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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Ambient air quality was degraded dur
ing the 2021 Tajogaite eruption.

• Ambient air pollution peaks are related 
to episodes of high tephra deposition 
rates.

• Secondary aerosol formation contrib
uted little to the PM load.

• Low-explosivity basaltic eruptions can 
generate sub-10 μm volcanic ash.

• Elevated PM concentrations persist 
longer than intense tephra deposition 
episodes.

A R T I C L E  I N F O

Keywords:
Volcanic eruption
Air quality
PM pollution peaks

A B S T R A C T

Volcanic eruptions inject particles (tephra) and gases into the atmosphere, impacting air quality. To provide new 
insights into this process, we focus on the 3-month-long 2021 Tajogaite eruption, on La Palma in the Canary 
Islands, Spain. This eruption emplaced lava flows and produced tephra and gases in multiple sustained plumes. 
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Tephra deposition
Population exposure

We examined the relationship between air quality, tephra dispersion and deposition, and eruption dynamics. We 
reconstructed the spatiotemporal variations in tephra deposition using a collection network deployed around the 
island and maintained throughout the eruption, while plume dispersion was tracked using satellite observations. 
These datasets were compared to the air quality monitoring data from the local regulatory network using time- 
series analyses.

Our findings reveal distinct peaks in tephra deposition rates (a few g/m2/h 20 km away from the vent, up to 
more than 2000 g/m2/h at locations less than 3 km from the vent), related to both increased explosive activity at 
the volcanic vents and specific atmospheric conditions. We show that the fluctuations of tephra emission were 
the main driver of the particulate matter (PM) concentration variations, outweighing contributions from sec
ondary aerosol formation through volcanic SO2 conversion. We evidence spatial disparity in the impact on air 
quality, with the western half of La Palma island experiencing higher amplitude and more frequent pollution 
peaks than the eastern half. We demonstrate that even low-explosivity basaltic eruptions can significantly affect 
air quality by generating and dispersing fine PM and gases over wide areas. Moreover, elevated PM concen
trations persist beyond the duration of intense tephra deposition episodes, thereby extending the period of 
population exposure. These results have important implications for understanding and mitigating human 
exposure to volcanic pollutants.

1. Introduction

Volcanic eruptions inject large quantities of gas and tephra (solid 
particles formed by magma fragmentation and ejection at the vent) into 
the atmosphere. These volcanic emissions can affect the air quality at 
ground level (i.e. up to a few meters above the ground), and pose a 
threat to nearby populations upon inhalation. Fine particle air pollution 
is indeed a major public health concern worldwide, contributing to more 
than 8 million premature deaths in 2021, primarily from respiratory and 
cardiovascular disease, according to the 2024 State of Global Air report 
(Health Effect Institute, 2024). As more than 1 billion people live within 
100 km of a volcano active in the Holocene (Freire et al., 2019), it is 
critical to understand the extent to which volcanic emissions impact air 
quality.

Volcanic emissions are dispersed to varying altitudes and distances, 
depending on eruption dynamics such as the depth and efficiency of 
magma fragmentation, the mass eruption rate of tephra (eruption in
tensity), the prevailing atmospheric conditions. During transport in the 
atmosphere, they undergo diverse post-eruptive physicochemical pro
cesses. These include the oxidation and transformation of volcanic gas 
species into aerosol particles (Mather et al., 2003; Textor et al., 2003), 
interactions between gases, aerosols and tephra surfaces (Delmelle et al., 
2007; Delmelle et al., 2018), and exchanges with the background at
mosphere that contains other natural or anthropogenic aerosols 
(Tomašek et al., 2021). As emissions settle, they follow individual or 
collective sedimentation regimes that depend on particle size, shape and 
density, on particle concentration in the plume, on atmospheric condi
tions, and on the surface topography (e.g., Manzella et al., 2015; Rose 
and Durant, 2011; Saxby et al., 2018; Sparks et al., 1992). These com
plex spatiotemporal mechanisms of dispersion, transformation, and 
sedimentation make volcanic emissions a highly variable source of air 
pollution, posing significant difficulties for prediction and assessment.

Ambient air quality is monitored throughout the world, mostly in 
populated areas, via regulatory monitoring networks. These air quality 
stations provide hourly to daily concentration measurements of various 
particulate and gas species, including particulate matter (PM) finer than 
10 and 2.5 μm in size (PM10 and PM2.5, respectively), and SO2, NOx and 
CO gases. These networks are primarily designed to monitor air quality 
in relation to anthropogenic sources; hence stations are rarely located at 
appropriate sites to closely monitor air pollution due to volcanic erup
tions. Despite these limitations, analyses of regulatory air quality data as 
well as information from low-cost air quality sensors in volcanic envi
ronments have provided growing evidence that air quality is degraded 
during volcanic eruptions (e.g., Searl et al., 2002; Carlsen et al., 2015; 
Milford et al., 2023), most clearly associated with SO2 plumes and SO2- 
derived aerosols (Whitty et al., 2020). However, the degree and mech
anisms by which volcanic emissions contribute to PM10 and PM2.5 air 
concentration levels during eruptions remain open questions. Potential 

sources of volcanic PM include aerosols formed from the transformation 
of volcanic gases and volcanic ash (i.e. tephra smaller than 2 mm with 
size distributions extending into the nanometer range). During volcanic 
eruptions, volcanologists quantify the production and dispersion of 
volcanic emissions by measuring tephra deposition, the concentration 
and composition of volcanic gases in the air close to the vents, and by 
tracking the dispersion of the gas and tephra in the atmosphere through 
satellite remote sensing. Yet these datasets have rarely been correlated 
with air quality monitoring records (Milford et al., 2023; Whitty et al., 
2020). Establishing such links would make it possible to trace PM 
pollution peaks to specific volcanic sources and eruption processes, and 
to test which volcanological parameters are appropriate proxies of air 
pollution.

