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Abstract

:

There are six elongate mineral particles (EMPs) corresponding to specific dimensional and morphological criteria, known as asbestos. Responsible for health issues including asbestosis, and malignant mesothelioma, asbestos has been well researched. Despite this, significant exposure continues to occur throughout the world, potentially affecting 125 million people in the workplace and causing thousands of deaths annually from exposure in homes. However, there are other EMPS, such as fibrous/asbestiform erionite, that are classified as carcinogens and have been linked to cancers in areas where it has been incorporated into local building materials or released into the environment through earthmoving activities. Erionite is a more potent carcinogen than asbestos but as it is seldom used for commercial purposes, exposure pathways have been less well studied. Despite the apparent similarities between asbestos and fibrous erionite, their health risks and exposure pathways are quite different. This article examines the hazards presented by EMPs with a particular focus on fibrous erionite. It includes a discussion of the global locations of erionite and similar hazardous minerals, a comparison of the multiple exposure pathways for asbestos and fibrous erionite, a brief discussion of the confusing nomenclature associated with EMPs, and considerations of increasing global mesothelioma cases.
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1. Introduction


Although many articles have been published on the topic of asbestos-related diseases (ARD) (nearly 15,000 from 1991 to 2016), a downturn in the topic’s popularity has been highlighted recently, with concerns about the declining emphasis on public areas in ARD-related literature [1]. The global burden of disease (GBD) estimates that occupational and environmental exposure to asbestos may have been significantly underestimated [2], and in the coming decades, the incidence rates of ARD are expected to peak [1]. This research has included consideration of exposure risks from other elongated mineral particles (EMPs) [1,2]. It is therefore important, from a public health perspective, that we continue to investigate other exposure pathways and possible causes of ARDs such as malignant mesothelioma (MM), asbestosis, pleural abnormalities and bronchogenic carcinomas, previously attributed to asbestos [3]. The dimensional characteristics of asbestos fibres are important physical parameters linked to respiratory disease, and this has led to studies of other EMPs of similar dimension and habit [4], and often with comparable chemistry, and/or surface characteristics. For example, fibrous fluoro-edenite has been found to be responsible for excess MM in Biancavilla, Italy [5], and fibrous erionite, a fibrous mineral that belongs to a group of minerals called zeolites, has been assessed by the International Agency for Research on Cancer (IARC) as a Group-1 human carcinogen [6].



Although the exact mechanisms for the carcinogenic response caused by inhaled asbestos particles and other elongate mineral particles (e.g., fibrous fluoro-edenite and fibrous erionite) are not fully understood, the available evidence supports that harm may be caused by both long-term and short-term exposure [7,8]. EMPs include asbestiform (non-asbestos classified minerals which are similar to asbestos in terms of morphology and properties [4,9]) and non-asbestiform minerals as well as cleavage fragments of non-asbestiform variants of asbestos minerals [10].



For the purpose of this article, the term “EMP” will be a substitute for the term “fibre” [4] and refers to a mineral particle that exhibits an aspect ratio (L/w) of ≥3:1, with a length (L) > 5 µm. The replacement of the term “fibre” with the term “EMP” was made specifically to include both the asbestiform and the non-asbestiform habits, which meet the dimensional criteria specified by NIOSH (2011) [4]. The term “fibre” will be used as defined in Belluso et al. (2017) [9], i.e., elongated particles with uniform parallel sides and geometrical faces exhibiting L/w ≥ 3:1, L ≥ 5 µm, and w ≤ 3 µm. This is intended only as a mineralogical definition of a habit, and not as the term identifying a “regulated fibre” with specific dimensional parameters. The term “asbestos particles” will be used when referring to chrysotile asbestos, riebeckite asbestos (crocidolite), grunerite asbestos (amosite), tremolite asbestos, anthophyllite asbestos, and actinolite asbestos [9]. The term asbestiform (a subset of fibrous) will be used to identify EMPs with the same dimensional criteria as described for “fibre” and at least one of the following characteristics: large EMP length, small EMP thickness, separability, flexibility, and a parallel arrangement of the EMP observed in an unprocessed sample [11].



Asbestos is banned in many countries around the world, including Japan, Australia and all countries in the European Union. However, chrysotile continues to be mined and used worldwide, especially in Asia and Russia, with the top producers being Russia, Kazakhstan, China and Brazil [12], and the leading importers being India, China and Indonesia [13]. There is also increasing evidence of environmental exposure to asbestos from both geological and anthropogenic sources [14,15]. Previous research on asbestos has yielded valuable information on how these EMPs cause cancer and fibrosis [3,16,17,18,19]. This foundation has been built upon to assist research on other EMPs which share some of the characteristics linked to malignancy. For example, fibrous erionite is an EMP that belongs to a group of silicates called zeolites. This mineral may crystallize as prismatic particles, nm-µm in width and µm-mm in length, and the disturbance of rocks containing this mineral can generate airborne particles similar in size and shape to those of asbestos. Nearly 40 years ago, erionite in its fibrous form was shown to have genotoxic activity [20], and subsequent studies demonstrated that fibrous erionite cause tumours in rats at much higher rates than any amphibole or serpentine asbestos fibres tested [21,22].



