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Abstract: Respirable crystalline silica is now considered to be a major culprit of resurgent lung disease
among US coal miners—especially in central Appalachia—though questions remain regarding the
specific circumstances around exposure to it. As part of a larger investigation of dust in 15 US coal
mines, a recent study examined the silica content in both the respirable mine dust samples and the
samples of respirable dust generated in the laboratory from primary source materials (i.e., coal and
rock strata and rock dusting products). It concluded the rock strata that is being drilled for roof
bolting or is being cut along with the coal is the most significant source of respirable silica in many
mines, which is consistent with the expectations based on other scattered datasets. However, little
information is available on the characteristics of respirable silica particles which might be important
for understanding the exposure risks better. In the current study, which represents another part of
the aforementioned investigation in 15 mines, scanning electron microcopy with energy dispersive
X-ray spectroscopy (SEM–EDX) were used to analyze the size and surface condition (i.e., degree of
surface-associated clay) of 1685 silica particles identified in 58 respirable mine dust samples. The
results indicated that silica is typically finer in locations nearby to drilling and cutting activities
than it is in other locations within a mine, but the silica in the Central Appalachian mines is not
necessarily finer than it is in the mines in other regions. An analysis of the particle surfaces revealed
that respirable silica in coal mines often does not occur as “free”, high-purity particles. Rather, there
can be a range of occurrences including silica particles having a thin “occlusion” layer of clay, silica
within agglomerates that can also contain other particle types including clays, or even silica ingrained
within other particles such as coal.

Keywords: respirable crystalline silica (RCS); respirable coal mine dust (RCMD); scanning electron
microcopy with energy dispersive X-ray spectroscopy (SEM–EDX); particle size; particle surfaces

1. Introduction

The prevalence of occupational lung disease among US coal miners has been on the
rise since the late 1990s, particularly in Central Appalachia [1–3]. In many cases, the
disease is severe and rapidly progressive with there being radiographic [4,5] and pathologic
evidence that implicates silica exposure [6–8]. However, the available dust monitoring
data from mines cannot readily explain the recent resurgence of the disease [9,10]. In fact,
the data gathered for regulatory compliance assessments indicate generally downward
trends in the mass concentration of respirable coal mine dust (RCMD) and the percentage
of samples exceeding the permissible exposure limit for quartz (i.e., the dominant form
of crystalline silica) [11]. As such, there has been a lot of speculation that the changes in
the RCMD characteristics might be a factor in the resurgence of disease. With respect to
silica, specifically, the size (e.g., [12–15]) and surface features of the particles [16–18] could
be important, though neither has been widely explored in the mine environment.

The mechanisms of respirable silica toxicity and disease pathology have been the
subject of significant research (e.g., as reviewed by [19–23]). With respect to particle size,
finer silica is expected to enhance the response by the alveolar macrophages, which is
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widely accepted as the first step in a proinflammatory and self-propagating process that
can ultimately lead to pulmonary fibrosis [12,18,19]. Fundamentally, the enhanced effect
of fine silica is probably due to its increased surface area or total particle number per unit
mass with decreasing size [12] and/or its ability to penetrate further into the lungs [14].
As mining equipment has become more powerful and the mines, especially in Central
Appalachia, have tended to cut more rock along with the coal (i.e., in “thin seam” mines), it
stands to reason that the abundance of fine silica particles in the mine environment might
have increased over the past decades [9]. While standard quartz content analysis (e.g., by
MSHA Methods P7 or P2, or NIOSH Methods 7500 or 7603) of size-segregated samples can
be used to evaluate the mass distributions of respirable silica in mine dust (e.g., [24–26]),
an analysis of the individual particles can enable a better understanding of the finest and
perhaps most hazardous dust constituents. For this, scanning electron microscopy with
energy dispersive X-ray (SEM–EDX) can be applied to RCMD samples to count, size and
classify the particles [27,28].

In addition to the size, the surface features of the silica particles are likely important
factors for controlling the severity of the lung response [19,29,30]. Based on the surface fea-
tures, the silica could be either free silica (i.e., pure silica) or it might have some impurities
and be covered with a thin clay (i.e., aluminosilicate mineral) layer, which are called oc-
cluded silica particles. Freshly fractured particles, as might be expected in newly generated
mine dust, should have a relatively higher abundance of reactive oxygen species than the
aged particles would have, and they have been associated with more severe inflammation
and lung injury [17,31–36]. On the other hand, silica particles occluded with a thin layer of
clay as opposed to “free” silica have been associated with less severe outcomes in both the
laboratory and epidemiological studies [18,37–43]. Following up on research that correlated
an earlier prevalence of occupational lung disease in US coal miners with a higher coal
rank [44], the US National Institute for Occupational Safety and Health used SEM–EDX to
conduct several studies to evaluate the surface condition of the silica particles in RCMD;
they found that the relative fraction of occluded (versus free) silica was generally lower in
the mines with a higher coal rank [45–47]. However, the role of silica surface occlusion—or
lack thereof—in the context of the recent disease resurgence among US coal miners has not
been extensively studied. Preliminary work by Frost et al. [48] suggested that the fraction
of occluded or free silica might be related to the specific source of respirable silica in the
mine environment.

