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Abstract

Volcanic eruptions release gases and particulates that may adversely affect human health.
The Tajogaite eruption on La Palma provided a unique opportunity to evaluate inorganic
pollutant exposure in a directly affected population. As part of the ISVOLCAN study,
blood samples from 393 adults residing in the island’s western region were analyzed for
43 inorganic elements using Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
including 20 toxic elements identified by the Agency for Toxic Substances and Disease
Registry (ATSDR). The median age of participants was 51 years, and 56.7% were female.
Higher levels of Hg and Mn were associated with long-term occupational exposure, while
smoking was linked to elevated Cd, Pb, and Sr levels. Participants living within 6.5 km of
the volcano had significantly higher concentrations of Al and Ti. Ash cleanup activities
were associated with increased levels of Ni and Cu, and those spending over five hours
outdoors daily showed elevated Se and Pb. This is the first biomonitoring study to assess
blood concentrations of inorganic pollutants in a population exposed to volcanic emissions.
The findings highlight key exposure factors and underscore the need for continued research
to assess long-term health effects and inform public health measures.

Keywords: biomonitoring; volcanic eruptions; inorganic pollutants; environmental exposure;
environmental toxicology
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1. Introduction
Volcanic eruptions are natural hazards that can have significant consequences on

human health due to the release of gases and particles into the ambient air [1,2]. Volcanic
ash, the particles formed by the magma fragmentation in explosive eruptions, is a major
source of environmental contamination. Ash is rich in heavy metals, and, depending on
their grain size, it can be inhaled or ingested by nearby populations. The physicochem-
ical properties of these material play a crucial role in determining the associated health
risks [3,4]. They have been linked to a variety of acute health issues, particularly affecting
the respiratory system and causing ocular alterations [5,6]. In vitro and in vivo studies also
demonstrated that ash exposure triggers a weak pro-inflammatory response in alveolar
epithelial cells [7,8], and induces significant metallome deregulations at the whole-body
scale associated with pathophysiological alterations, as demonstrated in a mouse model [9].
Volcanic gas contains major species such as H2O, SO2, CO2, HCl, and HF, as well as metal
pollutants in significant amounts [10,11], also known to cause acute health issues [12,13].
Additionally, the limited studies that have evaluated the effects of prolonged exposure
to volcanic gas emissions have demonstrated an association with an increased risk of
respiratory system disorders [14].

Volcanic emissions contain inorganic contaminants that can accumulate in the envi-
ronment and human body. These include lead (Pb), mercury (Hg), cadmium (Cd), arsenic
(As), chromium (Cr), cobalt (Co), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn), and
iron (Fe), some of which are known for their toxic effects on human health [15]. Studies
in volcanic regions have shown that populations exposed to volcanic activity have sig-
nificantly higher levels of certain inorganic elements compared to those in non-volcanic
areas [16]. Furthermore, residents of active volcanic areas exhibit elevated concentra-
tions of inorganic toxicants in their urine and hair, indicating complex non-anthropogenic
biocontamination [16].

The Agency for Toxic Substances and Disease Registry (ATSDR) has identified up
to 20 elements that require monitoring due to their effects on human and environmental
health, based on their frequency, toxicity, and potential for human exposure [17]. Notably,
this list includes essential elements for normal bodily functions; however, exposure to
volcanic emissions could alter their levels in the body and pose potential health risks [18].

The eruption of the Tajogaite volcano on La Palma, Spain, began on 19 September
2021, and lasted for 85 days. This event released large quantities of volcanic emissions
containing various inorganic contaminants over several weeks, significantly impacting air
quality, water sources, and soil composition [19,20].

La Palma is the fifth most densely populated island of the Canary Islands, with nearly
half of its population residing in municipalities near the volcanic eruption site [21]. The
island’s diverse topography and climatic conditions foster a population dependent mainly
on agriculture and tourism. The deposition of volcanic ash and contamination of ambient
air by volcanic ash and gases in these areas not only disrupted economic activities, but
also raised concerns about the long-term health impacts on residents. This study aims to
describe the inorganic toxicant levels in blood samples collected from adult participants
in the ISVOLCAN study (Health Impact on the Population of La Palma caused by the
Tajogaite Volcano Eruption) residing in the western region of La Palma and to analyze
the variations in these levels according to sociodemographic characteristics and level of
exposure during the volcanic eruption.
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2. Materials and Methods
2.1. Study Design and Participants

The ISVOLCAN study [22] is a prospective observational cohort study conducted
among a randomly selected general population across municipalities in the western region
and the eastern region of La Palma Island. The study is structured in two phases: the initial
phase, spanning from 2022 to 2023, involved the recruitment of participants, administration
of an epidemiological questionnaire via telephone, and a health center visit for physical
examinations, pulmonary function tests, and venous blood extraction. These samples were
used for subsequent studies involving clinical and toxicological laboratory parameters.
The subsequent phase will monitor the cohort at intervals of 2, 5, and 10 years. This
study presents an analysis of blood test results from the initial 393 samples collected from
general population residing in the island’s western region during the volcanic eruption,
which is the most exposed population to metal-rich volcanic emissions. These participants
constitute 59.4% of the total study cohort from that specific geographic area. Sex and gender
were considered in the study design by ensuring the inclusion of both male and female
participants without restriction.

