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ABSTRACT

On 19 September 2021, a new Strombolian monogenetic volcano erupted on the island of La Palma (Canary
Islands, Spain). During the 12-week eruption, a succession of lava flows progressed down the west-central slopes,
descended down the coastal cliffs and advanced over a narrow island shelf, filling it in the form of lava deltas.
After the stabilization of the lava deltas, the formation of beach-like sedimentary bodies could be observed. This
works aims to document the rhythms and formation dynamics of these beaches in the first months after their
emergence using orthophotographic materials obtained using unmanned aerial vehicles (UAVs). These tech-
nologies have allowed analysis of the subaerial coastal evolution of the lava deltas between October 2021 and
May 2022 through high-resolution digital images of approximately weekly frequency. The study includes ana-
lyses of the dichotomous evolution (emergences, disappearances, disintegrations and coalescences), short-term
surface and shoreline variability (by rates of variation, Shoreline Change Envelope and Net Shoreline Move-
ment indicators) and medium-term surface and shoreline trends (by linear regressions and End Point Rate in-
dicators). The observations show that the formation of shoreline sedimentary bodies was sudden, within 24-48 h
after stabilization of the lava fronts, and that most were subsequently long-lasting. Despite their durability, the
dynamics after their appearance show high morphological mutability. The analysis of the maritime regime has
allowed us to interpret these early, abnormally changing dynamics as initial states of morphodynamic disequi-
librium and adjustments towards morphological stability and equilibrium with the physical environmental

conditions.

1. Introduction

The volcanic eruption of 19 September 2021 on the island of La
Palma (Canary Islands, Spain) generated the penetration of 'a'a lava
flows into the sea and the filling of the shallow Quaternary shelf on the
western volcanic flank in the form of prograding lava fans. These types
of morphologies have been referred to as lava deltas or lava-fed deltas in
the international scientific literature (e.g. Moore et al., 1973; Furnes and
Sturt, 1976; Lipman and Moore, 1996; Mattox and Mangan, 1997;
Smellie et al., 2013; Rodriguez-Gonzalez et al., 2022) and have received
other local names in the Canary Islands (‘low islands’ or ‘fajanas’) and
the Macaronesian archipelagos (‘fajas’). Kauahikaua et al. (2003, pp. 63)

* Corresponding author.

define them simply as all lava built beyond the preeruption coastline.
They are therefore inherent to the emergence, growth and lateral
expansion of volcanic islands (Skilling, 2002; Ramalho et al., 2013), and
have been described and characterized for decades in places such as
Hawaii (Moore et al., 1973; Lipman and Moore, 1996; Mattox and
Mangan, 1997; Umino et al., 2006; Soule et al., 2022), Iceland (Eir-
iksson, 1990; Stevenson et al., 2012), Antarctica (Skilling, 2002), the
Canary Islands (Furnes and Sturt, 1976; Kliigel et al., 1999; Rodriguez-
Gonzalez et al., 2022), the Azores (Mitchell et al., 2008) and the Med-
iterranean Sea (Bosman et al., 2014).

Lava deltas have attracted interest in the study of the interaction
between lavas and marine or lake water masses during volcanic
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eruptions (Lipman and Moore, 1996; Moore et al., 1973; Mattox and
Mangan, 1997; Skilling, 2002; Ramalho et al., 2013; Soule et al., 2022).
Aerial photographs and topographic tools have helped to study the rates
and shapes of subaerial mass growth of lava deltas (e.g. Mattox et al.,
1993; Umino et al., 2006), while bathymetric technologies have
contributed to a more detailed understanding of the submarine config-
urations of lava flows that penetrate the ocean (e.g. Mitchell et al., 2008;
Bosman et al., 2014).

The generation of vitric sands (hyaloclastites) and volcanic breccias
on lava flows that reach the coastal waters, produces an abundance of
fragmentary materials at the base of the lava deltas. To the point of
generating underwater structures similar to Gilbert-type river deltas
(Ramalho et al., 2013). The generation of fragmentary subaqueous
structures in lava deltas has been reported since the early 20th century
(Russell, 1902, in Fuller, 1931) and has been documented in detail by
later authors (Moore et al., 1973; Mattox and Mangan, 1997; Skilling,
2002; Ramalho et al., 2013; Soule et al., 2022). At Kilauea Volcano
(Hawaii), Mattox and Mangan (1997) described hydrovolcanic explo-
sivity associated with the penetration of basaltic lavas into the ocean.
Moore et al. (1973) also observed the fragmentation into sand and
breccia of pahoehoe lavas penetrating the sea. From the Canary Islands,
Furnes and Sturt (1976) analyzed the transitional structures between the
subaerial part and the subaqueous base as a function of tidal conditions
and the morphological and rheological characteristics of the lava flows.
Smellie et al. (2013) recognized a massive subaerial unit overlying a
chaotic subaqueous unit with an abundant mixture hyaloclastite and
vesicular clinkers on the Antarctic coasts.

Associated with the formation of the lava deltas generated in the
eruption of La Palma in 2021, a series of beach-type epiclastic accu-
mulations emerged on the new coastline filling in the erosive inlets at
the front of these deltas. The formation and early evolution of beaches
during volcanic eruptions is a phenomenon that has received little
attention in the literature, despite the importance of beaches as a social
resource. It is mentioned by Anderson (1903) in his description of his-
torical eruptions in the West Indies; by Isshiki (1964) with respect to the
eruptions on the island of Miyake-jima; and by Siggerud (1972) in
reference to the 1970 eruption on the island of Jan Mayen. Calvet et al.
(2003) comment on it in relation to recent eruptions on the island of La
Palma and Eiriksson (1990) highlights the erosion of the delta cliff front
as the main precursor of the production of sandy sediments on the coast
in Iceland. Moore et al. (1973) and Ramalho et al. (2013) also remark on
the phenomenon of the formation of new volcanic black sand beaches on
the delta flanks in oceanic islands.

