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S U M M A R Y 

A basaltic lava flow erupted from the Tajogaite volcano on 4 December 2021, in La Palma 
(Canary Islands, Spain) was sampled to find out to what extent reliable and correct infor- 
mation on both intensity and direction of the Earth’s magnetic field can be obtained from 

the palaeomagnetic signal recorded in a lava flow which erupted under known conditions. 
Samples were taken e very fe w centimetres across a flow up to a total of 27 oriented cores. 
P alaeomagnetic e xperiments showed a strong viscous ov erprint in man y samples. Ne verthe- 
less, the mean palaeomagnetic direction obtained agrees well with the actual value from 

IGRF-13. Rock magnetic experiments were performed to obtain additional information about 
the quality and reliability of the results and the reasons for unsuccessful determinations. 
Anal ysis of mostl y irre versible ther momagnetic cur ves showed that the carriers of remanence 
were magnetite and titanomagnetite of low and/or intermediate Curie-temperature. Hystere- 
sis parameter ratios showed a pronounced variability across the flow. Analyses of frequency 

dependent susceptibility, IRM acquisition coercivity spectra and FORCs showed a noticeably 

presence of very low coercivity grains (multidomain and superparamagnetic-single domain 

boundary). Multimethod palaeointensity experiments were performed with the Thellier-Coe, 
multispecimen and Tsunaka wa-Sha w methods. Only three of 25 cores from the flow yielded 

successful Thellier-Coe determinations, in agreement with the expected field value of 38.7 

μT (IGRF-13). Ho wever , palaeointensities of 60 per cent of the specimens agree with the 
expected value performing an informal analysis without considering criteria thresholds. Four 
of six Tsunaka wa-Sha w deter minations perfor med on samples from the flow yielded correct 
results, but three multispecimen determinations providing apparently successful determina- 
tions largely underestimate the expected field intensity. Combination of three Thellier-Coe and 

four Tsunaka wa-Sha w successful determinations yields a multimethod palaeointensity result 
B = (36.9 ± 2.0) μT in good agreement with the expected field intensity. 

Key words: Palaeointensity; Rock and mineral magnetism; Palaeomagnetism; Oceanic 
hotspots and intraplate volcanism. 
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.  I N T RO D U C T I O N  

he direction and intensity of palaeomagnetic records supply in-
ormation about the past characteristics and variations of the
arth’s magnetic field (EMF), supplying constraints necessary to
nderstand processes occurring in the deep interior of the Earth
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
e.g. Biggin & Paterson 2014 ). Lava flows can be an important
eans to retrieve information related to such processes, as dur-

ng their eruption and emplacement they acquire a thermorema-
ent magnetization (TRM) whose direction is in principle parallel
r nearly parallel to the magnetizing field, while its intensity is
roportional to the magnetizing field strength. Thus, directions of
oyal Astronomical Society. This is an Open Access 
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the ancient EMF can be directly read from the palaeomagnetic 
record. 

Ho wever , past intensities of the EMF—so called 
palaeointensities—cannot be directly determined from the 
remanence recorded in rocks. The intensity of remanent magnetiza- 
tion will depend on the intensity of the magnetizing field, but also 
on the magnetic properties of the carriers of remanence. Therefore, 
absolute palaeointensity determination experiments require the 
comparison of the natural remanence (NRM) recorded in the rocks 
with a laboratory acquired TRM in a known laboratory field B lab . 
Thellier-type methods (Thellier & Thellier 1959 ) are regarded the 
most tr ustwor th y, because they rely on a robust ph ysical basis (N éel 
1949 ), but successful determinations require TRM to be carried 
by non-interacting single-domain (SD) grains (e.g. Dunlop 2011 , 
and references therein), a condition normall y not rigorousl y met b y 
natural rocks. Moreover, it is necessary that during palaeointensity 
determination experiments, no chemical, mineralogical or physical 
alteration affect the carriers of remanence. Thus, failure rates of 
Thellier-type palaeointensity determinations can be rather large 
and, even worse, in some cases, apparently reliable determinations 
may produce erroneous palaeointensity results (e.g. Calvo et al. 
2002 ; Shcherbakov et al. 2019 ). 

Se veral alternati ve methods have been proposed to avoid, or at 
least lessen chemical and/or mineralogical alterations, as well as 
the effect of multidomain (MD) grains. One of these methods is 
the multispecimen (MS) method (Dekkers & B öhnel 2006 ), which 
is based on a theoretical model proposed by Biggin & Poidras 
( 2006 ) and is supposed to preclude incorrect palaeointensity de- 
terminations due to domain structure. Fabian & Leonhardt ( 2010 ), 
ho wever , questioned the method because of the possibility system- 
atic palaeointensity overestimates due to multidomain (MD) grains, 
which have been reported by Michalk et al. ( 2008 , 2010 ) and Calvo- 
Rathert et al. ( 2016 ). A new MS measurement protocol including 
extra correction steps was proposed by Fabian & Leonhardt ( 2010 ) 
to prevent these overestimates. 

A different kind of palaeointensity determination method was 
proposed by Shaw ( 1974 ). It uses alternating field (AF) demagneti- 
zation of NRM and TRM to allow determination of the NRM/TRM 

ratio as a function of coercivity, and a variety of modifications 
have been proposed to this approach. The Tsunaka wa-Sha w method 
(Tsunakawa et al. 1997 ; Yamamoto et al. 2003 ), formerly called the 
LTD-DHT Shaw method, uses individual ARM corrections (Rolph 
& Shaw 1985 ), a double heating test (Tsunakawa & Shaw 1994 ) and 
low temperature demagnetization (LTD). A detailed description of 
the method is gi ven b y Yamamoto & Tsunakawa ( 2005 ). Some 
possible advantages of this approach include the measurement of 
single-domain (SD)-like remanences because LTD can erase MD- 
like components and the fact that the laboratory TRM acquisition 
process is thought to be analogous to a natural process, because 
samples are directly heated above the Curie temperature and cooled 
down in a field to room temperature. 

The concurrent use of palaeointensity determination methods 
based on different principles can be a convenient approach to in- 
crease the reliability of the results obtained if coincidences are ob- 
served (e.g. de Groot et al. 2013 , 2015 ; Monster et al. 2015a ; Calvo- 
Rathert et al. 2019 , 2022 ; Allington et al. 2021 ; Garc ́ıa-Redondo 
et al. 2021 ; S ánchez-Moreno et al. 2021 ). The main objective of this 
study was to find out to what extent reliable and correct information 
on both intensity and direction of the EMF can be obtained from 

the palaeomagnetic signal recorded in a lava flow which erupted 
under known conditions (field value and eruption date and duration 
are known) using different palaeointensity determination methods. 
Rock-magnetic analyses have also been included in the study to 
obtain additional information about the quality and reliability of the 
results and the reasons for unsuccessful determinations. 

Various palaeointensity investigations based on different determi- 
nation methods have been already conducted on recent lava samples 
erupted in known geomagnetic field conditions to test the viability of 
methods and materials as means of obtaining an accurate record of 
EMF intensity (e.g. B öhnel et al. 2011 ; Calvo et al. 2002 ; Cromwell 
et al. 2015 ; Jeong et al. 2021 ; Fukuma 2023 ; Grappone et al. 2019 ; 
Tsunakawa & Shaw 1994 ; Valet et al. 2010 ). With this aim in mind, 
we sampled a basaltic lava flow erupted from the Tajogaite volcano 
on 4 December 2021, in the island of La Palma (Canary Islands). 
A preliminary rock-magnetic study carried out on earlier ejected 
material (unoriented lava flow and lapilli samples) from the 2021 
eruption series in La Palma has recently been published by Par és 
et al. ( 2022 ). 

2 .  G E O L O G I C A L  S E T T I N G  A N D  

S A M P L I N G  

La Palma for ms par t of the Canary Islands, an archipelago on the 
African Plate located some 100–500 km west of the Sahara con- 
tinental margin on the eastern Atlantic Ocean (Fig. 1 ). It forms 
a roughly E–W oriented chain on the African plate, consisting 
of seven volcanic islands thought to have formed above a man- 
tle plume as the plate moved east-northeastwards over a hotspot 
(e.g. Carracedo et al. 1998 ), with the oldest subaerial volcanism in 
Fuerteventura and the youngest in the westernmost islands of La 
Palma and El Hierro. 

A detailed description of the geological evolution of La Palma in- 
cluding a large number of radiometric age data is given by Carracedo 
et al. ( 2001 ). Traditionally, La Palma has been divided into three 
main units (Kl ügel et al. 2017 , and references therein): (i) the basal 
complex (3–4 Ma) which includes an uplifted and tilted Pliocene 
seamount sequence and a plutonic complex, an older volcanic series 
(2–0.7 Ma) which comprises the Taburiente shield volcano, and the 
recent Cumbre Vieja series (0.7 Ma to present). The Cumbre Vieja 
series is a N–S, 25 km long ridge that makes up the southern half 
of the island, and it is thought to be an active rift zone. 

