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Abstract 
Tunnel boring machines (TBMs) are used to excavate tunnels in a manner where the rock is constantly penetrated with rotating 
cutter heads. Fine particles of the rock minerals are thereby generated. Workers on and in the vicinity of the TBM are exposed 
to particulate matter (PM) consisting of bedrock minerals including α-quartz. Exposure to respirable α-quartz remains a concern 
because of the respiratory diseases associated with this exposure. The particle size distribution of PM and α-quartz is of special 
importance because of its influence on adverse health effects, monitoring and control strategies as well as accurate quantifica-
tion of α-quartz concentrations. The major aim of our study was therefore to investigate the particle size distribution of airborne 
PM and α-quartz generated during tunnel excavation using TBMs in an area dominated by gneiss, a metamorphic type of rock. 
Sioutas cascade impactors were used to collect personal samples on 3 separate days. The impactor fractionates the dust in 5 
size fractions, from 10 µm down to below 0.25 µm. The filters were weighted, and the α-quartz concentrations were quantified 
using X-ray diffraction (XRD) analysis and the NIOSH 7500 method on the 5 size fractions. Other minerals were determined 
using Rietveld refinement XRD analysis. The size and elemental composition of individual particles were investigated by scanning 
electron microscopy. The majority of PM mass was collected on the first 3 stages (aerodynamic diameter = 10 to 0.5 µm) of the 
Sioutas cascade impactor. No observable differences were found for the size distribution of the collected PM and α-quartz for 
the 3 sampling days nor the various work tasks. However, the α-quartz proportion varied for the 3 sampling days demonstrating 
a dependence on geology. The collected α-quartz consisted of more particles with sizes below 1 µm than the calibration material, 
which most likely affected the accuracy of the measured respirable α-quartz concentrations. This potential systematic error is 
important to keep in mind when analyzing α-quartz from occupational samples. Knowledge of the particle size distribution is also 
important for control measures, which should target particle sizes that efficiently capture the respirable α-quartz concentration.
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What’s Important About This Paper?

In this work size-fractionated concentrations of PM and α-quartz were measured during the operation of tunnel boring 
machines (TBMs) to excavate a tunnel in a gneiss-dominated area. All workers on the TBM were exposed to PM 
and α-quartz. Most PM and α-quartz mass was collected in the size range 10-0.5 µm and most respirable PM and α-quartz 
mass was calculated to be in the size range 2.5-1.0 µm. The α-quartz content in the samples varied between the sampling 
days, likely due to geological differences.
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Introduction
In Norway, tunnels are excavated either by the con-
ventional drill and blast method or by tunnel boring 
machines (TBMs). Where the drill and blast method 
uses explosives, TBMs use rotating cutter heads with 
cutter discs continually excavating the ground by in-
dentation. Particulate matter (PM) containing fractions 
of the bedrock minerals are generated as the ground 
is excavated. The TBM can be visualized as an under-
ground factory where the rock mass is transported 
on conveyor belts and removed from the tunnel. The 
tunnel is then lined with concrete segments at the back 
of the TBM to reinforce the tunnel wall and concrete 
and/or pea gravel is injected behind the segments. 
These processes involve different work tasks taking 
place simultaneously in the tunnel. Workers on the 
TBM may therefore be exposed to a variety of sources, 
including drilling, crushing, resuspension from con-
veyor belts, and backfilling when concrete linings are 
installed. However, additional sources of exposure may 
also be present.

Fine mineral particles are released into the tunnel 
when the TBM excavates the ground. In Norway, 
the bedrock is dominated by magmatic and meta-
morphic rocks like granite and gneiss, which consist 
of minerals like quartz, feldspar, muscovite, and bio-
tite among others. Previous studies on exposure during 
TBM excavation reported respirable PM levels (geo-
metric mean, GM) of 0.54 mg/m3 (Galea et al. 2015) 
and 0.42 mg/m3 (Leite et al. 2023), whereas a study 
conducted more than 20 years ago reported a GM of 
2.0 mg/m3 (Bakke et al. 2001). The exposure levels for 
respirable crystalline silica, hereafter called α-quartz, 
for TBM workers, were reported in the latter 2 studies 
and were on average 59 µg/m3 (GM) and 39 µg/m3 
(GM), respectively.

