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Am‘clf? history: Despite decadal-millennial repose periods, volcanoes of the Canary Islands pose significant, though poorly under-
Received 30 March 2021 stood hazards to local communities and infrastructure. At least 13 volcanic eruptions forming monogenetic cones
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1677-1678, 1712, 1949 and 1971), four on Tenerife (1704-1705, 1706, 1798 and 1909), two on Lanzarote
(1730-1736 and 1824) and one on the submarine flank of El Hierro (2011-2012). In this paper, we synthesize avail-
able data on these historical eruptions, focusing on their physical characteristics and chronological development, and
provide new estimates of eruption parameters, such as lava flow runout, area and volume, to inform volcanic hazard
assessment in the archipelago. While incomplete and imprecise, historical records indicate that precursory seismic-
ity began days to years prior to eruption onset, consistent with the three months of well-documented unrest for the
2011-2012 eruption. Excluding the atypical 1730-1736 event, eruptions lasted from ten days to a little under five
months. [nitial eruptive phases usually involved the opening of multiple vents along dike-fed fissures, with
Strombolian explosive activity forming monogenetic cones. Lava flow emission generally quickly followed, and
later eruptive phases were typically dominated by effusive behavior. Some eruptions (1704-1705, 1824 and
1949), however, had a complex evolution punctuated by the sequential opening of distinct vents several kilometers
apart. Total lengths of vent-defined fissures range from 0.2 to 14.0 km, and maximum lava flow runout is 2.7-9.4 km,
extending to the coastline in 75% of eruptions. Proximal eruptive deposits cover 1.8-7.8 km?. Published estimates of
subaerial eruptive volumes average between 11 and 66 x 10° m>. In comparison, a new empirical relationship based
on well-constrained lava flow area and volume data at other basaltic volcanoes yields volumes of 10-76 x 10° m? for
Canary Island eruptions. The 1730-1736 Timanfaya eruption on Lanzarote represents an outlier in the context of his-
torical Canary Island volcanism, with a duration of 2055 days, a total fissure length > 14.4 km defined by at least ten
main emission centers, a maximum lava flow length of 21.7 km, a lava flow field area of 146 km? and volume of at
least 2.2-3.7 km?>. Historical eruptive rates are low, at 1.0-2.1 x 106 m3/year or 7.3-11.0 x 10° m?/year including the
1730-1736 eruption, in agreement with long-term volcano growth rates based on geologic data. We find no evi-
dence for time-predictable or volume-predictable behavior of the historical eruptive sequence, which has a mean
recurrence interval of 39 + 24 years. Our analysis outlines a useful framework for forecasting the onset, develop-
ment and style of future eruptions in the archipelago. Further work, particularly detailed field-based studies of erup-
tion deposits and petrologic reconstructions of eruption run-up processes, will help refine our understanding of
historical volcanism and associated hazards in the Canary Islands.
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1. Introduction

Shield volcanoes building up ocean islands include the largest and
some of the most active and best-monitored (e.g., Kilauea, Piton de la
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Fournaise) volcanic edifices on Earth. Despite being dominated by effu-
sive eruption styles, persistently active shield volcanoes pose significant
hazards, the assessment of which may be complicated by the possibility
of distal flank or rift zone eruptions combined with increasing island
populations and infrastructures (Houghton et al., 2021; Michon et al.,
2007; Neal et al., 2019). Quiescent shield volcanoes, in contrast, are dor-
mant for decades to millennia between eruptions, which prevents
quantification of precursory unrest and eruptive activity from the
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Fig. 1. Overview maps of (a) the Canary Archipelago, with UTM coordinates (zone 28 N; ellipsoid: WGS84; datum: REGCAN95) given in km, (b) La Palma, (c) Tenerife, (d) El Hierro and
(e) Lanzarote showing the historical lava flow fields. Panels (b), (c), (d) and (e) show the areas enlarged in Figs. 2, 3, 5, and 4, respectively.
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instrumental record and may lead local populations, authorities, and
volcanologists to a biased perception of potential hazards (e.g., Gregg
et al., 2004; Kueppers et al., 2019). Volcanoes of the Azores, Cape
Verde, Galapagos, and Canary Islands, for example, can fall into this
category.

The Canary Archipelago comprises seven main intraplate volcanic
islands located in the eastern Atlantic Ocean and built on oceanic crust
of Jurassic age (Fig. 1). Although still debated (e.g., van den Bogaard,
2013; Zaczek et al., 2015), their origin is thought to relate to a mantle
plume impinging upon the slow-moving African Plate, as substantial
geologic (Carracedo et al., 1998; Geldmacher et al., 2005), geochemical
(Herzberg and Asimow, 2008; Hoernle and Schmincke, 1993), and geo-
physical (French and Romanowicz, 2015; Fullea et al., 2015) evidence
suggests. The oldest radioisotopic ages of subaerial rocks display a
broad (though discontinuous) progression from 20 Ma in the east
(Fuerteventura) to 1.1 Ma in the west (El Hierro), yet all islands but La
Gomera show evidence of Holocene volcanism (e.g., Paris et al.,, 2005).

In the historical period beginning in the 16th century, 13 confirmed
volcanic eruptions have taken place in the Canary Islands: six on La
Palma (in 1585, 1646, 1677-1678, 1712, 1949, and 1971), four on Tene-
rife (1704-1705, 1706, 1798, and 1909), two on Lanzarote (1730-1736
and 1824) and one on the submarine flank of El Hierro (2011-2012)
(Figs. 1-5) (e.g., Carracedo et al.,, 2015; Romero Ruiz, 1990). All pro-
duced monogenetic cones of various forms and associated lava flow
fields. Some of these events had profound impacts on the local popula-
tion and infrastructure. Particularly, the 1706 Tenerife eruption partially
destroyed the port town of Garachico (Solana and Aparicio, 1999) and
the large 1730-1736 Timanfaya eruption on Lanzarote buried 26 vil-
lages along with vast agricultural land, transformed much of the island's
landscape and forced exodus of the inhabitants (Carracedo et al., 1990,
1992; Romero, 2003). With a current and growing resident population
of ~ 2.2 million (287 inhabitants per km?) and ~ 17 million visitor en-
tries per year (Instituto Canario de Estadistica, 2016), the Canary Islands
are increasingly susceptible to volcanic risk and future eruptions are
likely to pose significant hazards to populations and impact infrastruc-
ture (Brown et al.,, 2015a)(). Patterns in precursory unrest and volcanic
behavior for the historical period can help forecasting the onset, devel-
opment and style of future eruptions (e.g., Bebbington and Jenkins,
2019; Sparks, 2003). However, only the 2011-2012 eruption was mon-
itored with modern volcano surveillance techniques (Lépez et al., 2012;
Marti et al.,, 2013a) and, although previous works bearing on these as-
pects exist (Albert et al., 2016; Carracedo et al., 2001, 2015; Carracedo
and Rodriguez Badiola, 1991; Romero Ruiz, 1990; Solana, 2012), a com-
prehensive synthesis of volcanological data on historical Canary Island
eruptions is thus far lacking.

In this paper, we gather available data on historical eruptions in the
Canary Islands to inform volcanic hazard assessment in the archipelago.
A companion article (Longpré et al., in prep.) presents new data on
tephra compositions for the same eruptions and discusses petrogenetic
implications. After a brief summary of previous work, we provide sum-
maries of the 13 historical eruptions, focusing on their main physical
characteristics and chronological development. An analysis of available
eruption parameters, including lava flow length, area and volume, is
then presented, followed by a discussion of eruptive rates and long-
term eruption forecasting. A final section outlines some implications
for regional volcanic hazards.

2. Previous work

Most previous studies providing relevant data pertaining to histori-
cal eruptions in the Canary Islands have narrowed in on a single event
and their important contributions are summarized in Section 3.
Among the first modern works presenting broader overviews,
Hernandez-Pacheco and Valls (1982) focused on a structural and petro-
logic analysis of La Palma eruptions but also compiled a list of confirmed
and possible historical eruptions across the archipelago. The subsequent
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work of Romero Ruiz (1990) is particularly important as it presented an
exhaustive analysis of most available eyewitness accounts, which were
transcribed in an appendix. While focusing on the 1730-1736 eruption,
Carracedo and Rodriguez Badiola (1991) substantiated the compilation
of Hernandez-Pacheco and Valls (1982) by adding estimates of plani-
metric areas affected by all historical eruptions. Carracedo et al.
(2001) provided updated summaries of all La Palma eruptions. To quan-
tify long-term probabilities of future eruptions, Sobradelo et al. (2011)
approximated dense rock equivalent volumes for both lava and proxi-
mal tephra for all eruptions based on analysis of geologic maps and dig-
ital elevation models. Concentrating on Tenerife eruptions, Solana
(2012) reviewed the historical documents assembled by Romero Ruiz
(1990) and presented new field- and map-based data (e.g., lava flow
length, area and volume) to reconstruct the development of lava flow
fields. Carracedo (2013) discussed the last 2 ky of volcanism on Tenerife
and synthesized the chronology and physical features of the island's his-
torical eruptions supported by geologic maps, while Carracedo et al.
(2013) added lava flow length, area and volume estimates and ad-
dressed volcanic hazards. Carracedo et al. (2015) primarily reviewed
data relating to the 2011-2012 El Hierro eruption, but also presented
an updated table with new and revised values for area and volume esti-
mates of other historical eruptions. In a field-guide perspective,
Carracedo and Troll (2016) summarized the main features of all histor-
ical eruptions and accompanied their descriptions by rich illustrations.
Finally, Sdnchez (2014), Albert et al. (2016) and Rueda Nufiez et al.
(2020) recently systematically reanalyzed the historical accounts to ex-
tract records of felt seismicity precursory to and accompanying
eruptions.

3. Historical eruptions in the Canary Islands

Here we present summaries of historical Canary Island eruptions for
those events with confirmed dates and locations. We therefore do not
discuss the 15th century eruption at Tacande/Montafia Quemada, La
Palma, whose timing is uncertain (Carracedo et al., 2001), and that of
1492 observed by Christopher Columbus, which was assigned to Boca
Cangrejo volcano on Tenerife based on radiocarbon dating (Carracedo
et al.,, 2007). A questionable submarine event at El Hierro in 1793 is
also excluded (Carracedo et al., 2015; Villasante-Marcos and Pavén-
Carrasco, 2014). For each event, we divide our analysis in terms of
(1) the main physical characteristics of the eruptions and (2) the chro-
nology and nature of precursory and eruptive phenomena. Erupted
magma composition is briefly mentioned (see companion paper for de-
tails). Our synthesis relies largely on published data, which are compiled
in Tables 1 and A.1-A.2. New data on eruption parameters presented in
Table 2 were acquired via geographic information system (GIS) analysis
of open-source orthophotos, digital elevation models (DEM) (both from
the Instituto Geografico Nacional, IGN, www.ign.es) and geologic maps
(from the Instituto Geolégico y Minero de Espafia, IGME, www.igme.es)
using ArcGIS and Google Earth software. New eruptive volume esti-
mates quoted in the text are derived from Eq. 2 (see Section 4.5).