To provide new insights into the impact of tephra sedimentation on 
ambient air quality, we studied the 3-month-long 2021 Tajogaite 
eruption, on the island of La Palma in the Canary Islands (Spain). This 
eruption was a case example of a hybrid basaltic eruption, i.e. an 
eruption with sustained gas and tephra plumes produced simultaneously 
with the emplacement of lava flows (Bonadonna et al., 2022). This 
eruption style has been observed at other basaltic centers such as Par
icutin, Mexico (Pioli et al., 2008) and Etna, Italy (Taddeucci et al., 
2002). Despite its low intensity, the Tajogaite eruption had a major 
impact on the population of the island, due to the destruction caused by 
the deposition of tephra, the emplacement of a large lava flow field in an 
inhabited area, and disruption due to its extended duration (Biass et al., 
2024; Carracedo et al., 2022). In addition to these direct impacts on 
buildings and infrastructures, the Tajogaite eruption repeatedly 
degraded air quality, forcing population confinements (i.e. cessation of 
public activities and population advised to stay indoors) as a precaution 
against negative health effects (Carracedo et al., 2022). This demon
strates that low-intensity basaltic eruptions can significantly affect air 
quality through the production and dispersion of fine PM and gas.

Here, we explore how and through which processes the Tajogaite 
eruption impacted air quality, by analysing the relationship between air 
quality, tephra dispersion and sedimentation, and eruption dynamics. 
We reconstruct tephra deposition time series across La Palma using a 
tephra collection network deployed all around the island and main
tained throughout the eruption, with plume dispersion dynamics 
retrieved from satellite observations. These datasets were compared to 
the air quality monitoring data from the Government of the Canary 
Islands regulatory network using qualitative and quantitative time- 
series analyses. Our findings reveal maxima in tephra deposition rates 
related to both increased explosive activity and specific atmospheric 
conditions and also show that the tephra deposition rate was the main 
driver of PM concentration variations in the ambient air during the 
eruption. Our work provides new insights for the contribution of tephra 
plumes to air quality during hybrid basaltic eruptions and their impli
cations for human exposure to volcanic pollutants.
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2. Background on the 2021 Tajogaite eruption

Historical volcanic eruptions in the Canary Islands have been 
Strombolian-Hawaiian hybrid eruptions of moderate explosivity 
(including some phreatomagmatic phases due to the interaction of the 
ascending magma with groundwater), forming tephra cones and lava 
flows typical of this eruption style. Although tephra falls associated with 
these eruptions are clearly mentioned in historical accounts, this hazard 
is poorly documented (Longpré and Felpeto, 2021). Of the 16 historical 
eruptions recorded in the archipelago since 1480, half occurred along 
the Cumbre Vieja. The eruptions of 1949 and 1971 have been relatively 
well described (Afonso et al., 1974; Bonelli Rubio, 1950), but seismic, 
geodetic, and geochemical monitoring networks were only set up 

towards the end of the 20th century. The underwater eruption south of 
the island of El Hierro in 2011–2012 was the first volcanic eruption 
documented with modern instrumental techniques in the Canary Islands 
(e.g., Martí et al., 2013; Somoza et al., 2017). Ten years after the El 
Hierro event, the Tajogaite eruption was monitored in an unprecedented 
way by the scientific community.

The eruption of Tajogaite volcano lasted 86 days, from 19 September 
to 13 December 2021. It was characterized by a sustained low-intensity 
explosive activity (average tephra mass eruption rate of 3–4 × 103 kg/s; 
Bonadonna et al., 2022) at one or more summit craters, and consisting in 
fountaining and/or strombolian style explosions (Bonadonna et al., 
2023) and the synchronous emplacement of lava flows from a vent at the 
base of the explosive cones (Plank et al., 2023) (see Graphical Abstract). 

Fig. 1. (a) Location of La Palma in the Canary Islands archipelago. (b) Location of Tajogaite volcano (red triangle), the air quality stations (blue triangles), tephra 
collection sites (yellow squares), and sectors defined for satellite observations (S1 to S6 in red). Images Landsat Copernicus from Google Earth.

J. Eychenne et al.                                                                                                                                                                                                                               Science of the Total Environment 1019 (2026) 181551 

3 



A tephra blanket several centimeters-thick formed in the south-west part 
of the island (Bonadonna et al., 2022), but tephra dispersed and 
deposited all around the island at different times of the eruption (Shatto 
et al., 2024), sometimes spreading as far as the islands of El Hierro and 
Gran Canaria, 90 km to the south and 220 km to the east, respectively 
(see Fig. 1a for locations). Intense volcanic gas emissions occurred 
during the eruption, with dilute plumes forming at the lava flow vent 
and the degassing lava flow field, and from the plumes associated with 
fountaining and strombolian activity at the explosive vents (see 
Graphical Abstract; Asensio-Ramos et al., 2025). Lava flows reached the 
shore a few days within the eruption, forming sporadic haze plumes 
(often referred to as laze) due to the lava entering the ocean and 
vaporizing seawater. Overall, the eruption produced 54.7 ± 23.9 × 1010 

kg of magma, including 6.9 ± 0.514 × 1010 kg in tephra fall deposits and 
47.8 ± 23.5 × 1010 kg in lava flows (Bonadonna et al., 2022), making it 
the third largest historical eruption in the Canary Islands and also one of 
the longest. The eruption also injected a total of 110.7 ± 57.6 kt of SO2 
into the atmosphere (Burton et al., 2023).

Total damage associated with the eruption approaches one billion 
euros according to the Government of the Canary Islands (https:// 
www3.gobiernodecanarias.org/noticias/la-erupcion-de-la-palma-se-de 
clara-finalizada-tras-85-dias-y-8-horas-de-duracion-y-1-219-hectareas- 
de-coladas/). Lava flows had the greatest impact, covering an area of 
12.2 km2, destroying over 2000 buildings, cutting 74 km of roads and 
rendering 370 ha of farmland unusable (including 229 ha of banana 
plantations, the island's main economic sector along with tourism). 
Seven thousand people had to be evacuated, while thousands of others 
went through several phases of confinement due to ash and gas emis
sions in the ambient air. Tephra covered 624 ha of farmland. The cu
mulative thickness of tephra reaches several meters around the volcano. 
The 10 cm isopach describes a 4 × 7 km ellipse oriented southwest- 
northeast, while the 1 cm isopach covers a large part of the southern 
half of the island (Bonadonna et al., 2022; Shatto et al., 2024).

3. Data and methods

3.1. Tephra collection network

Within a few days of the eruption, we had deployed a network of 
tephra collectors (plastic trays of known dimensions, see Fig. S1 in 
Supplementary Information). The collectors were located at 12 different 
locations around the island (Fig. 1b), and sampled by the authors or 
volunteers every 24 h over the course of several days. The time and date 
of collection were carefully recorded and collection durations were 
calculated from these. We also recorded observations of the weather, 
wind direction, and direction of the plume. The full sample database is 
presented as Table S1 in the Supplementary Information.