The Tajogaite eruption was the longest and most voluminous 
eruption in La Palma in historical times (e.g. Gonz ález 2022 ) with 
more than 200 million m 

3 ejected on the western foothills of the 
volcano. Volcanic activity lasted a total of 85 da ys, betw een 19 
September and 13 December 2021. The lavas erupted at La Palma 
are mainly tephrites to basanites that are compositionally similar to 
those from other historical eruptions in La Palma (Carracedo et al. 
2022 ). They are porphyritic, v ariabl y vesiculated and with a phe- 
nocryst content of subhedral and compositionally zoned clinopy- 
roxene as the main mineral phase with lesser amounts of olivine 
crystals in early erupted lavas (Carracedo et al. 2022 ), and were 
emitted as a’a and pahoehoe lava types (e.g. Palanco et al. 2022 ). 
Lava flows descended towards the coast and reached the ocean at 
two spots, forming two lava deltas (Alonso et al. 2023 ). 

The lava flows also cut communications in the southwestern flank 
of the island, and only in September 2022 the construction of a 
new road in the lava field could be star ted. The constr uction of 
the new road allowed us to access and sample a newly open and 
therefore fresh rock surface of the flow emplaced on 4 December 
2021 (Fig. 2 ). On 14 September 2022, we carried out a sampling 
across the whole flow. The flow had a thickness of approximately 
2.2 m, and we took 27 cores using a portable gasoline powered 
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Figure 1. Location of the sampled lava flow in the island of la Palma. Lower map: Canary Islands map (adapted from Google Earth). A red rectangle on 
the island of La Palma shows the position of the inset on the left. Upper map: Lava flows generated by the eruptions la Palma between 19 September and 
13 December 2021 (a colour code varying between green and red shows the timing of the eruptions. A red star indicates sampling site location in the flow 

(28.609 ◦N; 17.900 ◦W), a blue one the location of the submarine lava samples. Adapted from INFOIGME ( 2024 ). 
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rill (Fig. 2 ). Thus, on average, a sample was obtained every 5–
0 cm, although sampling was somewhat tighter at the upper and
ower ends. Cores were oriented with a Pomeroy orientation device
quipped with both magnetic and solar compass. 

In addition, we also obtained unoriented specimens from a lava
ow cooled down in the ocean in a lava delta and correspond to a

ava emitted before the December 4 flow. Specimens stem from the
uter crust (sample TV-832, cooled very rapidly) and the massive
nterior of a pillow-lava (sample TV-833) taken with an unmanned
nderwater vehicle directed from a ship from the Spanish Institute
f Oceanography (IEO-CSIC). All samples were transported by
lane and stored in the palaeomagnetic laboratory of the University
f Burgos. 
.  PA L A E O M A G N E T I C  

E A S U R E M E N T S  

alaeomagnetic measurements were conducted in the University
f Burgos (Spain) with a 2G cryogenic magnetometer. Thermal
emagnetization was started only one month after collecting the
amples. It was performed with a TD48-DC (ASC) furnace on
ne specimen from each of the 27 cores sampled across the flow.
F-demagnetization was started on March 2023, six months after

ample collection. It was carried out on specimens from 19 cores
f the flow with an LDA-3 (Agico) tumbling AF demagnetizer. The
emasoft 3.0 software (Chadima & Hrouda 2006 ) was used for the
nalysis of demagnetization data. 

art/ggae297_f1.eps
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Figure 2. Sampled lava flow. Sampled lava flow with the position and number of the sampled cores. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/2/841/7740464 by U

niversidad de Burgos user on 04 February 2025
Table 1 displays palaeomagnetic results obtained with both tech- 
niques. Demagnetization plots across the whole flow show a rather 
differing appearance (Fig. 3 ). In few cases, rather simple plots with 
one palaeomagnetic component and a moderate or weak viscous 
ov erprint are observ ed. This kind of palaeomagnetic behaviour ap- 
pears mainly at the upper and lower ends of the flow, but also in 
some cores sampled in its central part (Figs 3 a and b). In most cases, 
ho wever , the characteristic palaeomagnetic component is associated 
with a strong viscous overprint (Figs 3 c and d), an unexpected ob- 
servation in this very young flow. Nevertheless, determination of 
palaeomagnetic directions was straightforward and results obtained 
agree well with expected IGRF-13 (Alken et al. 2021 ) values. Char- 
acteristic remanence directions were in most cases obtained from 

a large number of demagnetization steps (a mean value of N = 12 
steps for thermal and N = 9 steps for AF demagnetization) yielding 
generall y low MAD v alues (a mean MAD = 5.0 for thermal and 
MAD = 3.6 for AF demagnetization). Only two samples (CVC2-3 
in the upper part of the flow and CVC2-22 from the lower part) 
yielded anomalous palaeomagnetic directions, probably related to 
components with overlapping coercivity or unblocking temperature 
spectra and were not included in the calculations of palaeomagnetic 
mean directions. Table 1 and Fig. S1 show mean palaeomagnetic 
directions calculated from thermally and AF demagnetized spec- 
imens as well as from all samples, the latter combining thermal 
and AF-demagnetization results obtained from specimens from the 
same core. Mean directions calculated from only thermally or only 
AF-demagnetized specimens as well as from all data agree well with 
the direction provided by the IGRF-13 (Alken et al. 2021 , Fig. S1 ). 

art/ggae297_f2.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
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Table 1. Palaeomagnetic results. 

SAMPLE TH AF MEAN β

DEC INC N MAD DEC INC N MAD DEC INC 

CVC2-1 333.1 39.3 12 6.9 358.2 28.7 9 1.0 333.1 39.3 23.2 
CVC2-2 336.3 57.2 15 3.9 336.3 57.2 
CVC2-3 ∗ 2.0 -13.5 4 7.8 32.6 −18.2 10 3.4 17.1 −16.4 29.8 
CVC2-4 4.9 44.8 15 4.8 4.9 44.8 
CVC2-5 7.4 48.2 5 3.4 346.5 36.4 10 3.4 356.0 42.8 19.3 
CVC2-6 34.5 41.7 9 3.4 34.5 41.7 
CVC2-7 1.3 46.1 13 6.3 353.9 36.3 11 2.8 357.3 41.3 11.3 
CVC2-8 354.9 28.0 11 6.5 358.5 40.2 9 3.7 356.6 34.1 12.6 
CVC2-9 343.9 46.6 16 8.5 348.1 48.1 7 4.4 346.0 47.4 3.2 
CVC2-10 22.7 31.7 14 4.9 348.9 43.6 9 6.0 7.2 38.9 29.0 
CVC2-11 6.1 37.9 16 3.0 357.8 44.5 10 3.5 2.2 41.3 9.1 
CVC2-12 349.6 49.7 15 11.0 351.2 42.7 9 3.1 350.5 46.2 7.1 
CVC2-13 5.2 40.3 13 2.3 5.2 40.3 
CVC2-14 10.4 51.9 13 5.3 349.6 50.0 10 3.7 359.8 51.4 13.2 
CVC2-15 346.8 15.5 8 5.7 353.0 33.8 7 4.5 349.7 24.7 19.1 
CVC2-16 350.9 40.7 4 4.7 355.0 33.2 9 1.5 353.1 37.0 8.2 
CVC2-17 0.8 40.1 16 4.4 0.8 40.1 
CVC2-18 353.5 32.2 14 5.7 5.8 32.7 9 4.8 359.6 32.6 10.4 
CVC2-19 359.3 31.1 15 3.8 359.3 31.1 
CVC2-20 358.8 43.1 13 4.6 338.9 32.3 348.1 38.1 19.1 
CVC2-21 341.7 48.0 15 9.8 349.8 40.2 4 3.7 346.0 44.2 9.7 
CVC2-22 ∗ 258.7 -50.9 5 1.9 255.3 -43.2 7 2.7 256.9 -47.1 8.0 
CVC2-23 355.9 26.1 15 5.5 355.9 26.1 
CVC2-24 349.3 29.7 13 2.9 354.3 47.1 9 5.2 351.5 38.4 17.8 
CVC2-25 10.9 34.4 8 1.9 10.9 34.4 
CVC2-26 358.7 37.7 6 2.7 354.4 37.0 9 2.8 356.5 37.4 3.5 
CVC2-27 352.3 38.5 9 4.0 359.0 36.4 10 1.8 353.1 37.0 5.7 

N DEC INC k α95 � 

MEAN-TH 25 358.1 40.0 34.5 5.0 3.7 
MEAN-AF 17 353.2 39.2 106.4 3.5 2.9 
MEAN 25 357.2 39.8 55.2 3.9 3.2 
IGRF 2020 355.5 37.0 

