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ARTICLE INFO ABSTRACT
Keywords: This study was designed to assess the concentrations of nine water-soluble ions in PM;o mass at
PMio two sites of an open-pit coal mine and to analyze the correlation and variation of the spatial
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distribution of sulfate ions with the PM;q sulfate aerosol optical depth at 550 nm (suaod550) in
two (North and South) stations of the study area. The daily average of PM;( concentrations
ranged from 20.48 to 53.10 pg/m® and thus did not exceed the daily average maximum
permissible level of PM;q (100 pg/m®) established in the Colombia standard at any station. The
concentrations of nine water-soluble ions in PM;q (C1~, NO3, PO3 ", SO%- Nat, NH, K*, Mg?",
and Ca®") were determined. The ions under analysis, SO4%~, Na*t, and NHZ had the highest
concentrations. Combined, they accounted for 75% of the mass of water-soluble ions in a total of
210 samples. The SOF~ concentrations in PMy significantly correlated with suaod550 (r ranging
from 0.57 to 0.66), emphasizing the strong effect of suaod550 from Venezuela (Lake Maracaibo)
on central and northern Colombia. These results demonstrate that the effects of local sulfate
emissions near monitoring sites can be predicted and assessed using satellite data.

1. Introduction

Air pollution kills millions of people annually, decreases the quality of life, and is the main environmental threat to human health
[1]. The Environmental Protection Agency (EPA) and the World Health Organization (WHO) consider particulates, also known as
particulate matter (PM), as criteria air pollutants with scientific evidence of posing short- and long-term risks to human health [1,2].
The public health impact of PM has been reported in the last decade [3-7]. Its effects on local climate and ecology have also garnered
considerable research interest [8-11]. PM has been identified as the main source of air pollution in open-pit mining, especially total
suspended particles and particles smaller than 10 pm (PM;) [12-14]. Among the environmental impacts of open-pit coal mines, their
impact on air quality is the most controversial and the most systematically monitored.

High PM concentrations have been recorded in communities near mining excavations and are often much higher than those in large
urban centers [15]. Reported evidence confirms that interactions with or proximity to mining activity increase morbidity and mortality
in these communities [16-24]. Therefore, the chemical compounds in PM mass must also be identified.

The chemical composition of PM emitted from open-pit coal mining operations may be influenced by primary and secondary
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Nomenclature

PM Particulate matter

PM;o PM less than 10 pm in diameter

AOD Aerosol optical depth

suaod550 sulfate aerosol optical depth at 550 nm
Open-pit Surface mining technique

SD Standard deviation

CAMS Copernicus Atmosphere Monitoring Service
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Fig. 1. The geographical location of the Cerrején coal mine and PM; monitoring stations (Sol y Sombra (ST-SS), Patilla (ST-PT), Provincial (ST-PV),
Barrancas (ST-BA), and Las Casitas (ST-LC) stations.

sources. The chemical compounds in PM mass derived from secondary sources include secondary inorganic aerosols. The predominant
components of PM;y and PM, 5 are sulfate (S0O37), ammonium (NHY), and nitrate (NO3) ions [25]. Water-soluble ions are the main
components of atmospheric aerosols, accounting for more than 10% of PM;( mass [26,27]. In cities near coal mines, water-soluble ions
are the major PM components. Studies have recorded considerable water-soluble ion concentrations (30%) in PM mass [28,29].
Water-soluble ions, especially sulfate, have a significant impact on air quality and climate in various contexts. The role of aerosols in
the atmosphere to scatter incoming radiation is well known [30,31]. Long life in the atmosphere prolongs their impact. Aerosol
emission sources are associated with particulate matter, marine aerosols, biomass burning, urban emissions, and emissions from in-
dustrial processes. The optical properties of aerosols have allowed their efficient observation from satellites [32,33].

The use of satellite information platform has been very useful in producing daily forecasts of pollutants and aerosols across the
globe. The Copernicus Atmosphere Monitoring Service (CAMS) (http://atmosphere.copernicus.eu) provides daily forecasts of aerosol
concentrations [34]. This information helps assess the impact of aerosols on air quality [35,36]. Studies have also evaluated surface
data measured with satellite data for water-soluble ions, especially sulfate and nitrate. The results showed 26.88% uncertainty for
sulfate and 25.55% uncertainty for nitrate at a resolution of 0.1° x 0.1° [37].

