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Abstract 8 

Mining operations are critical emission sources of atmospheric particulate matter (APM). 9 

This study constitutes a physicochemical characterisation of the main geochemical 10 

anomalies associated with APM by mining operations in the renowned Riotinto Mine 11 

(Iberian Pyrite Belt, Southwest Spain). The operations studied were traffic in the mining 12 

tracks, drilling, blasting, dry and wet loading of ore/waste, and stockpiling. Chemical 13 

analysis of PM10 and PM2.5 comprised 46 potentially toxic elements (PTEs) and rare earth 14 

elements (REEs). The geochemical fingerprint of the operations in nearby populations 15 

was studied via environmental ratios after a comprehensive one-year sampling campaign 16 

at three monitoring stations. The results revealed that a notable amount of PM10 and PM2.5 17 

is released for the mining tracks, drilling, and dry loading. Moreover, enrichments of 18 

typical elements associated with sulphide ores (e.g. Cu, Ba, Zn, As, and Pb) were found, 19 

although some of them are also present in the APM geochemical background. These 20 

results are of substantial interest to air quality managers aiming to abate the main emission 21 

sources of APM and hazardous elements associated with mining processes. 22 
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ore. 24 
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Graphical abstract 28 

 29 

Highlights 30 

 Dust emissions by mining operations in a massive sulphide mine were studied. 31 

 Tracks, drilling, and dry loading are the main sources of particulate matter. 32 

 A background of As, Ba, Cu, Pb, and Zn was identified in the particulate matter. 33 

 Operations fingerprint on nearby towns was addressed through elemental ratios. 34 

 35 

1. Introduction 36 

The aerial transport of atmospheric particulate matter (APM) is one of the most important 37 

mechanisms of pollutant distribution over prolonged periods and at large spatial scales. 38 

The significant inhalation of APM may result in different health risks depending on their 39 

physical properties, namely particle size, shape, reactivity, solubility, and chemical 40 

composition (Nel, 2005; Plumlee and Ziegler, 2007). Physical characteristics involve 41 

lung cancer, silicosis, and other severe respiratory diseases (IARC, 1997). On the other 42 

hand, the chemical composition of APM is strongly related to the concentration of 43 

potentially toxic elements (PTEs) and rare earth elements (REEs). The capabilities of 44 

persistency and non-biodegradability of the PTEs and REEs result in rising 45 

bioaccumulation in the different environmental matrices, such as soils (Tóth et al., 2016; 46 
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Khanam et al., 2020), water (Pan and Wang, 2012; Vega et al., 2020), or sediments 47 

(Nawab et al., 2018; Eren et al., 2021), which, in the long run, may derive into health 48 

problems for the living organisms because of their high toxicity (Boreland and Lyle, 49 

2006; Clemens, 2006; Liu and Liu, 2020).  50 

Therefore, it is of vital importance to control and monitor pollution caused by APM 51 

emissions, and several studies have been conducted worldwide on this topic (Idris et al., 52 

2020; Aguilera et al., 2021; Anwar et al., 2021; Millán et al., 2021). Mathematical models 53 

and tools, such as principal component analysis or positive matrix factorisation, have 54 

facilitated the identification and measurement of APM sources (Viana et al., 2008; Bove 55 

et al., 2014; Hopke, 2016; Feng et al., 2019). Some of them are natural, via resuspension 56 

of soils, sea salt aerosols, and desert dust (Middleton, 2017), while others have an 57 

anthropogenic origin, such as those related to traffic (Amato et al., 2009), industry (Cesari 58 

et al., 2014; Sánchez de la Campa et al., 2018), or biomass burning (Mieville et al., 2010). 59 

Open-pit metallic mining is another unequivocal source of APM from multiple 60 

perspectives (Noble et al., 2016) that requires to forecast the air quality (Lu et al., 2021). 61 

It includes emissions originating from the extraction of metallic ore, mining heaps and 62 

associated leachates that affect soils and waters (El Khalil et al., 2008; Rieuwerts et al., 63 

2014; Boente et al., 2019), acid mine drainage (Concas et al., 2006; Dold, 2014), or aerial 64 

dispersion attributable to grinding operations on in-mine mineral processing plants 65 

(Jankovic et al., 2000; Herbst et al., 2003; Lee et al., 2021). These operations release high 66 

amounts of APM, whose content in PTEs is excessive because of geological enrichment 67 

and may affect the environment, workers or residents near the mine (Csavina et al., 2012; 68 

Pandey et al., 2014). In this sense, some mining processes in combination with wind cause 69 

particulate suspension problems, such as: 1) rock drilling and subsequent blasting, which 70 

in addition to APM also emits toxic gases depending on the explosives (Zawadzka-71 

Malota, 2015); 2) the loading, transport, and unloading of the ore and gangue; 3) 72 

oversized excavators, trucks, washers, and so forth, are frequently driven by diesel 73 

engines; or 4) stopped stockpiles during a prolonged time interval. 74 

One of the most prolific opencast sulphide exploitations in Europe is Riotinto (Tornos, 75 

2006; Martín-Crespo et al., 2011; Romero et al., 2015), in Huelva Province, southwest 76 