Reconstructions of eruption chronologies presented in Fig. 6 and
Tables A.3-A.13 are mostly based on the work of Romero Ruiz (1990)
and a reanalysis of the eyewitness accounts collated therein. Data
from other sources are also integrated where available. Records of
pre-eruptive and syn-eruptive felt seismicity are from Sanchez (2014)
(see Rueda Nuiiez et al., 2020). Due to their specificity, the chronologies
of the 1730-1736 and 2011-2012 eruptions are presented separately in
Figs. 7-8 and Tables A.14-A.15. At the outset, it must be emphasized
that historical records are largely incomplete and imprecise, and thus
only partial eruption reconstructions are possible. In addition, the
early phases of eruptions tend to be much better documented than
later phases. In this context, our approach consisted in compiling con-
firmed occurrences of specific phenomena for which specific dates are
given. These phenomena include (1) felt seismicity, (2) the opening of a
new vent or fissure, (3) explosive activity, (4) lava effusion and (5) the
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Table 1
Published chronological and volcanological data on historical Canary Island eruptions.
Year IS Eruption/Volcano® pe od E¢ Df ¢ " Al \% H¥ c
1585 LP  Jedey/Tajuya ~50 19-May 10-Aug 84 93  93-155? 3.7 24 (7) - BN,P, T
1646 LP  Tigalate/Martin 1 1-Oct 21-Dec 82 61 61 7.0 26 (5) - BN
1677-78 LP Fuencaliente 4 17-Nov 21-Jan 66 31 31 4.5 66 (43) - BN
1704-05 TF  Siete Fuentes 7 31-Dec-04  5-Jan-05 6-17™ 27 2212 52(1.8) 37(22) - BN
Fasnia 5-Jan 15-Jan 11-21° - BN
Arafo 2-Feb 27-Mar 54 >1 BN
1706 TF Garachico/Negra 404 5-May ~13-Jun 9-40™ 1 1 7.9 (2.0) 54 (8) 1.5 BN, T
1712 LP El Charco/Lajiones 5 9-Oct 3-Dec 56 6 35 10.2 41 (30) - BN, T
1730-36 LZ  Timanfaya  Cuervos ~1500? 1-Sep-30 19-Sep-30 2055 18  214,500?" 187 (33) 2482 (1433) - BN
Santa Catalina 10-Oct-30  31-Oct-30 BN, B
Pico Partido 10-Oct-30  Jan-31 BN, B
Sefialo Mar-31 Jun-31 B
El Quemado Jun?-31 Jun?-31 B
Rajada Jul?-31 Jul?-31 B
Quemadas Dec?-31 Jan?-32 B
Fuego 17327 17367 B
Nueces Feb?-33° Apr?-36 B
Colorada 2?-Apr-36  16-Apr-36 B
1798 TF  Chahorra 1090 9-Jun 15-Sep 92P-98+™ 68 92 45(0.5) 30(13) >1 PT
1824 Lz Tao 2, ~4000? 31-Jul 1-Aug 86 26 94 5.0 11(11) - BN
Nuevo del Fuego 29-Sep 5-Oct
Tinguat6n 16-Oct 24-Oct
1909 TF  Chinyero 605 18-Nov 27-Nov 9°-10 85 111 2.0(0.6) 15(8) 1 BN, T
1949 LP San Juan Duraznero 884 24-Jun 30-Jul 379 40 237 4.8 51 (51) 1.5 BN, T
Llano del Banco 8-Jul 26-Jul 0.03 BN, T
Hoyo Negro 12-Jul 30-Jul 0.7 BN, PT
1971 LP Teneguia 6 26-Oct 18-Nov 24 22 22 3.7 (0.8) 31(13) 0.2 BN, T
2011-12 EH  Tagoro (submarine) 96" 10-Oct” 15-Feb® 128° 40 2218 5.0 329 n.a. BN

- = no data; n.a. = not applicable

2 I=Island: EH = El Hierro; LP = La Palma; LZ = Lanzarote; TF = Tenerife.
b

D = Eruption duration in days. From Romero Ruiz (1990) unless otherwise noted.
r; = Repose period in years since onset of previous Canary Island eruption.

C
d
e
f
g
", = Repose period in years since onset of previous eruption on the same island.

Eruption names are in italic. Volcano names are abbreviated (e.g., the words “Volcan (de)”, “Montafia (de)” or “Caldera (de)” are omitted), see text.
P=Duration of precursory felt seismicity in days before eruption onset. From Sanchez (2014) unless otherwise noted.

O=Date of eruption onset. Data for 1730-1736 from Carracedo et al. (1992); the remainder are from Romero Ruiz (1990) unless otherwise noted.
E = Date of eruption end. Data for 1730-1736 from Carracedo et al. (1992); the remainder are from Romero Ruiz (1990) unless otherwise noted.

i_ A = Planimetric area of proximal eruption deposits. Mean published value, with standard deviation in parentheses, in km?. Details in Table A.14.
- V=Bulk volume of proximal eruption deposits. Mean published value, with standard deviation in parentheses, in millions of m>. Details in Table A.15.

¥ H = Maximum reported eruption column height, in km. See text for details.

! C=Composition of erupted products: B = basalt; BN = basanite; T = tephrite; PT = phonotephrite; P = phonolite.

™ Solana (2012)

™ Carracedo et al. (2003)

© Pallarés Padilla (2007), Carracedo (2014)
P Carracedo et al. (2013)

9 Kliigel et al. (1999)

" Lépezetal. (2012)

$ Sanchez-Pastor et al. (2018)

arrival of lava at the coast, of which only the first instance is compiled.
Occurrences are “rounded” on a daily basis, i.e., whether one or one
hundred felt earthquakes were reported for a given day, only one star
symbol appears for that day on Fig. 6. The category “explosive activity”
refers to any type of pyroclastic activity because eruption style typically
cannot be confidently inferred from the historical records. However, ob-
servations of 20th century eruptions and the general character of tephra
deposits suggest that explosive phases of historical eruptions were
dominated by Strombolian activity (e.g., Arafla and Fuster, 1974;
Carracedo and Troll, 2016), although violent Strombolian (Di Roberto
et al.,, 2016) and phreatomagmatic activity (White and Schmincke,
1999) also occurred. The specific categories “lava dome”, “hydrothermal
activity”, and “phreatomagmatic activity” can be confidently applied to
the 1585, 1824, and 1949 eruptions, respectively. Finally, we assigned
the categories “unspecified seismicity” and “unspecified eruptive activity”
to the common cases for which seismicity and eruptive activity can be
inferred to have taken place within a period of time but cannot be as-
cribed to specific days and/or styles (for eruptive activity, whether ex-
plosive and/or effusive). Such unspecified activity needs not have
been continuous.

3.1. The 1585 Jedey eruption, La Palma

The Jedey eruption on La Palma occurred in the northern part of the
western flank of Cumbre Vieja volcano at an altitude of ~ 1015 m
(Fig. 2a). Several cinder cones (Volcan de Jedey or de Tajuya) were con-
structed, reaching a maximum height of 95 m, and define a ~ 1.5-km-
long eruptive fissure. A lava flow field comprising three main branches,
the southernmost of which was partially covered by the 1712 flows,
reached up to 4.6 km from source, forming coastal platforms upon en-
tering the sea. Previous works report a proximal deposit area of 3.7
km? and a volume of 24 + 7 (10) x 106 m® (Tables 1, A.1-A.2). In com-
parison, we obtain a proximal deposit area of 4.5 km? and a volume of
36 x 10° m> (Table 2). In addition to producing basanite-tephrite
pyroclasts and lavas, this eruption was also characterized by the extru-
sion of phonolite lava domes/spines, named the Roques de Jedey. Inter-
estingly, the origin of these phonolite domes — either accidental
prehistoric units uplifted by the erupting mafic magma, part prehistoric
and part juvenile, or entirely juvenile — is unclear (Carracedo and Troll,
2016), but they appear to have been highly viscous to solid upon
emplacement.
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Table 2
Physical characteristics and eruption parameter estimates for historical Canary Island eruptions.
Year P Eruption/Volcano® Zy© Z1, min® Fe Hy' L8 L" 0, 6, AKX A v, A
1585 LP Jedey/Tajuya 1015 0 15 95 4.60 4.49 124 12.8 3.78 451 79 36
1646 LP Tigalate/Martin 1340 0 4.2 60, 200 413 430 18.0 17.3 4.44 4.50 79 36
1677-78 LP Fuencaliente 450 0 0.9 15 3.46 3.30 143 7.8 2.29° 2.43° 79 36°
1704-05 TF Siete Fuentes 2240 1735 104 30 2.64 2.47 10.8 116 0.19 0.24 81 37
Fasnia 2180 905 45 6.36 5.92 113 122 0.68 0.85
Arafo 1490 44 100 9.40 9.30 8.7 8.8 3.29 3.53
1706 TF Garachico/Negra 1345 0 0.9 105 6.69 6.55 114 11.6 7.45 7.78 136 76
1712 LP El Charco/Lajiones 1625 0 25 95 5.11 4.49 17.6 19.9 3.78 451 79 36
1730-36 Lz Timanfaya Cuervos 320 0 14.4 65 21.68 15.74 1.0 13 146 148 2585 4330
Santa Catalina 355 55
Pico Partido 390 110
Sefialo 365 95
El Quemado 60 15
Rajada 255 120
Quemadas 320 45
Fuego 415 95
Nueces 360 40
Colorada 365 100
1798 TF Chahorra 2660 2015 1.0 45 5.36 4.25 6.9 8.6 4.01 4.60 80 37
1824 Lz Tao 295 260 14.0 20 0.40 0.35 5.0 58 0.16 0.28 49 19
Nuevo del Fuego 330 0 50 6.34 6.62 3.0 2.8 1.76 1.90
Tinguat6n 310 275 25 135 1.30 15 15 0.51 0.62
1909 TF Chinyero 1505 1035 0.5 50 4.50 4.09 6.0 6.6 1.71 1.81 32 10
1949 LP San Juan Duraznero 1810 115 33 85 7.11 6.71 134 14.2 0.46 0.62 68 29
Llano del Banco 1185 0 0 6.99 6.71 9.6 10.0 3.24 3.26
Hoyo Negro 1880 n.a. 20 n.a. n.a. n.a. n.a. na. n.a.
1971 LP Teneguia 360 0 0.2 130 2.72 239 7.6 8.6 2.57 3.02 53 21
2011-12 EH Tagoro (submarine) —88 —1863 0.5 235 7.02 6.67 14.2 14.9 - 6.94 n.a. n.a.

¢ I=Island: EH = El Hierro; LP = La Palma; LZ = Lanzarote; TF = Tenerife.

Z, = Altitude of main vent crater in m above sea level.
71 min = Minimum altitude of lava flow toe in m above sea level.

@ ™ e a0 o

L; = Maximum length of lava flow along main flow path in km.

L, = Maximum length of lava flow taken in a straight line in km.

! 8; = Ground slope angle (in degrees) between crater and lava toe using L;.

J 8, = Ground slope angle (in degrees) between crater and lava toe using L,.

kA, = Planimetric area of lava flow field in km?2

! Ar = Planimetric area of lava flow field and proximal pyroclastic deposits in km?.

h

Eruption names are in italic. Volcano names are abbreviated (e.g., the words “Volcan (de)”, “Montaiia (de)” or “Caldera (de)” are omitted), see text.

F = Length of vent-defined eruptive fissure in km. Fissures may be discontinuous, see text.
H, = Maximum height of volcano/vent in m, measured as per the method of Kervyn et al. (2012). Data for 1730-1736 from Kervyn et al. (2012).

m v, = Eruptive volume (in millions of m?) calculated with Eq. 1 with Ar values as input. Eq. 1 likely overestimates volumes for small eruptions.

"V, = Eruptive volume (in millions of m®) calculated with Eq. 2 with Ay values as input.