For many EMPs, a lack of pure mineral handling has resulted in health risks that are perceived to be far lower than those from exposure to asbestos-contaminated materials and soils. Alternatively, these health risks have simply not been considered at all. However, exposure to harmful EMPs such as fibrous erionite and fibrous offretite (the latter is another member of the zeolite group, very similar to the first and distinguishable only by in-depth analyses [23]) may present us with new risk groups for diseases such as fibrosis, MM and lung cancers [21,24,25]. Around 40 years ago, estimates of the comparative risk of adverse health effects that might result from exposures to various EMPs were made by the National Research Council (NRC), Atlanta, GA, USA [26]. Although this work considered many different types of EMP, it was concluded that the biggest risk was associated with exposure to chrysotile, based mainly on the greater opportunities for exposure to airborne particles of respirable size [26]. Fibrous erionite of respirable size was discovered in deposits in the western United States, but measurements of local air did not yield significant fibrous erionite concentrations despite the potential link to mining and natural weathering in the area. It was also concluded that the population exposed would be small, but this may be because the study locations, i.e., Rome, Oregon and East Gate, Nevada (previously examined by Wright et al., 1983 [27]) were two small unincorporated communities (settlements not governed by their own local municipal corporation), which are sparsely populated. The lack of fibrous erionite-related MM in the western area of the United States has been linked to this factor by other authors [28].



For erionite and offretite, limited geographical distribution does not appear to be the reason for the apparent absence of proven links between exposure and MM diagnosis. Since the 1960s, erionite has been identified on all seven continents and in more than 25 countries (Figure 1). Fibrous offretite can also cause adverse effects on human health and may be found within erionite clasts [29]. Despite the fact that fibrous erionite is more potent at causing MM than asbestos [17,22,30], exposure is less widespread, having not been mined and/or used to the same extent. Nevertheless, anthropogenic activities which could result in dispersal of erionite particles into highly populated areas may require tighter controls and mitigation methods to prevent the creation of future cancer epidemics. This study will explore known and potential human exposure pathways in urban environments to asbestos and erionite minerals. It will also explore global trends of MM cases and discuss why exposure to erionite has demonstrated high variability in terms of carcinogenic response.




2. Exposure Pathways


2.1. Asbestos


Globally, the majority of diagnosed MM cases over the last 50 years have been attributed to occupational exposure, however, there are a significant number of cases arising from other exposure pathways, including para-occupational, domestic and environmental exposure [8].



Exposure Pathways


Occupational exposure (asbestos industry), e.g., asbestos mining, asbestos containing material (ACM) production and manufacture;



Occupational exposure (non-asbestos industry), e.g., trades (plumbing, electrical, heating), automotive and ship-building industries, reclamation of ACM;



Domestic and para-occupational exposures (risks associated with living with those working in asbestos-related industries and home-based exposure), e.g., work clothes and home renovation;



Environmental exposure (both anthropogenic and natural environmental exposure), e.g., neighbourhood exposure to mining industry/manufacturing plants, asbestos substrates or outcrops of asbestos containing rocks (also named natural occurrence of asbestos-NOA), demolition, deterioration of buildings, and emergency scenarios including fires and earthquakes.



Over the past century, asbestos has been identified as an inhalation hazard in many occupational environments [47], including asbestos mining and manufacturing. Although the use and production of asbestos and asbestos-contaminated materials (ACM) have been banned in 67 countries [48], the risk of exposure still exists from ACM, which remains within industrial environments, public, private and school buildings, and homes. Within the non-asbestos industry, there are also many occupations that are considered to be high risk in terms of exposure which include shipbuilding, plumbing, carpentry and other trades [49] and reclamation works [50]. Rake et al. (2009) [49] used data obtained during interviews to estimate the risks and number of MM cases caused by specific occupational (non-asbestos industry) and environmental exposure in the United Kingdom (UK). This was the first population-based study and the largest worldwide, and the investigators concluded that UK carpenters suffered the highest risk followed by non-construction high-risk jobs (e.g., dock workers) [49]. An already dire prediction that 1 in 10 of all British carpenters born in the 1940s may die of cancer caused by asbestos was made worse by a study which showed that many tradespeople (plumbers in this instance), do not recognise the friable materials that they still sometimes encounter [51]. Material reclamation within an already high risk non-asbestos industry, namely shipbuilding, has been predicted to cause many deaths from mesothelioma in the future. India is responsible for close to 50% of worldwide ship recycling. A study by Singh et al. (2020) [52] estimated that nearly 15% of the total workforce engaged in ship recycling will suffer from mesothelioma, resulting in over 4500 mesothelioma deaths amongst workers from the period 1994 to 2002. However, the list of high-risk non-asbestos occupations is not-exhaustive as recent evidence highlights. A comprehensive review of published epidemiologic studies indicated that sailors are also at high risk of asbestos-related diseases and demonstrate elevated morbidity and mortality from mesothelioma and other ARDs [53].