It can be stated that, although the mechanisms associated with the
penetration of lavas into the sea, as well as their resulting structures and
shapes, are relatively well established (Moore et al., 1973; Mattox and
Mangan, 1997; Skilling, 2002; Ramalho et al., 2013; Soule et al., 2022),
the formation of new coastal beaches at lava delta fronts is a relatively
poorly investigated phenomenon. Although some studies mention the
formation of beaches associated with lava deltas (Anderson, 1903;
Isshiki, 1964; Siggerud, 1972; Moore et al., 1973; Eiriksson, 1990;
Calvet et al., 2003; Ramalho et al., 2013), no detailed monitoring of
beaches generated in coastal environments of active volcanic islands has
been carried out. Therefore, the aim of this paper is to document this
phenomenon in detail by analyzing the formation times of beaches
arising in the lava deltas of the Tajogaite volcano (La Palma, Spain,
2021). Moreover, their early subaerial dynamics in the first three to five
months after the stabilization of the lava fronts are described.

2. Study area

The 2021 Tajogaite eruption took place on the island of La Palma, at
the westernmost volcanically active end of the volcanic island chain of
the Canary Islands. This archipelago lies in the northeastern Atlantic
Ocean, at about 28° north latitude and 15° west longitude, forming an
east-west subalignment of eight major islands on the African tectonic
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Fig. 1. Location of the Canary Islands, the island of La Palma and the eruptive
complex of the Tajogaite volcano. The photo is from early October 2021, during
the first growth phase of the southern delta.

plate (Fig. 1). Although evidence of a succession of ages (Lanzarote =
15.5 Ma, Fuerteventura = 20.6 Ma, Gran Canaria = 14.5 Ma, Tenerife =
7.5 Ma, La Gomera = 12.5, La Palma = 2.0 Ma, El Hierro = 1.1 Ma) has
led to interpretation of the archipelago as a hotspot model (Wilson,
1963; Langenheim and Clague, 1987), with geophysical peculiarities
that explain its “imperfect” spatio-temporal arrangement and long sur-
vival periods (Carracedo et al., 1998, 2001; Schmincke and Sumita,
1998; Carracedo, 1999; Acosta et al., 2005), the formation model and
development of the Canary Islands is still under debate (Anguita and
Hernan, 2000; Blanco-Montenegro et al., 2018).

The Tajogaite volcanic complex occupies an area of 12,250,000 m>
in the central-western sector of the island of La Palma, northwest of the
Cumbre Vieja volcanic ridge. Cumbre Vieja is a north-south rift formed
during the Upper Pleistocene and Holocene (Carracedo et al., 2001;
Acosta et al., 2005; Hoernle and Carracedo, 2009). With seven historical
eruptions (Hernandez-Pacheco and Valls, 1982), it is considered the
most active volcanic area in the Canary Islands. The eruption of the
Tajogaite volcano was the product of a Strombolian-style monogenetic
activity, typical in oceanic islands (Carracedo and Troll, 2016), with
abundant pyroclastic emissions and fluid lava flows, mostly of type 'a'a.
More than 150 million cubic meters of lava were emitted from the
eruptive vents (Civico et al., 2022) and flowed downslope until reaching
the western coast. The lava flows plunged down the coastal cliffs and
advanced along an island shelf (500 m wide and 25 m deep in average),
forming two 'a'a lava deltas backed by fossilized coastal escarpments
(Fig. 1). The southern delta is the larger and formed in two events of lava
flow penetration into the sea. The first occurred between 29 September
and 9 October 2021, and the second between 13 November and 18
November 2021. It has an area reclaimed from the sea of 420,227 m?
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Orthophotos used for the evolutionary study of the new beaches in the lava deltas of the Tajogaite volcano, indicating the oceanographic conditions (tide and swell) at
the time the image was taken according from SIMAR point 4006017 (Spanish State Ports).

Ortophotos Tidal and wave conditions

Date Time Resolution (cm) Vehicle Measuring error (%) Tide (cm) Hs (m) Tp (s) Direction (quadr.)
29/09/2021 12.00 80.0 Drone” 4.76 -14.7 1.65 13.3 NwW
29/09/2021 18.00 25.0 Drone” 0.88 17.0 1.55 13.3 NW
09/10/2021 18.00 25.0 Drone” 1.37 15.9 1.56 12.1 NwW
10/10/2021 15.00 25.0 Drone” 1.04 83.1 1.13 11.0 NwW
11/10/2021 12.00 25.0 Drone” 1.14 —45.8 1.04 16.1 NwW
18/10/2021 11.30 15.0 Drone” 1.48 90.8 0.76 9.10 NW
25/10/2021 10.30 15.0 Drone” 0.88 —42.3 1.45 16.1 NwW
01/11/2021 09.30 50.0 Drone” 1.66 64.5 1.46 12.1 NwW
10/11/2021 12.30 20.0 Drone” 1.26 —44.4 0.84 14.7 NwW
13/11/2021 11.00 30.0 Drone” 1.12 40.6 1.16 13.3 NwW
18/11/2021 11.00 20.0 Drone” 0.75 60.4 1.16 13.3 NwW
20/11/2021 10.00 25.0 Drone” 0.48 -19.2 0.85 12.1 NW
24/11/2021 10.15 20.0 Drone” 0.88 —43.2 1.14 10.0 NwW
26/11/2021 10.00 25.0 Drone” 0.85 —18.5 0.63 9.10 SW
01/12/2021 10.30 15.0 Drone” 1.02 79.3 0.70 11.0 SwW
07/12/2021 10.30 15.0 Drone” 1.03 —-78.8 0.88 13.3 NwW
08/12/2021 09.20 20.0 Drone” 2.32 —75.4 1.32 14.7 NW
12/12/2021 09.00 20.0 Drone” 0.86 53.7 1.57 16.1 NwW
15/12/2021 11.00 25.0 Drone” 0.59 61.4 2.10 13.3 NwW
14/01/2022 12.00 50.0 Satellite” 1.58 35.7 1.07 13.3 NwW
01/03/2022 - 12.5 Aircraft® 1.45 - - - -
06/05/2022 - 16.0 Aircraft - - - - -

