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A novel mobile laser radar system was used for mapping gaseous atomic mercury (Hg®) atmospheric
pollution in the Wanshan district, south of Tongren City, Guizhou Province, China. This area is heavily
impacted by legacy mercury from now abandoned mining activities. Differential absorption lidar mea-
surements were supplemented by localized point monitoring using a Lumex RA-915M Zeeman modu-
lation mercury analyzer. Range-resolved concentration measurements in different directions were

performed. Concentrations in the lower atmospheric layers often exceeded levels of 100 ng/m? for March
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conditions with temperature ranging from 5 °C to 20 °C. A flux measurement of Hg® over a vertical cross
section of 0.12 km? resulted in about 29 g/h. Vertical lidar sounding at night revealed quickly falling Hg®
concentrations with height. This is the first lidar mapping demonstration in a heavily mercury-polluted
area in China, illustrating the lidar potential in complementing point monitors.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Mercury is a neurotoxic heavy metal pollutant. Metallic mercury
has a high vapor pressure and, in the atmosphere, it largely remains
in gaseous atomic form (Hg®) and can spread easily through air
transportation (Beckers and Rinklebe, 2017; Mazzolai et al., 2004;
Rinklebe et al., 2010). Mercury is now the target of the UN's Min-
amata Convention legally entered into force in 2017 (United
Nations, 2013). China, one of the signatory countries, is a major
producer and user of mercury and much attention is paid to its
study and mitigation in the environment (Feng, 2005; Feng and
Qiu, 2008; Fu et al.,, 2012; Streets et al., 2005; Zhang and Wong,
2007). The mercury emissions of anthropogenic origin in China
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are estimated to be more than 500 tons annually (Streets et al.,
2005). The Guizhou province is rich in mercury minerals, and
mining activities in the Wanshan area of Eastern Guizhou have
been ongoing since the Qin Dynasty, about 200 BC. Known as the
Chinese mercury capital, Wanshan was the largest mercury mine in
China up till the official close-down of the activities in 2002.
However, some non-official artisanal activities have been ongoing
since then, causing a substantial detrimental environmental
impact. The study of mercury in the Wanshan area using point
monitors has been extensive; see e.g. (Dai et al., 2012; Du et al,,
2016; Feng et al., 2008; Li et al., 2009; Qiu et al., 2008).

The Wanshan mercury ore deposit is part of the global belt of
cinnabar (HgS) mineralization, which has a large extension. In
Europe, Almaden (Spain), Abbadia San Salvatore (Italy) and Idrija
(Slovenia) are sites of historically major mercury extraction. The
fact that atmospheric mercury is largely in atomic form while all
other gaseous pollutants are molecular results in a unique possi-
bility for extremely sensitive optical mercury detection, down to
the Northern hemispherical background concentration in the range
1.3—1.6 ng/m> (Sprovieri et al., 2016). Then the differential ab-
sorption lidar (DIAL) technique becomes very useful for range-
resolved concentration measurements (Svanberg, 1994).
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The lidar group of Lund University, Sweden, has performed
extensive studies on atmospheric Hg’. The total flux from the
electrolytic cell houses of chlor-alkali industries, where Hg? is used
as an electrode in the electrolytic baths producing sodium hy-
droxide, has been determined (Gronlund et al, 2004, 2005b).
Further, the mapping of Hg® in Icelandic and Italian thermal fields
has been pursued (Edner et al., 1991, 1992). As part of a larger
program of studies of gases of geophysical origin (Svanberg, 2002),
lidar mapping of atomic mercury at all major European mercury
mines was performed (Edner et al., 1993; Ferrara et al., 1998;
Gronlund et al., 2005a).

DIAL is widely used in the measurement of various kinds of
gases, including O3, CO,, and CHy4 (Burlakov et al., 2010; Innocenti
et al., 2017; Koch et al., 2004). However, the measurement of
gaseous atomic mercury requires very specialized equipment and
had only been pursued by the Lund university group. With the
cessation of this research direction in Lund, the South China Normal
University group is now the only group world-wide which can
perform such measurement. Along these lines, the present paper
now reports the first DIAL study of Hg® in a heavily mercury-
polluted area in China. The demonstration shows the substantial
potential of this technology in complementing customary point
monitoring studies and could provide a new dimension in the
management of the serious mercury pollution in certain areas of
Asia.

