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Abstract

Volcanoes form along the edges of tectonic plates. Although it is true that volcanic erup-
tions are destructive, these eruptions also have benefits. Volcanic eruptions provide min-
erals to the surrounding soil, and these minerals are beneficial to agriculture and can be
used as building materials. Exposure to volcanic emissions can threaten the health of
inhabitants in many ways; dermal and ocular irritation, cardiopulmonary exacerbations
in people who suffer from chronic diseases, and even cancer have been linked with expo-
sure to volcanic emissions. When rainwater passes through volcanic ashes deposited on
land surfaces, the leaching of metals leads to significant changes in the chemistry of the
surface water, increasing the risk of drinking water and land contamination. In addition to
the health effects, volcanic eruptions are known to lead to surface cooling at the regional
and global scales because of the emission of fine ash particles; however, these emissions,
being a source of sulfates, contribute to acid rain formation. Because volcanic ash is highly
abrasive, this ash can lower visibility and cause considerable damage to the engines of
transportation systems. To avoid fatalities, it is important to closely monitor volcanic
activity and promote a culture of prevention at all levels of society.

Keywords: volcanic emissions, health impact, cardiopulmonary disease, environmental
impact, public policies

1. Introduction

Volcanoes form along the edges of tectonic plates, making up a cluster known as the Ring of

Fire (Figure 1). Currently, there are about 100 active volcanoes all over the world, and more

than a 100 million people are potentially exposed to volcanic emissions, which pose a threat to

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the health of those exposed [1]. As a consequence of an eruptive event, a diversity of volcanic

material rises to the surface (Figure 2). As shown in Table 1, the emission of volcanic material

threatens the safety of populations in two different ways. In addition, volcanic emissions are a

global concern due to the impact of these emissions on health, property and climate [2]. A

volcanic plume is a mixture of liquid and solid particles produced during the eruptive event;

volcanic plumes can reach the stratosphere depending on the intensity of the eruption, which

is measured as the volcanic explosivity index (VEI). The chemical reactions within the plume

are intense, and aerosol particles formed by nucleation remain in the plume and are

transported by the wind across long distances (Figures 3 and 4) [3, 4].

Humans experience multiple types of exposure (respiratory and gastrointestinal tract, skin

contact) to volcanic emissions. The respiratory system is the most susceptible because of the

large quantities of air we breathe (20 m3/day). Moreover, the impact of such exposure depends

on different factors; essentially, the physical and chemical characteristics of the toxic sub-

stances (e.g., heavy metals, salts, metal oxides, inorganic carbons, silicates, plastics or organics)

are in question. In addition, the age, sex, respiratory pattern and health status of the exposed

person are also determinant factors. Among the physical characteristics, the size of the ash

particles emitted by volcanoes, which can be less than 2 mm (Figures 5–7), and the number,

concentration and density of the particles as well as the dynamics of the gas flow in the

airways will determine the region where the ash particles will be deposited and will determine

the local adverse effects [5]. The health effects of the volcanic emissions depend on the physical

and chemical characteristics of the emissions and on the corresponding toxicological proper-

ties. The health effects are a consequence of the inhalation of particles directly emitted from

active volcanoes or of resuspension of the soil ashes during the cleanup after the eruption. The

effects that such exposure has on human health can be classified as acute or chronic. Figure 8

Figure 1. Ring of fire (red triangles) covers an area of 40,000 km (25,000 mi) located in the basin of the Pacific Ocean. It

comprises about 75% of all active volcanoes on the earth, and approximately 90% of all earthquakes occur along the ring

of fire. It is also known as circum-Pacific belt. http://nmnh-arcgis02.si.edu/thisdynamicplanet/.
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shows the interaction of some components of volcanic emissions within the respiratory tract

and the possible effects caused by these components coming in contact with segments of the

respiratory tract.

Acute effects include eye and throat irritation, cough, dyspnea, wheezing, chronic obstructive

pulmonary disease (COPD), cardiovascular events, psychological stress, reversible changes in

healthy lung function, and acute exacerbations of previously existing respiratory conditions

such as asthma [6, 7]. As the lung is not a closed system, tiny particles (<0.1 μm) called

ultrafine particles (UFPs) can translocate to other organs, where these particles can have

adverse effects [5]. In addition, components of the ash particles can be dissolved in the

Figure 2. Material emitted during volcanic emissions, extracted from https://pubs.usgs.gov/fs/fs002-97/.
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lung-lining fluid and can pass through the alveolar-capillary membrane; this interaction

explains, at least in part, the relationship between particle exposure, cardiovascular disease

and some neurological alterations [8]. Chronic effects are related to increased mortality rate for

cardiopulmonary disease [6], increased medication use (e.g., asthma medication, analgesics)

[9], and increased prevalence of some types of cancer (e.g., lip, oral cavity, pharynx and female

breast cancers) [10]. Moreover, neurodegenerative diseases such as Alzheimer’s disease have

also been linked to chronic exposure to volcanic emissions [11]. Animal models have reported

that volcanic emissions are associated with impairment of spermatogenesis [12].

Toxicological studies have suggested that exposure to volcanic ash could also have a negative

impact on immunological defense and could increase the occurrence of biological redox reac-

tions [13], which could lead to more frequent infections and to organic damage [14] (Table 2).

In addition to the inherent physical and emotional disruptions caused by eruptive events, the

economic impact of these events has severe consequences at a regional level because the people

most impacted are those who belong to low-income groups. In this chapter, we summarize the

toxicological aspects of volcanic emissions and the impact that a potential multimedia expo-

sure has on health, with emphasis on inhalation exposure.

2. Volcanic emissions

The type and physicochemical characteristics of volcanic emissions vary depending on the

volcano. In fact, these characteristics and types depend on the volcanic morphology and the

Hazard type Kind of material

emitted

Consequence

Primary

hazards

Lava flows Can cause massive damage to land, property and trigger fires

Tephra (lava

bombs)

Can damage buildings and start secondary fires.

Pyroclastic flow Can travel at speeds up to 500 km/h and incinerate anything in their path.

Ash cloud Can alter visibility, increase the air concentration of some pollutants, contribute to the

acid rain, and contaminate water and land when the ash falls to ground.

Poisonous gases Can be toxic to animals and humans, if inhaled in large quantities can cause death.

Secondary

hazards

Lahar Volcano ash and/or lava can mix with snow or with river/rainwater. These flows are

powerful enough to remove everything in their path.

Acid rain Sulfur dioxide emitted during the eruption can mix with water vapor in the

atmosphere. Can damage buildings. Soils and lakes in contact are more acid,

threatening plant and animal’s life.

