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Researchers from the National Institute for Occupational Safety and Health (NIOSH) conducted a study in
an isolated zone of an underground mine to characterize aerosols generated by: (1) a diesel-powered per-
sonnel carrier vehicle operated over a simulated light-duty cycle and (2) the simulated repair of existing
equipment using manual metal arc welding (MMAW). Both the diesel-powered vehicle and MMAW pro-
cess contributed to concentrations of nano and ultrafine aerosols in the mine air. The welding process
also contributed to aerosols with electrical mobility and aerodynamic mobility count median diameters
of approximately 140 and 480 nm, respectively. The welding particles collected on the filters contained
carbon, iron, manganese, calcium, and aluminum.

© 2020 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diesel-powered vehicles have been one of the primary sources
of nano (Dsg < 50 nm) and ultrafine (Dsg < 100 nm) aerosols in
underground mines [1-5]. The physical and chemical properties
of these aerosols are a function of numerous factors, including fuel
and lubricating oil properties, engine design, engine operating con-
ditions, and exhaust aftertreatment [3]. The primary constituents
of aerosols emitted by engines that are not equipped with diesel
particulate filter (DPF) systems are elemental carbon, sulfates,
nitrates, ash, and hundreds of different free or particle-bound
organic compounds of varying volatility [6-8]. DPF-equipped die-
sel engines emit primarily sub-30-nm nucleation mode aerosols
that are composed mainly of sulfates and organic compounds
[7,8]. In terms of size, diesel aerosols are typically polydisperse
and log-normally distributed in one, two, or even three distinctive
modes [7-9].

Because long-term exposure to diesel exhaust has been linked
to various adverse pulmonary, cardiovascular, and other health
outcomes, occupational exposure to diesel aerosols is a major
health concern for underground mining operators and regulators
[10-15]. Currently, the exposure of underground metal and non-
metal miners to diesel particulate matter (DPM) in the U.S. is lim-
ited by Mine Safety and Health Administration (MSHA) regulations
to 160 pg/m> [16]. In 2012, the International Agency for Research
on Cancer (IARC) classified diesel exhaust as a Group 1 carcinogen
[17,18]. The regulatory efforts to reduce emissions from diesel
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engines resulted in major improvements in engine combustion
technologies, exhaust aftertreatment technologies, and alternative
fuels [19-28]. The implementation of advanced engine, exhaust
aftertreatment and fuel technologies could be instrumental to
the underground mining industry’s efforts to reduce exposures to
DPM and diesel exhaust gases. Monitoring accurate and reliable
exposures to DPM is still one of the major challenges [11].

Other potential sources of submicron aerosols in underground
mines are various welding processes that are used to fabricate
and repair metal products. Welding processes generate aerosols,
also known as welding fumes, in a wide size range from a few
nanometers to several microns [29-31]. Welding processes can
generate locally high concentrations of aerosols, between 100
and 400 mg/m> [29,32]. Direct ejection of spherical micro-spatter
from the electrodes, nucleation and condensation of gas-phase
metals to form primary particles, and coagulation of primary par-
ticles to form agglomerates are recognized as primary mechanisms
for the generation of welding aerosols [32]. In mixtures with car-
bonaceous particles, transition metals mediate the production of
reactive oxygen species, and therefore increase oxidative damage
and inflammation [33-36]. In 2017, the International Agency for
Research on Cancer (IARC) classified welding fumes as a Group 1
carcinogen [37,38].

Due to their portability, methods that utilize flux-coated elec-
trodes, such as manual metal arc welding (MMAW) or stick weld-
ing, may be more suitable for mobile applications in underground
mines than methods that employ an inert gas shield and require
the use of compressed gas. The MMAW method tends to generate
aerosols in higher concentrations and in larger sizes than processes
that use an inert gas shielding [32]. The composition of MMAW
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aerosols depends on the compositions of the flux, electrode, and
welded metal [29,39]. Depending on the composition of flux mate-
rial, MMAW aerosols may contain calcium (Ca), sodium (Na), fluo-
ride (F), aluminum (Al), potassium (K), silicon (Si), and titanium
(Ti). Depending on the composition of the electrode and welded
metals, these can contain iron (Fe), manganese (Mn), nickel (Ni),
and chromium (Cr). In the U.S., the exposure of underground metal
and nonmetal miners to individual metal oxides present in welding
fumes is limited by MSHA to the 1973 American Conference of
Governmental Industrial Hygienists (ACGIH) threshold limit values
(TLVs) for these compounds [40,41].

