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Chronic exposure to volcanic gaseous elemental mercury:
using wild Mus musculus to unveil its uptake and fate
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Abstract Volcanoes are a natural source of gaseous

elemental mercury (GEM) (Hg0). Monitoring GEM

releases of volcanic origin has been widely studied;

however, few studies have been performed about the

biomonitoring of species exposed to GEM, rendering

an unknown risk to the worldwide populations living

in the vicinity of an active volcano. In this pilot study,

we used Mus musculus as a bioindicator species to

understand to what extent lungs are the main route of

mercury uptake in populations chronically exposed to

active volcanic environments. Autometallographic

silver protocol was used to detect mercury deposits

in the histological lung slides. Abundant mercury

deposits were found in the lungs of specimens

captured at the site with volcanic activity (Furnas

Village, S. Miguel Island—Azores). The presence of

mercury in the lungs could represent not only

hazardous effects to the lung itself but also to other

tissues and organs, such as brain and kidneys. This

study confirms that the main uptake route for GEM is

the lungs and that, even at very low concentrations in

the environment, a chronic exposure to Hg0 results in

its bioaccumulation in the lung tissue. These results

reinforce that biomonitoring studies should be
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combined with monitoring classical approaches in

order to better characterize the risks of exposure to

Hg0 in volcanic environments.

Keywords Autometallography � Mus musculus �
Non-eruptive volcanism � Hydrothermal emissions �
GEM � Hg0 � Biomonitoring

Introduction

Mercury (Hg) is a toxic volatile metal mainly emitted

from volcanic activity and geothermal systems, mostly

as a gaseous elemental form (GEM = gaseous ele-

mental mercury; Hg0), and it represents &98% of the

global atmospheric mercury (Bagnato et al., 2007;

Schroeder & Munthe, 1998). GEM possesses

&0.5–2 years’ time in the atmosphere (Ariya et al.,

2008) and due to this factor the Hg dispersion and

contamination of surface waters occurs through wet

and dry deposition (Morel et al., 1998), which then

tends to accumulate in the ecosystems and enters the

food chain (Zillioux et al., 1993).

Many studies have been performed regarding the

monitoring of GEM releases of volcanic origin (Ariya

et al., 2008; Bagnato et al., 2007, 2018; Schiavo et al.,

2020; Schroeder & Munthe, 1998; Science for Envi-

ronment Policy, 2017), and most of them did not

reveal values superior to the safety thresholds recom-

mended by the World Health Organization (WHO,

2000). However, few animal studies have been

performed in the biomonitoring of GEM rendering

these concentration values an unknown risk to the

worldwide populations living near an active volcano

(Beckers & Rinklebe, 2017). The Furnas volcano,

located in S. Miguel island (Azores, Portugal), is

responsible for the release into the environment of

approximately 1000 t d-1 of carbon dioxide (CO2) and

other gases (Viveiros et al., 2010), as well of several

metals (e.g., Hg, cadmium (Cd), copper (Cu), lead

(Pb), rubidium (Rb) and Zinc (Zn)) (Delmelle & Stix,

2000). In 2018, Bagnato et al. monitored the GEM

emissions from the Furnas Volcano, revealing that the

total (fumarolic ? diffusive) GEM output for a study

area of 0,04 km2 inside the volcano crater was

9,6 9 10-5 t d-1; these authors considered that such

values probably do not represent a hazard to the health

of the exposed populations. Nevertheless, the recent

study carried by Navarro-Sempere et al. (2020),

working with two wild mice populations, revealed

that the individuals living inside the crater of Furnas

volcano (chronically exposed to active volcanic envi-

ronment) presented much more Hg0 deposits in the

brain than the ones living far from this environment.

The authors pinpoint the hazardous potential of such

deposits in the development of neurological impair-

ments. However, how occurs the uptake of the Hg0

that reaches the central nervous system remains

unclear. Therefore, the main objective of this short

communication is to understand to what extent the

lungs can be an important route of entry and fate of the

volcanic GEM.

Material and methods

For this pilot study, Mus musculus was chosen as a

bioindicator species. Mus musculus have proven to be

a good bioindicator species in previous studies

regarding chronic exposure to volcanogenic air pollu-

tion (Amaral et al., 2007; Camarinho et al., 2019;

Navarro-Sempere et al., 2020).

Two mice were live captured in Furnas Village (site

with exposure to hydrothermal emissions), and three

mice were live captured in Rabo de Peixe Village

(reference site, with no active or historical hydrother-

mal manifestations). The study location, volcanic

characteristics and main hydrothermal emissions have

been previously described in detail by Camarinho

et al. (2019). The mice were euthanized with isoflu-

orane, and the lungs were then removed en-bloc and

processed for paraffin embedding and histology.

Autometallography (AMG) procedure was executed

according to the protocol of Danscher and Møller-

Madsen (1985). Briefly, sections were deparaffined

and rehydrated and then pre-treated with 1% potas-

sium cyanide solution for 2 h (this will avoid

unspecific bindings for the rest of the protocol),

followed by a developer solution composed by 50%

Arabic gum, citrate buffer, hydroquinone and silver

nitrate for 60 min at 268 C in the dark. After several

washes, the excess silver was removed by immersing

the sections in Farner’s Solution at 1% for 2 min.

Finally, the slides were contrasted in hematoxylin,

dehydrated, cleared and mounted with DPX. The

slides were then screened for black silver deposits,

representative of the silver precipitates of mercury

deposits enhanced by the executed protocol.
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Photomicrographs were taken with a Luminera Infin-

ity Microscope Camera (Microsen, SCU, Madrid –

Spain).