# Orthoimage property of the La Palma Island Council and developed by TICOM SOLUCIONES S.L.
b Orthoimage property of the Government of the Canary Islands and developed by GRAFCAN S.A. from Airbus DS GEO Pleiades images.
¢ Orthoimage property of the Government of the Canary Islands and developed by GRAFCAN S.A.

and a subaerial volume of 9,391,854 m®. The northern delta is notably
smaller and formed from a single event between 23 and 24 November
2021. It has an area reclaimed from the sea of 48,556 m? and a subaerial
volume of 552,424 m°. The two deltas are part of a volcanic complex
with a high geoheritage value in the context of the geology of the Canary
Islands (Doniz-Paez et al., 2022; Ferrer et al., 2023) and is included in
the Spanish Inventory of Geosites.

3. Methodology

The identification and monitoring of the formation phases of the lava
deltas and the new beaches were carried out by observing a time series
of digital orthophotos taken during the eruption, between October and
December 2021, and after the eruption, between January and May 2022.
The 2021 orthophotographic series comes from the photogrammetric
restitution of aerial images obtained on board unmanned aerial vehicles
(UAVs) and is available for consultation on the open access data plat-
form of the La Palma Island Council (https://www.opendatalapalma.
es/) through the Web Map Service protocol (WMS). It consists of 50
orthophotos, 20 of which were selected to delineate the subaerial con-
tours of the deltas, in their different phases of growth, and of the beach
surfaces originating from the new coastline (Table 1). For analytic
purposes, the images were grouped into low tides and high tides ac-
cording to the tidal moment. The average frequency from the selected
series is approximately weekly and the average spatial resolution is ~25
cm pix~l. The 2022 orthoimages come from satellite platforms and
manned photogrammetric flights with average resolutions of ~25 cm
pix !, and are available for open consultation in the Spatial Data
Infrastructure of the Canary Islands Government (https://www.idecan
arias.es/) via WMS protocol (Table 1). Delimitation of the delta and
beach contours was carried out by photo-interpretation in a GIS delin-
eation environment, at a constant scale of 1:500, under a double crite-
rion. First, by taking the water-land boundary, or perimeter of the
flooded area; and then, by taking the dry beach boundary, or perimeter
of the wet sand.

The study covered only the subaerial beach and does not include
information from the submarine part of the system. The joint

observation of the growth phases of the lava deltas and of the new
beaches made it possible to delimit their emergence timing. Their sub-
sequent evolution was studied by means of dichotomous, variability and
trend analyses. The dichotomous analysis includes the identification of
beaches and their temporal evolution in terms of maintenances, disap-
pearances, disintegrations or coalescences. The short-time variability
analysis reports the magnitude of beach surface growth or decline and
the magnitude of shoreline advance or recession in terms of normalised
relative rates (Vg,) and absolute indicators (Shoreline Change Envelope
and Net Shoreline Movement). The trend analysis of shorelines and
beach surfaces provides an overall short- and medium-term evolutionary
perspective using linear regressions and End Point Rate values with
DSAS v5.0 software (Himmelstoss et al., 2018), using transects every 10
m and mean positioning uncertainties of 5 m at mean high water
(MHW).

To ensure the comparative reliability of the measurements between
orthophotos, longitudinal deviations were calculated with respect to the
May 2022 orthophoto, whose planimetric error is higher than 0.62 m
and lower than 1 m (GRAFCAN S.A., Government of the Canary Islands).
The average deviation of the planimetric lengths, taking 10 ground
control points not altered by the eruption, ranged from 4.76 % (in the
orthophoto of 29/07,/2021 at 12.00 h) to 0.48 % (in the orthophoto of
20/11/2021 at 10.00 h), with an overall standard deviation of 0.89 %
(Table 1). The deviation values are much lower than the planimetric
error of the May 2022 reference image (62-100 cm) and the resolution
of the orthophoto series (12.5-80 cm), allowing confident comparisons
to be made.