Climate change Ash released into the atmosphere can absorb or reflect incoming solar radiation and

reduce global temperatures. Volcanic emissions are also a source of greenhouse gases.

Fires Are produced by tephra and lava flows once they are in contact with the buildings

and land.

Table 1. Types of hazards from volcanic emissions.
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Figure 3. Dynamics of volcanic emissions. Sulfur dioxide emitted during volcanic eruption can reach the stratosphere

altering the chemistry of the atmosphere. https://volcanoes.usgs.gov/volcanic_ash/gases_aerosols.html.

Figure 4. Volcanic plume dispersion from Popocatépetl, México. NASA image courtesy Jeff schmaltz, LANCE MODIS

rapid response and Robert Simmon. Caption by Michon Scott. Mexico’s Popocatépetl volcano released a plume on March

8, 2013. The ash plume reached roughly 1500 m (4900 feet) above the volcano crater, or about 7 km (4 miles) above sea

level. The plume blew eastward away from the volcanic summit. https://earthobservatory.nasa.gov/NaturalHazards/

view.php?id=80621.
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geological features of the region where the volcano is located. Generally, volcanic ashes are

composed of magmatic fragments, consisting of both glass and minerals.

The mineralogical composition of volcanic ash consists of approximately 45–75wt% silica (SiO2)

[15], making SiO2 content useful as a classification parameter (Figure 9). There are also other

major components in volcanic emissions, such as water vapor, hydrogen peroxide (H2O2),

carbon dioxide (CO2), sulfur dioxide (SO2) (the dominant sulfur component), hydrogen sulfide

Figure 5. A sample of tephra erupted by Mount St. Helens on May 18, 1980. The tephra was collected between about 40

and 60 km downwind from the volcano. USGS image, D.E. Wieprecht. http://volcanoes.usgs.gov/Imgs/Jpg/Tephra/

30410914_075_caption.html.

Figure 6. Ballistic tephra fragment from Popocatépetl volcano (May 14, 2013). CENAPRED image. http://www.cenapred.

unam.mx/popo/2015/mar/p03041510.png.png.

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

268



(H2S) (the second most important S species, converted to SO2 in the atmosphere), sulfates

(SO4
�2), and carbonyl sulfide (COS) and its precursor carbon disulfide (CS2).

COS has a residence time of several years in the atmosphere and is an important source of

sulfate aerosols. The main halogen component of volcanic ash is hydrogen chloride (HCl),

which is highly soluble and is rapidly washed out from the atmosphere. Hydrogen fluoride

Figure 7. Scanning electron microscope image of resuspended volcanic ash from the 1912 Novarupta-Katmai deposits in

the Katmai region picked up during high winds on November 1, 2015, and carried to Larsen Bay on Kodiak Island, AK.

Sample collected by Sherry Harmes of Larsen Bay. Credit: Kristi Wallace, Alaska volcano observatory, US geological

survey. https://www.usgs.gov/media/images/scanning-electron-microscope-image-volcanic-ash.

Cause Effect

Innate immunity

Decreases in C3 and C4 complement Reduce phagocytosis processes and cellular activation

Impairs autophagy in human alveolar macrophages Impairs bacterial killing, increase susceptibility to bacterial

infections

Decrease activation of JNK and ERK pathways Promote inflammation

Inhibitory effect of antimicrobial peptides and defensins 1

and 2

Decrease bactericidal capacity

Induce cytokines TNF-α, IL-8, IL-1β Promotes inflammation

Adaptive immunity

Reduction in T-cell response Impairs T-cell response, impairs antigenic presentation

Reduction in T-cell proliferation Impairs T-cell response

Humoral immunity

Decreases immunoglobulines (IgG) Immunity humoral altered, unknown

Table 2. Effects of volcanic ash exposure on immune system responses.
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(HF), which is another ash component, may be dangerous because it is introduced into the

alimentary chain mainly through contaminated water, not to mention that fluoride is an

emergent toxicant affecting smooth organs (e.g., lungs and kidney) [16]. Volcanic ash is a

source of helium (He), radon (Rn), mercury (Hg), magnesium (Mg), manganese (Mn) and

bromide (Br), increasing the risk for people who have difficulty in absorbing essential elements

such as Ca, Fe and Zn and retaining other elements such as Cd and Mn [17].

Figure 9. Igneous rocks and magma major chemical elements http://scienceviews.com/geology/igneoustypes.html.

Figure 8. Airway impact of volcanic emissions (courtesy: Dr. Mario Vargas, modified by Dra. Patricia sierra).

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

270



3. Epidemiological impact of volcanoes

The effects of exposure to volcanic emissions depend on the summit elevation and topographic

features and on the intensity and duration of volcanic activity as well as the population density

near volcanoes. This last parameter determines the difference between volcanic eruptions being a

spectacle or a natural disaster. It has been reported that 4.7 million people have been affected by

volcanoes all over the world and a total of 14,726 injuries (range 11,549–17,917) and 91,834

deaths (range: 85,169–102,372) result from volcanic eruptions between 1900 and 2009 [18]. In this

context, exposure to CO2 emissions was responsible for 30 and 1700 deaths at Monoun andNyos

lakes, respectively [19, 20]. In Mexico, the Popocatepetl volcano is part of the trans-Mexican

volcanic belt and represents a high-risk zone because of the human settlements that surround

the volcano, which include the states of Mexico, Morelos and Puebla, which are 65, 41 and 45 km

away, respectively, from the volcanic crater. The Popocatepetl volcano reawakened on December

21, 1994, after a dormancy period of 70 years; the volcano remains active, with a VEI of 3–4 being

registered in January 2001. In addition to the impact that a Popocatepetl eruption could have on

crops and wildlife, the 2010 population census indicated that there are 173,928 people living

approximately 30 km from the crater of Popocatepetl [21] who could potentially be directly

affected by the eruption. Furthermore, the ashes produced by a major eruption could affect an

area containing more than 20 million people and have a large economic impact [22, 23].

4. Impact on morbidity

During volcanic eruptions, there are multiple interactions that occur between the sets of

chemical products emitted into the atmosphere. These chemicals are commonly referred to as

“vog,” a term that is a combination of the words “volcanic” and “fog” and is frequently used

by volcanologists. Vog is composed of sulfuric acid (H2SO4); ammonium bisulfate (NH4HSO4)

and ammonium sulfate (NH4)2SO4; and solid material, less than 2.5 μm in size (PM2.5), that is

rich in sodium sulfate, ammonium sulfate and sulfuric acid aerosols.

