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such as fluorescent lamp factory locations and gold 
mining zones. The GEM concentrations recorded in 
Mexico City did not exceed the WHO atmospheric 
limit of 200  ng   m−3. We performed statistical cor-
relation analysis which suggests equivalent sources 
between Hg and other atmospheric pollutants, mainly 
 NO2 and  SO2, emitted from urban combustion and 
industrial plants. The atmospheric Hg emissions are 
basically controlled by sunlight radiation, as well 
as having a direct relationship with meteorological 
parameters. The area of the city studied herein is char-
acterized by high traffic density, cement production, 
and municipal solid waste (MSW) treatment, which 
constantly release GEM into the atmosphere. In this 
study, we included the simulation with the HYSPLIT 
dispersion model from three potential areas of GEM 
release. Emissions from industrial corridors and vol-
canic plumes localized outside the urban area contrib-
ute to the pollution of Mexico City and mainly affect 
the northern area during specific periods and climate 
conditions. Using the USEPA model, we assessed the 
human health risk resulting from exposure to inhaled 
GEM among residents of Mexico City. The results 
of the health risk assessment indicated no significant 
noncarcinogenic risk (hazard quotient (HQ) < 1) or 
consequent adverse effects for children and adults liv-
ing in the sampling area over the study period. GEM 
emissions inventory data is necessary to improve our 
knowledge about the Hg contribution and effect in 
urban megacity areas with the objective to develop 

Abstract Emissions of gaseous elemental mercury 
(GEM or  Hg0) from different sources in urban areas 
are important subjects for environmental investiga-
tions. In this study, atmospheric Hg measurements 
were conducted to investigate air pollution in the 
urban environment by carrying out several mobile 
surveys in Mexico City. This work presents atmos-
pheric concentrations of GEM in terms of diurnal 
variation trends and comparisons with criteria for 
pollutant concentrations such as CO,  SO2,  NO2, 
 PM2.5, and  PM10. The concentration of GEM was 
measured during the pre-rainy period by using a high-
resolution active air sampler, the Lumex RA 915 M 
mercury analyzer. In comparison with those for other 
cities worldwide, the GEM concentrations were simi-
lar or slightly elevated, and they ranged from 0.20 to 
30.23 ng  m−3. However, the GEM concentration was 
significantly lower than those in contaminated areas, 
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public safe policy and implementing the Minamata 
Convention.

Keywords Gaseous elemental mercury · Mexico 
City · Mercury pollution · Dispersion model · Health 
risk · Lumex

Introduction

Mercury (Hg) is an important trace element and is 
of global concern due to its high toxicity and signifi-
cant adverse effects that can impact the ecosystem and 
human health (U.S. Department of Health and Human 
Services, Public Health Service, ATSDR, 2012; Budnik  
& Casteleyn, 2019; Hylander & Goodsite, 2005). Hg is 
involved in a complex biogeochemical cycle that includes 
emissions from natural and anthropogenic sources, oxi-
dation/reduction in gaseous and aqueous phases, and 
finally deposition and re-emission in the atmosphere 
(Gustin et al., 2020). Hg can remain in the atmosphere 
for a long time (0.5 to 2 years) and can be transported 
over long distances away from sources (Gworek et  al., 
2017; Lyman et al., 2020; Schroeder & Munthe, 1998). 
Input of atmospheric Hg from natural sources includes 
volcanic emissions (Schiavo et al., 2020a; Edwards et al., 
2021), and anthropogenic release mainly comes from 
coal-fired power plants, fossil fuel combustion, and arti-
sanal gold mining (Pirrone et al., 2010; Sprovieri et al., 
2010). Thus, potential exposure to Hg may affect the 
world’s population and ecosystems, even in remote areas, 
e.g., Arctic and Antarctic regions (Angot et  al., 2016;  
Bargagli, 2016). The Minamata Convention, approved by 
the United Nations and agreed upon by more than 120 
governments around the world, is designed to monitor 
Hg in the atmosphere, soil, and water, reduce anthropo-
genic emissions of Hg compounds, and protect the envi-
ronment (Bank, 2020; UNEP, 2013).

Inorganic Hg appears in three oxidation states in 
nature:  Hg0 (elemental mercury),  Hg+ (mercurous), 
and  Hg2+ (mercuric).  Hg0, also known as gaseous 
elemental mercury (GEM), is the typical and most 
abundant form of Hg present in the atmosphere. This 
form is characterized by low solubility and high vapor 
pressure, which make it toxic and harmful to health. 
GEM is mainly absorbed in the lungs (~ 80%) (Park 
& Zheng, 2012) and can spread throughout the body, 
cross the blood–brain barrier, and accumulate in the 
central nervous system (Bjørklund et al., 2017).  Hg+ 

is not stable under normal environmental conditions 
and is rarely observable.  Hg2+, usually known as reac-
tive gaseous mercury (RGM), is the common oxidized 
form of Hg that is rapidly absorbed on the surfaces of 
raindrop particles and deposited on the Earth’s surface 
by wet and dry deposition processes (Li et al., 2020). 
The lifetime of RGM in the atmosphere is significantly 
shorter than that of GEM, approximately hours to days 
(Swartzendruber et al., 2006). Park and Zheng (2012) 
reported that the level of RGM absorption in the 
human body caused by inhalation was approximately 
50% lower than that of GEM. However, absorption by 
ingestion was higher than that of GEM (0.01%), in the 
range 7–14%.

Exposure to toxic levels of Hg compounds is related 
to neurological disorders, respiratory syndrome, cardi-
ovascular complications, and genetic damage (Berlin 
et al., 2015). Methylmercury (MeHg) is the most haz-
ardous organic form of Hg and is considered a potent 
neurotoxicant (dos Santos et al., 2016). Aquatic micro-
organisms catalyze biomethylation of inorganic Hg 
to produce MeHg (Hintelmann, 2010). MeHg can be 
found in various sources, such as fish, pesticides, and 
fungicides. The gastrointestinal tract absorbs approxi-
mately 95% of the MeHg ingested, mainly during the 
consumption of seafood (Heidari-Beni et  al., 2015; 
dos Santos et  al., 2016). Several health effects were 
reported in a population located near an artisanal gold 
mining area (Esdaile & Chalker, 2018). Bose-O’Reilly 
et al. (2008) recognized several diseases, such as kid-
ney, neurological, and autoimmune effects, in chil-
dren who worked in gold ore extraction and lived in 
the area. Gold mining communities are exposed to 
high levels of Hg vapor and MeHg, as evidenced by 
blood, urine, and hair concentrations of Hg (Gibb & 
O’Leary, 2014).