2. Methods

The current study was designed to characterize aerosols found
in underground mines downwind from a light-duty diesel-
powered vehicle operated over a simulated cycle and downwind
of the simulated process of MMAW performed by an experienced
welder to repair or modify existing equipment outside of well-
ventilated designated welding spaces.

The experimental work in this study was executed using an iso-
lated zone methodology [42]. This methodology was used to char-
acterize aerosols that contributed to the underground environment
by: (1) a light-duty diesel-powered vehicle and (2) the MMAW
process. This methodology allowed for achieving reasonable
repeatability and accuracy while preserving the genuineness of
testing under prevailing ambient conditions.

The layout of the isolated zone test site used for these tests is
shown in Fig. 1. All drifts within the test site were 6.1 m wide
and 2.7 m high. The stoppings were used to isolate the zone from
the adjacent areas of the mine. A 610-mm-diameter exhaust duct
was sealed in the stopping constructed at the downstream end of
the zone (Fig. 1).

The zone was ventilated with air supplied from the main venti-
lation shaft. A stable flow rate through the zone was maintained
with a two-stage fan (Model 60x2-30-3600 CR FP by Spendrup
Fan Co.). The fan was installed in the exhaust duct upstream of a
permanent stopping. A stainless-steel pitot airflow traverse probe
(VOLU-probe/SS from Air Monitor Corporation) was inserted
upstream of the fan and was used to continuously measure airflow
through the duct. The Digiquartz Portable Standard Model 765
(Paroscientific, Inc.) pressure transducer was used to measure dif-
ferential pressure across the pitot probe. The average airflow rates
for diesel and welding tests were (5.42 + 0.07) m>/s and (5.34 % 0.
08) m?/s, respectively. Since the intra- and inter-test variabilities in
the flow rates were<2% of targeted values, all concentrations were
reported as those at the prevailing ventilation rates. To minimize
contamination, the experimental work was scheduled during the
night hours when the diesel-powered traffic and welding activities
in the drifts leading from the main ventilation shaft to the zone

were lower than those observed during the daytime hours. Dust
entrainment from the roadways leading to the zone and in the
zone was suppressed by applying a water/oil dust emulsion.

A light-duty personnel carrier vehicle, powered by a naturally
aspirated, mechanically controlled diesel engine (Table 1), was
the primary source of diesel aerosols during the diesel test. The
vehicle was driven by a single operator in the 150-m section of
the main drift, between the upstream turning point (UTP) and
downstream turning point (DTP) (Fig. 1) at speeds of up to
24 km/hr. The operator was doing simple three-point turns at
the UTP and DTP. The selected properties of the ultralow sulfur die-
sel (ULSD) fuel used by the tested vehicle are shown in Table 2.

It is important to note that the study was conducted at approx-
imately 1500 m above sea level and that the reduced availability of
oxygen (0,) might have adversely affected the emissions from the
naturally aspirated diesel engine or welding process. It is also
important to note that the contributions of the whole vehicle
rather than just the engine were assessed in this study. Therefore,
aerosols at the downstream measurement and sampling station
(DMSS) potentially include not only the aerosols emitted via tail-
pipe but also those aerosols emitted via crankcase breather and/
or those leaked from the engine systems.

A diesel-powered welder/generator (Big Blue 300 Pro from
Miller Electric) was used to perform MMAW welding. In order to
eliminate the contribution of the diesel engine in the welding sys-
tem to the concentrations of aerosols at DMSS, the utility truck
with the welder was parked in an adjacent crosscut behind the
sealed curtain and was ventilated via a different ventilation circuit.
The experienced welder worked on the workbench located in the
middle of the main drift at the location (Fig. 1). He welded a mild
steel plate using an iron powder, low hydrogen electrode. With
exception of the short 10-second periods needed to replace the
electrodes, he was welding continuously throughout the whole
test.