Spain. The mine ceased its processes in 2001 because of the low prices of Cu. In 2015, 77 
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operations were resumed with an increasing production, reaching 14.8 million tonnes of 78 

ore in 2019, with an average copper grade of 0.45% and a recovery rate of 84.53% 79 

(ATYM, 2021). Recently, a study revealed high concentrations of PTEs in the 80 

environment of the mine (Sánchez de la Campa et al., 2020). With these prospects, it is 81 

expected that the mining activities in this large district will last for several years. Hence, 82 

the importance of studying and controlling these APM emissions that, in other districts, 83 

have demonstrated that may cause harmful damage (Asif et al., 2018).  84 

Thus, the objectives of this study are: 1) to assess the geochemical anomalies associated 85 

with APM produced in the Riotinto Mine and 2) identify those Cu-mining operations that 86 

are the most dangerous for the environment by quantifying the release of PTEs. This study 87 

considers fine (2.5 μm) and coarse (10 μm) APM particles (PM2.5 and PM10) produced by 88 

several mining operations and at different locations within the mine. For both particle 89 

sizes, 46 trace elements were chemically analysed, namely PTEs and REEs, and their 90 

enrichments were evaluated. Furthermore, APM collected at three monitoring stations in 91 

a surrounding town was also analysed during a full year; thus, the geochemical fingerprint 92 

of the mining operations can be evaluated. According to our review of the literature, this 93 

study provides one of the first assessments of APM produced during open-pit mining 94 

operations from a large massive sulphide active mine. 95 

2. Materials and methods 96 

2.1 Study area and mining operations producing APM 97 

The Riotinto mining district (Huelva Province, Spain; Figure 1) belongs to the well-98 

known Iberian Pyrite Belt-+. It is one of the largest massive polymetallic sulphides in the 99 

world (Leistel et al., 1997) and has been exploited since pre-Roman times (Davis Jr. et 100 

al., 2000). The main ore is pyrite (FeS2), although chalcopyrite (CuFeS2), arsenopyrite 101 

(FeAsS), galena (PbS), and sphalerite (ZnS) are also present. Another important mineral 102 

is gossan. In Riotinto, gossan had a dual function: a guide to buried ore deposits used by 103 

prospectors in their quest for the abovementioned metal sulphide ores, and being mined 104 

to obtain gold, silver and copper, this later the principal metal exploited in the area 105 

(Tornos, 2006). 106 
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A brief explanation of the opencast exploitation is as follows, according to Atalaya 107 

Mining (Atalaya Mining, 2021. Personal Communication) The mine has multiple haulage 108 

roads for traffic, which is essentially composed of dumper trucks, apart from other mining 109 

machinery (e.g. backhoes and drillers). The main access tracks are watered daily, whereas 110 

the tracks to the ponds are not. Regarding mining processes, perforation is performed 111 

through drilling carriages. Subsequently, blastings are conducted through pumped 112 

explosive emulsions, which, in addition to APM, cause the release of toxic gases (e.g. 113 

NO2). The ore is backhoe-loaded in dumpers under wet conditions. Waste, whose content 114 

in PTEs is expected to be low, is loaded under dry conditions. The mineral is transported 115 

to the mineral processing plant and stored in stockpiles at certain stages. Processing 116 

methods comprise crushing, grinding, and flotation to obtain a Cu concentrate. More 117 

specifically, the crushed ore is reduced to 165 mm. The mineral is transferred to the coarse 118 

warehouse and then transported to the secondary and tertiary crushing circuits. This 119 

process is completed with a screening, obtaining a particle size of 16 mm to be stored in 120 

the ‘fine warehouse’. Subsequently, a primary mill reduces the mineral to a final size of 121 

up to 1.5 mm, where it is subjected to hydrocycloning where the particles are classified 122 

by gravity: the finer sizes, obtained by the overflow, pass through the flotation area, and 123 

the coarser sizes are sent to additional stages of grinding. The result is fine dust <160 μm, 124 

which is water-moistened and pumped to the flotation area to recover the metals by means 125 

of physical-chemical processes (Sánchez de la Campa et al., 2020). 126 

Control operations for air quality are linked to implementing emission abatement 127 

technologies for fugitive particles into the atmosphere. The main technology is the 128 

abovementioned irrigation, performed with CaCO3-neutralised water from mining 129 

processes. In addition, regeneration and adaptation of tailings and planning of operations 130 

considering atmospheric dispersion models minimise the impact of APM on the 131 

surrounding populations. 132 

 133 

2.2 Sampling campaign 134 

An intensive APM sampling campaign was conducted between 19 and 21 September 135 

2017. September was selected because of the near complete absence of rain during this 136 
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month. Thus, the dust is expected to reach annual maximums, and subsequently the major 137 

emission rates, being the affection to the environment high. The scope was to obtain data 138 

on the level of APM and its chemical composition during different mining operations, 139 

which are the main sources of fugitive particles to the atmosphere in the Riotinto mining 140 

district (Sánchez de la Campa et al., 2020). The sampling methodology was similar to 141 

that of Alastuey et al. (2006). The operations and the duration of the APM sampling (in 142 

parenthesis) were as follows: main access watered track (1 h), drilling (30 min), two 143 