In Mexico, observations of atmospheric Hg levels in 
urban, industrial, and mining areas have been reported in 
some studies (e.g., de la Rosa et al., 2004; Fuentes García 
et al., 2017; Velasco et al., 2016; Morton-Bermea et al., 
2021a). GEM concentrations registered in Mexican min-
ing zones ranged from 40 (García-Martínez et al., 2021) 
to 71.8 ng  m−3 (de la Rosa et al., 2004), higher than lev-
els observed close to coal-fired power plants (Fuentes 
García et al., 2017) and non-contaminated areas (Velasco 
et al., 2016), approximately 2.8 and 1.04 ng  m−3, respec-
tively. The first studies on atmospheric Hg levels in 
Mexico City were conducted in the early twenty-first 
century. In Mexico City, de la Rosa et al. (2004) reported 
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GEM concentrations of 9.8 ng   m−3 during several sur-
vey measurements. On the other hand, atmospheric 
Hg measurements made close to municipal solid waste 
(MSW) dumps in Mexico City (de la Rosa et al., 2006) 
were characterized by elevated concentrations of GEM 
ranging from 12.5 to 1282.3 ng  m−3. Rutter et al. (2009) 
investigated GEM levels at fixed stations during real-time 
measurements recorded in the Mexico City Metropoli-
tan Area (MCMA) and reported values of 7.2 ng   m−3. 
Recently, Morton-Bermea et al. (2021b) examined GEM 
concentrations with two road surveys in MCMA realized 
in different sampling periods, and they recorded average 
values of 4.42 ng  m−3.

To date, considering the population density, pol-
lution, and industrial development, few studies of 
Hg vapor concentration and spatial distribution have 
been conducted in Mexico City. Many studies focus 
in atmospheric Hg transport reports primarily local 
sources; however, regional transport from multiple 
sources plays an important role in the dispersion of 
GEM in the urban environment. The transport mod-
els allow improving the investigation on the dispersion 
of contaminants and are essential for targeted control 
of GEM. According to our knowledge, the potential 
health risk of atmospheric Hg in the Mexico City is 
reported for the first time. The objectives of this study 
were (i) to measure ambient GEM concentrations and 
speciation with passive air sampling at five different 
surveys in Mexico City during the pre-rainy season, 
(ii) to investigate the spatiotemporal distribution of 
GEM, (iii) to identify potential sources of atmospheric 
Hg, and (iv) to determine the health risks of human 
Hg exposure.

Materials and methods

Study area and methodology

Mexico City is located in the Valley of Mexico (19° 
26′N 99°8′W) and is the capital and largest megac-
ity of Mexico (1485  km2) (Fig. 1). According to the 
statistical census of 2020 (INEGI, 2020), the popula-
tion was approximately 9 million; this value increases 
when the metropolitan area is considered, since it 
houses more than 21 million inhabitants. The stud-
ied area is characterized by highly traffic density and 
urbanization, with uncontrolled development over the 
past 30 years. The industrial district is situated in the 

northern part of the city with high population density. 
Meanwhile, the center and southern part of the study 
area has been dominated by commercial and residen-
tial activity with high traffic index (Morton-Bermea 
et al., 2015). In Mexico City, the climate is subtropi-
cal (warm and temperate), classified as Cwb with the 
Köppen climate classification (Estrada et  al., 2009; 
Ostad-Ali-Askar et  al., 2018). The average annual 
temperature varies from 12 to 16 °C, with a daily aver-
age temperature of ~ 17 °C. The warmest month of the 
year is May, with an average temperature of ~ 19  °C. 
The seasons are well defined and generally separated 
into three periods: (i) the cool dry season, also known 
as the post-rainy period (from mid-October to Febru-
ary), (ii) the warm, dry season, also known as the pre-
rainy period (from March to May), and (iii) the rainy 
season, which is concentrated mainly in the summer 
and is characterized by rainfall that exceeds 100 mm 
per month (from June to mid-October).

The monitoring campaign ran from March to June 
2021 (warm-dry period), and 5 surveys were carried 
out around Mexico City during working days in which 
schools were closed and offices were operating in dual 
presential and smart working modes; this was done in 
an effort to contain the recent COVID-19 global pan-
demic. During the pre-rainy season, we investigated 
diurnal variations in GEM released into the atmos-
phere. The observations were conducted mainly over 
central hours of the day, when solar radiation and air 
temperature increase (Gustin, 2003; Sizmur et  al., 
2017; Talebmorad et al., 2021). The monitoring areas 
were chosen to include residential areas, commercial 
establishments, waste dumps, and industrial com-
plexes. GEM concentrations are influenced by emis-
sions from heavy traffic, asphalt plants, and the cement 
industry. Under certain environmental conditions, 
emissions from industrial complexes, e.g., Tula-Tepeji 
(Retama et  al., 2019) and Apaxco, and the plume of 
the Popocatépetl volcano (Schiavo et  al., 2020a), 
located 60  km north-northwest and 70  km southeast 
of Mexico City, respectively, affected the atmospheric 
urban environment and contributed to air pollution.

