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Mercury is a persistent and toxic global contaminant that is transported through the
atmosphere, deposits to terrestrial and aquatic ecosystems, and concentrates up the food
chain reaching levels that can harm both humans and wildlife [1]. In this Special Issue on
atmospheric mercury (Hg), seven original research articles and a review paper report the
latest findings describing the distribution, deposition, and measurement of this airborne
pollutant as well as the human and environmental impacts of artisanal mining of Hg
and gold. The papers span a wide range of investigations including the determination of
Hg deposition in northwest USA [2], southeast Europe [3], and Chongming Island, near
Shanghai, China [4]; the development and use of iodinated activated carbon for traceable
determination of airborne Hg [5]; new measurements of atmospheric Hg along the northern
Gulf of Mexico using passive air sampling [6]; the impacts of artisanal gold mining and
associated Hg trade in south and central America [7,8]; and a timely review on reactive
Hg in ambient air [9]. This editorial provides highlights of these interesting papers and
presents them in the broader context of modern atmospheric Hg research and the Minamata
Convention on Mercury, a global treaty now signed by 127 parties and designed to protect
human health and the environment from anthropogenic emissions of Hg.

Advances in measuring atmospheric Hg have improved our understanding of its
sources, transport, transformations, fluxes, and fate. Airborne Hg is generally catego-
rized as gaseous elemental mercury (GEM) and reactive mercury (RM), with the latter
representing gaseous oxidized mercury (GOM) and particle-bound mercury (PBM). Ac-
curately measuring RM as a whole is challenging, let alone individual Hg compounds.
Gustin et al. [9] provide a review focusing on the fascinating history of efforts to quantify
and characterize RM, along with the current state of such measurements and knowledge.
Methods for measuring RM are changing as concerns over artifacts or repeatability emerge
or as knowledge of RM improves. Early work using mist chambers [10], filters and mem-
branes [11], and denuders [12] naturally resulted in inter-comparison studies, especially
after an automated system became commercially available from Tekran® Instruments
Corporation that improved temporal resolution. The Tekran speciation system was an
important step forward because as Hg sources and oxidant chemistry of the air vary, so
too do levels of RM. The Tekran, as it is known, became standard, and the system was
employed by researchers worldwide. More recently, it was demonstrated that the KCl
denuder used in the Tekran is not adequate for measuring RM concentration [9], and so the
development of new methods continues. Among them are the Reactive Mercury Active
System (RMAS) and the ever-promising mass spectrometry. Moving forward, the review
authors strongly advocate for the field calibration of oxidized Hg measurements. The
review concludes with useful sections on “what we have learned” and “work needed.”

Continuing on the important theme of attaining accurate and reliable measurements,
Zivkovic and colleagues [5] investigated spiking of a standard reference material (NIST
3133) directly onto iodinated activated carbon (AC) traps for accurate and traceable cali-
bration determination of ambient Hg0. Measurements were made by atomic absorption
spectrometry after sample combustion. There were identical responses between Hg loaded
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directly and Hg loaded by purging from the NIST solution after reduction with SnCl2
across a wide concentration range (10–2000 ng). Further proof-of-concept studies on real at-
mospheric samples, where accuracy was assessed by a different reference material, showed
that the approach is, indeed, effective for measuring atmospheric Hg. The authors in-
clude details for preparation and optimization of the quantitative analysis setup. They
also deconvoluted peaks of fractionation thermograms to identify iodide of Millon’s base
(HgO·Hg(NH3)2I2) as the likely final Hg complexing agent.

In another study employing AC for GEM measurements, Jeon et al. [6] deployed
MerPAS® passive air samplers (PASs) containing sulfur impregnated AC along the northern
Gulf of Mexico. The region has high Hg wet deposition rates and high levels of Hg in
seafood compared to other coastlines in the USA. Unlike the Tekran speciation system
discussed earlier, these PASs are relatively inexpensive and require no external power.
Thus, they are typically deployed to increase area coverage and improve spatial resolution,
albeit with poorer temporal resolution since they often need to be placed outdoors for
several weeks to capture enough Hg for measurement. The PASs discriminate landscape
and seasonal effects if given sufficient collection time, adequate analytical precision, and
low blank levels [13]. Along the Gulf Coast, it was found that concentrations varied
depending on proximity to sources and site characteristics, with a coastal marsh having
the lowest GEM levels possibly due to uptake by vegetation. The PASs gave slightly lower
concentrations compared to an active sampling system at Grand Bay, but generally showed
similar seasonal patterns. Overall, the work demonstrates that PASs can provide insight
into GEM levels and the factors affecting them along coastal regions.

As noted, three of the papers focused on Hg deposition. In Washington, USA, Beutel
and colleagues [2] quantified both wet and dry Hg deposition at rural and suburban sites
using a direct measurement approach with simple, low-cost equipment. The authors used
an aerodynamic “wet sampler” for assessing dry deposition. GOM, PBM, and some GEM
were collected in a thin layer of a recirculating acidic aqueous solution placed on a Teflon
plate. The setup was operated for several days before the solution was collected, preserved,
and analyzed for total-Hg. Wet deposition sampling was more standard. The rate was
calculated as mass accumulation divided by the area of the collecting funnel and duration
of the sampling event. The authors concluded that direct measurement approaches are
useful in assessing temporal and spatial patterns of Hg deposition, and for comparing
results to other approaches and estimates from numerical air quality models. They also
show that agricultural burning in rural areas can lead to elevated levels of dry deposition
and that short-term rain events account for ~20% of Hg deposition during the dry season.

Meanwhile, Tang et al. [4] examined Hg wet deposition on Chongming Island, China,
from 2014–2018 to understand Hg wet deposition characteristics over multiple years.
Notably, this is a period that saw the implementation of the Minamata Convention and
anthropogenic Hg emission controls that allowed evaluation of the effectiveness of those
controls. Volume-weighted mean Hg concentrations decreased during the study period,
which was explained by decreasing atmospheric Hg levels and anthropogenic emission
reductions. The authors also examined the impact of meteorological variations and showed
that large-scale meteorological circulation events (e.g., monsoons) significantly impact Hg
wet deposition. Thus, they recommend using long-term Hg wet deposition flux values
in future Hg assessment programs to evaluate the impact of anthropogenic emissions
reductions and inter-annual meteorological conditions.

Biomonitoring is yet another approach to measure Hg deposition, but one that requires
no sampling equipment, other than that needed to retrieve the biota. Here, Stafilov et al. [3]
used two species of moss blanketing North Macedonia to examine spatial and temporal
patterns of Hg deposition within the eastern European region. The authors determined
Hg in the samples collected as far back as 2002. Analysis of the median values showed an
increase from 2002 to 2010 and a slight reduction from 2010 to 2015. Mercury distribution
maps showed that sites with increased concentrations of Hg in moss were likely impacted
by anthropogenic pollution; sites include thermoelectric power plants and a former chlor-
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alkali plant. It was concluded that Hg air pollution in the region is highest in industrialized
areas. The authors rightfully note that such work is important for modeling Hg pollution
and monitoring future trends in deposition, in order to assess and preserve ecosystem
health. This is also a nice segue to the last two papers to be highlighted.

A good way to conclude this editorial are the contributions from Brown et al. [7] and
Marshall et al. [8] on the environmental and health impacts of mining, bringing us back to
the Minamata Convention on Mercury. It is undeniable that artisanal and small-scale gold
mining (ASGM) employing Hg has major impacts on Hg pollution. Gold amalgamation
with Hg0, which incidentally is used in many of our instruments to concentrate and isolate
Hg prior to spectroscopic analysis, is still commonly used in the developing world to
separate gold from unwanted minerals, despite the means to do so without Hg [14]. I
applaud the work of Brown and colleagues involving a training program to monitor
elemental Hg emissions originating from gold shops in Guyana, South America. The
effort included both locals and undergraduate student researchers from the USA, offering
a meaningful educational experience for both. Several gold shops had measurements
exceeding 100,000 ng/m3, the guideline for occupational exposure limits in the USA. The
authors note that while their work identified this significant source of Hg0 emissions, it
did not provide insight into the fate of this Hg. They also suggest that future mapping
incorporating data from passive air samplers, like those discussed earlier, may add to our
understanding of the fate of Hg0 emitted from gold shops. Finally, they astutely point out
that ASGM continues to be a global challenge faced by not only Guyana and other nations
engaged in ASGM activities, but also all signatory nations of the Minamata Convention.

Last, but not least, Marshall et al. [8] reported on Hg challenges faced by Mexico
involving regulatory, trade, and environmental impacts. While official Hg exports have
declined, primary artisanal Hg mining in Mexico continues to proliferate, as does its asso-
ciated problems. The authors include a brief history of Hg mining in Mexico, a description
of the key stages of the mining process, and an analysis of Hg supply and trade in several
countries of South America that have large ASGM sectors, leading to the examination of the
regulatory control suggested by the Minamata Convention directives. They also provide
atmospheric Hg concentrations measured at mine sites. The authors conclude that as the
gold price remains high and artisanal gold mining using Hg amalgamation proliferates
around the world, the demand for Hg from countries like Mexico and Indonesia will con-
tinue unabated, even with implementation of international agreements like the Minamata
Convention. Finally, they discuss the economic alternatives that could be promoted in
the region to substitute the destructive practices associated with primary Hg mining. I
personally appreciate the final section on recommendations and future steps, which is a
must read for stakeholders.

In summary, this group of articles provide a valuable update on atmospheric Hg
research, showing not just how far we have come as a research community, but how far we
must still go. The research stems from around the world, exemplifying that Hg is a global
pollutant that affects us all. I thank the authors for their valuable contributions and hope
this issue sparks some thought, collaboration, or simply serves as a resource to move us
forward in a rapidly changing world and climate.
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Abstract: This review focuses on providing the history of measurement efforts to quantify and
characterize the compounds of reactive mercury (RM), and the current status of measurement
methods and knowledge. RM collectively represents gaseous oxidized mercury (GOM) and that
bound to particles. The presence of RM was first recognized through measurement of coal-fired
power plant emissions. Once discovered, researchers focused on developing methods for measuring
RM in ambient air. First, tubular KCl-coated denuders were used for stack gas measurements,
followed by mist chambers and annular denuders for ambient air measurements. For ~15 years,
thermal desorption of an annular KCl denuder in the Tekran® speciation system was thought to be the
gold standard for ambient GOM measurements. Research over the past ~10 years has shown that the
KCl denuder does not collect GOM compounds with equal efficiency, and there are interferences with
collection. Using a membrane-based system and an automated system—the Detector for Oxidized
mercury System (DOHGS)—concentrations measured with the KCl denuder in the Tekran speciation
system underestimate GOM concentrations by 1.3 to 13 times. Using nylon membranes it has been
demonstrated that GOM/RM chemistry varies across space and time, and that this depends on
the oxidant chemistry of the air. Future work should focus on development of better surfaces for
collecting GOM/RM compounds, analytical methods to characterize GOM/RM chemistry, and
high-resolution, calibrated measurement systems.

Keywords: cation exchange membrane; denuder; dual channel system; mist chamber; nylon membrane

1. Introduction

1.1. Discovery of GOM

Mercury (Hg) exists in the atmosphere as three forms: gaseous elemental (GEM),
gaseous oxidized (GOM), and particulate-bound (PBM). Often, GOM and PBM concen-
trations are combined and collectively described as reactive Hg (RM). In the beginning,
the atmospheric Hg research community focused on development of methods for GEM and
did not know GOM existed. Now, GOM is known to be emitted from anthropogenic point
sources and formed by atmospheric oxidation reactions of GEM with ozone (O3), hydroxyl
radical (OH·), nitrate (NO3), hydrogen peroxide (H2O2), and/or halogen-containing com-
pounds (Cl., Br., ClO, BrO, ClBr) [1,2]. A more recent paper by Saiz-Lopez et al. [3] provides
an update on current thinking regarding our understanding with respect to reactions and
points out, using a global model based on bromine-induced GEM oxidation that other
oxidation mechanisms are needed in the troposphere to explain observations.

In 1979, Fogg and Fitzgerald [4] postulated that since GEM is not highly water soluble,
concentrations measured in precipitation could not be explained by GEM alone. Kothny
(1973) [5] suggested Hg adsorbed to aerosols was the Hg form present in precipitation.
Brosset (1983) [6], based on equilibrium coefficients developed by Iverfeldt, noted that
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HgCl2 and CH3HgCl could explain observed concentrations. A mechanism for oxidation
was proposed by Iverfeldt and Lindqvist [7] that entailed oxidation of GEM in water
by ozone.

At the time, atmospheric Hg measurements were made using gold traps with a
glass wool filter upstream to capture the particulate component. However, there were
inconsistent results with the particulate filter. Research then focused on collecting GEM
using gold surfaces such as gold-coated denuders [8,9] and gold-coated sand traps [10,11].
Currently, gold-coated sand traps are the standard method for measurement of GEM;
there is still controversy as to whether this is a measurement of GEM or total gaseous
Hg (TGM). The Global Mercury Observation System standard operating procedure states
that a soda lime trap in front of the Tekran 2537 removes GOM, though this has not been
adequately tested.

In 1996, in a critical review paper on Hg speciation in flue gases associated with
coal combustion, Galbreath and Zygarlicke [12] pointed out that a variety of RM com-
pounds should exist, including Cl-, O-, and S-based compounds. They also reported Hg(II)
(oxidized) forms did exist in the flue gas, based on measurements using USA Environ-
mental Protection Agency (EPA) Method 29, EPA Method 101A, and the modified Method
101A and laboratory tests. Lindberg et al. [13,14] suggested that if such oxidized forms of
gaseous Hg persisted in ambient air, they had the potential to be significant contributors to
Hg deposition.

1.2. Early Development of Methods

In 1995, a landmark paper was published that described the use of a mist chamber
method for measuring RM and provided the first measurements of RM in ambient air [15].
A similar type of method had been attempted earlier by Brosset and Lord [16] using
bubblers and long sampling times. Brosset and Lord [16] concluded that measured GOM
was an artifact and better approaches were needed. The mist chamber used a single
nebulizer nozzle, operated at a flow rate of 15 to 20 L min−1, and collected samples
in 20 mL of solution [15]. Stratton and Lindberg [15] reported that one-hour samples
contained 50 to 200 pg RM. The mist chamber was deployed at two locations, Tennessee
and Indiana, and concentrations of 50 to 150 pg m−3 were reported; similar trends were
observed under field conditions at the two sites, leading to the conclusion that the method
provided reasonable results [15]. The main concerns with this method were artifacts
associated with O3 and the presence of aerosols, which were extensively tested [15,17].
Artifact formation was considered sufficiently slow relative to sampling times. Data
collected using the mist chamber method was significantly correlated with temperature,
solar radiation, O3, SO2, and total gaseous Hg [18]. Additional work using the sampling
system further demonstrated the utility of the method and the limited effect of artifacts
on the measurements [18]. Two known drawbacks of the system were that it was not
calibrated, and potential for artifacts could vary by sampling location.

At this same time, researchers were also testing the use of membranes for both PBM
and GOM capture. Ebinghaus et al. [19] applied Teflon disc filters, Whatman quartz filters,
and quartz wool plugs, or Au traps preceded by Au denuders for PBM, and ion exchange
membranes for GOM measurements. PBM measured by the different methods ranged from
5 to 100 pg m−3 with the highest concentrations observed on gold traps after a denuder. Ion
exchange membranes measured concentrations of 40 to 95 pg m−3, higher than denuder
methods by 10 to 20 pg m−3 that were determined after liquid extraction. Munthe et al. [20]
explored the use of microquartz fiber filters, cellular acetate, glass fiber, and Teflon filters
for measurement of PBM; these results were quite variable.

Denuder methods for measuring GOM in ambient air were first pioneered by Oliver
Lindqvist and his collaborators (e.g., Xiao et al. [8]; Feng et al. [21]). Their method utilized
a KCl-coated tubular denuder, with GOM quantified using a liquid extraction. Comparison
of the tubular and annular denuders showed similar recoveries in two studies in which the
tubular denuder was liquid extracted and the annular denuder desorbed (Munthe et al. [20];
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Nacht et al. [22]); Sommar et al. [23] reported lower GOM concentrations for annular de-
nuders. In the Munthe et al. [20] intercomparison, mist chamber measurements were made,
and concentrations agreed with those measured by the denuders. Nacht et al. [22] worked
in a highly Hg contaminated location, reported RM concentrations of up to 75,000 pg m−3

with the highest values being above mine tailings.
In 2000, Steffen et al. [24] reported on the use of a cold regions pyrolysis unit manufac-

tured by Tekran to allow for measurement of total gaseous mercury, while simultaneously
measuring GEM. Their measurements were conducted during a Hg depletion event in
the Arctic at Alert, Nunaurt, Canada. They observed that 48% of the converted GEM was
measured as RM with the pyrolyzer unit and the rest deposited to snow.

Landis et al. [25] was the first to report on the use of an annular denuder in an au-
tomated system from which GOM could be thermally desorbed repeatedly to improve
temporal resolution. During the period of denuder development, Landis et al. [25] and
Xiao et al. [26] tested the efficiency of KCl denuders to collect permeated HgCl2, with the lat-
ter testing CH3HgCl as well. Neither study was conclusive; for example, Xiao et al. [26] uti-
lized clean air, and the spiked GOM concentrations are not reported; while Landis et al. [25]
data were limited (n = 2) and spike concentrations were one-to-two orders of magnitude
higher than reported ambient concentrations (c.f. Valente et al. [27]). Feng et al. [21] re-
ported limited laboratory tests of a tubular denuder loaded with hundreds to 1200 pg in
three tests to determine breakthrough; however, the air used for the tests was not made
clear. They used thermal desorption of the KCl denuders instead of liquid extraction The
authors suggested that if a pyrolyzer was not used after desorption of the denuder that
volatile or semi-volatile compounds trapped in the denuder would be released and deposit
on the surface of the gold trap, risking passivation. Feng et al. [21] also recommended a
denuder desorption temperature of 900 ◦C, due to the presence of a dual peak that they
suggested was not a Hg compound, but volatile organic compounds that interfered with
the analysis of Hg. No interference testing was reported in these studies. Feng et al. [21]
commented on the fact that if water vapor condensed on the denuder, the sampling effi-
ciency would decrease. Landis et al. [25] suggested that the temperature of the denuder be
maintained at 50 ◦C to prevent hydrolysis of the KCl coating.

The Tekran® 2537/1130/1135 speciation system (Tekran system manufactured by
Tekran, Toronto, Canada) was first introduced in 2002, and collects GEM, GOM, and PBM,
respectively [25]. Ambient air entering the Tekran system first passes through an elutriator
used to prevent coarse particles (>2.5 μm) from moving into the system; the flow rate of
the system determines the particle cut size and must be routinely monitored and adjusted.
Air then passes through the KCl denuder (1130 module, GOM capture) and subsequently
through a quartz fiber filter (1135 module, PBM capture). Downstream of these modules
is a pyrolyzer, packed with quartz chips, used to reduce GOM and PBM to GEM at
predetermined intervals. Lastly, the air enters the 2537 module, which collects GEM by
way of amalgamation on one of two gold-coated sand traps; the two traps are used to
alternately collect and desorb Hg, allowing for continuous collection at 2.5 + min resolution
(commonly 5 min). GEM is desorbed from the cartridges at 325 to 370 ◦C, then carried
by argon to a quartz cell where Hg is quantified using cold vapor atomic fluorescence
spectroscopy (CVAFS). The method detection limit for GEM is 0.1 ng m−3. While GEM is
being measured, GOM and PBM are collected over 1 to 2 h. These operationally defined
fractions are then sequentially thermally desorbed at 550 and 700 ◦C for GOM and PBM,
respectively. GOM and PBM concentrations are quantified in Hg-free air after three flushing
cycles without heating (system blank check), then one cycle of pyrolyzer heating, three
cycles for desorbing the particulate filter, three cycles for desorbing the denuder, and two
flushing cycles without heating to allow the system to cool. Desorbed GOM and PBM
compounds pass through the pyrolyzer and are measured as GEM by the 2537. A soda
lime trap is typically installed inline directly upstream of the 2537 inlet to prolong the life of
the gold traps and is changed monthly. Typically, the 2537 module is calibrated every 24 h
using an internal GEM permeation source, and less regularly using manual injections from
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an external GEM permeation source. It is noteworthy that calibrated 2537 units sampling
the same air can generate concentrations that are up to 28% different (c.f., Gustin et al. [28]).

2. Early Method Intercomparisons

An early method comparison at Mace Head, Ireland, compared GOM measurements
collected with the tubular denuder, and analyzed by liquid extraction, with those collected
using ion exchange membranes with a quartz fiber filter upstream. These results showed
that the denuder collected more GOM [19]; however, the quartz fiber filter could have
influenced the amount of GOM collected on the ion exchange membrane [8,29,30]. Sheu
and Mason [31] compared GOM concentrations measured using KCl annular denuders and
ion exchange membranes, and also found higher GOM concentrations measured by the
denuders; however, once again a quartz fiber filter preceded the ion exchange membrane.
GOM can be reduced on a quartz fiber filter, especially in the presence of relative humidity
(see discussion below). Additionally, comparison of GOM collected using KCl-coated
quartz fiber filters with that collected by cation exchange membranes (CEM) showed less
GOM collected by the quartz fiber filters [32].

Sheu and Mason [31] at the Chesapeake Biological Laboratory, located 80 km SSE of
Washington, D.C., compared RM measurements from ambient air using KCl denuders,
the mist chamber, and membranes. Membranes consisted of two polytetrafluoroethylene
(PTFE) filters (47 mm diameter, 0.45 μm pore) in front of three cation exchange membranes
(CEM) (47 mm diameter) housed in a five-stage filter holder. Unfortunately, the membranes
were preceded by a long sampling inlet that we now know allows for deposition of RM
and reduction to GEM (c.f. [28]). RM concentrations were measured every 2 h for the mist
chamber, and 6 to 24 h for the membranes. Membrane and mist chamber concentrations
were similar, but were lower than the denuder that sampled for 24 h. Comparing all
methods over 3 days showed membrane and denuder RM concentrations to be higher than
for the mist chamber. Concentrations measured at this location were as high as 550 pg m−3,
but typically were 20 to 100 pg Hg m−3.

In a comparison of the mist chamber and annular KCl-coated denuder in Florida, the
mist chamber reported 6.5 times higher RM concentrations relative to the denuder [25].
The difference was assumed to be an artifact due to PBM or reactions of GEM with acid
used in the chamber. This conclusion, based on the works of Lindberg and Stratton [17]
and Stratton and Lindberg [18], was not true, and the mist chamber measurement was
likely more reliable than originally thought given what we now know about the KCl
denuder collection efficiency (see below). Landis et al. [25] recommended that denuders
should not collect GOM for more than 12 h without being purged to avoid decreases
in sampling efficiency. It is noteworthy as part of National Atmospheric Deposition
Program Atmospheric Mercury Network (NADP AMNet) protocol denuders are changed
out every two weeks. During this study, denuder measurements were systematically
sawtoothing, and it was not clear why, since denuders were changed every 2 to 4 h. Denuder
measurements in this study showed GOM concentrations of 0 to 200 pg Hg m−3. A major
limitation of the mist chamber was that it required constant attention and significant care
to avoid contamination [18]. Thus, the Tekran system that involved less maintenance and
oversight, became the method of choice for many researchers and management agencies.

3. Work Pointing to Issues with the Tekran Speciation System

The Tekran system, like the mist chamber, had no field calibration for GOM or PBM,
and the behavior of denuders in ambient air was not fully explored prior to large-scale
deployment in monitoring networks. Stratton and Lindberg [16] stated that denuders were
under-sampling GOM. Weiss Penzias et al. [33] pointed out the data being collected by the
instrument could not be fully explained. Others were concerned that a mass balance for
air Hg concentrations could not be closed. For example, GOM concentrations increased
when GEM concentrations decreased; however, GOM concentrations were not sufficient
to account for GEM lost, and based on dry deposition rates, GOM concentrations should
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have increased. Choi et al. [34] pointed out that GOM measured by the KCl denuder could
not fully explain GEM loss due to oxidizing processes. These claims are supported by
ongoing work.

Lyman et al. [35] investigated the potential for an O3 interference associated with the
Tekran system denuder and found the collection efficiency of permeated HgBr2 decreased
by 12 to 30% at O3 concentrations of 6 to 100 ppb. The authors suggested reduction on
the denuder wall by way of the following reaction: HgCl2 + 2O3 → Hg0 + 2O2 + 2ClO
(ΔGr = −85 kj mole−1, reported in the Open Discussion of this paper). Their results also
implied that longer O3 exposure led to less GOM recovery (10 to 26%, and 29 to 55%
reduction in recovery for 2.5 and 30 min exposure to 30 ppb O3, respectively). Earlier work
by Lynam and Keeler [30] noted that that the KCl denuder removes O3 and was highly
efficient at low concentrations (95% removal at 28 ppb), but decreased as O3 concentrations
increased (6% removal at 120 ppb).

At the same time, Swartzendruber et al. [36] reported TGM concentration data col-
lected by a Tekran system with an upstream pyrolyzer sampling air from the marine
boundary layer. Another Tekran system simultaneously measured Hg in ambient air that
passed through KCl denuders, and it was assumed GOM was scrubbed by the denuder.
These data were collected during five flights over the Pacific Northwest, USA. GOM concen-
trations measured by the Tekran system denuder were always lower than those calculated
as the difference between the Tekran TGM and GEM measurements. The authors attributed
this to a lack of recovery of GOM by the denuder.

4. Realization RM Was Not Being Accurately Measured

4.1. Surrogate Surface Data

In 2007 and 2009, Lyman et al. [37,38] presented work focused on development of
a surrogate surface for measurement of dry deposition of GOM. The collection surface
utilized was a cation exchange membrane (CEM), specifically supported ICE 450 membrane
(Pall Corporation, P/N ICE45S3R), an acidic, negatively charged polysulfone CEM that
selectively sorbed RM. The surrogate surface was deployed in an Aerohead dry deposition
sampler, an aerodynamic polyoxymethylene disk (104 cm2 surface area). The Aerohead is
deployed downward-facing to minimizing collection of PBM and has a drip shield along
the rim that prevents rain from impacting the membrane surface except during windy rain
events or heavy downpours.

The Aerohead dry deposition method has been applied by others [39–41], is available
commercially, and continues to be used by the United States Environmental Protection
Agency (EPA) [42]. The samplers were deployed as part of an EPA initiative to develop
a total maximum daily load for Hg in Florida. Peterson et al. [43] demonstrated that
dry deposition estimates using a bi-directional atmospheric resistance model and Tekran
GOM concentrations were lower than surrogate surface measurements of dry deposition
at a site near Fort Lauderdale and Tampa but were more similar at Outlying Landing
Field near Pensacola (Figure 1). Spatial trends observed in passive GOM concentrations,
and Aerohead dry deposition measurements were different from the Tekran system data,
leading to the conclusions that there were 1—atmospheric Hg forms not being measured by
the Tekran system, and 2—different Hg compounds with different dry deposition velocities.

It is thought that given the design of the Aerohead, only GOM is collected. Thus,
it is a measurement of dry deposition. However, the surface itself does not reflect natural
systems, and measured deposition may be higher than is actually occurring. The CEM
surrogate surface can be used to understand deposition to ecosystems with low canopy
resistance, e.g., water, and it can be used to calibrate natural GOM dry deposition to natural
systems.
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(a) 

(b) 

(c) 

Figure 1. This figure shows data collected at three locations in Florida, USA: (a) Outlying Landing
Field (OLF) near Pensacola, (b) Tampa (TPA), and (c) Davie (DVE) near Fort Lauderdale. Tekran
system gaseous oxidized mercury (GOM) concentrations are presented, as are surrogate surface (SS)
dry deposition measurements, modeled dry deposition using the Tekran system GOM data, and
passive box samplers (PS) GOM uptake. From Atmospheric Chemistry and Physics, Peterson et al. [43].
https://www.atmospheric-chemistry-and-physics.net/policies/licence_and_copyright.html.

4.2. RAMIX

The Reno Atmospheric Mercury Intercomparison eXperiment (RAMIX) took place
from 22 August to 16 September 2012 [28]. The experiment focused on comparing Tekran
system measurements with alternate methods for measurement of atmospheric Hg. A man-
ifold was developed [44] that allowed for injection of HgBr2, GEM, O3, and water vapor
into the air being sampled by each unit to calibrate instruments and test for interferences.
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Novel technologies and alternate methods tested during the comparison were the: Uni-
versity of Washington Detector for Oxidized Hg Species (DOHGS; [45]); University of
Houston Mercury instrument (UHMERC); University of Miami Laser Induced Fluores-
cence (LIF; [46]); cavity ring-down spectroscopy system (Desert Research Institute); and
nylon membranes. The UHMERC system measured only GEM and their data is reported
in Gustin et al. [28]. The Desert Research Institute instrument did not collect any usable
data during this experiment.

As show in Figure 2, during week 3, both Tekran systems, designated as Spec 1 (first
in line in the manifold) and Spec 2, were sampling from the manifold. During week 4,
Spec 2 was sampling ambient air at the site. It should be noted that Spec 2 concentrations
were adjusted by 28% due to a consistent bias between the two Tekran 2537 modules GEM
measurements.

(a) 

(b) 

Figure 2. Hourly mean reactive mercury (RM) concentrations during Reno Atmospheric Mercury
Intercomparison eXperiment (RAMIX) measured by two Tekran systems (Spec 1, Spec 2) and Detector
for Oxidized mercury System (DOHGS) during HgBr2 spikes. (a) Week 3; (b) Week 4. During week 3,
both Tekran systems were sampling from the manifold, whereas in week 4, only Spec 1 was sampling
from the manifold. Spec 1 and Spec 2 data represent a single hourly measurement, and the DOHGS
data represent a 1-hour average of measurement made every 2.5 min. The error bars on DOHGS
data represent 1σ. Reprinted (adapted) with permission from [28]. Copyright (2013) American
Chemical Society.
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DOHGS RM concentrations were higher than the Tekran RM measurements when
sampling ambient air and during the spikes. At that time, the DOHGS used quartz wool to
remove GOM from ambient air; during this experiment it was realized that when relative
humidity increased the quartz wool lost GOM as GEM, and thus quartz wool has since
been replaced by CEM for GOM collection (cf., 45). It is noteworthy that RM and HgBr2
concentrations measured by the Tekran systems were typically higher for Spec 2 at night,
indicating that GOM was being generated in the manifold; this was hypothesized to be
due to reactions with nitrogen compounds.

Several major conclusions resulted from this complicated method intercomparison.
First, the Tekran system RM measurements were up to 13 times lower than those mea-
sured using the DOHGS. Second, the DOHGS was measuring a RM compound not being
measured by the Tekran systems. Third, the DOHGS recovered 80% of the permeated
HgBr2; the lack of complete recovery could be explained by the loss of GOM from the
quartz wool due to the presence of relative humidity [47]. Thus, quartz wool is not a good
collection surface for GOM. Lastly, nylon membranes deployed in ambient air outside the
manifold collected 30 to 50% more RM than the first Tekran system (Spec 1). The nylon
measured concentrations during this experiment were an underestimate, given that nylon
membranes consistently collect less RM than CEM that are currently thought to provide
the more accurate RM measurements [48,49].

Concerns had previously been raised regarding potential artifacts associated with
the Tekran system PBM measurement due to environmental temperatures and particle
chemistry [50–52]. Data developed during RAMIX demonstrated that GOM was being
collected on the particulate trap in the Tekran 1135 unit [28], supporting earlier suggestions
of this possibility by Lynam et al. [30].

4.3. Additional Tests Following or Associated with RAMIX

Huang et al. [49] reported on a series of systematic laboratory tests that compared
GOM uptake by KCl denuders with CEM and nylon membranes. Solid GOM compounds,
including HgBr2, HgCl2, and HgO, were used to permeate GOM into a laboratory manifold;
additional compounds, Hg(NO3)2 and HgSO4, were tested in Gustin et al [53]. Data
collected using these three methods (Tekran system, nylon membrane, and CEM) were
also collected in the field. A major finding of this work was that the polarizability of the
compound influenced the ability of the denuder to collect the GOM compounds, with
collection efficiency decreasing in the order: HgBr2 > HgCl2 > HgO. Moreover, in charcoal
scrubbed air, GOM concentrations decreased in the order: CEM > nylon > KCl denuder.
In tests comparing CEM versus nylon membrane GOM collection, the collection ratio of
CEM:nylon was 1.5, 0.95, and 2.06 for HgCl2, HgBr2, and HgO, respectively. Similarly,
the collection ratio of CEM:KCl denuder for the same compounds was 2.4, 1.5, and 3.7,
respectively. Subsequent studies have demonstrated that, when comparing CEM data with
a calibrated dual channel system, CEM are efficient at collecting GOM and RM compounds,
and the CEM is a good method for measurement of total GOM and RM compounds [54].
Nylon membranes do not collect GOM and RM compounds as well as the CEM [48,55].

The Huang et al. [49] paper also described the development of a thermal desorption
system for determining GOM chemistry. The thermal desorption system was found to
allow for the potential determination of chemistry of the RM compounds in ambient
air using standard curves derived from the permeation of commercially available GOM
compounds. Field data collected at three locations demonstrated that CEM > nylon >
Tekran system GOM concentrations and the chemistry at each location varied, with -N
and -S compounds collected at a location adjacent to a highway, halogenated compounds
from the free troposphere collected at an agriculture-impacted location, and -N and -S
compounds collected from the marine boundary layer.

Furthermore, building off the RAMIX project, Huang and Gustin [56] reported on a
series of tests investigating the effect of relative humidity on KCl denuders, CEM, and nylon
membranes. In these experiments, HgBr2 was permeated into a manifold that had ports
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for membranes and denuders, along with relative humidity that was regulated between
25 to 75%. For the denuder, RM collection efficiency decreased to 60% when exposed to
increasing levels of relative humidity, and when the humidity was removed the recovery
was 60% of what it should have been. Denuders were also passivated over the two-week
sampling time recommended by the NADP-AMnet. This effect was also observed during
RAMIX. For the nylon membranes, RM collection decreased with increasing humidity and
O3 concentrations; increasing humidity increased RM collection on CEM.

McClure et al. [57] reported on measurements made at the North Birmingham South
Eastern Aerosol Research and Characterization (SEARCH) site in summer 2013. This
project focused on testing the performance of KCl denuders by permeating HgBr2 into Hg-
and O3-free (clean) air, and ambient air. KCl denuders had ~95% collection efficiency in
clean air, but the efficiency dropped to 20–54% in ambient air. Absolute humidity and O3
were negatively correlated with HgBr2 recovery. Follow up tests in a laboratory setting
showed that increasing absolute humidity and O3 resulted in the release of GEM from the
denuder due to transformation of GOM to GEM [57].

5. Development of New Methods

5.1. Reactive Mercury Active System (RMAS)

The University of Nevada, Reno-Reactive Mercury Active System (RMAS) uses CEM
and nylon membranes to actively collect RM from ambient air. CEM are used to measure
concentrations, while nylon membranes allow for characterization of the chemistry. This
system has been used to measure RM concentrations at a number of locations, including
Nevada, Florida, Utah, Maryland, Hawaii, Sydney, Australia, the Southern Ocean, and
Ny-Ålesund, Norway [48,58,59]. CEM have been used for similar purposes in different
housings [60,61].

The RMAS has evolved over time and the current version, RMAS 2.0, is described
in Luippold et al. [62]. Briefly, the system consists of six sampling ports, sampled using
two vacuum pumps, with triplicate ports for nylon membranes and CEM. The membrane
types are alternated in the system so if one pump goes offline data are still being collected.
A critical flow orifice is used to regulate the flow through each sampling port to 1 Lpm.
CEM are digested and analyzed using cold vapor atomic fluorescence following EPA
Method 1631, and nylon membranes are thermally desorbed. The nylon desorption profiles
are compared to standard profiles and the curves deconvoluted to determine the relative
percent of each RM compound present on the membrane. Luippold et al. [48] concluded
that the RM compounds measured on the nylon membranes using this method were
reasonable given the atmospheric chemistry coming into the corresponding sampling
location. Comparison of RM chemistry with measurement of anions F−, Cl−, Br−, SO4

2−,
NO2

−, NO3
−, and PO4

3− using an ion chromatograph also showed good agreement
between RM chemistry and anion chemistry [48]. This work further demonstrated that the
Tekran system denuder performs best in dry air with halogenated RM compounds. The best
comparison between the KCl denuder and CEM measurements occurred on Moana Loa,
Hawaii, and poor recoveries and large disagreements between the measurements existed
at locations in Nevada and Maryland (Figure 3). The observed discrepancies between
the Tekran system and membrane RM measurements in this study can be explained by
the fact that the Tekran system denuder recoveries are influenced by the chemistry of
RM compounds, where halogenated forms are collected more efficiently by the denuder
relative to others (Table 1; [53]).
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(a) 

(b) 

(c) 

Figure 3. RM concentration data collected using Tekran system and RMAS 2.0 membranes (CEM and
nylon) from November 2017 to March 2019 at 4 locations: Moana Loa, (MLO) Hawaii; Reno, NV (GH);
and Piney Reservoir in Maryland (MD). (a) MLO; (b) GH (c) MD. Modified from Luippold et al. [48].
Each panel shows CEM and nylon membrane RM concentrations as compared to Tekran RM data for
MD and HI, and GOM data only for the Tekran deployed in NV.
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Table 1. Regression equations comparing GOM concentrations measured by nylon membranes or cation exchange mem-
branes (CEM) versus those measured by the Tekran system denuder. GOM permeations were performed using the UNR
laboratory manifold system and charcoal-scrubbed air. From Gustin et al. [53]. https://www.atmospheric-chemistry-and-
physics.net/policies/licence_and_copyright.html.

