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South Africa has been ranked among the top ten mercury (Hg) emitters globally, with emissions from coal-fired
power plants being the most significant contributor. The expansion of atmospheric Hg measurement networks
in southern Africa is vital within the global context but is constrained by high costs and logistics. Passive air
samplers were developed to address these issues and expand atmospheric monitoring networks. A
commercially available passive sampler widely used for atmospheric Hg monitoring is the Mercury Passive Air
Sampler (MerPAS®). Therefore, this study aimed to statistically evaluate the performance of these samplers in
the unique South African environment by comparing Hg concentrations determined with MerPAS® with active
in situ atmospheric Hg measurements conducted in this region. Measurements were conducted from June
2021 to September 2022 at the Welgegund atmospheric monitoring station, considered one of Africa’s most
comprehensively equipped atmospheric measurement sites. Hg concentrations measured with MerPAS® were
derived for different sampling rates (SR), ie. the original SR (OSR) provided by the supplier and an adjusted
original SR (AOSR) derived using the OSR with adjustments for mean temperature and wind speed. Statistical
analyses, including Kruskal—Wallis, Mann—Whitney U, Bland—Altman, and Spearman correlation tests, were used
to assess the performance of MerPAS®. The OSR overestimated Hg concentrations by 16%, while the AOSR
reduced this overestimation to 10%, improving alignment with active sampling data. The Mean Normalized
Difference (MND) also decreased from 17.4% with OSR to 12.7% with AOSR, indicating greater accuracy.
Spearman correlation analysis showed moderate agreement between passive and active sampling, with
correlation coefficients of 0.39 for OSR and 0.58 for AOSR, supporting the improved comparability of AOSR.
Seasonal patterns were consistent across both methods, with elevated Hg levels observed in winter due to
atmospheric inversions and increased emissions. Despite a slight positive bias, the Bland—Altman analysis further
confirmed good reliability between the AOSR and active measurements. This study demonstrates that MerPAS®,
when calibrated for local environmental conditions, provides an accurate, cost-effective alternative for Hg
monitoring, offering a feasible solution for expanding networks in regions with limited resources. By enabling
broader and more accessible atmospheric Hg data collection, MerPAS® can support critical environmental
policies, such as the Minamata Convention, and deepen scientific understanding of Hg dynamics in under-
monitored areas like southern Africa. These findings lay the groundwork for enhancing global Hg monitoring,
contributing essential insights into regional pollution and atmospheric processes across diverse environments.

South Africa is a top global emitter of mercury (Hg), primarily from coal-fired power plants. Expanding atmospheric Hg monitoring networks in southern Africa is
critical but is hindered by high costs and logistical challenges. This study statistically evaluated the performance of a commercially available passive air sampler, the
Mercury Passive Air Sampler (MerPAS®), by comparing its Hg concentrations to active in situ atmospheric Hg measurements at a regional background site in South
Africa from June 2021 to September 2022. Statistical analyses revealed that while MerPAS® slightly overestimated Hg concentrations, adjustments for environmental

factors improved its accuracy and alignment with active measurements. These findings highlight MerPAS® as a cost-effective solution to expand Hg monitoring
networks in resource-limited regions, supporting global and regional efforts to mitigate Hg pollution under the Minamata Convention.
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1 Introduction

In the last 20 years, South Africa has been ranked among the top
ten mercury (Hg) emitters globally," with emissions from coal-
fired power plants being the most significant contributor.?
These elevated Hg emissions raise substantial concerns due to
their adverse effects on human health, particularly for pregnant
women and the environment. Hg is a potent neurotoxin that
accumulates in aquatic ecosystems, impacting fish and seafood,
while airborne emissions contribute to global atmospheric
pollution, emphasizing the urgent need for mitigation measures.
According to Zhao et al.,’ the Hg content in coal from South Africa
(0.2 mg kg™ ') is higher than the world average (0.1 mg kg™ ).
South Africa became a signatory of the Minamata Convention on
Mercury in 2013, a global treaty aimed at reducing worldwide Hg
emissions.* Since then, Hg has been identified as a pollutant of
national future concern in South Africa.’

