 9 574 26 5 150-525 Y

AN9a-2 59.9 32 29 350-525 Y

AN9a-3 583 356.1 5 150-525 Y

AN9a-4 56.1 58 06 450-525 Y 58 2 3.1 891 80 351.2 33 4.6

AN9b-1 10 54.9 22 31 100-525 Y

AN9b-2 59.2 359.6 4.1 100-525 Y

AN9Db-3 56.2 3559 6 100-525 Y

AN9b-4 51.8 3145 44 400-525 N 56.8 359 43 825 81.4 338.3 4.5 6.2

AN10-1 11

AN10-2 30.9 56 39 100-550 Y

AN10-3 27.3 6.1 6.8 200-550 Y 29.1 6 75.7 138.8 7.3 8.7

AN11-1 12 31.6 1.7 3 0-525 Y

AN11-2 29.6 23 34 100-525 Y

AN11-3 31.1 61 3 100-525 Y

AN11-4 392 106 1.6 200-400 Y 329 5 6.2 219 78.2 138.1 5.6 7.0

AN12-1 13 29.3 3547 2.1 350-550 Y

AN12-2 275 3556 1.3 450-550 Y

AN12-3 364 3563 24 450-550 Y 31.1 356 7.2 291 77.3 182.1 6.6 8.1

AN12-4

AN13-1 14 27.2 64 5 350-550 Y

AN13-2 29.7 94 41 150-550 Y

AN13-3 39.7 58 35 250-550 Y
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Table A.3 (Continued )
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Sample  Flow I1(°) D(°) M.AD.(°) Temprange (°C) Accept FlowI(°) FlowD (°) o5 (°) «k VGP Lat. (°) VGPLong.(°) dm(°) dp(°)
number

AN13-4 34.1 6.7 3.2 350-550 Y 32.7 7 6.4 206 771 130.1

AN14-1 15 235 42 22 350-550 Y

AN14-2 438 3427 3.7 300-550 Y 34.1 355 78.8 188.8

AN15-1 16 274 93 13 350-550 Y

AN15-2 18.9 53 15 300-550 Y 232 7 72 138.0

AN16-2 17

AN16-3 17 73 03 500-550 Y 17 7 68.8 142.2

Table A.4

Palaeodirection results for the MB reversal from Guadeloupe, French West Indies. See Table A.2 for explanation of column headings.

Sample  Flow 1(°) D(°) M.AD.(°) Temprange (°C) Accept FlowI(°) FlowD(°) o5 (°) « VGP Lat.(°) VGPLong.(°) dm(°) dp(°)
number

