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Abstract

:

Anthropogenic activity is related to several environmental imbalances, including dust. Particulate matter can also hinder humans with numerous health consequences, such as asthma, cancer, and pneumoconiosis. With a particular focus on mineral dust, this review is intended to determine in which circumstances occupational exposure occurs in the mining and earthmoving industries. Research followed the guidelines provided by the preferred reporting items for systematic review and meta-analysis protocols and its extension for scoping reviews. Of the 8993 records identified, only 24 passed both exclusion and inclusion criteria. Within the pool of results, it was possible to identify the following variables related to dust exposure: job-related (activity, job category, and site), engineering (equipment, transport system), technical (distance), and physical (season and weather) variables. Due to the significant variance in protocol settings, it was challenging to perform a general analysis, resulting in a study-by-study approach. The most significant conclusion of this study is not related to the setting of occupational exposure, although it derives from it. The necessity of adopting standard procedures for data collection, independent of research objective, was demonstrated within the context of occupational exposure to mineral dust.
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1. Introduction


Air pollution related to particulate matter is a growing concern worldwide. The combination of airborne particulate matter and gaseous pollutants has the power to change the climate both locally and globally and is responsible for ozone depletion and acid rain [1]. However, this issue is not limited to the environment. It directly impacts human beings, both in relation to living conditions and health [2]. According to the World Health Organisation (https://www.who.int/news/item/02-05-2018-9-out-of-10-people-worldwide-breathe-polluted-air-but-more-countries-are-taking-action (accessed on 19 July 2021)) air pollution is a significant problem, as 9 out of 10 people breathe air containing high levels of pollutants, and around seven million people die every year from exposure to fine particles in polluted air.



The sources of air pollutants fall in one of two groups: point sources, which are easily identifiable and stationary; and fugitive sources, which are spatially distributed and cannot be linked to a specific point [3]. Specifically related to mineral dust, the Environmental Protection Agency (in the United States) categorises emissions into process dust and fugitive dust. Process dust can be captured (and mitigated). In contrast, fugitive dust is settled material transported by a the movement of machines or the wind [4]. It is known that dust emissions significantly impact air pollution and, consequently, human health [5]. Anthropogenic activities such as mining (and quarrying) and other earthworks involving off-road vehicles cause health-and-safety-related issues for the involved personnel, as well as environmental problems that can affect local communities [4,6]. Almost every activity in mining exploitation (drilling, blasting, crushing, conveying, transporting, etc.) contributes directly or indirectly to air pollution, particularly mineral dust emission [7].



The mineralogical and chemical composition, as well as mass and surface area of dust particles have direct impacts on health, with outcomes including lung cancer [8,9], bronchial asthma, chronic bronchitis [10,11], pneumoconiosis [12,13], pulmonary tuberculosis, occupational asthma [14], chronic obstructive pulmonary disease [9,10], dust-related fibrosis [15], cardiovascular disease, cerebrovascular disease [16], and gastric cancer [17]. A positive association reported between inhalable silica (from mining activities) and increased mortality in an exposure–response relationship, reflecting that this issue is a public health concern [7]. Recently, it was reported that in the U.K., 12,000 lung disease deaths per year are linked to past exposures at work. Moreover, between 2009 and 2019, the number of cases of occupational asthma reported by chest physicians progressively increased, which shows that this problem is far from being solved (https://www.hse.gov.uk/statistics/causdis/respiratory-diseases.pdf (accessed on 19 July 2021)). Nonetheless, short-term exposure to respirable dust can also cause harm, especially in the upper respiratory tract, with symptoms such as coughing, difficulty breathing, and irritation of airways [18]. With a particular focus on the mining industry, besides duration of exposure, coexisting illnesses, and other risk factors, such as smoking [15], the severity and prevalence of the abovementioned occupational diseases are also related to the characteristics of the ore being exploited [14], as well as the geological characteristics of the mine [15]. Coal mining is still, among all mining, leading the increase in new cases of lung disease, particularly among young miners [15]. In fact, a positive correlation between coal mining and lung cancer has been observed [19].



Moreover, the size of pollutant particles is related to their ability to penetrate the respiratory system [1,20]. The inhalation of dust particles poses a significant issue because they cannot be exhaled or even cleared from the respiratory tract. They can remain within the breathing system for a long time [21]. By definition, dust comprises “solid particles of aerodynamic diameter less than 75 μm” [13], consisting of different materials, such as minerals, as well as metallic and organic particles [21]. Depending on particle size, dust can be classified as suspended particles (in a range between 0.1 and 30 μm diameter), inhalable dust (PM10), respirable dust (PM4), and particulate matter (PM2.5) [3]. Still, another classification can also be found in literature: inhalable particles (size range from 10 to 20 μm), thoracic particles (size range between 4 and 10 μm), and alveolic particles (size range below 4 μm) [22]. Some studies suggest that PM2.5 can be more hazardous to human health than PM10 [1], leading to an increased variety of chronic diseases [23].



Due to the nature of mining and quarrying activities, every source has the potential to emit particulate matter [20]. Between 2000 and 2015, the Industrial Minerals Association (IMA-Europe) launched a dust monitoring program (DMP), collecting over 28,000 personal measurements of respirable dust and quartz in 23 European countries, leading to the creation of a database. This study used a standardised protocol regarding sampling methods, strategy, and even quality control of the retrieved data. For this reason, the data are comparable. However, the actual settings of such exposure were not determined. It is very demanding to proceed to dust measurements within actual operating conditions due to several factors, namely: study setup and measuring points [24]; weather conditions, such as wind speed, wind direction, presence of rain, and temperature [25]; and mining method [26].



Even though it is not possible to control production of pollutants, it should be manageable [26]. The most common dust-control strategy is to spray water over the target area [27]. Literature also suggests spraying liquid calcium chloride [22], synthetic-polymer-based products [5], or foam [27] as an alternative to water. Other processes include paving gravel roads, planting grasses, and setting a wall near the extraction area [28]. Adopting wet working methods or isolating dust sources (practically impossible in most cases) are also pointed to as possible control strategies [29] Other technologies are also suggested in this vein, such as cutting tools with reduced dust-generation mechanisms, such as ultrasonic dust-suppression systems [30]. Timely inspection and equipment maintenance can also serve as preventive measures [29]. A simple traffic-control process is thought to decrease the dust if trucks enter the loading area at least 20 to 30 s apart [31]. Despite their practicality, these examples only mitigate the problem rather than solving it. In this sense, the main objective of this scoping review was to determine in which circumstances dust exposure occurs. By collecting data to answer the previous point, it may be possible to design tasks (and the exploitations themselves) in order to diminish this problem. This analysis is intended to guide the (re)formulation of strategies to improve occupational health and environmental settings [32].




2. Methodology


The study methodology was based on the protocol for scoping review [33] using the preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) [34] and the extension for scoping reviews [35].



The first step of the research was to identify the main databases/journals to search for information. In that sense, according to the availability of such databases and journals, the ones related to the engineering field or multidisciplinary sciences were selected: Web of Knowledge (Current Contents and Web of Science), Scopus, SAGE journals, Academic Search Ultimate, American Chemical Society, Directory of Open Access Journals (DOAJ), Elsevier (Science Direct), Emerald, INSPEC, IEEE Xplore, Taylor and Francis, and PubMed. Despite the focus of this scoping review on the extractive industry rather than the construction industry, in the latter, dust emission also constitutes one of the most common risks. Reported activities such as soil loading and transporting, excavation, and other road construction tasks [36] have common ground with the primary research objective of this scoping review. Therefore, this field was also considered in a first approach. The selected keywords to conduct the research were: “dust”, “dusting”, “particulate”, “powder”, and “crystalline silica”, combined sequentially with “road construction”, “earthworks”, “open pit”, “open cast”, “quarry”, “mining industry”, and “extractive industry”, resulting in 35 different combinations. Whenever possible, the keywords were searched in “Title+Abstract+Keywords”; other possibilities included: topic, title, or even abstract. Then, a set of exclusion criteria was applied to filter the best information in the first stage of research: (1) year: only papers published between 2015 and 2020 were considered; (2) type of document: research articles (articles, articles in press); (3) type of source: peer-reviewed journals; (4) language: English. In the second stage of research, all types of literature published prior to 2015 were considered, as proposed by the snowballing technique [37]. The eligibility criteria were applied on a study level. The authors were mainly interested in real operating conditions (field data) related to dust exposure/measurements in three different settings: road construction, earthworks, and open-pit mining. This research and the first screening phase were conducted by one researcher and confirmed by the second researcher. All of the extracted data were analysed by three independent researchers and confirmed by a fourth.