Given that the atmosphere represents the primary pathway for
the global distribution of Hg,*® monitoring atmospheric Hg is
essential in achieving the above-mentioned objectives. Existing
atmospheric Hg monitoring networks, such as the Global
Mercury Observation System (GMOS), the Atmospheric Moni-
toring Network (AMNet), and the Environment and Climate
Change Canada Atmospheric Mercury Monitoring Network
(ECCC-AMM), have greatly improved our understanding of
atmospheric Hg,® while it also contributed to the development of
global atmospheric dispersion models* such as GEOS-Chem,
GLEMOS, GEM-MACH-Hg and ECHMERITRADM." However,
the spatial coverage of these networks is limited, especially for
the southern hemisphere and Africa,” which leads to large gaps in
understanding atmospheric Hg cycling. Therefore, it is globally
acknowledged that further network expansion is pivotal.">*

The Global Atmospheric Watch (GAW) station at Cape Point
(CPT), South Africa, represents the longest-running site for Hg
monitoring in the southern hemisphere.***® These studies high-
lighted complex transport and deposition dynamics, with biomass
burning and shipping routes identified as significant contributors
to atmospheric Hg. Bieser et al.>® also emphasized the role of
oceanic sources in the southern hemisphere Hg budget, sug-
gesting that air-sea exchange may compensate for reductions in
atmospheric emissions from the Minamata Convention.

While the above mentioned site provides a valuable long-term
coastal baseline, its location limits insights into Hg levels in
South Africa's industrialized inland regions. Despite the region's
notable industrial activities and high air pollution levels,
research on Hg levels in South Africa's interior remains limited.
Recent short-term studies in the Highveld Priority Area*** have
provided initial Hg concentration data, yet comprehensive, long-
term monitoring efforts in the region are lacking. Recognizing
this gap, the South African Mercury Network (SAMNet) has been
established to create a broader monitoring network, targeting
both industrial and background locations. This initiative aims to
yield spatially representative Hg data, offering a more compre-
hensive perspective on regional Hg dynamics.

However, the expansion of SAMNet is constrained by high
costs, logistics (e.g. availability of electricity and specialized
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materials), as well as underdeveloped capacity and expertise (e.g
technical training). Addressing this deficiency in atmospheric Hg
network coverage in South Africa is crucial to our global under-
standing of atmospheric Hg distribution and assessment of its
impacts. In order to overcome these limitations in spatial
coverage of atmospheric Hg monitoring, an alternative approach
has been followed through the development of passive air
samplers (PAS), which has the potential to significantly improve
the spatial resolution of atmospheric Hg measurements.'>**>*
These passive samplers offer a range of benefits, which include
lower costs and no electricity requirements and can be deployed
in large numbers, especially throughout South Africa. However,
PAS does have certain limitations. One deficiency is the relatively
longer collection time required to accumulate sufficient analyte,
which limits the temporal resolution of the data obtained.
Additionally, measurement of other than gaseous elemental
mercury (GEM), such as gaseous oxidized mercury (GOM) and
particulate-bound mercury (PBM) with PAS, remains challenging.

In passive sampling, the gaseous analyte diffuses through
a barrier into a chamber at a known rate into the specially
designed sampler. The analyte is trapped inside the chamber on
a sorbent material, which is analyzed after deployment. One
commercially available PAS widely used in Hg monitoring is the
Mercury Passive Air Sampler (MerPAS®), developed by the
University of Toronto and later commercialized by Tekran®.
While MerPAS® relies on diffusion, other PAS designs, such as
the two-bowl PUF-PAS, rely on a flow-through approach using
airflow.” This sampler has a unique design that utilizes
sulphur-impregnated activated carbon as the sorbent material
and incorporates a diffusive barrier to control the sampling
rate. It also features a protective shield, allowing deployment in
outdoor environments for extended periods. The MerPAS®
method has been evaluated globally at atmospheric monitoring
sites in different environments with variable atmospheric Hg
concentrations.>®”” Recently, Naccarato et al*® showed that
MerPAS® is currently the best available passive sampler for
GEM concentration monitoring, while McLagan et al.*® indi-
cated that the precision of these samplers is 3.6 £ 3.0%, with an
overall uncertainty of 8.7 £ 5.7% when compared to active
measurements of several PAS globally deployed. However, the
performance of these samplers has not been evaluated within
South Africa in any of these studies.

Therefore, this study aims to evaluate the accuracy, precision
and reliability of MerPAS® statistically, specifically in the
unique South African environment, by comparing Hg concen-
trations determined with these samplers with well-established
active in situ atmospheric Hg measurements conducted in
this region. MerPAS® was deployed at a comprehensively
equipped regional atmospheric monitoring station in the South
African interior, which provides a reliable benchmark for
comparison. Measurements were conducted through the
recently established South African Mercury Network (SAMNet),
which aims to expand the spatial resolution of atmospheric Hg
measurements conducted in this region. The use of MerPAS® is
crucial to the successful rollout and establishment of this
expanded atmospheric Hg monitoring network.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Methods

