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Abstract

Mercury emitted to the atmosphere has a long residence time (up to a year) and can travel long distances before being
deposited to land or ocean surfaces. The objective of this study were to evaluate the total gaseous mercury (TGM) ambient
levels in the San Joaquin, Querétaro, mining region and to observe whether the TGM emissions from mining activity impact
other regions of the country due to its dispersion. TGM was measured using an automatic Tekran model 2537A air mercury
analyzer; the monitoring was carried out during March, April, and May 2015. From the ambient measurements carried out,
the 8-h average concentrations range from 67 to 74 ng/m>, while the monthly averages for these three months were from
40 to 41 ng/m® (1.3 +0.4 ng/m™?). Mercury concentrations did not vary significantly during the 24-h survey measurement,
reporting an average value of 40.3+0.75 ng/m? (40.1 ng/m’ averages) and an extreme value of 235 ng/m>. In order to iden-
tify the possible TGM fate, a set of trajectories was obtained for different time periods using the wind fields from the Water
Research and Forecasting (WRF) meteorological model and a dispersion was performed by using the CALPUFF model
driven by the WRF-CALMET model to identify the TGM levels in the site vicinity.
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Introduction

The presence of mercury in the environment is mainly due
to anthropogenic and natural sources; in addition, its study is
very complex due to its different chemical forms. The mer-
cury emission evaluation into the atmosphere raises serious

4 Rocio ,Ga@r)cia'M‘;rﬁneZ methodological problems, which makes it difficult to dif-
mrocio @atmosiera.unam.mx . . .. .
& ferentiate between its origin from anthropogenic and natural
! Centro de Ciencias de la Atmésfera, Universidad Nacional emissions, and re-emissions from the soil or from marine
Auténoma de México, Ciudad Universitaria, 04510 Mexico, aerosols (Gonzalez-Carrasco et al. 2011). The mercury
Mezico chemical species migration pathways can range from soil to
2 Centro de Geociencias, Universidad Nacional Auténoma atmosphere, water to soil, soil to plant, plant to atmosphere,
de Mf’t’“co%g;;?)p‘ﬁ;u.“qm“a’ Bulevar. Juriquilla 3001, and water to atmosphere, among others. These daily cycles
Querétaro »viexico of mercury emissions from soils, waters, or plants contrib-
3 : 9 - - . z . .
Instituto de Geografia, Universidad Nacional Auténoma de ute to the increase of the atmospheric mercury reserve
México, Ciudad Uni itaria, 04510 Mexico, Mexi . . ’
ex1eo, Tudad Lmversitarta exico, Vexico especially in the lower layers of the troposphere. The total
4 Instituto de Ingenieria, Universidad Nacional Auténoma de gaseous mercury (TGM) accounts for the gaseous elemen-
México, Ciudad Universitaria, 04510 Mexico, Mexico 0 ..
S tal mercury (Hg"—GEM) and gaseous oxidized mercury
D%par.‘ameg;%gg ge"log‘f‘lﬁ Unsl"emdas/[de,sonora’ Rosales (Hg?>*—GOM) that are emitted by the anthropogenic and
] y Eneinas, CrmosITo, Sonora, Aexico natural mercury sources into the atmosphere. On the other
Instituto Nacional de Ecologfa y Cambio Climético, hand, a fraction of this mercury in its gaseous phase binds