SAMPLE: core number; DEC and INC: declination and inclination of ChRM for thermally demagnetized specimens (TH), AF demagnetized specimens (AF) 
and mean value obtained for each core (MEAN). N : number of demagnetization steps used to determine directions (additionally, the origin has been included); 
MAD: maximum angular deviation for each determination; β: angle between thermally and AF demagnetized specimens from the same core. MEAN-TH and 
MEAN-AF: mean declination (DEC) and inclination (INC) values for thermally and AF demagnetized specimens for the whole flow; MEAN: mean declination 
(DEC) and inclination (INC) values for the whole flow (an asterisk identifies two samples with anomalous directions excluded from the mean); IGRF-13: 
declination (DEC) and inclination (INC) of the magnetic field at the lava flow location on 4 December 2021, obtained from IGRF-13 (Alken et al. 2021 ). N : 
number of specimens/samples used for flow mean calculation; α95 : radius of 95 per cent confidence cone. k : precision parameter. � : angle between mean flow 

directions and the field direction obtained from IGRF-13. 
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In addition to these palaeomagnetic measurements performed
n the December 4th flo w, tw o unoriented specimens belonging to
he ocean-cooled lava flow were subjected to AF-demagnetization
ith the aim of analysing the magnetic properties of this material

egarding its ability to provide a reliable intensity signal of the
MF. One of the specimens belonged to the outer crust of the
ow and, together with its characteristic remanent magnetization
ChRM) it showed the presence of a very strong viscous component,
hich was easily erased at 4 mT. The other sample belonged to the
assive interior of the flow and although it also displayed a viscous

econdary component, this was much weaker. 
Magnetic viscosity indices (Thellier & Thellier 1944 ; Pr évot

981 ) were determined for most samples of the flow. As not enough
ntreated specimens were av ailable, onl y AF-demagnetized ones
ere used. Samples were stored for two weeks in ambient mag-
etic field such that the field was parallel to the cylindrical axis of
ach specimen, and subsequently their remanence was measured
 

E M N ). Then, samples were stored again for two weeks in ambient
eld, but antiparallel to the initial position, and their remanence
as measured again ( E M R ). Originally, the viscosity index v is de-

ermined by the ratio v = 

| E M N −E M R | 
| E M N + E M R | , that is the viscous remanence

RM acquired in two opposite directions for one month is normal-
zed to stable remanence. Ho wever , as the remaining remanence of
F demagnetized specimens is very weak, this produces artificially

nhanced viscosity indices. For this reason, in the present study vis-
osity indices v have been calculated by normalizing VRM to the
RM before demagnetization, with v = 

| E M N −E M R | 
2 NRM 

. Viscosity indices
alculated this way yield relatively moderate values, with a v =
2.6 ± 1.7) per cent. These indices are probably lower than the val-
es which would have been obtained with the standard calculation
ethod. It should be however noted that significant differences can

e observed depending on the position of the specimen in the flow
 Fig. S2 ). Lower values are observed at the upper and lowermost
nds of the flow, but near-lying specimens show the highest values.

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
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Figure 3. Zijderveld plots. (a) AF- demagnetization of sample CVC2-1A; (b) thermal demagnetization of sample CVC2-25B; (c) AF- demagnetization of 
sample CVC2-8A; (b) thermal demagnetization of sample CVC2-16C Horizontal projection: closed symbols; vertical projection: open symbols. Plots are 
shown in the geographic coordinate system. 
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4 .  RO C K - M A G N E T I S M  E X P E R I M E N T S  

4.1 Rock-magnetism experiments: methods 

Different rock-magnetic measurements were performed to identify 
the carriers of remanent magnetization and obtain information about 
their grain size and thermal stability. Experiments including the 
measurement of thermomagnetic, hysteresis and IRM-acquisition 
curves, and low-field bulk magnetic susceptibility at two frequen- 
cies (470 and 4700 Hz) were carried out at the palaeomagnetic lab- 
oratory of the University of Burgos (Spain). First Order Reversal 
Curves (FORC) were measured in the archaeomagnetism laboratory 
at National Centre for Research on Human Evolution (CENIEH) in 
Burgos (Spain). 
Magnetic susceptibility was measured at two different frequen- 
cies (470 and 4750 Hz) with a MS2B susceptibility meter (Barting- 
ton Instruments), and each measurement was repeated three times. 

A Variab le F ield Translation Balance (VFTB) was used at the 
palaeomagnetic laboratory of the University of Burgos to perform 

the following measurement sequence: (i) isothermal remanent mag- 
netization (IRM) acquisition curves with a peak field of 1 T; (ii) 
hysteresis curves; (iii) backfield curves and (iv) thermomagnetic 
curv es. For these e xperiments one specimen was taken from each 
core of the flow as well as from two ocean cooled specimens (from 

the interior and the external crust of the flow). The experiments 
were performed on crushed specimens, and all were carried out in 

art/ggae297_f3.eps
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Thermomagnetic measurements included in all cases strong-field
38 mT) magnetization versus temperature ( M S –T ) curves and in
ost cases also susceptibility versus temperature ( k –T ) curves. The

8 mT applied field is considered a strong field for the acquisi-
ion of induced magnetization during thermomagnetic experiments
ecause it is three orders of magnitude stronger than the EMF.
t the beginning of all thermomagnetic experiments, specimens
ere subjected to a 1 T field, acquiring a (near) saturation rema-
ent magnetization. Subsequently, specimens were heated to a peak
emperature of 700 ◦C and cooled down to room temperature. Sub-
equently, a second series of hysteresis and backfield measurements
as performed on all specimens to record changes occurred after
eating. Rock-magnetic measurement data were analysed with the
ockMagAnalyzer 1.0 software (Leonhardt 2006 ). 
IRM acquisition experiments for coercivity spectra analysis were

arried out with an IM-10–30 impulse magnetizer (ASC Scientific).
he samples were subjected to fields ranging from 2 to 1000 mT

n 36 IRM-acquisition steps. Two remanence measurements with
 2 G Enterprises cryogenic magnetometer (model 755) were per-
ormed for each step: immediately after field application (0 min)
nd 7 min after field application. Decomposition of the IRM acqui-
ition curve coercivity distribution was performed with the MAX
nMix software (Maxbauer et al. 2016 ). Each coercivity compo-
ent is characterized by its mean coercivity (peak coercivity of
he coercivity distribution) B 1/2 , the dispersion parameter DP, the
 xtrapolated relativ e contribution of each component to the total
agnetization EC and a parameter S describing the curve skewness

 Egli 2003 ). 
At the palaeomagnetic laboratory of CENIEH (Burgos, Spain),

ORCs were measured to assess the domain states and the presence
agnetostatic interactions of ferromagnetic minerals on some rep-

esentative samples from the flow. Measured samples come from
he top, middle and bottom part of the sequence. With the aid of
 vibrating sample magnetometer (MicroMag Model 3900, Prince-
on, noise level ∼0.5 × 10 –6 emu), six first order reversal curve
iagrams (FORCs; Pike et al. 1999 ) were obtained. The number
f curves measured per sample ranged from 250 to 450, with field
ncrements between 1 and 2.5 mT. The diagrams were plotted using
he FORCinel software (Harrison & Feinberg 2008 ) b y appl ying the
ptimal smoothing factor calculated by the pro gramme, generall y
etween 5 and 8. 

.2 Results of thermomagnetic experiments 

etermination of Curie temperatures from thermomagnetic curves
Petrovsk ý & Kapi ̌cka 2006 ) was performed in M S –T curves with
he two-tangent method (Gromm é et al. 1969 ) and in k –T curves us-
ng inflexion points after susceptibility drops ( Table S1 ). Observed
her momagnetic cur ves can be di vided into four dif ferent types of
ehaviour (H, MH, MxI and L). We will consider magnetization-
 ersus-temperature curv es to be reversible if the same remanence-
arrying minerals are observed both in the heating and cooling
urves and initial and final intensities do not differ more than 20 per
ent. M S –T curves of type H samples (7 of 29; Fig. 4 a) generally
how a single near-magnetite phase and a relati vel y high degree of
e versibility. Howe ver, k –T curves of type H specimens (not mea-
ured in all cases) display in addition to magnetite a weak low
urie-temperature phase ( < 200 ◦C) which disappears after heating

Fig. 5 ). This low- T C phase is not observed in M S –T curves or can
nly be intuited after comparison with k –T curves. It seems that a
elati vel y low amount of a low- T C phase is present in type-H samples
ut does not contribute significantly to remanence. Type MH curves
2 of 29) sho w tw o phases, magnetite, and another one with Curie
emperature around 300 ◦C (Fig. 4 b), both in the heating and cooling
ranch, displaying a high degree of reversibility. Type MxI curves
Fig. 4 c), on the other hand, show a clearly irreversible behaviour
nd were observed in most specimens (18 of 29). They are charac-
erized by the presence of two or three phases in the heating curve:

agnetite together with titanomagnetites or titanomaghemites of
ow (70–200 ◦C) and intermediate (420–530 ◦C) Curie temperature.
n the cooling curve, only a near-magnetite phase can be observed.
rreversible type L curves (2 of 29, Fig. 4 d) were observed only
n the samples cooled down in the ocean. They are characterized
y a low Curie temperature in the heating curve ( T C < 200 ◦C).
eating produces a near-magnetite phase ( T C ≈ 500 ◦C) which is
bserved in the cooling curve together with the low Curie temper-
ture phase. The Curie temperature of the near-magnetite phases
 as often some what lower in the cooling than in the heating branch
f ther momagnetic cur ves ( Table S1 ), an observation which may
e attributed to cation reordering during heating (Bowles et al.
013 ). 

