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A B S T R A C T   

Coal mining in China is continually increasing, and the associated emitted coal mine dust is of growing envi
ronmental and occupational concern. In this study, deposited coal mine dust (DD) was analysed in three different 
regions of an active, highly-volatile bituminous open-pit coal mine in the Xingjian Province, Northwest of China: 
coal working fronts, tailings handling sites, and road traffic sites. Samples were analysed for particle size, and 
geochemical and mineralogical patterns, and then compared with the respirable DD fractions (RDDs, <4 μm) 
separated from DD samples. Online measurements of ambient air concentrations of particulate matter (PM10 and 
PM2.5), black carbon (BC) and ultrafine particles (UFP) were performed in the same mine zones where DD was 
sampled. 

Furthermore, the RDD samples were subjected to analysis of specific biological response or toxicological in
dicators (oxidative potential, OP). The results demonstrated: i) large differences in particle size and composition 
among DD from tailings handling, road traffic and coal working front sites, ii) a strong influence of the DD 
moisture contents and ash yields on particle size, and, accordingly, on the potential dust emissions, iii) an 
enrichment of multiple elements (such as Nb, Th, Cr, Sr, Li, As, Pb, Cu, Zr and Ni) in the RDD from coal working 
fronts compared with their contents in the worked parent coal seams, mostly attributed to mining machinery, 
tyre and brake wear emissions and to deposition of dust emitted from gangue working zones, iv) low OP values of 
the RDD emitted from the studied mine, which works a high-quality coal, with OP being influenced by Mn, 
sulphate and anatase (TiO2) contents, and v) the impact of specific mining operations and mine areas on the 
levels of air pollutants, such as high PM from tailings handling in the upper parts of the mine or the high UFP 
levels in the bottom of the mine (due to vehicle and machinery emissions and lower dispersive conditions). The 
data presented here demonstrate the necessity of extracting the more deeply respirable size fraction of coal mine 
dusts in future studies on the health effects of these materials because this finer fraction is mineralogically and 
geochemically different from the parent rocks.   

1. Introduction 

Coal represents the second most consumed energy source worldwide, 
accounting for 27.2% of the total, less only than oil (33.6%) (BP, 2019). 
Even though consumption of coal is decreasing in some regions, such as 
Europe and North America, coal consumption will continue to increase 
during the next two decades according to the International Energy 

Agency (IEA), World Coal Association (WCA) and British Petroleum (BP) 
(BP, 2019; IEA, 2019; WCA, 2020). The Asiatic Pacific region will be 
principally responsible for this increase, as increased demand and 
extraction of coal are expected there in the near future. The primary 
demand originates mainly from China, where coal is the main energy 
source (58.2% of total energies consumed). This makes it the principal 
country consumer of coal (50.5%), followed by India and USA (12.0% 
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and 8.4%, respectively)(BP, 2019). 
Coal can be extracted by two mining methods, surface mining and 

underground mining, both depending on topographical features, 
accessibility, overburden thickness, and groundwater presence, among 
other factors (Lee, 1990). In open-pit coal mining, dust produced during 
coal extraction is a ubiquitous health concern, but other related pro
cesses can also produce dust. So, in open-pit coal mines, multiple ac
tivities must be taken into account when analysing the environmental 
conditions in the different sections to ensure safety for the workers and 
other individuals surrounding the mine. These activities include: i) 
drilling and extraction of rocks and sand necessary to find the coal seam, 
ii) explosion control to remove rocks in the area of interest, iii) coal mine 
dust gangue manipulation, extraction and transportation, iv) use of 
different diesel and gasoline transportation machinery (trucks, drillers, 
washers, excavators, and others), and v) coal extraction and 
transportation. 

Coal mine dust is a common hazard generated during coal produc
tion. This is a complex and heterogeneous mixture composed of particles 
of different sizes and compositions from a variety of minerals, organic 
compounds and coal species (Caballero-Gallardo and Olivero-Verbel, 
2016; Dalal et al., 1995; Liu et al., 2005; Pedroso-Fidelis et al., 2020). 
All these characteristics depend on the properties of the parent coal and 
gangue, and the different mining activities conducted in the coal mines 
(Dalal et al., 1995). It is important to consider the suspended respirable 
fraction (particle size <4 μm) of coal mine dust produced during coal 
activities, since it is primarily responsible for coal workers’ pneumo
coniosis (CWP) and silicosis (Cheng et al., 2016; Erol et al., 2013; Shi 
et al., 2019). Moreover, high levels of coal mine dust can present a 
significant risk of spontaneous combustion in (mostly underground) coal 
mines (Liu et al., 2010; Ma et al., 2020; Shimura and Matsuo, 2019). 
Furthermore, coal and coal gangue fires might occur in open-pits, which 
would result in the emission of both particulate and gaseous pollutants. 

Due to technical improvements, finer coal milling products, and 
increased efficiencies for coal extraction are occurring in coal mines, and 
accordingly coal mine (finer) dust emissions have increased. Simulta
neously, CWP injuries have also risen (Gamble, 2012; Johann-Essex 
et al., 2017; Sarver et al., 2019; Suarthana et al., 2011), influenced by 
these and possibly other factors such as the size of the mine, the miners’ 
tasks and type of coal could also affect the increase in CWP (Sarver et al., 
2019; Suarthana et al., 2011). 

One of the major concerns regarding occupational health relevance is 
the particle size of suspended coal mine dust, sensu lato, which origi
nates from the above multiple mining activities and emission sources 
(Richardson et al., 2018), including also soot from vehicles and ma
chinery or coal self-combustion. 

Coal mine dust is generally coarse in size, with its suspended mass 
being coarser than the respirable particulate matter (PM) fraction PM4 
(<4 μm). Thus, studies carried out along coal conveys into mines have 
measured low (4–13%) contents of respirable dust in ambient bulk coal 
dust, defined as coal dust particles with a diameter ≤ 74 μm (Shahan 
et al., 2017). On the other hand, atmospheric PM emissions from exhaust 
and spontaneous coal burns would be expected to have a dominantly 
ultrafine particle (UFP) size (< 0.1 μm) (Dias et al., 2014; Kurth et al., 
2014). These two types of ambient suspended particles (PM4 and UFP) 
likely have different occupational health effects. The former are retained 
in the alveoli and thus may damage mainly the respiratory systems 
(WHO, 2013), whereas the latter are potentially capable of passing 
through the lung to enter the circulatory system, to be translocated to 
other organs of the body (Cassee et al., 2019, 2011; Heusinkveld et al., 
2016). 

The presence of respirable crystalline silica (RCS) in coal mine dust is 
extremely important as this is known to be responsible for CWP injuries 
and lung cancer (Brodny and Tutak, 2018; Castranova, 2000; Cohen 
et al., 2008; NIOSH, 2002). Furthermore, the elevated content of metals 
and/or some organic pollutants in the dust could substantially increase 
the oxidative stress caused by mining dust, thus also increasing potential 

precursors of some injuries (Birben et al., 2012; Ghio and Madden, 2018; 
Ercal et al., 2005; Schins and Borm, 1999; Valko et al., 2016). Some 
metals and metalloids (Fe, Ti, Mn, Cu, Sb, Sn, Pb, Zn, Cr, V, As and Ni) 
present in the respirable fraction in high concentrations can produce 
negative health effects in humans (Dai et al., 2014; Dai and Finkelman, 
2018; Finkelman, 1994; Fu et al., 2014; Hower and Robertson, 2003; 
Latvala et al., 2016; Moreno et al., 2019; Riley et al., 2012). 

The aim of the present work is to evaluate the potential dust emis
sions in an open-pit coal mine working high-quality Jurassic coal in the 
Xinjiang Province, Northwest of China. To this end, a detailed study of 
the open-pit mine was carried out, where mining dust generated 
different activities and sources were measured, sampled and analysed. 
The analyses include particle size, morphology, chemistry, mineralogy 
and oxidative stress of deposited dust (DD) and the respirable DD frac
tion (RDD) separated from the DD which was collected in multiple dust 
hotspots in the mine. The parent coal was analysed for comparison 
purposes with the DD and RDD from the working front. Furthermore, 
online exposure measurements for PM finer than 2.5 and 10 μm (PM2.5 
and PM10), black carbon (BC), and UFP, were also included for com
parison of the impact of different mining activities on exposure to these 
pollutants. 

2. Geological setting 

Wucaiwan open-pit coal mine is located in Jimusaer County, Xin
jiang Province, Northwest of China (Fig. 1A). The open-pit covers 
approximately 24 km2 and contains recoverable coal reserves of 
approximately 1.7 billion tones. The annual production capacity of coal 
mine is 20 million tonnes in 2017. This coal mine was opened since 
2006, with an estimation of 63 years of life. 

The Wucaiwan open-pit coal mine is located in the Western margin 
of Eastern Junggar Coalfield (Fig. 1B), where the Jurassic Badaowan, 
Sangonghe, and Xishanyao Formations are the coal-bearing strata 
(Fig. 1C). Among these, the Middle Jurassic Xishanyao Formation is the 
predominant coal-bearing unit, and, it is made up by finely grained 
sandstone, with coal seams, and minor siltstone and carbonaceous 
mudstone (Fig. 1D). The Xishanyao Formation conformably overlies the 
Early Jurassic Sangonghe Formation and conformably underlies the Late 
Jurassic Shishugou Formation (Fig. 1D). Based on the coal exploration 
data of Eastern Junggar Coalfield, the thickness of the Xishanyao For
mation in the Wucaiwan open-pit coal mine ranges from 37 m to 198 m 
with an average of 136 m; it contains one workable coal seams, and, its 
average thickness is 60 m. 

Previous coal exploration data of Eastern Junggar Coalfield show 
that the Middle Jurassic mineable coal seam is high-volatile bituminous 
and contains medium moisture content (≈13%), low ash yield (≈6%), 
and low sulphur content (≈0.4%). The coal quality is discussed in detail 
in previously published papers (Li et al., 2012; Zhou et al., 2010). 

3. Methodology 

3.1. Sampling 

A total of seven tailing and coal working zones were examined in the 
Wucaiwan open-pit coal mine over two working days. These sample 
locations were selected to characterise dust from most mining activities 
in the open-pit. These included coal extraction (coal front), coal trans
portation, drilling, truck traffic and tailings handling. Fig. 1C shows a 
simplified map of the open-pit mine and the investigated zones. Dust 
from coal working front was studied in the C and D zones, where, in 
addition, two-parent coal channel profiles (CPs) were sampled. 

Table S1 summarises the location and origin of the thirteen DD 
samples collected (six in coal fronts and seven in tailing-related activ
ities). DD samples were collected using plastic trays and brushes, and, 
kept in sealed plastic bags until analysis. Trays were left in the vicinity of 
the specific operations for approximately thirty minutes, until DD mass 
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(around 200–500 g) was enough for subsequent analysis. Samples were 
stored without light, hermetically closed and at room temperature to 
prevent oxidation processes. Passive stubs for scanning electron micro
scopy with energy dispersion spectroscopy (SEM-EDS) analyses with 
graphite label surfaces were placed in all zones for 1-h collection of 
ambient air samples. Finally, real-time measurements of ambient con
centrations of suspended PM, BC and UFP, as well as meteorological 
parameters, and sampling of PM10 were carried out at the above seven 
locations where DD was sampled, Tables S2 and S3. 