Exposure to respirable α-quartz in the lower air-
ways may lead to diseases such as silicosis, chronic 
obstructive pulmonary disease, and lung cancer (IARC 
2012). The particle size distribution of α-quartz as well 
as the composition of PM in different size ranges are 
important parameters for several reasons. First, the size 
of quartz particles is important for penetration and de-
position efficiency in the respiratory tract and conse-
quently the health responses in the lung (Mischler 2013; 
Ohyama et al. 2014; Chubb and Cauda 2017). Second, 
the accuracy of the analytical method for quantifying 
α-quartz in airborne samples depends on the size distri-
bution (Gordon and Harris 1955; Stacey et al. 2009). 
Third, PM generated by crushing and grinding does 
not necessarily consist of the same composition as the 
rock itself. The airborne PM will also consist of other 
components, such as abrasives, smoke, and combus-
tion particles, which do not originate from the bedrock 
(Sirianni et al. 2008). The particle size distribution and 

chemical composition may also vary with the work task 
(Cares et al. 1973; Sirianni et al. 2008). Knowledge of 
the size distribution and α-quartz content of PM of dif-
ferent size fractions is therefore beneficial for the devel-
opment of effective monitoring and control strategies 
(Qi et al. 2016; Chubb and Cauda 2017).

The present investigation was conducted as a part 
of a larger study assessing exposure and health effects 
among TBM workers (Leite et al. 2023). The study was 
conducted in the Oslo region in Norway where the ex-
cavation of 2 parallel 20 km railroad tunnels started 
in 2015. The bedrock in this area consists of different 
types of Precambrian gneiss with lens-shaped bodies 
of amphibolite and pegmatite rocks (Graversen 1984; 
Gollegger 2018). In the coming years, tunnel excava-
tion by TBMs is anticipated to increase. However, to 
the author's knowledge, there are no papers on the 
characterization of PM generated during tunnel exca-
vation by TBMs. The present study is intended to fill 
this gap of knowledge by investigating the compos-
ition and particle size distribution of PM as well as 
the abundance and size distribution of α-quartz during 
tunnel excavation with TBMs.

Materials and methods
Sampling strategy
Four TBMs were used in the excavation process, each 
with a cutter head of 10 m diameter containing 71 
cutter discs and a double-shielded electricity-driven 
150 m long TBM body (Herrenknect AG, Schwanau, 
Germany). Personal air sampling with Sioutas im-
pactors (SKC Inc., Eighty Four, PA, USA) was con-
ducted in December 2018, and January and February 
2019 at one of the 4 TBMs. A total of 15 personal 
samples were collected with Sioutas impactors across 
3 sampling days spaced over the 3 months, with sam-
pling times of 329 to 423 min. The following job func-
tions were included in this study: cutter head mechanic, 
shield worker, segment crane operator, grouter, pipe 
worker, conveyor belt operator, and mechanic. Work 
tasks and location on the TBM are described elsewhere 
(Leite et al. 2023). To assess the size, morphology, and 
chemical composition of individual particles, one sta-
tionary short-time sampling was conducted with a 
Sioutas impactor at the front of the TBM to collect 
particles for scanning electron microscopy (SEM). In 
addition, 50 stationary respirable and thoracic samples 
were collected in parallel on the TBMs and in the tun-
nels behind the TBMs during the general exposure as-
sessment performed in the study during 2017 to 2019.

Sampling equipment
A 5-stage Sioutas cascade impactor operated at a flow 
rate of 9 L/min maintained by SG 10-2 pumps (GSA 
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Messgerätebau GmbH, Ratingen, Germany) was used 
for personal sampling. Particles were collected in 5 size 
ranges: 10 to 2.5 µm, 2.5 to 1.0 µm, 1.0 to 0.5 µm, 
0.5 to 0.25 µm, and <0.25 µm aerodynamic diameter 
(dae). The 4 coarser fractions were collected on 25 mm 
0.5 µm pore size polytetrafluoroethylene (PTFE) fil-
ters (Pall Corporation, Port Washington, NY, USA), 
whereas particles on the after filter (<0.25 µm cut-
point) were collected on a 2.0 µm pore size 37 mm 
PTFE-filter (SKC Inc., Eighty Four, PA, USA). Due to an 
operational error, 1 personal Sioutas impactor sample 
was excluded. Additionally, 1 stationary sample was 
collected with the Sioutas impactor. In this case, the 
impactor was equipped with 3 mm diameter transmis-
sion electron microscopy (TEM) Cu-grids with holey 
carbon support films (EMresolution, Sheffield, UK) af-
fixed to the PTFE filters to study the particles by scan-
ning electron microscopy (SEM).

Parallel GK 2.69 thoracic (BGI Instruments, 
Waltham, MA, USA) and respirable cyclones (JS 
Holdings, Stevenage, UK) equipped with 37 mm diam-
eter and 5 µm pore size polyvinylchloride (PVC) filters 
(Merck Millipore Ltd. Tullagreen, Cork, Ireland) were 
used for stationary sampling in the tunnels behind the 
TBMs and on the TBMs. The flow rate was 1.6 L/min 
and 2.2 L/min for thoracic and respirable cyclones, re-
spectively. In total, 5 respirable and thoracic samples 
were excluded due to operational error or missing in-
formation on sampling time.

