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We present a geochronologic study with unprecedented detail from 42 Holocene subaerial volcanic edifices of El
Hierro Island, Canary Islands. The study of new and published K-Ar, “°Ar/3°Ar, 14C, and paleomagnetic ages,
constrained by stratigraphic, geomorphic, and anthracological criteria, significantly improves the geochrono-
logic framework of the Holocene volcanism at El Hierro. Our combined experiments show that radiocarbon and

K-Ar dati

Am}rlrai;i:)ggy paleomagnetic dating were the best methods to determine this young volcanism’s age. Indeed, small amounts of
Volcanism 4OAr* detected in most dated samples do not allow for calculleiting geologically significant ages. The preliminary
Holocene anthracological study of charcoals is recommended before **C dating. Thirty-six eruptive events (86 % of the
El Hierro total) were retained for the geochronological model developed with ChronoModel combining radiocarbon and

Canary Islands paleomagnetic and using the Bayesian inference. Seventeen eruptions were dated for the first time. The Holocene
eruptive activity at El Hierro exhibits significant variability over time, with recurrence intervals ranging from 34
to 1078 years. The most recent subaerial eruptions were Lomo Negro, 1412 [1560, 1242] cal BP (MAP, mode of
the posterior distribution, and 95 % highest posterior density (HPD) interval) and Montana del Tesoro, 1059
[1206, 967] cal BP. In addition, historical records suggest possible submarine eruptions in 1721, 1777, and 1793,
as well as the more recent and well-documented Tagoro volcano submarine eruption (2011-2012 CE). This
recent low recurrence subaerial volcanic activity is unusual for an oceanic volcanic island in the juvenile shield
growth stage. The volcanic edifices resulted from hybrid Strombolian monogenetic eruptions with alternating or
simultaneous emission of pyroclastic tephra and lava flows. The absence of lava flows in the eruptions of the
highest part of the island’s summit is worth noting. This volcanic activity focused on the three rifts that configure
the tetrahedral shape of the island, although the NW rift concentrated 50 % of the eruptions. These results
contextualize the volcanic hazard of El Hierro in the face of eventual future eruptions.

1. Introduction

Effective volcanic risk mitigation is based on long-term basic
research on volcanoes, with the interpretation of past active volcanism,
especially establishing the location, type, style, and frequency of erup-
tions (Tilling, 1989). An area is generally considered to be volcanically
active if it has undergone an eruption in the last 11700 years during the
Holocene (Siebert et al., 2015). Reconstructing the Holocene eruptive
history is essential to unravel volcanic/magmatic systems and mitigate
future eruption damage (Malaguti et al., 2021; Nitta et al., 2020). The
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precise dating of recent volcanic eruptions is also important in geo-
morphologic, climatic, and archaeological studies, among others
(Guilbaud et al., 2022; Holdaway et al., 2018; Mahgoub et al., 2017;
Rufer et al., 2011).

The radiocarbon (}*C) dating of organic matter associated with a
volcanic deposit formation or a paleosol below or above the studied unit
may date it within the Holocene (e.g., Lockwood and Lipman, 1987).
However, the difficulty of finding organic matter in volcanic deposits
suitable for 1*C dating has led to alternative methods (Guilbaud et al.,
2022). Other methods currently applied are K-Ar, 40Ar/*%Ar, and
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paleomagnetic dating, generally used by combining them in a comple-
mentary way. These methods can yield age indications directly from the
eruptive materials. It remains a real challenge to date Holocene erup-
tions of a basaltic nature using K-Ar and *°Ar/3°Ar methods. In fact, in
these recent and low to moderately potassic rocks, the measurable
radiogenic argon (40Ar*) content is low and close to the detection limits
of mass spectrometers. The error margins at the ages determined in this
way may be high. Nevertheless, without other dating sources, such as
wood charcoal or zircon crystals that can be *C and U-Th dated,
respectively, the K-Ar chronometer is often the only one that can be
used. Moreover, combined with appropriate stratigraphic control, the
paleomagnetic method could date the time of rock formation (Lerner
et al., 2022; Risica et al., 2020, 2022; Vashakidze et al., 2019).

The island of El Hierro in the Canary Archipelago has not experi-
enced subaerial eruptions since the European settlement in the fifteenth
century (Romero Ruiz, 2016). Therefore, its volcanic hazard was usually
perceived as low. This perception changed with the submarine eruption
of the Tagoro volcano in 2011-2012 (Carracedo et al., 2012a, 2012b;
Meletlidis Tsiogalos, 2017; Perez-Torrado et al., 2012). Nevertheless,
the geologic record shows a wide variety of recent scoria cones and lava
flows. The spectacular nature of these volcanic landforms led to the
island’s declaration as a UNESCO Global Geopark (UNESCO, 2023). This
work aims to update our knowledge about the temporal evolution of the
Holocene volcanism of the oceanic island of El Hierro to support more
accurate prediction and characterization of its next likely activity. We
conducted an extensive study on the recent volcanism of the island,
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using new and published K-Ar, *°Ar/3°Ar, 14C, and paleomagnetic data
coupled with stratigraphic and geomorphic criteria to ascertain the ages
of 42 volcanic edifices and to reconstruct the Holocene eruptive history
of El Hierro Island.

2. Study area

The study area comprises the land part of the El Hierro UNESCO
Global Geopark (UNESCO, 2023), the island of El Hierro, Canary Islands,
Spain. The Canary Islands archipelago is part of the Macaronesian region
about 100 km off the northwest coast of Africa, between 29°25' and
27°37' N and 18°10’ and 13°20' W (Fig. 1). The land area of the archi-
pelago is about 7446 km? where 2,177,701 people lived in 2022
(ISTAC, 2023). The largest island is Tenerife, with 2034 km? (931,646
inhabitants in 2022), and the smallest is El Hierro, where 11,423 in-
habitants lived in 2022 on an area of 269 km?> (ISTAC, 2023).

The Canary Islands Archipelago comprises seven main islands and
several islets and, with several seamounts, make up the Canary Islands
Volcanic Province (CVP), a volcanic belt 800 km long and 400 km wide
(e.g., Carracedo and Troll, 2016a, 2021). The CVP developed on the
African plate, near the passive African continental margin, formed by a
Jurassic oceanic lithosphere (old, cold, thick, and rigid crust). The age of
the CVP volcanism decreases from NE to SW, from ca. 68 Ma at the
Lars/Essaouira Seamount (Geldmacher et al., 2005) to ca. 1.12 Ma on
the island of El Hierro (Guillou et al., 1996). This age progression is due
to the relatively slow movement of the African plate (~2 cm/year; Silver
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Fig. 1. A, Location of the El Hierro Island in the Canarian archipelago. B, Simplified geological map of the El Hierro Island (adapted from Carracedo et al., 2001;

Balcells Herrera et al., 2010b, 2010a; Gomez Sainz de Aja et al., 2010b, 2010a).



C. Prieto-Torrell et al.

et al., 1998) over a mantle plume (e.g., Hoernle and Schmincke, 1993;
Carracedo, 1999; Geldmacher et al., 2005; Zaczek et al., 2015; Carra-
cedo and Troll, 2016a, 2021).

The Canary Archipelago is volcanically active, and all the islands,
except for La Gomera, show signs of Holocene volcanism. Lanzarote,
Tenerife, La Palma, and El Hierro had historical eruptions. The historical
period begins in the Canaries after 1402-1496 (Carracedo and Troll,
2016a; Guillén et al., 2023; Lobo Cabrera, 2019). The last subaerial
eruption occurred at La Palma in 2021 (Tajogaite volcano; Carracedo
et al., 2022, and references therein), while the last submarine eruption
was in 2011 at the Tagoro volcano on El Hierro (Carracedo et al., 2012a,
2012b, 2015; Perez-Torrado et al., 2012).

El Hierro is the youngest and westernmost island in the Canarian
Archipelago, and it is in the shield stage in the framework of the main
stages of growth of oceanic volcanic islands, as defined in Hawaii
(Clague and Sherrod, 2014). It rises from ~4000 m deep seafloor to
1502 m above sea level (a.s.l.) at the island’s center (Pico de Malpaso).
The most characteristic feature of El Hierro is its tetrahedral shape, with
the three ridges (rift zones) at ~120° and separated by wide embay-
ments associated with giant landslides (e.g., Guillou et al., 1996; Gee
et al., 2001; Carracedo et al., 2001; Carracedo and Troll, 2016b) (Fig. 1).
El Hierro exhibits a rugged relief, with steeply plunging cliffs, where the
prominent volcanic landforms (cinder cones and lava flows) are well
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perceptible. Dissection by fluvial processes is poorly developed.

