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A B S T R A C T

We focus on a comparison of the geochemistry and mineralogy patterns found in coal, deposited dust (DD),
respirable deposited dust (RDD) and inhalable suspended dust (PM10) from a number of underground mines
located in China, with an emphasis on potential occupational health relevance. After obtaining the RDD from
DD, a toxicological analysis (oxidative potential, OP) was carried out and compared with their geochemical
patterns. The results demonstrate: i) a dependence of RDD/DD on the moisture content for high rank coals that
does not exist for low rank coals; ii) RDD enrichment in a number of minerals and/or elements related to the
parent coal, the wear on mining machinery, lime gunited walls and acid mine drainage; and iii) the geochemical
patterns of RDD obtained from DD can be compared with PM10 with relatively good agreement, demonstrating
that the characterization of DD and RDD can be used as a proxy to help evaluate the geochemical patterns of
suspended PM10. With regards to the toxicological properties of RDD, the Fe content and other by-products of
pyrite oxidation, as well as that of anatase, along with Si, Mn and Ba, and particle size (among others), were
highly correlated with Ascorbic Acid and/or Glutathione OP.
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1. Introduction

Coal mining and its associated environmental impact, including
exposure to coal mine dust, remain high on the list of global health
issues to be ameliorated. The main impacts of coal mining activities
result from emissions of atmospheric pollutants, with implications for
both climate change and air quality. While the climatic effects arise
from the increased emissions of greenhouse pollutants associated with
mining activities and deforestation, the problems linked to air quality
are largely associated with the local dust emissions created by mining
work, waste disposal, coal/waste fires, the transport and handling of
coal and the increases in population and industry around mining areas
(Aneja et al., 2012; Duarte et al., 2019; Fabiano et al., 2014; Ghose and
Majee, 2007; Hendryx et al., 2008; Patra et al., 2016; Petavratzi et al.,
2005; Rout et al., 2014; Tang et al., 2017; Visser, 1992).

In underground coal mining, dust emissions are much higher in the
working front (WF) galleries, where coal is being worked via shearers,
drilling and other mining operations, despite the ventilation systems
and the common use of water spraying (Colinet et al., 2010; Li et al.,
2019; Moreno et al., 2019). Dust levels decrease from the WFs to the
coal extraction galleries (with continuous belts) and access galleries
(usually much better ventilated). Other sources of underground dust
include the resuspension of deposited coal dust and wear on machinery
(mining machinery, coal and gangue extraction belts and worker
transport systems) during ventilation. Furthermore, on the surface,
waste disposal, coal milling and handling, and the transport of coal and
gangue can be significant sources of dust if containment measures are
not properly implemented.

In open pit coal mines, many of the same sources of coal mine dust
are present; however, compared to underground coal mines, there is
higher dispersion, which is commonly offset by much higher volumes of
coal and gangue (and accordingly higher emissions) and the large
number of heavy trucks that enhance widespread resuspension and
contribute exhaust emissions. Another air quality hazard associated
with mining is occasional coal or waste fires, which can occur in open
pits, underground mines and waste dumps (Haibin and Zhenling, 2010;
Pallarés et al., 2017; Querol et al., 2008) and produce significant
amounts of associated PM and gaseous pollutant emissions (Jiang et al.,
2014; Kim, 2004; O’Keefe et al., 2010; Querol et al., 2011).

The potential impact of coal and gangue dust on human health and
ecosystems can vary widely according to the grain size and miner-
alogical and chemical composition (Borm, 1997; Li et al., 2017; Sarver
et al., 2019) of the particulates being inhaled. Obviously, the finer the
dust, the deeper it can penetrate into the respiratory system, with
the<4 μm dust fraction accepted widely as the respirable dust fraction
(Brown et al., 2013; Gustafsson et al., 2018; Johann-Essex et al., 2017).
The higher this fraction is in the coal dust, especially if rich in crys-
talline silica and/or metals, the higher the potential cell inflammation
and consequent health damage (Brodny and Tutak, 2018; Castranova,
2000; Cohen et al., 2008; Ercal et al., 2001; Ghio and Madden, 2017;
Niosh, 2002; Schins and Borm, 1999; Valko et al., 2016).

Research from last decades on the toxicology of air pollution has
identified oxidative stress as a unifying feature underlying the toxic
actions of the air pollutants that cause concern (Kelly, 2003). Thus, it is
now well accepted that pulmonary inflammation caused by exposure to
air pollution is induced via oxidant signalling pathways. Classical stu-
dies on residual oil fly ash and urban PM evidenced that a high con-
centration of metals, such as, Fe, Ni, and V, can lead to aldehyde gen-
eration, pulmonary inflammation and oxidative stress, which correlates
with the Fe content of these particles (Costa and Dreher, 1997; Kadiiska
et al., 1997). Newer studies on Fe-ore PM also point to the high impact
of Fe in the oxidative potential (OP) of PM (Soltani et al., 2018), with
exceptions, such as subway PM (Moreno et al., 2017). Thus, the mode of
occurrence of Fe and other metals in PM also seems to have a large
impact on the OP. Furthermore, organic pollutants, such as PAH, might
contribute significantly to increasing this oxidative stress (Chuang et al.

(2013) and Kelly (2003), among others).Although much has been
written on the problem of worker exposure to coal dust, there remain
few data on the mineralogy, chemistry and toxicology of inhalable-
sized dust samples collected directly from inside mines. In this context,
the purpose of this study is to characterize coal mine dust from diverse
areas in four different underground coal mines located in Southwest,
South and North China, with the aim of evaluating dust particle sizes,
mineralogical and geochemical patterns and their potential impacts on
health, as well as to identify source origins by combining geochemical,
mineralogical and toxicological tools. We also investigate how dust
deposited in coal mines can be used to predict the mineralogical and
chemical patterns of respirable dust in the mine. We adopt a novel
approach involving separating out the respirable component present in
deposited dust and comparing compositional patterns in samples of
total suspended ambient particles (TSP) and PM10 (Particulate Matter
finer than 10 μm in diameter).

2. Methodology

2.1. Sampling

Fig. 1 and S1 to S4 and Tables 1 and 2 show the regional location,
map of the mines and type and number of coal mine dust samples
collected in an Anthracite North China (ANC), a Bituminous South
China (BSC), a Bituminous South-West China (BWC) and a Sub-
bituminous (SSC) underground mines. In the case of the ANC mine
(Figs. 1 and S1), coal seam #2-1 (4.1m thick), was being worked at the
time of sampling. In the BSC mine (Figs. 1 and S2), coal seam #4-1
(1.2m thick) was being worked, but the dust was collected in a WF that
had been inactive for 2 years. In the case of the BWC mine (Figs. 1 and
S3), coals seams #7 (1.8m thick) and #11 (2.2m thick) were being
worked during our sampling campaign. Finally, in the case of the SSC
mine (Figs. 1 and S4), coal seam D-3 (2.0m thick) was being worked. In
all cases, deposited dust (DD) was collected in different parts of each
mine, and worked coal was also sampled by means of channel profile
(CP) samples at the WF galleries in order to compare the chemical
compositions of the dust and parent coal in the same WF.

The majority of samples analysed in this study consist of DD in
different locations in the coal mines (Figs S1–S4). The sampling time
was limited to around 4−6 h, although for logistic reasons this was
reduced to just 1.5 h in the seam head face. Deposited dust was col-
lected either in plastic trays (left for 1−2 hours in zones of high con-
centrations such as WF galleries) or, more commonly, using brushes,
and later stored in plastic bags. In addition, in the BWC mine we col-
lected underground ambient PM samples finer than 10 μm and in the

Fig. 1. Location of all the underground coal mines sampled in Democratic
Republic of China.
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10–200 μm range (PM10 and PM10−200, respectively), using two CIP-
10 Thoracic (CIP-10T) instruments. This device is used for the evalua-
tion of risks associated with the exposure to hazardous environments
where batteries cannot be used, such as underground coal mines, and to
collect ambient dust at a rate of 7 L/min. The CIP-10T allows the col-
lection of both PM10 coal dust on polyurethane foams, with a coarser
dust fraction being brushed into the impactor zone. The third sampling
method, also conducted in the BWC mine, involved using standard
electron microscopy aluminium stubs covered with copper foil, which
was then covered with glue. These were distributed at different loca-
tions within the mine (Fig. S3) to obtain suspended dust samples via dry
deposition for scanning electron microscopy purposes. Finally, coal
samples were collected at the coal face as primary source materials to
allow comparisons with the deposited airborne dust samples obtained
elsewhere in the mine.

2.2. Particle size

A total of 34 deposited dust samples and five CP samples belonging
to the four underground coal mines in China were analysed in order to
characterize the underground coal dust patterns and interpret compo-
sition and origin. All deposited dust samples were sieved at 500 μm (to
obtain DD samples, or deposited dust< 500 μm). The respirable de-
posited dust (RDD) samples were separated from a selection of 16 bulk
DD samples using a PM2.5 and PM10 separator device (Moreno et al.,
2005) that allows the collection of samples on 47mm polycarbonate
filters (0.60 μm pore size).

Particle size distributions of both DD and RDD samples were ob-
tained using a Malvern Mastersizer. For DD samples, a Scirocco 2000
unit was coupled to get the particle sizes in dry conditions. Samples
moved along the Scirocco 2000 system on a tray as oscillation and air
pressure forced them to scatter into individual grains, getting them
ready for sizing via laser diffraction. RDD samples (with very low
sample volumes) particle size distribution was obtained using a wet
(water-Polyphosphate RDD suspension) HydroG 2000 coupled unit
(Sperazza et al., 2004).

2.3. Mineralogical and morphological characterization

The mineralogical analyses of CP, DD and RDD samples were per-
formed using a X-Ray Diffraction (XRD) Bruker D8 A25 Advance, θ-θ
diffractometer with CuKα1 radiation, Bragg-Brentano geometry and a
position-sensitive LynxEye detector. The diffractograms were obtained
at 40 kV and 40mA while scanning from 4° to 60° of 2θ, with a step size
of 0.019° and a counting time of 0.1 s/step maintaining the sample’s
rotation (15/min). The crystalline phase identification was carried out
using the EVA software package (Bruker), which uses the ICDD
(International Centre for Diffraction Data) database. Semi-quantitative
XRD analysis was performed via the method devised by Chung (1974)
for the quantitative analysis of multi-component systems.

