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A B S T R A C T :

Ratification of the Minamata Convention on Mercury has led to the establishment of Peruvian regulations
limiting mercury concentrations in air to 2000 ng/m3over a 24-hr measurement period. As a result, three
communities in Madre de Dios, Peru were mapped during October 2017 to determine Hg0 vapor concentrations
in the air. The town of Tres Islas exhibited Hg0 concentrations less than 200 ng/m3: the minimum risk level
defined by the Agency for Toxic Substances and Disease Registry. These low concentrations were reflective of a
town in the region with limited exposure to artisanal and small-scale gold mining (ASGM). However, the ASGM
communities of Laberinto and Delta One exhibited concentrations of Hg0 vapor that exceeded 2,000,000 ng/m3

surrounding active gold shops, where amalgams and processed amalgams were heated with open flames.
Laberinto was reevaluated in May 2018 during which time Hg0 levels on the sidewalks in front of gold shops
again exceeded 2,000,000 ng/m3. Within the scope of this paper a rapid mapping technique allows for the
detection of sources of Hg0 pollution and identifies neighborhoods that require intervention to decrease Hg0

emissions. In addition, this work highlights the difficulties of measuring total gaseous mercury in ASGM com-
munities with gold shops according to the Peruvian law.

1. Introduction

Artisanal and small-scale gold mining (ASGM) is recognized as the
leading source of anthropogenic mercury emissions on the planet
(Global Mercury Assessment, 2013; U.N, 2019). Miners use liquid ele-
mental mercury (Hg0) to amalgamate gold from crushed rock and river
sediments, separating it from gangue minerals and concentrating it in
the solid amalgam. Hg0 can be discharged into the tailings and the
surrounding environment during whole-ore amalgamation; if the ore is
concentrated via gravity or some other means prior to amalgamation,
less Hg0 is used which decreases contamination to the tailings (de
Lacerda and Salomons, 1998; Veiga et al., 2014; Hilson and Vieira,
2007; Hilson, 2006; Velásquez-López et al., 2010; Esdaile and Chalker,
2018; Zolnikov and Ramirez Ortiz, 2018). Regardless of the amalga-
mation process, the amalgam contains ~40–60% Hg0 by mass and is

subsequently “burned” (heated) to evaporate the Hg0 revealing the
processed amalgam, often referred to as a doré or sponge gold (Kiefer
et al., 2014, 2015). The gold amalgam is often burned at the processing
plant in open air. While inexpensive retorts are available that collect
the distilled Hg0 during the burning process, miners infrequently use
them, and Hg0 vapor is often discharged directly into the atmosphere
(Kiefer et al., 2015; Jønsson et al., 2013).

The processed amalgam, which may still contain up to 5% by mass
Hg0 (Velásquez-López et al., 2010; Veiga and Hinton, 2002), is then
sold to a gold shop in an urban area, where it is then reheated to remove
the majority of Hg0 (Wip et al., 2011; Cordy et al., 2011, 2013; García
et al., 2015). Less frequently, miners will burn the amalgam in the gold
shop using the gold shop's equipment (Wip et al., 2011). During these
processes Hg0 vapor is directly emitted into the gold shop or exhausted
onto the street using rudimentary ventilation systems, often at
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concentrations determined to be dangerous to human and environ-
mental health (de Lacerda and Salomons, 1998; Wip et al., 2011; Cordy
et al., 2011, 2013; García et al., 2015; Hacon et al., 1995, 1997, 2000;
Malm et al., 1995, 1997, 1998; Lacerda et al., 1995, 2004; Santa Rosa
et al., 2000; Ashe, 2012; Malm, 1998; Akagi and Naganuma, 2000;
Akagi et al., 1995; Cleary et al., 1994; Pfeiffer et al., 1991; Bastos et al.,
2004; Sousa et al., 2011; Rozane and Marins, 2000; Branches et al.,
1993; Sousa and Veiga, 2009; Drake et al., 2001; Lauthartte et al.,
2018).

