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ABSTRACT
ARTICLE HISTORY

The National Industrial and Mining Company (SNIM) is facing significant dust emissions,
Received: 22-01-2026 raising serious environmental and public health concerns. This study aimed to characterize
Revised: 09-03-2026 airborne dust emissions from mining activities and to assess their physicochemical and
Accepted: 19-03-2026 microbiological composition. Dust samples were analyzed and found to contain hazardous

heavy metals, including lead, copper, nickel, and cobalt. A standardized measurement
procedure was developed and applied in accordance with French Standard X 43-014 to
quantify dust emission rates.
The potential sources and causes of dust emissions were identified, and immediate preventive
and corrective actions were proposed using the Failure Modes, Effects, and Criticality Analysis
(FMECA) method. The results revealed exceptionally high dust emission levels at the Guelb
El Rhein mine, exceeding the thresholds associated with highly polluted environments. In
contrast, emissions at the Kedia d’Idjil mine remained close to regulatory limits and were
comparable to levels observed in relatively livable environments.
Microbiological analysis of dust particles revealed the presence of potentially pathogenic
staphylococcal species, including Staphylococcus epidermidis, S. hominis, S. capitis, S.
haemolyticus, S. lentus, S. auricularis, S. sciuri, and S. cohnii subsp. urealyticum. These
CITE THIS ARTICLE findings highlight the combined chemical and biological risks associated with mining dust
emissions and underscore the need for improved dust management strategies in mining
environments.
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through combustion processes and the rapid development of industrial operations
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interactions between particulate and liquid phases are still
poorly documented. Recent studies have demonstrated that
the pollutant load varies according to particle size, which
strongly influences particle transport, deposition processes,
and environmental fate (Ma et al. 2014, Hassanvand et al.
2015). Fine particles are capable of long-range transport,
whereas coarse particles tend to deposit more rapidly, leading
to pronounced local impacts on air, soil, and water quality.

Air pollution remains one of the most critical global
environmental challenges and continues to intensify due
to rapid urbanization and the expansion of industrial and
mining activities. This situation underscores the urgent
need to control emissions to protect both public health
and the environment (Elodie et al. 2020). In addition to
chemical contamination, air, particularly indoor air in
industrial settings, can serve as a favorable medium for the
development and persistence of pathogenic microorganisms
associated with dust and aerosols (Viegas et al. 2020, Yan
et al. 2021). Previous research has shown that airborne dust
and bioaerosols can significantly increase occupational
health risks, including infections, toxic effects, and allergic
responses (Eduard et al. 2012, Heederik & Von Mutius 2012).

In Mauritania, the discovery and exploitation of
mineral resources over the past two decades have led to the
rapid expansion of mining projects, predominantly using
open-pit extraction methods. One of the most significant
environmental threats associated with these operations is
the generation of large quantities of suspended particulate
matter, which can adversely affect soils, vegetation, and
nearby populations (Antoine 2012). Consequently, mining
companies operating in the country are confronted not only
with production-related challenges but also with increasing
concerns regarding the environmental and health impacts of
dust emissions, which have become a major issue for both
employers and local authorities.

The National Industrial and Mining Company (SNIM),
which specializes in iron ore production, operates mainly
in the regions of Tiris Zemmour (Zouerate) and Dakhlet
Nouadhibou in Mauritania (Fig. 1). Ore extraction and
processing activities are primarily conducted near the
city of Zouerate, after which the products are transported
to Nouadhibou for export. The ore is conveyed over a
distance of approximately 700 km by a 2.5 km-long ore
train with an average capacity of 17,000 tons per convoy.
From Nouadhibou, where SNIM operates two mineral ports,
iron ore products are shipped to several Western European
countries and China (SNIM 2022).

An Environmental and Social Impact Assessment
conducted in 2009 for SNIM mining operations indicated
that air pollution associated with the Guelbs 1 facilities

posed significant risks to human health, particularly with
respect to respiratory diseases. The assessment further
predicted that the development of the Guelbs 2 project would
increase dust emissions by 10-15% (Tecsult International
Limited 2009). According to this study, workers involved
in the Guelbs 2 project would be exposed to concentrations
of total dust, quartz dust containing silica, iron dust, and
welding fumes exceeding applicable regulatory standards,
thereby necessitating the implementation of corrective and
preventive measures.