2. Mobile lidar system description

An advanced mobile lidar system has just been constructed at
South China Normal University, Guangzhou with the prime pur-
pose of atomic mercury monitoring on the Chinese scene (Zhao
et al., 2017). The measurements of atmospheric Hg® in the Wan-
shan mining area reported here were conducted using this system,
which is shown in photographs in Fig. 1 on a site close to the
Wanshan city center (27° 31’ 23.0” N, 109° 12" 41.3" E). This location
was chosen because of being in the residential area where the
population is subjected to the pollution, and because of the
convenient availability of three-phase electrical power.

A detailed description of the system can be found in (Zhao et al.,
2017). Here only a brief overview of the system is given. Equipped
with a Nd:YAG laser, the system can emit laser radiation at a pulse
repetition rate of 20 Hz at the primary wavelength of 1064 nm, with
harmonics at 532 nm, 355 nm and 266 nm as generated in phase-
matched non-linear crystals. When pumping the tunable dye
laser supplied with the system, intense pulses of a wide range of
wavelengths can be obtained. In particular, about 10 m]/pulse of
radiation at the atomic mercury absorption line close to 253.7 nm
can be attained by frequency doubling of the dye laser radiation
generated when using the dye Coumarin 307. A 40-cm—diameter
receiving Newtonian telescope is used to collect back-scattered
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radiation. A stepping motor-driven roof-top mirror is used for
deflecting the vertically transmitted beam and the field of view of
the co-axially arranged telescope, allowing the direction of mea-
surement to be changed 360° horizontally and the elevation angle
to be adjusted between —10° and 45°.

Using a piezo-electric fast-wavelength switching arrangement,
the wavelength could for every other transmitted pulse be changed
from the Hg® absorption line to an adjacent non-absorbed wave-
length, while avoiding the influence of near-by molecular oxygen
lines, as discussed in (Mei et al., 2014). Signals in the form of lidar
transients for the two wavelengths could then be digitized and
averaged over many laser pulses to attain the necessary signal-to-
noise ratio, to allow a range-resolved concentration evaluation
from the ratio curve (Svanberg, 1994). The attainable range is
limited by the 1/R? signal fall-off for lidars operating in back-
scattering mode. The whole system, including the setting of mea-
surement directions, is controlled in LabVIEW software installed in
the system computers, which also visualize the signal collected. A
quasi—real-time data evaluation program is developed in MATLAB.
In our data evaluation, an atomic mercury differential absorption
cross-section of 2.5*10~ 4 cm?/atom was adopted, as discussed in
Mei et al. (2014).

3. Measurements and results
3.1. Introduction to the measurements

Fig. 2 is an overview of the measurement area. The mobile
system was parked approximately, 600 m west of the border to the
National Mining Park of Wanshan, which is the site of abandoned
ancient mercury mines. Differential absorption lidar recordings are
illustrated in Fig. 3 which were obtained from measurement di-
rection A as indicated in Fig. 2 (a) and with an elevation angle of
about 20°. In Fig. 3 (a), a pair of on- and off-resonance lidar re-
cordings is shown with different scales at different distances, (b)
shows the on/off ratio (DIAL) curve and the correspondingly eval-
uated concentration. Identical on/off curves, resulting in a constant
ratio of 1.00, would correspond to the complete absence of
absorbing Hg®. Instead, the curve in (b) is clearly sloping with
different inclinations, from which the range-resolved atomic mer-
cury concentration is evaluated. Fluctuating and frequently very
high Hg® concentrations were observed in this heavily polluted
area.

Although the typical detection distance of our system for Hg® is
roughly 1 km, reliable data obtained in the Wanshan area normally
were available only out to a distance of about 700 m. One reason is
the heavy absorption of the on-resonance lidar curve due to the
exceedingly high concentrations in the local atmosphere. We
further by routine reject the data recorded from ranges shorter than
100 or 150 m, since they may be compromised by the very high

Fig. 1. The South China Normal University mobile system operating on site in Wanshan for monitoring of atmospheric atomic mercury.
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Fig. 2. Overviews of the measurement area. The three detection directions are indi-
cated in (a) as A (59°), B (338°) and C (244°). Point D (marked as a blue star) is the
position of the Lumex RA-915M mercury analyzer when the instrumental inter-
comparison experiment was performed. Certain structures specially related to mer-
cury mining are indicated in (b), which covers a larger area. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

—2
on
= =
5 r
s i :
2
& x5
2 AN
= f
0 L .
0 100 200 300
Distance (m)
® T T T T T
1 V™ 4160
\ S §,,
° 0.8 i 4120 5
0.6 | ——Ratio Curve T Rerolaa 180 £
Fitted Ratio T 3
04}F Concentration M 40 LO)
. . . . .
0 100 200 300 400 500 600

Distance (m)

Fig. 3. (a) shows on- and off-resonance lidar recordings of atmospheric backscatter;
(b) displays the resulting ratio curve and the evaluated range-resolved concentration
values. Concentrations were evaluated with a 100-m sliding average routine. Data
were integrated for 1 min.

close-range back-scattered intensities in combination with
increased sensitivity to slight optical misalignments at short
ranges. However, close-range data can clearly be obtained with an
on-site point monitoring system.