Hg0 vapor is a potent chronic and acute neurotoxin and nephrotoxin
(Risher, 2003; Eisler, 2003; Fernandes Azevedo et al., 2012; Clarkson
and Magos, 2006). While there is no safe concentration of Hg0 vapor in
the air, the United States Agency for Toxic Substances and Disease
Registry (ATSDR) defines the minimum risk level for Hg0 vapor to be
200 ng/m3, with recommended action levels in residential settings of
1000 ng/m3 for normal exposure and 10,000 ng/m3 for isolation of
residents (ATSDR, 2015). Chronic exposure to Hg0 vapor has been
linked to kidney problems and micromercurialism (fatigue, memory
loss, tremors). Risher notes that effects on the central nervous system
(CNS) can occur over years of exposure to concentrations equal to or
greater than 20,000 ng/m3 (Risher, 2003). The National Institute for
Occupational Safety and Health (NIOSH) sets an 8-h time-weighted
average (TWA) of exposure at 50,000 ng/m3, and the Occupational
Safety and Health Administration (OSHA) sets a permissible exposure
limit ceiling of 100,000 ng/m3 (CDC, 2015; OSHA Annotated PELS).
Exposure to higher concentrations of Hg0 vapor, including concentra-
tions emitted during the processing of amalgams, adversely affects the
lungs and have led to illness and even death. (de Lacerda and Salomons,
1998; Eisler, 2003; Lilis et al., 1985; Levin et al., 1988; Milne et al.,
1970). Milne and coworkers estimate that exposure to concentrations
exceeding 1,000,000 ng/m3 may result in mercurial pneumonitis, a life
threatening disease similar to metal fume fever (Milne et al., 1970). The
United States Environmental Protection Agency Acute Exposure
Guideline Levels (AEGLs) for Hg0 states that concentrations exceeding
2,200,000 ng/m3 represent life-threatening conditions over a 4-h
period (USEPA, 2014). Concentrations in gold shops routinely exceed
these values (Hacon et al., 1997; Drake et al., 2001).

Hg0 from ASGM activities enters the global mercury cycle, where it
can be transported across the world and converted into both inorganic
and CH3Hg+ (Obrist et al., 2018; Driscoll et al., 2013). As a result,
mercury pollution originating from ASGM is a global issue and is spe-
cifically targeted in Article 7 and the corresponding Annex C of the
Minamata Convention on Mercury. The Convention is an international
treaty designed to address the use of Hg, anthropogenic emissions of Hg
to the environment, as well as to mitigate the threat it poses to the
environmental and human health (UNEP, 2013; Mercury Convention
texts, 2019). The Convention requires that each signatory nation with
ASGM and related processing activities must develop a national action
plan (NAP) that outlines steps to reduce the use of Hg0 and corre-
sponding emissions to the environment with the ultimate goal of re-
placing Hg0 altogether. As a component of the NAP, each nation out-
lines its actions to eliminate the open burning of amalgams and
processed amalgams, as well as the burning of amalgams in residential
areas. Within the plan are actions to specifically address vulnerable
populations, particularly children, women of childbearing age, and
pregnant women. While the plan requires a baseline estimate of the
amount of Hg0 used and mercury-involved gold mining practices em-
ployed throughout the country, the NAP does not explicitly require the
monitoring of mercury emissions in ASGM communities. However, the
Convention requires a report every three years after the submission of
the NAP, making it difficult for participating nations to demonstrate the
effectiveness of Hg0 reduction programs without gathering data to de-
termine an initial baseline of mercury in the environment. In addition,
the Convention requires the development of strategies to identify and
assess sites contaminated by mercury (Article 12), and states that all
parties should endeavor to improve representative monitoring of

mercury and mercury compounds in the environment (Article 19).
Because of these mandates, the government of Peru recently passed

legislation requiring total gaseous (TGM) mercury emissions to not
exceed 2000 ng/m3 (Aprueban Estándares de Calidad Ambiental (ECA),
2019). TGM is the sum of Hg0 vapor, reactive gaseous mercury (RGM),
and particle-bound mercury (PHg). The Ministerio del Ambiente
(MINAM, Ministry of the Environment) of Peru was tasked with de-
termining if Hg levels in the atmosphere associated with ASGM activ-
ities in urban and residential communities were within these limits.
MINAM initiated a collaborative investigation with Mercer University
that involved 1) the rapid and preliminary screening of Hg0 con-
centrations in the air associated with the heating of amalgams and the
reheating of processed amalgams in gold shops; 2) identification of
potentially vulnerable populations affected by gold shop emissions; 3)
an introductory training session for MINAM personnel on the basics of
monitoring Hg0 in the atmosphere; and 4) an initial assessment of the
effectiveness of existing Peruvian regulations for monitoring Hg con-
centrations in ASGM communities. The work presented herein re-
presents the first assessment of Hg0 emissions originating from Peruvian
gold shops and describes how these emissions relate to recently enacted
national legislation governing Hg0 emissions.