The impact of volcanic emissions on morbidity and mortality has been described by several

authors; however, some effects cannot be fully explained by vog exposure. For example,

Michaud et al. [24] found a close relationship between emergency department visits in Hilo,

Hawai’i and at the Kilauea volcano from January 1997 to May 2001 and occurrences of asthma/

COPD, cardiac conditions, flu, cold and pneumonia. However, after adjusting for day of the

week and month of the year, only visits for asthma/COPD remained associated with air

quality, which was measured as SO2 and PM1 levels. Furthermore, the association with SO2

levels was stronger with a 3-day lag and that with PM1 levels was stronger with a one-day lag.

In another study, it was reported that 3 weeks after the eruption of the Guagua Pichincha

volcano in Quito (Ecuador), the emergency room visits increased due to acute pediatric respi-

ratory infection and asthma, mainly in children under 5 years old [25].

In Hawai’i, Shinkura et al. [26] determined a relative risk of 2.2 for neonatal mortality associ-

ated with the average monthly SO2 concentrations. Volcanic emissions greatly contribute to
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the environmental SO2 concentrations in some cities, such as Miyakejima (Japan). In this

regard, it is worth mentioning the results from the Yorifuji study [27], where the odds ratio of

having a baby with low birth weight was 1.71 if there had been SO2 exposure during the entire

pregnancy period, including exposure to SO2 derived from volcanic emissions.

These highly irritant species are associated not only with respiratory effects but also with

ocular effects. Kimura et al. [28] evaluated the effects of volcanic ash on the ocular symptoms

of 10,380 children aged 6–15 years who lived near Mount Sakurajima (Japan). The study was

carried out from 1994 to 2003. The authors concluded that ocular symptoms, such as redness,

discharge, foreign-body sensation and itching, were influenced by volcanic eruptions, and

stronger correlation was found with those who lived 4 km away from the volcanic crater.

Camara and Lagunzad [29] also evaluated the negative impact on residents of the island of

O‘ahu in Hawai’i who were exposed to volcanic emissions from Mount Kilauea for at least

7 years. The authors found a combination of toxic and allergic reactions, characterized by signs

and symptoms such as conjunctival injection, papillary reaction, clear mucous discharge, pulmo-

nary edema, lid swelling, chemosis, itchiness, foreign-body sensation, tearing and burning sen-

sation. Some of these symptoms were present in 100% of the people studied. The authors

introduced the term “vog-induced conjunctivitis (VIC)” and recommended that physicians refer

patients to an eye specialist when the patients exhibit the aforementioned signs and symptoms.

Cardiovascular effects have also been observed in people exposed to volcanic emissions;

nonmedicated, nonsmoking and nonobese participants had significantly faster mean pulse

rates, as did those aged ≥65 and having a body mass index < 25 kg/m2, and a higher mean

systolic blood pressure was observed in nonobese participants. Interestingly, indoor concen-

trations of volcanic air pollution were higher than the exposure limits recommended by the

World Health Organization (20 μg/m3, ~7.5 ppb, 24-h mean for SO2) [7]. As mentioned earlier,

volcanic emissions include metals, and some of these metals are essential for life and partici-

pate in a wide range of biochemical reactions.

In addition, toxic heavy metals are also released and deposited in the airways and hair and can

be retained in tissues, increasing the inflammatory, oxidative stress, DNA damage response

and, ultimately, the carcinogenic response [10, 12, 30].

Adults and children living in active-volcanic areas of Azores (Portugal) and Etna (Italy) have

shown significant increase in scalp hair concentrations of metals and metalloids such as Cd,

Cu, Pb, Rb, Zn, V, U and, to a lesser extent, As and Mn [31, 32], and the risk of chronic

bronchitis for the people living in the volcanically active area was much higher (males

RR = 3.99; females RR = 10.74) than that for those living in volcanically inactive areas [10].

The literature reports two cases of lung damage associated with the inhalation of fresh volcanic

ash [33, 34]. In both cases, the medical conditions improved, and the patients were allowed to

go home. In the first case, the authors did not follow up, but in the second case, the patient

returned to the hospital 6 months later with the shortness of breath and worsening chest pain;

the authors associated the lung symptoms with a kind of silicosis.
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5. Impact on the respiratory system

Volcanic gases affect people even after they return to their homes. This is the case with the

citizens of Miyakejima who returned to the island four-and-a-half years after the eruption of

the Mount Oyama in Japan. The volcanic emissions were mainly composed of SO2, the levels

of which reached 80,000 tons/day during the peak period. Although emission rates of SO2

decreased after the initial eruption, the levels remained high compared to those at

Sakurajima in Japan, Kilauea in Hawai’i, and Stromboli and Etna in Italy [35–38]. Before

the residents of Miyakejima returned to the island, the Tokyo Metropolitan Government

established the Scientific Committee for the Assessment of Health Risks and Volcanic Activ-

ity. Iwasawa et al. [39] and Kochi et al. [40] started a follow-up study and evaluated the

impact on the respiratory health of the residents. The authors found that the mean SO2

concentration in the air ranged from 6.64 to 12.6 ppb with a maximum concentration

between 1580 and 1880 ppb from November 2006 to 2011. The authors observed clear dose-

response relationships with symptoms of irritation and established a threshold concentra-

tion of approximately 70 ppb in adults. In addition, in children aged 6–18 years, the authors

observed a clear exposure-dependent increase in respiratory symptoms such as throat and

eye irritation and/or pain, and the threshold concentration was established to be 30 ppb for

this group.

Longo et al. [41] found a statistically significant positive association between chronic expo-

sure to SO2 and fine sulfate particles (PM2.5) emitted from the Kilauea volcano (Hawai’i) and

increased prevalence of cough, phlegm, rhinorrhea, sore/dry throat, sinus congestion,

wheezing, eye irritation and bronchitis. The chronic exposure to volcanic SO2 emissions

increased the risk of acute bronchitis in children aged 0–14 years, with a cumulative inci-

dence ratio of 6.56 [41]. However, Tam et al. [42] found that chronic exposure to respirable

acidic particulates is associated with a reduction in the FEV1/FVC ratio; however, this effect

was not statistically significant. The authors did not find any association with the diagnosis

of asthma or with persistent wheezing or bronchitis in the last 12 months in the group

studied.

Rojas-Ramos et al. [43, 44], in a 7-month prospective study of 80 nonsmoking farmers exposed

for 1- to 5-day periods to volcanic ash from the Popocatépetl volcano, found an increase in the

occurrence of respiratory symptoms such as sore throat, cough, expectoration and dyspnea. Of

the 80 exposed people, 44 showed a restrictive spirometric pattern and two showed an obstruc-

tive pattern; the proportions of these symptoms were considered to be higher than those

observed in persons exposed to tobacco and wood smoke. After 7 months of exposure, the lung

function returned to normal values.