Instrumentation

During our survey, we measured GEM concentrations in 
the atmospheric environment of five road transects dis-
tributed within different areas of Mexico City (Fig. 1). 
The surveys were carried out in different periods of 
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2021 through the warm, dry season: (i) March 31, (ii) 
April 17, (iii) May 8 and 9, and (iv) June 27. GEM con-
centrations in the urban environment were determined 
by using a Lumex RA 915 M, a portable vapor analyzer 
for continuous Hg measurements, which was calibrated 
by the manufacturer (in this article, GEM and Hg are 
used without distinction). Although Tekran (Lindberg 
et  al., 2007; Sprovieri et  al., 2010) and amalgamation 
methods with gold traps (Gustin et  al., 2015) satisfy 
high international standards (QA/QC) and are applied 
for fixed observation network stations worldwide, their 
use is limited by poor portability and the employment of 
reference materials during analytical procedures, among 
other factors. The overarching objective of the Global 
Mercury Observation System to establish a global Hg 
monitoring network was achieved while keeping in 
mind the need to assure high-quality observations in 
line with international quality assurance/quality control 

(QA/QC) standards and to fill the gap in terms of spatial 
coverage of measurements in the Southern Hemisphere 
where data were lacking or nonexistent. Lumex provides 
important instrumental and logistical improvements in 
comparison to other analytical techniques used for Hg 
monitoring. The analytical procedure is based on differ-
ential Zeeman atomic absorption spectrometry (ZAAS) 
at 254 nm and is characterized by polarized light, high-
frequency modulation, and interference-free measure-
ments. Measurement sensitivity and selectivity were 
provided by Zeeman background correction and a mul-
tipath analytical cell (Sholupov & Ganeyev, 1995). The 
instrument collects air samples at a controlled flow rate 
of 10 L  m−1, and Hg concentrations are directly avail-
able in real time and visualized on a digital display. The 
analytical technique presents various advantages; it is 
portable, operates with different climatic conditions such 
as low temperature and high relative humidity, has low 

Fig. 1  GEM concentrations measured during 5 road cars’ transect around the Mexico City study area. Sample survey keys (S1 to 
S5) are also reported
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power consumption, performs automatic preconcentra-
tion, and does not require a special carrier gas or Teflon 
filter. The frequency for data acquisition was adjusted to 
1 s, and a zero correction was applied every 20 min to 
reset the baseline. Lumex operates in a dynamic range, 
0.5 to 20,000 ng  m−3, that covers several orders of mag-
nitude. The detection limit was ~ 0.5  ng   m−3, and the 
instrumental accuracy of measurements was better than 
95%. To compare our measurements with the back-
ground level of atmospheric GEM in the investigated 
area, we used the value reported by Morton-Bermea 
et al. (2021b), who estimated the GEM background in 
MCMA at approximately 2.53 ng  m−3. The whole pro-
cedure involved a Garmin GPS Map 60CSX for geo-
graphic location data acquisition.

Auxiliary data

Additionally, we provide information on standard mete-
orological parameters (including temperature (T), rela-
tive humidity (RH), wind speed (WS), and wind direc-
tion (WD)) and trace gases (particulate matter (PM), 
CO,  NO2, and  SO2), since many factors affecting the 
variability of GEM emissions include T, atmospheric 
turbulence, and sunlight, among others (Cizdziel et al., 
2019; Zhou et  al., 2020). Meteorological data and 
trace gas concentrations were downloaded from the 
Automated Atmospheric Monitoring Network (Red 
Automática de Monitoreo Atmosférico (RAMA) and 
Red de Meteorología y Radiación Solar (REDMET)) 
available at http:// www. aire. cdmx. gob. mx/. RAMA air 
quality monitoring network used several instruments to 
determine the concentration of trace gases and PM. In 
particular,  SO2,  NO2, and CO are analyzed with Tele-
dyne API system applying fluorescence, chemilumines-
cence, and gas filter correlation methods, respectively. 
On the other hand, Thermo Model 1405-DF instrument 
was employed to determine the PM concentration using 
gravimetric method that pumps air through two filters at 
constant flow rate, weighing the filters and calculating 
the mass concentration of PM in real time. The ground-
based monitoring stations are distributed within the 
MCMA (Fig. S1) and provide hourly average concen-
trations of the main contaminants and climatological 
data. The collected datasets are consistent and in good 
agreement with the number of samples reported in other 
works and similar study areas, i.e., urban environments.

Transport contribution analysis

Forward plume dispersion simulations were carried out 
to identify potential sources of atmospheric Hg, and they 
considered three probable GEM pollution sources located 
outside the Mexico City area: (i) Tula-Tepeji indus-
trial complex (20°02′55″N 99°16′19″W), (ii) Apaxco 
industrial corridor (19°59′00″N 99°10′00″W), and (iii) 
Popocatépetl volcano (19°01′20″N 98°37′40″W). The 
HYSPLIT trajectory model, developed in NOAA’s Air 
Resources Laboratory, simulates atmospheric transport 
and dispersion using mesoscale meteorological data 
(Stein et  al., 2015). Model calculations used a method 
that is a hybrid of the Lagrangian approach and Eulerian 
methodology, with a calculated error of approximately 
15–30% (Draxler, 2008). However, model accuracy is 
dependent on the resolution of meteorological data. The 
simulation options and model evaluations used in this 
study included a Global Forecast System (GFS) with 
a 0.25-degree spatial horizontal resolution, a tempo-
ral resolution of 3 h, and an elevation of 500 m above 
ground level (AGL). The model was applied to the entire 
survey period. The grid inventory data of GEM emis-
sion sources and HYSPLIT dispersion trajectories were 
imported to QGIS (V. 3.16).

Health risk assessment

The health risk model, introduced by the United States—
Environmental Protection Agency (USEPA), consists of 
several steps, including measurements and assessment, 
identification of exposure pathways, toxicity determi-
nation, and evaluation of human health risks (USDOE, 
2011; USEPA, 1989). In this study, exposure of the pop-
ulation to Hg was considered for assessment and evalu-
ation of noncarcinogenic risk (NCR). According to the 
International Agency for Research on Cancer (IARC), no 
human data relate elemental Hg exposure to cancer risk 
(Kim et al., 2015), but available data are limited. Local 
residents are exposed to GEM via inhalation through the 
nose and mouth of resuspended particles emitted from 
dust (USEPA, 2002).