As part of a larger investigation of dust in 15 US mines, a recent study by the authors
looked at the sources of respirable silica [49]. Using multiple analytical methods (i.e.,
scanning electron microscopy with energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy and the standard NIOSH 7603 method), the silica content was
determined in the RCMD samples (collected at various locations of each mine). In addition,
the silica content was determined in the respirable samples generated in the laboratory
from primary dust-source materials, including the target coal seam and surrounding rock
strata being mined at the face, the roof rock strata being drilled for bolting, and the rock
dust products being applied in the mine to mitigate the explosibility hazards, which should
contain less than 4% free and combined silica as per US regulation (see CFR-Title 30 [50]).
The results indicated that the rock strata encountered during drilling or mining is typically
the most significant source of respirable silica, although the silica might also be sourced
from the coal seam in some mines. As another part of this 15-mine investigation, the
current work explores the characteristics of the silica particles contained in the RCMD.
Here, SEM–EDX work was conducted on 58 samples, from which 1685 individual silica
particles were evaluated in terms of their surface condition (i.e., the presence of surface-
associated clay) and size. Additional context was drawn from a pre-existing dataset of 171
samples (including the above 58) that could be used to evaluate the size distribution of
silica relative to other particle types.
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2. Materials and Methods
2.1. Available RCMD Samples

As reported by Keles et al. [49], a total of 75 RCMD samples from 15 US underground
mines were already analyzed for their silica mass content, and these samples were also
available for the current study. (It is noted that these samples from 15 mines are actually
part of a wider sample inventory covering 25 mines. Sarver et al. [51] analyzed that entire
inventory to broadly investigate the dust mineralogy and size distributions, and the com-
prehensive dataset is now publicly accessible (see Keles et al. [52]). However, as explained
by Keles et al. [48], to specifically investigate the silica, the focus was limited to just 15 mines
from which bulk samples of primary dust-source materials were also available—i.e., in
addition to the RCMD samples.) The 15 mines represent four distinct geographic regions:
Central Appalachia (CA), Northern Appalachia (NA), the mid-west/Illinois basin (MW)
and the western basin (W). In each mine, the sampling targeted five standardized locations:
the intake airway to a producing mine section (I), an area adjacent to the feeder breaker
(F), an area just downwind of the active production face (P), an area just downwind of an
active roof bolter (B), and an area in the return airway (R). Schematic diagrams illustrating
approximate sampling locations for RCMD samples are illustrated in Figure S1 in the
Supplementary Materials. Since the aim of the current study was to investigate the silica
particle characteristics, data from the prior SEM–EDX analysis were used to screen out
the samples that had less than 2% silica (based on particle counts); this reduced the total
number of samples to 58 (Table 1).

Table 1. Summary of available RCMD samples from 15 underground coal mines. (Modified from
Keles et al. [48].)

Mine
Mine MSHA

State 2
Mining Coal Mining Roof Sampling Location 5

reg. 1 District Method 3 Ht. (m) Ht. (m) Strata 4 B P R F I Total

10 CA 5 KY CM 1–1.2 1.8–1.9 Sh/Sn 2 0 1 2 1 6
11 CA 5 VA CM 0.8 1.2–1.3 Sh 1 1 1 1 0 4
12 CA 5 VA CM 0.8–1.5 1.9–2.0 Sh/Sn 1 1 1 0 1 4
13 CA 5 VA LW 1.5–1.8 1.8–2.0 Sn/Sh 0 0 1 1 2 4
14 CA 5 VA CM 0.6–0.9 1.5–1.9 Sh 1 0 0 1 1 3
15 CA 4 WV CM 0.9–1.2 2 Sh 1 1 1 0 0 3
16 NA 3 WV CM 2.7 2.1 Sh 1 1 1 1 0 4
17 NA 3 WV LW 1.5–1.8 2.0–2.3 Sh 1 1 2 0 2 6
18 NA 3 WV CM 0.7–0.8 1.5–1.8 Sh 1 1 1 1 1 5
19 MW 8 IL CM 1.8–2.0 1.9–2.3 Sh/Lm 1 1 2 1 1 6
20 MW 8 IL CM 1.8–1.9 1.8–2.0 Sh/Lm 1 0 0 2 1 4
21 CA 12 WV CM 0.8–1.0 2 Sh/Sn 1 0 1 1 1 4
22 CA 12 WV CM 0.8 1.4 Sh 0 1 0 1 0 2
23 W 9 CO LW 6.1 4.3 Sh 0 0 0 0 0 0
24 W 9 CO LW 1.8 2.1–2.4 Sh/Sn 0 0 1 1 1 3

B P R F I Total
Total 12 8 13 13 12 58

1 Mine region: CA = Central Appalachia; NA = Northern Appalachia; MW = mid-west; W = west. 2 State:
KY = Kentucky; VA = Virginia; WV = West Virginia; IL = Illinois; CO = Colorado. 3 Mining method:
CM = continuous miner; LW = longwall. 4 Roof strata: Description based on observations during RCMD sam-
pling. Sh = shale; Sn = sandstone; Lm = limestone. 5 Sampling location: I = intake; R = return; P = production;
B = roof bolter; F = feeder breaker.