° Underestimate because deposits were partly covered by 1971 eruption. Use value of 4.5 km? (Carracedo et al.,, 1996, 2015) (Tables 1, A14).

P Calculation uses Ar = 4.5 km?, see preceding footnote. n.a. = not applicable.

Based on eyewitness accounts summarized by Romero Ruiz (1990),
the eruption lasted 84 days from 19 May to 10 August 1585 (Fig. 6a,
Tables 1, A.3). Precursory felt seismicity occurred in the months imme-
diately preceding eruption, but its onset is not precisely reported. Extru-
sion of the phonolite lava domes seems to have begun at the eruption's
inception, accompanied by ground cracking and significant seismicity.
The domes continuously collapsed, probably yielding small pyroclastic
flows. New eruptive fissures opened up on the night of 26 May, in the
upper part of the vent area. Gradual extrusion of the lava domes accom-
panied by Strombolian activity is inferred to have continued until the
end of June. At this time, both seismic and volcanic activity increased
in intensity. Various points of emissions produced explosions that dis-
persed fine pyroclastic material to significant, though unspecified, dis-
tance, and lava flows were also emplaced. Subsequently, the activity
gradually decreased and entered a lull before explosive activity resumed
in a final eruptive phase of unknown duration.

3.2. The 1646 Tigalate eruption, La Palma

The Tigalate or Martin eruption on La Palma occurred in the central
part of Cumbre Vieja volcano, on its eastern flank (Fig. 2b). This eruption
involved two main vents: an upper one at an elevation of ~ 1340 m
above sea level and a lower one near the coast. Note that it is unclear
whether Volcan Martin, a large, ~ 200-m-high cinder cone, was formed

during this event, or the 1646 activity was sourced from smaller vents
on the south flank of the Martin cone (Carracedo and Troll, 2016).
Carracedo et al. (2001) reported arguments that suggest a prehistoric
age for the Martin cone; hence, we suggest using the name Volcan de
Tigalate to refer to this event to avoid possible confusion. Assuming
Martin is indeed prehistoric and the lower vent is part of the eruptive
fissure, a fissure length of 4.2 km is obtained (5.1 km if the Martin
cone is included). Two distinct lava flow fields formed, one associated
with each vent clusters, and reached a maximum distance from source
of 4.1 km at the shoreline, producing coastal platforms. According to
our estimate, the proximal deposits of the eruption cover 4.5 km?. An
area of 7 km? reported by Carracedo et al. (2015) may include the Mar-
tin lava flow. The mean published volume estimate is 26 + 5 x 10° m>
(Tables 1, A.2), while we report a value of 36 x 106 m? (Table 2). The
composition of eruptive products is basanite.

This eruption lasted 82 days, from 1 or 2 October to 21 December
1646, but historical accounts of it are scarce (Romero Ruiz, 1990)
(Fig. 6b, Tables 1, A.4). The first reported sign of unrest consisted of
felt seismicity occurring on 30 September, only 1-2 days before erup-
tion. Ground cracks, gas emissions and a dense eruption column marked
the onset of volcanic activity on 1 October. Seismic activity intensified
from 1 to 4 October. New vents opened on 2 October, and again from
4 to 8 October, with a total of 9 reported vents. Early activity appears
to have been dominantly explosive, with effusive behavior starting on
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Fig. 2. Maps of historical eruption deposits on La Palma, modified after IGME: (a) the 1585 eruption (note the occurrence of phonolite domes in the vent area); (b) the 1646 eruption;
(c) the 1677-1678 and 1971 eruptions; (d) the 1712 eruption; and (e) the 1949 eruption.
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Fig. 3. Maps of historical eruption deposits on Tenerife, modified after IGME: (a) the 1704-1705 eruption; (b) the 1706 eruption; (c) the 1798 eruption; and (d) the 1909 eruption.

4 October. This first phase of activity took place at high elevation, at the
upper vent. No other records are available until 15 November, when
seismic activity accompanied the opening of a new fissure at low eleva-
tion near the coast, marking a second, dominantly effusive eruptive
phase.

3.3. The 1677-1678 Fuencaliente eruption, La Palma
This eruption occurred near the town of Fuencaliente towards the

southern tip of Cumbre Vieja volcano at ~ 450 m of altitude (Fig. 2c).
Carracedo et al. (1996) presented a detailed reconstruction of this

eruption based on geologic data and a review of historical documents.
This analysis showed that, previously misassigned to the large
phreatomagmatic Volcan de San Antonio, the 1677-1678 eruption had
in fact originated from a small vent (15-m high), perched on the north-
east rim of the San Antonio cone, as well as from spatter vents, located at
its southwestern base, defining a 0.9-km-long fissure. As the 1971 erup-
tion covered part of the 1677-1678 lavas, Carracedo et al. (1996) uti-
lized pre-1971 aerial photos to assess the original extent of the
1677-1678 lava flow field. Four main flows with a maximum runout
of 3.5 kmall reached the coast and covered at least 4.5 km?. Based on es-
timated lava thicknesses (10-15 m on the slopes, 30-50 m on coastal
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Fig. 4. Map of historical eruption deposits on Lanzarote, modified after IGME and Carracedo and Rodriguez Badiola (1991). For the 1730-1736 Timanfaya eruption, the lava flow field and
pyroclastic deposits proximal to the cinder cones are shown (medial to distal tephra is omitted). Cinder cone names are abbreviated: CC: Caldera de los Cuervos; PP: Pico Partido; SC:
Caldera de Santa Catalina; MS: Montaiias del Sefialo; VQ: Volcan El Quemado; MR: Montaiia Rajada; CQ: Calderas Quemadas; MF: Montaiias del Fuego; MN: Montaiia de las Nueces;

MC: Montaiia Colorada.

platforms), an estimated lava volume of 76-122 x 106 m? is obtained
(Carracedo et al., 1996). The mean published value is 66 4 43 x 10°
m?>, while we obtain 36 x 10° m> (Tables 1-2, A.1-A.2). Eruptive prod-
ucts show a basanitic composition.

The Fuencaliente eruption lasted 66 days from 17 November 1677 to
21 January 1678. Our summary of the chronological development of the
events is based on Carracedo et al. (1996) and integrates additional de-
tails reported by the historical sources (Romero Ruiz, 1990) (Fig. 6c,
Tables 1, A.5). Felt precursory seismicity began on 13 November 1677,
only four days before eruption onset. During a first eruptive phase, on
17 November, fractures opened up on the northeast flank of the pre-
existing San Antonio cone, emitting steam and sulfuric gases. At 4:30
pm, a fissure opened at the southwestern base of the San Antonio
cone, producing spatter and fluid lavas that flowed towards the south
then southwest and reached the coast. On 19 November, marking the
onset of a second eruptive phase, new vents opened extending the
lower fissure to the northwest, which emitted lava flowing towards
the southwest that formed a wide coastal platform. Steam emissions
from the upper fracture northeast of the San Antonio cone were re-
ported to increase on 20 November, and explosive activity at this local-
ity apparently began on 21 November. Historical accounts report
pyroclastic material to have reached the sea. Three notably powerful ex-
plosions were reported on 23 November. A third eruptive phase began
on 26 November, when new vents formed extending the lower fissure
to the southeast. The lava sourced from these new vents branched out
into two flows, one to the southwest and the other to the south and
southeast. The south-trending flow likely destroyed the Fuente Santa,

at the time a popular medicinal spa. Few details are known after 26 No-
vember. During a fourth phase of activity, vents from the middle part of
the lower eruptive fissure produced lava flowing to the west and south-
west, widening the coastal platform to its present extent. Pyroclastic ac-
tivity at the upper vent continued intermittently until at least 10
December. The eruption appears to have ended abruptly on 21 January.

3.4. The 1704-1705 eruption of Siete Fuentes, Fasnia, and Arafo, Tenerife

The 1704-1705 eruption on Tenerife originated from three distinct
vents — Volcan de Siete Fuentes, Volcan de Fasnia and Volcan de
Arafo — separated by a total of 10.4 km and aligned N40°E, essentially
parallel to the northeast rift zone of the island (Fig. 3a). Siete Fuentes
(2240 m altitude) is an elongated cinder cone, 30 m in height and 370
m in length, which produced three short lava flows, the southernmost
of which was confined into a ravine and reached a maximum of
2.6 km from source. Fasnia (2180 m altitude) is a 45-m-high, 1300-m-
long eruptive fissure which was the source of three short flows and
one long, ravine-confined flow with a length of 6.4 km. Arafo (1490 m
altitude) is a 100-m-high cinder cone that produced a complex lava
flow field (Solana, 2012), with two longer branches reaching a maxi-
mum of 9.4 km from the vent. Published estimates of eruptive product
area and volume respectively average at 5.2 + 1.8 km? and 37 4 22 x
10° m?, whereas we obtain 4.6 km? and 37 x 10° m® (Tables 1-2, A.1-
A.2). All three vents erupted basanitic products.

Our summary of this event is based on Solana (2012) and Albert
et al. (2015, 2016) who reviewed historical accounts. The eruption
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Fig. 5. Map of the 2011-2012 submarine eruption at El Hierro, modified after Rivera et al. (2013, 2014).

was preceded by seven days of felt seismicity and spanned a total of 86
days of discontinuous activity from 31 December 1704 to 27 March
1705 (Fig. 6d, Tables 1, A.6). Felt earthquakes also occurred throughout
the eruptive period. Initial Strombolian and effusive activity at Siete Fu-
entes may have ended as early as 5 January, but no later the 16 January.
On 5 January, a new eruptive fissure opened ~ 1 km to the northeast,
forming the Fasnia vent. A brief explosive phase, of greater intensity
than that at Siete Fuentes, was quickly followed by effusion of lava
flows. Lava emission at Fasnia was reported to have lasted 12 days
and had likely ended by 16 January. After a volcanic hiatus of 16 days,
during which important seismicity occurred, eruptive activity resumed
~ 8 km northeast of Fasnia on 2 February, forming the Arafo vent. Again,
this new eruptive phase appears to have begun explosively, with a
greater intensity than the previous two phases. Indeed, the initial erup-
tion column was reported visible from the town of La Orotava, which re-
quires, based on the topographic profile between the town and the
eruption site, that it reached heights of at least 1 km above the vent.
Lava fountains ~ 30 m in height were reported on 11 February
(Romero Ruiz, 1990). Although historical sources are unclear, the end
of the eruption is taken as 27 March.

3.5. The 1706 Garachico eruption, Tenerife

The 1706 Garachico eruption occurred on Tenerife's northwest rift
zone at ~ 1345 m altitude, building the 105-m-high Montafia Negra
cone, also known as Volcan de Arenas Negras or Volcan de Garachico
(Fig. 3b). The eruptive fissure is ~ 850-m long, trending N120°E. Accord-
ing to Solana (2012), the complex lava flow field associated with this
eruption comprises four main flows, three of which reached the coast
some 6.7 km downslope. Published values yield a mean planimetric de-
posit area of 7.9 + 2.0 km?, close to our result of 7.8 km?. Volume esti-
mates give 54 + 8 x 10° m> while we obtain 76 x 10° m?
(Tables 1-2, A.1-A.2). The eruption products show a basanite to tephrite
composition.