Comparison HgCl2 HgBr2 HgO Hg(NO3)2 HgSO4

KCl denuder (x) vs.
nylon membrane (y)

y = 1.6x + 0.002
r2 = 0.97, n = 12

y = 1.7x + 0.01
r2 = 0.99, n = 10

y = 1.8x + 0.02
r2 = 0.99, n = 8

y = 1.4x + 0.04
r2 = 0.90, n = 12

y = 1.9x − 0.1
r2 = 0.6, n = 12

KCl denuder vs.
CEM (y)

y = 2.4x + 0.1
r2 = 0.58, n = 9

y = 1.6x + 0.2
r2 = 0.86, n = 5

y = 3.7x + 0.1
r2 = 0.99, n = 6

y = 12.6x − 0.02
r2 = 0.50, n = 6

y = 2.3x + 0.01
r2 = 0.95, n = 18

The RMAS has been further upgraded to include PTFE membranes upstream of
two-in-line CEM and nylon membranes in three-stage filter packs. The PTFE membrane
was added to allow for differentiating between PBM and GOM [55]. Figure 4 shows one
set of data collected at the Nevada location with the PTFE membranes in one RMAS
system, and no PTFE in a second RMAS. Hg concentrations on the nylon membranes
with the upstream PTFE membrane were lower than the concentrations on the nylon
membranes without the PTFE membrane. A few interesting observations from this work
include that oxide compounds are found on both membranes, suggesting this form exists
as both particulate and gaseous Hg compounds. Additionally, nitrogen and sulfur-based
compounds were more likely to be associated with the aerosol phase; however, in some
cases they were found on both nylon membranes.

Figure 4. Breakdown of RM chemistries and concentrations measured on nylon membranes determined using thermal
desorption and peak deconvolution. There are two sets of data for each sampling period; the date with the “P” is data
derived from nylon membranes with an upstream polytetrafluoroethylene (PTFE) membrane. Compounds are designated
as the major elements to which Hg(II) is bound based on deconvolution of thermal desorption profiles. Modified from
Gustin et al. [53].

Data collected using the RMAS has demonstrated that GOM concentrations are much
higher than previously thought, with concentrations up to 13 times higher than measured
by the Tekran system, and that the chemical compounds of RM/GOM/PBM vary across
space and time and are in-line with ancillary observations. This work reflects a step forward
toward measurement of GOM and PBM concentrations and chemistry. Gustin et al. [55]
further demonstrated the utility of the PTFE membrane as a means of discerning be-
tween GOM and PBM concentrations and chemistry. Concentrations measured using
this system can be used to estimate dry deposition (Osterwalder et al. in progress). The
mercury research community is actively seeking (via Mercury in the environment and
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links to deposition committee (MELD), a committee of the NADP) a measurement method
or combination of methods to move forward our ability to measure Hg deposition as
a community.

5.2. Dual Channel Systems

Dual channel systems provide an alternate automated method for measurement of
RM. The first dual channel system was developed based on the operation of the University
of Washington DOHGS (discussed above). The DOHGS system successfully measured
elemental and oxidized Hg in several aircraft campaigns [47,63,64].

Its detection limit was ~100 pg Hg m−3, limiting the utility at surface sites where RM
concentrations tend to be lower. The DOHGS requires two Tekran 2537 modules, with
perfectly matching precise calibrations, to collect data.

Gustin et al. [65] developed a dual channel system that requires only one Tekran 2537
module. This was an improvement over the need for two Tekran systems, for ease of use
and cost effectiveness. This dual channel system consisted of a PTFE membrane at the inlet
of the sampling system to remove particulates. Once air passed through this filter, the line
was bifurcated into one line with a two-stage CEM to remove GOM, and second line with
a pyrolyzer for TGM measurements. GOM was determined as the difference between
the measurements between the two lines. Data were compared with a Tekran 2537/1130
system and two RMAS, one with CEM and nylon membranes, and the other with PTFE
membranes upstream of the CEM and nylon membranes. The dual channel system and
Tekran system underestimated GOM relative to the RMAS membrane measurements. For
the dual channel system, the poor recovery was due to the long uncovered sampling line
and relative humidity promoting reduction of GOM to GEM. The Tekran system exhibited
low recovery due to the denuder.

A similar dual channel system was developed by Lyman et al. [66]. Their system
differed from the Gustin et al. [65] dual channel system in a few key ways: the inlet line
was covered (no light penetration), heated, and significantly longer; and the raw Tekran
2537 output was processed to calculate Hg concentrations based on peak height, and data
were averaged to reduce the detection limit. This system resulted in a RM detection limit
as low as ~15 pg Hg m3 for a 1-h average; however, when operated at a different location,
the system detection limit was in the range of 40 pg Hg m−3. Lyman et al. [66] showed
that their dual channel system 1—could detect diurnal and other patterns in ambient GEM
and GOM, 2—recovered 100% of HgBr2 and HgCl2 injected by an automated calibration
system, 3—measured RM in the same range as the RMAS, and 4—accurately quantified
RM concentrations at surface locations on an hourly timescale.

The collective work involving the RMAS and dual channel systems has provided a
foundation for better understanding RM concentrations and chemistry, and information
that modelers need to refine the biogeochemical Hg cycle.

5.3. Other Work Using CEM

Miller et al. [67] developed a method for measurement of GOM flux. The method
utilized CEM to collect GOM from air interacting with mining based soils with a range
of Hg contamination. They found that materials, such as those derived from mine tailing
impoundments act as a direct emission source of RM compounds. This agrees with the
work of Nacht et al. [22] who found high concentrations of RM over mine tailings in the
field. The lower concentration mining-related substrates showed deposition of GOM with
deposition velocities on the lower end of the range reported by Zhang et al. [68] in their
review of Hg dry deposition.

Marusczak et al. [69] measured, using polyethersulfone membranes and a Tekran
system, tropospheric RM at the Pic du Midi Observatory, France. They found the Tekran
values to be systematically lower by a factor of 1.3 than the polyethersulfone membrane.
They found a significant loss of RM (36%) from the denuder or inlet during flush blanks,
and if the flush blank was added to the Tekran RM measurement, the agreement with the
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CEM was better (slope = 1.01, r2 = 0.90), Concentrations measured in dry free tropospheric
air were 198 ± 57 and 229 ± 58 pg m−3), and agreed with in-flight observed RM, as well as
model based estimates.

Field comparisons of the CEM and polyethersulfone membrane demonstrated that
concentrations measured by the two are quite similar ([70]; unpublished data, Dr. Stefan
Osterwalder, Université Grenoble Alpes). Preliminary results from a measurement cam-
paign using the RMAS 2.0 and the Aerohead along with the Tekran system at Zeppelin
Observatory on Svalbard, Norway, demonstrated that modeled deposition using Tekran
data was lower than that determined using the Aerohead sampler and modeled values us-
ing RM concentrations measured by the RMAS system (Dr. Stefan Osterwalder, Université
Grenoble Alpes; personal communication).

Size-resolved PBM measurements have been collected, usually using multi-stage
impactors. This is reviewed and the biases discussed in Lyman et al. [54]. This review also
discusses current understanding of reaction mechanisms.

5.4. Mass Spectrometric Methods

Several investigators have attempted to detect RM compounds using mass spectro-
metric techniques. Deeds et al. [71] pioneered this approach with preconcentration of Hg
halide compounds on various surfaces, followed by thermal desorption into an atmospheric
pressure chemical ionization mass spectrometer. With this method, the authors were unam-
biguously able to detect HgBr2 and HgCl2 in laboratory-generated samples. Measurements
from samples collected from ambient air were less certain due to contaminants co-adsorbed
during preconcentration.

Jones et al. [72] used cryogenic concentration, gas chromatography, and mass spec-
trometry to detect laboratory-generated and ambient GOM. Similar to Deeds et al. [71],
they showed unequivocal detection of HgBr2 and HgCl2 in laboratory-generated samples,
but they did not detect RM in ambient air samples. Gas chromatography resulted in the
separation of RM compounds from each other and from contaminants, but non-halide Hg
compounds failed to pass through the valves or the chromatography column, limiting the
method applicability for some Hg compounds.

More recently, Khalizov et al. [73] used ion-drift chemical ionization mass spectrometry
to detect HgCl2. The authors did not analyze ambient samples, but they speculate that
direct detection of RM compounds in the ambient atmosphere could be possible for future
iterations of this method without prior preconcentration.

5.5. Oxidized Mercury Calibration Systems

Calibration of RM measurement systems with RM compounds has only occurred
sporadically, though it has been repeatedly called for [54,74,75]. If a method for routine field
calibration existed when the KCl denuder method first came into use, the low bias would
likely have been quickly discovered, spurring the development of alternative methods at
least a decade sooner.

Landis et al. [25] and Feng et al. [40] used HgCl2 permeation tubes to test RM collection
by KCl denuders. Landis et al. [25] found quantitative uptake, but their tests were in air
scrubbed of ambient Hg and oxidants. Lyman et al. [35,62], and Finley et al. [44] during the
RAMIX experiment, and Huang et al. [48], McClure et al. [57] and Huang and Gustin [56]
used permeation tubes filled with various Hg (II) compounds to challenge KCl denuders
and other measurement methods in ambient air, and, as discussed above, found denuder
concentrations to be biased low. These early permeation tube-based methods were manual,
meaning that the user had to manually turn a valve or connect tubing to add GOM to the
sample air stream.

Lyman et al. [76] developed the first automated RM calibration system for ambient air
measurements. They deployed the system at field sites and demonstrated that it delivered
stable concentrations of HgCl2 and HgBr2 to measurement systems. Lyman et al. [66]
expanded on this system by gravimetrically verifying Hg permeation rates from each
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permeation tube, though more work is needed to improve the gravimetric techniques.
Lyman et al. [66] also showed that the automated calibration system can be used to quantify
bias in RM measurements.

Sari et al. [77] tested two calibration systems that added HgCl2 dissolved in ultrapure
water to sample air streams. These systems generated RM concentrations much higher
than is typical in ambient air, but evaporation methods like these are widely used for flue
gas applications (e.g., Gonzalez et al. [78]), and could possibly be adapted for ambient
measurements at lower concentrations.

While all of these discussed technologies will benefit from continued development
and improvement, they show that routine, quantitative field calibration for oxidized Hg is
necessary and possible. We advocate that all future measurements of oxidized Hg should
include field calibration.

6. What We Have Learned

These new methods have repeatedly demonstrated that the KCl denuder is not ad-
equate for measuring RM concentrations, and that new surfaces that can be used in an
automated system are needed by the atmospheric Hg research community. We expect
that KCl-denuder derived data is best for polar regions or high elevation locations in
the free troposphere for these areas are dominated by halogenated compounds and dry
air. The RMAS membrane-based system has been demonstrated to make accurate RM
measurements when compared to a calibrated dual channel system [54]. Nylon membrane
data have demonstrated that RM, GOM, and PBM chemistries vary across space and time,
information critical for modelers trying to predict Hg deposition and the resulting impacts
to ecosystems. However, the exact chemistry of RM compounds is not known, and this
should be an emphasis of future work.

Although this work has been largely criticized due to the fact that it has shifted the
paradigm away from the Tekran 1130 and 1135 units for being the industry standard for
measurement of atmospheric RM, it has moved the Hg scientific community forward and
led to better understanding of RM concentrations and chemistry.

7. Work Needed

The Hg research community is in need of a robust, high temporal resolution, calibrated
method for measurement of GOM and PBM and/or RM concentrations and chemistry
under all environmental conditions. In addition, methods developed should have clear
quality control and quality assurance, there must be calibration standards, and tests will
need to be done to achieve traceability to national standards that will need to be developed
along with reference materials. [79] The RMAS has admitted limitations, including the long
sampling duration required to collect sufficient Hg for analysis and the fact that the nylon
membrane does not collect all forms of GOM/RM with equal efficiency. A new thermal
desorption surface is needed, as the nylon membranes underestimate RM concentrations
and have been demonstrated to collect less RM in the presence of water vapor and O3. This
surface will need be able to collect all compounds with equal efficiency and not have im-
pacts due to air chemistry. It will be a challenge to find a surface that collects all compounds
with equal efficiency and not have impacts due to air chemistry given the different forms
have different water solubilities, particle affinities, and redox reactivity. Knowledge of the
exact chemistry of RM compounds is still needed and has proven to be difficult to acquire
using traditional analytical instruments due to the “stickiness” of RM compounds making
it difficult to transport into a gas chromatography mass spectrometer [72]. More work is
needed to develop a mass spectrometry method that will allow for identification of the
chemistry. In the meantime, simply measuring GEM and TGM with a dual channel system
using a pyrolyzer and CEM will allow for getting at GOM and a separate means will be
needed for measurement of PBM. This method is a solution for those interested in deriving
“real time” data, while the membrane system will be of use to those only interested in
concentrations and obtaining an estimate of dry deposition. The latter would be useful
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in the face of the Minamata Convention. That said, the community has made significant
progress over the past 30 years for measuring RM.
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Abstract: Traceable determination of atmospheric mercury (Hg) represents a major analytical problem
due to low environmental concentrations. Although Hg pre-concentration on activated carbon
(AC) traps is a simple method for sample collection, Hg determination is difficult due to a complex
matrix that cannot be easily digested using wet chemistry. Two approaches for Hg loading on
iodinated AC, the purging of elemental mercury (Hg0) and the spiking a solution of standard
reference material (SRM), were used to test whether spiking SRM solution on AC can be used for the
traceable determination of atmospheric mercury collected as Hg0. Mercury on AC was determined
using atomic absorption spectrometry after sample combustion. The detector’s response for both
loading methods was identical in a wide concentration range, indicating that the spiking of SRM
on AC can, indeed, be used for the calibration of analytical systems used for the determination
of atmospheric mercury. This was confirmed by the determination of Hg in a real atmospheric
sample collected on an iodinated AC trap and using an SRM spiking calibration. Different ACs were
compared regarding their ability to quantitatively capture Hg while having the lowest breakthrough.
Use of a specific impregnating solution probably converted Hg on AC to Millon’s iodide, as estimated
from the fractionation thermogram.

Keywords: atmospheric mercury; traceable determination; iodinated activated carbon; thermal fractionation

1. Introduction

Toxic mercury (Hg) compounds can cause adverse effects on human health [1,2]. Recent modeling
suggests that mercury in the atmosphere has increased three to six-fold compared to natural levels,
mainly due to anthropogenic Hg emissions [3,4]. Hg 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 [5].
One of topics in the scientific community, driven by the Minamata convention on mercury, is the
quantification of the extent to which anthropogenic mercury emitted to the atmosphere is converted to
inorganic mercury and subsequently methylated and incorporated in biota [6,7].

Total airborne mercury (TAM) consists of particulate bound mercury (PBM) and total gaseous
mercury (TGM) [8]. TGM represents the sum of gaseous oxidized mercury (GOM, Hg(II)) and
gaseous elemental mercury (GEM, Hg0) [5]. Even though Hg concentrations in the atmosphere are
elevated due to anthropogenic emissions, these values all are still exceptionally low, which represents
a major analytical challenge. This is especially important when performing mercury speciation in
the atmospheric samples because GOM and PBM are present at pg m−3, while GEM is at ng m−3

levels [9,10]. Although there are reliable instruments capable of measuring GEM, Hg speciation still
represents a major analytical challenge.

Atmosphere 2020, 11, 780; doi:10.3390/atmos11080780 www.mdpi.com/journal/atmosphere23



Atmosphere 2020, 11, 780

Pre-concentration of mercury is usually required for the determination of GEM with the exception
of atomic absorbance spectrometers (AAS) with Zeeman background correction [11]. However, for some
characteristic analysis, e.g., Hg speciation or the determination of mercury stable isotope ratios in
atmospheric samples, mercury pre-concentration is an essential step [12]. The determination of mercury
stable isotope ratios requires a considerable amount of mercury, usually more than 10 ng [12,13].
This requires a mercury pre-concentration system that can quantitatively collect all mercury present
in the sample. Quantitative trapping is required to ensure that the fractionation of mercury stable
isotopes does not occur during the pre-concentration step.

The two most commonly used methods for the pre-concentration of mercury are collection on
gold-coated quartz/glass sand/beads or on impregnated activated carbon (AC) traps [12,14]. Although
gold traps are commonly used for the determination of mercury in various instrumental setups,
their application for prolonged collection time of mercury is questionable. Gold traps suffer from
passivation of gold [15], especially under the influence of seawater aerosol due to the corrosive
properties of chlorides. On the contrary, impregnated AC is rather durable and can also be used for
the pre-concentration of mercury from ambient air or even from stack emissions and flue gases that
are characterized by the presence of highly corrosive gases [16–19]. AC possesses a high adsorption
capacity for mercury compounds and might, therefore, be used as an effective sorbent in analytical
traps. Impregnated AC, particularly iodinated, brominated or chlorinated AC, has a particularly high
affinity for mercury compounds [16,17]. Therefore, impregnated AC is used as an efficient adsorbent
for the quantitative capturing of atmospheric mercury. The main drawback of AC is higher blanks
compared to the gold traps, which requires the collection of considerable amounts of the sample to
diminish the influence of these blanks on reliable Hg determination.

According to the US Environmental Protection Agency (EPA) Method 30B, AC traps are used
for the collection of both GOM and GEM fractions [20]. This method is intended for use only under
relatively low particulate conditions (e.g., sampling of Hg emissions from coal-fired combustion
sources after all pollution control devices). Therefore, if appropriate filters are not used to remove
particulate matter, PBM will also be collected on AC traps and the obtained results will represent TAM.
As mercury in the atmosphere is mostly present as Hg0, this is the fraction that is mostly collected on
AC traps, alongside GOM and PBM.

It is of utter importance to perform a traceable determination of mercury using appropriate
calibration. Appropriate calibration for GEM would be by Hg0 so that the sample and the standard
are present in the same oxidation state of mercury. Traceable calibration sources for GOM at low
atmospheric concentrations are still under development [21]. The standard for Hg0 is usually obtained
from a bell–jar apparatus held at a certain temperature from which a known volume of headspace
vapors is taken using a gas-tight syringe. The amount of mercury taken by syringe at a certain
temperature is calculated using empirical Dumarey or Huber equations [22–24]. The utilization of
a calibration system based on bell–jar apparatus might represent an error in the determination of
mercury on an impregnated AC trap due to the strong temperature dependence of these equations,
and consequently cause differences compared to other calibration techniques [25,26].

The second approach to the calibration of an analytical system is the use of Hg0 produced by the
reduction of standard reference material (SRM) NIST 3133 [27]. This approach is more appropriate
because mercury determinations are traceable to this standard reference material. Nevertheless,
this sort of calibration is somewhat tedious and time consuming as quantitative reduction of Hg(II)
from NIST 3133 to elemental form (Hg0) using tin(II) chloride requires a certain amount of time.
In addition, impurities in reagents can cause blanks or contamination.

The alternative to this approach would be directly spiking the diluted SRM NIST 3133 onto a
sample matrix [28]. However, difficulties can also arise consequently. Hg species are not the same in
NIST 3133 standard solution (where Hg is present as Hg(II)) and in purged Hg0 that is produced by
the reduction of the former. The use of Hg(II) in solution for the calibration of system used for the
determination of Hg0 on AC is questionable due to the quite different chemical and physical properties
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of these two Hg species. The chemistry of their corresponding adsorption onto the impregnated AC
is probably represented by different physisorption/chemisorption mechanisms. Calibration using
standard reference material of soils and sediments was recently compared with the calibration using the
spiking of NIST 3133 standard solution onto the sample matrix [28]. Although both calibration curves
were linear, the detector’s responses for the two calibration curves were not identical. This showed that
the liberation of mercury from the matrix is strongly dependent on the mercury species and how well
this species is bound to matrix [28]. Therefore, it is necessary to verify that this approach to calibration
is, indeed, traceable to standard reference material before it can be used for the determination of
mercury in atmospheric samples.

The objective of this work has been to test whether spiking of NIST 3133 standard reference material
directly onto iodinated AC can be used for the calibration of system used for the traceable determination
of mercury purged onto this trap as Hg0. Two approaches for loading Hg onto AC were compared;
the first approach was the purging of NIST 3133-traceable Hg0 on iodinated AC traps, while the other
one was the direct spiking of diluted NIST 3133 reference material onto the AC. The method was tested
by the determination of a real atmospheric sample from a contaminated indoor site and calibrating
using a spiking method. To estimate which AC has the best quantitative capturing of Hg0 and the
lowest breakthrough, the performance of several in-house prepared iodinated ACs were compared to
that of a commercially available AC. In this work, a NH4I-impregnated AC was selected because iodine
forms much more stable Hg complexes compared to other halogens. In addition, ammonium ions
convert Hg-iodide complexes to insoluble Millon’s iodide. We wanted to test whether the polymeric
structure of Millon’s iodide is more stable than Hg-iodide complexes. Therefore, NH4I-impregnated
ACs were used instead of commonly used KI-impregnated or brominated/chlorinated ACs. Peak
deconvolution of fractionation thermograms was performed and results were compared to literature to
estimate the stability of mercury species present on AC traps.

2. Experiments

2.1. Preparation of In-House Impregnated Activated Carbon

In-house impregnated iodinated AC was prepared using a modified method following the study
by Fu et al. [12]. Virgin AC (grain size 0.5–1.0 mm; Merck, Darmstadt, Germany) was cleaned by heating
at 500 ◦C for five hours in the stream of nitrogen gas (0.2 L min−1). After the virgin AC was cooled
down to room temperature, 5.0 g was conditioned for 48 h in 0.5 L of impregnating solution containing
known concentrations of impregnating salts. Used impregnating solutions were 0.10 mol L−1 NH4I,
0.03 mol L−1 NH4I, and 0.01 mol L−1 NH4I (ACS grade, Sigma Aldrich, St. Louis, MO, USA).

Following equilibration in the impregnating solution, AC was rinsed three times with Type I
purified water (electrical resistivity 18.2 MΩ cm; Milli-Q water, Merck, Darmstadt, Germany) and dried
in rotavapor at 60 ◦C under reduced pressure (50 mbar) until dry. Impregnated iodinated AC was
stored in an amber glass bottle prior to use. The general scheme for the preparation of the impregnated
AC is presented in Scheme 1.

Scheme 1. General scheme for the preparation of iodinated activated carbon (AC) traps.
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The amount of iodine bound on AC was estimated from the difference between the amount of
iodine in the impregnating solution (0.01 mol L−1 NH4I) prior to and after the equilibration of AC.
The concentration of iodine in the impregnating solution was determined using ICP-MS after filtration
through a 0.2-μm filter [29,30].

2.2. Preparation of Activated Carbon Traps

AC traps were prepared by filling a known amount (150–200 mg) of commercially available
iodinated AC (AIC-500; APEX Instruments: Fuquay-Varina, NC, USA) or in-house prepared
impregnated iodinated AC into a pre-cleaned quartz tube and fixed using a quartz wool. Quartz tube
was pre-cleaned by washing with Milli-Q water, drying at room temperature and heating at 700 ◦C for
several minutes in an oven. Quartz wool was used as a stopper to fix the position of the impregnated
AC within the quartz tube.

2.3. Loading of Mercury on Activated Carbon Traps

Mercury was loaded on the impregnated AC traps and analyzed after thermal
decomposition/combustion using AAS determination. Elemental mercury (Hg0) was produced
by the reduction of a known amount of the reference material NIST 3133 using tin(II) chloride solution
(2 mL of 10% SnCl2 (w/v; for analysis, Merck, Darmstadt, Germany) in 10% HCl (v/v; for analysis,
Merck, Darmstadt, Germany)). Produced elemental mercury was loaded onto the carbon trap (trap A,
Scheme 2) by purging for 10 min using an airflow of 4 L min−1. The amount of SnCl2 in 10% HCl (v/v),
the volume of this solution and the purging time were previously optimized to achieve quantitative
reduction of Hg(II) from the aqueous solution. A high pumping rate (4 L min−1) was used to eliminate
the possibility of water vapor condensation in the analytical cell of the AAS detector (Scheme 2) [11].

Scheme 2. General scheme of Hg0 generation via reduction of NIST 3133-traceable Hg(II) standard
solution with SnCl2, capturing of produced Hg0 on activated carbon trap (A), and checking possible
breakthrough using additional activated carbon trap (B) and additional breakthrough control (C,
AAS detector).

To verify whether mercury had been quantitatively trapped on the trap A, an additional trap (trap
B, Scheme 2) was placed on-line after the trap A. Furthermore, an atomic absorbance spectrometer
(AAS; Lumex, Lumex Scientific, St. Petersburg, Russia) was occasionally connected to the exit of the
trap B and served as an additional breakthrough control (C, Scheme 2). The purging solution was
always re-purged to check the purging efficiency (i.e., whether Hg was quantitatively purged out of
solution). The amount of mercury present in the purging solution was almost always below detection
limit of the AAS detector (at most 0.26% of the original Hg amount).

Using the described approach, 10–2000 ng of Hg0 was purged onto AC traps. We set the upper
limit to 2000 ng because for the determination of Hg in atmospheric samples from pristine and
moderately contaminated areas, this amount is great enough for reliable calibration. In addition, this
value corresponds to the upper end of the reported working range (2000 ng of Hg on 0.2 g of AC equals

26



Atmosphere 2020, 11, 780

to 10,000 ng g−1). The reported working range for solid samples is from 0.5–10,000 ng g−1 (when using
up to 0.5 g of sample) [11].

2.4. Determination of Mercury on Activated Carbon Traps

The determination of mercury on iodinated AC traps was performed using an AAS detector
(Lumex mercury analyzer RA-915M) after thermal desorption at 700 ◦C in a Lumex PYRO-915+
thermal decomposition attachment (Lumex Scientific, St. Petersburg, Russia) [11]. Instrumental limit
of detection (LOD) was 0.3 ng (based on three times the standard deviation of 10 system blanks).

Desorption of Hg from the AC was achieved by heating the sample in a Lumex PYRO-915+
thermal decomposition attachment after the quantitative transfer of the carbon sample and the quartz
wool from the trap to an analytical quartz boat. Both iodinated AC traps (A and B; Scheme 2) were
measured in the same manner. The detector’s response for mercury at different concentration levels
was corrected for the signal obtained in the procedural blank, i.e., in the AC trap that was purged with
0 ng of Hg.

To determine the exact concentration or the amount of mercury present on the carbon trap,
the analytical system must be properly calibrated. Therefore, we compared the instrument’s response for
Hg in the carbon traps obtained by the purging of the reduced NIST 3133 standard with the instrument’s
response for Hg obtained by the decomposition of the directly spiked NIST 3133 standard onto the AC
sample. An aliquot (10–30 μL) of the diluted NIST 3133 standard with a known concentration was
directly spiked onto the AC sample in the quartz boat, thermally decomposed/combusted at 700 ◦C
using a Lumex PYRO-915+ thermal decomposition attachment and determined using an AAS detector
Lumex mercury analyzer RA-915M. The detector’s response for mercury at each concentration level
was corrected for the signal obtained in the procedural blank, i.e., in the AC trap that was spiked with
a Hg-free solution.

The statistical differences between the detector’s response for Hg signal in impregnated AC,
obtained by purging of Hg0 and spiking of Hg(II), were examined using paired t-test (SigmaPlot,
version 12.0, Systat Software, Erkrath, Germany).

2.5. Determination of Mercury in Real Sample Using Impregnated Activated Carbon Traps—Proof of Concept

To assess the validity of the used approach in the determination of mercury, atmospheric mercury
concentration in a real sample was determined using impregnated AC traps (AIC-500). An atmospheric
sample with high Hg concentration was used due to the relatively high amount of mercury (minimum
50 ng) that is required for the determination of Hg with a high degree of accuracy and precision using
the described method. Therefore, we collected atmospheric samples from a contaminated indoor site
containing 68.2 ± 0.95 ng m−3 of Hg (average ± standard deviation of individual measurements at
10-min intervals). This concentration was determined separately using the Lumex mercury analyzer
RA-915M (continuous mode) that was running during the collection of Hg on AC traps. Atmospheric
mercury was loaded onto the impregnated AC trap by purging for 240 min through a soda lime trap
(to remove humidity) at an airflow of 3.3 L min−1. The experiment was performed in two replicates.
The amount of Hg on AC traps was determined as described above. Accuracy of the method was
tested by the determination of Hg in reference material ERM EF412 (brown coal; certified value
70.0 ± 11.0 ng g−1) [31].

2.6. Thermal Fractionation of Mercury on Activated Carbon Traps

Thermal fractionation is a simple method for the estimation of individual mercury compounds
released with increasing temperature. A sample of impregnated AC loaded with a known amount
of Hg was transferred to a quartz boat and subjected to a heat gradient of 10 ◦C min−1 (from room
temperature to 800 ◦C) under an argon flow of 0.2 L min−1. The released mercury compounds were
converted to elemental mercury using a Lumex PYRO-915+ thermal decomposition attachment at
700 ◦C and detected using an AAS detector (Lumex mercury analyzer RA-915M). The AAS signal
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was obtained using Rapid software (version 1.00.442, Lumex Scientific, St. Petersburg, Russia) at 1 s
resolution and was later converted to fractionation thermogram (AAS signal-temperature relation) by
applying heat gradient factor [32].

2.7. Peak Deconvulation of Fractionation Thermograms

To assess how many individual Hg compounds are present in the loaded iodinated AC, peak
deconvolution of the fractionation thermograms was applied. First, the obtained fractionation
thermogram (at 0.17 ◦C resolution) was smoothened by applying a locally estimated scatterplot
smoothing (LOESS) algorithm using SigmaPlot software. The obtained smoothed scatterplot was
used to estimate individual constituent peaks. Peak deconvolution was performed by applying the
weighted least squares method using Fityk software (version 1.3.1, M. Wojdyr, Warsaw, Poland) and
assuming log-normal distribution of data [33].

3. Results and Discussion

3.1. Comparison of the Detectors Response for Mercury on Activated Carbon Traps Using Two Methods

To estimate whether direct spiking of NIST 3133-treaceable Hg standards on AC traps can be
used for the calibration of the system, we compared the detector’s response for mercury that was
spiked on a trap against the detector’s response for mercury purged on carbon traps (sum of Hg
amount present on traps A and B; Scheme 2). The results shown in Figure 1 clearly indicate a linear
response between these two methods of loading mercury on iodinated AC traps (AIC-500) at different
concentration levels. Furthermore, the slope of the linear regression line is 1.0111 with the R2 value of
0.9986 indicating an almost identical detector’s response for both methods. There were no statistically
significant differences in the detector’s response for the Hg signal in impregnated AC obtained by the
purging of Hg0 and the spiking of Hg(II) (p = 0.724; paired t-test).

Figure 1. Linear dependence of the detector’s signal for Hg on activated carbon traps (AIC-500)
obtained by two loading methods (purging onto carbon traps and spiking on activated carbon).
a.u.—arbitrary units.

These results indicate that mercury that is purged from the atmospheric sample on the AC trap
can be easily determined using combustion, while the analytical system can be calibrated by the simple
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spiking of the AC using the appropriate dilution of the reference standard material NIST 3133. Direct
spiking of NIST 3133-treaceable mercury standard solution on carbon can, therefore, be used for the
traceable calibration of analytical systems for the determination of mercury purged on carbon traps.

3.2. Comparison of Hg Adsorption on Different Impregnated Activated Carbon Traps

To test the robustness and versatility of the method, we tested different iodinated AC traps.
The results from the adsorption and breakthrough on AIC-500 carbon traps are presented alongside
the results from other iodinated AC traps to facilitate data comparison (Table 1). To test whether other
impregnated AC traps behave in the similar manner, we prepared several in-house impregnated AC
traps. The detector’s response for mercury purged to different impregnated AC traps agrees with the
signal obtained by the direct spiking of the standard reference material at 1000 ng level. We determined
which traps and corresponding impregnating solutions are the best for achieving quantitative mercury
trapping and which impregnated AC traps show the lowest breakthrough of mercury at the 1000 ng
level. The comparison of the results for different impregnated AC traps is presented in Table 1.

Table 1. Performance of commercially available and in-house prepared activated carbon traps.
All results refer to 1000 ng of purged/spiked Hg.

Activated Carbon/Impregnating Solution Trap A (%) 1 Trap B (%) 1

AIC-500 (n = 9) 100 ± 1.78 <LOD 2 − 0.10
0.10 mol L−1 NH4I (n = 7) 75.7 ± 6.32 0.71 ± 0.22

0.03 mol L−1 NH4I (n = 14) 101 ± 3.25 0.74 ± 0.89
0.01 mol L−1 NH4I (n = 15) 99.3 ± 2.52 <LOD 2 − 0.27

1 Relative to spiking with Hg(II); Trap A and Trap B refer to activated carbon traps, as described in Scheme 2; 2 limit
of detection (LOD) was between 0.5 and 2.1 ng, depending on Hg impurities in carbon.

As seen in Table 1, commercially available AC (AIC-500) and in-house prepared AC impregnated
with 0.01 mol L−1 NH4I solution show the best performance. Both traps show quantitative capturing
of mercury at 1000 ng level and exceptionally low breakthrough, as seen by the amount of mercury
adsorbed on trap B. It is important to note that the additional breakthrough control (C) was always
within the noise of the AAS detector. In addition, the amount of mercury present in the purging
solution was always up to 0.26% of the original Hg amount present in the purging vessel (impinger)
indicating that mercury was completely purged out onto the AC trap. Due to the quantitative recovery
of the Hg purged to the carbon traps relative to spiking, we presume that spiking can be used as a
reliable calibration method for the determination of Hg on impregnated AC traps.

We decided to use only AIC-500 traps for the determination of mercury in the real atmospheric
sample and for the assessment of linearity (Figure 1) due to slightly better results compared to in-house
prepared AC traps (better repeatability on trap A and the lowest breakthrough on trap B (Table 1)).
We presume that the calibration is also linear up to 1000 ng when using in-house prepared AC treated
with 0.01 mol L−1 NH4I and 0.03 mol L−1 NH4I. This assumption is based on the fact that AAS signals
for AIC-500 and mentioned AC traps are similar at the 1000 ng level (within ±3.33% of the average
signal for AIC-500). However, these linearities were not tested, as explained above.

High amounts of iodine seem to affect Hg determinations, as seen by low Hg recoveries on
AC treated with 0.10 mol L−1 (Table 1). This might be due to interferences between mercury and
iodine absorption lines (254 and 256 nm, respectively) [34]. In cases when complex matrixes are
analyzed, strong background absorption arises due to the production of large amounts of smoke
and interference radicals. The observed strong background absorption cannot be corrected using
the inherent selectivity of the Zeeman atomic absorption spectrometer [11]. Low iodine amounts
show quantitative trapping and do not considerably affect Hg determinations by the AAS detector.
The amount of iodine bound on AC treated with impregnating solution with the lowest iodine content
(0.01 mol L−1 NH4I) was estimated from the difference between the amount of iodine in this solution
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prior to and after the equilibration of AC. The concentration of iodine in the impregnating solution
was lowered from 0.01 mol L−1 prior to equilibration to 0.0078 mol L−1 after equilibration. This change
corresponds to the adsorption of 0.21 mmol of iodide per gram of AC (i.e., mass fraction of iodide
2.69%). Comparison of this value with the literature is rather difficult: commercial AC traps do not
disclose the amount of the bound halogen of activated carbon, while scientific articles usually do
not report the content. The most comprehensive review of sorbents for mercury removal from flue
gas [16] reported iodinated AC that contained 3.5% of iodine, which is slightly higher than the iodine
content in in-house prepared iodinated AC. Higher iodine content on AC might be useful for the
removal of mercury from flue gas, but it is not appropriate for the determination of low atmospheric
Hg concentrations, as described above.