CAMS service applies principles and laws of physics and atmospheric chemistry to estimate the concentrations of all species during
the study period. The results are validated with the emission estimates or surface observations as a boundary condition. The resolution
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Table 1
Location and elevation of the Cerrejon Air Quality Network and meteorological instruments used in this research (Fig. 1). (ST-BA: Barrancas; ST-LC:
Las Casitas; ST-PT: Patilla; ST-PV: Provincial; ST-SS: Sol y Sombra).

D Stations Latitude (°) Longitude (°) Elevation (m) Variables

ST-SS Sol y Sombra 11°8'37.88' N 72°30'36.64" W 117 PM;o

ST-PT Patilla 11°3000" N 72°40'15.60" W 115 PM;o

ST-PV Provincial 11°123.12' N 72°44'5.99' W 156 PMq, T, P, ws, and wd
ST-BA Barrancas 10°57'34.38" N 72°46'45.52" W 150 PM;, T, P, ws, and wd
ST-LC Las Casitas 10°57'1.69" N 72°44'28.23" W 162 PM,o, T, P, ws, and wd

of approximately 40 km (approximately 0.35°) [38,39]. In the study, only air quality stations located outside the 40 km range are
selected. The model returns an analysis of concentrations every 6 h. The daily average sulfate was determined to be consistent with the
corresponding time period for which surface concentrations were measured.

Colombia ranks fifth among coal exporters globally. In 2018, Colombian coal production reached 84.3 Mt. Approximately 90% of
the country’s coal production is concentrated in the north. In the department of La Guajira, the study area, coal production reached
30.7 Mt in 2018. Mining operations have a positive economic impact in the region but may also be the cause of adverse environmental
effects.

In this study, a six-month monitoring program was developed at six stations located in the Cerrejon open-pit coal mine, in the
department of La Guajira in northern Colombia, to measure the concentrations of ions dissolved in PM;( and to investigate the
temporal variations and possible sources of these species. The results of this study may provide useful information to establish control
strategies for preventing aerosol contamination in sites near open-pit mines.

2. Materials and methods
2.1. Study area

This study was conducted in the area of affected by the Cerrején mine (11° 5'N, 72° 40’ W; Fig. 1). Cerrején is an open-pit coal mine
located in the peninsula of La Guajira in northeastern Colombia, very close to the border with Venezuela. It spans the municipalities of
Albania, Hatonuevo, and Barrancas and is 150 km from the Caribbean coast, 100 km from Riohacha, the capital of La Guajira, and 400
km from the industrial city of Barranquilla. The Cerrejon mine is located 85-192 m above sea level and has an intervention area of
~142 km?. According to projections by the National Administrative Department of Statistics [40], the total population of the
department of La Guajira was approximately 1,067,063 inhabitants in 2019. There are 80,312 people living in the area of influence of
the coal mine (34% of the population is indigenous). About 70% of this population is located less than 10 km from the extraction site
[41].

The terrain is characterized as an alluvial plain located in the Rancheria River basin, between the mountainous ranges of the
Serrania de Perija to the east and the Sierra Nevada de Santa Marta to the west. The coal deposits are located in an area of approx-
imately 80,000 ha. At Cerrejon, coal is extracted from a maximum depth of 200 m below the ground surface. In 2016, the total coal
production reached 31.6 Mt, with total exports surpassing 32.4 Mt [42]. Expansion plans to increase the production of the mine to 42
Mt were approved in 2017. The mining operations are performed in the following 6 areas, from north to south: Patilla pit (PATp), 100
pit (100p), Comunero pit (COMp), Oreganal pit (OREp), Tabaco pit (TABp), and La Puente pit (LPUp) (Fig. 1). The climate is strongly
affected by the proximity to the mountainous ranges of Serrania de Perija and Sierra Nevada de Santa Marta. Temperatures range from
13 to 37 °C, averaging 29 °C annually. Wind speeds range from 2.53 to 6.04 m/s, averaging 3.11 m/s annually and predominantly from
the NE [43]. The study area experiences dry and rainy seasons based on precipitation presence or absence. There are two rainy seasons,
one between April and May (with 1000-1300 mm precipitation) and the other between September and December (precipitation higher
than 1100 mm). Conversely, the dry seasons span from January to February (precipitation lower than 450 mm) and from June to
August (450-500 mm precipitation).