The measurements and sampling were performed at two loca-
tions-the upstream measurement and sampling station (UMSS)
and the downstream measurement and sampling station
(DMSS)—shown in Fig. 1. The UMSS was located at the upstream
end of the isolated zone, 50 m upwind of the UTP, and the DMSS
was located between 230 and 250 m downwind of the DTP. The
results of measurements and sampling performed at the UMSS
were used to quantify background concentrations of criteria
pollutants and, if necessary, to correct for background concentra-
tions of the targeted pollutants.

The size distribution and number concentrations of aerosols
were measured at the DMSS with a Fast Mobility Particle Sizer
(FMPS) spectrometer (Model 3091 by TSI) and an Electrical Low
Pressure Impactor (ELPI by Dekati) [43-45]. The second FMPS spec-
trometer was used to measure the size distribution and number
concentrations of aerosols at the UMSS. The FMPS and ELPI were
previously recommended and used to characterize diesel aerosols

Fig. 1. Layout of the test site.
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Table 1
Diesel-powered vehicle used during the isolated zone study.

Parameter Value

Duce III

Personnel carrier vehicle
(LD nonpermissible)
Cummins 4B3.3

48 @ 2000 rpm

Equipment manufacturer and model
Equipment type

Engine manufacturer and model
Output (kW @ rpm)

MSHA approval number 7E-B093
MSHA ventilation rate (VR) (m?/s) 1.65
MSHA particulate index (PI) (m3/s) 3.78
EPA emissions standard Pre-Tier

Table 2

Properties of the diesel fuel used for this study.
Fuel property Test method ULSD
Heat of combustion (M]/kg) ASTM D240 45.7
API gravity @ 15.6 °C (°API) ASTM D1298 363
Cetane number ASTM D613 46.2
Sulfur by ultraviolet (ppm) ASTM D5453 11.0
Flash point, closed cup (°C) ASTM D93 59.0

or welding fumes in occupational settings [39,46-50]. The FMPS
measures the number concentrations and size distributions of
aerosols with an electrical mobility diameter between 6 and
560 nm. The instrument was factory calibrated and zero was
checked using HEPA filter at the inlet to the instrument before each
of the measurements. The ELPI measures concentrations and size
distributions of aerosols with aerodynamic mobility diameters
between 5 and 10000 nm. The 25-mm greased aluminum foils
were used as the substrates. The instrument was factory calibrated
and zeroed before each of the measurements. The inlet ports for
the FMPS and ELPI were mounted on the head of a rotating sam-
pling system that allowed for the collection of integrated aerosol
samples along the perimeter of the circle defined by the center of
rotation, approximately 1.82 m from the ground with a 0.91-m
radius. The sampling head rotated at approximately 1 rpm, which
translated into a sampling head angular speed of approximately
100 mm/s. The FMPS size distributions were fitted with lognormal
curves using DistFit software [51].

Elemental carbon (EC) analysis was performed on triplicate sub-
micron aerosol samples collected at the UMSS and DMSS. The sam-
ples were collected on tandem 37-mm quartz fiber filters (QFFs)
enclosed in diesel particulate matter cassettes (Model 225-317
by SKC, Eighty Four, PA) using a custom-designed sampling system
[52]. The 10-mm Dorr-Oliver cyclones (Model 456,243 by Zefon
International) were used as a pre-classifier to eliminate the major-
ity of coarse aerosols from the submicron and respirable samples. A
nominal sampling flow rate of 1.7 I[pm was maintained for all sam-
ples using subsonic critical orifices, installed in the manifolds cou-
pled to a single vacuum pump (Sogevac SV25B by Oerlikon Leybold
Vacuum GmbH). Since, as a result of thorough mixing along the
long mine drifts, the aged submicron aerosols were uniformly dis-
tributed across the opening at the UMSS, the sampling and instru-
ment inlets were mounted on a stationary tripod. At the DMSS,
where mixtures of the aged and freshly generated aerosols were
not uniformly distributed across the opening, the sampling and
instrument inlets were mounted on a rotating head. The actual
sampling flow rates were determined using results of flow verifica-
tions with a primary flow calibrator (Bios Defender 530 by Mesa
Laboratories).