GD0100 1 —-27.6 1442 2.7 0-350 Y

GDO0101 —-26.9 1613 4.3 100-350 Y

GD0102 -334 1813 5.2 100-350 Y

GD0103 -31.8 168.8 5.1 100-350 Y

GDO0104 -29.1 1704 5.7 150-350 Y

GD0105 -284 1774 41 150-350 Y

GD0106 -385 1782 29 0-350 Y -314 168.6 8.8 478 -79 35.1 8.0 9.9

GO1A01 2 10.1 2335 3.5 300-540 Y

GO1A04 19.7 266.5 5.2 250-520 Y

GO1A06 12.9 90.8 2.6 300-520 N

G01B02 -15.8 2225 6.5 200-520 N

G01C02 9.2 257.7 3.8 300-450 Y

G01C07 6.3 2554 4.8 200-520 Y 11.6 253.2 17.1 299 -144 218.8 21.6 17.4

G02A01 3 -47.7 1748 16.7 400-540 N

G02A03 -67.4 188 49 300-520 Y

G02A04 -535 193.2 8.3 250-520 Y

G02A06 -76.9 2492 8.2 250-520 Y

G02A07 -55.4 186.4 3.6 250-520 Y

G02A08 -50.8 175.8 2.7 200-520 Y

G02B04 -66.2 2004 7.1 250-520 Y

G02B05 -564 1934 4.8 250-520 Y -61.9 192.3 9.5 409 -61 136.9 1.1 14.7

GO03A01 4 -89 0.2 24 200-520 N

GO3A03 223 3513 4 100-540 Y

GO3A05 232  356.6 3.1 200-520 Y

GO3A07 24 3514 22 200-520 Y

GO3A08 271  356.1 2.5 200-520 Y 24.2 353.8 3.8 579.5 83.1 179.1 3.7 41

Table B.1

Individual microwave palaeointensity results from the ME section, La Palma. Flow Number labels individual lava flows and is the number shown in any figure relating to
palaeodirection or palaeointensity results. Flows are in stratigraphic order in ascending number from oldest to youngest (32-49). Demag indicates whether it was possible to
resolve a primary component of magnetisation large enough to perform a palaeointensity experiment. Protocol is the experimental design chosen (protocols are explained
in Section 3.3): Perp is the perpendicular applied field method (Kono and Ueno, 1977; Hill and Shaw, 2007); Coe is the double heating-method of Coe (1967); Quasi is the
quasi-perpendicular applied method (Biggin et al., 2007b). Fy,; is the laboratory applied field. n/N is the number of accepted NRM-pTyRM points against the total number
of pNRM-pTyRM points determined from the palaeointensity experiment. f, g, 8 and q are Coe et al. (1978) quality statistics (see Section 3.4 for explanation of individual
statistics and for further discussion). r2 is square of the correlation coefficient (discussed in Section 3.4). pTyRM check and Tail Check (explained in Section 3.4) columns show
the number of checks that passed the selection criterion against the total number of checks relating to pPNRM-pTyRM points accepted for palaeointensity determination. F is
the palaeointensity determination; uncert is the uncertainty of the individual palaeointensity determination using (1/q)F (Coe et al., 1978); Class is explained in Section 3.4.

Sample Flow Demag Protocol Fiap n/N f g B q 2 pTvRM Tail F(T) Uncert Class
number check check (nT)

ME32-1B1 32 Y Perp 40 77 0.47 0.64 0.06 5.18 0.983 11 1/1 375 7.2 2

ME32-2B1 Y Perp 20 7/9 0.54 0.74 0.08 5.16 0.971 2/3 2/3 43.9 8.5 3

ME32-4B1 Y Perp 10 6/6 0.60 0.49 0.03 10.22 0.997 2/[2 0/2 47.7 4.7 2

ME32-4B2 Y Perp 20 0/7

ME32-4B3 Y Perp 20 0/8

ME32-4B4 Y Perp 40 5/5 0.25 0.52 0.04 3.01 0.994 1/1 1/1 46.3 154 3

ME32-5B1 Y Perp 40 6/6 0.58 0.33 0.01 19.72 1.000 2/2 2/2 233 1.2 1

ME32-5B2 Y Perp 40 7/9 0.73 0.62 0.03 14.00 0.995 1/3 2/3 31.7 23 2

ME32-5B3 Y Perp 40 4/4 0.35 0.29 0.04 2.46 0.997 0/0 0/0 22.0 8.9 3

ME33-2A1 33 Y Perp 10 0/5

ME33-5B1 Y Perp 20 0/5

ME34-4B1 34 N

ME35-5B1 35 N

ME36-1B1 36 Y Perp 10 47 0.44 0.59 0.03 8.43 0.998 0/1 0/1 16.4 1.9 2

ME36-2B1 N Coe
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Table B.1 (Continued )
Sample Flow Demag Protocol Fiap n/N f g B q i pTmRM Tail F(pT) Uncert Class