3.2. Physical characterization of the tephra samples

All tephra samples were dried overnight at 60 ◦C in a laboratory oven 
and subsequently weighed. The mass per unit area (MpUA) of tephra 
deposited was calculated using the dimensions of the collection trays 
(typically 43 × 26 × 8 cm). Tephra deposition rates, corresponding to 
the mass of tephra falling over time onto a given surface area (MpUA per 
unit time), were also determined using the collection durations 
(Table S1).

Particle size distributions of a selection of samples (spaced out evenly 
over time) from 10 collection sites (Table S1 in Supplementary Infor
mation) were measured by sieving at half phi intervals (phi =

− log2(particle diameter in mm)), or by sieving and laser diffraction 
analysis for particles finer than 63 μm, or by laser diffraction analyses 
only when no particles coarser than 2 mm were present in the samples. 
When only laser diffraction was used, we express the resulting distri
butions in vol%, while when sieving and laser diffraction were combined 
we use wt%. The merged sieving and laser diffraction wt% distribution 

is obtained assuming that all the particles finer than 63 μm have the 
same density and normalizing the vol% distribution from laser diffrac
tion to the mass of the sub-63 μm fraction obtained by sieving. Laser 
diffraction analyses were performed using a Malvern Mastersizer 2000 
at Sigma (UCA, Clermont-Ferrand), and a Beckman Coulter LS230 at the 
Facultat de Ciències de la Terra (UB, Spain). The absorption coefficient 
and refractive index were set at 0.1 and 1.6, respectively. We report the 
median (50th quantile) and the sorting (half the difference between the 
84th and 16th quantiles) for the particle size distributions (Table S1).

3.3. Satellite observation of the dispersion of the tephra plume

Tephra plume dispersion over the La Palma island from 19 
September to 13 December 2021 was characterized using datasets from 
both thermal infrared (high temporal resolution and low spatial reso
lution) and visible (low temporal resolution and high spatial resolution) 
satellite remote sensing.

Thermal infrared satellite images were acquired with the SEVIRI 
instrument on board the MSG satellite, and accessed through the HOT
VOLC observing system (https://hotvolc.opgc.fr/). Over La Palma, 
thermal infrared images have a spatial resolution of ~3 km × 3 km, and 
temporal resolution of 15 min. For each image, we recorded the pres
ence or absence of the plume above the six predefined sectors covering 
the entire island (Fig. 1b). We considered only the tephra plume, which 
appears as a dark blue shape on false RGB images and usually high
lighted by using both 2 and 3-band algorithms available on the HOT
VOLC web-SIG interface. This approach does not allow detection of 
optically thin (i.e. dilute) or water-rich plumes (Guéhenneux and 
Gouhier, 2024). Final identification of the plume was performed 
manually, guided by contextual information such as plume shape, the 
location of the volcanic vent, and dispersion dynamics. Assuming each 
image represented the position of the plume for the past 15 min, we then 
calculated for each day of the eruption, the percentage of time that a 
tephra plume was dispersed above each sector (Table S2 in Supple
mentary Information).

Visible images acquired by the MODIS instruments on board the 
Terra and Aqua satellites were also studied by visual inspection using 
the tool Worldview of NASA (https://worldview.earthdata.nasa.gov/). 
One image was acquired per satellite per day. Over La Palma, these 
images have a spatial resolution of 500 m × 500 m, which is sufficient to 
allow dilute and small/narrow plumes to be detected. From these im
ages, we noted the presence of a tephra plume, its position relative to the 
six sectors mentioned above, and the acquisition time. These data are 
also presented in Table S2.

3.4. Air quality and meteorological data

A regulatory air quality (AQ) monitoring network is maintained by 
the Government of the Canary Islands (data available at https://www3. 
gobiernodecanarias.org/medioambiente/calidaddelaire/inicio.do). 
Four stations located in the west of the island had been established prior 
to the eruption, and five additional stations in the east and south of the 
island were added during the course of the eruption thanks to efficient 
inter-agency coordination as part of the emergency response (Fig. 1b). 
All stations systematically recorded 1-hour mean SO2 ambient air con
centrations (in μg/m3) as well as air temperature, pressure, humidity, 
and wind speed and direction. Some stations also recorded 1-hour mean 
PM10 and PM2.5 ambient air concentrations, as well as CO, O3, NO2, and 
NO concentrations. The parameters measured, as well as the periods of 
the eruption covered by the measurements, are summarized in Table S3 
in Supplementary Information. The 1-hour mean AQ data were averaged 
to 24-hour means in this work (Table S4 in Supplementary Information). 
Meteorological information (1-hour mean data) from the AEMET 
(Agencia Estatal de Meteorologia, Spain) weather station at the Roque 
de Los Muchachos Astronomical Observatory (Fig. 1b) was also 
compiled for the eruption period (Table S5 in Supplementary 
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Information).
To examine potential correlations between AQ datasets, the time 

series of the 24-hour mean concentrations of SO2, PM10, and PM2.5 were 
analysed using auto- and cross-correlation, computed with the correlate 
and correlation_lags functions from the Python scipy.signal library. Cross- 
correlation between two time series, a and b, quantifies their similarity 
as a function of temporal offset. Auto-correlation, by contrast, measures 
the similarity of a time series with itself at different lags and is 
commonly used to detect periodicities. We normalized the time series so 
that the correlation values fall in the range [-1, 1], where +1 indicates 
perfect correlation, -1 perfect anti-correlation, and 0 no correlation.

4. Results

4.1. Tephra deposition rates

Tephra deposition rate variations at the 12 collection sites (Fig. 2) 
show a general decrease from the most proximal collection sites (El 
Paraíso, San Nicolás and Llano del Jable, located less than 3 km from 
vents to the North-West, South-West and East respectively) to the most 
distal sites (up to 21 km away from the volcano). Deposition rates as 
high as 2500 g/m2/h were recorded at the proximal sites, while rates 
smaller than 10 g/m2/h were recorded at the distal sites (Fig. 2). This 
observation is in agreement with the depletion in tephra of the volcanic 
plume during transport in the atmosphere. Deposition rates decreased 
over time during the course of the eruption at the three proximal 
collection sites, as evidenced by the decrease both in amplitude and 
frequency of the maxima in deposition rates at these sites (Fig. 2).