2.2. Study Area

Spain’s geographic diversity is expressed through its continental and insular regions.
The continental territory, predominantly located on the Iberian Peninsula, constitutes the
bulk of Spain’s area. The insular territory includes the Balearic Islands in the Mediterranean
Sea and the Canary Islands off the northwest coast of Africa. The Canary Islands’ unique
microclimates, endemic species, Saharan dust, and traditional practices—like gofio and
seafood consumption—affect metal bioavailability and baseline exposure to elements such
as aluminium, cadmium, lead, strontium, and mercury [23,24], with additional influences
from soil contact and local crop intake in volcanic rural settings [25].

Among the Canary Islands, La Palma is distinguished by its rich biodiversity and
varied landscape. Located at 28◦26′ N latitude and 14◦01′ W longitude, the island covers
approximately 708 km2 and has a population of over 83,000 inhabitants. In the western
region near the volcano, about 41,000 residents are concentrated [26].

In 2021, La Palma witnessed a significant volcanic event in the Cabeza de Vaca area
on the western slope of the Cumbre Vieja ridge, within the El Paso municipality. This
long-lasting and hybrid eruption culminated in the formation of the Tajogaite volcano,
which reached a peak elevation of 1131 m above sea level. The eruption showcased a
variety of volcanic activities, including lava flow emplacements, lava fountaining, and
Strombolian explosions that produced sustained ash and gas emissions [27]. These activities
predominantly impacting the Valle de Aridane with considerable damage from lava, gases,
and particulate matter [28] (Figure 1).

2.3. Data and Blood Sample Collection

For this study, the variables analyzed from the epidemiological questionnaire (avail-
able at www.estudioisvolcan.com) included sociodemographic factors such as age, sex,
educational level, employment status, and occupation type (classified according to the
European Commission’s framework) [29]. Additionally, variables regarding occupational
exposure to toxic substances, types of toxic substances (classified according to the ATSDR’s
Toxic Substance Classification) [30], duration of exposure to toxic substances, smoking
exposure, smoking status, and duration of smoking exposure were also recorded.

www.estudioisvolcan.com
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Figure 1. Location of La Palma Island in the Canary archipelago (red circle) and geography of
La Palma, showing the location of the different districts, the location of the Tajogaite Volcano, the
buffered gas emission, and the extent of the lava flows (figure generated with QGIS Development
Team 2.8).
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Variables concerning the level of volcanic exposure assessed included distance to the
volcano in kilometers, volcanic ash cleaning activities, location of cleaning, tools used,
cleaning frequency, daily hours spent outdoors, frequency of mask usage outdoors, and
frequency of protective eyewear usage outdoors.

Blood samples were collected from participants during their visit to the health center in
Los Llanos de Aridane. These samples were daily transported and stored at the Laboratory
of the University Hospital of La Palma (Canary Islands, Spain). They were then shipped
weekly to the Research Unit of the Hospital Nuestra Señora de Candelaria in Tenerife
and stored at −80 ◦C for whole blood samples. The toxicological analyses including the
measurement of inorganic elements were conducted at the Toxicology Unit in the Research
Institute of Biomedical and Health Sciences (IUIBS) at the University of Las Palmas de Gran
Canaria (Canary Islands, Spain).

2.4. Inorganic Element Measurements

The analysis incorporated 43 elements, including 20 identified from the ATSDR’s
Substance Priority List of 2023 [17] chosen for their prevalent toxicity and potential exposure
risk to populations. This comprehensive selection also included elements previously not
characterized as harmful or prioritized as contaminants. Specifically, rare earth elements
(REEs) and other minority elements (MEs), now recognized as emerging pollutants, are
released into the environment during volcanic eruptions and are accumulating over time
in global populations. The full spectrum of inorganic elements analyzed comprised highly
toxic elements: Arsenic (As), Cadmium (Cd), Mercury (Hg), and Lead (Pb); potentially
toxic elements: Aluminium (Al), Barium (Ba), Beryllium (Be), Chromium (Cr), Caesium
(Cs), Nickel (Ni), Antimony (Sb), Strontium (Sr), Thorium (Th), Thallium (Tl), Uranium (U),
and Vanadium (V); essential elements with potential toxicity under undesired exposure:
Cobalt (Co), Copper (Cu), Manganese (Mn), and Selenium (Se); and REEs and other MEs
seldom studied in the context of volcanism: Bismuth (Bi), Cerium (Ce), Dysprosium (Dy),
Erbium (Er), Europium (Eu), Gadolinium (Gd), Holmium (Ho), Indium (In), Lanthanum
(La), Lutetium (Lu), Niobium (Nb), Neodymium (Nd), Praseodymium (Pr), Platinum (Pt),
Rubidium (Rb), Ruthenium (Ru), Samarium (Sm), Tin (Sn), Terbium (Te), Titanium (Ti),
Thulium (Tm), Yttrium (Y), and Ytterbium (Yb).

