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mercury passively in the remote atmosphere†
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Reliably recording very low ambient concentrations of gaseous elemental mercury (GEM) in remote regions

is often required, for example in the context of evaluating how effective the Minamata Convention is in

reducing global Hg emissions. However, sampling over extended periods of time at sites that are difficult

to access can be very challenging. In order to establish what role inexpensive and easy-to-use passive air

samplers may play in this regard, we deployed a sampler using a Radiello diffusive barrier and activated

carbon sorbent for periods of up to three years and with sampling periods ranging from one to three

months in some of the most extreme, remote and challenging global environments: at Concordia station

on the Antarctic plateau, on Amsterdam Island in the remote Southern Indian Ocean and at several sites

on the tropical island of La Réunion. The ability to reliably record the GEM concentrations at these sites

was strongly influenced by the size of the sequestered amount of mercury relative to the extent and

variability of the contamination of field blank samples. In some cases, acceptably low and consistent field

blank contamination could only be achieved by storing samplers in sealed glass jars during transport and

storage. The size of the sequestered amount is easily increased by extending deployment times, and the

experience of the current study suggests that deployment periods in excess of two months are

advisable. Sampling in Antarctica was compromised by the extreme low temperatures, which caused

unknown sampling rates, hoar frost accumulation, material failure and potential failure of storage seals.

While good agreement with GEM concentrations measured with an active sampler was noted on

Amsterdam Island, the passive sampler derived levels at the Mäıdo Observatory in La Réunion were

notably higher than concentrations measured simultaneously with a Tekran vapour analyzer, which was

possibly related to sampling rates being temporarily elevated at the very beginning of deployment at low

GEM concentrations.
Environmental signicance

Whereas extremely remote locations, such as Antarctica or isolated islands, are important for studying the troposphere, limitations regarding site access,
electrical power, skilled personnel, and specialized supplies can make measurements challenging. Passive sampling approaches without the need for power,
maintenance and frequent site visits are attractive, but their performance under the frequently harsh conditions encountered at such sites needs to be
established. We tested the feasibility of recording long-term average concentrations of gaseous elemental mercury with a passive sampler at some of the world's
most remote and extreme atmospheric research stations. The failures and successes of these tests informed the development of guidelines and procedures that
increase the likelihood of obtaining reliable long-term records of atmospheric mercury with passive samplers.
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Université de Lyon, Université Claude Bernard Lyon 1, Villeurbanne, France.

268–281 © 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ea00119e&domain=pdf&date_stamp=2023-02-11
http://orcid.org/0000-0001-8711-4155
http://orcid.org/0000-0002-5603-7924
http://orcid.org/0000-0002-7635-1283
http://orcid.org/0000-0002-8185-9604
http://orcid.org/0000-0003-3836-0901
https://doi.org/10.1039/d2ea00119e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00119e
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA003002


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
gr

ud
ni

a 
20

22
. D

ow
nl

oa
de

d 
on

 2
8.

01
.2

02
6 

14
:0

8:
09

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Introduction

Mercury (Hg), listed within the top 10 environmental pollutants
by the United Nations, is a potent neurotoxin that is globally
dispersed in the atmosphere. Humans are mostly exposed to Hg
by eating seafood.1–3 The Minamata Convention, which came
into force in 2017, aims to limit the use, emissions and health
impacts of Hg globally. The importance of Hg as a pollutant is
highlighted by it being the only element in the periodic table to
merit its own environmental international treaty.4,5 The
Convention's effectiveness in lowering Hg emissions, environ-
mental concentrations of Hg and ultimately human exposure to
Hg will have to be evaluated. An important element of this
effectiveness evaluation will be the recording of long-term time
trends in the concentrations of Hg in the atmosphere of remote
regions,6–11 because air concentrations in remote regions (e.g. in
the remote Southern hemisphere or in polar regions) are not
affected by local or even regional sources but integrate the
trends in emissions within an entire hemisphere. In other
words, if efforts to reduce Hg emissions are successful overall,
this should be reected in declining air concentrations in
remote locations, provided that natural Hg sources do not offset
the Convention's measures. Furthermore, remote sites may be
well suited to highlight the role of such natural sources,
including evasion from the ocean. In particular, the response of
natural Hg sources to a rapidly changing climate remains to be
determined.

Sampling in remote locations can be challenging, because of
the effort and cost of transporting personnel and equipment
(e.g., ref. 6, 9 and 10). For that reason, it would be desirable to be
able to rely on sampling techniques that are easy to ship, have
limited site requirements (e.g., in terms of availability of elec-
tricity and specialty gases), are simple to operate, and could be
le unattended for extended periods of time. Passive air
samplers (PASs) fulll many of these conditions. However,
remote locations also are oen exposed to harsh environmental
conditions and the ability of PASs to reliably function under
such conditions will need to be conrmed. Accordingly, we
sought here to test the feasibility of using a cost-effective passive
sampling technique to record long-term concentration trends of
gaseous elemental Hg (GEM) at atmospheric background levels
under very harsh environmental conditions. A PAS using
a Radiello diffusive barrier and activated carbon sorbent12,13 has
been shown to have a precision and accuracy that is comparable
to that of state-of-the-art active measurement techniques.14,15

While this PAS has been tested at a number of sites worldwide
with a wide range of climatic circumstances,14 its long-term
performance in extremely challenging environments needs
further evaluation. For example, Naccarato et al.15 noted lower
performance metrics for the sampler when deployed to measure
background GEM levels in winter conditions in Canada than in
Italy.

Here we set out to challenge the PAS by McLagan et al.12 with
the objective to establish (i) the limits of its applicability and (ii)
a set of recommended procedures to increase the chances for
obtaining reliable results. This was done by testing the PAS on
© 2023 The Author(s). Published by the Royal Society of Chemistry
La Réunion and Amsterdam Island in the southern Indian
Ocean as well as at Concordia station on the Antarctic Plateau. A
global map in the ESI† indicates the location of these three
places within the Southern hemisphere (Fig. S1†). Each of these
three locations confronts the sampler with a combination of
extremely demanding circumstances:

- GEM levels in the Southern hemispheric background
atmosphere are very low, at or even below 1 ng m−3.8

- The very large distance between the sampling site and the
analytical laboratory that prepared and analyzed the samplers,
and the associated extended storage periods, introduce
a multitude of opportunities for samples to become contami-
nated during storage and transport. The time between initial
PAS preparation and nal analysis can sometimes exceed
several years due to the logistical challenges of shipping mate-
rial to locales that are extremely difficult to access.

- Weather conditions are oen extreme with respect to wind
speed, precipitation rate, and temperature.16–18

Questions we sought to address included: What are the
limits of what is feasible in terms of monitoring global back-
ground concentrations of GEM in the atmosphere with a PAS?
What is the eld blank contamination that can be expected
during convoluted journeys involving plane and ship transport
and extended storage in warehouses and customs areas? What
is the shortest deployment period recommended under such
circumstances? Should sampling rates be adjusted to local
temperature and wind speed conditions?

Methods
Overview

On La Réunion (“RU”) PASs for GEM as described in McLagan
et al.12 were deployed for successive periods of approximately
one month at multiple sites on the island over a period of
∼eight months (Nov. 2017 to Jun. 2018). At one of these sites
(Mäıdo Observatory,18 “RU-MO”), GEM levels were also recorded
by a Tekran vapour analyzer allowing for a direct comparison
with values obtained with an active sampling method; at
another site (Piton Bleu, “RU-PB”) sampling continued for an
extra eight months (June 2018 to February 2019). At Concordia
Station (Dome C, “DMC”), passive samplers were deployed
consecutively for a period of two years (Nov. 2018 to Dec. 2020),
whereas the time period of sampling on Amsterdam Island
(“AMS”) was three years (Nov. 2018 to Nov. 2021). At AMS and
DMC, GEM has also been recorded continuously since 2012
with a Tekran vapour analyzer, allowing for additional direct
comparisons. The PAS deployment period at AMS and DMC was
approximately one month during the rst half year (until May/
June 2018) and then approx. 2 or 3 months thereaer.