The various epidemiological “waves” (Figure 2) of human exposure to asbestos have historically passed through raw asbestos handling, installation of products, repairs, renovations and removal of asbestos through to building deterioration, accidental finds and issues with long-term secure disposal [54].



Landrigan (1991) [55] raised concerns about the effects of short or long-term exposure to asbestos in the home or the workplace which was labelled as the third wave of exposure. Olsen et al. (2011) [56] reviewed all cases of diagnosed MM from 1960 to 2008, using the Western Australian Mesothelioma Registry. They concluded that asbestos exposure during home renovation is an increasing problem in Western Australia (WA), with associated MM cases appearing to show a shorter latency period, compared to exposure pathways. In 1981, the first case of MM associated with exposure attributed to home maintenance and renovation in WA was identified [56]. In this study, home renovators represented the largest proportion for all non-occupational cases. From 2005 to 2008, 8.4% of MM cases in men and 35.7% of MM cases in women were attributed to home renovation, and this has shown an upward trend over the last 10 years [56]. While many countries have produced codes of practice for the safe removal of asbestos, there is less specific information available for home renovations, individual tradesmen and other small operators [57,58].



Within the household contact pathway lies para-occupational or “take-home” exposure which has been recognised for the past 60 years [47]. In response to the lack of quantitative data available to characterise the para-occupational risk to asbestos, Sahmel et al. (2014) [47] examined airborne chrysotile concentrations produced during the handling of contaminated work clothes. This study used simulated occupancy with mannequins and a combination of Phase Contrast Microscopy (PCM) and Transmission Electron Microscopy (TEM) analysis, which were used to calculate lifetime cumulative dose [47]. Although the cumulative chrysotile doses for clothes handling were below or consistent with those for ambient or background chrysotile (over a 70-year lifespan), Sahmel et al. (2014) [47] noted that other studies had pointed to an increased risk of disease. It was suggested that this may have been due to the inclusion of other fibre types (mainly amosite or mixed fibres) in previous research [47]. In contrast, the UK mesothelioma case study previously described by Rake et al. (2009) [49], found that the only significant non-occupational association occurred from living with a potentially exposed worker before 30 years of age.



Living or spending time in or near a building with ACM does not necessarily present a health risk from domestic exposure. A study of over 750 buildings in the USA using TEM analysis concluded that in-place ACM does not result in elevated airborne asbestos concentrations or a significantly increased risk to building occupants [59]. While this study did not assess variability in ACM degradation, it did compare outdoor/indoor samples from ACM-containing buildings that were not significantly different [59]. To a certain extent, this was further supported by a recent assessment of the asbestos exposure level and carcinogenic risk from corrugated asbestos-cement slate roofs in Korea [60]. This study reviewed Korean literature to estimate the concentration of airborne asbestos from ACM roofs. The excess lifetime cancer risk for the indoor exposure and occupational dismantling and demolition was estimated to be of medium risk; however, caution was issued, as there is no threshold for carcinogenicity related to asbestos [60]. Campopiano et al. (2004) [61] summarized environmental investigations carried out from 1992 to 2002 on airborne asbestos fibres in Italian schools. Asbestos was found to be present in mainly vinyl floor coverings and in asbestos-cement products; however, in well-maintained buildings, the mean fibre concentration was comparable to concentrations found in outdoor air (0.5 f/L) [61]. As the majority of the asbestos was non-friable, health risks were only considered to be significant when there was damage and/or deterioration of these products, due to repair, renovation and vandalism [61]. The investigators concluded that there was a need for further research on the effects of low or intermediate exposure levels to asbestos and also that there should be regular surveying and monitoring of fibre release with an aim to avoid uncontrolled disturbance of ACM [61].