number check check (nT)
ME36-3B1 Y Perp 10 8/11 0.28 0.81 0.07 3.25 0.970 2/3 3/3 9.5 2.7 3
ME36-4B1 Y Perp 40 8/11 0.13 0.78 0.07 1.32 0.967 4/4 4/4 104 7.9 3
ME36-5B1 N Coe
ME37-1B1 37 N
ME38-1B1 38 Y Perp 40 0/10
ME39-4A1 39 Y Perp 15 3/5 0.04 0.40 0.11 0.17 0.989 0/1 1/1 10.6 63.2 3
ME39-6C1 Y Perp 40 6/7 0.73 0.45 0.03 11.76 0.997 2[2 22 15.8 1.3 3
ME39-6C2 N Coe
ME39-6C3 Y Perp 40 5/5 0.43 0.01 0.07 0.08 0.987 1/1 1/1 9.7 123.0 3
ME39-6C4 Y Perp 10 4/4 0.15 0.57 0.03 2.78 0.998 0/0 0/0 9.0 3.2 3
ME40-1A1 40 Y Perp 10 9/9 0.59 0.72 0.03 14.09 0.993 2/3 3/3 13.0 0.9 2
ME40-2B1 Y Perp 10 12/12 0.59 0.80 0.06 7.94 0.964 4/5 5/5 8.5 1.1 3
ME40-3A1 Y Perp 10 11/11 0.68 0.86 0.02 31.27 0.997 5/5 4/5 8.2 0.3 2
ME40-3A2 Y Perp 10 8/11 0.29 0.77 0.07 3.12 0.969 3/4 3/4 10.9 3.5 3
ME40-4A1 Y Perp 40 0/11
ME40-4A2 N Coe
ME40-4A3 Y Perp 10 11/11 0.70 0.82 0.03 18.98 0.991 4/4 4/4 9.7 0.5 1
ME40-5A1 N Coe
ME40-5B1 Y Perp 15 9/10 0.50 0.68 0.03 13.43 0.996 3/4 3/4 11.3 0.8 2
ME41-4A1 41 Y Perp 10  0/4
ME42-2A1 42 Y Perp 10 5/5 0.66 0.65 0.01 3243 0.999 1/2 22 13.5 0.4 2
ME42-3A1 Y Perp 10 717 0.84 0.77 0.04 17.02 0.993 0/2 2/2 14.6 0.9 2
ME42-3A2 Y Perp 10 5/5 0.76 0.74 0.02 24.15 0.998 0/2 22 17.1 0.7 2
ME42-5B1 Y Perp 40 0/11
ME42-5B2 N Coe
ME42-5B3 Y Perp 40 77 050 077 004 1077 0994 3/4 4/4 17.9 1.7 2
ME43-5B1 43 N
ME44-2B1 44 Y Perp 40 5/5 0.38 0.71 0.14 1.94 0.944 0/2 22 20.6 10.6 3
ME44-2B2 Y Perp 40 4/4 0.48 0.53 0.00 59.56 1.000 0/1 1/1 13.1 0.2 2
ME44-2B3 Y Perp 40 5/7 0.15 0.59 0.08 1.09 0.980 0/3 3/3 13.3 12.2 3
ME45-1B1 45 N
ME46-4B1 46 N
ME47-1A1 47 Y Perp 40 0/4
ME47-1A2 Y Quasi 30 0/3
ME47-2A1 Y Perp 40 8/8 0.59 0.59 0.01 55.05 1.000 2/2 2/2 40.3 0.7 1
ME47-2A2 Y Perp 40 3/3 0.22 0.03 0.01 0.10 0.997 0/0 0/1 329 313.2 3
ME47-2A3 Y Coe 40 5/6 0.77 0.50 0.02 15.76 0.998 1/2 1/2 50.7 3.2 2
ME47-2A4 Y Coe 20 6/7 0.62 0.66 0.06 7.04 0.986 2/2 0/2 37.5 5.3 2
ME47-2B1 Y Perp 40 5/5 0.70 0.58 0.05 8.11 0.994 22 2/[2 28.8 3.5 1