The scanning electron microscopes JEOL JSM-7001F and Quanta
400F ESEM with Oxford X-Max 150 EDX detector, both with secondary
and backscattered electron detectors, at the University of Barcelona and
Technical University of Darmstadt, respectively, were used to analyse
samples prepared on copper-glue surfaces.

2.4. Proximate, ultimate and chemical characterization

Proximate and ultimate analyses of the CP and DD samples were
performed using the ISO and ASTM recommendations (ISO-589, 1981;
ISO-1171, 1976; ISO-562, 1974; ASTM D-3286, 1996). In order

Table 1
Samples of deposited dust on the ground (DD) and respirable deposited dust
(RDD,<4 μm) from the four underground mines. WF, Working front; GW,
Gunited walls; FTW, Floor of train wagons.

Mine Location Type of sample

Bituminous South-West GW #7 DD
Bituminous South-West GW #7 DD
Bituminous South-West GW #11 DD
Bituminous South-West GW #11 DD
Bituminous South-West 1000m WF #7 DD
Bituminous South-West 900m WF #7 DD
Bituminous South-West 300m WF #7 DD
Bituminous South-West 200m WF #7 DD
Bituminous South-West 100m WF #7 DD
Bituminous South-West 50m WF #7 DD
Bituminous South-West 15m WF #7 DD
Bituminous South-West Workers rest #7 DD
Bituminous South-West WF #7 DD
Bituminous South-West WF #7 DD
Bituminous South-West WF #11 DD
Bituminous South-West WF #11 DD
Bituminous South-West Wall drilling front #11 DD
Bituminous South-West Wall drilling front #11 DD
Bituminous South-West FTW DD
Bituminous South-West Coal mill DD
Bituminous South-West Coal mill DD
Bituminous South-West Coal gangue DD
Bituminous South-West Coal gangue DD
Bituminous South-West Production coal DD
Bituminous South-West GW #7 RDD
Bituminous South-West 300m WF #7 RDD
Bituminous South-West 100m WF #7 RDD
Bituminous South-West 50m WF #7 RDD
Bituminous South-West WF #7 RDD
Bituminous South-West WF #11 RDD
Bituminous South-West Floor train wagons RDD
Subbituminous South 2000m D-3 DD
Subbituminous South 100m D-3 DD
Subbituminous South 25m D-3 DD
Subbituminous South 50m D-3 DD
Subbituminous South WF D-3 DD
Subbituminous South Coal belt DD
Subbituminous South Coal mill DD
Subbituminous South 2000m D-3 RDD
Subbituminous South 100m D-3 RDD
Subbituminous South WF D-3 RDD
Subbituminous South Coal mill RDD
Bituminous South 100m WF #4-1 DD
Bituminous South 50m WF #4-1 DD
Bituminous South 100m WF #4-1 RDD
Bituminous South 50m WF #4-1 RDD
Anthracite North Air shaft #2-1 DD
Anthracite North Air shaft #2-1 RDD
Anthracite North Air shaft #2-1 RDD

Table 2
Samples from channel profiles (CP) collected at the working fronts of the dif-
ferent mines, suspended PM10 and PM10-200 from the BWC mine, and of
suspended dust (SD) and respirable deposited dust (RDD) for Scanning Electron
Microscope (SEM).

Mine Location Type of sample

Bituminous South-West 1.8 m profile #7 CP
Bituminous South-West 2.2 m profile #11 CP
Subbituminous South 2.3 m profile D-3 CP
Bituminous South 1.2 m profile #4−1 CP
Anthracite North 4.1 m profile #2−1 CP
Bituminous South-West Train station to WF #7 SD CIP PM10
Bituminous South-West Train station to WF #11 SD CIP PM10
Bituminous South-West Train station to WF #7 SD CIP PM10−200
Bituminous South-West Train station to WF #11 SD CIP PM10−200
Bituminous South-West WF #7 CP_SEM
Subbituminous South WF D-3 CP_SEM
Bituminous South-West WF#7 SD_SEM
Bituminous South-West WF#11 SD_SEM
Bituminous South-West Gallery #7 SD_SEM
Subbituminous South Gallery D-3 RDD_SEM
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determine moisture (M, at 105 °C) and ash yield (HTA, at 750 °C), the
standard procedures, i.e., ASTM D3302M-17 for M and ASTM D3174-12
for HTA, were followed.

For CP, DD, RDD and PM10 (collected in the polyurethane foam
provided in the CIP-10T devices) sample chemical analysis, a dried
portion of the sample was acid-digested using a special two-step di-
gestion method devised by Querol (1993) and Querol et al. (1997) to
retain volatile elements. The concentrations of major elements in the
acid digests were determined using Inductively-Coupled Plasma
Atomic-Emission Spectrometry (ICP-AES, Iris Advantage Radial ER/S
device from Thermo Jarrell-Ash). Trace elements were analysed by
Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, X-SERIES II
Thermo Fisher Scientific, Bremen, Germany). Digestion of international
reference materials (SARM19 and NIST SRM 1633b) and blanks were
prepared following the same procedure.

After eleven repetitions of the analysis of the above reference ma-
terials, analytical errors were estimated to be within±1% of 7% for
most major elements in both the SARM19 coal and NIST-1633b fly ash
reference materials, with the exceptions of P in SARM19 (29%) and Na
in the latter (10%, with relative standard deviations (RSDVs) ranging
from 2% to 7%). The trace elements errors were in the range
of± 0−5% for Co (7%), U (7%), Cs (8%), Cu (10%), Zn (41%), Zr
(31%) and Hf (14%) in SARM19 coal and±0−4% for all certified and
'for reference' elements in NIST-1633b-fly ash, with the exception of Sc
(11%) and Ta (12%). The RSDVs were< 10% for most elements, with
the exception of Li, Be, Sc, Cu, Se and Mo (11−20%) and Zr, Cd and Ta
(21–58%) for SARM19 and<10% for all elements, with the exception
of Mo (14%), and Ta, Zr and Be (24–26%), for NIST-1633b. Because Si
is lost during HF evaporation during the digestion of the samples during
ICP-AES and ICP-MS analyses, 3 mg of each RDD and DD sample was
loaded on Teflon© 47mm filters using ethanol suspensions to de-
termine the Si/Al concentrations by means of X Ray Fluorescence (XRF,
Thermo Scientific ARL QUANT’X Energy-Dispersive X-Ray Fluorescence
(EDXRF)). Subsequently, this Si/Al ratio was applied to the Al (ICP-AES
determined) concentrations measured for each sample to obtain the Si
concentrations. The above reference materials were also used to de-
termine the accuracy of the Si/Al ratios.

2.5. Respirable crystalline silica (RCS)

In order to determine the RCS content in the RDD fractions, an RCS
reference material (certified reference material BCR-066, quartz) was
added in two rounds (to obtain three measurements of the quartz XRD
intensity, the original was used, followed by the ones formed by the two
additions) to a 0.1 g sub-sample of each RDD sample to determine RCS
content by the addition method. This content was evaluated by means
of the correlation between the concentration added and the intensity
area obtained from the strongest quartz peak when using XRD.

2.6. Toxicology tests: oxidative potential (OP)

The oxidative stress of the RDD samples was determined via the OP
method, which is based on the consumption of ascorbic acid (AA), urate
(UA) and glutathione (GSH) antioxidants, as described in detail by
Soltani et al. (2018). The OP method involves the resuspension of each
RDD sample in ethanol and a 4 h incubation with a synthetic solution
containing equi-molar concentrations of AA, UA and GSH. The con-
sumption of AA, UA and GSH is determined by following the metho-
dology developed by Baker et al. (1990) and Iriyama et al. (1984). In-
house controls of PM-free, negative PM (M120, Cabot Corporation,
USA) and positive PM (NIST1648a, urban particulate from NIST, USA)
followed the same protocol for control purposes. The OP of the RDD
samples was expressed as the percentage of consumption of each anti-
oxidant with reference to the in-house, particle-free control. To obtain a
metric for the oxidative potential, the data was expressed as OP per μg
of PM (OPAA/μg PM and OPGSH/μg PM). Data for the individual anti-
oxidants was also combined to provide a total OP value (OPTOTAL/μg).
All data obtained were correlated with elemental and mineral con-
centrations using the software StataCorp LLC (College Station, Texas,
USA) version Stata/SE 15.1.

3. Results and discussion

3.1. Particle size

Table 3 and Fig. 2 demonstrate that the finest size distribution

Table 3
Size distribution and moisture (% air dried, ad) of all deposited dust (DD) samples in %wt (weight) and %v (volume). WF, Working front; GW, Gunited walls; FTW,
Floor of train wagons. BWC, Bituminous South-West China; SSC, Subbituminous South China; BSC, Bituminous South China; and ANC, Anthracite North China.

Mine Location < 500 μm (%wt) < 10 μm (%v) < 4 μm (%v) < 2.5 μm (%v) M (%ad)

BWC GW #7 80.62 23.30 13.07 7.96 0.87
BWC GW #7 40.42 6.90 3.30 1.58 1.71
BWC 1000m WF #7 48.05 11.97 4.67 2.22 0.74
BWC GW #11 75.51 21.88 9.98 4.90 1.03
BWC GW #11 89.00 26.86 13.55 7.51 1.03
BWC 1000m WF #7 33.50 4.80 1.80 0.70 1.36
BWC 50m WF #7 57.00 18.20 7.20 3.50 1.19
BWC 25m WF #7 74.70 26.30 11.20 5.50 0.75
BWC 15m WF #7 76.80 26.90 11.30 5.60 0.39
BWC WF #7 92.50 30.60 12.80 6.20 0.38
BWC WF #7 92.13 24.91 10.69 5.23 0.38
BWC WF #11 94.76 29.19 12.50 6.05 0.21
BWC WF #11 94.93 29.87 12.95 6.28 1.30
BWC FTW 71.03 11.99 6.16 3.01 0.41
BWC Coal mill 61.77 10.67 5.05 2.33 0.79
SSC 2000m WF D-3 88.70 65.60 32.80 19.50 2.90
SSC 100m WF D-3 84.70 57.50 32.60 20.30 1.86
SSC 50m WF D-3 80.60 51.90 28.80 18.10 1.63
SSC 25m WF D-3 79.50 46.50 25.00 15.70 1.41
SSC WF D-3 87.90 38.70 21.20 13.50 1.67
SSC Coal belt 29.70 12.00 6.70 4.40 1.94
SSC Coal mill 87.00 21.80 10.80 6.70 2.40
BSC 50m WF #4−1 96.10 53.20 25.30 14.70 0.98
BSC 100m WF #4−1 95.70 57.70 27.70 16.10 0.64
ANC Air shaft #2-1 77.68 43.76 19.10 9.52 0.97
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occurred in WFs samples (#7 and #11) which have 92–95%wt in
the<500 μm, and 25–31%v and 5–6%v in the<10 μm and<2.5 μm
fractions, respectively. In the access galleries (1000m WF#7), an in-
crease in the grain size was clearly evident within 15–100m from the
WF (95%wt to 28%wt, 27%v to 3%v and 4%v to 0.1%v for the above
three fractions, respectively).