similar blastings on different days: blasting A (25 min), blasting B (40 min), wet ore 144 

loading (1 h), dry waste loading (1 h), stockpile during dry unloading (1 h), stockpile 145 

stopped (1 h), and particulate suspension by the circulation of dumpers in the tailings 146 

pond dry track (40 min).  147 

The location of these operations is shown in Figure 1. The footage of mining operations 148 

during the campaign is shown in Figure 2. As it can be seen, the location of the sampling 149 

equipment was next to the operations, attending to weather forecast (wind direction and 150 

wind speed). In the case of blastings, sampling equipment was place as close as possible 151 

to them, considering the safety protocol of the Riotinto mine and trying to avoid possible 152 

damage or destruction of the equipment due to shock waves or projectiles. 153 

Notwithstanding, weather forecast was taken into consideration in order to reach the cloud 154 

of dust.  155 
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 156 

Figure 1. Location of monitoring stations for emission sources in the Riotinto Mine (Huelva, Spain) and 157 

mining processes studied in each. 158 

 159 
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 160 

Figure 2. Visual release of dust during mining operations. Some photographs show the monitoring 161 

stations’ equipment. Notable is the significance differences among the clouds of dust for the same 162 

operation (e.g. tracks, material loading) whether they are watered or not. 163 

An online GRIMM 1107 optical counter was used to obtain the levels of total suspended 164 

particles (TSP), PM10 and PM2.5 with one-minute resolution, in such a way the cyclic 165 

variations of the operations concerning PM were addressed. For a proper characterization 166 

of PM10 and PM2.5, an additional sampling was performed using offline High Volume Air 167 
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Samplers (MCV CAV-A-PM1025, 30 m3h−1, standard procedure UNE-EN 12341, 2015). 168 

The inlets were equipped with PM10 and PM2.5 Munktell® quartz fibre filters. For the 169 

blasts, the location of the samplers was established by considering the weather forecast 170 

and wind direction such that the dust cloud crossed the sampler. The activation in this 171 

case was automatic, reducing the time of analysis. 172 

Additionally, to assess the fingerprint of the mining processes on the nearby populations 173 

of Nerva, Riotinto and La Dehesa, an air quality campaign was conducted from January 174 

to December 2018. Here, a daily sample every five days was collected using Munktell® 175 

PM10 quartz fibre filters using the same MCV CAV-A-PM1025 sampler. 176 

2.3 Chemical analysis 177 

All determinations were carried out following gravimetric standard procedure (UNE-EN 178 

12341, 2015). Sampling filters were dried in a desiccator at 20 ºC during 24 h and 50% 179 

relative humidity, in accordance with standard procedures. Afterwards, they were 180 

weighed in a Sartorius LA 130 S-F balance, obtaining TSP, PM10 and PM2.5 through 181 

gravimetric methods. In order to determine the chemical composition of this APM 182 

produced during the open pits, filters were subjected to analytical treatments following 183 

the methodology proposed by Querol et al. (2001). A half of each filter was subjected to 184 

acid digestion (2.5 mL HNO3: 5 mL HF: 2.5 mL HClO4). PTEs, REEs and other trace 185 

elements were quantified through ICP-MS (Agilent model 7900), using 103Rh as internal 186 

standard to minimize the possible fluctuations of the plasma. For quality control, fly ash 187 

(NIST-1663b) was used as Reference Standard Material and analyzed in every analytical 188 

run. This provided values of accuracy and precision in the range of 5-10% for most 189 

elements studied. 190 

2.4 Assessment of PTEs enrichment in particulate matter 191 

For PM10, enrichment factors (EFs) of PTEs in APM were calculated and compared with 192 

the geochemical background for air. EFs for an element (e) and a mining operation (MO) 193 

can be calculated by means of the following expression (Eq. 1) (Zoller et al., 1994): 194 
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𝐸𝐹𝑒,𝑀𝑂 =

[
𝐶𝑒
𝐶𝑟𝑒

]
𝑀𝑂

[
𝐶𝑒
𝐶𝑟𝑒

]
𝑅𝐵

 (1), 

where Ce is the concentration of an element ‘e’ in a mining operation ‘MO’ and in the 195 

selected reference background (RB). Similarly, Cre denotes the concentration of the 196 

reference element. For this study, scandium (Sc) was chosen as the reference element 197 

because among the elements identified as suitable for terrestrial studies (Reimann and de 198 

Caritat, 2005), Sc was present at suitable concentrations (e.g. between detection limits 199 

and not extremely high values) in the samples. For the RB sample, the mean 200 

concentrations of PM10 during the mine abandonment phase (2009–2014) were used, 201 

considering data from Sánchez de la Campa et al., 2020. The following classification is 202 

commonly used (Mummullage et al., 2016): EF values > 40 indicate extremely high 203 

enrichment, 20 < EF < 40 very high, 2 < EF < 20 significant, 2 < EF < 5 moderate, and 204 

EF < 2 minimal. 205 

Additionally, the index of geoaccumulation (Igeo) was calculated to contrast the results 206 

and reinforce some hypotheses. Muller (1979) proposed the index of geoaccumulation for 207 

sediments, and it has also been applied in air pollution studies (Ali et al., 2017; Wei et al., 208 