The following eruption chronology is summarized from Solana and
Aparicio (1999) and Solana (2012) who reviewed historical documents
compiled by Romero Ruiz (1990). Additional details are provided by
Carracedo (2013) and Romero Ruiz and Beltran Yanes (2015). Begin-
ning on 5 May 1706 and lasting approximately 40 days (ending around
13 June 1706), the 1706 eruption took place barely a year after, but
more than 20 km away from, the 1704-1705 eruptive event (Fig. Ge,
Tables 1, A.7). Historical accounts indicate that seismic activity contin-
ued after the end of the 1705 eruption up until the 1706 eruption, but
felt seismicity is only specifically reported less than a day before erup-
tion onset (Romero Ruiz, 1990; Sanchez, 2014). The eruption began at
3:30 am on 5 May 1706 with the opening of a fissure that produced
lava flows rapidly advancing towards the coast first burying the village
of El Tanque and then invading Garachico's natural harbor — at the time
Tenerife's main port — only ~ 16 h after the eruption onset (Solana,
2012). The lava flow field continued expanding in the following week
and, on 13 May, a secondary lava flow originating from a breached
levee in the eastern part of the field cascaded down the cliff behind
Garachico and destroyed its city center. Another branch of that flow
also partially buried the village of San Juan del Reparo. Subsequent
lavas remained proximal to Montafia Negra. Pyroclastic activity pro-
duced lapilli and ash that dispersed to the south-southwest up to
3 km from source. Solana and Aparicio (1999) quote an eruption col-
umn height estimate of ca. 1.5 km for the Garachico eruption.

3.6. The 1712 El Charco eruption, La Palma

The 1712 El Charco eruption occurred in the central part of Cumbre
Vieja volcano, from an eruptive fissure totaling 2.5 km in length at the
upper end of which a 700-1000-m-wide, ~ 95-m-high cone (Volcan
del Charco or Montafia Lajiones) was built (Fig. 2d). Three main lava
flow branches, which all reached the coast forming a wide platform,
can be distinguished, with a maximum runout of 5.1 km. The only pub-
lished value for proximal deposit area is 10.2 km? (Carracedo et al.,
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2015), which significantly exceeds our value of 4.5 km?. Published
values for eruptive volume average at 41 + 30 x 10° m>; in comparison,
we obtain 36 x 10° m> (Tables 1-2, A.1-A.2). Erupted magma composi-
tion is basanite to tephrite.

Historical sources describing this eruption are scarce and the follow-
ing is briefly summarized from Romero Ruiz (1990). The eruption lasted
56 days from 9 October to 3 December 1712 (Fig. 6f, Tables 1, A.8). Felt
seismicity is reported only 5 days before eruption onset. On 9 October, a
fissure opened up in the upper part of the Cumbre Vieja rift with
Strombolian explosive activity focusing at two vents. The following
day, the lowermost vent began emitting lava flows, which descended
towards the west coast. Then, on 15 October, the fissure extended fur-
ther downslope in a northwest direction, producing effusive activity.

3.7. The 1730-1736 Timanfaya eruption, Lanzarote

The Timanfaya eruption on Lanzarote is highly anomalous in the
context of historical Canary Island volcanism, as it dwarfs all other
events in terms of duration, magnitude and impact, destroying 26 vil-
lages and forcing much of the population to flee the island. In fact, in
the period since 1500 CE, it ranks second among the largest basaltic fis-
sure eruptions globally, only surpassed by the 1783-1784 Laki eruption,
in Iceland (Thordarson and Self, 1993). Ten main emission centers (and
several more smaller ones) opened up sequentially, defining a > 14.4-
km-long eruptive fissure located centrally in the island's western sector
(Fig. 4). Vent altitude and height range from 60 to 415 and 15-120 m,
respectively, with some eruptive activity also likely taking place below
sea level (Carracedo et al., 1992). The multi-branch lava flow field,
mapped in detail by Carracedo and Rodriguez Badiola (1991), reached
the island's northwest coast along a ~ 21-km-long perimeter and has a
maximum end-to-end length of ~ 30 km. The longest runout distance
for a single flow is 21.7 km (cf. Solana et al., 2004). Estimates of area cov-
ered by the 1730-1736 lava flows range from 150 to 226 km?, with a
mean of 187 + 33 km? (Tables 1, A.1). However, it is unclear whether
the higher end of those estimates also included a large lapilli field (La
Geria) sometimes integrated in maps of the eruption's deposits. We ob-
tain a lava flow area (i.e., excluding the lapilli field) of 146 km? (148 km?
including vents, Table 2). Previous volume estimates vary from 1 to 5
km?, with a mean of 2.5 + 1.4 km? (Tables 1, A.2). Lava thicknesses
reaching ~ 50 m can be observed, notably on the west coast, but are
much thinner in other places at the edge of flow field. While poorly doc-
umented at present, mean lava thickness at Timanfaya is likely similar
to that of better-constrained Icelandic lava flow fields, such as the
1783-1784 Laki eruption (599 km?, 14.7 km?, mean lava thickness of
25 m, (Thordarson and Self, 1993)) and the 2014-2015 Holuhraun
eruption (82 km?, 1.44 km3, mean lava thickness of 17 m (Pedersen
et al., 2017)). Integrating mean thicknesses of 15-25 m over an area of
146 km? yields a bulk lava volume of 2.2-3.7 km>. In comparison, the
empirical approach outlined in Section 4.5 gives 4.2 km>. These esti-
mates do not account for lava flows that entered the sea in large por-
tions of the coastline, and so the true bulk eruption volume, including
a significant tephra blanket (Muller, 2016), was likely larger. The
Timanfaya eruption is also characterized by an unusual temporal
trend in magma composition, from early high-MgO basanite giving
way to tholeiitic basalt for most of its duration (Carracedo et al., 1990,
see also companion paper).

Two main contemporary accounts of this eruption are known:
the official reports of the Royal Court of Justice of the Canary Islands
(Real Audiencia de Canarias, 1731) and the diary of Andrés Lorenzo
Curbelo, the priest of the town of Yaiza, transcribed by von Buch
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(1825). Entries for these respectively end on and 12 April 1731 and
28 December 1731, and concrete information from 1732 to 1736 is
extremely scant, which prevents a precise reconstruction of the erup-
tion. Various authors (Carracedo, 2014; Carracedo et al., 1990, 1992;
Carracedo and Rodriguez Badiola, 1991; Ortiz et al., 1986; Pallarés
Padilla, 2007; Romero, 2003) previously reviewed these accounts.
Fig. 7 is based on the reconstruction of Carracedo et al. (1990, 1992),
with updates from Pallarés Padilla (2007) and Carracedo (2014),
and our own review of contemporary sources (Tables 1, A.14).

According to historical sources quoted by Romero (2003), precur-
sory seismic unrest may have begun by 1726, but no confirmed reports
exist. The eruption commenced on 1 September 1730 and is thought to
have ended on 16 April 1736 (duration of 2055 days), although the lat-
ter date has been questioned by Pallarés Padilla (2007) who argued the
eruption ended a year earlier in 1735. The initial phase of the eruption
involved three eruption centers: Caldera de los Cuervos (1-19 Septem-
ber 1730), Caldera de Santa Catalina (10-31 October 1730), and Pico
Partido (10 October 1730 to January 1731). These vents produced ex-
tensive lava flow fields that destroyed several villages on their way to
the northwest coast. In addition, historical records clearly indicate that
these early eruptive episodes comprised significant explosive activity,
with thick accumulation of lapilli and ash damaging roofs and ruining
farmland. Eruption columns were high enough to allow ash to reach dis-
tal parts of Lanzarote and even the neighboring island of Fuerteventura
(Carracedo, 2014; Romero, 2003).

After an apparent lull in activity of a few weeks, a second eruptive
phase began forming Montafias del Sefialo, nearby Pico Partido, and in-
volved at least four distinct episodes between March and July 1731.
Lavas emitted from Sefialo travelled short distances to the north and
southwest.

The onset of phase 3 is marked by a seemingly sudden shift of
eruptive activity to the west coast, at a distance of at least 12 km
from Sefialo, at the end of June 1731. Historical accounts of explosions
at the coast and occurrence of numerous dead fish on the shore indi-
cate that this new phase likely initially involved submarine eruptive
vents, and subsequently the subaerial Volcan El Quemado, a small
elongated vent situated ~ 1 km from the coast. Continued migration
of eruptive activity towards the east led to the formation of Montafia
Rajada and Calderas Quemadas (a group of four closely-spaced cinder
cones). These emission centers produced vast lava flow fields
reaching the west coast.

At this point, the eruption had already had a strong impact on the
island's infrastructure and farmland, which led to massive exodus of
the islanders, and contemporary information on the eruption becomes
very scarce. It is presumed that by early 1732, and for a prolonged but
unknown period afterwards, the eruption focused at Montafias del
Fuego, a large and complex cluster of overlapping cinder cones thought
to have formed in the early explosive onset of this fourth phase. This ac-
tivity, which may have discontinuously persisted until early 1736, also
produced abundant lavas that flowed towards the northwest and
southwest.

The fifth and last eruptive phase occurred 5 km east of Montafias del
Fuego, at Montafia de las Nueces and Montafia Colorada, but the timing
of its onset is uncertain. Lava emission at Montafia de las Nueces, which
produced an impressive pahoehoe lava flow that reached the coast near
the town of Arrecife to the east, was originally thought to have taken
place between mid-March and early April 1736 (Carracedo et al.,
1992). Yet, a statement of Davila y Cardenas (1737), who visited
Arrecife in February 1733, suggests that lava flows emitted from this
vent already threatened the town's port at this time (Pallarés Padilla,

Fig. 6. Chronology of precursory and eruptive activity for historical Canary Island eruptions. Panels on the left show precursory felt seismicity on a logarithmic timeline. Black stars show the
cumulative percentage of confirmed seismicity binned on a daily basis. Gray lines indicate periods where seismicity was reported to occur but not specified in time and occurrence. All
eruption chronologies are shown on the same timescales in days since eruption onset on the lower x-axis. The upper x-axis shows corresponding calendar dates in d/m format of the
given years. See Section 3 for symbology definitions. Chronologies for the 1730-1736 and 2011-2012 eruptions are presented in Figs. 7 and 8, respectively.
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Fig. 7. Chronology of the 1730-1736 Timanfaya eruption, Lanzarote. For all panels, lower x-axes show days since eruption onset. Upper x-axes show corresponding calendar dates in yy for
(a) and m/yy for (b-d). (a) The entire eruption timeline according to the reconstruction of Carracedo and Rodriguez Badiola (1991) and Carracedo et al. (1990, 1992), with updates from
Pallarés Padilla (2007) and Carracedo (2014). The estimated duration of the five main eruption phases is shown by colored bars near the top of the plot. The onset and duration of activity of
specific emission centers is shown by colored triangles and gray bands, respectively. These are either relatively well constrained from accounts (no additional symbol; dark gray band),
estimated from accounts (?; light gray band), or involve large uncertainties (??; dotted light gray band). Blue arrows above the plot show the time spanned by the key historical
documents. Note the lack of significant historical record for a duration of ~4 years from 1732 to 1736. A statement of Davila y Cardenas (1737), who visited Arrecife in February 1733
(red arrow), suggests that lava flows from Montafia de las Nueces already threatened the town's port at this time. (b) As in (a) but focusing on the first 500 days of the eruption, for
which historical records are available. (c) Timeline of events according to the official reports of the Royal Court of Justice of the Canary Islands (Real Audiencia de Canarias, 1731).
(d) Timeline of events according to the Priest of Yaiza's diary. For (c) and (d), symbols are as in Fig. 6, with the addition of documented lull in eruptive activity shown as solid black
line and impact of lava flows and tephra fall on communities shown as red and black circles, respectively. (For interpretation of the references to colour in this figure legend, the

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

2007). If correct, this eruptive phase would then have started at least
three years earlier than previously envisaged, illustrating the high
level of uncertainty in the eruption's chronology beyond 1731. Finally,
Montafia Colorada represents the last emission center of the Timanfaya
eruption and appears to have been active for a short period in 1736, per-
haps for only two weeks ending on 16 April 1736. This vent produced
lava flows that fell short of reaching the sea to the north and a significant
lapilli field on its south flank.