The primary information from each study was extracted [33]: author (and year of publication), study objective, activity, exploited material (whenever applicable), analysed substance, period (of the experiment), ethical committee, informed consent, population, sample, age, sex, control group, (used) standards, duration of the occupational exposure, source of exposure, methodology, measuring equipment, equipment calibration, sampling time, questionnaire, validation, reported symptoms, results, and limitations. However, due to the variability of information, it was impossible to cross examine the collected data. The reported measurements were classified according to the available data (study variables and experimental protocols) and gathered in form sheets. Analysis of the information was carried out at the study level.



The PRISMA guidelines include a section related to risk of bias [34]. Bias can refer to any error introduced in research that may result in misleading results. The risk of bias within studies was assessed with one of three possible classifications [38]: “high risk”: the parameter has a significant effect on the results; “low risk”: the parameter does not have a significant impact on the results; “unclear risk”: it is not possible to characterise the effect of the parameter on the obtained results. The analysed parameters were included in table-form in two categories: methodology and other. Methodology included task definition, equipment type and standard application, measurement precision, sampling time, sample representativeness, and equipment calibration; in the other category included reporting quality and reference quality.



The first research step was carried out between July and October 2020 and updated in October 2021.




3. Results


From the 8993 records found in the identification phase of the PRISMA methodology [39], 4923 were excluded after applying the first exclusion criterion (article published before 2015), 896 were removed due to document type (only research articles were considered), 26 were excluded due to source type (only peer-reviewed journal articles were considered), 161 were removed due to language (only papers written in English were included), and 2776 were excluded for being off-topic (in light of the objectives proposed by this scoping review). Additionally, 160 duplicated records were removed. A total of 51 studies were assessed for eligibility, excluding 35 records that did not provide rationale nor measurements of dust levels in any of the considered settings. From the same analysis, six additional records were identified as new sources of information. During the research update in October 2021, two more papers were added to the study. A total of 24 papers were included in this study. The summary can be found in Figure 1.



Using VOSviewer [40], it was possible to identify five clusters for the most used terms in the set of included papers and the relations between them (Figure 2). Cluster 1: assessment, particulate, PM10, range, workplace; cluster 2: concentration, distance, drilling, quarry, source; cluster 3: dust, exposure, haul truck, respirable dust, worker; cluster 4: depth, pit, time; and cluster 5: dust concentration, sample.



As previously, articles were classified according to their research variables, where there was significant heterogeneity, as well methodologies used for data collection. Additionally, country of origin, dust-exposure-limit value (sought for in international norms whenever (frequently) it was not provided on the paper), activity, location type, and exploited material were also considered. It is important to not that, concerning “dust exposure limit”, the difference in results is due to classification. For instance, the value provided for Finland is related to occupational exposure to respirable silica dust, whereas for Taiwan, it is related to total suspended particles for a daily standard. This information is summarised in Table 1.



Of the analysed studies, only one [43] was conducted in a construction-site environment; all other studies concerned mines or quarry sites. The exploited materials were, from the most commonly to least commonly exploited: coal [6,22,30,31,32,41,44,52,56], iron [25,42], limestone [28,53], aggregates [24,51], taconite [47], granite [46], sandstone [55], copper [45], gold [48], platinum [54], and manganese [25].



Regarding “studied variables”, most were inferred from the experimental protocol of each article’s methodology, as each study’s outcome was not solidly related to the variable itself. Therefore, each study was classified into one (or more) of the following categories:




	
Job-related variables: activity, job category, site;



	
Engineering variables: equipment, transport system;



	
Technical variables: distance;



	
Physical variables: season, weather.








Tables with the extracted data from each of the studies can be found in the Appendix A, divided into three parts: (1) paper-related data, general information, and people-related data (Table A1); (2) occupational exposure (Table A2); and (3) prevalence and main findings (Table A3).



Despite the experimental protocol of each paper, only 15 out of the 24 papers referred to dust-particle size [6,22,24,25,28,31,43,44,45,48,49,51,52,55,56]. The remaining papers did not specify this parameter, despite mentioning “respirable dust” [41,47,53], “respirable and inhalable” [42,54], or just “dust” [32,50]. From the analysed data, two studies discussed quartz analysis in addition to dust [30,46], and two other referred specifically to silica [41,47]. Further information, such as the source of exposure and sampling methodology, including equipment, calibration, sampling time (duration) and sampling frequency is also described. The source of exposure differed according to each study’s particular objective: specific equipment, (e.g., crusher) [46]; activity (transport, drilling, crushing), dust measurements from defined locations; or personal exposure to dust [30,47,50,53,54]. Of the studies analysing personal exposure, only one reported the demographic data of workers [54].



Regarding the data-collection process, 10 out of the 24 articles used or applied the experimental protocol through standards: American Society for Testing and Materials (ASTM) [31,56]; International Organisation for Standardisation, ISO-589 (1981), ISO-1171 (1976), and ISO-562 (1974) [56]; National Institute for Occupational Safety and Health, (NIOSH) 0600 [46,47], NIOSH 7500 [42,47], and NIOSH 7602 [54]; National Ambient Air Quality Standards, NAAQS 2009 [6], Directorate General of Mines Safety of India [30,53]; and the Chinese Ministry of Health [32]. Additionally, each study applied its own experimental protocol (time sampling, frequency, among other variables), making it almost impossible to compare the various studies.




4. Discussion


The analysis provided by VOSViewer [40] showed that the controlled terms related to the papers were grouped in five clusters that, with various links between them. All of the identified clusters were related to the research objective and selected terms, although some keywords reflected the articles’ specific scope. Interestingly, two of the cluster concepts were “drilling” and “haul truck”, specific situations within the research results.



However, contrary to initial expectations, it was impossible to find a common approach among the reviewed studies, considering the quality and evidence criteria placed in their selection. The difference between the variables and approaches used by the working groups made it impossible to achieve a coherent and integrative view of the research carried out in this area. However, a positive aspect is that it was possible to identify a set of relevant work that allowed for the identification of critical areas where it is essential to deepen the research in order to complement and confirm the obtained results.



Thus, our analysis will be carried out topic by topic, considering the collected data and their classification according to the variables presented in Table 1. The discussion will be oriented towards analysis, considering: job-related variables, engineering variables, technical variables, and physical variables.



4.1. Job-Related Variables


4.1.1. Activity


Among all the eligible papers, nine collected dust samples concerning activities, which are described in Table 2 [6,25,41,43,45,46,50,52,53].



In Table 3, results are presented with their respective units [41,50,52,53]. Activities such as drilling [41,53], blasting, loading, shovelling, and transportation [53] were stressed tasks leading to high dust concentrations. However, spraying with water, which is present, for instance, in some drilling systems, also did not prove to be significantly more effective when compared to other solutions [41].



Only one study reported dust-concentration measurements for an eight-hour period, therefore comparable with the standards [53], with every value below the permissible limit (3 mg·m−3 in India, where it took place). However, the authors note that the experimental protocol was applied right after the rainy season, affecting the measurements. Nonetheless, the influence area of the transfer point between the crusher’s discharge belt and another belt (AD10) presents 75% of the permissible limit.



Overall, rock cutting/crushing operations are generally a dry process and generate large amounts of respirable dust [30,47]. In crushing operations, tertiary crushing generates twice the amount of particles as secondary crushing [24]. Focusing mainly on respirable crystalline silica, it was possible to conclude that the combination of secondary and tertiary crushing plants leads to higher concentrations of this substance [46]. On the other hand, this dust concentration can be lower during milling, as this process is usually wet [47]. Comparing crushing and drilling, the former produces more coarse particles than the latter [8].