2.1 Site description

Measurements were conducted at the Welgegund atmospheric
measurement station (26.57°S, 26.94°E, 1480 m above sea level)
from June 2021 to September 2022. A detailed description of the
site in terms of geographical location, meteorology and vege-
tation type is presented in numerous papers.*¢ The site is
located on a commercial farm approximately 100 km southwest
of Johannesburg, as indicated in Fig. 1. Although no large point
sources are near Welgegund, the site is impacted by the major
source regions in the north-eastern South African interior, as
indicated in Fig. 1. In addition, air masses passing over a rela-
tively clean western sector also impact Welgegund (Fig. 1).
Previous research has demonstrated the influence of these
regional sources on the atmospheric composition at Welge-
gund. During the sampling period in this study, meteorological
conditions were characterized by an average temperature of 15.5
=+ 6.5 °C (ranging between —6.9 and 37.7 °C) and an average
relative humidity of 51.4 + 24.5% (ranging between 4.7 and
100%). The total rainfall during the study period was 1021.5
mm. The prevailing wind direction was from the north-
northwest, with an average speed of 3.6 + 2.9 m s~ ' (ranging
between 0 and 6.9 m s~ ).

2.2 Measurements

2.2.1 MerPAS®. The theory and functioning of MerPAS®
have been described in detail in the literature.*”***”*® This
sampler incorporates a cylindrical stainless-steel mesh contain-
ing sulphur-impregnated activated carbon (HGR-AC; Calgon
Carbon Corporation) as the sorbent material. The mesh is placed
within a microporous diffusive barrier (white Radiello®, Sigma-
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Aldrich), which regulates the sampling rate. GEM diffuses
through the barrier and is retained by the sorbent. The diffusive
barrier is securely attached to a protective shield designed for
outdoor deployment, featuring an opening at the bottom to
facilitate air circulation and prevent exposure to precipitation.
The rate at which MerPAS® absorbs GEM is minimally influenced
by meteorological factors, e.g. wind speed and temperature.*®
MerPAS® utilized in this study were prepared and shipped
directly from the manufacturer (Tekran® Instruments cooper-
ation). The samplers were sealed tightly with vinyl electrical
tape, individually placed into zip-lock plastic bags, and shipped
and stored in sturdy foam-lined aluminium or hard plastic
cases. At Welgegund, three MerPAS® were removed from the
plastic bags. The solid lids of two samplers were removed and
replaced with black mesh screens, with their top facing into the
samplers. The third MerPAS® was used as a blank to monitor
contamination during the sampler assembly, handling, trans-
port, and storage. A field blank was used for every deployment
and was exposed for about four weeks, with the last blank
exposed for almost 14 weeks. This was done to evaluate if the
field blank contamination increased with deployment duration,
and it was found that blank levels were much lower in the
longer exposure time. Duplicate MerPAS® were deployed
monthly from June 2021 to September 2022. These samplers
were attached to a mounting bracket 4 m above ground level,
with the open side of the samplers facing downward. After
exposure, MerPAS® was removed from the mounting brackets,
capped, sealed with polytetrafluoroethylene tape, again placed
in plastic bags, and shipped in the aforementioned plastic cases
to the Environment and Climate Change, Canada for analysis.
The MerPAS® were analyzed with a Direct Mercury Analyzer
(DMA-80; Milestone Inc., Shelton, CT, USA), which determines
the total Hg mass absorbed by the passive sampler by thermal

lZZS

*  Welgegund Atmopsheric Measurement Station
Johannesburg-Pretoria megacity
~—Highveld Priority Area
——Vaal Triangle Airshed Priority Area
—— Waterberg-Bojanala Priority Area
¢ Coal-fired Powerstations
4 Petrochemical Operation L 24s
* Pyro-metallurgical Smelter

Namibia

T T T
P4l

S0 0 50 100 150 200km

(eI L AL L i o=

! (e

/

"Y' moz

BOT

Fig.1 Map of southern Africa with the zoomed-in area presenting the Welgegund atmospheric monitoring station (red star) in relation to major
large point sources impacting air masses measured at Welgegund. Also indicated are the Jhb-Pta megacity and the three air quality priority areas