ME47-3A1 Y Perp 40 9/9 0.43 0.74 0.04 8.01 0.989 0/3 0/3 17.9 2.2 3
ME47-4A1 Y Perp 40 5/8 0.31 0.62 0.05 4.81 0.995 11 11 50.2 10.4 3
MEA47-4A2 Y Perp 40 11/11 0.75 0.80 0.02 36.72 0.998 4/4 4/4 534 1.6 1
ME47-4A3 Y Perp 30 717 0.28 0.69 0.01 13.23 0.988 1/2 1/2 31.6 24 3
ME47-4A4 Y Coe 20 5/5 0.21 0.64 0.01 1.91 0.985 0/2 0/2 224 11.7 3
ME48-1B1 48 Y Perp 40 11/11 0.79 0.78 0.01 72.07 0.994 4/4 1/4 34.6 0.5 2
ME48-1B2 Y Perp 40 6/6 0.41 0.56 0.02 13.83 0.999 2/2 22 31.2 23 1
ME48-1B3 Y Quasi 30 6/11 0.56 0.50 0.02 13.86 0.998 N/A N/A 36.2 2.6 2
ME48-1B4 Y Quasi 30 6/9 0.82 0.68 0.02 31.99 0.999 N/A N/A 41.5 1.3 2
ME48-2A1 Y Perp 40 13/14 0.84 0.77 0.01 41.20 0.999 4/5 1/5 354 0.9 2
ME48-2A2 Y Perp 40 717 0.21 0.76 0.06 2.86 0.985 1/1 1/1 46.9 16.9 3
ME48-2A3 Y Coe 40 717 0.39 0.59 0.03 7.00 0.995 3/3 1/3 24.8 3.5 3
ME48-2A4 Y Perp 40 6/6 0.71 0.71 0.03 19.23 0.997 1/2 0/2 43.9 23 2
ME48-2A5 Y Perp 40 7/17 0.04 0.81 0.07 0.51 0.978 3/3 1/3 46.1 89.6 3
ME48-3A1 Y Perp 40 13/13 0.20 0.86 0.41 4.22 0.981 0/1 0/1 38.5 9.1 3
ME48-3A2 Y Perp 40 9/9 0.76 0.69 0.02 22.57 0.996 1/1 1/1 474 2.1 2
ME48-3A3 Y Perp 30 11/11 0.69 0.58 0.04 10.75 0.988 5/6 0/5 31.7 2.9 2
ME48-4A1 Y Perp 40 5/6 0.72 0.39 0.03 8.00 0.996 0/1 0/1 61.7 7.7 3
ME48-4A2 Y Perp 40 11/11 0.10 0.81 0.04 2.29 0.988 2/2 0/2 60.0 26.2 3
ME49-1A1 49 Y Perp 40 717 0.44 0.71 0.06 4.94 0.980 1/3 2/3 17.9 3.6 3
ME49-2B1 Y Perp 40 14/14 0.48 0.78 0.02 16.58 0.994 5/6 2/6 37.1 22 2
ME49-2B2 Y Coe 40 5/6 0.14 0.57 0.11 0.75 0.964 1/2 1/2 16.1 214 3
ME49-2B3 Y Quasi 30 6/6 0.91 0.79 0.06 12.62 0.987 N/A N/A 53.0 4.2 2
ME49-2B4 Y Quasi 30 7/8 0.95 0.82 0.03 27.69 0.996 N/A N/A 424 1.5 2
ME49-3A1 Y Perp 40 717 0.81 0.33 0.05 5.75 0.992 2/2 0/2 33.6 5.8 3
ME49-3A2 Y Perp 15 717 0.60 0.47 0.04 7.06 0.994 22 1/2 27.6 3.9 3
ME49-4A1 Y Perp 30 0/6
ME49-5A1 Y Perp 30 15/17 0.47 0.90 0.03 14.10 0.988 4/6 0/6 14.7 1.0 3
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Table B.2