04530 Mexico City, Mexico

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-021-01068-w&domain=pdf

1954

Air Quality, Atmosphere & Health (2021) 14:1953-1967

to particulate matter (PM) (Fu et al. 2012). GEM is the most
abundant form of mercury in the atmosphere (95%) (GOM
and PM are deposited quickly), due to its stability, volatil-
ity, and low solubility and its residence time ranging from
approximately 0.5 to 2 years (Kabata-Pendias and Pendias
2001; Lindberg et al. 2007; Wan et al. 2009). The presence
of toxic heavy metals such as arsenic (As), cadmium (Cd),
mercury (Hg), and lead (Pb), in terms of concentration in the
air, is low and well identified. Mercury has been considered
a global pollutant due to its ability to migrate between dif-
ferent environmental compartments and its movement over
long distances, resulting in the contamination of areas free
from direct emission sources. The United States Govern-
ment Agency for the Registration of Toxic Substances and
Disease Registry has classified mercury as the third most
toxic substance in the planet after arsenic and lead, due to
its affectation at the cellular, cardiovascular, pulmonary,
and renal levels; hematological; immunological; neurologi-
cal; reproductive to name a few (Clifton, 2007; Rice et al.
2014). In Europe, diseases due to inhalation and/or exposure
to mercury have decreased, due to recent control measures.
However, adverse effects have been observed even with
permissible exposure levels. In Slovenia, Hg is used for
the manufacture of chlorine products, although its use was
banned in December 2017. The use of coal for commercial,
institutional, and domestic heating was responsible for 12%
of mercury emissions in 2017, which occurred predomi-
nantly in central and Eastern Europe (Gworek et al. 2017).
Currently, the mercury emission source with the greatest
impact is the use of coal, which represents more than 50%
of total anthropogenic emissions (UNEP, 2019), the burning
of fossil fuels, and small-scale artisanal mining. The Euro-
pean Environment Agency (EEA 2017) considers that air
pollution is a complex problem and multiple challenges are
posed in terms of the management and mitigation of toxic
and harmful pollutants. Previous studies have shown that
the mercury contamination of the atmospheric air includes
episodes of sudden drops in TGM concentrations in the Ant-
arctic and Arctic (Schroeder et al. 1998). These interesting
phenomena are called MDEs (mercury depletion events).
This phenomenon is caused by the oxidation of GEM to its
GOM form. GEM is characterized by a low value of Henry’s
law constant, which indicates its very low solubility in water
(Skov et al. 2008; Seigneur et al. 1994; Rayaboshapko and
Korolev 1997). This results in its long residence time in the
air—even up to a year. However, in Antarctic conditions, its
residence time is estimated to be only 10 h (Goodsite et al.
2004; Skov et al. 2004). Mercury events and ozone deple-
tion during spring can also be observed in Antarctica, where
they occur from late August to late October (Ebinghaus et al.
2002; Brooks et al. 2008; Witherow and Lyons 2008). The
results showed that, as a result of its exhaustion in the air
(spring, high radiation), the TGM fell from the “normal”
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level of 1.1-1.2 to 0.9 ng/m?, with the minimum value of
0.1 ng/m3 (Ebinghaus et al., 2002). Pfaffhuber et al. (2012)
obtained results in the GEM concentration of 1.0 ng/m°,
while in the period of depletion of mercury in spring, it was
0.6 ng/m°, thus observing that when the vertical wind shear
changes (Zhu et al. 2015; Fu et al. 2016; Zhu et al. 2016),
thermodynamic stability (Llanos et al. 2011; Gustin et al.
2013), and water vapor content (Fu et al. 2016; Zhang et al.
2015; Zhu et al. 2016), TGM transport. High levels of GEM
were detected over Antarctica during the day, representing
45% of global emissions; emissions of natural origin and
re-emissions were estimated between 45 and 66% worldwide
(Guan et al. 2010; UNE, 2019). Background condition stud-
ies carried out by Higueras et al. (2013; 2014) concluded
that the most important factors that control emission, trans-
port, and deposition processes are due to the temporal evolu-
tion of emissions in both daily and seasonal processes. The
models used to evaluate the dispersion of mercury between
the areas that represent the emission sources and the receiv-
ing areas have limited precision due to the lack of informa-
tion and the null emission inventory at a global level in order
to reduce the uncertainty level in their application (Pirrone
et al. 2010). The current anthropogenic emissions of mer-
cury contribute to future concentrations in the atmosphere;
this element volatility favors its transport in the atmospheric
circulation with a residence time in the air of approximately
0.5 years (Weiss-Penzias et al. 2003; 2015). The information
available on this topic has been studied on a kilometer scale;
unfortunately, information on the dispersion of TGM on a
metric scale is scarce. It is difficult to estimate the amounts
of mercury which end up in the atmosphere as a result of
re-emission. China, Brazil, Indonesia, Colombia, Bolivia,
Venezuela, and the Philippines emit much larger amounts of
mercury from these sources, while the emissions from other
countries are much less significant (Gworek et al. 2017).
More than half of the mercury used for these purposes is
consumed in South-East and South Asia and one-fourth of
it in South America (Pacyna et al. 2008). The objectives of
this study were to identify the TGM levels and evaluate its
dispersion from mining sites in San Joaquin, Sierra Gorda
Queretana (SGQ), a rural area located to 135 km northeast
from Mexico City at an average height of 2440 amsl. In
Mexico, the use of fossil fuels is being encouraged and the
demand for elemental mercury is expected to continue, lead-
ing emissions in the upward trend in the upcoming years.