The chronic exposure concentration (CEC) (ng  m−3) 
for atmospheric GEM ingested via inhalation was cal-
culated as follows (USEPA, 2009; Gyamfi et al., 2020):

(1)CECHg =
C × ET × EF × ED

AT
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where C is the GEM concentration (ng·m−3). Other 
specific factors and parameters used in the expo-
sure risk assessment model were selected from the 
USEPA (2009) and are shown in Table S1. The non-
carcinogenic health risk is expressed through the haz-
ard quotient (HQ), which represents the probability of 
an individual suffering an adverse effect. HQ is calcu-
lated by normalization of the  CECHg and the affiliated 
reference toxicity dose for each metal(loid):

where RfC is the Hg reference dose for inhalation expo-
sure (3 ×  10−4  mg   m−3) (USEPA, 2020). As recom-
mended by the USEPA (1989, 2001), if the HQ value 
is smaller than 1, there is no risk of noncarcinogenic 
adverse effects, and a HQ value exceeding 1 suggests 
the potential for noncarcinogenic risk to human health.

Statistical analysis

Correlations between GEM concentrations, meteoro-
logical parameters, and trace gas components were 
analyzed using the Spearman correlation coefficient. 
Statistical treatments of data, including graphical rep-
resentations, were performed using Python version 
3.7 and XLSTAT software. We used Quantum GIS to 
map GEM concentrations and applied a polynomial 
method to interpolate data. Significative differences 
were identified by p < 0.05.

Results and discussion

Atmospheric GEM concentrations

Descriptive statistics for GEM concentrations in each sur-
vey were collected in Mexico City before the rainy season 

(2)HQ =
CECHg

RfCHg

and are shown in Table 1. The Hg present in the atmos-
phere was affected by local climate conditions. During 
the summer period (rainy season) in Mexico City, intense 
rain and strong winds impact the urban environment and 
influence the levels of GEM and other pollutants (Retama 
et  al., 2015) through wet deposition and dispersion 
(Ostad-Ali-Askari & Shayannejad, 2021). Higher GEM 
concentrations were observed under calm wind condi-
tions (Esbrí et al., 2014). The GEM concentrations over 
the entire study period ranged from 0.20 to 30.23 ng  m−3 
(N = 27,126), with an average value of 5.60 ± 2.33 ng  m−3 
and a median of 5.08 ng  m−3 (Fig. S2). The first survey 
(S1, N = 6652), conducted in the northern area of the 
city characterized by an industrial complex and heavy 
road traffic, recorded an average GEM concentration of 
5.62 ± 2.03  ng   m−3 (maximum of 18.30  ng   m−3). Dur-
ing surveys 2 (S2, N = 6670) and 3 (S3, N = 4537), aver-
age values of 4.90 (maximum of 30.23  ng   m−3) and 
6.65 ng  m−3 (maximum of 25.03 ng  m−3) were detected, 
respectively. High concentrations of GEM in S2 were 
due to the presence of an asphalt plant in the mobile tran-
sect; on the other hand, S3 was mainly affected by com-
mercial areas and urban parks, and the elevated maxi-
mum GEM values were probably due to heavy traffic 
conditions. Residential and marginal areas were crossed 
during survey 4 (S4, N = 5751), and average GEM values 
of 5.32 ± 2.23 ng  m−3 (maximum of 21.52 ng  m−3) were 
recorded. Finally, mobile survey 5 (S5, N = 3516), which 
registered an average GEM value of 5.53 ± 2.19 ng  m−3 
(maximum of 18.45  ng   m−3), was mainly conducted 
through residential and commercial areas. In this study, 
the average GEM concentrations decreased in the fol-
lowing order: S3 > S1 > S5 > S4 > S2. According to the 
frequency of GEM concentrations (Fig.  2a) measured 
during surveys, the log-normal distribution pattern shows 
the highest prevalence of 12.25%, which corresponds to a 
3.92 ng  m−3 concentration.

The average GEM concentration reported in this 
study, considering all surveys conducted in Mexico City, 

Table 1  Summary statistics 
for GEM concentrations (ng 
 m−3) of different surveys 
realized in Mexico City

N number of 
determinations, SD standard 
deviation

Sampling day N Mean Min Max Median SD

Survey 1 31/03/2021 6652 5.62 0.31 18.30 5.34 2.03
Survey 2 17/04/2021 6670 4.90 0.24 30.23 4.57 1.79
Survey 3 08/05/2021 4537 6.65 0.27 25.03 5.93 3.27
Survey 4 09/05/2021 5751 5.32 0.30 21.52 4.88 2.23
Survey 5 27/06/2021 3516 5.53 0.20 18.45 5.13 2.19
All Data / 27126 5.60 0.20 30.23 5.08 2.33
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was much higher (varying between 3.2 and 3.7 times 
higher) than background levels measured in the North-
ern Hemisphere (1.5–1.7 ng  m−3; Sprovieri et al., 2016). 
Globally, GEM background measurements are based 
on GMOS ground-based network stations. Gay et  al. 
(2013) reported a median GEM concentration in North-
ern America of approximately 1.4 ng  m−3, approximately 
3.6 times lower than our measurement. Currently, there 
are no data available for national Hg background val-
ues due to the scarcity of published works focusing on 
atmospheric measurements and the absence of a national 
environmental GEM monitoring network. However, 
comparing the average GEM value of this study with the  

background value calculated by Morton-Bermea et  al. 
(2021b), the average concentration measured in this study 
was 2.3 times higher.

Table 2 presents a comparative list of GEM concen-
trations in different environments (urban, rural, mining, 
and industrial) from other sites around the world. Com-
pared to the GEM concentrations in urban areas world-
wide, such as in Hefei, China (2.58 ng  m−3; Yue et al., 
2021), Tokai-mura, Japan (3.78 ng  m−3; Osawa et al., 
2007), and Dexter, USA (1.60 ng  m−3; Liu et al., 2010), 
the GEM values reported in this work were slightly 
higher. Chen et al. (2013) and Seo et al. (2016) meas-
ured the total gaseous mercury (TGM) in Guangzhou, 

