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Abstract: Atmospheric levels of atomic mercury pollution were measured using spectroscopic
techniques in the city of Guangzhou, Guangdong Province, China. Assessments were mainly
performed at ground level using a portable (vehicle mounted or hand carried) Zeeman modulation
correlation spectrometer (Lumex RA-915M), and the results are given in easily comprehensible
diagrams. Measurements were made with continuous recording in car traverses along major roads
which cross the city, but also at selected spots, such as at a university campus with laboratory
buildings. Further, pollution levels at different locations were recorded when walking through a
major and a small hospital. While concentrations in the city in the range 3–10 ng/m3 were typical,
and strongly dependent on the traffic situation, very high concentrations (up to 1300 ng/m3) were
found at certain indoor hospital locations, again drawing attention to the fact that high mercury
levels due to inadequate handling routines can remain undetected but could readily be eliminated by
adequate measurements and subsequent sanitation.

Keywords: gaseous atomic mercury; concentration mapping; Zeeman modulation spectrometer;
Guangzhou; indoor mercury mapping

1. Introduction

The purpose of the present paper is to, in a pedagogical way, illustrate what levels
of atmospheric mercury pollution a citizen of a major urban center may be exposed to
along major roads, in park environments and at certain indoor locations. Further, we stress
that adequate measurements can reveal “silent” pollution sources, e.g., in hospitals, which
could easily be eliminated once the knowledge of an otherwise overlooked problem is
available. We also point out the significance of techniques based on optical spectroscopy in
real-time assessment of the levels of mercury, which as an atmospheric pollutant is present
predominantly in atomic form.

Mercury is a serious heavy metal pollutant, which has attracted much attention [1–3].
Mercury emissions come from natural sources such as volcanoes and geothermal fields [4,5],
and from anthropogenic sources such as chloralkali and incineration plants, mercury
mining and mercury handling, as well as from fossil fuel combustion [6–10]. The latter
source includes emissions from road vehicles (see [11–13]). The global anthropogenic
mercury emission is dominated by coal burning (24%) and artisanal and small-scale gold
mining (37%) [14]. Mercury in the environment can be transported over long distances
through the atmosphere and by ocean currents, which leads to transboundary pollution
and even to global environmental impact from local mercury releases [1,15,16].
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Because of its special properties, such as being a conducting liquid with high density,
mercury is widely used in many technical contexts (thermostats, batteries, pressure gauges,
etc.) [17], and in various industries, notably in electrolytic production of sodium hydroxide
NaOH [8,9]. Mercury compounds have also had applications in agriculture and in the
medical field [2]. At present, mercury receives great attention from the international
community because of its high toxicity, bioaccumulation and long-term retention [1]. Even
trace amounts of mercury can harm human health [18,19]. Mercury exists in different
forms in the environment, with methyl mercury as a particularly serious agent, which is
responsible for many severe intoxication events [18–20]. Many countries have adopted the
Minamata convention from 2013 [21], dealing with the reduction of mercury utilization. It
is named after a Japanese fishing village hit in 1956 by widespread mercury intoxication
of the population [20]. Since mercury pollution affects the atmosphere, soil and water, it
is difficult to eradicate [1,2]. The best way is clearly to reduce or eliminate its release at
the source.

Related to the rapid development of China, pollution problems have manifested and
are now intensely combatted by authorities. This also includes mercury, which has been
much studied [22–31]. The number of automobiles has risen sharply, and exhaust fumes
contribute to mercury pollution problems [11–13].

It is known that hospitals and dentistry clinics are frequently subjected to elevated
mercury levels, and medical staff as well as patients are therefore facing mercury pollu-
tion hazards [32–37]. This is also the case in China [38,39]. Hospitals are places where
mercury-containing equipment is relatively concentrated, but hazards are easily over-
looked. Mercury used in hospitals, represented by, e.g., mercury sphygmomanometers
(instruments for measuring blood pressure) and mercury thermometers, is presently a
non-negligible source of mercury pollution [40–42]. Such equipment has the advantages
of low price, convenient maintenance, simple manufacturing, etc., and has been widely
used in hospitals for a long time. Due to frequent use of mercury-containing products in
hospitals, and occasional improper handling by some medical personnel, mercury leaks
occur. The mercury is not always handled as the leak occurs, but it may be left as a “silent”
source of mercury pollution, lasting for a long time.

Amalgam, a mercury alloy with silver, tin, zinc and copper, has for a long time been
used worldwide in dentistry as a tooth filling material [33,34,37]. Mercury is thoroughly
mixed with metal powder in a mechanical blender before use to form the amalgam. In this
process, a small amount of mercury will evaporate. Clearly, because of the handling of the
material and treatment residues, such dentistry clinics have traditionally been associated
with high mercury levels. Amalgam is now, like mercury-containing fluorescent tube
discharge light sources, being phased out at a high rate.