2.2. Sampling sites

The meteorological variables (temperature (T), relative humidity (RH), precipitation (P), and wind speed (ws) and direction (wd))
and ambient PM;( concentrations used in the analysis were assessed at stations of the Cerrejon Air Quality Network (https://www.
cerrejon.com/en/sustainability/environment/air). The selected stations are located in the North (Sol y Sombra (ST-SS) station),
Central (Patilla (ST-PT) and Provincial (ST-PV) stations), South (Barrancas (ST-BA), and Las Casitas (ST-LC) stations) Zones. Table 1
presents the sampling stations, their geographical location, and the variables measured in this study. ST-SS and ST-BA were the
reference stations upwind and downwind of the mining operations (based on prevailing winds). The ST-PT, ST-PV, and ST-LC stations
are located in the heart of industrial activities. Additionally, ST-PV and ST-LC are affected by other activities performed by the in-
habitants in areas adjacent to these stations. Meteorological data were recorded in only three of the five stations, namely, the Pro-
vincial (ST-PV), Barrancas (ST-BA), and Las Casitas (ST-LC) stations. In summary, these five stations cover the entire study area and
encompass the main mining activities, as well as other activities in adjacent areas that may interact with and be affected by PM
emissions.
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Table 2
Statistical summary of meteorological variables (temperature, relative humidity, rainfall and wind speed) measured at selected sites of Cerrejon mine
(sites ST-PV, ST-BA, ST- LC).

ID-Station Temperature (°C) Relative humidity (%)

Mean SD Min Max Mean SD Min Max
ST-SS 28.22 2.80 12.80 34.80
ST-PT 29.82 2.01 13.25 36.82
ST-PV 29.23 1.83 12.80 34.80 59.15 10.23 18.00 96.33
ST-BA 28.89 1.72 25.13 33.17 64.75 10.68 38.66 92.18
ST-LC 29.69 1.97 13.25 36.82 64.01 10.80 18.00 96.20
ID-Station Rainfall (mm) ws (m/s)

Mean SD Min Max Mean SD Min Max
ST-SS 1.60 7.64 4.56 119.20 2.66 0.95 0.30 5.39
ST-PT 1.50 6.66 1.23 76.60 2.54 0.96 0.18 6.04
ST-PV 1.84 7.61 1.10 76.60 2.89 1.11 0.00 5.71
ST-BA 1.93 7.73 3.45 110.30 2.83 1.02 0.00 5.24
ST-LC 1.85 7.56 2.67 107.20 3.06 1.11 0.00 5.71

2.3. p.m.jp concentrations

PM;( samples were collected from June to December 2015 using TE-6070 high-volume (Hi-Vol) PM; air samplers purchased from
Tisch Environmental (Cleves, OH, USA), equipped with 2 pm Whatman® quartz air sampling filters (8 x 10 in) purchased from Sigma-
Aldrich. “The hi-vol PM10 sampler was operated for 24 h with a volumetric flow rate between 1.1 and 1.7 m3/min (36-40 ft3/min).”
Daily samples were collected every three days, totaling 210 p.m.;o samples, distributed as follows: 50 at ST-SS, 49 at ST-PT, 27 at ST-
PV, 51 at ST-BA, and 33 at ST-LC. All samples were processed and analyzed using gravimetric techniques, following the reference
methods of the Code of Federal Regulations (Appendix J to Part 50 for PM;o) [44,45]. Each filter was weighed on an Ohaus EX125D
analytical balance (Parsippany, NJ, USA), accurate to 0.01 mg, before and after storing at 30 + 10% RH and 20 + 2 °C for 24 h to
calculate the difference in weight between the clean and exposed filters. The results were used to determine the concentrations. The
QA/QC procedures have been used in all monitoring stations.*.

2.4. Ion analysis

The concentrations of four anions (C1~, NO3, PO3 ", and SO3") and five cations (Na*, NHZ, K*, Mg?*, and Ca®") were determined
for 210 quartz filter samples. The filters were placed in a muffle furnace for 16 h at 550 °C. To extract water-soluble ions, a disk 47 mm
in diameter was punched out of each of the 8" x 10" quartz air sampling filters. These disks were immersed in 30 ml of ultrapure water
and 100 pl of pure ethanol. A Dionex DX-500 Ion Chromatography System (Dionex Corporation, Sunnyvale, CA, USA) was used to
determine the concentrations of cations and anions in the quartz air sampling filters. The cations were analyzed by gradient separation
on an Ionpac CS12A column using 22 mM H3SO4 as the eluent. This procedure is described in Research Triangle Institute: ‘Standard
Operating Procedure for PM, 5 Cation Analysis [46]. Similarly, anions were separated on an Ionpac AS4A-SC column using 2.7 mM
NapCO3/0.3 mM NaHCOs as the eluent. This procedure is described in the Research Triangle Institute Standard Operating Procedure
for PM; 5 Anion Analysis [47]. The resulting ionic mass values were scaled based on the ratio between the perforated and total filter
areas.