Materials and methods
Study area and sampling site

SGQ is part of the geological province of the Sierra Madre
Oriental (SMO) in Mexico; it is formed by several deformed
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and folded Mesozoic marine structures. To the south of the
SGQ, there are important cinnabar (HgS) deposits along the
great Mesoamerican territory. Cinnabar underground mining
in the SGQ has a long history for the Mexican region; it has
been dated to at least since 100 B.C. The San Joaquin region
is located south of the SGQ, it has a population of 8865
inhabitants according to the last 2013 population census car-
ried out by the National Institute of Statistics and Geography
(INEGI, http://www.inegi.org.mx), in an area of approxi-
mately 212 km? where the mercury deposits can be found. It
is located between 20° 51’ 36" and 21° 03’ 33" north latitude
and between 99° 27’ 28" and 99° 38’ 25" west longitude, in
the center-northeast of the state. It borders northwest with
the municipality of Pinal de Amoles, to the north with Jalpan
de Serra, and to the west and south with Cadereyta, which
belongs to the Moctezuma river basin, approximately 92 and
134 km away from Querétaro City and Mexico City, respec-
tively (De la Rosa et al. 2006). The SGQ has two mountain-
ous ranges, the first with heights ranging from 2600 to 2620
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amsl, the second, the central terrace where the historic city
center is located, with contour lines between 2520 and 2560
amsl, is considered the lower part: it is a plain that rises
a few meters, surrounded by a ridge of low, broken hills
(Figs. 1 and 2). It has a varied climate; 51% of the surface
has a dry and semi-dry climate in the central region; 24.3%
has a warm subhumid climate in the SMO; 23% present
temperate subhumid in the south and northeast; 1% has a
warm humid climate towards the northeast; and the remain-
ing 0.7% has a temperate humid climate in the northeast of
the state. The annual average temperature is 18 °C; the aver-
age maximum temperature is 28 °C and occurs during April
and May; the average minimum temperature is 6 °C during
winter in January. Average rainfall is 570 mm per year; the
state’s rainy season runs from March to November, whereas
the dry season runs from December to February.

The objective of this study was to evaluate both the dis-
persion and levels of TGM downwind of mercury mining
areas located in San Joaquin, a rural area located in the
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Fig. 1 Location of the San Joaquin (SJ) region. Information from the Statistical Framework INEGI, 2013
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Fig.2 View of the San Joaquin (SJ) region

Sierra Gorda Queretana (SGQ), 135 km northeast from
Mexico City. The sampling site was selected following the
National Atmospheric Deposition Program (NADP) guide-
lines. This protocol takes into account the orography of the
study area the monitoring site consisted of a tailored moni-
toring shelter which was located in the geographic coor-
dinates: 20° 54’ 41" N and 99° 34’ 13” W at an elevation
of 2488 amsl, at around 2 km downwind of the mercury
(Hg) emission sources (Fig. 3a and b). The TGM monitor-
ing was carried out between March, April, and May 2015.
A Tekran® model 2537A automatic mercury vapor analyzer
was installed inside and operated following the protocols
of the Global Mercury Observation System (GMOS) net-
work (http://www.gmos.eu/download/gmos-sop-tgm-gem).
The instrument measures the gaseous elemental mercury
by passing the filtered sample air stream through two gold
cartridges operating in parallel where it is trapped and ther-
mally desorbed using ultra-high purity argon as the carrier
gas following two operating modes (sampling and des-
orbing), and then detected using an integrated cold vapor
atomic fluorescence spectrophotometer (CVAFS) detector