Individual microwave palaeointensity results from the AS section, La Palma. All column headings are explained in the caption to Table B.1.

Sample Flow Demag Protocol Fiap n/N f g B q i pTmRM Tail F(uT) Uncert Class
number check check (T)

AS3-5B1 3 Y Coe 20 0/12

AS4-4B1 4 Y Coe 20 0/17

AS4-4B2 Y Perp 20 0/4

AS4-4B3 Y Perp 20 15/15 0.90 0.47 0.02 28.45 0.993 5/5 5/5 354 0.9 1

AS4-4B4 Y Perp 20 0/24

AS5-1A1 5 Y Coe 20 0/11

AS7-5B1 7 N

AS8-2B1 8 Y Perp 20 11/18 0.32 0.87 0.03 7.90 0.989 3/4 1/4 16.0 2.0 3

AS8-3B1 Y Coe 20 7/7 0.39 0.78 0.07 4.50 0.977 1/3 3/3 15.8 3.5 3

AS8-3B2 Y Coe 10 15/15 0.85 0.91 0.02 36.37 0.994 7/7 2[7 19.4 0.5 2

AS8-3B3 Y Perp 20 0/10

AS8-5B1 Y Quasi 10 0/17

AS9-1B1 9 Y

AS10-U1 10 N

AS10-U5 N

AS11-2B1 11 Y Quasi 1 0/8

AS12-1B1 12 Y Quasi 10 9/9 0.42 0.65 0.09 2.88 0.939 N/A N/A 1.77 0.614 3

AS12-1B2 Y Quasi 1 7/7 0.43 0.77 0.09 3.62 0.959 N/A N/A 2.85 0.7864889 3

AS12-2B1 Y Quasi 5 0/9

AS12-3B1 N Coe

AS12-3B2 Y Quasi 5 0/8

AS12-4B1 Y Quasi 5 5/9 0.69 0.73 0.04 13.90 0.996 N/A N/A 43 0.3 2

AS12-5B1 Y Quasi 1 0/8

AS13-B1 13 Y Coe 10 0/13

AS14-U1 14 Y Coe 20 7/14 0.46 0.80 0.06 6.45 0.984 3/3 3/3 10.38 1.60955 2

AS14-U2 Y Perp 10 0/9

AS14-U3 Y Quasi 10 14/15 0.97 0.87 0.03 31.53 0.991 N/A N/A 13.2 0.4 2

AS14-1B1 Y Coe 10 7/13 0.52 0.78 0.04 9.14 0.990 3/4 4/4 5.75 0.629 2

AS14-2A1 Y Perp 20 12/12 0.48 0.83 0.04 9.49 0.982 3/4 1/5 10.7 1.1 2

AS16-2B1 16 N

AS16-4B1 Y

AS15-1B1 15 Y Coe 20 0/15

AS15-1B2 Y Quasi 10 13/13 0.74 0.84 0.06 9.69 0.955 N/A N/A 7.9 0.8 3

AS15-1B3 Y Quasi 5 7/17 0.66 0.78 0.04 12.02 0.990 N/A N/A 14.7 1.2 2

AS15-2B1 Y Coe 20 5/6 0.52 0.65 0.06 5.68 0.989 2/2 0/2 24.8 44 3

AS15-3B1 Y Perp 20 5/6 0.08 0.66 0.04 1.14 0.994 0/2 0/2 17.9 15.6 3

AS14-1B1 14 Y Coe 0/18

AS14-1B2 Y Coe 20 10/12 0.45 0.88 0.08 5.17 0.953 5/5 4/5 1.7 23 3

AS14-1B3 Y Quasi 10 6/16 0.26 0.73 0.08 2.38 0.975 N/A N/A 14.1 5.9 3

AS14-1B4 Y Quasi 10 7/11 0.28 0.68 0.08 2.35 0.967 N/A N/A 15.3 6.5 3

AS14-3B5 Y Quasi 5 9/14 0.58 0.73 0.02 19.21 0.997 N/A N/A 43 0.2 2

AS14-3B6 Y Quasi 5 5/9 0.23 0.73 0.08 2.18 0.982 N/A N/A 27.7 12.7 3

AS13-2B1 13 Y Perp 20 11/11 0.60 0.81 0.02 22.72 0996  4/4 2/4 18.1 0.8 2

AS13-3B1 Y Coe 10 0/15

AS13-3B2 Y Coe 20 0/8

AS13-3B3 Y Quasi 10 6/6 0.23 0.74 0.03 5.05 0.994 N/A N/A 33 0.6 3

AS13-3B4 Y Quasi 10 9/9 0.73 0.82 0.02 31.46 0.997 N/A N/A 2.4 0.1 2

AS13-3B5 Y Quasi 10 9/9 0.87 0.79 0.04 15.46 0.986 N/A N/A 2.6 0.2 2

AS13-3B6 Y Quasi 10 11/21 0.45 0.83 0.08 4.94 0.949 N/A N/A 21.0 43 3

AS13-3B7 Y Quasi 10 7/15 0.54 0.78 0.04 10.25 0.992 N/A N/A 4.5 0.4 2

AS13-3B8 Y Quasi 10 14/14 0.75 0.85 0.04 15.06 0.979 N/A N/A 4.1 0.3 3

AS13-3B9 Y Perp 10 10/12 0.69 0.76 0.06 8.16 0.967 1/5 3/5 4.2 0.5 3

AS13-3B10 Y Perp 10 12/20 053 0.79 0.01 39.61 0.999 0/0 0/0 4.6 0.1 2

AS13-3B11 Y Perp 10 9/9 0.68 0.80 0.05 11.71 0.985 1/3 2/3 3.7 0.3 2

AS13-4B1 Y Coe 20 12/26 048 0.88 0.03 14.74 0.991 4/5 5/5 6.5 0.4 2

AS13-4B2 Y Perp 20 15/16 0.61 0.87 0.01 18.36 0989  4/7 1/7 7.8 0.4 2

AS12-2B1 12 Y Perp 10 7/9 0.58 0.45 0.40 6.51 0.992 2/3 0/3 2.2 0.3 3

AS12-2B2 Y Perp 5 10/10 0.53 0.83 0.02 19.88 0.996 2/4 4/4 2.2 0.1 2

AS12-2B3 Y Perp 5 9/13 0.42 0.80 0.05 6.36 0.980 3/5 3/4 4.2 0.7 3

AS12-2B4 Y Perp 5 15/15 0.39 0.85 0.05 7.27 0.973 3/7 2[7 1.1 0.2 3

AS12-4B1 Y Quasi 5 6/10 0.65 0.77 0.08 6.44  0.975 N/A N/A 8.5 13 3
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Individual microwave palaeointensity results from the AN section, La Palma. Flows are in stratigraphic order in ascending number from oldest to youngest. All column headings

are explained in the caption to Table B.1.