A number of galleries with walls covered in lime mortar (gunited
walls) had a visually moderate level (markedly higher than the other
access galleries but much lower than the WFs) of deposited fine dust
(40–89%wt, 7–27%v, 3–14%v and 2–8%v for< 500 μm,< 10 μm,
< 4 μm and 2.5 μm fractions, respectively).

The transition from the fine grain sizes in the WF and lime gunited

galleries to the coarser grain sizes in the access galleries, train and coal
mill is demonstrated clearly in the dry laser size distribution analyses
presented in Fig. 2. In contrast, the particle size patterns of the DD from
the underground subbituminous coal belonging to the SSC mine are
characterised by an increase in the relative proportion allocated to the
finest fractions as the distance to the WF increases, from 88%wt, 39%v
and 14%v for the<500 μm,< 10 μm and<2.5 μm fractions at the
WF, respectively, to 89%wt, 66%v and 20%v at a 2000m distance. This
change is attributed to the fact that close to the main emission sources
(WF), the emissions of coarser particles are higher, and the finer frac-
tions are transported further through the galleries. Obviously, the ab-
solute concentrations of PM2.5 and PM10 are much higher closer to the

Fig. 2. Particle size distribution of the< 500 μm fraction of the deposited dust (DD) samples collected in the different underground coal mines. WF: Working front.
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WF, but the relative contributions of these particles to the dust increase
with the distance from the source. Furthermore, the DD close to the WF
from the inactive BSC mine is characterised by a very high proportion
of the finer fraction due to the lack of activity, reaching at 50−100m
from the WF 96%wt, 53−58%v and 15–16%v for the< 500 μm,<
10 μm and<2.5 μm fractions, respectively.

The dust from the floor of train wagons and coal mills at the BWC
mine is characterised by intermediate-sized particles (62–71%wt,
11–13%v and 2–3%v for< 500 μm,<10 μm and<2.5 μm fractions,
respectively). As a comparison, the DD from the coal milling area at the
SSC mine presents 87%wt, 22%v and 7%v for the<500 μm,< 10 μm
and<2.5 μm fractions, respectively. The differences exhibited in these
size proportions for the DDs from the mills, as suggested by visual
observations, might be related to the high and low dust abatement
control present in the BWC and SSC coal mills, respectively. Finally, the
DD sample from the air shaft (air return) of the ANC mine is char-
acterised by a fine particle size distribution, with 78%wt, 44%v and
10%v for the<500 μm,<10 μm, and<2.5 μm fractions, respectively.

In the WFs of the mines, in addition to having much higher levels of
DD (unquantified in our study, but visually very evident), the DD is
markedly finer, with 11–13%v being in the respirable fraction (< 4 μm)
in the BWC mine and 21%v being in that fraction in the SSC mine.
Moving away from the WF, the rate of dust deposition decreases dras-
tically in the BWC mine, and the respirable fraction reaches up to 7%v
at 50m. In the SSC mine, however, the respirable fraction increases to
29%v. In the case of the inactive BSC mine, the respirable fraction of
the DD reaches up to 25–28%v at 50-100m from the WF, while, in the
coal mills, it accounts for 6–11%v (BWC and SSC, respectively, with
high and low dust abatement controls). Dust from the floor of the wa-
gons in the BWC mine contains a 5%v respirable fraction. In addition,
the respirable size fraction distribution in the air return gallery of the
ANC mine was 19%v.

In the case of the bituminous coal and anthracite DD samples (BWC
and ANC mines), the particle size and the moisture content of the dust
are markedly anti-correlated, even if moisture varied within a narrow
range. Thus, the following regression equations were expressed for the
three major size fractions (DD<500 μm,<10 μm and<2.5 μm)
based on 13 DD samples out of a total of 17 samples collected at both
the ANC and BWC mines (most of the excluded samples are those from
lime gunited galleries and train wagons):

DD500 (%wt< 500 μm) = - 37.75*Moisture (%ad) + 97.26
(R2=0.79) (1)

DD10 (%vol< 10 μm) = - 18.57*Moisture (%ad) + 35.62 (R2=0.74)
(2)

DD2.5 (%vol< 2.5 μm) = - 4.18*Moisture (%ad) + 7.67 (R2=0.73)
(3)

The correlations did not increase when the moist ash free basis was
used (M,%maf, R2= 0.70, 0.67 and 0.66 for the three DD fractions,
respectively) instead of the air dried moisture (M,%ad); no correlation
was found between the fine dust proportions and ash yields (R2= 0.31,
0.19, 0.23, respectively, for DD500, DD10 and DD2.5).

In the active SSC coal mine, the anti-correlation between the
moisture and the DD500, DD10 and DD2.5 fractions seen above is not
apparent (Eqs. (4)–(6)), possibly due to the fact that in the ANC and
BWC mines, the anthracite and bituminous ranks account for the low
moisture in the coal or the total moisture might be highly influenced by
condensation, while, in the subbituminous coal rank of the SSC, the
moisture content of the dust seems to be dominated by the coal
moisture. In this mine, it was observed that the ash content increases
inversely with the moisture and the finer fractions of the DD, which
should mean that, with a low correlation, the fine dust fractions de-
crease with increasing mineral matter in the dust. Thus, the following
regression equations were obtained for the three major size fractions

based on five of the seven samples collected:

DD500 (%wt<500 μm) = + 5.06*Moisture (%ad) + 74.68
(R2= 0.51) (4)

DD10 (%vol< 10 μm) = + 13.98*Moisture (%ad) + 25.50
(R2= 0.63) (5)

DD2.5 (%vol< 2.5 μm) = + 2.51*Moisture (%ad) + 12.66
(R2= 0.28) (6)

DD500 (%wt<500 μm) = - 0.23*Ash yield (%db) + 99.69
(R2= 0.25) (7)

DD10 (%vol< 10 μm) = - 0.80*Ash yield (%db) + 106.29 (R2= 0.52)
(8)

DD2.5 (%vol< 2.5 μm) = - 0.12*Ash yield (%db) + 25.21 (R2= 0.15)
(9)

No correlation analysis was performed with the DD samples since
the BSC coal mine from which these samples came is abandoned, which
could lead to uncertainties in relation to the moisture patterns of the
other DD samples.

3.2. Mineralogy of deposited dust (DD)

Tables S1 and S2 list the mineralogical composition of all the
samples collected in this study. The mineral compositions of
the< 500 μm fractions of the DD samples from the BWC mine’s WFs #7
and #11 are very different from each other but, as expected, very si-
milar to those of their parent coal seams. The minerals present in the
DD from WF #7 are clay minerals (19–23%, kaolinite-clinochlore,
muscovite-illite), quartz (18–24%), carbonates (9–15%, calcite, siderite
and ankerite), anatase (3−5%), pyrite (3–4%) and gypsum (<1%).
The parent coal is characterised by a lower mineral content: clay mi-
nerals (10%, kaolinite-clinochlore), quartz (13%), carbonates (4%,
calcite and ankerite), anatase (2%), pyrite (2%) and feldspar (< 0.1%,
albite-anorthite).

The DD from WF #11 is markedly lower in mineral matter, espe-
cially in quartz and pyrite, with 11–13% in clay minerals (muscovite-
illite and kaolinite-clinochlore), 3–4% in carbonates (calcite and side-
rite) and 1% in quartz. The parent coal has a very similar composition,
with 12% in clay minerals (muscovite-illite and kaolinite-clinochlore),
3% in carbonates (calcite and siderite),< 0.1% in anatase and<0.1%
in pyrite.

The DD from the SSC mine’s WF is markedly different from that
from the BWC mine, with higher contents of quartz (34%) and clays
(37%, kaolinite-clinochlore and muscovite-illite), traces of feldspar
(< 0.5%, albite-anorthite and microcline), anatase (< 0.5%), calcite
(< 0.5%), gypsum (<0.5%) and pyrite (< 1%). The CP of the coal
seam worked at the SSC mine has a lower quartz content (12%) and a
higher amount of clay (48%, kaolinite-clinochlore and muscovite-illite)
than that of the DD collected in the WF.

In the inactive BSC mine, the DD samples collected only at 50 and
100m from the WF had very similar mineralogy, with 30–33% clays
(muscovite-illite and kaolinite-clinochlore), 5–6% quartz, 1–4% calcite,
3% gypsum and traces of pyrite, feldspar (albite-anorthite and micro-
cline) and anatase. The worked coal seam here has slightly higher clay
content (45%), plus trace calcite, anatase, pyrite, gypsum and quartz.

Deposited dust from the access galleries for the WFs #7 and #11 is
characterised by the occurrence of gypsum and jarosite-alunite (up to
20% and 1%, respectively). These minerals usually occur in coal mining
as weathering products of Fe-sulphides such as alunite (Cogram, 2018;
Murphy et al., 2009; Welch et al., 2008) and might imply the enrich-
ment of dust in hazardous elements, such as Pb, Zn, Cd and As, trapped
by these minerals during their precipitation in acid mine drainages
(AMDs), which might affect miners’ exposure to toxic metals (Alcobe
et al., 2001; Hudson-Edwards et al., 2008; Kerolli-Mustafa et al., 2015;
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Kolitsch and Pring, 2001; Smith et al., 2006). In contrast, the galleries
leading out from #7 and #11 that had walls gunited with lime mortar
were characterised by very high calcite content (40–82%), probably
due to the carbonation of lime (CaO), plus clays (2–24%, kaolinite-
clinochlore and muscovite-illite), quartz (3–30%), anatase (< 1–6%)
and sulphides (1–3%; pyrite). Moreover, the DD from the SSC access
gallery (25−100m from the WF) has a similar mineralogy to that of the
WF DD, dominated by clays (28–41 vs. 37%) and quartz (30–38 vs
34%). The sample from the access gallery at 2000m had somehow
lower quartz content (19%) and a slightly higher content of gypsum
(1%) when compared with the DD from the WF.