Although the time series of tephra deposition rates exhibit distinct 
trends at each of the 12 collection sites (Fig. 2), maxima are often 
correlated across multiple sites (highlighted in Fig. 2 and listed in 
Table S6, Supplementary Information). We distinguish two scenarios 
(Fig. 2): (1) maxima occur at one of the three proximal sites and, in some 
cases, are also observed at distal sites (21–26 Sept., 04–08 Oct., 26–29 
Oct., 30 Oct.-02 Nov., and 24–26 Nov.); (2) maxima occur at distal sites 
without corresponding maxima at proximal sites (01 Oct., 16 Oct., 05 
Nov., 14–17 Nov., and 09–14 Dec.).

4.2. Air quality

Air quality monitoring data for SO2, PM10 and PM2.5 concentrations 
showed significant variations at stations where data were available 
(Fig. 3). Compared to the same period in 2020, 2022 and 2023 (Fig. S2 in 
Supplementary Information), a notable increase in SO2 concentrations 
occurred in 2021, and maxima in PM10 and PM2.5 concentrations were 
more frequent. Clear correlations between PM10 and PM2.5 time series 
are observed at all the stations where both contaminants were measured 
for the entire duration of the eruption, while no significant correlations 
between the PM and SO2 time series are apparent at any lag (Fig. 4).

24-h mean SO2 concentrations exceeded 100 μg/m3 several times 
during the eruption at Los Llanos, Puntagorda, El Paso, and Tazacorte, 
with the Los Llanos and Puntagorda time series showing the highest 
background (Fig. 3). The World Health Organization (WHO) SO2 con
centration AQ guideline (24-hour mean of 40 μg/m3) was exceeded at 
least once at all the stations except Las Balsas during the eruption. On 
several occasions, peaks in SO2 ambient air concentration were simul
taneously recorded at two or more stations (Fig. 3), irrespective of their 
location on the island (Fig. 1b).

PM10 and PM2.5 24-h mean concentrations above 100 and 20 μg/m3, 
respectively, were reached several times during the eruption at Los 
Llanos with maxima of 400 and 60 μg/m3, respectively (Fig. 3). This is 
the only AQ station in the western part of the island with a complete 
record of PM concentrations (Fig. 1b). It shows the highest PM con
centration background of all the time series, with a clear decrease after 
mid-November (Fig. 3). The WHO AQ guidelines for PM10 and PM2.5 
(24-hour means of 45 and 15 μg/m3, respectively) were exceeded at 

least twice at all stations that were active during the entire eruption (Las 
Balsas, El Pilar, La Grama, San Antonio, and Los Llanos). Similarly to SO2 
concentrations, simultaneous peaks in PM10 and PM2.5 concentrations 
were observed at two or more stations (Fig. 3), including between Los 
Llanos and stations on the eastern side of the island (Fig. 1b). Although 
the rate of increase and maximum concentration differs at the various 
AQ stations, the periods in which elevated concentrations were observed 
are globally similar (Fig. 3). The most significant increases in PM con
centration (highlighted in blue in Fig. 3) were recorded at: (1) Las Balsas 
(north-eastern station), El Pilar, La Grama, San Antonio (eastern sta
tions) and Los Llanos (western station) on 27 Sept.-4 Oct., 14–21 Oct., 
and 3–5 Dec.; (2) El Pilar, La Grama and San Antonio (eastern stations) 
on 20–25 Nov.; (3) Los Llanos (western station) on 6–9 Oct., 30 Oct.-8 
Nov., and on 10–17 Nov. These periods of elevated PM concentration 
are highlighted in Figs. 3 to 5 and listed in Table S7 in Supplementary 
Information.

NO2 and CO (measured at El Pilar, La Grama, San Antonio, and Los 
Llanos; Fig. 1b) are gas species known for their anthropogenic origin 
(typically emitted by traffic and combustion) and not directly emitted by 
the volcanic activity. We included these species in our analysis as po
tential tracers of anthropogenic sources. Their ambient air 24-h mean 
concentrations remained relatively low during the Tajogaite eruption, 
except for notable peaks in NO2 concentrations, 20 and 40 μg/m3, in the 
periods 18–19 Oct. and 21–23 Nov., respectively (Fig. 3). On 18 Oct., 
NO2 24 h-mean concentrations exceeding 50 μg/m3 were observed at La 
Grama, accompanied by peaks in the SO2 (lasting until 19 Oct.), PM2.5 
and PM10 24 h-mean concentrations (Fig. 3). On 19 Oct., NO2 24-h mean 
concentrations >25 μg/m3 were observed at El Pilar and San Antonio, 
accompanied by peaks in SO2, PM2.5 and PM10 24 h-mean concentra
tions at El Pilar, and a peak in SO2 concentration solely in San Antonio 
(peaks in PM10 and PM2.5 concentrations were observed at San Antonio 
on 18 Oct., but not on 19 Oct.). Between 21 and 23 Nov., NO2 24 h-mean 
concentrations >30 μg/m3 were observed at El Pilar, accompanied by 
peaks in the SO2, PM2.5 and PM10 24 h-mean concentrations, while on 23 
Nov. NO2 24 h-mean concentration > 50 μg/m3 were observed at La 
Grama, accompanied by a peak in PM10 24 h-mean concentration solely. 
No significant increase in the NO2 concentration was observed in San 
Antonio during this period.

4.3. Particle size distributions of the tephra samples

We observe a clear overall decrease of the median particle size over 
the course of the eruption at both proximal and distal sites, with some 
daily and inter-site variation (Fig. 5a, b). Median size ranges from fine 
(< 63 μm) to very coarse (> 1 mm) ash, with coarse ash dominating at 
proximal sites (Fig. 5a), and medium ash (500 to 63 μm) for the distal 
ones (Fig. 5b). Proximal deposits were better sorted (i.e. lower sorting 
values, Fig. 5c) than distal deposits (Fig. 5d). Sorting shows little spatial 
or temporal variation at proximal sites (Fig. 5c), but is highly variable in 
both space and time at distal sites (Fig. 5d). The proportion of fine ash in 
distal deposits generally ranges from 10 to 90 vol% (Fig. 5f), including 
up to 8 vol% of particles <10 μm (Fig. 5h). In contrast, fine ash in 
proximal deposits rarely exceeds 8 wt% (Fig. 5e), with <2 wt% of par
ticles <10 μm (Fig. 5g). No systematic changes of the particle sizes are 
associated with peaks in sedimentation rates (Fig. 5).