Ambient air PM10, PM4, or PM2.5 were generally not sampled 
because the sampling work was allowed inside the mine for only one day 
and a half. Given this time constraint, collecting DD and extracting from 
it RDD (at the laboratory) allowed the sampling of different areas and 
operations. Thus, a limitation of the study is that RDD was not air 
sampled but obtained from DD. This study does not take into account 
how, for example, the intensity of different mining activities might 
change over time, or how varying meteorological conditions might 

affect dust loading. However, sampling in numerous locations provided 
very valuable information. In any case this is an arid region and relative 
humidity (RH) is normally low and similar to that one measured during 
sampling campaign. Finally, one clear advantage was that the whole 
sampling campaign was carried out while the coal mine workers were 
performing their daily work operations with total normality, thus 
allowing us to capture a representative snapshot of a typically working 
day in the open-pit mine. 

3.2. Analysis 

3.2.1. Sample pre-treatment and particle size 
Before analysis, all DD samples collected were sieved <500 μm (with 

only a very minor amount being >500 μm). After this point DD will be 
refer to this <500 μm DD fraction. Then, DD samples were riffled to 
obtain two sub-samples of 100 g, from one of which 50 g were used for 
RDD extraction. Sub-samples of 0.10 to 2.0 g were obtained from the DD 

Fig. 1. Location of Wucaiwan open-pit coal mine in China (A), and, in Xinjiang Province, Northwest of China (B). Geological map of the Wucaiwan open-pit coal 
mine with the working areas where measurements of meteorological parameters, BC, UFP, PM10, PM2.5 and sampling of PM, deposited dust and coal channel profiles 
were carried out (C). Stratigraphic series of Wucaiwan open-pit (D). a/b-TH, Tailings handling; c/d/e- CWF, Coal working front; f-TH; g-RT, Road traffic into a mine road 
for tailings. Legend: 1-Quaternary; 2-Middle-Late Jurassic Shishugou group; 3-Middle Jurassic Xishanyao formation; 4-Early Jurassic Sangonghe formation; 5-Early Jurassic 
Badaowan formation; 6-Middle-Late Triassic Xiaoquangou group; 7-Worked coal outcrops; 8-Tailings disposal into the pit; 9-Tailings disposal outside the pit. 
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and RDD for the different analyses. A total of thirteen DD (Table S1) and 
two CP samples were collected from open-pit coal mine areas where 
most dust emitting mining activities were conducted, and these were 
compared with the parent coal. A mechanical dust size-separator device 
(Moreno et al., 2005) was used in the laboratory to separate the RDD 
from the DD samples. Since obtaining RDD from DD is a laborious task, 
eight from the thirteen DD samples were selected to this end, based on 
the similarity of particle size distribution (PSD), mineral and chemical 
compositions and covering all the locations sampled. Thus, four DD 
samples were selected from the coal working and four from tailings 
handling. Around 50 g of untreated DD samples were introduced into the 
PM separator to be mechanically re-suspended in a rotator and a pump 
at 25 L⋅min− 1 to separate the RDD fraction on polycarbonate filters (47 
mm diameter, 0.60 μm pore size). The size distribution of each collected 
RDD was measured to confirm their respirable size (<4 μm). 

A Malvern Mastersizer was used for PSD analysis of DD and RDD 
samples, 1.0 g and 0.25 g respectively. A Scirocco 2000 extension was 
used to analyse the particle size in dry conditions when a large sample 
volume was available, and a HydroG 2000 extension was used for low 
sample volumes, following the method of Sperazza et al. (2004) based 
on suspension in a Na polyphosphate solution. Malvern Mastersizer 
Scirocco 2000 extension measurements were performed at the ICTS 
NANBIOSIS by the Nanostructured Liquids Unit (U12) of the CIBER in 
Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN), located at 
the IQAC-CSIC (Barcelona, Spain). 

3.2.2. Mineralogical and morphological characterisation 
Mineralogical characterisation of 1.0 g of CP and DD, and 0.30 g of 

RDD samples were conducted by powder X-ray diffraction (XRD). A 
Bruker D8 Advance A25, θ-θ diffractometer with CuKα1 radiation, 
Bragg-Brentano geometry, and a position-sensitive Lynx Eye detector, 
was used for these analyses. Diffractograms at 40 kV and 40 mA, scan
ning from 4 to 60◦ of 2 θ with a step size of 0.019◦ and a counting time of 
0.10 s⋅step− 1 maintaining the sample in rotation (15 min− 1) were per
formed. The crystalline phase identification was conducted using the 
EVA software package (Bruker), which utilised the ICDD (International 
Centre for Diffraction Data) database. Semi-quantitative XRD analysis 
was performed using the method devised by Chung (1974) for the 
quantitative analysis of multi-component systems, using quartz as an 
internal reference. Mixtures were obtained using powdered mineral 
reference materials and coal with very low ash to validate the semi- 
quantitative protocol (Fig. S1). 

Scanning electron microscope JEOL JSM-7001F SEM-EDX with sec
ondary and backscattered electron detectors from the Scientific- 
Technical Services of the University of Barcelona was used for 
morphological and chemical analysis of single particles deposited on the 
graphite surface of the passive samplers. To this end gold coating was 
used to qualitatively analyse the occurrence of specific RDD components 
of interest according the correlation of oxidative potential (OP) and 
mineral and elemental compositions. 

3.2.3. Proximate, ultimate and chemical characterisation 
Proximate and ultimate analyses followed ISO and ASTM procedures 

(ISO-589, 1981, ISO-1171, 1976, ISO-562, 1974, ASTM D-3286, D- 
3302M, D3174-12), with moisture and ash yields obtained at 150 ◦C and 
750 ◦C, respectively. The amount of sample used was always around 
0.50 g. 

Before geochemical analysis, 0.10 g of samples were digested in HF- 
HNO3-HClO4 acid following the method by Querol et al. (1997, 1992) to 
retain potentially volatile elements, such as As and Se. The resulting 
acidic digestions were analysed for major and trace elements by using 
inductively-coupled plasma atomic-emission spectrometry (ICP-AES, 
Iris Advantage Radial ER/S device from Thermo Jarrell-Ash) and 
inductively-coupled plasma mass spectrometry (ICP-MS, X-SERIES II 
Thermo Fisher Scientific, Bremen, Germany). International reference 
materials SARM19 and NIST SRM 1633b, and blanks were treated in the 

same way. Because Si is lost during HF digestion, its content in DD and 
RDD samples was determined by X-ray fluorescence (XRF, Thermo Sci
entific ARL QUANT’X Energy-Dispersive X-ray fluorescence spectrom
eter) loading Teflon© 47 mm filters with 3.0 mg of the sample using an 
ethanol suspension. XRF Si/Al ratios obtained were applied to the Al 
determined by ICP-AES analysis of each sample. This method was vali
dated using the above reference materials. 

After five repetitions of the analysis of the above reference materials, 
analytical errors were estimated at ±1–6% for most major elements in 
both the SARM19 coal and NIST-1633b fly ash reference materials, with 
the exceptions of P in SARM19 (16%) and Na in the latter (10%, with 
relative standard deviations [RSDVs] ranging from 1 to 8%, with P 
exception in NIST-1633b-fly ash, 10%). Most of trace element errors for 
all certified and ‘for reference’ elements in SARM19 coal were in the 
range of ±0–5%, with the exception of Li, Sc, Ni, Cu, Zn, Y, Sn, Gd, Pb 
(±6–10%); Be, Se, Lu, Hf, W (±11–20%); Zr (27%), Cd (29%), Tm 
(31%), Sb (80%) and ± 0–5% for all certified and ‘for reference’ ele
ments in NIST-1633b-fly ash, with the exception of Sc, Cu, Zn, Ge, Nb, 
Sn, Eu (6–10%); Be, Mo, Cd, Gd, Lu, Hf, Bi (11–20%); and Zr (21%), Tm 
(28%), Ta (30%) with RSDV <10% for most elements, with the excep
tion of Y(11%), W (14%), Gd (15%), Sn (18%), Hf (18%), Li (20%), Tb 
(22%), Sb (23%), Zr (29%), Cd (46%), Zn (50%), Ta (52%) and Se (60%) 
for SARM19 and < 10% for all elements, with the exception of Lu (13%), 
Gd, Tm, Ta (29%) for NIST-1633b. 

3.3. PM10 measurements 

Ambient air PM10 in the mine was measured and collected using 
personal environmental monitoring (PEM) samplers equipped with 
Leland Pumps (10 L⋅min− 1) on PAL high purity 37 mm quartz micro- 
fibre filters of 2.0 μm pore size. Table S2 provides the location and 
duration of the four PEM samplings. Filters were weighed before and 
after sampling previous equilibrium over 48 h at 50% RH and 20 ◦C. 

The PM10 filters were acid (HF-HNO3-HClO4) digested following the 
method by Querol et al. (2001). The resulting acidic digestions were 
analysed for major and trace elements using the above ICP-AES and ICP- 
MS instrumentation. These quartz filters have very low contents of 
major and trace elements and are widely used in air quality studies, but 
in any case, blank digestions and analyses were carried out and the blank 
concentrations for each element analysed subtracted of each sample. 

3.4. Online measurements 

To measure real-time ambient concentrations of suspended PM in 
emission hotspots in the open-pit, three real-time monitors were used in 
seven locations from zones A to G (Fig. 1C). For PM2.5 and PM10 mass 
concentrations (in μg⋅m− 3), a Dust-track-TSI and an AirVisual Pro were 
used in all the zones of the mine, with a 30 s resolution. The latter also 
measured temperature (◦C), RH (%) and CO2 concentrations (ppm). For 
BC (μg⋅m− 3) and UFPs number concentration (#cm− 3), mainly influ
enced by the exhaust emissions of on-road and off-road vehicles/ma
chinery, a microAeth® AE51 (zones A, C, D) and DiSCmini (zones A, C, 
D) monitors were used with a 10 and 60 s resolution. Table S3 sum
marises the relevant details of these measurements. Prior to use, in
struments were compared with reference instruments: a GRIMM 1108 
optical counter for Airvisual Pro (IQAir) and Dust-track, a CPC-TSI for 
Disc-mini, and a MAAP-Thermo for microAeth® AE51 (Fig. S2). Online 
measurements were always carried out close to the DD sample collection 
point of each zone, with the procedure in each case being: i) switching 
online measurements and PM sampling, ii) collecting DD samples, and 
iii) finishing online measurements and PM sampling. 

3.5. Oxidative potential test 

Oxidative potential was determined using a synthetic respiratory 
tract lining fluid (RTLF) validated by Mudway et al. (2004) and Zielinski 

P. Trechera et al.                                                                                                                                                                                                                                



International Journal of Coal Geology xxx (xxxx) xxx

5

et al. (1999) containing the toxicological indicators, such as ascorbate 
(AA), urate (UA) and reduced glutathione (GSH) found in the surface of 
the lung. This is widely used to characterise the OP of atmospheric 
particles (Kelly, 2003, and references therein). When the particles are 
added to a solution of these tracers, the oxidation of AA, UA and GSH 
might occur as a function of their composition and size. 