1.1. Site selection

The Peruvian Department of Madre de Dios was selected for study
because it has significant ASGM activity employing Hg0 and has re-
ceived world-wide attention related to deforestation and loss of biodi-
versity resulting from mining activities (Ashe, 2012; Caballero Espejo
et al., 2018; Cortés-McPherson, 2019; Martinez et al., 2018; Yard et al.,
2012; Swenson et al., 2011). Madre de Dios is ~85,000 km2 of pri-
marily Amazon lowland rain forest, characterized by daily tempera-
tures exceeding 30 °C and high humidity. Data was collected in October
2017 (beginning of the rainy season) and May 2018 (dry season). While
rainfall can occur at anytime throughout the region, data was not col-
lected during rainfall. Prevailing winds during the study periods were
from the North and East; however, as measurements were taken in re-
sidential and business areas, wind directions varied considerably.

MINAM selected the communities of Tres Islas, Delta One, and
Laberinto to be mapped and assessed for airborne mercury con-
tamination during October 2017 (Fig. 1). Tres Islas
(-12.5465833333333, -69.3754) is an indigenous community of ap-
proximately 120 families selected to serve as an example of a mining-
free community. While mining does occur in the area, there are no
permanent gold shops or processing sites in the community center.
Delta One (-12.78955 -70.5204333333333) is a remote and active
ASGM community located between the Colorado and Puquiri rivers
consisiting of restaraunts, gold shops, and other businesses catering to
miners. The community has a fluxional population, with many migrants
from the Andes who have turned to ASGM for employment. Laberinto
(-12.7183333333333, -69.58905) is an ASGM community similar to
Delta One, but located in close proximity to Puerto Maldonado, the
capital of the Madre de Dios Region. Laberinto was selected by colla-
borators to undergo further mapping in May of 2018 due to its proxi-
mity to Puerto Maldonado and the support of the municipal govern-
ment.

2. Experimental

Mercury concentrations in air were determined using two com-
mercially available atomic absorption spectrometers tuned to
253.7 nm, the Mercury Tracker IP (MTIP) and Lumex RA-915 M
(Lumex). The MTIP, calibrated by the manufacturer, measures ranges of
0–2,000,000 ng/m3, has a sensitivity of 0.1 μg/m3, and a response time
of 1 s. Because of its robustness in the field, the MTIP precedes the more
sensitive Lumex, which employs Zeeman correction, has a significantly
lower detection limit (0.5 ng/m3), and is prone to memory effects at
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higher concentrations of mercury. The Lumex was calibrated by the
manufacturer prior to both trips (0–46,336 ng/m3 for analysis during
October, 0–38,959 ng/m3 during May). While the manual states that
the instrument has an effective range of 2–200,000 ng/m3, areas with
concentrations exceeding 50,000 ng/m3 were actively avoided due to
the instrument's calibration limits (Ohio Lumex Co. and Inc, 2011).
Concentrations outside of gold shops 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 2,000,000 ng/m3, the
MTIP was relocated to a predetermined location with low concentra-
tions of Hg (< 50 ng/m3) and operated until the MTIP's Hg0 con-
centrations decreased to less than 1000 ng/m3.

All maps were generated from data collected by the Lumex and at
concentrations less than 35,000 ng/m3 to ensure that measurements
remained on both calibration curves. The Lumex was connected to a
computer running the manufacturer's RAPID software and was set to
take a sample every second. The computer clock was synchronized with
a Garmin Oregon GPS Unit that recorded latitude and longitude every
second. The Lumex and GPS unit were physically attached to one an-
other and carried slowly down the streets and sidewalks behind the
MTIP. Mercury concentrations were saved through the Rapid Software
onto a hard drive, and the GPS data was downloaded using Garmin
BaseCamp. All data were imported into Microsoft Excel, where the
position was linked to concentration via time. Infrequently, a data point
was collected with only position or concentration, and these data were
eliminated. Using Excel, mercury concentration values were sorted by
unique GPS coordinates and a maximum value assigned to each co-
ordinate. Because of the high concentrations of Hg0 in the air in
Laberinto the Lumex detector occasionally became saturated. As a re-
sult, the detector was unable to measure Hg0 concentrations until the
establishment of a new baseline, leading to Hg0 concentrations lower
than 0 ng/m3. As a screening technique, no data was removed prior to
mapping; however, maximum values were mapped as opposed to

average values at each unique latitude and longitude to avoid the effect
of the (−) values. Maps were generated using QGIS (“QGIS
Development Team (2019). QGIS Geographic Information System.
Open Source Geospatial Foundation Project. http://qgis.osgeo.org”.)

3. Results and discussion

Initial Assessment of Tres Islas, Delta One, and Laberinto. In
October 2017, preliminary assessment of three communities in Madre
de Dios were conducted to determine mercury concentrations in air due
to ASGM activities, in particular emissions from gold shops. Tres Islas,
Delta One, and Laberinto were mapped for airborne mercury con-
tamination. All mercury concentrations measured over 1000 ng/m3

were associated with gold shops. The initial data collected demon-
strated that communities with active gold shops showed elevated
Hg0 concentrations in the air.