The DD from the BWC train wagons is characterised by high calcite
(35%), whereas in the coal and gangue belts of the SSC mine is char-
acterised by a high quartz content (40%) and low clay content (17%).
On the other hand, the DD samples from coal milling have a slightly
higher clay content (17% in the BWC mine, 24% in the SSC mine) and a
slightly lower quartz content (9% in the BWC mine) than their re-
spective coal CPs.

Finally, the DD from the ANC air shaft is highly enriched in calcite
(27%), probably from lime gunited walls, with lower clay content (9%)
(muscovite-illite and kaolinite-clinochlore), quartz (7%) and traces of
pyrite and gypsum. This DD is characterised by the highest coal and
lowest mineral content of all the samples analysed.

In the BWC mine, the occurrence of jarosite-alunite in the DD from
the non-gunited access galleries and of gypsum in the gunited ones is
very interesting. In coal mining, jarosite-alunite sulphates arise from
coal-pyrite weathering, which produces sulphuric (H2SO4) acid and
Fe2+ that subsequently yield to the jarosite-alunite precipitation at pHs
below 3.7 (Murphy et al., 2009; Welch et al., 2008). In addition, the
interaction of acidic sulphate with lime and/or calcite leads to the
formation of gypsum. Fig. 3 summarises the relevant formation stages

yielding the jarosite-alunite in mine dust in the access galleries (me-
chanism i). Thus, in the first formation pathway, the original gallery is
cut into the fresh coal seam, inducing cracks and fractures in the coal
seam and coal-bearing strata (Fig. 3a and b). Hence, the underground
water can then access these seams via this fissure system, causing the
weathering of the sulphide minerals and producing acidic acid mine
waters that drain towards the surface of the gallery walls (Fig. 3c),
where water evaporation causes the precipitation of jarosite-alunite
crusts (in non- gunited galleries) or gypsum (in the lime gunited gal-
leries) (Fig. 3d or e). Next, air flows from ventilation cause the break-up
and airborne suspension of jarosite-alunite and/or gypsum-rich parti-
cles, which are subsequently deposited (Fig. 3f or g). Other possible
mechanisms for the occurrence of jarosite-alunite in the mine dust in-
clude: ii) AMD solutions reach the roofs and walls of the galleries and
produce a kind of acid rain that results in the formation of jarosite-
alunite from the weathering of the pyrite of the DD; iii) water from the
roofs and walls and from condensation causes the oxidation of DD
containing pyrite, generating jarosite-alunite; and iv) the coal seam
being worked is partially weathered and contains previously existing
jarosite-alunite from epigenetic reactions of acid or from the weath-
ering favoured by the local tectonic setting. The geochemical analyses
(see below) should help to elucidate the main mechanism of jarosite-
alunite formation. If jarosite-alunite-enriched metals (As, Sb) are also
enriched in the DD, the formation mechanism illustrated in Fig. 3 is
likely to prevail because these metals are usually enriched in AMD
waters (He et al., 2019; Madzivire et al., 2019; Mohanty et al., 2018).

3.3. Geochemistry of coal and deposited dust (DD)

Table 4 compares the contents of major and trace elements in the
coal CPs sampled in our study with Chinese coals and worldwide

Fig. 3. Conceptual model for the emission of alunite-jarosite and gypsum dust in underground mines with and without gunited walls. a) to g) indicate the time
sequence.
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averages (Dai et al., 2008, 2007; Ketris and Yudovich, 2009). Although
most of the major and trace elements in the coals sampled fall within
the usual range described for Chinese coals, several relevant differences
are reported below:

i) BWC mine: Concentration coefficient (CC, the ratio of the con-
centration in the coal divided by the reference concentration) of V
reaches 2.5, and those of Mo, W, Cs, Bi, Mn, Rb, K, Tl Fe, Na, Mg, Cd
and Ta vary across a range from 0.1 to 0.4. Furthermore, in coal #7,

Table 4
Major and trace element contents in the coal seams worked (CP, average of channel profiles of the different seams) at the study underground mines and comparison
with the respective China and Worldwide averaged concentrations (a. Dai et al., 2007, 2008; b. Ketris and Yudovich, 2009, respectively). Average coals of China and
around the world, and all the coals channel profiles collected in the four undergrounds mines. BWC, Bituminous South-West China; SSC, Subbituminous South China;
BSC, Bituminous South China; and ANC, Anthracite North China.

Element CHINAa WORLDb BWC SSC BSC ANC

Brown Hard All CP #7 CP #11 CP D-3 CP #4−1 CP#2−1

% % % % % % % % %
Moisture – – – – 0.86 0.69 3.14 0.74 2.22
Ash yield – – – – 30.71 15.18 62.41 46.32 13.10
C – – – – 60.05 73.92 22.80 39.04 79.03
H – – – – 3.59 4.37 2.35 2.20 2.76
N – – – – 0.98 1.32 0.82 0.36 0.99
S – – – – 2.00 0.78 1.93 3.34 0.17
Ca 0.88 – – – 0.88 0.97 0.20 0.23 0.81
K 0.16 – – – 0.26 0.03 1.51 0.58 0.27
Fe 3.39 – – – 2.02 0.75 2.04 0.39 0.55
Mg 0.13 – – – 0.18 0.05 0.29 0.14 0.09
Na 0.12 – – – 0.05 0.03 0.24 0.12 0.23
Al 3.32 – – – 3.21 2.70 9.69 8.92 3.40

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Ti 1978 720 ± 40 890 ± 40 800 3900 1026 2627 2963 2972
Mn 116 100 ± 6 71 ± 5 86 201 19 80 16 78
P 402 200 ± 30 250 ± 10 230 72 503 380 708 501
Li 32 10 ± 1 14 ± 1 12 32 23 81 213 48
Be 2.1 1.2 ± 0.1 2.0 ± 0 .1 1.6 1.7 1.4 2.5 2.0 0.42
Sc 4.4 4.1 ± 0.2 3.7 ± 0.2 3.9 7.3 4.3 19 19 8.4
V 35 22 ± 2 28 ± 1 25 184 89 172 84 56
Cr 15 15 ± 1 17 ± 1 16 38 13 100 51 30
Co 7.1 4.2 ± 0.3 6.0 ± 0.2 5.1 11 11 13 3.9 22
Ni 14 9.0 ± 0.9 17 ± 1 13 28 16 44 17 23
Cu 18 15 ± 1 16 ± 1 16 85 35 51 25 22
Zn 41 18 ± 1 28 ± 2 23 27 35 74 23 44
Ga 6.6 5.5 ± 0.3 6.0 ± 0.2 5.8 12 8.5 27 27 13
Ge 2.8 2.0 ± 0.1 2.4 ± 0.2 2.2 3.8 2.2 3.2 2.3 1.5
As 3.8 7.6 ± 1.3 9.0 ± 0.7 8.3 3.4 4.3 12 6.5 3.0
Se 2.5 1.0 ± 0.15 1.6 ± 0.1 1.3 3.3 2.6 4.0 8.7 4.5
Rb 9.3 10 ± 0.9 18 ± 1 14 9.8 1.6 133 13 8.3
Sr 140 120 ± 10 100 ± 7 110 109 96 85 118 129
Y 18 8.6 ± 0.4 8.2 ± 0.5 8.4 19 19 24 46 16
Zr 90 35 ± 2 36 ± 3 36 82 45 121 231 145
Nb 9.4 3.3 ± 0.3 4.0 ± 0.4 3.7 15 7.4 9.6 16 15
Mo 3.1 2.2 ± 0.2 2.1 ± 0.1 2.2 0.25 0.27 9.5 9.0 11
Cd 0.25 0.24 ± 0.04 0.20 ± 0.04 0.22 < 0.1 < 0.1 0.15 0.32 <0.1
Sn 2.1 0.79 ± 0.09 1.4 ± 0.1 1.1 2.9 2.2 3.4 4.2 2.8
Sb 0.84 0.84 ± 0.09 1.00 ± 0.09 0.92 < 0.1 0.41 3.0 0.51 0.23
Cs 1.1 0.98 ± 0.10 1.1 ± 0.12 1 0.61 < 0.1 14 4.5 0.39
Ba 159 150 ± 20 150 ± 10 150 112 84 300 27 107
La 23 10 ± 0.5 11 ± 1 11 26 21 29 52 24
Ce 47 22 ± 1 23 ± 1 23 52 41 57 106 51
Pr 6.4 3.5 ± 0.3 3.4 ± 0.2 3.5 6.3 4.9 7.8 12 6.0
Nd 22 11 ± 1 12 ± 1 12 23 18 25 41 24
Sm 4.1 1.9 ± 0.1 2.2 ± 0.1 2 5.1 4.1 6.0 9.5 6.0
Eu 0.84 0.50 ± 0.02 0.43 ± 0.02 0.47 0.68 < 0.1 1.0 1.4 0.61
Gd 4.7 2.6 ± 0.2 2.7 ± 0.2 2.7 3.9 3.2 4.0 7.0 3.8
Tb 0.62 0.32 ± 0.03 0.31 ± 0.02 0.32 0.29 < 0.1 0.31 1.1 0.43
Dy 3.7 2.0 ± 0.1 2.1 ± 0.1 2.1 4.1 3.4 4.7 9.3 3.7
Ho 0.96 0.50 ± 0.05 0.57 ± 0.04 0.54 0.32 0.52 0.89 2.0 0.50
Er 1.8 0.85 ± 0.08 1.0 ± 0.1 0.93 1.9 1.9 2.7 4.9 1.0
Tm 0.64 0.31 ± 0.02 0.30 ± 0.02 0.31 < 0.1 < 0.1 0.22 1.2 0.27
Yb 2.1 1.0 ± 0.1 1.0 ± 0.06 1 1.9 2.0 2.6 5.1 1.3
Lu 0.38 0.19 ± 0.02 0.20 ± 0.01 0.2 < 0.1 < 0.1 <0.1 0.45 0.17
Hf 3.7 1.2 ± 0.1 1.2 ± 0.1 1.2 4.0 2.5 4.2 7.4 4.3
Ta 0.62 0.26 ± 0.03 0.30 ± 0.02 0.28 0.41 0.26 0.20 0.22 0.52
W 1.1 1.2 ± 0.2 0.99 ± 0.11 1.1 0.36 < 0.1 1.3 2.3 0.89
Tl 0.47 0.68 ± 0.07 0.58 ± 0.04 0.63 < 0.1 < 0.1 1.0 < 0.1 <0.1
Pb 15 6.6 ± 0.4 9.0 ± 0.7 7.8 13 11 31 38 31
Bi 0.79 0.84 ± 0.09 1.1 ± 0.1 0.97 < 0.1 < 0.1 0.29 0.82 0.38
Th 5.8 3.3 ± 0.2 3.2 ± 0.1 3.3 6.9 6.0 15 22 17
U 2.4 2.9 ± 0.3 1.9 ± 0.1 2.4 2.5 1.7 7 10 3.3
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the CCs of Ti, Ni, Cr, Cu and V reach from 2.0–5.3 and from 0.1 to
0.4 for Mo, Sb, Bi, P, Tl, W, Cd and Na.