In this context, the present study focuses on dust emissions
from SNIM’s Guelb El Rhein (Guelbs 2) and Kedia d’1djil
(TO14, Rouessa) mining sites, which were selected due
to their substantial dust-generating activities. A corrective
approach was implemented alongside a detailed assessment
of dust emission levels and the associated bacterial load in
airborne particles. The objective of this work is to improve
understanding of the combined environmental and health
impacts of mining-related dust emissions and to contribute
to the development of effective mitigation strategies for
mining environments.

2. MATERIALS AND METHODS

Dust assessment can be conducted using three main
approaches: (i) measurement of airborne particulate
concentrations (TSP, PM,,, PM,.5), expressed in ug m™
(Winberry 1999); (ii) quantification of deposited dust
expressed in mg m? day™!, which is the method adopted
in this study; and (iii) estimation of total annual emissions
expressed in tons per year (t yr''), according to particle size
fractions.

The quantification method applied in this study is based
on dust sampling over a defined exposure period. From
a qualitative perspective, several analytical techniques
were employed: X-ray fluorescence (XRF) for elemental
composition, X-ray diffraction (XRD) for mineralogical
characterization and silica content, atomic absorption
spectrometry for heavy metal determination, the Most
Probable Number (MPN) method for bacterial quantification,
and the API gallery system for bacterial species identification
(NIOSH 1998).

2.1. Quantification of Sedimented Dust

The procedure used to measure deposited dust followed
the French Standard NF X 43-014 (AFNOR 2003), as
recommended by INERIS (2004). Dust was collected using
Bergerhoff or Owen deposit gauges, which were weighed
before and after the exposure period. Sampling devices were
installed in accordance with standard recommendations,
away from high-risk zones and major traffic sources.
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Fig. 1: Location of sampling stations within the National Industrial and Mining Company (SNIM) in the Tiris Zemmour region, Mauritania. Stations
A, B, and C are located in the Guelb El Rhein mine along the Guelb 2 production circuit. Station D (Rouessa) and stations E and F (TO14 area) are
situated in the Kedia d’1djil mine. Stations G, H, and I are located in downtown Zouerate.

The dust monitoring was conducted using Owen gauges,
which were strategically positioned at each sampling point
at a standardized height of 1.5 m above ground level to
minimize the influence of saltating particles from the soil
surface. To quantify the atmospheric dust fallout, the total
mass of the collected particles was related to the sampling
surface and the exposure time. The dust deposition rate (7)
was calculated according to the following formula:

Where:

T: dust deposition rate (mg m™ day™)

P: total mass of dust collected in the gauge (mg)

S: surface area of the gauge opening (m?)

t: duration of the exposure period (days)

This calculation procedure follows the rigorous
recommendations of the NF X 43-014 standard for the
measurement of atmospheric dust fallout. This standardized
approach ensures that the exceptionally high values recorded
at the source-point stations are a precise reflection of the
intense industrial activity at the mining sites during the
sampling window.

Dust pollution levels were classified as follows:

Very low: < 150 mg m™ day™ (low pollution area)

Low: 150-350 mg m™ day™' (moderately polluted area)
High: 350-500 mg m™ day™' (polluted area)
Very high: 500-1,000 mg m ™ day' (highly polluted area)

Extremely high: > 1,000 mg m™ day' (very heavily
polluted area) (Budillon Rabatel 2009)

2.2. Study Area and Sampling Strategy

The study was conducted at two major mining sites located
near Zouerate, northern Mauritania: the Guelb El Rhein
magnetite mine and the Kédia d’Idjil hematite mine.
Sampling was carried out over two weeks from August 2
to August 16, 2019.

Dust deposition was monitored at nine sampling stations
(Fig. 1). Six stations were located within the mining areas:
three along the Guelb 2 production circuit and three at Kédia
d’Idjil. The remaining three stations (G, H, and I), located in
central Zouerate, served as urban control sites.

Climatic conditions during the monitoring period were
characterized by temperatures ranging from 22-43°C, no
precipitation, and wind speeds ranging from 12-52 km h™'
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(Blanchon & Penven 2012). While the two-week monitoring
period (August 2-16, 2019) captures a specific temporal
window, it coincides with extreme summer conditions in
the Saharan climate, characterized by peak temperatures
and significant wind speeds conducive to maximum dust
suspension. We acknowledge that this short duration does
not account for annual seasonal variability; however, it
provides a critical baseline for peak emission periods during
the dry season.

2.3. Chemical and Mineralogical Analyses

Elemental composition of dust samples was determined using
X-ray fluorescence (XRF), allowing quantification of major
oxides including CaO, SiO,, MgO, Fe,03, Al,O3, SO5, K, 0,
and Na,O. XRF analysis enabled continuous monitoring of
dust composition throughout the sampling period (Jensen
et al. 2000).