The sampling occurred over 7200-second periods. The size dis-
tribution and number concentrations of aerosols were concur-
rently measured using the FMPS and ELPL. However, the results
of measurements with the FMPS at the DMSS and UMSS and with

the ELPI at the DMSS were analyzed only for selected 1200-second
(20-minute) periods of the diesel and welding tests. The periods
were selected to minimize the effects of initial transition processes
(2400 s in the test) and background contamination. The results of
FMPS measurements at the UMSS and DMSS were temporally
aligned to account for time needed for contaminants to migrate
from the UMSS to DMSS. The time delay was estimated from air
velocity and distance measurements and verified using selected
concentration spikes.

A thermo-optical transmittance (TOT) analysis was performed
using a carbon analyzer (Model Lab OC-EC Aerosol Analyzer by
Sunset Laboratory Inc., Portland, Oregon) and following NIOSH
Method 5040 protocols [53]. An analysis of welding aerosol ele-
mental composition was performed on QFF media punched out
from sampling and blank filters that underwent TOT analysis.
The filters were analyzed by scanning electron microscopy (SEM)
(Model S-4800 by Hitachi, Tokyo, Japan) and energy dispersive x-
ray spectroscopy (EDS) (by Bruker Quantax, Madison, Wisconsin).
The elemental analysis was done using 20-kV incident beam
energy, and the particle imaging was done at 5 kV.

3. Results and discussion
3.1. Concentrations of aerosols

Normalized number concentrations of aerosols measured with
the FMPS at the DMSS and UMSS and with the ELPI at the DMSS
are shown in Fig. 2a and b, respectively. The concentrations shown
were normalized with the highest concentrations observed during
these periods. The concentrations of aerosols at the DMMS exhib-
ited quasi-steady trends (Fig. 2a and b). For the duration of the
welding test and during the second part of the diesel test, the FMPS
measurements at the UMSS suggest consistent light activity of
diesel-powered vehicles in the other parts of the mine on the fresh
air path to the zone. For diesel and welding tests, the FMPS-
measured number concentrations of the sub-500 nm aerosols at
the UMSS were on average 13% and 20% of the corresponding con-
centrations at the DMSS, respectively. For the welding test, the
dependence of the number concentrations on the position of sam-
pling inlet indicates incomplete mixing and potential aerosol and
plume stratification. The dependence on the position of the sam-
pling inlets was much less pronounced for the diesel test (Fig. 2a
and b). For the conditions generated, the concentrations of aerosols
produced by the welding process were approximately one order of
magnitude lower than those generated by the light-duty diesel-
powered vehicle.

3.2. Size distribution of aerosols

The normalized FMPS and ELPI size distributions of aerosols at
the DMSS for selected time instances of the diesel and welding
tests are shown in Fig. 3a and b, respectively. The concentrations
shown were normalized with the highest peak concentrations
observed during these test periods. The size distributions are
shown for selected instances of the low (LOW) and high (HIGH)
total number concentrations. For the diesel test, FMPS-measured
aerosols with electrical mobility count median diameters (CMDs)
below 500 nm were predominantly distributed between nucle-
ation and agglomeration modes (Fig. 3a and Table 3). For the weld-
ing test, FMPS-measured number distributions indicated the
presence of additional agglomeration mode with electrical mobil-
ity CMDs around 140 nm (Fig. 3a and Table 3). In the case of the
welding test, the ELPI that has a wider measurement range than
FMPS showed aerosols in the mode centered on the ELPI stage with
aerodynamic CMDs of 483 nm (Fig. 3a and b). The ELPI results indi-
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(a) DMSS and UMSS measured with the FMPS

(b) DMSS measured with the ELPI

Fig. 2. Normalized number concentrations of aerosols at the DMSS and UMSS measured with the FMPS and the DMSS measured with the ELPL

() FMPS

(b) ELPI

Fig. 3. Normalized size distributions of aerosols at the DMSS at prevailing ventilation rates measured with FMPS and ELPL

Table 3

Statistical parameters including electrical mobility count median diameters (CMD), spread (), and normalized total concentrations (NTC) for the lognormal curves fitted to the

selected number distributions measured with the FMPS at the DMSS.