The oxidative stress of the RDD samples was evaluated by measuring 
the OP based on the consumption of the antioxidants AA, UA and GSH, 
according to the methodology by Soltani et al. (2018). This technique 
involves the resuspension of mg of each RDD in ethanol followed by a 4 h 
incubation with a synthetic solution containing equimolar concentra
tions of AA, UA and GSH. The consumption of AA, UA and GSH was 
determined by previously published methodology (Baker et al., 1990; 
Iriyama et al., 1984). In-house controls of PM-free, negative (M120, 
Cabot Corporation, USA) and positive PM (NIST1648a, urban particu
late from NIST, USA) followed the same protocol for control purposes. 
The OP is expressed as the percentage of consumption of each antioxi
dant with reference to the in-house particle-free control. To obtain a 
metric for OP, the data was expressed as OP⋅μg− 1 of PM (OPAA⋅μg− 1 PM 
and OPGSH⋅μg− 1 PM). Data for the individual antioxidants were also 
combined to provide a total OP value (OPTOTAL⋅μg− 1). 

4. Results 

Sampling and measurements focused on three major activities: coal 
working fronts, tailings handling, and road traffic in the open-pit. Major 
patterns of DD samples and variability of ambient air levels of the 
studied pollutants in relation to these zones are described, with the 
intention of characterising dust from different activities and sources and 
identifying potential dust hazards for each activity. The section on re
sults is divided into two parts, the first dealing with DD, RDD and OP, 
and a second on atmospheric measurements. 

4.1. Deposited dust and respirable deposited dust 

4.1.1. Particle size 
Table 1 shows the analysed PSD patterns of DD samples using the dry 

method, as well as the respective moisture contents and ash yields. Fig. 2 
compares data from the three mining activities listed above. 

At the coal working fronts, DD was markedly coarser than at both 
tailings handling and road traffic sites, where DD had higher ash yields 
and lower moisture contents. The coal working fronts DD fractions <500 
(DD500), <10 (DD10), <4 (DD4), and < 2.5 μm (DD2.5) reached 19–32, 
9–15 and 5–9%volume (%vol), respectively, which were considerably 
lower than those of tailings handling (18–55, 11–38 and 6–27%vol), and 
road traffic (36, 23 and 15%vol), respectively. The moisture content of 
DD has been reported as a major driver of resuspension (Amato et al., 
2010; Colinet et al., 2010; Medeiros et al., 2012; Xi et al., 2014). Eqs. (1) 
to (4) and fig. S3 (1–4) show the cross-correlation, using Pearson’s 

correlation coefficients (r), of moisture contents with the proportion of 
the <500, <10, <4, and < 2.5 μm fractions of DD samples from the coal 
working fronts. 

4.1.1.1. Coal working front 
DD500 (%vol < 500 μm) = − 1.84*Moisture (%ad)+ 107.18 (r = − 0.60)

(1)  

DD10 (%vol < 10 μm) = − 0.77*Moisture (%ad)+ 32.98 (r = − 0.66)
(2)  

DD4 (%vol < 4 μm) = − 0.37*Moisture (%ad)+ 15.92 (r = − 0.71) (3)  

DD2.5 (%vol < 2.5 μm) = − 0.43*Moisture (%ad)+ 10.71 (r = − 0.92)
(4) 

The results indicate a clear (r = − 0.92) decrease of the DD2.5 frac
tion with increasing moisture. In the case of the coarser fractions, the 
negative correlation persists but with lower significance (r = − 0.60 to 
− 0.71). This indicates that lower DD2.5 was available for resuspension 
in moistened DD. As it might be expected, high moisture in DD reduces 
the occurrence of DD2.5 due to the agglomeration effect caused by 
water. Sprayed water is frequently applied to the coal working fronts 
and unpaved mine roads to reduce re-suspension (Zhang et al., 2012). As 
shown in Table 1, coal working front DD samples reached the highest 
moisture contents due to the greater coal content in DD, but also because 
of the frequent wetting of the coal mine dust surfaces. 

No correlation was found between DD and moisture in the tailings 
handling zone, probably because water is not spread in these areas of 
tailings disposal and moisture contents are very low. In this area some 
samples, usually located at the high-altitude zones of the pit, the RDD 
reached very high proportions of 20–38%vol of DD (samples 
BNW_DD_001, 008 and 009), much higher than in the wetter and coaly 
DD from the working front. This dry tailing DD has accordingly an 
increased resuspension potential during windy episodes and during 
transport of tailings, compared to DD from the coal fronts. 

Eqs. (5)–(8) and fig. S3 (5–8) show the same regressions as above, but 
in this case, between the ash yields (% dry basis, db) from the coal 
working fronts. A clear positive correlation can be observed, (even 
higher than those for moisture contents), especially for DD2.5 (r = 0.99, 
excluding BNW_DD_013) with the ash yields (%db). Coals containing an 
elevated mineral content, usually fine clays and quartz, yield to a greater 
proportion of DD2.5 in DD than more low-ash yield varieties, the organic 
matrix of which produces coarser grains when breaking up into particles 
(Rosita et al., 2020; Sevim and Demir, 2019; Yang et al., 2019). 

4.1.1.2. Coal working front 
DD500 (%vol < 500 μm) = 1.13*Ash yield (%db)+ 74.36 (r = 0.67) (5) 

Table 1 
Particle size distribution and results of proximate analysis of deposited dust (DD, <500 μm) samples. TH, Tailings handling; CWF, Coal working front; RT, Road traffic into 
a mine road for tailings. M, moisture, HTA, Ash yield.  

Sample Location <500 μm (%wt) <10 μm (%v) <4 μm (%v) <2.5 μm (%v) M (%ad) HTA (%db) 

BNW_DD_002 C –CWF 99.03 30.25 14.02 8.70 5.50 24.78 
BNW_DD_012 C –CWF 99.53 25.27 11.86 7.25 5.52 16.50 
BNW_DD_005 C –CWF 63.89 18.63 12.80 4.86 12.47 5.84 
BNW_DD_006 D –CWF 86.98 20.92 9.39 4.58 13.62 7.53 
BNW_DD_013 D –CWF 94.20 31.57 15.16 8.73 7.40 7.22 
BNW_DD_007 E –CWF 89.71 25.01 9.91 4.61 15.20 4.75 
BNW_DD_001 A –TH 97.65 55.25 38.02 26.53 0.80 90.49 
BNW_DD_010 B –TH 96.47 28.30 18.64 12.87 0.57 90.03 
BNW_DD_011 B –TH 91.38 18.39 10.47 5.63 2.51 94.05 
BNW_DD_003 B –TH 80.17 18.45 11.35 5.61 2.44 93.11 
BNW_DD_004 B –TH 92.13 23.70 13.89 8.31 2.25 93.08 
BNW_DD_008 F–TH 94.54 32.22 20.84 13.41 3.70 90.95 
BNW_DD_009 G–RT 96.45 36.12 23.29 15.20 2.17 92.82  
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DD10 (%vol < 10 μm) = 0.43*Ash yield (%db)+ 18.96 (r = 0.82) (6)  

DD4 (%vol < 4 μm) = 0.16*Ash yield (%db)+ 9.70 (r = 0.70) (7)  

DD2.5 (%vol < 2.5 μm) = 0.22*Ash yield (%db)+ 3.43 (r = 0.99) (8) 

In contrast, the very high ash yields of DD from tailings handling 
(Eqs. (9)–(12) and fig. S3, 9–12) are negatively correlated with the 
proportions of DD10, DD4 and DD2.5 (r = − 0.86 to − 0.94, excluding 
BNW_DD_001). Because all DD samples from tailings handling had very 
low coal content (< 5%), the changes in the proportions of the fine 

fraction in DD due to elevated coal contents (low ash yield) cannot be 
evaluated. However, the fine fraction of DD increases as carbonate 
minerals decrease, and clay and quartz increase. 

4.1.1.3. Tailings handling 
DD500 (%vol < 500 μm) = − 2.17*Ash yield (%db)+ 290.68 (r = − 0.57)

(9)  

DD10 (%vol < 10 μm) = − 3.13*Ash yield (%db)+ 312.87 (r = − 0.86)
(10) 

Fig. 2. Particle size distribution of deposited dust (DD, <500 μm) samples from the open-pit coal mine split by the three type of activities. TH, Tailings handling; CWF, 
Coal working front; RT, Road traffic into a mine road for tailings. 

Table 2 
Mineral contents in deposited dust (DD, <500 μm) and channel profile (CP) samples. Values in %wt. Gypsum (Gp), Qtz (Quartz), Anatase (Ant), Calcite (Cal), 
Microcline (Mc), Albite/Anorthite (Ab/An), Illite/Muscovite (Ilt/Ms), Kaolinite/Clinochlore (Kln/Clc). TH, Tailings handling; CWF, Coal working front; RT, Road traffic 
into a mine road for tailings.  

Sample Zone Ilt/Ms Kln/Clc Qtz Ab/An Mc Cal Gp Ant Total 

BNW_DD_002_CWF C 0 8.9 15 0 0 0 0.5 0 25 
BNW_DD_012_CWF C 0 6.3 8.4 1.1 0 0 0.7 0 17 
BNW_DD_005_CWF C 0 3 2.2 0 0 0 0.6 0 5.8 
BNW_DD_006_CWF D 0 3.1 1.4 0 0 0 3.1 0 7.5 
BNW_DD_013_CWF D 0 1.8 4.1 0 0 0 1.3 0 7.2 
BNW_DD_007_CWF E 0 0 1.1 0 0 0 3.7 0.3 5.1 
BNW_DD_001_TH A 8.6 56 33 0.3 0 0.8 0.4 0.6 100 
BNW_DD_010_TH B 1.4 8.1 40 16 0.6 34 0 0.5 100 
BNW_DD_011_TH B 2.2 9.6 78 8 1.2 0 0 0.9 100 
BNW_DD_003_TH B 2.8 19 61 8 1.5 7 0 1.1 100 
BNW_DD_004_TH B 5.6 25 60 3.8 1.4 3.7 0 0.7 100 
BNW_DD_008_TH F 2.1 29 64 2.5 0.9 0 0.3 0.7 100 
BNW_DD_009_RT G 1.9 12 71 12 1.2 0 1 0.8 100 
BNW_CP_001 C 0 2.6 1 0 0 0 0 0 3.6 
BNW_CP_002 D 0 3.2 0 0 0 0 0 0 3.2 
BNW_RDD_002_CWF C 0 12 12 0 0 0 0.2 0 25 
BNW_RDD_005_CWF C 0 3.8 1.7 0 0 0 0.4 0 5.8 
BNW_RDD_006_CWF D 0 4.5 0.4 0 0 0 2.7 0 7.5 
BNW_RDD_007_CWF E 0 0 1.8 0 0 0 3.0 0.3 5.1 
BNW_RDD_001_TH A 9.7 74 15 0.3 0 0.6 0.3 0.3 100 
BNW_RDD_003_TH B 3.5 25 56 1.6 0.9 12 0 1.1 100 
BNW_RDD_008_TH F 2.5 30 64 0.9 1.5 0 0.8 0.6 100 
BNW_RDD_009_RT G 2.4 13 82 1.2 0.6 0 0.6 0.3 100  
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DD4 (%vol < 4 μm) = − 2.47*Ash yield (%db)+ 242.93 (r = − 0.91)
(11)  

DD2.5 (%vol < 2.5 μm) = − 2.12*Ash yield (%db)+ 204.41 (r = − 0.94)
(12)  

4.1.2. Mineralogy 
The worked coal is a high quality one, with very low yields, due to 

low content of kaolinite (3%weight, %wt) and quartz (1%wt) identified 
by XRD (Table 2), and low S contents (Tables 3 and S4 and fig. S4, a–b). 
As expected, the mineral contents of coal working front DD samples 
increased (up to 9%wt kaolinite/clinochlore, 1–15%wt quartz, and with 
up to 3.7%wt gypsum, and traces, < 1.0%wt, of albite/anorthite, and 
anatase) compared to the parent coal. All coal working front DD samples 
were collected close to the main 72 m-thick very low-ash coal seam. 
Thus, the elevated mineral content of the DD compared with the parent 
coal is attributed to dust deposition from the tailings handling opera
tions, the occurrence of partings in the coal seam (not sampled in the 
channel sampling profile of this work), the emissions of dust deposited 
on trucks, drilling and mine explosions, and the contributions of external 
windblown dust. 