Mineralogical composition and crystalline structure were
analyzed by X-ray diffractometry (XRD) (Ron 2006).

The exploitation of hematite (Fe,O;) and magnetite
(Fe;0,) ores constitutes a significant source of heavy
metals such as Ni, Pb, Cu, Co, Cd, and Zn. These metals are
transported by dust particles and deposited on surrounding
surfaces at distances influenced by wind speed and particle
size (Simpson & Spadaro 2016, Embile Jr. et al. 2018).
Elevated iron concentrations commonly observed in
polluted mining environments may induce analytical
interferences, notably Fe/Cu and Co/Fe interactions
(Adamson et al. 2000, Manceau et al. 2002, Sammut 2007,
Aillal et al. 2023).

To minimize such interferences, heavy metal analyses
were performed on the fine fraction of iron ore dust using
Flame Atomic Absorption Spectroscopy (FAAS) following
acid digestion with HCI, HF, and HNO; (L6pez-Garcia et
al. 1995). The metals quantified included Co, Cu, Ni, and
Pb (Fig. 5).

2.4. Microbiological Analyses

2.4.1. Total Cultivable Bacterial Quantification

For inoculum preparation, dust samples from each sampling
site were homogenized, weighed, and stored in sterile screw-
capped tubes. For each dust type (magnetite from Guelb El
Rhein and hematite from Kédia d’Idjil), 1.5 g of dust was
suspended in 5 mL of sterile physiological saline solution.
Serial dilutions were prepared using physiological saline
Og L NaCl) according to the suspension—dilution technique
described by Rapilly (1968).

Bacterial enumeration was performed using the Most
Probable Number (MPN) method with a five-tube series.

Tubes were incubated at 37°C for 48 h. Nutrient broth,
thioglycollate medium, and LB broth were used for
bacterial growth and quantification (Chandrapati & Williams
2014).

2.4.2. Isolation and Characterization of Anaerobic
Bacterial Strains

Three grams of hematite dust and three grams of magnetite
dust were suspended separately in 5 mL of sterile
physiological water and subjected to thermal shock at 63°C
to eliminate vegetative cells while preserving sporulated
forms (Cammalleri et al. 2015). Serial dilutions were
prepared, and selected dilutions were inoculated onto iron
sulfite agar under anaerobic conditions and incubated at
37°C.

Dominant strains were purified through successive
subcultures. Preliminary identification was based on growth
on selective media, Gram staining, spore staining, and
macroscopic and microscopic observations using standard
taxonomic keys.

2.4.3. Identification Using the API Staph System

Bacterial identification was further performed using
the API Staph system, which consists of 19 microtubes
containing dehydrated substrates for the differentiation
of Staphylococcus, Kocuria, and Micrococcus species
(Aouissi et al. 2007, Rouaiguia 2010). The galleries were
incubated at 37°C for 24 h, and biochemical profiles were
interpreted according to the manufacturer’s instructions
(Brown & Smith 2015). Final identification was confirmed
using dedicated microbial identification software (Debabza
2015).

2.5. Failure Modes, Effects, and Criticality
Analysis (FMECA)

The Failure Modes, Effects, and Criticality Analysis
(FMECA), also referred to as AMDEQ, is a preventive and
inductive method used to identify potential failures and
implement corrective actions at an early stage. This approach
applies to products, processes, and production systems and is
widely used in industrial risk assessment and environmental
management (Hariz 2009).

2.6. Statistical Analysis

Dust emission data were expressed as mean + standard
deviation (SD). Statistical analyses were performed using
STATISTICA version 8 software. Differences between
dust emission rates were evaluated using one-way analysis
of variance (ANOVA), followed by Tukey’s HSD post hoc
test when significant differences were observed. Statistical
significance was set at p < 0.05.
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Table 1: Results of dust emission monitoring at the National Industrial and
Mining Company (SNIM) during August 2—-16, 2019.

Sites Gauge location ~ Owen gauge  Emission rate
(mg m? day'l)

Guelb El Guelb 2 A 38045
Rhein B 27901

C 50480
Kedia Rouessa D 19007
dldjil TO14 E 12076

F 15146
Zouerate Downtown G 594

H 596

I 592

3. RESULTS AND DISCUSSION
3.1. Dust Emission Rates

Dust emissions occur at different levels of the National
Industrial and Mining Company (SNIM). However, this

Dust emission rate
(m g/mz/day )

1000}

Guelb EI Rhein Dust

Kedia d'Idjil Dust

work focuses only on the iron ore production sites of Guelb
El Rhein (Guelb 2), Kedia d’Idjil (TO14 and Rouessa), as
well as downtown Zouerate. The results of this monitoring
and the measurements carried out during August 2-16, 2019,
are presented in Table 1.