as identified by the South African government.
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desorption and amalgamation. The analysis followed the
modified US EPA method 7473, which is commonly used to
determine Hg in complex matrices such as fish, sediment, and
coal.*** Prior to analysis, the stainless-steel cartridges of the
MerPAS® containing the carbon sorbent were removed and
separated into two sample aliquots. The two samples are then
summed preceding analysis to determine the total Hg collected
by the MerPAS®. Individual samples aliquots are coated in
~0.5 g of Sodium Carbonate (Na,CO;). Approximately 5 g
Na,COs; is also used to modify the catalyst tube. The Na,COj; is
used to limit the impact of the high sulphur content of the
carbon sorbent that can cause poisoning of the catalyst and
minimize analytical artefacts.** The samples were then ther-
mally decomposed at 570 °C within the catalyst tube, releasing
Hg from the carbon sorbent. Oxygen is then used to pull the
released Hg through the catalyst and trapping all realized Hg on
the gold amalgamator. The amalgamator is then heated to 900 ©
C to release Hg, which is then subsequently quantified by
atomic absorption spectroscopy at a wavelength of 253.7 nm.
Instrument recovery was tested every 15 to 20 samplers using 10
ng liquid Hg standards, and precision was tested every 30
samples using standard reference material, SRM NIST 2685c
bituminous carbon 5% sulfur (NIST reported concentration
149.4 + 4.5 ng g ). The average SRM NIST 2685C concentration
was 146.8 ng g~ ' (SD 11.11, n = 7) and a recovery of 98.3%. 10 ng
Hg liquid standard averages 10.31 ng (SD 0.73, n = 13), with an
average recovery of 103.1%. The DMA undergoes a full calibra-
tion if the recovery tests drift beyond 5% every time the catalyst
is replaced. Calibration curves are established using liquid Hg
standards of increasing concentrations on clean HGR-AC.

2.2.2 Active sampling. Continuous in situ atmospheric
GEM measurements were conducted during the sampling
period when MerPAS® was deployed with a Tekran® 2537X
ambient Hg cold vapour atomic fluorescence spectrometer
(CVAFS) equipped with a mass-flow controller (MFC) to ensure
precise control of gas flow. The MFC is crucial for accurate
measurements of GEM at high-altitude environments such as
Welgegund. The Tekran® 2537X has a 5 minutes sampling
frequency, and these values were averaged to the same period
that MerPAS® was deployed. GEM concentrations were deter-
mined by alternating collection and analysis of one of the two
gold traps within the analyzer. The analysis phase is initiated by
heating a gold trap to ~500 °C, releasing the sorbed Hg into
pure argon gas (>99.999% purity, Afrox), which carries the Hg to
the detector. The analyzer was automatically calibrated every 24
hours using an internal permeation source. Site visits were
conducted weekly to ensure the instrument was fully opera-
tional according to a predetermined checklist.

Data coverage over the 14 months sampling period was high,
with the Tekran® 2537X capturing GEM measurements
consistently. Weekly site visits, automated 24 hours calibra-
tions, and an MFC minimized data interruptions, ensuring the
reliability of the active dataset. Fig. S1f provides a visual
summary of the percentage of data successfully captured,
offering transparency in data continuity and supporting the
comparability between active and passive sampling methods.

194 | Environ. Sci.; Atmos., 2025, 5, 191-203

View Article Online

Paper

2.3 Data quality and calculations

Hg concentrations measured with MerPAS® were calculated
from the blank-corrected Hg mass according to eqn (1):*

m

€= SrRx0’ ()
where C (ng m?) is the Hg concentration, m (ng) is the blank-
corrected Hg mass, ¢ deployment time (days), and SR (m® per
day) is the sampling rate of the MerPAS®. Similar to McLagan
et al.,”® two sets of atmospheric Hg concentrations were derived
from the measured m in this study. The first concentration was
derived by using the SR provided by Tekran for the MerPAS®
(0.111 + 0.017 m® per day), which we termed the original SR
(OSR). The second concentration was derived using the OSR
with adjustments for mean temperature (7T, °C) and wind
speed (WSey, m s~ ') (hence the term adjusted original SR
(AOSR)), recorded during the deployments in this study. The
adjusted SR was calculated according to eqn (2), which was then
used in eqn (1) to derive the concentration:

3

SRy = SR + (Tixp — 9.89 °C) x 0.0009 d;;l—;)c
m m? s
n (wscxp —341 ?) X 0003 3o 2)

Table S1f summarises all these parameters utilized in
calculating Hg concentrations with MerPAS®. On average, blank
contamination in the MerPAS® deployed at Welgegund was
10% (ranging between 7% and 14%, Table S17) of the amount
quantified in an exposed sampler, which is in the same range as
determined in other studies.”**°

2.4 Data filtering, statistical analysis and descriptive
statistics

Statistical analysis and visualization were done using IBM SPSS
Statistics version 29 for Windows, fit-for-purpose scripts in
Matlab R2023b and R Statistical language (version 4.2.2;*’) on
Windows 10 x 64 (build 22 621). The specific R packages used
that were central to this study were ggplot2 (version 3.5.0;"),
tidyverse (version 2.0.0;*), ggpubr (version 0.6.0;>°), ggpmisc
(version 0.5.2;>') rstatix (version 0.7.2;*°), and ggStatsplot
(version 0.12.2;%%). The seed was set to 123.