Even though iodine in iodinated AC might cause problems during Hg determinations, it also
creates much more stable Hg complexes compared to other halogens. Therefore, it is important to
balance between analytical performance and the stability of Hg complexes when using iodinated AC
traps. AC treated with impregnating solution containing the lowest iodine content (0.01 mol L−1 NH4I)
seems to be right at the balance, as demonstrated by good analytical performance at 1000 ng level
(Table 1). Even though this balancing would not be required when using chlorinated or brominated
ACs, we intentionally wanted to test this approach using NH4I due to the specific composition of the
reaction product (Millon’s iodide).

Gaseous Hg(II) can be captured on AC traps [20], but it cannot be separately determined as the
whole AC from the trap is quantitatively transferred to an analytical quartz boat and subjected to
combustion. Hg(II) can be only determined using speciation traps (solid KCl + AC). In addition,
the loading of traceable amounts of gaseous Hg(II) at low atmospheric concentrations is still under
development [21].

3.3. Determination of Mercury in Real Atmospheric Sample—Proof of Concept

An atmospheric sample from contaminated indoor site containing 68.2 ± 0.95 ng m−3 of Hg
was collected on the AIC-500 activated carbon trap. Based on this concentration, purging time and
airflow through the trap, it was calculated that 54.0 ± 0.99 ng of Hg was collected on the AC trap
(average ± standard deviation of two parallel measurements). The response of the AAS detector was
compared with the corresponding response for the NIST 3133 spike onto AC (50 ng of Hg). Following
the subtraction of corresponding blanks, the AC trap contained 53.2 ± 3.05 ng of Hg. The accuracy of
Hg determinations was tested using reference material ERM EF412 (brown coal). The obtained value
(69.7 ± 2.86 ng g−1; n = 4) was within the uncertainty of its certified value (70.0 ± 11.0 ng g−1).

Although the obtained average value of Hg content in the real atmospheric sample is slightly
lower than the calculated amount of Hg, it is still within the standard deviation of measurements.
The possible reason for this observation is Hg adsorption on soda lime. Although normally this never
represents an issue, long sampling time (240 min) might have caused the adsorption of a significant
amount of water vapor from the air, and possibly some Hg might have been dissolved in this water.
This is especially important for gaseous oxidized mercury, which is readily soluble in water [15].
The relatively high standard deviation of the determined Hg on the AC trap can be attributed to the
variability in the spiking volume (10 μL), which should be as smallest as possible.

The determination of Hg using AC traps can be readily used for atmospheric samples containing
elevated Hg concentrations with a high degree of accuracy and precision using the described method.
However, for samples with ambient atmospheric concentrations (about 1.5 ng m−3) [35–38], longer
purging time or higher airflows are required. This might cause unwanted Hg transformations during
sample collection or the breakthrough of mercury (especially in case of high airflow). These issues
can be overcome by sampling lower amounts of mercury and/or using a more sensitive detector (e.g.,
atomic fluorescence spectrometer). However, the level cannot be extremely low, due to the relatively
high blanks of impregnated AC (Table 1).
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In principle, this method could be applied for the characterization of Hg transformations in
atmospheric samples using the stable isotope fractionation approach. The method is limited by the
relatively high LOD; for reliable determination of stable isotope ratios, blanks should ideally account
for less than 2% of the collected amount of atmospheric Hg [39,40]. Furthermore, desorption of mercury
from the AC traps must be quantitative to avoid Hg fractionation on the AC. This is readily achieved
using combustion at a high temperature. Released Hg must be quantitatively trapped in a solution
that can completely oxidize Hg0 to Hg(II) (e.g., solution of potassium permanganate or mixture of
nitric and hydrochloric acid) [12]. Exit from the Lumex PYRO-915+ thermal decomposition attachment
could be connected to this trapping solution to quantitatively collect combustion products. As the
calibration is performed immediately after the determination of Hg in samples, a combusted NIST
3133 standard could be trapped in this solution and used directly as a bracketing standard.

3.4. Thermal Fractionation of Hg on Impregnated Activated Carbon

Impregnation of AC using NH4I solutions and not with commonly used KI solutions was
performed because the former readily reacts with Hg and forms the insoluble iodide of the Millon’s
base, [Hg2N]I·H2O. Its literature decomposition temperature of 350–400 ◦C is close to the decomposition
temperature (about 370 ◦C) obtained using thermal fractionation [41]. The obtained thermograms for
AIC-500 and in-house prepared iodinated AC (0.01 mol L−1 NH4I) are presented in Figure 2. In-house
prepared iodinated AC has a higher maximum temperature for the highest peak. However, it also
starts to release mercury at a lower temperature (about 150 ◦C) compared to AIC-500.

Figure 2. Fractionation thermograms for AIC-500 and in-house prepared iodinated activated carbon
(0.01 mol L−1 NH4I). Parts of the thermogram below 100 ◦C and above 550 ◦C were removed for clarity
as the values for AAS signal were about zero. a.u.—arbitrary units.

To assess how many peaks (i.e., Hg compounds) are present under each curve in Figure 2,
peak deconvolution was performed using the weighted least squares method [33]. Assuming
log-normal distribution of the constituent peaks, we identified that each thermogram is comprised of
three individual peaks (Figure 3). However, without direct comparison with pure Hg standards on
impregnated AC, it is not possible to exactly determine the exact composition of the three individual
mercury compounds (not in the scope of this work).

Based on the literature data, we assume that the Hg bound to in-house impregnated iodinated AC
is in form of Millon’s base due to the similar theoretical decomposition temperature. The iodide of
Millon’s base decomposes on heating; decomposition starts at a temperature of 160 ◦C [41], which is the
temperature at which the first peak starts to appear during the thermal fractionation of in-house prepared
AC (Figure 3b). The second deconvoluted peak at 280 ◦C might be attributed to the decomposition of
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an unidentified intermediate degradation compound, as the structure of Millon’s base is polymeric in
nature and the chemical formula [Hg2N]+ does not represent an exact ionic species. Millon’s base is
composed of a silica-like network of N and Hg a in four- and two-coordination, respectively, with anion
and water (if present) in the interstitial spaces [42]. Furthermore, the decomposition is not rapid until
about 350–400 ◦C [41], where we have observed the third peak. Slow decomposition towards the
maximum is one of the reasons why we applied the log-normal distribution of the constituent peaks
during the peak deconvolution analysis.

 
(a) 

 
(b) 

Figure 3. Peak deconvolution of fractionation thermograms for (a) AIC-500 and (b) in-house prepared
iodinated activated carbon (0.01 mol L−1 NH4I) assuming log-normal distribution of constituent peaks.
Black dots represent smoothed experimental points (weighted least squares method), red curves
deconvoluted peaks and the black curve the summarized model (sum of red curves). Parts of the
thermograms below 100 ◦C and above 550 ◦C were removed for clarity as the values for AAS signal
were about zero. a.u.—arbitrary units.

Most binary transition-metal–nitrogen compounds are highly endothermic compounds, including
Hg–N compounds [43]. The possible explosive decomposition of these nitrogen-rich compounds is
due to their extremely low energy barriers [44]. The decomposition of the Millon’s iodide is similar to
the thermal decomposition of other salts of Millon’s base. [Hg2N]NO3 has a similar decomposition
temperature (380 ◦C) [45], while [Hg2N]N3 exhibits a smooth decomposition accompanied by the
release of molecular nitrogen and Hg0 [43]. Nevertheless, the decomposition temperature of [Hg2N]I
on activated carbon should be taken with a high degree of reservation, because it was recently shown
that matrix effect greatly influences the decomposition of various Hg compounds by shifting the
temperature of Hg released from the sample [32].

Although Hg is purged onto iodinated AC traps as Hg0, it is most probably oxidized to Hg(II) on
the surface. The dynamic adsorption of mercury on iodinated AC traps suggests complex mechanisms
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for the adsorption [46]. Physical adsorption is probably the first step in the removal of mercury by both
virgin and impregnated ACs [16]. Recently, it was demonstrated that purged Hg0 is readily oxidized
to Hg(II) on the brominated AC surface at 30 ◦C and 140 ◦C, indicating that chemisorption is the likely
adsorption mechanism of Hg [47]. As Hg0 removal efficiency increases with adsorption temperature,
it is assumed that Hg0 vapors chemically react with impregnated iodine on the AC surface (rates of
chemisorption increase with the rise in temperature) [17]. Desorption of mercury from spent ACs,
impregnated with both iodine and KI, suggests that Hg0 is oxidized by elemental iodine and trapped
in the form of K2HgI4 and KHgI3 [48]. We presume that iodine also acts as an oxidant in in-house
impregnated iodinated AC, as iodide has a low standard reduction potential (+0.54 V) and might be
oxidized to elemental iodine by oxygen from the moist air. Consequently, Hg0 is probably oxidized
to HgI4

2− and HgI3
−, but in contrast to KI, the presence of ammonium ion converts these Hg-iodide

complexes to Millon’s iodide, [Hg2N]I. Gaseous Hg(II) can also be trapped on iodinated AC and is
probably first converted to HgI2, then to Hg-iodide complexes, and finally to [Hg2N]I. The formation
of HgI2 enables impregnated AC to remove even more elemental mercury [16]. We presume that GOM
and GEM are readily converted to Hg-iodide complexes on the AC surface and later fixed in the form of
Millon’s iodide, thus providing additional active sites for further adsorption of Hg on activated carbon.

4. Conclusions

AC can be used for quantitative pre-collection of atmospheric mercury. The determination of
mercury bound to AC can be easily achieved using combustion coupled with atomic absorption
spectrometry. Comparison of different ACs demonstrated that commercial iodinated AC and activated
carbon treated with 0.01 mol L−1 NH4I show quantitative capturing of Hg0 (99.3–100%) while having
the lowest breakthrough (<LOD − 0.27%). AC containing a greater amount of iodine shows lower
Hg recoveries, probably due to interferences during analysis using atomic absorption. The identical
response of the AAS detector for two Hg loading methods (purging of Hg0 and spiking SRM solution)
in a wide concentration range (10–2000 ng) indicated that the spiking of SRM on AC can be readily
used for the calibration of the analytical system used for the determination of atmospheric mercury.
The concentration of Hg in a real atmospheric sample collected on an iodinated AC trap was determined
using spiking calibration and was traceable to SRM NIST 3133. The accuracy of the method was
confirmed by a good agreement between the measured Hg content in a reference material ERM EF412
and its certified value. The use of ammonium iodide in impregnating solutions, probably converted
Hg on AC to the iodide of Millon’s base, as the positions of deconvoluted peaks from fractionation
thermogram agreed well with the literature values.
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Abstract: Mercury is a toxic element that is dispersed globally through the atmosphere. Accurately
measuring airborne mercury concentrations aids understanding of the pollutant’s sources, distribution,
cycling, and trends. We deployed MerPAS® passive air samplers (PAS) for ~4 weeks during each
season, from spring 2019 to winter 2020, to determine gaseous elemental mercury (GEM) levels at
six locations along the northern Gulf of Mexico, where the pollutant is of particular concern due to
high mercury wet deposition rates and high concentrations in local seafood. The objective was to
(1) evaluate spatial and seasonal trends along the Mississippi and Alabama coast, and (2) compare
active and passive sampling methods for GEM at Grand Bay National Estuarine Research Reserve,
an Atmospheric Mercury Network site. We observed higher GEM levels (p < 0.05) in the winter
(1.53 ± 0.03 ng m−3) compared to other seasons at all sites; with the general pattern being: winter
> spring > summer ≈ fall. Average GEM levels (all deployment combined) were highest at Bay
St. Louis (1.36 ± 0.05 ng m−3), the western-most site nearest the New Orleans metropolitan area,
and lowest at Cedar Point (1.07 ± 0.09 ng m−3), a coastal marsh with extensive vegetation that can
uptake GEM. The MerPAS units compared reasonably well with the established active monitoring
system, but gave slightly lower concentrations, except in the winter when the two methods were
statistically similar. Both the passive and active sampling methods showed the same seasonal trends
and the difference between them for each season was <15%, acceptable for evaluating larger spatial
and temporal trends. Overall, this work demonstrates that PASs can provide insight into GEM levels
and the factors affecting them along coastal regions.

Keywords: atmospheric mercury; gaseous elemental mercury; passive air sampler; MerPAS®;
seasonal trend; spatial trend; Gulf of Mexico; Grand Bay

1. Introduction

Mercury (Hg) is a persistent and toxic pollutant with a complex biogeochemical cycle, where
the atmosphere plays an important role, including transport of the contaminant on local, regional,
and global scales [1]. The understanding of atmospheric Hg has greatly advanced with the capability
to measure gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and particle bound
mercury (PBM), the three main classes of airborne Hg species. There are challenges in accurately
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measuring these species and properly interpreting the results [2–4]. GEM, the predominant form
typically encompassing>95% of the total gaseous Hg, has a relatively long residence time (~6 months or
more) compared to GOM and PBM (~days to weeks) [5]. Levels of each Hg species vary depending on
proximity to sources, meteorological conditions, season, and other factors, with GOM and PBM levels
plummeting when they are scavenged by precipitation [6,7]. GEM concentrations tend to be more stable,
with background levels in the northern hemisphere about 1.5 ng m−3 [8]. GEM levels are decreasing at
many sites in North America and Europe, likely due to the phase-out of Hg from commercial products,
and increased adoption of air pollution control technologies [9]. GEM is slowly converted to PBM
and highly soluble and particle-reactive GOM by photochemical and other reactions [5,6]. GOM and
PBM concentrations tend to be highest near anthropogenic point sources, especially combustion
sources such as coal fired power plants or waste incinerators [2,5,7]. Once deposited to terrestrial and
aquatic ecosystems, Hg can be re-emitted or, given the right biogeochemical conditions, converted by
certain microorganisms to methyl-Hg, a neurotoxic form that can readily accumulate in organisms and
concentrate up the food chain to levels that can harm both wildlife and humans [1,6,10].

With abundant coastal wetlands that promote production and transfer of methyl-Hg into primary
producers, the northern Gulf of Mexico (nGoM, a portion of the U.S. Gulf Coast extending from the
Suwannee River, in the Florida panhandle, to the Sabine River, near the state line between Louisiana
and Texas) is prone to Hg contaminated food webs [11]. Another factor contributing to high Hg levels
along the nGoM is that the region consistently has some of the highest wet Hg deposition rates in
the USA [12,13]. So, it is not surprising that levels of methyl-Hg in seafood along the nGoM exceed
other U.S. coastlines, and that there are widespread fish consumption advisories in the region. This is
concerning because (1) nGoM residents tend to consume more seafood than other U.S. residents,
with as much as 30% of the coastal population estimated to exceed the U.S. Environmental Protection
Agency’s reference dose for MeHg [14], and (2) the economy of the region is intricately linked to
commercial and recreational fishing. Moreover, we hypothesize that the GoM “dead-zone”, a low
oxygen area in the waters of the nGoM near the mouth of the Mississippi River and its spillways that
occurs each summer as a result of nutrient pollution from agriculture and developed land runoff in the
Mississippi River watershed, may exacerbate the Hg problem by producing conditions that favor the
production of MeHg, because organic matter and low oxygen fuel certain methylating-microbes [15].
The periodic nature of the dead-zone (oxic-anoxic changes) may affect the speciation and bioavailability
of Hg, which, in turn, may affect the net surface exchange of GEM with the atmosphere. Thus, it is
important to measure atmospheric Hg at locations along the nGoM to help understand Hg sources,
distribution, trends, and cycling in that region.

There is a relatively long record of atmospheric Hg measurements at Grand Bay National
Estuarine Research Reserve (NERR) located on the eastern portion of the Mississippi coastline [16].
In addition to long-term speciated-mercury measurements, collected with an automated instrument
from Tekran Instruments Corporation (hereafter just Tekran) atop a 10 m tower, along with trace gas
and meteorological monitoring, research at the site has included intensive studies on atmospheric
mercury speciation [17] and Hg isotopic analyses [18]. The data have provided a valuable insight on
atmospheric Hg at the site, including impacts from both local and regional sources as well as large-scale
Hg cycling phenomena, species-specific isotopic compositions, and diurnal and seasonal variation in
Hg species. As the instrument uses active sampling, the data are temporally rich, allowing correlation
with other atmospheric constituents, such as ozone and sulfur dioxide [19]. GEM depletion events
have been observed in the early morning at the site, likely due to uptake by plants, and a slight GEM
elevation during the day has generally been observed, likely due to downward mixing form higher
concentrations aloft [16]. However, the research has been unable to directly address spatial variability
in GEM concentrations because the Tekran instrument is stationary, costly, and requires power.

Passive air sampling is a low-cost no-power alternative approach to active sampling. In passive
sampling the gaseous analyte enters a sampler and diffuses at a known rate through a barrier into a
chamber where it is trapped on a sorbent. The sorbent is later analyzed to determine the amount of
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analyte present. The airborne concentration of the analyte is calculated by dividing the mass of sorbed
analyte (ng) by the deployment time (days) and the sampling rate (m3 day−1). Passive air samplers
(PAS) are increasingly being used for studies where spatially-resolved data are needed, or where
active sampling is not possible due to cost, site restrictions, such as lack of electrical power or trained
operators, or other constraints [20–23]. The main advantage is that a large number of samplers can
be deployed to increase area coverage and improve spatial resolution. The main limitations are that
the samplers require longer periods of time to collect the analyte, limiting temporal resolution, and,
specifically for atmospheric Hg, that measurements of atmospheric mercury forms other than GEM
(e.g., GOM and PBM) remain challenging, although some designs have had success [24].

The MerPAS® from Tekran is a commercially available mercury passive air sampler (PAS) that
traps GEM on sulfur-impregnated activated carbon and uses a diffusive barrier to constrain the
sampling rate [25]. The device includes a protective shield for deployment outdoors, where it can be left
to collect GEM for months without revisiting the site until it is removed for analysis. At the laboratory
the sorbent is analyzed, typically with a direct mercury analyzer (DMA), and the concentrations of
GEM are calculated as discussed earlier; details of the entire method and sampling rate calculations
are described in Section 2.

Recent research has shown that the MerPAS® sampler can not only measure GEM but also
characterize and quantify atmospheric mercury sources, both with and without isotope tracing [26,27].
We have recently shown that the MerPAS® sampler can also discriminate landscape, seasonal,
and elevation effects on GEM if given sufficient collection time, adequate analytical precision, and low
blank levels [28]. In the present study, we used MerPAS® units to quantify GEM at six sites along
the Mississippi and Alabama Gulf Coast during four consecutive seasons, from spring 2019 to winter
2020. Herein, we report our results with emphasize on spatial and temporal trends in GEM, and a
comparison between passive and active sampling data co-collected at Grand Bay NERR, a National
Atmospheric Deposition Program Atmospheric Mercury Network (AMNet) site.

2. Material and Methods

2.1. Study Sites and Meteorological Measurements

GEM was determined at five locations along the Mississippi Gulf Coast, including Bay St. Louis,
Gulf Port, Gulf Coast Research Laboratory (GCRL) main campus near Ocean Springs, GCRL at
Cedar Point, Grand Bay NERR near Moss Point, as well as at the Dauphin Island Sea Lab located
to the southeast on a barrier island in Alabama (Figure 1). Figure 1 also shows anthropogenic Hg
point sources based on US Environmental Protection Agency 2018 toxic release inventory (TRI) data,
the most recent TRI data available [29]. Table A1 in Appendix A provides site coordinates, sampling
periods, and mean temperature and wind speed during deployment. Meteorological data stems from
the nearest weather stations, ranging from on-site at Grand Bay to 4.9 km away at Bay St. Louis.
The samplers were deployed for ~4 weeks during 4 consecutive seasons, starting in spring 2019.
The Grand Bay site has been described in detail elsewhere [17]. Briefly, the National Oceanic and
Atmospheric Administration’s (NOAA’s) Air Resources Laboratory established Hg monitoring at the
wetland site in 2006, and has been operating Tekran systems there as part of the National Atmospheric
Deposition Program’s AMNet. Long-term observations of atmospheric speciated Hg at the site have
been published elsewhere [16]. The Cedar City site was also within a coastal wetland, whereas the
other sites were at the immediate coastline with MerPAS® units deployed above open water.
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Figure 1. Maps of the study site. (A) = close up showing the six sampling locations as green circles
(1 = Bay St. Louis; 2 = Gulfport; 3 = Gulf Coast Research Laboratory (GCRL) Main; 4 = GCRL Cedar
Point; 5 = Grand Bay National Estuarine Research Reserve (NERR); 6 = Dauphin Island). (B) = a
regional view with the close-up domain indicated in the box. (C) = a general location map showing
the study site with star. The Hg air emission point sources are based on the most recent toxic release
inventory data (2018) [29], where the size and shape of the emissions symbols indicate the amount of
emissions (kg/year) and the color of the symbol indicates the source category: refineries and chemicals
(red); electric power generation (pink); metals (gray); paper (blue); cement (yellow). Land cover
categories are based on the 2011 National Land Cover Database [30]. The New Orleans and Baton
Rouge area in Louisiana (shown with an oval) has gaseous elemental mercury (GEM) emission sources
from multiple industries.
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2.2. The MerPAS® and Its Preparation and Deployment in This Study

We used four to six MerPAS® units (Tekran Corp., Toronto, ON, Canada) to concurrently collect
GEM at each site during each deployment (Figure 2). The development and performance characteristics
of the passive sampler have been described in detail elsewhere [25,31,32]. Briefly, sulfur-impregnated
activated carbon serves as a sorbent, and is housed in a stainless-steel mesh cylinder at the center of the
device (Figure 1). The mesh is inserted into a microporous diffusive barrier (white Radiello®, Sigma
Aldrich, St. Louis, MO, USA) which constrains the sampling rate. GEM diffuses through the barrier
and is retained on the sorbent, but GOM and PBM do not appreciably pass the barrier [33]. The diffuse
barrier itself is screwed into the center of a protective shield that permits outdoor deployment.
The shield has an opening at the bottom that allows for air circulation but keeps precipitation out.

 

Figure 2. Views of the six sampling sites along the northern Gulf of Mexico (nGoM) showing deployment
of passive air samplers for GEM collection.

In this study, we loaded about 0.6 g of freshly crushed and sieved (250–1000μm) sulfur-impregnated
activated carbon sorbent (HGR-AC, Calgon Carbon Corp., Pittsburg, PA, USA) into the samplers
<3 days prior to deployment. Before loading the samplers, the activated carbon was analyzed for Hg
to ascertain the blank level; the sorbent was only used when it would contribute <0.15 ng of Hg per
sampler, amounting to <4% of the Hg accumulated during sampling. Samplers were deployed at 1.5
to 3.0 m above the water to prevent water from splashing into the device, except at Grand Bay where
they were deployed at the top of a 10 m tower. We did not observe any salt inside the samplers and do
not suspect water splashed into them. After each use, we cleaned diffusive barriers with a stream of
nitrogen, and would only re-use them if they remained clean and undamaged; others have shown no
significant difference in sampling rate between new and used barriers if the barriers are kept clean and
in good condition [32].

2.3. Determination of Hg Collected on the Pas Sorbent and Calculation of Atmospheric Hg Concentratins

Upon retrieval the PASs were capped, sealed with polytetrafluoroethylene tape, placed in Ziplock
bags, transported to the laboratory, and stored in a clean room until analysis within 2 days of collection.
Details of the analysis were described in a previous study [28]. Briefly, total Hg collected on the sorbent
was determined by a Direct Mercury Analyzer (DMA-80; Milestone Inc., Shelton, CT, USA), a technique
which is based on thermal decomposition, gold amalgamation, and atomic absorption spectrometry.
We followed U.S. Environmental Protection Agency (EPA) Method 7473, with some modifications for
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trapping the sulfur released from the sulfur-impregnated activate carbon with Na2CO3 [34]. Prior to
analysis, quartz sample holders (boats) were pre-cleaned by soaking in 5% nitric acid overnight, rinsed
with deionized water, and heated to 550 ◦C for several hours to remove any traces of Hg. Then the
sorbent within the stainless-steel mesh cylinder was weighed into the boats and covered with ~0.2 g of
Na2CO3. This process was repeated using a second boat because the capacity of a single boat was
not enough for the amount of sorbent in a PAS. The boats were then loaded into the autosampler and
analyzed by the DMA, with the Hg for the two boats being combined. The DMA instrument was
calibrated using Hg solutions that were prepared from a 10 μg ml−1 Hg stock solution (Spex Certiprep,
Metuchen, NJ, USA). Coal fly ash standard reference material (SRM; NIST 1633C) was analyzed before
beginning the sample analysis and every 20 boats thereafter. Recovery of SRM over the analyses was
94.6 ± 4.2% (mean ± SD, n = 16). The limit of detection was 0.014 ng of Hg.

Concentrations of GEM were calculated by dividing the mass of adsorbed Hg (ng) by the
deployment time (days) and the sampling rate (m3 day−1). Hg uptake (after blank subtraction) ranged
from 3.14 to 4.58 ng during ~4 weeks deployment period. We used a sampling rate of 0.111 m3

day−1 recommended by Tekran. The sampling rate was adjusted for local temperature and wind
speed, factors which can influence the molecular diffusivity of GEM and the overall sampling rate,
respectively [32]. Meteorological data are given in Table A1 in Appendix A. The adjusted sampling
rate was calculated using Equation (1) [32] and ranged from 0.106 to 0.133 (m3 day−1), depending on
season and location.

SRadj. = SRcal + (T − 9.89 ◦C) · 0.0009 m3 (day ◦C)−1 + (W − 3.41 m s−1) · 0.003 m3 (day ◦C)−1 (1)

2.4. Measurement of GEM at NOAA’s Grand Bay Site Using Active Sampling

Atmospheric speciated mercury (GEM, GOM, and PBM) was monitored at the Grand Bay using a
Tekran speciation system, which has been described elsewhere [12,17]. Briefly, ambient air is sampled
by the mercury detection system at approximately 10 L/min. Large particles (d > 2.5 μm) are removed at
the inlet by an elutriator/impactor assembly, GOM is collected on a KCl-coated quartz annular denuder,
and PBM (d < 2.5 μm) is collected on a quartz regenerable particle filter (RPF). GEM passes though the
glassware unimpeded and is sequentially collected on one of two gold traps at 5-min intervals. As one
trap collects GEM, the other is heated to thermally desorb GEM into a flow of argon, and the liberated
GEM is detected via cold vapor atomic fluorescence spectrometry. After one hour, sample collection
ceases and the collected GOM on the denuder and PBM on the quartz filter are then sequentially
thermally desorbed in a flow of mercury-free zero air and quantitatively converted to GEM, which
is then analyzed by the mercury detector. Thus, the speciation system operates on a 50% duty cycle,
and reports GEM in real time at 5-min intervals during the sampling hour, and one-hour integrated
concentrations of GOM and PBM during the subsequent desorption cycle. AMNet standard operating
protocols ([35], http://nadp.slh.wisc.edu/AMNet/docs.aspx) were followed for mercury measurement
and data reduction. Herein we focus on the GEM data for comparison with our PAS data.

2.5. Statistical Analysis

Differences in passively sampled GEM concentrations among locations and seasons and the
interaction between location and season were examined using univariate repeated measures analysis
of variance (rmANOVA). Location was treated as a between-subjects effect, whereas season and its
interaction with location were treated as within-subjects effects. Given a significant main effect of
location, Tukey’s tests of honest significant differences (HSD tests) were used to examine pairwise
differences in GEM means among locations. Pairwise differences among seasons were tested using
t-tests and a Sidak p-value adjustment for multiple comparisons. The components of a significant
season · location interaction were tested using planned orthogonal contrasts. Contrasts were chosen to
test the hypothesis that GEM concentrations were greater outside the growing season (winter) than
during other times of the year, and lower during the hottest growing season (summer) than in the
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spring and fall. Contrasts associated with the components of the season · location interaction included
(1) the difference in GEM between winter and the remaining seasons depended on location ((winter v.
rest) · location), (2) the difference in GEM between summer and the average of spring and fall depended
on location ((summer v. spr/fall) · location), and (3) the difference in GEM between spring and fall
depended on location ((spr v. sum) · location). Differences were deemed significant at a p < 0.05 level.

Four one-sample t-tests (one for each season) were used to examine GEM concentration differences
between active and passive sampling methods at Grand Bay NERR. Since the same active sampler was
used to take hundreds of measurements in a given season, the measurements could not be considered
independent observations. Hence, we averaged all actively sampled measurements in each season,
assuming no replication and thus no within-season variation for the active sampler. We then compared
the sample mean and standard error (SE, defined as the sample standard deviation (SD) divided by
the
√

n) of passively-sampled GEM concentrations for the deployment periods in each season to the
average GEM concentration for the active sampler during the corresponding period. Although the
one-sample t-tests assumed no statistical error, active samplers have an estimated 10% measurement
error [16,17]. We therefore assumed that the seasonal average measurement of GEM by each active
sampler represented the midpoint of this 10% measurement uncertainty interval. We corrected the
p-values produced by each of the four one-sample t-tests using Sidak’s multiplicative correction for
multiple t-tests. Differences were deemed significant at a p < 0.05 level. Data were analyzed using
SYSTAT (version 13.0, San Jose, CA, USA).

3. Results and Discussion

Overall precision between the samplers deployed side-by-side averaged ~7% relative standard
deviation, which is in the expected range for this method [31]. Adjustment of the sampling rate using
local meteorological data generally decreased the GEM levels from 0–8%, except during the cold fall
and winter periods where GEM increased at a few sites by up to 6%, and during July 2019 when a
windy summer tropical storm helped decrease GEM levels by as much as 14% at Gulfport. Adjustments
at Grand Bay were generally greater because it tended to be windier atop the 10 m tower.

3.1. Seasonal Trends of GEM Concentration along the nGoM Using PASs

GEM concentrations (ng m−3) varied significantly among seasons (rmANOVA Fseason 3,75 = 107.58;
unadjusted and Greenhouse–Geisser p << 0.01). Mean seasonal GEM concentrations (ng m−3 ± 1 SE)
at each of the six locations are shown in Figure 3, with specific values given in Table A2 in Appendix A.
Mean concentrations ranged from 1.00 ± 0.03 ng m−3 in the summer at GCRL Cedar Point to
1.77 ± 0.03 ng m−3 in the winter at Bay St. Louis. Differences among seasons averaged across locations
revealed that GEM concentrations were significantly higher in the winter than in all other seasons
across all sites (1.53 ± 0.03 (winter), 1.18 ± 0.03 (fall), 1.25 ± 0.03 (spring), and 1.14 ± 0.02 (summer);
Sidak-adjusted p < 0.05; Figure 3). GEM concentrations were lower in the summer than in spring (Sidak
p < 0.01; Figure 3), but not significantly lower than in fall (Sidak-adjusted p = 0.12). There was no
significant difference in GEM concentration between spring and fall (Sidak-adjusted p = 0.29; Figure 3).
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Figure 3. GEM concentrations determined using passive air samplers (PASs) deployed at six sites along
the nGoM from May 2019 to February 2020. Sites are depicted west to east (from left to right) and error
bars represent 1 standard error. Results for two sets of statistical analyses are shown: (1) pairwise
means comparisons for the main effect of season (red letters), and (2) pairwise means comparisons for
the main effect of location (blue letters). Seasons or locations that do not share letters are statistically
different (p < 0.05) as determined by Tukey’s honest significant difference tests. The season · location
interaction is described in the text.

GEM levels tend to be higher in the winter due in part to the uptake of Hg by plants during
the growing season which generally extends from spring through early fall [5], but also due to shifts
in prevailing winds which are generally from the south (arriving from the GoM) in the summer
and from the north (over terrestrial areas with point sources) in the winter (Figure 2) [16,17]. Other
factors that can contribute to seasonal differences in atmospheric Hg species include greater sunlight
intensity in the summer, which can increase conversion of GEM to GOM by photochemical oxidation,
and precipitation in the summer from convective thunderstorms that can strip GOM from the air,
resulting in high levels of wet Hg deposition [16,17,36]. Seasonal trends of airborne Hg species in
southeastern U.S. have now been studied using both active and passive sampling, and our data are
consistent with previously reported trends [16,37,38].

The pattern of seasonal differences in GEM concentrations varied among locations, as indicated
by a significant season x location interaction (rmANOVA Fseason · location (15,75) = 3.14; unadjusted and
Greenhouse–Geisser p < 0.01). The difference in GEM between fall and spring varied among locations
(Contrast Ffall v. spring · location (5,25) = 3.14; p = 0.03). Whereas GEM in the fall was greater than GEM in
the spring at Bay St. Louis, the same was not true at other locations (Figure 3). The difference in GEM
between summer and the average of spring and fall varied significantly among locations (Contrast
Fsummer v. spr/fall · location (5,25) = 4.12; p < 0.01). Whereas GEM was lower in the summer than the average
for spring or fall at Bay St. Louis and Gulfport, this difference was lower at Dauphin Island, Cedar
Point, and GCRL, and absent at Grand Bay (Figure 3). Spatial differences are examined further below.
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3.2. Spatial Trends of GEM Concentration along the nGoM Using PASs

Previous studies have shown that coastal sites can be influenced by both polluted air from urban
environments and cleaner Gulf of Mexico marine air [17,39]. In our study, GEM concentrations varied
significantly among locations (rmANOVA Flocation (5,25) = 38.60; p << 0.01). Averaged across seasons,
Tukey’s HSD tests revealed that GEM at Bay St. Louis was higher than at all other sites (p < 0.05)
(Figure 3). As the western-most site, Bay St. Louis is closest to New Orleans (<100 km), by far the
largest population center in the area with a number of Hg sources from various industries. For the
New Orleans and Baton Rouge area, Hg emissions in 2018 amounted to ~206 kg, more than double
the amount emitted from all the sites in Mississippi shown in Figure 1. In addition, there is a close-in
point source ~6 km to the north of the Bay St. Louis site (Figure 1). Generally there are higher GEM
concentrations from the north and northeast during the winter and from the southwest during the
summer for active sampling at the Grand Bay site (Figure 4). Detailed air mass back-trajectory and
source-receptor modelling at each site is beyond the scope of this work. Additional study is needed to
determine the persistence and cause of the higher GEM concentrations found at Bay St. Louis.

Figure 4. Wind roses showing the relationship between GEM levels and wind direction for each
sampling period at Grand Bay.

We also observed the lowest GEM concentrations at the Cedar Point coastal marsh site (Figure 3).
The site is located away from the coastal beach area in a sheltered Bayou and was in proximity to
the most surrounding vegetation, a known sink for airborne Hg. The Grand Bay site is also within a
wetland, but we sampled there from the top of the 10 m tower, likely capturing air masses relatively
unimpeded by vegetation, which may have moderated the wetland effect. Tukey’s HSD tests revealed
no statistical differences among the other open water coastal sites (Gulfport, GCRL Main Campus,
and Dauphin Island; p > 0.83). However, there are certainly additional complexities in this sub-tropical
coastal environment that passive air samplers are unable to resolve given their long deployment times.
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For example, although GOM data is not included herein, GOM concentrations at coastal sites can
be influenced not only by regional point sources [16], but by conversion of GEM to GOM through
photochemical oxidation associated with halogen species, such as BrO and BrCl, derived from marine
aerosols [40–42].

3.3. Comparison of GEM Determined by Cctive and Passive Sampling at Grand Bay

Compared to passive sampling, active sampling provides high temporal resolution with many
more data points. At Grand Bay, we observed diurnal variations, seasonal trends, unknown plume
events, and other complexity (Figure 3). Detailed analysis of Hg species fluctuations is beyond the
scope of this study, but others have reported on this in the region [16,39,43]. Here, we focus on
preliminary data comparing GEM concentrations between passive and active sampling techniques for
data co-collected at the AMNet Grand Bay NERR site. It is worth mentioning that GEM levels have
been declining at the Grand Bay site at a rate of -0.009 ng m−3/yr from 2007–2018, which may be partly
explained by a concurrent decrease in anthropogenic Hg emissions in the region, especially for the
electric power generating industry [16,29].