The swell analysis covers the period from 29 September 2021 to 6
February 2022. The raw data came from the Spanish State Ports SIMAR
point 4006017 (Longitude: 18.00° W - Latitude: 28.67° N), located in
deep water 7.5 km NW of the nearest sector of the lava delta. The SIMAR
stations are simulation or re-analysis points that provide hourly mean
values of different wave parameters, obtained by the numerical
modelling of direct measurements from oceanographic buoys. The var-
iables analyzed were the daily mean and maximum significant height
(Hs), the daily mean peak period (Tp) and the daily mean direction.


https://www.opendatalapalma.es/
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https://www.idecanarias.es/
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Fig. 2. Cartographic inventory of the delta formation phases of the Tajogaite volcano (La Palma, Canary Islands) and of the 34 beaches that emerged during the three

events of the lava penetration into the sea.
4. Results
4.1. Emergence timing and beach census

Based on observation of the orthophotographic series, a total of 34
beach landforms suddenly emerged as a result of the penetration of
Tajogaite volcano lava flows into the submarine shelf in three consec-
utive events. The final stabilization of the lava front during the first
episode of construction of the southern delta occurred on 9 October
2021, and aerial photographs of 11 October, taken at 12 a.m. by cameras
attached to a UAV, already reveal the appearance of 16 sedimentary
deposits filling the rocky coast inlets. Therefore, <48 h elapsed from the
time the lava front ceased its subaerial progradation along the platform
until the incipient sedimentary beach bodies formed along the shores
(Fig. 2, yellow). The second episode of construction of the southern delta
started around 13 November 2021 and ended with the stoppage of the
lava fronts on 18 November. This episode caused the delta to grow
southwards, attaching to an earlier delta-type platform built from the
superposition of historical eruptions on an older Pleistocene platform
(Carracedo et al., 1994). As can be seen in the orthophotographic series,
the growth of the delta towards the south, together with the advance of a
small flow on the northern flank, buried 5 of the 16 beaches that had

developed during the first event of the formation of the southern delta,
but produced, once again, the sudden formation of beaches on the new
coastline. Thus, on 20 November at 10.00 a.m., approximately 48 h after
the stabilization of the lava fronts, 13 beach deposits were again
observed on the coastline (Fig. 2, orange). The third episode of delta
formation took place on 24 November ~1 km north of the southern
delta. This event produced the construction of a small lava fan of only
48,556 m? of emerged surface, where, for the third and last time, the
sudden formation of 5 beaches could be observed after the stalling of the
prograding lava front. Aerial images again reveal that the formation of
the beaches occurred within a maximum lapse of 48 h, between 24
November at 10.15 a.m. and 26 November at 10.00 a.m. (Fig. 2, pink).

The beaches formed immediately after the three seaward penetration
events were small in magnitude (Fig. 3). Beaches of the first event had a
mean surface area between October and December 2021 of 608.1-646.8
m? (difference between high and low tides, respectively), with two or-
ders of magnitude between the smallest beach (21.4-49.8 m?) and the
largest (2859.5-2244.7 m?). Those of the second event had an average
surface area (from November to December 2021) of 180.6-203.8 mz,
with two orders of magnitude between the smallest (180.6-203.8 m)
and the largest beach (2510.1-2795.1 mz); and those of the third event
had an average surface area (from November to December 2021) of
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Fig. 3. Temporal relationship between the episodes of seaward lava intrusion (grey stripes) and the sudden beach emergence between September and December
2021, with the expression of their surface magnitude during the first months. From top to bottom, the three events; from left to right, the surfaces at low tide and

high tide.

884.6-1029.4 m?, with two orders of magnitude between the smallest
(65.0-108.3 m?) and the largest beach (3137.8-3998.0 m?).

4.2. Maintenances, disappearances, coalescences and disaggregation

Once the beaches appeared suddenly (<48 h), they showed a high
general durability throughout the time series of aerial images in the
following months. Of the 16 beach deposits that appeared during the
first event of the southern delta formation, only 2 could disappear due to
dynamic causes (no. 7 and 12, Fig. 4), and 5 beaches were directly
buried by the prograding lavas of the second event (no. 1, 9, 10 and 11,
Fig. 4). With respect to the beach no. 12, may have disappeared due to
the cumulative effect of Hs (significant wave height) >1.5 m during five
days at the end of October and the beginning of November. And related
to the beach no. 7, probably due to the storms of December, a month in
which an average daily Hs of 2 m was exceeded on 48 % of the days and
a maximum Hs of 4 m was reached on the 23rd and 24th days (Fig. 5).
Similarly, of the 13 beaches that appeared after the end of the second
constructive event in the southern delta, none disappeared in the
following weeks and months, and, as an exception to the generally rapid
appearance of beach bodies, a new deposit was formed more than two
weeks after the front stopped (no. 16b, Fig. 4). The suddenly formed
beaches in the northern delta were maintained during the following
weeks and months, with the exception of the beach no. 24 (Fig. 4), which
probably disappeared due to causes related to the Atlantic swells at the

end of December 2021 (Fig. 5).

As could be detected through the weekly series of aerial images, most
of the suddenly formed beaches persisted, albeit with significant short-
term changes, mainly in the form of coalescence and disintegration
between them (Fig. 4). Aggregation was the main evolutionary feature
during the weeks and months following their appearance. A total of 6
beach deposits, out of the 16 identified in the first 48 h during the first
construction event of the southern delta, had merged with others bea-
ches two months later. Thus, beaches 5a-5b-5¢ merged into beach 5 and
beaches 8a-8b-8c into beach 8. Likewise, of the 13 beaches suddenly
formed after the second episode of lava progradation in the southern
delta, 9 underwent coalescent evolutions in the following weeks and
months, so that beaches 13a-13b merged into one, as did beaches 16a-
16b, 20a-20b-20c and 21a-21b (Fig. 4). By early May 2022, approxi-
mately 5 months after the end of the Tajogaite volcano eruption, 80 %
(n = 27) of the beach accumulations formed suddenly in the various
events of lavas entering the sea had persisted. In this sense, 52 % of those
cases had done so individually or aggregated into larger beach entities
(these latter cases in 48 % of those cases). Of the beaches that dis-
appeared (n = 7), only 3 could have been by erosional dynamics, while
the remaining 4 were directly buried by the arrival of later lava flows
(Fig. 4).
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4.3. Short-term surface variabilities in the eruptive period