Sample Flow Demag Protocol Fiap n/N f g B q 2 pTmRM Tail F (T) Uncert Class
number check check (nT)

AN1-1B1 1 Y Perp 10 0/4

AN1-1B2 Y Perp 15 10/10 0.54 0.56 0.11 2.88 0.912 1/2 1/2 2.5 0.9 3

AN1-1B3 Y Perp 2 0/9

AN1-2A1 Y Perp 15 03

AN1-2A2 Y Perp 4 6/7 0.38 0.40 0.14 1.07 0.920 0/1 0/1 3.2 3.0 3

AN1-4A1 Y Perp 5 03

AN1-5A1 Y Perp 5 9/9 0.41 0.61 0.08 3.20 0.958 1/1 0/1 1.6 0.5 3

AN2-1B1 2 Y Coe 40 0/4

AN2-1B2 Y Perp 10 6/6 0.63 0.71 0.02 20.86 0.998 1/1 1/2 7.5 0.4 2

AN2-2B1 Y Coe 40 5/5 0.43 0.56 0.08 2.88 0.979 1/3 2/3 11.7 4.1 3

AN3-1B1 3 Y Perp 10 7/8 0.39 0.67 0.09 2.93 0.961 2/[2 0/2 4.6 1.6 3

AN3-1B2 Y Perp 10 13/13 0.60 0.85 0.03 19.91 0.993 3/3 0/3 3.2 0.2 2

AN3-1B3 Y Perp 10 5/5 0.53 0.68 0.04 8.85 0.995 0/1 1/1 6.6 0.7 2

AN3-2B1 Y Coe 20 0/4

AN3-3B1 Y Perp 10 7/8 0.39 0.34 0.04 3.64 0.993 0/1 0/1 8.8 2.4 B

AN3-3B2 Y Perp 10 8/8 0.38 0.70 0.04 6.50 0.990 1/2 2/2 11.5 1.8 2

AN4-1B1 4 Y Coe 10 0/6

AN4-2B1 Y Coe 10 0/7

AN4-3B1 Y Perp 10  0/7

AN4-4B1 Y Perp 10  0/11

ANG6-1B1 6 Y Perp 10 6/8 0.69 0.61 0.03 15.16 0.997 1/1 0/1 4.8 0.3 2

AN7-2B1 7 Y Perp 10 3/4 0.28 0.35 0.03 3.53 0.999 0/0 0/0 13.9 3.9 3

AN7-3B1 Y Perp 10 6/6 0.27 0.45 0.05 2.57 0.991 1/1 0/1 10.7 4.2 3

AN7-4B1 Y Coe 30 0/5

AN7-4B2 Y Quasi 30 0/6

ANS8-2B1 8 Y Perp 10 8/8 0.31 0.62 0.12 1.66 0.918 0/1 1/1 3.4 2.1 3

AN8-2B2 Y Perp 10 10/10 0.53 0.56 0.07 4.13 0.958 1/2 0/2 5.1 1.2 3

AN8-2B3 Y Quasi 10 5/5 0.80 0.74 0.05 12.66 0.993 N/A N/A 3.7 0.3 2

AN8-3B1 Y Perp 20 717 0.22 0.75 0.04 4.05 0.992 0/1 0/1 8.8 2.2 B

AN9A-1B1 9 Y Perp 10 10/10 0.77 0.59 0.02 22.07 0.997 0/0 0/0 21.6 1.0 2

AN9A-2B1 Y Perp 10 9/10 0.19 0.84 0.04 4.34 0.990 0/0 0/0 24.2 5.6 3

AN9A-3B1 Y Perp 20 9/9 0.39 0.75 0.04 8.16 0.991 0/1 0/1 26.8 33 2

AN9A-4B1 Y Perp 20 15/15 0.40 0.64 0.02 10.10 0.992 0/0 0/0 18.5 1.8 2

AN9B-4B1 10 Y Perp 10 0/12

AN10-1B1 11 N

AN10-2B1 N

AN10-3B1 N

AN11-1B1 12 Y Perp 10 3/3 0.73 0.50 0.09 4.13 0.992 1/1 1/1 31.7 7.7 3

Table B.4

Individual microwave palaeointensity results from Guadeloupe, French West Indies. Column headings are explained in Table B.1.