4.1.2. Job Category


The relationship between worker job and dust exposure was referred to in four studies [30,32,47,50].



In one of the studies, independent of the mining sector (mining, crushing, concentrating, pelletising, shop mobile, shop stationery, and office/control room), the maintenance technician was the worker associated with higher exposure to dust [47]. This conclusion was found across the analysed mines due to the similarity in mining and processing of taconite.



However, the general results show that workers performing activities directly related to dust generation, such as (manual) drill operators [32] and the quality controllers (of the holes, in blasting) [50], were the ones showing higher exposure to dust. On the contrary, the measures taken of truck operators, excavator operators, and dozer operators, besides not being statistically different, showed that working inside cabins with air-conditioning systems decreases exposure to dust [50]. Despite the fact that this relation was not directly assessed, one of the studies reported that workers engaged in crushing activities, loading crushed material and drilling, are more vulnerable to such exposure [55].



Other authors analysed jobs in different mining operations, organising the results according to increasing particle-size exposure. Machine-operator exposure occurs with particle sizes between 2 and 3 µm; drill operator, dozer operator, and shovel operator between, 4 and 5 µm; and cable man, between 7 and 8 µm. These professions report exposure to particles with an average size below 10 μm.



Processes involving cutting rock generate many fine particles, which usually leads to higher dust-exposure values. In this study, more than 50% of the total samples above the maximum exposure limit contained particles of less than 5 μm. This issue is of particular concern since it is evidenced in the literature that sizes of this order of magnitude are potentially the leading cause of numerous lung-related chronic diseases [47].




4.1.3. Site


Eight selected studies analysed specific-site (location) dust concentrations [6,41,42,45,48,54,55,56].



Drilling is one of the most hazardous activities when considering exposure to dust [41]. The face of operation was found to have measurements with higher particle concentrations. Additionally, coal-handling plants and stockyards were also referred to as critical locations. Regardless of particle type (measured respirable dust concentration or total dust concentration), extraction site and crusher section are two sites with higher dust levels in the long run. In contrast, in administration offices, the results show the most negligible dust content [42]. This is in line with the observations from other studies [48].



Particle travel time was evaluated in one of the reviewed field studies [45]. Its results showed that it takes nearly one hour for a particle to travel from a depth of 168 m to the pit surface and that this happens independent of particle size. However, when an open-pit mine is exploited at more shallow depths, the travelling time between benches (10 m apart) is only 7 min. Analysis of different scenarios (in more than one mine) led the authors to conclude that mine geometry is essential when reflecting upon occupational exposure parameters. The same study also showed that the dust concentration was higher at the source of exposure and decreased in every direction.



Additionally, and with relation to particle size, the results point out that alveoli particle matter disperses more quickly than larger particles (thoracic and inhalable). Only 9 to 30% of alveolic particles settle within a (vertical) distance of between 18 m and 20 m, compared to 19% to 37% of thoracic and 23% to 39% of inhalable particles. Another study concluded that smaller particles can travel great distances, even affecting the populations in the vicinity of mines [55].





4.2. Engineering Variables


4.2.1. Equipment


Only three studies referred to a link between dust concentration and equipment [43,46,54].



Few pieces of equipment were mentioned in the studies, but some conclusions could be drawn from analysis of the available data. Trucks travelling along unpaved roads are related to high dust concentrations [43]. The same study remarked that rollers generate mostly coarse particles as a dust source.



The crusher is also one of the most frequently mentioned pieces of equipment when analysing dust concentrations, especially in plants that combined secondary and tertiary crushing (usually using hydrocone cyclone crushers) [46].



Table 4 shows the results of excavators and front-end loader activities, expressed in mg·m−3 [54]. Operating conditions also impact exposure values, and these differences are verifiable for both inhalable and respirable dust.




4.2.2. Transport System


Only one study analysed the possible relationship between transport system and dust concentration [28]. It was developed considering two types of transporting system: vertical wall and conventional (steps) in a limestone quarry. The main results showed that the vertical wall, a closed system, prevented most fine particles from spreading. On the contrary, in the conventional method, the dust concentration was higher (see Table 5, expressed in μm·m−3). It is essential to state that these results may not be time-weighted averages, as there was no information available concerning time frame.





4.3. Technical Variables


Distance


In general, there is a relationship between distance and total dust concentration [28]. As expected, the results showed that the overall dust concentration decreased with increasing distance from the source. According to two studies, this is also particularly true in relation to activities such as crushing [8,44]. Some authors reported that with increased distance from the exposure source, dust concentration decreased by about 89% [44]. In particular, dust concentration from drilling activities spreads up to 80–100 m from the source, where the heavier fractions of dust settle [44]. For this reason, some authors suggest that the proportion of fine dust tends to increase with increasing distance from the source [49], as PM10 can travel up to 100 km (or more) and stay in the atmosphere for days, whereas PM2.5 can travel as far as thousands of kilometres, staying in the air for weeks. Coarse particulates usually deposit quickly and within short distances of the source [3].





4.4. Physical Variables


4.4.1. Season


Only two studies made reference to season when assessing dust exposure [6,28], with interesting conclusions.



In one of the studies, it is reported that in the hotter seasons (spring and summer), particles are shorter due to low air humidity, as opposed to during the colder seasons (autumn and winter). This happens because the increased moisture causes suspended matter to forming larger particles. The maximum dust concentration was achieved during summer (hourly concentrations of 1100 μg·m−3) [28], falling outside of the average concentration range of 600–820 μm·m−3. Conversely, other studies observed that both PM2.5 and PM10 concentrations were higher during winter [6]. However, this was attributable, according to the authors, to the prevalence of anticyclonic conditions.



The influence of season is, for obvious reasons, related to weather conditions, which will be discussed in the following section.




4.4.2. Weather


Dust concentration related to weather was referred to in two studies [28,44].



Dust concentration has an almost linear relation with wind speed at a measurement point at 300 m from the extraction outline [28]. Additionally, it was verified that the aerosol concentration increased with increasing wind speed, despite decreasing with increased humidity. This latter fact occurs due increasing particle size (as a result of combination with water), leading to easier deposition. The other study mentioned that dust concentrates the downwind, and upwind of the source, there is no significant dust concentration [44]. Interestingly, it was reported that particles moving in the downward direction (within the pit) take longer to escape from the zone, which increases the duration exposure to dust, meaning that attention should be paid to the behaviour of particles [45]. It is also stated that villages in downwind locations can suffer from traveling particles [55].





4.5. Other Variables


Interestingly, one study reported and analysed workers’ respiratory symptoms, and 49.1% of total workers were found suffered from phlegm, 42.9% from breathlessness, and 37.5% from a cough. Despite the fact that exposure to dust remained below the maximum exposure value, these workers showed a high prevalence of respiratory symptoms [50].



The relationship between dust exposure and other variables, such as air humidity or wind velocity, is complex and cannot be summarised in this analysis, our analysis was carried out case by case, and the relationship itself is not entirely clear. Despite gathering data regarding weather parameters, could be proposed. However, the risk of exposure depends on, among other factors, the characteristics of the dust, activity, duration of exposure, characteristics of workers, and use of personal protective equipment [46,54]. Notwithstanding the results, particular attention should be continuously paid to this issue because exposure, in the long term, may impair the health of workers [53].




4.6. Bias


Risk of bias [38] (Table 6) was assessed at the study level. Papers were analysed according to methodology (task definition, equipment type, standard application, measurement precision, sampling time, sample representativeness, and equipment calibration), and other factors (reporting quality and reference quality). The possibility of each parameter having impacted on the outcome, therefore representing some type of bias, was determined using one of the classifications [38]: “high risk”, “low risk”, and “unclear risk”. Notwithstanding that the experimental protocols were well-defined, primarily regarding task definition, no information about equipment calibration or measurement precision was provided. It is important to note that this assessment is subjective and depends on the information reported in each study. Whenever the required piece of information is clearly stated in the text, the classification is more or less direct, according to the suitability of its methods (for instance, if the used equipment was appropriate for the study’s needs). In cases of no information, it is not possible to infer a relationship. When the methodology is not appropriate or the results (obtained by the studies) do not align with the methodology, risk of bias is elevated.