Fig.3 a Tekran® model 2537A
automatic mercury vapor ana-
lyzer and b measurement station
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under a predetermined time of cycle (Tekran Instruments
Corporation, 1999; Method IO-5 Sampling and Analysis of
Vapor Mercury in Ambient Air Utilizing (US-Environmental
Protection Agency-USEPA, 2003). The analyzer was pro-
grammed to measure an air sampling flow of 1.5 L/min. The
sampling probe was held at an approximate height of 10 m
above surface. The analyzer was configured to perform an
automatic calibration every 24 h with the internal permea-
tion tube procedure using zero air provided by a Tekran®
model 1100 zero air. Average TGM concentrations were
obtained every 5 min/h during 24 h. Measurements were
followed online in order to determine spatial variation and
operating problems. The results were evaluated weekly and
monthly throughout the sampling period. According to the
manufacturer, the detection limit of the instrument is 0.1 ng/
m’ Hg, with a measurement error of less than 2% (ASTM
D-6784-02, 2002; CFR 40, Part 60 2005). Tekran® analyz-
ers have been widely used to measure TGM during the last
15 years (Landis et al. 2002).

The WRF v3.8.1 meteorological data used for modeling
with the WRF program is a weather data from the National
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Climatic Data Center (NCDC) and the National Oceanic
and Atmospheric Administration (NOAA). The WRF was
used with the following parameterizations MP_PHYS-
ICS=4, RA_LW_PHYSICS=1 RA_SW_PHYSICS =2,
SF_SFCLAY_PHYSICS=1, SF_SURFACE_PHYSICS =2,
BL_PBL_PHYSICS =1, and CU_PHYSICS =5. The down-
loaded final analysis files are of type GRIB2, in cells of
0.25x0.25, that is, cells of approximately 25 km X 25 km.
Mercury dispersion was estimated to identify emission
sources and the WRF, CALWREF v1.1, CALMET v6, and
CALPUFF v6 were used to assess mercury dispersion to
nearby regions. The WREF is a non-hydrostatic numerical
mesoscale weather forecast system, developed to be applied
in a prognosis mode for the study of meteorological phe-
nomena. CALWRF was used to process WRF output to
be used by CALMET. CALPUFF is a model of the United
States Environmental Protection Agency (USEPA 2003); it
requires two separate calculation modules: CALMET to ana-
lyze and define meteorological variables, and CALPUFF to
simulate the dispersion of pollutants. CALPUFF simulates
air pollutant emissions from a given source as a series of
“puffs.”

Mercury regulation in Mexico

In Mexico, there is no regulation regarding values emitted
and/or present in ambient air for mercury or its compounds.
However, as a guide value, the maximum permitted values,
proposed by the California Air Resources Board in its Con-
solidated Table of OEHHA/ARB Approved Risk Assessment
Health Values (OEHHA/ARB, 2019), will be considered.
The corresponding reference exposure levels for mercury
and its inorganic compounds are shown in Table 1. The
presented values were revised or imposed in December
2008 and corresponded to maximum values associated with
effects other than cancer.

Results and discussion
Measured mercury concentrations

The extraction of Hg is as follows:

Table 1 Applicable regulations; reference values for human exposure
to mercury and its compounds (OEHHA/ARB, 2019)

Type of exposure Limit
value (ng/
m)
Acute inhalation 600
Inhalation during 8 h 60
Chronic inhalation 30

i) The furnaces used for the extraction of Hg consist of a
series of iron tubes 8" to 12" in diameter (Fig. 4a), con-
nected to a red brick artisanal heating chamber (Fig. 4b),

ii) The cinnabar is placed inside each tube connected, and
closed with a steel lid that is sealed with mud (Fig. 4c¢),
and the kilns work with direct heating; opposite sides of
the steel lid are tubes of smaller diameter,

iii) The tubes flow into a mud container called a condensa-
tion chamber where the mercury vapor is trapped and
condensed,

iv) The maximum cinnabar load that a furnace supports
with these characteristics is 200 kg (Fig. 5).