The methodology for this study was adapted from previously established protocols by
our research group as detailed by Henríquez-Hernández in 2023 [31]. Specifically, 0.5 mL
of whole blood samples was processed by the protocol for acid digestion. The internal
standard (ISTD) solution, containing scandium (Sc), germanium (Ge), rhodium (Rh), and
iridium (Ir) at concentrations of 20 mg/mL each, was introduced into the ICP-MS at a
concentration of 40 ppb. This step was undertaken to evaluate the reproducibility of counts
per seconds of the ions (CPS) and associated relative standard deviation (RSD) values,
as well as the recovery rates of the four isotopes (45Sc, 72Ge, 103Rh, 193Ir), which should
range between 70% and 130%. This was introduced using an Agilent 7900 ICP-MS system
(Agilent Technologies, Tokyo, Japan), equipped with standard nickel cones, a MicroMist
glass concentric nebulizer, and an Ultra High Matrix Introduction (UHMI) system. The
4th generation Octopole Reaction System (ORS4) operated in helium (He) mode for all
elements to minimize interferences from low-mass elements, enhancing detection limits
for most elements. Elemental standards were obtained as certified reference material from
CPA Chem (Stara Zagora, Bulgaria), either as multi-elemental or individual acid solutions.
Calibration procedures were meticulously designed for optimal quantification, involving
three different calibration curves: (1) a multi-elemental curve covering major heavy met-
als and some minority elements (nine points from 0 to 2000 ppb); (2) a mercury curve
(five points from 0 to 50 ppb); and (3) a curve for REEs and the majority of MEs (six points
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from 0 to 25 ppb), based on their linearity, sensitivity, and precision. To prevent memory
effects, especially with mercury, a cleaning solution containing 2.0% HNO3 and 1% HCl
was used between each analysis. Each sample was analyzed in three separate vials, with
three complete readings automatically performed from each, providing nine individual
measurements per sample. Element quantification was conducted using the MassHunter
v.4.2 ICP-MS Data Analysis software by Agilent Technologies. Before samples determi-
nation, the entire procedure underwent in-house validation using a certified reference
material (CRM, Seronorm™ Trace Elements Whole Blood, Billingstad, Norway) at three
concentration levels (L-1, L-2, L-3). The RCM comprised three clinically relevant levels for
all elements studied, except In and Ti, which were assessed with fortified matrix assays.

Calibration curves generally displayed excellent regression coefficients (≥0.995), and
recoveries ranged from 79% to 121% for REEs and MEs, and from 76% to 124% for ATSDR’s
toxic elements. Limits of detection (LODs) and quantification (LOQs) were determined
based on signals significantly above the noise level of the blank solution (pure acids). The
LOD and LOQ values for each analyte, along with precision and accuracy data from CRM
and spiked samples, are provided in Supplementary File S1. As a quality control for blood
sample analysis, independent vials were included every 24 vials of sample replicates in
the sequence, each containing: a digested blank, the two customized mixes, and each level
(L-1, L-2, and L-3) of the CRM. This was performed to verify potential contaminations and
ensure an accurate and replicable determination (results were acceptable when the analyte
concentration fell within 20% of the RSD value).

2.5. Statistical Analysis

Qualitative variables will be described by displaying both their absolute and relative
frequencies. Continuous variables were summarized using median values and interquar-
tile ranges (IQRs) or mean and standard deviation, as appropriate, depending on their
distribution as determined by the Kolmogorov–Smirnov test. Differences between so-
ciodemographic factors or variables related to the level of volcanic exposure and the
concentration of inorganic pollutants present in more than 30% of blood samples were
analyzed using the Mann–Whitney and Kruskal–Wallis tests.

Bivariate correlations for continuous variables were assessed using Spearman’s corre-
lation tests. Statistical significance was defined as a probability level of <0.05 (two-tailed).

All statistical analyses were conducted using R Core Team software 2018 version 3.5.1.

3. Results
3.1. Sociodemographic Characteristics

The study included 393 participants from the western region of La Palma with a
median age of 51 years (IQR: 40–59), and 56.7% females. More than half of the participants
lived within 6.5 km of the volcano. Educational levels varied, with 47.1% having secondary
education and 24.4% holding a university degree. Employment status during the eruption
indicated most people were employed, and occupational exposure to toxic substances
was reported by 17.8% of participants, which primarily involved solvents and vapors.
Among the participants, most had comorbidities, and over 44% were exposed to smoking
(current and former smokers). Regarding volcanic ash cleaning, around 92% engaged in
these activities, being mostly ash cleaning both in indoor and outdoor environments. Most
people used high particle projection tools, such as brooms and blowers, and 47.3% cleaned
at least once daily. Outdoor exposure was significant, with 51.4% spending more than
five hours daily outside. Protective measures included frequent mask use (over 84%) and
protective eyeglasses (57.5%) (Table 1, Supplementary Table S1).
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Table 1. Sociodemographic characteristics of participants from the western region of La Palma.

Variables Total
n = 393

n (%)
Age category (years) ≤50 187 (47.58)

>50 206 (52.42)
Sex Male 170 (43.26)

Female 223 (56.74)
Distance (usual residence) to volcano (km) median (IQR) 6.46 (4.64–7.12)
Distance (usual residence) to volcano (km) <6.5 201 (51.15)

≥6.5 192 (48.85)
Employment status Active 238 (60.6)

Inactive 155 (39.4)
Occupational exposure to toxic substances No 323 (82.19)

Yes 70 (17.81)
Years of occupational exposure to toxic substances;
median (IQR) (n = 58) 15.5 (5–23)

Years of occupational exposure to toxic substances (n = 58) <15 years 25 (43.10)
≥15 years 33 (56.90)

Smoking exposure No 220 (55.98)
Yes 173 (44.02)

Years of exposure to smoking; median (IQR) (n = 168) 20 (10-30)
Years of exposure to smoking (n = 168) <20 years 65 (38.69)

≥20 years 103 (61.31)
Smoker status Current smoker 78 (19.85)

Ex-smoker 95 (24.17)
Never smoked 220 (55.98)

Volcanic ash cleaning No 32 (8.14)
Yes 361 (91.86)

Cleaning tools (n = 361) High (particle projection) 333 (92.24)
Moderate (particle projection) 21 (5.82)
Low (particle projection) 7 (1.94)

Cleaning frequency (n = 356) ≥1 once a day 186 (52.25)
1–6 times per week 155 (43.54)
Every 15 days/monthly 15 (4.21)

Daily hours spent in outdoor environments No or <1 h 41 (10.43)
1–5 h 150 (38.17)
>5 h 202 (51.4)

Abbreviations: IQR: interquartile range; ND: no data. Note: When the number of observations differs from
the total sample size, the exact count used for percentage calculations is indicated alongside the variable. The
complete table with all of the studied variables is available in Supplementary Table S1.