.3 Results of IRM acquisition experiments 

RM acquisition curves measured with a VFTB show a clear
redominance of low coercivity carriers of remanence ( Fig. S3 ,
able S2 ) and 95 per cent of saturation remanence (SIRM) is reached

n fields lower than 150 mT in 75 per cent of the cases ( Table S2 ).
nly two samples needed higher applied fields between 200 and
00 mT to reach saturation. 

Results of coercivity spectra analysis of IRM acquisition curves
re shown on Fig. S4 and Table S3 . Coercivity spectra have been
tted for both samples and for different waiting times (0 and 7 min)
onsidering two components of different coercivity. Component 1
isplays similar mean coercive field values for both samples and
aiting times, with B 1/2 between 9.3 mT (DP = 0.33) and 14.7 mT

DP = 0.34 mT). The main difference between samples CVC02-04
nd CVC02-17 is the relative contribution of component 1 to the
otal magnetization, between 28 and 33 per cent in CVC02-04 and
0 per cent for CVC02-17. This component can be associated to
agnetite grains below the stable SD size, but of sufficient size to be

ble to acquire a remanence during the duration of the experiments,
hat is grains at the SP/SD boundary (Spassov et al. 2003 ), or even

D grains. 
Component 2, on the other hand, displays dif ferent B 1/2 v al-

es and a different relative contribution to remanence in both
amples. In the case of sample CVC02-04, B 1/2 values are sim-
lar (37 mT) regardless of the waiting time, with a relative con-
ribution of approximately 70 per cent. Component 2 of sam-
le CVC02-17, ho wever , has a clearly higher mean coerciv-
ty (around 55–60 mT) and its contribution to total remanence
s lower (30 per cent). This component might be associated
ith titanomagnetite with differing titanium content and/or de-
ree of oxidation (Dunlop & Özdemir 1997 ). The high dis-
ersion values could indicate that each component comprises
 broad grain size spectrum or even mineralogical substitu-
ions. 

.4 Results of hysteresis measurements 

fter correction for the dia- and paramagnetic contribution, hys-
eresis parameters were determined from hysteresis and backfield

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
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Figure 4. Ther momagnetic cur ves. Magnetization-vs-temperature cur ves of representative samples of the four curve types (H, MH, MxI, L) observed 
(explanation in the text). (a) Type H, sample CVC2-27B; (b) type MH, sample CVC2-2B; (c) type MxI, sample CVC2-18B; (d) type L, sample TV833-INT. 
Heating curves in red, cooling curves in blue. 
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curves. In most cases (24 of 29), hysteresis loops are characterized 
by spreading middles and slouching shoulders (so-called potbel- 
lies, Fig. 6 a), as indicated b y mostl y negati ve v alues of the shape 
parameter σ (Fabian 2003 ; Table S1 ). Deformed hysteresis curves 
may originate from mixtures of different magnetic phases and/or 
domain states (e.g. Pick & Tauxe 1994 ; Tauxe et al. 1996 ) and ther- 
momagnetic curves have revealed some complexity in the magnetic 
mineralogy of the studied samples. IRM-acquisition curves showed 
a clear predominance of low coercivity minerals, and no relation be- 
tween shape parameter σ and S-300 parameter (Bloemendal et al. 
1992 ) or the field at which 95 per cent of SIRM is reached can be 
recognized ( Figs S5 a and b). The five remaining samples with pos- 
itive shape parameters display small values with σ < 0.2, pointing 
to a simpler hysteresis behaviour. 

Fig. 6 (b) shows a Day-diagram (Day et al . 1977 ; Dunlop 2002 ) 
with hysteresis parameter ratios of samples from the whole flow 

transect together with two specimens cooled down in the sea. In- 
formation provided by Day diagrams can be often ambiguous, as 
hysteresis parameter ratios may be influenced by various conditions 
(Roberts et al. 2018 ). Nevertheless, although all these samples ex- 
cept the two ocean-cooled specimens belong to the same flow, an 
extreme variability can be observed across the whole plot. There 
does not seem to exist any clear relationship with their position in 
the flow besides perhaps sample 2, from the uppermost end of the 
flow, which displays a somewhat more SD-trending behaviour. It is 
interesting to note that hysteresis parameter ratios tend to deviate 
rightwards in the Day-plot from the magnetite SD-MD mixing line 
(Dunlop 2002 ) towards the SD-SP mixing line with increase of the 
(apparent) MD fraction. 

Additional evidence about domain state characteristics can be ob- 
tained from the relation between shape parameter σ HYS and coerciv- 
ity ratio B RH / B CR (Fabian 2003 ). B RH is the positive field value where 
the difference between both hysteresis branches has decreased from 

2M RS (saturation remanence) to M RS at B = 0. In the SD-MD area, 
σ HYS is rather independent of grain size and variations suggest 
the presence of different mineral phases or superparamagnetic (SP) 
grains (Fabian 2003 ). On the other hand, while B RH / B CR ratios lower 
than 1 would point to SP grains, high B RH / B CR ratios suggest the 
presence of large grains (Fabian 2003 ). In the present study, σ HYS 

are mostly ne gativ e and show a large variation (F ig. 6 c; Tab le S1 ),
although in the few samples with positive shape parameters this pa- 
rameter barely changes. The B RH / B CR ratio displays values between 
1 and 2 for most samples with ne gativ e σ HYS and rather large values 
for samples with positive σ HYS (Fig. 6 c). Thus, shape parameter 

art/ggae297_f4.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae297#supplementary-data


Reliability of the palaeomagnetic signal 849 

Figure 5. Comparison of thermomagnetic curv es. Magnetization-v ersus-temperature curv es (heating in red, cooling in blue) and susceptibility-versus- 
temperature curves (heating in brown, cooling in green) of type H sample CVC2-27. 

Figure 6. Hysteresis curves results. (a) Hysteresis curve of sample CVC2-10; (b) bi-logarithmic Day-plot (Day et al. 1977; Dunlop 2002) with samples from 

the December 4 flow (b lue, b lack crosses, red) and ocean-cooled ones (green); SD-MD and SD-SP mixing lines (Dunlop 2002) have been included in the plot; 
(c) Relation of shape parameter σ (Fabian 2003) and BRH/BCR ratios. Symbols: (i) blue circles: samples CVC2-1 to CVC9, upper part of the flow; black 
crosses: samples CVC2-10 to CVC21, central part of the flow; Red squares: samples CVC2-22 to CVC27, lower part of the flo w; green in verted triangles: 
ocean cooled samples. 
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ariations seem to be related with the presence of different low-
oercivity phases and the larger differences observed in the B RH / B CR 

atio might be mainly related with differing mixtures of SD and MD
rains. Although data points in the shape parameter—coercivity ra-
io plot do not show a clear correlation with their position in the
ow, specimens from the uppermost part of the flow are generally
haracterized by lower B RH / B CR ratio values, and thus by a smaller
rain size. 

After having heated samples to obtain thermomagnetic curves,
ysteresis and backfield curves were measured again, revealing

art/ggae297_f5.eps
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Figure 7. FORC diagrams. Three representative FORC diagrams from the (a) upper, (b) middle and (c) lower part of the sequence. MD = multidomain. 
SP = superparamagnetic. Sample code and SF (smoothing factor) applied are also indicated. See text for explanation. 
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a significant variation of hysteresis parameter ratios ( Fig. S6 ; 
Table S4 ). Heating to 700 ◦C tends to reduce the coercivity of re- 
manence to coercivity ratio ( B CR / B C ) and increase (sometimes very 
strongly) the saturation to saturation–remanence ratio ( M S / M RS ), 
making samples, which all contain ne wl y created magnetite due to 
heating, more SD-like ( Fig. S6 a). Especially large increases in the 
magnetization ratio are observed in two samples from the central 
part of the flow (CVC2-12 and CVC2-13, black crosses in Fig. S6 b) 
and one from the lower part (CVC2-23, red square in Fig. S6 b). A 

strong increase in the coercivity ratio is detected in a specimen from 

the upper end of the flow (CVC2-2, blue circle in Fig. S6 b). 

4.5 Results of susceptibility measurements 

The relative dependence of the susceptibility on frequency χ fd ( per 
cent) has been calculated with χ fd ( per cent) = 100 ·( χ lf − χ hf )/ χ lf , 
where χ lf and χ hf are the low and high frequency susceptibilities, 
respecti vel y. This parameter indicates the contribution of fine mag- 
netite grains near the superparamagnetic/single-domain (SP/SD) 
boundary (Dearing et al. 1996 ). Results are shown on Table S3 . 