All 186 samplers (154 exposed samplers and 32 eld blanks)
were assembled at the University of Toronto Scarborough,
which means that they were shipped by international courier
from Toronto, Canada to Grenoble, France and from there to
their Southern hemisphere destination, with the same return
journey. For shipping and storage, the samplers were sealed
tightly with tape, bagged individually into zip-lock plastic bags19

and placed in sturdy, foam-lined cases made of either
Environ. Sci.: Atmos., 2023, 3, 268–281 | 269
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aluminum or hard plastic. No sorbent was added to individual
samplers or the case. As the sites are not visited regularly (in
particular, AMS and DMC), the duration of storage at eld sites
varied between 9 and 18 months, with an average of around one
year. Field blanks, i.e., samples that underwent the same
journey as the real samples but were not exposed to the atmo-
sphere, were taken regularly to characterize the extent of
sampler contamination arising from assembly, handling,
transport and storage. Compared to the sampling on La
Réunion, the number of eld blanks relative to the number of
exposed samplers was approximately doubled from 0.14 to 0.28
for the AMS and DMC deployments. During the second half of
the AMS and DMC deployments, PASs were placed in individual
glass jars (Fig. S2†) in an effort to further reduce contamination
during transport and storage. All 77 deployments were
duplicated.

Sampling

Table 1 gives details on the different sampling locations and
sampler deployments. On La Réunion, samplers were placed at
seven different locations, ranging in altitude from 76 to 2565 m
above sea level (asl), and being potentially inuenced by urban
or volcanic sources or possibly both. Fig. S3† shows amap of the
island of La Réunion showing topography and the location of
the 6 major sampling sites. At four of these sites, samplers were
deployed consecutively eight times for approximately 1 month
each (seven times at Mare Longue Forest, “RU-MLF”, Fig. S8†).
At Piton Partage (“RU-PPA”, Fig. S10†), this was done only for
three months. On the summit of Piton de la Fournaise (Volcano
summit, “RU-VS”, Fig. S9†), the three consecutive deployments
lasted 1, 2 and 3.5 months. A duplicated sample was taken near
an active eruptive ssure of Piton de La Fournaise (“RU-EC”,
Fig. S11†) for a period of 6 days during the April–June 2018
major eruption time period (27/04/2018 to 01/06/2018; 34.6
days). Samplers were deployed consecutively 19 times at Pointe
Bénédicte on Amsterdam Island (55 m asl, Fig. S12†) and 15
times at the ATMOS shelter at Concordia Station (>3200 m asl,
Fig. S13†). Fig. S4† indicates the location of Pointe Bénédicte on
the NW corner of Amsterdam Island, ∼2.0 km to the West
(upwind) of the main research station. More detailed site
descriptions for Mäıdo Observatory, Amsterdam Island and
Table 1 Names, coordinates, elevation, characteristics, time period of s
and the number of field blanks (nblanks) of the passive air sampling sites

Code Name Elevation Coordinates Ch

RU-UR La Réunion University 76 m 20.9012° S, 55.4844° E Ur
RU-MO Mäıdo Observatory 2160 m 21.0796° S, 55.3830° E Oc

da
RU-PB Piton Bleu 1656 m 21.1644° S, 55.5610° E Ve

vo
RU-MLF Mare Longue Forest 325 m 21.3493° S, 55.7454° E Tr
RU-VS Volcano Summit 2565 m 21.2471° S, 55.7096° E Vo
RU-PPA Piton Partage 2283 m 21.2194° S, 55.7024° E Ve
RU-EC Eruptive Cone 1800 m 21.2552° S, 55.7003° E Vo
AMS-PB Pointe Bénédicte 55 m 37.7983° S, 77.5378° E Re
DMC-AS ATMOS Shelter >3200 m 75.0999° S, 123.3333° E Hi

270 | Environ. Sci.: Atmos., 2023, 3, 268–281
Concordia Stations are available in ref. 18, 11 and 20
respectively.

Deployment and retrieval dates and times for each indi-
vidual sampler are given in Table S2 to S10 in the ESI.† In most
cases, samplers were attached at a height of ca. 2.0 m above
ground with zip-ties to existing structures at the sampling sites.
Fig. S5 to S13† contain photographs of all nine sampling
locations.
Meteorological datasets

Several meteorological datasets (temperature, pressure, wind
speed and wind direction, relative humidity, global radiation)
were used in this study. Meteo-France provided data for La
Reunion University (RU-UR), Mäıdo Observatory (RU-MO),
Mare-Longue Forest (RU-MLF), Piton Partage (RU-PPA) and
the site at the eruptive cone (RU-EC). The meteorological
stations of the Observatoire Volcanologique du Piton de la
Fournaise (OVPF) supplied data for Piton Bleu (RU-PB) and
Piton de la Fournaise volcano summit (RU-VS). Meteorological
data recorded by stations located at Pointe Bénédicte (AMS) and
the ATMOS shelter (DMC), which are operated by the Labo-
ratoire des Sciences du Climat et de l'Environment (LSCE) and
the Institut des Géosciences de l'Environnement (IGE) in the
framework of projects by the French polar science institute,
were retrieved directly. The averages of the air temperatures and
wind speeds, used to adjust the sampling rates of the PASs to
local conditions for each of the deployment periods, are pre-
sented in Table 4.
GEM measurements with passive air samplers

The Hg in the PAS is sequestered in a sulfur-impregnated acti-
vated carbon sorbent (HGR carbon, Calgon). The Hg content in
the carbon was quantied using total mercury analyzers,
namely either an AMA254 (Leco Instruments Ltd) or a MA3000
(Nippon Instruments Corporation). The samples underwent
thermal decomposition, amalgamation, followed by atomic
absorption spectroscopy using pure oxygen gas as a carrier
gas.21 Each sample was split into two aliquots of approximately
0.4 g each when using the AMA254, and four aliquots of
approximately 0.2 g each when using the MA3000. If one of the
ampling and the number of consecutive deployment periods (nperiods)

aracterisation Period nperiods nblanks

ban inuence 11/17 to 06/18 8 2
eanic & vegetation inuence during
y, free troposphere at night

11/17 to 06/18 8 3

getation, possible far eld downwind
lcanic inuence

11/17 to 02/19 8 + 5 1 + 2

opical forest 11/17 to 05/19 7 2
lcanic inuence 11/17 to 06/18 3 2
getation, possibly volcanic inuence 04/18 to 06/18 3 0
lcanic inuence 05/18 1 0
mote, oceanic site 11/18 to 11/21 19 12
gh-altitude site on Antarctic plateau 11/18 to 12/20 15 8

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aliquots was lost during analysis, an amount in the entire
sample was still calculated by assuming that the spilled carbon
had the same concentration (in ng Hg per g carbon) as the
aliquot that was analyzed. This was possible because the mass
of each aliquot was recorded prior to analysis. In all cases, about
0.2 g of sodium carbonate was added on top of the carbon to
avoid sulfur catalyst poisoning.22 Additionally, approximately
5 g of sodium carbonate was incorporated into the catalyst tube
of the AMA254 to further extend its lifetime. No sodium
carbonate was added to the catalyst tube of the MA3000.

Samples underwent a drying cycle at 200 °C for 30 seconds
before being thermally decomposed at 750 °C for 330 seconds in
the AMA254. Samples analyzed in the MA3000 underwent
a drying cycle at 150 °C for 60 seconds and were heated to an
intermediate temperature of 300 °C, followed by thermal
decomposition at 720 °C for 150 seconds. The Hg vapor would
then be trapped onto a gold-impregnated amalgamator. The
AMA254 and MA3000 was purged for 60 and 30 seconds,
respectively, to remove any interferents in the system. The
amalgamator in the AMA254 andMA3000 were heated to 900 °C
and 650 °C, respectively in order to release the captured Hg and
sent it to a dual pathlength cuvette. A Hg vapour lamp emits at
a wavelength of 253.65 nm as the vapour travels through the low
and high cell of the cuvette and reaches the detector.