3.2. Measurement of Inorganic Elements

In the analysis of environmental toxicants (Table 2, Supplementary Table S2), Cu
and Se were identified as the most prevalent inorganic elements, detected in 100% of the
samples. These elements exhibited median concentrations of 842.3 ng/mL for Cu and
109.2 ng/mL for Se. Rb was also prominent, present in all samples and displaying the
highest median concentration of 1848.8 ng/mL. Similarly, Mn and Hg showed widespread
presence, detected in 96.4% and 98.7% of the samples, respectively. Pb was found in a
significant proportion of samples, with a mean concentration of 7.7 ng/mL and a median
of 6.0 ng/mL. Al, though detected in only 30.5% of samples, had a notably high median
concentration of 80.4 ng/mL (IQR: 39.4–180.8 ng/mL). Cd and Co, with detection frequen-
cies above 44%, indicated considerable exposure among the study participants. In contrast,
Tl and Tb were not detected, suggesting minimal exposure to these elements. Additionally,
U and V were detected at relatively low rates of 1.5% and 2.8%, respectively.
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Table 2. Summary of quantitative levels of inorganic elements in whole blood (ng/mL) among
participants from the western region (n = 393).

Inorganic Elements Included in
the ATSDR’s Priority
Pollutant List (2022)

Frequency of
Detection (%) Mean (SD) Median (IQR)

95% Confidence Interval
(Lower Limit-Upper

Limit)

Al (Aluminium) 30.53 518.6 (949.59) 80.36 (39.42–180.76) (346.95–690.24)
Cd (Cadmium) 45.80 0.46 (0.69) 0.23 (0.12–0.45) (0.36–0.56)
Co (Cobalt) 44.02 0.26 (0.24) 0.21 (0.13–0.29) (0.23–0.30)
Cs (Cesium) 95.42 1.77 (0.86) 1.66 (1.14–2.32) (1.69–1.86)
Cu (Copper) 100.00 888.33 (189.32) 842.33 (777.62–954.77) (869.56–907.11)
Hg (Mercury) 98.73 3.87 (3.15) 3.13 (1.58–5.1) (3.55–4.18)
Mn (Manganese) 96.44 7.87 (2.88) 7.48 (6.12–9.48) (7.58–8.16)
Ni (Nickel) 40.46 10.96 (62.64) 3.86 (1.9–5.58) (1.15–20.78)
Pb (Lead) 92.11 7.73 (7.18) 6.04 (3.65–9.75) (6.99–8.47)
Se (Selenium) 100.00 112.77 (30.04) 109.24 (94.06–126.07) (109.79–115.75)
Sr (Strontium) 98.47 14.24 (6.08) 13.6 (10.48–17.05) (13.63–14.85)
Other inorganic elements not
included in the priority
pollutant list
Rb (Rubidium) 100.00 1869.86 (381.97) 1848.83 (1621.31–2088.65) (1831.98–1907.75)
Sn (Tin) 32.57 6.84 (5.25) 4.76 (2.87–10.28) (5.92–7.76)
Ti (Titanium) 69.72 8.26 (4.18) 7.22 (5.41–10.32) (7.77–8.76)

Abbreviations: IQR: interquartile range; LOQ: limit of quantification; SD: standard deviation. Note: This is
a shortened version presented due to space limitations. Full data for all inorganic elements are provided in
Supplementary Table S2.

3.3. Inorganic Contaminants and Their Association with Sociodemographic Characteristics

Table 3 (Supplementary Table S3) displays the distribution of 14 inorganic pollutants,
each detected in over 30% of the sample population. This distribution is analyzed in
relation to various sociodemographic variables. Notably, the median concentrations of
heavy metals such as Pb, Hg, and Cd exhibit significant variations based on sex, age, and
educational level, respectively. Individuals over the age of 50 demonstrated higher median
levels of Hg (3.6 ng/mL) and Sr (14.9 ng/mL) compared to their younger counterparts.
Additionally, males demonstrated significantly elevated levels of Pb and Rb, with median
concentrations of 8.7 ng/mL and 1956.3 ng/mL, respectively. Conversely, females had
higher concentrations of Cu (913.97 ng/mL), Al (100.07 ng/mL), and Ni (4.40 ng/mL)
compared to males.

In terms of educational attainment, individuals with only elementary education
showed increased levels of Hg, with a median of 3.3 ng/mL (p < 0.01). Employment
status during the eruption also influenced exposure levels, with employed individuals
presenting lower median levels of Cd than those who were unemployed. Moreover, indi-
viduals with occupational exposure to toxic substances did not show significant differences
in the concentrations of various inorganic elements.