The island comprises three large overlapping volcanic edifices
(Becerril et al., 2013, 2014, 2016a; Carracedo et al., 2001; Guillou et al.,
1996; Meletlidis et al., 2023). The Tinor volcano edifice (1.12-0.88 Ma)
grew during the earliest period; later, the El Golfo volcano edifice
(545-176 ka) was formed; and finally, the current rift volcanism (<158
ka) was consolidated, defining the structure, morphology, and distri-
bution of the recent eruptions at El Hierro (e.g., Acosta et al., 2005;
Carracedo, 1994, 1996, 1999; Gee et al., 2001b). The classification using
the total alkali-silica (TAS) diagram (Le Bas et al., 1986), shows a largely
basanitic composition for the Holocene volcanism (Prieto-Torrell et al.,
2024; Prieto-Torrell et al., 2025). The rapid and unstable growth of the
island promoted five giant gravitational landslides: Tinor (<880 ka), Las
Playas I (545-176 ka) and II (176-145 ka), El Julan (>158 ka), El Golfo
(87-39 ka), and Punta del Norte (unknown age) (e.g., Urgeles et al.,
1997; Carracedo, 1999; Carracedo et al., 2001; Masson et al., 2002;
Longpré et al., 2011; Klimes et al., 2023).

The first ages and geomagnetic polarities on the island of El Hierro
were obtained by Abdel-Monem et al. (1972), and all corresponded to
the Brunhes normal polarity chron. Fuster et al. (1993) also determined
ages lower than 0.8 Ma. Guillou et al. (1996) and Széréméta et al. (1999)
temporally framed the three large volcanic units of the island (Tinor, El
Golfo, and the volcanism of the rifts) and the giant landslides of Tinor

A
7 3
@ This work
O This work (reinterpreted or reanalyzed from other authors)
@ Marrero and Barroso (unplublished) :
® Risica et al. (2022) Da“”m MG
L © Becerril et al. (2016) AMC
o i <O “OAr [ 2Ar
Rodriguez-Gonzalez et al. (2012) O KAr
@ Guillou et al. (1996) % IPA

>

® <2kmh
2-5km/h
5-10 km/h
® 10-20 kmh
@ 20-30 kmh
© 30-40 kmh
40 - 50 km/h
© >50 km/h

1 8°I 06’

>

N ¥ olC
|

O |d. edifice
I Holocene volcanism

0 5km
| | |

1 8"I 00

17054 W
|

Fig. 2. A, Location of the 42 Holocene volcanic eruptions studied with the indication of the samples used to date them. IPA, inferred paleomagnetic age. Details of
numbered edifices are in Table 1. B, The wind rose model shows how many hours per year the wind blows from the NE direction (Meteoblue, 2024).
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and El Golfo. In addition, they obtained the oldest age (1.12 + 0.02 Ma),
demonstrating that El Hierro is the youngest island of the Canaries.

Despite the youth of El Hierro Island, no eruptions have been
recorded onshore since 1402-1496, when the historical record began in
the Canary Islands (Carracedo and Troll, 2016b; Guillén et al., 2023;
Romero Ruiz, 2016). The only eruptions recorded on El Hierro were the
possible submarine events of 1721, 1777, and 1793, as well as the
Tagoro volcano in 2011 (Carracedo et al., 2012a, 2012b, 2015; Per-
ez-Torrado et al., 2012; Romero Ruiz, 2016; Guillén et al., 2023). Con-
cerning the subaerial Holocene volcanism (Fig. 2), the first ages were
published by Pellicer (1977) (n = 2 ages, 14C), which were followed by
those of Hernandez-Pacheco (1982) (n =1, 14C), Fuster et al. (1993) (n
=1, 14C), Guillou et al. (1996) (n =1, 14C), Perez-Torrado et al. (2011)
(n = 3, 14C), Rodriguez-Gonzalez et al. (2012) (n = 1, K-Ar), Villa-
sante-Marcos and Pavon-Carrasco (2014) (n = 1, paleomagnetism), and
Becerril et al. (2016b) (n = 2, 14¢). Risica et al. (2022) documented the
most recent and significant compilation, reporting eleven eruptions
combining paleomagnetic and *C methods.

The climate of El Hierro is subtropical, moderated by the oceanic
current from the Canary Islands and the prevailing NE trade winds
(Fig. 2B). The orography and altitude significantly shape local weather
conditions. The result is an altitudinal zonation BWh-BSh-BSk-Csb from
the coast to the mountains according to the Koppen-Geiger climate
classification (BWh, hot desert climate; BSh, hot steppe; BSk, cold
steppe; Csb, dry and warm summers) (AEMET, 2012). The annual
variation of the average air temperature ranges from 20 °C at sea level to
12 °C in the highlands (AEMET, 2012). Average annual rainfall varies
between 100 and 800 mm/year due to orographic effects and exposure
to NE trade winds. The rain shadow effect causes the northern flank of
the island to receive the highest precipitation. Specific altitudinal
vegetation belts are associated with different climatic zones (del Arco
Aguilar et al., 2010). However, this theoretical climatophilous vegeta-
tion is modified by the humidity differences between the northern and
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southern flanks of the island. It has also been interrupted by the recent
volcanic badlands that prevented its development. These features con-
dition the possibility that an eruption generates charcoal that can be
preserved and dated by the radiocarbon method.

3. Methods
3.1. Stratigraphic and geomorphic relationships

Detailed fieldwork on the recent volcanic edifices of El Hierro Island
was carried out to establish their stratigraphic and geomorphic re-
lationships (e.g., Prieto-Torrell et al., 2021). The edifices comprise lava
flows and pyroclastic deposits related to scoria cones and tephra fall.
Overlapping of lava flows from different eruptions or the surroundings
of lava flows to previous volcanic cones and lava fields are examples of
criteria that help us to order the volcanic edifices sequentially. For the
isolated eruptions or not observed stratigraphic relationships (12 erup-
tions), the chronostratigraphic control is limited for radiometric ages or
the formation of coastal lava deltas (Carracedo et al., 2001; Rodri-
guez-Gonzalez et al., 2022) (Fig. 3). On the other hand, a significant
issue is the occurrence of two trachytic pumice deposits at the island’s
summit, which are excellent stratigraphic markers in the area. The upper
corresponds to the Malpaso 1 volcanic edifice. The lower Malpaso 2
belongs to an unidentified previous edifice and occurs in small scattered
outcrops (Fig. 4). Moreover, the relationships with the underlying or
overlying paleosols were recognized to define the time framework more
precisely (Fig. 5). These stratigraphic and geomorphic relationships
have been documented in a dataset with 28 photographs illustrating the
relationships among 27 of 42 Holocene eruptions investigated
(Rodriguez-Gonzalez et al., 2024). Results are summarized in Table 1.
This information was the basis for sampling and interpreting the mate-
rials used for dating.

Fig. 3. Lava deltas and lava flow remnants on coastal cliffs are geomorphic evidence of eruptions younger than 7000 years. A, Lava delta of the Montana de la
Empalizada volcano (Id. 35). B, Lava delta of the El Lajial edifice (Id. 6, Luna event). C, Remnants of lava flows on the coastal cliff of the Calderetones edifice (Id. 36).
D, Lava flow remnants on the coastal cliff of the Montana de Orchilla edifice (Id. 41).
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Fig. 4. Stratigraphic section where the charcoal samples HIC-37 and HIC-38 were collected (see data in Table 1). A, General view of the outcrop. B, Simplified
stratigraphic column.

3.2. Unspiked K-Ar and “°Ar/>°Ar dating methods

The proven effectiveness of the combined unspiked K-Ar and
“OAr/39Ar dating methods in the *C age range for dating recent lavas
from the Canary archipelago (Guillou et al., 2011) led us to select these
two methods as potential for dating Holocene volcanic activity at El
Hierro. Concerning the unspiked K-Ar method, our choice seems
appropriate as it has been successfully used to date Holocene volcanism
at El Hierro (Guillou et al., 1996) and La Palma (Guillou et al., 1998). In
the case of La Palma, we even showed agreement between K-Ar and 14C
ages for a lava flow as young as 3 ka (K-Ar age = 4 + 2 ka and 1*C age =
3.2 + 0.1 ka). Because we have presented both methods in several of our
papers dealing with the Canary Archipelago volcanism, sample pro-
cessing and the two dating methods are described in the electronic
supplement SO1. Seven samples were dated by the unspiked K-Ar
method (Suppl. 502), and we used the *°Ar/3°Ar technique to date six
other lava flows (Suppl. S03-S04-S05).