4.4. Satellite observation of the tephra plume dispersion

Tephra plumes from the Tajogaite eruption were visible in MSG- 
SEVIRI infrared images and MODIS visible images during most of the 
eruption, except for 5 days when neither dataset was available (Fig. 6
and Table S2 in Supplementary Information). Both datasets generally 
agree, with plumes detected in the same sectors on the same dates 
(Fig. 6). Differences arise because MODIS provides only two images per 
day, which may miss short-lived plumes, and because the MSG-SEVIRI 
retrieval method cannot detect dilute or water-rich plumes. Due to its 
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Fig. 2. Tephra deposition rate time-series for the 12 collection sites on La Palma during the 2021 Tajogaite eruption. Minor tick marks on the horizontal axes indicate 
00:00 AM. Deposition rate bars straddle tick marks as the collectors were emptied during daylight hours, i.e. straddling midnight. The period preceding the start of 
data collection are indicated. The three most proximal collection sites (located less than 3 km from vents) are highlighted by the red box. Black bars represent maxima 
in deposition rates. Orange shaded areas represent periods during which maxima in rates are reached at one or more of the three proximal sites. Yellow shaded areas 
highlight periods during which maxima in rates are reached at at least one distal site, but which are not accompanied by maxima at the proximal sites. At the top of 
the figure we show the time-stamped stratigraphic tephra sequence after Bonadonna et al. (2022) indicating the three main units (LU: Lower Unit, MU: Middle Unit, 
UU: Upper Unit) and subunits identified from field deposits.

J. Eychenne et al.                                                                                                                                                                                                                               Science of the Total Environment 1019 (2026) 181551 

6 



higher spatial resolution, MODIS images allowed the plume shape to be 
characterized (Table S2), ranging from narrow and elongated to wide or 
radially symmetric (Table S2). The MSG-SEVIRI time series shows that 
plume dispersion overLa Palma island was highly dynamic, with its 
position shifting markedly over short timescales, even within a single 
day (Fig. 6). The tephra plume was frequently transported over the 
western half of the island, especially the west and south-west sectors S3 
and S5 (Fig. 1), confirmed by both datasets (Fig. 6). However, tephra 
was also episodically transported over the eastern half of the island 
(Fig. 6). Finally, satellite-based observations of tephra transport (MSG- 
SEVERI and MODIS; Fig. 6) match well with tephra deposition (Fig. 2

and Table S6) and PM concentration peaks (Fig. 3 and Table S7).

5. Discussion

5.1. Origin of the spatiotemporal variations of tephra deposition

The variations in tephra deposition rates at the three most proximal 
collection sites appear to be mainly driven by fluctuations of the tephra 
eruption rate at the explosive vents (Fig. 2). Given their proximity (< 3 
km) and directional distribution around the vents (Fig. 1b), we would 
expect proximal tephra deposition to be recorded at at least one of these 
sites regardless of the direction of plume dispersion. Instead, we observe 
clear periods during which maxima in deposition rates are reached at 
one of these sites (orange shaded areas in Fig. 2), alternating with pe
riods during which deposition rates are low at all three sites, which can 
only be driven by variations in the eruption rate at the source. This 
pattern is well illustrated by the sequence from 27 October and 2 
November (Fig. 7c and Table S6). During this interval, wind from the 
northeast drove high deposition at San Nicolás (SW of the vents) on 
26–29 Oct., followed by maxima at El Paraíso (NW of the vents) on 30 
Oct.-1 Nov. when the wind came from SSE, and finally at Llano del Jable 
(E of the vents) on 1–2 Nov. under SSW winds. However, between 29 
and 30 October, despite El Paraíso and Llano del Jable being downwind 
of the plume axis under WSW-SSE winds (Fig. 7c), deposition rates 
remained low. These observations imply that the eruption rate at the 
source was low during that period, consistent with inferences from 
tephra stratigraphy (Bonadonna et al., 2022) and low lava discharge 
rates (Plank et al., 2023).

From the variations in tephra deposition rates at the proximal sites 
(Fig. 2 and Table S6), we conclude that the tephra eruption rate (i) 
fluctuated from day-to-day during the course of the eruption, (ii) 
attained maxima during the periods 21–26 Sept., 4–8 Oct., 26–29 Oct., 
30 Oct.-2 Nov. and 24–26 Nov., and (iii) decreased throughout the 
course of the eruption, with a marked decline after 2 Nov. These ob
servations are in agreement with stratigraphic studies of the tephra 
blanket (Bonadonna et al., 2022) and in-situ observations and mea
surements of eruptive activity (Bonadonna et al., 2023), which 
demonstrated that the explosive activity was pulsatory, with style var
iations (ash-poor gas puffing, Strombolian, violent Strombolian, and 
lava fountaining) on the scale of minutes to hours at single or multiple 
vents (including co-existing different styles). Interestingly, the periods 
of high tephra eruption rates identified here (Fig. 2) precede significant 
shifts of the eruptive style identified in the stratigraphy (Fig. 7a), and 
concur with increased tremor activity (Bonadonna et al., 2022), as well 
as changes in tephra properties (Da Mommio et al., 2025). The overall 
decrease in the intensity of the explosive activity is consistent with the 
decrease over time of the time-averaged lava discharge rate (Bonadonna 
et al., 2022; Plank et al., 2023) and of the volcanic gas emission rates 
(Asensio-Ramos et al., 2025; Burton et al., 2023; Esse et al., 2025; 
Taquet et al., 2025), suggesting that the magma reservoir depleted 
during the course of the eruption.