Duration of occupational exposure to toxic substances demonstrated significant as-
sociation with the median concentrations of inorganic elements. Specifically, levels of Hg,
Mn, and Cu varied notably among individuals with more than 15 years of occupational
exposure to toxic substances. Current smokers exhibited significantly higher levels of Cd
compared to non-smokers and ex-smokers, and those with smoking histories exceeding
20 years displayed elevated levels of metals such as Pb and Sr.

3.4. Inorganic Pollutants and Their Association with Level of Exposure to Volcano

When comparing volcanic exposure based on residential distance, it was observed that
individuals living within 6.5 km of the volcano had slightly higher median concentrations
of Al (p = 0.034) and Ti (p = 0.032). In contrast, those residing beyond 6.5 km exhibited
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elevated levels of Se and Sn, with median concentrations of 111.5 ng/mL (p = 0.031) and
5.9 ng/mL (p = 0.008), respectively.

Participants involved in cleaning volcanic ash showed higher levels of inorganic
elements compared to those who did not engage in cleaning activities, with a notable
difference in Ni levels. Active cleaners showed a median Ni concentration of 3.9 ng/mL,
compared to 2.1 ng/mL in non-cleaners (p = 0.031). However, individuals who did not
participate in cleaning had higher levels of Sr, with a median concentration of 15.9 ng/mL
(p = 0.0158). Daily cleaning activities were also associated with marginally elevated levels
of certain elements. For instance, daily cleaners recorded a median Cu concentration of
874.3 ng/mL and a Cs concentration of 1.8 ng/mL, whereas those cleaning only once a
month had lower concentrations, with Cu at 769.25 ng/mL (p = 0.003) and Cs at 1.5 ng/mL
(p = 0.042). Additionally, spending more than five hours daily in outdoor environments
was significantly associated with increased Se (median 112.7 ng/mL) and Pb (median
6.6 ng/mL) levels, while Cu levels were lower (median 826.9 ng/mL), as detailed in Table 4
(Supplementary Table S4).

3.5. Correlation Between Main Sociodemographic Factors and Level of Volcano Exposure with
Concentration of Inorganic Elements

Spearman’s correlation matrix revealed strong correlations between participant age,
years of smoking, and years of occupational exposure to toxic substances. Additionally, a
robust correlation was observed between Se and Hg (p < 0.001). Furthermore, proximity
to the volcano was significantly associated with higher levels of Al (p = 0.009) and Ti
(p = 0.021) (Figure 2).

Figure 2. Heatmap plot representing the correlation matrix between numerical sociodemographic
variables, types of exposure, and inorganic element concentrations relevant to the study. Positive
values (red) indicate a positive relationship between two variables, while negative values (blue)
signify a negative relationship.
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Table 3. Summary of quantitative levels of inorganic pollutants (ng/mL) in whole blood by sociodemographic characteristics among participants from the
western region.

Inorganic
Elements Cd Hg Pb Mn Cu Al Ni Sr

% of Detection 46% 99% 92% 96% 100% 31% 41% 99%

Variables Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Age category (years) ≤50 0.18 (0.11–0.34) 2.52 (1.49–4.29) ** 5.79 (3.21–9.43) 7.37 (5.82–9.65) 830.95 (769.41–936.97) 81.04 (37.42–189.18) 3.40 (1.84–5.10) 12.50 (9.51–15.26) ***

>50 0.25 (0.12–0.51) 3.60 (1.76–5.87) 6.42 (4.09–9.78) 7.53 (6.16–9.36) 855.81 (783.72–963.35) 79.67 (43.33–163.65) 4.34 (2.03–6.25) 14.89 (12.02–18.80)
Sex Male 0.21 (0.12–0.47) 3.58 (1.59–5.86) 8.72 (5.09–13.11) *** 7.52 (6.19–9.27) 793.91 (740.04–852.86) *** 57.28 (32.81–169.82) * 2.68 (1.66–4.72) ** 13.55 (10.53–16.35)

Female 0.23 (0.12–0.44) 2.89 (1.57–4.75) 4.70 (3.01–7.23) 7.37 (5.83–10.10) 913.97 (820.57–1021.53) 100.07 (55.46–273.15) 4.40 (2.31–6.56) 13.84 (10.43–17.66)
Years of occupational
exposure to toxic
substances

<15 years 0.33 (0.12–0.44) 1.88 (1.21–2.69) * 6.60 (3.39–9.39) 6.85 (5.95–9.27) * 849.24 (794.79–957.80) * 84.80 (52.92–243.65) 4.02 (2.18–4.27) 13.76 (11.09–17.91)

≥15 years 0.21 (0.13–0.50) 3.98 (2.00–6.32) 8.79 (5.38–14.13) 8.55 (6.82–10.48) 790.40 (711.20–838.32) 100.49
(28.06–2.046.19) 2.16 (1.56–4.72) 13.88 (10.32–18.23)

Smoking exposure No 0.14 (0.10–0.25) *** 3.12 (1.54–5.21) 4.99 (3.16–8.17) *** 7.65 (6.28–9.93) * 854.02 (778.01–972.25) 79.67 (40.08–123.26) 3.89 (1.93–5.85) 13.22 (10.37–16.28)
Yes 0.34 (0.19–0.78) 3.13 (1.60–4.94) 7.57 (4.70–12.32) 7.34 (5.81–9.06) 831.25 (774.12–940.72) 92.97 (37.10–1.329.38) 3.83 (1.84–5.39) 13.98 (10.82–17.72)