The AMA254 was calibrated by diluted Hg standards of
0.1 ppm, 1 ppm, and 10 ppm made from a Hg liquid standard
(1000 ± 5 mg L−1 in 10% HCl; Inorganic Ventures). The low cell
was calibrated using standards of 0, 1, 2.5, 5, 10 and 25 ng while
the high cell was calibrated using standards of 0, 25, 50, 100,
250, 350, and 450 ng. The calibration curve in the low cell was
tted linearly, while the calibration curve in the high cell was
tted quadratically as the instrument reaches its upper limit of
linearity. The MA3000 was similarly calibrated using the same
type of diluted Hg standards of 0.1 ppm, 1 ppm, and 10 ppm.
The low cell was calibrated using standards of 0, 1, 2, 3.5, 5, 6.5
and 8 ng while the high cell was calibrated using standards of 0,
15, 20, 25, and 30 ng. The calibration curve in both the low and
high cell were tted linearly.

Throughout the analysis, liquid and solid standards were
run between sample sets. The 0.1 ppm liquid standard and two
in-house reference material (activated carbon that had been
exposed to Hg vapour, called “Loaded HGR-II” and “Loaded
HGR-III”, with a concentration of 34.4 ng Hg g−1 and 27.4 ng Hg
g−1 respectively C) were analyzed to check for reproducibility in
the low cell, while the 1 ppm liquid standard and standard
reference material NIST-2685c (149.4 ng g−1 ± 4.5) were
analyzed to check for reproducibility in the high cell. Recoveries
of the 0.1 ppm liquid standards were 101.22 ng g−1 (n= 85) with
a relative standard deviation (RSD) of 6.25%. Recoveries of the
Loaded HGR-II and Loaded HGR-III were 34.66 ng g−1 (n = 29,
RSD = 4.53%) and 27.7 (n = 31, RSD = 3.55%), respectively.
Recoveries of the 1 ppm liquid standards were 1007.11 ng g−1 (n
= 29, RSD = 3.55%). Recoveries of the NIST-2685c were 146.94
ng g−1 (n = 45, RSD = 3.17%).

The amount of Hg quantied in a sampler (in ng Hg) was
reduced by the product of the mass of carbon in that sampler (g
carbon) with the average concentration of Hg in an appropriate
© 2023 The Author(s). Published by the Royal Society of Chemistry
set of eld blanks (in ng Hg per g carbon). A volumetric air
concentration of GEM (in ng m−3) was then obtained by
dividing the blank corrected amount of Hg by the product of
a sampling rate (in m3 day−1) and the deployment period (in
day). We used two calculations, using either the global generic
sampling rate of 0.135 m3 day−1 recommended by McLagan
et al.14 or sampling rates specic to each deployment period
derived by adjusting the generic sampling rate for the average
temperatures and wind speeds prevailing during a particular
deployment period by using the empirical relationship by
McLagan et al.14 Results of duplicate samples were averaged and
a percent relative difference was calculated. One sample each
from RU-UR, RU-PPA and AMS and two from RU-PB were judged
to be outliers (agged in Tables S1 to S6† based on large
discrepancies relative to a duplicate and other samples from the
same site) and thus were not used in the calculation of averages.
One sample from RU-VS was lost during analysis. One sample
from AMS was blown away during a storm, but was retrieved
and analyzed.
GEM measurements with automated Tekran vapour analyzers

GEM has been measured with vapour analyzers 2537A/B (Tek-
ran Inc., Toronto, Canada), running at standard temperature
and pressure conditions (273.15 K, 1013.25 hPa), at AMS11 and
DMC20 since 2012, and at the Mäıdo Observatory from 2017 to
2018.23 These measurements are based on Hg enrichment on
a gold cartridge, followed by a thermal desorption and detection
by cold vapour atomic uorescence spectroscopy. Switching
between two cartridges allows for alternating sampling and
desorption and thus full temporal coverage. The instruments
are automatically calibrated every 69 h at AMS and DMC, and
every 167 h at Mäıdo using internal Hg permeation sources
which in turn are annually checked by manual injections of
saturated Hg vapour from a temperature-controlled vessel. The
instruments' mass ow meter and the related ow rate was
checked with an external and calibrated mass owmeter during
the study. To ensure the comparability of the Hg measurements
regardless of study site, the vapour analyzers have been oper-
ated according to Global Mercury Observation System (GMOS)
standard operating procedures,24 in accordance with best
practices adopted in well-established regional Hg monitoring
networks (CAMNet, AMNet).

During the 10 months of operation, the Tekran 2537 A at the
Mäıdo Observatory experienced less than 5% shi in the
manual injection check and less than 1% shi in mass ow
meter calibration. Raw dataset, routine, and exceptional main-
tenance and monitoring les were compiled and processed by
soware developed at IGE and specically designed to quality
assure and quality control atmospheric mercury datasets in
order to produce clean GEM time series. In this automated
process, the raw dataset is compared against potential ags
corresponding to more than 40 criteria that specically refer to
all operational phases related to the calculation of Hg concen-
trations and calibration.25 Each raw observation is individually
agged depending on the result of each corresponding criterion
and returns, as a temporary output, a agged dataset (valid,
Environ. Sci.: Atmos., 2023, 3, 268–281 | 271
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warning, and invalid). Inclusion of all eld notes, implying
corrections and invalidations of data regrouped in the agged
dataset step, as well as a clarication step by the site manager
according to their knowledge allows for the production of
a complete quality-assured and quality-controlled dataset
according to the initial temporal acquisition resolution.

Results
Blank levels

When passive sampling at atmospheric background concen-
trations, the level and the variability of eld blank contamina-
tion is of paramount importance, because they control the
method detection limit (MDL) and plausible quantication
limit (PQL) that can be achieved. These in turn are decisive for
the shortest deployment period that yields reliable results. The
analytical results on all eld blank samples are presented in
Table S1 in the ESI.† The mean Hg concentration in ten eld
blanks from La Réunion was 1.14 ± 0.42 ng Hg per g carbon.
Field blank levels in the rst batch of samplers from AMS and
DMC as well as the second batch of samplers deployed at Piton
Bleu on La Réunion was much higher at around 4 to 6 ng g−1

and, especially in the case of the AMS samples, highly variable
(ranging 0.4 to 10.5 ng g−1). Packing each sampler into its
individual glass jar for storage and transport, was successful in
lowering levels and variability of the eld blank contamination
of the second batch of AMS samples to 1.02± 0.55 ng g−1. In the
Table 2 Comparison of field blank concentrations observed in differe
sampling of mercury

Study region Average levels in

La Réunion 1.14 � 0.42
Piton Bleu (06/18 to 02/19) 3.83, 4.89
Amsterdam Island 6.15 � 3.74
Amsterdam Island (glass jars) 1.02 � 0.55
Concordia station 4.11 � 0.90
Concordia station (glass jars) 2.64 � 0.31
Toronto, UTSC campus 0.51 � 0.13
Wind experiments 0.5 � 0.2
Temperature/RH experiments 0.58 � 0.15
Radiello reuse experiments 0.38 � 0.08
Greater Toronto area 0.4 � 0.2
Global calibration and evaluation at 20 sites 0.5 to 9 mean: 1.8

Italian Hg mine, two-weeks deployments 1.6 � 1.3
Italian Hg mine, seasonal deployments 1.5 � 0.9
New Zealand, 1st deployment 36 � 17
New Zealand, 2nd deployment 2.3 � 0.9
Rende, Italy 0.44 � 0.06
Downsview, Canada 0.43 � 0.05
Low concentration calibration 0.86 � 0.40
High concentration calibration yellow R. 0.23 � 0.08
High concentration calibration white R. 1.12 � 0.23
Gold mining area 1, Ghana 15 � 3
Gold mining area 2, Ghana 3
Waste facility, Norway 0.4 � 0.1
Borden study 0.69 � 0.36
Scarborough study 0.91 � 0.46
Brescia study 0.72 � 0.37

272 | Environ. Sci.: Atmos., 2023, 3, 268–281
case of the DMC samples, using glass jars caused blanks to drop
to 2.64 ng g−1, but their variability was small (12%).