Gravimetry
The collected PM mass was determined by weighing 
all filters before and after exposure using a Sartorius 
MC-5 balance (Sartorius AG, Göttingen, Germany) 
with a readability of 0.001 mg in a temperature- and 
humidity-controlled room (20 ± 1 °C, 40 ± 2% rela-
tive humidity). The accuracy and precision of the 
mass determinations were assessed by weighing refer-
ence masses. The mass limit of detection (LOD) was 
0.02 mg, calculated as 3 (SD) of all blank filters.

X-ray diffraction (XRD) analysis
The mass of α-quartz and other minerals on the filters 
was determined by X-ray diffraction (XRD) analysis 
with a Malvern Panalytical X’Pert3Powder diffract-
ometer, equipped with an Empyrean X-ray Cu tube 
and a PIXcel1D detector (Malvern Panalytical B.V., 
Eindhoven, Netherlands). The α-quartz mass was 
quantified according to the NIOSH 7500 method 
(NIOSH 2003) using the NIST standard reference ma-
terial (SRM) 2950a for calibration. This standard uses 
known amounts of NIST SRM 1878a respirable alpha 
quartz, deposited on 25 mm PVC filters. The LOD for 
the method was (3 * SD of all blank filters) 2 µg per 
filter. Prior to XRD analysis, the filters were treated 

in a low-temperature plasma ashing (LTA) appar-
atus (Diener electronic GmbH & Co. KG, Ebhausen, 
Germany) to remove the filter substrate and organic 
material. The inorganic residue was filtrated onto a 
silver membrane filter with a pore size 0.45 µm (Merck 
Millipore Ltd. Tullagreen, Cork, Ireland). To investi-
gate the mineral content of the samples a Rietveld re-
finement (Rietveld 1969) was performed on diffraction 
patterns from the first stage (dae = 10 to 2.5 µm) filter 
samples.

Scanning electron microscopy
Particles collected on TEM Cu-grids were investigated 
by SEM using a Hitachi SU6600 field emission instru-
ment (Hitachi, Tokyo, Japan) equipped with a Bruker 
energy-dispersive X-ray (EDX) detector (Bruker Nano 
GmbH, Berlin, Germany). On each impactor stage, at 
least 500 particles were analyzed automatically using 
the Esprit Feature (Quantax version 1.9) software 
(Bruker Nano GmbH, Berlin, Germany). The whole 
particle was scanned during X-ray acquisition. The 
elemental composition (atomic %) was quantified with 
the standardless peak-to-background ZAF correction. 
Particle geometric properties such as for example pro-
jected area, Feret diameter, or equivalent projected 
area diameter were determined for each particle by the 
automatic particle analysis. In addition, some particles 
were mapped to investigate the elemental distribution 
within individual particles.

Size distribution calculations
It is possible to calculate the volume equivalent diam-
eter (dve) as well as the dae from the equivalent pro-
jected area diameter (dpa) if the volume shape factor 
(γp), dynamic shape factor (χp), and the density (ρp) of 
the particles are known (Davies 1979):

dve = dpa ×
Å
6× γp

π

ã 1
3

(1)

dae = dve ×
Å

ρp
ρ0 × χp

ã 1
2

(2)

Assuming that most of the PM is derived from the 
bedrock (gneiss), a density of 2.77 g/cm3 was used 
(Smithson 1971). This is an assumption because there 
may also be small contributions from other sources, 
including pea gravel or concrete. Based on previously 
reported values for quartz, a volume shape factor of 
0.21 and a dynamic shape factor of 1.36 were applied 
(Cartwright 1962; Davies 1979). This is also merely 
an assumption since the PM will contain particles with 
various shape factors.

The geometric standard deviation (GSD) and the 
number median aerodynamic diameter (NMAD) 
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values were found from the cumulative size distribu-
tion, and thereafter the mass median aerodynamic 
diameter (MMAD) was calculated (Vincent 1995):

MMAD = NMAD× exp
Ä
3× ln2GSD

ä
(3)

Air concentrations of respirable PM and α-quartz 
were calculated from the 5 size fractions collected by 
the Sioutas impactor and based on the convention 
curves for the respirable and thoracic fraction (Hinds 
1982; ISO 1995), and as described by Berlinger et al. 
(2015). The GSD corresponding to the GM was cal-
culated as the exponential of the standard deviation 
of the mean of the ln-transformed exposure variables. 
The MMAD for particle size distribution was calcu-
lated from the 2-point interpolation of data points rep-
resenting the cumulative mass percent on either side of 
50% (Christopher et al. 2010). The GSD is calculated 
by equation 4, where Dp (0.16) is found from 2-point 
interpolation of the data points representing the cu-
mulative mass proportion above and below 0.16. Dp 
(0.84) is found from a 2-point interpolation of the data 
points representing the cumulative mass proportion 
above and below 0.84.

