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Abstract

The Canary Islands, a volcanic archipelago off the northwest coast of Africa, are frequently exposed to geohazards. The
2021 Tajogaite eruption on La Palma provided an opportunity to assess how volcanic activity and related seismicity
influence rockfall dynamics. This study statistically analyzed a dataset of 1,111 road-related rockfall incidents recorded
between 2019 and 2024, comparing event occurrence, severity, and lithological distribution across pre-, syn-, and post-
eruption periods. Events were classified based on operational descriptors, and linked to geological units to evaluate
lithological controls. While the total number of events remained nearly identical before (519) and after (517) the eruption,
the normalized rate of rockfall occurrence increased during the eruptive phase. Lithological distributions also differed
across periods: altered basalts consistently recorded the highest number of incidents; pyroclasts and colluvium increased
syn-eruption likely due to seismic shaking; and fresh basalts declined post-eruption, suggesting prior mobilization of
unstable material. This study provides empirical insight into how eruptive processes influence infrastructure-related
rockfall hazards on volcanic islands characterized by steep topography and narrow, low-redundancy mountain road
networks. Nevertheless, rockfalls also occurred consistently during non-eruptive periods, highlighting the need for
continuous slope hazard monitoring in environments such as La Palma where both eruptive and non-eruptive processes
threaten exposed infrastructure, population, and high tourist activity.
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1. Introduction

Rockfalls are rapid gravitational movements of detached rock blocks and fragments from steep slopes,
constituting a widespread form of slope instability [1]. Due to their rapid onset and high kinetic energy, such events
can threaten human life and damage infrastructure [2, 3]. Transport corridors are particularly exposed, as roads
frequently traverse unstable terrain or are excavated directly into rock masses [4, 5]. In this context, we adopt the
definition of a hazard as a natural process or phenomenon that may cause loss of life, property damage, or social and
economic disruption [6]. Accordingly, geological processes such as rockfalls are considered hazards only when they
pose a threat to human systems.

* Corresponding author: ncruzper@ull.edu.es

d https://doi.org/10.28991/CE]-2026-012-05-014
© 2026 by the authors. Licensee C.E.]J, Tehran, Iran. This article is an open access article distributed under the terms and
EY conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

1924


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0009-0006-8058-4190
https://orcid.org/0000-0002-0269-3029
https://orcid.org/0000-0003-1279-0823
https://orcid.org/0000-0002-9554-809X
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 12, No. 05, May, 2026

Substantial infrastructure damage, economic losses, and disruption of transportation networks associated with
rockfall occurrences have been documented worldwide [7-11], particularly in mountainous regions such as the Alps
[12-14], the Himalayas [15-17], and the Andes [18, 19]. Comparable impacts are observed in volcanic island
environments such as the Canary Islands [20], where steep volcanic terrain, constrained road networks, and intense
tourism-related traffic increase exposure to rockfall hazards.

Rockfall occurrence is controlled by internal factors related to rock mass and slope properties and external factors
capable of triggering detachment [8, 21]. Internal factors include lithology, rock strength, joints and fractures, fault
density, weathering properties, block size and geometry, and slope inclination, which together influence rockfall
susceptibility [9]. External factors may trigger rockfall detachment, including intense rainfall [22], freeze—thaw cycles
[23, 24], earthquakes and seismic shaking [25], erosion [8], and anthropogenic disturbances [26]. Seismic shaking is
widely recognized as a trigger of rockfalls and other slope failures [27-30]. Earthquake-induced rockfalls represent an
important secondary hazard within multi-hazard scenarios, as ground shaking associated with the propagation of seismic
waves can destabilize fractured rock masses and initiate both co-seismic and post-seismic rockfall activity [31]. In some
earthquakes, losses associated with these secondary hazards exceed those caused directly by the seismic event [32].
Low-magnitude earthquakes, when combined with rainfall or occurring as seismic swarms that produce repetitive
shaking, can trigger slope instabilities through progressive damage of fractured slopes [33, 34].

Volcanic regions commonly experience seismic swarms and repeated low-magnitude earthquakes associated with
magma migration and volcanic unrest, which can increase slope instability and promote rockfalls before, during, and
after eruptions [25, 35, 36]. Volcanic slopes are also characterized by steep relief and heterogeneous volcanic lithologies,
where volcanic rocks exhibit strong geomechanical heterogeneity and anisotropy, including voids, cavities, alternating
strata of different competences, and discontinuities of varied thermal, mechanical, and erosional origin [37]. These
characteristics favor rockfalls and other mass-wasting processes affecting volcanic terrains [38]. Slope instability in
volcanic environments often results from the combined action of several conditioning and triggering processes,
including magma emplacement, stress changes, pore-pressure variations, seismic activity, and hydrothermal alteration
[38, 39].

Previous studies have examined rockfalls associated with volcanic unrest and eruptive activity both as precursory
signals and as outcomes, including dome growth, pyroclastic activity, lava emplacement, and volcanic seismicity [35,
36, 40]. In volcanic environments like the Canary Islands, rockfalls and landslides are frequently associated with intense
precipitation, strong winds, thermal dilation associated with solar radiation, and seismicity linked to volcanic eruptions
[41]. Rockfalls occur frequently in the archipelago and cause significant economic losses along the road network and in
urban areas [42]. Exposure to rockfall hazards is further amplified by steep volcanic cliffs, constrained infrastructure
networks, and continued urban expansion into areas prone to mass movements.