Also as expected, the mineral composition of DD samples from tail
ings handling and road traffic is entirely different from the one from the 
coal working fronts, showing greater clay and quartz contents, with 
illite/muscovite being the major minerals (10–65 and 14%wt clays and 
34–78 and 71%wt quartz, respectively, Table 2). Furthermore, calcite 
content in some of the tailings handling DD samples reached up to 34% 
wt, and feldspars and anatase 0.3–16 and 0.5–1.1%wt respectively, in 
both tailings handling and road traffic DD (Table 2). Conversely, gypsum 
contents decreased with respect to DD from the coal working front. The 
slight increase in gypsum content in the latter is suggested to be due to 
the excess of humidity resulting from the spreading of water containing 
dissolved sulphate, favouring the oxidation of sulphides from DD. The 
occurrence of trace amounts of pyrite in coal and the high humidity 
might cause the oxidation of this mineral and the generation of gypsum 
(Akinwekomi et al., 2020). In contrast, in the tailing and road truck 
zones, the lack of humidity, and probably the lower content of pyrite, 
might have reduced the formation of gypsum (Akinwekomi et al., 2020; 
Gomo, 2018; Madzivire et al., 2010). On the other hand, the reducing 
environments during peat deposition, combined with the effects of the 

interaction between dissolved Fe and H2S cause enrichment of pyrite in 
coal, due to their bacterial reduction of sulphate ion (Casagrande, 1987; 
Dai et al., 2020; Querol et al., 1989) compared with more oxidising 
sedimentary environments, producing the pink to beige sediments 
converted into tailings. Road traffic and tailings handling DD samples 
had a very similar mineral composition because the road traffic site 
sampled is used for extraction of tailings. 

4.1.3. Geochemistry 
Major and trace element concentrations of DD and CPs are reported 

in Tables 3 and 4. The comparison of the concentrations of major and 
trace elements in the parent coal with the Chinese (Dai et al., 2008, 
2007) and the worldwide (Ketris and Yudovich, 2009) averaged coal 
contents shows that the coal analysed in this study was depleted in most 
elements, with only Mg and Ba (1.1–1.5) and Sr and Na (1.6–2.0) having 
higher concentrations. The majority of the elements are enriched in the 
DD of the coal working front compared with the parent coal, an 
exception being in samples from zone B. The concentrations of most 
major and trace elements in the DD from tailings handling and road 
traffic were similarly higher than those from the coal working front. Mn 
is the only element with clearly different concentrations (488 μg⋅g− 1 in 
tailings handling and 250 μg⋅g− 1 in road traffic). Conversely, S, B and Sr 
were present in greater concentrations in the coal working front, and Ba 
in similarly elevated concentrations in all three types of DD. 

Multiple potentially hazardous elements, such as Mn, Co, Ni, Zn, As 
and Cr (Finkelman, 1994), occurred in much larger concentrations in DD 
than in the parent coal, presumably due to dust deposition from the 
tailings handling zones, mining machinery and truck wear (Chen et al., 
2015; Munir et al., 2020; Xu et al., 2017). 

4.1.4. Respirable deposited dust 
Table 5 shows the RDD particle size data (D50 and D90, median and 

percentile 90) separated from the DD by the PM separator. PSD analyses 
revealed that all RDD samples had a D50 in the range of 3–4 μm, which 
represent the respirable fraction. However, D90 values varied more 
widely depending on the type of DD. In the case of coal working front 
RDD, D90 reached 7–8 μm size but 4–5 μm in the tailings handling lo
cations, making the RDD samples finer. As mentioned above, this might 
be due to the finer PSD of clay and quartz compared to the higher coarse 
coaly matrix proportion in the coal working front. In any case, the 
increased metal load and finer size patterns of the tailings handlings 

Table 3 
Major element contents in the deposited dust (DD, < 500 μm) and channel profile (CP) samples. Values in %wt. TH, Tailings handling; CWF, Coal working front; RT, Road 
traffic into a mine road for tailings.  

Sample Zone Al Si Ca Fe K Mg Na P S 

BNW_DD_002_CWF C 2.32 5.23 1.08 0.52 0.31 0.27 0.59 0.01 0.44 
BNW_DD_012_CWF C 1.41 3.42 0.83 0.32 0.21 0.18 0.48 0.01 0.45 
BNW_DD_005_CWF C 0.27 0.53 0.73 0.08 0.04 0.29 0.37 <0.01 0.37 
BNW_DD_006_CWF D 0.19 0.29 1.21 0.07 0.03 0.21 0.83 <0.01 0.88 
BNW_DD_013_CWF D 0.37 0.79 0.77 0.09 0.04 0.33 0.56 <0.01 0.43 
BNW_DD_007_CWF E 0.19 0.3 0.71 0.09 0.01 0.13 0.48 <0.01 0.4 
BNW_DD_001_TH A 12.03 21.66 0.24 0.53 1.11 0.20 0.11 0.01 0.27 
BNW_DD_010_TH B 6.06 21.64 6.17 1.93 1.30 0.49 1.54 0.01 0.02 
BNW_DD_011_TH B 8.72 24.5 0.99 3.4 1.65 0.50 1.00 0.03 0.03 
BNW_DD_003_TH B 8.29 22.67 1.36 3.55 1.50 0.47 1.02 0.03 0.03 
BNW_DD_004_TH B 8.55 22.27 1.22 3.92 1.46 0.49 0.92 0.04 0.03 
BNW_DD_008_TH F 9.00 23.44 0.35 2.18 1.51 0.43 0.51 0.05 0.28 
BNW_DD_009_RT G 8.59 24.94 0.66 2.93 1.63 0.46 1.26 0.03 0.20 
BNW_CP_001 C 0.10 0.20 0.79 0.05 0.02 0.17 0.23 <0.01 0.34 
BNW_CP_002 D 0.07 0.11 0.63 0.06 0.01 0.18 0.25 <0.01 0.37 
BNW_RDD_002_CWF C 2.48 5.09 1.02 0.44 0.28 0.32 0.47 0.02 0.32 
BNW_RDD_005_CWF C 0.44 0.69 0.80 0.06 0.03 0.36 0.44 <0.01 0.35 
BNW_RDD_006_CWF D 0.40 0.47 1.82 0.03 0.04 0.27 0.89 0.01 1.32 
BNW_RDD_007_CWF E 0.21 0.22 0.67 0.10 0.01 0.17 0.57 0.01 0.32 
BNW_RDD_001_TH A 16.22 21.50 0.24 0.51 1.29 0.23 0.16 0.02 0.18 
BNW_RDD_003_TH B 9.80 28.71 2.18 4.62 1.59 0.60 0.77 0.05 0.16 
BNW_RDD_008_TH F 9.42 22.50 0.63 1.66 1.63 0.36 0.37 0.06 0.54 
BNW_RDD_009_RT G 9.71 22.77 0.67 3.43 1.63 0.52 0.70 0.03 0.27  
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samples make them potentially more hazardous for the coal workers 
(Borm, 2002; Gilmour et al., 2004; Li et al., 2008, 2003; Oberdörster 
et al., 1992). 

Tables 2 to 4 summarise the results of the mineralogical and 
geochemical characterisation of RDD samples. The concentration of 
minerals and elements is compared using the RDD/DD ratio. Clays and 
calcite are consistently enriched in the finer DD fraction (RDD/DD 
1.1–1.4), similar to the quartz in the road traffic and gypsum, and 
microcline in the tailings handling (1.1, 1.6 and 1.1 respectively) 
(Fig. 3). Anatase, plagioclase, and quartz in the coal working front and 
tailings handling, and gypsum in the coal working front and road traffic 
RDD were consistently coarser (RDD/DD 0.1–0.9) (Fig. 3). Similar re
sults were obtained by Johann-Essex et al. (2017), who analysed respi
rable dust samples from different underground coal mines and their 
mineral content increase with the distance to the coal working front. 

For major elements, most RDD/DD values lay within the range of 
0.8–1.2 (Fig. 4). However, in the coal working front zone, relative Fe 
content decreased in the RDD (<0.8) whereas Mg, Al, and P (all 
occurring mostly in phosphates and clay minerals) increased (>1.2), 
similar to Ca and P in the tailings handling zone (Fig. 4). In the road 
traffic zone, Na content decreased in the RDD (<0.6). For trace ele
ments, RDD/DD ratios >1.2 were found for Nb, Th, Cr, Sr, Li, As, Pb, Cu, 
Zr and Ni in the coal working front, whereas ratios were < 0.8 for Se, Hf 
and Ba (Fig. 5). The finer character of the first group of elements is likely 

Ta
bl

e 
4 

Tr
ac

e 
el

em
en

t c
on

te
nt

s i
n 

de
po

si
te

d 
du

st
 (D

D
, <

50
0 

μm
) a

nd
 c

ha
nn

el
 p

ro
fil

e 
(C

P)
 sa

m
pl

es
. V

al
ue

s i
n 

μg
⋅g

−
1 . M

o,
 C

d,
 T

a,
 T

l a
nd

 B
i w

er
e 

fo
un

d 
in

 c
on

ce
nt

ra
tio

ns
 lo

w
er

 th
an

 d
et

ec
tio

n 
lim

it 
(<

dl
). 

TH
, T

ai
lin

gs
 h

an
dl

in
g;

 C
W

F,
 

Co
al

 w
or

ki
ng

 fr
on

t; 
RT

, R
oa

d 
tr

af
fic

 in
to

 a
 m

in
e 

ro
ad

 fo
r 

ta
ili

ng
s. 

 
Sample 

Zone 

Li 

Be 

B 

Sc 

Ti 

V 

Cr 

Mn 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Rb 

Sr 

Y 

Zr 

Nb 

Sn 

Sb 

Cs 

Ba 

Hf 

W 

Pb 

Th 

U 

REE 

BN
W

_D
D

_0
02

_C
W

F 
C 

8.
0 

<
dl

 
55

 
5.

2 
12

65
 

42
 

20
 

86
 

4.
7 

10
 

22
 

10
0 

6.
1 

1.
1 

3.
6 

2.
0 

15
 

32
0 

12
 

30
 

2.
2 

1.
1 

<
dl

 
1.

3 
39

7 
1.

4 
<

dl
 

6.
6 

1.
7 

1.
2 

60
 

BN
W

_D
D

_0
12

_C
W

F 
C 

4.
6 

<
dl

 
39

 
2.

1 
79

4 
16

 
10

 
66

 
2.

9 
8.

7 
7.

7 
34

 
3.

1 
<

dl
 

1.
9 

<
dl

 
8.