2015). Igeo is defined by Eq. 2: 209 

𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2(
𝐶𝑒

1.5𝐶𝑒−𝑅𝐵
) (2), 

where Ce is the concentration of the element ‘e’, and Ce-RB is the concentration of the same 210 

element ‘e’ in the reference background sample, which is, again, the mean PM10 211 

concentration during the abandonment phase (2009-2014). The classes of the Igeo are: 212 

unpolluted (Igeo < 1), poor pollution (1 < Igeo < 3), moderate pollution (3 < Igeo < 4), high 213 

pollution (4 < Igeo < 5), very high pollution (5 < Igeo < 6), and extreme pollution (Igeo > 6), 214 

which implies a 100-fold enrichment above the background. 215 

Finally, data from the three monitoring stations near the towns of Riotinto, Nerva, and La 216 

Dehesa, corresponding to 2018, were compared with those from the MOs by using 217 

elemental ratios of mass concentrations. As suggested in the literature, we used ratios for 218 
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elements of interest such that the geochemical fingerprint of the operations is pursued 219 

(Mehra et al., 2020; Williamson et al., 2021). For this study, As, Cu, Pb, and Zn were 220 

selected as representative elements of concern in the APM samples. 221 

3. Results and discussion 222 

3.1 Levels of PM10 and PM2.5 223 

Concentrations of PM10 and PM2.5 and information related to sampling time are shown in 224 

Table 1. Some differences can be observed in terms of operation. First, the process 225 

producing a maximum concentration of APM is the traffic in the dry track to the tailings 226 

pond (1587 μg/m3 in PM10, 929 μg/m3 in PM2.5). By contrast, the main access track, 227 

which was regularly watered, showed lower concentrations of PM10 (388 μg/m3
) and 228 

PM2.5 (377 μg/m3). This finding revealed the effectiveness of water irrigation. However, 229 

there are other possible solutions for APM abatement in dry region tracks such as 230 

Riotinto, for example, creating a film of impervious material to retain dust via Portland 231 

cement or bitumen from polymers or coal (Darling, 2011), as well as the use of novel 232 

suppressants that have already been effectively used in Cu-mines (Huang et al., 2019). 233 

Drilling and blastings were also a notorious source of respirable dust in the Riotinto Mine. 234 

The former is commonly the mining operation causing a major amount of dust, as reported 235 

in the literature (Onder and Ygit, 2009), which is consistent with our results (787 236 

μgPM10/m
3 and 299 μgPM2.5/m

3). Drilling is conducted by rotary percussive drilling rigs, 237 

carrying a rotary hammer that successively hits and fragments the rock, and the release 238 

of which is directly proportional to the drill hole diameter (Pandey, 2012). In this case, 239 

drilling was performed without dust depression systems. These high concentrations of 240 

APM could be reduced by up to three times under wet conditions, according to the 241 

literature (Bandopadhyay and Kumari, 2013). Additionally, blastings are controlled 242 

operations that result in concentrated clouds of dust with a high PM content. In this study, 243 

the two blastings analysed provided similar results (213 μgPM10/m
3 and 289 μgPM2.5/m

3 244 

for blasting A and 307 μgPM10/m
3 and 216 μgPM2.5/m

3 for blasting B). These results are 245 

far below those obtained in blastings performed in other activities, such as building 246 

demolition (Wagner et al., 2017). Although these values could be reduced by applying 247 

strategies for the control of dust during blastings, as reviewed by Cecala et al. (2012), in 248 
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this case, we hypothesise that this reduction occurs because either the process of blasting 249 

is optimised to reduce the amount of dust, or the measurement devices (MCV/GRIMM) 250 

must be located further compared to other operations to avoid their destruction. 251 

The immediate step after blasting is the damper loading of the material by means of a 252 

backhoe. In this regard, it was observed that dry waste loading is an operation with a high 253 

amount of dust release (690 μgPM10/m
3 and 528 μgPM2.5/m

3). In this context, the PM 254 

emitted during dry waste loading is more difficult to control because it depends largely 255 

on the ability of the backhoe operator while dropping material from height (Gustafson et 256 

al., 2017). However, as stated previously, the dust in this operation can be reduced by a 257 

factor of 3 if the material is previously watered (244 μgPM10/m
3 and 143 μgPM2.5/m

3, 258 

respectively). 259 

Finally, the stockpile shows some of the lowest PM10 and PM2.5 concentrations: 170 260 

μgPM10/m
3 and 154 μgPM2.5/m

3 for the unloading, and 225 μgPM10/m
3 and 262 261 

μgPM2.5/m
3 for the stopped stockpile. More specifically, in Riotinto Mine, unloading 262 

represents the least hazardous operation for PM concentration. Pollutant dispersion in a 263 

stockpile strongly depends on wind parameters, such as speed or direction (Badr and 264 

Harion, 2005). Owing to this dependency, locating an area of gentle winds to locate the 265 

stockpiles or to cover them is recommended. In this case, the mining company built a 266 

dome to avoid fugitive emissions (Atalaya Mining, 2021. Personal Communication) The 267 

dome is expected to produce a significant improvement in the management and control 268 

of this particulate matter source. 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 
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Table 1. Location, date, time, total volume (m3), and mean concentrations of PM10 and PM2.5 (μg/m3) during 277 

measurement of levels and sampling in different sources (mining operations). Sampling campaign was 278 

carried out between 09/19/2017 and 09/21/2017. 279 

    Sampling time PM10 PM2.5 

Mining 

operation   Start End Minutes  

Sampling 

volume (m3) 

Conc.  