3.8. The 1798 Chahorra eruption, Tenerife

This 1798 Chahorra or Narices del Teide eruption occurred on the
southwest flank of Pico Viejo volcano at ~ 2660 m altitude from a 1-
km-long, NE-SW fissure, which formed the ~ 45-m-high Volcan de
Chahorra vent cluster (Fig. 3c). The 1798 lava flows consist of two
main branches: the largest one flowed down to 5.4 km to the south,
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but was confined by the Las Cafiadas caldera wall, while the other one
flowed west (Solana, 2012). Published and new estimates of proximal
deposits area and volume match well (area: 4.5 + 0.5 versus 4.6 km?;
volume: 30 4 13 versus 37 x 10° m?) (Tables 1-2, A.1-A.2). The erup-
tive products of this eruption have a phonotephrite composition, which
is distinctly more evolved than all historical Canary Island lavas except
the 1585 phonolite.

This eruption spanned at least 98 days from 9 June to 15 September
1798. Our eruption reconstruction follows the work of Solana (2012)
(Fig. 6g, Tables 1, A.9). Historical accounts suggest that minor precur-
sory seismicity might have begun 3 years prior to eruption (Romero
Ruiz, 1990; Sanchez, 2014). However, there is a lack of record for clear
seismic precursors in the days to months before eruption onset — a sin-
gle earthquake is reported on 9 June as the eruption began. Syn-eruptive
seismicity also appears to have been low. In the first 4 days of the erup-
tion, the eruptive fissure migrated up the steep slopes of Pico Viejo from
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2300 to 2800 m above sea level. Strombolian activity concentrated in
the upper part of the fissure, while lava flows were mostly emitted
from its lower part. The most explosive activity, possibly of violent
Strombolian and/or phreatomagmatic character, appears to have
taken place on 14 June, with eyewitness accounts estimating eruption
column heights to 1-2 km. Beyond 23 June, no record of the continuing
activity exists, and the exact end date of the eruption is uncertain.

3.9. The 1824 eruption of Tao, Nuevo del Fuego, and Tinguatén, Lanzarote

Lanzarote's 1824 eruption yielded the formation of three successive
cinder cones, namely Volcan de Tao or del Clérigo Duarte, Volcan Nuevo
del Fuego and Volcan de Tinguatdn, aligned ENE-WSW and separated
by a total of 14 km defining a lengthy, discontinuous fissure (Fig. 4). Lo-
cated at the western end of the lineament, Tao (295 m altitude) is a
small, elongated (700-m-long) cone, with a maximum height of 20 m,
that produced short lava flows only extending 0.4 km. Nuevo del
Fuego (330 m altitude) is a ~ 50-m-tall cone situated at the opposite,
eastern end of the fissure and was the source of this eruption's main
lava flow, which just reached the coast 6.3 km from the vent. Finally,
Tinguatén (310 m altitude), located 4 km east-northeast of Nuevo del
Fuego, is a 25-m-high cone that produced short lava flows extending
up to 1.4 km. A single published value for deposit area of 5 km?
(Carracedo et al., 2015) significantly exceeds our estimate of 2.8 km?.
Two published volume estimates are in poor agreement, with a mean
of 11 £ 11 x 10° m® (Tables 1, A.2), whereas we obtain 19 x 10 m?
(Table 2). Eruptive products have a basanitic composition.

Little has been published on this eruption; our reconstruction is
based on Romero (2003), who reviewed historical documents (Fig. 6h,
Tables 1, A.10). The discontinuous eruptive activity spanned 87 days
from 31 July to 24 October 1824. Precursory seismicity may have
begun as early as 11 years before eruption and is reported to have pro-
gressively increased in intensity and frequency in the months leading
up to eruption. However, confirmed precursory earthquakes are limited
to the two days preceding eruption onset and were accompanied by
subterranean noises, ground cracking and gaseous emissions. A first
eruptive fissure opened in the morning of 31 July near the towns of
Tao and Tiagua and was characterized by mild Strombolian activity
that produced both localized lava flows and pyroclastic ejecta, building
the Tao cone. This magmatic activity rapidly declined and had ceased by
2 am on 1 August. From this point until 21 August, the activity was es-
sentially reduced to gas emissions at the vent and seismic swarms felt
by the population. Following the opening of new ground cracks, peculiar
hydrothermal activity, apparently producing effusive emissions of
brackish water through newly formed vents and cracks, occurred from
22 to 25 August and again from 14 to 15 September. On 29 September,
a new eruptive phase began forming Volcan Nuevo del Fuego, which
produced lavas and pyroclastics in amounts that rapidly exceeded
those produced at Tao. Lava flows overlapped a small part of the
1730-1736 flow field and reached the coast on 3 October. The eruption
intensity increased until 4 October, but suddenly diminished and had
stopped by the next day. The time period between the end of activity
at Nuevo del Fuego at the opening of the Tinguatén vent on 16 October
was characterized by the occurrence of frequent seismic swarms and
subterranean noises. Eruptive activity at Tinguatén began explosively,
but effusive emission of localized lava flows shortly followed. This mag-
matic activity was of short duration and rapidly ended on 17 October,
being quickly superseded by thick gaseous and hydrothermal emissions
later on the same day. Contrasting with observations at Tao, hydrother-
mal emissions at Tinguatén were somewhat explosive, producing
geyser-like jets reaching significant (although unreported) vertical ex-
tent. These emissions, unique in the context of historical Canary Island
volcanism, lasted a week (until 24 October) and formed a series of
aligned, deep and narrow pits on the Tinguatén crater floor visible on
satellite images.
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3.10. The 1909 Chinyero eruption, Tenerife

The most recent eruption on Tenerife occurred on the northwest rift
zone of the island at ~ 1505 m altitude, forming the ~ 50-m-high Volcan
del Chinyero located within a few kilometers of the 1706 cone (Fig. 3d).
The total length of the eruptive fissure is ~ 500 m. The eruption pro-
duced a braided lava flow field comprising two main branches respec-
tively extending north and west (Solana, 2012). The north branch
reached 1.2 km from the vent, whereas the west branch, which was
split in two as it encountered a topographic high, reached a maximum
of 4.5 km from source. Previous proximal deposit area and volume esti-
mate average at 2.0 + 0.6 km? and 15 4+ 8 x 10° m?, respectively
(Tables 1, A.1-A.2). In comparison, in Table 2, we list an area of 1.8
km? and a volume of 10 x 10° m*. We note that Di Roberto et al.'s
(2016) survey of pyroclastic deposits suggests that medial and distal
tephra may significantly add to the eruptive volume (see details in
Section 4.5). The composition of eruptive products is basanitic.

The following reconstruction of events is based on the accounts of
Ponte y Cologan (1911) and Fernandez Navarro (1911) and their sum-
mary by Solana (2012) and Di Roberto et al. (2016) (Fig. 6i, Tables 1,
A.11). The eruption had a short duration of 10 days from 18 to 27 No-
vember 1909. Seismic activity felt by the island's inhabitants up to 19
months prior to eruption may represent early precursors (Albert et al.,
2016). Within 17 h of the eruption onset, the activity involved up to
nine vents aligned along a SE-NW fissure, but it soon focused at 3-4
emission points for the remainder of the eruption. The eruption began
explosively with a pulsating, violent Strombolian phase that built the
Chinyero cone within less than a day and lasted 4 days, causing sig-
nificant fallout of lapilli up to 20 km and ash up to 130 km from the
vent. Rough estimates of the maximum heights reached by glowing py-
roclastic material during this phase range from 200 to 1000 m, with sev-
eral estimates between 500 and 700 m. From the fourth day of the
eruption, the intensity of the activity progressively decreased, although
the eruption ended with a Vulcanian-style pulse producing abundant
bombs and dense blocks. Throughout the eruption, emission of fine py-
roclastic material was accompanied by lava effusion.

3.11. The 1949 San Juan eruption, La Palma

The San Juan eruption on La Palma took place in the central part of
Cumbre Vieja volcano from three distinct vents (Duraznero, Llano del
Banco, and Hoyo Negro), separated by a total of 3.3 km along the N-S
rift zone (Fig. 2e). The eruptive fissure at Duraznero reached 400 m in
length and built a 80-m-high cone situated at 1810 m altitude. Llano
del Banco (1185 m altitude) is a 60-m-long eruptive fissure that did
not build a cone, whereas Hoyo Negro (1880 m altitude) is a crater
that pre-dated the 1949 event and is now ~ 100-m deep showing only
about 20 m of positive topographic relief at its rim. The lava flow field
at Llano del Banco comprises a single main branch 7.0 km long and
5-6 minor branches with a maximum length of 1.8 km. The main flow
reached the west coast 7.0 km from the vent, forming a wide platform.
Duraznero's lava flow was confined to a narrow ravine, travelling 7.1 km
down the east flank of Cumbre Vieja, stopping only 30 m before
reaching the coast. Carracedo et al. (2015) report a deposit area of 4.8
km?, whereas we obtain 3.9 km? While most published volume esti-
mates are consistent at ~ 22 x 108 m?, Sobradelo et al.'s (2011) proximal
tephra volume of 89 x 10 m?, which appears too high, introduces sig-
nificant scatter, yielding an overall mean of 51 + 51 x 10° m?
(Tables 1, A.2). In comparison, we obtain 29 x 10° m? (Table 2). The
eruption was compositionally zoned, dominated by basanite but also
producing tephrite and phonotephrite products (Kliigel et al., 1999).

Notably, the 1949 eruption was accompanied by the formation of a
system of ground cracks and faults, 2-3 km in length, clearly connecting
the three eruption sites. Kliigel et al. (1999) interpreted this fault system
as the surface expression of a shallow dike, whereas Day et al. (1999)
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argued it might represent incipient flank instability of Cumbre Vieja
volcano.