ii) SSC mine: Subbituminous coal highly enriched in Na, Pb, Mg, Tl, Li,
Th, Cu, U, Al, Mo, As, Ni, Sb, Ga, Sc, V, Cr, K, Cs, and Rb with CCs
from 2.0–14.3, and depleted in only Ca, Ta and Bi (0.2−0.4).

iii) ANC mine: Anthracite highly enriched in Pb, Th, Co and Mo
(CCs=2.0–3.6) and depleted in Fe, Be, Tl, Sb, Cs and Cd (0.2−0.4)
when compared with the Chinese coal averages.

iv) BSC mine: Bituminous coal highly enriched in a large number of
elements. Thus, CC values reach 2.0–6.6 for Sn, Hf, W, REE’s, V, Pb,
Zr, Y, Al, Mo, Cr, Se, K, Th, Cs, Ga, U, Sc and Li, and 0.1−0.4 for Fe,
Mn, Ba, Tl, Ca and Ta.

The DD samples from the ANC, BWC, BSC and SSC mines are geo-
chemically similar to the parent coals described above. Relevant dif-
ferences are discussed below (Tables S4 and S5).

BWC mine:

i) Relative to the DD from WF #11, the WF #7 DD is enriched in most
major and trace elements associated with aluminium-silicate and
sulphide and phosphate minerals due to its higher ash yields. Dust
from #11 is only enriched vs #7 in Zn, which is usually associated
with sulphide in coal.

ii) With respect to the CP (DD/CP=7.0), WF #7 DD is highly enriched
in P, which could be associated with the higher phosphate mineral
content in the DD. Furthermore, it is also enriched in Ca, Fe, Ti, Cr,
Co, As, Cs, Zn, Sr, Mg, Mn, Ta, Ba K, Na Rb and Ni (DD/
CP=1.5–3.0). The same applies for Mn in #11 (DD/CP=5.1) as
well as Mg, V, Cr, K, Rb, Ti and Zn (1.5–2.5).

iii) The DD in the access galleries is highly enriched in Fe, As, Sb and S
compared to samples from the WFs, in parallel with the jarosite-

alunite enrichment.
iv) The galleries with lime gunited walls are highly enriched in Ca, Zn

and S. In line with the foregoing discussion, the AMD reaching the
lime gunited walls can be considered to be the source of the water
with high sulphate content that generates gypsum when interacting
with lime. This gypsum can be emitted from the walls and deposited
with the dust.

v) The DD on the floor of the wagons (worker transport) is enriched in
Ca, Fe, Mn, Cr, Zn, As, Sr, Sb and Pb with respect to the DD samples
from WFs #7 and #11, maybe related to wear from mining ma-
chinery in the WF, which could emit metals such as Mn, V, Cr, Fe,
Ni, Co and Zn.

vi) Lastly, the DD from the coal mill has similar major and trace ele-
ment content to that of the CPs, with slightly higher concentrations
of Zn, As and Pb. In contrast, the Mn concentration in the coal mill
is lower than that in the DD collected in the WFs.

SSC mine:

i) The DD from the WF is highly enriched (compared to the CP) in Sb
(DD/CP=16), and, to a lesser extent, in Mn and Zn (5.0), and also
in Ge, Co, Fe, Bi, Ca, As, Cu, Cd and Ta (1.5–3.7).

ii) The DD from the access gallery has similar or slightly lower con-
centrations of most elements (Tables S4 and S5), except for Fe, Mn,
As, Sn, Sb and Pb, and especially Zn. Concentrations of Zn in the DD
increase as a function of the distance from the WF, e.g. 25m out
(524mg/kg), 50m out (2734mg/kg) and 100m out (4893mg/kg),
when starting at 385mg/kg in the DD in the WF.

iii) The DD sample of a gallery with a coal and gangue belt is char-
acterised by a much lower Mn content and higher Na, Pb, and
especially As (x2) than the corresponding contents in the WF.

Fig. 4. Scanning electron microscopy (SEM) images showing diverse aspects redacted in all of this study. (a–b) shows the occurrence of metallic Fe-Mn particles in
the suspended dust sampled at WF #7 and #11, c-d) shows the occurrence of Ca-Na sulphates and celestine in suspended dust from BWC, (e–f) shows the occurrence
of anatase in very fine crystal aggregates, (g–i) shows the occurrence of pyrite in suspended dust from the BWC mine present as isolated particles, and (j–l) shows the
occurrence of isolated pyrite crystals in the RDD from the SSC D3 and BWC #7 coals. In the first case the framboidal pyrite aggregates are embedded into a kaolinite
matrix while in the second these are into the maceral matrix.
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iv) Lastly, the coal mill DD is characterised by slightly low contents of
most elements but higher P and S (Tables S4 and S5).

BSC mine:

i) In this inactive mine, elements with a high DD/CP rate include Ca
and As (10 and 13), Zn (50) and Sb (175) but also Cu, V, U, Co, Mg,
Cr, Ba, Mo, Cd, Sr, Ta, Mn, W and Fe (1.5–5.5).

ii) Concentrations of most major and trace elements in the DD samples
from the access gallery and the WF are very similar, with the ex-
ception of Ca and Sr (probably from the lime gunited walls, higher
in the 50m than the 100m DD samples; Zn (x10)), As and Sb (much
higher in the 100m dust sample than in the 50m one).

ANC mine

i) The chemical composition of the DD sample from the return air
shaft, compared with that of the CP showed a DD enrichment in Ca,
As (9) and Sb (53) but also in Ba, Zn, Ta, S, Sr, Na, W, Pb, Be, Fe, K,
Mg, Rb, Cs and Mg (DD/CP from 1.5 to 5).

In terms of a general pattern for most mines, it is worth noting that
the DD/coal enrichment of a number of elements is potentially asso-
ciated with the wear on mining machinery (Fe, Mn, V, W, Cr, Ni, Co,
depending on the mine). Fig. 4 shows the occurrence of different mi-
nerals under the scanning electron microscope including metallic Fe-
Mn particles in the DD sampled at WFs #7 and #11 (Fig. 4a and b).
Elements associated with salts (such as gypsum, jarosite and alunite)
from AMD (Fe, As, Sb, Zn, Pb, Mn, Mg, and Na, also depending on the
mine) also have high DD/coal enrichment. The latter suggests the
emission of jarosite-alunite, usually enriched in As, Sb, Pb, Cd, Zn and
Ba, among others, either from the walls of the galleries or from process
(i) described in the prior section. In any case, As and Sb arise from
AMD; therefore, guniting the walls of the galleries might therefore re-
duce As and Sb content in the dust from these areas. On the other hand,
the significant of Zn, especially in the access galleries of the BSC and
SSC mines, might be ascribed to wear emissions from the metallic cy-
linders of the mine belts.

The DD sample taken on the floor of the train in the BWC mine is
enriched in a large number of elements compared to the DD samples
from WFs #7 and #11, which is probably due to the contributions of
the gunited lime walls (Ca and Sr), rails and brakes (Fe, Mn, Cr, Zn, Sb
and Pb (Font et al., 2019; Moreno et al., 2015) and jarosite dust (Fe, Sb,
As, Pb).

3.4. Mineralogy and composition of the respirable fraction of deposited dust
(RDD)

Table 5 shows the 25th (D25), 50th (D50), 75th (D75), and 90th
(D90) percentiles of the size distributions of the RDD samples. All RDD
samples have D50 s in the range of 3−5 μm, with most concentrating
around 4 μm, confirming that we succeeded in separating the respirable
fraction from the DD samples. On the other hand, the D90 values are in
the 6−10 μm size range, which indicates that RDD samples separated
by the PM10 and PM2.5 device have grain sizes< 10 μm.

Fig. 5 (top) shows the RDD/DD ratios for the mineral content in the
samples. The results demonstrate a depletion of quartz (RDD/
DD=0.6 ± 0.2) and carbonate minerals (0.6 ± 0.3) as well as lower
proportions of feldspars (0.8 ± 0.4), sulphides (0.8 ± 0.5) and sul-
phates (0.8 ± 0.5) in the RDD (< 4 μm) but very similar contents of
anatase (1.0 ± 0.7) and clay minerals (1.1 ± 0.1) compared with the
DD (<500 μm). Accordingly, the results show that, on average, the
mineralogy of the RDD is similar to that of the DD, with a constantly
higher content of quartz (RCS) and carbonate minerals. However, the
variability among samples might be high (e.g. 68% relative standard
deviations for quartz and anatase).

Same ratio but for each mine is shown in Fig. 5 (bottom). Low RDD/
DD ratios in 3mines (bituminous coal and anthracite, usually< 1 and,
in most cases,< 0.75) reveal a general depletion of most minerals in
hard coals, with the exception of anatase (1.4) in the BSC mine and clay
minerals (1.4, and especially 1.8 kaolinite-clinochlore) in the ANC
mine. However, for the subbituminous coal (SSC mine), there are a
number of minerals with significant RDD/DD enrichment such as the
sulphate and sulphide minerals and feldspars (1.2−1.7). It is inter-
esting to note a constantly low RDD/DD for quartz in all mines.

Thus, it seems that quartz (RCS) and carbonate minerals are de-
pleted in most RDD samples when compared with the DD samples. For
the other minerals, a high variability was found, most likely due to
differences in the size occurrence modes of the minerals in the parent
coal and the mining operation patterns. It is also evident that hard coals
are more depleted in RDD/DD for most minerals compared with the soft
coal studied.