(μg/m3) 

Sampling 

Volume 

(m3)  

Conc. 

(μg/m3)  

Main access track 

(wet) 
12:20 13:20 60 30.9 388 30 377 

Blasting A 13:30 13:54 24 12.2 213 12.1 289 

Wet ore loading 15:45 16:50 65 32 244 30 143 

Dry waste loading 10:33 11:31 58 28.7 690 28.2 528 

Stockpile 

(stopped) 
15:45 16:32 47 23.6 225 21.4 262 

Stockpile 

(unloading) 
10:46 11:47 61 30 170 29.9 154 

Drilling 12:25 13:05 30 20.2 787 20.1 299 

Blasting B 13:55 14:35 40 19.9 307 19.9 216 

Tailings pond 

track (dry) 
16:21 16:58 37 8 1587 7 929 

As an approach to risk quantification, all the values substantially exceed the 24 h 280 

European Union limit values for PM10 (50 μgPM10/m
3, Directive 2008/50/EC), from 3.4 281 

times for the stockpile unloading, up to 31.7 times in the tailings pond track. 282 

To rank the mining operations from least to most hazardous for the environment in the 283 

long term, their emission mechanisms and other parameters such as the frequency, the 284 

dust production and the dust resuspension have been assessed (Paluchamy et al. (2021). 285 

By considering this, the risk of the operations might be approximately hierarchised 286 

considering these variables together with results for PM10 and PM2.5. All these features 287 

are presented in Table 2. Thus, attending to our results, the operations ordered from 288 

greater to lesser degree of risk are 1) haulage roads, 2) drilling, 3) dry loading, 4) blasting, 289 

and 5) stockpiling. At a more detailed level, regarding the most concerning operations, 290 

the tailings pond track, as a haulage road, is the most important source of dust in the 291 
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Riotinto Mine because of the continual traffic of mining vehicles. In this respect, because 292 

wetting all the tracks is unfeasible, it is of vital importance to reduce the dust produced 293 

by primary sources, because secondary sources thus also decrease (World Health 294 

Organization, 1999). Notably, we can posit that drilling might release large 295 

concentrations of PM10 and PM2.5, but their contribution to the total dust level is small 296 

because this operation is rapidly performed and punctually produced in the mine 297 

(Mohamed et al., 1996). 298 

Table 2. Dust sources in mining operations (adapted from Petavratzi et al., 2005 and references therein to 299 

the Riotinto case) and a comparison with results from Table 1. 300 

Mining operation Mechanism of emission Frequency 
Contribution to 

total dust levels 

Dust 

production 

Dust 

resuspension 

Dust in 
Riotinto 

Drilling Air flush Daily Low High Low High 

Blasting Air flush Daily Low High Low Intermediate 

Loading and dumping Drop of material from height Hourly Moderate Low High High (dry) 

Mineral processing - 

Size reduction 

Impact, abrasion and dropping 

from heights 
Continually High High Low Not studied 

Mineral processing - 

Concentration 

Dry concentrators: Movement 

and friction 
Continually Low High Low Not studied 

Stockpiling 
Wind blow, high wind speeds, 

dropping from height 
Continually Low 0 Low Low 

Haulage roads Tyres, exhaust and cooling fans  Minutes High Low High Very high 

Also notable is the online monitoring of APM with the GRIMM 1107 optical counter 301 

(Figure 3). This step is especially important for operations with a limited duration, such 302 

as drilling, blasting, or loading. The TSP values are included in Figure SM1. In Figure 3, 303 

the distribution of APM varies depending on the mining operations.  304 

Episodic APM peak concentrations occurred in most of them. First, haulage roads (main 305 

access wet and tailing pond dry track) present peaks and zeros, indicating the clear 306 

influence of traffic. More specifically, the track to the tailings pond presents fine particles 307 

with higher mean concentrations of PM10 and PM2.5, consistent with the results shown in 308 

Table 1. Drilling is a very stable operation whose main concern is limited to extreme 309 

concentration peaks of dust when the drilling machine is working. These outstanding 310 
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concentrations can be controlled by increasing watering. The reasons of the high stability 311 

of drilling are that the variables with high influence on dust production, namely drilling 312 

speed and rotational speed, can be easily controlled by the operators, as well as the fact 313 

that dust is produced by a single point/hole and not in large surfaces. Dry loading was the 314 

operation that saturated the GRIMM sensor the most, representing another operational 315 

concern. Nevertheless, wetting the material is a suitable solution because concentrations 316 

are highly reduced. In the blasting, the GRIMM optical counter receives few fine particles 317 

until minute 5, when the dust cloud arrives. Once the cloud passes, punctual wind-318 

dependent peak concentrations are obtained. However, in general, a dilution of fine 319 

particles is appreciated. Last, the curves for the stockpile show appreciable peaks with 320 

punctual high values of fine particles when the stockpile is stopped, which are highly 321 

reduced when unloading operations occur in the stockpile. Although the values are not 322 

extremely high, that the stopped stockpile permanently release fugitive particles is a detail 323 

to consider and should be monitored.324 
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325 