3.3. Radiocarbon dating methods

We collected charcoal samples for radiocarbon dating from 15 sites
(Figs. 2 and 4-5; Suppl. S06-S07). We sampled 14 stratigraphic sections
because samples HIC-37 and HIC-38 correspond to the same strati-
graphic profile of Malpaso 1 and 2 (Fig. 4). Except for the HIC-17 (Morro
de las Sanjoras) and HIC-39 (Montana del Cepon) samples, the rest were
collected in the paleosol underlying the volcanic material, always
looking for the location closest to the contact between both units. The
age obtained represents the maximum age for the eruption, but it is close
enough to the actual age so that it is the one to work with for practical
purposes. It was verified that the charcoal samples were fragments
without lateral continuity, which could indicate their nature as roots
charred by recent wildfires. The HIC-17 sample was collected within a
trunk mold in a pyroclastic deposit, and the HIC-39 under a lava flow. It
is interpreted that both samples originated by combustion due to the
eruptive process; therefore, the age obtained corresponds to the age of
the eruption.

A discrepancy in age for the Malpaso 1 trachytic pumice deposit led

to speculation that the charcoal samples dated at the island summit by
Perez-Torrado et al. (2011) derive from plant roots of the current soil
burned by forest fires (Pedrazzi et al., 2014). To settle this controversy,
we conducted an anthracologic study of the samples HIC-18, HIC-21,
HIC-22, and HIC-23. Each charcoal fragment was fractured manually to
provide transverse, tangential, and radial sections for taxonomic iden-
tification using a Brunel SP-400 bright/dark field incident light micro-
scope with 50-600x magnification at the University of La Laguna, Spain.
Botanical identification was performed using specialized plant anatomy
literature (Montagnoli et al., 2021; Peterson et al., 1999; Schweing-
ruber, 1990) and a modern charred, woody taxa reference collection. All
the available charcoal samples were analyzed. Photography and detailed
observations of the anatomical and taphonomic features were carried
out using a Zeiss EVO MA 15 scanning electron microscope (SEM) at the
General Research Support Service (SEGAI), University of La Laguna,
Spain.

Radiocarbon dating of charcoal samples was carried out by Accel-
erator Mass Spectrometry (AMS) at the laboratories of Beta Analytic Inc.
(Miami) and 14CHRONO Centre of Queen’s University (Belfast). To
complete this dataset, we added additional radiocarbon data of char-
coals published by Pellicer (1977) (n = 2), Guillou et al. (1996) (n = 1),
Perez-Torrado et al. (2011) (n = 3), Becerril et al. (2016a,b) (n = 1),
Risica et al. (2022) (n = 8), as well as of a goat horn by Marrero and
Barroso (unpublished) (n = 1) and marine mollusk shells (n = 2) (Risica
et al., 2022) (Suppl. S07). The conventional ages were rounded as rec-
ommended by the community (Stuiver and Polach, 1977).

The calibration of new and published radiocarbon data was per-
formed by ChronoModel v. 3.0 (Lanos and Dufresne, 2023, 2024) using
the IntCal20 (intcal20.14c) atmospheric curve (Reimer et al., 2020). For
marine shells, we used the global marine calibration curve Marine20
(marine20.14c¢) (Heaton et al., 2020) and the local marine reservoir
correction for the Canary Islands, AR of —201.9 + 32.4 G years, ob-
tained by Santana et al. (2024).

3.4. Paleomagnetic dating methods

Paleomagnetic dating is based on acquiring a stable thermoremanent
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(Id. 22, HIC-30). C, Malpaso 1 (Id. 37, HIC-22). D, Malpaso 1 and Malpaso 2 charcoals (Ids. 37 and 39, HIC-37-38) provide the maximum-limiting ages for the
overlying pyroclastic deposits. E, HIC-17 sample at the Morro de las Sanjoras (Id. 19) eruption from within a trunk mold embedded in pyroclasts. F, HIC-39 beneath a
lava flow of the Montana del Cep6n (Id. 12) eruption. We interpret in E and F that the charcoal originated from combustion during the eruptions; therefore, fixing the

age of the eruption.

magnetization parallel and proportional to the geomagnetic field pre-
sent during the lava flow cooling since magmatic temperatures are
higher than Curie temperatures of the magnetic minerals it contains. The
eruption age of lava can be estimated by comparing the paleodirection
(and paleointensity, if available) inferred from the thermoremanent
magnetization with the paleosecular variation (PSV) curve of the study
region (e.g., Pressling et al., 2009; Alva-Valdivia et al., 2019; Risica
et al., 2020, 2022).

At El Hierro, Villasante-Marcos and Pavon-Carrasco (2014) focused
their study on the Lomo Negro eruption lava flows (6 sampling sites),
and Risica et al. (2022) extensively studied the Holocene volcanism of
the island (37 sampling sites on 9 lava flows). We revised these paleo-
magnetic data according to the new ages, stratigraphic relationships,
and geomorphic criteria discussed in this work. This revision led to the
reinterpretation of the assignment of some sampling sites to certain
eruptions and, accordingly, new paleomagnetic ages were attained for

the reinterpreted sites (Suppl. S08).

The ages were obtained following the methodology described by
Lanos (2004) and implemented online in ArchaeoPyDating, the new
release of archaeo_dating software (Pavon-Carrasco et al., 2011, 2014).
The tool has been adapted to Python and is now presented as an online
application (Serrano et al., 2024). It provides the global model SHA.
DIF.14k (12000 BC - 1900 AD) (Pavon-Carrasco et al., 2014) to estimate
the corresponding age intervals. This software package uses a Bayesian
statistical approach to assign age ranges within which an undated
discrete paleomagnetic record with normally distributed uncertainty
correlates with a dated master record at a predefined confidence level.
Probability density functions (PDFs) were computed separately for
declination and inclination and combined into a single PDF. Results
were calculated to a 95 % level of confidence. The resulting PDFs and
inferred ages discussed below are shown in the Suppl. Table S08 and
Fig. S09.
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Table 1
Summary of Holocene subaerial volcanic edifices of El Hierro Island.
Id. Volcanic edifice Rift  Location in the island Vent coordinates Characteristics™ Stratigraphic Geomorphic
edifice ) ) ) relationships constraint
summit  extreme other Latitude Longitude
N) (°E)
1 Montana del Tesoro NE extreme 27.825144 —17.907134 SE[CC+ T+ L] Isolated Formed lava delta
2 Lomo Negro NwW extreme 27.754970 —18.148693 SE [SV + L] Over 23, 24, 25
3 Montana del Cascajo NE other 27.793706 —17.970237 SE [CC + L] Isolated
4 Montanita Negra NW extreme 27.708667 —18.136623 SE [CC + L] Over 41 Formed lava delta
5 Montana de Prim S extreme 27.652503 —17.986553 SE [CC + L] Over 6, 10 Formed lava delta
6 El Lajial S extreme 27.671570 —17.999453 CE [CC + SV + Over 10, 35, under 5 Formed lava delta
L]
7 Montana NE other  27.779641 —17.950330 CE [CC + L] Isolated Formed lava delta
Chamuscada
8 La Caleta NE extreme 27.805840 —17.889726 SE [CC + L] Isolated Formed lava delta
9 Montana de NE extreme 27.825223 —17.938708 SE [CC + L] Isolated Formed lava delta
Aguarijo
10 La Restinga S extreme 27.648157 —17.984195 CE [CC + SV + Under 5, 6 Formed lava delta
L]
11 Cueva del Mocan S other 27.715053 —18.005792 SE [CC + L] Over 12, 35 Lava flow remnants
on the coastal cliff
12 Montana del Cep6n S summit 27.725316 —18.020132 SE [SV + L] Over 21, under 11
13 Monumento al S summit 27.727944 —18.026183 SE[CC+T] Over 34, 37
Campesino Herreno
14 Montanita del S summit 27.719168 —18.022364 SE [CC + L] Over 19, 35
Guanche de Abajo
15 Tanganasoga NW  summit 27.734926 —18.060240 CE[CC+T+1] Over 37, 39
16 El Meridiano NW extreme 27.724079 —18.145174 SE [SV + L] Over 28, 29 Formed lava delta
17 El Brezal S summit 27.723018 —18.025618 SE [SV + L] Over 37
18 Pino Verde S summit 27.726644 —18.032402 SE [CC + T] Over 37 (inferred)
19 Morro de las S summit 27.721982 —18.023856 SE [SV + L] Over 37, 39, under 14
Sanjoras
20 Hoya de Fireba NE summit 27.740919 —17.990396 SE[CC+ T] Over 22 (inferred)
21 Pico Tenerife NE summit 27.730447 —18.009918 SE [CC + T] Over 22 (inferred),
under 12
22 Pico de los NE summit 27.731243 —18.002692 SE [CC + T] Under 20 (inferred), 21
Marrubios (inferred)
23 Montana de Marcos NW extreme 27.753941 —18.135393 SE [CC + L] Over 24, 25, 30, under 2 Formed lava delta
24 Montana de los NwW extreme 27.750520 —18.135195 SE [CC + SV + Over 25, under 2, 23 Formed lava delta
Guirres L]
25 Hoya del Verodal NwW extreme 27.755970 —18.144897 SE [CC + L] Under 2, 23, 24 Formed lava delta
26 Monte Grande NW  summit 27.732928 —18.077815 SE [CC + T] Not observed
27 El Estacadero NW extreme 27.713994 —18.138008 SE [SV + L] Over 29
28 Montana de las NwW extreme 27.724050 —18.147649 SE [CC + L] Under 16 Formed lava delta
Calcosas
29 La Hoya del Faro NwW extreme 27.711747 —18.141477 SE [SV + L] Over 41, under 16, 27
30 Roque de Basco NW extreme 27.763406 —18.130496 SE [CC + L] Over 33, under 23 Formed lava delta
31 Charco Azul NW other 27.758381 —18.038373 SE [SV + L] Isolated Formed lava delta
32 Sabinosa NW other  27.749083 —18.098310 SE [CC + L] Isolated Formed lava delta
33 Arenas Blancas NW extreme 27.762583 —18.126492 SE [CC + L] Under 30 Formed lava delta
34 Cruz de los Reyes S summit 27.727731 —18.024056 SE [CC + T] Under 13
35 Montana de la S other 27.702470 —18.007987 SE [CC + L] Under 6, 11, 14 Formed lava delta
Empalizada
36 Calderetones S extreme 27.665811 —17.975233 CE [SV + L] Isolated Lava flow remnants
on the coastal cliff
37 Malpaso 1 NW summit 27.728580 —18.040423 SE [CC+ T + S] Over 39, under 13, 15,
17, 18 (inferred), 19
38 Picos de la Pena del NW summit 27.728674 —18.072863 SE [CC + T] Not observed
Agua
39 Malpaso 2 ? summit unknown SE [S] Under 15, 19, 37
40 Montana de los NW  summit 27.733156 —18.089383 SE [CC + T] Not observed
Humilladeros
41 Montana de Orchilla NwW extreme 27.709405 —18.144747 SE [CC + L] Under 4, 29 Lava flow remnants
on the coastal cliff
42 Lomo Cabras NW other 27.756289 —18.108775 SE [SV + L] Isolated Lava flow remnants