Smoker status Current smoker 0.55 (0.29–1.04) *** 2.51 (1.46–4.33) 7.54 (4.72–13.25) *** 6.77 (5.81–8.77) 818.37 (764.52–929.48) 96.52 (37.10–1.885.53) 3.25 (1.84–6.08) 13.86 (10.53–17.37)
Ex-smoker 0.22 (0.11–0.34) 3.69 (1.96–5.63) 7.62 (4.70–11.32) 7.44 (5.85–9.31) 842.33 (779.72–960.00) 65.13 (38.71–732.49) 3.91 (2.21–5.08) 14.12 (11.34–18.45)
Never smoked 0.14 (0.10–0.25) 3.12 (1.54–5.21) 4.99 (3.16–8.17) 7.65 (6.28–9.93) 854.02 (778.01–972.25) 79.67 (40.08–123.26) 3.89 (1.93–5.85) 13.22 (10.37–16.28)

Abbreviations: p value significance levels: *: <0.05; **: <0.01; ***: <0.001. Statistical analysis: Mann–Whitney U test for dichotomous variables; Kruskal–Wallis test for polytomous
variables. Note: A condensed version is shown here due to space constraints. Full results for all 14 inorganic elements and variables are available in Supplementary Table S3.

Table 4. Summary of quantitative levels of inorganic elements (ng/mL) in whole blood of the participants from the western region in relation to the level of exposure
to Tajogaite volcano during eruption.

Inorganic
Elements Cu Se Al Ti Ni Sr Sn Cs

% of Detection 100% 100% 31% 70% 41% 99% 33% 95%

Variables Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Distance (usual
residence) to volcano
(km)

<6.5 845.46 (781.52–946.44) 107.93 (90.47–125.51)
*

107.82 (49.45–323.00)
* 7.60 (5.70–11.40) * 3.68 (1.82–5.24) 13.76 (9.98–16.96) 4.37 (2.39–7.00) ** 1.54 (1.06–2.24)

≥6.5 839.18 (771.31–966.81) 111.51 (96.57–129.42) 55.33 (36.81–100.41) 6.88 (5.04–9.36) 4.02 (2.38–6.56) 13.47 (10.69–17.21) 5.85 (3.63–12.22) 1.73 (1.23–2.33)

Volcanic ash cleaning No 809.56 (777.16–896.52) 107.38 (92.52–122.81) 103.61
(30.62–2295.76) 7.05 (5.80–11.06) 2.09 (1.34–2.77) * 15.86 (12.53–18.90) * 3.58 (1.93–4.60) 1.54 (0.97–2.64)

Yes 845.23 (777.62–960.00) 109.36 (94.26–126.20) 79.67 (40.08–169.82) 7.24 (5.39–10.32) 3.93 (1.98–5.70) 13.55 (10.32–16.64) 4.93 (2.89–10.82) 1.67 (1.16–2.24)

Cleaning frequency > = 1 once a day 874.27 (788.01–1006.37)
** 111.19 (92.64–132.13) 83.49 (41.60–189.18) 6.98 (5.28–9.75) 4.18 (2.14–6.68) 13.57 (10.27–16.28) 5.13 (3.04–11.71) 1.77 (1.32–2.37) *

1–6 times per week 834.38 (769.41–906.15) 109.58 (96.64–123.37) 79.70 (38.71–163.87) 7.28 (5.36–10.29) 3.93 (1.98–5.14) 13.56 (10.49–16.67) 4.55 (2.71–7.52) 1.55 (1.05–2.15)
Every 15
days/monthly 769.25 (740.04–932.50) 103.78 (95.33–127.23) 62.49 (52.68–116.39) 11.66 (8.01–12.95) 2.83 (1.47–4.19) 11.11 (7.13–14.45) 3.98 (2.86–11.18) 1.52 (0.82–2.32)

Daily hours spent in
outdoor environments

None or <1 h 883.61 (820.59–987.01)
**

99.28 (80.12–115.56)
** 93.48 (46.54–172.33) 6.48 (4.62–9.47) 3.91 (1.98–6.07) 13.24 (10.25–16.96) 5.10 (2.60–10.24) 1.50 (1.21–2.29)

1–5 h 866.66 (783.96–973.63) 108.92 (91.50–126.94) 88.78 (39.05–169.82) 8.23 (5.85–11.77) 4.29 (1.90–6.08) 14.10 (10.50–18.23) 4.57 (2.41–7.33) 1.74 (1.15–2.33)
>5 h 826.93 (770.53–916.70) 112.69 (97.52–127.07) 73.04 (39.25–281.02) 7.05 (5.17–9.48) 3.46 (1.90–5.09) 13.47 (10.49–16.17) 4.97 (3.15–11.07) 1.61 (1.09–2.37)

Abbreviations: p value significance levels: *: <0.05; **: <0.01. Statistical tests: Mann–Whitney U test for dichotomous variables; Kruskal–Wallis test for polytomous variables. Note:
Due to space limitations, this table presents a condensed version of the results. The full dataset, including detailed information for all 14 inorganic elements and associated variables, is
provided in Supplementary Table S4.
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4. Discussion
The results presented in this study are based on the analysis of participants residing

in the western region of the ISVOLCAN cohort. In this research, we quantified inorganic
contaminants in 393 individuals from the area of La Palma most impacted by the Tajogaite
volcano eruption. The results indicate that 14 inorganic elements were detected in the blood
samples of more than one-third of the studied population.