Table 6 shows that the RCS content is markedly higher in the SSC
RDD samples (from a coal with very high ash yield), with concentra-
tions ranging from 9.6–19.7% in the RDD, while, in most RDD samples
from the BWC, BSC and ANC mines, the RCS content reaches up to
1.4–7.5%, with one BWC sample at< 0.1%. When we refer these RCS
contents to the basis of the DD (i.e. deposited dust< 500 μm), these
concentrations reach 1.8–6.5% for SSC and 0.1 to 0.8% for all the other
samples, with the exception of 2.2% in a BSC sample and< 0.1% in one
BWC sample.

Fig. 6 (top) shows the RDD/DD ratios for the major elements, with
ratios from 0.6 to 0.8 for Fe (0.6 ± 0.3), Ca (0.8 ± 0.3) and Mg
(0.8 ± 0.3) (usually with Fe-sulphide and/or carbonate affinity in our
samples) and from 0.9 to 1.1 for the other major elements (with sul-
phide, sulphate, aluminium-silicate, anatase or phosphate affinities).
Thus, indicating once again a decrease in carbonate-associated ele-
ments in the RDD compared to the DD and a similar content in the case
of the aluminium-silicate fractions. In spite of this general trend, Fig. 6
(bottom) shows, as described above for most minerals, that for hard
coals, the RDD/DD values are< 1 for most elements and samples,
while, for the soft coal, there is an opposite trend.

For trace elements (Fig. 7, top), Mo, Mn, Be, and Nb have average
RDD/DDs from 0.7 to 0.8, whereas W, Se, Cs, Cd, Sb and As reach
values from 1.2 to 1.4, with all other elements showing very similar
contents in RDD and DD. Again these averaged patterns might be quite
different from those from the individual mines (Fig. 7 bottom), de-
pending on the mode of occurrence of these trace elements, the size of
the minerals containing them in the parent coal seams, and the specific
operating patterns of the mine.

Table 5
Percentile 25, 50, 75 and 90 (D25, D50, D75 and D90, in μm) of the grain size
distribution of the respirable deposited dust (RDD). WF, Working front; GW,
Gunited walls; FTW, Floor of train wagons.

Mine Location D25 D50 D75 D90

Bituminous South-West GW #7 3.37 4.93 6.99 9.74
Bituminous South-West 300m WF #7 3.25 4.40 7.58 9.66
Bituminous South-West 100m WF #7 3.39 4.45 7.37 9.20
Bituminous South-West 50m WF #7 3.25 4.68 6.58 9.11
Bituminous South-West WF #7 2.91 4.25 5.97 8.23
Bituminous South-West WF #11 3.06 4.42 6.16 8.42
Bituminous South-West FTW 2.49 3.85 5.47 7.57
Subbituminous South 2000m WF D-3 2.48 3.99 5.87 8.37
Subbituminous South 100m WF D-3 2.38 3.70 5.27 7.30
Subbituminous South WF D-3 1.64 3.14 4.41 5.92
Subbituminous South Coal mill 2.45 3.87 5.61 7.91
Bituminous South 100m WF #4−1 2.77 4.24 6.26 9.17
Bituminous South 50m WF #4−1 2.50 3.90 5.64 7.94
Anthracite North Air shaft #2−1 2.63 4.61 7.75 10.11
Anthracite North Air shaft #2−1 2.39 4.20 7.89 9.32
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3.5. CIP-10T analysis

Two CIP-10T samples were taken in the BWC mine, one on the way
to WF #7 (from the railway station to the WF, 1 h in the WF and back,
with a total duration of the sampling of 5.3 h), and the second one on
the way to WF #11 (similar to path taken in WF #7 but with a duration
of 3.6 h). The PM10 averaged levels during this time period (5.3 and
3.6 h, of which 1.5 h was spent in the respective WF) reached 3204 and
4,578 μg/m3 for WF #7 and WF #11, respectively, and PM10−200
levels of 5,442 and 14,618 μg/m3 were sampled, respectively, which is
equivalent to a total suspended particle (TSP) concentrations of 8646
and 16,671 μg/m3, respectively. The higher average levels for the WF
#11 sample are probably due to the higher relative weight of the 1.5 h
sampling in the WF (1.5/3.6 h) on the bulk sampling compared to the
one from WF #7 (1.5/5.3 h). In fact, TSP concentrations measured at
5min intervals with an optical device by the security staff of the BWC
mine reached 14,000–76,000 μg/m3 in WF #11 and 8100−57,700 μg/
m3 in WF #7.

Table 7 shows the occupational levels of major and trace elements
in the PM10 and PM10−200measured in the BWC mine when travel-
ling in and out and working at WFs #7 and #11. As would be expected

Fig. 5. Ratio of mineral contents determined by XRD analysis in the respirable deposited dust (RDD) and the parent deposited dust (DD < 500 μm) (RDD/DD). Top:
Average ratios ± SDV for the 4 mines; bottom: average for each mine.

Table 6
Content of respirable crystalline silica (RCS,%) in the respirable deposited dust
(RDD) and re-calculated content with the basis of RCS content in the respective
deposited dust finer than 500 μm (DD). WF, Working front; GW, Gunited walls;
FTW, Floor of train wagons.

Mine Location RCS in RDD RCS in DD

Bituminous South-West GW #7 1.4 0.2
Bituminous South-West 300m WF #7 4.6 0.8
Bituminous South-West 100m WF #7 4.7 0.2
Bituminous South-West 50m WF #7 4.6 0.6
Bituminous South-West WF #7 4.0 0.6
Bituminous South-West WF #11 <0.1 < 0.1
Bituminous South-West FTW 3.3 0.3
Subbituminous South 2000m WF D-3 9.6 3.6
Subbituminous South 100m WF D-3 16.9 6.5
Subbituminous South WF D-3 19.7 4.2
Subbituminous South Coal mill 14.6 1.8
Bituminous South 100m WF #4−1 7.5 2.2
Bituminous South 50m WF #4−1 3.2 0.8
Anthracite North Air shaft #2−1 3.2 0.8
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from the high dust concentrations, the levels are very high, and the sum
of all the components reaches around 15–17% of the PM10 and
PM10−200 levels, which is close to the 11−23% ash yields obtained
for the DD samples. We evaluated the major and trace elements in the
occupational PM10 (sampled using the CIP-PM10 samplers) with those
in two composite RDD chemical profiles created from the access and
WF gallery results and modulated by the relative time spent in each of
them (Table S3). It should be noted that the RDD is equivalent to PM4

and not PM10, but it was not possible to sample PM4 with the CIP
instrumentation. In the case of the WF #11 trip, the CIP-PM10/RDD
ratios for most major (0.9–1.4) and trace (0.7–1.4) elements is small,
with the exception of Ca (0.4) and As (2.6). In the case of WF #7, the
CIP-PM10 concentrations of major and trace elements are in many cases
lower than those found in the RDD, with CIP-PM10/RDD ratios from
0.3 to 0.5 for most major elements, with the exception of Al (0.8), and
between 0.7 and 1.4 for most trace elements, except for As (2.6) and Ti,
V, Cr, Mn, Ni, Rb, Nb and Ba (0.3−0.6). Accordingly, our results reveal
that the composition of the occupational PM10 is quite close to the RDD
composition indicated by the CIP-PM10 for WF #11, but is reduced by
around 50% for most major and trace elements in the case of the CIP-
PM10 for WF #7. We do not have an obvious explanation for this dif-
ference because we followed the same protocol in both cases, with the
main difference being that during sampling with the CIP-PM10, WF
#11 remained active at all times, but WF #7 remained active during
only one third of the sampling time.

China’s Occupational Exposure Limit (OEL) for time-weighted
average exposure value (TWA) for over 8 h of As is fixed at 10 μg/m3

(Liang et al., 2006), whereas in the BWC mine, 0.1 and 0.7 μg/m3 were
reached. Moreover, also in China, for coal dust with< 10% crystalline
silica, the TWA OELs for TSP and respirable fractions (PM4) are fixed at
4,000 and 2,500 μg/m3, respectively, while, for coal dust with 10–50%
crystalline silica, these values are fixed at 1000 and 700 μg/m3, re-
spectively (Liang et al., 2006). In this study the occupational exposure
concentrations reached 11,177 and 15,555 μg/m3 for TSP and 3204 and
4,578 μg/m3 for the inhalable fraction (PM10) for WF #7 and WF #11,

Fig. 6. Ratio of major element contents in the respirable deposited dust (RDD)
and the parent deposited dust (DD < 500 μm) (RDD/DD). Top: Average
ratios ± SDV for the 4 mines; bottom: average for each mine.

Fig. 7. Ratio of trace element contents in the respirable deposited dust (RDD)
and the parent deposited dust (DD < 500 μm) (RDD/DD). Top: Average
ratios ± SDV for the 4 mines; bottom: average for each mine.

Table 7
Levels of major and trace elements in PM10 and PM10-200 occupational ex-
posure samples collected in the Bituminous South-West China (BWC) under-
ground mine.

PM10 #7 PM10−200 #7 PM10 #11 PM10−200 #11

(μg/m3) (μg/m3) (μg/m3) (μg/m3)
PM10−200 – 7973 – 9977
PM10 3204 – 4578 –
CO3

2− 87 142 92 186
SIO2 212 529 258 803
Al2O3 104 203 134 336
Fe 15 123 68 60
S 34 66 43 109
Ca 35 57 37 75
MgO 3.3 41 15 9.3
MnO 0.26 3.3 1.4 0.78
TiO2 7.5 42 23 22
K2O 8.0 17 10 28
Na2O 5.2 10 6.7 17
P2O5 1.6 3.2 2.1 5.3

(ng/m3) (ng/m3) (ng/m3) (ng/m3)
Li 92 61 72 154
Sc 19 47 23 53
V 261 600 501 1163
Cr 49 980 134 2487
Co 36 102 42 106
Ni 47 533 106 1453
Cu 288 525 210 1007
Ga 31 63 34 78
Rb 15 132 46 22
Sr 471 919 521 928
Y 66 74 54 167
Zr 226 727 352 854
Ba 204 717 405 391
As 153 369 684 181
La 88 166 93 245
Ce 166 355 200 455
Nb 18 88 37 63
Pr 20 40 22 52
Nd 69 144 80 183
Sm 16 28 17 39
Gd 12 19 <0.1 28
Dy 13 18 <0.1 33
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respectively, but at 5.3−3.6 h, respectively, as opposed to the 8 h re-
quired for the TWA.