In order to place these eld blank levels into context, Table 2
compiles values previously reported for this PAS. It appears that
under optimal circumstances, eld blank levels around and
below 0.5 ng g−1 are achievable, which is only marginally higher
than analytical blanks. In many cases, studies that achieved
such low blank levels involved a limited amount of transport
(e.g. by airplane) and storage in uncontrolled environments, e.g.
because analytical lab and eld deployment site were in close
vicinity.12,13,15,26 However, some studies involving transatlantic
return shipments could maintain such low eld blank levels
(e.g., Canada–Norway27 and Canada–Italy15). Somewhat higher
blank levels above 0.5 ng g−1, but below 2 ng g−1, were
encountered in studies involving regional travel and extended
sampler storage (e.g., ref. 19 and 28) and in studies of mercury-
contaminated sites involving transatlantic travel (Canada–
Italy28,29). Higher eld blank levels above 3 ng g−1 have occa-
sionally been observed during a study involving 20 global
sampling sites,14 during a study in gold mining communities in
Ghana27 and during a study involving sampling in New Zea-
land.30 In the latter case, the contamination could be traced
back to sampler storage in a warehouse with greatly elevated
GEM concentrations30 and avoiding that warehouse succeeded
in lowering average blank levels by more than an order of
magnitude (from 36 ng to 2.3 ng g−1).
nt studies involving the use of HGR-activated carbon for passive air

eld blanks in ng g−1
Number of eld
blanks Reference

10 This study
2
5
7
4
3

12
7 13
5
4
18 26

� 2.0 50 14
29

11
13

7 30
6
10 15
10
6 19
9
6
2 27
1
3
16 28
49
11

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Within this comparative context, the eld blank levels of the
La Réunion samplers are not unusually high, considering that
the sampler were assembled and analyzed in Toronto, i.e., had
to undergo a long journey from Canada to mainland France to
La Réunion and back. The eld blank levels in the AMS and
DMC samplers are quite high, but not implausibly so, consid-
ering that the logistics of getting the samplers to the sampling
site and back are extremely complex, involve transport in ships
in addition to airplanes, as well extended storage in places with
uncontrolled and unknown GEM contamination (e.g., research
stations, customs and international courier warehouses). While
extensive storage experiments suggested that it is possible to
reduce uptake of Hg by the carbon sorbent during extended
storage,19 it cannot be completely avoided, especially if the
samplers encounter high GEM environments.27,30 The success of
glass storage containers in lowering blank levels and making
them less variable is promising.
Blank correction

The amount of Hg quantied in exposed samplers is corrected
for blank contamination by subtracting the product of the
average blank contamination in ng g−1 and the mass of carbon
in an exposed sampler. In all cases we used the average
concentration in eld blanks that underwent the same trans-
port and storage as exposed samplers for correction. In the case
of the La Réunion samples, the levels in eld blank le at
different sampling sites (3 MO, 2 MFL, 2 UR, 2 VS, 1 PB), were
not signicantly different and the average was used.

The percentage by which the amount in exposed samplers is
reduced during the blank correction is an important quality
criterion and should be as small as possible. In addition to the
Table 3 Data quality characteristics for different batches of passive a
correction in percent, the number of samples that exceeded themethod d
average and range of the percent deviation between duplicated samples.
the average and range of the deployment period

Number of deployments
& samples

Average deployment
length in days % blan

La Réunion
UR 11/17 to 06/18 8/15 30 (26 to 35) 13 (9 t
MO 11/17 to 06/18 8/16 29 (25 to 36) 14 (11
PB 11/17 to 02/19 8/16 29 (21 to 35) 14 (10
MLF 11/17 to 05/19 7/14 32 (26 to 55) 16 (10
VS 11/17 to 06/18 3/5 77 (34 to 108) 7 (5 to
PPA 04/18 to 06/18 3/6 27 (25 to 29) 16 (13
EC 05/18 1/2 6 38

PB 06/18-02/19 5/10 47 (29 to 65) 33 (24
Amsterdam Island
No jars 11/18-12/19 10/20 37 (21 to 71) 49 (38

w jars 12/18-11/21 9/18 75 (56 to 107) 5 (3 to
Concordia Station
No jars 11/18-11/19 9/18 40 (28 to 62) 35 (26

w jars 11/18-12/20 6/12 67 (59 to 91) 16 (11

a Only based on two eld blank samples. b Outlier removed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
eld blank contamination level, this percentage depends on the
length of sampler deployment and the atmospheric GEM
concentrations, decreasing with longer deployments and higher
atmospheric concentrations. These percentages are reported in
the fourth column of Table 3. Analytical results for each indi-
vidual sample are presented in Tables S2 to S10 in the ESI.† In
the samplers deployed in La Réunion, the blanks contained on
average ∼15% as much Hg as exposed samplers, these fractions
being lower when sample deployments were longer (e.g. ∼7% at
volcano summit) and higher during the short deployments (e.g.
38% for the 6 day sample deployed at the eruptive cone). During
subsequent deployments, the higher eld blank contamination
meant that on average the blanks contained one third (second
batch of RU-BP deployments and DMC deployments w/o jars) to
one half (AMS deployment w/o jars) of the Hg amount in
exposed samplers. Using glass jars for sampler storage, reduced
that fraction dramatically, to ∼5% in the samplers deployed for
∼2 to 3 months at AMS, and to ∼16% for those deployed in
DMC.
Method detection limits and plausible quantication limit

We dene the MDL and PQL in ng of Hg as three and ten times
the standard deviation of the eld blank levels, again relying on
the eld blanks that had been used for blank correction. These
values therefore varied quite widely depending on the variability
of each batch of eld blanks, being relatively low for the
samplers deployed at La Réunion (MDL < 1 ng, PQL < 3 ng) and
quite high for the rst set of deployments at AMS, when eld
blanks were not only quite high, but also extremely variable
(MDL ∼8 ng, PQL ∼26 ng). Columns ve and six in Table 3
indicate the number of individual exposed samplers that had
ir samplers, including the average and range of the extent of blank
etection limit (MDL) and the plausible quantification limit (PQL) and the

Also listed is the number of deployments and samples in each batch and

k adjustment MDL n > MDL PQL n > PQL Replicate precision in %

MDL = 0.84 ng PQL = 2.8 ng
o 18) 15 out of 15 15 out of 15 11 (3 to 30)b

to 16) 16 out of 16 16 out of 16 11 (1 to 25)
to 17) 16 out of 16 16 out of 16 6 (2 to 18)
to 20) 14 out of 14 14 out of 14 11 (3 to 20)
12) 5 out of 5 5 out of 5 5 (2 and 9)
to 18) 6 out of 6 6 out of 6 11 (5 and 16)b

2 out of 2 0 out of 2 10
MDL = 1.4a ng PQL = 4.7a ng

to 48) 10 out of 10 7 out of 10 10 (2 to 14)b

MDL = 7.9 ng PQL = 26 ng
to 70) 0 out of 20 0 out of 20 39 (2 to 90)

MDL = 1.1 ng PQL = 3.7 ng
8) 18 out of 18 18 out of 18 8 (4 to 21)

MDL = 1.8 ng PQL = 6.0 ng
to 47) 18 out of 18 6 out of 18 27 (5 to 48)

MDL = 0.7 ng PQL = 2.2 ng
to 22) 12 out of 12 12 out of 12 20 (5 to 42)
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levels of Hg exceeding the MDL and PQL. All deployments on La
Réunion yielded levels above the MDL and only a handful were
below the PQL (namely the 6 day samples at EC and a few of the
samples from the second set of PB deployments, when eld
blank levels were much higher). At AMS, amounts in not a single
of the samplers deployed without glass jars exceeded either the
MDL and PQL. In a remarkable illustration of the effectiveness
of using glass jars and increasing the deployment length, all of
the AMS and DMC samples in the second batch had levels above
MDL and PQL.