Actually, during the field experiments, a Hg point concentra-
tion monitor (Model RA-915M, Lumex Instruments) was available,
operating on the principle of Zeeman modulation of the same
253.7 nm monitoring line as was used in the DIAL measurements.
This instrument is from the same series as was used, e.g. in the
studies reported in Dai et al. (2012) and Gronlund et al. (2005a). In
order to connect to the substantial work previously reported from
the Wanshan area with point monitors, we performed an instru-
mental inter-comparison experiment. This is the first time that a
Zeeman modulated point monitor has been inter-calibrated to
DIAL. The laser beam was aimed at about 2 m above the top of the
hill slightly to the right of direction A (position D), while the Lumex
mercury analyzer was placed on the ground, right beneath the laser
beam, simultaneously recording the Hg® concentration at that
point (Fig. 4).

The result is displayed in Fig. 5. Panel (a) shows a pair of lidar
curves obtained during this session. When amplified, tiny bumps
are distinguished at the distance of 420 m, which are the echoes of
the green wire fence at the site (visible in Fig. 4 (a), (c)), thus
indicating the location of the Lumex mercury analyzer — exactly
like a laser range finder would do. The two groups of data, displayed
in Fig. 4 (c), compare favourably, with a correlation coefficient of
0.95. If a linear regression is forced through the origin, the fitting
function is y = 1.101*x, with a 95% confidence bound of the slope to
be between 1.045 and 1.157. In the fitting function, y and x stand for
results of lidar and Lumex RA-915M, respectively. The observed
deviation from a unity slope may be explained by the non-perfect
overlap of the sites of measurements, or more likely, by the
respectively chosen calibrations for the lidar and Lumex in-
struments, respectively. As mentioned, the determination of the
value of the optical absorption cross-section of mercury near
253.7 nm has not reached a consensus (Mei et al., 2014). If it is
assumed that the Lumex device is accurately calibrated and related
to other standard point monitoring devices such as TEKRAN and
GARDIS, it can be treated as the standard device and correspond-
ingly adjust the lidar differential absorption cross section setting in
our data processing program, which would then, according to the
fit in Fig. 5 (c), result in about 9 percent lower mercury concen-
trations compared to the reported DIAL values, bringing them into
full accordance with Lumex.

3.2. Vertical scan in three different directions

Since the system was positioned in a valley, the surrounding
mountains and buildings leave us limited directions accessible to
probe. Three feasible directions are indicated as A, B, and C in Fig. 2
(a). We performed vertical scans, and evaluated data are shown in
Fig. 6. The elevations were chosen between 15° and 36°, with an
increment of 3° between the measurement directions.

The results show a great difference in Hg® concentration in
different directions. The maximum value in direction A was over
120 ng/m?>, while in the other two directions no more than 50 ng/
m> was observed. The National Mining Park is a relic of former
operating mines, and the atmospheric mercury concentration in
that direction was considerably higher than in the other two di-
rections, suggesting that it is still a major source for mercury
pollution to the air.

Combined with wind data, the results can be used to deduce the
mercury flux through the monitored areas. A weather station was
installed on a near-by roof about 10 m above the ground, which
recorded wind speed as well as other weather information. As for
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Fig. 4. (a): an overlook at the mobile lidar system as seen from position D; (b): an enlargement showing the mobile lidar system as seen from position D; (c): the Lumex RA-915M

mercury analyzer operating at position D.
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Fig. 5. The inter-comparison between data recorded by lidar and Lumex RA-915M. Panel (a) is one sample of lidar curve obtained; inset (b) displays the faint echo of the wire fence
at position D, defining the accurate location of the Lumex instrument; scatter plot (c) combines two groups of Hg® concentration data with the associated linear fitting through the
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Fig. 6. Vertical scans in the three directions indicated as A, B, and C in Fig. 2. High Hg® concentrations were found particularly in direction A, towards the abandoned mercury mines.

the 12-min section depicted in Fig. 6 (a), the average wind speed
was about 1.4 m/s, from direction 135° (southeast); while the di-
rection of the measurement was 60°, meaning a perpendicular
wind speed of 1.35 m/s. The total flux for the scanned 1.2*10°-m?
area was then estimated to be 29 g/h. We note that for the wind
conditions, the mercury plume from the Longtangping smelting

plant, which is known as a strong mercury source, could be brought
into the scanned area.