Sample Flow Demag Protocol Fiap n/N f g B q i pTmRM Tail F(uT) Uncert Class
number check check (rT)

GDO0102 1 Y Perp 10  0/12

GD0103 Y Perp 20 0/8

GDO0104 Y Coe 20 0/9

GD0105 Y Quasi 10 8/8 0.43 0.83 0.03 13.10 0.995 N/A N/A 25.1 1.9 2

GDO0106 Y Quasi 20 11/12 0.51 0.89 0.02 19.15 0.995 N/A N/A 19.1 1.0 2

GD0201 Y Perp 30  0/8

GD0301 Y Perp 10 0/12

GDO0601 Y Perp 10  0/9

GO1A0101 2 Y Perp 6 0/9

G01A0201 Y Perp 6 8/10 0.41 0.71 0.10 2.89 0.940 1/2 0/2 4.2 1.5 3

GO1A0401 Y Perp 6

GO01A0402 Y Perp 6 0/16

G01A0501 Y Perp 10 9/ 0.37 0.77 0.04 7.57 0.990 0/3 0/3 6.2 0.8 3

GO1A0601 Y Perp 6 7/9 0.31 0.75 0.16 1.42 0.870 0/1 0/1 5.2 3.6 3

GO1A0701 Y Perp 6 0/10

GO01B0102 Y Perp 6 0/4

GO01B0201 Y Perp 6 6/6 0.20 0.57 0.05 2.17 0.989 0/0 0/0 7.0 3.2 3

GO01B0301 Y Perp 6 0/9

GO01B0302 Y Perp 6 0/9

G01B0401 Y Perp 6 7]7 0.73 0.72 0.05 10.48 0.987 0/1 1/1 3.0 0.3 2
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Table B.4 (Continued )

Sample Flow Demag Protocol Fiap n/N f g B q i pTmRM Tail F(pT) Uncert Class
number check check (nT)

G01B0402 Y Perp 6 o/11

GO01B0501 Y Perp 6 0/3

G02A0101 3 Y Perp 10 0/10

G02A0201 Y Perp 5 4/5 0.31 0.33 0.07 1.48 0.990 0/0 0/0 17.2 11.6 3

G02A0501 Y Perp 10 0/5

G02A0701 Y Perp 20 0/12

G02A0801 Y Perp 10 0/4

G02A0901 Y Perp 5 77 0.26 0.75 0.09 2.26 0.963 0/1 0/1 7.8 3.5 3

G02A0902 Y Perp 10 0/15

G02B0101 Y Perp 10 4/6 0.17 041 0.04 1.91 0.996 0/1 11 16.6 8.7 3

G02B0102 Y Perp 10 5/5 0.46 0.72 0.04 8.95 0.996 11 11 17.0 1.9 2

G03A0101 4 Y Perp 10 15/15 0.66 0.90 0.02 23.86 0.992 3/4 0/4 14.0 0.6 3

G03A0102 Y Perp 20 11/11 0.84 0.81 0.03 21.56 0.991 0/3 0/1 15.4 0.7 3

G03A0201 Y Perp 10 13/13 0.70 0.87 0.02 34.58 0.997 4/4 0/4 18.9 0.5 2

G03A0301 Y Perp 15 0/13

G03A0401 Y Perp 15 10/10 0.71 0.61 0.04 9.90 0.985 0/2 0/2 19.7 2.0 3

G03A0501 Y Perp 15 0/10

G03A0502 Y Perp 20 1/11 0.51 0.74 0.03 13.33 0.993 1/2 1/2 26.5 2.0 2

G03A0601 Y Perp 15 8/8 0.44 0.64 0.04 6.86 0.990 2/2 0/2 15.7 23 2

G03A0701 Y Perp 15 0/6

G03A0801 Y Perp 15 12/12 0.34 0.80 0.05 5.90 0.979 0/1 0/1 13.2 2.2 3

G03A0802 Y Perp 20 5/17 0.13 0.51 0.16 1.26 0.992 1/2 0/2 10.8 8.6 3
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