2.5. Sulfate AOD (550 nm)

In this study, the sulfate concentration in PM; correlated with the sulfate aerosol optical depth at 550 nm (suaod550) in the study
area. suaod550 data were downloaded from the Atmosphere Data Store of the Copernicus Atmosphere Monitoring Service (CAMS),
ECMWE. Programmatic access to the data was provided by the Climate Data Store Application Program Interface (CAMS global at-
mospheric composition forecasts). CAMS forecast data have a resolution of approximately 40 km (approximately 0.35°). The hori-
zontal resolution of the satellite data covered three stations (grid size of about 40 km). Were considered for the study, the stations
impacted by regional sources (ST-SS) and extractive operations (ST-BA). suaod550 data were initially interpolated to the coordinates
of the ST-SS, and ST-BA stations (North, and South Zones of the mine). These data were downloaded every 3 h from 00:00 UTC to 21:00
UTC. At each station, 24 h averages were calculated, coinciding with the sampling times of the surface data.

2.6. Data analysis

Data analysis was performed with Microsoft® Excel® 2019 MSO (Microsoft Corporation, Santa Rosa, CA). The correlation between
of the ions in PM;o was retrieved using Pearson’s coefficients. The R packages (r-studio) (OpenAir air quality tool) were used for
computing the Polar plot of concentrations of the main ions [48]. The Python 3.10.9 (Packaged by Anaconda, Inc.) (https://docs.
anaconda.com/free/navigator/) was used to analyze the sulfate aerosol optical depth at 550 nm (suaod550) in the study area.
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Table 3
Mean PM;, concentrations, standard deviation (SD), maxima and minima, and confidence interval at each station (the matrix of all data).
Station N Mean (pg/m®) SD (pg/m®%) Maximum (pg/m®) Minimum (pg/m%) Clgso,
ST-SS 50 20.48 9.16 38.37 5.55 2.58
ST-PT 49 40.89 13.63 95.31 14.40 3.76
ST-PV 27 31.48 13.54 74.29 15.83 5.08
ST-BA 51 41.98 17.53 89.06 12.15 5.10
ST-LC 33 53.20 19.88 95.03 15.26 6.75
All 210 36.93 18.41 95.03 5.55 2.52
Table 4
Concentrations of water-soluble inorganic ions in PM;, at sampling stations.
Station Na* Tons (ug/m>) (N = 210) Ca** cr NO3 POY S0%
NHZ K+ Mgt
Mean 0.54 0.41 0.06 0.06 0.16 0.14 0.22 0.12 2.16
SD 0.18 0.36 0.03 0.02 0.05 0.17 0.12 0.02 1.02
ST-SS Max 0.95 1.89 0.18 0.11 0.31 0.65 0.47 0.19 5.91
(n = 50) Min 0.12 0.00 0.01 0.03 0.05 0.00 0.02 0.09 0.03
Closo, 0.05 0.10 0.01 0.01 0.01 0.05 0.03 0.01 0.28
Mean 1.27 0.37 0.09 0.17 0.37 0.94 0.63 0.14 2.65
SD 1.14 0.43 0.09 0.15 0.35 1.17 0.60 0.08 2.44
ST-PT Max 5.13 2.27 0.39 0.72 1.98 5.00 2.62 0.52 9.83
(n = 49) Min 0.07 0.01 0.01 0.01 0.01 0.01 0.02 0.06 0.01
Closo, 0.32 0.12 0.02 0.04 0.10 0.33 0.17 0.02 0.68
Mean 0.80 0.47 0.06 0.09 0.23 0.44 0.37 0.13 2.73
SD 0.45 0.36 0.04 0.06 0.15 0.45 0.18 0.05 1.50
ST-PV Max 1.84 1.32 0.16 0.23 0.76 1.78 0.81 0.33 6.29
(n=27) Min 0.10 0.00 0.00 0.00 0.04 0.02 0.04 0.09 0.00
Clos, 0.17 0.13 0.01 0.02 0.06 0.17 0.07 0.02 0.56
Mean 1.20 0.67 0.11 0.16 0.40 0.74 0.64 0.13 3.94
SD 0.62 0.48 0.05 0.08 0.22 0.67 0.27 0.03 1.85
ST-BA Max 2.39 2.24 0.24 0.34 1.01 2.40 1.07 0.18 9.02
(n=>51) Min 0.09 0.00 0.01 0.01 0.04 0.01 0.02 0.08 0.00
Closo, 0.17 0.13 0.01 0.02 0.06 0.18 0.07 0.01 0.51
Mean 2.06 1.37 0.20 0.28 0.62 0.91 0.88 0.79 7.04
SD 3.58 1.47 0.33 0.51 1.22 1.20 0.91 3.52 5.65
ST-LC Max 21.00 7.43 1.80 3.00 7.20 5.40 4.80 20.40 32.40
(n = 33) Min 0.09 0.00 0.01 0.02 0.03 0.01 0.03 0.09 0.00
Closo, 1.22 0.50 0.11 0.17 0.41 0.41 0.31 1.20 1.92