The durability shown in the following months by the beaches of the
Tajogaite lava deltas was marked by significant short-term morpholog-
ical mutability (Fig. 6). The beaches formed during the first event in the
southern delta maintained high surface dynamics between 10 October

and 10 December 2021. Taking the dry beach observable limit as a
reference, the surface variation rates (Vgy,) showed an absolute average
(JX]) of 12.2 %, with a range from —75.2 % (beach 6) to 92.8 % (beach
8) and a general average of 10-day growth, except in the periods 10-20
October (—42.8 %) and 1-10 December (—32.1 %). Considering the
land-water limit at low tide, Vg, showed a value |X| = 17.7 %, higher
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than under the previous observation criteria, with a range of —60.4 %
(beach 7) to 115.3 % (beach 8) and an overall average 10-day growth,
except in the period 20-31 October (—1.7 %, non-significant decrease).
Taking into account the land-water boundary at high tide, Vg, showed a
value |X| = 27.2 %, higher than under the two previous observation
criteria, with a range of —71.3 % (beach 2) to 285.4 % (beach 3) and an
overall average 10-day growth, except for the periods 10-20 October
(—31.7 %) and 20-30 November (—5.3 %, non-significant decrease).

Beaches formed during the second event in the southern delta were
even more dynamic than those of the first event during the same period
(20 November to 10 December 2021). Taking the dry beach observable
limit as a reference, Vg, showed a value |X| = 27.9 %, with a range from
—68.2 % (beach 18) to 176.9 % (beach 16) and an increasing average
rate for the period 20-30 November (47.0 %) and a decreasing one for
the period 1-10 December (—14.3 %). In addition, the land-water
boundary at low tide, Vg, showed a value |X| = 24.6 %, with a range
of —2.2 % (beach 19) to 223.9 % (beach 16) and a significantly positive
average variation for the period 20-30 November (40.7 %) and for the
period 01-10 December (20.7 %). Looking also the land-water boundary
at high tide, Vg, showed a value |X| = 24.7 %, with a range from —21.9
% (beach 19) to 166.1 % (beach 16) and a significant average growth for
the period 20-30 November (33.3 %) and non-significant for the period
01-10 December (4.0 %). The beaches formed during the third event in
the northern delta showed a similar dynamism to the beaches of the
second event in the southern delta, for the same period (1-10 December
2021). Considering the land-water boundary at low tide, Vg, showed a
value |X| = 7.0 %, with a range from 3.2 % (beach 24) to 28.8 % (beach
22) and a very positive overall average of 167.4 %; and with respect to
the land-water boundary at high tide, Vg, showed a value |X| = 66.8 %,
with a range from —23.6 % (beach 23) to 550.9 % (beach 26) and an
average positive growth rate of 19.4 %.

The largest beach decreases, observed in the periods 1-10 October
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Table 2

Dynamics and trends of shorelines on Tajogaite lava delta beaches between
October and December 2021, according to the indicators SCE = Shoreline
Change Envelope (meters); NSM = Net Shoreline Movement (meters); EPR =
End Point Rate (meters day~'); EPR-UN = Uncertainty of End Point Rate (meters
day1); LRR = Linear Regression Rate (meters day '); R2 = R-squared adjust-
ment of the LRR estimate; LSE = Standard Error of the LRR estimate (meters);
SS=Statistical Significance at confidence level, %.

ID SCE NSM EPR EPR-UN LRR R2 LSE SS

1 12.89 -12.89 -1.61 0.88 - - - -

2 5.59 —4.96 -0.11 0.17 —0.09 0.63 1.49 95.0
3 2.88 —2.88 —0.14 0.34 - - - -

4 9.09 —9.09 -0.14 0.11 —0.13 0.84 1.92 90.0
5 7.22 -1.94 -0.11 0.28 0.06 0.25 4.12 90.0
6 10.86 1.04 0.02 0.13 0.11 0.34 4.16 90.0
7 4.86 -2.75 —0.03 0.33 —0.14 0.49 4.30 -

8 11.81 1.20 —0.03 0.15 0.06 0.52 3.80 95.0
9 4.63 2.10 0.12 0.36 0.09 0.20 3.16 -
10 5.14 4.59 0.26 0.36 0.14 0.73 1.11 -

11 6.91 6.91 0.30 0.31 0.36 0.95 1.34 90.0
12 8.64 0.20 0.01 0.31 0.08 0.08 6.34 -

13 2.03 —1.46 —0.07 0.35 —0.06 0.45 1.00 -

14 3.70 0.26 0.01 0.29 0.01 0.43 1.94 -

15 4.95 —4.87 —0.20 0.29 -0.19 0.90 0.81 95.0
16 3.10 —0.62 0.03 0.51 -0.21 0.86 0.83 -
17 15.67 —15.67 —0.65 0.29 —0.63 0.86 4.28 -
18 5.21 5.14 0.21 0.38 0.29 0.92 1.61 90.0
19 6.12 —5.51 —0.24 0.33 —0.25 0.76 1.84 -
20 5.27 -1.62 —0.08 0.35 —0.07 0.60 2.30 90.0
21 2.89 1.57 0.06 0.49 0.17 0.97 0.38 99.0
22 2.96 —2.96 -0.21 0.51 - - - -
23 7.41 —6.88 —0.49 0.51 - - - -

25 5.60 5.60 0.40 0.51 - - - -
26 3.24 3.24 0.23 0.51 - - - -

and 1-10 December, cannot be clearly associated with the oceano-
graphic conditions observed in the analysis of the wave series at SIMAR
4006017 (Fig. 5). In contrast, the generally increasing 10-day surface
area variation is consistent with the overall observed conditions being
low in energy and dominated by accretive swells. Between 10 October
and 10 December, on only 11 days did the Hs value exceed 2 m at some
time with NW swells, and on only one day did it reach 3 m.