Summary statistics for GEM concentrations determined at Grand Bay are given in Table 3 in
Appendix A. We observed similar seasonal trends in GEM concentration with highest concentrations
in winter by both active and passive sampling methods. However, active sampling gave slightly
higher mean GEM concentrations in the spring, summer, and fall, but not in the winter (one-sample
t(passive-active) = −5.16, −7.13, −10.66, and 1.43 for spring, summer, fall, and winter, respectively, with df
= 5, 5, 11, and 5; Figure 5). The trend is also depicted in Figure 3. It is unclear why passive sampling
gave slightly lower average concentrations compared to active sampling for the spring, summer,
and fall, and why winter was the exception. The re-use of the passive samplers may have caused a
small bias or the activated carbon stock may have changed in some way over time, although it was
still analyzed prior to analyses for blank subtraction. Nevertheless, the <15% difference between
the averages of the two methods, operated by two different groups, may be considered acceptable,
especially when evaluating larger spatial and temporal trends.
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Figure 5. GEM concentrations determined using passive and active sampling at Grand Bay NERR.
Error bars for passive sampler data represent 95% confidence intervals. Bars for the active sampler
data represent 10% measurement error.
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4. Conclusions

We deployed MerPAS® passive air samplers to determine GEM at multiple sites along the nGoM
over the course of a year. We observed higher GEM levels in the winter compared to other seasons
across the sites. Spatially, mean GEM levels were highest at Bay St. Louis, the western-most site nearest
New Orleans, and lowest at Cedar Point, a coastal marsh site with extensive vegetation. MerPAS®

units were also deployed at Grand Bay near a Tekran air Hg speciation system that is based on active
sampling. The passive air samplers gave slightly lower concentrations to the active sampling method,
except in the winter. Despite the difference, the MerPAS® passive air samplers were capable of
discriminating both seasonal and spatial differences, providing further insight into the sources and
factors that influence GEM along the nGoM.
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Table 3. Summary statistics for GEM concentrations at Grand Bay NERR by active and passive sampling
along with meteorological data used to obtain the adjusted sampling rate for each PAS.

Season
Mean

Temperature (°C)
Mean Wind
Speed (m/s)

Statistical
Parameter

Active Sampler
(ng m−3)

Passive Sampler
(ng m−3)

Spring
2019

26.7 3.0

n 324 6
Range 0.90–1.81 1.07–1.27
Mean 1.29 1.14

Median 1.30 1.14
SD 0.10 0.07

Summer
2019

27.3 2.5

n 550 18
Range 0.98–1.64 1.03–1.38
Mean 1.26 1.14

Median 1.26 1.12
SD 0.10 0.09

Fall
2019

13.4 2.3

n 371 6
Range 0.71–1.68 1.06–1.15
Mean 1.27 1.12

Median 1.30 1.12
SD 0.20 0.04

Winter
2020

14.8 4.9

n 256 6
Range 0.89–1.66 1.35–1.64
Mean 1.40 1.46

Median 1.39 1.43
SD 0.14 0.11

Figure 1. Photos showing the MerPAS® configuration with cover on (A), with the cover off (B), and
with diffusive body, stainless steel screen, and activated carbon sorbent removed (C), and deployment
on the tower at Grand Bay (D).
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Figure 2. Wind roses showing the relationship between wind speed and wind direction for each
sampling period at Grand Bay.

 

Figure 3. Hourly GEM concentrations determined at the Grand Bay NERR site using active sampling.
The red box encompasses the passive sampler data (average ± 1SD) obtained for the same period.
The equation is for the linear regression of the data with the trend line in black.
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Abstract: Because of mercury’s (Hg) capacity for long-range transport in the atmosphere, and its
tendency to bioaccumulate in aquatic biota, there is a critical need to measure spatial and temporal
patterns of Hg atmospheric deposition. Dry deposition of Hg is commonly calculated as the product
of a measured atmospheric concentration and an assumed deposition velocity. An alternative is to
directly assess Hg deposition via accumulation on surrogate surfaces. Using a direct measurement
approach, this study quantified Hg deposition at a rural site (Pullman) and suburban site (Puyallup)
in Washington State using simple, low-cost equipment. Dry deposition was measured using an
aerodynamic “wet sampler” consisting of a Teflon plate, 35 cm in diameter, holding a thin layer
(2.5 mm) of recirculating acidic aqueous receiving solution. In addition, wet Hg deposition was
measured using a borosilicate glass funnel with a 20-cm-diameter opening and a 1 L Teflon sampling
bottle. Hg deposition was estimated based on changes in total Hg in the aqueous phase of the
samplers. Dry Hg deposition was 2.4 ± 1.4 ng/m2·h (average plus/minus standard deviation; n = 4)
in Pullman and 1.3 ± 0.3 ng/m2·h (n = 6) in Puyallup. Wet Hg deposition was 7.0 ± 4.8 ng/m2·h
(n = 4) in Pullman and 1.1 ± 0.2 ng/m2·h (n = 3) in Puyallup. Relatively high rates of Hg deposition
in Pullman were attributed to regional agricultural activities that enhance mercury re-emission and
deposition including agricultural harvesting and field burning. Hg concentration in precipitation
negatively correlated with precipitation depth, indicating that Hg was scavenged from the atmo-
sphere during the beginning of storm events. Because of their relative simplicity and robustness,
direct measurement approaches such as those described in this study are useful in assessing Hg
deposition, and for comparing results to less direct estimates and model estimates of Hg deposition.

Keywords: dry deposition; wet deposition; wet sampler; agricultural field burning; AIRPACT

1. Introduction

Mercury (Hg) has a unique ability for long-range transport in the atmosphere [1].
Combined with the tendency of Hg to bioaccumulate in aquatic biota, atmospheric depo-
sition of Hg is a worldwide health concern [2]. Natural sources of Hg are geogenic and
include releases from outgassing mantel and crustal materials, volcanoes, and geother-
mal regions [3]. Key anthropogenic sources of atmospheric Hg include coal combus-
tion, artisanal and small-scale gold mining, metal production, and cement production [4].
Direct anthropogenic sources account for ~30% of total Hg emissions to the atmosphere,
natural emissions account for ~10%, and re-emission of previously deposited Hg from
oceans and soils make up the remaining ~60% [4,5]. A substantial fraction of deposited Hg
ends up in aquatic ecosystems where it can accumulate in aquatic biota as toxic methylmer-
cury [5,6]. As a result of widespread Hg deposition in North America, 6.6 million lake
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hectares in the U.S. have fish consumption advisories in place due to elevated concen-
trations of Hg in fish tissue, and 28 states including Washington have statewide fish
consumption advisories due mainly to Hg contamination [7]. An important source of Hg
deposition in the Pacific Northwest region of the U.S., the geographical focus of this study,
is the long-range transport of Hg emissions from Asia [8].

The atmospheric cycling of Hg is complex, but many key processes are known [1–3,9,10].
Atmospheric Hg is dominated by gaseous elemental Hg (GEM), which has a residence time
of months, allowing for long-range transport in the atmosphere. GEM can be transformed
to gaseous oxidized Hg (GOM) in the atmosphere in the presence of ozone, chlorine gas,
hydroxyl radical and bromine compounds. Because of its greater solubility and reactivity,
GOM has an atmospheric residence time of days to weeks. GOM, with its relatively
low vapor pressure, can partition onto particulate matter to form particulate-bound Hg
(PBM), which, like GOM, has a relatively short residence time that is dependent on particle
size. The surface flux of Hg is bidirectional since deposited Hg can efflux back into the
atmosphere as GEM. Hg deposition can occur as dry or wet deposition. Depending on
season and setting, dry deposition can be dominated by the deposition of gaseous Hg
species or by the deposition of PBM. The source of Hg in wet deposition includes in-
cloud oxidation of GEM to soluble Hg(II) and scavenging of GOM and PBM out of the
atmosphere.

Rates of dry deposition are commonly calculated as the product of a measured Hg
atmospheric concentration and an assumed deposition velocity [11]. The magnitude
of deposition velocity is relatively small for GEM (0.1–0.4 cm/s), moderate for PBM
(0.02–2 cm/s), and large for GOM (0.5–6 cm/s). An alternative method to estimate Hg
dry deposition is a direct approach that captures deposited Hg onto a variety of abiotic
surfaces including water surfaces, membranes and artificial turf [12–15]. This method has
the advantage of obviating the need to assume a deposition velocity. However, uncertainty
exists as to how well surrogate surfaces mimic environmental surfaces. In this study,
we used a direct wet-sampler to measure dry deposition in the summer and fall of 2011
to compare patterns at a rural site in eastern Washington and a suburban site in western
Washington. Wet deposition was also assessed with a simple funnel and Teflon sampling
bottle. Since urban locations tend to have higher rates of Hg deposition, we anticipated that
the urban site would exhibit higher rates of Hg deposition. However, as illustrated in this
study and acknowledged in other studies, this linkage can be weak since Hg deposition is
affected not only by local emissions but also atmospheric processes [1,16]. We also assessed
the significance of ephemeral summer storms on the annual Hg deposition budget for the
rural site in eastern Washington and compared directly measured Hg deposition to results
from a regional air quality model (AIRPACT-3).

This project was motivated by calls for expanded efforts to complement indirect
measurement of Hg deposition with direct measurements that assess both dry and wet
Hg deposition using inexpensive and simple approaches [14,17–19]. It was also motivated
by the limited amount of Hg deposition data in Washington State and the greater Pacific
Northwest [20–22]. While the data presented here is from a study several years ago,
we were prompted to publish it because of its good fit with this special issue of Atmosphere
focusing on atmospheric mercury monitoring. We believe our study’s results are still
relevant and highlight the utility of direct monitoring of mercury deposition.

2. Experiments

2.1. Sampling Sites

Hg deposition was measured at two contrasting sites in Washington State (Figure 1).
One site was located in Pullman in rural eastern Washington (46.733◦ N, 117.172◦ W).
Samples were collected on the rooftop of Dana Hall, a three-story building (9.8 m height)
on the Washington State University (WSU) campus. Pullman is surrounded by wheat,
barley, lentil, and pea agricultural fields. The regional climate is semi-arid with hot,
dry summers and cold, wet winters. Annual precipitation is ~50 cm/y. Of potential
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importance to this study, agricultural field burning in the region is common in the fall,
mainly during August and September. Dry deposition samples were collected in Pullman
during four precipitation-free sampling events in August–September 2011. Wet deposition
was measured during four events in June, July and October 2011. Rainfall events ranged in
duration from 2 to 21 h and had mean precipitation intensity of 0.08–0.61 mm/h.

Figure 1. Site locations of deposition monitoring.

The other site was located in suburban Puyallup in western Washington (47.185◦ N,
122.292◦ W). Samples were collected on the rooftop of the Avian Health and Food Safety
Laboratory (4 m height) at the WSU Puyallup Research and Extension Center. The site
is southeast of the heavily urbanized and industrialized Seattle–Tacoma metropolitan
area. The Centralia Power Plant, which is 73 km southwest of the study site, is the only
coal fire power plant in Washington and is a major source of Hg deposition to western
Washington. Puyallup is also relatively vulnerable to Hg deposition from long-range
atmospheric transport of Hg from Asia [9]. The regional climate of Puyallup is cool with
dry summers and mild, wet, and cloudy winters. Annual precipitation is ~100 cm/y.
Dry deposition samples were collected during six sampling events in September–October
2011. Wet deposition was measured during three events in September–October 2011.
Rainfall events ranged in duration from 16 to 56 h and had mean precipitation intensity of
0.30–0.38 mm/h.

2.2. Dry Deposition Sampling

The dry deposition sampling apparatus was based on [23,24]. A wet sampler was
used that collected dry deposition in an acidic aqueous solution that was analyzed for
total Hg (THg). The wet sampler was anticipated to mainly collect deposited GOM and
PBM, but also some GEM since the solubility of elemental Hg is enhanced in low-pH
water [25]. The sampler consisted of a Teflon plate, 35 cm in diameter, holding a thin layer
(2.5 mm) of aqueous receiving solution (Figure 2). The plate was held by a collector with an
outer edge shaped like an airfoil to minimize air flow disturbance over the water surface.
The receiving solution was continuously circulated onto the plate via a pump and Teflon
tubing. Solution was discharge onto the top of the plate then flowed over four weirs on the
outer edge of the plate and into the collector, which was connected to a 5 L glass reservoir.
The reservoir was chilled by a refrigeration unit to 10 ◦C to minimize evaporative losses.
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(a) (b) 

Figure 2. (a): Dry deposition sampler. Plate diameter is 35 cm. (b): Wet deposition sampler. Funnel
diameter is 20 cm.

Before each sampling event, the water surface holder, plate, tubing, and reservoir were
cleaned thoroughly with 25% nitric acid and triple rinsed with reagent grade deionized
water. The reservoir was filled with 5 L of 0.05 M hydrochloric acid (HCl) receiving solution
which was circulated through the system at a rate of 200 mL/min. After 30 min of operation,
an initial sample of receiving solution was collected for later Hg analysis. The system
was operated for several days and a second sample of receiving solution was collected at
the end of the sampling event. To determine the final volume, the remaining receiving
solution was decanted and weighed. In the first Pullman and all Puyallup sampling events,
two samples were collected, one mid-way through the sampling event and another at the
end of the sampling event.

Samples were preserved with 1% bromine monochloride and analyzed in triplicate for
THg based on United States Environmental Protection Agency (USEPA) Method 1631 [26]
on a Brooks Rand MERX-T mercury auto analyzer. The method detection limit for THg
is 0.2 ng/L. Standard quality control procedures for THg analyses included calibration
blanks (acceptable range < 50 pg; mean = 2.98 pg, n = 20), matrix spike samples (acceptable
range 71–125%; mean recovery = 88.6%, n = 15), and ongoing precision (acceptable range
77–123%; mean recovery = 96.6%, n = 24). Mass accumulation of THg was estimated as
the difference between the concentration multiplied by associated volume of receiving
solution at the end and beginning of the sampling event. Dry Hg deposition in ng/m2·hr
was calculated as the mass accumulation divided by the area of the plate (0.0962 m2) and
the duration of the sampling event.

2.3. Wet Deposition Sampling

Wet deposition sampling apparatus was based on [27]. The sampler included four
components: a borosilicate glass funnel with a 20-cm-diameter opening, a Teflon adaptor,
a 1 L Teflon sampling bottle, and a Plexiglas holder (Figure 2). Prior to each sampling event,
the borosilicate glass funnel, adaptor, and sampling bottle were cleaned thoroughly with
25% nitric acid and triple rinsed with reagent grade deionized water. Twenty ml of 0.08 M
HCl receiving solution was added to the sample bottle to enhance capture and preservation
of Hg in collected precipitation. A subsample of receiving solution was collected at the
beginning of the sampling event for later THg analysis. At the end of the sampling event,
collected rainwater was weighed to determine the volume of precipitation, then a sample
was collected. Samples were preserved and analyzed for THg as described above for the
dry deposition monitoring, with the exception that Pullman June and July samples were
not run in triplicate due to limited sample volume. Mass accumulation of Hg was estimated
as the THg concentration in the rainfall-receiving solution mixture collected at the end
of the sampling event multiplied by its volume, corrected for the initial THg mass in the
receiving solution. Wet Hg deposition in ng/m2·hr was calculated as mass accumulation
divided by the area of the funnel (0.0314 m2) and the duration of the sampling event.
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3. Results

3.1. Dry Deposition

Dry Hg deposition measured in Pullman ranged from 1.0 to 4.3 ng/m2·h and aver-
aged 2.4 ng/m2·h (Table 1, Figure 3). The high deposition rate observed in late August
(4.3 ng/m2·h) corresponded with smoky conditions in Pullman. High air temperatures
(12–26 ◦C), low relative humidity (31–54%), and elevated wind speeds (0.8–3.1 m/s) during
August sampling resulted in high rates of evaporation [28]. Normalized to the area of the
sampler, evaporation rates (5.4–5.9 mm/d) were similar to the historical mean August
pan evaporation rate for the area (6.7 mm/d) [29]. Dry Hg deposition in Puyallup ranged
from 0.8 to 1.6 ng/m2·h and averaged 1.3 ng/m2·h. Relative to Pullman, dry deposi-
tion in Puyallup was lower in magnitude and less variable. Measured evaporation rates
were relatively low and corresponded with low air temperature (11–22 ◦C), high relative
humidity (66–88%), and low wind speed (0–0.6 m/s) during September sampling [28].
Estimated evaporation rates for the three events (0.3–2.0 mm/d) were lower than the
historical mean September pan evaporation rate for the region (2.4 mm/d) [29].

Table 1. Mercury dry deposition.

Date
Duration

(Days)
Initial Vol

(L)
Final Vol

(L)
Evap Rate

(L/d)
Initial Total Hg a

(ng/L)
Final Total Hg a

(ng/L)
Hg Dry Dep b

(ng/m2·h)

Pullman, WA
15–18 Aug 2.77 4.87 3.28 c

0.57 d 1.57 7.12 2.5
18–22 Aug 3.96 3.02 0.75 7.12 41.1 1.0
23–28 Aug 5.04 4.74 1.96 0.55 1.43 28.9 4.3
29 Aug–5

Sep 7.11 4.74 1.02 0.52 1.26 30.8 1.6

Puyallup, WA
12–15 Sep 3.03 4.75 4.26 c

0.16 d 1.37 4.01 1.5
15–17 Sep 1.64 4.01 3.74 4.01 5.14 0.8
21–23 Sep 2.05 4.75 4.69 c

0.03 d 0.79 2.37 1.6
23–25 Sep 1.74 4.43 4.38 2.37 3.45 1.2
27–29 Sep 2.00 4.75 4.37 c

0.19 d 0.68 2.21 1.4
29 Sep–2

Oct 2.97 4.11 3.55 2.21 4.48 1.0

a Average of triplicate analysis. b Deposition based on sampler cross-sectional area of 0.096 m2. c Volume estimated based on evaporation
rate over entire event. d Evaporation rate based on total volume loss over entire event.

Figure 3. Dry and wet Hg deposition at Pullman and Puyallup, WA. Values are mean plus one
standard deviation (n = 3–6).
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3.2. Wet Deposition

Wet Hg deposition measured in Pullman ranged from 1.8 to 12.8 ng/m2·h and av-
eraged 7.0 ng/m2·d (Table 2, Figure 3). Deposition rates for the three storm events in
June/July were an order of magnitude higher than for the October event. Two summer
events in June and July with low precipitation intensity (<0.17 mm/h) had relatively high
mean Hg concentrations in precipitation (>56 ng/L). Wet Hg deposition in Puyallup in
September/October ranged from 0.9 to 1.3 ng/m2·h. Mean Hg concentrations in Puyallup
precipitation ranged from 2.3 to 3.5 ng/L. As with dry deposition, wet deposition rates
and Hg concentrations in precipitation were lower and less variable in Puyallup when
compared to Pullman.

Table 2. Mercury wet deposition.

Date
Duration

(h)
Initial Vol

(mL)
Final Vol

(mL)
Precip

(mm/h)

Initial Total
Hg a

(ng/L)

Final Total Hg a

(ng/L)
Hg Wet Dep c

(ng/m2·h)
Precip Hg

(ng/L)

Pullman, WA
28–29
June 3.50 20 38.9 0.17 0.81 36.1 b 12.8 73.4

12–13
July 11.0 20 48.5 0.08 0.90 33.8 b 4.8 56.9

14 July 2.17 20 61.2 0.61 0.88 9.84 b 8.7 14.2
10–11 Oct 21.0 20 210 0.29 0.27 5.74 1.8 6.32

Puyallup, WA
17–19 Sep 37.9 20 467 0.38 0.71 2.27 0.89 2.34
25–27 Sep 55.4 20 533 0.30 0.86 3.28 1.0 3.37

2–3 Oct 16.1 20 209 0.38 0.62 3.18 1.3 3.45
a Average of triplicate analysis. b Single analysis due to low precipitation volume. c Deposition based on funnel cross sectional area of 0.031 m2.

4. Discussion

4.1. Dry Deposition

Dry Hg deposition rates observed in this study, typically 1–2 ng/m2·h, were similar
to a limited number of studies that report direct measurements of dry Hg deposition using
wet samplers with acidified de-ionized water as receiving solution. Dry Hg deposition
measured in Komae, a heavily industrialized city in the western Tokyo metropolitan
area, ranged from 0.5 to 3 ng/m2·h (n = 5) [24]. Related long-term studies measured
Hg deposition monthly at 10 sites in Japan over multiple years. Mean dry deposition
ranged from 0.4–2 ng/m2·h and higher deposition rates were associated with urban and
industrial areas [30,31]. Dry deposition ranging from 0.4 to 1.7 ng/m2·h (n = 5) was
measured in rural New York State [32]. Some studies have used un-acidified de-ionized
water as receiving water in passive static samplers and report dry deposition rates ranging
from 0.5 to 2 ng/m2·h in an urban site in Ohio [14] and 0.3–0.5 ng/m2·h in the Florida
Everglades [33]. Measured deposition rates generally increase with the addition of acid,
presumably due to enhanced capture and retention of GEM [25].

In an effort to compare our direct measurements of dry deposition with those esti-
mated based on atmospheric Hg monitoring, we searched the USEPA AirData Air Quality
Monitors website and found relevant data in the National Air Toxics Trends Stations
(NATTS) database [34]. While no stations were located in the rural eastern portion of Wash-
ington, a station was located near our Puyallup site (site code 53/033/0080; 47.56824◦ N,
122.309◦ W). Reported arithmetic mean daily values for Hg PM10 concentrations for 2011
ranged from 0 to 0.04 ng/m3 over the year (n = 60) and were ~0.01 ng/m3 during this
study (Table S1). Back calculating a depositional velocity during the study period as the
mean measured dry deposition flux (1.25 ng/m2·h; Table 1) divided by the mean measured
Hg PM10 (0.0075 ng/m3; Table S1) yields a deposition velocity on the order of 2.6 cm/s,
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which is similar in magnitude but on the high end of deposition velocity typically reported
for PBM (0.02–2 cm/s) [11].

The rural site in Pullman exhibited rates of dry Hg deposition that were somewhat
higher in magnitude when compared to the suburban Puyallup site. While rural, the land-
scape around Pullman is intensely managed for agricultural production. When crops are
harvested, Hg deposited on soil and plants during the growing season can be dispersed
into the atmosphere on dust and deposited back onto the landscape, resulting in enhanced
localized Hg deposition [35]. Agricultural field tilling has also been implicated in elevated
levels of atmospheric Hg and downwind Hg deposition [36]. Wildfires and agricultural
fires can also substantially enhance Hg emissions via combustion of biomass, litter and
organic soils, with the magnitude of emissions apparently corresponding with fire sever-
ity [10]. A 3–4 fold increase in total gaseous Hg was measured above wild and agricultural
fires in eastern Washington and Oregon [37]. Hg emitted via fires can enhance regional Hg
deposition rates [3]. A 12-fold increase in PBM deposition was measured in New Mexico
resulting from transport of smoke from a large forest fire in Arizona [38].

A review of regional burn permits, along with regional meteorology and air quality,
suggests that the relatively elevated dry Hg deposition in Pullman measured between
15 August and 5 September was affected by agricultural field burning. Burn permits
allotted by the Washington State Department of Ecology indicated that agricultural field
burns totaling 400 ha occurred in Walla Walla County, 160 km southwest of Pullman,
between 15 and 27 August. Prevailing wind direction in the region during August 2011
was generally southwesterly. Mean hourly wind direction from 15 to 27 August was
236◦ ± 68◦ (mean ± standard deviation, n = 142) in Pullman (http://mesowest.utah.edu/;
station KPUW) and 183◦ ± 70◦ (n = 266) in Walla Walla (http://mesowest.utah.edu/;
station KALW). Back trajectory modeling using HYSPLIT, a hybrid single-particle la-
grangian integrated trajectory model hosted by the Nation Oceanic and Atmospheric
Administration (http://www.arl.noaa.gov/HYSPLIT.php), confirmed that air parcels in
Pullman generally passed through the Walla Walla region throughout mid to late August
2011 (Figure S1). In addition, because wildfires and prescribed fires are known to be sub-
stantial sources of atmospheric particulate matter [39], we assessed PM2.5 concentrations
reported via the USEPA Outdoor Air Quality Data repository (https://www.epa.gov/
outdoor-air-quality-data/download-daily-data) for Pullman (station 530710005) and Walla
Walla (station 530750003). PM2.5 concentrations were generally <5 μg/m3 in July and
<5 μg/m3 in August, with levels increasing to >10 μg/m3 at times in late August and early
September (Figure S2), suggesting that smoky conditions were present in Pullman when
dry deposition measurements were performed in this study. Relatively high levels of PM2.5
in Pullman between 23 and 28 August (Figure S2) corresponded with the highest measured
Hg dry deposition of 4.3 ng/m2·h (Table 1), further suggesting a linkage between smoky
conditions and Hg deposition.

4.2. Wet Deposition

Except for the June and July events in Pullman, which had elevated THg concen-
trations in precipitation of 73 ng/L and 57 ng/L, respectively, the results of this study
were comparable to concentrations reported worldwide, which typically range from 1 to
15 ng/L [40]. Concentrations are also similar to those measured in California precipitation,
which ranged from 1 to 28 ng/L and averaged 4 ng/L (n = 46) [41]. The extreme concentra-
tions measured in Pullman appear to be relatively uncommon at other reported monitoring
sites. In hundreds of precipitation samples from Europe and China, 95th percentile THg
concentrations rarely exceeded 40 ng/L [40]. The high Pullman THg concentrations were
undoubtedly related to the small precipitation amount associate with these monitored
events. While annual Hg deposition generally correlates with total annual precipitation,
THg concentration in collected precipitation generally shows a negative correlation with
precipitation amount [1]. This observation is attributed to scavenging of Hg from the air
column early during storm events and subsequent dilution of the accumulating sample
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later in the event. The relationship between THg concentration and precipitation amount
was apparent in our pooled samples (Figure 4). This phenomenon, combined with the
fact that agricultural activities can enhance Hg re-emission from the landscape [35,36],
explains the high Hg concentrations in precipitation observed during small rain events in
Pullman in June and July.

Figure 4. Relationship between Hg concentration in precipitation and precipitation depth for data
for Pullman and Puyallup, WA. Line is linear regression.

While brief in duration, wet Hg deposition via ephemeral storm events observed in
Pullman in June and July deposited a similar magnitude of Hg to longer storm events.
For example, the 3.5-h-long June storm event deposited 45 ng/m2 while the 21-h-long
October storm event deposited 39 ng/m2. While the frequency of monitoring in this study
was admittedly limited, the data obtained can be used to assess patterns of Hg deposition
during the dry period in Pullman (May–September 2011). Based on an examination of
2011 precipitation patterns for the dry period in Pullman and mass balance considerations,
ephemeral storm events may have accounted for ~ 20% of dry-season Hg deposition (see
Section S1 in Supplemental Material for additional details).

4.3. Model Versus Direct Measurements of Hg Deposition

AIRPACT-3 (Air Indicator Report for Public Access and Community Tracking) is a
numerical air quality forecast system that operates daily for the Pacific Northwest. It esti-
mates a range of air quality parameters including Hg dry and wet deposition (see Section
S2 in Supplemental Material for additional details). The modeled rates of Hg deposition
from AIRPACT-3 were generally lower, but of similar magnitude, compared to direct mea-
surements in the field. For Pullman (Figure S3), modeled dry deposition typically ranged
from 1 to 5 ng/m2·d with occasional peaks of 20–40 ng/m2·d. Modeled peaks of dry Hg
deposition were similar in magnitude but shorter in duration than direct measurements in
mid-August (37 ng/m2·d) and early September (39 ng/m2·d). Modeled values were far
below the extreme dry deposition rate of 103 ng/m2·d measured in late August, likely asso-
ciated with enhanced deposition from regional agricultural field burning. Modeled rates of
wet deposition showed four events with substantial deposition (>5 ng/m2·d), one in June,
one in July, and two in October. The July and October modeled deposition events coincided
temporally with direct measurement field events, indicating that the model captured actual
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precipitation events, including occasional ephemeral storm events during the summer.
However, direct measurements on those two dates were 5–10 times the model estimates.

For Puyallup, modeled dry deposition typically ranged from 3 to 15 ng/m2·d with
occasional peaks of 30–60 ng/m2·d (Figure S4). Measured dry deposition was higher,
ranging from 28 to 33 ng/m2·d. The model captured the temporal dynamics of precipitation
events associated with direct field measurements fairly well, including dry conditions
during all three dry deposition monitoring events and wet conditions during the second
and third wet deposition monitoring events, though the timing of the third event in early
October was a bit early relative to observed precipitation in Puyallup. Based on the last
two monitoring events in late September and early October, direct measurements of wet
deposition were 2–4 times higher than those predicted by the model. Considering that this
study compared a limited number of direct measurements at discrete points in space to
modeling results on a 12-km grid, rates of Hg deposition predicted by AIRPACT-3 were
reasonably close to direct measurements.

5. Conclusions

This study used a direct approach to assess the magnitude of dry and wet Hg deposi-
tion at a rural and suburban site in Washington. Measured values, generally ranging from
1 to 2 ng/m2·h, are some of the first published direct measurements of Hg deposition in
the State. Key conclusions of the study include:

(1) Because of their relative simplicity and robustness, direct measurement approaches
such as those described in this study are useful in assessing temporal and spatial
patterns of Hg deposition, and for comparing results to less direct estimates of Hg
deposition and estimates from numerical air quality models.

(2) Hg deposition can be substantial in rural regions with significant agricultural activi-
ties. Hg deposition rates at the rural study site (Pullman, Washington) were similar
to or higher than deposition rates observed at the suburban study site (Puyallup,
Washington), which was likely influenced by regional urban and industrial sources
of Hg.

(3) In rural agricultural areas, agricultural burning and associated re-emission and trans-
port of previously deposited Hg can lead to elevated levels of Hg dry deposition.
Rates of dry deposition in Pullman during smoky conditions indicative of agricultural
burning were ~2.5 times the deposition rates observed during non-smoky conditions.

(4) Hg concentrations in precipitation correlated negatively with precipitation depth,
suggesting that scavenging of PBM and GOM from the atmosphere at the beginning
of storm events was an important wet deposition process.

(5) Ephemeral, short-term storm events at the rural Pullman site had elevated Hg con-
centrations. Mass balance estimates indicated that these Hg-rich storm events may
account for a meaningful fraction (~20%) of dry season Hg deposition.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
433/12/1/35/s1: Table S1: Atmospheric Hg PM10 concentrations measured near Puyallup, WA;
Figure S1: Example HYSPLIT back trajectories from Pullman, WA; Figure S2: PM2.5 data for Pullman
and Walla Walla, WA; Section S1. Ephemeral Storm Events as Source of Hg Deposition; Section S2.
AIRPACT-3 Air Quality Model; Figure S3: Measured and modeled dry and wet Hg deposition for
Pullman, WA; Figure S4: Measured and modeled dry and wet Hg deposition for Puyallup, WA.

Author Contributions: Conceptualization, methodology, formal analysis, M.W.B. and L.D.; investi-
gation, M.W.B., L.D. and L.A.; writing—original draft preparation, M.W.B. and L.D.; writing—review
and editing, M.W.B. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded in part by the National Science Foundation (#0846446) and
the Atmospheric Policy Trajectory Program of the Washington State University Laboratory for
Atmospheric Research.

Institutional Review Board Statement: Not applicable.

63



Atmosphere 2021, 12, 35

Informed Consent Statement: Not applicable.

Data Availability Statement: Data collected in this study is, for the most part, presented in the paper
and Supplemental Material. Any additional data is available upon request from the corresponding
author.

Acknowledgments: This project was completed when Beutel was a faculty member and Lanka
DaSilva was in the Environmental Engineering Master’s degree program in the Civil and Environ-
mental Engineering Department at Washington State University. We would like to thank the following
people for their assistance during this project: Brian Lamb and Joseph Vaughn from Laboratory
for Atmospheric Research at Washington State University, particularly for suppling HYSPLIT and
AIRPACT-3 modeling results; John Stark and the staff of the Washington State University Puyallup
Research and Extension Center; and Philip Kenyon, Washington State University undergraduate
research assistant. We would also like to thank the anonymous reviewers for their constructive
comments on the manuscript. The views expressed herein are solely those of the authors and do not
represent the official policies or positions of any supporting agencies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lyman, S.N.; Cheng, I.; Gratz, L.E.; Weiss-Penzias, P.; Zhang, L. An updated review of atmospheric mercury. Sci. Total Environ.
2020, 707, 135575. [CrossRef] [PubMed]

2. Driscoll, C.T.; Mason, R.P.; Chan, H.M.; Jacob, D.J.; Pirrone, N. Mercury as a Global Pollutant: Sources, Pathways, and Effects.
Environ. Sci. Technol. 2013, 47, 4967–4983. [CrossRef] [PubMed]

3. Schroeder, W.H.; Munthe, J. Atmospheric mercury—an overview. Atmos. Environ. 1998, 32, 809–822.
4. United Nations Environment Programme (UNEP). Global Mercury Assessment 2019: Sources, Emissions, Releases and Environmental

Transport; UNEP Chemicals Branch: Geneva, Switzerland, 2019.
5. Lindberg, S.E.; Bullock, R.O.; Ebinghaus, R.; Engstrom, D.R.; Feng, X.; Fitzgerald, W.F.; Pirrone, N.; Prestbo, E.M.; Seignuer, C.

A synthesis of progress and uncertainties in attributing the sources of mercury in deposition: Panel on source attribution of
atmospheric mercury. Ambio 2007, 36, 19–32.

6. Swain, E.; Jakus, P.; Rice, G.; Lupi, F.; Maxson, P.; Pacyna, J.; Penn, A.; Spiegel, S.; Veiga, M. Socioeconomic consequences of
mercury use and pollution. Ambio 2007, 36, 45–61.

7. United State Environmental Protection Agency (USEPA). Biennial National Listing of Fish Advisory; EPA-820-F-11-014; USEPA:
Washington, DC, USA, 2011.

8. Jaffe, D.; Prestbo, E.; Swartzendruber, P.; Weisspenzias, P.; Kato, S.; Takami, A.; Hatakeyama, S.; Kajii, Y. Export of atmospheric
mercury from Asia. Atmos. Environ. 2005, 39, 3029–3038. [CrossRef]

9. Lin, C.-J.; Pehkonen, S.O. The chemistry of atmospheric mercury: A review. Atmos. Environ. 1999, 33, 2067–2079. [CrossRef]
10. Obrist, D.; Kirk, J.L.; Zhang, L.; Sunderland, E.M.; Jiskra, M.; Selin, N.E. A review of global environmental mercury processes in

response to human and natural perturbations: Changes of emissions, climate, and land use. Ambio 2018, 47, 116–140. [CrossRef]
11. Zhang, L.; Wright, L.P.; Blanchard, P. A review of current knowledge concerning dry deposition of atmospheric mercury. Atmos.

Environ. 2009, 43, 5853–5864. [CrossRef]
12. Hall, N.L.; Dvonch, J.T.; Marsik, F.J.; Barres, J.A.; Landis, M. An Artificial Turf-Based Surrogate Surface Collector for the Direct

Measurement of Atmospheric Mercury Dry Deposition. Int. J. Environ. Res. Public Health 2017, 14, 173. [CrossRef]
13. Huang, J.; Lyman, S.N.; Hartman, J.S.; Gustin, M.S. A review of passive sampling systems for ambient air mercury measurements.

Environ. Sci. Process. Impacts 2014, 16, 374–392. [CrossRef] [PubMed]
14. Huang, J.; Choi, H.-D.; Landis, M.S.; Holsen, T.M. An application of passive samplers to understand atmospheric mercury

concentration and dry deposition spatial distributions. J. Environ. Monit. 2012, 14, 2976–2982. [CrossRef] [PubMed]
15. Lyman, S.N.; Gustin, M.S.; Prestbo, E.M.; Kilner, P.I.; Edgerton, E.; Hartsell, B. Testing and Application of Surrogate Sur-

faces for Understanding Potential Gaseous Oxidized Mercury Dry Deposition. Environ. Sci. Technol. 2009, 43, 6235–6241.
[CrossRef] [PubMed]

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

17. Gustin, M.S.; Jaffe, D. Reducing the Uncertainty in Measurement and Understanding of Mercury in the Atmosphere. Environ. Sci.
Technol. 2010, 44, 2222–2227. [CrossRef]

18. Lyman, S.N.; Gustin, M.S.; Prestbo, E.M.; Marsik, F.J. Estimation of Dry Deposition of Atmospheric Mercury in Nevada by Direct
and Indirect Methods. Environ. Sci. Technol. 2007, 41, 1970–1976. [CrossRef]

19. Zhang, L.; Lyman, S.; Mao, H.; Lin, C.-J.; Gay, D.A.; Wang, S.; Gustin, M.S.; Feng, X.; Wania, F. A synthesis of research needs for
improving the understanding of atmospheric mercury cycling. Atmos. Chem. Phys. Discuss. 2017, 17, 9133–9144. [CrossRef]

20. Prestbo, E.M.; Gay, D. Wet deposition of mercury in the U.S. and Canada, 1996–2005: Results and analysis of the NADP mercury
deposition network (MDN). Atmos. Environ. 2009, 43, 4223–4233. [CrossRef]

64



Atmosphere 2021, 12, 35

21. Zhang, L.; Wu, Z.; Cheng, I.; Wright, L.P.; Olson, M.L.; Gay, D.A.; Risch, M.R.; Brooks, S.; Castro, M.S.; Conley, G.D.; et al.
The Estimated Six-Year Mercury Dry Deposition Across North America. Environ. Sci. Technol. 2016, 50, 12864–12873. [CrossRef]

22. Era-Miller, B. Toxics Atmospheric Deposition in Eastern Washington State–Literature Review; EA Project Code 10-124; Washington
State Department of Ecology: Olympia, WA, USA, 2011.