on the coastal cliff

" SE, single edifice; CE, complex edifice; CC, cinder cone (fall and surge deposits);
flow.

3.5. Geochronological framework modeling using Bayesian inference

To reconstruct a robust chronology for the Holocene volcanism of El
Hierro, we employed a Bayesian target event date model (Lanos and
Philippe, 2017, 2018) implemented in ChronoModel v. 3.2.7 (Lanos and
Dufresne, 2023, 2024). This approach integrates **C and paleomagnetic

SV, spatter vent (fissure or cone); T, tephra fall deposit; S, surge deposit; L, lava

geochronological
constraints.

The model leverages a hierarchical Bayesian statistical framework
and Markov chain Monte Carlo (MCMC) numerical techniques to esti-
mate event dates and their uncertainties. Numerical (absolute) dates
from bracketing units and relative stratigraphic and geomorphic

data alongside stratigraphic and geomorphic
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Table 2
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Ages of Holocene subaerial volcanic edifices of El Hierro Island. MAP, mode of the posterior distribution. HPD, highest posterior density region.

Id. Volcanic edifice MAP [prob 95 % HPD MAP [prob 95 % HPD range] (tentative temporal Unmodeled age (tentative temporal
edifice range] position) position)
(cal BP) (cal BP) (cal BP)

1 Montana del Tesoro 1059 [1206, 9671
2 Lomo Negro 1412 [1560, 1242]
3 Montana del Cascajo 2322 [2540, 1988]
4 Montanita Negra 2033 [2599, 1780]
5 Montana de Prim 1216 [2537, 248]
6 El Lajial 2548 [2581, 2503]
7 Montana Chamuscada 3601 [3723, 3400]
8 La Caleta <7000 - >454
9 Montana de Aguarijo <7000 - >454
10 La Restinga 4837 [8591, 2399]
11 Cueva del Mocan 2057 [3282, 239]
12 Montana del Cep6n 3348 [3500, 3135]
13 Monumento al Campesino 3669 [4035, 3347]

Herreno
14 Montanita del Guanche de Abajo 2505 [4233, 197]
15 Tanganasoga 4869 [5078, 4342]
16 El Meridiano 4138 [4619, 3676]
17 El Brezal 4189 [4488, 3930]
18 Pino Verde 4395 [4906, 3909]
19 Morro de las Sanjoras 4547 [4756, 3922]
20 Hoya de Fireba 4582 [4974, 4251]
21 Pico Tenerife 4361 [5029, 3328]
22 Pico de los Marrubios 5010 [5307, 4844]
23 Montana de Marcos 3502 [5231, 2190]
24 Montana de los Guirres 4872 [5379, 3845]
25 Hoya del Verodal 5299 [5399, 5189]
26 Monte Grande 5794 [6080, 5575]
27 El Estacadero 5661 [6583, 4785]
28 Montana de las Calcosas 5294 [8587, 3895]
29 La Hoya del Faro 7390 [11004, 5503]
30 Roque de Basco 5854 [6551, 5139]
31 Charco Azul <7000 - >454
32 Sabinosa <7000 - >454
33 Arenas Blancas 6457 [8458, 5441]
34 Cruz de los Reyes 6508 [6763, 6269]
35 Montana de la Empalizada 5430 [8354, 3015]
36 Calderetones <7000 - >454
37 Malpaso 1 6744 [6838, 6585]
38 Picos de la Pena del Agua 6872 [7121, 6620]
39 Malpaso 2 7657 (7825, 6946]
40 Montana de los Humilladeros 7075 [7390, 6791]
41 Montana de Orchilla 8929 [9827, 7984]
42 Lomo Cabras <17000 - >454

positions serve as prior information.

The style of these monogenetic eruptions at El Hierro Island is

Individual eruptions were defined as discrete events characterized by
associated '*C and/or paleomagnetic data. Three MCMC chains were
run, comprising 1000 burn-in, 1000 adaptation (200 max batches), and
100,000 acquisition iterations with a thinning rate of 10. The model
generates posterior distributions for event dates, summarized by the
mode of the posterior distribution (MAP) and the 95 % highest posterior
density (HPD) interval. Event dates are reported as calibrated ranges of
years before the present (considered 1950 CE). For example, the
geochronological model for the Mt. del Tesoro eruption/event provided
a date of 1059 [1206, 967] cal BP (MAP [95 % HPD range]) (Table 2).

4. Results
4.1. Studied eruptions

We studied 42 subaerial volcanic edifices on the island of El Hierro
based on the hypothesis that they were generated by eruptions during
the Holocene (Fig. 2). Although there are probably some other edifices
from this epoch, the group studied comprises most of the Holocene
subaerial volcanism on El Hierro. The coordinates and toponyms of the
main vents, used to name the edifices, are presented in Table 1.

Strombolian. The edifices were created by hybrid eruptions with alter-
nating, or, more often, contemporaneous emission, of pyroclastic
tephra, forming cones and fall deposits, and lava flows, whether they are
a’a’ or pahoehoe or with both types in the same event. Some edifices are
complex and were generated in several episodes that have been differ-
entiated when possible. Such is the case of La Restinga (Id. 10) and El
Lajial (Id. 6), where we have distinguished six and fifteen construction
episodes, respectively. A typical current example is the 2021 Tajogaite
volcano eruption on La Palma Island (Bonadonna et al., 2022; Carracedo
et al., 2022). It is worth noting the absence of lava flows in the eruptions
recorded at the highest part of the summit of El Hierro Island (e.g.,
Montana de los Humilladeros, Id. 40).

4.2. Stratigraphy and geomorphology

The overlapping of some edifices allowed us to recognize strati-
graphic relationships with relative ease (e.g., Lomo Negro, Id. 2, over
Montana de Marcos, Id. 23; Montana de los Guirres, Id. 24; and Hoya del
Verodal, Id. 25) and establish the temporal succession order among
many eruptions (Table 1) (Rodriguez-Gonzalez et al., 2024). Unfortu-
nately, the edifices are sometimes isolated (e.g., Montana del Tesoro, Id.
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1; Calderetones, Id. 36), or these relationships are not well exposed (e.g.,
Monte Grande, Id. 26; Picos de la Pena del Agua, Id. 38). Despite these
limitations, the stratigraphic relations are an independent relative age
control to assess dating results. On the other hand, the top of the island
exposes two trachytic pumice deposits that are reliable stratigraphic
markers (Fig. 4). The upper one is Malpaso 1 (Id. 37), the lower one is
Malpaso 2 (Id. 39).