Beach growths may be associated with widening of the backshore
due to erosional retreat of the delta rock front rather than prograding
shorelines on the beach faces. Between October and December 2021, the
SCE indicator marked a mean of 6.3 m in absolute variation of shoreline
positioning at MHW, with a maximum of 15.7 m (at beach 17) and a
minimum of 2.0 m (at beach 13) (Table 2). According to the NSM and
EPR indicators, the shoreline of the beaches had, between October and
December 2021, both regressive (beaches 1, 2, 3, 4,5, 7,13, 15,17, 19,
20, 22, 23) and prograding (beaches 6, 8, 9, 10, 11, 12, 14, 18, 21, 25,
26) trends. However, only on beaches 1, 4 and 17, was the uncertainty
associated with the positioning lower than the EPR value itself. Linear
regression rate (LRR) trends mostly coincided with trends in NSM and
EPR, but showed an opposite sign (prograde) for beach 5. According to
the LRR indicator, trends were significant at 90 % confidence for bea-
ches 2, 4, 5, 6, 8, 11, 15, 18, 20 and 21, being higher than 95 % for
beaches 2, 8, 15 and 21, and higher than 99 % for beach 21.

4.4. Mid-term tendencies from eruptive to post-eruptive period

Between October 2021 and May 2022, the surface evolution of the
beaches also showed increasing and decreasing trends (Fig. 7). Five
months after the end of the Tajogaite eruption, linear regressions
revealed surface growth trends for beaches 2, 8, 13, 14, 16, 18, 20, 21,
23, 25 and 26, and decreasing trends for beaches 3, 4, 5, 6, 15, 17, 19
and 22. The highest growth was recorded at beach 21 (59.5 m? day 1)
and the highest decrease at beach 15 (—5.4 m? day ). The significance
level of the ANOVA test for these regressions exceeded 90 % for beaches



N. Ferrer et al.

Geomorphology 436 (2023) 108779

o 12 - 25 3 25 1
o ] o ] = - B
< 109 £203" O =t 52054(] m==0.07
L T p=0.18 | £ 1 5 p=0.83
T 515 1 o~ g153 [0
g 6 1 g 10 o E m Im
- £10 W----T & o101 VOF---
g N HEE
5 2 5 3 E B
] 0 ] ] 01 ] 0 ]
Ng_ 25 5 y N“E 12 N050 3
£ 20 3 | M= | =t 10 %40:
B - 8 _ 3
o 8 .3 © 30 3
© s 61 s ]
® ® E 20 A
< g 41 N
€ £ 5 3 £10 1
%) a 5]
(= A
Ng ~260 ] N020
t £ 15 ]
G G40 3 £
o ) S~
& 530 ; £10
g 820 1 8 5 ]
5 510 £ 7
(7] (7] 0 E (7)) 0 ]
S S 20 1 ~ 14 7
2 = 17 m=-4.4 912518 m=0.4
E £15 | p=0.45 | % ° ] R p=0.91
© 4 T !
o 9—’10 ] Ll S 8 3 0N
© © ] ! ~ = \
© ] 7 ~ © 6 3 . \
g § 51 O o 3 ="
8 € 5 1 S g 43 O
a a ] 5 23
0 1 ? 0
o~ >} 120 J !
S o' ] 2120 ]
N 2100 20 e 121
& € 80 3 & im=59.5
g 8 ¢ 80 3 p=0.01
& 60 £ 60 7
3 8 40 1 ® 40 3
£ € ] I
I 3 209 £ 20
w 0 E » 9 ]
o 80 3 10 ;
N‘—c_’ E NS 70 123 m=301 & ]
o 20 3 ;50 3 =Y
o . 3 8 oY 3 m| 6
s 15 3 & 40 3 [ 2 3
8 40 ] 8 30 3 O---1u © 43
g 8 20 3 g,
A @ 10 3 5“9
0 Frrrrrrrrrrrrre 0 SRS
A A A A 2 3
I I o \\\0‘5‘1“’::\\“‘10?;\«ﬂl%;\°'m°§g\°?"wf;@®ﬂ \«\09‘10?\«“"ﬂi\«'ﬂ'LQ?,;\0’”"‘0233\03"‘@:';\05"‘011
Date Date Date

Fig. 7. Mid-term surface growth trends on Tajogaite lava delta beaches, estimated by linear regression, where slopes (m) are m? per day. The colours correspond to

the three events of lava delta formation (first: yellow; second: orange; third: pink).