Tres Islas has no active mining operations or gold shops in the
community and as expected, had low concentrations of Hg0.
Concentrations of Hg0 in Tres Islas never exceeded 50.65 ng/m3

(Fig. 2). The highest concentrations were found at a small shop near the
dock on the Madre de Dios river. Upon discussing this relative increase
in concentration with both the shop keeper and a local government
official, it was determined that burning occurred behind the store
“several weeks” prior to the data collection, and mercury used to be
sold at this store. This explains the modest increase in mercury con-
centrations at this location that contrasts with the consistent measure-
ments of 10–20 ng/m3 throughout the rest of the community. This
evidence indicates that even slightly elevated concentrations of mer-
cury in the atmosphere from mining activities can be detected through
this methodology. It also demonstrates that although Hg0 is volatile in
the environment, it is also persistent over a measurable period of time.

Delta One is an ASGM community with active gold shops. The map
in Fig. 3 represents data collected over 1 h and 54 min of walking
through residential areas ending in the marketplace. Data collected
from the Lumex recorded mercury concentrations exceeding 30,000 ng/

Fig. 1. Sites Assessed in the Department of Madre de Dios with respect to the city of Puerto Maldonado.
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m3 on the street. Concentrations exceeding 2,000,000 ng/m3 were
measured on the sidewalk and the road near gold shops of Delta One.
These gold shops burn amalgams and reheat processed amalgams
brought from numerous independent mines that are located throughout
the region. Overall, Delta One exemplifies a small town that attracts
business of ASGM miners around the region, and in doing so con-
centrates mercury pollution in residential and business areas.

Laberinto contains gold shops that move throughout the town de-
pending on the severity of the rainy season. Due to mining operations
nearby, mining-related businesses have boomed. The proximity of the
town to the city of Puerto Maldonado (< 1 h by car) allows for rapid
and easy access to mining equipment and services. The initial assess-
ment of Laberinto revealed that gold shop owners used different
methods for burning and capturing/ventilating mercury vapors (Fig. 4).
Measurements from the MTIP ranged from 400,000–500,000 ng/m3

inside a gold shop with no amalgam burning, and exceeded
2,000,000 ng/m3 at the front of two shops during and immediately after
burning. The initial mapping was limited to a small subsection of the
town containing the gold shops. During this initial visit, the map for
Laberinto was generated and shared with politicians in the town who
were dubious about 1) the health effects of mercury and 2) the extent of
contamination throughout the town; this map was intended to be a
momentary snapshot highlighting the effects of gold shops on mercury
contamination in the town, with mapped concentrations exceeding
28,000 ng/m3. The town's highest concentrations were located by the
market and business district containing the gold shops. It is clear from
the data collected that the elevated mercury concentrations originate at
the gold shops. In spite of these elevated levels, areas surrounding the

market area, schools, residencies, and the town center consistently
show lower concentrations. This indicates that the high concentrations
of Hg0 produced by the gold shops are dispersed and diluted in the air
over relatively short distances. Future work should be directed to de-
termine the ultimate fate of Hg0 originating at these shops in order to
assess the local, regional and global impact of these emissions.

Laberinto and Delta One had comparable levels of mercury in the
atmosphere, all centered around working gold shops. When compared
and contrasted to the neighboring community of Tres Islas, con-
centrations of mercury were found to be orders of magnitude greater in
areas with gold shops. Somewhat surprisingly, residential areas distant
from these shops show similar concentrations to the residential areas of
Tres Islas, indicating that the mercury emitted from gold shops is ra-
pidly diluted in the air and dispersed. Because of a positive interaction
with community leaders, Laberinto was selected as a site for future
monitoring and assessment of existing mercury ventilation systems.

3.1. Mapping of Laberinto for Hg0 emissions (May 2018)

To ensure that the rapid assessment of Laberinto conducted in
October of 2017 was reflective of mercury concentrations throughout
the community, additional mapping was conducted from May 16th-
May 23rd of 2018. The map in Fig. 5 represents the maximum con-
centration of Hg0 recorded at each GPS coordinate measured over 4
days with the Lumex.

Again, the highest concentrations of Hg0 in Laberinto are found in
the market area containing all known gold shops. Concentrations in this
area have consistently high levels of mercury vapor, with

Fig. 2. Map of [Hg0] vs GPS location at the indigenous community of Tres Islas, October.
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concentrations routinely exceeding 2,000,000 ng/m3 on sidewalks
outside of gold shops where we observed the burning of amalgams and
reheating of processed amalgams. It was observed that this area has the
highest population of people on the streets of the community between
7:00 AM and 6:00 PM. There are residences within this zone, including
gold shop owners that reside directly above their businesses with their
families.