Results and discussion

A large abundance of Hg deposits was observed in the

lungs of mice captured at Furnas Village, while no

presence of Hg was observed in mice captured at Rabo

de Peixe (Fig. 1). Furthermore, it is possible to

observe an increase of alveolar space, typical of

pulmonary emphysema and increased mononuclear

leukocyte cells. Similar signs of lung injury have been

previously reported by Camarinho et al. (2019) in

mice from the hydrothermal environment.

Approximately 80% of inhaled GEM is absorbed

via the lungs and retained in the body. Elemental

mercury is poorly absorbed in the gastrointestinal tract

(less than 0.01% in rats), although increased blood

levels of mercury have been measured in humans

following accidental ingestion of several grams of

metallic mercury (Elinder et al., 1986). Skin absorp-

tion is insignificant in relation to human exposure to

GEM (Hursh et al., 1989). Also, the biological half-

life of inhaled mercury is about 60 days, and it is

estimated to remain in the brain for 20 years (Rice

et al., 2014; Rooney, 2014). The conspicuous presence

of mercury deposits in the lung tissue of individuals

living inside the crater of the active volcano confirms

the inhalation as the main route for the entrance of

GEM, as well as the lungs as target organs. A few

minutes after inhalation, GEM enters the blood stream

and is oxidized to mercuric mercury (Hg2?) in the

erythrocytes, which is considered to be the toxic form

(Clarkson & Magos, 2006). Since that this mercuric

form is not able to pass through the plasma membrane

and leave the cell, it is reduced again to GEM, which

can travel from cell to cell. Also, this oxidation process

generates other mercury complexes (like methylmer-

cury) that are dispersed thought the body (Shiavo,

et al., 2020), with particular hazardous impacts on the

liver, kidneys and brain (Azevedo, et al., 2012).

Recent studies show that GEM can cross the blood–

brain barrier and placental barrier (Clarkson & Magos,

2006; Pamphlett et al., 2019; Solan & Lindow, 2014).

Furthermore, several studies have shown that mercury

exposure is related with several neurodegenerative

diseases such as Alzheimer’s disease, Parkinson’s

disease, multiple sclerosis, among others (Cariccio

et al., 2019; Gray & Woulfe, 2015; Rahman et al.,

2020). Thus, it is plausible that, as it was stated by Park

and Zheng (2012) and Shiavo (2020), the inhaled

GEM bioaccumulates in the lung and then enters the

bloodstream causing toxicity to other organs such as

kidney and brain. Regarding the later, Navarro-

Sempere (2020) found much more mercury deposits

in the brain blood vessels, white matter (of both brain

cortex and cerebellum medulla) and some cells of the

hippocampus dentate gyrus of mice chronically

Fig. 1 Autometallography of lung histological sections of mice

captured at Rabo de Peixe (a) and Furnas (b) processed

according to the protocol of Danscher and Møller-Madsen

(1985). The black arrows point to mercury deposits, white

arrows point to mononuclear leukocyte infiltrate, black asterisk

represents the increased alveolar space. Scale bar = 25 lm
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exposed to the hydrothermal emissions of Furnas

volcano than in the individuals not exposed. While the

monitoring studies by Bagnato et al., (2018) and by

Schiavo et al., (2020) consider that GEM values in

hydrothermal areas are below the WHO’s threshold (in

Furnas the GEM output was 9,6 9 10-5 t d-1 for a

study area of 0,04 km2) and thus do not seem to

represent an health hazard to the human population,

the work of Navarro-Sempere et al. (2020) and the

results here presented prove that mercury is bioavail-

able in the environment and that it bioaccumulates in

the lungs and central nervous system, with completely

unknown consequences to human health that need to

be studied in the near future.

Conclusion

The results of this preliminary study confirm the

inhalation as the main route of entry of GEM into the

body and the lungs as important target organs for

mercury bioaccumulation. Considering the hazardous

effects of Hg in the lungs and the fact that Hg can

remain in the brain for 20 years causing neuropatholo-

gies, this study draws attention to the need of

biomonitoring the worldwide populations that live in

the vicinity of active volcanoes.
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Vassalo, P. V., Simões, M. R., et al. (2012). Toxic effects of

mercury on the cardiovascolar and central nervous sys-

tems. Journal of Biomedicine and Biotechnology. https://

doi.org/10.1155/2012/949048.

Bagnato, E., Aiuppa, A., Parello, F., Calabrese, S., Dalessandro,

W., Mather, T. A., et al. (2007). Degassing of gaseous

(elemental and reactive) and particulate mercury from

Mount Etna volcano (Southern Italy). Atmospheric Envi-
ronment, 41, 7377–7388. https://doi.org/10.1016/j.

atmosenv.2007.05.060.

Bagnato, E., Viveiros, F., Pacheco, J. E., D’Agostino, F., Silva,

C., & Zanon, V. (2018). Hg and CO2 emissions from soil

diffuse degassing and fumaroles at Furnas Volcano (São

Miguel Island, Azores): Gas flux and thermal energy out-

put. Journal of Geochemical Exploration, 190, 39–57.

Beckers, F., & Rinklebe, J. (2017). Cycling of mercury in the

environment: Sources, fate, and human health implica-

tions: A review.Critical Reviews in Environmental Science
and Technology, 47(9), 693–794. https://doi.org/10.1080/

10643389.2017.1326277.

Camarinho, R., Garcia, P. V., Choi, H., & Rodrigues, A. S.

(2019). Overproduction of TNF-a and lung structural

remodelling due to chronic exposure to volcanogenic air

pollution. Chemosphere, 222, 227–234. https://doi.org/10.

1016/j.chemosphere.2019.01.138.
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