8, 13, 14, 16, 20, 21, 25 and 26 (all with positive surface growth), of
which only beaches 13, 21, 25 and 26 reached a significance level of 95
%, and only beaches 13 and 26 exceeded a significance level of 99 %. In
this same period, the shoreline experienced progradational trends on
beaches 8, 13, 14, 20, 21 and 26, and regressive trends on beaches 2, 3,
4,5, 6,15, 16, 17, 18, 19, 22, 23 and 25; which were significant at the
95 % level on beach 8 and at the 99 % level on beaches 13, 14, 16, 20
and 21. The maximum progradation was recorded on beach 13 (0.14 m
day’l) and the maximum regression on beach 17 (—0.20 m day’l). In
five cases (beaches 2, 16, 18, 23 and 25) where the beach widening was

caused by the recession of the rocky foreshore front, the surface growth
trend was accompanied by a regressive trend of the shoreline.

The distribution of these mid-term trends marks a north-south
geographical pattern in both deltas (Fig. 8). In both the northern and
southern deltas, medium-term beach growth has been maximum, and
statistically significant, on the northern and southern flanks (beaches 13
and 21 in the southern delta and beaches 25 and 26 in the northern
delta). Likewise, the negative growth and disappearance of beaches is
concentrated in the central sectors of the lava deltas and, above all, in
those most exposed to the dominant NW swells (beaches 3 to 7 in the
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southern delta and beach 22 in the northern delta). The period from 10
December to 2 January was the most energetic of the swell series
analyzed (Fig. 5). Particularly between 19 and 26 December, when Hs
values of 2 m were exceeded on eight consecutive days, and between 23
and 24 December, when over 4 m (Hs) swells from the NW occurred with
peak periods of 16 s that could have significantly affected the NW-
oriented beaches.

5. Discussion

The formation of beaches during volcanic eruptions has been
referred to in works that dealt with near-shore eruptive processes
(Anderson, 1903; Isshiki, 1964; Siggerud, 1972; Moore et al., 1973;
Eiriksson, 1990; Calvet et al., 2003; Ramalho et al., 2013). In the Canary
Islands, it was reflected, for example, in the chronicles of Don Juan Pinto
of 17 January 1678 (Romero Ruiz, 1991), who describes how the great
emission of ‘sand’ during the eruption of the San Antonio volcano

(island of La Palma) turned the rocky shores of the 'a'a lava field into a
sandy beach. This eruption in 1677 produced some similar morphol-
ogies to the Tajogaite deltas, and the presence of beaches can still be
observed in several sectors. In fact, the presence of beaches in the
shorelines of lava deltas is relatively frequent in the Canary Islands, in
particular on the island of La Palma, where deltas are more abundant
due to the high volcanic activity. About 37 % of the shore of La Palma is
formed by lava deltas (Ferrer-Valero, 2018; Ferrer-Valero et al., 2019).
Some 17 % of the coasts of these deltas are pebble and boulder beaches,
and 8.5 % are sand and gravel beaches. The frequency of pebble beaches
on the island of La Palma is higher outside deltas (44 %) than inside (17
%), but sand and gravel beaches are clearly more frequent on delta
shores (8.5 %) than outside (4.9 %). These observations suggest that lava
deltas may be relatively favorable coastal environments for the devel-
opment of fine- and medium-grained beaches.

Although this fact has been acknowledged in the literature, until now
there have been no data and images published on the early evolution of
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Fig. 9. Example of syn-volcanic beach formation and evolution in the southern delta of Tajogaite Volcano. (a) Beginning of the second penetration of lava flows into
the sea on 11 November 2021; (b) the lava flows continue to advance on the island shelf on 15 November; (c) by 20 November the front has stabilized and beaches
16a, 17 and 18 appear; (d) on 1 December, beach 16b, which appeared a few days earlier, is observed; (e) on 1 December, a small lagoon is enclosed between beaches
16a and 16b, and the promontory where beach 17 develops begins to erode; (f) at the beginning of May 2022, beaches 16a and 16b have merged into one, beach 17
has receded by dozens of meters, losing part of its surface, and beach 18 persists by filling in a small inlet to the south.

beach formations during volcanic events. The Tajogaite eruption of
2021 has allowed us to document three consecutive episodes of lava
flows penetrating the sea (Figs. 2 and 3), where the formation of coastal
beaches occurred at intervals of <48 h, which is why we call this type of
formation syn-volcanic beaches (simultaneous to the eruptive events).
Sudden beach formation associated with the stabilization of a lava delta
advance front can be associated with the rapid accumulation of frag-
mentary materials produced by the contact of lava flows with seawater.
This penetration typically causes explosions with abundant production
of glassy sands (hyaloclastites) and volcanic breccias at the shoreline
and shoreface of the deltas (Moore et al., 1973; Furnes and Sturt, 1976;
Mattox and Mangan, 1997; Skilling, 2002; Ramalho et al., 2013; Smellie
et al., 2013; Soule et al., 2022). The rapid accumulation of these frag-
mentary materials by waves and currents could be the main mechanism
for the rapid formation of beaches during the entering of lavas into the
sea. However, the accumulation by waves and currents of ash and lapilli,
deposited on the island shelf prior to the advances of the lava deltas
could also have contributed significantly. The aerial emission of frag-
mentary lapilli and ash materials from the main eruptive centers of the
Tajogaite volcano, ~5.5 km from the coast and ~1200 m asl, was very
abundant between September and December 2021 and affected a radius
of several kilometers (even reaching Tenerife, La Gomera and El Hierro).
So the arrival of this type of material to the lava deltas of Tajogaite, and
its re-deposition by waves on shoreline, could be expected.