Replicate precision

All deployments were duplicated allowing for the calculation of
the relative percent difference (7th column in Table 3). The
results largely mirror the results of the blank adjustment.
Replicate precision of La Réunion deployments was on average
∼11%, but ranging for individual pairs from 1 to 30%. In the
AMS deployments, the use of glass jars improved replicate
precision dramatically from an average of 39% to 8%, whereas
at DMC, the jars only marginally improved precision from 27%
to 20%.

Even the replicate precision around 10% at RU and AMS is
considerably worse than what had been reported in previous
applications of the sampler. McLagan et al.12 reported a mean
relative standard deviation (RSD) between triplicate samplers of
4 ± 2 and 2 ± 1% for an indoor and outdoor experiment,
respectively. McLagan et al. reported a value of 2 ± 2% in
studies conducted in Toronto26 (n = 11) and Italy29 (n = 9). The
global calibration and evaluation study, which involved 129
replicated deployments yielded a mean RSD of 3.6 ± 3.0%.14

Naccarato et al.15 observed replicate precision of 3% (n = 22),
which increased with deployment length, from ∼5% for two-
weeks samples to ∼2% for 12 weeks samples. Quant et al.28 re-
ported a precision of ∼7.5%. The relatively poor replicate
precision observed in the present study can be attributed to the
contribution of two factors, a blank correction that represents
a relatively large fraction of the sequestered amount of Hg and
the relatively high variability in the eld blank levels. For
example, the RSD of the 10 eld blank samples taken on RU was
37%. The blank correction procedure that was applied assumes
that all RU samples have the average eld blank contamination
of 1.14 ng g−1 (∼14% of the sequestered amount). In reality, the
concentrations in the ten RU eld blanks ranged over a factor of
4 from 0.42 ng g−1 to 1.71 ng g−1, which corresponds to 5 or
21% of the sequestered amount of Hg.

Overall assessment of data reliability

Collectively, the data compiled in Table 3 convey the condence
that we can place in the reliability of the results obtained with
the PAS during the various deployments. Clearly, the data ob-
tained from the rst batch of deployments on AMS and all of the
data from DMC are not very reliable and should at best be
considered semi-quantitative. High and variable eld blank
levels, in combination with relatively short deployments result
in large blank adjustments, poor replicate precision and levels
that most of the time do not exceed the PQL. The data obtained
274 | Environ. Sci.: Atmos., 2023, 3, 268–281
from almost all of the La Réunion deployments and the second
batch of AMS deployments, on the other hand, have much more
acceptable quality characteristics, with relatively modest blank
corrections, reasonable duplicate precision and levels that
exceed the PQLs. In the case of the second batch of AMS
deployments, this is partly due to the longer deployments,
which result in smaller blank correction and better replicate
precision than during the RU deployments despite slightly
higher MDL and PQL.

Calculation of volumetric air concentrations

Volumetric air concentrations in units of ng m−3 are derived by
dividing the eld-blank-adjusted amount of Hg in an exposed
sampler in ng by the product of a sampling rate in m3 day−1 and
the deployment length in days. The average concentrations for
the different batches and deployments given in Table 4 were
derived using either the generic sampling rate of 0.135 m3 day−1

recommended by McLagan et al.14 or by adjusting this sampling
rates to account for the inuence of variable wind speed and
temperature.14 The generic sampling rate was derived from
deployments with an average temperature and wind speed of
9.9 °C and 3.4 m s−1.14 Many of the deployments at the higher
elevation sites on La Réunion (MO, PB, PPA, EC) have meteo-
rological conditions close to these values and therefore the
adjusted sampling rates are only marginally different from the
generic one. Slightly higher deployment-specic sampling rates
at UR (warm, windy), MLF (warm) and VS (windy) means that
the calculated volumetric concentrations at these RU sites are
slightly lower than if the generic value were used.

Pointe Bénédicte on AMS is very windy with average wind
speeds during deployment periods reaching as high as
11.5 m s−1 (average for all deployment periods: 8.6 m s−1),
causing the deployment specic sampling rate to be 15% higher
than the generic one, which yields accordingly 15% lower
volumetric air concentrations. DMC, on the other hand, is
extremely cold, with average temperatures during the June/July
deployments reaching below−60 °C (average for all deployment
periods: −48.3 °C). Accordingly, the adjusted sampling rate is
on average 36% lower than the generic one (up to 44% lower
during the extremely cold deployments). Using such low
sampling rates yield average GEM concentrations around 1.7 ng
m−3, which is clearly implausibly high for the southern hemi-
spheric background atmosphere. This suggests that the
temperature adjustment of the sampling rate is not appropriate,
when it involves temperature that are far outside of the range
for which this adjustment was obtained, thus requiring an
extreme extrapolation. Naccarato et al.15 already observed that
a sampling rate adjustment to far less extreme winter time
temperature in Toronto did not improve agreement between
GEM concentrations obtained by passive air sampler and
a Tekran vapour analyzer.

Volumetric air concentrations

The volumetric air concentrations on RU obtained using the
adjusted sampling rates are∼1.1 ng m−3 when averaged over all
deployment periods and sampling sites (Table 4). At AMS, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Average atmospheric temperatures and wind speeds during the deployment periods and the volumetric air concentrations of GEM
calculated either sampling rates adjusted to the meteorological conditions prevailing during each deployment or using a generic sampling rate

Temperature Windspeed

Volumetric GEM concentration

Using T & WS adjusted SR Using generic SR

La Réunion
UR 11/17 to 06/18 (n = 8) 25.7 � 1.5 °C 5.2 � 0.3 m s−1 1.09 � 0.10 ng m−3 (9%) 1.25 � 0.10 ng m−3

MO 11/17 to 06/18 (n = 8) 12.8 � 1.8 °C 3.6 � 0.6 m s−1 1.15 � 0.07 ng m−3 (6%) 1.18 � 0.07 ng m−3

PB 11/17 to 02/19 (n = 8) 14.5 � 1.8 °C 3.5 � 0.8 m s−1 1.22 � 0.11 ng m−3 (9%) 1.26 � 0.11 ng m−3

MLF 11/17 to 05/19 (n = 7) 24.9 � 1.7 °C 2.9 � 0.2 m s−1 0.93 � 0.08 ng m−3 (9%) 1.01 � 0.08 ng m−3

VS 11/17 to 06/18 (n = 3) 11.7 � 0.7 °C 4.8 � 0.6 m s−1 1.16 � 0.07 ng m−3 (6%) 1.21 � 0.05 ng m−3

PPA 04/18 to 06/18 (n = 3) 11.0 � 1.8 °C 3.4 � 0.1 m s−1 1.03 � 0.07 ng m−3 (7%) 1.04 � 0.08 ng m−3

EC 05/18 (n = 1) 11.7 °C 3.9 m s−1 1.44 � 0.14 ng m−3 (10%)a 1.47 � 0.15 ng m−3

PB 06/18-02/19 (n = 5) 12.0 � 2.6 °C 3.7 � 0.7 m s−1 0.98 � 0.08 ng m−3 (8%) 1.01 � 0.08 ng m−3

Amsterdam Island
No jars 11/18-12/19 (n = 10) 14.9 � 2.3 °C 8.2 � 1.6 m s−1 0.96 � 0.28 ng m−3 (30%) 1.09 � 0.31 ng m−3

w jars 01/19-11/21 (n = 8) 13.6 � 2.1 °C 9.1 � 1.6 m s−1 1.03 � 0.05 ng m−3 (5%) 1.17 � 0.06 ng m−3

w jars 12/18 (n = 1) 14.8 °C 8.9 m s−1 2.1 � 0.4 ng m−3 (21%)a 2.4 � 0.5a ng m−3

Concordia Station
No jars 11/18-11/19 (n = 9) −(48.5 � 11.9) °C 4.6 � 0.5 m s−1 1.68 � 0.42 ng m−3 (25%) 1.07 � 0.30 ng m−3

w jars 11/18-12/20 (n = 6) −(48.0 � 13.3) °C 4.5 � 0.6 m s−1 1.69 � 0.15 ng m−3 (9%) 1.8 � 0.16 ng m−3

a Replicate precision.
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average for the second more reliable batch of deployments was
around 1.03 ng m−3 (and 0.96 ng m−3 for the rst, much less
trustworthy batch of samples) (Table 4). When no sampling rate
adjustment was applied, the DMC samplers recorded air
concentrations of around 1.07 ng m−3 (Table 4).