The RCMD sample collection and the preparation procedures for the SEM–EDX work
are detailed in Keles et al. [48]. Briefly, the samples were collected directly onto 37 mm
polycarbonate filters (track etched, 0.4 µm pore size) in two-piece cassettes using Escort
ELF air sampling pumps operated at 2 L/min with 10 mm nylon Dorr-Oliver cyclones to
collect only the respirable-sized particles. The sampling time was generally 2–4 h in all
of the locations. Following the collection, the samples were transported to Virginia Tech
ICTAS-NCFL lab and prepared for analysis. A circular subsection (8–9 mm) was carefully
cut using a stainless-steel trephine. The particle deposition was higher at the center for the
heavily loaded samples. If the dust loading on the filter appeared to be high, the subsection
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was cut off-center (i.e., the subsection was cut outward toward the edge of the filter) to
minimize the particle loading density (PLD) under SEM. Each subsection was mounted on
a pre-labeled aluminum stub and sputter coated with gold/palladium for 1 min. Sputter
coating is necessary to reduce the microscope beam damage and sample charging, improve
secondary electron emission and protect the sample during handling [53].

2.2. Silica Particle Surface Analysis

To analyze the surface condition of the silica particles in the 58 RCMD samples
included here, an SEM–EDX method was applied, which Harrison et al. [44,54] used to
evaluate respirable particle silica occlusion by an aluminosilicate clay layer. The method
had been previously described by Wallace et al. [55] and patented by Wallace and Keane [56],
and it was also validated by Hnizdo and Wallace [57]. In short, it involves analyzing a
silica particle at two different accelerating voltages (i.e., 20 and 5 kV) and determining the
change in the silicon and aluminum ratios (i.e., Si/(Si + Al)) as a function of the change
in voltage. The basic premise is that the Si/(Si + Al) ratio should decrease significantly
from 20 to 5 kV for the occluded silica particles—or particles that have surface-associated
clay, more generally—but it should not change much for the free silica particles [55]. This
is because the higher voltage electron beam should penetrate into the core of the silica
particle and produce elemental spectra accordingly, whereas the spectra produced at the
lower voltage should be more influenced by the particle surface (see Figure 1).
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relatively high (20 kV) and low (5 kV) accelerating beam voltages.

The next sections describe the procedures used in the current study to identify and
analyze individual particles at two voltages by SEM–EDX and to establish the classification
criteria for free silica (versus silica with surface-associated clay) using reference particles.

2.2.1. Particle Identification and Dual-Voltage Analysis

All of the SEM–EDX work for the analysis of the silica particle surface was performed
using an FEI Quanta 600FEG Environmental SEM (Hillsboro, OR), which was equipped
with a backscatter electron detector (BSD) and a Bruker Quantax 400EDX spectroscope
(Ewing, NJ, USA), and using Bruker’s Esprit software (version 1.9.4). The instrument was
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operated under a high vacuum condition, with a 12.5 mm working distance, a 5.5 µm spot
size, 5000×magnification, 92.5% brightness, and 60%–70% contrast.

The analysis of each RCMD sample was completed using a two-step procedure as
illustrated in Figure 2. The first step served as a sort of rapid screening of the sample. It
involved using a computer-controlled (CC) routine (developed specifically for the current
study) to identify and locate the silica particles at 15 kV. (This voltage was chosen to be
consistent with the SEM–EDX work that was previously performed on these and other
samples to generate a large particle size and mineralogy distribution dataset [52], which is
discussed further below). The aim was to find up to 50 silica particles per sample in the
length range of 0.5–5 µm. The CC routine achieved this by scanning the first 30 particles
(from left to right and from top to bottom) in a field of view (“frame”) and collecting data
on their size and EDX spectra, from which the normalized atomic percentage of eight
elements was determined (C, O, Al, Si, Mg, Ca and Ti). The particles in the desired size
range and with an Si/(Si + Al) ratio ≥ 0.70 were classified as silica; this is a conservative
approach and might exclude silica particles with the most pronounced clay influence (e.g.,
small silica particles with a thick clay layer, which are included in agglomerates with many
clay particles or that are surrounded by many clay particles due to high filter loading).
After each frame was analyzed, the CC routine moved on to another frame until a total
of 50 silica particles had been identified and located (i.e., by their x and y coordinates)
or until 100 frames or 1000 total particles had been analyzed. The frame locations were
pre-programmed to ensure that a wide area of the sampled filter was scanned, and hence,
representative data were collected. For efficiency, the elemental data were not saved for
the particles that were not classified as silica, and the images and elemental maps were
only captured periodically. However, the observed PLD was recorded for each sample as a
measure of the total number of particles per analyzed filter area (#/µm2). As discussed by
Keles et al. [49], PLD can be important for the SEM–EDX analysis of individual particles
since high loading can cause interference between the particles.
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The second step of the procedure involved manually revisiting each of the silica
particles that had been identified and located by the above CC routine. For each particle,
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the EDX spectra were again obtained at 20 and 5 kV from the particle center with point
analysis. The Si/(Si + Al) ratio was computed for both of the voltages, and then, the change
in that ratio was recorded as the difference between the values at 20 and 5 kV.