To illustrate variation in these emissions, the mean
emission rates at each collection site are shown in Fig. 2.

A one-way ANOVA revealed a significant difference in
mean dust deposition rates among the three locations, F(2,
6) =23.87, p =0.0014. Tukey’s HSD post hoc test showed
that the mean dust deposition rate at Guelb El Rhein was
significantly higher than those recorded at Kedia d’Idjil (p
=0.013) and downtown Zouerate (p = 0.001). However, the
difference between Kedia d’Idjil and downtown Zouerate
was not statistically significant (p = 0.084; Fig. 2).

3.2. Chemical Analysis

Dust collected from the two sites (Guelb El Rhein and Kedia
d’Idjil) was subjected to XRF, XRD, and AAS analyses.

b

Zouerat downtown Dust

Fig. 2: Mean =+ standard deviation of dust emission rates. Data indicated by different letters are significantly different (Tukey’s HSD test, p < 0.05).
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Fig. 3: Mean =+ standard deviation of percentage composition determined by X-ray fluorescence (XRF) analysis.
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Fig. 4: X-ray diffraction diagrams for dust samples from Guelb El Rhein and Kedia d’Idjil. H, hematite; M, magnetite; Q, quartz.

Fig. 3 shows the results of the X-ray fluorescence (XRF)
analysis.

The results showed that dust emitted at Guelb El Rhein
contained 38.1 +2.2% iron oxide, indicating magnetite-type
ore (37% iron content); however, this ore must undergo an
enrichment process to reach the commercial value set by the
company at 66% iron. Dust from Kedia d’Idjil contained
65.7 = 1.9% iron, consistent with hematite-type ore (66%
iron content).

Based on these results, an X-ray diffractometer was used
to determine the type of silica in the iron oxide-silica mixture
in a fraction approaching the alveolar fraction (Fig. 4).

Mineralogical analysis indicated that the iron ore dust
from the National Industrial and Mining Company was
composed mainly of hematite (Fe,0;), quartz (SiO,), and
magnetite (Fe;O,).

The diffractogram of dust emitted from Guelb El Rhein
revealed three main intense peaks: a quartz peak at 26 =27°,
a magnetite peak at 20 = 36°, and a hematite peak at 20 =
35°. The diffractogram of dust emitted from Kedia d’Idjil
showed mainly hematite at five intense peaks, magnetite
at weaker peaks, and quartz with a prominent peak at 20

Guelb EI Rhein Dust

304

Co Cu Ni Pb

= 35°. The high iron levels in the dust, as shown in Fig. 3,
may cause significant analytical interference with heavy
metals. Dust samples from Kedia d’Idjil and Guelb El Rhein
were analyzed using flame atomic absorption spectroscopy
(FAAS) (Fig. 5).

The primary focus of the study was to assess dust
emissions from iron ore extraction, with a particular emphasis
on heavy metal concentrations. To this end, representative
samples of iron ore dust from Guelb El Rhein and Kedia
d’Idjil were collected and subjected to detailed analysis
(Fig. 5). The findings reveal distinct variation in mean levels
of heavy metals. The highest peaks belong to cobalt (Co) and
the lowest to copper (Cu). Kedia d’Idjil dust samples have
average values of 62.42 mg kg'1 of Co, 16.41 mg kg'1 of Cu,
29.08 mg kg of Ni, and 25.71 mg kg’1 of Pb, respectively.
However, the dust samples from Guelb El Rhein have Co,
Cu, Ni, and Pb concentrations of 71.62, 22.34, 42.04, and
42.62 mg kg, respectively. The concentration order for the
Kedia d’Idjil samples is Co > Ni > Pb > Cu, with values of
62.42 mg kg, 29.08 mg kg, 25.71 mg kg, and 16.41 mg
kg'l. For the Guelb El Rhein samples, the order is Co > Pb >
Ni > Cu, with corresponding values of 71.62 mg kg™, 42.62
mg kg™!, 42.04 mg kg!, and 22.34 mg kg™