Frequency dependence of susceptibility χ fd ( per cent) for both 
samples yields a value of 4.8 per cent, pointing towards a non- 
negligible contribution of magnetite grains near the SP/SD bound- 
ary (Dearing et al. 1997 ). These authors consider that in soils such 
an χ fd ( per cent) value would correspond in the case of magnetite 
to a 30 per cent contribution of grains near the SP/SD boundary. Al- 
though this observation cannot be transposed directly to a volcanic 
lava flow context, the observed χ fd ( per cent) results most probably 
imply a considerable contribution of (titano)magnetite grains in this 
grain size range. 

4.6 First order r e v ersal curv es (FORC): results 

FORC diag rams confir m the presence of ferromagnetic par ticles 
of very low coercivity and no closed contours typical of single- 
domain grains can be identified. Rather, SP particles (indicated by 
very low coercivity tails parallel to the Y -axis) and MD particles 
(characterized by open outer contours) seem to coexist (Figs 7 a–c). 
The absence of closed contours in all studied samples suggests that 
single-domain grains are not present or at least do not dominate 
magnetization. The degree of magnetostatic interaction, defined by 
H U �= 0 and elongated contours with vertical spread (Robert et al. 
2000 ), does not seem to be significant. All analysed samples show a 
strikingly low coercivity ( B C = 2–3 mT), and in general, all FORC 

diagrams exhibit a similar behaviour regardless of their position 
within the flow. 

5 .  M I C RO S C O P I C  O B S E RVAT I O N S  

To closely examine the opaque minerals present in the studied rocks, 
four thin sections from samples CVC2-02B, CVC2-25A, CVC2- 
13B and TV833 were selected. They were polished and analysed 
using a Leica DMRXP optical microscope equipped with both nor- 
mal and reflected light. Initial observations revealed that the opaque 
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Figure 8. Backscattered electron images. (a) Crystal of titanomagnetite with 
Trellis-type exsolution lamellae of ilmenite (Ilm) from sample CVC02-02B. 
(b) Zoned crystal with a chromite core, an intermediate zone of titanomag- 
netite and an altered rim of titanomaghemite from sample CVC02-02B. 
(c) Opticall y homo geneous titanomagnetite crystal from sample CVC02- 
13B. Tmt: titanomagnetite; Ilm: ilmenite; Chr: chromite; Ti-Mgh: ti- 
tanomaghemite. 
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inerals are uniformly distributed throughout the rock, with most
rains being small, under 0.2 mm and generally exhibiting anhedral
r subhedral habits. Notably, the largest opaque minerals range from
.45 to 0.5 mm in maximum dimension, with some rare specimens
eaching up to 1 mm in length. The following two samples, CVC2-
2B and CVC2-13B, that correspond to the upper central part of the
av a flow respecti vel y, have been selected for observation under elec-
ron microscope and for conducting EDS (Energy Dispersive Spec-
roscopy) analysis at University of the Basque Country (UPV/EHU).
hin sections were polished, coated with gold, and then examined
ith a JEOL JSM-6400 scanning electron microscope (SEM). EDS
icroanalyses were conducted at a 15 mm working distance using

n Oxford Inca Pentafet X3 dispersive X-ray analyser equipped in
he SEM. Backscattered electron signals (BSE) operated at 20 kV
ith a current intensity of 1 × 10 −9 A. 
In sample 02B, corresponding to the upper part of the lava flow,

hree types of opaque minerals can be distinguished. First, there
re a few examples of significantly larger minerals, up to 500 μm,
hich are anhedral titanomagnetites with a dendritic texture and low

itanium content (Fig. 8 a). These display ilmenite exsolutions in the
orm of Trellis-type lamellae formed by deuteric oxidation at high
emperature. Secondly, medium-sized opaques, around 100 μm, are
artially included in or in contact with large silicate crystals. These
re composed of chromite cores surrounded by an intermediate
one of titanomagnetite and an outer rim rich in titanium (Fig. 8 b).
n the intermediate titanomagnetite zone, high-temperature exsolu-
ion processes form Trellis-type ilmenite lamellae, while the outer
itanium-rich rim appears dirtier, with inclusions and small frac-
ures. Opaque minerals with a large variability in size were generally
bserved. Some are larger than 50 μm, but lastly, the most abun-
ant minerals are less than 10 μm and very often even less than
 μm in size. They appear dispersed throughout the rock matrix
nd show evidence of patchy exsolution with ilmenite patches and
itanium-poor magnetite zones. All three types of opaque minerals
xhibit fine fractures, which can be interpreted as evidence of in-
ipient low-temperature oxidation and the consequent development
f maghemite. This process is more evident in the outer rim and the
ntermediate zone of the crystals with chromite cores, where small
hrinkage cracks are more abundant. 

In the case of sample 13B, which corresponds to the central
one of the lava flow, all opaque minerals, regardless of their size
nd morphology, are homogeneous crystals of titanomagnetite, in
hich compositional variations are barely recognizable (Fig. 8 c). In

his sample, fine fractures related to an incipient maghemitization
rocess are also recognized, but to a lesser extent than in the previous
hin section. 

The homogeneous optical appearance of the titanomagnetites
oes not rule out the possibility that they may be substantially
ltered (Lied et al. 2020 ). 

.  PA L A E O I N T E N S I T Y  E X P E R I M E N T S :  
E T H O D S  

s outlined in the previous sections, palaeomagnetic and rock-
agnetic data obtained from most analysed samples suggest that

hey are probably unsuitable for palaeointensity determinations,
o that in a standard study most probably no palaeointensity ex-
eriments would be undertaken in this site. Ho wever , to anal-
se the ability of these rocks to provide a record of the Earth’s
agnetic field strength and to assess the reliability of the record,
e performed palaeointensity determinations with three different
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methods: Thellier-Coe (Thellier & Thellier 1959 ; Coe, 1967 ), mul- 
tispecimen (Biggin & Poidras 2006 ; Dekkers & B öhnel 2006 ) 
and Tsunaka wa-Sha w (Tsunaka wa & Shaw 1994 ; Yamamoto et al. 
2003 ). 

The Thellier-Coe method was performed on 27 specimens at 
the University of Burgos (Spain). 25 belonged to the December 
4th flow and two were taken from the ocean cooled samples. 
For the experiment, small rock specimens were fixed into boron- 
silicate vials and subjected to 14 heating-cooling double steps up 
to 574 ◦C, applying a laboratory field of 35 μT, similar to the 
expected one. Heating and cooling were carried out in an ASC TD- 
48 single-chamber palaeointensity oven in an argon atmosphere to 
try to minimize oxidation. We applied 5 pTRM-checks starting at 
248 ◦C and 3 pTRM-tail checks (Riisager et al. 2000 ). Samples 
were left cooling down naturall y, usuall y overnight during several 
hours. 

Fur ther palaeointensity deter minations were carried out at the 
University of Burgos (Spain) with the multispecimen method (MS), 
using the routine of Dekkers & B öhnel ( 2006 ) (MS-DB) and the 
fraction correction (MS-FC) and domain-state correction (MS- 
DSC) protocols proposed by Fabian & Leonhardt ( 2010 ). MS deter- 
minations were performed on three selected samples from the upper 
(CVC02-1), intermediate (CVC02-10) and lower (CVC02-26) parts 
of the flow. All three samples were cut into eight subspecimens and 
fixed into plaster standard-dimension cylindrical palaeomagnetic 
specimens. For the experiments, the temperature at which magne- 
tization had lost 70 per cent of its value during thermal demagne- 
tization in palaeomagnetic measurements was chosen. Therefore, 
MS palaeointensity determinations were carried out at three differ- 
ent temperatures, 460 ◦C for sample CVC02-1, 400 ◦C for sam- 
ple CVC02-16 and 500 ◦C for sample CVC02-26. A 10 mT AF- 
demagnetization was performed on the NRM and NRM + pTRM 

to remove the unstable viscous fraction of the remanence. Labora- 
tory fields were varied in 10 μT steps from 10 to 80 μT. In each 
heating step, the specimens were heated for 20 min after reaching 
the temperature selected. Cooling was fan-assisted. 