2.2.2. Reference Material Selection

To establish the range of the Si/(Si + Al) ratios that might be exhibited by the free silica
particles, and thus, the threshold values for the change in this ratio between 20 and 5 kV
that could be used to distinguish the free silica from the silica with surface-associated clay,
it was necessary to characterize the particles in a suitable control material. Consistent with
the seminal work by Harrison et al. [44], the key criteria for such reference particles were:
(1) They must have a high silicon content (i.e., Si/(Si + Al) ≥ 0.70), such that the particles
are elementally similar to those classified as silica by the SEM–EDX routine. (2) They
should have a low-level, but homogeneous, aluminum content. This is important because
in contrast to a pure silica particle (i.e., a negligible aluminum content), the objective is
to observe how the ratio of Si and Al changes from the particle core (i.e., at 20 kV) to
the surface (i.e., 5 kV). If a particle has virtually no aluminum, its Si/(Si + Al) ratio is
theoretically 1.0 at both of the voltages, and the change in the ratio will of course be
minimal. If a particle has some homogeneous aluminum contamination, its change in
the Si/(Si + Al) ratio should still be minimal since the Al is uniformly dispersed through
the particle; however, its Si/(Si + Al) ratio 6= 1.0 at either 20 or 5 kV. This means that any
potential bias in the EDX data as the voltage is varied can be evaluated and accounted for
in the established thresholds for distinguishing the free silica from the silica particles with
surface-associated clay.

Based on the above two criteria, a fused aluminosilicate glass powder (“VCAS160”;
Vitro Minerals, Jackson, TN, USA) was selected to generate the free silica control parti-
cles. This material was expected to have a high Si/(Si + Al) ratio, with the minor alu-
minum content being contained homogeneously. Four other materials were also used
to generate reference particles to validate the free silica classification: Min-U-Sil 5 and
Sil-Co-Sil (US Silica, Katy, TX, USA) were used as a source of pure crystalline silica (i.e.,
Si/(Si + Al)20 kV ≈ Si/(Si + Al)5 kV ≈ 1.0 , so minimal change in the ratio was expected),
the silica particles found in ball clay Kentucky stone (The Ceramic Shop, Norristown,
PA, USA) were used as a source of clay-occluded silica particles (i.e., Si/(Si + Al)20 kV
> Si/(Si + Al)5 kV, so positive change in the ratio was expected, and kaolinite (Ward’s
Science, Rochester, NY, USA) was used as source of pure aluminosilicate particles (i.e.,
Si/(Si + Al)20 kV ≈ Si/(Si + Al)5 kV < 1.0, so minimal change in the ratio was expected).

To generate the dust samples from each reference material, the material was aerosolized
in a small enclosure and the equipment identical to that described for the RCMD sampling
was used to collect the respirable particles directly only using the PC filters in two-piece
cassettes. Subsections of the filters were then prepared for the SEM–EDX analysis sputter
coating, and the analysis was conducted per Figure 2.

2.2.3. Classification Criteria for Free Silica

Figure 3a shows the Si/(Si + Al) ratio at each voltage, and Figure 3b shows the change
in the Si/(Si + Al) ratio from 20 to 5 kV for the respirable particles collected from the
reference materials. As expected, the control particles (i.e., n = 50, from VCAS160) exhibited
similar Si/(Si + Al) ratios at both of the voltages, with values mostly at 0.75–0.80. Moreover,
the change in the Si/(Si + Al) ratio from 20 and 5 kV was relatively small. The other
reference particles also behaved as expected. The particles from the pure silica materials
generally had Si/(Si + Al) ratios near 1.0 at both of the voltages, whereas those from
the pure kaolinite had ratios near 0.40–0.45 at both of the voltages. In both of the cases,
this yielded virtually no change in the ratio from 20 to 5 kV. However, the silica particles
from the ball clay exhibited the characteristic positive change in the ratio predicted for the
clay-occluded silica. (i.e., (−0.038, 0.036)).
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To establish the thresholds for free silica classification, the 5th and 95th percentiles for
the change in Si/(Si + Al) from 20 to 5 kV were calculated using the data from the VCAS160
control particles (see red lines in Figure 3b). By definition, 90% of the VCAS160 particles
fell within these bounds. (Consistent with the above remarks, the particles from the other
pure or homogeneous reference materials did as well). Accordingly, for the evaluation
of the silica particles with unknown surface condition in the current study, if a particle
exhibited a change in the Si/(Si + Al) ratio within these bounds (i.e., [−0.038, 0.036]), it was
considered to be free silica.

2.3. Silica Particle Size Analysis

In the current work, the silica particle size was evaluated on the basis of the particle
length (i.e., longest dimension measured in SEM–EDX analysis), and two sources of data
were used as described below.
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2.3.1. Data from Silica Particle Surface Analysis

During the first step of the silica particle surface analysis on the 58 RCMD samples
shown in Table 1, length measurements of each particle identified as silica were collected
using the CC SEM–EDX routine, and then, each particle was revisited for the manual
dual-voltage analysis. Thus, the size and surface classification could be directly correlated
per particle.