We first checked the concentrations obtained with the active
in situ measurement and those derived from MerPAS® with the
OSR and AOSR for outliers using the identify outliers function
of the rstatix package. Outliers were identified but were not
extreme. As a result, these outliers were kept in the data since
they were detected for measurements taken in July, which is the
middle of winter when Hg concentrations are usually high for
the South African interior.**3%3*3%3

To test for differences between concentrations derived from
the active in situ measurement and those derived from MerPAS®
using four SRs, a one-way ANOVA was conducted using IBM
SPSS version 29 for Windows. Standardized residuals were
saved so that the compliance with the requirements for ANOVA
(normally distributed residuals, homogeneity of variance) could

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be tested using the Kolmogorov-Smirnov one-sample and Lev-
ene's test. These tests revealed that the requirements of equal
variance were met, but not normality, even when the dataset
was log;o(x) transformed. Therefore, non-parametric tests were
performed since only one requirement was met. The Mann-
Whitney U test was used to compare two methods, and the
Kruskal-Wallis test was used to compare more than two. At the
same time, we used epsilon squared (¢”) to assess the effect size.

Spearman’s correlation coefficient (p(rho)) was employed to
assess the linear relationship between concentrations obtained
from the active in situ measurement and those derived from
MerPAS® using the OSR and AOSR. The general guidelines we
used for interpreting the p-value, p, r and &> are provided in ESI
Table S2.1** In addition, exploratory, descriptive statistic
calculations (mean, median, minimum, maximum, and stan-
dard deviation) were performed on the dataset to gain a general
overview of variations in monthly average concentrations. For
all statistical significance tests, we assume the null hypothesis
to indicate a similar distribution while the alternate hypothesis
suggests that statistically significant differences exist in the
compared distributions. We use the significance level, i.e. alpha
as 0.05, to accept or reject the null hypothesis.

Furthermore, we use the Bland-Altman analysis to identify any
systematic biases or trends between the active in situ and any
specific MerPAS® with the OSR and AOSR and determine the
magnitude and direction of the differences between the methods.
This statistical analysis provides valuable insights concerning
measurement methods' accuracy, precision, and agreement. We
used the eirasagree package in R, developed by Silveira et al.,** to
create a Bland-Altman plot and analyze our data to determine the
agreement between concentrations from the active in situ
measurement and those derived from MerPAS® using four SRs.

The mean normalized difference (MND) and relative stan-
dard deviation (RSD) were also calculated for the datasets ob-
tained from MerPAS® with the four SRs in relation to the active
in situ measurements. MND and RSD also reflect the accuracy
and variability in datasets. The MND is calculated as follows:
C‘ACT‘i

(1 |Cacti — Cras,i
MND% = (n E) x 100, (3)

i=ln

where n is the number of comparisons, Cpas (ng m™?) is the
MerPAS® derived Hg concentrations and Cacr (ng m™—>) monthly
average Hg levels are determined with the active in situ
measurements. RSD is calculated by dividing the standard
deviation of a dataset by its mean and then multiplying it by
100. Lower MND values indicate good agreement between
datasets, whereas lower RSD implies all data points are rela-
tively close to the mean of the dataset.

3 Results and discussion
3.1 Blan concentrations

Field blanks are crucial for reliable sampling with MerPAS®
since they directly impact the method detection limit (MDL)
and practical quantification limit (PQL). During the MerPAS®
sampling period at Welgegund, nine field blanks were utilized.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These field blanks contained mercury (Hg) content ranging
from 0.381 to 2.417 ng g~ ', with an average concentration of
1.107 + 0.817 ng g '. Considering the transportation and
storage conditions of the MerPAS® deployed at Welgegund, this
study's average concentration of field blanks can be regarded as
relatively low and comparable to findings from other studies.
The Hg concentrations in the field blanks were used to calculate
the MDL (three times the standard deviation) and PQL (ten
times the standard deviation), which were determined to be
0.17 £ 0.14 ng and 0.58 + 0.45 ng, respectively. Notably, none of
the exposed passive samplers in our study exceeded the MDL
and PQL.

To put these findings into context, Fig. S21 compares the
mean blank concentration for Hg in this study with those re-
ported in other studies utilizing passive sampling for mercury.
It is worth noting that achieving blank levels below or around
0.5 ng g~ ' is only possible when there is minimal transportation
and limited storage time after sampling.”®*”*"3%% Studies
involving transportation over regional distances, extended
sampler storage, and sampling at Hg-contaminated sites have
indicated slightly higher blank levels ranging from 0.5 ng g~ to
2 ng g71'39,55

However, there have been instances where field blank levels
have exceeded 3 ng g~ '. Examples include a study involving 20
global sampling sites,” measurements conducted at a gold
mine in Ghana,*® and a site in New Zealand.?” Moreover, studies
conducted in extreme and remote environments, such as the
Antarctic plateau, Amsterdam Island, and La Réunion, have also

146

reported blank levels higher than 3 ng g~ .