At distal sites, the variations of tephra deposition rates are controlled 
by the wind speed and direction (Fig. 7c), which influence plume height 
(Fig. 7b) and its direction (Fig. 2) (Bursik, 2001). Distal maxima in 
deposition rates are explained by the prevailing wind direction on the 
day (Table S6). Maxima in deposition rates occurring at distal sites 
without being associated with increased activity at the vent (as evi
denced by low deposition rates at the proximal sites, such as on 1 Oct., 
16 Oct., 5 Nov., 14–17 Nov., and 12–14 Dec.; Fig. 2) correspond to 
periods with low wind (<20 m/s). Weak winds allow tephra plumes to 
reach high altitudes and hence to disperse tephra to greater distances. 
This phenomenon is seen on 1 Oct., 16 Oct., and 12–14 Dec. (final 
climactic phase), when tephra plumes up to 7.5 km above sea level 
formed (Fig. 7b), and also likely occurred on 5 Nov. and 14–17 Nov., 
despite lower estimated plume heights (plume height measurements 
have high uncertainties; Aubry et al., 2021). Our results demonstrate 

Fig. 3. Variations in air quality recorded at the 9 stations operating during the 
eruption (see locations in Fig. 1b). Shown are the 24-hour mean ambient air 
concentrations of SO2 and PM10 (left axis), PM2.5, NO2 and 50 ⨉ CO (right 
axis). Data are from the Government of the Canary Islands regulatory moni
toring network (https://www3.gobiernodecanarias.org/medioambiente/ca 
lidaddelaire/inicio.do). The dashed black lines mark the World Health Orga
nization air quality guidelines for PM10 ambient air concentration (24-hour 
mean of 45 μg/m3). As per Fig. 2, orange shaded intervals indicate periods 
when maxima in deposition rates were observed at one or more proximal sites, 
and yellow intervals indicate maxima observed at one or more distal sites, 
without corresponding maxima at proximal sites. Blue shading highlights pe
riods of PM10 and PM2.5 concentration peaks in the respective station records.
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Fig. 4. Auto-correlation and cross-correlation functions of the PM10, PM2.5, and SO2 24-h mean ambient air concentration time-series at the 9 air quality stations in 
operation during the eruption. Cross-correlation analyses show that the PM2.5 and PM10 time series are well correlated temporally (correlation coefficient ~1 at 0 
days lag) at all the stations. Where complete records of SO2, PM10, and PM2.5 concentrations are available, the correlations between the PM10 and SO2, and PM2.5 and 
SO2 time-series are poor (correlation coefficient < 0.5 at all lags).
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that in medial to distal locations, pulsatory tephra deposition is mainly 
driven by wind transport, and is less dependent on changes in volcanic 
activity at the vent. This observation means that during long-lasting, 
low-intensity eruptions such as at Tajogaite, the intermittent tephra 
impacts to distal populated areas (not evacuated because beyond the 
reach of direct deadly impacts) can be best predicted by the meteoro
logical conditions.

5.2. Impact of the tephra emissions on air quality

SO2 ambient air concentrations during September–December in non- 

eruptive years (2020, 2022, and 2023; Fig. S2 in Supplementary Infor
mation) were very low, confirming that the SO2 signal during the 
Tajogaite eruption primarily reflects volcanic gas emissions from vent 
degassing and of the lava flow field (Asensio-Ramos et al., 2025; Esse 
et al., 2025; Milford et al., 2023; Taquet et al., 2025).

In contrast, the PM signal during the Tajogaite eruption likely had 
multiple sources. Peaks in PM10 and PM2.5 on the Eastern side of La 
Palma in non-eruptive years (Fig. S2) suggest frequent contributions 
from Saharan dust outbreaks (i.e. 1 to 2 events per year between 
September and December; Milford et al., 2023). PM2.5 can also form by 
atmospheric oxidation of SO2 gas which generates sulfate aerosols at 

Fig. 5. Evolution of particle size distribution parameters of tephra samples during the eruption at the proximal (< 3 km from vents; left), and distal sites (4–21 km 
from vents; right): (a-b) median, (c-d) sorting, (e-f) fraction finer than 63 μm (fine ash), (g-h) fraction finer than 10 μm. As per Fig. 2, orange shading marks periods of 
maximum deposition rates at one or more proximal sites, and yellow shading marks maxima at one or more distal sites, without corresponding proximal maxima. As 
per Fig. 3, blue shading indicates PM10 and PM2.5 concentration peaks.
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rates depending on background atmospheric conditions (i.e. humidity, 
light; Mather et al., 2003). Air quality data from the four stations where 
full datasets were available during the eruption (El Pilar, La Grama, San 
Antonio, and Los Llanos; Table S3) suggests that the PMs measured in 
the ambient air did not form solely by conversion of SO2. It is evidenced 
by the low cross-correlation values at any lag between the SO2 and PM2.5 
24-hour mean ambient air concentration time series (Fig. 4). If SO2 
conversion was primarily responsible for the PM2.5 AQ signal, we would 
expect significant spatiotemporal correlations between the SO2 and 
PM2.5 time series, either at zero lag or with a time delay due to con
version time in a complex and variable atmosphere (Pattantyus et al., 
2018). Instead, PM2.5 correlates strongly with PM10 (zero lag; Fig. 4), 
implying a common source. Additionally, the PM2.5/PM10 ratios remain 
below 1 during the eruption (Figs. S3 and S4 in Supplementary Infor
mation), indicating the dominance of coarse particles (greater than 
PM2.5 in size) in the PM10 signal during the eruption, consistent with 
geogenic dusts such as volcanic ash or desert dust. Similar ratios (around 
0.3–0.4) observed in 2022–2023 at the Eastern AQ stations (Fig. S4) 
could be due to resuspension of the volcanic ash deposited by the 

eruption, which remains in the environment for years after (Paredes- 
Mariño et al., 2022), as well as Saharan dust outbreaks (dominated by 
coarse PMs; Adebiyi et al., 2023). In contrast, no major PM pollution 
peaks occurred in 2020 (Fig. S2) yet the PM2.5/PM10 ratio was higher 
than in the years 2021–2023 over the same period (Fig. S4), suggesting a 
larger anthropogenic contribution. During the eruption, the deviations 
of the ratio from a baseline (0.2–0.6) occurred on only three instances at 
Los Llanos, an increase in each case, suggesting an enrichment in PM2.5 
(yellow vertical bands in Fig. S3) not clearly associated with SO2 peaks 
(Fig. 3). The Tajogaite eruption hence differs from basaltic fissure 
eruptions in Hawaii (e.g., 2018 eruption; Whitty et al., 2020) or Iceland 
(e.g., 2014–15 Holuhraun eruption; Carlsen et al., 2021), where ambient 
PM2.5 enrichment was largely due to SO2-to-sulfate aerosol conversion.