2.3.2. Pre-Existing Data

The silica particle size distribution data were also available from a previous SEM–EDX
analysis of the wider RCMD sampled set mentioned above, which included the 58 samples
that were further analyzed for the current study. The wider sample set has a total of
171 samples from 25 mines (i.e., collected from the five standardized sampling locations
shown in Table 1); after accounting for the cases where multiple samples were collected
in the same location in a single mine, or no samples could be collected in a particular
location of a mine, the wider set represents 106 unique sampling locations (i.e., mine x
location). All of the 171 samples were previously analyzed by SEM–EDX to investigate
the particle size and mineralogy distributions [51]. Briefly, that analysis covered the entire
size range of 0.1–10 µm, and the particles were sorted by their EDX spectra into predefined
mineralogy classes, which predominantly included: carbonaceous (C), mixed carbonaceous
(MC), aluminosilicates (AS), silica (S) and carbonates (CB). The work was completed using
two computer-controlled (CC) routines (i.e., one was for submicron, and one was for
supramicron particles) with the same instrumentation and software as used here for the
silica particle surface analysis. Details of both of the routines, as well as the method used to
merge their data, are given in [51]. The final output of that analysis included the particle size
distributions for each mineralogy class on a per sample basis [52]. Thus, the pre-existing
dataset can be used to evaluate the size distributions for the silica relative to other types of
particles (i.e., which was not possible with the dataset yielded by the procedure shown in
Figure 2). Here, those previous results were truncated to only include particles in the range
of 0.5–5 µm to be consistent with the data collected for the silica particle surface analysis.

3. Results and Discussion

Table 2 summarizes the results of the SEM–EDX analysis that was conducted on
58 RCMD samples for the current study (i.e., per Figure 3). The results are presented in
terms of the number of respirable silica particles analyzed, the mean particle length, and
the mean change in the Si/(Si + Al) ratio from 20 to 5 kV, and the results are organized by
sampling location and mine region. (The individual particle data for each sample are avail-
able in Table S1 in the Supplementary Materials). As mentioned earlier, an excessive PLD
on the sample filter can cause interference between the particles, so for the current work, if
a silica particle was sitting in close proximity to Al-rich particles (i.e., aluminosilicate clays),
this situation could cause the particle to be missed by the CC silica identification routine or
to exhibit an increased Al content during the manual SEM–EDX analysis at two voltages.
Thus, the results in Table 2 are presented separately for the samples with a low versus high
observed PLD. Per the recent study by Keles et al. [48], a PLD threshold of 0.035 #/µm2

was used, which yielded 46 samples in the low PLD group and 16 samples in the high PLD
group. The samples from the production (P) location were more likely to have a high PLD,
which is attributed to the relatively higher dust concentration in this area of the mine (i.e.,
the samples were collected just downwind of the active mining); likewise, some of the roof
bolter (B) and return airway (R) samples were also affected, and these locations also tended
to have higher dust concentrations than the feeder breaker (F) and intake airway locations
(I) did [58]. That being said, there was no indication that a high PLD necessarily affected
the size of the silica particles that could be identified for the analysis (see Figure S2 in for
plot of silica particle length versus observed PLD).
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Table 2. SEM–EDX silica analysis results summarized by sampling location and mine region.

Mine
Region 1

Sampling
Location 2

Total PLD 3 < 0.035 PLD > 0.035

n 4 RCS 5 n RCS
Mean
PLD

(#/µm2)

Mean
Length
(µm)

Mean
Change in

Si/(Si + Al) 6
n RCS

Mean
PLD

(#/µm 2)

Mean
Length
(µm)

Mean
Change in
Si/(Si + Al)

CA

B 7 216 6 202 0.017 1.6 0.056 1 14 0.051 1.5 0.013 *
P 4 162 2 78 0.021 1.8 0.053 2 84 0.039 1.6 0.008 *
R 6 228 4 175 0.022 1.6 0.065 2 53 0.039 1.8 0.044
F 7 191 7 191 0.018 1.7 0.071 0 0 - - -
I 6 142 6 142 0.014 1.8 0.045 0 0 - - -

NA

B 3 132 3 132 0.011 1.5 0.070 0 0 - - -
P 3 70 0 0 - - - 3 70 0.043 1.1 0.016 *
R 4 111 3 88 0.021 1.5 0.054 1 23 0.056 1.4 0.014 *
F 2 7 2 7 0.006 1.9 0.005 * 0 0 - - -
I 3 24 3 24 0.004 1.8 0.081 0 0 - - -

MW

B 2 55 0 0 - - - 2 55 0.047 1.3 0.071
P 1 43 0 0 - - - 1 43 0.038 1.1 0.048
R 2 72 0 0 - - - 2 72 0.044 1.3 0.052
F 3 79 2 49 0.021 1.9 0.079 1 30 0.049 1.4 0.066
I 2 24 2 24 0.005 2.3 0.098 0 0 - - -

W

B 0 0 0 0 - - - 0 0 - - -
P 0 0 0 0 - - - 0 0 - - -
R 1 53 1 53 0.032 1.2 0.014 * 0 0 - - -
F 1 27 1 27 0.015 1.2 0.056 0 0 - - -
I 1 49 0 0 - - - 1 49 0.051 1.3 0.009 *

all
Samples

B 12 403 9 334 0.015 1.6 0.062 3 69 0.048 1.3 0.059
P 8 275 2 78 0.021 1.8 0.053 6 197 0.040 1.3 0.020 *
R 13 464 8 316 0.023 1.5 0.053 5 148 0.044 1.5 0.044
F 13 304 12 274 0.018 1.7 0.069 1 30 0.049 1.4 0.066
I 12 239 11 190 0.012 1.9 0.057 1 49 0.051 1.3 0.009