The data analysis was carried out in a Microsoft Excel
database; a statistical software SPSS for Windows version
12 was used. Methods and control mechanisms designed to
guarantee the quality of the data in all stages of the investi-
gation were implemented. The data were worked by applying
descriptive statistics to obtain measures of central tendency
and dispersion, in the case of the mean numerical variables,
and for the categorical variable percentages. To guarantee
the quality of the data and identify outliers, the statistical
technique (outliers) that worked with quartiles and inter-
quartile was used for the entire data set (Yang et al. 2005;
Chandler and Scott 2011). Table 2 shows the number of data,
and the average, median, minimum, maximum, 25th and
75th percentiles, and standard deviation corresponding to
the sampling period from March to May; the values obtained
emphasize the variability of TGM concentrations. The mean
mercury concentration for a 24-h period takes these fluctua-
tions into account and is considered representative of the
impact of mining activity in the area. The minimum period
to see a trend is 24 h, since the mercury concentration
depends on the temperature.

The hourly averaged TGM concentrations were obtained
every 5 min during 24 corresponding to the months of
March, April, and May 2015 (Fig. 6a—c, respectively). The
values observed are in a range of 40 to 41 ng/m?, above the
chronic concentration value of 30 ng/m3, and the maximum
concentrations obtained were in the range 184 to 235 ng/
m3during the period of sampling. Concentrations were
obtained for a period of 8 h obtaining values in the range
of 67 and 74 ng/m>, observing concentration values greater
than 60 ng m~ according to the recommendations of the
Air Resources Board of California in its Consolidated Table
of OEHHA/ARB Approved Risk Assessment Health Values
(OEHHA/ARB, 2019). The results obtained agree with that
reported by Hernandez-Silva et al. (2012) in the same region
where a value of 67 ng/m’*and a maximum value of 416.0 ng/
m>. When observing the results obtained at Sisal, Yucatan,
in 2013, the concentrations were in a range of 0.5 to 3.9 ng/
m? with an annual average concentration of 1163 +0.250 ng/

@ Springer



1958

Air Quality, Atmosphere & Health (2021) 14:1953-1967

Fig.4 a Furnaces used for the
extraction of Hg consist of a
series of iron tubes 8" to 12"
in diameter. b Brick artisanal
heating chamber. ¢ Condensa-
tion tubes and mercury vapor
chamber

Fig.5 Location of the mining
deposits registered (Council of
Mineral Resources, 2014) State
of Querétaro, Mexico
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Table 2 Descriptive statistics: average, median, minimum (Min), maximum (Max), 25th and 75th percentiles, standard deviation (Std. Dev.),
and number of determination (V) concentrations of TGM (ng/m?) at San Joaquin, Qro., for March, April, and May 2015 (Fig. 6a—c), respectively

Hg (ng/m?) Average Median Min Max 25th percentile 75th percentile Std. Dev N

March 41.20 36.7 0.894 183.75 20.25 123.60 2.19 5317
April 39.9 37.1 0.21 235.0 18.33 119.7 1.22 8431
May 6.1 4.5 0.1 133.6 3.53 18.21 0.32 8826

m?. Our study shows evidence of an environmental exposure
of TGM, originated not only from the Hg extraction pro-
cess, but also from the sites where the ore is processed. In
addition, mercury levels vary considerably according to the
location and type of mining process.