23. Yi, S.-M.; Holsen, T.M.; Noll, K.E. Comparison of Dry Deposition Predicted from Models and Measured with a Water Surface
Sampler. Environ. Sci. Technol. 1997, 31, 272–278. [CrossRef]

24. Sakata, M.; Marumoto, K. Dry Deposition Fluxes and Deposition Velocities of Trace Metals in the Tokyo Metropolitan Area
Measured with a Water Surface Sampler. Environ. Sci. Technol. 2004, 38, 2190–2197. [CrossRef] [PubMed]

25. Waite, D.T.; Snihura, A.D.; Liu, Y.; Huang, G. Uptake of atmospheric mercury by deionized water and aqueous solutions of
inorganic salts at acidic, neutral and alkaline pH. Chemosphere 2002, 49, 341–351. [CrossRef]

26. United State Environmental Protection Agency (USEPA). Method 1631, Revision E: Mercury in Water by Oxidation, Purge and Trap,
and Cold Vapor Atomic Fluorescence Spectrometry; EPA-821-R-02-019; USEPA: Washington, DC, USA, 2002.

27. Landis, M.S.; Keeler, G.J. Critical Evaluation of a Modified Automatic Wet-Only Precipitation Collector for Mercury and Trace
Element Determinations. Environ. Sci. Technol. 1997, 31, 2610–2615. [CrossRef]

28. MesoWest Data. Applicable mean daily values accessed for Pullman station KPUW and Puyallup station PLU. Available online:
mesowest.utah.edu/ (accessed on 1 March 2013).

29. Western Regional Climate Center. Data reported for Pullman measured in nearby Moscow, Idaho and for Puyallup measured at
Puyallup 2 West Experimental Station. Available online: www.wrcc.dri.edu/ (accessed on 1 March 2013).

30. Sakata, M.; Asakura, K. Evaluating Relative Contribution of Atmospheric Mercury Species to Mercury Dry Deposition in Japan.
WaterAirSoil Pollut. 2008, 193, 51–63. [CrossRef]

31. Sakata, M.; Marumoto, K.; Narukawa, M.; Asakura, K. Regional variations in wet and dry deposition fluxes of trace elements in
Japan. Atmos. Environ. 2006, 40, 521–531. [CrossRef]

32. Lai, S.-O.; Huang, J.; Hopke, P.K.; Holsen, T.M. An evaluation of direct measurement techniques for mercury dry deposition. Sci.
Total. Environ. 2011, 409, 1320–1327. [CrossRef]

33. Marsik, F.J.; Keeler, G.J.; Landis, M.S. The dry-deposition of speciated mercury to the Florida Everglades: Measurements and
modeling. Atmos. Environ. 2007, 41, 136–149. [CrossRef]

34. USEPA AirData Air Quality Monitors. Available online: https://epa.maps.arcgis.com/apps/webappviewer/index.html?id=5f2
39fd3e72f424f98ef3d5def547eb5&extent=-146.2334,13.1913,-46.3896,56.5319 (accessed on 1 December 2020).

35. Cobbett, F.; Vanheyst, B. Measurements of GEM fluxes and atmospheric mercury concentrations (GEM, RGM and Hgp) from an
agricultural field amended with biosolids in Southern Ont., Canada (October 2004–November 2004). Atmos. Environ. 2007, 41,
2270–2282. [CrossRef]

36. Bash, J.O.; Miller, D.R. A note on elevated total gaseous mercury concentrations downwind from an agriculture field during
tilling. Sci. Total. Environ. 2007, 388, 379–388. [CrossRef]

37. Friedli, H.R.; Radke, L.F.; Prescott, R.; Hobbs, P.V.; Sinha, P. Mercury emissions from the August 2001 wildfires in Washington
State and an agricultural waste fire in Oregon and atmospheric mercury budget estimates. Glob. Biogeochem. Cycles 2003, 17,
1039. [CrossRef]

38. Caldwell, C.A.; Swartzendruber, P.; Prestbo, E. Concentration and Dry Deposition of Mercury Species in Arid South Central New
Mexico (2001−2002). Environ. Sci. Technol. 2006, 40, 7535–7540. [CrossRef]

39. O’Dell, K.; Ford, B.; Fischer, E.V.; Pierce, J.R. Contribution of Wildland-Fire Smoke to US PM2.5 and Its Influence on Recent
Trends. Environ. Sci. Technol. 2019, 53, 1797–1804. [CrossRef]

40. Sprovieri, F.; Pirrone, N.; Bencardino, M.; D’Amore, F.; Angot, H.; Barbante, C.; Brunke, E.-G.; Arcega-Cabrera, F.; Cairns, W.;
Comero, S.; et al. Five-year records of mercury wet deposition flux at GMOS sites in the Northern and Southern hemispheres.
Atmos. Chem. Phys. Discuss. 2017, 17, 2689–2708. [CrossRef]

41. Gill, G. Task 3—Atmospheric Mercury Deposition Studies. In Transport, Cycling, and Fate of Mercury and Monomethyl Mercury in
the San Francisco Delta and Tributaries: An Integrated Mass Balance Assessment Approach; Calfed Mercury Project 2008 Report; Moss
Landing Marine Laboratory: Moss Landing, CA, USA, 2008.

65





atmosphere

Article

Atmospheric Mercury Deposition in Macedonia from
2002 to 2015 Determined Using the Moss
Biomonitoring Technique
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3 Geological Survey of Slovenia, Dimičeva 14, 1000 Ljubljana, Slovenia; Robert.Sajn@GEO-ZS.SI
4 Research Center for Environment and Materials, Academy of Sciences and Arts of the Republic of North

Macedonia—MANU, Krste Misirkov 2, 1000 Skopje, Macedonia; kbaceva@manu.edu.mk
* Correspondence: trajcest@pmf.ukim.mk (T.S.); lambe@pmf.ukim.mk (L.B.);

Tel.: +38970350756 (T.S.); +38970607921 (L.B.)

Received: 2 November 2020; Accepted: 18 December 2020; Published: 21 December 2020

Abstract: The moss biomonitoring technique was used in 2002, 2005, 2010 and 2015 in a potentially
toxic elements study (PTEs) in Macedonia. For that purpose, more than 70 moss samples from
two dominant species (Hypnum cupressiforme and Homalothecium lutescens) were collected during
the summers of the mentioned years. Total digestion of the samples was done using a microwave
digestion system, whilst mercury was analyzed by cold vapour atomic absorption spectrometry
(CV–AAS). The content of mercury ranged from 0.018 mg/kg to 0.26 mg/kg in 2002, from 0.010 mg/kg
to 0.42 mg/kg in 2005, from 0.010 mg/kg to 0.60 mg/kg in 2010 and from 0.020 mg/kg to 0.25 mg/kg in
2015. Analysis of the median values shows the increase of the content in the period 2002–2010 and a
slight reduction of the air pollution with Hg in the period 2010–2015. Mercury distribution maps show
that sites with increased concentrations of mercury in moss are likely impacted by anthropogenic
pollution. The results were compared to similar studies done during the same years in neighboring
countries and in Norway—which is a pristine area and serves as a reference, and it was concluded
that mercury air pollution in Macedonia is significant primarily in industrialized regions.

Keywords: air pollution; moss biomonitoring; potentially toxic elements; mercury; CV–AAS;
Macedonia

1. Introduction

Air pollutants are considered all chemical compounds or elements released into the atmosphere
that pose health hazards to ecosystems and humans [1]. The majority of potentially toxic elements
(PTEs) originate mainly from anthropogenic sources [2–4]. Natural sources of these elements include
volcanoes, forest fires, biological decomposition processes and oceans [4]. The largest anthropogenic
sources of PTEs in the atmosphere are the combustion of fossil and biofuels, traffic and emissions from
industrial processes [5,6].

Due to the specific features and the effects on human health, the discharge of mercury in the
environment has been identified as a global problem [7]. Even the mercury is naturally occurring in
the Earth’s crust, the atmospheric emission is mostly in an elemental mercury vapour form. Mercury
enters the environment through volcanic eruptions and erosion of natural mercury–containing deposits,
but also from forest fires and uncontrolled coal bed fires [7]. Anthropogenic sources of Hg are
mostly connected with extraction refining and use of fossil fuels, metal production (Cu, Zn, Pb, etc.),
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production of inorganic materials (cement, paper production), recycling processes, chlorine–alkaline
processes, etc. [7] High concentrations of mercury in human organism impact the central nervous
system, especially the sensory, auditory and visual, parts of the brain that can affect coordination,
lower immunity, heart attack risk, nervous system damage, and impair reproduction [8,9]. Therefore,
timely and reliable identification of mercury discharge and presence in the environment is crucial.

Estimation of atmospheric heavy metal deposition using carpet–forming moss was done for the
first time in the 1960s by Rühling and Tyler [10]. The moss analysis technique provides an alternative,
time–integrated measure of the spatial patterns of PTEs deposition from the atmosphere to terrestrial
ecosystems. The technique avoids the need for deploying large numbers of deposition collectors with
an associated long–term programme of routine sample collection. Since 1990, the European moss
survey has been repeated at five–yearly intervals [5,6,11,12] and the latest survey was conducted in
2015 with more than 35 participating countries [13]. The European moss survey gives data on the
contents of ten potentially toxic metals (As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, V, Zn) as well as the content of
nitrogen [13–16].

The first study of mercury air pollution on the whole territory of Macedonia, using moss species
as biomonitors, was undertaken in 2002, and the study was repeated in 2005, 2010, and 2015 within the
European moss survey [17–23]. Pollution of soil samples with Hg, obtained in the vicinity of town
Veles, due to work of the lead and zinc metallurgical plant situated near the town, was studied by
Stafilov et al. [24,25] showing the increase of the content of Hg in topsoil over the European Hg average
by a factor of 3.2. Analysis of the 174 soil samples collected in Kavadarci, an area in the south of
the country [26,27] showed both lithogenic and anthropogenic influence of mercury in the collected
samples. In some area along the river Vardar and the city of Kavadarci, the content of Hg was up
to 3.8 mg/kg. Increased content of Hg was also found in soil samples in the vicinity of the “Allchar”
As–Sb–Tl mine, located to the south of the city of Kavadarci [28]. This mine is lithogenic in origin
but contributes to localized air pollution and it has been shown to influence the communities in this
geographic area presenting natural phenomena.

The aims of this work are to investigate and present the temporal trends of the content of Hg in
moss samples from the results of the surveys performed in the 2002–2015 period, to determine the
places most affected by Hg pollution, and to try to connect the pollution with known anthropogenic
activities in the regions, to distinguish natural from anthropogenic sources, to identify the deposition
patterns and to compare results with previous studies in the neighboring countries and pristine areas.

2. Materials and Methods

2.1. Study Area

The Republic of Macedonia is a landlocked country situated in the central part of the Balkan
Peninsula. Macedonia is bordering Serbia and Kosovo to the north, Bulgaria to the east, Albania to
the west, and Greece to the south (Figure 1). A detailed description of the country (location, climate,
and demographics) can be found elsewhere [17–23,29,30]. The location of main industrial activities
and their input of different PTEs, has been also previously reported in several studies [31–46].

2.2. Sampling Sample Preparation and Instrumentation

In 2002, 2005, 2010 and 2015 moss samples from two moss species were collected on the entire
territory of Macedonia [17–23]. In total, 72 moss samples were collected in each of the sampling
campaigns (Figure 2). Collected moss samples were from the two most abundant moss species
(Hypnum cupressiforme and Homalothecium lutescens). In locations where the two–moss species were
collected, the interspecies comparison showed no differences within error estimates. The sampling
procedure followed the principles of European moss surveys [12,47–49]. The moss samples were
previously digested by microwave digestion system at 180 ◦C with nitric acid and then mercury was
determined by cold vapor atomic absorption spectrometry (CV–AAS) [50].
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Figure 1. Map of the Republic of Macedonia.

 

Figure 2. Location of sampling points.

2.3. Quality Control

The quality control of Hg determination was ensured by standard reference materials M2 and M3,
which are prepared for the European Moss Survey [50,51] as well as the standard addition method.
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2.4. Statistical Methods

Statistical analysis of the obtained data from the studies were made using the statistical software
Statistica 13 (StatSoft, Inc., Tulsa, OK, USA) [52,53]. The common universal kriging with linear
variogram interpolation method was applied to construct the maps of mercury areal distribution [54].
The basic grid cell size for interpolation was 1 × 1 km. For class limits the percentile values of
distribution of all interpolated values (2002/2005/2010/2015) were chosen. Seven classes of the following
percentile values were selected: 0–10, 10–25, 25–40, 40–60, 60–75, 75–90 and 90–100. In addition,
an analysis of variance (ANOVA) was performed which showed significant differences between the
four sampling seasons.

3. Results and Discussion

Results of the descriptive statistics of mercury content in the moss samples collected in 2002, 2005,
2010, and 2015 are given in Table 1. In Table 2, the obtained results were compared with the results
of the content off Hg in moss samples obtained from similar studies in the neighbouring countries,
as well as Norway which is considered a pristine area. The maps of the spatial distribution of Hg in
moss samples collected in 2002, 2005, 2010, and 2015 to observe the trends of pollution in Macedonia
during this period are given in Figures 3 and 4.

Table 1. Descriptive statistics of measurement according to sampling campaign, (in mg/kg).

N Xa Md Min Max P10 P90 S CV A E

2002 72 0.069 0.056 0.018 0.26 0.034 0.114 0.040 60 2.03 7.08
2005 72 0.080 0.068 0.010 0.42 0.012 0.14 0.072 89 2.40 7.69
2010 72 0.110 0.093 0.010 0.60 0.05 0.16 0.094 84 3.57 14.2
2015 72 0.087 0.084 0.020 0.25 0.020 0.15 0.050 58 0.67 0.75

N—number of samples, Xa—arithmetic mean, Md—median, Min—minimum, Max—maximum, P10—10 percentile,
P90—90 percentile, S—standard deviation, CV—coefficient of variation, A—asymmetry, E—distribution.

Table 2. The median values and ranges for the content of Hg obtained for Macedonia, neighbouring
countries, and Norway.

No. of Samples Median (mg/kg) Range (mg/kg)

Macedonia, 2002 72 0.056 0.018–0.26
Serbia, 2000 [55] 92 0.386 0.01–2.69

Norway, 2000 [11] 464 0.052 0.022–0.208

Macedonia, 2005 72 0.068 0.010–0.42
Croatia, 2006 [50] 94 0.064 0.007–0.301

Slovenia, 2005 [48] 57 0.095 0.050–0.175
Norway, 2005 [48] 100 0.046 0.026–0.166

Macedonia, 2010 72 0.093 0.010–0.60
Croatia, 2010 [56] 121 0.043 0.010–0.145
Slovenia, 2010 [6] 63 0.056 0.030–0.16
Albania 2010 [6] 59 0.130 0.031–2.23
Kosovo 2010 [6] 25 0.033 0.009–0.35
Norway, 2010 [6] 463 0.060 <0.024–0.34

Macedonia, 2015 72 0.084 0.020–0.25
Albania, 2015 [57] 55 0.049 0.006–0.21
Norway, 2015 [58] 229 0.050 0.005–0.53
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Figure 3. Box plots of Hg according to the year of sampling.

 

Figure 4. Distribution of Hg in moss samples collected in 2002, 2005, 2010 and 2015.

The mean value of mercury content in the moss samples increased in the period 2002–2010,
while the value decreased for the samples collected in 2015 (Table 2, Figure 3). The coefficients of
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variation (CV%) are very high, with high values of asymmetry and distribution with a large range of
variation of the positively skewed concentration data indicating the influence of different natural and
anthropogenic factors. In addition, an analysis of variance (ANOVA) was performed which showed
significant differences between the four sampling seasons (F = 5.43/p = 0.0012), which means that moss
biomonitoring every 5 years is appropriate.

From the results of median values and the ranges of the content of Hg in Macedonia and those
obtained in some neighbouring countries and Norway (Table 2), it can be seen that the median value
obtained in 2002 (0.056 mg/kg) is slightly higher than the median value obtained from the survey in
the same year in Norway [58] (which is usually considered as a pristine area [11]) (0.052 mg/kg) and
9.9 times lower than those obtained for Serbia [55]. The median value obtained for the 2005 study
is comparable with the median value obtained in the similar study done in Croatia [56], lower than
the median value for Slovenia [48] and 1, 5 times higher in comparison with the median value for
Norway [48]. The obtained median value for 2010 is higher than the values obtained in the neighbouring
countries except in the case of Albania [15], which is the case for data for 2015 as well. It should be also
emphasized that the maximal value for the content of Hg in moss samples from Macedonia in 2002,
2005, and 2010 is higher than the maximal content of Hg in moss samples from Norway, while in 2015
is twice smaller.

Distribution maps based on the content of Hg in moss samples collected in 2002, 2005, 2010 and 2015
(Figure 4) show some differences and a discrepancy, i.e., variation with time as well as geographically,
but it can be noticed that an increased Hg content is visible in the same regions for the whole period
of the research. In 2002, the higher Hg content in the moss samples can be seen along the valley of
the river Vardar, which extends from the cities of Skopje to Veles and continues southeast toward the
border with Greece. It should be also mentioned that in 2002 pollution with Hg is connected with
the activities of the lead and zinc smelter plant in the town of Veles [25] which had operated until
2003, as well with the work of the steelwork in Skopje [17,45]. Higher content of Hg in the mosses
collected in 2002 sampling campaign was observed on the north–eastern part of the country (in the
vicinity of the town of Kočani) where three Pb–Zn mines and flotation plants (Sasa, Toranica, Zletovo)
are located [39].

In 2005 the enrichment of Hg was connected with the operation of the steelwork in Skopje [18] as
well as the pollution by the lead and zinc smelter plant in Veles despite its closure in 2003. In contrast
with the moss survey in 2002, enrichment with Hg in 2005 is also observed in the areas of Bitola in the
south–western part of the country and in the west–central part of the country near the town of Kičevo,
where two thermoelectric power plants using not pre–treated i.e. pre–washed prior combustion
coal–lignite for energy production are located. Higher content of Hg in the mosses is also noticed
in the eastern part of the country, near the town of Radoviš where copper mine and flotation were
reactivated in this period.

With the reactivation of Pb–Zn mines (Toranica, Zletovo, and Sasa), in 2010 the enrichment of the
content of Hg was observed in the eastern part of Macedonia. In the period of 2001/02 until 2006/07
these mines were not active, but in 2006 (Sasa) and 2007 (Toranica, Zletovo) were reactivated. In the
mining area, millions of tons of flotation tailings are deposited on the ground, and can easily be
dispersed into the biosphere by wind [39–41]. Furthermore, the enrichment in 2010 is also observed
in the area of the steelwork in Skopje, near Bitola, Kičevo, but also near Kavadarci which is related
to reactivation and the increasing of the production capacity of the ferro–nickel smelter in 2004 [19].
Higher content of Hg in the mosses collected near the western border of the country can be explained
by the transboundary transport from Albania where the content of Hg in the mosses in this period was
substantially higher than the samples collected in Macedonia [57].

Although the median value of Hg content in the mosses in Macedonia in 2015 is lower than the
one in 2010, the high values are observed in the same areas as in the previous years.

High enrichment of the moss samples collected near the capital of Skopje, is partially connected
with the presence of mercury–contaminated sites at the former “Organic Chemical Industry in Skopje
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–OHIS” chlor–alkali plant situated in the town (operational from 1964 until 1995). The plant was
based on mercury cell electrolysis and during the whole operational period, sodium hydroxide and
hydrochloric acid were produced. It is assumed that part of the waste arising from the chlorine
production containing mercury was dumped onto the mixed waste dump within the plant surrounding
and that 400 tons of mercury were lost in the environment [59].

The results from this study and from previous work [24–27], in which the content of Hg in
various environmental samples (soil, water, sediments) were determined, has been used to prepare the
Minamata Initial Assessment in the Republic of Macedonia and the National inventory on mercury
releases developed in 2017 [59]. The reference base year is 2013 and data for this year have been used
in the inventory when available. The National mercury inventory identified most of the sources of
mercury releases in the country and estimates or quantifies the releases which are consistent with the
results obtained from these studies using moss biomonitoring.

4. Conclusions

The content of mercury was determined in moss samples collected in 2002, 2005, 2010, and 2015 all
over the territory of Macedonia by using CV–AAS. ANOVA analysis of the results showed significant
difference between the results obtained in the four sampling seasons. Although distribution maps show
some differences and a discrepancy, the largest anthropogenic impact of air pollution with mercury was
found near the abandoned lead–zinc smelter in the town of Veles, lead and zinc mines Sasa, Zletovo and
Toranica – in the north–eastern part of the country, ferronickel smelter at the vicinity of the town of
Kavadarci, and the copper mine and flotation near the town of Radoviš. The high content of mercury
in the moss samples was also observed near the two thermoelectric power plants located in the vicinity
of the towns of Bitola and Kičevo. Evidence of transboundary transport from Albania was observed in
the western part of the country in samples collected in 2010 and 2015. Elevated values of Hg content
in the moss samples collected near Skopje can be explained with the work of the former chlor–alkali
plant “OHIS” and the inappropriate deposition of mercury–contaminated waste in the vicinity of this
plant. This work is essential for modeling the mercury pollution in Macedonia, as well as monitoring
the future trends aiming to preserve the quality of the ecosystems from deteriorating.
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21. Stafilov, T.; Šajn, R.; Barandovski, L.; Bačeva, K.A.; Malinovska, S. Moss biomonitoring of atmospheric
deposition study of minor and trace elements in Macedonia. Air Qual. Atmos. Health 2018, 11,
137–152. [CrossRef]
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Abstract: Mercury (Hg) is a ubiquitous environmental toxicant that has caused global concern due to
its persistence and bioaccumulation in the environment. Wet deposition is a crucial Hg input for both
terrestrial and aquatic environments and is a significant indicator for evaluating the effectiveness
of anthropogenic Hg control. Rainwater samples were collected from May 2014 to October 2018 in
Chongming Island to understand the multi-year Hg wet deposition characteristics. The annual Hg
wet deposition flux ranged from 2.6 to 9.8 μg m−2 yr−1 (mean: 4.9 μg m−2 yr−1). Hg wet deposition
flux in Chongming was comparable to the observations at temperate and subtropical background sites
(2.0–10.2 μg m−2 yr−1) in the northern hemisphere. Hg wet deposition flux decreased from 8.6 μg m−2

yr−1 in 2014–2015 to 3.8 μg m−2 yr−1 in 2016 and was attributed to a decrease in the volume-weighted
mean (VWM) Hg concentration (−4.1 ng L−1 yr−1). The reduced VWM Hg was explained by the
decreasing atmospheric Hg and anthropogenic emissions reductions. The annual Hg wet deposition
flux further decreased from 3.8 μg m−2 in 2016 to 2.6 μg m−2 in 2018. The reduction of warm season
(April–September) rainfall amounts (356–845 mm) mainly contributed to the Hg wet deposition flux
reduction during 2016–2018. The multi-year monitoring results suggest that long-term measurements
are necessary when using wet deposition as an indicator to reflect the impact of anthropogenic efforts
on mercury pollution control and meteorological condition variations.

Keywords: Hg wet deposition flux; VWM Hg concentrations; Chongming; anthropogenic emissions;
meteorological condition

1. Introduction

Mercury (Hg) is a pollutant of global concern due to its long residence time and neurotoxicity.
Once emitted in the atmosphere, Hg can be transported in long distances and cause ecological damage
globally [1]. Atmospheric Hg exists in three forms: gaseous elemental mercury (GEM), gaseous
oxidized mercury (GOM), and particulate-bound mercury (PBM). GEM contributes to 95–99% of
atmospheric Hg with a residence time of 0.5–2 years [2]. Although GOM and PBM represent less than 5%
of atmospheric Hg, they impact the global Hg cycling by rapid dry deposition and wet scavenging such
as rainfall [3,4]. Hg deposition could represent its pollution characteristics and help us understand Hg
cycling. To date, Hg dry deposition is often estimated using measured atmospheric speciated mercury
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and meteorological parameters due to a lack of direct and accurate measurement methodologies [5,6].
The uncertainties of estimated Hg dry deposition can reach 50–200% or more, while the measurement
of Hg wet deposition was thought to be relatively accurate with only experimental bias [6,7]. Thus,
the investigation of Hg deposition on terrestrial and aquatic surfaces is often based on wet deposition
measurements [8].

Hg wet deposition measurement has been conducted by the National Atmospheric Deposition
Program (NADP) and Global Mercury Observation System (GMOS) in Europe and North America
since the 1990s [9]. In 2015, GMOS and NADP have conducted ground-based monitoring at 35 and
>50 stations around the world, respectively [10]. Previous studies have suggested that meteorological
condition and anthropogenic emissions are the most important factors affecting Hg wet deposition
flux [8,9]. The spatial difference of 17 GMOS sites in Hg wet deposition flux highlights the importance
of rainfall amounts [9]. Long-term Hg wet deposition flux has demonstrated a significant decreasing
trend since the 1990s at most European and North American observation sites [11,12]. The observed
atmospheric Hg deposition downward trends have been explained by reduced anthropogenic Hg
emissions and commercial product releases [12,13]. The similar trend of anthropogenic emission,
atmospheric Hg concentrations, and Hg wet deposition illustrates the importance of anthropogenic
emissions on Hg wet deposition [12].

Hg wet deposition flux in China has been observed since 2000 at various remote and urban
sites, such as Bayinbuluk, Mt. Changbai, Shangri’La, and Nanjing [8,14]. However, most previous
observations in China generally aimed to estimate the wet deposition flux in a relatively short period
(e.g., one year) [8]. Recently, with the entry into force of the Minamata Convention on Mercury, it is
possible that Hg wet deposition flux will be one indicator to evaluate the anthropogenic emission control
effect of atmospheric mercury. Anthropogenic Hg emissions in China have also shown a decreasing
trend during the past several years [15–17]. Therefore, we are interested to know how wet deposition
flux of Hg responds to emission variations, which should be based on multi-year measurements.

In this study, we collected four years of rainwater samples on Chongming Island of Shanghai and
calculated the Hg wet deposition flux. The latitudinal and seasonal patterns of Hg wet deposition flux
distribution were studied to understand their spatiotemporal variation characteristics. The influences of
anthropogenic emissions were investigated by analyzing backward trajectories and volume-weighted
mean (VWM) Hg concentrations during different periods. In addition, rainfall and large-scale
circulation were investigated to explain the trend of Hg wet deposition flux during 2016–2018 and
reflect the impact of meteorological conditions.

2. Methodology

2.1. Site Description

The observation site is located at the top of the weather station at the Dongtan Birds National
Natural Reserve, Chongming Island (31.52◦ N, 121.96◦ E, 10 m above sea level) (Figure S1). Chongming
Island is located at the easternmost of the Yangtze River Delta (YRD) region, which comprised
240 million people and was responsible for 24% of China’s GDP in 2018 [18]. Chongming Island
has a subtropical monsoon climate with hot, humid summers and cold, dry winters. The dominant
land-surface types in the surrounding 20 km are farmlands and wetlands. The downtown area of
Shanghai is 50 km southwest of the sampling site. Thus, the wet deposition flux here could reflect
the background concentrations of the YRD region and many atmospheric observations have been
conducted at this station over the years due to its remote environment [19].

2.2. Rainwater Sampling and Hg Analysis

The collection of rainwater samples at Chongming in this study started in June 2014 and ended in
October 2018. We encountered operational problems between June 2015 and February 2016, with no
rainwater collected. The rainwater samples were collected every day from 08:00 to 08:00 LST (Local
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Sidereal Time) using an automated rain collector (Hengda Company, type ZJV-3). The rainwater was
collected in a PTFE (Polytetrafluoroethylene) bottle with a Teflon tube and placed in a refrigerator.
The bottles were acid-cleaned and rinsed with deionized water before use. A 10 mL 3% HCl solution
was placed into a bottle before sampling to store the Hg (II). Normally, we replaced 8 rainwater bottles
every two weeks and recorded the data. The sampled bottles were transferred into the refrigerator until
analysis. We prepared a whole experimental process blank to reduce experimental error by pouring
deionized water into the rain collector and transferring it to the laboratory. The method recovery
rate of 98.2 ± 8.2% was calculated by injecting 100 mL 100 ng L−1 HgNO3 into the PTFE bottle and
analyzing after two weeks.

The total Hg in the rainwater was analyzed by dual-gold-trap amalgamation and cold vapor atomic
fluorescence spectrometry after BrCl oxidation, hydroxylamine hydrochloride neutralization, and
SnCl2 reduction. The analysis instrument was a Tekran 2600 using the EPA 1631 method. The detection
limit of the Tekran 2600 was 0.1 ng L−1. To confirm the consistency of the instrument, the HgNO3

standards were used to prepare a five-point calibration (0, 5, 20, 50, 100 ng L−1). The calibration curve
is shown in Figure S2, with a regression coefficient of 0.997. All of the samples obtained results after
subtracting the whole experimental process blank (0.2±0.4 ng L−1).

2.3. Hg Wet Deposition Flux

The Hg wet deposition flux was calculated based on the mean VWM concentration and the total
rainwater amount collected during the sampling period. The VWM concentration was calculated using
the following equation:

VWM =
∑

(Ci ×Vi)/
∑

V
i
, (1)

where Ci is the Hg concentration for a daily rainfall event (ng L−1), and Vi is the rainfall depth (mm).
The wet deposition of Hg during a certain period was calculated by multiplying the sum of the rainfall
depth during the calculation period by VWM concentration according to Equation (2):

Fw = VWM×
∑i=n

i=1
Vi, (2)

where Fw is the Hg wet deposition flux during a certain period. The monthly and annual Hg wet
deposition flux was calculated based on monthly and annual rainfall depth and VWM concentrations
to avoid the impact of missing values in daily rain events.

2.4. Analysis Method and Data Acquisition

To identify the influence of airmasses from different transport pathways, 48 h backward trajectories
were estimated at 00:00 and 12:00 LST each rainy day using the Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) model [20]. The 1◦ × 1◦ gridded meteorological data from the Global
Data Assimilation System were used in this study. The endpoint was set at the sampling site with a
height of 500 m above sea level, representing the center of the boundary layer [19].

Cluster analysis was used in the backward trajectories. In the procedure, each trajectory was
coupled with the sampling concentrations (rainwater Hg and rainfall amounts) on that day. All of the
calculation processes were carried out in the Meteoinfo software and ArcMap 10.2. More details about
cluster analysis can be found in Dorling, et al. [21].

Atmospheric Hg data were obtained from the Tekran 2537X/1130/1135 speciation unit at the
sampling site. The working conditions, quality assurance and quality control procedure of the
instrument were described in Tang, et al. [22]. The total gaseous mercury (TGM) was the annual
average during the sampling period, and Sen’s slope was used to calculate the decreasing trend via the
monthly VWM Hg data from the “mblm” package in R 4.0.2. To avoid the influence of missing values
on interannual investigation, the Sen’s slope of Apr–Sep and Oct–Mar were calculated and averaged
for the total Sen’s slope [23].
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3. Results and Discussion

3.1. Characteristics of Hg Wet Deposition Flux

The daily VWM Hg concentrations ranged from 0.1 to 37.3 ng L−1 during the sampling period
(Figure 1). The arithmetic mean value of VWM Hg concentrations (7.6 ng L−1) was higher than the
median value (5.7 ng L−1), indicating the occurrence of episodic high concentration events. The highest
frequencies were in the range from 2.0 to 6.0 ng L−1. Our daily mean rainwater Hg data (7.5 ng L−1)
were within the range of values measured at other subtropical and temperate background monitoring
sites in East Asia, such as Mt. Damei (3.7 ng L−1), Mt. Ailao (3.7 ng L−1), Mt. Changbai (7.4 ng L−1),
and Lulin (9.2 ng L−1) (Table 1).

Figure 1. (a) Times series of rainy events and its volume-weighted mean (VWM) Hg concentrations.
(b) The frequency distribution of VWM Hg concentrations.

Table 1. Summary of Hg wet deposition flux at various sites worldwide.

Name
Site

Description
Longitude

(◦) Latitude (◦) Period
Rain

Depth
(mm)

VWM
Conc.

(ng L−1)

Wet
Deposition
(μg m−2)

Reference

Chongming Remote 121.96 31.52 2014–2018 857 7.6 4.9 This study
Chongming Remote - - 2008–2009 - 62 - [24]

Lulin Remote 120.87 23.47 2010–2013 3421 9.2 32.3 [25]
Pengjiayu Remote 122.08 25.63 2010 1438 8.9 10.2 [26]

Mt. Waliguan Remote 100.898 36.287 2012–2014 290 6.9 2.0 [8]
Mt. Leigong Remote 108.203 26.387 2008–2009 1533 4.0 6.1 [8]

Mt. Ailao Remote 101.107 24.533 2011–2014 1931 3.7 7.2 [8]
Mt. Damei Remote 121.565 29.632 2012–2014 1621 3.7 6.0 [8]

Mt. Changbai Remote 128.112 42.403 2011–2014 751 7.4 5.6 [8]
Bayinbuluk Remote 83.717 42.893 2013–2014 266 7.7 2.0 [8]

Lhasa Urban 91.12 29.63 2010 359 24.9 8.2 [27]
Guiyang Urban 106.724 26.573 2012–2013 1057 11.9 12.6 [8]

Chongqing Rural 106.58 29.52 2010–2014 1104 34.3 37.83 [28]
Seoul, Korea Rural 127 37.51 2006–2007 1235–1645 10.1–16.3 16.8–20.2 [29]

10 sites
around Japan - - - 2004–2015 583–2147 5.8–18.0 [30]

17 sites of
GMOS Remote - - 2011–2015 47–1364 2.6–15.0 0.1–10 [9]

“-” means no data.

The annual wet deposition during the sampling period ranged from 2.6 to 9.8 μg m−2 yr−1, with
a multi-year annual average of 4.9 μg m−2 yr−1. The Hg wet deposition flux in Chongming was
lower than that at tropical background stations, such as Pengjiayu (10.2 μg m−2 yr−1), Puerto Rico
(27.9 μg m−2 yr−1), Mt. Lulin (32.3 μg m−2 yr−1), and Mt. Ailao (7.2 μg m−2 yr−1), and higher than that
at temperate background stations such as Mt. Waliguan (2.0 μg m−2 yr−1), Pallas (1.2 μg m−2 yr−1),
Ny-Alesund (2.5 μg m−2 yr−1), and Bayinbuluk (2.0 μg m−2 yr−1) (Table 1). The rainfall depths were
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thought to be the main drivers of the different Hg wet deposition flux amounts [8]. The rainfall amount
differences were attributed to variations of latitude and temperate regions have lower rainfall amounts
than the subtropical and tropical regions (Figure S3). In addition, the Hg wet deposition flux amount
in Chongming was lower than that at the urban areas in the YRD, such as Nanjing (56.5 μg m−2 yr−1)
and Shanghai (304 μg m−2 yr−1) [14]. The VWM concentration in Chongming was lower than that
at Nanjing and Shanghai (10.1–30.7 ng L−1) and the annual rainfall depth in Chongming (834 mm)
was lower than that of the downtown area of Shanghai (1100–1400 mm) due to the urban heat island
effect [31]. The lower rainfall amounts and VWM Hg concentration both contributed to relatively low
Hg wet deposition flux amounts in Chongming. Compared to the Hg wet deposition measurement in
2008–2009 in Chongming, the VWM Hg concentration showed a significant reduction from 62 ng L−1

in 2008–2009 to 7.6 ng L−1 in 2014–2018 [24]. The reduction of rainwater Hg concentrations suggests
the atmospheric Hg concentrations declined in recent decades in Chongming, which is similar to the
long-term variation of anthropogenic atmospheric Hg emissions in China [15,32].