One sampling period had slightly higher levels: the AMS
sample taken during December 2018 (AMS-PB-S11) had
concentrations above 2 ng m−3, with the duplicates agreeing
that levels were well above background. During that particular
sampling period vegetation around the sampling site was being
cleared, which may be responsible for these elevated GEM
levels, for example as a result of fuel-powered or otherwise Hg-
contaminated equipment.31 The Tekran vapour analyzer data
cannot be used to conrm or refute this explanation, as the
instrument was shut down during this period of work.
Comparison with volumetric air concentrations measured
with active air sampling techniques

Fig. 1 compares the concentrations obtained with the passive
air samplers deployed at the Mäıdo Observatory, on Amsterdam
Island and at Concordia Station with the values recorded by the
Tekran vapour analyzers at the same locations. The latter data
are averaged for the PAS deployment periods and the mean plus
or minus one standard deviation is shown (red lines). In the
case of the passive samplers, the mean and the individual
values of the two replicates is shown (black lines). The panels at
the bottom of the gure show the differences between the two
recorded values, i.e., the concentrations obtained by the PAS
minus the average concentration from the Tekran analyzers
(blue lines). Values above (below) 0 therefore indicate that the
passive samplers recorded higher (lower) values than the Tek-
ran analyzers.
© 2023 The Author(s). Published by the Royal Society of Chemistry
At AMS, the mean difference (MD) and mean absolute
difference (MAD) between the two data sets is−0.03 ng m−3 and
0.22 ng m−3 for the entire period of overlapping measurements.
However, there is marked difference in the level of agreement
between the earlier measurements (MD = −0.12 ng m−3, MAD
0.28 ng m−3) that suffered from high blank levels and poor
precision of the PASs and the latter period of measurements,
when the use of glass storage containers and longer deploy-
ments greatly improved the quality of the PAS results (MD =

−0.04 ng m−3, MAD 0.04 ng m−3, if we disregard the sample
AMS-11, when vegetation clearing at the site is suspected to
have resulted in contamination of the PAS) (Fig. 1). The PASs
deployed at this station between January 2020 and November
2021 gave concentrations that were lower than the Tekran
results by a mere 0.04 ng m−3 and showed a similar stable level
over time.

The comparison for site DMC in Fig. 1 is based on PAS data
that have been calculated with the generic sampling rate. Even
though we judged these data to be at best semiquantitative and
had to dismiss the possibility to adjust the sampling rate to the
extremely low temperatures prevailing at this site, the agree-
ment with the Tekran data is surprisingly good with a MD of
+0.08 ng m−3 and a MAD of 0.27 ng m−3. In contrast to the
observations at AMS, the level of agreement was the same before
and aer the adoption of glass storage jars. Tekran measure-
ments indicate that air–snow exchange processes and redox
reactions render GEM concentrations at DMC quite variable,
reaching levels as high as 4 ng m−3 during austral summer and
stabilizing at hemispheric background levels in winter.20 The
temporal variability recorded by the two sampling techniques
does not agree well with each other. The variability recorded by
the PAS does not reect true variability in the air concentrations
Environ. Sci.: Atmos., 2023, 3, 268–281 | 275
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Fig. 1 Comparison of GEM concentrations recorded with passive air samplers (PASs, black lines) and Tekran vapour analyzers (red lines) at the
Mäıdo Observatory on La Réunion, at Point Bénédicte on Amsterdam Island and at the ATMOS shelter of the Concordia station on Dome C in
Antarctica. The thick black line indicates the average of duplicate PASs, the thin black lines show the actual values of the duplicates. Missing thin
lines indicate that one replicate was lost during analysis or was eliminated as an outlier. The data for DMC were derived with a generic sampling
rate, whereas those for RU-MO and AMS used sampling rates adjusted to deployment conditions. Thick and thin red lines designate mean and±
one standard deviation of the Tekran data when averaged over the period of PAS deployment. The arrows designate periods when deployments
lasted approximately one, two or three months and when glass jars were or were not used for storage and transport. Numbers refer to
consecutive sampling periods. The panels at the bottom display the difference between PAS and Tekran-derived GEM concentrations and report
the mean difference (MD) and the mean absolute difference (MAD) for different time periods of sampling. PAS sample 11 at AMS was likely
affected by local GEM emissions occurring during vegetation clearing operations in the vicinity of the sampling site.
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of GEM, but is a result of the low reliability of these data, caused
by short deployments and high eld blank contamination.

The eight consecutive PAS deployments of approximately
one month at the Mäıdo Observatory gave GEM air concentra-
tions that were higher than the simultaneously recorded
Tekran-concentrations by 31 ± 5% (Fig. 1). The eight-months
average is 1.15 ng m−3 and 0.84 ng m−3 for PASs and Tekran,
respectively. This deviation (MD = MAD = 0.31 ng m−3) is
considerably larger than what had been previously observed
when PAS-derived concentrations had been compared with the
concentrations obtained with co-located Tekran systems.
Specically, the average deviation in the global calibration and
evaluation study involving 20 locations with a wide range of
climatic circumstances was 8%. The observed MD is also much
larger than the precision of the Tekran vapour analyzers, which
when operated side by side could show deviations on the order
of 10%.7,32,33

Support for the lower concentration values recorded by the
Tekran system at Mäıdo is provided by measurements else-
where in the Southern hemisphere. Howard et al.34 reported an
average of 0.95 ± 0.12 ng m−3 for two years (2014–2016) in
Darwin, Northern Australia, whereas levels in the South of
Australia are somewhat lower, averaging around 0.86 ng m−3.7

In the Argentinian Andes, from March 2014 until July 2017, the
mean GEM concentration was 0.86 ± 0.16 ng m3; with the
highest level in the austral spring (0.95 ± 0.13 ng m−3) and the
lowest in the autumn (0.80 ± 0.15 ng m−3).35 An average of 0.89
± 0.01 ng m−3 measured at Chacaltaya, a high-altitude site in
the Bolivian Andes in 2014/15 further lends support to atmo-
spheric background levels of GEM being below 1 ng m−3.36
276 | Environ. Sci.: Atmos., 2023, 3, 268–281
It is challenging to explain why the PAS-derived data should
be too high by ∼30%, as those data passed all of the QA/QC
criteria. While blank levels averaging ∼14% of total seques-
tered amounts and an average replicate precision of ∼11%
indicate that the PASs were operating at the limit of their
applicability range, all of the data from RU-MO exceeded MDL
and PQL (Table 3). The ESI† includes a detailed discussion of
whether a number of factors could provide an explanation of the
positive bias of the PAS data. These factors included insufficient
blank correction, uncertain adjustment to the meteorological
conditions prevailing at the Mäıdo Observatory, the bias caused
by GEM concentrations, temperature and wind speed having
synchronised diurnal variability at the sampling site, and the
effect of the reduced atmospheric pressure at a sampling site
located 2160m above sea level. None of these factors was judged
to be capable of explaining the size of the discrepancy.

We suspect that the positive bias is related to the combina-
tion of a short deployment period and very low GEM levels,
namely we suspect that sampling rates under such conditions
may deviate from those obtained in calibration studies that
were longer and/or were conducted at higher concentrations.
Zhang and Wania37 described the possibility of a two-stage
uptake process in a PAS, when the sampled analyte has a very
strong sorption coefficient to the sampling sorbent. In that case,
chemical is sorbed to the sorbent surface faster than it diffuses
into the sorbent pores. While sorption to the outer surface
dominates, diffusion into the pores poses no resistance to
uptake, and the sampling rate is determined by the fast sorption
rate. As the surface of the sorbent lls up with chemical, the
overall uptake kinetics become increasingly dominated by the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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rate of diffusion into the sorbent, and the sampling rate
decreases from its initial value. Consistent with such two-stage
uptake, McLagan et al.12 in their initial outdoor calibration
study observed a sampling rate that decreased during the rst
16 weeks of deployment. This deviation did not notably affect
the overall derived sampling rate, because the data points aer
long deployment periods (several months to one year) strongly
controlled the slope of the uptake curve and therefore the re-
ported sampling rate.12 Similarly, the global generic sampling
rate derived in McLagan et al.14 and applied in the current study
is strongly inuenced by long-term deployments lasting
between three months and one year.