Figure 3. Time series of PM10 and PM2.5 (μg/m3) and mean values for different operations. Cuts in the PM2.5 line represent values below detection limit.326 
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3.2 Chemical composition of PM10 and PM2.5 327 

In addition to the identification of the main APM emission sources, the chemical 328 

composition of APM has been also study. To achieve this objective, the concentrations 329 

for main PTEs, minor elements and REEs analysed by ICP-MS in Table 3. Full data 330 

matrix can be found in Supplementary Materials section (Table SM1 for PTEs and Table 331 

SM2 for REEs). 332 

According to the literature, the most significant PTEs of sulphide mineralisation in the 333 

Iberian Pyrite Belt are Cu, Pb, Zn, and As (Sáez et al., 1996; Tornos, 2006; Chopin and 334 

Alloway, 2007). The chemical analysis results (Table 3) reveal that these elements are 335 

enriched in the APM (e.g. PM10 maximums: 229.4 ngAs/m3; 4842 ngCu/m3; 555 336 

ngPb/m3; and 2382 ngZn/m3), as well as Ba (PM10 maximum 3521 ngBa/m3). 337 

Although these values may seem high, they are considerably far from hazardous to the 338 

environment. In this context, the SME Mining Engineering Handbook (2011) presents 339 

permissible exposure limits (PELs) for exposure to metallic dust in mining (e.g. 0.15 340 

mgPb/m3, As 0.5 mgAs/m3, 0.5 mgSb/m3, 5 mgZn/m3, or 0.5 mgV/m3). Concerning the 341 

Spanish regulations, there is no specific standards for mining. However, for working 342 

environments there exist the Spanish occupational exposure limits (Spanish Ministry of 343 

Labour and Social Economy, 2021). Some of the most restricting values are As (0.01 344 

mgAs/m3), Cu (0.1 mgCu/m3), Pb (0.15 mgPb/m3) or Sb (0.5 mgSb/m3), but the mining 345 

operations are far from reaching these values. Therefore, the degree of affection of these 346 

PTEs to the environment is negligible. A similar scenario occurs for the REEs, whose 347 

content is mainly below detection limits, except that some enrichments in light REEs are 348 

more associated with geology (La, Ce). 349 

An explanation for these low values may be that nowadays the Riotinto Mine is 350 

processing minerals with very low ore grades (Cu grade 0.45%, ATYM, 2021). This metal 351 

content is in line with other currently working low-grade copper mines, such as the 0.43% 352 

Cu Zijinshan Mine in China (Chen et al., 2020) or the 0.99% Cu Pará State Mine in Brazil 353 

(Nascimento et al., 2019).  354 
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Another important result is that the minimum concentrations of PM10 for As (45.9 ng/m3), 355 

Cu (456 ng/m3), Pb (74 ng/m3), and Zn (168 ng/m3) were high. This fact implies a 356 

geochemical background of these PTEs in the air, which may be of concern in the long 357 

term. When the mine was abandoned (2009–2014), the concentrations of some elements 358 

in surrounding areas were As (1.12 ng/m3), Cu (6.1 ng/m3), and Pb (4.75 ng/m3) (Sánchez 359 

de la Campa et al., 2020), a significant difference with respect to the mining operations.360 
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Table 3. Concentration of minor elements, PTEs and REEs in APM determined by ICP-MS for the different 361 
open-pit mining operations. Units expressed in ng/m3. Values below the detection limit are denoted as ‘< 362 
D.L.’. 363 

Element 

Main access 

wet track 

Blasting 

A 

Wet ore 

loading 

Dry waste 

loading 

Stockpile 

(stopped) 

Stockpile 

(unloading) Drilling 

Blasting 

B 

Tailings pond 

dry track 

PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10 

As   229  45.9  80.6  73.9  55.4  62.4  87.2  67.2  229  

Ba  1206  5.10 132  1510  < D.L. 515  616  661  3251 

Bi 12.1  3.20  7.60 7.70 3.80  3.30 4.20  6.20  19.4  

Cd  2.50  1.20 1.00  9.40 1.10  1.20  1.70  1.40  9.70  

Ce 10.6 12.1 11.5 70.1 8.10 11.4 66.8 14.4 153 

Co   10.7  4.00  4.10  23.1 3.60  6.20  55.1  14.8  35.6  

Cr   177  < D.L. 0.50  67.8  < D.L. 88.0  47.9  90.7  251  

Cu   1048  498 588 757  456  726  2181  986  4842  

La  4.40  6.40  6.40  32.4  4.20  5.20 31.7  6.50  74.0  

Mo   943  < D.L. 23.8  129  < D.L. 186  5.80  160  744  

Ni   631  < D.L. < D.L. 148  < D.L. 161  155  213  552  

Pb  458  74.8  158  145  158 120  86.7  92  555 

Sb  54.0  13.2  27.2  23.7  15.4  20.0  13.7  17.7  65.5  

Sn  17.1  6.40 6.70  35.7  7.70  14.6  13.0  7.40  81.8  

V    10.6  4.60 4.40  15.4  6.10 5.30  17.4  14.0  32.6  

Zn   1280  383  309  874  168  624  1719  789  2382  

3.3 Enrichments of PTEs 364 

To identify the degree of enrichment of the elements produced in the mining operations, 365 