Unlike other pollutants, mercury is present in the atmosphere mainly as free
atoms [16,43,44], which makes optical spectroscopic techniques especially suited for sensi-
tive, real-time measurements (see, e.g., [45]). Mercury can be concentrated from the ambient
air by amalgamation in exposed gold foils over some times, followed by rapid heating and
detection of the released mercury cloud through atomic absorption or fluorescence spec-
troscopy. Atomic mercury can also be detected without pre-concentration using a Zeeman
modulation optical correlation technique [46] and laser-spectroscopic techniques based on
long-path optical absorption [47] or differential absorption lidar techniques [9,10,48].

In order to illuminate the presence and hazards of mercury in the urban environment,
we have pursued a study in the Southern China city of Guangzhou, the third largest Chinese
city. This is by no means a systematic study yielding time-averaged and representative data
for mercury pollution, but it intends, in a pedagogical way, to illustrate what levels a citizen
in a major city may be exposed to. Data in easily comprehensible diagrams show high
indoor mercury concentrations in two hospitals, lower concentrations in studied university
laboratories and moderately elevated concentrations in the ambient city air, as studied
along major highways.
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2. Study Design
2.1. Mercury Monitoring Instrumentation

For a 10-year period, our group has been developing environmental monitoring
using optical spectroscopic techniques, in particular lidar applications, with extensive
monitoring of atmospheric atomic mercury [49], including fumes from the Emperor Qin
underground mausoleum in Xi’an [50]. As a complement, we have in the present study
used a portable RA-915M atomic mercury analyzer supplied by Ohio Lumex Corp., which
is also very suited for indoor measurements. Here, we present measurement results using
this instrument, with a sampling strategy, which is clearly not representative for achieving
time and spatially averaged mean values, but which serves a different purpose, as described
in the introduction. Representative values for different regions, as acquired, e.g., from the
global GMOS mercury monitoring network, are presented in [51,52].

The instrument used is based on differential Zeeman atomic absorption spectrometry
using high-frequency modulation of light polarization [46]; see also [45].

The operational principle is shown in Figure 1. The radiation source (a mercury
lamp) is placed in a permanent magnetic field H. The mercury resonance line 6s2 3P1-6s6p
1S0 at λ = 254 nm is then split into three polarized Zeeman components (π, σ+ and σ−,
respectively). When radiation propagates along the direction of the magnetic field, only the
radiation of the σ-components is present (see, e.g., Ref. [45], Figure 4.9). The lamp contains
a separated Hg isotope, the radiation of which is considerably spectrally displaced with
regard to the pressure-broadened envelope of the natural mercury isotope distribution [53].
Then, only one of the magnetically displaced σ-components from the lamp can be absorbed
by ambient mercury. When mercury atoms appear in the light path, the difference between
the intensities of the σ-components increases as the mercury vapor concentration grows.
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Figure 1. Lay-out of the Zeeman modulation correlation spectrometer (Lumex RA-915M; Courtesy:
OhioLumex Corp., Cleveland, OH, USA).

The two σ-components (with opposite circular polarization) are separated by a polar-
ization modulator. Since the modulation is specific to mercury, other potentially interfering
gases do not affect analyzer readings, which are obtained as the output of a lock-in am-
plifier, operating at the modulation frequency (Ref. [45], Figure 6.72). A multi-path cell
with an effective length of about 10 m is used to enhance the sensitivity of the analysis.
The instrument was operated from a car in city traverses and was hand carried in all
further measurements.
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2.2. Measurements of Atmospheric Atomic Mercury

As mentioned, our measurements refer to Guangzhou City, Guangdong Province,
China. The Lumex optical mercury analyzer was calibrated before the measurements, and
intermittently during the cause of the recordings. An internal, highly temperature-stabilized
mercury vapor calibration cell was used for the calibration. Initially, the instrument was
allowed to stabilize for 20–30 min. After the baseline was stable, the ambient air was
introduced through a PVC pipe to the gas inlet of the analyzer. In our study, we collected
mercury concentration data every 10 s during the measurement period. Data are available
in real time in this fast and direct analytical method.

Measurements were performed on roads with large traffic flow, with maps shown in
Figure 2. Figure 2a shows the road from the Guangzhou University City to the Baiyun area
(36 km), and monitoring was pursued in both directions and on two different occasions.
Figure 2b shows a series of highways, crossing the central part of the city from West to
East and with a length of 10 km, and measurements were taken on one occasion. When
measuring, the instrument is operated from the back seat of a car, with the extraction tube
extending out from the car window.
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We also studied university campus locations with different laboratory buildings. Fur-
ther, we conducted extensive spot-monitoring at multiple locations in a major hospital, as
well as in a small hospital. The instrument was hand-carried while continuously recording
in these applications.