The sudden appearance of these beaches during the eruptive event
was followed by high mid-term durability and a general process of
coalescence between beaches (Fig. 4, and see Fig. 9 for an example). In
turn, the durability was accompanied by high morphological instability
during the first weeks and months (Fig. 5). The beaches of the first event
showed 10-day mean surface area variation rates of 19.0 %, with a
maximum decrease of —75.2 % and a maximum growth of 285.4 %.
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Those of the second event repeated a highly unstable behavior at 10
days, with average variation rates of 25.7 %, maximum decrease of
—68.2 % and maximum growth of 223.9 %; and those of the third event
were again highly changeable on a decadal scale, with average variation
rates of 36.9 %, maximum decrease of —23.6 % and maximum growth of
550.9 %.

Rapid erosion of mature beaches, in equilibrium with the incident
energy regime, is usually related to strong human disturbance of the
shoreline (e.g. Saengsupavanich et al., 2008; Phillips, 2008a, 2008b;
Marrero-Rodriguez et al., 2020, 2021) or storm surges (e.g. Harley et al.,
2017; Cheng and Wang, 2019); circumstances that did not occur be-
tween mid-October and mid-December 2021 on the newly formed
beaches in the Tajogaite volcano deltas. Therefore, it has not been
possible to establish a particular relationship between the dynamics of
surface decline and shore erosion and the daily wave conditions in the
first two months, as these were generally low in energy (in fact, the main
trend of the beaches in these first months was of progressive
enlargement).

The great surface and shoreline variability can be interpreted that
the syn-volcanic beaches, after a sudden appearance during the eruptive
period, due to the accumulation of fragmentary volcanic material, were
located outside morphodynamic equilibrium with the oceanographic
conditions, showing a more sensitive behavior to small wave dynamics
than the mature beaches. Thus, beach deposits formed suddenly would
follow very unstable behaviors due, foreseeably, to a situation of strong
morphological disequilibrium with the surrounding conditions. Such a
differentiated behavior between the beaches of such a small coastal
sector would support these observations. However, the inherent vari-
ability of short-term shoreline positioning, also on mature beaches (e.g.
Smith and Zarillo, 1990; Harley et al., 2011), should be taken into ac-
count and these data should be treated with caution in view of the



N. Ferrer et al.

Geomorphology 436 (2023) 108779

Fig. 10. Location of the main beaches of the Tajogaite lava delta in a field survey conducted on 15 January 2023, one year after the end of the eruption. Beaches have
not yet received toponymy: (a) beach 23 from the inventory, ~4300 m? (b) beach 14 from the inventory, ~4200 mz; (c) beach 16 from the inventory, ~2300 m?% (d)

beach 20 from the inventory, ~8200 m>. See Fig. 2 for locations.

positioning uncertainties linked to georeferencing, digitization and
instantaneous tidal and wave conditions in orthophotos (Himmelstoss
et al., 2018).

In the medium term, in the post-eruptive period, the beaches began
to show patterns of growth/decline and erosion/accretion consistent
with exposure to the dominant swell (Fig. 5). Indeed, the beaches with
the highest NW exposure (beaches 3 to 7) showed clearly regressive
surface losses and dynamics in the post-eruptive period, when the
largest NW storms began to occur (Figs. 5 and 8). At the same time, the
less exposed beaches, located on the flanks of the deltas, began to
experience accretionary dynamics and surface enlargement, probably
favored by sediment longshore transport from the erosional areas and
the backshore widening (Fig. 8).

Despite the observed patterns, a more complete understanding of the
morphodynamic behavior of the new beaches of Tajogaite will require a
simultaneous examination of subaerial and subaqueous geomorphic
transformations and structures. The Tajogaite volcano eruption signifi-
cantly modified the marine shelf bathymetry introducing complex rocky
structures that can determine wave breaking patterns, currents and
sediment transport. Geological controls on coastal sedimentary dy-
namics are common worldwide (Trenhaile, 2016; Gallop et al., 2020).
As in other many coasts (e.g., Munoz-Pérez et al., 1999; Jackson et al.,
2005; Gallop et al., 2012, 2013, 2020; Bosserelle et al., 2021; Rodriguez-
Padilla et al., 2022), features such as rocky headlands and nearshore
outcrops could largely control the sedimentary dynamics of the new
beaches of Tajogaite at local scale and explain some of the differential
beach behaviors.

In addition to the high short- and mid-term subaerial mutability of
the Tajogaite syn-volcanic beaches, their emergence was marked by a
sudden appearance (in hourly lapses) and high persistence, with only 3
out of 34 inventoried beaches disappearing completely, probably due to
dynamic causes during the eruptive and post-eruptive periods. In a field
visit to the beaches on 15 January 2023, approximately one year after
the end of the Tajogaite eruption, the research team was able to verify in
situ the significant development attained by some of these beaches of
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syn-volcanic origin (Fig. 10). The appearance in a few hours and annual
persistence of the Tajogaite beaches may raise new hypotheses about the
origin of natural beaches and the timing of evolutionary models on
volcanic coasts. When observing beaches that have been there for
hundreds or thousands of years, it is difficult to think that their origin
could have been so sudden, but the observations presented open up that
possibility. We now believe that many other beaches in regions like the
Canary Islands may have originated in this way.

In order to study their current equilibrium with the dynamic con-
ditions and their behavior in the future, the research team is analyzing in
detail the origin, shape and size of the sedimentary particles that make
up the beaches, as well as their three-dimensional morphology, as part of
a monitoring program that seeks to determine the stability and evolution
of these beaches in the medium and long term. It is expected, for
example, that the initial contributions of fragmentary volcanic material
(hyaloclastites, breccia and tephra) will be joined by new contributions
of carbonate marine sediments and sediments produced by long-term
weathering processes of the rock escarpments of the deltaic fronts.
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