It is known that volcanic emissions may represent significant health risks for popula-
tions living near active volcanoes, from psychological effects to acute respiratory diseases,
and ocular infections [2,6,13,32]. In our study, the main inorganic pollutants detected
in over 30% of blood samples were Cd, Hg, Pb, Mn, Co, Cu, Se, Al, Ti, Ni, Sr, Sn, Cs,
and Rb. The relatively high detection percentages of Cu, Se, Mn, and Co and given that
the levels measured are of the same order of magnitude as the average data reported in
the literature for human blood (biological variability) might reflect normal physiological
requirements for metabolic processes [33–35]. In addition, significant correlations were
found between Cd and Pb, Cu and Se, and Rb with both Cu and Se. Similar correlations
were found in scalp hair samples of men chronically exposed to volcanogenic metals in
the Azores [36]. Nonetheless, current knowledge does not allow for the establishment of
definitive thresholds for what constitutes normal concentrations of these elements in our
blood samples [37]. Consequently, their application in risk assessment remains unfeasible
at this time, despite their concentrations aligning below the upper limit values listed by
ATSDR [38] and Human biomonitoring (HBM) Commission [39].

Additionally, this article evaluates the presence of rare earth elements. Although the
only elements that exceeded 15% in prevalence were yttrium (17%) and cerium (15%), these
elements have been detected in other studies related to rare earth elements, but primarily
in mining regions [40]. Furthermore, studies on the general adult population in Spain have
reported detection rates exceeding 20% for Eu, Tm, In, and Ru [41]. To date, no studies
have reported the presence of these elements in human blood samples from individuals
exposed to volcanic eruptions. The detection of these elements in our study provides a
valuable reference point for conducting further research and highlights the importance of
ongoing biomonitoring in populations exposed to volcanic emissions.

Regarding the differences between sociodemographic characteristics and the levels of
frequent inorganic contaminants, our study found significant differences. Men exhibited
higher concentrations of Pb and Rb, while women showed higher levels of Cu, Al, and
Ni. These differences can be attributed to a combination of factors. Occupational exposure
plays a role, as men are more often employed in industries with higher lead exposure, such
as construction and mining [42]. Physiological factors, including hormonal influences, also
contribute; women’s higher estrogen levels can affect copper absorption and distribution.
Additionally, genetic, epigenetic, and behavioral factors, such as differences in diet, use of
cosmetics, body mass, and composition, further explain these disparities [43–45]. Apart
from this, participants over the age of 50 showed significantly higher concentrations of
Hg and Sr. This can be attributed to accumulation over time, historical environmental
exposures, such as consuming contaminated fish, dental amalgams, possible occupational
exposures [46–48], and changes in elimination capacity due to age-related renal and hepatic
function changes and bone remodeling. Older individuals may accumulate more Sr in their
bones due to prolonged exposure through diet and drinking water [49,50]. These factors
could explain why older individuals tend to have higher levels of these heavy metals
compared to younger individuals.

In relation to the distance to volcano, the western population living near the volcano
exhibited significantly elevated concentrations of Al, Ti, and Sn, with these elements present
in more than one-third of the studied population. This can be attributed to the volcanic
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emissions containing significant amount of these elements, which can be mobilized in
the environment, and could lead to population intake through direct inhalation or oral
ingestion, or drinking of contaminated water or consumption of contaminated food [10,51].
In contrast, Rb was found in 100% of the population, regardless of the distance from the
volcano. This aligns with a study on White Island, New Zealand, where high excretion
levels of Al and Rb were observed post-acute exposure to fumaroles. These elements
were suggested as potential biomarkers of volcanic emission exposure [52]. A study on
Volcán de Fuego in Guatemala found increased urinary concentrations of As, Cd, and
Pb in workers close to the volcano, while high Ni levels were only found in those from
more distant highland areas [53]. In our study, no significant differences were found in the
concentrations of Cd, Hg, Pb, Mn, Co, Cu, Ni, Sr, Cs, and Rb based on proximity to the
volcano, likely due to the small size of the island and uniform exposure levels in our sample
population. The concentrations of the same elements in the population of the eastern region,
which was less affected by the eruption, will be analyzed in future studies. Comparing the
results between the two regions will provide valuable insights.

These inorganic toxicants may originate from the release of gases and volcanic par-
ticles during eruptions, but might also reflect the geological background and/or result
from anthropogenic pollution. A study analyzing the chemical composition of the water
leachates of ash from the Tajogaite volcano predicted Al concentrations in open-water
supply catchments exceeding potability values for humans, although the study’s analysis
deemed these levels relatively non-toxic but capable of altering organoleptic properties,
reducing water acceptability as a beverage [54]. This finding may account for the elevated
Al levels detected in one-third of our study population compared to ATSDR reference
values. The ATSDR has documented that exposure to high levels of Al can lead to neuro-
logical, respiratory, and skeletal effects [38]. Ruggieri et al. (2023) reported that barium
levels in areas near the volcano exceeded WHO human consumption limits in only two
ash samples [54]. Although there are no established reference levels for barium in human
blood, the WHO sets an acceptable consumption limit of 1.3 mg/L [55]. In our study,
barium was detected in 22% of the participants. Given that its intake is strictly regulated by
international agencies, barium should be closely monitored in biomonitoring efforts.