3. Measurements and Results
3.1. Air Concentrations Retrieved from City Traverses

Measurements along the road from the University City to Baiyun and back were
conducted on an Autumn and a Spring occasion. Data from the city traverses on 23
September 2019 and 31 March 2020 are shown in Figure 3. From the graphs, we can see
that the mercury concentration monitored on the three traverses shown in panels (a–c) is
relatively low, with values varying in the range of 2–5 ng/m3. The mercury concentration
in the (d) chart is higher, and varies in the range of 3–25 ng/m3. The concentration of
mercury on the highway is clearly related to the volume of traffic. Rush hour conditions in
China occur from 4:30 pm to 6:00 pm with large traffic volume on the highways, and the
vehicles are often in a state of stagnation. Therefore, the exhaust emissions of automobiles
are relatively concentrated and the diffusion is frequently slow, which results in high and
varying mercury concentrations [11–13].
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In order to complement the above observations, we conducted further mercury con-
centration monitoring on a road with a large traffic volume crossing Guangzhou from West
to East: Tianhe Avenue continuing into Zhongshan Avenue, and further on to Huangpu
East Avenue, in total 10 km. The mercury concentrations along these roads are shown in
Figure 4, during the rush hours of 30 March 2021.
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Figure 4. Measurements on 30 March 2021 from West to East across the city of Guangzhou along the
Tianhe Avenue, the Zhongshan Avenue, and the Huangpu East Avenue.

As shown in the figure, the mercury concentrations on these three roads are higher than
those shown in Figure 3a–c, and the values for Zhongshan Avenue and Tianhe Avenue are
slightly higher than those of Huangpu East Avenue. This confirms an observation that the
mercury concentration on highways is related to the traffic density. The mercury pollution
of automobile exhaust seems to be a main source of atmospheric mercury pollution, with
correlation to the volume of traffic.

3.2. Concentration Data at Selected Locations of a University Campus

Mercury concentration measurements were performed at several locations in the
Guangzhou University City (see lower part of Figure 2a) and the results are shown in
Figure 5. The concentration of mercury atoms at Laboratory 1 (related to chemistry) is
higher than at Laboratory 2 and Laboratory 3 (related to physics/optics). Concentrations
are low at a lake and at a grove location.
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3.3. Indoor Concentrations Data at Selected Locations in Two Hospitals

In order to further illuminate potential mercury pollution exposure, we conducted
fixed-point surveys at several departments of a major hospital on two occasions, separated
by 18 months, and performed measurements on one occasion at a much smaller university
clinic. The mercury concentrations at the different locations of the major hospital are shown
in Figure 6. Figure 6a,b is the mercury concentration monitored on 23 September 2019.
Figure 6c,d is the corresponding data for 31 March 2021. On both occasions, the peak
concentrations were found in the emergency clinic, especially near the door of an operating
room. Due to the unique physical characteristics with a very high vapor pressure of mer-
cury at room temperature, the accidental breakage of, e.g., clinical glass thermometers or
sphygmomanometer containing mercury may explain the high mercury vapor concentra-
tion in such emergency clinics. Additionally, the concentration of mercury at the dentistry
department is relatively high, and is related to mercury-containing amalgams (about 50%
is mercury).
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For comparison, we also conducted a study of departments of a much smaller hospital,
serving a university community. It can be seen from Figure 7 that mercury concentrations
vary in the range of 20~35 ng/m3, which is significantly lower than the values observed in
the emergency clinic of the major hospital, as shown in Figure 6.
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4. Discussion

We have performed exploratory measurements of atomic mercury concentrations at
various locations in the Chinese city of Guangzhou. Our measurements show that the
mercury concentrations correlate with the traffic flow on given roads. The monitored
mercury concentrations were low when the traffic volume was low on the road connecting
the University City to Baiyun, varying in the range of 2–5 ng/m3. In contrast, from 4 to 6
o’clock during the rush hour, the traffic flow was large, and the mercury concentration could
reach up to 30 ng/m3. Clearly, the mercury pollution due to car exhausts is substantial.
Such emissions not only cause atmospheric mercury pollution, but also affect the soil
and vegetation close to the road. Green areas with lower traffic showed values of about
3 ng/m3.