On the other hand, the average concentrations of mercury
in the air reported in the present study are above those regis-
tered in this site and other rural areas such as Puerto Angel
(coast of Oaxaca, along the Pacific, in southeastern Mexico)
and Huejutla (rural area in the state of Hidalgo, in eastern
Mexico), where average values of 1.46 and 1.32 ng/m> were
determined, respectively (De la Rosa et al. 2004). The results
obtained are consistent with those reported by Higueras
et al. (2013, 2014) and Isbri et al. (2020). A moving average
of 1 and 12 h was applied to the results obtained to soften the
curves and eliminate variations. Isbri et al. (2020) reported
the results obtained from TGM horizontally and vertically
in the dispersion of TGM derived from a mining source,
showing clear differences between “classic” seasons and
“transition” seasons in terms of limits between normal and
anomalous populations. In this sense, in summer and winter,
there is a break between normal and transitional popula-
tions at similar levels (6.76 ng/m> in winter and 7.73 ng/
m? in summer), while in spring, this break occurs at higher
levels (14.81 to 275 ng/m3), and during autumn, it occurs at
10.36 ng/m>. In profile 1, the anomalous population corre-
sponds to the emissions of Azogues riverbank sediment and
these are detectable at mercury levels of 10 ng/m? in drier
seasons (autumn and summer) and up to 30.14 ng/m® in wet
seasons (winter and spring); it should be remembered that
this profile does not have any significant emission sources,
except for polluted sediments, and the background values
are below 10—14 ng/m? in all seasons. Once we had identi-
fied the micrometeorological conditions in which there was
a risk, we proceeded to identify the extent of this risk in
space. In the time series (Fig. 6a—c) of the concentrations
for March—April-May 2015, it can be seen that there is no
defined weekly or daily trend in any of the three sampled
months of 2015, taking into account that the average con-
centration in March and April is in a range of 40 to 41 ng/
m?, unlike the month of May, when concentration is approxi-
mately seven times smaller: this is probably due to the pro-
nounced rainy season in the region. Likewise, the dispersion
of the data during the three months is large, which may be

due to factors such as instrumentation, environmental con-
ditions, or mining activity that reflects irregular behavior.

Mercury emission trajectories

Forward trajectories using WRF wind fields are presented, to
characterize the possible paths from the monitoring site and
possible fate of the emissions during 8-h time length. The
mercury emission area of influence in the San Joaquin region
was identified, with two modeling domains: one covering
most of the country (domain a), and another, with higher
resolution, used to observe the regional impact of possi-
ble trajectories of mercury emissions (domain b). Figure 7a
shows the major domain modeling area, which has 15-km
cells. Figure 7b shows the modeling domain of the minor
domain, which includes 5-km cells.

Domain b was used for the estimation of the trajectories:
in the trajectory modeling of March and April from 2015, it
is observed that the area of influence of mercury dispersion
is towards the cities of San Joaquin (SJq), Querétaro (Qro),
Celaya (Cel), San Luis Potosi (SLP), Morelos (Mor), and
Metropolitan Area of the Valley of Mexico (ZMVM, for its
initials in Spanish) as shown in Fig. 8.

The meteorological information used to run the WRF
comes from final analysis (NCEP FNL 2015). Nineteen days
that are representative of the meteorology of 2012 were con-
sidered to make an estimate of the possible regions of influ-
ence of emissions. Subsequently, 12 of those 19 episodes,
the ones that have influence on urban areas, were selected
to carry out a modeling of dispersion of emissions using the
CALPUFF model: the twelve dates considered are January
13, February 8, March 21, April 17, May 14, June 10, July
20, August 30, September 12, October 9, November 16, and
December 17. Four dates with trajectories that reach Que-
retaro City were selected (Fig. 9).