Among the elements found in Tajogaite ash, fluoride has significant toxicological
importance [54]. This element has the potential to deposit in soil and water, entering
the food chain through plants and animals [56,57]. Although our study did not assess
fluoride, we found elevated Al and Ti levels in blood of participants residing less than
6.5 km from the volcano. A study on banana cultivation in La Palma post-eruption also
found high concentrations of Al, Ti, and Pb in banana flesh, indicating their entry into the
food chain [58]. However, the presence of inorganic elements in the environment does not
necessarily imply direct or proportional incorporation into the human body, as this process
is influenced by the bioaccessibility and the bioavailability of each element [59]. Therefore,
this underscores the importance of biomonitoring these contaminants to assess exposure
and guide public health interventions.

Other sources of exposure to these persistent pollutants may be those derived from
occupational exposure. Although only 18% of participants reported occupational exposure
to toxic substances, those with over 15 years of exposure exhibited significantly higher
concentrations of Hg and Mn compared to those with shorter exposure periods. This can be
attributed to bioaccumulation; for example, mercury has a long half-life in the human body,
and chronic occupational exposure allows gradual accumulation due to its slow elimination
rate [47]. Jobs involving inhalation of manganese dust and fumes, such as mining and steel
production, expose workers to high levels of manganese, resulting in significant accumula-
tions over time [60,61]. Participants with less than 15 years of occupational exposure to toxic



Toxics 2025, 13, 581 13 of 18

substances showed lower median levels of several elements, indicating a dose–response
relationship between exposure duration and inorganic pollutant accumulation.

Concerning the exposure level of the population during the eruption, no significant
differences were observed. However, individuals who reported spending less time outdoors
had significantly lower Pb and Se levels compared to those who spent more hours outside.
One might expect these lower concentrations to be associated with the use of protective
masks, but no significant correlations were found with mask usage or the use of high
particle projection tools. Despite evidence suggesting that protective measures like mask
use and limiting outdoor activities are effective in mitigating health risks [62], our data
emphasize the importance of proximity to the eruption zone and the activities undertaken
during and after the eruption in influencing the presence of inorganic pollutants in the
human body.

In this study, smoking exposure, smoker status, and the duration of smoking exposure
were associated with higher concentrations of Cd and Pb. Similar findings have been
reported in a study assessing the influence of smoking habits on cadmium and lead blood
levels in the Serbian adult population [63], as well as in the BIOAMBIENT.ES project,
which found that smoking increases cadmium levels in urine [64]. It is known that tobacco
contains various levels of inorganic elements such as Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K,
Na, Ni, Rb, Si, Sr, and Zn, which can vary between different commercial brands [65,66].
Galażyn-Sidorczuk et al. (2008) found that tobacco is a significant source of cadmium
because tobacco plants absorb cadmium and lead from the soil and accumulate them
in their leaves. During combustion, these elements are inhaled directly, increasing their
bioaccumulation in smokers, particularly in the kidneys and liver, serving as biomarkers of
renal damage compared to non-smokers [67,68].

Limitations and Strengths

This study serves as the baseline assessment of the ISVOLCAN cohort, and as such,
its main limitations include the inability to track changes over time or establish causality.
The focus on a specific geographic area may limit the generalization of the results to other
volcanic or environmental conditions. Additionally, reliance on self-reported data might
introduce bias. The analysis was also limited to a specific group of trace elements in a single
type of sample, potentially underestimating the full spectrum of exposure and associated
health risks. Moreover, some relevant volcanic pollutants—such as fluoride, a known
toxic component of volcanic emissions—were not included in the analysis, representing a
limitation in the characterization of total exposure.

Despite these limitations, our study was conducted using blood samples, which
provide reliable data on acute exposure, allowing for comparative analysis with established
ATSDR thresholds and other studies. Whole blood is widely recognized as the most
suitable specimen for measuring inorganic contaminant levels, as it accurately reflects
the bioavailability of the contaminant and, consequently, its potential toxic effects. This
method offers significant advantages over other biological samples, such as urine or hair.
Furthermore, ISVOLCAN is designed as a 10-year longitudinal cohort study, which will
allow future follow-up to evaluate medium- and long-term health effects related to volcanic
exposure in a large sample of the adult general population residing on La Palma.

5. Conclusions
To our knowledge, this is the first article on biomonitoring in blood samples from a

general population exposed to a volcanic eruption. Our results indicate that proximity to the
volcano resulted in elevated levels of Al and Ti, frequent ash cleaning was linked to higher
Cu and Ni levels, and spending more hours outdoors was associated with higher level of Pb
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and Se. Notably, significant concentrations of Al and Ti suggest their potential as exposure
biomarkers. Further research is essential to understand the long-term health implications of
chronic exposure to these inorganic elements through various routes of entry into the body,
which will guide future public health strategies and interventions. Implementing such
measures can significantly mitigate the health impact of volcanic eruptions and enhance
community resilience against environmental hazards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics13070581/s1; Data S1: The LOD and LOQ values for
each analyte, along with precision and accuracy data from CRM and spiked samples; Table S1:
Sociodemographic characteristics of participants from the western region of La Palma; Table S2:
Quantitative levels of inorganic elements in whole blood (ng/mL) among participants from the
western region; Table S3: Quantitative levels of inorganic pollutants (ng/mL) in whole blood by
sociodemographic characteristics among participants from the western region; Table S4: Quantitative
levels of Trace elements (ng/mL) in whole blood of the participants from the western region in
relation to the level of exposure to Tajogaite volcano during eruption.
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