Details on the chronology of this eruption, including impressive pho-
tographs, are presented by Bonelli Rubio (1950) and Romero Ortiz
(1951), and are summarized by Kliigel et al. (1999), which we follow
here (Fig. 6j, Tables 1, A.12). Additional information from White and
Schmincke (1999) is also integrated. The San Juan eruption had a com-
plex temporal evolution spanning a total of 37 days from 24 June to
30 July 1949. Significant earthquakes occurring in 1936-1937 may rep-
resent precursors to the eruption, but felt seismicity occurred only spo-
radically in the next 12 years with two events recorded in January and
May of 1947 (Kliigel et al., 1999; Sanchez, 2014). Unambiguous seismic
unrest began 91 days before the eruption and was strongest in the south-
ern part of the island near the town of Fuencaliente (Albert et al., 2016;
Sanchez, 2014). The eruption, which can be split into four phases,
began near the pre-existing Montafia Duraznero with moderate phreato-
magmatic explosions producing juvenile ash, lapilli and bombs, as well
as lithics. During this first phase, which lasted two weeks, four new
vents opened at Duraznero along a N—S fissure and dark eruption col-
umns reached an apparent maximum height of ~ 1500 m on 6 July. The
activity was accompanied by strong seismicity that impacted buildings
in towns 4 km downslope. The abrupt cessation of activity at Duraznero
and coincident opening of the Llano del Banco fissure marked the onset
of the eruption's second phase on 8 July. Llano del Banco produced lava
flows that reached the sea on 10 July and became less viscous at about
the same time, resulting in efficient transfer of newly erupted lava to-
wards the west coast at speeds of up to 10 m/s. On 12 July, while effusive
activity at Llano del Banco continued, new vents opened at the base of
the old Hoyo Negro crater and seismicity resumed, marking the begin-
ning of a third eruptive phase. Phreatomagmatic explosions at Hoyo
Negro recurred every few minutes, strongly modified the morphology
of the old vent, and produced ballistic blocks and bombs as well as pyro-
clastic density currents from collapsing eruption columns that reached
heights of ~ 700 m. After a peak in eruption intensity (30-m-high lava
fountains at Llano del Banco and intense pyroclastic activity at Hoyo
Negro) around 19 July, Hoyo Negro stopped erupting on 22 July whereas
lava emission at Llano del Banco diminished gradually then stopped sud-
denly on 26 July. After a three-day Iull, a final and brief (but vigorous)
eruption pulse (fourth phase) occurred at Hoyo Negro and Duraznero
on 30 July. While phreatomagmatic activity at Hoyo Negro reportedly
rapidly ended that morning, Duraznero emitted lava fountains up to
100 m high, which fed a low viscosity lava flow that rapidly cascaded
down towards the east in a narrow ravine, crossed a major road by
mid-day, but subsequently slowed down and fell just short of reaching
the sea.

3.12. The 1971 Teneguia eruption, La Palma

The most recent eruption on La Palma took place at relatively low al-
titude (~ 360 m) at the southern tip of Cumbre Vieja volcano, near the
town of Fuencaliente and the 1677-1678 eruption site (Fig. 2c). Its loca-
tion was closely associated with a prehistoric phonolite dome (Roque
de Teneguia). The eruption initiated from an eruptive fissure ~ 200 m
in length where the ~ 130-m-high Volcan Teneguia formed. Three
main lava flow branches, to the southwest, south and southeast, cov-
ered part of the 1677-1678 lavas and all reached the shoreline, forming
coastal platforms. The maximum flow path of the southeast flow is ~ 2.7
km. Published and new planimetric area estimates of proximal eruption
deposits are 3.7 + 0.8 and 3.0 km?, respectively (Tables 1-2, A.1). With
pre-eruption topography known, the volume (40 x 10° m?) and average
lava flow thickness (12 m) of the 1971 eruption are better constrained
than for most other historical Canary Island eruptions (Afonso et al.,
1974) (Tables 1-2, A.2). Erupted products have a basanitic to tephritic
composition.

The eruption was well observed and described in a dedicated vol-
ume of Estudios Geoldgicos (e.g., Afonso et al., 1974; Arafia and Fuster,
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1974) (Fig. 6k, Tables 1, A.13). It lasted 24 days from 26 October to 18
November 1971. Reported precursory seismicity started only 6 days
prior to eruption (Albert et al., 2016; Sanchez, 2014). An eruptive fissure
first opened up, producing pyroclasts and lavas that reached the coast
on 27 October. The Teneguia cone began growing at the north end of
the fissure and comprised five distinct emission centers that opened
up sequentially. The latest vents, which became active on 7 and 8 No-
vember, produced more explosive Strombolian activity, with lava foun-
tains reaching 200 m in height, and lower viscosity lava flows. Sizable
bombs, frequently reaching 50 cm across, were projected up to 450 m
from source (Fernandez Santin et al., 1974). Finer tephra was primarily
dispersed to the southeast and southwest of Teneguia and reached
thicknesses of ~ 5 cm at the coast (Afonso et al., 1974). Explosive and ef-
fusive activity ended rather abruptly on 18 November.

3.13. The 2011-2012 Tagoro submarine eruption, El Hierro

The first historical eruption at El Hierro occurred at shallow water
depths about 2 km off the south coast of the island (Fig. 5). While erup-
tive activity could not be directly observed, repeated, high-resolution
bathymetric and hydroacoustic surveys during the eruption and subse-
quent remotely operated vehicle (ROV) observations allowed capturing
the development of the submarine volcano and its associated volcanic-
lastic debris and lava aprons (Rivera et al., 2013, 2014; Somoza et al.,
2017) (Fig. 8b). The submarine cone, which was later named Volcan
Tagoro, grew from initial water depths of ~ 360 m to just 88 m below
sea level. It is an elongated cone showing evidence for four distinct
vents aligned NNW-SSE along a 500-m-long sloping ridge (Rivera
et al,, 2013, 2014). Its deposits followed a submarine canyon to the
west-southwest, forming proximal and distal aprons at 500-850 and
1000-1800 m below sea level, respectively, and reached 7.0 km from
source. Carracedo et al. (2015) report a deposit area of 5 km?, while
we obtain 6.9 km?. Rivera et al. (2013) estimated the bulk volume of
erupted material to 329 x 10° m® (Fig. 8b, Tables 1-2).

The 2011-2012 eruption was intensely monitored and was the sub-
ject of numerous multi-disciplinary studies, which we unfortunately
cannot all cite here. The reader is referred elsewhere for more extensive
summaries (Carracedo et al., 2015; Gonzalez et al., 2013; Longpré et al.,
2014; Marti et al., 2013a, 2013b; Meletlidis et al., 2015; Somoza et al.,
2017). The first clear precursors were detected on 7 July 2011, 96 days
prior to the onset of eruptive activity, and consisted of ground deforma-
tion measured by GPS and low-magnitude volcano-tectonic earth-
quakes located in the north-central part of the island (Lépez et al.,
2012) (Fig. 8a, Table A.15). Time series of diffuse CO, and H,S soil efflux
measurements also showed precursory signals (Pérez et al., 2012).
Volcano-tectonic seismicity began migrating towards the south in Sep-
tember, intensified, and was accompanied by shifting ground deforma-
tion patterns; this unrest culminated with the appearance of volcanic
tremor on 10 October, which is interpreted to mark the beginning of
eruption (Lépez et al,, 2012). After a 10-day period of decreased earth-
quake activity, a seismic swarm began to the north of El Hierro (cen-
tered some 15-20 km from the eruption site), lasting until the end of
November 2011 (Longpré et al., 2014; Marti et al., 2013a) (Fig. 8a).
Minor seismicity occurred again in January and February 2012 before
authorities declared on 5 March that the eruptive phase had ended.
However, a marked change in seismic waveform similarity suggests
the end of eruptive activity on 15 February (Sanchez-Pastor et al.,
2018), yielding an eruption duration of 128 days.

At the surface, observations of seawater discoloration patches begin-
ning on 12 October south of La Restinga village confirmed the approxi-
mate location of the eruption site. On 15 October, peculiar eruptive
products reached the surface floating on water and were characterized
by a black crust 1-2 cm thick and a pumice-like gray to white core
(e.g., Troll et al., 2012). On 5-8 November, particularly intense
degassing episodes produced large gas bubble bursts reaching up to
15 m above sea level (Meletlidis et al., 2015). Starting in mid-
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November, but particularly in late November and early January, hollow
lava balloons (e.g., Kueppers et al., 2012), up to 1-2 m across and with a
basanite composition, were frequently observed temporally floating
above the vent (Meletlidis et al., 2015) (Fig. 8b, Table A.15).

Remarkably, after the end of the eruption, a total of six temporally
and spatially discrete seismic swarms occurred, associated with marked
island-scale ground deformation pulses, the first one in June 2012 and
the last one in March 2014 (Benito-Saz et al., 2019; Kliigel et al.,
2015). These events were interpreted to record distinct magma intru-
sions at upper mantle to lower crustal depths that did not culminate
in eruptions. Dominguez Cerdefia et al. (2018) and Benito-Saz et al.,
2019 respectively estimated that these post-eruptive intrusions
emplaced a total volume of 361 and 388 x 10° m® of dense magma at
depth, which exceeds dense rock equivalent estimates of erupted
magma volume (Longpré et al., 2017) by a factor of 1.4-2.4. These ob-
servations demonstrate that magmatic activity beneath Canary Island
volcanoes may involve rapid migration of magma over tens of kilome-
ters laterally.

4. Eruption parameters

In this section, a broader discussion of the key physical eruption pa-
rameters listed in Tables 1 and 2 is presented, keeping in mind the end
goal to inform hazard assessment.
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4.1. Fissure length

Historical Canary Island eruptions typically began by the opening of
a fissure several hundred meters in length. In most cases, eruptive activ-
ity focused at a main vent or vents, usually located at higher elevations
along this initial fissure. However, in several other cases (most notably
in 1704-1705, 1730-1736, 1824 and 1949), new vents opened up at
significant distances from the initial fissure in subsequent eruptive
phases. Lengths listed in Table 2 reflect the final vent-defined and some-
times discontinuous fissures — for discontinuous fissures, this assumes
that distant vents are somewhat linked to each other in the shallow sub-
surface through the propagation of a dike. Values range from 200 m to
144 km. The two longest fissures formed during eruptions on
Lanzarote, which may be related to the local stress field, but eruption
phases involving distant vents are clearly possible on other islands too
(e.g., the 1704-1705 Tenerife eruption).

4.2. Eruption column height

Data on eruption column height are required to accurately assess
eruption style and explosivity, but unfortunately few are available for
the eruptions studied herein. Direct observations of the 1971 La Palma
eruption recorded maximum lava fountaining heights of 200 m
(Arafia and Fuster, 1974), while glowing pyroclasts reached 500-700
m during the 1909 Tenerife eruption (Di Roberto et al,, 2016). However,
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m/yy. (a) Geophysical monitoring data of precursory unrest and eruptive activity; the daily number of earthquakes is shown as a gray histogram, whereas the blue and green lines show
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continuous GPS station (e.g., Benito-Saz et al., 2019). The eruption onset and end are shown as vertical solid and dashed black lines, respectively. (b) Summary of bathymetric data quan-
tifying submarine volcano growth (Rivera et al., 2013) and observations of eruption-related products at the surface (Meletlidis et al., 2015). Cone (brown triangles), lava flow (and asso-
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more explosive phreatomagmatic pulses producing ash-laden eruption
columns reaching 1-2 km seem to have occurred at least in 1704-1705,
1706, 1798 and 1949 (see photographs by Bonelli Rubio, 1950). No con-
temporary estimates of column height exist for the 1730-1736
Lanzarote eruption, but unpublished tephrostratigraphy work suggests
it may have exceeded several kilometers in the first phase of the erup-
tion (Muller, 2016). There is fertile ground for future tephrostratigraphy
work in the Canaries to better constrain the dynamics of explosive erup-
tion phases.

4.3. Lava flow length

The length reached by lava flows is another important variable for
hazard assessment and it is relatively straightforward to measure for
historical Canary Island eruptions. Table 2 lists two values per eruption:
L; — the maximum lava flow length along the main flow path, and L, —
the maximum length of the lava flow field from source to toe taken in a
straight line. L; values, which are typically longer than L, values, are
those reported in Section 3. In an extreme example, the Montafia de
las Nueces lava flow field from the 1730-1736 Timanfaya eruption has
a L value of 21.7 km (cf. Solana et al., 2004) and a L, value of 15.7 km.
L; and L, values show full ranges of 2.7-21.7 and 2.4-15.7 km, respec-
tively. Excluding the 1730-1736 eruption, mean lava flow length max-
ima (L) are 5.5 &+ 1.9 km (L; yields 5.3 + 1.9 km). However, for three
quarters of the eruptions, the longest lava flows reached the coast and
therefore likely did not attain their maximum potential length over
ground. Lavas that did not reach the sea in 1704-1705, 1798 and 1909
have a slightly longer mean maximum length of 6.4 + 2.6 km. We con-
sider this latter value plausible for future subaerial eruption scenarios
for vents relatively distal from the coast, with only a low probability of
lava runout exceeding 11.7 km (two standard deviations above mean)
from source. We also note that lava flows may reach their full length
and coastal areas rapidly, within hours to days of the onset of emission
(Solana, 2012) (Fig. 6).