Lava deltas on contemporary coastal platforms constrain an eruption
age at El Hierro (Rodriguez-Gonzalez et al., 2022). This criterion allows
us to estimate that an eruption occurred during the last 7000 years. On
the other hand, the remnants of a lava flow on a coastal cliff are not as
conclusive as lava deltas in absolute age. Still, they indicate the youth of
the eruption (Fig. 3). Eighteen lava flows formed deltas around the is-
land, and at least four lava flow remnants are preserved on the coastal
cliffs (Table 1).

4.3. Unspiked K-Ar dating

The K-Ar results are summarized in Suppl. SO2. Of the seven samples,
three yielded Holocene ages ranging from 8 to 10 ka with uncertainties
from 2 to 6 ka: Montana del Tesoro (Id. 1), HIR-005, 9 + 6 ka; Montana
de Marcos (Id. 23), HIR-013, 8 + 2 ka; and Arenas Blancas (Id. 33), HIR-
009, 8 + 2 ka. The other four samples gave pre-Holocene ages: basement
of Montana del Tesoro, HIR-007, 21 + 2 ka; Lomo Negro (Id. 2), HIR-
018, 111 + 2 ka; Montana de Aguarijo (Id. 9), HIR-004, 18 + 4 ka;
and Lomo Cabras (Id. 42), HIR-020, 17 + 1 ka. Among the last group, the
age of a cliff-forming lava flow in the basement of the volcanic edifice of
Montana del Tesoro (21 + 2 ka) is consistent with the age of this edifice
(9 + 6 ka). However, the other ages are older than expected. The case of
the Lomo Negro edifice is noteworthy, with an unlikely age of 111 + 2
ka when its lava flows are stratigraphically above the lava flows of the
eruption Id. numbers 23-24-25, the two latter dated as Holocene. Excess
argon is a possible cause for overestimated K-Ar ages.

4.4. “Ar/3°Ar dating

The *“°Ar/3°Ar results are summarized in Suppl. S03-504-S05. The
spread of experimental points along the inverse isochrones is very nar-
row (i.e., from 0 to 1.9 %). This feature, combined with very low 40Ar*
contents close to the detection limits of the mass spectrometer, results in
highly inaccurate isochron ages. However, these samples appear to be
free of excess argon. Indeed, the “°Ar/36Ar interception values are
similar to those of the atmospheric one. In the following, we use plateau
ages, which are a little more precise.

Only one of the six dated samples gave a useful age. Indeed, sample
HIR-156, a lava flow below the pyroclastic sequence of Morro de las
Sanjoras and Malpaso 1 and 2 (Fig. 6), gave an age of 18.9 £ 6.2 ka,
consistent with the radiocarbon ages of samples HIC-17, HIC-21, HIC-
22, HIC-37, and HIC-38. Regarding the other samples, their ages are
too imprecise to be useful (i.e., the error being higher than the age
value).

4.5. Radiocarbon dating

The new results of 15 charcoal samples and the 18 published ages (15
from charcoal, one from goat’s horn, and two from mollusk shells)
compose a dataset of 33 radiocarbon ages (Suppl. S07). The map of Fig. 2
reflects that charcoal samples are more abundant in central/higher al-
titudes. The difficulty of finding datable charcoal is a limitation in
extensive areas of the island due to the vegetation distribution associ-
ated with climate stratification and the occurrence of vast lava flow
fields, locally known as ‘malpais’, that hinder vegetation growth.

It should be noted that volcanic environments may be subject to
dilution of atmospheric CO, by magmatic CO,, which does not contain
14 (Hatté and Jull, 2025). This phenomenon has been the subject of
different studies. Examples include the anomalously old age (**C) of
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aquatic moss, which may be an effect of geothermal water in Iceland
(Sveinbjornsdottir et al., 1992), the 14c depletion of different C3 plants
(leaves) growing inside and outside degassed volcanic zones in the
Azores (Pasquier-Cardin et al., 1999), and the increase in the apparent
age of fossil apatites in calcined bones by dead carbon near Pompeii in
Italy (Zazzo and Lepetz, 2017). Furthermore, prevailing winds may also
influence the resulting CO, mix. Plant macrofossils could inherit this
dilution, leading to apparent radiocarbon ages older than their actual
ages. The impact of these features could affect some observed ages,
which are discussed below.

The anthracological studies of the organic samples guaranteed reli-
able radiocarbon dating results. Previous botanical determination and
taphonomic analysis are necessary to select the most suitable taxon and
the sample with the least biodegradation to date (Pardo-Gordo et al.,
2022). The anthracological study of samples HIC-18, HIC-21, HIC-22,
and HIC-23 allowed us to select specific charcoal fragments for radio-
carbon dating. A total of 68 charcoal fragments were studied. Micro-
scopic viewing of the xylem structure shows all charcoal derived from
trunk/branch fragments and could be identified to species or
family-level classification. Identified taxa consist of Pinus canariensis
(Canary Island pine), Erica arborea (heather), and Fabaceae (the legume
family) (Fig. 7). These taxa are consistent with the characteristic vege-
tation of the central area of the island (La Cumbre area) where pine
forests and fayal-brezal forests develop above 600 m a.s.l. (Kammer,
1976; Pérez de Paz et al., 1981; Rivas Martinez, 1987). Several Fabaceae
species, such as Adenocarpus foliolosus or Spartocytisus filipes, among
others, develop in the pine forest and the limits of the laurel forest.

The sample HIC-18 yielded eleven fragments of Erica arborea char-
coal (Fig. 7A and B); HIC-21, 22 of Fabaceae charcoal (Fig. 7D-E-F); HIC-
22, one of Erica arborea charcoal (Fig. 7C) and six of Pinus canariensis
(Fig. 7G-H-I); and HIC-23, one fragment of Erica arborea charcoal and six
of Pinus canariensis. Three samples were dated using Erica arborea
charcoal (HIC-18, HIC-22, and HIC-23) and one with Fabaceae charcoal
(HIC-21) (Suppl. S07).

Several edifices have two or more radiocarbon ages: Malpaso 2 (Id.
39, n = 2), Malpaso 1 (Id. 37, n = 6), Pico de los Marrubios (Id. 22, n =
2), Morro de las Sanjoras (Id. 19, n = 2), Tanganasoga (Id. 15, n = 3),
Montana Chamuscada (Id. 7, n = 3), and El Lajial (Id. 6, n = 2). The three
first cases are on the summit ridge of the island (La Cumbre area). When
we consider this area as a whole, it is observed that many of the charcoal
samples (n = 24) have been sampled in paleosols (n = 16, 67 %). A set of
23 ages (70 % of the total) was included in the geochronological model
for Bayesian inference.

4.6. Paleomagnetic dating

We carefully revised the existing dataset of paleomagnetic ages on
lava flows of Holocene eruptions of El Hierro provided by Risica et al.
(2022), samples labeled “HIE”, and Villasante-Marcos and Pavon-Car-
rasco (2014), samples “LN” (Suppl. S08). This review led to the rein-
terpretation of the assignment of some volcanic edifices where Risica
et al. (2022) collected the samples. This screening provided paleomag-
netic information (declination, inclination, and ags) on 17 eruptive
events to estimate the corresponding age intervals based on the global
SHA.DIF.14k model (Pavon-Carrasco et al., 2014) with the Archae-
oPyDating tool. Stratigraphy, geomorphology, and the lack of subaerial
eruptions historically recorded after 1496 were used as constraints to
select the 17 age intervals used for Bayesian inference to build the
geochronological model (Suppl. S08-509-5S10).

4.7. Geochronological framework modeling using Bayesian inference

The K-Ar and *°Ar/3°Ar dates provided ages with uncertainties too
great to be meaningful from a geological point of view, so they were
discarded for the geochronological model. Despite this, most of them
confirmed the youthfulness of the dated lavas, demonstrating their value
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Morro de las Sanjoras

Fig. 6. Stratigraphic section at the site where lava flow sample HIR-156 and charcoal sample HIC-21 were collected. The ages of both samples are consistent with

each other, and with those for Malpaso 1 and Morro de las Sanjoras edifices.

in preliminary screenings of geochronological studies of Holocene
eruptions at El Hierro (Guillou et al., 1996).

A set of 36 eruptive events (86 % of the total) were retained for the
geochronological model developed with ChronoModel combining
radiocarbon and paleomagnetic and using the Bayesian inference.
Seventeen eruptions were dated for the first time.