3. Results and discussion
3.1. Meteorology and PM;y concentrations

Meteorological variables were measured at three selected locations (ST-PV, ST-BA, ST-LC) (Table 2). The average temperature was
29.49 °C, with an average annual RH of 65%. Wind speed recorded values between 2 and 5 m/s, with predominant winds from the
NNE, NEE, and NE. The rainy season occurs twice a year, from April to May (the first rainy season) and from October to December (the
second rainy season). The remaining months of the year are considered the dry period. The average annual rainfall was recorded as
400 mm during the study period. The existence of uniform meteorological characteristics was estimated in the same area. Table 3
outlines the mean concentrations, number of samples, standard deviation (SD), maxima and minima, and confidence interval at each
station, i.e., the matrix of all the data. All the devices were operated under the same characteristics, according to the manufacturer’s
instructions. The overall mean of all stations was 36.93 pg/m® (Close, 34.41-39.45), with an SD of 18.41 pg/m®. ST-LC had the highest
mean PM; ¢ concentration, at 53.20 pg/m3 (ClIgs0, 46.46-59.95), with an SD of 19.88 pg/mg, followed by ST-BA, with a mean of 41.98
pg/m® (Closy, 36.89-47.08) and an SD of 17.53 pg/m®. ST-PT had a mean of 40.89 pg/m> (Closy, 37.14-44.65) and an SD of 13.63 pg/
m®. ST-PV had a mean of 31.48 pg/m> (Clos, 26.40-36.56) and an SD of 13.54 pg/m°. Lastly, ST-SS had the lowest mean, at 20.48 pg/
m® (Closy, 17.90-23.06), and an SD of 9.16 pg/m°.

These results are in line with the findings of other studies in the same area [49,50]. The mean PM; concentrations did not exceed
the daily (100 pg/m®) and annual (50 pg/m?) average maximum permissible levels of PM; established in the Colombian standard, in
any station [51]. However, all mean PM;( concentrations at ST-BA, ST-LC, ST-PT, and ST-PV exceeded the annual permissible limit (15
ng/m?>) of the 2021 WHO air quality guidelines (AQGs) during the study period [1]. An analysis of the results also showed that 4%,
11%, 20%, 13%, and 25% of the PM;( concentrations assessed at the ST-SS, ST-PT, ST-PV, ST-BA, and ST-LC stations, respectively,
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Fig. 2. Concentration of water-soluble ions in PM; (ug/m®) in open-pit coal mines from June to December 2017. Sol y Sombra (ST-SS), Patilla (ST-
PT), Provincial (ST-PV), Barrancas (ST-BA), and Las Casitas (ST-LC) stations.

exceeded the 24 h average PM threshold of the 2021 WHO AQGs (45 pg/mg). PM;( concentrations at station ST-SS, located upwind
of the mining activities, indicated significant contribution from regional sources. Stations ST-PT, ST-PV, ST-BA, and ST-LC indicated
direct contribution from open-pit mining activities. Section 3.2 details the possible sources of PMj in the study area.

3.2. Concentration of anions and cations in receptors

In the present study, 210 PM; samples were analyzed to determine the mass of anions and cations. SO%~, Na', and NHJ were the
ions with the highest concentrations. Combined, these three ions accounted for 75% of the total PM;o mass of the 210 samples. The
remaining 25% of PM;o mass comprising Kt, Mg?*, Ca®*, CI~, NO3, and PO . Table 4 outlines the mean concentrations of water-
soluble inorganic ions in PMjq at the ST-SS, ST-PT, ST-PV, ST-BA, and ST-LC stations. The mean concentration of SO%~ was 3.55
ng/m?> (Clgse, 3.12-4.00), with an SD of 3.21 pg/m®. The maximum 24 h concentration (32.40 pg/m>) was recorded on December 9
and the lowest value (0.01 pg/m>) was recorded on December 25. Na* concentrations ranged from 0.09 to 21.00 pg/m°, and the
overall mean was 1.14 pg/m® (Closy, 0.92-1.36). NHJ concentrations ranged from 0.01 to 7.43 pg/m°, averaging 0.62 pg/m> (Closy,
1.09-1.42). The mean concentrations of K+, Mg?*, Ca?*, CI~, NO3, and PO3~ were 0.10 (Clgse, 0.08-0.12), 0.15 (Clgse, 0.12-0.18),
0.35 (Clgse, 0.27-0.42), 0.63 (Clgsg, 0.52-0.75), 0.54 (Clgs, 0.47-0.61), and 0.24 (Clgse, 0.05-0.42) pg/mB, respectively. The ranges
of these data are similar to those reported for mining areas of the department of Cesar, located farther south of Cerrejon [52]. However,
they significantly differed from the results of measurements performed in the same study area in another study [28].