It may be informative to compare observations with the theoretical
models of Kilburn (2004, 2015) that allow prediction of the maximum
length of "a’a flows as a function of ground slope and mean lava dis-
charge rate. Fig. 9 shows the length of historical lava flows from the Ca-
naries, along with single "a’a flows at Etna, Kilauea and Mauna Loa
volcanoes, as a function of these variables. Overall, Canary Island lavas
conform to the models and fall within the field of other basaltic lavas
(cf. Solana, 2012). There are, however, significant uncertainties in the
mean discharge rate, which is simply taken as the quotient of the
mean lava volume estimate and eruption duration (Table 1). A particu-
larly interesting case is again that of the 21.7-km-long Montafia de las
Nueces lava flow that shows pahoehoe surface morphology (Solana
et al., 2004) and thus may not be expected to obey “a‘a flow behavior.
Using a lava volume of 140 + 30 x 10° m® and an eruption episode du-
ration of 2-4 weeks (Carracedo et al., 1992; Solana et al., 2004 ), a mean
discharge rate of 77 m>/s is obtained, consistent with data from “a’a
flows (Fig. 9). However, based on historical records reported by
Pallarés Padilla (2007) (see Section 3.7, Fig. 7a), emplacement of this
lava flow field may have had already begun by February 1733 (i.e., for
an eruption duration of possibly more than three years), which, if cor-
rect, dramatically reduces the mean discharge rate to <1.4 m3/s and dis-
places the data point outside of the cluster for “a’a flows (Fig. 9). Such
protracted eruption duration at Montafia de las Nueces would also
propagate into a much slower lava advance rate than previously envis-
aged by Solana et al. (2004).

4.4. Lava flow area

Table 2 reports planimetric area values for lava flows (A;) and total
proximal deposits (Ar), which include lavas and vents built of pyroclas-
tic material, but exclude medial to distal tephra blankets. These mea-
surements, computed using the ESRI ArcMap software, are precise and
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their accuracy is controlled by that of lava flow field delineation in the
IGME geologic maps. At ranges from 1.8 to 7.8 km?, with a mean 4.3
+ 1.7 km?. As for lava flow lengths, area values are minima for eruptions
reaching the coast. Fig. 10a compares area estimates from this and pre-
vious works. Although the agreement between studies is generally rea-
sonable, there are significant discrepancies, e.g., for the 1712 eruption,
the cause of which is unknown but may relate to the choice of maps
and/or the chosen convention on incorporation/exclusion of pyroclastic
material. As noted in Section 3.7, the significant mismatch between the
mean published value (187 + 33 km?) and ours (148 km?) for the
1730-1736 eruption is likely due to inclusion of La Geria, a wine-
producing valley covered with a thick tephra blanket, in some of the lit-
erature estimates.

4.5. Lava flow and eruptive volume

Eruptive volume is a particularly useful parameter in a number of
volcanological applications, such as determination of eruption magni-
tude (Pyle, 2015) and magma supply/output rates (e.g., Dvorak and
Dzurisin, 1993; White et al., 2006). Unfortunately, it is also notoriously
difficult to estimate (Pyle, 2015). For lavas, volume can be precisely
and accurately determined if pre-eruption topography is known
(e.g., Murray and Stevens, 2000). When pre-eruption topography is un-
known, however, volume estimates rely on sparse lava thickness mea-
surements typically at the edge of the flow field, which may not be
representative of the mean flow thickness. In the Canaries, quantitative
data on pre-eruption topography only exist for the 1971 La Palma and
2011-2012 El Hierro eruptions. Bulk volume (i.e., not corrected for po-
rosity) estimates of these eruptions are respectively 40 x 10°® m*
(Afonso et al,, 1974) and 329 x 10° m? (Rivera et al,, 2013) and include
both the vents and lava flows. For the 1971 eruption, the value of 31 +
13 x 10° m? listed in Table 1 is a mean affected by a lower value re-
ported by Sobradelo et al. (2011) who did not consider pre-eruption to-
pography. Estimates for other eruptions (excluding 1730-1736, 1971
and 2011-2012) range from 11 to 66 x 10° m>, with a mean of ~ 35 +
18 x 10% m3, but are likely subject to significant uncertainties
(Tables 1, A.2). Indeed, except from a few exceptions (e.g., Sobradelo
et al,, 2011; Solana, 2012), the method of estimation is typically not re-
ported and it is unclear whether volumes include vents or account only
for lavas. We note that estimates in Table 1 also exclude medial to distal
tephra blanket volumes, which may be significant but are unknown for
all but the 1909 eruption. For this event, Di Roberto et al. (2016) esti-
mated a bulk tephra volume of 15 x 10° m® (4-6 x 10® m? dense rock
equivalent — DRE), which is similar to the bulk lava flow volume of 15
+ 8x10°m?> (13 & 7 x 10° m> DRE) (Tables 1, A.2). To sum up, bulk
proximal deposit volumes listed in Table 1 likely represent minimum
eruption volumes, for which uncertainty may be very high in certain
cases. More robust eruption volume estimates will necessitate detailed
field surveys of lava flow and tephra deposits (e.g., Di Roberto et al.,
2016).

In the meantime, we develop a new empirical approach inspired
from Murray and Stevens (2000) to calculate lava volume based on
the assumption that lava flow area, which is precisely determined, is
the best available proxy for volume. This approach exploits lava flow
area and volume data for eruptions at other basaltic volcanoes for
which volume estimates were derived from subtracting well-
constrained pre-eruption topography from post-eruption topography
and are thus likely substantially more precise and accurate. These data
include 32 eruptions at Mount Etna, from 1879 to 1991 (Murray and
Stevens, 2000) and 1999-2006 (Tarquini and Favalli, 2011), the 1995
(Amelung and Day, 2002) and 2014-2015 (Bagnardi et al., 2016) erup-
tions of Fogo volcano (Cape Verde), the 2014-2015 Holuhraun eruption
(Iceland) (Pedersen et al.,2017), the 2018 Lower East Rift Zone eruption
at Kilauea (Neal et al., 2019), and 25 eruptions at Piton de la Fournaise
from 1998 to 2017 (Derrien, 2019). This dataset, which spans areas of
0.15-84 km? and volumes of 0.5-1440 x 10% m?, displays a positive
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correlation on a log-log volume versus area diagram (Fig. 10b). A least
squares linear fit through these data and forced through the origin
yields Eq. 1:
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V=17.47A 1)
where V is lava volume in millions of cubic meters (10° m?) and A is lava
area in km?. Equation 1 has a high coefficient of determination (R? =
0.97), but this is strongly controlled by the two largest events (the
2014-2015 Holuhraun and the 2018 Kilauea eruptions). This results in
arelatively large standard error of estimate of 40 x 10° m? and a signif-
icant overestimation of volume for small flows. A power law fit (Eq. 2)
yields a lower R? (0.88), but a much better standard error of estimate
of only 2 x 10° m® and is thus preferred:

V = 4.56A"%

In(V)=137In(A)+ 152 or

2)

Lava volumes for Canary Island eruptions obtained with Egs. 1 and 2
are given in Table 2 and Eq. 2 values are compared with published esti-
mates in Fig. 10c and d. Despite some scatter about the one-to-one line,
calculated volumes fall within one standard deviation of the mean pub-
lished estimates in most cases (Fig. 10c, d). Since our model is based on
subaerial basaltic lavas, it is unlikely to be valid for submarine lava
flows, which differ in their emplacement dynamics (e.g., Gregg and
Fornari, 1998), and thus it cannot be applied to the 2011-2012 eruption.
For the only other event with known pre-eruption topography — the
1971 eruption — we obtain 21 x 10 m® which is about half the pre-
ferred value of 40 x 10° m? (Afonso et al., 1974). For the 1730-1736
Timanfaya eruption, lava volumes of 2.6 and 4.2 km> are obtained
with Egs. 1 and 2, respectively, consistent with the mean of published
estimate of ~ 2.5 + 1.4 km?, although such values fall outside the cali-
bration range of the model.

While clearly approximate, our empirical model (Eq. 2) could be use-
ful for estimating volumes for small- to medium-sized basaltic lava flows
elsewhere, when pre- and post-eruption topography is unknown and/or
field-exposure of lava thicknesses is poor. We note that this model does
not apply to confined lava flows, e.g., located within a crater or a narrow
ravine, and we caution against its extrapolation for large lava flows.

5. Eruptive rate and long-term eruption forecasting

The volume estimates presented in Section 4.5 (Tables 1-2, A.2)
allow to approximate eruptive rates for the 1585-2020 period. For
the entire archipelago, mean published volume estimates, as well
as values obtained from Eqs. 1 and 2, yield eruptive rates ranging
from 7.3 to 11.0 x 10® m>/year (Fig. 11a). Excluding the Timanfaya
eruption, these values drop to 1.0-2.1 x 10° m?3/year, including
0.4-1.0 x 10° m3/year at Cumbre Vieja volcano alone (Fig. 11a
inset, b). These calculations help illustrate the extremely low
magma supply at Canary Island volcanoes compared to other more
vigorous ocean island shield volcanoes. Indeed, for context, eruptive
rate at Kilauea volcano alone is typically 80-100 x 10° m3/year
(e.g., Dvorak and Dzurisin, 1993), about a factor of 10 greater than
our highest estimate for the entire Canary Archipelago. Of course,
eruptive rate does not equate magma supply rate, which is likely
higher given the evidence for significant endogenous island growth
(Benito-Saz et al., 2019; Kliigel et al., 2015). In this regard, it is inter-
esting to compare historical eruptive rates with long-term eruptive
rates, which are obtained independently by the quotient of volcano
volume and age and, as such, should be representative of long-
term magma supply. For instance, at Cumbre Vieja, the long-term
eruptive rate is ~ 1.0 x 10° m?/year (125 km?> over 125 ka)
(Carracedo et al., 1999a). At El Hierro, eruptive rates of 0.1-0.6 x
10% m3/year are obtained considering the current subaerial island
volume of 140 km?, plus up to 500 km? of rock lost to giant land-
slides, and an age of 1.12 Ma (Carracedo et al., 1999b). Considering
the completely different spatial and temporal scales used in both cal-
culations, the agreement between historical and long-term eruptive
rates is quite remarkable. It suggests that magma supply to Canary
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Island volcanoes is relatively consistent over time and is reasonably
well represented by the historical period.

In turn, this brings the question: can the historical record be used
to construct decadal-centurial eruption forecasting models?
Treating the 1704-1705 and 1706 eruptions as a single event, repose
periods (ry) listed in Table 1 give a mean eruption recurrence inter-
val of 39 £ 24 years in the Canaries. For La Palma, repose has ranged
from 22 to 237 years, with a mean 77 + 91 years. Based on a slightly
different eruption list including unconfirmed events, Arafia et al.
(2000) used the method of De la Cruz-Reyna (1993) and obtained
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95%-confidence recurrence intervals of 26-41 years for the archipel-
ago and 44-83 years for Tenerife only. In turn, Sobradelo et al.
(2011) used extreme value theory and statistical analysis to calcu-
late probabilities of occurrence of future eruptions as a function of
eruption magnitude and time. They generally obtained high proba-
bilities of occurrence (53-99%) in the next 20 years for the range of
magnitude considered (M1 to M4). Coincidently, this study, which
also noted the non-negligible probability (28%) of occurrence of a
M > 1 eruption in the following year, was published within days of
the onset of the 2011-2012 eruption.