In contrast, Benítez et al. [45] did not observe significant differences in spirometric parameters

before and after volcanic eruption in Bariloche, Argentina. The data obtained before and after

the event did not correspond to the same individual, which could lead to an underestimation

of the effect.
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6. Toxicological effects

In vitro and in vivo toxicological studies of volcanic emissions have been performed and have

focused on cytotoxicity, immunological response, production of reactive oxygen species and

pulmonary response.

The physicochemical characterization of ash particles from different volcanoes is important in

toxicological studies. Volcanic ash particles have a wide distribution in size and composition.

Due the high content of SiO2 in volcanic ash, many investigators have been interested in the

fibrotic effects.

It is well known that particles less than 10 μm (PM10) in size, which are found in volcanic ash,

can enter the respiratory tract, including the alveolar region with a deposit of 10% of the ash

particles; the tracheobronchial region with a range of 1–4.5% of ash deposit; and the head

airways with a deposit of 15–60%, increasing the risk of in situ lung damage (Figure 8) [46].

Furthermore, the deposition of ash particles along the respiratory system could cause systemic

alterations because the smallest particles can translocate from airway tissues to other organs

via the blood stream and to the brain via the axon extensions in the nose [47, 48].

Studies in mice exposed to volcanic emissions have provided evidence of increased alveolar

damage (decrease in alveolar space and perimeter, increase in alveolar septal thickness, inflam-

mation and particle deposits) compared to mice exposed to environmental pollutants [49].

Inflammatory lung reactions were noted in lymph nodes after 13 weeks of exposure to volca-

nic ash, and the reaction lasted until 49 weeks after exposure [50].

One single instillation of ash from Mount St. Helens (40 mg) was performed in female fisher

rats that were then killed at 109 days; the exposure induced an inflammatory response, leading

to increased lung and lymph node weight. A mononuclear cell inflammatory reaction, cell

necrosis, hyperplasia of type-II pneumocytes and evident damage of type-I epithelial cells

were observed in the lungs. Microgranulomas were observed in rats exposed to volcanic ash,

and a significant increase in fibrosis was observed. These responses suggest that the toxicity of

ash is associated with the levels of crystalline silica. The toxicity of ash from Mount St. Helens

on lungs has been extensively studied and reviewed by Martin et al. [51]. Discordant results

have also been obtained by several authors. For example, THP-1 macrophages exposed to

volcanic ash from Mount St. Helens had low levels of LDH release, minimal suppression of

cellular metabolism, and negligible apoptosis and necrosis as well as IL-1β production [52, 53].

The last result was not consistent with the reported cristobalite toxicity and concentration in

the ash from Mount St. Helens.

Since macrophages in the lung constitute the first line of defense to foreign substances and

materials, and the mineral content of volcanic ash particles determines the bioreactivity and

the intensity of immunological response, these results could indicate a gradual change from an

acute to a chronic inflammatory process that involves the biochemical and biomolecular

modification (e.g., proteins or lipids) of the lung-lining fluid, altering the protective effects of

this fluid [54]. The bactericidal capacity of macrophages is also impaired, which could be

related to the type and levels of metals that can affect the activity of antimicrobial peptides
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present in the lung-lining fluid [55, 56]. Dodson et al. [57] reported an electron-microscopic

analysis of interaction of ash with human macrophages from smokers and nonsmokers, and

these authors did not observe morphological changes associated with cytotoxic effects of the

eruption of Mount St. Helens.

The exact mechanism by which volcanic ash could damage lung tissue is not clear, and the

literature shows contradictory results. One of the proposed mechanisms involves the genera-

tion of reactive oxygen and nitrogen species, especially hydroxyl radicals (HO●) [58], related to

interactions with some metals, both essential and nonessential to biochemical and physiolog-

ical functions [59], that are present in volcanic ash [60]. Horwell et al. demonstrated that the

production of hydroxyl radicals from volcanic ash was independent of the iron content of

basaltic volcanic ash, but the production was associated with the uncoordinated iron ions

exposed at the surface of the ash [38].

Volcanic ashes from Eyjafjallajökull and Grímsvötn were not oxidative and had low acute

cytotoxicity (20–30%) in human alveolar type-1-like epithelial cells (TT1) after a 24-h exposure

to 50–1000 μg/ml, and a pro-inflammatory response was observed, with increased levels of Il-

6, Il-8 and MCP1 after acute exposure when evaluated at 24 and 96 h [61].

The cytotoxic effect of Monserrat volcanic ash was tested in the A549 cell line via the evalua-

tion of the mitochondrial reduction of tetrazolium salts (MTT assay). The authors reported a

reduction in cell viability (20–30% with respect to cell controls) of the cell line exposed to

500 μg/ml for 24 h [62].

We have not found reports of in vitro cytotoxicity studies with the ashes of Popocatepetl.

Experiments that are ongoing in our laboratory on the cell viability of the A549 cell line

exposed for 48 h to ash collected in 2013 from Popocatepetl showed, by using the MTT assay,

elevated, concentration-dependent cytotoxic effects (Figure 10) (Aztatzi-Aguilar et al., in prep-

aration). The cytotoxic effect of ash from Popocatepetl could be attributable to the high fluoride

content reported by Armienta et al. in ash leachates from the Popocatepetl volcano (5–513 mg/kg)

Figure 10. Cytotoxic effect of Popocatépetl’s ash on A549 cell line. Exposure of A549 cell line to volcanic ash showed an

increase in cell death in a dose-dependent manner (MTT assay).
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and by D’Addabbo et al. in ash from Mount Etna (10 mg/L) [63, 64]. Rodents exposed to ash

from Popocatepetl at 10 mg/m3 for 60 days (4 h/day) showed reduced body weight and changes

in differential blood count, with increased lymphocyte counts and reduced neutrophil counts

[65]. D’Addabbo et al. did not observe any toxicity of Popocatepetl ash leachates on Xenopus

laevis embryos; however, the authors observed a 40% increase in larval malformation [64].

Volcanic ashes from Mt. Vesuvius led to decreased lung antioxidant defenses, had low acute

cytotoxicity in human alveolar type-1-like epithelial cells and had a chronic pro-inflammatory

response [61]. This effect could lead to an increase in alveolar-capillary permeability, which

correlates with lung injury and with impaired gas exchange [66]. People living near volcanoes

are also exposed to anthropogenic pollutants; the exposure to volcanic ash from the Soufrière

Hills volcano mixed with diesel exhaust particles (DEP) increased the pro-inflammatory

response of cellular culture, as determined by the enhanced release of TNF-α, IL-8 and IL-1β

[67]. Discordant results have also been obtained by several authors. For example, THP-1

macrophages exposed to volcanic ash from Mount St. Helens had low levels of LDH release,

minimal suppression of cellular metabolism, and negligible apoptosis and necrosis as well as

IL-1β production [52, 53]. The last result was not consistent with the reported cristobalite

toxicity and concentration in the ash from Mount St. Helens.