Seasonal Hg wet deposition flux reached a maximum in summer and a minimum during winter,
a pattern that is similar to the seasonal rainfall variation (Figure 2). Such seasonal patterns have been
observed in eastern China, such as at Mt. Changbai, Qingdao, and Mt. Damei [8,28]. The air mass is
transported from the Pacific Ocean to eastern China under the impact of the Asian summer monsoon
with a significant amount of rainfall during summer [33]. The enhanced rainfall contributes to GEM
oxidation and GOM dissolution in cloud water, leading to elevated Hg wet deposition flux during
summer [34–36]. The VWM Hg concentrations were at minimum values in July and at maximum
values in January. Anthropogenic emissions and rainfall amounts were the dominant factors in the
VWM Hg concentrations. The anthropogenic atmospheric Hg emissions increased in the YRD region
due to enhanced energy consumption during the winter [37]. The high PM2.5 concentrations resulted
in more GEM oxidation with higher GOM/PBM concentrations [19,38]. Meanwhile, airmass from
northern China and Mongolia resulted in cold and dry weather with less rainfall in Chongming
during winter. The enhanced PBM and lower rainfall amounts contributed to elevated VWM Hg
concentrations during the winter.

Figure 2. Time series of (a) monthly and (b) annual precipitation amounts and VWM Hg concentrations
from June 2014 to October 2018. The alternate grey-white blocks represent different years. The missing
black dots from June 2015 to February 2016 were due to instrument problems.

3.2. Impacts of Anthropogenic Emissions on Hg Wet Deposition Flux

To identify the major source regions of Hg in rainfall and investigate the influence of anthropogenic
emissions, 48 h backward trajectories of 251 rainfall events were simulated during the sampling period.
Chongming Island is affected by a subtropical monsoon climate, with 80% percent of rainfall occurring
during the warm season (April–September). Thus, the 502 backward trajectories were divided into
two parts by warm (April–September) and cold (October–March) seasons (Figure 2). During the
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warm season, cluster 1, cluster 2, and cluster 3 showed the airmass pathway from the Pacific Ocean,
contributing to 65% of the rainfall events. The airmass from the Pacific Ocean during the warm
season (clusters 1,2,3) contained a large amount of rainwater (13.92 mm) with relatively low VWM
Hg concentrations (5.83 ng L−1). Cluster 4 originated from northern China and contained less rainfall
(9.38 mm) with enhanced VWM Hg concentration (7.91 ng L−1). Figure 3b shows backward trajectories
during the cold season. Clusters 2, 3, and 4 mainly originated from northern China and the Mongolia
Plateau with 6.63 mm rainfall and 7.5 ng L−1 Hg concentration in airmass. The airmass from industrial
area, such as the north China plain region and YRD region, could impact Hg wet deposition by
scavenging atmospheric Hg into rainwater. Given that Hg wet deposition in Chongming was impacted
by the airmass from eastern and northern China, the multi-year wet flux observation could reflect the
effect of anthropogenic emission reduction in these areas.

Figure 3. Forty-eight hour backward trajectories during the warm season (April–September) and cold
season (October–March) in Chongming. The bar plot shows the mean rainfall depth and VWM Hg
concentrations during the warm and cold season.

During the sampling period, the annual Hg wet deposition flux decreased from 8.6 μg m−2 in
2014–2015 to 3.8 μg m−2 in 2016. From June 2014 to December 2016, the decreasing trend (Sen’s slope)
of the VWM Hg concentration was 4.09 ng L−1 yr−1 (42% yr−1) (Figure 4). In East Asia, previous
long-term observations have mainly focused on atmospheric Hg concentrations instead of Hg wet
deposition flux. Recent atmospheric Hg observation studies have also shown significant reductions
in South Korea and Japan [39,40]. The decreasing trend of TGM in Chongming was 29.8% yr−1 from
2014 to 2016, which is similar to the significant reduction in the VWM Hg concentration during the
sampling period [22] (Figure 4). The PBM decreased from 24.51 pg m−3 in 2014 to 19.79 pg m−3 in 2018,
whereas GOM increased from 15.41 pg m−3 in 2014 to 20.08 pg m−3 in 2018 (Figure S4). The slight
variation (39.86–41.05 pg m−3) of reactive mercury (GOM+PBM) demonstrated the importance of GEM
oxidation and dissolution, which is a dominant rainwater Hg source in the marine boundary layer due
to GEM oxidation via bromine [34,36,41]. The VWM Hg reduction during the cold season (from 12.4 ng
L−1 in 2014 to 4.6 ng L−1 in 2018) was more pronounced than the reduction in the warm season (from
5.4 ng L−1 in 2014 to 2.7 ng L−1 in 2018). After considering the rainout effect of VWM Hg concentration
(Figure S5), the seasonal variation of Hg concentration suggests that the airmass from northern China
had greater VWM Hg reductions than the airmass from overseas [16,42]. Many previous observations
and modeling results have shown that the TGM/GEM reduction in China can be explained by reduced
anthropogenic emissions in China [16,22,42]. Hg emissions decreased more quickly in the winter due
to the changing of residential heating methods [16]. Therefore, the decreasing VWM Hg concentrations
in Chongming between 2014 and 2016 were caused by atmospheric Hg concentration reductions, which
could be attributed to the decline in Chinese anthropogenic Hg emissions in recent years [12].
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Figure 4. (a) The decreasing trend (Sen’s slope) of the VWM Hg concentrations from June 2014 to
December 2016 (reduction period, in grey panel) and from March 2016 to October 2018 (stable period,
in white panel). (b) Comparison of gaseous elemental mercury (GEM) and the annual seasonal trend of
VWM Hg from 2014 to 2018. The error bars indicate the standard error of the calculated monthly and
annual VWM Hg concentrations and GEM.

From 2016 to 2018, the GEM and VWM Hg concentrations both remained at a relatively stable
level with a slight increase of 0.38 ng L−1 (Sen’s slope) in VWM Hg concentration. The average VWM
Hg concentration during 2016–2018 (4.0±1.7 ng L−1) was lower than that of the most subtropical remote
background sites in east Asia (3.7–9.2 ng L−1), whereas the TGM (1.7±0.1 ng m−3) was only slightly
higher than that of the background concentrations in the northern hemisphere (1.3–1.5 ng m−3) [43].
The estimated annual Hg wet deposition flux further decreased from 2016 to 2018 under stable VWM
Hg concentrations, which could be attributed to the interannual rainfall variation.

3.3. Impact of Meteorological Conditions on Hg Wet Deposition

Meteorological conditions have been found to be an important influential factor on Hg wet
deposition flux [25,44,45]. A significant positive correlation between the daily rainfall depth and Hg
wet deposition flux was observed (Figure 5, R2 = 0.55, p < 0.01). This explained variation was slightly
lower than that of the previous studies in temperate and subtropical remote regions (R2 ranging
from 0.6 to 0.8), which may be attributed to the influence of anthropogenic emissions [8,25,30,46].
Furthermore, the relationship between the VWM Hg concentration and wet deposition was not
pronounced (R2 = 0.05), which highlights the importance of rainfall amounts on Hg wet deposition
flux in Chongming.

A pronounced rainout effect was observed in Chongming, where the VWM Hg decreased with
the increased rainfall amounts (Figure 5). Rainfall type is thought to be an important influential
factor on rainwater Hg concentration and to affect the rainout effect of rainwater mercury [35,45,47].
Convective rain can enhance GOM and PBM solutions, leading to more Hg wet deposition compared to
non-convective rain [35,45,47]. Under the control of a cold high-pressure system, almost no convective
rain occurs in October–March in Chongming. Nearly all of the convective weather occurs during
April–September, about 15 times per year [48]. The correlation between VWM Hg concentration and
rainfall depth showed little difference between the warm season (R2 = 0.04, p = 0.012) and cold season
(R2 = 0.05, p = 0.10), suggesting the rain type was not an important factor in Chongming (Figure S5).
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Figure 5. The correlation between (a) rainfall depth and (b) VWM Hg concentration and wet deposition
of Hg. The fitted line was calculated by the least-squares method. (c) The scatter plot between rainfall
depth and VWM Hg concentrations.

Between 2016 and 2018, the Hg wet deposition flux decreased from 3.8 to 2.5 μg m−2 with a
stable VWM Hg concentration. The annual rainfall depth decreased from 1027 mm in 2014 to 608 mm
in 2018, with the variation in the warm season being more pronounced (845–356 mm) than that in
the cold season (163–320 mm) (Figure 6). The reduction of rainfall depth in the warm season from
845 mm in 2016 to 356 mm in 2018 dominated the Hg wet deposition flux reduction. The interannual
rainfall depth variation in the warm season reflected the variation of large-scale circulation, such as
monsoon activity [49]. The East Asian Summer Monsoon Index (EASMI) demonstrates the dominant
wind variation from winter to summer at 850 hPa in East Asia and has been widely used in previous
meteorological studies [49,50]. When the EASMI <0, it means the dominant wind direction during
summer was reversed compare to the wind direction during winter. When the EASMI >0, it means the
dominant wind direction during summer was similar to the wind direction during winter. The EASMI
has a good correlation (R2 = 0.40, p = 0.25, Figure S6) with the warm season rainfall in Chongming,
and is comparable with the previous meteorological studies in the YRD region (R2 = 0.3~0.5) [50].
The EASMI verified the interannual variation of rainfall amounts in the warm season during the
sampling period. Thus, the large-scale meteorological circulation could impact wet deposition in
Chongming by increasing or decreasing rainfall depth, and thus lead to the Hg wet deposition reduction
from 2016 to 2018.

Figure 6. The annual variation in rainfall depth of warm and cold seasons and the East Asian Summer
Monsoon Index (EASMI) index of the warm season during the sampling period.

84



Atmosphere 2020, 11, 1301

4. Conclusions

In this study, multi-year daily rainfall events were collected and measured in Chongming
from 2014 to 2018. During the sampling period, the mean VWM Hg concentration (7.6 ng L−1) in
Chongming was within the range of temperate and subtropical background observation sites in East
Asia (3.7–9.2 ng L−1) and lower than the urban site of YRD region (10.1–30.7 ng L−1), reflecting the
relatively clean environment in Chongming. The annual Hg wet deposition flux ranged from 2.6 to
9.8 μg m−2 yr−1 with a mean value of 4.9 μg m−2 yr−1. The seasonal variation of Hg wet deposition
flux was characterized by a maximum in June and a minimum in December, induced by the variation
of rainfall amounts.

During the sampling period, a pronounced Hg wet reduction was observed from 8.6 μg m−2 in
2014–2015 to 2.6 μg m−2 in 2018, with an annual average of 4.9 μg m−2. The Hg wet deposition reduction
was attributed to the decreasing VWM Hg concentrations and reduction in the interannual rainfall.
The Hg wet deposition flux decreased from 8.6 μg m−2 in 2014–2015 to 3.8 μg m−2 in 2016, with the
VWM Hg concentration decreasing by 4.1 ng L−1 yr−1. The reduced VWM Hg concentrations were
driven by anthropogenic Hg emissions reductions, which were verified by the reduced atmospheric
Hg concentrations. A further reduction in Hg wet deposition flux was observed under stable VWM
Hg concentrations from 2016 to 2018. The interannual variation of the Asian summer monsoon activity
resulted in the reduction in the rainfall from 845 mm in 2016 to 356 mm in 2018 during the warm
season. These multi-year Hg wet deposition flux measurements could provide insights into the impact
of Hg emissions reductions and interannual meteorological variations. Thus, we recommend using
long-term Hg wet deposition flux values to evaluate the impact of anthropogenic emissions reductions
and interannual meteorological conditions in future mercury assessment programs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1301/s1,
Figure S1: (a,b) Location of Chongming background observation station; (c) the photo of sampling weather station;
Figure S2: Calibration plot for analysis of mercury by Tekran 2600; Figure S3: The (a) latitude (b) altitude (c) rainfall
amount vs. wet Hg deposition in selected monitoring station of northern hemisphere; Figure S4: The annual GOM
and PBM concentration in Chongming from 2014 to 2018. The Tekran 2537/1130/1135 encounter operation problem
in 2015 and 2017, making it difficult to use annual mean concentration directly; Figure S5: Correlation between
VWM Hg concentration and rainfall depth during (a) warm season and (b) cold season; Figure S6. Correlation of
warm season rainfall depth and East Asia Summer Monsoon Index during sampling period.
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Abstract: A three-phase, 11-day training program designed to monitor elemental mercury (Hg0)
emissions originating from gold shops was conducted in Georgetown and Bartica, Guyana, during
May of 2019. The first phase consisted of interactive lectures and discussions on mercury use in
artisanal and small-scale gold mining throughout Guyana, the region, and the world. In addition,
specific training in the theory and use of analytical instrumentation to quantify Hg0 pollution
associated with the processing of amalgams and sponge gold occurred. Trainees participated in the
mapping of smelting facilities in Georgetown where, outside of one gold shop, Hg0 concentrations
exceeded 100,000 ng/m3. During the second phase of training, a subset of trainees traveled to
Bartica, where they mapped the town center to identify point sources of Hg0 pollution, all of which
corresponded to the location of shops where amalgams and sponge gold were heated and purchased.
Once mapped, Hg0 concentrations were measured during the smelting of gold inside the Guyana Gold
Board (GGB) facility and two privately-owned gold shops. Maximum Hg0 concentrations at the GGB
facility did not exceed 98,700 ng/m3 during the measurement period, while maximum concentrations
at the two privately owned shops were measured as 527,500 ng/m3 and 302,200 ng/m3. With guidance
from the training team, trainees were responsible for the collection and interpretation of all data. The
third phase of the training involved the collaborative production of a report summarizing the findings
from the training. This work represents the first formal training opportunity for the assessment of
Hg0 concentrations in and around gold shops in Guyana, and provides baseline data to assist the
government of Guyana to generate air quality standards for Hg0 emissions.

Keywords: mercury; artisanal and small-scale gold mining; amalgam; Minamata Convention on
Mercury; gold shop

1. Introduction

1.1. The Mercury Problem in Artisanal and Small-Scale Gold Mining

In 2014, it was estimated that 16 million artisanal and small-scale gold miners annually produced
380–450 tonnes (t) of gold, representing ≈17–20% of global gold production [1]. Although the estimated
number of miners may change on the basis of global gold prices and other factors, it is undeniable
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that artisanal and small-scale gold mining (ASGM) plays an important role not only in global gold
production, but also as a meaningful source of employment throughout the developing world [1–10].In
spite of its socioeconomic importance, ASGM can severely impact both environmental and human health
through deforestation [11,12], habitat loss [13,14], social issues [15,16], and work-related injuries [17,18].
ASGM is also closely associated with mercury pollution derived from ore processing [19–27] and is
now the leading source of anthropogenic mercury emissions on the planet [28,29].

Although ASGM practices are diverse and dependent upon the ore being processed, the
technologies available, and the region in which mining is occurring, the majority of ASGM is conducted
using elemental mercury (Hg0) at some stage of the process. Amalgamation with Hg0 concentrates
gold, separating it from unwanted minerals. Subsequent heating of the amalgam evaporates the
Hg0, revealing the sponge gold that can then be sold. During these processes, Hg0 is lost to both the
tailings and the atmosphere. Mercury is used because it is inexpensive, readily available, requires no
special training, acts quickly, and can be used independently. Miners often believe that the money they
earn from mining outweighs the health risks associated with the Hg0 vapor—an acute and chronic
toxin [30–33]. This issue is inadvertently supported by the fact that Hg0 vapor is not detectable by the
human senses, and physiological changes associated with chronic mercury poisoning develop slowly,
leading many miners to believe that the health effects of mercury are not severe. Further, the behavior
of Hg0 in the environment compounds the threat to human health. Hg0 is both a mobile and persistent
pollutant; once Hg0 enters the global mercury cycle, it can be converted into inorganic mercury (Hg2+)
and ultimately methyl mercury (CH3Hg+), which is readily bioaccumulated and biomagnified [34,35].

1.2. ASGM in Guyana

ASGM in Guyana has a long history, largely beginning with a gold rush in the mid 19th century
that led to people leaving agricultural work on the coast for mining activities in the interior [36].
Guyanese miners, locally known as pork-knockers for their habit of carrying large barrels of dried
pork into the interior for sustenance, were initially forced to follow bodies of water and only mine
near-surface gold due to the inaccessibility of the jungle. As the transport of mechanized equipment
inland has become more manageable, miners adopted new technologies that allowed them to access
new deposits while improving throughput of material. While river dredging and hard-rock mining
both occur in Guyana, the majority of ore is extracted using land dredges.

Ore extraction and processing is relatively uniform across Guyana and employs hydraulic mining.
The mining claim is cleared, and the overburden is removed using heavy equipment. A mining team
then uses water monitors to wash gold-containing soil, clay, sediment, etc. to the bottom of the pit,
where the resulting slurry is subsequently pumped out of the pit to be concentrated on a sluice box.
The vast majority of mining operations concentrate gold on carpet material that lines the sluice box.
After an appropriate amount of material has been collected, the miners “wash down” and amalgamate
the concentrate. The Hg0-contaminated tailings are discarded, and the amalgam is heated on site,
revealing the sponge gold. Miners bring the sponge gold to a business that purchases gold, where it is
reheated in an attempt to drive off residual Hg0 prior to sale.

All gold extracted in Guyana is required to be sold to the state, and as such miners bring their
sponge gold to either one of the Guyana Gold Board (GGB) locations in Georgetown or Bartica, or to
one of the eight private gold dealers licensed by the GGB. A gold dealer is licensed to buy on behalf of
the GGB and export. Miners may also bring their sponge gold to one of several gold traders licensed by
the GGMC that can purchase gold and resell it within Guyana [37,38]. Although Guyanese miners can
easily smelt and sell gold to licensed dealers and traders, some miners choose to sell to unlicensed gold
buyers. These private shops may offer a higher price for gold than the GGB, or may provide miners
with other incentives such as supplies or the ability to work the shopkeepers claim [39]. Although all
gold buyers are required by law to sell the gold to the GGB, there is an ongoing issue with unlicensed
gold buyers illegally smuggling gold out of Guyana. In 2016, the Minister of Natural Resources
estimated that ≈15,000 ounces (Ozs) of gold were smuggled out of the country each week [40–42].
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In this report, the term “gold shop” will refer to any private business that purchases gold, legally
or illegally. Gold shops are not unique to Guyana and are found in many Central and South American
countries with ASGM. These shops are often located in residential and populated business areas,
and are known point sources for Hg0 pollution [43–47]. Unlike GGB facilities that have adequate
ventilation systems to remove adventitious Hg0 during the smelting process, the vast majority of gold
shops do not. These shops not only reheat or smelt sponge gold, but miners sometimes burn entire
amalgams, releasing large quantities of Hg0 vapor into the shop and immediate surroundings. During
burning, Hg0 concentrations in the air often exceed levels that represent an immediate threat to human
health [48,49].

1.3. ASGM and the Minamata Convention on Mercury

The Minamata Convention on Mercury is an international treaty designed specifically to decrease
the use of Hg0 and Hg-containing compounds, thus reducing anthropogenic emissions of the toxic
metal [29,50,51]. Due to the sheer magnitude of emissions related to ASGM, Article 7 and the
corresponding Annex C of the convention requires nations to reduce and, where feasible, eliminate both
the use of Hg0 and Hg0 emissions that result from mining and processing activities. The treaty requires
each signatory nation with ASGM to produce a detailed national action plan (NAP) highlighting efforts
to curtail Hg0 use. Countries are specifically tasked with setting their own goals and reduction targets,
while developing a baseline estimate of the amount of Hg0 used in ASGM activities. The NAP identifies
actions to eliminate worst practices such as whole-ore amalgamation, cyanidation of Hg-contaminated
tailings, and burning of amalgams in residential areas. In addition, nations are required to outline steps
to formalize mining, and develop a public health strategy to address Hg0 exposure in communities,
particularly targeting vulnerable populations. While continued monitoring of Hg0 emissions from
ASGM activities is not specifically required after the filing of the NAP, reports on progress towards the
nation’s goals are required every three years.

Hg0 use is only one component of a complex and varied mining culture, and efforts to limit Hg
pollution are occasionally equated with attempts to eliminate ASGM, and thus the livelihood of miners.
Successful implementation of the Minamata Convention will require experts from the social and natural
sciences, education, engineering, health professions, and private business to work together to find
solutions to complex issues arising at the interface of the environment and society [4,50,52–58]. A recent
systematic review highlighted the importance of both education and collaboration in addressing
Hg-related issues in ASGM communities [58]. The convention recognizes this as well, and there are
numerous mechanisms for collaboration between signatory nations and other parties.

1.4. Training Program for Monitoring of Hg0 in Air in ASGM Communities

A recent collaboration between the Guyana Geology and Mines Commission (GGMC) and Mercer
University identified the need to further develop governmental competencies in both the collection
and interpretation of scientific data in the field. The data collected and interpreted by the GGMC
could be used both in the development of Guyana’s NAP and subsequent assessment of progress
towards meeting national goals. The collaboration relies on the experience of the GGMC in addressing
the technical aspects and environmental ramifications of Guyanese mining, and Mercer’s experience
in conducting environmental analyses of Hg0 emissions to air in ASGM communities. The GGMC,
particularly the Mineral Processing Unit and the Environmental Division, have extensive experience in
field work, mining camp safety assessment, and data collection. While the GGMC has instrumentation
that allows them to monitor Hg0 emissions in the field, they recognize that newer methods and
instrumentation are available that would aid in both environmental assessment and limiting exposure
of GGMC workers to Hg0 contamination while conducting this assessment.

Monitoring Hg0 at mining sites in Guyana is complicated; the vast amount of mining consists of
concentrate amalgamation, with the amalgam being burned at the mining site only once per week.
Oftentimes, the burning of the amalgam is conducted in private to avoid theft and potential violence
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as a result of disclosing the location of productive, remote mining sites. Measuring Hg0 vapor in
these environments is also complicated by the fact that many of these sites are deforested and open,
leading to the rapid dispersal of Hg0 in the atmosphere. However, the reheating of sponge gold and
the smelting of gold at gold shops in populated, urban environments generates high concentrations
of Hg0 that can be measured with more accuracy [43,46]. As the open burning of amalgams and
sponge gold, particularly burning activities in residential areas, are considered “actions to eliminate”
under the Minamata Convention, it was decided that initial training would be conducted in ASGM
communities with a number of gold shops. The monitoring of these shops is under the purview of
the GGMC, and as such, it was decided that training using multiple portable atomic spectrometers
for the detection of Hg0 in the atmosphere would benefit the GGMC. Additional hand-held X-ray
fluorescence analyzer training to determine heavy metal concentrations in soils and tailings would
also occur. Herein, we present an overview of the training that took place, as well as the findings of the
environmental assessment resulting from the training.

2. Materials and Methods

Soils and tailings were screened using an Olympus Vanta C Handheld X-ray fluorescence
analyzer (XRF) with a field stand kit. Samples were analyzed using the manufacturer’s GeoChem(2)
method. The GeoChem(2) method utilizes a fundamental parameters calculation method [59–63].
Mercury concentrations in air were determined using four commercially available atomic absorption
spectrometers: one Mercury Instruments Mercury Tracker 3000 IP (MTIP), one Mercury Instruments
VM-3000 (VM-3000), and two Lumex RA-915 M (Lumex) spectrometers. The MTIP and VM-3000,
calibrated by the manufacturer, measure ranges of 0–2,000,000 ng/m3, have sensitivities of 0.1 μg/m3,
and have response times of 1 s. The Lumex employs Zeeman correction and has a significantly lower
detection limit (0.5 ng/m3). Both Lumex spectrometers were calibrated by the manufacturer prior to
use. Areas with concentrations exceeding 50,000 ng/m3 were actively avoided due to the instrument’s
calibration limits [64]. Concentrations occasionally exceeded 50,000 ng/m3 due to shifting winds or
unexpected activity within gold shops.

Concentrations of Hg0 within gold shops and ventilated exhaust from gold shops on the streets
and sidewalks were determined exclusively with the MTIP. When concentrations exceeded 1,500,000
ng/m3, the MTIP was removed to an area of low concentrations of Hg0 (<50 ng/m3) and operated until
measured concentrations decreased to less than 1000 ng/m3.

All maps were generated from data collected by the Lumex less than 42,307 ng/m3 to ensure that
measurements remained on the calibration curves of both instruments. The mapping protocol has been
previously described in the literature [65]. The Lumex was operated using the manufacturer’s RAPID
software and synced with a Garmin Oregon GPS unit. Both the Lumex and the GPS unit collected a
sample every second. Upon the completion of data collection, all data were imported into Microsoft
Excel, and the position was linked to concentration via time. Occasionally, a data point was generated
with only position or concentration; these data were eliminated. Maximum Hg0 values assigned to
each unique set of coordinates were mapped.

Concentrations of Hg0 in and around gold shops routinely exceeded the detection limit of the
Lumex instrument. At high concentrations of Hg0, the Lumex detector can become saturated, leading
to the measurement of concentrations as less than 0 ng/m3 until the re-establishment of a normalized
baseline occurs. To avoid this, the MTIP was paired with the Lumex mapping teams to avoid areas
where concentrations exceeded the detection limit. Any negative concentrations measured during
monitoring were not mapped.

During training, heat maps were initially produced using Google Fusion Tables to rapidly plot
the data; however, the heat map functionality of Google Fusion Tables was retired in December 2019.
To that end, training and maps in this manuscript were generated using QGIS (“QGIS Development
Team (2020). QGIS Geographic Information System. Open Source Geospatial Foundation Project.
http://qgis.osgeo.org”).
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3. Results and Discussion

3.1. Overview of Training

Training was conducted 15–30 May 2019 in Georgetown and Bartica, Guyana. The training was
divided into three phases, informally referred to as “discuss, do, and disseminate” (Figure 1). At the
request of the GGMC, the initial “discuss” phase took place in Georgetown and included 47 participants
from government, academia, non-governmental organizations (NGOs), and miners’ organizations.
The goal was to provide an overview of the project in addition to a foundation for subsequent training
on instrumentation and data interpretation. Training in the field during this phase was intended for
participants to learn how each instrument operated and could be used to generate maps depicting Hg0

vapor concentrations associated with gold shops in Georgetown.

Figure 1. Overview of content and training activities.

The second “do” phase served as an eight-day training session in Bartica, where 22 select trainees
from phase one were further trained to collect data using the Lumex and MTIP, map the data, and
interpret the maps. Additional monitoring of emissions from gold shops was also conducted.

Finally, the third and final “disseminate” phase consisted of work done after completion of the
formal training. Representatives from the GGMC were enlisted to formalize the findings of the training
in a final report. The report was generated and reviewed by both collaborating institutions, with the
goal of incorporating the peer-reviewed literature to support the justification of the project, the results
of the training, and conclusions drawn from the results.

3.2. Phase I: Training in Georgetown

The “discuss” component of training was conducted 15–17 May in Georgetown, Guyana.
Participants were selected by the GGMC and included representatives from the Environmental
Division and Mineral Processing Unit of the GGMC, the Guyana Environmental Protection Agency
(EPA), the Ministry of Natural Resources, the Ministry of Public Health, the University of Guyana, and
the Guyana Gold Board. Additional representatives from the National Mining Syndicate, the Guyana
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Gold and Diamond Miners Association, and the Guyana Women Miners’ Organization were present,
as were representatives from Conservation International Guyana and other NGOs.

The first day was dedicated to a non-scientific project “kickoff”. Representatives from Mercer
University, the Ministry of National Resources, and the GGMC provided a project overview to the
participants, as well as the role of each organization in the project. The remainder of the first day was
dedicated to an introductory lecture discussing global ASGM practices, Guyanese ASGM practices,
Hg0 use in ASGM, and an overview of the Minamata Convention on Mercury. A second lecture was
then given, discussing the environmental fate of Hg0 from ASGM including the global mercury cycle
and the health effects of Hg0. After the second lecture, a group discussion was moderated that engaged
participants to offer their own observations on Hg0 use in Guyana, particularly as to how it related to
the mining process. During this conversation, chemical hygiene and safe storage of Hg0 was discussed.
It was unequivocally stated by both governmental representatives and miners alike that Hg0 needed
to be replaced in the ASGM process; however, currently there is no suitable replacement for Hg0 in
Guyana. This is not unique to Guyana. Hg0 is inexpensive, readily available, requires no formal
training for use, and can be used by an individual miner. Although mercury-free technologies and
techniques have been developed for use in ASGM, none have been widely adopted [10,66–68].

The second day of training was more technical in nature, with detailed discussions related to
the chemistry of artisanal and small-scale mining, mineral processing engineering, and analytical
techniques for monitoring Hg0 in the environment (Table 1). Because of the varied backgrounds of
participants, care was taken to address each topic from an accessible perspective; while technical data
was disseminated, it was placed in appropriate context for the audience, knowing that the second phase
in Bartica would allow for additional technical training. Content was delivered through PowerPoint
lectures, round-table discussions, and hands-on introduction to the instrumentation.

Table 1. Overview of topics covered on day two of the Georgetown training.

Topic Content Delivery

Introduction to the chemical properties of Hg0 Lecture
Mercury in the environment: Myths vs. Realities Lecture, discussion

Mercury Pollution from ASGM: processing ore vs. processing
amalgams

Lecture, discussion

Monitoring Hg0 pollution in the environment Lecture, discussion
Human health effects of Hg0: safety in the field Lecture, discussion

Techniques for soil analysis: XRF screening of metals in the field,
laboratory analysis

Lecture, discussion, hands-on training

Techniques for monitoring Hg in the air: Hg0 vs. total gaseous
mercury (TGM)

Lecture, discussion, hands-on training

Case study on Peruvian ASGM mercury emissions: science vs.
policy

Lecture, discussion

Introduction to operating principles of XRF and portable
spectrometers

Lecture

Closing discussion: Hg0 use in Guyana Discussion

On day two, discussions were moderated on Hg0 use from miners’ perspectives. These included
how the burning of amalgams in the field and in gold shops directly affect human and environmental
health. The lectures and discussions were placed into the context of the Minamata Convention on
Mercury, particularly the potential effects of the treaty on mercury use in Guyana in the future. A case
study of a recent joint project between Mercer University and the Peruvian Ministerio del Ambiente
(MINAM, Ministry of the Environment) was presented and discussed, including the results of mapping
activities conducted in ASGM communities in the Peruvian Amazon. Hg0 pollution originating from
Peruvian gold shops was placed in the context of existing Peruvian air quality standards, which limit
air concentrations to 2000 ng/m3 of total gaseous mercury (TGM) over a 24 h period [69,70]. During
the collaborative assessment of the Peruvian ASGM communities, Hg0 concentrations exceeding
2,000,000 ng/m3 were measured on the street outside these gold shops. As Hg0 is a component of
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TGM, the measured values clearly exceeded the legal limit for Hg0 emissions to air by many orders of
magnitude. However, because the technical norms at the time required that TGM be measured, the Hg0

concentrations collected during the study period were inadequate to demonstrate that the air quality
standards were exceeded. The work conducted by Mercer and MINAM led to the modification of
Peruvian code to allow for the use of a conversion factor converting data collected by cold vapor atomic
absorption spectroscopy (CV-AAS) with Zeeman correction into an estimate of TGM concentrations.
Following the presentation of the case study, the current lack of a Guyanese Hg0 emission standard
was discussed with respect to the Peruvian case study.

To accommodate the large crowd, all four portable atomic absorption spectrometers and the
handheld XRF were displayed. Trainees were split into multiple groups and allowed to handle each
unit, examine how the unit was operated, and previewed the software, prior to rotating to the next
instrument. For the VM-3000 and the MTIP, an amalgam (parad shivling, [71]) in a glass container was
placed in front of each unit and opened so that trainees could see the concomitant increase of Hg0 as
measured by the instruments. Upon completing the demonstration, short clips of a YouTube video
made at Mercer University allowing for the indirect visualization of Hg0 vapor using a UV lamp and a
thin-layer chromatography plate imbued with a fluorescent dye were shown to the participants [71,72].
On the basis of feedback and recommendations from the audience, especially representatives from the
miners’ organizations, we are currently modifying the video to directly engage the ASGM community.

Field Training in Georgetown

The final day of training was dedicated to using the MTIP and Lumex spectrometers to rapidly
assess Hg0 concentrations from gold shops in Georgetown. The trainees were split into two groups,
one in the morning and one in the afternoon; both groups followed the same path through the city. As
there has yet to be a comprehensive survey of gold shops in the city, this activity was largely based
upon the knowledge of gold shops by GGMC employees. The Lumex spectrometers and MTIP were
carried while walking through the city, and trainers demonstrated appropriate procedures and methods
for data collection. Instruments were then handed to volunteer trainees, and they were assisted in
collecting data by the trainers. During monitoring, two sites with elevated Hg0 concentrations were
located, both associated with gold shops (Figure 2). Concentrations of Hg0 outside of both shops
exceeded 10,000 ng/m3, with one shop exceeding 100,000 ng/m3 as measured by the MTIP.

The data were quickly processed and mapped using Google Heat Maps so that participants could
see the sources of Hg0 contamination. The quantitative heat map generated through QGIS can be
found in Figure 2. While participants had already been instructed on how both chronic and acute
exposure to Hg0 can lead to a variety of long term or instantaneous health issues, a discussion after
mapping allowed trainees to revisit the relationship between Hg0 concentrations and health effects
(Table 2).
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Figure 2. Map generated of elemental mercury (Hg0) concentrations during phase one of training in
Georgetown, Guyana.

Table 2. Benchmark [Hg0] in air and corresponding limits.

[Hg0] (ng/m3) Agency Description/Potential Health Effects Reference

200 ATSDR a Minimum risk level (MRL) [73]

1000 ATSDR a Recommended action level, residential setting [74]

2000 Government of Peru Air quality standards, Total gaseous mercury (TGM), not
to exceed value over 24 h. [69,75]

10,000 ATSDR a Isolation of residential setting (evacuation, restricted
access, etc.) [74]

20,000 WHO b Chronic exposure greater than or equal to this value can
result in damage to the central nervous system [30]

25,000 ACGIH c Threshold limit value (TLV) [76]

50,000 NIOSH d Recommended exposure limit (REL), 10 h time-weighted
average [76]

100,000 NIOSH d/OSHA e Acceptable ceiling concentration [76]

670,000 USEPA f Acute exposure guideline limit (AEGL) 2; 1 h, irreversible,
serious, and/or long-lasting health effects may occur [77]

2,200,000 USEPA f Acute exposure guideline limit (AEGL) 3; 4 h,
life-threatening effects or death [77]

3,100,000 USEPA f
Acute exposure guideline limit (AEGL) 2; 10 min,

irreversible, serious, and/or long-lasting health effects may
occur

[77]

10,000,000 NIOSH d Immediately dangerous to life or health (IDLH) [78]
a Agency for Toxic Substances and Disease Registry; b World Health Organization; c American Conference of
Governmental Industrial Hygienists; d National Institute for Occupational Safety and Health; e Occupational Safety
and Health Administration; f United States Environmental Protection Agency.
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Oftentimes, gold shops serve as a residence for the owner and his/her family, and as such
environmental, residential, and industrial standards were highlighted. Reviewing these benchmark
concentrations was particularly important when considering the fact that Guyana currently has no
Hg emissions standards (Hg0 or TGM); therefore, the data collected by the participants were put into
context using international standards.

Due to a lack of ventilation, concentrations in gold shops during burning often exceeds these
values, and exposure to Hg0 vapor during burning can contribute to severe lung damage or
death [31,47–49,79–81]. Two published cases of lung damage occurring during the processing of
amalgams, one specific to a Guyanese miner, were discussed [48,49]. Trainees were reminded that the
maps generated during this process were a snapshot in time; the data collected served as a record that
Hg0 was being emitted at these locations, but Hg0 emissions from these sites could not be determined or
even estimated using these protocols. As a screening protocol, this method is both rapid and effective.

To contrast the difference between Hg0 concentrations emitted from Georgetown gold shops
and the local GGB smelting facility, air concentrations surrounding the facility were monitored
with a Lumex, and the VM-3000 was set up inside GGB and monitored for ≈4 h during burning
operations. Concentrations on the street outside of the facility never exceeded 200 ng/m3, and Hg0

concentrations never exceeded 2800 ng/m3 during smelting. A discussion was held regarding the
value of screening a large area using the mapping protocol vs. fixed-point measurements at a gold
shop. Trainees correctly concluded that both were useful techniques, but the data collected had very
different uses and applications. For example, while mapping allows for the screening of an entire
neighborhood or community, it only reflects the concentrations of Hg0 over short time periods and
only when the spectrometer is present. Fixed-position monitoring provides a time-weighted average
over a longer time period, and thus is more reflective of Hg0 concentrations in a given environment.
However, individual fixed-position systems do not provide an overview of concentrations throughout
a neighborhood or community.