1 Mine region: CA = Central Appalachia; NA = northern Appalachia; MW = mid-west; W = west. 2 Sampling
location: B = roof bolter; P = production; R = return; F = feeder breaker; I = intake. 3 PLD: Particle loading density
= number of particles/analyzed area (#/µm2 = can be converted to the standard #/m2 by multiplying by a factor
of 1012)). 4 n = number of samples. 5 RCS = number of respirable crystalline silica particles. 6 Mean change in
Si/(Si + Al) = the mean change in Si/(Si + Al) ratio between SEM–EDX measurements at 20 and 5 kV; values that
fall within the established free silica thresholds (i.e., (−0.038, 0.036)) are denoted with *, and the rest of them are
outside the free silica range.

3.1. Silica Particle Size

Figure 4 shows, as a function of the mine region and sampling location, the distri-
bution of the particle length values observed for the individual particles analyzed by
SEM–EDX using the procedure that is shown in Figure 2. The samples with a high PLD (i.e.,
PLD > 0.035 #/µm2) were excluded from the left column of plots, but all of the samples
were included in the right column for comparison. Overall, the identified silica particles
were somewhat finer in the samples from the P, B and R locations than in the samples from
the F and I locations. This is consistent with expectations since the former locations are
nearby to cutting or drilling activities which should produce relatively fine dust. Moreover,
these results are consistent with silica size distributions that were generated from the
pre-existing RCMD dataset available from Keles et al. [52]. Figure 5 shows the silica size
distribution by sampling location for (a) the 58 RCMD samples analyzed for the current
study, and (b) all of the 171 samples available from Keles et al. [52] and discussed by Sarver
et al. [51]. Both of the plots indicate that respirable silica particles are finer in the P, B, and
R locations.

With respect to the differences based on the mine region, Figure 5 shows that the
identified silica particles were finer in the samples from the midwestern (MW) and western
(W) mines than those from the Central (CA) and Northern Appalachian (NA) mines. This
is also consistent with the observations from the pre-existing dataset (Figure 5c,d) and the
data gathered from the CC routine used in the current study to identify the silica particles
(see Figure S3). While this finding could challenge the notion that the respirable silica
in the CA mines is particularly fine, it should be viewed in concert with the range of
findings which show that the silica content (and mass and particle number concentration)
is typically higher in CA than it is in the other regions (e.g., Doney et al. [11]; Agioutanti
et al. [10]; Keles et al. [49]; Sarver et al. [51]). In other words, the respirable silica in the CA
mines might not be quite as fine as it is in other mines, but it can be more abundant, and
both of these factors should be important for considering the exposure risks. Furthermore,
Figure 5e,f indicates that the respirable silica is generally finer than the other mineral types
commonly observed in RCMD (i.e., aluminosilicates (AS) and carbonates (CB) (C and
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MC are generally interpreted as coal dust particles in this size range, and thus, are not
considered to be mineral particles).
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PLD. Mine region: CA = Central Appalachia, NA = Northern Appalachia, MW = mid-west, W = west.
Number of analyzed silica particles are given in parentheses. Small circles are outliers.
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in Figure 4, Figure 6 shows the results both with and without the high-PLD samples. Over-
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only visually discernable trend from Figure 6 is for the P location samples in the CA re-
gion, which suggests that inclusion of the high-PLD samples shifts the change in the Si/(Si 
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the nearby aluminosilicate particles when the EDX data were gathered from the target 
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Figure 5. Overall size distribution plots for silica particles for the samples analyzed here for surface
condition study, n =58 (graphs on the left (i.e., a,c,e)) and all of the samples analyzed in [50,51], n = 171
(graphs on the right (i.e., b,d,f)); (a,b) in specific sampling locations (P = production, R = return,
B = bolter, I = intake, F = feeder breaker); (c,d) in different mine regions (NA = northern Appalachia,
CA = Central Appalachia, MW = mid-west, W = west); (e,f) relative to other mineralogy classes
(S = silica, AS = aluminosilicates, C = carbonaceous, MC = mixed carbonaceous, and CB = carbonates).
Data used to generate these plots are available from Keles et al. [52].