The outdoor atmosphere mercury concentrations observed close to the ground in
the present study can be compared with data for the University City of Guangzhou,
measured by differential atmospheric lidar by our group. At altitudes of the order of
100 m, values of 4–7, 10–13, and 5–7 ng/m3 were recorded on different occasions [54–56].
Lidar measurements in the Xi’an area gave mercury concentration data in the 2–13 ng/m3

interval [57].
The indoor atmospheric mercury content varies a lot in relation to different types

of activities. Physics and chemistry laboratories could be expended to have elevated
concentrations, but in our study (Figure 5) they were found to be moderate. Hospitals
are known to have much higher concentrations than other places. As mentioned, this
is because many types of medical equipment in hospitals contain mercury. Improper
operation of medical equipment may cause leakage of mercury, causing hazards. In large
hospitals, mercury-containing medical equipment and medical materials are used relatively
frequently in emergency rooms and dentistry, and mercury content can be expected to be
much higher than in other departments. This is confirmed in our studies (Figure 6), where
concentrations as high as 1300 ng/m3 were recorded. Dependent on the hospital size, and
related to the number of beds, in- and out-patient volume, etc., the amount of mercury loss
can vary greatly [28]. Since the number of hospital visits and the number of inpatients at a
small hospital is relatively small compared with numbers pertaining to the large hospital
discussed earlier, lower values, 20 to 35 ng/m3 (Figure 7), were observed in a reference
unit, serving a university community.

In summary, our measurements on few selected occasions in the major Chinese city of
Guangzhou revealed atmospheric mercury levels in the outdoor environment along roads
reaching 10 ng/m3 and sometimes even higher. These levels are in conformity with more
systematic studies; see [31], where the Guangzhou levels were found to be higher than those
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of, e.g., Beijing. A Chinese review study [29] states that the gaseous mercury concentrations
in urban areas of China are often 1.5–5-fold higher compared to the corresponding settings
in North America and Europe. Recent examples of such studies are from Boston/US [58],
Toronto/Canada [59] and Basel/Switzerland [60]. As a reference, the global, clean air
background level is 1.3–1.7 ng/m3 [6,52,61], and clearly it is difficult to approach such
values in a major city environment.

Certain indoor environments, in particular in hospitals and dentistry clinics, can reach
extremely high levels; in our study, they reached up to 1300 ng/m3. Problems of this kind
are well known from many previous studies [32–42]. Because of the confinement, indoor
air, even in households, easily can have a higher mercury pollution level than the outdoor
air [60].

Our study in no way intends to be comprehensive, and is clearly not indicative of the
averaged, time-integrated pollution levels. However, we believe that in a pedagogical way,
through comprehensible diagrams, it illustrates what atmospheric mercury levels citizens
in major cities may be exposed to.

Clearly, a study of the kind presented here can be extended to give a fully compre-
hensive view of the mercury pollution situations in out- and indoor environments. An
instrument of the kind used in our study is easily moved between different locations. It
provides real-time information, including readily detection of hotspots. These can be due to
accidental minor spills, e.g., in a hospital environment, or due to prior industrial activities,
in both cases allowing clean-up activities requiring limited efforts once the situational
conditions are revealed by measurements.

Author Contributions: Conceptualization, methodology, validation and supervision, S.S.; Measure-
ments Y.S., Q.Z. and Z.D.; Data evaluation: G.C., Y.S., Q.Z. and Z.D.; Original draft preparation, G.C.,
Y.S. and S.S., review and editing, S.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the Science and Technology Program of Guangzhou
(2019050001), and the Guangdong Provincial Key Laboratory of Optical Information Materials and
Technology (2017B030301007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the first
and the corresponding author.

Acknowledgments: The authors gratefully acknowledge the support of Guofu Zhou, Katarina
Svanberg and Yuan Zhang, as well as Shiming Zhu.

Conflicts of Interest: The authors declare no conflict of interest related to this paper.

References
1. Beckers, F.; Rinklebe, J. Cycling of mercury in the environment: Sources, fate, and human health implications: A review. Crit. Rev.

Environ. Sci. Technol. 2017, 47, 693–794. [CrossRef]
2. Liu, G.; Cai, Y.; O’Driscoll, N.; Feng, X.; Jiang, G. Overview of mercury in the environment. Environ. Chem. Toxicol. Mercury 2012,

1–12. [CrossRef]
3. Morel, F.M.; Kraepiel, A.M.; Amyot, M. The chemical cycle and bioaccumulation of mercury. Annu. Rev. Ecol. Syst. 1998, 29,

543–566. [CrossRef]
4. Edner, H.; Ragnarson, P.; Svanberg, S.; Wallinder, E.; de Liso, A.; Ferrara, R.; Maserti, B.E. Differential absorption lidar mapping

of atmospheric atomic mercury in Italian geothermal fields. J. Geophys. Res. 1992, 97, 3779. [CrossRef]
5. Svanberg, S. Geophysical gas monitoring using optical techniques: Volcanoes, geothermal fields and mines. Opt. Lasers Eng. 2002,