GSD =

 
Dp (0.84)
Dp (0.16) (4)

The aerodynamic diameters for the NIST SRM 
1878a were calculated based on the volume spherical 
diameters measured by light scattering given in the 
NIST certificate (NIST 2005) and can be calculated 

from equation 2, by using dynamic shape factor and 
density values for quartz of 1.36 and 2.6 g/cm3, re-
spectively. With these values, an MMAD of 2.2 µm and 
a GSD of 1.7 are obtained for the NIST SRM 1878a.

Statistical analysis
The associations between respirable PM and thor-
acic PM as well as between respirable α-quartz and 
respirable PM were assessed with the Theil-Sen esti-
mator (Wilcox 2022), as the residuals in ordinary least 
squares regression were heteroscedastic and showed 
large deviations from a normal distribution. The dif-
ferences in regression parameters for samples collected 
on the TBM and samples collected behind the TBM 
were tested with a basic bootstrap method (10.000 
bootstrap samples) as advocated by Wilcox (2022). 
All calculations were performed with R version 4.1.2 
(R-Core-Team, 2021) and using the Rallfun-v42 soft-
ware (Wilcox 2022).

Results
PM and α-quartz concentrations collected 
with Sioutas impactors
The sum of all 5 impactor fractions (PM10) led to PM 
and α-quartz mass concentrations (GM) of 693 µg/m3  
and 157 µg/m3, respectively (Table 1). Generally, close 
to 50% of the PM mass was found in stage 1 (dae = 
10 to 2.5 µm) and more than 80% of the PM was 
found on the first 3 coarser particle size stages (dae = 
10-0.5 µm). The mass size distribution of α-quartz had 

Table 1. Mass concentration (µg/m3) of the particulate matter (PM) and α-quartz fractions collected with the Sioutas cascade impactor 
by personal sampling (n = 14). The calculated respirable fraction for the 5 stages is presented below the bold line. MMAD and GSD for 
the total and respirable fractions are included.

PM (µg/m3) α-quartz (µg/m3)

Size (µm) 10 to 
2.5

2.5 to 
1.0

1.0 to 
0.5

0.5 to 
0.25

<0.25 Total 10 to 
2.5

2.5 to 
1.0

1.0 to 
0.5

0.5 to 
0.25

<0.25 Total

GMa 311 170 85 63 47 693 73 46 19 8.0 5.8 157

Minimum 158 82 39 33 18 412 44 16 5,9 2.7 2.4 81

Maximum 663 704 290 186 125 1915 291 323 113 52 21 792

90th 474 244 118 98 70 912 98 81 33 21 13 232

GSDb 1.5 1.6 1.5 1.5 1.7 1.4 1.6 2.0 1.9 2.2 1.9 1.7

MMADc 2.4 (1.6 to 3.4) µm 2.4 (1.3 to 2.9) µm

GSD 3.8 3.2

Calculated respirable (GM)a 73 157 83 53 46 428 17 42 19 8 6 96

MMADresp
d 1.2 (0.7 to 1.4) µm 1.4 (0.8 to 1.7) µm

GSDresp 3.3 2.6

aGeometric mean, bGeometric standard deviation, cMass median aerodynamic diameter for the collected PM given as GM with minimum 
and maximum values in parentheses, dMass median aerodynamic diameter for the respirable fraction given as GM with minimum and 
maximum values in parentheses.
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a similar profile to that of the PM (Supplementary Fig. 
S1) with similar MMAD and a slightly lower GSD 
(Table 1). All PM mass and α-quartz mass concentra-
tions are shown in Supplementary Table S1. Due to 
the low number of samples, 14 samples collected on 3 
different days including 7 different job functions, we 
refrained from testing. For PM and α-quartz, the com-
puted respirable mass fraction was, on average (GM), 
428 µg/m3 and 96 µg/m3 respectively (Table 1). A sig-
nificant portion of the respirable mass fraction was 
collected in the 2.5-1.0 µm size range, with a PM and 
α-quartz concentration of 157 µg/m3 and 42 µg/m3,  
respectively.

The contribution of the total α-quartz to the total 
PM was on average 23%. However, the α-quartz per-
centage varied between the impactor stages and sam-
pling days (Fig. 1). The α-quartz percentage on each 
Sioutas impactor stage was similar for the first 3 size 

fractions (dae = 10 to 0.5 µm). The impactor stage 4 
(dae = 0.5 to 0.25µm) had lower α-quartz content for 
13 out of 14 samples, whereas for the after filter (dae < 
0.25µm) 9 out of 14 samples had lower α-quartz con-
tent (Fig. 1a). When the mass after LTA was considered 
(Fig. 1b), the decrease for particles below 0.5 µm was 
less pronounced, whereas some after filters (<0.25 µm) 
had higher relative quartz contents than in the size 
fraction above (1.0 to 0.5 µm), in one case up to 80%. 
Samples collected on the same day showed comparable 
amounts of α-quartz.