7. Geotourism

In 2002, the Travel Industry Association of America introduced the term geotourism, which is

increasing in popularity and represents a new trend in travel. Unfortunately, this kind of travel

carries the risk of injuries ranging from mild cuts and abrasions to thermal burns, broken

bones, hypothermia and altitude sickness, which are life-threatening conditions [68–70]. Lung

emphysema associated with exposure to high concentrations of SO2 or CO has been reported

as a cause of death in some tourists [71, 72].

In addition to geotourism, such fatalities have also been reported in workers during winter

months, when snow can block volcanic vents, making them nonvisible. Moreover, snow can

trap toxic fumes and form dangerous, gas-filled pits [73].

8. Environmental effects

The effects of volcanic emissions are not limited to living organisms. There is plausible infor-

mation regarding stratospheric ozone depletion related to the emission of hydrochloric acid

from major explosive eruptions [74], where volcanic ash can play the role of a temporary

atmospheric reservoir of chloride salts that may generate reactive chlorine species, contribut-

ing to catalytic O3 destruction [75]. Furthermore, the reactivity and activation of volcanic ashes

are influenced by the mineralogical and chemical composition of the ashes [76]. Additionally, it

is important to note that the acidification of surface waters caused by ash precipitation can
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increase the leaching of toxic elements such as fluoride and arsenic, leading to the poisoning of
aqueous environments and increasing the risk of fluorosis [63, 77, 78].

9. Conclusions

There is no doubt that people will continue to live near volcanic flanks, and this is for many
reasons:

1. Because of poor urban planning.

2. Because governments and stakeholders fail to provide alternatives.

3. Because citizens cannot afford a safer place to live in.

4. Because of the influence of religion on people’s behavior and risk perception.

Whatever the cause, governments must work together with residents to identify the hazards in
the environment and the vulnerabilities of the communities in order to improve public policies
to lower the risk from volcanic exposure or other natural disasters.

Acknowledgements

This work was supported by National Council of Science and Technology (CONACYT) grant
FOSISS-SALUD-220014-01-233950 and CÁTEDRA-CONACYT-280. The authors wish to thank
Drs. Ana Lillian Martín Del Pozzo and Hugo Delgado Granados from the Department of
Volcanology of the Institute of Geophysics, National Autonomous University of Mexico
(UNAM), for supplying the ash samples.

Conflict of interest

The authors declare that they have no competing interests.

Author details

Martha Patricia Sierra-Vargas1*, Claudia Vargas-Domínguez1, Karen Bobadilla-Lozoya1 and
Octavio Gamaliel Aztatzi-Aguilar1,2

*Address all correspondence to: mpsierra@iner.gob.mx

1 National Institute for Respiratory Diseases Ismael Cosío Villegas, Mexico City, Mexico

2 National Council of Science and Technology (CONACYT), Mexico

Health Impact of Volcanic Emissions
http://dx.doi.org/10.5772/intechopen.73283

277



References

[1] Carn SA, Fioletov VE, McLinden CA, Li C, Krotkov NA. A decade of global volcanic SO2

emissions measured from space. Scientific Reports. 2017;7:44095-44106. DOI: 10.1038/

srep44095

[2] Loughlin SC, Vye-Brown C, Sparks RSJ, Brown SK, Barclay J, Calder E, Cottrell E, Jolly G,

Komorowski JC, Mandeville C, Newhall C, Palma J, Potter S, Valentine G. An intro-

duction to global volcanic hazard and risk. In: Loughlin S, Sparks S, Brown S, Jenkins S,

Vye-Brown C, editors. Global Volcanic Hazards and Risk. Cambridge: Cambridge Uni-

versity Press; 2015. pp. 1-80. DOI: 10.1017/CBO9781316276273.003

[3] Mather TA. Volcanism and the atmosphere: The potential role of the atmosphere in

unlocking the reactivity of volcanic emissions. Philosophical Transactions A Mathematical

Physical and Engineering Science. 2008;366(1885):4581-4595. DOI: 10.1098/rsta.2008.0152

[4] Delmelle P, Stix J, Baxter P, Garcia-Alvarez J, Barquero J. Atmospheric dispersion, envi-

ronmental effects and potential health hazard associated with the low-altitude gas plume

of Masaya volcano, Nicaragua. Bulletin of Volcanology. 2002;64(6):423-434. DOI: 10.1007/

s00445-002-0221-6

[5] Lippmann M, Yeates DB, Albert RE. Deposition, retention, and clearance of inhaled

particles. British Journal of Industrial Medicine. 1980;37(4):337-362

[6] Hansell A, Oppenheimer C. Health hazards from volcanic gases: A systematic literature review.

Archives of Environmental Health. 2004;59(12):628-639. DOI: 10.1080/00039890409602947

[7] Longo BM, Rossignol A, Green JB: Cardiorespiratory health effects associated with sulphurous

volcanic air pollution. Public Health 2008;122(8):809-820. DOI: 10.1016/j.puhe.2007.09.017

[8] Terzano C, Di Stefano F, Conti V, Graziani E, Petroianni A. Air pollution ultrafine parti-

cles: Toxicity beyond the lung. European Review for Medical and Pharmacological Sci-

ences. 2010;14(10):809-821

[9] Hlodversdottir H, Petursdottir G, Carlsen HK, Gislason T, Hauksdottir A. Long-term

health effects of the Eyjafjallajökull volcanic eruption: A prospective cohort study in

2010 and 2013. BMJ Open. 2016;6(9):e011444. DOI: 10.1136/bmjopen-2016-011444

[10] Amaral A, Rodrigues V, Oliveira J, Pinto C, Carneiro V, Sanbento R, Cunha R, Rodrigues A.

Chronic exposure to volcanic environments and cancer incidence in the Azores, Portugal.

Science of the Total Environment. 2006;367(1):123-128. DOI: 10.1016/j.scitotenv.2006.01.024

[11] Giacoppo S, Galuppo M, Calabrò RS, D'Aleo G, Marra A, Sessa E, Bua DG, Potortì AG,

Dugo G, Bramanti P, Mazzon E. Heavy metals and neurodegenerative diseases: An obser-

vational study. Biological Trace Element Research. 2014;161(2):151-160. DOI: 10.1007/s12011-

014-0094-5

[12] Ferreira AF, Garcia PV, Camarinho R, Rodrigues Ados S. Volcanogenic pollution and

testicular damage in wild mice. Chemosphere. 2015;132:135-141. DOI: 10.1016/j.chemo-

sphere.2015.03.017

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

278



[13] Olenchock SA, Mull JC, Mentnech MS, Lewis DM, Bernstein RS. Changes in humoral

immunologic parameters after exposure to volcanic ash. Journal of Toxicology and Envi-

ronmental Health. 1983;11:395-404. DOI: 10.1080/15287398309530353

[14] Convit J, Ulrich M, Castillo J, De Lima H, Pérez M, Caballero N, Hung J, Arana B, Pérez P.