Environmental exposure pathways can include ACM located in buildings that are not part of the domestic exposure route (i.e., from buildings not occupied by the householder). In Pastuszka’s experimental determination of the emission rate of asbestos fibres from ACM, it was determined that even vibrations or gusts of wind can cause emissions from the elevation of buildings made from asbestos-cement [62]. This study found that mechanical destruction (for example, due to vandalism) had more influence on fibre emission than atmospheric corrosion for externally based ACM in Poland [62]. Fundamentally, the quality of the surface of the ACM exerted the greatest influence on fibre emissions under mechanical impact [62]. The determination of valid and reliable information about the asbestos-related lung cancer and MM risk in the general population exposed in domestic and outdoor (environmental) scenarios has exceeded 25 years of study [63]. Bourgault et al. (2014) [63] assessed the cancer risk for a general population environmentally exposed to asbestos using a dose–response model and environmental measurements from an asbestos mining town in Quebec. The results showed that the lifetime mortality risk (for lung cancer and MM combined) varied between 1.4 and 4.9 per 100,000 persons for an 80-year exposure duration [63]. A more recent literature review and meta-analysis of studies of pleural MM from non-occupational exposure documented an increased risk of 5.4% for household (domestic) and 6.9% for neighbourhood (environmental) exposure pathways across 12 countries [64]. However, Rake et al. (2009) [49] found that there was no overall risk for those living within a mile of a potential environmental hazard (such as an asbestos factory).



Despite the downturn in the use of asbestos, there are still many opportunities for exposure to occur in an urban environment (Figure 3). Increases in MM cases (to be discussed further in Section 4) demonstrate that the reduction in asbestos mining and manufacturing is linked to alternative pathways, but is there also a danger from other similar EMPs?





2.2. Other Elongated Mineral Particles (EMPs)


The number of known exposure pathways for EMPs, such as fibrous erionite has been increasing since 2000 (Table 1), although not all of them have been directly linked to respiratory diseases. Zeolite and zeolitic rocks (e.g., containing erionite) has been mined for various applications, such as for use in ion-exchange processes, road-surfacing, or as adsorbents [26], compositional variability has limited its use in favour of synthetic zeolites and therefore relatively small amounts have been mined in comparison to asbestos. Consequently, potential exposure routes appear to be quite different to those for traditional asbestos minerals.



The use of fibrous erionite-containing materials to cover local roads, parking lots and other areas has received little attention to date, despite evidence that long-term exposure has been linked with MM [67,69]. This has certainly been true for a MM epidemic caused by the EMP of antigorite (belonging to the serpentine mineral group; like chrysotile a phyllosilicate; similar chemical composition, but different crystal structure), that was contained within serpentinite quarry material very commonly used to cover roads [72]. This exposure pathway was also considered where air concentrations of fibrous erionite in cars and school buses transiting on North Dakota roads were found to be equal to or greater than those recorded in the village of Boyali, Turkey, which experienced a 6.5% mortality from MM [17,37]. A direct link to MM has yet to be established for this pathway; however, Wolfe at al. (2017) [73] researched potentially hazardous inhalation risks caused by dust liberated by the use of off-road vehicles in geographic regions where EMPs occur naturally.



In Mexico, lung biopsies from some MM patients have confirmed the presence of fibrous erionite in the samples, which has been attributed to exposure to high levels of zeolitic soils from agricultural activities, such as the tilling of soils, storage of vegetables coated with dust and the use of zeolite-containing materials in agricultural products [67]. In the Lessini mountains of northern Italy, the discovery of fibrous and asbestiform erionite combined with the vast number of quarries and mining activities operating in zeolite host rocks prompted the suggestion that a detailed risk assessment should be carried out, respirable airborne particles should be quantified, and any possible epidemiological evidence should be investigated [45]. A high incidence rate of MM in this region could be a sign of exposure to fibrous and asbestiform erionite, but no detailed study has yet been undertaken. Therefore, exposure to fibrous erionite from earthmoving, agricultural and recreational activities that create dust have to be considered a significant risk in regions with zeolite-rich soils.



In Wyoming, USA, a number of activities specific to landscaping and ground maintenance were analysed for the presence of erionite fibres in air samples [70]. TEM was used with energy dispersive spectroscopy (EDS) and magnification of 20,000× or greater to analyze the erionite samples according to a modified (for erionite) NIOSH Method 7402. Airborne fibrous erionite concentrations ranged from not detected to 0.36 fibres per cubic centimeter (f/cc) erionite but with a reduction in concentration observed during periods of wet deposition (e.g., rain and snow) [70]. Results of the study led the authors to urge the use of personal protective equipment (PPE) and health and safety protocols to prevent dust inhalation or the transmission of dust into vehicles, work or home spaces at sites where erionite fibres may be present. Such a protocol may reduce risks considerably for occupational exposure; however, this may not be the only or predominant exposure pathway.



In the past, exposure pathways have been identified as being primarily occupational for asbestos but environmental for fibrous erionite [74]. However, in regions undergoing high levels of community development, e.g., the Auckland Central Business District [75], there may be an occupational risk for engineers and site staff who disturb zeolitic outcrops containing erionite. This is in stark contrast to asbestos minerals, which are now presenting significant environmental exposure pathways. Another exposure pathway that has yet to be investigated is the transferral of excavated materials (containing EMPs) to new regions prior to land development. As demonstrated previously in this article, fibrous erionite has been established in locations worldwide, some of which are relatively remote presently, but our global population is continuing to expand. Figure 4 summarises potential exposure pathways for fibrous erionite exposure which may also be applicable for a number of other EMPs globally.