3.2 Replicate precision of the MerPAS®

The precision-based uncertainty (RSD%) of the MerPAS®
sampler, as calculated from the successful replications in this
study, was found to be 14 + 13%. This is considerably higher
than previously reported in the literature. For comparison,
McLagan et al.*® reported an RSD% between triplicate samplers
of 4 & 2% and 2 + 1% for indoor and outdoor experiments,
respectively. McLagan et al.*” reported a 2 + 2% value in their
studies conducted in Toronto and Italy. Whereas McLagan
et al.,”® in their global calibration and evaluation study involving
129 replicated deployments, yielded a mean RSD of 3.6 £ 3.0%.
Naccarato et al.>® observed a replicate precision of 3%, which
increased with deployment length from approximately 5% for
two-weeks samples to around 2% for 12 weeks samples.

Other researchers have reported varying levels of precision.
Quant et al.”® reported a precision of 7.5%, Skov et al.*® reported
7.7%, Zhang et al.> reported 10%, Hoang et al.*® reported
a range of 8-39%, and Snow et al.*® reported a range of 1.1-
17.5% and 0.9-5.7% for low and high concentration conditions,
respectively. Cho et al.*®® observed replicate precision of GEM
concentrations in different groups over different deployment
times, ranging from 8.2% to 1.8%.

The relatively poor replicate precision observed in the
present study can be attributed to various factors. These include
the blank correction, which represents a relatively large fraction
of the sequestered amount of Hg, as well as the relatively high
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variability in the field blank levels. Additionally, poorly sealed
samplers, recording deployment time and date errors, and
losses during analysis (such as catalyst failure) could have
contributed to the observed results.

3.3 Hg concentrations and descriptive statistics

Table 1 lists the monthly average gaseous Hg concentrations
obtained from the active in situ measurement and those derived
from MerPAS® using the OSR and AOSR, as well as the
descriptive statistics. The mean of Hg concentrations derived
with the AOSR (1.87 ng m>) and OSR (1.97 ng m*) was higher
than the average Hg levels determined with the active in situ
measurement (1.70 ng m ™). These results are further explored
through in-depth statistical analysis in subsequent sections.

3.4 Differences between active- and passive-derived gaseous
Hg concentrations

The results of the Kruskal-Wallis test are presented in Fig. 2,
showing the inferential statistics, estimate of effect size with its
uncertainty, and pairwise comparisons. In addition, Fig. 2
visually represents the monthly average actively and passively
derived gaseous Hg concentrations through a combination of
violin, box, and jittered plots. These plots offer a comprehensive
view of the data distribution. The box component of each plot
presents descriptive statistics, including the 25th and 75th
percentiles represented by the top and bottom lines, respec-
tively. The middle line and red dot show the median and the
boxplot whiskers indicate 95% of the data coverage; the axis is
broken along the line to show outliers. Additionally, the violin
plot, positioned on each side of the boxplot, provides additional
information about the shape of the data distribution through

Table 1 Monthly averages and descriptive statistics of gaseous Hg
concentrations (ng m~3) determined with the active in situ measure-
ment and derived from MerPAS® using different SRs

Month Active in situ MerPAS® OSR MerPAS® AOSR
06/2021 1.82 1.81 1.83
07/2021 2.40 3.12 3.19
08/2021 1.65 2.32 2.22
09/2021 1.32 1.93 1.74
10/2021 1.41 1.93 1.74
11/2021 1.59 2.16 1.89
12/2021 1.33 1.48 1.25
01/2022 1.75 1.78 1.63
02/2022 1.53 1.66 1.52
03/2022 1.92 2.18 2.06
04/2022 1.64 1.73 1.67
05/2022 2.02 2.06 2.02
06/2022 1.77 1.87 1.86
07/2022 1.77 1.71 1.67
08/2022 1.52 1.82 1.72
Mean 1.70 1.97 1.87
Median 1.65 1.87 1.74
SD 0.28 0.39 0.43
Min 1.32 1.48 1.25
Max 2.40 3.12 3.19
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Fig. 2 A combination of a violin, box and jittered plot of the monthly
average Hg concentrations determined with the active in situ sampler
and MerPAS® for different SRs. The top and bottom line shows the
25th and 75th percentile of concentration, and the middle line and red
dot show the median. Whiskers on the boxplots show 95% coverage of
the data; the axis is broken along the line to show outliers. The
inferential statistics, an estimate of effect size and uncertainty, and
pairwise comparisons are also shown.

kernel density estimation. The broader sections of the violin
plot indicate a higher density of observations, while the skin-
nier sections represent a lower density.