Inorganic particles in the skin of inhabitants of volcanic areas of central America: Their

possible immunomodulatory influence in leishmaniasis and leprosy. Transactions of the

Royal Society of Tropical Medicine and Hygiene. 2006;100(8):734-739. DOI: 10.1016/j.

trstmh.2005.09.012

[15] Heiken G. Morphology and petrography of volcanic ashes. GSA Bulletin. 1972;83(7):1961-

1988 doi.org/10.1130/0016-7606(1972)83[1961:MAPOVA]2.0.CO;2

[16] Bellomo S, Aiuppa A, D’Alessandro W, Parello F. Environmental impact of magmatic

fluorine emission in the Mt. Etna area. Journal of Volcanology and Geothermal Research.

2007;165:87-101. DOI: 10.1016/j.jvolgeores.2007.04.013

[17] Heikens A, Widianarko B, Dewi IC, de Boer JL, Seinen W, van Leeuwen K: The impact of

the hyperacid Ijen crater Lake. Part II: A total diet study. Environmental Geochemistry

and Health 2005;27(5–6):475-483. DOI: 10.1007/s10653-005-5229-3

[18] Doocy S, Daniels A, Dooling S, Gorokhovich Y. The human impact of volcanoes: A

historical review of events 1900-2009 and systematic literature review. PLoS Currents.

2013;5. DOI: 10.1371/currents.dis.841859091a706efebf8a30f4ed7a1901

[19] Kling GW, Clark MA, Wagner GN, Compton HR, Humphrey AM, Devine JD, Evans WC,

Lockwood JP, Tuttle ML, Koenigsberg EJ. The 1986 lake Nyos gas disaster in Cameroon,

West Africa. Science. 1987;236(4798):169-175. DOI: 10.1126/science.236.4798.169

[20] Baxter PJ, Kapila M, Mfonfu D. Lake Nyos disaster, Cameroon, 1986: The medical effects

of large scale emission of carbon dioxide? BMJ. 1989;298(6685):1437-1441

[21] The 2010 Population and Housing Census Instituto Nacional de Estadística y Geografía

2010, INEGI. Available from: http://www.beta.inegi.org.mx/proyectos/ccpv/2010/ [Accessed:

2017–12-04]

[22] De La Cruz-Reyna S, Siebe C. The giant Popocatépetl stirs. Nature. 1997;388:227. DOI:

10.1038/40749

[23] Macías JL, Siebe C. Popocatépetl crater filled to the brim: Significance for hazard evalua-

tion. Journal of Volcanology and Geothermal Research. 2005;141:327-330. DOI: 10.1016/j.

jvolgeores.2004.10.005

[24] Michaud JP, Grove JS, Krupitsky D. Emergency department visits and “vog”-related air

quality in Hilo, Hawai'i. Environmental Research. 2004;95(1):11-19. DOI: 10.1016/S0013-

9351(03)00122-1

[25] Naumova EN, Yepes H, Griffiths JK, Sempértegui F, Khurana G, Jagai JS, Játiva E, Estrella

B. Emergency room visits for respiratory conditions in children increased after Guagua

Pichincha volcanic eruptions in April 2000 in Quito, Ecuador observational study: Time

series analysis. Environmental Health. 2007;6:21-31. DOI: 10.1186/1476-069X-6-21

Health Impact of Volcanic Emissions
http://dx.doi.org/10.5772/intechopen.73283

279



[26] Shinkura R, Fujiyama C, Akiba S. Relationship between ambient sulfur dioxide levels and

neonatal mortality near the Mt. Sakurajima volcano in Japan. Journal of Epidemiology.

1999;9(5):344-349. DOI: 10.2188/jea.9.344

[27] Yorifuji T, Kashima S, Doi H. Outdoor air pollution and term low birth weight in Japan.

Environment International. 2015;74:106-111. DOI: 10.1016/j.envint.2014.09.003

[28] Kimura K, Sakamoto T, Miyazaki M, Uchino E, Kinukawa N, Isashiki M. Effects of

volcanic ash on ocular symptoms: Results of a 10-year survey on schoolchildren. Oph-

thalmology. 2005;112(3):478-481. DOI: 10.1016/j.ophtha.2004.09.031

[29] Camara JG, Lagunzad JK. Ocular findings in volcanic fog induced conjunctivitis. Hawaii

Medical Journal. 2011;70(12):262-265

[30] Rodrigues AS, Arruda MS, Garcia PV. Evidence of DNA damage in humans inhabiting a

volcanically active environment: A useful tool for biomonitoring. Environment Interna-

tional. 2012;49:51-56. DOI: 10.1016/j.envint.2012.08.008

[31] Amaral AF, Arruda M, Cabral S, Rodrigues AS. Essential and non-essential trace metals

in scalp hair of men chronically exposed to volcanogenic metals in the Azores, Portugal.

Environment International. 2008;34(8):1104-1108. DOI: 10.1016/j.envint.2008.03.013

[32] Varrica D, Tamburo E, Dongarrà G, Sposito F. Trace elements in scalp hair of children

chronically exposed to volcanic activity (Mt. Etna, Italy). Science of the Total Environ-

ment. 2014;470-471:117-126. DOI: 10.1016/j.scitotenv.2013.09.058

[33] Shojima J, Ikushima S, Ando T, Mochida A, Yanagawa T, Takemura T, Oritsu M. A case of

volcanic ash lung: Report of a case.[article in Japanese]. Nihon Kokyūki Gakkai Zasshi.

2006;44(3):192-196

[34] Trisnawati I, Budiono E, Sumardi SA. Traumatic inhalation due to Merapi volcanic ash.

Acta Medica Indonesiana. 2015;47(3):238-243

[35] Kazahaya K: Monitoring of Volcanic Gases at Miyakejima Volcano, Japan, 2007. Available

from: http://staff.aist.go.jp/kazahaya-k/miyakegas/COSPEC.html [Accessed 15 Novem-

ber 2017]

[36] Uda H, Akiba S, Hatano H, Shinkura R. Asthma-like disease in the children living in the

neighborhood of Mt. Sakurajima. Journal of Epidemiology. 1999;9(1):27-31. DOI: 10.2188/

jea.9.27

[37] Mannino DM, Ruben S, Holschuh FC, Holschuh TC, Wilson MD, Holschuh T. Emergency

department visits and hospitalizations for respiratory disease on the island of Hawaii,

1981 to 1991. Hawaii Medical Journal. 1996;55(3):48-54

[38] Durand M, Grattan J. Effects of volcanic air pollution on health. Lancet. 2001;357(9251):164.