9 
19

0 
4.

5 
18

 
1.

6 
0.

77
 

<
dl

 
0.

74
 

34
4 

0.
86

 
<

dl
 

2.
7 

1.
0 

3.
2 

21
 

BN
W

_D
D

_0
05

_C
W

F 
C 

1.
1 

<
dl

 
64

 
<

dl
 

13
8 

2.
5 

2.
2 

17
 

<
dl

 
2.

0 
3.

0 
25

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
1.

4 
41

3 
0.

92
 

3.
1 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

34
9 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
4.

0 
BN

W
_D

D
_0

06
_C

W
F 

D
 

1.
5 

<
dl

 
54

 
<

dl
 

64
 

1.
2 

1.
2 

31
 

<
dl

 
1.

7 
2.

8 
27

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

28
9 

<
dl

 
1.

7 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
10

22
 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
1.

6 
BN

W
_D

D
_0

13
_C

W
F 

D
 

2.
6 

<
dl

 
61

 
<

dl
 

19
6 

3.
9 

2.
7 

22
 

<
dl

 
2.

8 
5.

1 
22

 
0.

86
 

<
dl

 
<

dl
 

<
dl

 
2.

1 
39

8 
1.

3 
3.

8 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
40

6 
<

dl
 

<
dl

 
1.

0 
<

dl
 

<
dl

 
5.

2 
BN

W
_D

D
_0

07
_C

W
F 

E 
0.

78
 

<
dl

 
58

 
<

dl
 

89
 

2.
7 

1.
7 

28
2 

<
dl

 
2.

0 
3.

2 
21

 
<

dl
 

<
dl

 
0.

90
 

0.
81

 
<

dl
 

82
 

1.
1 

2.
0 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

42
0 

<
dl

 
<

dl
 

0.
91

 
<

dl
 

2.
1 

2.
5 

BN
W

_D
D

_0
01

_T
H

 
A

 
23

 
1.

1 
29

 
16

 
77

35
 

15
8 

10
8 

65
 

40
 

80
 

53
 

11
6 

27
 

2.
6 

6.
3 

3.
4 

62
 

88
 

19
 

17
2 

19
 

4.
3 

1.
5 

5.
5 

32
8 

8.
1 

1.
7 

24
 

14
 

4.
4 

13
5 

BN
W

_D
D

_0
10

_T
H

 
B 

17
 

0.
76

 
11

 
9.

5 
37

55
 

69
 

49
 

14
48

 
13

 
22

 
17

 
80

 
13

 
2.

2 
3.

0 
4.

5 
44

 
32

0 
25

 
82

 
6.

0 
1.

6 
<

dl
 

2.
1 

44
7 

4.
2 

<
dl

 
9.

3 
3.

9 
1.

4 
13

0 
BN

W
_D

D
_0

11
_T

H
 

B 
30

 
1.

7 
25

 
15

 
53

00
 

11
2 

68
 

30
7 

14
 

32
 

36
 

93
 

19
 

2.
5 

5.
9 

3.
1 

75
 

13
0 

28
 

11
5 

8.
8 

2.
4 

0.
82

 
5.

2 
49

9 
5.

8 
<

dl
 

12
 

6.
1 

2.
1 

14
6 

BN
W

_D
D

_0
03

_T
H

 
B 

29
 

1.
6 

12
 

14
 

55
66

 
10

8 
80

 
42

7 
14

 
38

 
27

 
95

 
18

 
2.

3 
10

 
3.

6 
66

 
11

1 
28

 
11

2 
8.

7 
2.

2 
0.

82
 

4.
4 

47
0 

5.
6 

<
dl

 
11

 
5.

6 
1.

6 
13

9 
BN

W
_D

D
_0

04
_T

H
 

B 
32

 
1.

6 
14

 
14

 
52

54
 

11
1 

82
 

46
3 

14
 

36
 

28
 

94
 

19
 

2.
4 

10
 

4.
3 

66
 

10
8 

28
 

11
3 

6.
7 

2.
2 

<
dl

 
4.

5 
35

8 
5.

4 
<

dl
 

11
 

5.
8 

1.
7 

14
1 

BN
W

_D
D

_0
08

_T
H

 
F 

22
 

1.
5 

13
3 

17
 

56
13

 
12

5 
69

 
21

7 
28

 
55

 
43

 
11

2 
20

 
3.

2 
16

 
4.

1 
71

 
32

7 
30

 
12

4 
9.

8 
2.

7 
1.

1 
5.

7 
49

5 
6.

0 
0.

73
 

19
 

6.
3 

2.
2 

14
8 

BN
W

_D
D

_0
09

_R
T 

G
 

25
 

2.
1 

30
 

14
 

52
53

 
10

9 
66

 
25

0 
14

 
31

 
32

 
10

2 
19

 
2.

8 
8.

6 
3.

1 
72

 
16

6 
28

 
11

4 
9.

2 
2.

4 
0.

9 
4.

8 
46

6 
5.

6 
<

dl
 

13
 

6.
0 

2.
9 

13
8 

BN
W

_C
P_

00
1 

C 
1.

2 
<

dl
 

67
 

<
dl

 
59

 
1.

3 
1.

8 
26

 
<

dl
 

1.
9 

2.
6 

20
 

0.
38

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
22

3 
<

dl
 

1.
2 

<
dl

 
0.

44
 

<
dl

 
<

dl
 

28
0 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
1.

4 
BN

W
_C

P_
00

2 
D

 
<

dl
 

<
dl

 
56

 
<

dl
 

31
 

<
dl

 
0.

86
 

19
 

<
dl

 
1.

9 
2.

2 
17

 
<

dl
 

<
dl

 
0.

49
 

<
dl

 
<

dl
 

23
8 

<
dl

 
0.

69
 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

10
6 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

BN
W

_R
D

D
_0

02
_C

W
F 

C 
6.

6 
1.

9 
25

 
5.

4 
11

50
 

35
 

16
 

66
 

4.
4 

7.
8 

17
 

34
 

5.
7 

<
dl

 
2.

8 
1.

3 
14

 
31

6 
10

 
42

 
3.

1 
0.

95
 

<
dl

 
1.

3 
10

5 
<

dl
 

<
dl

 
4.

5 
2.

4 
1.

2 
63

 
BN

W
_R

D
D

_0
05

_C
W

F 
C 

2.
3 

<
dl

 
62

 
<

dl
 

18
0 

4.
2 

3.
1 

19
 

<
dl

 
3.

7 
3.

1 
17

 
<

dl
 

<
dl

 
1.

8 
<

dl
 

2.
1 

88
6 

1.
2 

7.
1 

<
dl

 
<

dl
 

<
dl

 
<

dl
 

59
 

<
dl

 
<

dl
 

1.
20

 
<

dl
 

<
dl

 
5.

3 
BN

W
_R

D
D

_0
06

_C
W

F 
D

 
2.

1 
<

dl
 

53
 

<
dl

 
58

 
1.

3 
1.

9 
33

 
<

dl
 

1.
9 

2.
6 

18
 

<
dl

 
<

dl
 

7.
1 

<
dl

 
<

dl
 

31
9 

<
dl

 
1.

2 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
39

 
<

dl
 

<
dl

 
1.

30
 

<
dl

 
<

dl
 

1.
9 

BN
W

_R
D

D
_0

07
_C

W
F 

E 
<

dl
 

<
dl

 
76

 
<

dl
 

99
 

3.
1 

2.
5 

38
0 

<
dl

 
4.

8 
15

 
39

 
<

dl
 

<
dl

 
1.

7 
<

dl
 

<
dl

 
91

 
1.

3 
4.

0 
<

dl
 

<
dl

 
<

dl
 

<
dl

 
17

 
<

dl
 

<
dl

 
2.

7 
<

dl
 

2.
4 

4.
2 

BN
W

_R
D

D
_0

01
_T

H
 

A
 

29
 

1.
2 

36
9 

19
 

73
23

 
19

4 
11

2 
52

 
44

 
85

 
52

 
13

9 
30

 
1.

9 
7.

8 
1.

3 
76

 
87

 
16

 
26

2 
16

 
4.

1 
1.

3 
6.

6 
24

6 
7.

7 
2.

1 
33

 
14

 
5.

1 
12

0 
BN

W
_R

D
D

_0
03

_T
H

 
B 

35
 

<
dl

 
57

 
17

 
58

42
 

14
2 

80
 

53
1 

18
 

59
 

35
 

11
8 

20
 

2.
8 

13
 

3.
7 

75
 

15
5 

31
 

17
3 

6.
5 

3.
2 

1.
5 

5.
1 

46
4 

4.
8 

<
dl

 
17

 
6.

5 
1.

8 
14

8 
BN

W
_R

D
D

_0
08

_T
H

 
F 

20
 

1.
7 

69
 

14
 

54
57

 
13

8 
62

 
13

8 
27

 
56

 
64

 
10

8 
21

 
2.

2 
29

 
3.

6 
71

 
40

5 
26

 
15

6 
9.

5 
3.

9 
3.

4 
5.

5 
45

6 
4.

3 
0.

92
 

21
 

6.
6 

2.
2 

14
0 

BN
W

_R
D

D
_0

09
_R

T 
G

 
30

 
<

dl
 

<
dl

 
16

 
55

49
 

13
0 

73
 

19
8 

16
 

34
 

55
 

17
4 

20
 

2.
3 

9.
5 

3.
9 

73
 

16
2 

25
 

14
4 

8.
2 

7.
5 

26
 

5.
7 

32
6 

3.
9 

<
dl

 
19

 
5.

6 
3.

6 
13

1 
 Table 5 

50 and 90 percentile values (D50 and D90, in μm) of the grain size distribution of 
the respirable deposited dust (RDD). TH, Tailings handling; CWF, Coal working 
front; RT, Road traffic into a mine road for tailings. ** Not enough sample to 
complete the analysis.  

Name Zone Activity D50 D90 

BNW_RDD_002 C CWF bottom open-pit (DD on car) 3.3 7.3 
BNW_RDD_005 C CWF bottom open-pit (extraction coal & 

truck uploading by excavator) 
3.5 7.7 

BNW_RDD_006 D CWF bottom open-pit (extraction coal & 
truck uploading by excavator) 

3.1 7.3 

BNW_RDD_007 E CWF bottom open-pit (truck uploading 
by excavator) 

4.0 7.5 

BNW_RDD_001 A TH, gangue (truck uploading by 
excavator) 

2.2 4.4 

BNW_RDD_003 B TH, drilling into gangue 3.2 4.5 
BNW_RDD_008 F TH, gangue dust ** ** 
BNW_RDD_009 G RT, trucks in a gangue extraction road ** **  

Fig. 3. Ratio of mineral contents determined by XRD analysis in the respirable 
deposited dust (RDD) and their parent deposited dust (DD, <500 μm) (RDD/ 
DD). Average for each type of DD: TH, tailings handling; CWF, Coal working front; 
RT, Road traffic into a mine road for tailings. Values used are shown in Table S1. 
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attributed to their association with clays and carbonates and perhaps 
with mining machinery wear (Fig. S4 c) (Azam and Mishra, 2019; 
Moreno et al., 2019; Querol et al., 2007). In contrast, the coarser Ba 
pattern might be due to the occurrence of fine barite (BaSO4) crystals 
embedded in the coaly matrix (evidenced by fig. S4 d) (Gürdal, 2008; 
Zhao et al., 2014). Notables are the contrasting size patterns of Zr and 
Hf, which is attributed to the presence of both geogenic zircon (coarser, 
enriched in Hf) and contamination from the wear of drilling and other 
mining machinery (finer and poorer in Hf: fig. S4, e-f). For the tailings 
handling RDD samples, RDD/DD ratios were > 1.2 for W, As, Zr, Sn, Cu 
and Sb and < 0.8 for Ge, Se and B and the road traffic RDD Cu, Sn, Pb, Zr, 
Sb, Zn and Se, and Ba and Hf, respectively (Figs. 5, S4, f-h). 