With the exception of equipment type, every other variable in the Methodology section demonstrates the necessity of improving reporting quality concerning the applied experimental protocols.




4.7. Study Limitations


One of the main limitations of this study is that the collected data could not be compared due to a lack of specificity of the studies concerning aims, applied protocol, and presentation of results. This led to a paper-by-paper analysis that does not provide a general view on the topic, making it difficult to standardise design solutions. The idea of using a common standardised protocol is stressed in the literature [57]. Additionally, it was not possible to infer whether the culture of each country influenced practices. For instance, it is mentioned in one of the studies that although remaining below the national standard, the dust exposure was way above international standards [41]. Uncertainties related to exposure assessment may influence risk-management practices, which may, in turn, negatively impact the health of workers [58]. Overall, it was impossible to determine the extent to which the results of the reviewed studies truly represent real-life working conditions. Therefore, this scoping review mainly supports the need to apply or develop standardised protocols concerning information, such as that reflected in Table 6.





5. Conclusions


Air pollution is a growing issue worldwide, and dust emission from anthropogenic activities affects not only directly exposed workers but also surrounding communities [1]. Dust is produced in almost every mining activity and similar tasks, such as road construction and earthmoving tasks [16]. Common dust-control strategies include spraying water, although other mechanisms are starting to be developed, such as ultrasonic suppression systems [30]. Despite significant downward trends in exposure to respirable quartz and respirable silica, according to a recent assessment [59], deaths associated with this issue still occur, with a special focus on pneumoconiosis [60]. Some authors suggest that high-risk workers need training in use of personal protective equipment and that dust-control mechanisms are still far from what they need to be [30]. The aim of this scoping review was to determine the specific circumstances under which exposure to dust occurs within the context of open-pit mining and quarrying, including research from other fields with similar tasks, such as road construction and earthworks and identifying measures to mitigate or even eliminate dust production. Within the reviewed studies, it was possible to identify the following variables related to dust exposure: job-related (activity, job category, and site), engineering (equipment, transport system), technical (distance), and physical (season and weather) variables. However, the significant variance in protocol settings made it difficult to perform any general analysis, resulting in a study-by-study approach. Despite this, data were grouped by assessed variable (whenever possible). Results showed that drilling was often pointed to as a task leading to higher levels of dust exposure [41,53], although every activity related to rock processing (blasting and loading, for instance) also had a positive association with high dust levels [53]. Workers performing their job inside climatised vehicles experienced less exposure to dust [50] than workers whose work leads directly to dust generation [32].



Notwithstanding the task, it was reported in one study that the size of the particles was below 10 μm [30]. The face of operation where most work occurs was naturally the site where the highest dust levels were measured. One study addressed particle travel time and concluded that mine geometry is an important factor reflecting occupational exposure [45]. Few types of equipment were mentioned related to dust exposure: drill, crusher, truck, excavator, and loader. Concerning this variable, the focus was on the setting; for example, trucks travelling on unpaved roads were associated with high dust levels [43]. Other specific assumptions were described but not in a way constituting data. Transport system was analysed in just one of the studies and only compared two methodologies [28]. Therefore, no general conventions can be drawn. According to the same author, dust concentration decreased with increased distance from the source, and this was also verified in other contexts [44,49]. Season as a variable was acknowledged with relation to moisture or rain, which depend on weather and specific factors, such as wind direction and humidity. Concerning mitigating measures, none of the studies analysed potential mechanisms for solving this problem.



Practical Implications


This scoping review highlights the necessity of adopting standard procedures for data collection, independent of research objective. It is mentioned in the literature that this process is quite demanding, as it is conditioned by each specific setting, which, as a standalone condition, already makes it difficult to properly apply in the protocol [8].



Nonetheless, with the collected data, one study suggests the following steps [58]:




	(1)

	
A comprehensive description of the occupational setting;




	(2)

	
Analysis of the mineralogical characteristics of the hazardous agent;




	(3)

	
Measurement of the exposure to respirable dust, according to international standards, in the workers’ breathing zone during a full shift.









Although these steps seem achievable, they are not applied often. The same author also states that it is important to preserve historical data so that a database can be organised that can help determine more strategic actions concerning the health and safety of both workers and operations.
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Table A1. Paper-related data, general information, and people-related data of each study.






Table A1. Paper-related data, general information, and people-related data of each study.





	
Paper-Related Data

	
General Information

	
People-Related Data




	
Study

	
Objective

	
Substance

	
Time Period

	
Ethical Committee

	
Informed Consent

	
Population

	
Sample

	
Age (Years)

	
Sex

	
Control Group






	
[28]

	
To characterise dust emission and to identify locations of pollution sources

	
Dust (TSP, PM2.5, PM10)

	
NM

	
NA

	
NA

	
NM

	
NM

	
NM

	
NM

	
NM




	
[31]

	
To characterise dust generated from haul trucks

	
Dust (PM10,)

	
Summer of 2002

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[41]

	
To assess occupational exposure to dust

	
Dust (respirable), silica

	
1994–2005

	
NA

	
NA

	
NM

	
NM

	
NM

	
NM

	
NM




	
[42]

	
To determine dust concentrations

	
Dust (respirable, inhalable)

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[43]

	
To estimate annual emissions from construction work

	
Dust (PM1, PM2.5, PM10)

	
Earthworks: 3 days, road construction: 3 days

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[44]

	
To develop models to predict respirable dust-particle concentration

	
Dust (PM2.5, PM10)

	
Pre-summer, summer and winter

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[45]

	
To investigate particulate-matter concentration profiles

	
Dust (PM 10–20 μm, 4–10 μm, and <4 μm)

	
21–23 May 2013 (Location 1), 4–6 June 2013 (Location 2), 12–24 October 2013 (Location 3)

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[46]

	
To determine exposure levels to respirable dust and respirable crystalline silica of crusher operators

	
Dust, quartz

	
NM

	
Yes

	
NM

	
200

	
70

	
NM

	
NM

	
NM




	
[47]

	
To assess levels of exposure to respirable dust and respirable silica

	
Dust (respirable), silica (respirable)

	
Mine 1: January–April 2010; Mine 2: November 2010–February 2011; Mine 3: February–May 2011; Mine 4 June 2010; Mine 5: July–September 2010; Mine 6: October 2010

	
Yes

	
Yes

	
NM

	
232

	
NM

	
NM

	
NM




	
[30]

	
To characterise exposure to respirable dust

	
Dust, quartz

	
2012–2014

	
NM

	
NM

	
NM

	
69

	
NM

	
NM

	
NM




	
[48]

	
To study occupational health exposure to physical and chemical hazards

	
Dust (PM10)

	
NM

	
NA

	
NA

	
NM

	
NM

	
NM

	
NM

	
NM




	
[49]

	
To study particulate emission

	
Dust (PM2.5, PM 0.3–20 µm, PM10)

	
NM

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[50]

	
To study respiratory impairment and personal respirable exposure to dust

	
Dust

	
NM

	
NM

	
Yes

	
NM

	
112

	
21–60

	
Male, female

	
NM




	
[25]

	
To study inhalable, thoracic, and alveoli particle concentrations

	
Dust (PM 10–20 μm, 4–10 μm, and <4 μm)

	
Winter

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[51]

	
To study dust emission (and dispersion) from drilling in natural stone quarries

	
Dust (TSP, PM1, PM2.5, PM10)

	
Winter

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[6]

	
NM

	
Dust (PM2.5, PM10)

	
Summer and winter 2015–2016

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[52]

	
To study the concentration and distribution of PM2.5 and PM10 in open-pit mines

	
Dust (PM2.5, PM10)

	
NM

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[9]

	
To predict dust concentrations from several mine operations

	
Dust (PM2.5, PM10)

	
7–22 December 2015, 30 January to 16 February 2016

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[53]