DOI: 10.1016/S0140-6736(00)03586-8

[39] Iwasawa S, Nakano M, Tsuboi T, Kochi T, Tanaka S, Katsunuma T, Morikawa A, Omae K.

Effects of sulfur dioxide on the respiratory system of Miyakejima child residents 6 years

after returning to the island. International Archives of Occupational and Environmental

Health. 2015;88:1111-1118. DOI: 10.1007/s00420-015-1037-y

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

280



[40] Kochi T, Iwasawa S, Nakano M, Tsuboi T, Tanaka S, Kitamura H, Wilson DJ, Takebayashi

T, Omae K. Influence of sulfur dioxide on the respiratory system of Miyakejima adult

residents 6 years after returning to the island. Journal of Occupational Health. 2017;59(4):

313-326. DOI: 10.1539/joh.16-0256-OA

[41] Longo BM, Yang W. Acute bronchitis and volcanic air pollution: A community-based

cohort study at Kilauea volcano, Hawai'i, USA. Journal of Toxicology and Environmental

Health. Part A. 2008;71(24):1565-1571. DOI: 10.1080/15287390802414117

[42] Tam E, Miike R, Labrenz S, Sutton AJ, Elias T, Davis J, Chen YL, Tantisira K, Dockery

D, Avol E. Volcanic air pollution over the island of Hawai'i: Emissions, dispersal,

and composition. Association with respiratory symptoms and lung function in

Hawai'i Island school children. Environment International. 2016;92-93:543-552.

DOI: 10.1016/j.envint.2016.03.025

[43] Rojas M, Noa H, Pérez J, Villalba J. Efecto sobre la función pulmonar en personas

expuestas a cenizas del volcán Popocatépetl. Diciembre 1994-1995. Revista del Instituto

Nacional de Enfermedades. 1995;8:112-118

[44] Rojas M, Pérez J, Villalba J, Catlán M, Hernández E, Hernández P. San Nicolás de los

Ranchos. ¿Un caso representativo de afecciones respiratorias por exposición a cenizas

volcánicas? Revista del Instituto Nacional de Enfermedades. 1996;9:14-18

[45] Benítez S, Sobrino E, Calandrelli M, Gutiérrez L, Irazola V, Rubinstein A: Efectos de la

ceniza volcánica sobre la función pulmonar en una cohorte de personas mayores de 45

años en Bariloche (Argentina). Revista americana de medicina respiratoria, 2014;14(4):

411-416. Available from: http://www.scielo.org.ar/scielo.php?script=sci_arttext&pid=

S1852-236X2014000400009&lng=es&tlng=es [Accessed: 2017–12-04]

[46] Lähde A, Gudmundsdottir SS, Joutsensaari J, Tapper U, Ruusunen J, Ihalainen M,

Karhunen T, Torvela T, Jokiniemi J, Järvinen K, Gíslason SR, Briem H, Gizurarson S. In

vitro evaluation of pulmonary deposition of airborne volcanic ash. Atmospheric Environ-

ment. 2013;70:18-27. DOI: 10.1016/j.atmosenv.2012.12.048

[47] Elder A, Oberdörster G. Translocation and effects of ultrafine particles outside of the lung.

Clinics in Occupational and Environmental Medicine. 2006;5(4):785-796. DOI: 10.1016/j.

coem.2006.07.003

[48] Oberdörster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W, Cox C. Translocation

of inhaled ultrafine particles to the brain. Inhalation Toxicology. 2004;16(6–7):437-445.

DOI: 10.1080/08958370490439597

[49] Camarinho R, Garcia PV, Rodrigues AS. Chronic exposure to volcanogenic air pollution

as cause of lung injury. Environmental Pollution. 2013;181:24-30. DOI: 10.1016/j.envpol.

2013.05.052

[50] Sang Hee L, Richards RJ. Montserrat volcanic ash induces lymph node granuloma and

delayed lung inflammation. Toxicology. 2004;195(2–3):155-165. DOI: 10.1016/j.tox.2003.

09.013

Health Impact of Volcanic Emissions
http://dx.doi.org/10.5772/intechopen.73283

281



[51] Martin R, Wehner AP, Butler J. Pulmonary toxicity of Mt. St. Helens volcanic ash: A

review of experimental studies. The American Review of Respiratory Disease. 1983;

128(1):158-162. DOI: 10.1164/arrd.1983.128.1.158

[52] Huang YC, Li Z, Harder SD, Soukup JM. Apoptotic and inflammatory effects induced by

different particles in human alveolar macrophages. Inhalation Toxicology. 2004;16(14):

863-878. DOI: 10.1080/08958370490519480

[53] Damby DE, Murphy FA, Horwell CJ, Raftis J, Donaldson K. The in vitro respiratory

toxicity of cristobalite-bearing volcanic ash. Environmental Research. 2016;145:74-84.

DOI: 10.1016/j.envres.2015.11.020

[54] Jones T, Bérubé K. The bioreactivity of the sub-10 μm component of volcanic ash:

Soufrière Hills volcano, Montserrat. Journal of Hazardous Materials. 2011;194:128-134.

DOI: 10.1016/j.jhazmat.2011.07.092

[55] Monick MM, Baltrusaitis J, Powers LS, Borcherding JA, Caraballo JC, Mudunkotuwa I,

Peate DW, Walters K, Thompson JM, Grassian VH, Gudmundsson G, Comellas AP.

Effects of Eyjafjallajökull volcanic ash on innate immune system responses and bacterial

growth in vitro. Environmental Health Perspectives. 2013;121(6):691-698. DOI: 10.1289/

ehp.1206004

[56] Roberts JR, Young SH, Castranova V, Antonini JM. The soluble nickel component of

residual oil fly ash alters pulmonary host defense in rats. Journal of Immunotoxicology.

2009;6(1):49-61. DOI: 10.1080/15476910802630379

[57] Dodson RF, Martin RR, O'Sullivan MF, Hurst GA. In vitro response of human pulmonary

macrophages with volcanic ash: A morphological study. Experimental and Molecular

Pathology. 1982;37(3):406-412. DOI: 10.1016/0014-4800(82)90052-1

[58] Horwell CJ, Stannett GW, Andronico D, Bertagnini A, Fenoglio I, Fubini B, Le Blond JS,

Williamson BJ. A physico-chemical assessment of the health hazard of Mt. Vesuvius

volcanic ash. Journal of Volcanology and Geothermal Research. 2010;191(3–4):222-232.