In addition, seven specimens from the upper (CVC02-2, 
CVC02-6), intermediate (CVC02-16, CVC02-19, CVC02-21) and 
lower(CVC02-6) parts of the flow, as well as one from the flow 

cooled under water (TTV-833) were studied in the palaeomagnetic 
laboratory of the Marine Core Research Institute, Kochi Univer- 
sity (Japan), applying the Tsunaka wa-Sha w palaeointensity method, 
according to the procedures detailed in Yamamoto & Tsunakawa 
( 2005 ). The Tsunaka wa-Sha w (TS) method estimates palaeointen- 
sities based on coercivity spectra instead of blocking temperature 
spectra. It uses individual ARM corrections (Rolph & Shaw 1985 ), 
a double heating test (Tsunakawa & Shaw 1994 ) and low temper- 
ature demagnetization, which is useful to remove the contribution 
of MD-like remanences (e.g. Yamamoto et al. 2003 ). The experi- 
mental procedure is as follows (Yamamoto et al. 2003 ; Yamamoto 
& Tsunakawa 2005 ): (i) NRM is measured. (ii) A specimen is 
subjected to low temperature demagnetization (LTD) and subse- 
quently stepwise demagnetized by alternating-fields (AF). (iii) The 
specimen is given an anhysteretic remanent magnetization (ARM) 
in the direction of the palaeomagnetic component obtained by the 
pre vious AF-demagnetization. (i v) The specimen is subjected to 
LTD and is subsequently stepwise demagnetized by alternating- 
fields (AF). (v) A first thermoremanent magnetization (TRM1) is 
given to the specimen. Subsequently, the same procedures as in 
steps (i)–(iv) are applied. (vi) A second thermoremanent magne- 
tization (TRM2) and the same procedures as in steps (i)–(iv) are 
applied. 
Magnetization was measured with an automated spinner magne- 
tometer with an AF demagnetizer (DSPIN, Natsuhara Giken). LTD 

was carried out by immerging the specimens in a dewar filled with 
liquid nitrogen for 10 min and then leaving them heat up outside 
until room temperature was reached. The whole process was per- 
formed in a shielded device. Both TRM1 and TRM2 were acquired 
in vacuum at a peak temperature of 610 ◦C in a laboratory field of 
40 μT. Specimens were cooled down to room temperature using a 
fan. 

ARMs were imparted after each NRM or TRM demagnetization, 
approximately parallel to the main NRM or TRM directions, using a 
DC field of 50 μT with a peak AF of 180 mT. An ARM1 is imparted 
to calculate TRM1 ∗ applying the following correction to TRM1: 

TRM 1 ∗ = TRM 1 · ARM 0 

ARM 1 

The palaeointensity value is estimated out of a continuous co- 
erciti vity interv al showing a linear relationship between the NRM–
TRM1 ∗ biplot. To check the validity of this ARM correction and 
identify possible alterations due to heating, a second TRM (TRM2), 
is imparted for twice as long as TRM1 to enhance possible ther- 
mal alterations, and then demagnetized. An ARM2 is imparted to 
calculate TRM2 ∗ applying the following correction to TRM2: 

TRM 2 ∗ = TRM 2 · ARM 1 

ARM 2 

A successful check should show a 1:1 relationship over a certain 
part of the coercivity spectra in the TRM1–TRM2 ∗ biplot. 

7 .  PA L A E O I N T E N S I T Y  R E S U LT S  

7.1 P alaeointensity r esults with the Thellier-Coe method 

Results obtained with the Thellier-Coe method were analysed with 
the Thellier-Tool (version 4.22) software (Leonhardt et al. 2004 ). 
The reliability of a palaeointensity determination depends on a va- 
riety of factors. Besides the experimental quality of the data, the 
extent of alteration during the experiment due to heating and the 
presence of remanence carried by MD grains must be considered. 
Ho wever , contrary to conventional directional palaeomagnetic stud- 
ies there is no commonly agreed set of reliability and quality criteria 
and thresholds. In the present study, successful determinations were 
selected applying the Thellier tool A and B criteria sets (Leonhardt 
et al. 2004 ) to distinguish between two quality levels (Q1 and Q2) 
using the modifications recommended by Paterson et al. ( 2014 ) ex- 
cept for fraction factor f , which was kept at its original value of 0.5 
for Q1 determinations. All used criteria and thresholds are shown 
in Table 2 . 

Application of this criteria set only yielded five apparently suc- 
cessful determinations out of 27 analysed specimens (Table 2 , 
Fig. 9 a). All of them can be ascribed to quality level Q2. Two 
stem from the lowermost part of the flow and the palaeointensity 
obtained ( B COE = 36.9 ± 3.0 μT) agrees with the expected field 
value of 38.7 μT (IGRF-13, Alken et al. 2021 ). Another successful 
determination was obtained on a specimen sampled very close to the 
flow upper end (CV2-7), providing a result close to the expected one 
(within a 10 per cent interval about the expected value if the exper- 
imental uncertainty is considered). The two ocean-cooled samples 
also yield nominally successful determinations which, ho wever , are 
far from correct (Fig. 9 d). The thermomagnetic behaviour of these 
samples, nonetheless, would have prevented their preselection for 
palaeointensity determination in a standard study. 
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Table 2. Palaeointensity results with the Thellier-Coe method. 

Selection criteria and threshold values for class Q1 and Q2. N : number of NRM-pTRM points used for palaeointensity determination; f : fraction of extrapolated 
NRM used; f is referred to the so-called ‘true NRM’, which is the intersection between linear fit and y -axis (Leonhardt et al. 2004 ); q : quality factor (Coe et al. 
1978 ); σ /slope: ratio of the standard error of the slope and the slope of the NRM-TRM diagram; d(CK): difference between the pTRM check and original 
TRM value at a given temperature normalized to the TRM (Leonhardt et al. 2000 ); d (TR): relative intensity difference after a repeated demagnetization to 
check to what extent a pTRM( T 0 , T i ) is removed during a zero-field heating-cooling cycle between T 0 and T i ; d ( t ∗): tail parameter (Leonhardt et al. 2004 ) to 
check, which measures the extent of a pTRM-tail after correction for angular dependence; MAD: Mean angular deviation of NRM end-point directions at each 
step obtained from palaeointensity experiments; α: angle between the vector average of the data selected for palaeointensity determination and the principal 
component of the data. Thellier-Coe results: SPECIMEN: specimen name; RANGE: temperature interval in ◦C used for palaeointensity determination; B and 
� B : palaeointensity estimate and standard error for a single specimen; standard error of the palaeointensity estimate is calculated by the product of the standard 
error of the best-fitting line in the Arai plot and the laboratory field. QL TY : quality level of palaeointensity determination (R = rejected). Thresholds being 
met at Q1 level by specimens for different criteria are shown in light yellow. Thresholds being met at Q2 le vel b y specimens for different criteria are shown in 
orange. Thresholds not being met by specimens for different criteria are shown in light red. Palaeointensity results agreeing with expected intensity are shown 
in dark green. Palaeointensity results agreeing with expected intensity allowing a 15 per cent interval about the expected IGRF intensity are shown in light 
green. 
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Table 2 shows palaeointensity results and selection criteria val-
es for almost all analysed samples, except for three cases, where
o coherent results were observed. In many other cases, although
rai plots are of rather poor quality (Figs 9 b and c), we attempted

o retrieve a palaeointensity value by analysing linear sections in
rai plots and the corresponding Zijder veld diag rams. As shown
y table 2 , most unsuccessful determinations can be ascribed to
lteration because of ne gativ e pTRM-checks [selection criterion
(CK)], in accordance with man y type-MxI irre versible thermo-
agnetic curves observed. On the other hand, the high data scatter

round the best-fitting line ( σ /slope in Table 2 ) reflecting rather dis-
rdered Arai diagrams is also responsible for most rejections. This
ehaviour might be influenced by the fact that many specimens were
haracterized by the presence of a significant fraction of MD and
P grains which could have produced distorted measurements. 

.2 P alaeointensity r esults with the m ultispecimen method 

ultispecimen palaeointensity results were analysed with the
alaeointensity.org (Monster et al. 2015b ; B éguin et al. 2020 ) online
pen-source application. In the case of multispecimen determina-
ions, this software allows to perform an alignment correction when
eclination and inclination of the samples at different steps differ
rom the original NRM and in this study we applied this correction.

art/ggae297_ufig1.eps
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Figure 9. Thellier-Coe palaeointensity determinations. Arai and Zijderveld plots (in sample coordinates) are shown for four selected samples. (a) Successful 
determination on flow sample CVC2-26. (b) Rejected determination on flow sample CVC2-18. A tentative palaeointensity determination has been performed 
without taking into account quality criteria thresholds (see text). (c) Rejected determination on flow sample CVC2-10. A tentative palaeointensity determination 
has been performed without taking into account quality criteria thresholds (see text). (d) Formally successful determination on ocean cooled sample TV833. 
The palaeointensity obtained strongly differs from the actual value. 
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For the interpretation of palaeointensity data, parameter α (a con- 
stant to calculate the contribution of the domain state effect) was 
set to 0.5 for all three determinations, as recommended by Fabian 
& Leonhardt ( 2010 ). 

Selection criteria for reliable determinations and thresholds are 
shown on Table 3 . They allow to distinguish between two quality 
levels Q1 and Q2. For the relative alteration error value ε alt (Fabian 
& Leonhardt et al. 2010 ) a threshold ε alt = 3 per cent as suggested 
by De Groot et al. ( 2013 ) and Monster et al. ( 2015b ) is required for 
Q1 determinations and a less stringent ε alt = 10 per cent (S ánchez- 
Moreno et al. 2021 ) for Q2 determinations. To check whether the 
linear fit intersects the ordinate axis through (0, −1), Q1 determi- 
nations require a coincidence within 10 per cent (Monster et al. 
2015b ) and/or within error and Q2 determinations within 15 per 
cent and/or within error (Calvo-Rathert et al. 2021 ). 