3. Crystallochemistry and Mineralogy of Zeolites


Zeolites are a large group of hydrated aluminosilicates, consisting of about 50 species [76]. Zeolites are characterized by a tectosilicate framework based on SiO4 and AlO4 tetrahedra, extra-framework cations such as Na+, Ca2+, K+, and variable amounts of H2O.



Zeolites may occur mostly with a platy or lamellar habit (characterized by layered crystal structures), fibrous habit (characterized by chain-like crystal structures), or equant habit [77], and the same species may occur with different habits. Notable zeolites that pose or may pose a possible health hazard because they can have fibrous habits are; erionite, ferrierite, mazzite, mesolite, mordenite, natrolite, thomsonite, roggianite, and scolecite [27,76].



Erionite has a general formula of K2NaMgCa1.5(Al8Si28)O72•28H2O, and a structure belonging to the ABC-6 family which is based on stacking along the c-axis of 6-fold ring layer, made up of SiO4 and AlO4 tetrahedra [74,76]. Erionite is found in diagenetically altered sediments, altered basalt cavities, and hydrothermal alteration areas.



Ferrierite is commonly found in filled vesicles within altered basalts and andesite, and in tuffaceous sediments [78,79]. Ferrierite has a general formula of Na2Mg2Al6Si30O72•18H2O and its framework atoms are commonly arranged in an Immm symmetry, based on 5-1 secondary building units [80,81,82].



Mazzite is found in cavities within porphyritic olivine basalts, has a general formula of K2CaMg(Si, Al)36O72•28H2O with a framework of SiO4 and AlO4 tetrahedra having a hexagonal symmetry that can be easily observed in the mineral habit [77,83] and having space group P63/mmc.



Mordenite is found as an alteration product of pyroclastic sediment and sedimentary rocks. Mordenite has a general formula of K2.8Na1.5Ca2(Al9Si39)O96•29H2O and a framework of SiO4 and AlO4 tetrahedra arranged in hexagonal sheets [77], with a resulting orthorhombic Immm symmetry and 5-1 secondary building units, as for ferrierite [82].



Natrolite can be found in veins and cavities within altered basaltic rocks and as a diagenetic alteration product in sedimentary rocks [84]. Natrolite has a general formula of Na2Al2Si3O10•2H2O, orthorhombic symmetry mm2, and acicular to fibrous morphologies.



Roggianite occurs as a secondary mineral in hydrothermally altered dikes. It has a general formula of Ca15(Si, Al, Be)48O90(OH)16•34H2O, and its framework has the peculiarity of having BeO4 tetrahedra, being the only zeolite with tetrahedrally coordinated Be atoms in its structure [85,86]. The mineral occurs in the habit of thin fibres.



Additional zeolite minerals, not listed here, may pose a health hazard in their growth habit or as a cleavage fragment, and it is thus important to continue monitoring new MM occurrences along with careful characterization of the material of interest. This will be significant as we investigate the trends in global MM cases which continue to rise in many regions of the world and may not be solely due to asbestos.




4. Malignant Mesothelioma (MM)


MM is a relatively rare and very severe form of cancer with a highly limited survival rate [87]. Although asbestos can cause a variety of fatal and non-fatal diseases, it is MM, i.e., a cancer of the pleural, peritoneal, pericardial and testicular membranes, that was previously thought to be caused exclusively by exposure to this group of EMPs [88].



A sharp decline in the production of asbestos-containing materials, influenced by the widespread banning of these minerals for industrial applications, may have reduced incidences of long-term exposure in many countries. For example, Canada has dramatically reduced its own consumption of asbestos in recent years, although it continued to export large amounts of the product to countries with less stringent regulations such as India, China and countries in Southeast Asia until 2011 [89], finally banning mining, use, and export of asbestos in 2016 [90]. However, the latency period, the interval between first exposure and the development of ARD, can range from about 25 to 71 years in the case of MM [91]. Such a long latency and a general lack of awareness may be responsible for steady increases in cases of ARDs, including MM (Table 2). In the mid 1990s, the number of MM notifications in Australia were double those of New Zealand MM incidences (for males only) [92], and yet close to 20 years later, cases in Australia have increased by nearly 5-fold [93] compared to an 18-fold increase in New Zealand. In 2004, the WHO estimated that more than 100,000 people died of ARDs [94], and in some countries, exposure to asbestos fibres is the primary cause of occupational death [89]. Currently, about 125 million people in the world are exposed to asbestos in the workplace, and several thousand deaths annually can be attributed to exposure to asbestos in homes [94]. Evidence has also shown that the risk group for ARDs appears to have changed, with fewer incidences attributed to raw fibre handling and more cases attributed to home maintenance and renovation. In addition, non-occupational asbestos exposures contribute an increasing proportion of disease “implicated in up to 30% of cases in the USA and predicted to account for an increasing proportion of the disease” [95]. In some regions, such as Brazil, there is evidence of significant underreporting of mesothelioma cases/deaths by an average of 33% from 2008 to 2014, which may partly explain variations shown in Table 2 [96]. More detailed information about the global burden of mesothelioma per country is provided by Zhai et al. (2021) [97].