The cumulative mass size distributions (personal 
samples) of respirable PM and α-quartz are similar 
(Fig. 2a and b). The cumulative mass size distribution 
of the NIST SRM 1878a is also plotted in Fig. 2b. The 
NIST SRM 1878a has a larger MMAD and a narrower 
particle size distribution than the estimated respirable 
distribution.

PM and α-quartz concentrations collected 
with stationary samples
Stationary samples collected behind the TBM (n = 38) 
had significantly lower thoracic and respirable PM 
concentrations than samples collected on the TBM  
(n = 11) (Fig. 3a). The respirable fraction was approxi-
mately 50 % of the thoracic fraction for both, samples 
collected on the TBM (median = 52%) and behind the 
TBM (median = 51%). The slope of the Theil-Sen es-
timator (Fig. 3a) is somewhat larger for samples col-
lected on the TBM (2.96) than for samples collected 
behind the TBM (2.01). However, the slope difference 
is not statistically significant as judged from a per-
centile bootstrap method (P = 0.18).

The respirable α-quartz concentrations were also 
lower behind the TBM (n = 38) than on the TBM  
(n = 12) (Fig. 3b). The proportion of α-quartz in the 
respirable fraction is much higher for samples collected 
on the TBM (median = 19 %) than for samples col-
lected behind the TBM (median = 6.9%). Here, the 
slope of the Theil-Sen estimator (Fig. 3b) is much larger 
for samples collected on the TBM (0.25) compared to 
samples collected behind the TBM (0.063). This slope 
difference is statistically significant (P = 0.0026).

Other minerals
The main mineral phases identified in the samples by 
XRD analysis on stage 1 filters (dae = 10 to 2.5 µm) 
were quartz, feldspar minerals (anorthite and micro-
cline), calcite, biotite, and hornblende (Supplementary 
Table S2). Biotite is a common mineral within the mica 
group. The relative abundance of the major minerals 
varied between the 3 sampling days with α-quartz con-
centrations between 22 and 44 wt.%. Samples from 
Day 3 showed no hornblende in the Rietveld ana-
lysis, whereas microcline was observed. Samples from 

Fig. 1. Relative α-quartz content (%) in each particle size fraction 
collected with the Sioutas cascade impactor by personal 
sampling before (a) and after low-temperature ashing (b). 
Sampling days are shown in different colors (n = 14).
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persons 1 and 2 are lacking because the filters were 
cut and used for electron microscopy prior to XRD 
analysis.

Single particle analysis
Particles collected on the TEM Cu-grid fixed to PTFE 
filters in Sioutas were homogeneously distributed on 
the substrate and with a surface coverage that made 
automatic analysis feasible (Supplementary Fig. S2). 
The elements C, O, Si, Al, F, Na, Mg, K, Ca, Ti, Fe, and 

Cu were detected by SEM-EDX. The elements Si and 
O were present in all mineral particles investigated. 
Carbon and Cu were also often detected due to the use 
of TEM Cu-grids covered with a supporting carbon 
film as substrate. Many particles were polymineralic 
consisting of more than one phase. One example is 
shown in Fig. 4. This particle consists predominantly 
of Si and O and is interpreted as quartz. The areas rich 
in Al, Ca, Fe, or Ti indicate the presence of inclusions 
of other minerals (e.g. Fe and Ti oxides). The variation 
of the chemical composition of mineral particles is 
shown as a ternary diagram (Supplementary Fig. S3). 
All particles with a (Na + Mg + Al + K + Ca + Ti + 
Fe)/Si ratio < 0.25 are classified as Si–O rich, as the 
histogram of this ratio (Supplementary Fig. S4 of the 
electronic supplement) shows a pronounced minimum 
at this value. This definition of Si–O-rich particles was 
previously used in the characterization of natural min-
eral dust (Scheuvens et al. 2011). These particles were 
interpreted as either pure quartz (if the ratio is very 
low) or as quartz-dominated agglomerates. The pro-
portion of Si–O rich particles (plotting close to the Si 
corner of the ternary diagram) ranged from 19% to 
28% (Table 2). Particles plotting along the Si–Al edge 
are most likely dominated by feldspar minerals, par-
ticles with more than a few percent Fe most likely by 
biotite or hornblende.