Over the course of data collection concentrations over 70,000 ng/
m3 were measured with the Lumex in areas around the gold shops;
however, mapping only includes data collected that fall within the
range of the calibration curve of the instrument (below 35,000 ng/m3).
The mercury concentrations released routinely exceeded the upper limit
of the calibration of the Lumex, and the MTIP was used as both a
precautionary tool as well as a measuring device. Readings of over
2,000,000 ng/m3 were measured in this area, exceeding the upper limit
of the calibration of the MTIP. Shops located near gold shops also had
high levels of Hg0 contamination.

Concentrations of Hg0 exceeding 2000 ng/m3 were recorded at the
local preschool. As there are no point sources of mercury at the school
or in surrounding areas, it is inferred that mercury emissions may come
from a closed gold shop nearby. This gold shop was active in both
October of 2017 and March of 2018, but was closed by May of 2018.
Certain gold shops in Laberinto move based on seasonal changes.
During the rainy season, the river rises and floods low-lying areas. As a
result, gold shops relocate to higher elevations to continue to work.
During the dry season, this gold shop registered concentrations ex-
ceeding 15,000 ng/m3 measured by the MTIP when the steel security
door was closed and locked. We are currently unaware of other gold

shops that remain closed in the dry season, and the maps produced in
May of 2018 show no evidence of other closed gold shops as point
sources of mercury contamination.

We were unable to gain access to the shuttered gold shop, but we
were able to measure concentrations within 30 cm of a different gold
shop's door prior to and immediately after opening. Prior to the opening
of the door, mercury concentrations ranged between 0 and 5000 ng/m3.
Immediately after the door was opened, mercury concentrations ex-
ceeded 200,000 ng/m3 and remained highly fluxional for approxi-
mately 10 min. Within 10 min of opening, concentrations ranged be-
tween 0 and 20,000 ng/m3. The increase in concentration directly after
the opening of gold shops is attributed to the buildup of Hg0 vapor
inside the shop while the doors are closed. Many shops had visible li-
quid Hg0 on the floors and on/around ventilation systems (Fig. 6C);
when the doors and windows of the gold shop were closed, the trapped
mercury evaporated and approached equilibrium, resulting in highly
elevated concentrations of Hg0.

3.2. Ventilation of gold shops in Laberinto

The number of gold shops that actively burn amalgams and/or re-
heat processed amalgams in Laberinto is dependent upon the season.
Each gold shop observed during this study has either a locally fabri-
cated mercury capture system (MCS) and/or a ventilation system in
place where the amalgam is burned. It is important to note that Hg0 is
colorless and odorless, and local fabricators lack the technology to test
these systems to determine if they work efficiently. Varying greatly in
design and effectiveness, most are constructed from easily accessible

Fig. 3. Map of [Hg0] vs GPS location at the ASGM community of Delta One, October.
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materials and objects and contain pipes that redirect the vapors to
different areas. Occasionally, these pipes travel through or terminate in
closed rooms, concentrating mercury in these areas. Some ultimately
vent directly onto the street. In each case, the ventilation systems or
MCSs were designed to move Hg0 vapors away from the individual
burning the amalgams.

One active gold shop contained two separate burning stations con-
nected via metal piping that joined PVC piping. In general, burning
stations consist of a steel cuboid container topped with a square pyr-
amidal roof that is connected to duct work (Fig. 6A). The shared metal
pipe was directed through a metal cistern containing water to cool the
vapor, and then continued through the wall into a separate room where
the blacksmith forge fan was located that exhausted the air into PVC
piping and ultimately through an exterior wall and onto the street
(Fig. 6B and D). A third system was vented directly through the wall
and over a steel vessel containing cooling water and into PVC piping
that exited through the aforementioned pipe exiting the exterior wall.

Although the units were capable of condensing mercury, we were
unable to estimate the efficiency of the systems because there was so
much Hg0 condensed on the piping, the floor, and the condensation
tanks that it was unsafe to work in the confined space for extended
periods of time (Fig. 6C). The concentrations in the condenser room
exceeded 600,000 ng/m3 with the door closed while burning occurred.
On a separate occasion, additional measurements were taken after the
heating of processed amalgams. Six minutes after burning and with the
door to the condenser room open, Hg0 concentrations measured be-
tween 27,000 and 170,000 ng/m3. Inside the shop, Hg0 concentrations
were over 300,000 ng/m3. At the burning site and the final exhaust

point, concentrations exceeded 2,000,000 ng/m3.
The gold shop operators live above the gold shop with their family;

entrance to the apartment was made through the ventilation room
(Fig. 6b), and the living space was directly above where the system
vented onto the street. When the system was turned on but there was no
active burning, concentrations surrounding the vent exceeded
2,000,000 ng/m3. During burning concentrations greatly exceeded the
upper limit of the calibration of the instrument. The apartment located
upstairs had a concentration after burning of greater than 60,000 ng/
m3.