Related regional studies include citizen science monitoring initiatives [43, 44]; rainfall-induced rockfalls in Tenerife
using operational road maintenance records [22]; geomechanical assessment of volcanic slopes and the development of
volcano-specific slope assessment indices [37]; geotechnical simplification and road-focused hazard assessment in Gran
Canaria [45]; and susceptibility and source-area modeling in El Hierro, where the 2011-2012 submarine volcanic
eruption triggered numerous rockfalls near the Los Roquillos tunnel, a critical transport infrastructure [46, 47]. Beyond
slope instability studies, infrastructure-focused analyses have shown that volcanic eruptions generate multiple hazards,
including lava, tephra, and gas, whose interaction with low-redundancy insular infrastructure can produce cascading
impacts across transport networks and other critical systems [48].

Taken together, previous research has primarily examined rockfall triggers, slope susceptibility and source-area
identification, and geomechanical behavior of volcanic slopes. However, the temporal evolution of rockfall hazards
during volcanic unrest and eruption sequences remains poorly quantified, particularly whether rockfall occurrence
changes before, during, and after eruptions when assessed using multi-year operational incident datasets, and whether
these patterns vary with lithological context. On active volcanic islands, where transport networks have limited
redundancy and rockfall activity directly affects accessibility, emergency operations, and continuity of essential services,
understanding the temporal dynamics of rockfall hazards is essential for both monitoring and risk management [49].

La Palma provides a particularly suitable setting to investigate these dynamics, as the island is characterized by steep
volcanic relief, intense erosional incision, and a road network strongly constrained by topography. Its most recent
eruption, the 2021 Tajogaite eruption of Cumbre Vieja, lasted 85 days and was preceded and accompanied by seismic
activity [50, 51]. Previous studies of the Tajogaite eruption have documented volcanic hazards, including lava flows,
tephra fall, and volcanic gas emissions, and their impacts on groundwater, infrastructure, land cover, and socio-
environmental systems through cascading disruptions across the island [52-59].

The eruption was preceded by a seismic swarm and followed by a prolonged post-eruptive adjustment period,
providing a unique temporal framework to examine rockfall hazards across successive pre-, syn-, and post-eruptive
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stages. In addition, the lithological heterogeneity of La Palma, including fresh basalts, altered basalts, pyroclastic
deposits, and volcanic or volcano-sedimentary units, provides a strong basis for assessing lithological controls on
rockfall dynamics.

This study is based on incident reports compiled by the Centro de Coordinacion Operativa Insular (CECOPIN) of
La Palma. From this operational database, rockfall incidents recorded between 2019 and 2024 were identified and
compiled into a structured dataset of 1,111 events affecting roads and accessible paths. Because the database primarily
records incidents requiring operational response, it captures rockfalls affecting infrastructure and mobility rather than
the full range of slope failures occurring in remote or inaccessible areas of the island that may not pose a direct hazard.
The statistical analysis examines how recorded rockfall occurrence and incident characteristics evolved across the pre-,
syn-, and post-eruptive phases of the 2021 Tajogaite eruption, evaluates whether these temporal patterns vary according
to lithological context, and assesses changes in descriptor-derived severity and associated impacts on infrastructure and
exposed populations.

The study brings together three dimensions that are rarely analyzed jointly: volcanic eruption processes, lithological
controls on rockfall occurrence, and road rockfall inventories. It aims to quantify changes in rockfall occurrence
associated with eruptive activity, relate recorded events to geological units, and evaluate their implications for road
infrastructure and public safety, providing a quantitative basis for hazard assessment and infrastructure planning on La
Palma and comparable volcanic islands.

2. Methodology
2.1. Study Area

The Canary lIslands archipelago lies in the Atlantic Ocean, about 100 km off the northwestern coast of Africa.
La Palma, one of the seven volcanic islands, is the fifth largest and the second highest in the archipelago. The island
covers 708 km? and reaches a maximum elevation of 2,430 m a.s.l. La Palma has a pronounced north-south
orientation and is comprised of two main volcanic units: the northern shield volcano and the southern volcanic ridge
of Cumbre Vieja, which is currently considered the most volcanically active sector of the archipelago. The island
has an average slope of 24.03°, and its steep relief promotes intense erosion and slope processes. The most recent
volcanic eruption on La Palma began on September 19, 2021 and lasted 85 days, ending on December 13, 2021
[51] (Figure 1).
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Figure 1. Spatial distribution of rockfall events on La Palma (Canary Islands) before, during, and after the 2021 volcanic
eruption, overlaid on topographic and lithological basemaps (IDECanarias). The 2021 eruption layer represents lava flows
produced (CRS: WGS 84/UTM 28N).
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2.2. Dataset Description and Processing

Rockfall events were compiled from operational reports provided by the Centro de Coordinacién Operativa
Insular (CECOPIN) of La Palma, which systematically documents incidents reported by emergency services and
municipal authorities. These records include all incidents requiring operational response or removal of rock
material from roads and accessible paths, whether performed directly by emergency services or coordinated
through municipal authorities, resulting in a consistent operational record of road-affecting rockfall events. From
this database, covering the period from 1 January 2019 to 7 May 2024, all entries referring to rockfall-related
events were identified and extracted (e.g., desprendimiento (D), derrumbe (DR), piedras (P)), while non-
geological incidents (e.g., dead animals, oil spills, traffic accidents, and other non-geological events) were
excluded (Figure 2).
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Figure 2. Workflow of the methodological framework used to process the CECOPIN incident reports

Following this filtering procedure, the resulting dataset comprised 1,111 operational records corresponding to
rockfall-related incidents. Of these, eight records (all from the pre-eruption period) lacked geographic coordinates.
During dataset preparation, records were identified, filtered, georeferenced, and transformed into a structured
analytical dataset. All subsequent data processing, descriptor coding, categorization, and spatial analysis were
conducted using Python 3 (including the libraries Pandas, NumPy, SciPy, Statsmodels, and Matplotlib) and QGIS
3.40.