37, 245–266. [CrossRef]
6. Pacyna, E.G.; Pacyna, J.M.; Sundseth, K.; Munthe, J.; Kindbom, K.; Wilson, S.; Steenhuisen, F.; Maxson, P. Global emission of

mercury to the atmosphere from anthropogenic sources in 2005 and projections to 2020. Atmos. Environ. 2010, 44, 2487–2499.
[CrossRef]

7. Streets, D.G.; Horowitz, H.M.; Jacob, D.J.; Lu, Z.; Levin, L.; Ter Schure, A.F.H.; Sunderland, E.M. Total Mercury Released to the
Environment by Human Activities. Environ. Sci. Technol. 2017, 51, 5969–5977. [CrossRef]

http://doi.org/10.1080/10643389.2017.1326277
http://doi.org/10.1002/9781118146644.ch1
http://doi.org/10.1146/annurev.ecolsys.29.1.543
http://doi.org/10.1029/91JD03108
http://doi.org/10.1016/S0143-8166(01)00098-7
http://doi.org/10.1016/j.atmosenv.2009.06.009
http://doi.org/10.1021/acs.est.7b00451


Atmosphere 2022, 13, 1650 10 of 11

8. Mazzolai, B.; Mattioli, V.; Raffa, V.; Tripoli, G.; Dario, P.; Ferrara, R.; Lanzilotta, E.; Munthe, J.; Wängberg, I.; Barregård, L.; et al.
A multidisciplinary approach to study the impact of mercury pollution on human health and environment: The EMECAP project.
RMZ-Mater. Geoenvironment 2004, 51, 682.

9. Grönlund, R.; Sjöholm, M.; Weibring, P.; Edner, H.; Svanberg, S. Elemental mercury emissions from chlor-alkali plants measured
by lidar techniques. Atmos. Environ. 2005, 39, 7474–7480. [CrossRef]

10. Lian, M.; Shang, L.H.; Duan, Z.; Li, Y.; Zhao, G.; Zhu, S.; Qiu, G.; Meng, B.; Sommar, J.; Feng, X.; et al. Lidar mapping of
atmospheric atomic mercury in the Wanshan area, China. Environ. Pollut. 2018, 240, 353–358. [CrossRef]

11. Qian, J.; Zhang, L.; Zhang, S.; Ye, J.; Wang, S. Mercury pollution in automobile exhaust in Guilin. J. Ecol. 2011, 30, 944–950.
12. Qian, J.; Zhang, L.; Zhang, S.; Ye, J.; Wang, S.; Li, C.; Huang, D. Study on the mercury pollution of automobile exhaust from

highway air-soil-biological system in Guilin City. Geol. J. China Univ. 2013, 19, 455–456.
13. Tian, Y.; Liu, H.; Wang, X.; Liu, Q.; Wang, W. Study on the distribution characteristics of elemental mercury in the air of urban

roads and tunnels. Environ. Sci. Technol. 2012, 35, 64–67.
14. European Community DG Environment, Science for Environmental Policy. Tackling Mercury Pollution in the EU and WORLD-

WIDE. In-Depth Report 15. 2017. Available online: http://ec.europa.eu/science-environment-policy (accessed on 29 Septem-
ber 2022).

15. Travnikov, O. Atmospheric transport of mercury. In Environmental Chemistry and Toxicology of Mercury; Liu, G., Cai, Y., O’Driscoll,
N., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012; pp. 331–365.

16. Lin, C.J.; Singhasuk, P.; Pehkonen, S.O. Atmospheric chemistry of mercury. Environ. Chem. Toxicol. Mercury 2012, 4, 113–153.
17. Sass, B.M.; Salem, M.A.; Smith, L.A. Mercury Usage and Alternatives in the Electrical and Electronics Industries. Final Report; Battelle:

Columbus, OH, USA, 1994.
18. Mergler, D.; Anderson, H.A.; Chan, L.H.M.; Mahaffey, K.R.; Murray, M.; Sakamoto, M.; Stern, A.H. Methylmercury exposure and

health effects in humans: A worldwide concern. AMBIO A J. Hum. Environ. 2007, 36, 3–11. [CrossRef]
19. Díez, S. Human health effects of methylmercury exposure. Rev. Environ. Contam. Toxicol. 2008, 198, 111–132.
20. Harada, M. Minamata Disease: Methylmercury poisoning in Japan caused by environmental pollution. Crit. Rev. Toxicol. 1995, 25,

1–24. [CrossRef]
21. United Nations. Minamata Convention on Mercury. 2013. Available online: http://www.mercuryconvention.org/Portals/11

/documents/Booklets/Minamata%20Convention%20on%20Mercury_booklet_English.pdf (accessed on 29 September 2022).
22. Streets, D.G.; Hao, J.; Wu, Y.; Jiang, J.; Chan, M.; Tian, H.; Feng, X. Anthropogenic mercury emissions in China. Atmos. Environ.