	
To study respirable dust concentrations and free silica content

	
Dust (respirable)

	
September 2013 (post-monsoon period), February 2014 (pre-monsoon period)

	
NM

	
Yes

	
NM

	
NM

	
NM

	
NM

	
NM




	
[8]

	
To study dust emission (and dispersion) from crushing in open-pit quarries

	
Dust (TSP, PM1, PM2.5, PM10)

	
Winter

	
NA

	
NA

	
NM

	
NM

	
NM

	
NM

	
NM




	
[32]

	
To study exposure levels at four workplaces

	
Dust

	
August 2016–October 2016

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM

	
NM




	
[54]

	
To study dust-exposure risk at two wasterock crusher plants

	
Dust (inhalable and respirable)

	
October 2018

	
NM

	
NM

	
100

	
34

	
37 years (range 23 to 68 years)

	
Male, female

	
NM




	
[55]

	
To study emission of respirable dust from stone quarrying, potential health effects, and its management

	
Dust (PM2.5 and PM10

	
June 2019

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA




	
[56]

	
To evaluate potential dust emissions in an open-pit coal mine

	
Dust (PM2.5, PM4, PM10)

	
NM

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA








NM; not mentioned; NA: not applicable.
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Table A2. Occupational exposure characterisation per study.
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Study

	
Occupational Exposure




	
Standards

	
Duration of the Occupational Exposure

	
Source of Exposure

	
Methodology

	
Measuring Equipment

	
Equipment Calibration

	
Sampling Time

	
Sampling Frequency






	
[28]

	
NM

	
NM

	
NM

	
Dust was collected at different distances: 0.05, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 1, 7, 10, 11, and 15 km from the extraction outline. Additionally, five more monitoring stations were considered. The particle sizes were determined, and dust composition was analysed through chromatography.

	
Graseby high-volume sampler (GM-2000), Kimoto PM10

	
NM

	
1 h

	
3 times per season and at each receptor




	
[31]

	
ASTM standards

	
NM

	
Haul truck

	
The study was conducted in two sites measuring approximately 30 m: a surface-stone quarry (Virginia) and a coal-preparation plant (Pennsylvania). The first had a slight grade and was the main access to the pit. The second was flat and was the main access to the waste dump. Seven monitoring stations were placed for data collection. However, only two were considered for respirable dust: one adjacent to the road and one on the opposite side of the road.

	
Personal Data RAM (MIE), Personal sampling pumps (Escort ELF), Cascade Impactor

	
NM

	
6–7 h per day

	
Every 2 s




	
[41]

	
NM

	
NM

	
Overburden loading, stockyard, coal loading, drilling, and coal-handling plant

	
Data were collected from the Can Lignite Corporation once a year at five different locations. Dust conditions were assessed, and dust samples were dried and weighed. Additionally, silica content was determined. An ANOVA statistical test was used for data treatment.

	
Gravimetric dust equipment (Casella AFC 123), infrared spectrophotometer

	
NM

	
4 h

	
1 per year




	
[42]

	
NIOSH 7500

	
NM

	
Mountain slash, crusher, administration, road

	
Samples of total and respirable dust were collected by the gravimetric method. The number of collected samples was 19 for mountain slash (excavation), 19 for various crushers, 9 for administration, and 5 for road. SPSS was used for data treatment.

	
Sampling pump (SKC)

	
NM

	
NM

	
NM




	
[43]

	
NM

	
NA

	
Earthworks, equipment

	
All measurements were performed between 20 and 60 m downwind of the sites. Measurements were taken at a height of 4 m. Overall meteorological data were also collected, as well as trace gases (NOx, CO, SO2, O3, and CO2). Total particulate polycyclic aromatic hydrocarbon (p-PAH) mass concentration was recorded. Particle size distributions were analysed by a fast-mobility particle-sizer spectrometer (FMPSS) and an optical particle counter (OPC).

	
Mobile aerosol research laboratory (MoLA), weather station (WXT520), air quality monitoring system (Airpointer and LI840), FMPSS (Model 3091), OPC (Grimm Aerosoltechnik)

	
Yes

	
NM

	
NM




	
[44]

	
NM

	
NM

	
Drilling

	
Measurements were collected at different distances from the drilling site, considering different wind directions in three phases: (1) pre-summer, (2) during summer, (3) during winter. Monitoring of air quality was carried out, and both this parameter and dust emission were registered at different distances from the drilling operations, with different wind directions.

	
Personal dust monitor (5), point sampler (2), meteorological monitoring station

	
NM

	
1 h

	
Hourly basis




	
[45]

	
NM

	
NM

	
Drilling, excavation, loading, transport

	
Measurements were taken at different benches (heights) of the open casts, Malanjkhand Copper Project (MCP), Kiriburu Iron OreMine (KIOM), and Meghahatuburu Iron Ore Mine (MIOM). Wind speed and wind direction were also registered. In MCP, the activities were drilling, excavation, loading (shovel), and transport (dumper). Sampling occurred at four benches located at 412, 448, 460, and 580 mRL. In KIOM, these sampling points were located at 818 mRL, and in MIOM, the sampling points were at 846 mRL.

	
Portable aerosol spectrometer (model 1.108), portable weather stations (Watch Dog 2000 Series)

	
NM

	
30 min

	
1 min




	
[46]

	
NIOSH Manual Analytical Method No. 0600

	
NM

	
Crusher

	
Long-term personal breathing-zone samples were collected for each shift. Air velocity and humidity were also measured to determine temperature and humidity during the field campaign. These measurements were taken at several locations, during the morning and afternoon. The samples were analysed at an independent laboratory. Data analysis was carried out using Industrial Hygiene Statistic (IH STAT V. 235).

	
Sampling pump (SKC), anemometer and hygrometer (TSI, 8386-M-GB)

	
Yes

	
8 h

	
NM




	
[47]

	
NIOSH 0600, NIOSH 7500

	
NM

	
Mining, crushing, concentrating, pelletising, mobile shop, stationery shop, office/control

	
Each worker wore a personal air-sampling pump on the waist, with the sampler located in the breathing zone for 70% of their work shift. For each worker, the study was conducted during three different shifts, and one blank sample per day was also collected (quality control). The data received statistical treatment through ANOVA analysis. The information was grouped in SEG form.

	
Personal air-sampling pump (Apex Pro pump, Casella)

	
Yes

	
NM

	
NM




	
[30]

	
DGMS guidelines for conducting respirable airborne dust survey

	
NM

	
Drill operator, shovel operator, dozer operator, cable man

	
Dust measurements of 11 categories of workers were collected from an open cast and underground works. Respirable dust collected on the filter was analysed using the Fourier transform infrared spectrometry. Particle-size distribution and quartz content were also analysed.

	
Personal dust sampler (Sidekick, SKC), X-ray diffractometry (model Ultima-IV), SEM-EDX(FE-SEMSupra 55), Mastersizer 2000

	
Yes

	
NM

	
NM




	
[48]

	
NM

	
NM

	
33 different site locations

	
Measurements were collected at 33 sites (both surface and underground).

	
NM

	
NM

	
NM

	
NM




	
[49]

	
NM

	
NM

	
Different site locations

	
Three techniques were adopted: (1) low-volume gravimetric technique to measure longer-term concentrations beyond the boundary of each mine; (2) whenever an interesting activity occurred, an optical particulate monitor was used (particulate range: 0.3–20 µm); (3) microscopy analysis.

	
(1) MiniVol portable air samplers (Airmetrics); (2) optical particulate monitor (1.105 Grimm); (3) NM

	
(1) Yes; (2) NM; (3) NM

	
18 min–22 days

	
NM




	
[50]

	
NM

	
At least 1 year

	
Among different job groups (truck, excavator, and dozer operators, quality controller), different activities (haulage, loading materials, clearance and pushing materials, measuring the depth of holes)

	
Measurements were collected using air sampling pumps on similar exposure groups at breathing level. A questionnaire was used to determine respiratory symptoms, and lung function was measured using spirometry. SPSS was used for data treatment.