The Kruskal-Wallis test indicated no statistically significant
difference between Hg concentrations obtained from the active
in situ and those derived from MerPAS® OSR and AOSR (x> (2, N
= 45) = 5.50, p = 0.06). Although the p-value approached
significance (p < 0.05), it remained slightly above this threshold,
suggesting that observed variations likely reflect random
differences rather than systematic ones between sampling
methods. However, the effect size (¢ = 0.12) indicates that
approximately 12% of the variability in Hg concentrations could
be attributable to differences in sampling approach. While this
effect is modest, the broad 95% confidence interval (0.02-1.00)
reflects substantial uncertainty, highlighting the importance of
further consideration of environmental and logistical factors
impacting field measurements.

Further analysis using the Mann-Whitney U test reveals
method-specific differences, with the OSR sampler showing
a statistically significant 16% overestimation relative to active in
situ measurement (W = 56.00, p = 0.020; r = —0.50, 95% CI
[-0.75, —0.13]). In contrast, the AOSR showed a reduced,
statistically nonsignificant overestimation of approximately
10% (W = 82.50, p = 0.221; r = —0.27, 95% CI [—0.60, 0.15]). The
MND values are consistent with these findings, with the OSR
yielding an MND of 17.42 + 16.06%, while AOSR showed an
improved MND of 12.65% =+ 12.53%, suggesting that the AOSR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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better approximates the active in situ data. Collectively, these
results indicate that while MerPAS® samplers provide estimates
close to Tekran measurements, slight overestimations are
present, particularly in challenging field conditions.

Environmental and logistical factors likely drive these
differences. Deploying PAS at high-altitude sites such as Wel-
gegund (1480 m asl) poses unique challenges due to lower
atmospheric pressure. At higher elevations, reduced pressure
enhances diffusion rates by increasing diffusion coefficients,
yet it also decreases air density, resulting in less air mass per
unit volume.®>** Although these effects theoretically counter-
balance each other, the 16% overestimation of Hg concentra-
tions at Welgegund points to a net increase in SR due to
enhanced diffusion, aligning with similar findings from other
high-altitude sites, such as Mt. Lulin and Mauna Loa. At these
locations, passive samplers systematically overestimated Hg
concentrations when compared to active in situ measurements
(McLagan et al.?®). Adjustments to the SR with wind speed and
temperature appeared to mitigate these altitude-related influ-
ences, though variability persists.

Additional logistical constraints, such as this study's relative
standard deviation (RSD%) for MerPAS® samplers, was 14 +
13%, higher than values reported in comparable studies. This
elevated RSD% likely results from blank correction variability,
deployment inconsistencies, and Hg content in blanks, which
underscore the need for rigorous control in field protocols.

Another factor is the inherent uncertainty in active in situ
measurements, estimated at 5-10%.%* Although the active in
situ in this study operated with a mass-flow controller to reduce
pressure-induced variability, these intrinsic uncertainties likely
propagated into comparisons. For example, the AOSR's 10%
overestimation aligns with the upper range of active in situ
uncertainty, suggesting that observed discrepancies reflect ex-
pected measurement variability rather than systematic bias.

Dynamic atmospheric conditions at Welgegund add another
layer of variability. Shifts in air masses driven by natural and
anthropogenic factors can lead to short-term fluctuations in Hg
concentrations,®»*® which may explain persistent over-
estimations in passive samplers despite AOSR adjustments.
Comparable observations at the Maido Observatory (2160 m asl)
showed that passive samplers overestimated Hg by 31%
compared to Tekran, likely due to similar environmental
dynamics.** While these results suggest that the MerPAS® can
provide comparable concentration estimates to the Tekran
2537X under the conditions of this study, a closer examination
of several key factors is warranted to understand the implica-
tions of this comparison fully. Specifically, the challenges
associated with sampling at high altitudes, the inherent
uncertainties in active in situ measurements, and the potential
propagation of these uncertainties into passive sampling cali-
bration must be thoroughly addressed.

To further substantiate the earlier findings, Fig. 3 depicts the
Spearman correlation of active in situ measurement against
MerPAS® OSR and AOSR in this study and PAS-derived Hg
concentrations using McLagan et al*® recalibrated SR and
adjusted SR. The figure also includes inferential statistics, such
as effect size estimates, uncertainty, and pairwise comparisons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spearman correlation of active in situ measurement against
MerPAS® OSR and AOSR in this study and PAS-derived Hg concen-
trations using Mclagan et al. 2018 recalibrated SR and adjusted SR. The
inferential statistics, an estimate of effect size and uncertainty, and
pairwise comparisons are also shown. The dotted lines represent the
trend line for each dataset. The dashed dark teal line is the 1:1
relationship.