Each CECOPIN record includes incident location, date and time, and a brief description provided by operational
technicians at the time of reporting. Descriptors ranged from single terms such as “desprendimiento” (rockfall) to more
detailed accounts including block size, detached rock mass volume, roadway obstruction, and whether machinery was
required for clearance. Because these records were consistently formatted in Spanish, recurrent descriptors were
extracted to develop a coding system. For example, P (piedras) referred to individual rocks, PO (piedras ocupan carril)
to rocks obstructing a lane, and DPGO (desprendimiento con piedras grandes ocupando carril) to a rockfall with large
boulders blocking the roadway. This procedure transformed the 1,111 rockfall records into a set of distinct incident
categories, which were then translated into English event types.

In total, sixteen geologically relevant categories were defined (Table 1), based on the type of mass movement and
the characteristics of the detached material described in the CECOPIN reports. The categorization considered the
material's composition and block size, and, when relevant, whether the incident caused significant road obstruction. The
resulting categories span from isolated rock detachment and minor rockfalls, through mass movements of varying
magnitude, to large-scale landslides involving large boulders. Table 1 lists these categories together with their associated
codes derived from Spanish descriptors (event code), and presents them in ranked order, from the lowest-impact category
(rocks) at the bottom to the highest-impact category (landslide with large boulders affecting roadway) at the top,
reflecting the hazard-oriented logic of the scheme.
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Table 1. Rockfall events categorization and severity assessment

Category Severity Severity code Class Event code
Landslide with large boulders affecting roadway Very high 5 Landslide DROPG
Large landslide Very high 5 Landslide DRG
Large rockfall affecting roadway Very high 5 Rockfall DGO
Rockfall with large boulders affecting roadway Very high 5 Rockfall DPGO
Landslide with large boulders High 4 Landslide DRPG
Large rockfall High 4 Rockfall DG
Rockfall with large boulders High 4 Rockfall DPG
Landslide affecting roadway Moderate 3 Landslide DRO
Landslide Moderate 3 Landslide DR
Rockfall affecting roadway Moderate 3 Rockfall DO
Rockfall Moderate 3 Rockfall D
Very large rock Low 2 Rocks PGG
Large rock(s) affecting roadway Low 2 Rocks PGO
Large rock(s) Low 2 Rocks PG
Rock(s) affecting roadway Very low 1 Rocks PO
Rock(s) Very low 1 Rocks P

Following the event categorization, each record was assigned a severity code derived from the operational descriptors
contained in the CECOPIN reports. Because the original records consist of qualitative field descriptions rather than
quantitative measurements, severity was defined using an ordinal, descriptor-based scale intended to approximate the
relative magnitude of the event. Higher codes indicate greater overall hazard severity, but gaps between ranks are not
assumed equal. The classification primarily reflects the inferred physical scale of the slope process, based on descriptors
indicating block size, estimated volume, and the extent of material mobilization. Consequences were generally not used
to determine severity, as impacts on vehicles or infrastructure may depend on chance exposure rather than process
magnitude. However, roadway obstruction was used to distinguish the highest severity level when descriptors indicated
failures producing significant blockage. The resulting severity variable should therefore be interpreted as an indicative
proxy of event magnitude rather than a direct quantitative measure. In this context, the severity scale is used as a
supporting indicator to explore potential variations in event magnitude across the study period rather than as a primary
metric of analysis.

Based on this rationale, we established a five-level rockfall severity scale (Table 2). The scale is ordinal and primarily
reflects the inferred magnitude of the slope process from CECOPIN descriptors, which are treated as indicative rather
than quantitative. It ranges from very low (code 1) for isolated small rocks consistent with minimal slope instability to
very high (code 5). Events at the highest level are those whose descriptors indicate the greatest slope instability; where
instability was comparable, levels 4 and 5 were separated by reported roadway obstruction. Because the descriptors are
operational notes rather than measurements, obstruction alone did not determine severity and occurs at lower levels as
well. Intermediate levels capture gradations between these end members, including clustered rockfalls, very large blocks
(car-sized), and accumulations of detached rock fragments indicative of localized slope failure. This procedure produced
a consistent severity classification that was applied to all geologically induced road incidents in the dataset.

Table 2. Severity classification and descriptions of categories

Severity Description
Descriptors indicate the greatest slope instability and largest mobilized volumes: either a large landslide, or a rockfall/landslide

Very high (5) involving large or very large boulders with reported roadway obstruction

High (4) Rockfall or landslide described as large or involving large boulders, without reported roadway obstruction
Moderate (3) Rockfall or landslide without size qualifiers, with or without roadway obstruction

Low (2) Large rocks present but no rockfall or landslide process indicated
Very low (1) Isolated small rocks with minimal evidence of slope instability

2.3. Geological Unit Association

In this study, geological units were assigned by performing a spatial join in QGIS between the shapefile of rockfall-
related events, and the official geological map of La Palma (Mapa Geotécnico de La Palma; Open Data La Palma). This
operation produced a single attribute table in which each event was associated with its corresponding lithological unit.
The geological units are identified by a unit code, terrain group, full description, and short name. A complete listing of
these units is provided in Table 3.
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Table 3. Geological units present in the study area, with identifiers and descriptions