	
Air sampling pumps (Aircheck XR 5000), spirometer (KoKo Legend S× 1000)

	
Yes

	
Full shift

	
NM




	
[25]

	
NM

	
NA

	
Different site locations

	
Seven residential sites (RS) and ten mine locations (M) near the two open-cast mines were considered. R1–R3 were located near the coal transportation road from mine 1, R4 and R6 were near mine 2 open cast, R5 was located near a road used for coal transportation by both mines, and R7 was located away from the mining area. Meteorological parameters, such as relative humidity, temperature, wind speed, and wind direction, were registered. SPSS was used for data treatment.

	
Aerosol spectrometer (Model 1.108), portable weather station (Model WatchDog 2000)

	
NM

	
6–8 h

	
1 min




	
[51]

	
NM

	
NM

	
Drilling

	
Dust mass concentrations measurements were collected near the drills and at the same level at different distances downwind, upwind, and side-wind. The sampling height was 1.5 m (approximately breathing level). Weather data, such as temperature, humidity, absolute and relative pressure, wind speed and direction, wind-gust speed, and rainfall, were also registered.

	
Nephelometers (Turnkey Osiris), weather station (EasyWeather)

	
NM

	
15 min

	
5 s




	
[6]

	
National Ambient Air Quality Standard (NAAQS 2009), I.S.: 5182 Part XIV (2000)

	
NA

	
Different site locations

	
Measurements were collected from eight monitoring stations. PM10 and PM2.5 concentrations were calculated based on the differences in the weight of the filters before and after sampling.

	
Respirable dust samplers (Envirotech APM 460 NL and Envirotech APM 550)

	
NM

	
24 h

	
NM




	
[52]

	
NM

	
NM

	
Mining, transportation, dumping

	
PM measurements were monitored at three sites in the mine: (1) in the pit, away from the operating equipment; (2) near the mining and transport equipment; (3) around the pit. The data received statistical treatment.

	
Beta-ray particle monitor

	
NM

	
NM

	
1 min




	
[9]

	
National Ambient Air Quality Standard (NAAQS)

	
NA

	
Different site locations

	
Measurements of baseline air quality were monitored at 25 different station locations. The resulting data were used to develop emission models.

	
NM

	
NM

	
24 h

	
NM




	
[53]

	
DGMS sampling guidelines

	
NM

	
Different site locations, activity

	
Measurement of respirable dust and determination of free silica content: 12 dust samples were collected in September 2013 (five area samples and seven personal samples). Another 12 were collected in February 2014 (six area samples and six individual samples). The equipment was placed between 5–15 m away from the worker for area sampling, at breathing level height. For personal sampling, the equipment was attached to the worker for an entire shift. Silica estimation was carried out through the Fourier transform infrared (FTIR) spectroscopy.

	
Personal dust sampler (Sidekick 51Ex)

	
Yes

	
6–7 h per day

	
NM




	
[8]

	
NM

	
NA

	
Crushing

	
Measurements were taken at different distances from the crushers, from downwind, upwind, and crosswind. The setup was conducted under real conditions and at crusher level during daylight. Background concentrations were collected at each quarry during the night.

	
Nephelometers (Turnkey Osiris), weather station (EasyWeather)

	
NM

	
15 min

	
5 s




	
[32]

	
Standard specifications of air sampling for hazardous substances monitoring in the workplace, Ministry of Health 2004

	
NM

	
Coalface, heading face, shotcrete point, trans-shipment

	
Measurements were collected three times: 10-10 h 15, 14-14 h 15, 17 h-17 h 15 every working day. A total of 582 dust samples were taken: 140 coal face, 168 heading face, 124 shotcrete point, 150 trans-shipment points.

	
Dust sampler (HXF-35)

	
Yes

	
15 min

	
NM




	
[54]

	
NIOSH 7602

	
Facility A: 36.8 years old, Facility B: 36.9 years old

	
Crusher plant: crushing, loading, offloading, screening, final storage, transporting, cleaning, water sprayer, diesel attendant, supervising/foreman, weighing bridge, welding

	
The protocol was divided into three parts: (1) walkthrough observation, (2) self-administered questionnaire, (3) static dust sampling (18 dust samples: nine inhalable and nine respirable). Statistical analysis was carried out.

	
Multi-fraction Institute of Occupational Medicine (IOM) samplers

	
Yes

	
8 h

	
NM




	
[55]

	
NM

	
NA

	
Haul road, crushing area, pit area

	
Samples were collected from four locations. Ambient temperature, wind speed, humidity, and dominant wind direction were also registered. The instrument was placed at a height of 1.5 m from the ground.

	
Portable microprocessor-based particulate monitor (HAZDUST-EPAM 5000 model)

	
NM

	
1 h

	
60 s




	
[56]

	
ISO-589, 1981, ISO-1171, 1976, ISO-562, 1974, ASTM D-3286, D-3302M, D3174–12

	
NA

	
Coal-working fronts, tailings-handling sites, road-traffic sites

	
Samples of deposited dust were collected in trays left at each location for 30 min until reaching 200–500 g. Passive stubs were also used for 1 h. After, they were analysed for particle size and geochemical and mineralogical patterns. Additionally, online measurements of ambient air concentrations of particulate matter, black carbon, and ultrafine particles were performed in the same mine zones where DD was sampled.

	
Passive stubs

	
NM

	
1 h

	
NM








NM: not mentioned; NA: not applicable.
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Table A3. Prevalence and main findings per study.






Table A3. Prevalence and main findings per study.





	
Study

	
Prevalence

	
Main Findings




	
Questionnaire

	
Validation

	
Reported Symptoms

	
Reported Disease(s)

	
Results

	
Limitations






	
[28]

	
NA

	
NA

	
NA

	
NA

	
Limestone exploitation processes cause high dust-emission rates, where the PM2.5/TSP is between 0.15 and 0.28 and PM10/TSP is between 0.31 and 0.78. The study determined that the best control measure is spraying water.

	
NM




	
[31]

	
NA

	
NA

	
NA

	
NA

	
A total of 14.5% of the airborne dust generated from haul trucks consisted of material under 10 μm, and 3.5% was material under 3.5 μm. A total of 85.5% of the dust consisted of larger particles that do not pose a (respirable) threat to the truck operator. The time period of following a truck with maximum exposure occurred between 4 and 15 s.

	
NM




	
[41]

	
NA

	
NA

	
NA

	
NA

	
Activities leading to higher dust emissions were, ordered highest–lowest): drilling, coal-handling plant, stockyard, overburden loading, and coal loading. The measured values were maintained below the Turkish standard; however, they were above the international standards.

	
NM




	
[42]

	
NM

	
NM

	
NM

	
NM

	
The highest respirable dust concentration was measured in the extraction section (10.6 mg·m−3), and the lowest concentration was measured in the administration section (4.02 mg·m−3). The highest total dust concentration was measured in the crusher section (94.3 mg·m−3), and the lowest concentration was measured in the administration section (16.6 mg·m−3).

	
NM




	
[43]

	
NA

	
NA

	
NA

	
NA

	
Emission factors for PM10 were related to earthworks and plate-compactor under dry weather conditions. Comparing emissions under dry and wet weather conditions before and after wetting the ground showed that dust can be reduced to a significant degree.

	
NM




	
[44]

	
NA

	
NA

	
NA

	
NA

	
Measured dust concentrations were between 693 ug·m−3 and 126 ug·m−3. It was confirmed that dust spread up to 80–100 m from the source.

	
NM




	
[45]

	
NA

	
NA

	
NA

	
NA

	
No relation was found between PM concentration and wind speed. The inhalable fraction of PM varied in the range of 37–52%. The fraction of thoracic PM was between 31–36%, and alveoli PM was between 17–29%.

	
NM




	
[46]

	
NA

	
NA

	
NA

	
NA

	
Overall mean worker exposure to respirable dust was 0.426, and to respirable silica was 0.091 mg m−3.

	
NM




	
[47]

	
NM

	
NM

	
NM

	
NM

	
The highest average concentrations of respirable dust were measured in Mine 1, and the lowest were measured in Mine 6. There was little variability across the results for the six mines.