Fig. 2  (a) Frequency histo-
gram of GEM distribution 
for the sampling periods in 
Mexico City. (b) The box 
plots of the GEM concen-
trations in several surveys 
over Mexico City
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China, and Pohang, Korea, and reported concentrations 
of 4.60 and 5.17 ng  m−3, respectively. GEM concentra-
tions in Mexico City have decreased by approximately 
22.2% over the years, according to data published by 
Rutter et  al. (2009). Nevertheless, in agreement with 
data reported in 2019 and 2020 (Morton-Bermea 
et al., 2021b), the concentration of atmospheric Hg in 
2021 will increase by 21.1%. The average GEM con-
centration recorded in Mexico City was significantly 
higher than the values observed in rural areas, such as 
in Balfour, South Africa (1.99 ng   m−3; Beleile et  al., 
2019), Kodaikanal, India (1.53 ng  m−3; Karthik et al., 
2017), and Mt. Ailaoshan, China (2.09 ng  m−3; Zhang 
et al., 2016), which are likely without Hg pollution. In 
addition, coastal (1.60 ng   m−3; Faïn et al., 2009) and 
volcanic (2.11  ng   m−3; Schiavo et  al., 2020b) areas 
showed lower average GEM concentrations than the 
urban environment of Mexico City. Generally, in rural 
and coastal zones, atmospheric Hg levels are low due 
to the lack of local contamination. High GEM values, 
compared with those of cities, were found in indus-
trial areas, with concentrations ranging between 2.4 
(Luo et al., 2021) and 229 ng  m−3 (Esbrí et al., 2014). 
The average GEM concentrations found in the mining 
areas of Mt. Amiata, Italy (325 ng  m−3; Vaselli et al., 

2013) and Almaden, Spain (311.65 ng   m−3; Higueras 
et al., 2013) were even higher than those reported for 
industrial and urban areas affected by Hg pollution. 
Figure S3 shows the spatial distribution of GEM con-
centrations recorded in Mexico City during surveys 
conducted from March to June 2021. High GEM val-
ues (> 8 ng  m−3) were detected at several spots located 
in industrial areas in the north. Moreover, higher GEM 
levels were detected in proximity to large roads with 
heavy traffic compared to residential and marginal 
areas of the city. Nevertheless, lower GEM concen-
trations between 0 and 8 ng  m−3 were most abundant 
and were widely distributed in the Mexico City area. 
Meteorological conditions, such as WS and WD, 
could influence the variations and spatial distributions 
of atmospheric GEM. Overall, the spatial variation 
for GEM pollution in Mexico City over the sampling 
period indicated that industrial areas and heavy traffic 
roads are the dominant local sources of GEM.

Daily variation of GEM and comparison with criteria 
pollutant concentrations

Figure 2b shows a statistical boxplot with GEM results 
in different surveys of warm, dry periods in Mexico 

Table 2  Comparison of average GEM concentrations (ng  m−3) presented in this study and values reported at different locations 
worldwide

* Atmospheric total gaseous mercury (TGM)

Location Sample site Monitoring period GEM Reference

Mexico city, Mexico Urban Mar 31, Apr 17, May 8 and 9, and 
June 27, 2021

5.60 This study

Hefei, China Urban Mar to May, 2016 2.58 Yue et al. (2021)
Tokai-mura, Japan Urban Oct 2005 to Sept 2006 3.78 Osawa et al. (2007)
Dexter, USA Urban 1 year (2004) 1.60 Liu et al. (2010)
*Guangzhou, China Urban Nov 2010 to Oct 2011 4.60 Chen et al. (2013)
*Pohang, Korea Urban 2 years (2012 to 2013) 5.0 Seo et al. (2016)
Mexico City, Mexico Urban March 9–25, 2006 7.20 Rutter et al. (2009)
Mexico City, Mexico Urban May 12, 2019, and May 22, 2020 4.42 Morton-Bermea et al. (2021b)
*Kodaikanal, India Rural Nov 2012 to Sept 2013 1.53 Karthik et al. (2017)
*Balfour, South Africa Rural 1 year (2009) 1.99 Beleile et al. (2019)
Popocatépetl, Mexico Volcanic/rural March 28, 2019 2.11 Schiavo et al. (2020b)
Colorado, USA Coastal/rural Apr 28 to July 1, 2008 1.60 Faïn et al. (2009)
Mt. Ailaoshan, China Rural May 2011 to May 2012 2.09 Zhang et al. (2016)
Zhongshan, China Polluted/industry July 29 to August 10, 2019 2.4 Luo et al. (2021)
Mt. Amiata, Italy Polluted/mining May, 2011 325 Vaselli et al. (2013)
Almaden, Spain Polluted/mining March and June 2002 311.65 Higueras et al. (2013)
Flix, Spain Polluted/industry Between 2007 and 2012 229 Esbrí et al. (2014)
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City. A clear difference is observed between GEM 
recovery in commercial and residential areas (S2, S4, 
and S5) compared to industrial and high traffic areas 
(S1 and S3). The average GEM concentrations in S1 
and S3 were 1.25 to 12.5% and 16.8 to 26.3%, respec-
tively, higher than those in the other surveys (t test, 
p < 0.001). On the other hand, the median values did 
not change significantly between surveys. Anomalous 
values of GEM (boxplot outliers) were present in all 
mobile transect samples. An outlier with maximum 
GEM values was recognized in S2 because it passes 
close to the asphalt plant (Spreadbury et al., 2021) sit-
uated in the south of the city.

Daily time series for GEM average values, pollut-
ant criteria, and meteorological parameters (Table 3) 
during our observation periods are shown (Fig.  3). 
Three correlation events involving GEM and trace 
gases occurred in Mexico City during S1, S4, and S5. 
In S1 and S4, levels of GEM,  PMx  (PM2.5 and  PM10), 
trace gases  (NO2,  SO2, and CO), and T increased 
significantly and showed similar temporal variation 
trends. On the other hand, correlations characterized 
by significant decreases occurred in S5 and involved 
trace gases,  PMx, and T. The decreases in concentra-
tions were probably caused by unfavorable climatic 
conditions on the sampling day, which was charac-
terized by light rain and cloudy skies. The predomi-
nant phenomenon operating under these conditions is 
wet deposition, which “cleans” the air by removing 

pollutants (e.g., sulfate and nitrate aerosols). The CO 
level in S1 was the only case for which the trend was 
the opposite of those for other trace gases and  PMx. 
Correlations were more evident in periods with lower 
WS, which resulted in less dilution of GEM and trace 
gases in the atmosphere. No apparent correlations 
were found during S2, which may be due to adverse 
weather conditions (e.g., high WS), which precluded 
detection of coincidences between GEM, trace gases, 
and  PMx, or the absence of fixed measurement sta-
tions near the survey transect.