Unit  Group Description Lithology
| T3 Cretaceous sediments, submarine lavas, plutonic rocks (gabbros, syenites), high dike density Basal complexes
I T1 Sialic lava flows and massifs Sialic flows
1] T3 Altered basaltic massifs; alternating compact basalt layers Altered basalts
\Y T1-T3  Fresh basaltic flows; aa or pahoehoe types, scoriaceous or with cavities Fresh basalts
\ T3 Loose or weakly cemented pyroclastic materials Loose pyroclasts
VI T2 Breccia formations; chaotic compact breccias of mono/polymictic nature Breccias
VII T3 Alluvial and colluvial deposits along ravines Alluvium/colluvium
VIl T3 Sandy soils; marine or aeolian sand deposits Sandy soils
IX T3 Clayey and/or silty soils; residual or lacustrine fine detrital material Clayey soils

To evaluate the relative susceptibility of geological units to slope failures, an ordinal ranking system was developed
based on four key geological attributes: (1) material cohesion and degree of lithification; (2) grain-size characteristics
and permeability; (3) intensity of chemical or hydrothermal alteration; and (4) structural fragmentation or brecciation.
Unconsolidated pyroclastic deposits and alluvial-colluvial materials received the highest susceptibility scores, whereas
fresh basaltic lava flows and crystalline basement complexes were assigned the lowest (Table 4). This classification
represents a qualitative susceptibility ranking based on the geological attributes described above and is used here as a
conceptual framework for interpreting the lithological context of recorded events. In this context, susceptibility refers
to the likelihood that a given area may experience a particular hazard based solely on conditioning factors, without
considering event frequency or consequences [60].

Table 4. Lithological susceptibility ranking framework

Susceptibility Lithology Description

Loose pyroclasts Unconsolidated or weakly cemented deposits with low cohesion, highly

very high (4 ) :
y high (4) Alluvium/colluvium  Prone to rapid slope failure

high (3) Clayey soils Fine-grained soils that lose shear strength when saturated or under
g Sandy soils changing pore-pressure conditions
moderate (2) Altered basalts Cohesive rock masses weakened by alteration or fragmentation; moderate
Breccias shear strength but localized failure risk
Sialic flows
low (1) Fresh basalts Well-lithified, competent volcanic and plutonic rocks with high strength

and minimal inherent instability
Basal complexes

3. Results and Discussion
3.1. Statistical Analysis, Severity and Rockfall Event Class Assessment

A temporal comparison of rockfall event counts was conducted across three periods: pre-eruption, during the
eruption, and post-eruption. The eruption period was defined using the official start and end dates of the 2021 Tajogaite
eruption (19 September—13 December 2021). The dataset includes 519 rockfall events recorded during the 982-day pre-
eruption period (~32.3 months), 75 events during the 85-day syn-eruption period (~2.8 months), and 517 events during
the 876-day post-eruption period (~28.8 months).

To examine severity distribution, rockfall events assigned a severity level 4 or 5 were analyzed separately. These
represent the highest categories within the operational descriptor-based severity scale. Such events accounted for 4% of
all records in the pre-eruption period (21 out of 519), 13% syn-eruption (10 out of 75), and 8% in the post-eruption
period (39 out of 517). Summary statistics for severity in each period are presented in Table 5. Mean severity values
were 2.31, 2.79, and 2.43 for the pre-, syn-, and post-eruption phases, respectively, while the median severity remained
constant at 3 across all periods.

Table 5. Summary statistics of rockfall event severity across pre-eruption, syn-eruption, and post-eruption periods

Period Count Mean severity Median
Pre-eruption 519 231 3

Eruption 75 2.79 3
Post-eruption 517 243 3
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The frequency distribution of rockfall event severities was analyzed for the pre-, syn-, and post-eruption periods.
Severity levels (1-5) were compared using a grouped bar chart in which the distribution for each period was normalized
to 100% (Figure 3). During the eruption period, the relative proportion of mid- to high-severity categories (levels 3-5)
increases, while lower-severity events (levels 1-2) decrease. In the post-eruption period, the distribution shifts toward
the pre-eruption pattern but retains a higher relative frequency of higher-severity categories compared to the baseline.
Because severity is inferred from qualitative operational descriptors rather than direct measurements, some uncertainty
in the assignment of severity levels cannot be excluded. The statistical comparisons presented should therefore be
interpreted as indicative patterns in rockfall event magnitude rather than precise quantitative differences.

63

m Pre-eruption
60

m Eruption

m Post-eruption

Relative frequency within period (%)

1 2 3 4 5
Severity Category

Figure 3. Proportional severity distribution of rockfall events during pre-eruption, eruption, and post-eruption periods

To assess whether rockfall severity differed among pre-, syn-, and post-eruption periods, several statistical analyses
were performed. A Chi-square test of independence was conducted on a 3x5 contingency table of event counts across
five severity categories (1-5) within each period to evaluate whether severity distribution differed among the three
periods. Pairwise Kolmogorov—-Smirnov (K-S) tests were then used to compare the distributions of severity scores
between periods. To examine whether the proportion of high-severity rockfall events (severity levels 4 and 5) differed
among periods, a 3x2 contingency table was analyzed using a Chi-square test of independence. Pairwise differences
between periods were evaluated using two-proportion Z-tests. Fisher’s exact tests were additionally performed to verify
results in comparisons involving small sample sizes.

The Chi-square test on Period x Severity contingency table (3x5) yielded a Chi-square statistic of > = 21.99 (df =
8, where df denotes degrees of freedom) with a p-value of 0.005, indicating that the overall distributions of severity
levels differ significantly across the pre-, syn-, and post-eruption periods.