Using Fig. 2 in McLagan et al.,12 we estimate the initial
sampling rate during the rst few weeks of the outdoor cali-
bration experiment was around 0.15 m3 day−1 and thus 25%
higher than the sampling rate obtained from the entire year
long experiment (∼0.12 m3 day−1). We note that the sampling
rates displayed in Fig. 2 in McLagan et al.12 are not corrected for
temperature. The deployments started in April 8 in Toronto,
which implies that during the time period of decreasing
sampling rate (the rst 15 weeks of deployment), the ambient
temperature actually increased, which should have caused
sampling rates to increase. The effect thus is of potential
importance when sampling for short periods of time at low
GEM concentrations and could conceivably be large enough to
explain the discrepancy between PASs and Tekran at Mäıdo. We
note that GEM levels recorded at Piton Bleu (RU-PB) dropped to
the concentration range measured with the Tekran analyzer at
RU-MO when longer two-months deployment periods were
adopted at the end of 2018, whereas the shorter deployments in
2017/18 at RU-PB gave levels in agreement with the passive
samplers at RU-MO. Also, three months-long deployments with
the commercial MerPAS® conducted at RU-MO from 2020
onwards yielded low GEM concentrations below 1 ng m−3

(unpublished data) and therefore very similar to those recorded
by the Tekran analyzer in 2018.
Fig. 2 Variability in the passive sampler-derived GEM concentrations at s
for the seventh sampling site at the Mäıdo Observatory are shown in Fig.
show the actual values of the duplicates. Missing thin lines indicate that o
arrows designate periods when deployments lasted approximately one
Numbers refer to consecutive sampling periods.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Irrespective of the deviating absolute levels, we can compare
the month-to-month variability in the GEM concentrations at
Mäıdo as observed by the Tekran and the PASs (Fig. 1). Some
similarities are apparent, specically higher than average levels
during deployments 1 (November), 7 and 8 (May and June) and
lower than average levels during deployments 4, 5 and 6
(February to April, i.e., Austral autumn). Only for deployments 2
and 3, are there clear discrepancies between the two sampling
approaches. Higher GEM levels during Austral winter may be
related to emission from biomass burning in Southern Africa,
with long-range transport to the Mäıdo Observatory in the lower
free troposphere. In other words, despite the positive bias of the
PAS deployed at RU-MO, the technique may be able to capture
some of the seasonal GEM concentration variability.
Variability in GEM air concentrations on La Réunion

Fig. 2 displays the GEM concentrations derived from the PAS
deployed at six of the sites on La Réunion as a function of time.
The temporal variability in the PAS-derived air concentrations
on La Réunion is small and no consistent seasonal pattern
emerges when comparing the trends at the different sites. Piton
Bleu potentially had higher GEM levels in the summer of 2017/
18 (samples 2 to 5) (Fig. 2), whereas the opposite appears to have
been the case at the Mäıdo Observatory (Fig. 1). The spatial
variability of GEM levels on the island is also generally small.
When disregarding sites EC and MLF, the standard deviation in
the average levels at UR, MO, VS, PB, and PPA is only 6.5%,
which is likely smaller than the uncertainty in these values,
when judged based on duplicate precision. The one sample at
the eruptive cone (EC) may have recorded slightly higher
concentrations than the rest of the island, but this value is
highly uncertain because of the extremely short sampling time.
Interestingly, the levels in the forest at MLF were consistently
lower than elsewhere on the island and MLF stands out as the
only densely vegetated site. One possible explanation is efficient
uptake of GEM in vegetation.38 The forest at MLF has been
ix of the sampling sites on La Réunion (UR, MLF, PPA, VS, PB, EC). Data
1. Thick lines indicate the average of duplicate samplers, the thin lines
ne replicate was lost during analysis or was eliminated as an outlier. The
or two months and when different sampler batches were deployed.
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found to be a net sink for methane and nitrous oxide39 and the
PAS has been shown to be able to decipher the seasonal
concentration differences caused by uptake in forest
vegetation.28,29

Discussion

One of the objectives of this research project was to delineate
the realm of what is possible in terms of monitoring GEM with
PASs. It has to be concluded that the recording of atmospheric
GEM levels under the conditions prevailing on the Antarctic
Plateau appears presently not feasible with PASs for a combi-
nation of reasons:

- The logistics of bringing samplers to and from such
a remote sampling site are too complex to completely exclude
the possibility of sampler contamination. Along their convo-
luted shipping routes, the samplers will encounter too many
environments (planes, ships, trucks, storage places, etc.) with
unknown, but possibly quite high GEM levels (e.g., ref. 30).
While we were partially successful in reducing eld blank
contamination, e.g., be placing samplers in individual glass
jars, even this measure proved insufficient in the case of the
Concordia station deployments. It is conceivable that container
seals may have failed when samplers were exposed to very low
temperatures during transit to and from DMC.

- The sampling rate of the PASs at the extremely low
temperatures of the plateau is presently unknown and the
extrapolation of the temperature dependence of the sampling
rate determined at higher temperatures to −40 to −60 °C does
not appear to be defensible.

- During several deployments at DMC, hoar frost was
observed to form on the PASs, potentially obstructing the air
ow into the sampler housing (see photographs in Fig. S14†).
On occasion, the extremely low temperatures caused the Radi-
ello diffusive barriers to break apart (Fig. S14†). Such occur-
rences will have unquantiable effects on the sampling rate of
the PAS.

The deployments on Amsterdam Island, on the other hand,
suggest that under more temperate weather conditions, reliable
passive air sampling for GEM in the remote atmosphere is
possible. Placing individual samplers in well-sealed glass jars
during the entire shipping and storage process succeeded in
lowering eld blank contamination to acceptable levels. Rela-
tively long deployment periods of two months and more meant
that blank correction was small and replicate precision very
good, despite the very low atmospheric GEM levels in the
remote southern hemisphere (see AMS samples 12 to 19). Also,
the absolute GEM levels were in excellent agreement with those
recorded with the state-of-the art active sampling technique,
even though the high winds required an adjustment of the
sampling rate to local conditions.

The one-month long deployments on La Réunion likely
dene more or less the limits of passive air sampling in the
remote atmosphere. With reasonably low eld blank levels, the
required blank adjustment was minor, but not insignicant
(∼15%), causing somewhat poorer replicate precision (∼11%)
than has been observed for this sampler under more favorable
278 | Environ. Sci.: Atmos., 2023, 3, 268–281
conditions (e.g., ref. 15). We suspect that the short deployment
periods in combination with low atmospheric GEM levels led to
a positive bias in the GEM levels obtained from those deploy-
ment, likely related to faster uptake at the very beginning of
a deployment.

In conclusion, when using PASs for recording GEM
concentrations at very low background concentrations, (i) great
emphasis has to be placed on keeping sampler contamination
during transport and storage low and consistent, possibly
requiring additional sealed containers for each sampler, (ii)
a large number of eld blank samples undergoing the same
transport and storage as exposed samplers will be required to
reliably determine extent and variability in the contamination
of those exposed samples, and (iii) sampling times need to be
sufficiently long to assure uptake of mercury amounts in
exposed samplers that signicantly exceed the levels found in
eld blanks and the impact of potentially faster uptake during
the initial deployment phase is minimized. The experience of
the current study suggests that deployment times in the remote
southern hemisphere should be at least 2 to 3 months.