An enrichment (not extraordinarily high but clearly evident) of ele
ments of potential concern in the RDD versus the parent materials 
(represented by DD in coal working fronts and tailings handling oper
ations) was evident. Accordingly, RDD constituents and health effects 
might be quite different to what would be expected if the constituents 
and related effects from the parent materials are simply extrapolated 
without considering the effects of mineral fractionation within the dusts 
released during the coal mining process. 

4.1.5. Oxidative potential of the respirable deposited dust 
Oxidative potential is suggested to be one of the most relevant in

dicators of PM toxicity. The OP values obtained for the RDD samples 

(Table 6) were relatively low compared to those obtained in a prior 
study of RDD originating from underground mines of other coal mining 
districts with substantially higher pyrite contents (Trechera et al., 2020). 
Thus, OPAA in this study ranged from 0.1–0.5% AA consumption⋅μg− 1 

RDD, while in the referred study, 0.4–2.0%⋅μg− 1 was reached in 11 out 
of 13 RDD samples (Table 6). For OPGSH, the results were the opposite, 
with 0.2–0.4%⋅μg− 1 in this study and 0.0–0.2%⋅μg− 1 in the underground 
mines (Table 6). Furthermore, in this study, 27–63% of the OPTOT was 
supplied by the OPAA, while this contribution in RDD samples from 
underground mines reached 80–100%. 

The OPTOT (OPAA + OPGSH) potential obtained for RDD in this study 
(0.34 to 0.80 OPTOT %⋅μg− 1) is slightly lower or similar to urban dust 
(NIST control 1.0 OPTOT %⋅μg− 1) and from indoor and outdoor locations 
around a Fe-ore facility in Iran (0.9 OPTO T%⋅μg− 1, Soltani et al., 2018). 
However, it is much lower than those obtained for PM from the Cha
monix Valley (France) in summer (1.4 OPTOT %⋅μg− 1) and winter (4.1 
OP TOT%⋅μg− 1) (the latter with PM contributions from biomass burning) 
(Calas et al., 2018) and PM from subway platforms from Barcelona (2.5 
OPTOT %⋅μg− 1, Moreno et al., 2017). 

A cross-correlation analysis using r coefficients was carried out using 
the OPAA and OPGSH values of each RDD sample with the content of 
major and trace elements and minerals in the respective samples (Fig. 6). 
When using the 8 RDD samples from the open-pit (Fig. 6a), it was shown 
that the contents of Mn, followed by those of anatase and calcite, drove 
the OPAA (group I in the figure and r = 0.8–0.9 with OPAA). Those of 
gypsum and moisture and a relatively coarse 10 percentile of the PSD 
drove the OPGSH (r = 0.5–0.7, group II in the figure). 

When considering only the RDD samples from the coal working front 
(Fig. 6), a marked correlation between OPAA and OPGSH was obtained (r 
= 0.8). In this case, moisture (Fig. 6b) and gypsum contents drove OPAA 

(r = 0.5–0.6, group I) and Ni and Pb concentrations drove OPGSH (r =
0.7–0.8, group II). Furthermore, a coarser 25 percentile of the PSD and 
the contents of anatase, Mn, U, Zn and Cu drove both OPAA and OPGSH (r 
= 0.6–1.0, group III). Conversely, elevated contents of Mg, Sr and Ca 
were associated with a decrease in both types of OP (r = − 0.5 to − 0.8 
with both OP types, group IV). Despite these high r coefficients, average 
OPAA values of the coal working front RDD samples were low (0.2%⋅μ 
g− 1), compared to the tailings handling and road traffic RDD samples 
(0.3%⋅μg− 1, and much lower than those of the RDD from underground 
coal mines (0.70%⋅μg− 1, Trechera et al., 2020) with much greater pyrite 
contents. For OPGSH the situation was reversed, with samples yielding 
0.3, 0.2 and 0.1%⋅μg− 1, respectively. 

The RDD from tailings handling and road traffic, also with relatively 
low OPAA, was driven by the contents of multiple silicate- and calcite- 
associated elements, Mn and anatase, and a finer 25 percentile of the 
PSD (r = 0.6–1.0 and − 0.8 for the latter, group I in Fig. 6c). For OPGSH, 
contents of As, Bi, Be, Sr, S and moisture were found to be positively 

Fig. 4. Ratio of major element contents in the respirable deposited dust (RDD) 
and their parent deposited dust (DD, <500 μm) (RDD/DD). Average for each 
type of DD: TH, Tailings handling; CWF, Coal working front; RT, Road traffic into a 
mine road for tailings. Values used are shown in Table S2. 

Fig. 5. Ratio of trace element contents in the respirable deposited dust (RDD) and their parent deposited dust (DD, <500 μm) (RDD/DD). Average for each type of 
DD: TH, tailings handling; CWF, Coal working front; RT, Road traffic into a mine road for tailings. Values used are shown in Table S3. 
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correlated (r = 0.6–0.9, group II). Those of Ba and P were correlated 
with both OP types (group III, r = 0.5–0.7), and Zn, Sb, Sn and U were 
negatively correlated (r = − 0.4-0.9, group IV). 

According to the results, Mn and anatase were found to be major 
drivers of OPAA, and OPGSH in the RDD from the coal working front, 
while for tailings handling-road traffic a finer particle size was associ
ated with a high OPAA. In the first case, Mn and anatase occur in this type 
of RDD, mostly embedded in the coal matrix (Fig. S4, f, j–l), and this 
might cause enrichment in the coarser dust particles compared to the 
finer ones. 

The OPGSH of the tailings handling-road traffic RDD samples was 
found to be driven by moisture and elements usually associated with 
sulphate minerals from the weathering of sulphides (As, S, Ba, Sr) and, in 
the coal working front, by some heavy metals and U (in addition to Mn 
and anatase). Thus, in the case of DD from the coal front, the impact of 
Mn and anatase on both OPAA and OPGSH was implicated in the corre
lation between both OPs, but this was not the case for the samples from 
tailings handling-road traffic. 

Fig. 6d shows the above mentioned OPAA and OPGSH cross- 

correlation analysis for a set of 21 RDD samples, 8 from the coal open- 
pit mine of this study and 13 from three underground mines by Tre
chera et al. (2020). This analysis shows that OPAA was clearly driven by 
contents of Fe-sulphates, other sulphates and anatase, as well as by a 
slightly coarser PSD (probably favoured by the occurrence of Fe- 
sulphates) (group I and r = 0.7–0.9). Because of the high quality of 
the coal mined in the open-pit, the low content of pyrite might account 
for lower Fe-sulphates, oxides and metal contents in RDD, and accord
ingly for the lower OP compared with the other RDD samples from other 
mines. Fe-oxides and sulphates derived from the oxidation of pyrite were 
suggested as significant drivers of OP in coal mine dust, and probably 
contributing to CWP injuries in coal mine workers (Huang et al., 2005). 
Also, as stated by Trechera et al. (2020), acid mine drainage favoured by 
underground mining might also favour the oxidation of sulphides. The 
presence of anatase was a major OPAA driver in this study: the lung- 
inflammation-related toxicity of inhaled TiO2 particles is well docu
mented (Oberdörster et al., 1992; Schins and Borm, 1999). 

On the other hand, OPGSH is moderately driven by moisture, Ca and 
Na contents (r = 0.5), probably representing the amount of coaly matrix 
and sulphate and carbonate minerals. The very low ash yield and the 
relatively high Mn contents of the coals of this study might account for 
an increased OPGSH, compared to the underground RDD samples. 

Based on these results, a multilinear-regression analysis was applied 
to the 21 RDD data set using the above OP drivers and represented the 
OPAA and OPGSH according to Eqs. (13) and (14). 

OPAA (
%μg− 1) =0.211*anatase (%db) + 0.055*sulphateminerals (%db)

+ 0.147 (r = 0.93p = 0.00)
(13)  

OP
GSH

(
%⋅μg− 1) =0.066*moisture (%ad)+ 0.026*Ca (%db)

+ 0.067 (r = 0.70, p = 0.00)
(14) 

Fig. 7 shows the outputs of the multilinear regression with the dif
ferentiation of mines from which RDD samples were obtained. The role 
of drivers of OP in specific RDD samples (such as Mn in this study) with a 
specific composition (low metal and sulphur sediments in this study) is 
diluted when compiling data from different mines where drivers such as 
pyrite oxidation products and anatase seem to prevail. 

4.2. Online and offline air quality measurements in the open mine pit 

4.2.1. Online measurements of air quality 
As stated in the methodology section, levels of PM10, PM2.5, BC and 

UFP were measured near specific mining activities, where, in addition, 
DD was simultaneously sampled. 

4.2.1.1. Tailings handling. In zone A, air quality around coal gangue 
uploaded on a truck with an excavator was monitored (16/10/2018, 
11:45–12:55 h LT). Here, the impact of emissions from the loading of 
tailings on trucks and the exhaust emissions from diesel excavators and 
natural compressed gas trucks on UFP, BC and PM levels and DD were 
evaluated. This zone was located at a relatively high altitude in the 
upper banks at the SW of the open mine pit (Fig. 1C). There, because few 
operations take place, wetting of the surfaces or other dust abatement 
controls were not implemented. The gangue loaded was a clear pale 
beige clay-rich material, probably transported to processing plants to be 
used in the ceramic industry. The very clear colour indicates a minimal 
amount of coaly material, meaning that absorbance from the BC was 
hardly influenced by dust. The RDD fraction from this operation 
(BNW_RDD_001_TH, Table 2) was composed of 74, 9.7, 15, 0.3, 0.6, 0.3, 
0.3% clay minerals kaolinite/clinochlore, illite/muscovite, quartz, 
albite/anorthite, calcite, gypsum and anatase, respectively. The DD 
sampled was very fine with 55, 38 and 26% of DD10, DD4 and DD2.5 in 
DD500, and 98% of DD500 in DD. 

Fig. 8a shows the time series of 1 min concentrations of PM2.5, BC 

Table 6 
Oxidative potential (OP) values of respirable deposited dust (RDD) in %con
sumption⋅μg− 1 for Ascorbic Acid (OPAA), Glutathione (OPGSH) and Total 
oxidative potential (OPTOT = OPAA + OPGSH). TH, Tailings handling; CWF, Coal 
working front; RT, Road traffic into a mine road for tailings. On the bottom, results 
of previous studies from different underground coal mines in China (Trechera 
et al., 2020).  