2005, 39, 7789–7806. [CrossRef]
23. Feng, X.B. Mercury pollution in China—An overview. In Dynamics of Mercury Pollution on Regional and Global Scales; Pirrone, N.,

Mahaffey, K.R., Eds.; Springer: Norwell, MA, USA, 2005; pp. 657–678.
24. Zhang, L.; Wong, M.H. Environmental mercury contamination in China: Sources and impacts. Environ. Int. 2007, 33, 108–121.

[CrossRef]
25. He, K.; Huo, H.; Zhang, Q. Urban air pollution in China: Current status, characteristics, and progress. Annu. Rev. Energy Environ.

2002, 27, 397–431. [CrossRef]
26. Feng, X.; Tang, S.; Shang, L.H.; Yan, H.; Sommar, J.; Lindqvist, O. Total gaseous mercury in the atmosphere of Guiyang, PR China.

Sci. Total Environ. 2003, 304, 61–72. [CrossRef]
27. Fu, X.; Feng, X.; Wang, S.; Rothenberg, S.; Shang, L.H.; Li, Z.; Qiu, G. Temporal and spatial distributions of total gaseous mercury

concentrations in ambient air in a mountainous area in southwestern China: Implications for industrial and domestic mercury
emissions in remote areas in China. Sci. Total Environ. 2009, 407, 2306–2314. [CrossRef] [PubMed]

28. Liu, N.; Qiu, G.; Landis, M.S.; Feng, X.; Fu, X.; Shang, L.H. Atmospheric mercury species measured in Guiyang, Guizhou province,
southwest China. Atmos. Res. 2011, 100, 93–102. [CrossRef]

29. Fu, X.; Feng, X.; Sommar, J.; Wang, S. A review of studies on atmospheric mercury in China. Sci. Total Environ. 2012, 421, 73–81.
[CrossRef] [PubMed]

30. Sun, Y.; Chen, Y.; Lan, H.; Liu, L.; Fang, L. Study on pollution sources, cause of mercury pollution and its control technical
roadmap in China. Environ. Chem. 2013, 6, 937–942.

31. Wang, Z.; Chen, Z.; Ning, D.; Zhang, X. Gaseous elemental mercury concentration in atmosphere at urban and remote sites in
China. J. Environ. Sci. 2007, 19, 176–180. [CrossRef]

32. Prokopowicz, A.; Mniszek, W. Mercury vapor determination in hospitals. Environ. Monit. Assess. 2005, 104, 147–154. [CrossRef]
33. Perim, S.I.; Goldberg, A.F. Mercury in hospital dentistry. Spec. Care Dent. 1984, 4, 54–55. [CrossRef]
34. Jirau-Colón, H.; González-Parrilla, L.; Martinez-Jiménez, J.; Adam, W.; Jiménez-Velez, B. Rethinking the dental amalgam dilemma:

An integrated toxicological approach. Int. J. Environ. Res. Public Health 2019, 16, 1036. [CrossRef]
35. Amir Sultan, M.M.; Goh, C.T.; Wan Puteh, S.E.; Mokhtar, M. Establishing mercury-free medical facilities: A Malaysian case study.

Int. J. Health Care Qual. Assur. 2019, 32, 34–44. [CrossRef]
36. Rustagi, N.; Singh, R. Mercury and health care. Indian J. Occup. Environ. Med. 2010, 14, 45. [PubMed]
37. Khwaja, M.A.; Abbasi, M.S. Mercury poisoning dentistry: High-level indoor air mercury contamination at selected dental sites.

Rev. Environ. Health 2014, 29, 29–31. [CrossRef] [PubMed]
38. Li, P.; Yang, Y.; Xiong, W. Impacts of mercury pollution controls on atmospheric mercury concentration and occupational mercury

exposure in a hospital. Biol. Trace Elem. Res. 2015, 168, 330–334. [CrossRef] [PubMed]