Fifteen events were dated using radiocarbon data, four using a
combination of radiocarbon and paleomagnetic data, and seven using
only paleomagnetic data. From 16 volcanic edifices to which it has not
been possible to obtain an absolute age, ten were included in the model
based on the constraints defined by the stratigraphic record, the
geomorphic criteria of formation or not of lava deltas, and the lack of
subaerial eruptions during the last 500 years. The remaining six edifices,
which are isolated (e.g., Sabinosa, Id. 32, or La Caleta, Id. 8), have not
been included in the model. Their stratigraphic position was established
by subjective comparison with the dated edifices based on the degree of
erosion and weathering (observing, e.g., the smoothing of surface
texture, development of weathering rinds, degree of vesicle preserva-
tion, or development of jointing patterns and carved channels), or the
development of vegetation.

The ChronoModel input data and the summary of Bayesian age
sequence modeling results are presented in Suppl. S10. Fig. 8 shows the
posterior distribution graphs for probability densities of the eruption
ages predicted by the Bayesian age sequence model. The calibration
results of radiocarbon ages not included in the model are shown in
Suppl. Table S11.

5. Discussion

By applying Bayesian inference through ChronoModel software, we
statistically integrated geochronological data to construct a novel and
refined model of Holocene subaerial eruptive activity on El Hierro. The
outcomes of this geochronological modeling are summarized in Table 2.
These results represent a substantial step forward in our knowledge of
recent volcanism in El Hierro. Nevertheless, significant challenges
persist due to the limited availability of geochronological data for
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certain eruptive events, constrained only by stratigraphic and geomor-
phological evidence. Within these limitations, we propose a tentative
reconstruction of the temporal succession of all studied eruptive events
(Table 2).

The temporal distribution of eruptive events in El Hierro differs from
the discrete eruptive periods observed in Gran Canaria, presenting a
nearly continuous sequence without significant hiatuses as occurs on the
island of Tenerife (Carracedo et al., 2007; Rodriguez-Gonzalez et al.,
2009).

Recent advancements in understanding El Hierro’s volcanism have
led to an increased estimate of eruptive recurrence, aligning with the
island’s juvenile shield stage of this oceanic volcanic island. Becerril
et al. (2014) documented 25 eruptions over the past 158 ka, while
Becerril et al. (2016b) identified at least 31 onshore eruptions in the last
33 ka. Furthermore, Abis et al. (2023) recognized at least 40 eruptions in
the southern rift within the past 40 ka.

Eruptive recurrence intervals, derived from 20 consecutive MAP ages
(Table 2, Fig. 8), exhibit significant variability. The median interval was
288 years, the mean was 346 years, with a standard deviation of 300
years, and a range of 34-1078 years. Only six eruptions have been
recorded in the past 2000 years: two onshore (Montana del Tesoro, Id. 1,
and Lomo Negro, Id. 2) and four submarine (in 1721, 1777, 1793, and
the Tagoro volcano in 2011-2012 CE) (Guillén et al., 2023).

The three rifts of El Hierro were active during the Holocene. How-
ever, the NW rift concentrated 50 % of the eruptions (n = 21) (e.g., Lomo
Negro, Id. 2). The southern rift had 13 eruptions (31 %) (e.g., El Lajial,
Id. 6), and the NE rift eight eruptions (19 %) (e.g., Montana del Tesoro,
Id. 1). It is noteworthy that 19 eruptions (45 %) occurred in the coastal
ends of the rifts (e.g., Hoya del Verodal, Id. 25), 16 eruptions (38 %) in
the summit of the island (e.g., Malpaso 1, Id. 37), and seven eruptions
(17 %) (e.g., Montana Chamuscada, Id. 7) in other locations (Table 1).

5.1. Rift NW

Despite extensive information on El Hierro’s Holocene volcanism
after 7000 BP, uncertainty remains for the early Holocene, when we
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Fig. 7. SEM images of the taxa identified. A, Erica arborea, transversal section, HIC 18. B, Erica arborea, detail of the transversal section, HIC 18. C, Erica arborea,
tangential section, HIC 22. D, Fabaceae, transversal section, HIC 21. E, Fabaceae, tangential section, HIC 21. F, Fabaceae, detail of vestured pits in vessels, tangential
section, HIC 21. G, Pinus canariensis, transversal section, HIC 22. H, Pinus canariensis, tangential section, HIC 22. I, Pinus canariensis, radial section, HIC 22.

have been able to locate only the edifices Lomo Cabras (Id. 42) and
Montana de Orchilla (Id. 41), both in the NW rift.

The edifice of Lomo Cabras (Id. 42) yielded an age of 17 + 1 ka
(unspiked K-Ar). The age obtained indicates the youth of the lava, but it
is possibly much younger, given the difficulty of applying the unspiked
K-Ar method in recent basaltic lavas. It is isolated, the erosion and
weathering degree is high compared to other Holocene lavas, and there
is no evidence of a lava delta on the contemporary marine platform.
However, remnants of a lava flow remain on the coastal cliff. Thus, we
preliminarily place this eruption in the early Holocene, which would be
the oldest edifice of those studied.

In Risica et al. (2022), sites HIE13, HIE14, HIE16, and HIE17 were
considered together as Orchilla. However, sites HIE14, HIE16, and
HIE17 belong to Montana de Orchilla (Id. 41), whereas HIE13 corre-
sponds to El Estacadero (Id. 27). The Montana de Orchilla eruption was
dated 8929 [9827, 7984] cal BP and El Estacadero 5661 [6583, 4785]
cal BP. The event of La Hoya del Faro (Id. 29) is bracketed between both
dates and, with this information, the Bayesian inference yields a date of
7390 [11004, 5503] cal BP.

Risica et al. (2022) interpreted the lava flows associated with the
fissure of El Meridiano (Id. 16) as part of the Montana de las Calcosas
edifice (Id. 28). However, these lava flows postdate the edifice of
Montana de las Calcosas. As all paleomagnetic sampling sites attributed
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to Montana de las Calcosas in that work were collected on lava flows
from El Meridiano, the resulting date of 4138 [4619, 3676] cal BP was
assigned to the latter (Table 2 and Suppl. Table S08). Montana de las
Calcosas event is constrained by forming a lava delta (<7000 yr) and
being under the El Meridiano lava flows, and the model assigns a date of
5294 [8587, 3895] cal BP.

Sites HIE30, HIE31, HIE32, and HIE37, previously identified as
Cuchillo del Roque (Risica et al., 2022), are now attributed to Roque de
Basco (Id. 30) and have been dated to 5854 [6551, 5139] cal BP. Under
these lava flows, we find the lavas of the Arenas Blancas (Id. 33) event,
which formed a lava delta on the contemporaneous coastal platform,
indicating an age of less than 7000 years BP. This bracketing provides a
date of 6457 [8458, 5441] cal BP for Arenas Blancas.

Further reinterpretation was necessary for the Below Lomo Negro
paleomagnetic sampling sites of Risica et al. (2022) (HIE26, HIE27,
HIE28, and HIE29). Two of them (HIE27 and HIE29) correspond to Hoya
del Verodal (Id. 25), and the other two (HIE26 and HIE28) to Montana
de los Guirres (Id. 24). The latter directly overlay Hoya del Verodal,
indicating its proximity in time. The modeled ages according to this
reinterpretation and the stratigraphic and geomorphic constraints
resulted in an age of 5299 [5399, 5189] cal BP for Hoya del Verodal and
4872 [5379, 3845] cal BP for Montana de los Guirres (Table 2).

The radiocarbon age and paleomagnetic data by Risica et al. (2022)
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Fig. 8. Geochronological model of the Holocene volcanic history of El Hierro. Radiocarbon and paleomagnetic ages of the eruptive events allowed the estimate of the
posterior distribution graphs for probability densities (curves) predicted by Bayesian inference in ChronoModel v. 3.2.7. The 95 % highest posterior density (HPD)
regions are represented by the horizontal bars above the curves and by the grey filled areas under the curves. Labels: name of the eruption, mode of the posterior
tzistribution (MAP), and 95 % highest posterior density (HPD) interval. Numerical results can be found in Table 2.

of Montanita Negra (Id. 4) provided a date of 2033 [2599, 1780] cal BP,
i.e., the most recent date of the NW rift before Lomo Negro event.