Kedia d'Idjil Dust

804

60
£ 40
£

204

Co Cu Ni Pb

Fig. 5: Heavy metal (Co, Cu, Ni, and Pb) contents measured in the two iron ore dust types, Guelb El Rhein dust and Kedia d’Idjil dust.
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Notably, the concentrations of heavy metals in dust
samples collected from the city center of Zouerate were
below the detection threshold. The concentration of Co
(71.62 mg kg™) and Ni (42.04 mg kg') in Guelb EI Rhein
dust is notably high when compared to the urban control
(Zouerate), where these metals were undetectable. These
levels approach or exceed common soil quality guidelines for
industrial zones, suggesting that long-term deposition could
lead to significant soil enrichment and potential ecological
transfer, particularly given the fine fraction’s capacity for
transport. This study also shows that heavy metal content
in the Guelb El Rhein samples of dust is higher than that
in samples from Kedia d’Idjil. This conclusion indicates a
potentially higher environmental impact of dust emissions in
Guelb El Rhein when compared with Kedia d’Idjil. In brief,
the present investigation offers comparisons of heavy metals
contained in dust emissions as produced by iron ore mining.
Results highlight the need for monitoring and controlling
these emissions to reduce their environmental and human
health implications.

3.3. Bacterial Analysis

3.3.1. Bacterial Quantification

The five-tube most probable number (MPN) technique was
used to obtain quantitative estimates of the bacteria in each
sample. Quantification was achieved by serial dilutions
of a bacterial culture, dividing the sample into replicates,
followed by incubation and subsequent visual examination
of each sample to determine growth. Table 2 presents the
abundance of bacterial groups.

Although direct enumeration by the MPN method yielded
no detectable bacteria in the Guelb El Rhein dust sample
(Table 2), this result indicates that the concentration of
culturable bacteria in the untreated 1.5 g sample was below
the detection limit of the method rather than confirming their
complete absence. The Staphylococcus isolates reported
in Table 3 were recovered through selective enrichment
and culture on staphylococci-specific media, followed
by identification using the API Staph system. They were
not obtained through the heat-shock procedure. The heat
treatment at 63 °C was performed separately to select heat-
resistant or spore-forming bacteria and was not used for the
isolation of Staphylococcus species.

Table 2: Bacterial quantification results.

Types of samples ~ MPN &
Guelb El Rhein 0

Kedia d’Idjil 2100
Guelb El Rhein 0

Kedia d’Idjil 75

Bacterial group

Total anaerobic and
microaerophilic bacteria

Total aerobic bacteria

3.3.2. Bacterial Strain Isolation and Characterization

After subculturing the bacterial strains isolated from
several prepared selective media and incubated at 37°C, the
macroscopic study of the colonies obtained made it possible
to differentiate several microbial strains according to their
appearance (size, color, etc.). All strains were subcultured
on nutrient agar and incubated at 37°C. Several subcultures
were subsequently carried out to ensure their purity (by
careful observation of the colonies formed after re-isolation
and differential Gram staining). Fifteen pure Gram-positive
bacterial strains were selected for subsequent analysis.

3.3.3. Results of API Staph Identification

The appropriate API gallery for isolate identification was
selected based on macroscopic, microscopic, and respiratory
enzyme results, which guided identification toward specific
bacterial genera.

After 24 h of incubation at 37°C, the API Staph gallery
results (Table 3) were read and interpreted according to the
manufacturer’s technical sheet.

MPN testing confirmed the presence of cultivable
bacteria in the dust emitted by SNIM.

Through an examination of the API Staph gallery, species
were identified in the dust. Notably, several of the isolated
commensal staphylococci may also act as opportunistic
pathogens. The dust sample from Kedia d’Idjil, rich in
hematite, also has a distinct bacterial community from the
magnetite-rich Guelb El Rhein. The percentage composition
of the different staphylococcal strains differed between the two
samples, indicating differences in the bacterial composition
of the two dust types. The predominant microorganism
in Kedia d’Idjil dust is Staphylococcus cohnii subsp.
urealyticum (37.51%), followed by Staphylococcus capitis
(24.38%). The dust from Guelb El Rhein is characterized by
a higher percentage of Staphylococcus lentus (22.76%) and

Table 3: Relative abundance (%) of bacterial species identified using the
API Staph system in the two iron ore dust types.