Research gaps identied in the current study include the
need to observe and quantify any potential short-term decrease
in the uptake kinetics of the PAS during the initial phases of
deployment, as the rate-limiting step possibly transitions from
sorption to the activated carbon surface to diffusion into the
pores of the carbon. Also, further characterisation of the
sampling rate at low sub-zero temperatures will be required for
condent application of the PAS in polar and high-altitude
regions.

Data availability

Mäıdo (https://doi.org/10.25326/352), AMS (https://doi.org/
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from a GMOS-FR data portal coordinated by IGE (Institut des
Géosciences de l’Environnement—Grenoble, France; technical
PI: Olivier Magand) with the support of the French national
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sampling data are provided in the ESI File.†
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de l'Univers à La Réunion (UMS 3365). The authors also
acknowledge the Institut des Sciences de l'Environnement (IGE,
UMR 5001/UR 252) for internal funding. The Tekran 2537
systems used in this study are coordinated by the IGE-PTICHA
technical platform dedicated to atmospheric chemistry eld
instrumentation. Finally, the GMOS-FR national data portal is
maintained by the French National Center for Atmospheric
Data and Services (AERIS). We would like to thank Elisabeth
Logeais, Laura Noel, Julien Moye, Ines Ollivier, Pierre Stamén-
off, and Jean-Marc Metzger for their support in the collection
and deployment of the passive samplers.

References

1 T. W. Clarkson and L. Magos, The toxicology of mercury and
its chemical compounds, Crit. Rev. Toxicol., 2006, 36, 609–
662.

2 J. Munthe, R. A. Bodaly, B. A. Branreun, C. T Driscoll, C. C
Gilmour, R. Harris, M. Horvat, M. Lucotte and O. Malm,
Recovery of mercury-contaminated sheries, Ambio, 2007,
36, 33–44.

3 P. Grandjean, H. Satoh, K. Murata and K. Eto, Adverse effects
of methylmercury: Environmental health research
implications, Environ. Health Perspect., 2010, 118, 1137–1145.

4 M. S. Bank, The mercury science-policy interface: history,
evolution and progress of the Minamata Convention, Sci.
Total Environ., 2020, 722, 137832.

5 B. Gworek, W. Dmuchowski and A. H. Baczewska-
Dabrowska, Mercury in the terrestrial environment:
a review, Environ. Sci. Eur., 2020, 32, 128.

6 H. Angot, M. Barret, O. Magand, M. Ramonet and
A. Dommergue, A 2-year record of atmospheric mercury
species at a background Southern Hemisphere station on
Amsterdam Island, Atmos. Chem. Phys., 2014, 14, 11461–
11473.

7 F. Slemr, H. Angot, A. Dommergue, O. Magand, M. Barret,
A. Weigelt, R. Ebinghaus, E.-G. Brunke, K. A. Pfauber
and G. Edwards, Comparison of mercury concentrations
measured at several sites in the Southern Hemisphere,
Atmos. Chem. Phys., 2015, 15, 3125–3133.

8 F. Sprovieri, N. Pirrone, M. Bencardino, F. D'Amore,
F. Carbone, S. Cinnirella, V. Mannarino, M. Landis,
R. Ebinghaus, A. Weigelt, E.-G. Brunke, C. Labuschagne,
L. Martin, J. Munthe, I. Wangberg, P. Artaxo, F. Morais,
H.-M. J. Barbosa, J. Brito, W. Cairns, C. Barbante,
© 2023 The Author(s). Published by the Royal Society of Chemistry
M. D. C. Dieguez, E. Garcia, A. Dommergue, H. Angot,
O. Magand, H. Skov, M. Horvat, J. Kotnik, K. A. Read,
L. M. Neves, B. M. Gawlik, F. Sena, N. Mashyanov,
V. A. Obolkin, D. Wip, X. B. Feng, H. Zhang, X. Fu,
R. Ramachandran, D. Cossa, J. Knoery, N. Marusczak,
M. Nerentorp and C. Norstrom, Atmospheric mercury
concentrations observed at ground-based monitoring sites
globally distributed in the framework of the GMOS
network, Atmos. Chem. Phys., 2016, 16, 11915–11935.

9 H. Angot, O. Magand, D. Helmig, P. Ricaud, P. Quennehen,
H. Gallée, M. Del Guasta, F. Sprovieri, N. Pirrone,
J. Savarino and A. Dommergue, New insights into the
atmospheric mercury cycling in Central Antarctica and
implications at a continental scale, Atmos. Chem. Phys.,
2016b, 16, 8249–8264.

10 H. Angot, I. Dion, N. Vogel, M. Legrand, O. Magand and
A. Dommergue, Multi-year record of atmospheric mercury
at Dumont d'Urville, East Antarctic coast: Continental
outow and oceanic inuences, Atmos. Chem. Phys., 2016a,
16, 8265–8279.

11 F. Slemr, L. Martin, C. Labuschagne, T. Mkololo, H. Angot,
O. Magand, A. Dommergue, P. Garat, M. Ramonet and
J. Bieser, Atmospheric mercury in the Southern
Hemisphere – Part 1: Trend and inter-annual variations in
atmospheric mercury at Cape Point, South Africa, in 2007–
2017, and on Amsterdam Island in 2012–2017, Atmos.
Chem. Phys., 2020, 20, 7683–7692.

12 D. S. McLagan, C. P. J. Mitchell, H. Huang, Y. D. Lei,
A. S. Cole, A. Steffen, H. Hung and F. Wania, A high
precision passive air sampler for gaseous mercury, Environ.
Sci. Technol. Lett., 2016, 3, 24–29.

13 D. S. McLagan, C. P. J. Mitchell, H. Huang, B. Abdul Hussain,
Y. D. Lei and F. Wania, The effects of meteorological
parameters and diffusive barrier reuse on the sampling
rate of a passive air sampler for gaseous mercury, Atmos.
Meas. Tech., 2017a, 10, 3651–3660.

14 D. S. McLagan, C. P. J. Mitchell, A. Steffen, H. Hung, C. Shin,
G. W. Stupple, M. L. Olson, W. T. Luke, P. Kelley, D. Howard,
G. C. Edwards, P. F. Nelson, H. Xiao, G.-R. Sheu, A. Dreyer,
H. Huang, B. Abdul Hussain, Y. D. Lei, I. Tavchunsky and
F. Wania, Global evaluation and calibration of a passive air
sampler for gaseous mercury, Atmos. Chem. Phys., 2018b,
18, 5905–5919.

15 A. Naccarato, A. Tassone, M. Martino, S. Moretti,
A. Macagnano, E. Zampetti, P. Papa, J. Avossa, N. Pirrone,
M. Nerentorp, J. Munthe, I. Wangberg, G. W. Stupple,
C. P. J. Mitchell, A. R. Martin, A. Steffen, D. Babi,
E. M. Prestbo, F. Sprovieri and F. Wania, A eld
intercomparison of three passive air samplers for gaseous
mercury in ambient air, Atmos. Meas. Tech., 2021, 14,
3657–3672.

16 E. Aristidi, K. Agabi, M. Azouit, E. Fossat, J. Vernin,
T. Travouillon, J. S. Lawrence, C. Meyer, J. W. V. Storey,
B. Halter, W. L. Roth and V. Walden, An analysis of
temperatures and wind speed above Dome C, Antarctica,
Astron. Astrophys., 2005, 430, 739–745.
Environ. Sci.: Atmos., 2023, 3, 268–281 | 279

https://www.gmos.eu/
https://www.era-planet.eu
https://www.era-planet.eu
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00119e


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
gr

ud
ni

a 
20

22
. D

ow
nl

oa
de

d 
on

 2
8.

01
.2

02
6 

14
:0

8:
09

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
17 I. Pietroni, S. Argentini, I. Petenko and R. Sozzi,
Measurements and parametrizations of the atmospheric
boundary-layer height at Dome C, Antarctica, Boundary-
Layer Meteorol., 2012, 143, 189–206.

18 J. L. Baray, Y. Courcoux, P. Keckhut, T. Portafaix, P. Tulet,
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