EFs were calculated on the basis of the mean PM10 concentration when the mine was 366 

abandoned (2009–2014), using Sc as the reference element. The PTEs studied were those 367 

presenting high and variable concentrations among operations: As, Ba, Cr, Cu, Mo, Ni, 368 

Pb, and Zn (Figure 4a). For PM2.5, EFs were not calculated, because some operations 369 

presented many values below the detection limits. 370 

Regarding PTEs, the most concerning is Cu, which appears highly enriched in all 371 

operations, except dry waste loading, followed by As (arsenopyrite), with high 372 

enrichment in the wet loading of ore and stockpiles. Cu and Pb, despite being a notable 373 

part of the mineral phase (sphalerite and galena, respectively) did not appear highly 374 

enriched. Regarding the operations, the main access track is the chief concern, presenting 375 

significant enrichment (2 < EF < 20) for all PTEs, especially As, Cu, Mo, and Ni.  376 

The case of high enrichment of Ni and other metals in the main access track is attributable 377 

to the fact that the main tracks are large and located in the exploitation area. Subsequently, 378 

they are permanently exposed to the deposition of elements coming from the 379 

mineralization and all the other mining operations, causing accumulation of metals over 380 
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time. On the one hand, metals in the loadings are exclusively affected by the own nature 381 

of the operation. Thus, loading of waste material, although being performed under dry 382 

conditions, contain lower concentration of metals. On the other hand, the loading of the 383 

ore, which would contain a higher concentration of Cu, As, Pb etc., is carried out under 384 

wet conditions (irrigation) so the major part is deposited in the soil. 385 

Notably, throughout this research, high amounts of dust with a high content of PTEs are 386 

present in the tailings pond track or during the dry loading of waste (e.g. 229 ng/m3 of As 387 

or 757 ng/m3 of Cu, respectively), while the EFs reveal low enrichment for all PTEs. This 388 

result is a limitation of EFs which occurs because, according to the results in Tables 3 and 389 

4, the majority of the elements in some operations surpass the remaining operations in 390 

one or more orders of magnitude, and choosing an element of reference that is not 391 

excessively enriched is difficult. To solve this problem, we contrasted these results with 392 

the Igeo (Figure 4b), which is not vitiated by this circumstance, because it does not use a 393 

specific element of reference and only compares the concentration of the element with 394 

the RB. 395 

The visualisation of Igeo demonstrates that the threshold of high pollution (Igeo > 4) is 396 

practically exceeded for all elements and mining operations. This result is especially 397 

relevant in PTEs native to mineralisation: Cu, Zn, and Ba, as the main elements, and Pb 398 

and As to a minor extent, which are common elements in sulphide materials (Bouse et al., 399 

1999). Regarding the operations, the tailings pond dry track is the only operation 400 

presenting three elements above Igeo > 14 (Ba, Cu, and Zn). The next operations are the 401 

main access wet track (again, Ba, Cu, and Zn, with Igeo > 12), drilling (Ba, Cu, and Zn, 402 

with Igeo > 12), and dry waste loading (Ba and Zn, with Igeo > 12), which is consistent 403 

with the results presented in prior sections. This phenomenon indicates that these 404 

operations are the most concerning from both the physical and chemical perspectives. 405 

High enrichments for the aforementioned elements are expected because the mine is 406 

working with pure sulphide mineralisation, as evidenced in the literature (Csavina et al., 407 

2014). Regarding the effect on other environmental matrices, a recent study of soils in the 408 

Riotinto area declared that these are not hazardous to humans (Romero-Baena et al., 409 

2021), and another study reported that the hazard index for soils and groundwater was 410 

within an acceptable risk level (Rivera et al., 2016). Regarding air pollution, some studies 411 
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have revealed low effects outside the mining domain (Sánchez de la Campa et al., 2020). 412 

In this context, water and soil are more stable and invariant to pollution than air. Thus, 413 

based on the low concentrations we found in the sources in this study, our conclusion is 414 

that the mining operations do not have a deep impact on the surrounding environmental 415 

matrices from a chemical perspective. 416 

 417 

 418 

 419 

 Figure 4. For the mining operations and concerning elements: a) Enrichment factors (EFs); b) 420 

Index of geoaccumulation. 421 

3.4 Elemental ratios: air quality assessment in surrounding urban areas 422 

During 2018, the air quality at three stations in surrounding urban areas between 0–2 km 423 

from the operations (Nerva, Riotinto, and La Dehesa; Figure 5) was monitored. Elemental 424 

ratios were calculated for some of the concerning pollutants and related to geochemical 425 
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anomalies of sulphide highlighted in Section 3.2 (Cu, As, Zn, and Pb). By means of 426 

elemental ratios we could combine the annual mean concentration of PM10 for different 427 

PTEs obtained at these urban stations (Table 4) and those corresponding to mining 428 

operations (Table 3). This comparison of patterns enabled us to rank the operations by 429 

their degree of impact on urban areas and follow the fingerprints of the operations (Figure 430 