Pairwise Kolmogorov—Smirnov tests were then applied to compare severity distributions between periods. The
Kolmogorov—-Smirnov statistic (D) and corresponding p-values were:

(i) Pre-eruption vs. syn-eruption: D = 0.18, p = 0.02
(if) Pre-eruption vs. post-eruption: D = 0.045, p = 0.64
(iii) Syn-eruption vs. post-eruption: D = 0.15, p =0.11

These results indicate a statistically significant difference only between the pre- and syn-eruption severity
distributions, whereas differences between pre- and post-eruption, and between syn- and post-eruption, were not
statistically significant.

The Chi-square test on the Period x High-severity contingency table (severity levels 4 —5) yielded x> = 12.1 (df =2,
p = 0.002), indicating a statistically significant difference in the proportion of high-severity events across the pre-, syn-
, and post-eruption periods.

(i) Pairwise comparisons of high-severity event proportions were conducted using two-proportion Z-tests (Z
denotes the test statistic). Fisher’s exact tests were also calculated, and the corresponding odds ratios (OR) are
reported below: Pre-eruption vs. syn-eruption: Z = -3.4, p = 0.001; Fisher’s exact OR = 3.7, p = 0.003

(if) Pre-eruption vs. post-eruption: Z=-2.4,p=0.02; OR=1.9, p =0.02
(iii) Syn-eruption vs. post-eruption: Z=1.7, p=0.09; OR =0.5, p=0.11
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These results indicate that the proportion of high-severity events was significantly higher during the eruption
compared with the pre-eruption baseline, and also higher in the post-eruption period relative to the pre-eruption period.
In contrast, the difference between the syn- and post-eruption periods was not statistically significant, suggesting that
the higher proportion of high-severity categories may have continued beyond the eruption but was not statistically
different between those two periods.

Because rockfall incidents may occur in short-term clusters related to common triggering conditions, strict
independence of observations cannot be fully guaranteed; therefore, the statistical comparisons presented here should
be interpreted as indicative patterns rather than strictly independent realizations.

Together, these statistical analyses indicate that the distribution and proportion of high-severity categories of rockfall
incidents differed significantly across the three study periods. This suggests that the eruption was associated with a shift
toward potentially more severe rockfall incidents, and that this pattern may have partly continued into the post-eruption
period.

A proportional frequency analysis of rockfall event classes was conducted across the pre-eruption, syn-, and post-
eruption periods to identify temporal changes in the distribution of event classes. Event counts per class were normalized
by the total number of events in each period to obtain class-wise percentages, allowing comparison across periods despite
differences in sample size. The analysis revealed the following trends (Figure 4):

(i) Landslide events increased from 7% of total events in the pre-eruption period to 10% in the post-eruption period,
representing a +3 percentage point change (relative increase of 43%). A pronounced peak occurred during the
eruption period, reaching 15% (+8 percentage points relative to pre-eruption).

(if) Rockfall events remained relatively stable overall, accounting for 51% of events in both the pre- and post-eruption
periods. However, a temporary increase of +10 percentage points occurred during the eruption before returning
to pre-eruption levels.

(iii) Rocks (isolated blocks or fragments) decreased from 42% in the pre-eruption period to 39% post-eruption,
representing a -3 percentage point change (relative decrease of 7%). The eruption period showed a marked
reduction in this class.

70 A

= Pre-eruption 61
601 4 Eruption
51 51

H Post-eruption

Relative frequency within period (%)

landslide rockfall rocks
Rockfall incident class

Figure 4. Percentage of rockfall events by event class during pre-eruption, syn-eruption, and post-eruption periods

In this study, rockfall hazard is considered in relation to its potential impact on infrastructure and population. The
analyzed inventory consists of operational incident reports, which primarily document events affecting roads and
accessible paths rather than slope failures occurring in remote areas. This infrastructure-oriented perspective is
consistent with the objective of the study, which focuses on rockfalls that disrupt transport corridors and require
operational response.

Within this context, roadway obstruction was considered when distinguishing the severity classification, as it reflects
the scale of disruption to infrastructure and mobility. Obstruction typically implies traffic interruption, detours, clearance
operations, or the use of heavy machinery, all of which increase the operational impact of the event. This consideration
is particularly relevant for La Palma, where the road network is strongly constrained by steep volcanic topography.
Roads are commonly excavated directly into rock slopes and are typically narrow two-direction corridors with limited
redundancy. Consequently, rockfalls frequently occur directly onto roadways and can rapidly disrupt mobility.
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These impacts are amplified by the high importance of road accessibility for both residents and visitors. The Canary
Islands constitute one of the most visited tourist regions in Europe, and La Palma receives substantial visitor traffic
relative to its road capacity. Temporary road closures or lane blockages can therefore propagate operational disruptions
across the transport network [48], increasing the societal relevance of rockfalls affecting road corridors [61-63].

3.2. Temporal Analysis

To examine seasonal patterns in rockfall activity, monthly frequencies were compared across the pre-, syn-, and
post-eruption periods (Figure 5). Because the dataset is based on operational incident reports, the recorded frequencies
may partly reflect reporting practices rather than true event occurrence; however, as rockfalls on La Palma commonly
affect narrow and low-redundancy roads, and disrupt traffic, they are generally reported, although during the eruption
reporting may have been influenced either by heightened alertness or by habituation to emergency conditions, so the
observed temporal patterns should be interpreted with this limitation in mind.
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Figure 5. (A) Monthly rockfall counts by study period (eruption period includes only September—December 2021). (B)
Normalized rockfalls per month, accounting for period duration. (C) Observed monthly rockfall counts in the study period

The results show a consistent annual pattern in the pre- and post-eruption data, with peaks in December—January and
lows during the summer months, particularly July and August. This pattern suggests a seasonal influence on rockfall
occurrence, likely associated with rainfall. Although the eruption period covers only September to December, the
distribution of rockfalls during this interval appears to follow the typical end-of-year increase, with activity rising in
November and December. These observations are consistent with La Palma’s climatic regime, in which the rainy season
generally spans from October to March, with December being the wettest month, while the summer period from May
to August is markedly dry (according to AEMET, the Spanish State Meteorological Agency).