http://doi.org/10.1016/j.atmosenv.2005.06.060
http://doi.org/10.1016/j.envpol.2018.04.104
http://ec.europa.eu/science-environment-policy
http://doi.org/10.1579/0044-7447(2007)36[3:MEAHEI]2.0.CO;2
http://doi.org/10.3109/10408449509089885
http://www.mercuryconvention.org/Portals/11/documents/Booklets/Minamata%20Convention%20on%20Mercury_booklet_English.pdf
http://www.mercuryconvention.org/Portals/11/documents/Booklets/Minamata%20Convention%20on%20Mercury_booklet_English.pdf
http://doi.org/10.1016/j.atmosenv.2005.08.029
http://doi.org/10.1016/j.envint.2006.06.022
http://doi.org/10.1146/annurev.energy.27.122001.083421
http://doi.org/10.1016/S0048-9697(02)00557-0
http://doi.org/10.1016/j.scitotenv.2008.11.053
http://www.ncbi.nlm.nih.gov/pubmed/19138788
http://doi.org/10.1016/j.atmosres.2011.01.002
http://doi.org/10.1016/j.scitotenv.2011.09.089
http://www.ncbi.nlm.nih.gov/pubmed/22134034
http://doi.org/10.1016/S1001-0742(07)60028-X
http://doi.org/10.1007/s10661-005-1606-8
http://doi.org/10.1111/j.1754-4505.1984.tb00146.x
http://doi.org/10.3390/ijerph16061036
http://doi.org/10.1108/IJHCQA-08-2017-0161
http://www.ncbi.nlm.nih.gov/pubmed/21120080
http://doi.org/10.1515/reveh-2014-0010
http://www.ncbi.nlm.nih.gov/pubmed/24552960
http://doi.org/10.1007/s12011-015-0391-7
http://www.ncbi.nlm.nih.gov/pubmed/26041155


Atmosphere 2022, 13, 1650 11 of 11

39. Wang, J.; Zhang, Z.; Han, Y. Discussion on mercury-containing waste fuel in hospitals and countermeasures for emission
reduction. Environ. Sci. Manag. 2010, 35, 10–13.

40. Nimmagadda, A.; Stanley, I.; Karliner, J.; Orris, P. Global substitution of mercury-based medical devices in the health sector.
In Water and Sanitation-Related Diseases and the Changing Environment: Challenges, Interventions, and Preventive Measures, 2nd ed.;
Selendy, J.M.H., Farmer, P., Fawzi, W., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2019; pp. 189–196.

41. Choi-Lao, A.T.; Corte, G.; Dowd, G.; Lao, R.C. Mercury vapor as a contaminant of hospital environment. Sci. Total Environ. 1979,
11, 287–292. [CrossRef]

42. Wang, J.; Zhang, Z.; Han, Y. Study on pollution emission reduction countermeasure about hospital mercury-bearing waste.
Environ. Sci. Manag. 2010, 35, 10–13.

43. Schroeder, W.H.; Munthe, J. Atmospheric mercury—An overview. Atmos. Environ. 1998, 32, 809–822. [CrossRef]
44. Wängberg, I.; Munthe, J.; Pirrone, N.; Iverfeldt, Å.; Bahlman, E.; Costa, P.; Ebinghaus, R.; Feng, X.; Ferrara, R.; Gårdfeldt, K.; et al.

Atmospheric mercury distribution in Northern Europe and in the Mediterranean region. Atmos. Environ. 2001, 35, 3019–3025.
[CrossRef]

45. Svanberg, S. Atomic and Molecular Spectroscopy: Basic Aspects and Practical Applications, 5th ed.; Graduate Texts in Physics;
Springer-Nature: Berlin/Heidelberg, Germany, 2022.

46. Sholupov, S.E.; Ganeyev, A.A. Zeeman atomic absorption spectrometry using high frequency modulated light polarization.
Spectrochim. Acta B 1995, 50, 1227. [CrossRef]

47. Anderson, T.N.; Magnuson, J.K.; Lucht, R.P. Diode-laser-based sensor for ultraviolet absorption measurements of atomic mercury.
Appl. Phys. B 2007, 87, 341–353. [CrossRef]

48. Svanberg, S. Differential absorption lidar (DIAL). In Air Monitoring by Spectroscopic Techniques; Sigrist, M., Ed.; Wiley: New York,
NY, USA, 1994; pp. 85–161.

49. Chi, J.B.; Duan, Z.; Huang, J.W.; Li, Y.; Li, Y.Y.; Lian, M.; Lin, Y.Y.; Lu, J.C.; Sun, Y.T.; Wang, J.L.; et al. Ten years of interdisciplinary
lidar applications at SCNU, Guangzhou. In Proceedings of the 30th International Laser Radar Conference, Big Sky, MT, USA, 26
June–1 July 2022; Springer: Berlin/Heidelberg, Germany, 2022.