Species Kedia d’Idjil Guelb El
dust (hematite) Rhein dust
(%) (magnetite) (%)
Staphylococcus hominis 11.92 10.96
Staphylococcus capitis 24.38 20.77
Staphylococcus lentus 0.00 2276
Staphylococcus epidermidis 0.00 12.10
Staphylococcus auricularis 12.43 571
Staphylococcus haemolyticus 13.76 571
Staphylococcus cohnii subsp. 37.51 0.00
urealyticum
Staphylococcus sciuri 0.00 22.00

Nature Environment and Pollution Technology ® Vol. 25, No. 4, 2026
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Staphylococcus sciuri (22.00%). This variation in dominant
bacteria indicates a site-specific diversity. Furthermore,
Kedia d’Idjil dust is relatively evenly distributed and rich
in Staphylococcus capitis, Staphylococcus auricularis, and
Staphylococcus haemolyticus. By contrast, the bacterial
community in Guelb El Rhein dust is more diverse, with
multiple strains such as Staphylococcus epidermidis and
Staphylococcus auricularis. Another interesting feature is
the relatively abundant occurrence of Staphylococcus cohnii
subsp. urealyticum in Kedia d’Idjil dust, but it was absent
from Guelb El Rhein dust.

This difference raises questions about site-specific
environmental factors, such as geology and climate, that
may influence bacterial composition.

Comparing our results with similar studies could deepen
our understanding of these findings. Future research might
investigate whether these differences match patterns observed
in other regions with different geological or climatic traits.
Additionally, looking into the potential ecological and health
effects of such variations in bacterial composition could help
assess the environmental impact of these iron-rich dust types

3.4. Recommendations to Reduce Dust Emissions
at SNIM

3.4.1. Causes of Failure

This study aims to analyze the causes of the significant
increase in dust emissions within the SNIM company and
to propose appropriate solutions. Based on this analysis, it
seeks to identify ways to reintroduce dust fallout into the
production circuits.

These dust fallouts mainly correspond to iron production
losses occurring at the final stage of processing. Their
recovery and reintegration into the production cycle offer
both economic benefits and a reduction in waste.

Table 4 presents the potential causes of dust emissions

and their classification. These causes are grouped into five
categories according to their origin within SNIM facilities.

3.4.2. Criticality Scale

The criticality index is calculated for each failure from the
combination of three criteria (Table 5), by multiplying their
respective scores:

more thoroughly. C=GxFxD
Table 4: Causes of dust emissions at SNIM.
Material Equipment Method Middle Workforce
Production quantity and delivery Workshop maintenance Accidental walking Climatic condition Lack of discipline Lack of
Granulometry Lack of means of Inefficient air filtration Air Currents training
Humidity recovery system Lack of cleaning Lack of awareness
Lack of staff Competence management  Clutter Lack of motivation
Drop points Corrective maintenance
Table 5: FMECA (AMDEC) rating grid.
Severity (G)
Note Criteria
1 Indirect effect
2 Effect causing emission
3 Origin of the problem
4 Direct effect (dust emitter)
Frequency (F)
Note Criteria
1 Once a year
2 1 time/month
3 1 time/week
4 1 time/day
Detectability (D)
Note Criteria
1 Detection with appropriate indicator
2 Detection by an indirect indicator
3 Visual
4 Not detectable

Nature Environment and Pollution Technology @ Vol. 25, No. 4, 2026
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Table 6: Criticality results and analysis.

Causes (aspects) Analyses G F C

Lack of staff, training, awareness, and motivation A direct effect on production, daily, and not detectable. 4 4 4 o4

Accidental walk With an indirect effect on production, annually, and can be detected 1 1 3 3
visually.

Lack of workshop maintenance A direct effect on production, daily and non-detectable. 4 4 4 64

Lack of cleaning With a direct effect on daily production, and detectable with an 4 4 1 16
appropriate indicator.

Inefficient air filtration system With a direct effect on daily production, and detectable with an 4 4 1 16
appropriate indicator.

Footprint A direct effect on production, daily and non-detectable. 4 4 4 o4

The drop points With a direct effect on production, annually, and detectable with an 4 1 1 4
appropriate indicator.

Absence of means of recovery in time A direct effect on production, daily, and non-detectable. 4 4 4 64

Presence of draft With a direct effect on daily production, and detectable with an 4 4 1 16
appropriate indicator.

Where:

G: severity of the consequences generated by the failure
(severity index);

F: frequency of occurrence of the failure (frequency
index); and

D: detectability of the failure (detectability index).

Each of these criteria will be evaluated with a rating
table established at four levels. Table 5 shows the criticality
rating scale used.

Any criticality value greater than 24 will be classified
as a significant aspect whose occurrence will be addressed
by the team.

The first level of criticality is based on the severity
rating (assessment of the magnitude of the impact and its
reversibility), while the second is based on repetition within
a specified time interval.