Name Zone Activity OPAA OPGSH OPTOT 

BNW_RDD_002 C CWF bottom open-pit (DD 
on car) 

0.13 0.35 0.48 

BNW_RDD_005 C CWF bottom open-pit 
(extraction coal & truck 
uploading by excavator) 

0.10 0.20 0.40 

BNW_RDD_006 D CWF bottom open-pit 
(extraction coal & truck 
uploading by excavator) 

0.11 0.23 0.34 

BNW_RDD_007 E CWF bottom open-pit 
(truck uploading by 
excavator) 

0.40 0.40 0.80 

BNW_RDD_001 A TH, gangue (truck 
uploading by excavator) 

0.20 0.20 0.40 

BNW_RDD_003 B TH, drilling into gangue 0.50 0.20 0.80 
BNW_RDD_008 F TH, gangue dust 0.23 0.24 0.47 
BNW_RDD_009 G RT, trucks in a gangue 

extraction road 
0.18 0.17 0.35  

Underground mines (Trechera et al., 2020) 
BCC_RDD_011 Mine 

1 
300 m CWF#7 1.2 0.0 1.2 

BCC_RDD_009 Mine 
1 

100 m CWF#7 2.0 0.2 2.2 

BCC_RDD_008 Mine 
1 

50 m CWF#7 0.9 0.0 0.9 

BCC_RDD_005 Mine 
1 

CWF#7 0.8 0.1 0.9 

BCC_RDD_014 Mine 
1 

CWF#11 0.1 0.0 0.1 

BCC_RDD_001 Mine 
1 

Gallery close CWF#7 
(cemented) 

0.7 0.5 1.2 

BCC_RDD_015 Mine 
1 

Floor train wagons 0.2 0.0 0.2 

SCC_RDD_001 Mine 
2 

2000 m CWF 0.6 0.0 0.6 

SCC_RDD_004 Mine 
2 

100 m CWF 0.5 0.1 0.6 

SCC_RDD_005 Mine 
2 

CWF 0.5 0.2 0.6 

SCC_RDD_007 Mine 
2 

Coal milling 0.4 0.1 0.5 

BSC_RDD_001 Mine 
3 

Abandoned mine 30 m 
CWF 

0.7 0.1 0.7 

BSC_RDD_002 Mine 
3 

Abandoned mine 90 m 
CWF 

0.5 0.1 0.6  
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and UFP recorded at this site (with ambient conditions of 21 ◦C, RH 
33%, and CO2 428 ppm). Very elevated levels of PM10 and PM2.5 (1 h 
average values of 3652 and 354 μg⋅m− 3 for the personal PM10 PEM 
samplers, and PM2.5-Dusttrack, respectively) were reached, with PM2.5/ 
PM10 of 0.24. However, levels of UFP were relatively low, reaching an 
average of 4475 #cm− 3, typical from a regional background or low 
polluted urban sites according to Cassee et al. (2011) and Morawska 
et al. (2008). Levels of BC (11 μg⋅m− 3) can be considered moderate 
compared with typical concentrations measured in European, Middle 
East and Asian urban road traffic sites (maxima annual or seasonal av
erages of 8–18 μg⋅m− 3, Hung et al., 2014; Hussein et al., 2019; Reche 
et al., 2011), especially given the fact that in this study measurements 
were collected near two large operating mining motor engines. 

Emissions of PMx mainly occurred during the loading of the exca
vator (with 1 min levels up to 1080 μg⋅m− 3 PM2.5). These are clearly 
correlated with BC peaks and, accordingly, are attributed to the engine 
of the excavator. However, UFP particles were completely decoupled 
from BC and PM, and peak concentrations are attributed to the exhaust 
emissions of the truck. Regardless, UFP peaks reached up to 11,000 
#cm− 3, which are relatively low considering the proximity to the truck, 
the low rpm of the stopped truck, and the fact that usually UFP averages 
reported for urban zones (Cassee et al., 2019; Morawska et al., 2008) are 
of the same order of the UFP peaks recorded at this mine site. 

The impact of emissions from the drilling and working tailings with 
diesel excavators on levels of UFP, BC and PM and DD were also eval
uated. Measurements were also performed close to drilling (16/10/ 
2018, 12:28–13:40 h LT, 17 ◦C, RH 42%, CO2 410 ppm) and excavator 
(17/10/2018, 12:28–13:40 h LT, 12 ◦C, RH 54%, CO2 412 ppm) oper
ations in zone B (Fig. S5a and b), also at the high altitude zones, but in 
this case at the N sector of the pit (12 ◦C, RH 54%, CO2 412 ppm), and 
with no dust abatement measures implemented. There PM10 and PM2.5 
levels were reduced in relation to Zone A (1 h averages of 549 and 127, 

and 723 and 167 μg⋅m− 3, respectively), with a similar PM2.5/PM10 ratio 
(0.23 in both cases). At that site, the mineral composition of the gangue 
RDD was 28, 56, 2.5, 12 and 1.1% clay minerals (74% of Kln/Clc and 
10% of Ilt/Ms), quartz, feldspars, calcite and anatase. In this case, DD 
was much coarser than for the loading of gangue at A, with 18–28, 
11–18 and 6–13% of DD10, DD4 and DD2.5 in DD500 and 80–97% of 
DD500 in DD. 

4.2.1.2. Coal working fronts. Measurements and sampling were con
ducted in the coal working fronts at the bottom of the open-pit, where 
coal was worked and loaded onto trucks by excavators at zones C (S 
sector) and D (SE). These were also carried out at a mid-altitude sector E 
(central area), where coal was worked with excavators without loading 
onto trucks. At these sites wetting of the surface was frequently applied 
to abate dust resuspension. Here, the impact of emissions from coal 
working with diesel excavators, the loading of coal on trucks, the 
emissions from resuspension of dust by trucks accessing and leaving the 
front, and the exhaust emissions of excavators and trucks on UFP, BC 
and PM levels and DD were evaluated. 

During coal work and loading, RDD sampled at these three sites was 
found to be greatly enriched in the organic coal matrix (75–95, 0–12, 
0.5–12, 0–3, 0.3% coal, clay minerals, quartz, gypsum and anatase, 
respectively), as the coal worked is very low in ash yields. The DD of the 
three positions is markedly coarser (probably due to the low ash yields) 
than the one from the gangue, with DD10, DD4, DD2.5 accounting for 
19–32, 9–15 and 5–9% of DD500, and DD500 for 64–100% of DD. 

At the working front sites (zone C and D), where coal is extracted and 
loaded, sampling and measurements were performed on 16/10/2018 at 
14:06–15:45 h LT, in sector C, and, 16:27 to 17:32, sector D, under 
environmental conditions of 19 ◦C, RH 44%, and CO2 450 ppm. Average 
PM10 and PM2.5 levels reached 1535 and 98 μg⋅m− 3, respectively, at site 
C, and, 264 μg⋅m− 3 PM2.5 at site D. The PM2.5/PM10 ratios were very low 

Fig. 6. Cross correlation plots between the Pearson’s correlation coefficients of the normalised (concentration/average concentration) concentrations of the elements 
and minerals contents in the respirable deposited dust (RDD) samples and their respective OPAA and OPGSH values using; a) Eight RDD samples from the open-pit coal 
mine; b) Four CWF RDD samples from the open-pit coal mine; c) Three TH RDD samples and one RT RDD sample from the open-pit coal mine; and d) Data from this 
study and 13 additional RDD samples from underground mining by Trechera et al. (2020) previous study. TH, tailings handling; CWF, Coal working front; RT, Road 
traffic into a mine road for tailings. 
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(0.06). Levels of BC were moderate (22 and 9 μg⋅m− 3 for C and D sites, 
respectively) considering the number of trucks and excavators and the 
potential influence of coal mine dust on absorbance measurements of 
BC. However, levels of UFP, similarly high at the C and D positions, 
reached average concentrations of 31,682 and 25,735 #cm− 3, respec
tively. These are typical values of urban traffic sites (Morawska et al., 
2008), but unexpectedly low for this busy mining environment. 
Regardless, UFP were markedly higher than those recorded at the 
highest altitude sectors of the mine where the work was done with 
tailings. This is attributed to the elevated truck traffic and excavator 
density and lower dispersion (because sectors C and D are at the bottom 
of the large open-pit). Thus, as shown in Fig. 8b and c, background and 
peak levels reached 11,000–17,000 #cm− 3, and up to 111,300 #cm− 3, 
one order of magnitude greater than at zone A (close to the top of the 
open-pit). Also, as shown in the figure, PM and BC peaks again coincided 
due to the impact of the emissions from the engines of the excavators 
(BC) and those during loading. However, UFP peaks were closely related 
to the Liquefied-Natural-Gas fuelled truck exhaust emissions. 

At the mid-altitude coal working front area with no truck loading 
activity (zone E), measurements around coal works with an excavator 
(17/10/2018, 10 ◦C, RH 64%, CO2 395 ppm), yielded moderately low 
PM10 and PM2.5 levels (68 and 28 μg⋅m− 3, respectively), and high PM2.5/ 
PM10 ratios (0.37) (Fig. S5 c). 

4.2.1.3. Truck traffic into the open-pit. At the border of mine track 
located at a relatively high altitude, on 17/10/2018, 11:32 to 12:46 h 
LT, with ambient conditions of 12 ◦C, RH 55%, CO2 391 ppm. In this 
track, there was frequent wetting of the surface to abate resuspension of 
dust by truck movement. Here, the impact of emissions from the loss of 
bulk material from trucks, the road dust resuspension, and the exhaust 
emissions from loaded trucks on UFP, BC and PM levels and DD were 
evaluated. 

Respirable deposited dust sampled at this site was composed of 16, 

82, 2, 1 and 0.3% of clay minerals, quartz, feldspar, gypsum and anatase, 
36, 23 and 15% DD10, DD4 and DD2.5 in DD500, and 97% of DD is 
DD500. Thus, this dust, compared to that from coal front or tailings 
areas, is intermediate in size and greatly enriched in quartz. Fig. 8c 
shows that levels of BC (9 μg⋅m− 3) and PM2.5 (264 μg⋅m − 3) were 
moderate-low compared to those at other sites due to the intermittent 
emissions and the relatively high dispersive conditions that prevail at 
the site. Trucks are fuelled with Liquefied-Natural-Gas, and very low BC 
levels, but relatively high UFP concentrations (22,775 #cm− 3) were 
recorded, although values were still moderate compared to traffic sites. 
Relevant UFP emissions are supported by a previous study that exam
ined the UFP emissions from natural gas-fuelled heavy-duty vehicles 
(Giechaskiel, 2018). These results are very close to the ones by Kurth 
et al. (2014) in coal mining areas influenced by emissions from ma
chinery and trucks (mostly 5000 to 10,000 #cm− 3, but reaching 30,000 
#cm− 3 in some of them). 

The high quartz content and RDD contents measured at the border 
site of a mine track suggest the possibility of quite hazardous exposure in 
this area. However, workers rarely are exposed to these conditions 
because only trucks and excavators work there, and these are indoor 
ventilated with filtered air. Also, the DD loads are visibly lower than in 
other locations. 