50. Zhao, G.; Zhang, W.; Duan, Z.; Lian, M.; Hou, N.; Li, Y.; Zhu, S.; Svanberg, S. Mercury as a geophysical tracer gas Emissions from
the Emperor Qin Tomb in Xi’an studied by laser radar. Sci. Rep. 2020, 10, 10414. [CrossRef]

51. Sprovieri, F.; Pirrone, N.; Ebinghaus, R.; Kock, H.; Dommergue, A. A review of worldwide atmorpheric mercury measurements.
Atmos. Chem. Phys. 2010, 10, 8245–8265. [CrossRef]

52. Sprovieri, F.; Pirrone, N.; Bencardino, M.; D’amore, F.; Carbone, F.; Cinnirella, S.; Mannarino, V.; Landis, M.; Ebinghaus, R.;
Weigelt, A.; et al. Atmospheric mercury concentrations observed at ground-based monitoring sites globally distributed in the
freamework of the GMOS network. Atmos. Chem. Phys. 2016, 16, 11915–11935. [CrossRef]

53. Alnis, J.; Gustafsson, U.; Somesfalean, G.; Svanberg, S. Sum-frequency generation with a blue diode laser for mercury spectroscopy
at 254 nm. Appl. Phys. Lett. 2000, 76, 1234–1236. [CrossRef]

54. Zhao, G.; Lian, M.; Li, Y.; Duan, Z.; Zhu, S.; Mei, L.; Svanberg, S. Mobile lidar system for environmental monitoring. Appl. Opt.
2017, 56, 1506–1516. [CrossRef]

55. Zhao, G.; Wu, X.; Lian, M.; Svanberg, S. Lidar monitoring of atmospheric atomic mercury and sulfur dioxide in Guangzhou, China.
In Proceedings of the PIERS, Guangzhou, China, 25–28 August 2014; Curran Assoc.: Red Hook, NY, USA, 2014; pp. 2711–2714.

56. Mei, L.; Zhao, G.; Svanberg, S. Differential absorption lidar system employed for background atomic mercury vertical profiling in
South China. Opt. Lasers Eng. 2014, 55, 128–135. [CrossRef]

57. Duan, Z.; Zhao, G.; Zhu, S.; Lian, M.; Li, Y.; Zhang, W.; Svanberg, S. Atmospheric mercury pollution in the Xi’an area, China,
studied by differential absorption lidar. Atmosphere 2021, 12, 27. [CrossRef]

58. Angot, H.; Rutkowski, E.; Sargent, M.; Wofsy, S.C.; Hutyra, L.R.; Howard, D.; Obrist, D.; Selin, N.E. Atmospheric mercury sources
in a costal-urban environment: A case study in Boston, Massachusetts, USA. Environ. Sci. Process. Impacts 2021, 23, 1914–1929.
[CrossRef]

59. McLagan, D.S.; Hussain, B.A.; Huang, H.Y.; Lei, Y.D.; Wania, F.; Mitchell, C.P.J. Identifying and evaluating urban mercury
emission sources through passive sampler-based mapping of atmospheric concentrations. Environ. Res. Lett. 2018, 13, 074008.
[CrossRef]

60. Wohlgemuth, L.; McLagan, D.; Flückinger, B.; Vienneau, D.; Osterwalder, S. Concurrently measured concentrations of atmospheric
mercury in indoor (household) and outdoor air in Basel, Switzerland. Environ. Sci. Technol. Lett. 2020, 7, 234–239. [CrossRef]

61. Horowitz, H.M.; Jacob, D.J.; Zhang, Y.; Dibble, T.S.; Slemr, F.; Amos, H.M.; Schmidt, J.A.; Corbitt, E.S.; Marais, E.A.; Sunderland,
E.M. A new mechanism for atmospheric mercury redox chemistry: Implications for the global mercury budget. Atmos. Chem.
Phys. 2017, 17, 6353–6371. [CrossRef]

http://doi.org/10.1016/0048-9697(79)90079-2
http://doi.org/10.1016/S1352-2310(97)00293-8
http://doi.org/10.1016/S1352-2310(01)00105-4
http://doi.org/10.1016/0584-8547(95)01316-7
http://doi.org/10.1007/s00340-007-2604-z
http://doi.org/10.1038/s41598-020-67305-x
http://doi.org/10.5194/acp-10-8245-2010
http://doi.org/10.5194/acp-16-11915-2016
http://doi.org/10.1063/1.125994
http://doi.org/10.1364/AO.56.001506
http://doi.org/10.1016/j.optlaseng.2013.10.028
http://doi.org/10.3390/atmos12010027
http://doi.org/10.1039/D1EM00253H
http://doi.org/10.1088/1748-9326/aac8e6
http://doi.org/10.1021/acs.estlett.0c00110
http://doi.org/10.5194/acp-17-6353-2017

	Introduction 
	Study Design 
	Mercury Monitoring Instrumentation 
	Measurements of Atmospheric Atomic Mercury 

	Measurements and Results 
	Air Concentrations Retrieved from City Traverses 
	Concentration Data at Selected Locations of a University Campus 
	Indoor Concentrations Data at Selected Locations in Two Hospitals 

	Discussion 
	References