Table 4 shows daily Spearman correlation (p value <  
0.05) coefficients among GEM and other atmospheric 
pollutants. Significant correlations were found between 
GEM,  PM2.5,  NO2, and  SO2. The correlations between 
GEM and  NO2 in S1 (r = 0.95), S3 (r = 0.74), S4 
(r = 0.88), and S5 (r = 0.99) were significant compared 
to that in S2 (r =  − 0.67, p value > 0.05). GEM and 
 SO2 were significantly correlated in S1 (r = 0.95), S3 
(r = 0.84), S4 (r = 0.98), and S5 (r = 0.84); in contrast, 
in S2, the p value was > 0.05 (r = 0.36). The primary 
source of  NO2 and  SO2 in an urban environment and 
of relatively low-concentration GEM is motor vehicle 
exhaust emissions. GEM emissions from soil could 
contribute to atmospheric contamination in periods 
of intense solar radiation (Esbrí et al., 2016). In S4, a 
significant correlation was found between  PM2.5 and 
GEM (r = 0.90). A high concentration for  PM2.5 was 
recorded in S4 at the crossway with the Mexico City 

Table 3  Average meteorological data, including climate and road traffic condition of sample days,  PMx, and trace gases for different 
profiles (S1–S5) carried out in pre-rainy period during 2021

Survey S1 S2 S3 S4 S5

Date March 31 April 17 May 8 May 9 June 27
Meteorology
  Temperature (°C) 18.90 27.15 18.46 19.37 14.93
  Relative humidity (%) 27.75 16.50 47.67 52.75 72.33
  Wind direction (main) N-NW SW S SE E-SE
  Wind speed (m·s−1) 1.97 3.55 2.87 1.42 1.36
  Climate Sunny Sunny Sunny Cloudy Cloudy, rainy
  Traffic Heavy Moderate/heavy Moderate/heavy Moderate Low

Trace gases
   NO2 (ppb) 61.75 8.37 12.16 33.75 13
   SO2 (ppb) 4.37 6.50 2.16 1.25 1.34
  CO (ppm) 1.20 0.31 0.14 0.77 0.38
   PM2.5 (µg·m−3) 45 31.05 23.34 47.25 4
   PM10 (µg·m−3) 76.50 67.75 37 55.50 5.34
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International Airport (Marisol & Harrison, 2014). 
Although GEM and CO usually show similar anthropo-
genic emission sources (e.g., wildfires, residential coal 
burning, and industry activity), no significant correla-
tion was found during the measurement periods.

The accumulation of GEM in the atmosphere, 
combined with local anthropogenic emissions (e.g., 
exhaust emissions, coal fires, cement production), and 
moderate WS (i.e., low dilution effect), contributed 

to pollution and secondary aerosol formation. Sec-
ondary processes, such as photoreduction, appar-
ently do not play important roles in GEM variation 
and atmosphere reduction compared to primary emis-
sions (e.g., fossil fuel burning from vehicles). Oxida-
tion  (Hg0 →  Hg2+) is the crucial process that removes 
GEM from the atmosphere (Si & Ariya, 2018). Ozone 
 (O3), OH, and  NO3 radicals, as well as halogens, are 
chemical species that can affect Hg oxidation. Si and 

Fig. 3  The hourly average of GEM, trace gases, particulate matter (PM), and meteorological parameters during mobile survey dur-
ing spring period in Mexico City
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Ariya (2018) reported recent models that indicated 
the complexity of GEM oxidation in the atmosphere. 
According to models and published work, some 
chemical species are more effective in oxidizing Hg 
under certain conditions, depending on geographic 
location (inland and coastal site), hour of the day, and 
season (Gabay et al., 2020; Ye et al., 2016).

GEM source identification

Mexico City is located inside a basin and is surrounded 
by mountains. Celada-Murillo et  al. (2013) reported 
that north–south winds are an important mechanism 
providing air exchange among cities and local human 
settlements, according to seasonal data collected dur-
ing sampling campaigns in 2006. Surface air flows 
from the Pacific and the Gulf of Mexico are recog-
nized, suggesting southwest and northeast wind direc-
tions with regional features (de Foy et  al., 2005). In 
this study, daily variations observed on different survey 
days indicated that the wind blew from the N-NW (S1), 
SW (S2), S (S3), SE (S4), and E-SE (S5) (Fig. S4).

We used a HYSPLIT forward dispersion model to 
assess the relative contributions of different anthropo-
genic GEM emission sources over a 12-h time period, 
their regional and pathway transports, and possible 
impacts on the air quality of Mexico City (Fig.  4). 
Three different locations, the Miguel Hidalgo refin-
ery, Apaxco, and Popocatépetl volcano, were added 
as potential GEM source contributors: (i) the Miguel 
Hidalgo refinery is an important industrial corridor 
and petroleum refinery in Central Mexico, and it has 

the ability to process 3 ×  105 barrels of crude mate-
rial per day and the objective of supplying Mexico 
City with refined gasoline (Sosa et  al., 2013); (ii) 
the Apaxco area, also called a “sacrifice zone” for 
the local community, is an industrial corridor with 
cement, waste coprocessing, and thermoelectric 
plants, as well as refineries and agrochemical facto-
ries; and (iii) the Popocatépetl volcano is one of the 
most active volcanoes in the world and a large emitter 
of GEM into the atmosphere (Schiavo et al., 2020a). 
The results of simulation modeling on May 8 and 9 
showed that the central and northern areas of Mexico 
City were influenced by air mass dispersion com-
ing from the Tula and Apaxco industrial corridors. 
The other days showed dissimilar trends and disper-
sion of contaminants that did not affect the Mexico 
City area. On March 31, the trajectory of the air mass 
affected the western part of the study area, probably 
with strongly diluted GEM concentrations. In both 
locations, an opposite tendency was noted on June 27, 
with prevalent dispersion toward the north. Moreo-
ver, the results indicated that the plume of Popocaté-
petl volcano moderately influenced the southeastern 
area of Mexico City during measurement survey 
days, mainly on March 31 and May 8. In addition, 
the volcanic plume showed a preference for travel to 
the north on June 27, as displayed for the industrial 
areas. Although contamination from various sources 
can modify the Mexico City air quality, the GEM 
level is subject to strong dilution in the atmosphere, 
which produces a decrease in concentration. At this 
point, local sources are more effective for GEM pol-
lution than regional transport. The lack of important 
regional transport is confirmed by the absence of a 
significant correlation between GEM and CO. Weiss-
Penzias et al. (2006) and Wang et al. (2021) indicated 
strong regional transport when GEM and CO corre-
lations were recognized, considering the long atmos-
pheric lifetimes and similar sources exhibited by both 
contaminants.