The Lomo Negro (Id. 2) age has been the subject of a long debate
(Hernandez-Pacheco, 1982; Principe et al., 2020; Risica et al., 2022;
Villasante-Marcos and Pavon-Carrasco, 2014). This eruption was related
to a series of earthquakes on the island in 1793 (Hernandez-Pacheco,
1982; Romero Ruiz, 2016). Villasante-Marcos and Pavon-Carrasco
(2014) concluded that this eruption preceded 1793 and identified three
possible paleomagnetic age ranges (2065-1943, 1540-1324, 451-348
BP). Risica et al. (2022) provided several possible paleomagnetic ages,
some combining their data with the data of Villasante-Marcos and
Pavon-Carrasco (2014). Moreover, a charcoal l4c age was used to
constrain these paleomagnetic ages, determining that the Lomo Negro
eruption occurred in the sixteenth century CE. The recalibration of
charcoal data from Risica et al. (2022) gave 463 [668, 173] cal BP
(sample LOMO_NEGRO, Suppl. Table S11). This age is not plausible
because, since 548-454 BP (1402-1496 CE), when the historical record
began in the Canary Islands (Lobo Cabrera, 2019), there is no evidence
of a subaerial eruption in El Hierro (Carracedo and Troll, 2016b; Guillén
et al., 2023; Romero Ruiz, 2016). The Bayesian inference for Lomo
Negro provided a date of 1412 [1560, 1242] cal BP. It is likely that the
1793 seismic crisis, which was so neatly described in historical docu-
ments, ended in a submarine eruption like the one recorded in
2011-2012.

This overview of the NW rift eruptions out of the island summit
leaves two events, Sabinosa (Id. 32) and Charco Azul (Id. 31), of which
we only know that they formed lava deltas on the contemporary coastal
platform (i.e., <7000 years) and that they predate the historical record.
Preliminarily and based on their degree of erosion and weathering,
similar in both cases, we place their stratigraphic position as close to
Arenas Blancas (Tables 1 and 2).

5.2. RiftS

The oldest eruptive events studied in the rift S are Calderetones (Id.
36) and Montana de la Empalizada (Id. 35). The latter forms lava deltas
(i.e., indicate <7000 years). Calderetones is isolated; consequently, the
upper date is the beginning of the historical record. Instead, the lava
flows of El Lajial overlap those of the Montana de la Empalizada,
delimiting their upper temporal limit. This bracketing provided a
modeled date 5430 [95 % 8354, 3015] cal BP. The degree of erosion and
weathering of Calderetones exceeds that of Montana de la Empalizada.
Therefore, it is in a stratigraphic position lower than Mt. de la
Empalizada.

The Cueva del Mocéan eruption (Id. 11) occurred in the transition
zone towards the summit area, overlying the lava flows of Montana del
Cep6n (Id. 12), dated to 3348 [3500, 3135] cal BP. This date and the
lack of historical records for subaerial eruptions on El Hierro after 1496
bracketed this event for the Bayesian modeling, which provided a date of
2057 [3282, 239] cal BP. However, the absence of sediments between
the two lava flows (Photo P16, Rodriguez-Gonzalez et al., 2024) sug-
gests a much shorter time interval between eruptions than indicated by
the respective MAPs. This feature suggests that the modeled date for
Cueva del Mocan is likely biased towards the upper limit of the brack-
eting period (1496). Consequently, the Cueva del Mocéan eruption was
temporally positioned close to the Montana del Cepdn event (Tables 1
and 2).

Sites HIEO1, HIEO2, HIEO3, HIEO4, and HIEO5, assigned to the Lajal
eruption in Risica et al. (2022), actually belong to the El Lajial volcanic
edifice (Id. 6), which is composed by Luna (HIE02), Roque Quemado
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(HIEO4), Hoya del Roque (HIEO1 and HIEQ5), and Aborigen (HIE03),
among other construction episodes. Risica et al. (2022) considered the
most likely age interval for the different construction episodes of the El
Lajial edifice to be between 1428 and 1189 BP, according to paleo-
magnetic dating.

Besides, Risica et al. (2022) contributed the 14c age of a shell (sample
LAJ) from a marine sedimentary deposit that we interpret as a beachrock
with volcanic clasts sourced from the lava flows of the Hoya del Roque
episode of the El Lajial event. The combination of this 1*C age (LAJ) and
paleomagnetic data of the five sites of El Lajial through the Bayesian
inference yields the date of 2548 [2581, 2503] cal BP (Table 2).

Bimbape -or Bimbache- Culture was the manifestation of the island’s
first inhabitants. There is no definitive evidence of the first arrival of
humans on the island of El Hierro, but recent dating points to the second
century CE (Morales et al., 2023). One of the earliest radiocarbon dat-
ings yielded an age of ~1380-930 cal BP in the prehispanic settlement of
Guinea (Jiménez Gonzalez and Jiménez Gémez, 2007). Later 1*C dates
gave 1520-1317 and 1510-1300 cal BP, dating barley seeds or Visnea
mocanera fruits, respectively (Morales et al., 2017), and 1400-1306 cal
BP, dating Triticum grain (Morales et al., 2023). The Bimbape culture
collapsed in 1402 CE when the Normans conquered the island com-
manded by Jean de Bethencourt; previously, the island had undergone a
demographic crisis due to mass slavery (Lobo Cabrera, 2019). On the El
Lajial volcanic edifice, we have evidence of human occupation,
including the use of volcanic caves as habitat (Cueva de Las Palomas, for
instance), ceremonial areas, rock engraving sites, artifacts, and pottery
spread across the lava field. The most solid evidence has been provided
by recent and unpublished data from the archaeologists Consuelo Mar-
rero and Valentin Barroso (Arqueocanarias S.L.) in Cueva de Los Saltos.
They found an exceptional stratigraphy in this rock shelter of the Hoya
del Roque episode lava flows, placed at 9 m a.s.l. and 200 m far from the
coastline. During the excavation, they found a goat’s horn at a level 70
cm deep, which provided a'*C date of 1652 [1885, 1478] cal BP (sample
Rest-1, Suppl. Table S11). So, this 14C date is among the oldest pieces of
evidence for the human settlement on El Hierro Island and gives a
minimal age for the El Lajial volcanic edifice, consistent with the esti-
mated date of 2548 [2581, 2503] cal BP.

Lava flows of the La Restinga edifice (Id. 10) formed lava deltas, and
El Lajial (Id. 6) lava flows overlaid some of them, bracketing this edifice
between <7000 years and >2548 [2581, 2503] cal BP. These constraints
resulted in a modeled date of 4837 [8591, 2399] cal BP. A dike of La
Restinga was dated by “OAr/3°Ar (7 + 2 ka, Becerril et al., 2016b).
Despite the inconsistency of this dating method for the Holocene, the
youth of this age is coherent with that time frame.

The most recent eruptive event of rift S is Montana de Prim (Id. 5),
which overlies La Restinga and El Lajial, indicating that this eruption
was younger than the latter (<2548 [2581, 2503] cal BP). Once more,
the upper date is the absence of historical subaerial eruptions in El
Hierro since 1496. This bracketing yielded a date of 1216 [95 % 2537,
248] cal BP for Montana de Prim.

5.3. Rift NE

The oldest events in the rift NE off the summit of the island appear to
be Montana de Aguarijo (Id. 9) and La Caleta (Id. 8). These eruptions are
stratigraphically isolated and formed lava deltas on the contempora-
neous coastal platform, i.e., are younger than 7000 years. The only age
available is 18 + 4 ka (unspiked K-Ar dating) for Montana de Aguarijo,
which is discarded by the geomorphic lower constraint of forming lava
deltas. The close degree of erosion and weathering of both events with
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Montana Chamuscada allows us to place them in a stratigraphic position
close to this eruption.

Several ages were published for the edifice of Montana Chamuscada
(Id. 7). Fuster et al. (1993) mentioned a '“C age of 4230 BP without
further detail. A later radiocarbon dating of a charred trunk within the
lava flow gave an age of 2500 + 70 BP (Guillou et al., 1996) (Suppl.
S07). It corresponds to a charred trunk exceptionally preserved on a
mold within a lava flow of this volcanic edifice (J. C. Carracedo, pers.
comm., 2023). Risica et al. (2022) shift this eruption to the sixteenth
century CE, considering as most likely their paleomagnetic interval of
454-421 BP due to its coincidence with their C date of 466-306 cal BP.
However, no evidence of a sixteenth-century onshore eruption on El
Hierro has been found in the historical record (Carracedo and Troll,
2016a; Guillén et al., 2023; Lobo Cabrera, 2019; Romero Ruiz, 2016).
Consequently, we discard both historical ages from Risica et al. (2022).
The Bayesian inference applied to the three radiocarbon ages and the
paleomagnetic interval of 3660-3395 BP (Suppl. S10) provided a date of
3601 [3723, 3400] cal BP (Table 2).

The edifice of Montana del Tesoro (Id. 1) formed a lava delta on the
coastal platform (Rodriguez-Gonzalez et al., 2022). The first attempt to
date this eruption was made using unspiked K-Ar dating, which provided
an age of 9 &+ 6 ka (Rodriguez-Gonzalez et al., 2012). However, Risica
et al. (2022) demonstrated that it was much younger by both '*C and
paleomagnetism. The geochronological model using the paleomagnetic
interval of 740-915 AD and the radiocarbon age (1140 + 30 BP, sample
TES) provided a date of 1059 [1206, 967] cal BP for this edifice.