To compare rockfall frequency across periods of unequal duration, total counts were normalized by the number of
months in each period (based on calendar days). This produced a standardized rate expressed as the average number of
rockfalls per month. The eruption period showed the highest monthly rate (29 rockfalls/month), despite lasting only 2.8
months. In contrast, the pre- and post-eruption periods showed lower rates of 16 and 18 rockfalls per month, respectively.
These results indicate a clear increase in rockfall occurrence during the eruption, followed by a moderate decline that
remained above the pre-eruption baseline (Figure 5).
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Prior to the eruption, monthly rockfall counts remained relatively low, aside from a pronounced peak in late 2020
and early 2021, likely associated with the pre-eruptive seismicity and seasonal rainfall. During the eruption, monthly
counts increased but did not exceed the peak observed during the preceding winter. In the post-eruption period, activity
remained moderately elevated relative to the pre-eruption baseline and continued to follow a similar seasonal pattern.
Over time, however, the magnitude of peak months appears to decrease, suggesting a reduced contribution from seismic
forcing compared with the pre-eruption phase (Figure 5).

La Palma shows pronounced climatic contrasts despite its small surface area (708 km?) due to the interaction of steep
volcanic topography, persistent northeast trade winds, and a subsidence inversion layer typically located between 600
and 1,500 m a.s.l. [64]. The island rises from sea level to 2,426 m over short horizontal distances, producing strong
orographic gradients in temperature and precipitation. On the eastern windward slopes, uplift of moist trade winds
generates higher rainfall and frequent fog at mid-elevations, whereas the western leeward flanks remain comparatively
dry [65]. In cloud-forest zones on comparable Canary Islands, occult precipitation can contribute up to half of the annual
water input, reaching approximately 720 mm yr~ * in addition to measured rainfall [66]. La Palma is characterized as
environmentally heterogeneous based on 890 sampling plots [67], showing that precipitation, temperature, and cloud
frequency vary sharply over short distances. These conditions create spatially variable hydrological regimes that
influence rock weathering, pore-water pressure development, and slope stability along road corridors.

Rainfall-triggered rockfalls have previously been documented in the Canary Islands. Statistical analyses conducted
on Gran Canaria and Tenerife show a clear seasonal correspondence between monthly rainfall and rockfall occurrence,
with peak activity during the wet season (October—March) [68]. In the Anaga massif of Tenerife, a direct relationship
between accumulated rainfall and rockfall probability has also been demonstrated, with some failures occurring several
days after peak precipitation due to delayed hydro-mechanical responses within steep volcanic slopes [22].

The seasonal increase in rockfall frequency observed in the present dataset during the late autumn and winter months
is consistent with this established rainfall control. However, because the rainfall-rockfall relationship has already been
documented in the archipelago, the present study does not attempt to derive rainfall thresholds. Instead, the analysis
focuses on how volcanic unrest and eruptive activity modified rockfall occurrence relative to this known climatic
background.

3.3. Lithological Controls on Rockfall Distribution

The distribution of rockfall events across lithologies (Table 3) shows differences in both absolute frequency and
relative contribution over time. Altered basalts consistently account for the largest number of events in all three periods,
consistent with their wide spatial distribution (Figure 1) and structural weakness (Table 4). Fresh basalts also contribute
a substantial number of events, particularly before the eruption; however, their share declines in the post-eruption period,
which may indicate a release of accumulated instability prior to the main eruptive phase.

When event counts are normalized by the total number of events in each period, differences in lithological
contribution become clearer. During the eruption, alluvium/colluvium and loose pyroclasts account for a larger
proportion of events than in the pre- and post-eruption periods. This pattern is consistent with seismic shaking
preferentially triggering failures in unconsolidated and mechanically weak materials [38]. Although altered basalts
remain the dominant lithology in absolute numbers, reflecting their wide spatial extent and alteration [17], their
proportional contribution decreases during the eruption as activity increases in unconsolidated deposits. Fresh basalts
and other mechanically stronger lithologies (Table 4) show the same pattern, with lower proportional representation
during the eruption period (Figure 6).
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Figure 6. Relative frequency of rockfall events per lithology, normalized within each study period
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Among the lithologies with higher event counts, altered basalts show an increase in rockfall activity, rising from 391
events pre-eruption period to 423 in the post-eruption period, corresponding to a 21% relative increase when normalized
by period duration. In contrast, fresh basalts show a decrease from 75 to 52 events over the same periods, representing
a 22% reduction. These patterns indicate that rockfall activity remained concentrated in more weathered and structurally
weakened units, whereas fresher basaltic formations show lower susceptibility to continued detachment following the
eruptive phase.

Fresh basalts and basal complex units show a decrease in rockfall occurrence in the post-eruption period, whereas
altered basalts show increases. This contrast may reflect differences in mechanical responses of these lithologies to the
pre-eruption seismic sequence [69]. In more competent units, such as fresh basalts and the basal complex, pre-eruption
shaking may have already mobilized the most unstable material, resulting in fewer subsequent failures. In contrast, the
more fractured and altered basalts may have remained susceptible to continued detachment following the seismic build-
up, leading to higher post-eruption rockfall activity.