3.3. Phase II: Training in Bartica

Training sessions in Bartica were built upon course material discussed during the Georgetown
session, with the understanding that participants would be required to use all instrumentation in a
real-world setting during the “do” phase. Training in Bartica occurred from 20–30 May, with a cohort
of 18 persons (16 GGMC and 2 EPA) being trained throughout. Four additional persons representing
NGOs and miners’ unions attended training on select days. Although there was a three-day break
from formal training for the observance of Guyanese Independence Day, trainers and trainees collected
data throughout the entire training period.

Prior to departure from Georgetown, Mercer University and the GGMC agreed that successful
completion of training would require (1) collection of data with the Lumex, VM-3000, and MTIP; (2)
organization of data collected using the GPS-linked Lumex using a spreadsheet program; (3) generation
of a map plotting [Hg0] vs location using QGIS and/or Google Heat Maps; and (4) interpretation of
the maps and [Hg0] collected in the field using the MTIP. Progress in these areas were assessed by
both Mercer University collaborators and select GGMC employees. Training would also occur on
the collection of data in gold shops using the stationary VM-3000. However, many of the gold shops
were small, and it was difficult for more than one person to be in a gold shop at a time. To this end,
data were collected but training in fixed-position monitoring was not mandated for all participants.
Similarly, using the XRF was not required for trainees, and therefore data collected during the training
were not presented in this report.

A brief but general overview of the lectures in Guyana was conducted on the first day. Because
Hg0 vapor is both highly toxic and invisible, safety training specific to field work was conducted first.
Trainees and trainers operating the MTIP were supplied with half-face masks with the appropriate
filter for Hg0 vapor, and taught how to fit and use the masks properly. The MTIP has a long wand that
allows for early detection of elevated concentrations of Hg0 vapor; the MTIP protects both the operator
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and the more sensitive Lumex, which is prone to memory effects at higher concentrations. In spite of
the potential danger of Hg0, perhaps the most dangerous component of monitoring Hg0 emissions
is traffic. Operators become so engrossed in what they are doing (or so distracted by conversation)
they can accidentally walk into traffic. To this end, each portable spectrometer was operated by a team
of three people. In the case of the Lumex, one carries the instrument and is responsible for directing
the intake wand; another carries the computer and monitors data collection; and a third watches out
for obstacles and safety hazards, ensures the connection is maintained between the Lumex and the
computer, and ensures that an adequate pace is maintained throughout the monitoring period.

After safety training, pacing for walking with the instruments was practiced. The Lumex with a
GPS unit records data in 1-s intervals. Walking too quickly decreases the number of readings per GPS
coordinate and may disrupt the flow of air entering the Lumex. Both moving the Lumex and swinging
the intake hose too quickly effectively alter the path length of the instrument. In our experience,
this results in the recording of artificially low concentrations in contaminated areas near gold shops,
although the effect is not noticeable in areas where only low, natural background levels of Hg0 are
found. Teams were also instructed to monitor the weather. As training was occurring during the rainy
season, teams were instructed to preemptively save their data, shut down the instruments, and place
them in plastic bags to be immediately brought back to their storage location.

After the initial training was completed, the 18 trainees and the trainers were divided into 4
teams distributed amongst the 3 portable spectrometers and the XRF. By the end of the training, five
teams were active, with one team resting while the others worked. The majority of data collection
occurred between 8:00 a.m. and 4:00 p.m. Each day, the data collected were downloaded to a
computer, organized, and mapped using QGIS. As with data collection, these processes were initially
demonstrated by the trainers but ultimately conducted by trainees.

3.3.1. Mapping of Central Bartica

Although maps were generated each day, the data collection process was slow, and even with
two Lumex instruments it was impossible to map all of Bartica in one day. In addition, because of
the number of trainees and the nature of the mapping protocol, it was necessary to walk the same
paths through the town repeatedly. Although maps were generated at the end of each day, on the last
day of the training period, all location vs. data collected were combined into a single spreadsheet.
The maximum values of Hg0 concentrations that fell on the Lumex calibration curve at each unique
location were mapped (Figure 3).

The map clearly identified gold shops emitting Hg0. Unlike previous work conducted in Peru
and Ecuador, the concentrations determined on the street using the Lumex were significantly lower,
with the exception of one occasion wherein the MTIP never exceeded 100,000 ng/m3. This is attributed
to the fact that many of the gold shops were considerably set back from the street and sidewalks, were
often vented with high chimneys, and were not operating as frequently as in other ASGM communities.
Numerous gold shop owners stated that business had been slowed by heavy rains and flooding in the
interior that limited transportation to Bartica, while a few commented that the number of gold shops
significantly decreased the amount of gold purchased at any one shop.
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Figure 3. Map of Central Bartica, consisting of maximum Hg0 concentrations found during Bartica
training, May 2019. The majority of active gold shops were located within the red boxes.

3.3.2. Monitoring Hg0 Concentrations During Burning/Smelting Operations at Gold Shops

Concentrations of Hg0 inside two gold shops and at the Bartica branch of the GGB were recorded
during the smelting of sponge gold using the VM-3000. Data collection at both gold shops was only
allowed under the condition of anonymity. Due to the small size of the rooms in which burning
occurred and the fact that there was no set timetable to burn gold, we made efforts to ensure that the
monitoring did not compromise the safety of the instrument operators or gold shop employees. To this
end, the VM-3000 was set to measure Hg0 concentrations every second, and the data were stored to the
onboard computer. As there is a finite amount of storage space on the VM-3000, at certain intervals,
we downloaded data to a laptop computer. At all locations, the unit was placed on the floor of the
room, 1–2 m from the opening of the fume hood where gold was smelted. Ideally, the spectrometer
intake would be located at approximately face level to determine Hg0 concentrations in locations
where employees would be breathing; however, the unit would have been a tripping hazard in the
confined spaces of the rooms.

The GGB facility in Bartica was evaluated the day before monitoring, and the facility office area
was found to have Hg0 of less than 1000 ng/m3 as measured by the MTIP prior to burning. The burning
room itself, which had been used ≈40 min prior, still had the ventilation system running and had
a concentration of < 2000 ng/m3. The following day, the VM-3000 was set up, and data recording
commenced. The results of the study are found in Figure 4. The maximum concentration at floor level
was determined to be 98,700 ng/m3 during the study period, in which sponge gold was smelted once.
Over the 7 h and 24 min of monitoring, the average Hg0 concentration was 9590 ng/m3. These Hg0
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concentrations were significantly higher than the Hg concentrations measured at the GGB facility in
Georgetown, which had recently installed a modern ventilation and capture system. Guyana currently
has no laws related to ceiling indoor Hg0 concentrations in industrial environs, nor a time-weighted
average for employee exposure. This was an initial assessment of [Hg0] in this GGB facility. As
only one smelting episode was recorded on one day, it is impossible to draw long-term conclusions
from the data presented here. It is possible that the Occupational Safety and Health Administration
permissible exposure limit (OSHA PEL) of 100,000 ng/m3 is exceeded during burning at the face of
the fume hood. The same holds true for the National Institute for Occupational Safety and Health
recommended exposure limit (NIOSH REL) of 50,000 ng/m3 (TWA) over an 8-h workday. However,
employees in the room were equipped with appropriate personal protective equipment including
laboratory coats and half-face masks, and on the basis of the collected data it is clear that the GGB sites
evaluated during this study had significantly less Hg0 contamination than the gold shops assessed.
Future monitoring should be designed to monitor Hg0 at approximate human face level. In addition,
while no Hg0 measured outside was directly attributed to the GGB Bartica facility, future assessment
should include monitoring of the effluent emitted directly from the facility’s ventilation system to
determine the concentrations of Hg0 emitted during burning.

Figure 4. Hg0 concentrations recorded during the smelting of sponge gold in the Guyana Gold Board
(GGB) processing facility in Bartica, Guyana.

A gold shop had been identified during the prior day’s measurements as having significantly
elevated concentrations of Hg0 at the front opening. The owners openly allowed the shop and
connected waiting area to be assessed for Hg0 concentrations. They stated that their ventilation
system was installed by a private contractor and cost $2500 (USD). Concentrations in the waiting
room exceeded 50,000 ng/m3, as measured by the MTIP, and the burn room was highly fluxional, with
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concentrations ranging between 100,000 ng/m3 and 200,000 ng/m3. The owners reported that business
had been slow, and they had not burned in three days.

The following morning, the owners contacted us and stated that they would be receiving sponge
gold and would be smelting the next day. They granted permission to set up the VM-3000, but stated
that we could not be at the location during smelting. As such, it was impossible to link the activities in
the gold shop to Hg0 concentrations, but it was ascertained that multiple pieces of sponge gold were
reheated, and the owners combined and smelted the gold during the observation period. The results
can be found in Figure 5.

Figure 5. Hg0 concentrations recorded at a gold shop in Bartica, Guyana.

The maximum concentration of Hg0 as measured during burning was 527,500 ng/m3, with an
average concentration of 58,400 ng/m3 over the ≈5-h monitoring period. It is clear that concentrations
of Hg0 in this gold shop exceeded safe levels; however, it should be noted that this gold shop had a
ventilation system that passed air from the fume hood through a 55-gallon drum filled with water, and
the vast majority of Hg0 was removed from the room. The owners claimed that the system captured
Hg0 but had never recovered it. Concentrations during burning at the exhaust exceeded 2,000,000
ng/m3, the detection limit of the MTIP. Other gold shops had a variety of these ventilation/capture
systems, but all seem to be custom-made and unique. This may lead to future issues in monitoring the
effectiveness of these systems should an emissions standard be developed.

Because the mapping process was highly visible, with dozens of trainees and trainers walking on
the streets with unwieldy instrumentation, we were approached by numerous citizens, miners, and
gold buyers who were interested in what we were doing. One gold shop owner reported that their
neighbors were complaining that their shop was venting into the courtyard behind the building into an
area where a young child was sleeping. As a result, the gold shop was assessed and Hg0 concentrations
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were determined during the smelting of sponge gold into a single ingot. The second gold shop was
located on the ground floor of a two-story building that also served as a residence and a business
unrelated to mining. Behind the building was a courtyard and another residence. Earlier in the day,
the owner placed a 90◦ angle bend at the top of the exhaust pipe, which extended above the roof of
the building. The intent was to direct the vented gas away from the courtyard and toward the street.
The monitoring of the smelting can be found in Figure 6. Similar to the previous informal gold shop,
concentrations over the brief monitoring exceeded the OSHA PEL with a maximum concentration of
302,200 ng/m3.

Figure 6. Hg0 concentrations recorded at a gold shop in Bartica, Guyana.

The gold shop contained a single fume hood that vented through the wall behind it. A pipe
extended through the wall and was directed toward the ground and into a box containing a fan.
The two-story exhaust pipe extended up from this box. During smelting, concentrations rapidly
exceeded 650,000 ng/m3 within 30 cm from the pipe/box junctures; the MTIP was removed from this
area immediately to prevent contamination. However, 1 m away, concentrations were less than 25,000
ng/m3, and were less than 5000 ng/m3 within 3 m at the entrance of the courtyard. Meanwhile, an
unsuspecting Lumex team who had stopped mapping for the day and was waiting on the opposite
side of the street ≈25 m from the front of the building recorded a rapid increase to >25,000 ng/m3 and
immediately left the area. During monitoring, it seemed as though the 90◦ bend on the exhaust pipe
served to redirect the Hg0 vapor onto the street and away from the building. It is important to note that
this system may not effectively move the Hg0 away from the residence, and the vapor may have been
carried away from the gold shop during the observation time by the prevailing wind from the river.

102



Atmosphere 2020, 11, 719

3.3.3. The Relationship Between Gold Shops and Hg0 Contamination in Bartica

Not surprisingly, all Hg0 vapor contamination in Bartica was found to originate at gold shops
during phase 2 of training, and all elevated concentrations can be traced back to either (1) Hg0

contamination from previous smelting activities in gold shops, (2) the burning of amalgams, (3) the
reheating of processed amalgams, or (4) smelting of gold. There are seven GGB licensed gold dealers
in Bartica [82] and over 30 gold shops, although some were not actively burning during the training
period. In spite of the large number of gold shops, Hg0 concentrations in public areas such as streets
and sidewalks were considerably lower when compared to previous work mapping conducted in Peru.

There are numerous reasons that the maps generated in Bartica display relatively less Hg0 than in
other communities. As previously mentioned, less burning occurred during the rainy season due to
flooding. As a result, it was less likely to find that gold shops were open throughout the entire day.
During training many gold shops were closed from ≈2:00–4:00 p.m., as were many other stores. In
addition, many stores closed when rain came. Gold shop owners that chose to close their shops may
reduce the amount of Hg0 emanating from the shop, thus decreasing the likelihood that Hg0 would be
detected if a Lumex team passed. Many Guyanese gold shops were also set back further from the street
and sidewalk than Peruvian shops, and most gold shops had burning stations located in the back of
the business away from the street. Unlike gold shops or burning facilities in Peru, there were no gold
shops in Bartica that vented directly onto the street through horizontal piping. Many shops in Guyana
had vertical exhaust stacks that may lead to greater dilution of Hg0 vapor than those in other ASGM
communities. However, as highlighted at the second gold shop, the effect of tall chimneys on Hg0

emissions from gold shops may lead to wider distribution of Hg0 pollution and affect mapping and
identification activities. Finally, certain gold shops in Guyana had conditioned air that led to exterior
windows and doors being closed, whereas in Peru, the front of most shops were open. The closing of
shops to maintain a cool temperature may lead to higher concentrations of Hg0 trapped inside the
burning area. The effect of tall chimneys and air conditioning should be investigated at a later date.

Previous work in Ecuador and Peru had demonstrated that although Hg0 concentrations may
vary from day to day, that mapping could always be used to determine the locations of gold shops.
It became apparent during training that this was not to be the case in Bartica; there were mercury
emissions not noted at a given location one day, and yet mercury emissions appeared on another day
of training (Figure 7). Therefore, the mapping technique presented to trainees is noted as an effective
screening tool for identifying gold shops that is limited because it only records concentrations at a
given time. For this reason, trainees were routinely told that mapping represented a “snapshot in
time”. Trainees were reminded that mapping cannot be carried out over a single day, but must be
comprised of data collected over multiple days.

3.4. Phase III: Analysis and Dissemination of Results

During joint planning sessions between Mercer and the GGMC, a GGMC representative stated
that although employees were capable of collecting data in the field, a potential area for growth could
be interpretation of the data collected and the generation of the final report. While all 18 full-time
trainees (1) were instructed in Guyana and Bartica; (2) participated in the collection of data using the
Lumex, MTIP, and XRF; (3) mapped at least one day’s worth of collected data using Microsoft Excel
and quantum geographic information system (QGIS); (4) interpreted the map and referenced it with
their observations in the field; and (5) assisted or were presented with the final findings of the mapping
work, it was logistically infeasible to engage all trainees and trainers in the production and review
of the final report. As a result of this conversation, selected GGMC employees participated in the
final interpretation of data and writing of the report. These trainees were selected because of their
dedication to the collection and interpretation of data. These trainees were ultimately able to generate
maps independent of trainers, and as such, were identified as potentially being able to lead future
internal training for the GGMC. On the final day of training, trainees assisted in the generation of the
total map and participated in a discussion related to the findings of the program.
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Figure 7. Panels (A,B) are daily maps generated by trainees. No burning activity (panel (A)) may not
be reflective of gold shop activity. When sponge gold or amalgams are heated in the same location in
subsequent days, Hg0 is clearly visible on the map (panel (B)).

Upon the generation of the drafted report, the trainees were asked to bridge the scientific findings
with their experiences during the training. In addition, they were asked to place the technical and
scientific findings in the context of Guyanese mining practices.

4. Conclusions and Future Directions

A three-phase training program was established from a collaboration between a U.S. university
and the GGMC. The first phase of the training encompassed the use of Hg0 in ASGM in the context
of science, the environment, and policy, in particular the Minamata Convention. Participants were
introduced to a suite of analytical instrumentation to assess Hg0 contamination originating from
gold shops in the capital city of Georgetown. During the second phase of training in Bartica, data
were collected and mapped that quantified Hg0 pollution at gold shops. In addition, concentrations
of Hg0 were measured inside the Guyana Gold Board facilities. During monitoring periods, GGB
facilities remained under the OSHA PEL guideline of 100,000 ng/m3, but the gold shops produced Hg0

concentrations that exceeded the PEL. Furthermore, these gold shops were found to vent concentrations
of Hg0 exceeding 1,000,000 ng/m3, with one shop exceeding 2,000,000 ng/m3, the detection limit of
the MTIP. During the third and final phase of the project, select representatives from the GGMC were
asked to assist in the preparation of a final report, reinforcing learned concepts and requiring further
interpretation of the results.

Because the GGMC has identified the need for the development of standards for the emission
of Hg0, the data collected during this training may serve as a baseline for deciding emissions limits
and may assist in the generation of national air quality standards. A delicate balance must be reached
between profits from gold mining and protecting human and environmental health. The reality is that
existing laws in other countries may not apply to areas of high contamination such as gold shops.
This program also identifies sources of Hg0 to the atmosphere, but it does not provide insight into the
ultimate fate of this Hg0. The maps generated indicate that Hg0 is rapidly diluted once it leaves the
gold shop. The reality is that this Hg0 must go somewhere, entering the atmosphere and/or depositing
on the ground or surface of buildings, and thus would be inaccessible to the sampling probes of the
spectrometers. Whether Hg0 from these gold shops is deposited locally, regionally, or globally has yet
to be determined. In other areas, inexpensive passive air samplers have been used to quantify Hg0 in
the air over extended periods of time [83–86]. Future mapping that incorporates data from passive air
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samplers may add to our understanding of the fate of Hg0 emitted from gold shops. This is a global
challenge, and as such, will be faced not only by Guyana but by all signatory nations of the Minamata
Convention with ASGM activities.
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Abstract: Primary artisanal mercury (Hg) mining in Mexico continues to proliferate unabated, while
official Hg exports have declined in recent years amid speculation of a rising black market trade.
In this paper, an assessment of primary Hg mining in Mexico was conducted, with a focus on four
sites in Querétaro State. Atmospheric Hg concentrations were measured at two of those sites. In
addition, trade data was examined, including Hg exports from Mexico and imports by countries that
have a large artisanal gold mining (AGM) sector. Results showed that while annual Hg production
in Mexico has ramped up in recent years, official Hg exports reduced from 307 tonnes in 2015 to
63 tonnes in 2019. Since 2010, mercury exports to Colombia, Peru and Bolivia have represented 77%
of Mexico’s total Hg trade. As the large majority of Hg trade with these countries is apparently
destined for the AGM sector, which is contrary to Article 3 of the Minamata Convention, there is
evidence that increased international scrutiny has led to an increase in unregulated international
transfers. Atmospheric Hg concentrations at the mines show dangerously high levels, raising concern
over the risk of significant health impacts to miners and other community members.

Keywords: primary artisanal mercury mining; Mexico; Hg trade data; atmospheric mercury concen-
trations; Minamata Convention

1. Introduction

On 16 August 2017, the Minamata Convention of Mercury entered into force for
the first block of countries (Parties) that had both signed and ratified the international
accord. Out of a total of 128 States (Signatories) that have signed the Convention, to date
124 countries have ratified the accord, with Pakistan being the last on 16 December 2020.
This agreement, under the umbrella of the United Nations Environment Program (UNEP),
provides a regulatory framework with the aim to “protect human health and environment
from anthropogenic emissions and releases of mercury (Hg) and mercury compounds.”
Specifically, there are imperatives to establish strict controls on mercury trade, gradually
stop primary mercury mining and limit the use of mercury or mercury compounds in
manufacturing processes, including chlor-alkali production and vinyl chloride monomer
used to make polyvinyl chloride-PVC [1]. However, it is important to point out that
the Minamata Convention only provides guidelines for the parties to follow, with the
implementation of regulatory solutions solely on the responsibility of member countries.

One of the first objectives of the Minamata Convention of Mercury was to push for
the phase-out the supply of mercury-added products by 2020, a directive that was officially
ratified in September 2019 [2]. This includes the manufacture, import and export of
batteries, switches, fluorescent lamps, cosmetics, pesticides, barometers, and thermometers,
as well as discouraging the use of mercury in dental amalgams. Another important target
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is limiting the use of mercury by artisanal gold miners (AGM), who number between
16–20 million and operate in more than 70 countries worldwide [3].

Artisanal gold miners are the world’s largest users of mercury, who apply rudimentary
amalgamation techniques to recover gold, causing severe impacts to human health and the
environment [4–6]. In developing countries, artisanal mining activity plays a crucial role in
rural or remote areas, where diversification of the local economy is limited or irregular [4,7].
Poverty and a lack of opportunities leads low-income or unemployed rural inhabitants to
pursue AGM, where a gram of gold is currently worth approximately US $61. In addition,
the implementation of lockdown measures forced by measures to contain the COVID-19
pandemic have left hundreds of thousands of people unemployed, which only exacerbates
the situation.

Worldwide, AGM annually produces approximately 400 tonnes of gold or 12% of
total global production, generating US $24 billion in revenue [3]. Concomitantly, AGM is
the largest source of anthropogenic mercury emissions, with an estimated average loss of
2058 tonnes of mercury being used and annually released into the environment [8], both
from fluvial and atmospheric emissions, which accounts for 37% of total Hg emissions
worldwide [9]. However, AGM miners continue to use mercury to produce gold despite
well-known environmental and health impacts, as it is accessible, relatively cheap and easy
to use [10].

For the implementation of the Minamata Convention directives in each country, the
importance of reducing and eliminating the supply and trade of mercury is paramount to
being able to regulate its use. As of August 2017, the development of new primary mercury
mines has been banned and existing mines have 15 years to complete a total phase-out [9].
In addition, there are restrictions for the use of mercury in product manufacturing and
disposal, as well as new regulations to control the import and export of mercury between
Parties and Non-Parties [9]. According to the U.S. Geological Survey (USGS), in 2019,
approximately 4000 metric tonnes of mercury were produced worldwide, with China
(3500 tonnes) and Mexico (240 tonnes) being the top countries, while smaller amounts were
produced by Tajikistan (100 tonnes), Peru (40 tonnes), Argentina (30 tonnes), Kyrgyzstan
(20 tonnes) and Norway (20 tonnes) [11]. While Indonesia is also considered to be one
of the world’s largest mercury producers and exporters, there is little information on Hg
production. However, UN COMTRADE data showed that Hg exports from Indonesia
ramped up to 680 tonnes in 2016 from 284 tonnes in 2015 and 0.81 tonnes in 2014, before
dropping down to 152 tonnes in 2017, then only 29 tonnes in 2018 and 13 tonnes in
2019. With an estimated 1 million artisanal gold miners working in 27 provinces in
Indonesia [12,13], it appears that Indonesian mercury production is principally used for
domestic consumption.

Although it is widely known that Mexico is a significant primary mercury producer,
the USGS categorizes it as an export country that “reclaims mercury from Spanish colonial
silver-mining waste” [11]. Article 3 of the Minamata Convention states that any mer-
cury produced must only be used in the manufacturing of mercury-added products in
accordance with Article 4 (e.g., batteries, fluorescent lamps, cosmetics, pesticides, etc.,
which are to be phased out in 2020, apart from the continuing use of dental amalgams), in
manufacturing processes in accordance with Article 5 (e.g., chlor-alkali production, which
is to be phased out in 2025) or be disposed of in accordance with Article 11 [1].

While the Minamata Convention is explicit that mercury is not to be exported for
its use in artisanal gold mining, an INECC (Mexican Institute of Ecology and Climate
Change) report in 2017 examining the challenges, needs and opportunities to apply the
Minamata Convention in Mexico, stated that the main destination of mercury produced in
Mexico was for exports principally to Latin-American countries that use it in artisanal gold
mining [14]. It is apparent that the increase in Mexican mercury production has occurred
as a result of export bans imposed by the United States and the European Union since
2011. In 2010, UN COMTRADE data showed that global mercury imports and exports
had been 2600 tonnes and 3200 tonnes, respectively. However, by 2015, global Hg imports
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and exports had decreased to 1200 tonnes and 1300 tonnes, respectively, while mercury
production kept on increasing. Since then, in order to avoid scrutiny due to Minamata
Convention compliance, there has been increased evidence of informal or illicit transfers,
especially involving Indonesia, Colombia and Mexico [15].

Primary mercury mining typically uses artisanal methods, including the roasting of
cinnabar (HgS) ores in rudimentary wood-fired ovens, which heats and condenses the
released mercury in the form of metallic mercury. Cinnabar is a mercury sulfide mineral
composed of 85% mercury and 15% sulfur, which upon calcination releases mercury vapors.
Due to the rudimentary method used by artisanal mercury miners, the mercury vapor
contaminates the surrounding local environment and also the lungs of workers operating
the ovens, who generally do not use any personal protective equipment [16]. It is well
known that exposure to mercury vapor enters into the lungs and circulatory system,
causing accumulation in the kidneys and brain, leading to serious neuro-cardiovascular
problems [4,17–19].

In this paper, we conducted an assessment of primary mercury mining in Mexico,
with a focus on four sites in Querétaro State, including Camargo, Bucareli, San Gaspar and
Plazuela. This included a brief history of mercury mining in Mexico and a description of the
key stages of the mercury mining process, as well as an analysis of the Hg supply and trade
situation with several countries in South America that have a large AGM sector, leading to
examination of the regulatory control suggested by Minamata Convention directives. In
addition, the environmental impacts of primary mercury mining in Mexico are highlighted
by atmospheric Hg concentrations measured at mine sites in two different municipalities in
Querétaro. There is also a discussion of the economic alternatives that could be promoted in
the region to substitute the destructive practices associated with primary mercury mining.

2. Material and Methods

2.1. Field Study and Data Research

Field observations were conducted in the Sierra Gorda region of Querétaro, Mexico,
between July 2015 and February 2017 to complement preliminary information obtained
in 2014. The first findings indicated that there were four main areas of influence at Sierra
Gorda where artisanal mercury miners (AMMs) obtained cinnabar from underground
mines and then used rudimentary technologies to produce metallic mercury at primitive
processing centers. This information was corroborated by the Secretariat of Sustainable
Development (SEDESU) in Querétaro, which confirmed that irregular activities from local
miners had been taking place at Sierra Gorda. They indicated that the main activity of these
miners was the informal production of primary metallic mercury. Furthermore, SEDESU
provided the contact information for some community leaders in order to obtain access
and observe its mining and community activities.

In August 2015, a mercury assessment was conducted in the areas of Camargo and
Plazuela in Peñamiller Municipality, as well as Bucareli and San Gaspar in the municipality
of Pinal de Amoles (Figure 1). This assessment was designed to gather basic information
on extraction processes in the underground mines and what techniques were being used at
the processing centers. In order to accomplish those objectives, interviews were conducted
with owners of mine concessions, AMM leaders and technicians in the processing centers.
These interviews were qualitative in nature, which used informal discussions with the
participants to better understand the mining and processing methods employed, safety
precautions or lack thereof, inherent risks involved, production rates, number of workers
involved, legalities and typical salaries for workers.

In March 2016 and February 2017, site investigations were conducted at an artisanal
mercury mine located close to Camargo (Figure 2). The site investigations included atmo-
spheric mercury sampling of the area using a Jerome J405 atomic absorption spectrometer
(AAS) in 2016 and 2017, as well as a Lumex RA-915M AAS in 2017. While the mercury
sampling in 2016 focused on measuring Hg concentrations in and around the cinnabar
distillation ovens in the processing area, the 2017 sampling began first in the center of
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Camargo village at the police station and then continued on to the mine and mercury
processing area (Figure 3). These atmospheric Hg concentrations were then compared to
other measurements made in June 2016 at La Soledad mercury mine in Pinal de Amoles
Municipality, Querétaro.

Figure 1. Map of study area showing the location of active primary mercury mines in the State of Querétaro, including
Camargo and Plazuela in Peñamiller Municipality and Bucareli and San Gaspar in Pinal de Amoles Municipality. The map
has been modified using an image sourced from Via Michelin.

Figure 2. Artisanal primary mercury mine in Camargo, Peñamiller Municipality, State of Querétaro
Arteaga, Mexico. Photo taken in February 2017 by Bruce Marshall.
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Figure 3. Wood-fired ovens at an artisanal primary mercury mine in Camargo, Peñamiller Munici-
pality, State of Querétaro Arteaga, Mexico. Photo taken in February 2017 by Bruce Marshall.

Data research was also conducted looking at mercury exports from Mexico, as well as
mercury imports by countries in South America that have a large artisanal gold mining sector.

2.2. Study Area

The town of Camargo is located in Peñamiller Municipality at an elevation of 1755 m
and only 8.6 km by road from Peñamiller, which is the capital of the municipality. Ap-
proximately 80% of the territory of Peñamiller Municipality lies within the Sierra Gorda
Biosphere of Querétaro.

Camargo has a population of 852 inhabitants, whose overall literacy rate is very low
(8.1%). As there are few economic activities in the region, unemployment is generally
high, with only 44% of the men and 15% of the women employed [20]. INEGI data has
shown that both Peñamiller and Pinal de Amoles municipalities have a high poverty index,
with approximately 35% of the populations in extreme poverty [20]. The main economic
drivers of both municipalities include small shops and businesses, tourism and mining,
as well as a small portion of agriculture and livestock (most of it is used for domestic
consumption) [20]. The area is very arid and the terrain is desertic with thin layers of soil,
which makes extensive agricultural production a significant challenge. Due to the lack of
opportunities and low-income jobs, a high percentage of young people has been migrating
to the U.S. in search of a better life.

Although the municipalities of Peñamiller and Pinal de Amoles have some rich
deposits of various minerals, including hydrothermal veins of gold, silver, lead, zinc,
copper and antimony [21], mercury has always been the most exploited. In 2017, the
Instituto Nacional de Ecología y Cambio Climático reported that the State of Querétaro had
a total of 19 working mercury mines, producing approximately 102 tonnes/a. The mine
in Camargo in Peñamiller Municipality produced one-fifth of that or ~20 tonnes/a, while
San Gaspar in Pinal de Amoles Municipality produced approximately 16 tonnes/a [22].
However, in 2019, a new report stated that Querétaro State had 189 mines registered
with the Secretariat of Economy, which apparently produced a total of 804.6 tonnes of
mercury in 2017 [23]. Furthermore, only four of those mines corresponding to two mining
concessions had valid permits with SEMARNAT (Secretariat of the Environment and
Natural Resources), which is the authority in charge of carrying out the environmental
impact assessment and authorizing the mining activities for the exploitation, exploration
and benefit of mercury. Although these permits were set to expire in November and
December of 2020, they had been issued prior to the Minamata Convention coming into
force [23]. It is important to remember that the development of new mercury mines have
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been banned for all countries that ratified the Convention and that existing mines have
15 years to close their operations [9].

There is concern that on-going production of mercury in the region will compromise
nature conservation areas, especially mines in close proximity to the Sierra Gorda Ecological
Reserve, which was declared a Biosphere Reserve by UNESCO in 2001. Sierra Gorda is
centered in the northern third of the Mexican state of Querétaro and extends into the
neighboring states of Guanajuato, Hidalgo and San Luis Potosí. Within Querétaro, the
Sierra Gorda ecosystem extends from the center of the state starting in parts of San Joaquín
and Cadereyta de Montes municipalities and covers all of the municipalities of Peñamiller,
Pinal de Amoles, Jalpan de Serra, Landa de Matamoros and Arroyo Seco, for a total of
250 km2 of territory [24]. The reserve constitutes one of the most diverse natural areas in
Mexico and is home to a number of threatened wildlife species and 15 types of vegetation.
In addition, it has been estimated that the Sierra Gorda region has among the largest
cinnabar reserves in the world, even considering other old and active mercury mines such
as Almadén (Spain), Nuevo Almadén (California, EU), Hidrija (Slovenia), Huancavelica
Register (Peru), Virginia Quindien (Colombia) and the Province of Kweichow (China).

2.3. The Mercury Mining Process

Informal mercury mining in Mexico consists of excavating underground shafts in
mountainous areas that have rich volcanic deposits in search for cinnabar (mercury sulfide)
ores. Crews of artisanal mercury miners (AMM) work hundreds of meters inside the
mountains following cinnabar deposits in tunnels 0.5 to 2 m wide. The miners typically
use explosives purchased on the black market to blast mineralized quartz veins, which
they then extract using pneumatic hammers or, in some cases, simple picks and shovels.
The work is extremely physically demanding and often the youngest men are the ones who
work inside the mines. After blasting and extraction, the material is then put into sacks
and brought to the surface, while the waste rock is used to fill old tunnels.

Once outside of the mine, the cinnabar ore is transported to the processing center,
where a crew of AMMs manually break up the rock with hammers to reduce the pieces
to 1.5 to 4 cm in diameter. The visual selection process separates the rocks with some red
(cinnabar) stains from the waste material (an experienced mine supervisor further screens
the waste pile to recover valuable material). All of the waste rock is then piled into heaps
in open areas nearby. The selected material is then crushed manually or in a jaw crusher
and the classification process is done using a 3–5 mm steel screen.

The next step involves roasting the cinnabar ore in old-fashioned retort furnaces,
which are composed of bricks, cement and steel cylinders to receive the condensed mercury.
In the roasting process, heat is applied to the cinnabar sulfide ore, raising the temperature
above its mercury boiling point (356.7 ◦C), which creates an oxidized reaction (O2) to form
sulfur dioxide (SO2):

HgS + O2 → Hg + SO2 (1)

Artisanal miners also mix quicklime (CaO) with the cinnabar ore to improve the
mercury vapor formation according to the equation:

4HgS + 4CaO → 4 Hg + 3CaS + CaSO4 (2)

This allows the mercury to be liberated in vapor form together with water and other
substances of the process. Then, all the vapors pass to a cooling system, where mercury
is the first element to be condensed into liquid and the other vapors are either captured
or vented into the surrounding air. The mercury is then collected and filtered to remove
impurities (dark film and scum), leaving 99% pure mercury ready to be packaged. This
mercury has adequate enough quality to be directly used in the artisanal gold-silver
mining sector; however, for its application in many products such as thermometers, electric
switches, barometers, etc., it needs to be further re-distilled.
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2.4. History of Mercury Mining in Mexico

For centuries, Mexico has mined cinnabar ores, culminating in the production, trade
and use of mercury, beginning in 1555 [25]. In 1557, the Spanish merchant Bartolome de
Medina introduced the Patio Process of Mercury Amalgamation in Mexico, which solved
the problem of recovering low-grade silver ores. Silver mines quickly adopted this process
and silver production boomed in Mexico [25,26].

In 1821, when Mexico declared its independence from the Spanish monarchy, the
silver industry became one of the key economic drivers of the new government, which
required a steady supply of mercury. In order to meet these requirements, the government
eliminated old, established mercury supply restrictions that had been implemented by
Spain and promoted the domestic mining of cinnabar [25]. Authorities offered benefits
such as tax elimination and rewards when mines annually produced more than 90 tonnes
of mercury. As a result of these incentives, old mines re-initiated operations and new
mercury mines were gradually opened in the Mexican territory [25].

During the Post-Colonial period (1821–1920), domestic mercury production and mer-
cury imports were used to meet the supply demands for amalgamating silver [25]. How-
ever, at the beginning of the twentieth century, cyanide processes for leaching gold and
silver were introduced in Mexico [25]. This new technology increased the recovery of both
gold and silver, maximized production, eliminated the use of mercury and decreased the
environmental impacts caused by mercury use and release [27].

By 1921, Mexican silver mines gradually adopted cyanidation and substituted the
Patio Process. Nevertheless, local and international markets required mercury for other
applications. According to Castro-Diaz [25], primary mercury production between 1922
and 1967 totaled 18,000 tonnes, with an annual average of 400 tonnes. In 1968, the Mexican
Commission of Mining Development (Comision de Fomento Minero) reported a total of
1119 mercury mines operating throughout the country. The Mexican States that had the
highest concentration of mines were: Querétaro: 322 mines; Durango: 214 mines; Zacatecas:
212; and San Luis Potosí with 100 mines [25].

From 1968 to 1994, primary mercury production decreased to an average of less than
300 tonnes/a, totaling 7700 tonnes for the 26-year period, with Querétaro being the largest
producer [25]. Between 1990 and 1992, the Mineral Resources Council of Mexico (CRM)
reported 83 mines operating in the country, including in Querétaro [28], Durango, EdoMex,
Guanajuato [27], Guerrero, San Luis Potosí and Zacatecas [29]. Then, in 1994, as large-scale
or medium-scale mining companies started exploring more lucrative gold, silver or copper
deposits, primary mercury mines did not report any production for that year. Between
1994 and 2013, the mining authorities did not report any primary mercury production
whatsoever, with no official registration of any informal or small-scale activity [25].