The bottom of the open-pit, where coal is primarily worked, had 
moderate-high PM levels probably due to the application of control 
measures (surface wetting). The PM at this site was coarser than in other 
locations because the coal mined is of high quality (low S and ash yield) 
and coal fragments are coarser than the mineral ones. Peak concentra
tions of BC seem to be associated with those of PM but not to UFP. This 
evidence suggests that the exhaust of the excavators extracting and 
loading coal is the main source of BC, but mean levels are typical of those 
from high-traffic sites in busy cities (Reche et al., 2011). The tailings are 
disposed of in the upper parts of the open-pit but, in some cases, these 
are discarded with no control measures, and high levels of PM were 
measured when loading high clay materials. The ambient air in the mine 
track for extraction of tailings in the upper part of the pit was charac
terised by low BC, moderate PM and high UFP concentrations, due to the 
high ventilation and the fact that trucks are fuelled with natural gas 
(Fig. 8c). Notably, at the bottom of the mine, due to heightened exca
vator and truck density but lower atmospheric dispersion, UFP levels are 
one order of magnitude higher than at the top of the pit. These are also 
above the highest PM levels recorded close to the handling of tailings at 
the banks in that location. 

4.2.2. PM10 levels and composition 
Sampling of PM10 was carried out in some of the locations simulta

neously with the sampling of DD. Table 7 summarises the ambient air 
PM10 concentrations of major and trace elements (in µg⋅m-3 and ng⋅m-3, 
respectively), and, Table S2 shows the ambient air PM10 details of 
collection from the different zones of the open-pit mine. 

The coal working front PM10 contained a markedly elevated pro
portion of coal (90–95%), much higher than road traffic and tailings 
handling PM10 samples (10–35%). Comparing the PM10 compositions 
with those of RDD obtained from DD co-collected at the same zones, and, 
taking into account that the first refers to PM with at least 50% <10 μm 
and the second to <4 μm, remarkable similarities were found. This result 
is notable because DD is much easier and cheaper to sample than PM10. 
However, remarkable PM10/RDD differences were found in the road 
traffic only for Zn, Cu, As, Cd and Sn, whose contents were much higher 
in PM10 than in RDD. These differences might be due to the high ma
chinery and brake and tyre wear emissions at road traffic, as these ele
ments in PM10 are usually attributed to these specific emission sources 
(Amato et al., 2009). However, due to their relatively fine size, their 
deposition rate is low and accordingly depleted in RDD compared with 
PM10. Moreover, Liang et al. (2006) show China occupational exposure 
limits (OELs) for permissible concentration-short term exposure limit 
(PC-STEL) for coal dust with less content of 10% in SiO2 (3.5 mg⋅m− 3) 

Fig. 7. Cross correlation plots between OPAA and OPGSH multilinear regression 
with their respective geochemical drivers, combined with underground mine 
data on RDD (mines 1 to 3) from previous study by Trechera et al. (2020). 
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and for the content between 10 and 50% in SiO2 (1.0 mg⋅m− 3). In the 
coal working front measurements recorded a concentration of 1.4 
mg⋅m− 3 with less 10% content of SiO2. In the tailings handling and road 
traffic concentration values were 2.7 and 0.1 mg⋅m− 3 respectively 
(10–50% content of SiO2). 

5. Discussion and conclusions 

In this study the mineralogy and geochemistry of deposited dust 
(DD) coal mine samples were examined, and their respirable DD (RDD) 
size fraction (<4 μm), collected from three different regions of an active, 

highly volatile bituminous open-pit coal mine. The areas of collection 
were coal working fronts, tailings handling sites, and road traffic sites. 
Online measurements of ambient air concentrations of particulate 
matter (PM10 and PM2.5), black carbon (BC) and ultrafine particle 
numbers (UFP) were performed in the three mine zones. The respirable 
fraction samples were subjected to analysis of specific biological 
response or toxicological indicators (Oxidative Potential, OP). The re
sults demonstrated i) a notable difference in particle size and chemical 
composition of DD from the different sampling areas, ii) a noticeable 
effect of moisture content and ash yield of DD on the particle size dis
tribution (PSD), and, accordingly, on the potential emissions of the finer, 

Fig. 8. Ambient concentrations of BC, PM2.5 and UFP measured in the vicinity of tailings handling, coal working front and road traffic into a mine road for tailings.  
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RDD fraction, iii) an enrichment of multiple elements (such as Nb, Th, 
Cr, Sr, Li, As, Pb, Cu, Zr and Ni) in this RDD fraction, attributed, at least 
in part, to mining machinery, tyre and brake wear emissions, iv) a major 
impact from specific mining operations and mine areas on the levels of 
air pollutants (such as high PM from tailings handling in the upper parts 
of the mine or the high UFP levels in the lower parts of the mine due to 
vehicle and machinery emissions and low dispersive conditions), v) the 
predicted low OP of the RDD fraction in a mine working with high- 
quality coal, with OP within the RDD fraction seemingly influenced by 
Mn, sulphates and anatase contents, as suggested by previous studies. 

These results provide insight into the mineralogical and chemical 
variations present within inhalable size fractions of coal mine dust 
collected from differing localities within coal mines. The results show 
how, at the coal working front, the contents of mineral silicates in the 
inhalable fraction extracted from DD are much higher than in the parent 
coal. As would be expected from what is known about mineral matter in 
coals (e.g., Finkelman et al., 2019), the mineral silicates identified in this 
dust analysis at the coal working front are dominated by phyllosilicates 
(kaolinite/clinochlore) and quartz. In addition to which are sulphates 
(mostly gypsum) and very minor amounts of plagioclase feldspars and 
titanium oxide polymorphs such as anatase. 

Perhaps the most important conclusion within this context is the fact 
that the data presented demonstrate that coals containing a greater 
content of fine aluminosilicates and silica impurities produce an 

elevated loading of finer, more deeply inhalable particles (PM2.5) in 
resulting mine dust emissions than more carbonaceous samples, sourced 
from purer coals. Given the health concerns over the presence of sili
ceous particles in mine dust, it was observed that these can be prefer
entially fractionated into deeply inhalable size-fractions of PM, relevant 
to safe work practices. It follows that precautions for dust suppression 
and inhalation should be taken by miners working on coals with higher 
silicate impurity contents. 

The mineralogy of dust generated at the coal working front is clearly 
quite different from that inhaled in the tailings handling and road traffic 
areas sampled. In these latter two environments, ambient dust contains a 
much higher concentration of silicates (quartz, feldspars, and clay 
minerals, with the phyllosilicate content including a significant quantity 
of illite-muscovite), plus notable amounts of carbonate and Ti-oxide 
(TiO2), but much less sulphate. These mineralogical differences are re
flected in the trace element content of the DDs, presumably reflecting 
the fact that most such elements are typically concentrated within 
phyllosilicates which are more abundantly present in the more felsic 
geochemistry of the tailings and road samples. Thus, the coal working 
front samples are depleted in most trace elements, notably Ti, V, Cr, Co, 
Ni, Ga, Ge, Se, Rb, Zr, Nb, Sn, Cs, Hf, Pb, Th, U, and REE. Such obser
vations underline how coal mine dust has its own distinctive mineral
ogical, and therefore, geochemical signature, which is likely to be 
different from ambient PM encountered elsewhere in the mine. 

From an exposure point of view, it is relevant to note that, in the coal 
working fronts, some elements (Nb, Th, Cr, Sr, Li, As, Pb, Cu, Zr and Ni) 
of the RDD were found at higher levels in the finer fraction than in the 
DD. This is possibly related to the mineralogy of the samples, since these 
elements are associated with clay and carbonate minerals, and also 
potentially with mining machinery wear. In contrast, the high levels of 
coarser Ba in DD might be due to the occurrence of fine barite (BaSO4) 
crystals embedded in the coaly matrix. 

Size patterns of Zr and Hf are also interesting, with 2 types of zircon 
likely present: the coarser (geogenic origin and enriched in Hf) and the 
finer (originating from the wear of the drilling and other mining ma
chinery, lower in Hf). On the other hand, in tailings handling and road 
traffic, some elements (Cu, Sn, Pb, Sb and Zn) were associated with the 
RDD fraction and possibly produced from tyre and brake wear. Given the 
likelihood of enrichment of trace elements of potential concern in the 
finer, RDD fraction of the DD, when compared to the parent materials, it 
is necessary to emphasise the potential importance of size fractionation 
in mine dusts. It is not unreasonable to suspect that the health effects on 
mine workers breathing these particulate materials might be different to 
what would be expected if the composition of the dust derived from the 
parent materials was simply extrapolated, without considering the ef
fects of mineral size fractionation in the dust released during the coal 
mining process. 

When looking at the oxidative stress results obtained from the sam
ples measured, the high coal quality of the open-pit coal mine, with its 
low pyrite and quartz contents (and therefore less potential risk of sili
cosis), appears to have minimised any obvious association of OP with 
acid mine drainage products. In particular, manganese and anatase were 
correlated with OPAA and OPGSH at the coal working front. In contrast, in 
the tailings handling and road traffic sampling areas, particle size was 
associated with OPAA, which was negatively-correlated with the coal 
working front. This is due to the elements being likely embedded in the 
coal matrix, yielding slightly coarser particles. A clear correlation for 
RDD samples with sulphates and anatase was found in OPAA and, to a 
lesser extent, with PSD. Also, a slight correlation was found between 
OPGSH and Ca and Na contents, representing the amount of coaly matrix 
and sulphate and carbonate minerals. 

Finally, these different approaches to mine dust indicated in this 
study demonstrate, as far as the study’s researchers are aware, for the 
first time, the necessity of extracting the more deeply respirable size 
fraction of coal mine dusts in future studies on the health effects of such 
materials. This respirable fraction is geochemically different from the 

Table 7 
Major and trace elements concentrations of coal dust exposure in open-pit coal 
mine. TH, Tailings handling; CWF, Coal working front; RT, Road traffic into a mine 
road for tailings. See Table S2 for sampling explanation.  

Sample CHI_1 CHI_2 CHI_4 CHI_6 

Location TH CWF CWF RT 
Zone A C D G 
Concentration (ug/m3) 3652 1535 29,179 257   

ug⋅m− 3 ug⋅m− 3 ug⋅m− 3 ug⋅m− 3 

Tot 2719 1444 22,816 117 
Coal 272 1335 21,104 41 
Sum 2447 108 1711 76 
SiO2 1353 32 623 30 
Al2O3 902 18 268 15 
CaO 33 32 363 17 
Fe2O3 29 4.4 44 5.5 
K2O 53 2.2 24 2.2 
MgO 16 6.2 227 2.6 
Na2O 1.1 0.33 1.4 0.47 
P2O5 1.9 0.57 2.3 0.80 
S 15 10 123 0.54 
TiO2 39 0.82 12 1.1  

ng⋅m¡3 ng⋅m¡3 ng⋅m¡3 ng⋅m¡3 

Li 71 6.6 58 1.0 
V 587 16 159 20 
Cr 337 17 77 1.0 
Mn 196 89 705 29 
Co 147 5.9 28 1.0 
Ni 326 19 28 1.0 
Cu 126 1.0 63 483 
Zn 1081 103 1302 671 
Ga 101 2.8 29 2.2 
As 1.0 1.0 9.1 30 
Rb 208 9.2 84 12 
Sr 320 294 14,891 33 
Zr 1111 276 692 279 
Nb 50 1.0 18 1.0 
Cd 1.0 1.0 1.0 108 
Sn 53 19 101 96 
Cs 19 1.0 8.3 1.0 
Ba 673 124 4919 33 
REE 424 22 240 14 
Hf 39 13 25 13 
Pb 114 31 64 31 
Th 45 1.0 15 1.0 
U 15 1.2 6.2 1.0  
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parent materials, not only from the actual coal (and related sediments) 
being mined, but also from the coarser-grained passively-DDs found 
around the mine. 
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