The highest means and maximum values of the concentrations of the nine ions under study were recorded at ST-LC. The lowest
mean concentrations of SO3~, Nat, K, Mg?*, Ca?*, CI~, NO3, and NHZ and PO3~ were recorded at ST-SS and ST-PT, respectively. The
lowest values of all ion concentrations were recorded at ST-SS. These results clearly show a greater input of inorganic ions at ST-LC,
which also had the highest PM; values. On average, these nine ions accounted for 19.65% (Clgsg,, 18.29-20.91) of the PM;( mass
during the study period. On two days, the mass of ions accounted for more than 50% of the PM;( mass. The daily mean concentrations
of ions were somewhat similar to the PM;o concentrations, although with some differences in various ions and stations. Based on the
means, the three main water-soluble inorganic species (SO?{, Na™, and NHJ) accounted for 20.45% of the PM; mass. Combined, these
three elements accounted for 75% of the total concentrations of ions in this study (Fig. 2).

Fig. 3 shows the temporal variation in the concentrations of the main ions, namely, SO%’, Na™, and NHZ, in PM;, at the ST-SS, ST-
PT, ST-PV, ST-BA, and ST-LC monitoring stations. Except for Cl~, all other ions had higher means in the dry seasons than in the rainy
seasons. However, no significant difference (p > 0.05) was found between the means of all stations in the dry and rainy seasons by
analysis of variance. These nonsignificant differences may be normal because precipitation can remove aerosols from the atmosphere;
however, aerosols can be quickly recharged after rainfall events [53].

The relationships between the anions and cations are graphically represented in Fig. 4, which shows a high correlation coefficient
between anion and cation concentrations (r = 0.95). These results confirm that the ions were derived from a common source. Overall,
the mean concentration of anions (4.96 pg/mg, Clgsy,: 2.56-3.74) was higher than the mean concentration of cations (2.36 pg/mg,
Clgsy,: 1.98-2.74). The mean concentrations of the ions decreased in the following order: SO7~ >Na' > NH{ > Cl~ > NO3 > P03~ >
Ca?t > K" > Mg?". These results suggest that the main source of the three main ions may be coal combustion. The high correlation
suggests that the precursors of these species were released from similar emission sources, such as coal burning, vehicle exhausts, the
industrial sector, and natural and anthropogenic mineral dust [54,55].

Table 5 outlines the Pearson product-moment correlation coefficients of the total concentrations of ions in PMj at all stations. ST-
LC had the highest correlation values (0.32-0.99), followed by ST-PT. ST-SS had the highest number of negative Pearson product-
moment correlation coefficients. By ion species, PO3~ had only negative coefficients of correlation with other ions. SO3~ had posi-
tive and significant coefficients of correlation with NHZ and NO3 (r = 0.76 and 0.57), indicating that a fraction of these ions may have
derived from a similar source. Ca®* and Mg?" are major soil components. These ions showed a good coefficient of correlation with each
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Fig. 3. Temporal variation in the concentrations of the main ions: SO3~, Na*, and NH4" in PM;, at the monitoring stations. Sol y Sombra (ST-SS),
Patilla (ST-PT), Provincial (ST-PV), Barrancas (ST-BA), and Las Casitas (ST-LC) stations.

other (r = 0.89), suggesting that they also have a common source.

The relationships between NH{, Mg?*, Ca?", C1~, Na¥, and K* may also indicate a similar source. The relationship between Na™
and C1™ (r = 0.89) is indicative of salt from marine aerosols [27,56]. These ions have a high correlation coefficient (r = 0.89), which
indicates the contribution of the Caribbean coast to PM; in the Cerrejon mine. The correlation between Na'and K (r = 0.60) reflects
the influence of agricultural activities [26]. The correlation coefficient was high for all samples; however, their correlation analysis by
the station showed that ST-LC had the highest coefficient (r = 0.85), suggesting that sources of emissions from agricultural activities
influenced the results assessed at this station. The levels of potassium ions (K*) were higher at ST-LC than at other stations. In PMg,
this ion species is a marker of biomass burning emissions, and its levels at this station could be related to emissions from artisan stoves
used by the inhabitants of this community for their domestic activities. Broadly speaking, the relationships between ion concentrations
in the mining area showed a positive and significant correlation for most paired ions, with 60% of paired samples showing a Pearson
product-moment correlation coefficient ranging from 0.48 to 0.98. A simple explanation for these relationships is the common origin of
the ions. Their emissions must derive from similar and local sources, more specifically, coal mining activity [53,57].