Factors affecting the potency of EMPs as carcinogens include particle size, shape, chemistry, high surface area, iron present on the surface of the particle, and in vivo durability (bio-persistence) in the lung tissue [74]. However, determining their potency as human carcinogens is complicated by many factors. For example, there may be subtle differences in the chemistry and morphology in different samples of the same EMP, which are difficult to analyse and there may be a lack of standardised sampling and analytical methods available [70]. Furthermore, EMP population is widely heterogeneous in its chemical composition and dimensional distribution of all the measured dimensional parameters (length in particular has usually larger σn-1 values) [106,107,108].



In vitro studies (performed in cell culture-based assays) demonstrated that erionite was no more cytotoxic than chrysotile and less so than amosite [66]. In contrast, as mentioned earlier, in vivo studies in rats revealed that erionite was much more carcinogenic than asbestos [22,71]. One potential explanation is that while erionite is less cytotoxic than amosite and comparable to chrysotile, it is considerably more mutagenic, pro-proliferative, and cell transforming than asbestos particles, which would explain its high carcinogenicity, as exposed cells are not killed, but instead receive substantial genetic damage that can change the cell behaviour in ways that promote uncontrolled, cancerous growth [66]. This would explain the 500 to 800 times higher carcinogenic potential of erionite-K found in Rome, Oregon samples compared to chrysotile asbestos [30].



Wagner (1982) [71] conducted animal tests using erionite from Oregon, Karain and New Zealand. This study, which introduced erionite to rats via intrapleural injection produced variable results, with 55–60% of the test specimens developing MM using fibrous erionite from Oregon and Karain compared to only 15% from New Zealand fibrous erionite. In addition, 57% of the rats exposed to Oregon fibrous erionite (via inhalation) developed MM compared to 0% using New Zealand fibrous erionite [71]. However, it should be considered that Wagner tested only a single sample of New Zealand fibrous erionite (location not specified), and therefore it is unclear if this lower carcinogenicity is a general characteristic of NZ fibrous erionite perhaps due to a variation in chemical/physical properties and/or associated with the quality of the sample the researchers had available. The use of intrapleural injection (Stanton hypothesis, [109]) has also been questioned as a reliable methodology for these tests [110]. It would be advisable to test samples across a specific geographic region in NZ, including fibrous erionite from weathered and fresh rocks, sediments and exposed rock surfaces which may vary in conditions and carcinogenicity.



The first fibrous erionite-related MM cluster in a community was identified in several villages in Cappadocia, Turkey where the village foundations lay on a zeolite-rich geological unit [111,112]. Cases of pleural and peritoneal MM accounted for 50% of deaths over a 17-year period during the 1970s–1980s [113]. The first confirmed erionite-related cases of MM in North America were identified from two neighbouring states in Mexico, Zacatecas and Jalisco [67]. One question yet unanswered is the effect of acute exposure to high fibrous erionite concentrations in comparison to chronic exposure. Although the exposure in Cappadocia was shown to have directly caused MM, this exposure was thought to be long-term and there was some suggestion of genetic vulnerability amongst the population [68,114].



While hereditary defects, particularly germline BAP1 mutations, can markedly enhance risk of MM and susceptibility to asbestos carcinogenicity in mice [115,116], to date no germline mutations have been reported in Cappadocian villagers. Moreover, the idea of a genetic component was questioned by Metintas et al. (2010) [69], who characterized the fibres present in mineral samples obtained from stones used in the construction of houses in one of the Cappadocian villages, Karain, and compared them to the occurrence of MM in families there. Their study clearly revealed that all families with high percentages of the family members contracting MM were from houses in a specific part of the village and all these houses were built from Akkusak stone and “Water stone”, which both contain fibrous erionite-filled nodules. All other houses in Karain, including the traditional cave dwellings, were built from and into other rock types, which all tested negative for erionite, and none of the inhabitants of these houses suffered from MM. While this does not rule out a possible contribution by a genetic factor(s), the Metintas et al. (2010) [69] study is strongly supportive of indoor exposure to erionite being the prime explanation for the extreme risk of MM in specific families in Karain. Furthermore, the risk appears to be higher among families exposed to erionite at higher concentrations and/or for longer durations. MM occurred only in people who had lived at least 20 years in fibrous erionite-contaminated houses, including inhabitants who had been born in other villages and married into a Karain family. A plateau for MM risk was reached after 40 years of exposure, likely because other age-related diseases were starting to exert an effect as well [69]. This highlights that fibrous erionite concentration and exposure duration are the major risk factors for erionite-induced MM. Therefore, managing exposure to fibrous erionite seems to be the only proven method to reduce MM risk in erionite-rich regions.