In 2010, the Mexican Secretariat of Economy reported the existence of 314 metallic
mercury mines in the country, although most of them were either inactive or abandoned [25].
The states with the most mercury mines were Querétaro with 75 sites and San Luis Potosí
with 56 sites [25]. However, in recent years there have been reports about the potential
reactivation of the primary mercury industry in Mexico [22,23,30].

Since 2010, Mexico has been increasing its role as one of the largest suppliers of mer-
cury in the world, together with China and Indonesia. Prior to this, the USA and Spain were
the largest mercury exporters over a span of decades, until the European Union banned
exports in 2010 and the United States quickly followed suit. However, up until recently,
official communication by the Mexican government has contradicted this information.
The Secretariat of Economy and the mining government office have repeatedly stated that
Mexico has not produced metallic mercury from primary mines since 1995, only formally
recognizing production obtained through secondary processes, which has been occurring
in Mexico for more than a hundred years [25]. Tailings accumulated from the Patio Process
during the Colonial and Post-Colonial eras have presented profitable opportunities for
those companies capable of reprocessing waste materials for mercury production, mainly
in the State of Zacatecas. However, the estimated annual production of mercury generated
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from the reprocessing of waste materials (20–24 tonnes) does not match Mexico’s total
annual production of 240 tonnes [11], which in itself could be vastly underestimated [23],
and also does not align with recent annual exports of 230–300 tonnes/a (UN Comtrade). It
appears that a significant portion of Mexico’s mercury exports come from primary mercury
mining; the vast majority of which is unreported and unregulated [15,23].

3. Results

3.1. Assessment of the Primary Mercury Mining Process in Mexico

The results from our assessment showed that the mining and mineral processing
methods used in the underground mines at Camargo, San Gaspar, Bucareli and Plazuela
were very rudimentary. It was apparent that all of these mines have planning and mine
design issues, due to a lack of health and safety standards applicable to the mining metal-
lurgical industry. Typical problems faced by AMMs include mine access, roof control, poor
ventilation and illumination, rock slides or cave-ins, rudimentary material transportation,
lack of personal protective equipment, as well as general health and safety issues.

For example, it was found that miners at Camargo and San Gaspar used simple
winches and railway wagons to transport the cinnabar ore out of the shafts, while Bu-
careli miners transported the ore material in wheelbarrows, which was then loaded onto
their backs.

In terms of processing, the centers at Camargo, San Gaspar, Bucareli and Plazuela
all use rudimentary old-fashioned ceramic retort furnaces to roast the cinnabar ore and
extract metallic mercury. The AMMs prefer this kind of furnace, due to its simple method
of extraction and low capital cost. According to the miners, this type of furnace should
address specific heavy-duty requirements in order to be efficient. It must be simple to
construct, relatively unaffected by thermal extremes during the roasting process and strong
enough to withstand the mechanical stresses of loading and unloading of the ore material.

There is also evidence that some miners process the cinnabar ore with small retort
furnaces in the backyards of their homes. All mercury obtained during the week by each
informal miner is packaged in empty 600 mL plastic soda bottle containers, which weigh
8 kg each. These soda bottle containers are the vessels in which metallic mercury has been
traded for years.

In regards to legalities of the mercury concession holders in Peñamiller and Pinal de
Amoles municipalities, it was verified that they are all national Mexicans, possess mining
titles that were granted before the Sierra Gorda was declared a Biosphere Reserve, and have
their mining taxes paid up to date. In other words, they are all meeting the requirements
imposed by the mining regulations in Mexico. However, the concessions also have further
obligations required by Mexican mining law which include exploration, mine safety and
environmental protection mitigation conducted in accordance with mining metallurgical
industry standards, as well as allowing for periodic inspections of their operations by
the Secretariat of Energy and Mines and the Secretariat of the Environment and Natural
Resources. The concession holders who were interviewed stated that “they didn’t have
the resources and the technical knowledge to follow all of the legal requirements” and
that “the rules should not be the same for small operations as for medium and large-scale
mining companies”.

Interviews with the AMM leaders revealed that there are more than 1000 miners
directly involved in this activity in Camargo, San Gaspar, Bucareli and Plazuela, with more
than 40,000 people involved indirectly. In addition, the leaders explained that concession
holders have been sub-leasing the mines to local organized artisanal miner groups, albeit
with varying agreements in each area. For example, in exchange for full control of the
mining operation, concession holders have negotiated a royalty of between 15% and 20%
of the final weekly or monthly mercury production. In other cases, groups of miners
agreed to pay a percentage of the final production, as well as allowing preference for the
concession holder to buy a part or all of the final product. In other cases, the concession
holder becomes one of the members of the group of miners and the production is divided
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equally among the members. However, it is important to note that these organized groups
of miners do not constitute any type of legal entity, mining company or mining association.
In other words, this informal economy is not recognized, regulated or protected by the
State. The structure of these organized groups of miners can range from a simple and
functional small mine to a larger and more sophisticated operation.

As stated by the artisanal mercury miner leaders, product value has a strong cor-
relation not only with demand, but also with the market price in Mexico as established
by the middlemen (this price is not the same as the international mercury price) and the
production rate per week. Overall, the average income for AMMs has fluctuated between
$2000 and $3000 Mexican pesos (US $105 to US $158) per week before expenses.

3.2. Mexican Hg Supply and Trade

In 2013, it was estimated that Mexico had reserves of approximately 56 thousand tonnes
of mercury primarily in the form of probable Hg ore reserves, secondary mercury from mining
wastes, and in the chlor-alkali industry, with lesser amounts as by-product mercury from the
base metals production sector and secondary production from recycling [25].

Primary mercury mines contribute nearly 75% of these total reserves or 42,000 tonnes,
while secondary mercury from mining wastes contributes approximately 25% or 14,000
tonnes [25]. A 2017 report by the government National Institute of Ecology and Climate
Change (INECC) indicated that eight of the 31 Mexican states have mercury mines that
feed the national trade in dental amalgams, lamps and raw materials for artisanal gold
mining, as well as the growing export [14].

UN COMTRADE (United Nations International Trade Statistics Database) data show
that Mexico exported a record of approximately 1994 tonnes of metallic mercury from
2010–2018, while also importing 64 tonnes from a variety of sources [31]. The reported
exports rose sharply from approximately 26 tonnes/a in 2010 to a peak of 307 tonnes/a in
2015, before declining to 267 tonnes/a in 2016, 200 tonnes/a in 2017 and 230 tonnes/a in
2018 (Figure 4). Although UN COMTRADE data does not show any figures for Mexican Hg
exports in 2019, SIAVI (Tariff Information System via Internet) data from Mexico showed an
export total of approximately 63 tonnes/a in 2019 [32] (Figure 4). However, it is likely that
the vast majority of the estimated production total of 240 tonnes reported by the United
States Geological Survey [11] was destined for export, underlying a critical discrepancy
with the trade flow data.

The large majority of the mercury exported between 2010 and 2018 (1668 tonnes or 83%
of the total) was sent to countries in South America, while the rest was divided between
Central America and the Caribbean (6%), Asia (5%), Africa (3%) and North America and
Europe with less than 1% each [31].

In an interview with a Mexican mercury exporter in 2017, he declared that there were
only a few exporters in the whole country at the time and he was earning US $32,000/month
with his business, exporting mercury principally to Colombia and some other Latin Ameri-
can countries.

Since 2010, 42 countries have bought mercury from Mexico. However, mercury exports
to Colombia, Peru and Bolivia have represented 77% of the total trade (1545 tonnes of
metallic mercury) (Figure 4). During the period 2010–2018, Colombia bought a total of
456 tonnes of mercury from Mexico (22% of the total), with the highest totals being in 2014
(116 tonnes out of a total of 127 tonnes that Colombia imported from all countries) and
2015 (115 tonnes out of a total of 133 tonnes). In that 9-year period, 58% of Colombia’s
total mercury imports came from Mexico. However, there is no data regarding imports of
mercury by Colombia for 2019 [31].
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Figure 4. UN COMTRADE data showing the total amounts of mercury exported by Mexico globally for the years 2010–2019
and the import totals of Mexican mercury by Bolivia, Peru and Colombia during the same time period.

From 2010–2014, the second largest receiver of Mexico’s mercury exports was Peru
with 415 tonnes (27% of total Mexican Hg exports and nearly 60% of all Peruvian Hg
imports), whereby 107 tonnes were imported in 2012 (out of a total of 111 tonnes from all
countries), 147 tonnes in 2013 (out of a total of 169 tonnes) and 94 tonnes in 2014 (out of
a total of 102 tonnes). Subsequently, Peru’s total mercury imports drastically declined to
11 tonnes in 2015, with all of it coming from Mexico, while Peru at the same time exported
2.4 tonnes of mercury to Bolivia. Then, in 2016, due to agreements associated with the
Minamata Convention, Peru proudly declared that it had stopped all Hg imports (and
exports). However, by 2017 Peru began importing mercury once again, totaling 5.2 tonnes
for the year, with 0.2 tonnes coming from Bolivia and 5 tonnes from Japan. Then, in 2018,
Peruvian Hg imports only reached a total of 0.034 tonnes, with all of it coming from Mexico.
However, in 2019 Peruvian imports showed a total of 7.9 tonnes, the highest since 2015,
with 1.9 reported tonnes coming from Mexico and the rest from Japan. In total, 59% of
Peru’s total Hg imports in the period 2010 to 2019 came from Mexico. It is also important
to point out that while Peru imported 7.9 tonnes of mercury in 2019, it also exported
91.5 tonnes, with most of it (approximately 88 tonnes) going to the Netherlands [31].

At the same time that Peru’s Hg imports declined significantly in the last few years
in comparison to the highs reached from 2010 to 2014, Bolivia dramatically increased its
official imports from Mexico over a three-year period, from 12 tonnes in 2014 to 139 tonnes
in 2015 (out of a total of 143 tonnes imported from all countries), and then 193 tonnes in 2016
(out of a total of 224 tonnes). In 2017, the import total reduced slightly to 180 tonnes, with
most of this coming from Mexico (155 tonnes), while smaller amounts came from Spain
(10.9 tonnes), Japan (6.9 tonnes) and India (6.7 tonnes). Then, in 2018, Bolivia imported a
total of 196 tonnes, with the majority (194 tonnes) coming from Mexico, although a very
small amount was also imported from Peru (0.003 tonnes). Other Hg imports in 2018 came
from Turkey (2.6 tonnes), USA (0.005 tonnes) and Spain (0.001 tonnes). In total, over the
period 2010 to 2018, 91% of Bolivia’s Hg imports came from Mexico. However, there is no
data regarding imports of mercury by Bolivia for 2019 [31].

This data shows that while Peru decreased its mercury imports from Mexico from over
150 tonnes/a to zero over a three-year period, Bolivia increased its imports approximately
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23 times during the same period. In addition, other Latin-American countries such as
Panama, Argentina and Paraguay have also been increasing their Mexican imports since
2015, with Argentina importing 12 tonnes in 2019, its highest total since it imported
15 tonnes in 2015. For the 128 countries that signed the Minamata Convention, 31 have
traded metallic mercury with Mexico in the last 7 years (this includes 16 parties and
15 signatories). However, since 2018, it has become increasingly difficult to find accurate
import/export data, as a large part of the mercury trade has clearly gone underground to
avoid scrutiny.

In addition to a lack of current trade data, it has also been noticed that UN COM-
TRADE data [31] shows discrepancies between the amount of mercury exported by a
country and the amount that was imported. For example, an analysis of the Mexican Hg
imports by Bolivia, Peru and Colombia highlighted some interesting results. For Peru,
the difference between the amounts that Mexico exported and what was imported by
Peru ranged from 0% to 24% for the years 2014 to 2015, while both countries reported
0 exports for 2016 and 2017. However, in 2018, Mexico reported exporting 207 kg to Peru,
while Peru reported importing only 34 kg. Then, in 2019, while Peru reported an import
total of 1.9 tonnes of mercury from Mexico, Mexico did not report any mercury exports
(or imports).

For Colombia, the discrepancies between the imported amounts from Mexico and the
export totals reported by Mexico were only 3% to 6% for the period from 2014 to 2016, but
then in 2017, 2.5 tonnes was the reported export amount from Mexico, while the imported
amount by Colombia was 4.6 tonnes (a difference of 45%). Then, in 2018, both countries
reported the exact same amount that was exported by Mexico and imported by Colombia:
2.0 tonnes. However, in 2019, neither country declared any mercury trade whatsoever [31].

Finally, for Bolivia there was a large difference in the reported amounts through
UN COMTRADE data in 2014, when Mexico reported a total of approximately 24 tonnes
exported to Bolivia, while Bolivia reported a total of approximately 12.1 tonnes imported
from Mexico, which is a difference of nearly 50%. During the years 2015 to 2018, when
Bolivia imported on average 171 tonnes per year from Mexico, the export/import variances
ranged from 3% to 16%, with the latter high occurring in 2018 when Mexico reported an
export total of 163.3 tonnes to Bolivia, while Bolivia reported a total of approximately
194 tonnes from Mexico. Then, in 2019, there has been no information whatsoever whether
Bolivia imported any of the reported 62.6 tonnes of mercury that Mexico officially exported
to the world [32].

3.3. Atmospheric Hg Concentrations at Primary Mercury Mines in Mexico

Atmospheric mercury concentrations measured at primary mercury mines in Camargo
in Peñamiller Municipality and La Soledad in Pinal de Amoles Municipality showed
extremely high levels that workers are exposed to over long periods (Table 1). At the
Camargo Mine, in close proximity (0.5–6 m) to the retort furnaces, measurements taken in
March 2016 using a Jerome J405 showed atmospheric mercury concentrations that ranged
from a low of 9360 ng/m3 to a high of 62,940 ng/m3, the latter measured next to the
mercury condenser while the furnace (oven) was in operation. It is important to point out
that the ovens at the Camargo mine are located outside in a well-ventilated area, which
may reduce the Hg concentration levels measured by the spectrometer.
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In comparison, measurements taken within 1–10 m of the retort furnaces at the same
Camargo mine in February 2017 using a Jerome J405 showed a low of 1800 ng/m3 and a
high of 51,760 ng/m3, the latter taken right next to the condensation pipes in front of the
ovens where the cinnabar ore had been roasted 24–36 h before and where fresh cinnabar
was waiting to be processed (Table 1). It was surprising how similar the Hg concentrations
were between the two visits in March 2016 and February 2017, especially considering the
latter measurements were taken more than 1 day after roasting a batch of cinnabar ore.

The study in February 2017 also measured atmospheric mercury concentrations using
a Lumex 915M beginning at the police station in Camargo, which showed a level of
29 ng/m3 (Table 1). It is important to note that prior to arriving in Camargo we stopped
on the highway from Extoraz, Peñamiller, to get a background Hg concentration, which
showed a measurement of 2–5 ng/m3. Normally, current levels of mercury in outdoor air,
except for regional “hot spots,” are generally in the order of 2–10 ng/m3 [33].

From the police station in Camargo, atmospheric Hg concentrations were then moni-
tored using the Lumex while driving the short distance to the mercury mine (approximately
3-4 km), which showed concentrations between 132–300 ng/m3. At the entrance to the
mine tunnel where the cinnabar is extracted, concentrations using the Lumex that averaged
6000 ng/m3, while the Jerome showed concentrations averaged 2850 ng/m3 (Table 1).

When approaching the area of the ovens where the cinnabar ore is roasted to produce
liquid mercury, only the Jerome was used, as there was concern that the Lumex could
become contaminated. At a distance between 3 and 10 m from the ovens, the Hg con-
centrations using the Jerome were in the range of 1800 to 15,000 ng/m3. At a distance
of approximately 1 m from the ovens, where mercury had been processed 24–36 h prior
and fresh cinnabar was waiting to be inserted into the kilns, atmospheric mercury levels
spiked to 37,460–50,000 ng/m3, which is 19 to 25 times above the tolerable concentration of
2000 ng/m3 for long-term inhalation exposure to elemental mercury vapor [34].

At La Soledad mercury mine in Pinal de Amoles Municipality, where atmospheric
mercury concentrations were measured in March 2016 using a Jerome J405 (Table 1), at
a distance of 5 to 10 m from ovens in the midst of roasting a batch of cinnabar ore, Hg
levels ranged from 3600 to 47,100 ng/m3, which are comparable to the concentrations
measured at the Camargo mine. However, when reaching 1–4 m from the operating ovens,
Hg concentrations ranged from a low of 131,900 ng/m3 to a high of 438,800 ng/m3, which
is 66 to 219 times higher than the long-term inhalation exposure limit.

Figure 5 shows Hg atmospheric concentrations at both Camargo and La Soledad
mines in relation to distance from ovens in operation, as well as ovens at Camargo 24–36 h
after processing. As the mercury processing area at La Soledad mine is in a closed area with
poor ventilation, the Hg concentrations are much higher than at Camargo Mine, which is
located in an open area with good air flow. However, at both mines Hg concentrations
decrease in relation to increased distance away from the ovens, with similar concentrations
being measured at 8–10 m.

At Camargo Mine, it was surprising to see how high the mercury concentrations
were 24–36 h after processing, especially within 0.5 m of the ovens. Right next to the
mercury condenser, Hg concentrations were 45,821–51,760 ng/m3, which were very similar
to levels measured when the ovens were operating, varying from 55,110 to 62,940 ng/m3

(Table 1, Figure 5). As many workers are present to collect the mercury from the ovens the
day after processing, including cleaning out the old residues and preparing the kilns for
further roasting of cinnabar ore, this data shows that the risk of exposure does not dissipate
particularly quickly over time, especially in close proximity to the ovens.
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Figure 5. Mercury atmospheric emissions (ng/m3) at Camargo and La Soledad mines in relation to distance from ovens in
operation, as well as ovens at Camargo 24–36 h after processing.

4. Discussion

4.1. Mexican Mercury Supply Chain and International Markets

In 2017, after the Minamata Convention entered into force for signatory parties that
signed the agreement four years prior, the global trade in mercury had shifted significantly,
due to export bans put in place by the United States and the European Union (EU). Not
only had the center of the mercury trade shifted from the Northern Hemisphere to Asia and
South America, but the main sources of mercury for the trade had moved from chlor-alkali
industries to production stemming from artisanal mercury mines.

UNEP’s 2017 report on the supply, trade and demand of global mercury revealed
that the amount of available chlor-alkali residual mercury on the market, which is used in
various industrial processes, had reduced significantly since 2011, largely due to the export
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bans. In the EU alone, those prohibitions removed an estimated 650 tonnes of mercury off
the market [15].

In order to make up for the demand, artisanal mercury mines in Mexico and Indonesia,
two of the world’s largest producers, began ramping up production starting in 2011.
In Mexico, although official primary mercury mining ceased in 1994 due to low global
mercury demand and prices, the Mexican Geological Service in 2011 reported that three
mercury mines appeared to have reopened and were working intermittently [25]. By 2015,
it was estimated that annual mercury production had reached 400–600 tonnes, which
would require significant production provided by several hundred artisanal mines [15].
In 2015, 306 tonnes were exported internationally through legal channels, with suspected
additional exports made illegally as well.

Studies from the University of Querétaro and the University of San Luis Potosí, a
neighboring state, have estimated that 300–400 tonnes of mercury are extracted in Querétaro
each year [30]. One visiting group of researchers in 2017 corroborated this estimate, stating
that approximately 1000 miners were producing nearly 300 tonnes of mercury per year in
Querétaro [35], with a large majority of that production earmarked for export. However,
according to the latest report by the Instituto Nacional de Ecología y Cambio Climático [23],
it appears that Hg production in Querétaro could be more than 800 tonnes per year, with
the vast majority of that production coming from unregulated mines. For Minamata
Convention parties like Mexico, which ratified the commitment with the Convention on
29 September 2015, new primary mercury mines were prohibited after the Convention
came into force in August 2017, with all existing mines mandated to be phased out within
15 years of that date [9].

As the trade data in this study showed, 83% of the Mexican Hg exports between 2010
and 2018 were destined for countries in South America, with Bolivia, Colombia and Peru
comprising 77% of that total. It is also clear that the majority of the imported mercury by
these countries ends up in the AGM sector, where it is used to amalgamate gold, generating
the world’s largest source of mercury pollution. The UNEP report in 2017 estimated that
artisanal gold miners globally use the highest amount of mercury (37%), while the second
highest use is for the production of vinyl chloride monomer (26%), occurring mainly in
China and likely using mercury produced within their own borders [15]. As Mexico,
Bolivia, Peru and Colombia have all signed and ratified the Minamata Convention, the
trade of mercury for gold amalgamation contravenes Article 3 of the Convention, which
states that mercury cannot be used for this purpose [1].

The drastic reduction in Mexican Hg exports in 2019 and the reduced total imports
of mercury by countries like Bolivia, Peru and Colombia signal that increased scrutiny
regarding the official transfers and illegal use of mercury have obfuscated the transparency
of international transactions, thereby driving suspicion of a thriving black-market trade.
However, in terms of official databases like UN COMTRADE and SIAVI from Mexico, it is
also possible that there are discrepancies with the data due to the following reasons: (a) the
statistical manner in which re-exports and transshipments or transiting goods have been
treated; (b) errors in transferring information from manual documents to digital; (c) lack of
clarity with regard to the actual origin and destination of goods; (d) inaccurate coding of
commodities (i.e., mercury compounds instead of listing as mercury); and (e) the occurrence
of undocumented shipments, especially goods passing through bonded warehouses or
Foreign Trade Zones [15].

It is the occurrence of undocumented shipments that is the most concerning, given
that the official global mercury trade has reduced significantly over the past 15 years, while
the demand continues to remain strong. For example, in 2005, 3400 tonnes of mercury
were traded worldwide, while in 2017 only 984 tonnes were traded globally, while demand
was estimated to be between 4500 and 5000 tonnes [36]. In addition to the reasons for data
discrepancies mentioned above, including the uncertain quality of data reported to the UN
COMTRADE and data transparency issues, there is also evidence of a 2-tier mercury price
caused by the export bans, which encourages illegal transfers. This includes corruption
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schemes involving the re-selling of waste mercury from chlor-alkali plants as pure mercury
destined for AGM operations around the world (i.e., the DELA affair in Germany) to
circumventions around the export ban in China [15,36].

The major shift in international mercury trading hubs over the past 9–10 years, com-
bined with increased scrutiny over the source and destination of mercury shipments, has
fueled a significant increase in informal and illicit transfers among countries, including
Indonesia, many African nations, Mexico, Colombia and Bolivia, among many others. In
a country like Mexico, these illicit transfers from the producer (AMM) to the consumer
(e.g., AGM in Bolivia, Peru or Colombia) require the facilitation of middlemen, who are
able to somehow circumnavigate regulatory controls to expedite export shipments. How-
ever, a consequence of all of this is an increase in mercury price, which has risen nearly
9-fold in the last 10 years. In 2010, the price in Mexico was US $17/kg, while in 2020 it has
skyrocketed to more than US $186/kg [37]. In countries such as Colombia, Peru, Ecuador
and Brazil, the price in AGM areas can reach US $350/kg [10].

4.2. Mexican Artisanal Mercury Miners and Their Future

A combination of high unemployment and a lack of economic opportunities in
Querétaro municipalities, such as Peñamiller and Pinal de Amoles, have led to the pro-
liferation of poorly regulated and illicit primary mercury mine operations in the Sierra
Gorda region that pump out hundreds of tonnes of mercury annually. Although there are
189 concessions in Querétaro registered with the Secretariat of Economy [23], the actual
number of mines could be much higher. Information culled from our interviews with
AMMs in Camargo, Plazuela, Bucareli and San Gaspar from 2014–2017 showed that during
that period it was estimated that there were more than 100 retort furnaces in the region,
which was likely an underestimate.

For the artisanal mercury miners, working either in the mines extracting cinnabar
ore or manning the ovens to produce metallic mercury offers a better standard of living
than other menial labor, as AMMs earn 2 to 5 times more than the standard minimum
wage in Mexico. However, as international pressure mounts from the United Nations
Environment Programme and Mexican government authorities to clamp down on “new”
illicit operations that were not already legal and in existence prior to ratification of the
Accord, the livelihood of AMMs becomes increasingly uncertain.

Apart from the miners themselves, it also remains unclear how apparently “legalized”
concessions have been extracting cinnabar for the purposes of producing primary mercury
without adequate oversight administered by the Mexican mining and environmental
authorities. Considering that the vast majority of mercury mines occur in two of the
poorest municipalities in the State of Querétaro, with high rates of unemployment, low
salaries and few economic opportunities, the lack of supervision and enforcement may
have a political basis. Given the economic reality of the region, it is without question that
Hg mines and the mercury they produce provide an important source of livelihood for
these communities.

According to SEDESU in Querétaro, the increase in mercury price, as well as the
increase in gold price for the AGM sector, has caused the surge in reactivation of old
mines to extract cinnabar and produce liquid mercury. Although the concessions have
been granted to people or groups of people who know the traditional and rudimentary
methods, they do not have the financial capacity to improve their practices or provide
the necessary mining infrastructure. Nonetheless, many of these sites do not meet the
minimum requirements established by the mining authorities. Furthermore, as mercury is
a heavy metal and a pollutant, its exploitation must be conducted with security measures,
as well as with strict environmental stewardship. As with the AGM sector, mining and
environmental authorities seem reluctant to get involved, due to a lack of resources, politics,
public protest and an understanding that informal employment is such a strong driving
factor in economic sustenance for a vast majority of the population.
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Similar to other developing countries, informal employment has been and continues
to be a significant part of the Mexican economy. According to the International Labour
Organization (ILO) and the National Institute of Statistics and Geography (INEGI), it was
estimated that informal employment in Mexico increased to 59% of the total workforce in
2013 [38]. The study found that approximately 30 million people had informal employment
in Mexico. The Mexican mining industry is not exempt from this phenomenon, as the
ILO report indicated that the rate of informal employment in the mining and quarries
industries was approximately 15% in 2013. Considering the economic fallout caused by the
coronavirus, where 12 million Mexican workers have lost their jobs in 2020 over the past
9 months, it is clear that informal employment has likely risen sharply, as families struggle
to make ends meet [39].

4.3. Health Impacts and Community Issues of Primary Mercury Mining

The extremely high atmospheric mercury concentrations measured at two different
mine sites in Querétaro highlight the dangers that artisanal primary mercury miners
working either in the mines or in the processing areas producing metallic mercury are
exposed to over long periods of time. The health impacts caused by chronic exposure even
to moderate atmospheric Hg concentrations can be very serious, leading to damage to the
kidneys and brain, resulting in lasting neurological effects. Although the LOAEL (Lowest
Observed Adverse Effect Level) for mercury vapor is between 15,000 and 30,000 ng/m3,
with an 8-h time weighted average (TWA) for occupational exposure set at 25,000 ng/m3,
the NOAEL (No Observed Adverse Effect Level), which is a guideline for public exposure
of inorganic mercury vapor, has been established at 1000 ng/m3 as an annual average [33].

In order to determine the health quality index or hazard quotient (HQ) for workers
exposed to mercury vapor, the following equation for chronic exposure could be used: HQ
= EC/Toxicity Value or Reference Dose (RfD), where EC (exposure concentration) (ng/m3)
= (CA × ET × EF × ED)/AT. Specifically, CA (ng/m3) = contaminant concentration in
air, ET (hours/day) = exposure time, EF (days/year) = exposure frequency, ED (years)
= exposure duration, and AT (ED in years × 365 days/year × 24 h/day) = averaging
time [40]. For occupational exposure, the RfD could be set at 25,000 ng/m3.

In this study, exposure to atmospheric Hg concentrations at the Camargo and La
Soledad mines increased significantly in relation to closer proximity of the ovens. At
10 m from the ovens, concentrations averaged approximately 2700 ng/m3, while at 5 m
concentrations averaged 23,000 ng/m3, at 3 m 67,680 ng/m3, and at 1 m 244,350 ng/m3.
In this example: the ET might be 8 h a day; the EF is calculated as 240 days/year (at 5 days
a week); a typical ED might be 30 years; and the AT is therefore equal to 262,800 (30 years
× 365 days/year × 24 h/day).

For calculation of the HQs for chronic exposures at 10 m, 5 m, 3 m and 1 m, the results
would be: 10 m = 0.02; 5 m = 0.2; 3 m = 0.6; and 1 m = 2.1. When the Hazard Quotient is
>1, then the Toxicity Value has been surpassed and the exposed populations could be at
risk. In this case, although it may appear that the workers are only at potential risk when
exposed to extremely high Hg concentrations (~244,000 ng/m3 measured at 1 m from the
ovens), the calculation of HQs done in this way could be underestimating the risk, as Hg
production typically involves batches of ore to be processed, followed by days without
high exposure. Therefore, it could be more appropriate to consider the exposures as acute
in nature, which would be calculated using EC = CA, then EC/RfD. In this way, the results
would be: 10 m = 0.1; 5 m = 0.9; 3 m = 2.7; and 1 m = 9.8, which are significantly higher and
likely better denote the actual risk unprotected workers face when exposed to atmospheric
mercury concentrations.

In 2016, field investigations by a team of researchers from the University of San Luis
Potosí (UASLP), examining the health and environmental impacts of primary mercury
mining at different mine sites, found highly elevated urinary mercury concentrations in
miners at Camargo [41]. Urine samples from a total of 103 miners working at the site
showed that 99% had Hg urine concentrations above 35 μg/g creatinine, which is the risk
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threshold for men, although the LOAEL for renal toxicity has been established at 4 μg/g
creatinine [42]. While the minimum concentration found was 31 μg/g creatinine, the me-
dian was 275 μg/g creatinine, while the maximum concentration was 2599 μg/g creatinine,
which is 74 times above the risk threshold. When the urine mercury concentration exceeds
100 μg/L, neurological symptoms can develop, and above 800 μg/L can be fatal [43].

Considering that quite often women and young children can also be involved in the
mercury mining operations, often helping with menial tasks or breaking the cinnabar ore
into smaller pieces, chronic exposure to elevated atmospheric mercury concentrations for
these populations can be especially detrimental. A study investigating mercury levels in
the urine of artisanal primary mercury miners, women and children living in Plazuela in
Peñamiller Municipality, where there are three mercury mines, found that average concen-
trations were 53, 35 and 22 μg/g creatinine, respectively, with maximum concentrations
of 144, 63 and 37 μg/g creatinine, respectively [16]. As the risk threshold for women and
children has been established at 20 μg/g creatinine, these numbers are very concerning,
especially when you consider that renal toxicity can occur at concentrations above 4 μg/g
creatinine [42].

For these vulnerable populations chronically exposed to dangerous levels of atmo-
spheric mercury concentrations, further health assessments should be conducted to investi-
gate clinical damage to the kidneys or central nervous system. In addition, verification of a
health issue for both miners and community members require implementation of personal
protective equipment protocols to safeguard against on-going occupational risk.

5. Conclusions

As the gold price remains high and artisanal gold mining using mercury amalgama-
tion proliferates around the world, demand for mercury from countries like Mexico and
Indonesia will continue unabated, even with implementation of international agreements
like the Minamata Convention. While countries that have signed and ratified the Con-
vention press on with the implementation of National Action Plans to reduce Hg use in
products and manufacturing processes, while also finding ways to mitigate against legacy
sites of mercury-contaminated wastes, the demand for mercury used to produce vinyl
chloride monomer (mainly in China) and in the AGM sector (in more than 70 countries
around the world) continues to be an on-going problem with no end in sight. As the United
Nations Environment Programme (UNEP) stated in their report: “it is evident that global
mercury demand will have to be reduced in parallel with supply, or else supplies–formal
or informal–will continue to be generated in one manner or another to meet demand” [15].

As official mercury trade through imports and exports have reduced from historic
highs in 2015 to negligible levels in 2019, there is strong evidence of increasing volume
in illicit and informal transfers, which is attracting more international attention. The
heightened scrutiny of Mexico and Indonesia legal exports since the Minamata Convention
came into force in 2017 appears to have been the causal factor in the dramatic reduction of
official exports and the vast majority of the mercury trade being pushed underground. As
Peter Maxson reported in 2020, it has become clear that the mercury trade is increasingly
following the gold trade, which is centered in areas like India, the United Arab Emirates
and their intermediaries, and the drug trade, in places like Colombia [36].

Due to the close linkages between the mercury trade and the AGM sector, finding a
solution to reduce Hg use is difficult, although the alternatives certainly exist. Through
education, capital investment and training, it is feasible to introduce mercury-free, clean
and efficient gold extraction methods to AGM communities, as well as taking steps to
shorten the gold value chain. What this requires though, is a concerted effort by fund-
ing agencies, international partners and national government ministries to curb illegal
mercury production, illicit trade and Hg demand through the implementation of better eco-
nomic and technological alternatives, as well as vigilant enforcement of criminal activities
by racketeers.
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6. Recommendations and Future Steps

For the artisanal mercury miners in Querétaro, Mexico, a number of incentives are
desperately needed to tackle the problems associated with informal and unregulated Hg
production using rudimentary methods, as well as the rampant unreported trading of
primary mercury. It is clear that task forces need to be set up to ensure that clandestine
mines are closed, as well as providing crucial oversight of mercury mines that were
operating legally prior to Mexico ratifying the Convention, which also requires enforcement
of legislation regarding proper mercury waste management practices.

This includes the implementation of programs to ensure that workers exposed to
dangerous levels of atmospheric mercury have access to personal protective equipment,
as well as sufficient training and education to learn about new mining and processing
technologies. In addition, more health monitoring of both miners and community members
exposed to atmospheric Hg concentrations needs to be conducted, including investigation
into potential medical issues suffered by newborn children.

On an economic front, before shutting down any mercury mines and putting vulnerable
populations out of work, other alternatives need to be introduced, including new industries
that create jobs in the region. As Rodríguez-Galeotti argued [44], conventional small or
medium-scale mining of available minerals such as gold, silver, lead, antimony and zinc could
be viably exploited, although it would still require adequate oversight and regulatory controls
to avoid any negative environmental impacts to the Sierra Gorda Biosphere.

Another economic possibility is the idea of developing eco-tourism in the Biosphere,
which constitutes the greatest ecosystem diversity found in Mexico. There are 1700 plant
species, 30% of all of the butterfly species in the country and 600 vertebrate species,
including black bears, macaws, spider monkeys, jaguars, mountain lion, bobcat, margay,
ocelot and jaguarundi. However, in order to satisfy the demands and comfort level of
tourists, the local infrastructure would have to improved, which would require significant
investment by the State.

Although agriculture is currently practiced in the region, mainly for local consumption,
selective crops with high export value like oregano and alfalfa could be exploited in a
selective way, as well as expanding grape production for an incipient wine industry in
Querétaro. However, as Hg concentrations in residential soils close to primary mercury
mines have been found to be up to 150 times above the Mexican guideline [16], care would
have to be taken to develop commercial agriculture in areas free from contamination,
including verification of heavy metal concentrations in the soils and sediments. Tree-
farming has also been raised as another possibility, but the poor soils of the desertic region
pose a limiting factor for wide-spread success.

Since primary mercury mining has been practiced in the region for hundreds of years,
there is also the challenge of social acceptance by locals to move away from this activity,
to modify the current rudimentary practices, or to mine another kind of mineral from
known deposits in the region. In addition, as mercury miners can make up to 5 times
the minimum wage, other economic activities need to be equally as lucrative to entice
community endorsement. Shutting down the mercury trade not only affects the miners
and their communities, but also the regional economic spin-offs that middlemen and the
export supply chain support indirectly.

In order to curb unreported and illegal transfers of Mexican mercury to fuel its use
in the AGM sector in countries like Bolivia, Peru and Colombia, it is necessary to under-
stand the dynamics of the illicit trade, assemble inter-agency working groups, develop
public-private partnerships, enhance the scale-up of anticorruption task forces, establish
better cooperation with law enforcement and support non-governmental organizations on
the ground.

In October 2018, the INECC in Mexico submitted a proposal for GEF funding titled
“Reducing global environmental risks through the monitoring and development of alter-
native livelihood for the primary mercury mining sector in Mexico.” The concept was
approved in December 2018 for GEF funding totaling US $7,035,000 and co-funding of an
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additional US $51,068,844, although the project is still currently waiting to be implemented.
However, once it finally gets underway, this kind of initiative shows excellent promise in
being able to provide better oversight of the primary artisanal Hg sector in Mexico, as well
as develop other economic alternatives for vulnerable populations.
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