DOI: 10.1016/j.jvolgeores.2010.01.014

[59] WHO/FAO/IAEA. Trace Elements in Human Nutrition and Health. Report of a WHO

Expert Committee. Geneva; 1996. 343 pp. (WHO Technical Report Series, No. 532)

[60] Bagnato E, Aiuppa A, Bertagnini A, Bonadonna C, Cioni R, Pistolesi M, Pedone M,

Hoskuldsson A. Scavenging of sulphur, halogens and trace metals by volcanic ash: The

2010 Eyjafjallajökull eruption. Geochimica et Cosmochimica Acta. 2013;103:138-160. DOI:

10.1016/j.gca.2012.10.048

[61] Horwell CJ, Baxter PJ, Hillman SE, Calkins JA, Damby DE, Delmelle P, Donaldson K,

Dunster C, Fubini B, Kelly FJ, Le Blond JS, Livi KJ, Murphy F, Nattrass C, Sweeney S,

Tetley TD, Thordarson T, Tomatis M. Physico-chemical and toxicological profiling of ash

from the 2010 and 2011 eruptions of Eyjafjallajökull and Grímsvötn volcanoes, Iceland

using a rapid respiratory hazard assessment protocol. Environmental Research. 2013;127:

63-73. DOI: 10.1016/j.envres.2013.08.011

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

282



[62] Wilson MR, Stone V, Cullen RT, Searl A, Maynard RL, Donaldson K. In vitro toxicology of

respirable Montserrat volcanic ash. Occupational and Environmental Medicine. 2000;

57(11):727-733. DOI: 10.1136/oem.57.11.727

[63] Armienta MA, De la Cruz-Reyna S, Cruz O, Ceniceros N, Aguayo A, Marin M. Fluoride

in ash leachates: Environmental implications at Popocatepetl volcano, central Mexico.

Natural Hazards and Earth System Sciences. 2011;11:1949-1956. DOI: 10.5194/nhess-11-

1949-2011

[64] D'Addabbo M, Sulpizio R, Guidi M, Capitani G, Mantecca P, Zanchetta G. Ash leachates

from some recent eruptions of Mount Etna (Italy) and Popocatépetl (Mexico) volcanoes and

their impact on amphibian living freshwater organisms. Biogeosciences. 2015;12(23):7087-

7106

[65] Rivera A, Cedillo L, Giono S, Cuautle L, Milflores L, Yanez A. Lung damage in rats

following inhalation exposure of the Popocatepetl volcano ash. Research Journal of Bio-

logical Sciences. 2009;4(10):1104-1109

[66] Delaval M, Boland S, Solhonne B, Nicola MA, Mornet S, Baeza-Squiban A, Sallenave JM,

Garcia-Verdugo I. Acute exposure to silica nanoparticles enhances mortality and increases

lung permeability in a mouse model of Pseudomonas Aeruginosa pneumonia. Particle

and Fibre Toxicology. 2015;12:1-13. DOI: 10.1186/s12989-014-0078-9

[67] Tomašek I, Horwell CJ, Damby DE, Barošová H, Geers C, Petri-Fink A, Rothen-Rutishauser

B, Clift MJ. Combined exposure of diesel exhaust particles and respirable Soufrière Hills

volcanic ash causes a (pro-)inflammatory response in an in vitro multicellular epithelial

tissue barrier model. Particle and Fibre Toxicology. 2016;13(1):67-80

[68] Heggie TW, Heggie TM. Viewing lava safely: An epidemiology of hiker injury and illness in

Hawaii volcanoes National Park. Wilderness & Environmental Medicine. 2004;15(2):77-81.

DOI: 10.1580/1080-6032(2004)015[0077:VLSAEO]2.0.CO;2

[69] Heggie TW. Reported fatal and non-fatal incidents involving tourists in Hawaii volcanoes

National Park, 1992-2002. Travel Medicine and Infectious Disease. 2005;3(3):123-131. DOI:

10.1016/j.tmaid.2004.09.004

[70] Gregory M, Sprowl MD. Hazards of Hawai‘i volcanoes National Park Hawaii. Journal of

Medicine and Public Health. 2014;73(11 Suppl 2):17-20

[71] Ng'walali PM, Koreeda A, Kibayashi K, Tsunenari S. Fatalities by inhalation of volcanic

gas at Mt. Aso crater in Kumamoto, Japan. Legal Medicine (Tokyo). 1999;1(3):180-184.

DOI: 10.1016/S1344-6223(99)80034-0

[72] Hill PM. Possible asphyxiation from carbon dioxide of a cross-country skier in eastern

California: A deadly volcanic hazard. Wilderness & Environmental Medicine. 2000;11(3):

192-195. DOI: 10.1580/1080-6032(2000)011[0192:PAFCDO]2.3.CO;2

[73] Cantrell L, Young M. Fatal fall into a volcanic fumarole. Wilderness & Environmental

Medicine. 2009;20(1):77-79. DOI: 10.1580/08-WEME-CR-199.1

Health Impact of Volcanic Emissions
http://dx.doi.org/10.5772/intechopen.73283

283



[74] Gutiérrez X, Schiavi F, Keppler H. The adsorption of HCl on volcanic ash. Earth and

Planetary Science Letters. 2016;438:66-74. DOI: 10.1016/j.epsl.2016.01.019

[75] Ayris PM, Delmelle P, Cimarelli C, Maters EC, Suzuki YJ, Dingwell DB. HCl uptake by

volcanic ash in the high temperature eruption plume: Mechanistic insights. Geochimica et

Cosmochimica Acta. 2014;144:188-201. DOI: 10.1016/j.gca.2014.08.028

[76] Lemougna PN, Chinje Melo UF, Delplancke MP, Rahier H. Influence of the chemical and

mineralogical composition on the reactivity of volcanic ashes during alkali activation.

Ceramic International. 2014;40(1 part A):811-820. DOI: 10.1016/j.ceramint.2013.06.072

[77] Jones MT, Gislason SR. Rapid releases of metal salts and nutrients following the deposi-

tion of volcanic ash into aqueous environments. Geochimica et Cosmochimica Acta.

2008;72(15):3661-3680. DOI: 10.1016/j.gca.2008.05.030

[78] López DL, Bundschuh J, Birkle P, Armienta MA, Cumbal L, Sracek O, Cornejo L,

Ormachea M. Arsenic in volcanic geothermal fluids of Latin America. Science of the Total

Environment. 2012;429:57-75. DOI: 10.1016/j.scitotenv.2011.08.043

Volcanoes - Geological and Geophysical Setting, Theoretical Aspects and Numerical Modeling, Applications to
Industry and Their Impact on the Human Health

284