	
Not all SEGs were present at the all mines. Some samples were excluded: three were overloaded with particles, and six exhibited low sampling volume. Some samples fell outside of the limit of detection (LOD).




	
[30]

	
NM

	
NM

	
NM

	
NM

	
Workers in open-cast mines are exposed to high levels of respirable dust. Considering that lower the particles indicate the harmfulness level, the job categories can be “ordered” (from highest to lowest): machine operator, drill man (UG), roof bolter (UG), drill operator (OC), SDL operator (UG), dozer operator (OC), belt operator (UG), shovel operator (OC), explosive carrier (UG), trammer (U.G.), and cable man (UG/OC).

	
NM




	
[48]

	
NA

	
NA

	
NA

	
NA

	
All the measured values were under the permissible level, except for access to the underground mine.

	
NM




	
[49]

	
NA

	
NA

	
NA

	
NA

	
Results are in the form of percentages. Particulate size fractions were found to vary according to mine activities.

	
Due to technical limitations, direct comparison of the optical-derived source-concentration data is not meaningful.




	
[50]

	
Questionnaire on respiratory symptoms

	
Yes

	
Cough, phlegm, breathlessness, wheezing, chest tightness

	
NM

	
The results show that the overall dust exposure geometric mean was 0.26 mg·m−3 over a mean sampling period of 8 h (ranging between 7 and 11 h). The results regarding respiratory symptoms were: phlegm (49.1%), breathlessness (42.9%), cough (37.5%), wheezing (18.8%), and chest tightness (10.7%).

	
NM




	
[25]

	
NA

	
NA

	
NA

	
NA

	
The results showed that the average PM concentrations in mining sites were 1.2–2 times the concentrations at residential sites. PM peak concentrations were observed during peak production time.

	
NM




	
[51]

	
NA

	
NA

	
NA

	
NA

	
Dust concentrations were highest at downwind points, and the lowest concentrations were measured upwind from the drill. Increasing wind speed led to decreased dust concentration. Drilling produces the most coarse dust particles (TSP and PM10).

	
Nephelometer capacity is not very high when measuring all sizes of particles at once.




	
[6]

	
NA

	
NA

	
NA

	
NA

	
The results showed higher concentrations of PM10 and PM2.5 during the winter season. Mining operations contributed to larger fractions of dust particles.

	
NM




	
[52]

	
NA

	
NA

	
NA

	
NA

	
The results showed that dust concentration around working mining equipment is very high.

	
NM




	
[9]

	
NA

	
NA

	
NA

	
NA

	
The results of the study were modelling predictions using the baseline concentrations and models.

	
NM




	
[53]

	
NA

	
NA

	
NA

	
NA

	
Although every measurement was below 3 mg·m−3, concentrations exceeded 50% and 75% of the total value at some monitoring stations.

	
The study was limited to 24 dust samples.




	
[8]

	
NA

	
NA

	
NA

	
NA

	
Results showed that dust concentration decreased with increasing distance with all wind directions and all size categories (TSP, PM10, PM2.5 and PM1). The decrease was most pronounced in the upwind direction.

	
Nephelometer capacity is not very high when measuring all sizes of particles at once.




	
[32]

	
NA

	
NA

	
NA

	
NA

	
Average dust concentrations ranged from 1.29 to 19.38 mg·m−3.

	
NM




	
[54]

	
Yes

	
Yes

	
NM

	
NM

	
Results showed that dust concentrations in Facility B, when compared to Facility A, were higher. The highest levels of respirable dust for both facilities were found at the feeder stations.

	
NM




	
[55]

	
NA

	
NA

	
NA

	
NA

	
The results showed that hauling mined material and crushing activities are associated with the greatest dust generation of PM2.5.

	
NM




	
[56]

	
NA

	
NA

	
NA

	
NA

	
Results show that there are considerable differences in particle size and composition between locations. In the working fronts, there are chemical elements, such as Nb, Th, Cr, Sr, Li, As, Pb, Cu, Zr and Ni, mostly attributed to mining machinery, tyre and brake-wear emissions, and deposition of dust emitted from gangue working zones.

	
NM








NM: not Mentioned; NA: not applicable.
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Figure 1. Summary of the research, adapted from Moher et al. [39]. 
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Figure 2. Keywords relations between studies. 
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Table 1. Study analysis regarding dust-exposure limit, activity and location, exploited material, and variables.
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	Author (year)
	Country
	Dust Limit
	Source
	Activity
	Location

Type
	Exploited

Material
	Studied Variables





	Chang (2004) [28]
	Taiwan
	0.25 mg·m−3
	Referred in article
	Mining
	Quarry
	Limestone
	Distance, season,

transport system, weather



	Reed & Organiscak (2005) [31]
	USA
	2 mg·m−3
	Sought for
	Mining
	Quarry, mine
	Stone, coal
	Not mentioned



	Onder & Yigit (2009) [41]
	Turkey
	5 mg·m−3
	Referred in article
	Mining
	Mine
	Coal
	Activity, site



	Gholami et al. (2012) [42]
	Iran
	4 mg·m−3
	Sought for
	Mining
	Mine
	Iron
	Site



	Faber et al. (2015) [43]
	Germany
	3 mg·m−3
	Sought for
	Earthworks, road construction
	Construction site
	Not applicable
	Activity, equipment



	Sastry et al. (2015) [44]
	India
	3 mg·m−3
	Sought for
	Mining
	Mine
	Coal
	Distance, weather



	Gautam et al. (2016) [45]
	India
	3 mg·m−3
	Sought for
	Mining
	Mine (3)
	Copper
	Activity, site



	Amran et al. (2017) [46]
	Malaysia
	3 mg·m−3
	Referred in article
	Mining
	Quarry (9)
	Granite
	Activity, equipment



	Hwang et al. (2017) [47]
	USA
	2 mg·m−3
	Sought for
	Mining
	Mine (6)
	Taconite
	Job category



	Pandey et al. (2017) [30]
	India
	3 mg·m−3
	Referred in article
	Mining
	Mine (7)
	Coal
	Job category



	Rabeiy et al. (2018) [48]
	Egypt
	3 mg·m−3
	Referred in article
	Mining
	Mine
	Gold
	Site



	Richardson et al. (2018) [49]
	Australia
	10 mg·m−3
	Sought for
	Mining
	Mine (3)
	Coal
	Not mentioned



	Rusibamayila et al. (2018) [50]
	Tanzania
	5 mg·m−3
	Referred in article
	Mining
	Mine
	Gold
	Activity, job category



	Sahu et al. (2018) [22]
	India
	3 mg·m−3
	Sought for
	Mining
	Mine (2)
	Coal
	Weather



	Sairanen & Selonen (2018) [51]
	Finland
	0.1 mg·m−3
	Sought for
	Mining
	Quarry (2)
	Aggregates
	Not mentioned



	Tripathy & Dash (2018) [6]
	India
	3 mg·m−3
	Referred in article
	Mining
	Mine
	Coal
	Activity, season, site



	Wanjun & Qingxiang (2018) [52]
	China
	4 mg·m−3
	Not applicable
	Mining
	Mine
	Coal
	Activity



	Chaulya et al. (2019) [25]
	India
	3 mg·m−3
	Sought for
	Mining
	Mine
	Iron, manganese
	Activity



	Mankar et al. (2019) [53]
	India
	3 mg·m−3
	Referred in article
	Mining
	Mine
	Limestone
	Activity



	Sairanen & Rinne (2019) [24]
	Finland
	0.1 mg·m−3
	Sought for
	Mining
	Quarry (6)
	Aggregates
	Not mentioned



	Tong et al. (2019) [32]
	China
	4 mg·m−3
	Referred in article
	Mining
	Mine
	Coal
	Job category



	Sepadi et al. (2020) [54]
	South Africa
	3 mg·m−3
	Referred in article
	Mining
	Mine (2)
	Platinum
	Equipment, site



	Ambastha & Haritash (2021) [55]
	India
	3 mg·m−3
	Referred in article
	Mining
	Quarry
	Sandstone
	Site