Size parameters obtained from the automated par-
ticle analysis and the equivalent projected area diam-
eter were used to calculate the NMAD, MMAD, and 
the GSD of each impactor stage (Table 2). The calcu-
lated MMAD is within the nominal size range for im-
pactor stage 1 (dae = 10 to 2.5 µm) and impactor stage 
2 (dae = 2.5 to 1.0 µm). However, for stage 3 (dae = 1.0 
to 0.5 µm), stage 4 (dae = 0.5 to 0.25 µm), and the after 
filter (dae < 0.25 µm) the MMAD values found by SEM 
exceed the nominal size range given by the manufac-
turer. The NMAD for all stages was below 1 µm.

Discussion
PM and α-quartz air concentrations and 
particle size distribution
In the present study, the PM size distribution was 
found to have a similar profile for the different job 
functions measured (Supplementary Fig. S1a). A 
greater variation in the particle size distribution of per-
sonal samples may be anticipated when actively using 
handheld equipment on rocks, as was found when 
investigating particle size distribution in granite quarry 
dust (Sirianni et al. 2008). On the TBM a more homo-
genous situation may be expected as the workers are 
all working in the same environment and the primary 
tool is the rotating cutter disc indenting the rock up 
front. Still, several factors may influence the particle 

Fig. 2. Particle mass size distribution (n = 14) of respirable PM 
(a) and respirable α-quartz (b) collected with the Sioutas cascade 
impactor by personal sampling. The cumulative size distribution 
of the NIST SRM 1878a is also plotted in (b).
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size distribution such as bedrock composition, drilling 
activities, wear of cutter discs, and operational param-
eters (Yang et al. 2020). Other activities taking place 

on the TMB, such as welding, may also influence par-
ticle size distribution. The slightly narrower size distri-
bution for α-quartz (GSD = 3.2) compared to the PM 

Fig. 3. Association between thoracic and respirable mass concentrations for stationary samples (a), and between respirable α-quartz 
and respirable mass concentration (b) for stationary samples.
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(GSD = 3.8) may result from α-quartz originating from 
rocks, either bedrock or pea gravel used in concrete 
lining, whereas the general dust is also affected by all 
other sources in the tunnel (Chubb and Cauda 2017).

The total mass concentration from the 5 Sioutas 
stages (Table 1) was 693 µg/m3 (GM), which is com-
parable to the thoracic mass fraction of 710 µg/m3 
(GM) found by Leite et al. (2023) for all job titles. 
The PM10 and thoracic size fractions are similar up to 
about 12 µm where the 2 curves diverge (Brown et al. 
2013), and the thoracic fraction may contain particles 
up to 40 µm. Bau and Witschger (2013) estimated the 
deposition efficiency of the Sioutas impactor to be as 
high as about 90% for dae = 40 µm with decreasing de-
position probability to about 10% for dae 80 µm. The 
similarity of the total Sioutas mass and the thoracic 
mass reported by Leite et al. (2023) indicates that few 
very large particles were present. In the tunnel, it is ex-
pected that most workers are located at some distance 
away from the PM and α-quartz generating source and 
that the largest particles sediment to the ground before 
reaching the workers breathing zone.

The calculated respirable fractions of PM and 
α-quartz, 428 µg/m3 and 96 µg/m3 respectively, from the 
Sioutas impactor (Table 1) are in the same range as the 
concentrations found by Leite et al. (2023) for personal 
samples (GM of 420 µg/m3 and 59 µg/m3 for respirable 
PM and respirable α-quartz, respectively). Most of the 
respirable α-quartz mass is found in stage 2 with dae = 
2.5 to 1.0 µm. Similar size distributions for respirable 
α-quartz were obtained for cutting fiber cement sidings 
(Qi et al. 2016) and for aerosolizing gold mine dust 
in a laboratory (Chubb and Cauda 2017). In a study 

investigating griding of engineered stones, however, the 
highest generation rate of respirable α-quartz occurred 
at 3.2 to 5.6 µm (Thompson and Qi 2022). Fine par-
ticles penetrate deeper into the lungs than coarse par-
ticles. With respect to deposition, particle diameters of 
2.5 to 1.0 µm have an increased deposition efficiency 
compared to smaller particle diameters between 0.1 
and 1 µm (Bartley and Vincent, 2011; Braakhuis et al., 
2014). On the other hand, smaller particles are likely 
to cause more lung effects than equivalent masses of 
larger particles because they have a larger surface 
area per unit mass than larger particles (Meldrum and 
Howden, 2002). Crystalline silica particles with a size 
of 0.3 µm (GM) were found to enhance the activation 
of alveolar macrophages compared to larger particles 
(Mischler et al., 2016).