In the case of Tajogaite, ambient air PM peaks during the eruption 
have two main sources, evidenced in the AQ and satellite datasets 
(Fig. 3). The first is from tephra emissions and the second is from 
Saharan dust outbreaks. With the exception of the 3–5 December peak, 
all PM concentration peaks are preceded by or synchronous with max
ima in tephra deposition rates (Figs. 2 and 4, Table S7) and plume 

Fig. 6. Variations in tephra plume detections during the eruption, expressed as the percentage of time over 24 h, from MSG-SEVIRI infrared data for each of the 
sectors of La Palma (S1 to S6, see map in Fig. 1). Periods when meteorological cloud cover prevented detection are indicated as striped “no data” rectangles. The 3–4 
Dec. Saharan dust outbreak observed by MSG-SEVIRI is marked with brown vertical arrows. MODIS visible observations from the Terra and Aqua satellites are also 
shown for each sector. Tephra collection sites (yellow shading and boxes) and air quality stations (blue boxes and shading) located within each sector are shown. 
Orange shading highlights periods of maximum deposition rates at proximal sites (Fig. 2), yellow shading marks maxima at distal sites without corresponding 
proximal maxima (Fig. 2), and blue shading indicates PM10 and PM2.5 concentration peaks (Fig. 3).
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transport above the corresponding sectors (Fig. 6 and Table S7). This 
lends further evidence to tephra emissions being a significant, if not the 
major, source of PMs during these periods. The PM peaks last longer 
than the periods of high tephra deposition (Fig. 3), which is explained by 
(i) the persistence in the ambient air of fined-grained volcanic ash (<10 
μm) which have low fall velocities and remain coupled to atmospheric 
circulations (Eychenne and Engwell, 2022), and (ii) the comminution 
and resuspension by human activity of the tephra deposited on the 
ground in populated areas (Andronico and Del Carlo, 2016; Tomašek 
et al., 2026).

There is no unique factor linking the fine particle content of erupted 
tephra, wind conditions, and PM concentration peaks (Table S7). This 
demonstrates that wind speed/direction and tephra sizes are secondary 
drivers of the PM variability due to tephra plumes. Once high amounts of 
tephra were present in the atmosphere, the PM concentration increased, 
which impacted given site depending mainly on the direction of trans
port of the tephra plume (Fig. 6), and its morphology, which varied from 
very narrow to broad, spread-out shapes (Table S2).

When tephra emissions likely account for PM pollution, a significant 
peak is systematically measured at the Los Llanos AQ station, except for 
20–25 Nov when small PM peaks were recorded at eastern AQ stations 
only. This anomaly can be explained by high wind speeds (Table S7), 
producing a narrow plume directed eastwards. At the same time, coin
cident peaks in PM, SO2 and NO2 signals suggest that tephra and gas 
plumes were well coupled in the atmosphere. The PM2.5/PM10 ratio also 
rose slightly on a few instances during this period (Fig. S2), pointing to a 
possible contribution of SO2-to-sulfate aerosol conversion, particularly 
at the more distant eastern stations. The NO2 peaks on 20–25 Nov and 
14–21 Oct. may also reflect local combustion of biomass or infrastruc
ture (e.g., buildings, roads, plastic cover sheets on banana plantations) 
burned by the advancing lava flows (Biass et al., 2024; Carracedo et al., 
2022). However, the absence of coincident CO peaks argues against 

combustion being the dominant factor in producing these signals. 
Whereas the contribution of anthropogenic emissions to PM concen
trations during the eruption period cannot be excluded, the temporal 
correspondence of PM peaks, tephra deposition rate maxima, and tephra 
plume dispersion directions implies that the eruption is the main driver 
of variability.

The second source of PM is indicated by the 3–5 Dec. concentration 
peak, without corresponding tephra emissions (low deposition rates, no 
plumes observed by satellite; Fig. 3, Fig. 6, Table S7). Satellite imagery 
shows a Saharan dust outbreak reaching La Palma from the SW at this 
time (Table S2) which is likely the main source of the PM peak. Saharan 
dust outbreaks regularly impact the Canary Islands archipelago, with the 
highest number of episodes between December and January (Milford 
et al., 2023). In a previous study focusing solely on the AQ data and not 
accounting for the volcanic activity, Milford et al. (2023) suggested that 
the 26 Sept.-3 Oct., 7–8 Oct. and 19–21 Oct. 2021 PM peaks at Los 
Llanos and the Eastern AQ stations were caused by Saharan dust out
breaks based on the observation of a dust layer above Tenerife using 
Lidar. Our analyses suggest instead that these events were caused by 
tephra emissions, which have optical properties similar to geogenic dust. 
This is supported by satellite observations on 7–8 Oct., which show 
volcanic ash dispersing as far as Tenerife (Table S2).

5.3. Implications for air quality and human exposure to volcanic PMs 
during basaltic eruptions

That the tephra emitted by the Tajogaite eruption generated ambient 
air PM pollution peaks is a striking and unexpected finding in the 
context of a basaltic eruption. Low viscosity basaltic magmas are not 
expected to produce large quantities of fine-grained tephra because of 
their low fragmentation efficiency (Cashman and Scheu, 2015; Jones 
et al., 2022). Indeed, the short relaxation time of low viscosity magmas 