Local influence the mining site

As result of the modeling with CALPUFF atmospheric dis-
persion model, for the period from March 7 to 25, 2015,
the concentration of Hg was calculated for the San Joaquin
region, where the Tekran mercury analyzer was located in
order to compare the model with the measured records.
These results are shown in Figs. 10 and 11, where the color
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Fig.7 Modeling area of the major domain (a) and internal domain
(b) for emission paths; the topography and the political division are
shown. San Joaquin (SJq), Querétaro (Qro), Celaya (Cel), San Luis

scale corresponds to the limit values presented in Table 1.
The blue value corresponds to the limit for chronic inhala-
tion and can be used to compare the average concentration
of 24 h; green corresponds to the limit for inhalation for
8 h; yellow corresponds to an approximate limit value for
1 h; and finally, red corresponds to the value that should not
exceed in order to prevent acute inhalation. Four dates of
trajectories traced by the CALPUFF model were randomly
selected and plotted in Fig. 11, where the maximum hourly
concentrations of atmospheric Hg estimated are also shown.
It is observed that Hg generated in the mining area might
reach Querétaro in the previously mentioned days. It is also
observed that mercury contamination is local, and that the
entire mining area generally has mercury concentration val-
ues above the average 8-h threshold value.

Similar conclusions are reached for the period
March—April 2015, than for previous periods: the popula-
tion affected by the presence of mercury in the vicinity of
mines and/or furnace areas is significant, as concentrations
exceed the suggested limit value for acute exposure (600 ng/
m?). Likewise, the emissions generated in San Joaquin can
reach Querétaro depending on the prevailing weather con-
ditions. Hourly average values between 10 and 30 ng/m?
can be observed (only hourly data in March and April 2015

19.5N

ZMVH
101.1W100.8W100.5W100.2W 99.9W 99.6W 99.3W 99.0W 98.7W 98.4W

300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600

b)

Potosi (SLP), Morelos (Mor), and Metropolitan Area of the Valley of
Mexico (ZMVM)

above 10 ng/m?); however, the daily average values are well
below 30 ng/m?, thus modeling with CALPUFF suggests
that chronic effects by Hg in the population of Querétaro
are not expected as a direct effect of the emissions from the
San Joaquin mining area, at current production levels. The
above is shown in Fig. 11a and b, which show the maximum
hourly mercury concentrations for March and April 2015,
respectively.

Conclusions

Our work shown here concludes two important aspects to
consider: First, the dispersion of TGM is extensive and
permanent. This is a consequence of the fact that the Sierra
Gorda Queretana (SGQ) and in particular the San Joaquin
(SJ) region have almost 60% of the mines that operate
with open-pit artisanal furnaces in the region. Second,
the average TGM levels measured in the air significantly
exceeded the Agency for Toxic Substances and Disease
Registry minimum hazard level of 200 ng/m® (ATSDR
2010); therefore, a potential risk for the exposed popula-
tion can be considered, since according to WHO-IPCS31,
the levels of mercury in the air for rural areas should be
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Fig.8 Topography (green-brown), urban area (gray), and hourly
trajectories (red) of San Joaquin emissions during March and April
2015. Each point represents 1 h; the route is 8 h from San Joaquin.

in a range of 2 to 4 ng/m> and around 10 ng/m? in urban
areas. In addition to the release of TGM, the San Joaquin
region is suffering other environmental impacts; with the
use of the models, it was possible to observe long-range
transport and a large discrepancy in altitudes below 1.5 km
due to the mountainous landscape that exists in the region,
observed with the results from the models used. From the
dispersion modeling meteorology, it can be observed in the
analysis of trajectories that emissions can be transported
towards multiple directions: in the east, arriving in the
city of Querétaro and continuing to Celaya, in some cases
traveling southeast and reaching Morelia, other times they
travel to the north and reach San Luis Potosi, or they can
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be transported to the south and thereby arrive to the north
of the Metropolitan Area of the Valley of Mexico. Previ-
ous work supports these findings and offer more concrete
evidence on the magnitudes and importance of dispersion
related to mercury from mining regions (Higueras et al.
2006, 2013, 2014; Pirrone et al. 2010; Esbri et al. 2020).
According to the results obtained, the authors recommend
that future studies consider more sites to measure the
large-scale transport in the prediction models. In addition,
aerosol data, such as MODIS data and the vertical profile,
can be used to verify the spatial distribution of mercury
atmospheric and provide a more robust comparison of the
vertical mercury vapor and temperature profiles.
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