3.6. Toxicology: oxidative potential (OP)

As far as we know our study presents the first data on OPAA and
OPGSH of coal mine dust. The analysed samples display a negligible
amount of oxidation towards urate. Past experience with a variety of
PM samples has shown that urate is not usually susceptible to oxidi-
sation by PM (Soltani et al., 2018), and, in fact, it is used as a control for
the experiment. AA and GSH are both important antioxidants with low
molecular weight found within the respiratory tract lining fluid (RTLF)
(Kelly, 2003). Their depletion by PM indicates that they play a pro-
tective role against PM when it enters the airways, as they have a
suicidal reaction, i.e. they react with oxidants present (or generated) on
the PM to decrease the OP of the PM, thus reducing its ability to cause
harmful oxidative reactions when it reaches the lung surface. As shown
in Table 8, the five RDD samples from the BWC mine’s WF #7, espe-
cially the one collected 50m away from the WF, stand out from the rest
with regards to oxidant activity towards OPAA. These samples were
collected in the same area nearby WF #7, but no trend between OPAA

and the distance to this WF is observed. The sample collected at the
BWC mine in the lime gunited gallery close to WF #7 is again the most
active against GSH (OPGSH), followed by the BWC sample 50m away
from this WF, and a SSC mine sample from the WF. Thus, in the same
BWC mine, the RDD from WFs #7 and #11 yield very different values
for OPAA, with the highest OPAA concentration in the RDD sample with
higher ash yields and metal content.

The NIST1648a control yielded 35% of AA consumption, compared
to 35–100% for all BWC WF #7 samples,< 10% for all BWC WF #11
samples, and 20–30% for samples from the SSC and BSC mines. In terms
of GSH consumption, the NIST control reached 15% OPGSH, while 25%
was attained by the lime gunited gallery RDD from WF #7 in the BWC
mine, and<10% was obtained by all the other samples.

Fig. 8 compares the normalised OPTOT (OPAA+OPGSH, in %con-
sumption/μg) of the RDD samples from our study with both the NIST
control, and equivalent results from the Chamonix Valley in summer
and winter (the latter with high PM contributions from biomass
burning) (Calas et al., 2018) as well as subway PM from six stations in
Barcelona (Moreno et al., 2017) and PMs from indoor and outdoor lo-
cations around a Fe-ore facility in Iran (Soltani et al., 2018). As shown
in this figure, the average RDD OPTOT for the three coal mines is 6.9-
fold lower than Chamonix-winter PM (probably due to the high content
of PAHs from biomass burning) and 1.6–2.3-fold lower than the NIST
urban, Fe-ore, Chamonix-summer and Barcelona subway PM. However,
values obtained for the WF #7 RDD are relatively higher and similar to
those found for the NIST urban, Fe-ore and Chamonix-summer PM and
1.9–3.3 fold lower than those found for the Barcelona subway and

Chamonix-winter PM. Another contrasting piece of evidence is the<
0.1 rate obtained for OPGSH/OPAA for the RDD from the coal mines and
Fe-ore PM, while, for the urban, subway and Chamonix Valley PM, this
ratio reaches 0.4−0.6, most likely due to the higher relative influence
of Fe on the OP of the samples in the RDD and Fe-ore PM, with more
influence on the OPAA than the OPGSH (see below). The mode of oc-
currence of Fe and probably its oxidation state, however, must play a
key role since the subway study found extremely high Fe levels but
relatively low OP.

A cross correlation analysis of the OPAA and OPGSH of the RDD
samples with their respective content of major and trace elements and
mineral contents, as well as the particle size distribution, was carried
out to identify major drivers of the OP. Most RDD components did not
show correlation with OP values, but a reduced number of them ac-
counted for a high proportion of the OP variance.

For RDD samples from BWC mine, excluding the one from the wa-
gon’s floor, OPAA was markedly and positively correlated (p < 0.05)
with the contents of Mo (R2= 0.67), S (0.78) and Fe (0.98); and with
quartz (0.60), sulphates (0.70), pyrite (0.82), and anatase (0.94).
Furthermore, OPGSH values correlated positively with the contents of
Mg, K, Cr, Pb (R2= 0.74−0.79), calcite, Zn, Rb, Sb, As, Cs, Ba, Ca, Na
(0.81−0.88) and Sr (0.95).

When RDD from the two bituminous coal mines (BWC and BSC,
excluding again the one of wagon from BWC) were considered, OPAA

was highly and positively correlated (p < 0.05) with Fe (R2 =0.97),
and also with sulphate minerals (0.62), pyrite (0.71) and anatase

Table 8
Oxidation potential (OP) for Ascorbic Acid (AA), glutathione (GSH) and total (TOT) obtained for the samples of respirable deposited dust (RDD) from the different
underground coal mines. WF, Working front; GW, Gunited walls; FTW, Floor of train wagons.

Mine Location OPAA%/μg ±SD OPGSH%/μg ±SD OPTOT%/μg

Bituminous South-West GW #7 0.7 0.05 0.5 0.00 1.2
Bituminous South-West 300m WF #7 1.2 0.01 < 0.1 – 1.1
Bituminous South-West 100m WF #7 2.0 0.00 0.2 0.06 2.2
Bituminous South-West 50m WF #7 0.9 0.08 < 0.1 – 0.9
Bituminous South-West WF #7 0.8 0.06 0.1 0.02 0.9
Bituminous South-West WF #11 0.1 0.04 0.0 0.05 0.1
Bituminous South-West FTW 0.2 0.00 0.0 0.01 0.2
Subbituminous South 2000m WF D-3 0.6 0.04 0.0 0.03 0.6
Subbituminous South 100m WF D-3 0.5 0.02 0.1 0.02 0.6
Subbituminous South WF D-3 0.5 0.01 0.2 0.07 0.6
Subbituminous South Coal mill 0.4 0.03 0.1 0.07 0.5
Bituminous South 100m WF #4−1 0.5 0.04 0.1 0.07 0.6
Bituminous South 50m WF #4−1 0.7 0.03 0.1 0.08 0.7

Fig. 8. Normalised total oxidative potential (OPTOT=OPAA+OPGSH, in %con-
sumption/μg) of the respirable deposited dust (RDD) samples from our study
with the NIST urban particles, and results from the Chamonix Valley in summer
and winter (the latter with high biomass burning PM contributions) (Calas
et al., 2018); subway PM from six stations in Barcelona (Moreno et al., 2017),
and PM from indoor and outdoor around Fe-ore facility in Iran (Soltani et al.,
2018).
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Fig. 9. Cross correlation plots of total Ascorbic Acid (OPAA) in %consumption of antioxidant/μg of the respirable deposited dust (RDD) and the normalised content of
specific elements and minerals. All RDD samples from all mines included, with the exception of the one from the floor of the train wagons of BWC.
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(0.89); and OPGSH with Ba, Mg, Sr (0.64−0.69), calcite, Ca and Na
(0.80−0.85).

In the case of the RDD from the subbituminous coal mine (SSC),
OPAA values correlated (p < 0.05) only with contents of Ca
(R2=0.94); and the OPGSH ones with those of Cu, quartz, Cs and Ba
(0.87−0.99).

A light positive correlation (R2=0.45, p=0.07) between particle
size (D75) and OPAA for the RDD of the two bituminous coal mines was
found, and no correlation for the subbituminous coal RDD.

A multilinear regression analysis was carried out to identify the
major RDD components governing the OPAA (Fig. 9) and OPGSH

(Fig. 10) variability of RDD. Again all samples were included in the
analysis with the exception of the one from the wagon of the BWC mine.
To this end the concentration of each element and mineral was nor-
malised with respect to the average concentrations of the 12 RRD
samples. The main multivariate relationships found with a high

statistical significance (p < 0.05) for slopes and constants of the re-
gression equations were:

OPAA= 0.88*Fe − 0.47*Si + 0.33 (R2= 0.91) (10)

OPAA= 0.96*Fe − 0.41*quartz + 0.19 (R2=0.91) (11)

OPAA= 0.60*Fe + 1.86*D75−1.72 (R2=0.82) (12)

OPAA= 0.24*gypsum + 0.59*Mn − 0.09 (R2= 0.89) (13)

OPAA= 0.49*anatase + 0.26 (R2=0.88) (14)

OPAA= 0.37*anatase + 0.09*sulphate minerals + 0.28 (R2= 0.96)
(15)

OPAA= 0.39*gypsum − 0.18*Mo + 0.54 (R2= 0.96) (16)

OPGSH=0.49*Ti – 0.16*Mn − 0.22 (R2= 0.79) (17)

Fig. 10. Cross correlation plots of (top) the total glutathione (OPGSH in %consumption of antioxidant/μg of the respirable deposited dust, RDD) and the normalised
content of specific elements. All RDD samples from BWC and BSC mines included, with the exception of the one from the floor of the train wagons of BWC.
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OPGSH=0.22*Sr + 0.10*Ba − 0.20 (R2=0.79) (18)

OPGSH = −0.15*Al + 0.33*Mg − 0.07 (R2=0.73) (19)

OPGSH = −0.15*Si + 0.35*Mg − 0.08 (R2= 0.72) (20)

OPGSH = −0.15*clay + 0.28*Mg − 0.01 (R2=0.80) (21)

Where the OPAA or OPGSH values are given in % consumption AA or
GSH/μg; and the elements and minerals, the normalised concentration
versus the respective average contents of the 12 RDD samples.

According to the results, OPAA in RDD from the 2 bituminous coal
mines is markedly driven by Fe content. Huang et al. (1998) defined
bioavailable Fe (BAI) in coal as the free-Fe released in a 10mM phos-
phate solution, pH 4.5 which is the pH of the phagolysosomes of lung’s
macrophages. They hypothesised that the prevalence of CWP may be
higher in coal workers exposed to coal dust with high acid-soluble Fe2+

and low buffering capacity (low carbonate minerals in coal) than in
workers exposed to coal with low acid-soluble Fe2+ and high buffering
capacity. Huang et al. (2005) found a high correlation (R=0.94) of
BAI values of bituminous coal with CWP cases in coal mining areas of
the United States, as well as with the content of sulphate and pyrite
sulphur (R=0.91). Indeed, the low OPAA for the wagon’s floor dust and
the lack of correlation with pyrite and Fe might be due to the low
content of pyrite (0.3%) and the high buffering effect of calcite (38%) of
this specific sample, although this buffering does still not account for
the absence of correlation of OPAA and pyrite content in the sub-
bituminous coal samples (SSC mine). Similarly, Gilmour et al. (2004)
found that high-sulphur (bituminous) coal produces more toxic RDD
emissions than low-sulphur subbituminous coal and lignite. Cohn et al.
(2006) suggested that the toxicity of coal dust may be in part explained
by the occurrence of pyrite, and Moreno et al. (2019) reported that
pyrite particles might remain for an entire year in the lungs, promoting
the formation of reactive oxygen species (ROS) within cells, and po-
tentially contributing to the pathogenesis of CWP.