The relative abundance of α-quartz in the 3 first 
stages (dae = 10 to 0.5 µm; Fig. 1a) varied between 13 
to 20% (Day 1), 20 to 31% (Day 2), and 28 to 44% 
(Day 3). These levels are within the range of α-quartz 
abundance reported in the bedrock. Thus, the dif-
ferences seen between the 3 sampling days may be 
explained by variations in the composition of the bed-
rock. Unfortunately, no rock samples were collected on 
the 3 sampling days and the exact mineral composition 
of the bedrock is therefore not known. The Rietveld 
method also showed differences in α-quartz content 
between the 3 sampling days (Supplementary Table 
S2) with similar percentages as found by NIOSH 7500 
method (Fig. 1). Leite et al. (2023) noted in their work 
that the variation between different days was larger 
for α-quartz than for respirable PM also indicating 
an effect of the bedrock composition. The presence 

Fig. 4. Secondary electron (SE) and element distribution images of a particle collected on stage 1 (dae = 10 to 2.5 µm) in the Sioutas 
impactor. The scale bars equal 600 nm.
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of Hornblende indicates amphibolite in the bedrock. 
Knowing the composition of the PM is important since 
other components in the dust may also have negative 
health impacts. Mica dust for instance is known to 
cause fibrosis (Zinman et al. 2002). Recent studies on 
pro-inflammatory effects and cytotoxicity of mineral 
dusts and respirable rock particles emphasize the need 
for further attention on sheets-like mica minerals like 
muscovite and biotite. (Grytting et al. 2021, 2022).

From Fig. 1 it can be seen that the α-quartz content 
decreased for stage 4 and the after filter for many of the 
samples. Hall et al. (2021) reported results with quartz 
concentrations consistent with the bulk material in the 
size range from 0.5 to 1.0 µm and upwards when using 
Sioutas impactors during the cutting of sandstone, 
granite, and artificial stones in a dust tunnel facility. 
In real workplace measurements, it may be expected 
that the α-quartz proportion decreases with a smaller 
aerodynamic diameter because of increasing fraction 
of other types of PM, generated from combustion 
processes rather than mechanical generation. Diesel-
powered vehicles were used inside the tunnel to trans-
port workers and equipment to the TBM. Diesel soot 
particles will occur in the 2 smallest size bins of the 
Sioutas impactor (Kittelson and McMurry 2004). In 
addition, workers on the TBM were observed to smoke 
in the tunnel and some of the after filters collected on 
the TBM appeared slightly yellow. The higher organic 
matter content was shown by a higher mass loss after 
the LTA procedure (Fig. 1b). A study of the particle 
size distribution of exhaled cigarette smoke has shown 
that most particles are in the size range 200 to 250 nm 
(Braun et al. 2019), which fits well with the cut point 
for stage 4 (dae = 0.5 to 0.25 µm) and below in the 
impactor.

However, even after the organic content is removed, 
there is still a decrease in α-quartz content for stage 4 
(dae = 0.5 to 0.25 µm) (Fig. 1b). This may be caused by 
a decreased XRD measurement response for particles 
less than 1 µm. This effect is due to a small amorphous 
layer of about 0.03 µm thickness on the α-quartz 

particle surface, which contributes increasingly to the 
particle volume and mass with decreasing particle size 
(Dempster and Ritchie 1952; Nagelschmidt et al. 1952; 
Page 2003; Stacey et al. 2021). Consequently, the par-
ticle size distributions of the calibration material and 
the workplace should be matched (Stacey et al. 2009). 
The SRM used for calibration (NIST SRM 1878a) has 
a higher MMAD and a smaller GSD (Fig. 2) than the 
respirable α-quartz collected in the tunnel. Hence, a 
larger number of small particles below 1 µm diameter 
exists in the collected α-quartz compared to the NIST 
SRM. Furthermore, it should be mentioned that pre-
vious studies measuring the NIST SRM 1878a particle 
size revealed volume median diameters of 2.27 and 
2.5 µm, deviating from the 1.6 µm value specified in 
the NIST certificate (Kauffer et al. 2003; Stacey et al. 
2009). This will further result in increased MMAD of 
the NIST SRM and a possible larger discrepancy from 
the measured particle size distribution. Correction fac-
tors for the stages in the Sioutas impactor can be de-
veloped to account for the lower XRD response using 
a method described in Stacey et al. (2021). The effect 
of the lowered response is largest at the 2 final stages 
(dae > 0.5 µm), where the mass concentration of PM 
is likewise lowest. Nevertheless, the effect should be 
considered in future work as it has implications for the 
α-quartz concentrations.

The dramatic increase of α-quartz abundance on 
some of the after filters is most likely caused by larger 
particles bouncing off upper stages.

PM and α-quartz concentrations collected 
with stationary samplers
The stationary samples on the TBM were all collected 
close to the TBM front where the PM and α-quartz 
concentrations were reported to be highest for per-
sonal samples (Leite et al. 2023). The distribution of 
stationary samples collected on the TBM will there-
fore be in favor of higher PM concentrations. The 
respirable fraction was approximately 50% of the 
thoracic, both on the front and behind the TBM, and 

Table 2. Size parameters of particles from automatic SEM analysis and the proportion of Si–O rich particles.