Test Case MODE 1 MODE 2 MODE 3
CMD (nm) o NTC (#/cm?) CMD (nm) 4 NTC (#/cm?) CMD (nm) I3 NTC (#/cm?)
Diesel only Low 15 1.430 0.370 70 1.720 0.661 N/A N/A N/A
High 15 1.430 0.399 70 1.720 0.719 N/A N/A N/A
Welding only Low 7 1.820 0.134 64 1.140 0.011 137 1.420 0.072
High 5 1.810 0.235 65 1.130 0.007 137 1.420 0.077

cate that the number concentrations of aerosols at the micron
stages of the ELPI were low (Fig. 3b). Table 3 summarizes the sta-
tistical parameters for the lognormal curves fitted to the FMPS dis-
tributions shown in Fig. 3a.

3.3. Chemical composition

The relative contributions of the studied processes to submi-
cron EC mass concentrations are shown in Fig. 4. The concentra-
tions were normalized with respect to the highest of the
concentrations observed for these tests and were averaged for
the triplicate samples. Submicron EC was detected for both cases.
For the generated conditions, the contribution of the welding pro-
cess to submicron EC concentrations was found to be one order of
magnitude lower than that of the diesel-powered vehicle (Fig. 4).

The elemental composition of submicron aerosols was analyzed
following TOT analysis, and the SEM images and EDS spectra are
shown in Fig. 5. The SEM images of the fibers on the blank filter
and on the fibers of the post-TOT-analysis filter used to collect sub-
micron aerosols during the diesel test showed an absence of metal-

Fig. 4. Average normalized net contributions to EC concentrations.

lic aerosols on the fibers. The EDS analysis of these filters showed
only the presence of Si and O, from the filter media. The SEM
images for the post-TOT-analysis filters for the welding test show
particles attached to the fibers. The compact morphology may have
resulted from sintering during the high-temperature (800-900 C)
interval of TOT analysis. The EDS analysis of particles on the filters
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(a) Blank filter

(b) Post-TOT-analysis filter during diesel test

(c) Post-TOT-analysis filter during welding test

Fig. 5. The SEM images and EDS spectra for QFF media punched out from blank filter, post-TOT-analysis filter collected during diesel test, and post-TOT-analysis filter

collected during welding test.

collected during the welding test showed the presence of Fe, Mn,
Ca, and Al. The Fe and Mn are most likely from welding base and
electrode metals, while the Ca and Al are probably from the flux
material coating the electrode.

4. Conclusion

The isolated zone study was used to characterize the physical
and chemical properties of aerosols emitted in an underground
mine by a light-duty personnel carrier vehicle operated over a sim-
ulated light-duty cycle and a manual metal arc welding (MMAW)
process. The aerosols contributed by the diesel-powered vehicle
to the underground environment were found to be predominantly
distributed between a nucleation mode with an electrical mobility
count median diameter (CMD) of around 15 nm and an accumula-
tion mode with a CMD of about 70 nm. Nano and ultrafine aerosols
of similar size were found in the mine environment downwind of
the studied MMAW process. However, welding aerosols were also
found in an accumulation mode with an electrical mobility of
140 nm and an aerodynamic mobility CMD of approximately
480 nm. Neither the diesel engine nor welding process produced
measurable number concentrations of micron-size aerosols. The
energy dispersive x-ray spectroscopy (EDS) analysis showed that
welding particles collected on the filters contained Fe, Mn, Ca,
and Al. The particular welding process examined in this study con-
tributed less to number and elemental carbon concentrations than
the light-duty diesel vehicle. The fact that the welding and diesel
aerosols are both sub-micron in size pose potential challenges to
sampling methodologies currently used to assess the exposure of
underground miners to diesel particulate matter. It is important
to note that data obtained in this study are limited in the scope
and additional work is needed to further characterize aerosols
emitted by a variety of diesel-powered vehicles and welding pro-
cesses in the underground environment.
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