At another smaller gold shop, a ventilation system was set up that
transported mercury vapor during heating using a vacuum cleaner
(Fig. 7). The burning station was vented directly into PVC tubing con-
nected to the metal wand of a vacuum cleaner. The vacuum cleaner
itself was placed underneath the burning station. Concentrations of Hg0

in the gold shop exceeded 400,000 ng/m3 when the system was not in
operation feet away from the burning station. Passing liquid mercury
through a standard vacuum cleaner is exceptionally dangerous, as the
system aerosolizes the mercury making it easier to inhale (Alby-Laurent
et al., 2016; Bonhomme et al., 1996; Scheepers et al., 2014). In this
particular case, the mercury is vaporized prior to reaching the vacuum
cleaner, and the unit vents below the burning station ensures that the
mercury vapor not trapped in the system is ventilated directly into the
room with the miner and the gold shop worker. No efforts were made to
measure Hg0 emissions with this system during burning due to danger
of inhalation imposed in this environment.

In one particular case, a ventilation system in a gold shop expelled
Hg0 vapor into a separate room that served as access to a residence

Fig. 4. Preliminary mapping of [Hg0] vs GPS location in Laberinto, October.
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Fig. 5. Map of [Hg0] vs GPS location in Laberinto over 4 days, May.

Fig. 6. Laberinto Gold Shop. A) Two
burning stations connected to a water
cooling tank. B) On the other side of the
wall, metal piping is connected to PVC.
Concentrations exceeded 600,000 ng/m3 in
this room. Note the child sitting on the
stairs in the upper left. C) Hg0 is condensed
on metal components around the ventila-
tion system. D) Vapor is directly vented
onto street. The wooden support beams
shown are the porch of a residence.
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above the shop (Fig. 6b). These observations are of particular concern
as children, pregnant women, and women of child-bearing age are
particularly vulnerable to the effects of mercury. As a component of the
NAP, countries must provide strategies to minimize exposure of both
children and women to mercury used during ASGM activities. During
the assessment of gold shops in Laberinto it was common to see children
and infants inside and immediately outside of gold shops. This is not
unique to Laberinto, and was observed in Delta One, Huaypetue, and
other ASGM communities. Many gold shop employees are female, and
their children play, complete school assignments, and spend time with
their families in the gold shop. Children live in surrounding buildings
and occasionally in residences directly connected to gold shops.

3.3. Comparison of results to prior air studies in ASGM communities

The measurement of mercury contamination originating from gold
shops and other ASGM activities has been previously conducted. Initial
work in these areas measured TGM and utilized field sampling techni-
ques and analysis within a laboratory using cold-vapor atomic ab-
sorption spectrometers (CV-AAS). Malm reports an average Hg con-
centration of 2800 ng/m3 near areas where reburning occurs. He also
reports occupational exposure in gold shops averaging 71,400 ng/m3

during the reheating of sponge gold, and concentrations exceeding 15,
000, 000 ng/m3 when burning amalgams in the field with no retort
(Malm, 1998). Undoubtedly, the burning of amalgams in enclosed gold
shops with limited ventilation produces higher concentrations. Drake
et al. similarly monitored air concentrations during the burning of
amalgams in Venezuela, determining that in one case TGM concentra-
tions exceeded 6,000,000 ng/m3 (Drake et al., 2001). Lin and cow-
orkers sampled air, collected Hg0 via amalgamation, and analyzed the
sample using Cold Atomic Fluorometry and documented Hg0 con-
centrations ranging between 1,950,000 and 3,050,000 ng/m3 in areas
where amalgams were heated (Lin et al., 1997). Perhaps the highest

concentrations of Hg0 recorded in an ASGM community occurred in
Alta Floresta, a municipality in the Brazilian Amazon. Total atmo-
spheric Hg was measured inside four gold shops to determine occupa-
tional exposure of the workers, with concentrations ranging from
70,000–40,600,000 ng/m3 (Hacon et al., 1997). While these methods of
determining TGM concentrations are both effective and established,
they require a fixed position and do not provide researchers with real-
time determination of mercury concentrations.