3.2. Silica Particle Surface Condition

As mentioned, the mean change in the Si/(Si + Al) ratio observed for the silica particles
from 20 to 5 kV is summarized in Table 2. Figure 6 presents the distribution of change in
the ratio values by the mine region and sampling location. Like the particle length plots in
Figure 4, Figure 6 shows the results both with and without the high-PLD samples. Overall,
the PLD does not appear to have much effect on the change in the ratio trends. The only
visually discernable trend from Figure 6 is for the P location samples in the CA region,
which suggests that inclusion of the high-PLD samples shifts the change in the Si/(Si + Al)
distribution slightly downward. This probably due at least in part to interference of the
nearby aluminosilicate particles when the EDX data were gathered from the target silica
particles. Figure S4 summarizes Si/(Si + Al) as a function of PLD across all of the samples,
and it clearly shows that silica particles identified in high PLD samples tend to have lower
Si/(Si + Al) ratios at both 20 and 5 kV. This implies that some silica particles might have been
completely missed in such samples during the silica identification procedure, i.e., because
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they were sufficiently influenced by nearby Al-rich particles so that their Si/(Si + Al) ratio
did not reach the 0.70 screening criteria at 15 kV.
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Figure 6. Distribution of the change in Si/(Si + Al) ratio between measurements at 20 and 5 kV for
RCMD samples, with plots shown by mine region for each standardized sampling location. Red
lines mark the free silica thresholds determined using the VCAS160 aluminosilicate glass powder
reference material (i.e., (−0.038, 0.036)). Number of analyzed silica particles are given in parentheses.
In (a), high-PLD samples are excluded, while in (b), all of the samples are included regardless of PLD.
Small circles are outliers.
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On the other hand, the distribution of change in the Si/(Si + Al) values was observed
to gradually shift upward with the coarser particles (see Figure 7). This is probably an
artifact of the analytical method. To explain, relative to the particle diameter, the 5 kV beam
penetrates deeper into a fine particle than it does into a coarse particle. Thus, the EDX
data captured for a coarser particle at 5 kV are a truer representation of the particle surface.
Moreover, any indication that the silica surface condition differs by sampling location or
mine might be influenced to some extent by the differences in particle size by location (e.g.,
as illustrated in Figure 4).
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ages of respirable silica particles are presented in Figure S6, along with their change in the 
ratio. In general, it was observed that the silica particles which could be visually catego-
rized as clay-occluded typically exhibited, as expected, a change in the Si/(Si + Al) > 0.036, 
and therefore, they would fall above the upper free silica threshold shown in Figures 6 
and 7. Additionally, the silica particles ingrained within coal were observed to have some 
of the highest changes in the Si/(Si + Al) values. However, the silica particles observed 
within MAGs exhibited both positive and negative changes in the Si/(Si + Al) values, fall-
ing both above the upper and below the lower free silica thresholds). 

In a binary classification scheme (i.e., free or clay-occluded) based only on the ele-
mental data collected using the dual-voltage analysis, the particles in any of the four final 
categories in Figure 8 might exhibit a change in the Si/(Si + Al) ratio that would cause them 
to be classified as occluded. However, the images demonstrate a more complex reality, 
one where there are multiple manifestations of silica with surface-associated clays (and 

Figure 7. (a,b) show the distribution of the Si/(Si + Al) ratio at 20 and 5 kV as a function of particle
length, while (c,d) show the distribution of the change in Si/(Si + Al) ratio between measurements
at 20 and 5 kV as a function of particle length. Red lines mark the free silica thresholds determined
using the VCAS160 aluminosilicate glass powder reference material (i.e., (−0.038, 0.036)). In (a,c),
high-PLD samples are excluded, while in (b,d), all of the samples are included regardless of PLD.
Number of analyzed silica particles are given in parentheses under particle lengths. Small circles
are outliers.

The red lines in Figures 6 and 7 represent the thresholds for free silica classification
(i.e., as established by the data derived from the VCAS160 control particles in Figure 3);
the particles with values that fall between the red lines are interpreted as free silica. In
general, free silica particles were observed more often in the samples from the NA and W
region mines than in the samples from the CA and MW mines. Frost et al. [48] suggested
that the relative abundance of free versus clay-occluded silica particles might be related
to the specific sources of silica in a given mine. In the current study, it was generally
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observed that mines which more rock cutting (i.e., relative to the total mining height) had
somewhat fewer free silica particles (i.e., relative to total silica particles analyze) than the
mines with less rock cutting did (see Figure S5). However, it is impossible to know how
much the mining conditions, geology or other local factors contributed to the observed
differences given the above discussion of the effects of PLD and particle size. Rather, a
more important observation from Figure 7 is the substantial variability in the respirable
silica surface condition, with most of the particles falling outside of the free silica range.

Based on the conception of Wallace et al. [55], on which the analysis of the silica surface
condition was based in the current work, the respirable silica particles should occur in
two modes: free or clay-occluded. However, it must be noted that the seminal work by
Wallace et al. [55] to distinguish between these two modes using the dual-voltage SEM–EDX
analysis and the early application by Harrison et al. [44] for mine dust characterization
differed from the current work in at least one significant way: they dispersed the particles
prior to the analysis and/or they purposefully avoided the agglomerated particles during
the analysis to enable the characterization of individual particles. Here, the particles
were analyzed directly on the sample filter. While this approach has a clear drawback in
terms of the PLD issue (i.e., PLD is difficult to control during sampling), it did allow for a
characterization of the un-prepared particles, and indeed, some key observations in the
current study indicate a wider range of silica occurrence modes in RCMD.

Per Figure 3, the change in Si/(Si + Al) ratio from 20 to 5 kV should ideally be either
negligible (i.e., free silica) or sufficiently positive (i.e., occluded silica). As seen in Figure 7,
though, there were a significant number of particles in the samples analyzed here that
exhibited a negative change in the Si/(Si + Al) ratio. One explanation for this could simply
be a partially occluded silica particle, for which the occluded surface just happened to be on
the underside of the particle relative to its orientation on the sample filter (i.e., such that the
EDX data at 20 kV could actually indicate a higher Al than the data could at 5 kV). Another
explanation for this could be that the target silica particle occurs within an agglomerate
that also contains clay particles.