5).  431 

In Table 4, the monitoring station in the town of La Dehesa, which is the closest to the 432 

mine, presented the highest mean concentration of pollutants during 2018. In this case, 433 

the As concentration in PM10 is near the objective limit of this pollutant (6 ng/m3, 434 

2008/50/EC). In descending hazard, Riotinto and Nerva PM10 contain between 2 and 4 435 

times lower concentrations of PTEs than La Dehesa, revealing lower pollution. 436 

Table 4. Mean concentrations of PTEs (ng/m3) in three monitoring stations at surrounding populations 437 
during 2018. Mean concentrations of other elements can be consulted in Supplementary Materials section 438 

(Table SM3). 439 

Element Nerva Riotinto La Dehesa 

As 1.83 1.80 5.88 

Cu 15.4 22.5 98.3 

Pb 5.73 5.98 14.9 

Zn 27.7 25.8 43.7 

On this basis, some patterns can be observed in Figure 5. Both operations and monitoring 440 

stations were classified into two clusters. First, Cluster 1 contained the majority of 441 

operations. All of them are very close to each other in terms of distance ratios, and they 442 

are related to those of the less affected stations of Nerva and Riotinto. The presence in  443 

this cluster of the main access wet track is highlighted. Cluster 2 contains La Dehesa and 444 

three mining operations, the most concerning are the tailings pond track (dry track) and 445 

the stockpile stopped, which is very close in distance; the wet ore loading was slightly 446 

more separated. In this regard, during the unloading in the stockpile, the values are more 447 

similar to those of Nerva despite the distance, which are the same as those for La Dehesa. 448 

This result suggests low affection during the unloading, but unfortunately, this is a 449 

punctual operation; therefore, measures are required to control the stockpiles when they 450 

are stopped to avoid affection at short distances (La Dehesa). For the tailings pond dry 451 

track, it was confirmed again that this operation is the most dangerous, evidencing the 452 

importance of proper wetting of the tracks to avoid dust scattering. 453 
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 454 

Figure 5. Triangular diagram showing elemental ratios for PTEs (PM10) of concern for the three 455 

monitoring stations (mean form all filters 2018, red-circled) and the mining operations. Main clusters are 456 

blue-circled. On the left is the location of the points of study. 457 

These clusters can also be clearly identified when plotting all the filter analyses and the 458 

operations in a double-variable diagram Cu/Zn x-axis versus Zn/(10*As) y-axis (Figure 459 

6). In this case, it can be observed that samples from La Dehesa and all mining operations 460 

are very close to zero on the y-axis. This confirms a higher enrichment of As with respect 461 

to the samples of Nerva and Riotinto, which have higher variability on the y-axis. The 462 

distinction between monitoring stations is also visible in the x-axis: as La Dehesa samples 463 

and operations from the concerning cluster (Cluster 2), attending to the high values of 464 

Cu/Zn ratio, are clearly enriched in Cu, the principal element that is exploited in this 465 

massive sulphide deposit. This allows to conclude that there is a high enrichment of 466 

pollutants related to massive sulphide ore near the mine (La Dehesa station and the mining 467 

operations), but not in the other two towns that are far from the mine, due to an intense 468 

dilution effect.  469 
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 470 

Figure 6. Selected ratios and point cloud for all filters studied in the three monitoring stations and mining 471 

operations. 472 

4. Conclusion 473 

This work corresponds to one of the first physicochemical assessments of APM originated 474 

by mining operations of a large sulphide exploitation. All the operations studied (traffic 475 

tracks, loading of ore and waste, drilling, blasting, and stockpiling) produced high 476 

concentrations of PM10 and PM2.5. Moreover, it has proved that wetting the material 477 

through irrigation significantly abates the amount of APM in the air. In this context, 478 

CaCO3-water irrigation is recommended for ore materials and waste. However, APM 479 

affects the entire mine. To evaluate the APM distribution, we highly recommend the use 480 

of low-cost sensors for monitoring APM in real time. 481 

Regarding the content of PTEs in APM, enrichments were found for Cu, Ba, Zn, As, and 482 

Pb, with practically no presence of REEs, which is consistent with the geology of massive 483 

sulphide deposits. The operations with the highest concentrations of PTEs were also 484 

tracks, dry loading, and drilling. However, the concentrations were far from the PEL 485 

values, which may explain the low effect on the environmental matrices reported by other 486 

authors. 487 

To assess the geochemical fingerprint of these APMs in the long term, the evolution of 488 

PM10 was monitored throughout 2018 at three stations located in surrounding populations. 489 
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The pattern of La Dehesa, the nearest town to the mine, is very similar to the most 490 

concerning operation, which correspond to the tailings pond dry track, the stockpile, and 491 

the ore loading, despite being performed under wet conditions. Other nearby towns, 492 

Nerva and Riotinto, show very similar patterns to the rest of the less hazardous or distant 493 

operations with a low enrichment in the main pollutants, Cu and As. The results of this 494 

study can help air quality managers to understand the geochemical anomalies of APM 495 

emitted by several mining operations occurring in massive sulphide mines. 496 
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