M.-A. Longpré and A. Felpeto

Here we revisit long-term eruption forecasting in the Canaries by
testing the historical eruption sequence for potential time-predictable
or volume-predictable behavior (as defined by Marzocchi and
Bebbington, 2012), which has been documented at several volcanoes
(e.g., Burt et al., 1994; Hill et al., 1998; Sandri et al., 2005; Wadge,
1982). We adopt the approach outlined by Sandri et al. (2005) to test
for a significant positive correlation between (1) the volume of an erup-
tion and the subsequent repose period (time-predictable) and (2) the
repose period and the volume of the subsequent eruption (volume-pre-
dictable). Three scenarios were considered for each case (Fig. 12,
Tables A.16-A.17). The first one uses the repose period since the onset
of the previous Canary Island eruption (ry, Table 1), but considers the
1704-1705 and 1706 eruptions as a single event and excludes the
1730-1736 Timanfaya eruption (Fig. 12a, d). This scenario essentially
treats the Canary Islands as interdependent volcanic systems, which
could be consistent, for example, with a broad, blob-type mantle
plume (Hoernle and Schmincke, 1993) governing magma generation
and supply at the archipelago scale. The second and third scenarios
use the repose period since the onset of the previous eruption on a
given island (r,, Table 1), thus considering each island as a separate sys-
tem with independent magma supply, and respectively utilize the full
eruption sequence (Fig. 12b, e) and focus on Cumbre Vieja volcano on
La Palma (Fig. 12c, f). The results of this analysis reveal a lack of signifi-
cant positive correlation between eruptive volume and repose period in
all of the six cases considered and are consistent with the null hypothe-
sis that repose times and eruption volumes are unrelated. There is thus
no evidence of time-predictable or volume-predictable behavior for the
historical Canary Island volcanism. The rough mean eruption recurrence
interval of 39 4 24 years, while imprecise, may thus be our best current
guide for decadal-centurial eruption forecasting in the Canaries.

6. Implications for hazard assessment

Despite infrequent unrest and decadal-millennial repose periods
between eruptions, volcanic hazards and risk are far from trivial in the
Canary Islands. Indeed, small insular territories tend to be particularly
vulnerable to volcanic hazards because large proportions of their popu-
lation may be exposed. In the Canaries, the entirety of the population
lives within a 100 km radius of a Holocene volcano, and as a result the
archipelago ranks in the top 20 (13th) countries or territories in terms
of proportional volcanic threat (Brown et al., 2015a, 2015b). Table 3
lists Canary Island volcanoes in terms of the Volcanic Hazard Index
(VHI) (Auker et al., 2015) and the Population Exposure Index (PEI)
(Brown et al., 2015b). While La Palma and Tenerife obtain a VHI Level
Il score (out of a I-III scale), Lanzarote, El Hierro, Gran Canaria, and
Fuerteventura do not meet the data requirement of the classification
method and are termed ‘unclassified’ (Brown et al., 2015a). La Gomera,
which lacks Quaternary eruptive activity (Paris et al., 2005), is not listed.
On a scale of 1-7, Canary Island volcanoes are assigned moderated to
high PEI levels of 4 and 5. The combination of the VHI and PEI gives
Risk Level II for La Palma and Tenerife.

A sizable body of work on volcanic hazard assessment in the Canary
Islands is already available, and it has grown particularly rapidly since
the 2011-2012 El Hierro eruption. Studies have focused on (1) the geo-
logic and eruptive history of volcanoes (e.g., Carracedo et al., 2001,
2007; Rodriguez-Gonzalez et al., 2009), (2) the reconstruction of histor-
ical eruptions (e.g., Carracedo et al., 1992, 1996; Kliigel et al., 1999;
Romero Ruiz, 1990; Solana and Aparicio, 1999; Solana, 2012), (3) the
identification of hazards and generation of hazard maps (Arafia et al.,
2000; Becerril et al., 2014; Carracedo et al., 2004; Felpeto et al., 2001;
Marrero et al., 2019), (4) the spatial and temporal probability distribution
of future eruptions (Becerril et al., 2013, 2014, 2017; Marti and Felpeto,
2010; Sobradelo et al., 2011), and (5) short-term hazard assessment
and volcanic crisis management (Bartolini et al., 2014, 2018; Garcia
et al,, 2014; Marrero et al., 2015; Solana et al., 2017).
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Fig. 11. Cumulative volume curves and eruptive rates. Cumulative volume estimates are
plotted against time for (a) all historical eruptions and (b) all eruptions but the
1730-1736 eruption. The inset in (a) shows data for Cumbre Vieja volcano only. In all
plots the gray curve with rainbow-colored symbols is constructed using mean field-
based volume estimates (Table 1), whereas the navy blue and red curves use the
volumes calculated with Eqgs. 1 and 2, respectively (Table 2). Colour-coded numbers
indicate corresponding mean eruptive rates in 10° m>/year.

The contribution of this paper to improved hazard assessment
focuses on categories (2) and, to a lesser extent, (3) above. Our data
compilation permits an improved identification and quantification of
the eruptive behavior of Canary Island volcanoes in the past 500 years.
Excluding the 1730-1736 Timanfaya eruption as an outlier, the follow-
ing generalizations can be highlighted: (I) Historical records, while in-
complete and imprecise, indicate that precursory unrest may begin
days to years before eruption onset (see also Albert et al., 2016). For
the 2011-2012 event, the only one for which volcano monitoring data
are available, unrest began 3 months before the start of the eruption
(e.g., Lopez et al., 2012). (II) Eruptions lasted from ten days to a little
under five months. (III) Initial eruptive phases usually involved the
opening of multiple vents along dike-fed fissures, with Strombolian
explosive activity typically focusing at dominant vents situated at
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Fig. 12. Tests for time-predictable and volume-predictable behavior of historical eruptions. Following the method of Sandri et al. (2005), the logarithm of eruption volume is plotted against
the logarithm of interonset time (referred to as repose period) for different scenarios. Time-predictable scenarios (expected positive correlation of eruption volume and subsequent repose,
r; + 1) are shown in (a) using ry values (Table 1) for all but the 1730-1736 eruption and treating the 1704-1705 and 1706 eruptions as a single event, (b) using r, values (Table 1) for all
eruptions and (c) using r; values for Cumbre Vieja volcano only. Panels (d), (e) and (f) are the same as (a), (b), and (c), respectively, but for volume-predictable scenarios, whereby a
positive correlation between eruption volume and the preceding repose period (r;) would be expected. In all plots the gray line is the linear regression line for mean published volume
estimates (rainbow-colored symbols), whereas the navy blue and red lines are the regression lines for volumes calculated with Eqs. 1 (navy circles) and 2 (red circles), respectively.
Corresponding colour-coded coefficients of determination (R?) are listed. None of the scenarios considered show a significant positive correlation between eruption volume and

repose period (see details in Tables A.16-A.17).

higher elevations. Lava effusion generally quickly followed eruption
onset. Later eruptive phases were generally characterized by stabiliza-
tion of the activity dominated by effusive behavior. Some eruptions
(1704-1705, 1824, and 1949), however, had a complex evolution punc-
tuated by the opening of distinct vents several kilometers apart. (IV)
The main hazards associated with the dominant Strombolian to violent
Strombolian eruption style were tephra fall and lava flows. However,
hazards associated with volcano-tectonic seismicity and lava dome
(1585) and phreatomagmatic (e.g., 1949) eruptive styles also occurred.
(V) Total lengths of vent-defined (sometimes discontinuous) fissures
range from 0.2 to 14.0 km. (VI) Eruption column height is overall poorly
constrained, but lava fountaining heights of up to 700 m have been es-
timated for the 1909 eruption and other events involved more explosive
phreatomagmatic pulses with column height estimates of 1-2 km. (VII)
Lava flows reached maximum lengths of 2.7-9.4 km, extending to the
coastline in three quarters of eruptions. (VIII) Proximal deposits includ-
ing vents and associated lava flows covered 1.8-7.8 km? and had vol-
umes of 10-330 million m>. This synthesis provides an important —
though clearly not restrictive or exclusive — framework for forecasting
the onset, development and style of future Canary Island eruptions.
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Nevertheless, many gaps in knowledge remain, and several
eruptions are poorly documented. For example, the duration of pre-
cursory unrest, which is a particularly useful metric for eruption
forecasting efforts, is only very loosely constrained by the historical
records. However, petrology-based approaches (e.g., Albert et al.,
2015; Longpré et al., 2014) have the potential to quantify volcano re-
activation mechanisms and timescales post hoc and should be ex-
panded. In addition, there is a need to further constrain eruption
style and magnitude through detailed field-based case studies, espe-
cially of tephra fall deposits (e.g., Di Roberto et al., 2016). As a final
note, multi-vent eruptions such as those of 1704-1705 (probably
also including 1706), 1824 and 1949 and pre-, syn-, and post-
eruptive seismicity associated with the 2011-2012 eruption
(Benito-Saz et al., 2019; Kliigel et al., 2015) indicate that magma
may migrate over lateral distances reaching at least 20 km before,
during and after eruptive phases. The difficulty in forecasting the lo-
cation of new monogenetic vents during precursory unrest is a sig-
nificant hurdle in volcanic crisis management in the Canary Islands
and other similar localities and calls for a densification of monitoring
networks to track magma propagation underground.
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Table 3
Classification of Canary Island volcanoes based on the Volcanic Hazard Index and Population Exposure Index, after Brown et al. (2015a)
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1 2 3
% | 8 | Hazard Il
o | £
(7]
= | @ | Hazard Il
T8
© (@)
N Hazard |
I o
o | & | U-HHR? EH LZ
c |5
@ 7]
2| © | UHR® GC
Q (3]
> c
2 | U-NHHRe® FV

EH = El Hierro; FV=Fuerteventura; GC = Gran Canaria; LP = La Palma; LZ = Lanzarote; TF = Tenerife.

Yellow = Risk Level I; Orange = Risk Level II; Red = Risk Level III.
? Unclassified, with historic and Holocene record.

b Unclassified, with Holocene record.

¢ Unclassified, no historic or Holocene record.

7. Conclusions

In this paper, we compile available data on the 13 volcanic eruptions
that have taken place in the Canary Islands since 1500 CE, with a focus
on their physical characteristics and chronological development. We
also report new estimates of key eruption parameters, such as lava
flow length, area and volume, and develop a new empirical relationship
that may be useful to estimate the volume of basaltic lava flows from
their areal extents, in cases where other data are scarce. Our synthesis
presents an improved picture of the eruptive behavior of Canary Island
volcanoes in the historical period and provides an important framework
for forecasting the onset, development and style of future eruptions.
The results also allow quantification of the low, modern eruptive rates,
which compare surprisingly well with long-term volcano growth rates
based on geologic data. The historical eruptive sequence does not
display time-predictable or volume-predictable behavior, however. Fur-
ther work, particularly detailed field-based studies of eruption deposits
and petrologic reconstructions of eruption run-up processes, will help
refine our understanding of historical volcanism and associated hazards
in the Canary Islands.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2021.107363.
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