The mineralogical analysis shows that the dominant mode of oc-
currence of Fe in the BWC, BSC and SSC RDD samples is as pyrite. Thus,
using all samples from the BWC and BSC mines, with the exception of
the train floor sample from the BWC mine, it can be concluded that the
pyrite contents in RDD and OPAA are highly correlated (R2= 0.71).
Pyrite is easily oxidised into sulphuric acid and Fe-oxide, and it usually
contains relevant proportions of Mn and Mo (also found to be correlated
with OPAA). In addition, the products of pyrite oxidation include
gypsum, alunite, jarosite, tenardite, celestine and barite. Mg, Ca, Na, K,
Cu, Mo, Cr, Pb, Zn, As, Ba, Rb, Sb, Cs and Sr can occur in coal within
these sulphates (see Fig. 4c and d for the occurrence of Ca-Na sulphates
and celestine in suspended dust from the BWC mine), as well as in other
minerals such as molybdates and chromates, are correlated with OPAA

or OPGSH and can produce oxidative reactions in the lung cells. Using
other indicators Gilmour et al. (2004) also observed a contribution to
toxicity from sulphates, and Schins and Borm (1999) reported that
sulphates have also been suggested to play a dominant role in anti-
protease inactivation. Most of the above listed elements in other types
of dust have been identified as OP-relevant by Godri et al. (2011);
Janssen et al. (2014); Pant et al. (2015); Moreno et al. (2017) and
Soltani et al. (2018) using the same OP technique.

Titanium content is also highly correlated with OPGSH (Fig. 10) for
the RDD from the bituminous coal mines. This correlation increases
notably for OPAA if the anatase (TiO2 analysed by XRD) is considered
instead of Ti (Fig. 9). As shown in Fig. 11, the anatase and Ti contents
have a low correlation (R2 =0.21) because a significant proportion of
Ti probably occurs in aluminium silicate minerals substituting for other
elements, whereas anatase usually occurs in very fine crystal ag-
gregates, mostly mixed with clay mineral assemblages (Fig. 4e and f).
Oberdöster et al. (1992) found that TiO2 particles could produce sig-
nificantly inflammation and interstitial translocation in the lung, with
higher effects for ultrafine-TiO2 than for the fine size fractions. Schins

and Borm (1999) found also a significant role of TiO2 for increasing 8-
oxodG/dG ratios in toxicity. Hamilton et al. (2009) demonstrated that
alteration of anatase TiO2 nanomaterial into a fibre structure of greater
than 15 μm creates a highly toxic particle and initiates an inflammatory
response by alveolar macrophages.

Various workers have demonstrated the combined role of both size
and chemical composition of dust in producing ROS (Schins and Borm,
1999; Borm, 2002; Li et al. (2003, 2008; Gilmour et al., 2004). In our
study we did not find a negative correlation of Fe and size, probably
because we already evaluated respirable dust with D50 close to 4 μm.
Conversely, when considering the RDD but a positive size-OPAA re-
lationship was found in the multilinear regression. This might be due to
the fact that, when considering this fine PM, pyrite is associated with
the coal organic matrix, being enriched in the coarser sizes compared
with clays.

The above evaluation of the correlation of OP with the chemical and
mineralogical patterns of RDD is based on the samples from the mines
working bituminous coal (BWC and BSC mines). Excluding the case of
anatase, when adding the four samples from subbituminous coal (SSC
samples), the correlation with Fe decreases markedly. Furthermore, the
OPTOT values reached for these four RDD SSC mine samples are not as
high as the values seen in the bituminous coal mine samples, which
might be due in part to the very high clay mineral content (24–41%db),
as compared with the other RDD samples (3–28% db). In this context it
has been reported that the toxicity of RCS decreases when the quartz
crystals are coated with clay minerals (Pavan et al., 2019; Pavan and
Fubini, 2017; Turci et al., 2015). Thus, if pyrite crystals are embedded
with clay mineral aggregates or the coal matrix, then their toxicity
might be decreased. As shown in Fig. 4, the SEM-EDX analysis de-
monstrates that the pyrite in the suspended dust from both the BWC
(Fig. 4g to i) and SSC (Fig. 4j to l) mines is mostly present as isolated
particles or aggregates. However, when using the SEM-EDX to analyse
the samples from the coal seams (Fig. S5), it was shown that pyrite is
embedded in the coal matrix in BWC mine dust, while it occurs in the
clay matrix in the SSC mine. Other causes, such as the different OP,
might account for the different toxicological effects.

Finally, it is important to note the low OP values obtained for the
RDD sampled from the floor of the BWC mine train wagons, despite the
fact that this dust has a similar mineral and chemical composition to
other samples from the BWC mine with higher OP yields. One possible
cause for this is the fact that this DD is quite old when compared with
the other DD samples since there is evidence that the ageing of the
surface of the RCS particles can decrease their toxicological effect
markedly (Turci et al., 2015).

4. Conclusions

In this study, we aimed to characterize underground coal mine dust

Fig. 11. Cross correlation plots of the the Ti (%) and anatase (%) contents.
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evaluating particle sizes, mineralogical and geochemical patterns and
their potential impacts on health, identifying their source origins using
combined geochemical, mineralogical, and toxicological tools. We also
investigated how DD finer than 500 μm in coal mines may be used to
deduce the mineralogical and chemical patterns of respirable dust in
the mine. We adopted a novel approach by separating the respirable
component present in DD (RDD) and comparing its compositional
patterns with samples of total suspended ambient PM (TSP) and PM10
(PM finer than 10 μm).

Deposited dust (DD) within coal mines contains a higher relative
proportion of the finest fractions as the distance from the WFs increases,
which is attributed to the fact that emissions of coarser particles are
higher close to the main emission sources (WF), with only the finer
fractions being transported longer distances through the galleries.
Obviously, the absolute concentrations of PM2.5 and PM10 are much
higher closer to the WF, but the relative contributions of the finer
fraction increase with distance from the source.

In the WFs, the RDD fraction of the DD varied from up to 11–13%v
in the BWC mine to 29%v in the SSC mine. At the ANC and BWC mines,
we demonstrated a negative correlation between moisture in the DD
and its proportion of RDD, but this same correlation was not observed
in the SSC mine, possibly due to the fact that in the ANC and BWC
mines, the anthracite and bituminous ranks result in lower moisture in
the coal. In addition, the total moisture present might be highly influ-
enced by water condensation, whereas in the subbituminous coal the
moisture content of the dust seems to be dominated by the coal
moisture, not by the condensation that may agglomerate dust.

In general, the DD mineralogy of the access gallery or WF is char-
acterised by an ash yield when compared with its parent coal channel
profile. In contrast, clay minerals tend to increase in the parent coal.
AMD solutions reach the roof and walls of the galleries and give rise to
the formation of sulphate minerals such as jarosite-alunite and gypsum.
The dust arising from the emission of these sulphate-crusted minerals is
highly loaded with potentially toxic trace metals/metalloids such as As,
Pb, Zn, Sb, Cd. Gunited walls in the galleries might prevent, or at least
lessen, the emission of high jarosite dust from the walls.

When compared with the parent coal, DD is enriched in a number of
metals potentially associated with wear from mining machinery (Fe,
Mn, V, W, Cr, Ni and Co, depending on the mine), elements associated
with sulphates from AMD (Fe, As, Sb, Zn, Pb, Mn, Mg and Na, also
depending on the mine), and Zn, probably due to emissions from the
wear on the cylinders of the mine belts (especially in the galleries of the
BSC and SSC mines).

The percentage of RCS was always higher in the vicinities of the
WFs (in the cases of the SSC was higher by up to 20%) than farther
away; however, when calculating the RCS on the basis of the DD (de-
posited dust< 500 μm), these contents were quite reduced in all mines
(the highest content was 6.5% in the SSC mine).

In the case of RDD samples quartz and carbonate minerals decrease
markedly (by 40%, on average) compared to DD, while the content of
the other minerals is broadly similar, as demonstrated by the major
element content. However, some potentially hazardous trace elements
increased in RDD (As, Cd, Sb and Se).

Finally, the evaluation of the correlations of the mineral and ele-
mental contents of RDD with the respective Oxidative Potential showed
that OPAA and OPTOT highly correlated with Fe, Si, Mn and Ba, and Ba,
Sr, Na and Ti with OPGSH. The results demonstrate that Fe is the ele-
ment with the highest OPTOT and OPAA impact in most RDD samples
from the BWC and SSC mines, probably due to the oxidation of pyrite in
these mines, supporting the findings by Huang et al. (1998, and 2005)
on the high impact of acidic components from pyrite oxidation on the
coal workers' pneumoconiosis (CWP) injuries. In the case of the SSC
mine, with even higher pyrite content, the OP is much lower, probably
due to the fact that pyrite occurs embedded in clay minerals or is less
easily oxidised than in the other dust samples. The buffering of the
acidic species by calcite is not enough to account for the low OP of these

samples. A number of elements and minerals potentially arising from
direct pyrite oxidation or acid mine drainage (sulphate minerals, As, Ba,
Cr, Mo, Mn, Pb, Sr, Zn, among others) contributed also to increase OP
values. To conclude, we found anatase (TiO2) highly correlated with
OPTOT and OPAA when using all samples from all mines. However,
anatase and Ti contents have a low correlation (R2 =0.21), probably
due to Ti being predominantly in aluminium silicate minerals (sub-
stituting other elements), whereas anatase occurs in fine crystal ag-
gregates in the mineral matter of dust. To conclude, we found anatase
(TiO2) highly correlated with OPTOT and OPAA when using all samples
from all mines. However, anatase and Ti contents have a low correla-
tion (R2=0.21), probably due to Ti being predominantly in aluminium
silicate minerals (substituting other elements), whereas anatase occurs
in fine crystal aggregates in the mineral matter of dust.
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