Impactor stage
cut size (µm)

Equivalent projected area diameter dpa NMAD
(µm)

GSD MMADcalc

(µm)
% Si–O-rich particles

AM Min. Max. SD

10 to 2.5 (n = 800) 1.2 0.32 9.4 1.0 0.87 2.2 5.4 26

2.5 to 1.0 (n = 626) 1.3 0.25 9.2 1.1 0.83 1.8 2.1 26

1.0 to 0.5 (n = 1012) 0.69 0.25 3.1 0.38 0.62 1.7 1.6 28

0.5 to 0.25 (n = 876) 0.61 0.25 3.9 0.37 0.52 1.6 0.95 20

<0.25 (n = 587) 0.34 0.21 1.7 0.14 0.32 1.3 0.41 19
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demonstrates that the size distribution of dust was 
similar. However, the respirable α-quartz content is 
quite different: 19% on the TBM front and 6.9% in the 
tunnel behind the TBM. In the latter case, the samples 
are collected further away from the α-quartz source 
and are, therefore, diluted with other types of PM that 
contain less or no α-quartz. On the other hand, given 
that cross passageways between the parallel tunnels 
were constructed using the drill and blast technique, 
the samples collected behind the TBM may have been 
impacted by such operations. Unfortunately, drill and 
blast incidents were not registered, therefore it is un-
known if the stationary samples were exposed to such 
occurrences.

Analysis of individual particles by SEM
Most particles were mineral particles with an irregular 
shape generated from the impaction and crushing of 
the bedrock. Combustion particles such as soot ag-
glomerates were also found by SEM. The automated 
analysis yielded a relative number abundance between 
19% and 28 % for Si–O rich particles for the 5 size 
fractions collected by the Sioutas impactor. A decrease 
in the proportion of α-quartz for stage 4 (dae = 0.5 
to 0.25 µm) and after the filter (dae < 0.25 µm) is ob-
served (Table 2). In SEM-EDX this decrease cannot be 
explained by any reduction in measurement response. 
Instead, it is most likely caused by the presence of other 
particle groups, such as combustion particles with low 
atomic numbers (please note that relative number 
abundances are compositional data with a constant 
sum).

The calculated MMAD is higher than the nominal 
size intervals for stage 3 (dae = 1.0 to 0.5 µm) and stage 
4 (dae = 0.5 to 0.25 µm) which may be explained by 
a systematic underestimation of carbon-rich particles 
due to their lower contrast in backscatter electron 
(BSE) images. The BSE image is used in the automated 
analysis to recognize the particles, and particles with 
an average low atomic number have a low contrast. 
Consequently, the abundance of combustion par-
ticles, mainly found on stage 4 and after filter, is likely 
to be underestimated. It should be emphasized here 
that the calculation of MMAD from SEM data only 
yields a rough estimate. The dynamic shape factor and 
the volume shape factor were values for quartz and 
were used for all particles measured by SEM. Biotite, 
which is a mica mineral, has probably the largest ef-
fect since micas are plate-liked particles. Studies on 
talc, which has the similar plate-like shape to micas, 
yield a volume shape factor of 0.075 and a dynamic 
shape factor of 1.88 (Cheng et al. 1988). The influence 
of many plate-like particles could influence the calcu-
lated aerodynamic diameters in Table 2 in the direc-
tion of smaller MMADs.

Strength and limitations
Since access to this kind of workplace is difficult, the 
study’s strongest point is the unique collection of per-
sonal size-fractionated samples in this environment. 
However, more samples would have been beneficial for 
identifying larger variances between days and workers. 
Collecting parallel respirable cyclones would be useful 
for comparing the calculated respirable fraction from 
the Sioutas impactors. Collecting material samples 
from the bedrock and pea gravel would also be bene-
ficial to estimate the α-quartz content as well as other 
minerals in the rocks.

Conclusion
Similar size distribution profiles were found for PM 
and α-quartz collected on TBM workers using Sioutas 
impactors during 3 separate collection days. Most of 
the respirable α-quartz mass is found in the size range 
dae = 2.5 to 1.0 µm. Knowing the particle size distri-
bution is important for designing preventive measures 
to minimize worker's exposure to respirable α-quartz. 
During the course of the 3 sampling days, the α-quartz 
fraction varied, indicating a geological dependence. 
Knowing the α-quartz content in the bedrock is there-
fore highly important. Other minerals detected in the 
PM, such as biotite, can also pose negative health ef-
fects and should be included in future exposure char-
acterization studies. The number of particles smaller 
than 1 µm in the collected α-quartz was higher than 
in the calibration material, which may have an impact 
on the accuracy of respirable α-quartz concentration 
measurements.
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