Future Exposure in Urban Areas


Although the risk of ARDs caused by asbestos mining, use and importation has been reduced by asbestos bans in many countries, risks due to the disturbance of ACM are still significant and ongoing. Community exposure, which results in higher proportions of MM in women and a younger age distribution, may challenge occupational exposure rates [117].



Increased urban development may disturb outcrops of asbestos, fibrous erionite, or soil containing other types of carcinogenic EMPs, leading to more exposure pathways [17,37,72,118,119,120,121]. It is therefore essential to investigate all EMPs, from a variety of geographical locations and under a variety of scenarios to ascertain likely pathways related to ARDs. For example, fibrous erionite has been identified in central urban areas, such as Auckland, New Zealand [75], but has yet to be directly linked to MM cases. The exposure likelihood from fibrous erionite in this region is fundamentally connected to its behaviour as a carcinogen. The direct link to MM in Rome, Oregon, was also not determined; however, in consideration of exposure likelihood, the current population density of Rome, Oregon is 3.64/km2 whereas Auckland has a population density of 1210/km2. In rapidly developing regions, which have been founded on volcanic substrate, the possibility of a future epidemic due to exposure to EMPs could follow from disturbance of sub-surface clasts of zeolitic material.



In contrast to asbestos, fibrous erionite does not have established occupational exposure limits (OELs) [70]. Despite a study by Jurinski and Jurinski (1997) [122] recommending an 8-h exposure limit of 0.0007 f/cc of air for fibrous erionite over 20 years ago, there remains a lack of standards, sampling methodology, regular airborne fibrous erionite analysis, or regulatory OELs [70,122]. Likewise, there appears to be a general lack of awareness of community and environmental exposure to asbestos [117], despite the more developed legislation compared to other EMPs.





5. Conclusions


Human exposure pathways to asbestos have changed considerably, although inconsistently around the world. Although mining activities and the importation of ACM in some countries may have reduced occupational exposure, domestic and environmental exposure pathways are worrying alternatives. The disturbance of asbestos-containing building materials (often via renovation or demolition or reclamation) has been identified as a dominant human risk pathway in many regions, and more recently hazards due to geologically occurring asbestos have been highlighted, alongside other carcinogenic mineral fibres. EMPs have been found to be widely distributed around the world, and there are numerous exposure pathways to humans even when they are not mined for commercial use. Predicting, understanding and being able to identify EMPs that may cause a number of diseases including MM continue to present research challenges. Commercially, asbestos minerals are well-known carcinogens, and global management procedures to deal with asbestos-contaminated buildings have been established. By contrast, environmental exposure or release of dust during earthmoving activities in areas with geologically occurring asbestos or similar EMPs have been less well researched; consequently, there are few management strategies currently instituted. Erionite is a highly carcinogenic EMP that has caused MM outbreaks in Turkey and Mexico. It is found in other regions around the world and has the potential to pose dangers in urban areas with underlying fibrous erionite occurrences.



Auckland, New Zealand has been found to have natural fibrous erionite occurrences that may present a risk when disturbed [75]. Besides natural erosion, increased urban development may disturb outcrops of asbestos-containing rocks, fibrous erionite-rich volcanic rocks, or soil containing these and other types of carcinogenic EMPs, leading to more instances of exposure, and it is, therefore, important that we establish safe protocols for identification, excavation, transportation and disposal of hazardous mineral fibre-contaminated soil. These regulations may be similar to those for asbestos particles from contaminated buildings and land, where the disposal protocol often involves burial within a designated area within a managed refuse disposal site until a more sustainable solution becomes available. It is essential that these strategies are tested specifically for other EMPs before they can be relied on as acceptable processes. Recent research into the bioremediation potential of asbestos-contaminated soil could be relevant for future bioremediation of fibrous erionite and other carcinogenic minerals [54].