The lithological patterns observed in this study are consistent with previous work highlighting the strong influence
of rock mass quality and alteration on rockfall generation in volcanic terrains. Alteration processes, including
hydrothermal alteration in volcanic systems can substantially reduce the mechanical strength of volcanic rocks and
introduce pronounced spatial heterogeneity in rock strength, thereby promoting slope instability along volcanic flanks
and fracture-controlled pathways [38]. Field observations from other road rockfall studies similarly indicate that
detached blocks are commonly derived from moderately weathered or altered rock units [17]. More broadly, lithology
and rock mass condition exert a strong control on rockfall characteristics, including block size and potential failure
volume, with poorer rock mass quality typically producing more frequent detachment [61]. Within this framework, the
increased proportion of failures in loose pyroclastic deposits during the eruption likely reflects the susceptibility of
unconsolidated volcanic materials to seismic shaking associated with the eruption, whereas the decline in fresh basalt
failures after the eruption suggests that the most unstable blocks within these more competent units may have already
been mobilized during the pre-eruptive seismic sequence.

o Rockfall Dynamics in Volcanic Environments

This study examined whether rockfall occurrence on volcanic islands increases during eruptive phases relative to the
periods preceding and following an eruption. Despite the short duration of the Tajogaite eruption (approximately three
months), the normalized monthly rate of recorded rockfalls was higher during the eruptive phase than during the pre-
and post-eruption periods. This pattern indicates that eruptive conditions were associated with a temporary increase in
rockfall activity, consistent with the additional destabilizing influence of eruption-related seismicity and ground
deformation acting on already susceptible volcanic slopes [29, 38, 70, 71].

Rockfalls constitute a recurrent geohazard in the Canary Islands and frequently affect transport corridors and nearby
settlements, particularly where roads traverse steep volcanic slopes [20, 41, 46]. Previous studies in the region have
mainly examined the relationship between rockfall occurrence and rainfall episodes, identifying precipitation as an
important triggering factor in volcanic terrains [22, 68]. In parallel, several approaches have been developed to evaluate
slope stability and rockfall susceptibility in the archipelago, including methods such as the Volcanic Slope Rating (VSR),
which provides a geomechanical framework for assessing instability in volcanic rock masses [72].

In contrast, studies conducted in other volcanic settings, such as Piton de la Fournaise, have largely emphasized the
role of rockfalls as potential precursors to eruptions [40]. These studies often analyze the spatial distribution of rockfalls
and incorporate additional factors like rainfall to interpret slope instability patterns [33, 73]. In steep volcanic terrains,
precipitation is widely recognized as an important trigger, as infiltration and pore-pressure changes can reduce slope
stability and promote detachment of fractured rock masses [9, 24, 68, 74].

Across previous case studies, rockfall activity has been observed to increase during periods approaching eruptive
events [25]. Such increases are commonly interpreted as a response to growing slope instability and repeated ground
shaking associated with pre-eruptive seismic swarms [69]. Several mechanisms may explain the temporal patterns
observed in this study. Seismic shaking associated with magma migration and eruptive activity can destabilize fractured
rock masses and trigger detachment on steep slopes. Ground motion promotes the opening of existing joints, reduces
the mechanical equilibrium of blocks, and can initiate rockfalls, wedge failures, and movements within talus or scree
deposits. Similar seismogeological effects have been documented in earthquake-affected regions, where shaking
produced joint opening, block splitting, and various forms of slope failure ranging from individual rockfalls to larger
mass movements [70]. Within volcanic settings, repeated low-magnitude seismic events may progressively weaken
already fractured rock masses, increasing the likelihood of detachment during periods of volcanic unrest.

Slope destabilization may also evolve over longer timescales. Post-seismic studies show that landslides and rockfalls
frequently persist after the main triggering event, reflecting delayed geomorphic responses and the gradual
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remobilization of unstable material [71]. In some regions, cascading slope hazards have continued for years or even
decades following major earthquakes, driven by the reactivation of previously destabilized slopes and the progressive
release of accumulated instability [75]. These delayed responses suggest that seismic disturbances may initiate a phase
of prolonged slope adjustment rather than producing only immediate failures. In the context of La Palma, the elevated
proportion of higher-severity events during and after the eruption may partly reflect this progressive destabilization of
slopes subjected to repeated seismic forcing [29, 76].

Volcanic slope instability is not restricted to eruptive phases. Instability has been documented during quiescent
periods in several volcanic systems, particularly where degassing and hydrothermal alteration weaken rock masses over
time [38]. These internal volcanic processes can progressively modify rock strength and fracture networks, increasing
susceptibility to slope failure even in the absence of eruptive activity. This perspective is consistent with the persistent
background level of rockfall activity observed in the La Palma dataset, where events occurred throughout the study
period regardless of eruptive conditions.

Rockfall occurrence is difficult to quantify despite being one of the dominant geomorphic processes shaping steep
rock slopes. The episodic nature of rockfalls and the absence of systematic monitoring mean that reliable long-term
inventories are rarely available, limiting the ability to analyze temporal patterns and triggering mechanisms [77]. In
many regions, rockfall hazard studies remain constrained by the lack of historical occurrence data, which restricts both
statistical analysis and the evaluation of slope instability processes [15]. More broadly, rockfall analysis requires detailed
information on slope geometry, geological structure, lithology, meteorological conditions, and land cover, data that are
seldom available simultaneously, introducing significant uncertainty into hazard assessments [61, 78].