	Trechera et al. (2021) [56]
	China
	4 mg·m−3
	Sought for
	Mining
	Mine
	Coal
	Site
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Table 2. Activity per study.
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	Study
	Activity





	[41]
	Overburden loading, coal loading, drilling



	[43]
	Earthworks



	[45]
	Mining



	[46]
	Crushing (primary, secondary, tertiary)



	[50]
	Haulage, loading materials, clearance and pushing materials, measuring the depth of holes



	[6]
	Vehicular movement, mining



	[52]
	Mining, transportation, dumping



	[25]
	Loading point, transport, vehicular movement, truck movement
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Table 3. Dust concentration according to performed activity.
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Activity

	
8 h conc. (mg·m−3)

	
Range (mg·m−3)

	
Range (μg·m−3)

	
Study






	
Overburden loading

	
---

	
0.10–3.50

	
---

	
[41]




	
Coal loading

	
---

	
0.25–2.10

	
---




	
Drilling

	
---

	
0.48–7.29

	
---




	
Haulage

	
---

	
0.09–0.27

	
---

	
[50]




	
Loading materials

	
---

	
0.10–0.33

	
---




	
Clearance and pushing materials

	
---

	
0.10–0.32

	
---




	
Measuring the depth of holes

	
---

	
0.21–0.61

	
---




	
Mining

	
---

	
---

	
31.3–117.6

	
[52]




	
Transportation

	
---

	
---

	
31.3–112.4




	
Dumping

	
---

	
---

	
47.5–127.8




	
Transfer ore from belt conveyor 1 to belt conveyor 2 (PD1)

	
0.43

	
---

	
---

	
[53]




	
Transfer ore from belt conveyor 1 to pipe conveyor (PD2)

	
1.04

	
---

	
---




	
Shovel operation (PD3)

	
0.37

	
---

	
---




	
Dumper operation (PD4)

	
0.43

	
---

	
---




	
Shovel operation (PD5)

	
0.39

	
---

	
---




	
Drill helper (PD6)

	
0.32

	
---

	
---




	
Dumper operation transferring ore to crusher (PD7)

	
0.40

	
---

	
---




	
Dumper loading to crusher (AD1)

	
0.54

	
---

	
---




	
Crushing of limestone (AD2)

	
0.25

	
---

	
---




	
Transfer limestone from belt conveyor to pipe conveyor (AD3)

	
0.27

	
---

	
---




	
Dumper movement (AD4)

	
0.25

	
---

	
---




	
Dumper and other service vehicle movement (AD5)

	
0.33

	
---

	
---




	
Backhoe operator loading onto tipper (PD8)

	
0.80

	
---

	
---




	
Backhoe loading overburden onto tipper (PD9)

	
1.04

	
---

	
---




	
Tata Hitachi operation (PD10)

	
0.85

	
---

	
---




	
Dumper operation (PD11)

	
0.66

	
---

	
---




	
Dumper operation (PD12)

	
0.62

	
---

	
---




	
Drilling operation (PD13)

	
1.23

	
---

	
---




	
Movement of dumpers, tipper, and mine vehicles (AD6)

	
1.14

	
---

	
---




	
Drilling operation (AD7)

	
1.52

	
---

	
---




	
Shovel loading overburden onto tipper (AD8)

	
1.42

	
---

	
---




	
Dumper loading ore onto tipper (AD9)

	
1.04

	
---

	
---




	
Transfer ore from one conveyor to another (AD10)

	
2.64

	
---

	
---




	
Transfer ore from the belt conveyor to pipe conveyor (AD11)

	
1.52

	
---

	
---








8 h conc.: 8-h concentration; PD: personal dust; AD: area dust;--- No available information.
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Table 4. Main results of Sepadi et al. [54] concerning equipment.
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Particle size

	
Equipment

	
Facility

	
Time-Weighted Average






	
Respirable dust (<10 µm)

	
Excavator

	
A

	
0.028




	
B

	
0.026




	
Front-end loader

	
A

	
0.022




	
Respirable dust (<100 µm)

	
Excavator

	
A

	
0.132




	
B

	
0.029




	
Front-end loader

	
A

	
0.295
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Table 5. Relation between transport system and dust concentration [28].
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Monitor Site

	
Term

	
Vertical Well

	
Standard Deviation

	
Conventional System

	
STD






	
Extraction site

	
Total suspended particles

	
301

	
36

	
211

	
25




	
PM10

	
68

	
14

	
183

	
18




	
PM2.5

	
28

	
5

	
56

	
9




	
Conveyor system

	
Total suspended particles

	
186

	
21

	
173

	
10




	
PM10

	
60

	
15

	
125

	
25




	
PM2.5

	
45

	
13

	
101

	
31








STD—Standard Deviation.
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Table 6. Bias analysis of each study.
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Study

	
Methodology

	
Other




	
Task Definition

	
Equipment Type

	
Standard Application

	
Measurement Precision

	
Sampling Time

	
Sampling Representativeness

	
Equipment Calibration

	
Reporting Quality

	
References Quality






	
[28]

	
LR

	
LR

	
HR

	
UR

	
HR

	
HR

	
HR

	
LR

	
HR




	
[31]

	
HR

	
LR

	
LR

	
UR

	
LR

	
LR

	
HR

	
LR

	
HR




	
[41]

	
LR

	
LR

	
HR

	
UR

	
HR

	
HR

	
HR

	
LR

	
HR




	
[42]

	
HR

	
LR

	
LR

	
UR

	
UR

	
UR

	
LR

	
HR

	
HR




	
[43]

	
LR

	
LR

	
HR

	
UR

	
UR

	
UR

	
LR

	
LR

	
LR




	
[44]

	
LR

	
LR

	
HR

	
UR

	
HR

	
HR

	
HR

	
LR

	
HR




	
[45]

	
LR

	
LR

	
HR

	
UR

	
HR

	
UR

	
HR

	
LR

	
LR




	
[46]

	
LR

	
LR

	
LR

	
UR

	
LR

	
UR

	
LR

	
LR

	
LR




	
[47]

	
LR

	
LR

	
LR

	
UR

	
UR

	
UR

	
LR

	
LR

	
HR




	
[30]

	
LR

	
LR

	
LR

	
UR

	
UR

	
UR

	
LR

	
LR

	
LR




	
[48]

	
HR

	
UR

	
HR

	
UR

	
UR

	
UR

	
HR

	
HR

	
LR




	
[49]

	
LR

	
LR

	
HR

	
UR

	
UR

	
UR

	
LR

	
LR

	
LR




	
[50]

	
LR

	
LR

	
HR

	
UR

	
LR

	
UR

	
LR

	
LR

	
LR




	
[25]

	
LR

	
LR

	
HR

	
UR

	
LR

	
LR

	
HR

	
LR

	
LR




	
[51]

	
LR

	
LR

	
HR

	
UR

	
HR

	
LR

	
HR

	
LR

	
LR




	
[6]

	
LR

	
LR

	
LR

	
UR

	
LR

	
UR

	
HR

	
LR

	
LR




	
[52]

	
LR

	
LR

	
HR

	
UR

	
LR

	
UR

	
HR

	
LR

	
LR




	
[9]

	
HR

	
UR

	
LR

	
UR

	
LR

	
HR

	
HR

	
LR

	
LR




	
[53]

	
LR

	
LR

	
LR

	
UR

	
LR

	
UR

	
HR

	
LR

	
HR




	
[8]

	
LR

	
LR

	
HR

	
UR

	
HR

	
LR

	
HR

	
LR

	
LR




	
[32]

	
LR

	
LR

	
LR

	
UR

	
HR

	
LR

	
LR

	
LR

	
LR




	
[54]

	
LR

	
LR

	
LR

	
UR

	
LR

	
LR

	
LR

	
LR

	
HR




	
[55]

	
LR

	
UR

	
HR

	
UR

	
LR

	
LR

	
HR

	
LR

	
HR




	
[56]

	
HR

	
HR

	
HR

	
HR

	
HR

	
HR

	
HR

	
HR

	
HR








HR: high risk; LR: low risk; UR: unclear risk.
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