The last level of criticality is based on dust emission
indicators. Thus, for each criterion, a score ranging from 1
to 4 will be assigned (the weighting factor for each criterion
is 4).

The causes will be classified according to the scale of
criticality. Thus, the causes and their criticality analyses will
be presented at the beginning. Any cause with a criticality
rating greater than 24 will be considered significant.

Table 7: Significant criticalities and proposed remedies.

The values presented in Table 6 will make it possible
to measure the causes of dust emission problems based on
criticality.

Due to the lack of history of these measurements, the
threshold value of criticality was arbitrarily set at 24, which
is a value resulting from a very serious cause, with an
intermediate frequency and detected by an indirect indicator.

C=4x3x2=24

To use the results of the FMECA analysis, technical
solutions were proposed to reduce the criticality of the
most consequential failure modes and improve operational
availability.

A maintenance policy based on the improvement actions
of the AMDEC analysis is recommended, allowing the
implementation of a preventive maintenance plan (Table 7).

3.5. Discussion

Dust deposition rates exhibited marked spatial variability
across the sampling sites (Fig. 2), reflecting heterogeneous
emission dynamics within and between the mining areas.
During the exposure period, the Owens gauges collected
37,500 mg, 27,500 mg, and 49,700 mg of dust at stations a,
b, and c, respectively, at the Guelb El Rhein mine, compared
to 18,600 mg, 11,800 mg, and 14,800 mg at stations d, e, and
f at the Kedia d’1djil mine. The exceptionally high deposition

Causes (aspects) Criticality

Remedy

Lack of staff, training, awareness, and motivation 64
Lack of workshop maintenance

Footprint

Absence of means of recovery in time

Plan, implement, and follow a training plan for employees
Revise the maintenance plan to promote preventive maintenance
Expansion or investment of another line

Installation of a mining dome and acquisition of an industrial vacuum cleaner
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rates recorded at Guelb El Rhein (38,045-50,480 mg m” day
1Y significantly exceed the threshold for extremely polluted
environments (>1000 mg m’> day'l). These values reflect the
strategic positioning of Owen gauges (Stations a, b, and ¢) in
immediate proximity to the primary crushing and enrichment
units of the Guelb 2 production circuit. These measurements
represent source-point emissions under peak operational
conditions rather than ambient background levels, explaining
the several orders of magnitude difference from standard
polluted environment thresholds.

These variations indicate that dust emissions are strongly
influenced by local working conditions, equipment operation
and maintenance, climatic parameters, and human activities.

Dust deposition rates differed markedly among the three
study areas. Guelb El Rhein had the highest mean deposition
rate (38,808.7 £ 11,308.9 mg m day '), followed by Kédia
d’Idjil (15,409.7 = 3,473.0 mg m 2 day '), whereas the lowest
rate was recorded in downtown Zouérate (594.0 + 2.0 mg
m2 day™'). Thus, mean deposition at Guelb EI Rhein and
Kédia d’Idjil was approximately 65 and 26 times higher,
respectively, than at the urban control site. These findings
indicate substantially greater dust deposition within the
mining areas, particularly at Guelb El Rhein. The NF X
43-014 standard was used as a measurement protocol
and not as a source of regulatory or occupational exposure
limits.

X-ray fluorescence analysis confirmed the presence of
silicon dioxide (silica) in dust samples from both mining
sites, with notably higher concentrations at Guelb El
Rhein (Fig. 3). The toxicity of mineral dust, particularly
crystalline silica, has been extensively documented (Fubini
et al. 1999). Inhalation of silica-containing dust represents
a major occupational health risk, as respirable particles can
penetrate deep into the pulmonary region where gas exchange
occurs (Roberge et al. 2004). The International Agency for
Research on Cancer has classified inhaled crystalline silica
(quartz and cristobalite) as a Group 1 human carcinogen
(IARC 1997). However, its carcinogenic potential may
vary depending on mineralogical characteristics, surface
properties, particle morphology, and associated impurities
(IARC 2012, UNICEM 2014).

Beyond chemical hazards, the microbiological analysis
revealed a substantial presence of Staphylococcus species in
the dust, highlighting an additional biological risk associated
with mining emissions. Several studies have demonstrated
that Staphylococcus spp. can exhibit high resistance to heavy
metals such as copper, nickel, cobalt, and lead (Nieto et al.
1989, Sabry etal. 1997, Avilés et al. 1993), potentially due to
selective pressure exerted by metal-rich environments. This
resistance may be further enhanced by the widespread use

of metal-based compounds in industrial and environmental
applications (Hiramatsu et al. 1997).