To further corroborate the result above, we performed another
scan in direction A during the following night, with a smaller
elevation angular step of 2°, from 15° to 39°. This session was
associated with calm weather conditions: a near-zero wind was
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Fig. 7. The result of the second scan in direction A. The “hot zone” (red oval) indicates
strong emission of mercury from the National Mining Park; the dashed line marks a
height of about 150 m above which the Hg® concentration is considerably lower. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

measured by the weather station, and the lack of the heat provided
by the sun leads to a low transport. Under such conditions, air in the
surface layer tends to align to a stable vertical stratification leading
to that turbulent mixing declines and pronounced concentration
gradients may emerge above a surface source. Consequently,
nocturnal Hg® scanning may facilitate a detailed mapping of the
distribution of terrestrial sources of legacy mercury, and possibly be
useful for exploration purposes, to be discussed later.

The measurement results (Fig. 7) show that the overall Hg®
concentration was considerably lower than during the first mea-
surement (Fig. 6 (a)) conducted at daytime. The main reason is that
the surface evaporation of Hg® displays a strong temperature
dependence. When the temperature decreased from 14 °C at day-
time to 7 °C at night, the mercury vapor pressure decreased by a
factor of 0.5 over metallic mercury residues (Huber et al., 2006),
which are widespread in connection with the ore roasting and in
the roasted cinnabar tailings. Also, the contribution of the plume
from the Longtangping smelting plant was absent. The concentra-
tions from the height of 50 m—150 m ranged from 20 to 30 ng/m?>,
and were relatively homogeneous, while there was an obvious
decrease above 150 m (the horizontal dashed line indicates this
demarcation). However, over the area at about 500 m distance (the
edge of the Mining Park), there was a “hot zone” (the oval). The
maximum concentration inside the “hot zone” was over 40 ng/m°>,
while it was mostly below 10ng/m> in surrounding space. The
result of the second scan confirmed that the National Mining Park
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of Wanshan is still emitting significant amounts of mercury. Un-
fortunately, we could not move the laser beam to lower elevations
because of beam obstructions. Otherwise a more comprehensive
profile of the “hot zone” could have been recorded.

3.3. Recordings of concentration variations over time

Besides vertical scanning, we also monitored range-resolved
mercury concentrations over time along fixed directions, mostly
with an elevation angle of about 25° in the measurement direction
A shown in Fig. 2 (a). Examples of two data sets, each extending
over about 1 h, are shown in Fig. 8. In particular, we note in (a) how
the area of highest mercury concentration moved closer to the lidar
system during the measurement session, presumably due to a
successive change in wind direction bringing a localized plume
from an emission source closer. Dramatic fluctuations of the mer-
cury concentration are displayed in (b) with a maximum value of
over 200 ng/m°.

4. Discussion

The present measurement campaign is a demonstration of the
capabilities of remote-sensing lidar monitoring of atomic mercury
in a heavily polluted mining setting on the Chinese scene. Although
a compromised site for the system deployment had to be chosen for
logistic reasons in this first field mercury lidar experiment in Asia,
the data obtained clearly demonstrate a considerable potential of
the technique. In particular, the unique capability of total flux
measurements of Hg® out from a given area as provided by DIAL
mapping should be exploited. As a preview of such activities, we
have shown that with the mercury concentration map given in
Fig. 6 (a) and measured wind data, the total mercury flux through
the probed area was around 29 g/h. We are now supplying the
mobile system with a Diesel generator for providing power at any
deployment site. We plan for such measurements in the direct vi-
cinity of major Wanshan mining and processed cinnabar ore de-
posit sites, to assess their total contribution of mercury to the
atmosphere for different environmental conditions.

Future applications of our mobile atomic mercury monitoring
lidar system include emissions from industries and coal-burning
power plants as well as from coal mines. As mentioned earlier,
there are prospects to use atomic mercury as a tracer gas for
geothermal energy resources and for possible valuable mineral
localizations. The relation of observed mercury anomalies to the
prediction of seismic and earthquake activities is a further potential
aspect of efficient monitoring of the extremely volatile mercury gas.
These aspects have been pointed out earlier (Edner et al., 1992; Jin
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Fig. 8. Range-resolved mercury concentrations: (a) during March 26, and (b) during March 25, 2016.
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et al.,, 1989; McCarthy et al., 1969), but are still awaiting the dedi-
cated trials using a well-adapted system, such as the one described
here. Actually, our mobile system has also already been deployed in
a logistically similar and successful archeological study of consid-
erable interest, regarding burial site mercury (Zhao et al,
Unpublished results).
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