Local sources of GEM in urban environments are 
mainly characterized by (i) motor vehicle exhaust 
emissions, (ii) cement production, and (iii) munici-
pal solid waste (MSW), including electronic waste 
(e-waste). Won et al. (2007) and Landis et al. (2007) 
demonstrated pollution by elemental Hg from fuel, 
i.e., gasoline, diesel, and liquefied petroleum gas 
(LPG), and the largest content of Hg was found in 
LPG, followed by gasoline and diesel. An automobile 

Table 4  Pearson’s correlation coefficients between GEM and 
other components, such as trace gases, PM, and meteorological 
parameters

* Correlation is significant at p value < 0.05

GEM S1 S2 S3 S4 S5

NO2 0.95*  − 0.67 0.74* 0.88* 0.99*
SO2 0.95* 0.36 0.84* 0.98* 0.84*
CO  − 0.39  − 0.33 0.19 0.79 0.84
PM2.5 0.83 0.88  − 0.59 0.90* 0.90
PM10 0.51  − 0.84  − 0.19 0.70 0.97
T 0.73  − 0.35 0.84 0.31  − 0.99
Rh  − 0.72  − 0.14  − 0.90  − 0.32 0.91
WS 0.36  − 0.97  − 0.91 0.44 0.69
WD  − 0.034  − 0.74 0.72  − 0.29 0.97
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could emit concentrations of GEM between 1.5 and 
27  ng   m−3 into the atmosphere during idling and 
driving (Won et al., 2007). GEM contents were also 
analyzed and detected in several vehicle parts and 
additives, such as brake rotors and pads, engine cool-
ant, and lubricating oil (Hoyer et  al., 2004). Studies 
focused on removing GEM from exhaust emissions 
have been varied (e.g., Presto & Granite, 2006; Yang 
et al., 2007). Currently, removal of mercury from the 
exhaust gases of combustion vehicles is not effective 
and is based entirely on the limited ability of some 
compounds, such as sulfur and halogens, to oxidize 
mercury. Wdowin et  al. (2014) reported effective 
use of activated carbon and synthetic zeolite (with 
impregnated silver) to capture mercury from exhaust 
emissions. The cement industry is classified as one of 
the principal emitters of GEM (Fukuzaki et al., 1986). 
In 2010, it was estimated that China discharged 
approximately 100 tons of GEM into the atmosphere 
(Zhang et  al., 2015). Hg is vaporized at high tem-
perature during clinker cement production, a long 
and complicated procedure called the “precalciner 
process” that includes heating and decomposing raw 
material and roasting with coal in a rotary kiln system 
(Wang et al., 2016). Kogut et al. (2021) reiterated the 
importance of reducing mercury vapors from cement 
production. GEM removal from the cement process 
can be done through (i) understanding the Hg distri-
bution in each process step and (ii) using absorption 
methods such as activated charcoal, selective catalytic 

reduction (SCR), and selective noncatalytic reduc-
tion (SNCR). In an urban environment, MSW, which 
is toxic and dangerous to humans, contributes to air, 
soil, and water pollution by heavy metals (Akinwumi 
et  al., 2018; Ostad-Ali-Askari et  al., 2017). Waste 
control and management, based on governmental 
and academic perspectives, are essential to prevent 
serious consequences for the environment (Kebede 
et  al., 2021). E-waste contamination has increased 
in the last decade. In recent years, incineration of 
e-waste has generated large amounts of particulates, 
heavy metals, and GEM released into the atmosphere. 
Decharat (2018) investigated GEM levels resulting 
from urination by e-waste shop workers and found 
airborne concentrations above 29.000  ng   m−3 and 
reported symptoms of headaches, insomnia, and 
weakness. With the growing demand for electronic 
components worldwide, the disposal of electronic 
waste is a priority human health problem.

GEM health risk assessment

The World Health Organization (WHO) suggested 
an average annual GEM exposure of 1000  ng   m−3 
(HQ ≈ 3) in air quality guidelines (WHO, 2000). 
Furthermore, the WHO (WHO, 2003) indicated 
maximum daily exposures to GEM concentrations of 
approximately 200 ng   m−3 (HQ ≈ 0.6) by consider-
ing a typical workweek (8  h/day and 5  days/week). 
Occupational GEM inhalation limits, established at 

Fig. 4  HYSPLIT forward 
dispersion model simula-
tion of the air mass from 
three sites, Miguel Hidalgo 
refinery, Apaxco industrial 
complex, and Popocatépetl 
volcano, which could con-
tribute to GEM air pollution 
in Mexico City (solid gray)
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40 ng   m−3 (HQ ≈ 0.1), were proposed by the Japan 
Ministry of the Environment based on minimization 
of adverse chronic effects in the exposed population 
(MOE (Ministry of the Environment), 2003). We 
determined the average and standard deviation for 
sample GEM concentrations measured during the five 
surveys of Mexico City. Our average GEM concen-
trations were significantly lower than the limits fixed 
by the WHO. Instead, in considering the maximum 
GEM values recorded in this study, the concentra-
tions were similar to the inhalation limits reported by 
the Japanese government (MOE, 2003) for occupa-
tional exposure.