Due to the high carcinogenic potential of fibrous erionite compared to asbestos, even low concentrations of fibrous erionite might pose a significant risk. Therefore, all fibrous erionite-containing areas near populated locations and especially cities built on fibrous erionite-containing substrates should be explored to quantify the risk posed by fibrous erionite and where necessary to establish restrictions and procedures to protect both construction workers and the general public from exposure. Safe working environments, transportation protocols and disposal options (which are long-term and sustainable) should be established for volcanic areas globally. Due to the long delay of up to 40 years between fibrous erionite exposure and the onset of MM, a “wait and see” approach could result in fatalities and, therefore, scientifically sound planning should be encouraged in areas that present risks of exposure to erionite. Thus, while in some respects similar to the hazard posed by asbestos in building materials, geologically occurring erionite has specific risk factors that need to be addressed.
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Figure 1. Most common identified locations of zeolites and specific occurrences of erionite and offretite (without distinction between habits). Key: purple = zeolites (general); yellow = erionite (only); orange = offretite (only); red = erionite and offretite. References: Zeolite Mining–[31,32,33]. Erionite deposits–[34,35,36,37,38,39,40,41,42,43,44] and mentioned in [45]. Offretite deposits–[36,46]. 
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Figure 2. The four waves of asbestos exposure (figure based on Landrigan, 1991 [55]) and reproduced from Wallis et al., 2020 [54]). 
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Figure 3. A summary of potential exposure pathways for asbestos exposure globally. 
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Figure 4. A summary of potential exposure pathways for erionite and other EMPs. 
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Table 1. Summary of observed erionite exposure pathways and their link to evidence of MM (form and habit identified where possible).
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	Location
	Erionite Form/Species
	Evidence of MM?
	Main Exposure Pathways Highlighted





	Rome, Oregon, USA
	Fibrous, Erionite-K,

Erionite-Na, Fe-free [65]
	Test organisms (rats) only
	Low population density, no exposure described [66]



	Zacatecas and Jalisco, Mexico
	Not specified
	Yes, human fatalities. Erionite confirmed in lung tissue of one MM case [67]
	Adobe bricks and terraces [44]; agricultural tilling [67]



	Karlik, Cappadocia, Turkey
	Fibrous, Erionite-K [68]
	Yes, human fatalities; low rate compared to neighbouring Karain [69]
	General low concentration; environmental exposure suggested responsible for the relatively low incidence rate of MM in Karlik [69]



	Karain, Cappadocia, Turkey
	Fibrous, Erionite-K [68]
	Yes, human fatalities at extremely high rate [69]
	Living in houses built of materials containing erionite nodules [69]



	East Gate, Nevada, USA
	Not specified
	Not specified
	Not specified



	Dunn County, North Dakota, USA
	Not specified
	No
	Gravel used as building materials, e.g., non-paved roads [65]



	Wyoming, South Dakota and Montana, USA
	Fibrous, form not specified
	No
	Campground maintenance, universal terrain vehicle use, tree surgery, digging [70]



	Northern Italy,

Lessini Mountain area
	Fibrous and asbestiform,

Erionite-Ca predominantly with Na and K [45]
	Elevated MM rates in the general region, but no detailed epidemiological study yet [45]
	Mining, quarrying and construction materials [45]



	Kandovan, Iran
	Fibrous, form not specified
	No
	Construction and inhabitation of cave dwellings and agricultural use suspected [28]



	New Caledonia
	Not specified
	Not specified
	Not specified



	New Zealand
	Not specified
	Test organisms (rats)
	Not specified [71]
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Table 2. Demographics of MM cases worldwide.
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Country

	
No. MM Deaths per Year

	
Ave. Age at Diagnosis

(Years)

	
Percentage of Population

(% × 10−4)

	
No. of MM Cases

Cases per Year Timeframe






	
New Zealand

	
100–170 ^

	
50–60 *

	
23.4–39.8 (2008)

	
1.8–33

	
1971–1996




	
USA

	
3000

	
65–74

	
7.6 (2011)

	
3200 +,**

	
2003–2008




	
Australia

	
757

	
70–79

	
31.0 (2016)

	
135–631

	
1982–2017 *




	
UK

	
2500

	
75–79 *

	
37.4 (2017)

	
1164–2526

	
1982–2015 *




	
Canada

	
515

	
60

	
15.1 (2010)

	
153–344

	
1984–2003




	
China

	
1659

	
N/A #

	
1.2 (2013)

	
2041

	
2013




	
Brazil

	
142

	
N/A

	
0.7 (2010)

	
N/A

	
2008–2014




	
Germany

	
1480

	
74–75

	
18.0 (2016)

	
1340

	
2016




	
Netherlands

	
481–1000

	
N/A #

	
29.0–60.2 (2010)

	
2587

	
2008–2012




	
World

	
47,000

	
-

	
6.7 (2011)

	
3718–9993 **

	
1994–2008








Key: ^ uncertainty whether this number includes other asbestos-related cancers; * men only; ** numbers based on mean for timeframe, # average age of diagnosis not available within data source(s). Note: + The number of MM cases indicates the increase observed over the timeframe stated, except for the USA, for which there were minimal increases observed over the last several decades. References: [89,92,93,94,98,99,100,101,102,103,104,105].
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