As evidence of the range of respirable silica occurrences in the RCMD samples in-
vestigated here, Figure 8 presents a composite of SEM images captured during the silica
particle surface analysis at 5 and 20 kV. In Figure 8, the imaged particles have been grouped
into five categories by both their elemental data and their visual appearances: free silica,
clay-occluded silica, micro-agglomerates containing silica (MAGs), silica ingrained within
another particle and a silica particle with aluminosilicate interference. (More example im-
ages of respirable silica particles are presented in Figure S6, along with their change in the
ratio. In general, it was observed that the silica particles which could be visually categorized
as clay-occluded typically exhibited, as expected, a change in the Si/(Si + Al) > 0.036, and
therefore, they would fall above the upper free silica threshold shown in Figures 6 and 7.
Additionally, the silica particles ingrained within coal were observed to have some of the
highest changes in the Si/(Si + Al) values. However, the silica particles observed within
MAGs exhibited both positive and negative changes in the Si/(Si + Al) values, falling both
above the upper and below the lower free silica thresholds).

In a binary classification scheme (i.e., free or clay-occluded) based only on the ele-
mental data collected using the dual-voltage analysis, the particles in any of the four final
categories in Figure 8 might exhibit a change in the Si/(Si + Al) ratio that would cause them
to be classified as occluded. However, the images demonstrate a more complex reality, one
where there are multiple manifestations of silica with surface-associated clays (and other
particle types). Indeed, it is the combination of elemental data and visual appearance that
enables a complete interpretation of the particle type. Importantly, while the final category
in Figure 8 is an artifact of over-sampling (i.e., leading to a high PLD such that the silica
particle could not be reliably characterized by the dual-voltage SEM–EDX analysis), the
presence of MAGs and ingrained particles represent additional possibilities for respirable
silica occurrence that have heretofore not been widely considered.
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Figure 8. Example SEM images with elemental mapping of Si (green) and Al (red) that show silica
particles with various other manifestations of surface-associated clay particles. Respirable silica
particles in pure free silica category were collected from the Min-U-Sil 5 (1st row), Sil-Co-Sil (2nd and
3rd rows) and VCAS160 (4th and 5th rows) reference materials. Respirable silica particles in RCMD
were collected from some of the 58 samples included in current study.

Since the images were not captured for all of the particles analyzed in this study, the
frequency of their occurrence in each category cannot be determined. However, anecdotally,
MAGs were common, and they could include the particles that were classified as free
silica or clay-occluded based on their change in the Si/(Si + Al) ratio. For the RCMD
samples studied here, it is impossible to say whether the MAGs existed as such in the
mine environment or whether they were formed as an artifact of the sample collection
procedure. However, a recent study demonstrated that MAGs can be formed due to dust
generation processes and/or a high concentration environment [59]. In that study, the dust
was generated by grinding raw coal and rock materials in the laboratory, and the samples
were collected passively (i.e., without an air pump, cyclone or tubing) for a direct-on-filter
SEM–EDX analysis. Further, the replicate samples were subjected to brief sonication and/or
a simulated lung surfactant to explore their dispersibility. If respirable silica does frequently
occur as MAGs in mines or other occupational environments, that knowledge could be
important for informing the conceptual models of exposure and the interpretation of the
lung response, not to mention for monitoring technologies specifically aimed at silica.
Passive sampling in the mine environment could be a feasible method to confirm and
characterize MAG occurrence.

4. Conclusions

A better understanding of respirable silica characteristics is critical for identifying
the exposure risks and targeting more effective dust monitoring and control strategies
in coal mines. In the current work, 58 respirable coal mine dust samples were analyzed
by SEM–EDX from the mines in four different geographic regions. The results showed
that silica particles, like other dust particles, are relatively finer near the sources of active
dust generation due to mining or drilling into the geologic strata, and the previous work
on the same samples showed that the silica is primarily sourced from the rock strata in
most of the mines [48]. Individual silica particles were also interrogated at two different
voltages with the intent to classify them as either “free” or “clay-occluded”—with the latter
perhaps posing less severe hazards for lung health. However, the direct-on-filter analysis
in this work proved challenging. Some of the samples exhibited high particle loading
density such that nearby clay particles might interfere with the silica analysis. Moreover,
many silica particles were observed to occur in modes other than free or clay-occluded,
most notably within (respirable sized) micro-agglomerates that contained the silica along
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with other particles. Occasionally, the silica particles also appeared to be ingrained within
other particles (e.g., coal). These findings shed new light on the range of possible modes
of occurrence of respirable silica in mines, and they should be valuable both for those
considering exposure outcomes and monitoring techniques.

Future work to investigate respirable particle silica surfaces and their modes of occur-
rence may benefit from additional analyses and additional analytical tools. For example,
using the dual-voltage SEM–EDX method as in the current study, the analysis of the
dust particles before and after a dispersion step could help to elucidate the presence and
persistence of micro-agglomerates. To more definitively demonstrate the presence of clay-
occluded silica, tools such as transmission electron microscopy, Raman spectroscopy or
micro-computed tomography could be helpful.
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