3.3. Marine contribution to aerosol composition

The open-pit coal mining area in northern Colombia is close to the Caribbean Sea. This zone can be influenced by marine aerosols
[58,59]. Considering this sea-mine proximity, the contribution of sea salt to soluble ions in PM;o was assessed in the mining area. The
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Fig. 4. Linear regression between anions and cations presents in PM;, at all stations of the study area. Sol y Sombra (ST-SS), Patilla (ST-PT),
Provincial (ST-PV), Barrancas (ST-BA), and Las Casitas (ST-LC) stations.

Table 5
Pearson Correlation Coefficient (R) of the concentrations of the ions in PM; assessed at five monitoring stations of the Cerrejon coal mine.
Na* NHj K* Mg>* Ca%* cr NO3; POY S0%
Nat 1 0.10 0.60 0.99 0.86 0.89 0.88 -0.15 0.44
NHZ 1 0.23 0.15 0.18 —-0.12 0.25 0.25 0.76
K+ 1 0.62 0.59 0.47 0.62 —0.05 0.44
Mg+ 1 0.89 0.88 0.90 -0.17 0.48
ca?t 1 0.77 0.85 —-0.11 0.47
cr 1 0.71 —-0.24 0.16
NO3 1 —0.06 0.57
PO3~ 1 0.20
S03~ 1
1m
80
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Fig. 5. Proportions of sea-salt (ss)-derived water-soluble ions in PM;( by sampling site, namely, ss-S03 7, ss-K+, ss-Mg2+, and ss-Ca®". Sol y Sombra
(ST-SS), Patilla (ST-PT), Provincial (ST-PV), Barrancas (ST-BA), and Las Casitas (ST-LC) stations.

contribution of marine aerosols was estimated assuming that Na™ is derived from the sea. Under this assumption, the non-sea salt (nss)
value of any ion was calculated using the equation established by Cheng et al. [57], with proven results reported by Xu et al. [60], and
Zhang et al., [61].

nss —x=x; — Na;” x (x/Na+) 1)

sea

where x; and Na; represent the concentrations of an ion and Ng;” in ambient air samples of PMj, respectively. (x/N a+)m is the ratio

between the concentration of the ion and the concentration of Na* in seawater. According to the seawater composition, (x/N a+)sea is

1.81 for X = Cl~, 0.04 for X = Ca®", 0.13 for X = Mg?*, 0.04 for X = K*, and 0.25 for X = SOZ~ [62]. Fig. 5 shows the proportions of



R. Rojano et al. Heliyon 10 (2024) e28159

m nss sulfate
104 mss sulfate

Concentration, (ug/m?)
(=

ST-SS ST-PT ST-PV ST-BA ST-LC Al sites

Sampling stations

Fig. 6. Concentration of nss sulfate (SO%37) in PM;q by monitoring station. Sol y Sombra (ST-SS), Patilla (ST-PT), Provincial (ST-PV), Barrancas (ST-
BA), and Las Casitas (ST-LC) stations.

N
6 6 NH,*
5 5
w
s
4 6 8 10 12 14 1 2 3 4 1 2 3 4 5

Mean concentration (ug/m?)

Fig. 7. Polar plot of concentrations of the main ions -S0%, NHJ, and Na"— in PMj, at the Las Casitas (ST-LC) monitoring station.

sea-salt (ss)-derived water-soluble ions, namely, ss-SO3~, ss-K*, ss-Mg", and ss-Ca®", at each sampling station. K* and Mg" showed the
highest percentages of marine contribution (88.90% and 45.54%). Conversely, SO3~ and Ca®" showed the lowest percentages of
marine contribution (13.43% and 11.19%).