Hg0 concentrations can be determined using a Lumex RA-915+ for
low to moderate levels of Hg0 contamination and a Gold-film Mercury
Analyzer such as the Jerome 431X for levels up to 1,000,000 ng/m3

(Wip et al., 2011; Cordy et al., 2011, 2013; García et al., 2015;
González-Carrasco et al., 2011). In 2011, Cordy and coworkers reported
concentrations in Antioquia, Colombia ranging from 5000 ng/m3 –
200,000 ng/m3 in gold shops (Cordy et al., 2011). The authors report
that amalgams are frequently burned in the open air; however, in one
gold shop with a mercury abatement system exhausted air with Hg0

concentrations of 100,000 ng/m3. In 2013 Cordy and coworkers re-
ported the mapping of urban areas in Colombia and Chile with gold
shops, highlighting average concentrations ranging between 0 and
10,000 ng/m3 (Cordy et al., 2013). A Lumex RA-915+ was linked to a
GPS unit, and data was collected driving in a vehicle attempting to
maintain a speed of ~20 km/h, although speeds were dependent upon
local traffic conditions. The authors state that the data were corrected
to adjust for transit time through the sampling tube. We found that
when using the Lumex RA-915M in a vehicle the data collected were
routinely lower than when measured via walking. In some cases con-
centrations remained below 200 ng/m3, when walking with the spec-
trometer in a similar area recorded concentrations exceeding the upper
limit of the calibration of the instrument. In addition, walking allows
for measuring on narrow streets; some gold shops were found in areas
that were difficult to drive past.

Unlike previous work, the maps presented in this paper reference

Fig. 7. Laberinto Gold Shop using vacuum cleaner ventilation system.
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the maximum concentration at a given position as opposed to the
average concentration. The Lumex RA-915M is prone to memory effects
in areas of high Hg0 concentration that may result in negative values for
[Hg0]. Inclusion of these values into the average results in lower values
of Hg0 than what was being recorded. In addition, the aforementioned
Peruvian air standard sets a TGM maximum concentration limit over
24 h, requiring a maximum concentration value as opposed to an
average (Aprueban Estándares de Calidad Ambiental (ECA), 2019).

3.4. Gold shops and existing mercury pollution regulations in Peru

In 2017, the Decreto Supremo No 003-2017-MINAM, translated to
“Environmental Quality Standards for Air and Established
Complementary Provisions”, updated existing air standards for a
number of pollutants and set a standard for TGM for the first time
(Aprueban Estándares de Calidad Ambiental (ECA), 2019). The air
quality standards establish the concentration level of a pollutant in the
ambient air which is recommended to avoid risks to human health and
are applied nationally regardless of the source of the pollutant. For
mercury the document sets the air standard of TGM at any time over a
24-h monitoring period to not exceed 2000 ng/m3. The Peruvian
Technical Norm NTP 900.068 (NTP) dictates how sampling and ana-
lysis of TGM is conducted, specifying that TGM be measured using Cold
Vapor Atomic Fluorescence Spectroscopy (CVAFS) or Cold Vapor
Atomic Absorption Spectroscopy (CVAAS) using gold traps for pre-
concentration (Monitoreo de Calidad Ambiental, 2016). Interestingly,
the NTP allows for the measurement of gaseous Hg0 concentrations
using CVAAS with Zeeman correction with ambient air as a carrier gas.
This method does not measure TGM, but because Hg0 is the major
component of TGM greatly exceeding both RGM and PHg it is assumed
that [Hg0] approximates TGM. These norms are only applicable to en-
vironmental sampling and do not apply to concentrations of TGM
within residences and businesses.

The high concentrations of Hg0 vapor released during ASGM prac-
tices complicates monitoring of TGM in ASGM communities in ac-
cordance with the NTP. The NTP was modeled after norms im-
plemented in Europe, in countries with no recent history of ASGM
activities. The methods were tested in four European sites where values
ranged from less than 2 ng/m3 to concentrations found in industrial
areas; the 24-h average measured during the testing of the method
never exceeded a daily average of 300 ng/m3 of TGM, with the four
sites averaging 1.9, 3.6, 1.5, and 32 ng/m3 over the course of mon-
itoring. Based on the maps generated during this work, the concentra-
tion of Hg0 near gold shops exceeded the daily average measured
during the testing of the method by orders of magnitude. In addition,
while the law states that the amount of TGM may not exceed 2000 ng/
m3 during a 24-h period, the concentrations of TGM in ASGM com-
munities are highly variable depending on time of day and mining
activity. The NTP states that the measurements were taken between
30 s and 30 min during the field trials cited in the norm. The time at
which samples are collected and analyzed may be important in enfor-
cing the law in Peru.