The noncarcinogenic human health risk of GEM 
based on HQ (Table 5) was evaluated for the general 
population (adults and children) by using the inhala-
tion exposure route, as indicated in the “Health risk 
assessment” section. Inhalation of GEM vapor, which 
is characterized by high pressures at ambient tem-
perature, is the major route for exposure of the human 
body. The GEM risks (HQ) registered during the 
surveys decreased in the order S3 (2.12E − 02) > S1 
(1.80E − 02) > S5 (1.77E − 02) > S4 (1.70E − 02) > S2 
(1.57E − 02). The average HQ value for the entire 
study area was 1.79E-02 ± 1.10E − 03. The HQ values 
reported in this work did not exceed the no-risk level, 
i.e., HQ > 1. The probabilistic values for different inha-
lation HQ percentiles (Q0 to Q4) are listed in Table S2. 
The HQ values calculated for the various percentiles 
do not present health risks, according to the USEPA 
model (USEPA, 2011). The 25th, 50th, and 75th per-
centiles were 9.62E − 03, 4.84E − 02, and 2.42E − 02, 
respectively, showing HQ values similar to those 
reported in Table 5 (≈1E − 02). The 99.9th percentile 
HQs were 0.28 and 0.35 in S1 and S3, respectively.

Based on the levels of GEM concentrations and HQ 
risks evaluated in Mexico City, it is expected that peo-
ple living close to high traffic roads and in the north-
ern area are more prone to possible public health com-
plications arising from long-term acute exposure. The 
assessment discussed in this work only reports average 
GEM exposure. Even after considering that Hg vapors 
are very dangerous and almost totally absorbed by the 
human body, another pathway, ingestion through dust 
(e.g., urban or soil), food, and water, must be subject 
to accumulated risk calculations (hazard index).

Limitations

This study has the following limitations:

1. We carried out surveys, and fixed air quality sta-
tions were used to provide comparisons with other 
trace gases, particulates, and meteorological param-
eters. It was not possible to complement the surveys 
with mobile instruments for detection of other trace 
gases. Moreover, comparisons among various com-
pounds could be made by taking into consideration 
hourly averages, as reported by RAMA stations. 
However, considering the limited amount of daily 
GEM data, comparing concentrations every 15 min 
would have been preferable.

2. GEM is highly diluted by contact with the atmos-
phere. In urban environments, it is important to 
find areas or specific points with anomalous con-
centrations of GEM and place fixed measurement 
stations operating for certain periods of time to 
evaluate daily, monthly, and seasonal variations.

3. Many studies have reported variations in Hg levels 
over seasons and in pre- and post-monsoon periods 
(Luo et al., 2021; Yue et al., Yuan et al., 2021). We 
investigated GEM concentrations around Mexico 
City only during the pre-rainy period (spring season) 
with the objective of finding specific areas character-
ized by anomalous concentrations. As reported by 
Retama et  al. (2015), the concentrations of pollut-
ants in Mexico City are significantly elevated during 
the cold-dry period (spring season) compared to the 
rainy and warm-dry periods.

Table 5  Health risk assessment of GEM in Mexico City dur-
ing pre-rainy period, 2021

HQ SD, HQ standard deviation

Survey CECHg (ng 
m−3)

HQ HQ SD

S1 5.39 1.80E − 02 9.68E − 03
S2 4.70 1.57E − 02 8.92E − 03
S3 6.37 2.12E − 02 1.36E − 03
S4 5.10 1.70E − 02 1.03E − 03
S5 5.30 1.77E − 02 1.02E − 03
Average 5.37 1.79E − 02 1.10E − 03
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Conclusion

This study investigated the outdoor atmospheric char-
acteristics, spatiotemporal variations, and potential 
sources of GEM in Mexico City during the spring 
season of 2021. Various mobile transects were car-
ried out around the city to measure the concentra-
tion of GEM in real time. The results showed that the 
recorded average GEM concentrations, which ranged 
from 5.23 to 6.65  ng   m−3, were similar over the 
measurement campaign. The major differences were 
found by comparing the maximum values between 
surveys. Anomalous emission points were registered 
in S2 (30.23  ng   m−3) and S3 (25.03  ng   m−3) while 
passing through an industrial area and high traf-
fic road, respectively. Overall, the GEM concentra-
tion was approximately 2.3–3.7 times higher than 
that in the Northern Hemisphere (1.5–1.7  ng   m−3) 
and local background (2.53 ng  m−3). Compared with 
the 2006–2007 period, GEM concentration shows 
a decrease of 22.2%; on the other hand, an increase 
of 21.7% was registered in comparison with a period 
of 2020. The year of 2020 was characterized by lock-
down due to the recent SARS-CoV-2 pandemic and 
a decrease of anthropogenic emissions. Actually, no 
air quality and Hg emissions control policy has been 
implemented by the Mexican Central Government. 
The relationship between GEM, criteria pollutants, 
and meteorological parameters has been studied. The 
significative correlation (t test, p < 0.05) was found 
with  SO2,  NO2, and  PM2.5. Considering temperature 
and solar radiation, a close relationship was found 
between these parameters and Hg emissions.

Forward dispersion simulation models showed that 
GEM regional transport affects only the relative con-
tamination of Mexico City, especially after considering 
strong GEM dilution in the atmosphere. However, the 
areas most affected by the dispersion of contaminants 
from Tula and Apaxco are the northern and western 
zones. Although considered one of the largest GEM 
emitters, Popocatépetl volcano does not contribute 
to contamination in this particular season with these 
climate conditions. According to the study, the main 
source of GEM in the city is local pollution, including 
that caused by industrial activity, cement production, 
MSW (including e-waste and fluorescent lamp), and 
fossil fuel combustion.

The results of the health risk assessment indi-
cated that the general population living in the area of 

Mexico City has no carcinogenic risk for GEM expo-
sure by inhalation. The GEM concentrations reported 
in this work are within the limits established by the 
USEPA and WHO. This demonstrated that adverse 
health effects can appear after prolonged GEM expo-
sure, even at low concentrations. It is recommended 
that GEM emissions from fossil sources (gasoline 
and diesel) should be substantially reduced, and the 
management of waste, mainly in urban environments, 
should be improved.
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