Table 3 and Fig. 10 show the results of multispecimen deter- 
minations. In samples CV2-1B (uppermost part of the flow) and 
CV2-10A (inter mediate par t of the flow) data from two specimens 
clearl y de viating from the general trend were not included in the 
palaeointensity calculation. In sample CVC2-26C, data from two 
specimens were omitted because of their very high alteration error 
ε alt . Domain-state corrected determinations yielded the more reli- 
able results, and for all three samples successful determinations of 
quality Q2 w ere obtained. How ever, none of the samples yielded 
results close to the B = 38.7 μT field at the site location during the 
eruption (IGRF-13, Alken et al. 2021 ). 

7.3 T sunaka wa-Sha w palaeointensity determinations 

To estimate absolute palaeointensity values, results were analysed 
using the python code by Yamamoto et al. ( 2022 ) with the PmagPy 
software package (Tauxe et al. 2016 ) and the following selection 
criteria and thresholds were applied for the TRM1-TRM2 ∗ biplots 
(Table 4 ): fraction f T ≥ 0.15, correlation coefficient r T ≥ 0.995 and 
0.95 ≤ slope T ≤ 1.05. The criteria for the NRM-TRM1 ∗ biplot 
were the following: fraction f N ≥ 0.15, and correlation coefficient 
r N ≥ 0.995 (e.g. Kitahara et al. 2018 ). 

Results are shown on Table 4 . Successful determinations were 
achieved on four specimens from the lava flow, while two lava flow 

specimens and the one cooled under water were discarded. For the 
successful specimens, ARM correction seems to work well to ob- 
tain a linear continuous coerci vity interv al from where to estimate 
an absolute palaeointensity value (Fig. 11 ). In addition, the LTD 

treatment might have demagnetized a strong viscous component 
observed in many samples. The specimens that did not pass the se- 
lection criteria had a curvature parameter ( k ’) larger than 0.2 in some 
of their demagnetization ratios (Lloyd 2021 ), as shown in Table 4 . 
For this reason, their palaeointensity results were discarded. It is 
remarkable that, in the case of specimens CVC02-21 and TTV833, 
the MDF value of the NRM demagnetization is 5 mT, so that these 
strongly viscous samples do not seem suitable for palaeointensity 
experiments. 

8 .  D I S C U S S I O N  O F  R E S U LT S  

8.1. P alaeomagnetic r esults 

As shown by rockmagnetic (e.g. Figs 4 and 6 b), palaeomagnetic 
(Fig. 3 ) and viscosity ( Fig. S2 ) experiments, the samples taken 
along the 2.2 m thick December 4 flow are characterized by a re- 
markable variability regarding thermomagnetic and hysteresis prop- 
erties of the carriers of remanence as well as the characteristics of 
the palaeomagnetic signal. The most notable aspect of the latter 
is the presence of an often-strong viscous component. The weak- 
est viscous overprints are observed in the lowermost end of the 
flow, but also samples from the upper end as well as some of the 
central part show a viscous component of more moderate inten- 
sity. On a Day diagram (fig. 6 b) samples plot throughout the entire 
diagram, being in the SD, PSD and MD areas without any spe- 
cific relation with their position in the flow. In fact, they tend to 
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Table 3. Palaeointensity results with the multispecimen (MS) method. 

Multispecimen palaeointensity determinations 
n ε alt (per cent) r 2 | �b | and/or within error 

Thresholds Q1 ≥ 5 ≤ 3 ≥ 0.900 0.1 
Thresholds Q2 ≥ 4 ≤ 10 ≥ 0.850 0.15 

Specimen Protocol T ( ◦C) B ( μT) B min ( μT) B max ( μT) n (N) ε alt (per cent) r 2 � b QLTY 

CVC02-1 DB 460 4.9 - 14.2 7(8) - 0.762 - 
DSC 460 15.4 0.6 26.6 7(8) -5.9 0.875 -1.37/YES Q2 

CVC02-10 DB 400 21.0 17.1 23.2 6(8) - 0.981 - 
DSC 400 17.4 13.6 20.7 6(8) -5.6 0.948 0.13/YES Q2 

CVC02-26 DB 500 26.6 25.5 30.1 6(8) - 0.996 - 
DSC 500 21.2 16.8 25.9 6(8) -7.4 0.977 -0.26/YES Q2 

Selection criteria and threshold values for class Q1 and Q2. n : number of specimens used for palaeointensity determination; ε alt : Average alteration parameter; 
r 2 : quality of the linear least-squares fit; | � b | : check of whether the linear fit intersects the ordinate axis through (0. −1) within 10 per cent (Q1) or 15 per 
cent (Q2) and/or within error (Yes or No). Multispecimen results. B : palaeointensity results. PR O T OCOL: original uncorrected MS (DB) and domain state 
corrected (DSC) protocol; B Min and B Max : palaeointensity determination uncertainty bounds. QL TY : quality level of palaeointensity determination. 

Figure 10. Multispecimen palaeointensity determinations. Domain-state 
corrected multispecimen palaeointensity determination on sample CVC2- 
1B (performed at 460 ◦C). Closed blue dots represent used and open red 
dots rejected data. 
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eviate in the Day-plot from the magnetite SD-MD mixing line
owards the SD-SP mixing line. Day diagrams have been criti-
ized because of the ambiguity of the information that they can
rovide, because hysteresis parameter ratios may be influenced by
arious conditions (Roberts et al. 2018 ). Nevertheless, in this case
 Day-plot seems to be an adequate means to at least reflect the
ariability of the observed (palaeo)magnetic characteristics of the
amples. 

As shown by Fig. S1 , calculated mean directions agree very
ell with the e xpected IGRF value, re gardless of if the y hav e been
alculated with only thermally, only AF-demagnetized or all studied
amples. A closer look at the data (Table 1 ), ho wever , sho ws that
n several cases significant differences are obtained on specimens
f the same core with AF or thermal demagnetization, with angular
ifferences sometimes larger than 10 or 20 ◦. Both demagnetization
echniques seem to show different effectiveness in separating TRM
nd viscous components for different samples. An average over
 suf ficientl y large amount of data obtained with both techniques
ypasses this problem, but a mean direction obtained over a low
ample number and/or a biased sample distribution, for instance,
ue to sampling of a limited easier accessible part of the flow, could
rovide incorrect results. 
fi  
.2 Unstable magnetization behaviour 

 alaeomagnetic e xperiments performed on the December 4 lava
ow samples have shown that the palaeomagnetic signal includes a
haracteristic component which agrees well with the expected field
irection and a secondary, often rather strong component, which can
e removed at very low AF demagnetization steps between 2 and 9
T and, except for a few cases, at low temperatures between 175 and

75 ◦C. The direction of this secondary component varies among
ifferent cores and also differs between specimens from the same
ore subjected to different demagnetization treatment. Considering
hese observations and the very young age of the lava flow, it seems
hat this secondary component has been acquired during a short
ime, possibly during storage but perhaps also during experimental
rocedures. 

In order to analyse the origin of this component, several specific
 xperiments hav e been perfor med to obtain infor mation about the
rain size of remanence carriers. Analysis of hysteresis parameter-
atios with a Day plot (Fig. 6 b) is not ver y infor mative due to the
ultiplicity of factors which can affect the observations, but it is in-

eresting to note that results plot near the magnetite SD-MD mixing
ine (Dunlop 2002 ), but deviating towards the SD-SP mixing line.
requency dependent susceptibility measurements point towards a
ignificant contribution of grains near the SP/SD boundary. Anal-
sis of coercivity spectra of IRM-acquisition curves suggests the
resence of two components of different coercivity. One of these
omponents is characterized by very low coercivities ( < 15 mT)
nd can be associated to magnetite grains below the stable SD size,
ut of sufficient size to be able to acquire a remanence during the
uration of the experiments (grains at the SP/SD boundary or MD
rains). The other component is also characterized by low coercivi-
ies (40–60 mT) and might be associated with titanomagnetite with
iffering titanium content and/or degree of oxidation. High disper-
ion values would point towards a broad grain size spectrum. FORC
iag rams confir m the presence of par ticles of ver y low coercivity
 B C = 2–3 mT). SP particles (indicated by very low coercivity tails
arallel to the Y -axis) and MD particles (characterized by open outer
ontours) seem to coexist. 

All these experiments suggest that this lava flow contains a larger
han usual fraction of ferromagnetic (s.l.) grains of very low coer-
ivity. These grains would be responsible of the presence of rather
nstable magnetization components which are easily erased by low
elds in AF-demagnetization. In addition, a significant contribution
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Figure 11. Tsunaka wa-Sha w palaeointensity determinations. Successful Tsunaka wa-Sha w palaeointensity determination for specimen CVC2-02, using the 
python code by Yamamoto et al. ( 2022 ) with the PmagPy software package (Tauxe et al. 2016 ); (a) Orthogonal NRM demagnetization diagram during the initial 
pro gressi ve alternating field demagnetization. The first point (not connected by the line) shows the NRM value before LTD demagnetization prior to pro gressi ve 
AF demagnetization; (b) Final Arai plot for palaeointensity determination and (c) TRM1 versus corrected TRM2, which shows possible temperature alterations 
as well as the suitability of the applied ARM correction. 
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f grains near the SP/SD boundary could be responsible for a certain
mount of distorted remanence measurements. 