Notably, Staphylococcus spp. have also been reported
to possess biosorption capacities for heavy metals. Kumar
et al. (2010) demonstrated up to 93% lead removal by
Staphylococcus strains, while Rahman et al. (2019)
reported strong lead-binding capacity in Staphylococcus
hominis strain AMB-2. These findings suggest a dual role
of Staphylococcus spp. as both indicators of environmental
contamination and potential agents of bioremediation.

Marked differences in Staphylococcus community
composition were observed between the two mining sites,
reflecting site-specific environmental conditions. At Kedia
d’1djil, Staphylococcus capitis (24.38%) and Staphylococcus
cohnii subsp. urealyticum (37.51%) predominated,
whereas dust from Guelb El Rhein was characterized by
higher proportions of Staphylococcus lentus (22.76%) and
Staphylococcus sciuri (22.00%). Several of these species are
known opportunistic pathogens associated with bacteremia,
endocarditis, urinary tract infections, and other severe clinical
conditions (Wieser & Busse 2000, Meservey et al. 2020, Fan
et al. 2020, Koksal et al. 2009).

The relatively homogeneous distribution of species in
Kedia d’1djil dust contrasts with the higher microbial diversity
observed at Guelb El Rhein, suggesting that geological
context, mineral composition, and operational practices may
exert strong selective pressure on microbial communities.
Furthermore, resistance to heavy metals and antibiotics has
been reported in species such as Staphylococcus epidermidis
and Staphylococcus haemolyticus, with co-selection
mechanisms driven by environmental contamination
(Sitthisak et al. 2005, Xue et al. 2015).

We hypothesize that the distinct bacterial communities
observed, dominated by S. capitis in the hematite-rich
Kedia d’Idjil site and S. lentus in the magnetite-rich Guelb
El Rhein site, reflect selective pressures exerted by the
specific mineralogical composition and associated heavy
metal profiles of each environment. In metal-enriched mining
settings, microorganisms often develop adaptive mechanisms
that allow them to tolerate or transform toxic elements,
including metal efflux systems and intracellular sequestration
processes, as highlighted by Rajput et al. (2025). Although
further mechanistic and statistical analyses are required to
confirm this relationship, the observed site-specific microbial
diversity suggests that the mineralogical characteristics
of iron ores may act as a key driver shaping microbial
assemblage structure in these mining environments.

Finally, the Failure Modes, Effects, and Criticality
Analysis (FMECA) highlighted poor workshop maintenance,
operational congestion, and delays in corrective measures as
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major contributing factors to dust emissions, with criticality
indices exceeding 24. Preventive actions targeting these
factors were therefore recommended to improve production
efficiency, reduce emissions, and extend equipment lifespan.

4. CONCLUSIONS

Dust emissions along the production circuit of the Guelb El
Rhein mine operated by the National Industrial and Mining
Company have reached critical levels, posing serious
environmental and occupational health risks. This study
developed and implemented a comprehensive monitoring
framework to quantify dust emissions, identify their sources,
and assess both their chemical composition and associated
bacterial load.

The results demonstrated that dust emission levels at
Guelb El Rhein substantially exceed the stated dust-pollution
threshold (>1,000 mg m> day'l), rendering certain areas
unsafe for personnel involved in production monitoring.
Emissions at Kedia d’Idjil were lower than those at Guelb
El Rhein but still substantial, highlighting the influence of
site-specific operational and geological factors.

Chemical analyses confirmed the presence of silica
and heavy metals in emitted dust, while microbiological
investigations revealed a diverse assemblage of potentially
pathogenic Staphylococcus species, underscoring the
combined chemical and biological hazards associated
with mining dust. These findings emphasize the need for
integrated mitigation strategies addressing both particulate
matter and microbial exposure.

To reduce dust emissions and associated risks, the
implementation of preventive measures is strongly
recommended, including:

¢ installation of enclosed mining domes to limit dust
dispersion;

e deployment of conveyor belt recovery systems to
recapture iron-rich dust;

e integration of air filtration and ventilation systems in
enclosed workshops;

e installation of localized extraction hoods at material
drop points to direct dust toward filtration units.

In addition to occupational exposure, gravity-driven
deposition of particulate matter can lead to contamination
of soils, vegetation, and water bodies, potentially causing
habitat degradation and biodiversity loss if emissions are
widespread and persistent. Overall, this study highlights the
urgency of adopting sustainable dust management practices
in mining environments to protect workers, surrounding
ecosystems, and public health.
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