Fig. 7. Qualitative correlation of tephra deposit stratigraphy, plume height above sea level (a.s.l.), wind speed and direction during the eruption. (a) Time-stamped 
reference stratigraphic section of the eruption, reconstructed post eruption from tephra deposits, showing the three main units (LU: Lower Unit, MU: Middle Unit, UU: 
Upper Unit) and subunits (Bonadonna et al., 2022). The pink arrow indicates the climactic phase on December 12, which produced plumes >6 km a.s.l. (b) Tephra 
plume heights from Bonadonna et al. (2022), referring to the PEVOLCA reports (red circles) (https://www.gobiernodecanarias.org/infovolcanlapalma/pevolca/) and 
the Volcano Observatory Notice for Aviation (VONA; blue circles). Black circles represent the afternoon plumes on 12 and 13 December reported by PEVOLCA. (c) 
Wind speed (grey shaded area) and wind direction (red circles), measured by AEMET (Agencia Estatal de Meteorologia, Spain) weather station at the Roque de Los 
Muchachos Astronomical Observatory (1-hour mean data). Orange shading highlights periods of maximum deposition rates at proximal sites (Fig. 2), yellow shading 
marks maxima at distal sites without corresponding proximal maxima (Fig. 2), and blue shading indicates PM10 and PM2.5 concentration peaks (Fig. 3).
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limit gas bubble overpressure thus reducing the fragmentation efficiency 
(Cashman and Scheu, 2015). To date, contributions of volcanic ash to 
PM10 and PM2.5 pollution detectable by AQ stations have been mostly 
documented for higher intensity explosive eruptions, such as Córdon 
Caulle eruption, Chile in 2011 (mass eruption rate of 106 to 107 kg/s; 
Bonadonna et al., 2015), which produced PM pollution detected 1600 
km away in Uruguay (Balsa et al., 2016), or Eyjafjallajökull eruption, 
Iceland, in 2010 (mass eruption rate of ~104 kg/s; Dürig et al., 2015), 
which increased PM concentrations locally and as far as France and 
Germany (Carlsen et al., 2015; Colette et al., 2011; Schäfer et al., 2011). 
These eruptions produced sustained ash-laden plumes reaching altitudes 
greater than 10 km, and fine-grained tephra deposits (Bignami et al., 
2014; Bonadonna et al., 2015; Bonadonna et al., 2011). Despite its lower 
plume height (1 to 6 km a.s.l., Fig. 7) and eruption intensity (tephra mass 
eruption rate of 3–4 × 103 kg/s; Bonadonna et al., 2022), our results 
demonstrate that the Tajogaite eruption still produced fine-grained ash 
in the ranges of PM10 and PM2.5. Sub-10 μm volcanic ash could have 
been formed by magmatic fragmentation in the conduit (Jones et al., 
2022), abrasion processes due to particle-particle interactions in the lava 
fountain (Edwards et al., 2020), or by post-depositional comminution (e. 
g., road traffic), as observed at Etna, Italy (Andronico and Del Carlo, 
2016; Tomašek et al., 2026). Tephra particle size (Fig. 5 and Table S7) 
did not correlate with the PM concentration peaks, suggesting that the 
tephra deposition rate rather than particle size distribution at the time of 
deposition is the principal control of the PM concentration amplitude. 
Secondary comminution processes are probably important to produce 
the sub-10 μm ash not originally present in the depositing tephra. Yet, 
the formation of sub-10 μm ash by magmatic fragmentation is an under- 
documented process, because of such small particle sizes being poorly 
measured and analysed by traditional volcanological techniques. Hence 
we cannot overrule that only a small amount of primarily-formed, sub- 
10 μm ash in the depositing tephra (not easily measured by laser 
diffraction in a polydispersed sample) is enough to significantly increase 
PM concentrations. Comparing our findings with other basaltic erup
tions with significant tephra emissions (e.g., at Etna and Stromboli in 
Italy, at Fagradalsfjall in Iceland) is not possible because combining 
tephra sedimentation records and air quality monitoring data has not 
been performed before in such settings. Given the valuable insights 
provided by our analysis of the Tajogaite eruption, implementing similar 
approaches (i.e. time series tephra collection and satellite observations 
combined with air quality monitoring) during future basaltic eruptions 
would be worthwhile to augment the state of knowledge.

Our results provide valuable information for population exposure to 
volcanic pollution during the Tajogaite eruption. We show that the 
western central part of the island was much more affected by PM 
pollution than the eastern and central parts, although major pollution 
peaks also impacted eastern parts. We demonstrate that SO2 pollution 
(and, by implication, other volcanic gas species not documented by AQ 
data; Asensio-Ramos et al., 2025; Esse et al., 2025; Taquet et al., 2025) 
followed a similar spatial pattern, implying that populations on the 
western and northern parts of the island faced the greatest health risks 
due to combined exposure to PM10, PM2.5, and a cocktail of volcanic 
gases. We also show that the ambient air PM concentration peaks lasted 
for several days to weeks after an episode of high tephra deposition 
(Fig. 3). Such prolonged air pollution reflects the resuspension of freshly 
deposited ash, as observed in Iceland, where windblown “dust storms” 
cause regular exceedances of WHO PM10 guidelines (Carlsen et al., 
2015). These are relevant information for any study on the potential 
impacts on the health of the population (Rodríguez-Pérez et al., 2024).

Attribution of PM pollution peaks to the tephra emissions was done 
by qualitative correlations of the AQ, tephra deposition and plume 
dispersion datasets. Discrimination of sources such as volcanic ash and 
desert dust with similar physical and chemical and hence optical prop
erties, cannot be done based solely on AQ data and atmospheric remote 
sensing (Milford et al., 2023); volcanological context is essential. In the 
absence of AQ monitoring, tephra deposition and atmospheric 

dispersion data provide robust information to approximate the start date 
and location of PM pollution peaks, but not their amplitude or duration. 
This underlines the importance of developing robust AQ monitoring 
networks in active volcanic environments during and after eruptions to 
manage risks associated with both direct tephra fallout and secondary 
resuspension.

6. Conclusion

During the 2021 Tajogaite eruption, intense tephra deposition epi
sodes occurred proximally (within 3 km of the vents), primarily driven 
by increased eruption rates, and distally (4–21 km from the vents) due to 
wind dispersion. Ambient air PM concentration peaks on La Palma that 
exceeded WHO guidelines are correlated with these intense tephra 
deposition episodes and hence attributable to the volcanic emissions. 
Low-explosivity basaltic eruptions such as the hybrid Tajogaite erup
tion, characterized by low fragmentation efficiency, can generate ash in 
the PM10 and PM2.5 ranges through primary fragmentation processes or 
comminution and resuspension of deposited tephra. Such fine particles 
contribute to PM pollution and persist in the ambient air beyond 
deposition episodes, thereby prolonging population exposure. Tephra 
emissions were a more significant source of PM than secondary aerosol 
formation from SO2, with exposure being consistently higher in the 
western half of the island. The deconvolution of different PM sources is 
critical to the quantification of the contribution of tephra emissions and 
other geogenic and anthropogenic sources to PM loads as volcanic 
emissions usually occur in multi-source environments, such as was the 
case at La Palma. Future studies would benefit from chemical analyses of 
PM such as source-tracer approaches to strengthen source attribution. 
Finally, our study highlights that volcanological datasets (e.g., tephra 
deposition rates, tephra characteristics, plume dispersion) are valuable 
proxies for identifying the onset and spatial extent of volcanic air 
pollution. However, only AQ monitoring networks can provide robust 
and reliable information on the amplitude and duration of such air 
pollution episodes, underscoring their importance for hazard assessment 
and public health protection in active volcanic regions.
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