.3 P alaeointensity r esults with the Thellier-Coe method 

espite the very low success rate obtained with Thellier-Coe
alaeointensity determinations, Table 2 shows that almost all anal-
sed samples at least provided data with enough coherence such
s to allow performing a tentative analysis without considering any
election or reliability parameters, just looking for linear sections
n Arai plots and corresponding Zijderveld plots. If the results ob-
ained with this approach (Table 2 ) are compared with the expected
GRF intensity at the eruption ( B IGRF = 38.7 μT) a considerable
greement can be observed. From 25 determinations performed on
he flow, 3 did not provide any coherent results and 9 (36 per cent)
greed with the expected field. If a 15 per cent interval about the
xpected IGRF intensity is allowed, 6 more determinations show an
g reement, yielding a (vir tual) success rate of 60 per cent. Ne gativ e
TRM-checks might be not only related to alteration. If consid-
red together with scattered and disordered Arai diagrams they
ould also be related to the fact that many specimens are char-
cterized by the presence of a significant fraction of MD and SP
rains, as shown by rock-magnetic experiments. During measure-
ents with the cryogenic magnetometer, samples are stored in a
-metal shielding. Ho wever , as measurements were not carried out

n a shielded room, transport from the palaeointensity furnace to
he magnetometer exposes samples to the EMF in the laboratory.
ubsequent insertion into the sample-holder of the magnetometer
lso implies a short exposure to a field weakened by Helmholtz
oils in a small measurement area. Ho wever , despite the apparent
cquisition of unstable magnetizations during measurements, the
ecessar y infor mation to retrieve the actual field seems to be still
resent in many of the analysed samples yielding unsuccessful de-
erminations. 

.3 P alaeointensity r esults with the m ultispecimen method 

ll three samples yield formally successful determinations, with
oderately low ε alt between 5.6 and 7.4 per cent and linear fits of

ood (CV2-10AB and CV2-26C) or reasonable (CV2-1B) quality.
s for the � b difference, the CVC2-01B determination shows the

arthest y -axis cut-off, but still fulfils the proposed selection criteria.
o wever , none of the MSP-DB or MSP-DSC determinations yields

esults close to the B = 38.7 μT field at the site location during the
ruption (IGRF-13, Alken et al. 2021 ). The closest result is obtained
n sample CV2-26C, from the lower most par t of the flow, but all
hree MSP determinations clearly underestimate the expected value.

ost probably these determinations are also affected by the presence
f a large fraction of MD and SP grains, and a strong viscous
omponent. The small number of analysed specimens, because not
nough samples w ere a vailable, does not allow to draw any firmly
ased conclusion. 

.4 T sunaka wa-Sha w palaeointensity determinations 

ll successful palaeointensity determinations from the lava flow
utcrop (CVC02-02, CVC02-06, CVC02-16 and CVC02-25)
howed a good agreement with the expected field intensity
 = 38.7mT, yielding a mean value of average of (36.9 ± 1.4)
T (Table 4 ). Our correct palaeointensity results obtained with the
sunaka wa-Sha w method might be explained with the fact that sam-
les are initially subjected to liquid nitrogen temperatures in a field-
ree space, demagnetizing remanence carried by MD-grains and
hus ‘turning off’ the effect of the very strong viscous component
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observed in many of the samples. Usefulness of LTD in palaeoin- 
tensity determination is discussed in Yamamoto et al. ( 2022 ) in 
more detail. In addition, the curvature parameter k’ has discarded 
specimens that yielded very low palaeointensity determinations, not 
compatible with the expected field. This ensures the quality of the 
obtained results with the selection criteria applied in our study. 

On the other hand, the position of the non-successful specimens 
from the lava flow section was the mid part of the lava flow outcrop. 
For this reason, these discarded specimens could perhaps contain 
larger MD magnetite grains due to a slower cooling occurred in this 
part of the lava flow. 

8.5 Multimethod palaeointensity results 

The multimethod approach is based on the premise that an agree- 
ment of results obtained with different determination methods 
should be a robust reliability criterium for successful determina- 
tions, because it would be highly improbable to find an agreement 
between results of wrong determinations. 

Only five samples fulfilled selection criteria for Thellier-Coe 
determinations, all at a Q2 quality level. Three belonged to the 
December 4 flow and two to the ocean cooled samples. The mean 
palaeointensity result obtained from the three December 4 flow 

specimens yields a result B COE = (36.9 ± 3.0) μT, with a relati vel y 
low within-site variation. 

On the other hand, all three multispecimen determinations met 
reliability criteria at a Q2 level, with all three samples belonging to 
the December 4 flo w. Tsunaka wa-Sha w determinations yielded suc- 
cessful determinations in four out of seven determinations, specifi- 
cally, on samples from the December 4 flow, yielding a mean value 
of B TS = (36.9 ± 1.4) μT. One of the rejected determinations was 
not performed on a sample from the December 4 flow but on an 
underwater-cooled sample. 

To compare results obtained with different methods, we con- 
sidered that two palaeointensity determinations yielded the same 
result if the difference between them was less than 15 per cent of 
the Thellier-Coe result. This condition is fulfilled for the compari- 
son of results obtained with the Tsunaka wa-Sha w and Thellier-Coe 
methods. Ho wever , all three multispecimen determinations under- 
estimate this value. In a standard palaeointensity study, the fact 
that the Thellier-Coe and Tsunaka wa-Sha w results reflect the ac- 
tual field value would be unknown. Nevertheless, their agreement 
would be a robust indication for the correctness of their com- 
mon result and would lead us to discard the multispecimen re- 
sult. 

If all seven accepted palaeointensity determinations are given 
the same weight, a mean final multimethod palaeointensity result 
B = (36.9 ± 2.0) μT is obtained, which can be considered a good 
estimation of the actual field intensity ( B IGRF = 38.7 μT). 

9 .  C O N C LU S I O N S  

A palaeomagnetic and palaeointensity study including rockmag- 
netic experiments has been carried out on 27 cores sampled from 

top to bottom across a lava flow erupted on December 4th in the 
island of La Palma (Canary Islands, Spain). Rockmagnetic exper- 
iments revealed a considerable variability of magnetic properties 
across a 2.2 m thick flo w, pointing to wards a var ying deg ree of 
mixture of magnetite and/or titanomagnetite of different grain size, 
probably related to different cooling speed and conditions. In ad- 
dition, it has been observed that the studied lava flow contains a 
large fraction of very low coercivity grains (MD and SP/SD bound- 
ary), which would be responsible of the presence of rather unstable 
magnetization components. 

Despite the presence of a strong secondary component in many 
cores, the mean palaeomagnetic direction of all cores ag rees ver y 
well with the expected IGRF value, also if the analysis is performed 
separatel y for thermall y or AF-demagnetized specimens. Ne verthe- 
less, significant differences are observed on specimens of the same 
cores between the results obtained with both techniques, and angu- 
lar differences sometimes amount to 10 or 20 ◦. A mean direction 
obtained over a low number of samples, specimens demagnetized 
only using one technique and/or a biased sample distribution due 
to sampling of a limited easier accessible part of the flow, could 
provide incorrect results. 

P alaeointensity e xperiments with the Thellier-Coe method in the 
December 4th lava flow yielded a very low success rate, as only 
3 of 25 determinations (12 per cent) provided results fulfilling se- 
lection criteria. These results agreed with the expected field value 
of 38.7 μT (IGRF-13). Performing an informal analysis of linear 
sections in Arai plots and the corresponding Zijderveld diagrams 
without considering criteria thresholds yielded palaeointensity re- 
sults agreeing with the expected field intensity in 60 per cent of 
the specimens. It could be possible that ne gativ e pTRM-checks are 
not only due to alteration but are also artificially produced during 
measurements by unstable magnetization due to very low-coercivity 
g rains. Multispecimen deter minations perfor med on three samples 
provided formally successful determinations which largely under- 
estimated the expected field intensity, although the small amount 
of available data hinders a more thorough analysis. On the other 
hand, four Tsunaka wa-Sha w determinations performed on samples 
from the flow yielded correct results. Low-temperature demagneti- 
zation of MD grains was included in the Tsunaka wa-Sha w protocol 
and seems to have been helpful for obtaining reliable determina- 
tions. This procedure could perhaps also be useful for Thellier type 
palaeointensity determinations (Morales et al. 2001 ). Despite the 
low success rate of palaeointensity determinations, combination of 
three Thellier-Coe and four Tsunaka wa-Sha w successful determi- 
nations yields a multimethod palaeointensity result B = (36.9 ± 2.0) 
μT in good agreement with the expected field intensity. The multi- 
method approach can be a robust reliability criterium for successful 
determinations. 

A C K N OW L E D G M E N T S  

This work was funded by project PID2019-105796GB- 
100/AEI/10.13039/501100011033 (Spanish Agencia Estatal de In- 
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