Decreto Supremo No 003-2017-MINAM requires the determination
of TGM, not Hg0, and as such, CV-AAS instruments with Zeeman cor-
rection like the Lumex RA-915M could not be used to enforce the
regulation (Aprueban Estándares de Calidad Ambiental (ECA), 2019).
Nonetheless, the ease of use, portability, and relatively low cost of the
Lumex makes it an effective unit for monitoring Hg0 pollution in remote
ASGM communities. The findings of this study led to a discussion with
MINAM regarding how to make CV-AAS with Zeeman correction ac-
ceptable for conducting assesments in ASGM communities. In De-
cember of 2019, an Air Monitoring Protocol was passed providing a
correction factor for operators to estimate TGM from data determined
by CV-AAS with Zeeman correction (Decreto Supremo N° 10-2019-
MINAM). These instruments were already included in the adopted NTP
(Monitoreo De Calidad Ambiental, 2016). Attention should be paid

when monitoring in ASGM communities using portable CV-AAS spec-
trometers with Zeeman correction, since the upper limit of the cali-
bration of instruments like the Lumex is often exceeded at Hg0 con-
centrations found near gold shops by orders of magnitude.

Finally, this work demonstrates the complexities of drawing con-
clusions about mercury concentrations at fixed positions in ASGM
communities. It may be possible to conduct stationary monitoring at
multiple sites throughout a community without exceeding the permis-
sible standard, while hot spots may exist in close proximity that greatly
exceed the standard. Distinct from stationary monitoring, mapping al-
lows for the rapid detection of emission sources that can be used to
inform site selection for formal, 24-hour monitoring. Mapping the
community prior to conducting formal monitoring may allow Peru to
collect data that is more reflective of mercury pollution in the com-
munity.

3.5. Future directions

The data collected and maps presented here contribute to the
technical discussion of how to viably apply the existing norms for
specific cases in ASGM communities. Concentrations of Hg0 in and
around Peruvian gold shops indicates the potential health threat to
miners, gold shop owners and their families, as well as members of the
community as a whole. In addition to providing feedback on areas with
high contamination and estimating TGM from Hg0 concentrations for
further analysis, this mapping technique may be useful in enforcing
existing and future norms.

The recently approved “National Plan for the Application of the
Minamata Convention on Mercury” (Decreto Supremo No 004-2019-
MINAM) outlines Peru's approach to implementing all aspects of the
Convention (Decreto Supremo N° 004-2019). Activities 15.1 and 15.2
include the outline of a prevention program to protect those at risk from
mercury exposure in compliance with Article 16 of the Minamata
Convention. This will require the establishment of a health occupa-
tional standard based on scientific information that protects vulnerable
and exposed populations. This standard will be applied to areas where
amalgams are burned and where processed amalgams are preheated.
This national legislation should not be confused with the aforemen-
tioned NAP, which deals only with ASGM. Based on the results of the
present study, the NAP should assure that gold shops are not located in
residential or commercial areas.

Although the total phaseout of Hg0 use should be the ultimate goal
of every nation with significant ASGM, the reality is that for many
miners there are currently few alternatives. Future work should be
dedicated to determining the validity of passive air samplers in ASGM
communities, particularly in and around gold shops. These air samplers
are inexpensive, reusable, and easily transportable. They can be ana-
lyzed using conventional analytical instrumentation and offer a viable
alternative to using expensive instrumentation in the field (McLagan
et al., 2016, 2018). Recently, they have been used to map the area
around a former Hg mine in Italy and estimate Hg emissions in the
study area (McLagan et al., 2019). It is clear that continued progress
towards Hg-free ore processing technologies (Veiga et al., 2009, 2018;
Drace et al., 2012; Appel and Na-Oy, 2014; Vieira, 2006) and training
(Sousa and Veiga, 2009; Stocklin-Weinberg et al., 2019; Artisanal Gold
Council, 2019; Veiga and Marshall, 2017) is essential.

4. Conclusions

Concentrations of Hg0 in ASGM communities with gold shops ex-
ceed safe limits of mercury exposure in public areas, residential areas,
homes, and the shops themselves. A simple technique to rapidly iden-
tify point sources of Hg0 pollution was developed and employed to
generate maps of Hg0 pollution. The maps generated through this study
have confirmed that enforcement of Peruvian mercury emission limits
and the norms required to determine compliance with the law is
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complicated by the nature of gold shop Hg0 emissions. Hg0 emitted by
these gold shops is rapidly dispersed in the environment, and location
of the 24-hr measurement site may effect the viability of the assess-
ment. The results of this work have contributed to the elaboration of the
Peruvian air quality protocol for mercury monitoring as Hg0, and to the
development of a correction factor to estimate TGM in accordance with
the existing regulation.
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