The ST-LC monitoring station had the highest mean concentration of ions, at 6.52 pg/m> (92%), followed by ST-BA at 3.64 pg/m°>
(90%), ST-PT at 2.34 pg/m° (78%), ST-PV at 2.28 pg/m® (91%), and ST-SS at 2.03 pg/m°> (68%). These results show that the ST-SS
station, located upwind of the mining operations, has the lowest contribution of nss sulfate. Among the ions, sulfate stands out as
the component with the highest mass in PMjg. The nss sulfate can be estimated using Equation (1) by replacing the value of X in
(x/N a+)sm with the value of SO7 ™. This sulfate can be generated by spontaneous coal combustion, which commonly occurs in this mine

during the rainy season. Some fractions of SO, emitted from heterogeneous or homogeneous reactions are oxidized to sulfate aerosols
before dry or wet deposition. Based on the application of this equation, the mean concentration of nss-SO3 was 3.26 pg/m3 (Clgs9,
2.84-3.68), with an SD of 3.13 pg/m®. Approximately 71.95% (Clgs9%, 55.03-80.88) of the SO~ mass may have been emitted from
tillage and spontaneous combustion of coal seams (Fig. 6).

Fig. 7 shows the polar plot of the concentrations of the main ions, namely, SO%’, NH4, and Na*, in PM; at the SS-LC monitoring
station (the station with the highest concentrations). This figure shows high values of SO3~ and NHZ from the NE wind direction and
with speeds lower than 3 m/s, suggesting ion contributions from local sources, possibly from mining activity. The Na* concentrations
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(suaod550). Sol y Sombra (ST-SS), Barrancas (ST-BA).

show a wind speed range greater than 4 m/s, suggesting a contribution from regional sources, in addition to local sources, possibly due
to the contribution of marine aerosols, given the proximity of the mine to the coast.

3.4. Surface sulfate vs suaod550

Fig. 8 shows the daily means of suaod550, highlighting the strong influence of suaod550 from Venezuela (Lake Maracaibo) on
central and northern Colombia. This region is important due to the presence of the oil and petrochemical industry and has high levels
of sulfate and chloride [63]. In recent research, Rojano et al. [64], showed that wind trajectories from northwestern Venezuela impact
northern and central Colombia. Fig. 9 shows the temporal variation and correlation analysis of the sulfate ion (SO37) in PM;o and
suaod550 (SO‘Z( AOD(550 nm)) based on CAMS data. The ST-SS (located to the north of the study area) and ST-BA stations (located to
the south of the study area) showed a consistent pattern in the variability of satellite (suaod550) and surface data of the sulfate ion
(SO%’) concentration in PM.

These results show a strong, positive, and linear correlation between the sulfate ions (SO%’) in PM;( and suaod550 at the moni-
toring stations. The increase in suaod550 is in line with the increase in sulfate ion (SOF") concentrations in PM;q. The correlation
between sulfate ions (SO;Z;’) and suaod550 (Fig. 9) is considered acceptable at both stations, with R = 0.66 at ST-SS and R = 0.57 at ST-
BA. These results suggest that suaod550 may be used to estimate PM;( concentrations in northern Colombia with acceptable accuracy.
Previous studies showed a positive and good linear correlation between the concentrations of PM;o and satellite values of PM;g
(AOD550 nm) [65,66]. Although the results obtained in this study correlate the concentration of sulfate ions (SO%’) in PM;o and

10
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suaod550, positive linearity was also observed for chemical substances contained in PM;,.
4. Conclusion

The PM;( concentrations measured did not exceed Colombian national air quality standards but exceeded the WHO international
guidelines for daily and annual averages for most sites. SO?{, Na', and NHj are the most abundant species, accounting for 75% of the
ion masses under study. These species contribute to 22.45% of the PM;( mass. The sulfate ion stands out as the main component, with
the highest mass in PM. The results showed that the atmosphere influenced by the extractive activity was dominated by SOF~, Na*,
and NHJ contributing an average of 20.45% of the PM;o mass. The contribution of marine aerosols to K™ and Mg * concentration was
higher, while the contribution of sea salt to SO~ and Ca* concentration was comparatively lower.

The mean concentrations of SOF~ and NHZ are high, from the NE wind direction and with speeds lower than 3 m/s, suggesting ion
inputs from local sources. Approximately 71.95% of the ion mass in PM; is emitted from local sources. The concentration of sulfate
ions (SO?() in PM ¢ significantly correlates with Sulfate aerosol optical depth at 550 nm (suaod550), data obtained from CAMS Global
atmospheric composition forecast. The results emphasize the dependability of atmosphere composition reanalysis information,
establishing it as a valuable supplementary resource to air quality observations at surface level. The slight variation between the two
stations may be attributed to the horizontal resolution of the CAMS forecast data, which is approximately 40 km (0.35°). The results
emphasize the dependability of atmosphere composition reanalysis information, establishing it as a valuable supplementary resource
to air quality observations at surface level.
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