For this reason, operational incident databases maintained by infrastructure or emergency agencies provide an
important empirical source of information. Such records typically document the timing and location of events together
with qualitative descriptions of falling material and infrastructure impacts, including road obstruction, vehicle damage,
or traffic disruption [74]. Although these datasets rarely include precise measurements of block volume, descriptors of
block size or roadway obstruction can provide useful proxies for event magnitude, a key parameter in rockfall hazard
analysis [2, 79]. Similar maintenance records have been used to reconstruct long-term rockfall activity along
transportation corridors, such as multi-decade inventories of rock slope failures affecting highways and railways in
British Columbia [63]. In this context, the CECOPIN database used in this study represents a rare multi-year inventory
of road-related rockfall incidents on La Palma. By systematically coding operational descriptors into standardized event
categories and an ordinal severity scale, the dataset provides a structured basis for analysing the temporal behaviour of
rockfall activity and its relationship with eruptive and lithological controls.

Several limitations should be acknowledged. The dataset is derived from operational reports and therefore records
rockfalls that affected roads or accessible infrastructure rather than the full range of slope failures occurring across the
island. This reflects the structural configuration of La Palma’s road network, where transport corridors are commonly
excavated directly into steep volcanic slopes and therefore represent the principal interface between slope instability and
human activity. Consequently, the database documents rockfalls in their hazard dimension, that is, where slope failure
interacts with infrastructure and requires operational response. At the same time, operational reporting introduces
unavoidable biases, including possible underreporting of minor events, higher reporting probability along trafficked
roads, and the absence of direct measurements of block volume or failure geometry. These constraints are inherent to
incident-based inventories and are acknowledged within the scope of the analysis.

Rockfalls represent a particularly relevant hazard on La Palma due to the island’s steep volcanic relief, narrow and
low-redundancy road network, and high levels of tourism. Many transport routes and recreational paths traverse steep
slopes where rockfalls can directly affect mobility and visitor safety [41]. In mountainous areas, tourists are often the
main elements at risk, and their presence varies strongly in time and space, which can substantially influence exposure
to rockfall hazards [61]. On an island that remains volcanically active and heavily visited, understanding how eruptive
and seismic processes influence rockfall occurrence is therefore essential for assessing infrastructure vulnerability and
managing risk along frequently used road corridors and tourist routes.

From a risk-management perspective, these findings underline the importance of mitigation measures along volcanic
road corridors. Engineering approaches such as catchment ditches, rock reinforcement, wire mesh systems, protective
barriers, and slope regrading are commonly applied to reduce rockfall risk in steep terrain. For example, numerical
analyses of volcanic slope geometries have been used to optimize catch ditch design and estimate block stop distances
under different material and slope conditions, providing practical design criteria for road infrastructure in volcanic
environments [80]. Integrating geological susceptibility assessments with such mitigation strategies is therefore essential
for reducing the impacts of rockfalls on transport networks in volcanic islands.
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4. Conclusion

This study statistically analyzed the temporal evolution of road-related rockfalls on La Palma (Canary Islands, Spain)
in relation to the 2021 Tajogaite eruption, using a multi-year incident dataset to compare rockfall occurrence, severity,
and lithological distribution across the pre-eruption, eruption, and post-eruption periods. Rockfall dynamics on volcanic
islands such as La Palma reflect the combined influence of lithological susceptibility, structural conditions, and external
triggering processes, including rainfall and seismic activity. The analysis indicates that the total number of recorded
events remained nearly identical before and after the 2021 Tajogaite eruption, pointing to a persistent baseline level of
slope instability. This pattern suggests that rockfall occurrence on the island is not limited to eruptive episodes but is
strongly conditioned by pre-existing geological weaknesses and ongoing slope processes, with eruptive or seismic
disturbances acting primarily as episodic triggers rather than the dominant control on long-term activity.

During the eruption, both the relative severity and the normalized rate of rockfall occurrence increased. The
proportion of high-severity events (severity levels 4 and 5 in the classification used in this study) rose significantly
compared with the pre-eruption baseline, as supported by statistical testing. This pattern indicates that eruptive
conditions were associated with a higher likelihood of larger rockfalls affecting the road network, consistent with the
destabilizing influence of eruption-related seismic activity on fractured volcanic slopes.

Lithological characteristics further influenced these patterns. Altered basalts, characterized by structural weakening
and weathering, consistently recorded the highest number of events across all periods. In contrast, fresh basalts and other
more competent units showed reduced activity in the post-eruption period, suggesting that earlier seismic shaking may
have already mobilized the most unstable material in these lithologies. Normalized distributions also indicate that
unconsolidated units, particularly pyroclastic deposits and alluvium, became proportionally more active during the
eruption, highlighting the role of material properties in controlling slope response to seismic forcing.

Although eruptive activity can intensify slope instability, rockfall occurrence in the Canary Islands is not limited to
eruptive phases. The recorded events before the eruption indicate that rockfalls are part of the island’s persistent slope
dynamics. The elevated activity observed prior to the eruption is consistent with the documented increase in pre-eruptive
seismicity, highlighting the importance of considering both eruptive and pre-eruptive processes in rockfall monitoring
and hazard assessment.

These findings indicate that the timing of seismic activity relative to eruptive processes, together with lithological
susceptibility, influences both the occurrence and severity of rockfall hazards. Effective risk mitigation on volcanic
islands therefore requires the integration of geological susceptibility assessments, seismic monitoring, and continued
post-eruption surveillance to manage both immediate and longer-term impacts on exposed infrastructure and populated
areas.
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