The Montana del Cascajo eruption (Id. 3), previously dated by
Becerril et al. (2016b) in 2350-2180 BP, provided a date with the
geochronological model of 2322 [2540, 1988] cal BP.

5.4. Summit

This section discusses the 16 eruptions with vents at the island’s
summit (Table 1). Only four of them generated lava flows in addition to
pyroclasts, and they are located in the transition zone towards the
summit; Morro de las Sanjoras, El Brezal, Montana del Cep6n, and
Tanganasoga (Table 1). The rest produced only pyroclastic deposits.
Another characteristic feature is the occurrence of the two pumice de-
posits from Malpaso 1 and Malpaso 2, which are excellent stratigraphic
markers (Figs. 4 and 5). The age of 14 of 16 involved volcanic edifices in
this area was determined by radiocarbon dating. The remaining two
events were bracketed temporally by stratigraphic constraints.

Malpaso 2 (Id. 39) and Montana de los Humilladeros (Id. 40) are the
precedents of extensive eruptive activity at the island’s summit that
lasted for 4500 years, from ca. 7800 to ca. 3200 cal BP (Table 2). The
stratigraphic marker Malpaso 2 (Id. 39), with its vent location unknown,
was dated 7657 [7825, 6946] cal BP and Montana de los Humilladeros
7075 [7390, 6791] cal BP. Then, there was the eruption of Picos de la
Pena del Agua 6872 [7121, 6620] cal BP (Id. 38).

The date of the Malpaso 1 (Id. 37) event is significant because its
lower pumice unit is an excellent stratigraphic guide level at the island’s
summit. Furthermore, several hypotheses have been proposed for its
vent, and its relationship with the El Golfo giant landslide has been
controversial. This event is bracketed between the lower date of Malpaso
2 (7657 [7825, 6946] cal BP) and the upper date of the Pino Verde (Id.
18) event (4395 [4906, 3909] cal BP). Three of the six ages related to
Malpaso 1 have been discarded for the geochronological model (samples
Muestra nim. 2, HIC-01, and LOW_1; Suppl. Table S11). They are much
older than the lower limit of Malpaso 2. This feature suggests the in-
fluence of magmatic CO, on these samples, which resulted in their
apparent aging. The Bayesian inference with the other three 1C ages
provided the date 6744 [6838, 6585] cal BP.

The Malpaso 1 whitish pumice deposit and associated charcoals were
already mentioned by Walter (1894). Malpaso 1 comprises a pyroclastic
succession formed by two units (Figs. 4 and 5C-D and 6). The lower unit
consists of a series of whitish-colored levels of millimetric to centimetric
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thickness composed of ash and lapilli with a maximum thickness that
does not exceed 1 m. Pumice fragments from the coarser levels are
characteristic. Pedrazzi et al. (2014) studied the stratigraphy of this
lower unit in detail. The upper unit is formed by centimetric to deci-
metric levels of black lapilli, developing a sequence with a total thick-
ness lower than 1 m. The Malpaso 1 deposits unconformably overlie a
paleosol, sealing the pre-existing relief (Fig. 5C and D and 6). The lower
pumice unit is interpreted as a laminated surge deposit (Balcells Herrera
et al., 2010a; Gomez Sainz de Aja et al., 2010a; Pedrazzi et al., 2014),
while the upper deposit is related to a tephra fall from a Strombolian
eruption. The distribution of these deposits around the Pico de Malpaso
suggests that the vent could be located at its summit.

About the relationship between the pumice unit of Malpaso 1 and the
giant landslide of El Golfo, Pedrazzi et al. (2014) estimated that the age
of this event must be equal to or younger than the age of the pumice
deposit and postulated that possibly this eruptive event represented the
final episode of the construction of the El Golfo composite volcano and
could cause its giant landslide. This assumption was based on the fact
that the deposits related to the Malpaso 1 are only found in the upper-
most part of the El Golfo scar and not within the El Golfo embayment
(see Fig. 2 in Pedrazzi et al., 2014). This assertion led Pedrazzi et al.
(2014), without presenting any new dating, to question the ages of
Pellicer (1977) and Perez-Torrado et al. (2011) for being too young and
suggest that the charcoal used by Perez-Torrado et al. may derive from
roots of younger plants burnt by forest fires or from younger deposits.
Risica et al. (2022) obtained new ages, in agreement with Pellicer
(1977) and Perez-Torrado et al. (2011), and refuted the pre-Holocene
age suggested by Pedrazzi et al. (2014). Our results (Bayesian infer-
ence of radiocarbon ages of samples HIC-21, HIC-22, and UPP_1, and the
“OAr/39Ar age of sample HIR-156 of substratum lava) confirm the Ho-
locene age for Malpaso 1 eruption. Furthermore, the anthracologic study
supports the age by verifying that the HIC-22 charcoal corresponds to a
branch fragment of Erica arborea. In the same way, the age of the El
Golfo giant landslide must also be pre-Holocene, older than 18.9 + 6.2
ka (*°Ar/®°Ar age of sample HIR-156), in agreement with other pub-
lished age constraints (Guillou et al., 1996; Carracedo et al., 2001;
Longpré et al., 2011).

After Malpaso 1 event, 12 eruptions occurred at the summit
(Table 2). Six of these eruptions are underlaid by the Malpaso 1 pyro-
clastic deposits: Monumento al Campesino Herreno (Id. 13), Tangana-
soga (Id. 15), El Brezal (Id. 17), Pino Verde (Id. 18), and Morro de las
Sanjoras (Id. 19) (Table 1).

The Tanganasoga (Id. 15) is another controversial Holocene eruption
at the island’s summit. Tanganasoga is a complex stratovolcano edifice
developed nested in the upper part of the El Golfo embayment giant
landslide (e.g., Carracedo et al., 2001). The last activity developed
several scoria cones along an N-S fissure and an a’a’ lava field flowing
downslope several kilometers northwards without reaching the coast-
line (Pellicer, 1977). Their pyroclastic fall deposits irregularly overlie
the pre-existing eroded relief, being made up of lapilli, showing the
particularity that the sequence culminates with large blocks (30-120
cm) of host rocks (Pellicer, 1977). The distinction between Malpaso 1
and Tanganasoga edifices was difficult (Pedrazzi et al., 2014; Pellicer,
1977; Perez-Torrado et al., 2011; Risica et al., 2022), but the identifi-
cation of both sequences clarifies that most recent activity of Tangana-
soga is later (4869 [5078, 4342] cal BP) and not related to Malpaso 1.
The calibrated age of a sample from Pellicer (1977), Muestra No. 1, is
consistent with this result (4705 [5351-4112] cal BP, Table S11).
However, it was not included in the general model due to a lack of de-
tails on its location. Risica et al. (2022) mention other radiocarbon age
(~4800-4700 BCE) for charcoal within the lapilli fallout attributed to
the Tanganasoga. However, the lack of additional information does not
allow the comparison, and it has not been included in the geochrono-
logical model.
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6. Conclusions

New and revised multi-method dating data, supported by robust
stratigraphic and geomorphic criteria, unravel the Holocene eruptive
history of El Hierro Island. This study demonstrated that the anthraco-
logic study of some charcoal samples before *C dating warrants the
characteristics of dated materials, avoiding sterile discussions on the
interpretation of results. Moreover, using multiple dating methods has
proved to be an effective tool for determining the age of young volcanic
deposits, with radiocarbon and paleomagnetism being the best
approaches.

The reconstructed eruption history of El Hierro is more active than
that reported earlier. This work confirms that El Hierro underwent at
least 42 eruptive events during the Holocene. Eruptions were of
Strombolian style, mostly combining explosive and effusive activity.
However, the events on the highest part of the island’s summit only
generated pyroclastic deposits. We underline the role of the rifts in
controlling the distribution of eruptive vents during the Holocene, as
indicated by Carracedo et al. (2001) since 134 ka (the Rift volcanism).

The new chronostratigraphic reconstruction provides a higher fre-
quency of eruptions, which indicates a significant volcanic hazard for El
Hierro, according to the juvenile shield stage in which this oceanic
volcanic island is developing.

Human presence on El Hierro since at least the fourth century has
witnessed two subaerial eruptions, the probable submarine eruptions of
1721, 1777, and 1793, and the submarine event of 2011-2012 CE. This
setting resulted in the widespread perception of a low volcanic risk
among the inhabitants of El Hierro. Results are particularly relevant for
elaborating on possible eruptive scenarios and defining the volcanic
alert levels.
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