The dotted lines represent trend lines for each dataset, while
the dashed dark teal line indicates the 1:1 relationship.
Markers are coloured based on site type: red for urban sites,
blue for rural sites, purple for high-altitude sites, green for
northern/Arctic sites, and black for Welgegund. The fitted
relationship from McLagan et al.>® combines all data and shows
that the data points and the linear regression lines (dashed
black for Welgegund and red for global sites) are positioned
either above or below the 1:1 line, supporting the observation
that MerPAS® tends to overestimate Hg concentrations.

It is important to emphasize that the study by McLagan
et al*® used the University of Toronto (UofT)-based mercury
PAS, which differs from the commercialized MerPAS®. Addi-
tionally, the UofT PAS and MerPAS® operate with different
sampling rates (SRs)-0.111 m? per day for MerPAS® versus 0.135
m? per day for the UofT PAS. Consequently, any comparisons
made between the UofT PAS data from McLagan et al.*® and this
study using MerPAS® must be interpreted cautiously, as they are
not directly comparable. Here, we use the PAS data to provide
context and demonstrate where the results of this study align
with the broader dataset.

Notably, even though Welgegund is a high-altitude site, its
data are not closely aligned with the high-altitude sites from the
McLagan et al.*® study. This difference highlights the unique
atmospheric conditions and pollution influences at Welgegund,
which is situated in a region subject to frequent pollution
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plumes from South Africa's industrial hubs. These factors likely
play a significant role in the observed differences, and they
underscore the distinct pollution regime at Welgegund
compared to other high-altitude sites in McLagan et al.?®

The correlation between passive and active gaseous Hg
concentrations improves when adjusted sampling rates (SRs)
are applied, as indicated by the reported Spearman correlation
(p) values, which range from 0.39 to 0.58, representing moderate
to significant positive correlations. However, the correlation
between Active and OSR was not statistically significant (p >
0.05), while it was significant for concentrations derived from
adjusted SRs (p < 0.05). These p-values suggest that the corre-
lation between Active and OSR may be due to chance, but the
correlations using adjusted SRs are more robust.

It is crucial to consider the wide confidence interval (95% CI)
for both active and passive gaseous Hg concentrations across all
graphs, ranging from —0.20 to 0.81. This indicates that the
results are consistent with both negligible (o = —0.20) and
significant (p = 0.81) relationships, making it challenging to
draw definitive conclusions about the strength of the
correlation.

Finally, the data from Welgegund cluster around the urban,
rural, and northern/Arctic data points from McLagan et al.,”®
reinforcing that, while the site is classified as high-altitude, its
regional atmospheric characteristics and proximity to signifi-
cant anthropogenic pollution sources lead to a distinct pollu-
tion profile compared to McLagan's high-altitude sites.
Welgegund frequently encounters pollution plumes from
industrial hubs, including the Johannesburg-Pretoria megacity,
the Vaal Triangle, the western Bushveld Complex, and the
Mpumalanga Highveld. In addition, relatively clean air masses
from the north-northwest to south-southwest sectors are also
measured at the site, but their influence is less frequent
compared to the dominant industrial emissions.

3.5 Bland-Altman analysis

In the sections above, statistical techniques like MND, Mann-
Whitney U test, and Spearman correlation are commonly used
to analyze the relationship between two variables. These tech-
niques are helpful in identifying patterns, trends, or associa-
tions between the variables. However, they do not provide
specific information about the level of agreement or disagree-
ment between the two measurement methods. However, Bland-
Altman analysis is a statistical method specifically designed to
detect the presence of systematic differences between two
measurement methods or instruments. It is particularly useful
when comparing a new measurement method to an established
or reference method. Like Silveira et al.>* a three-step approach
was applied to verify strict equivalence between the two
measurement techniques. The first step involves evaluating the
equivalence of structural means, which tests the similarity of
accuracy between the two methods. The second step evaluates
the equivalence of structural variances, determining whether
the two measurement methods have similar variances when
measuring the same samples. The third step involves testing the
agreement with the structural bisector line, which tests for
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equivalent measurements obtained from the same subject. This
step determines whether a systematic difference exists between
the two measurement methods for the same subject. Complete
similarity can be established when all three tests showed non-
rejection of equivalence at a 5% significance level.

3.5.1 Active in situ vs. MerPAS® OSR and AOSR. The
statistical analyses presented in Fig. 4 and 5 comprehensively
evaluate the accuracy, precision, and reliability equivalence
between active in situ and alternative Hg measurement
approach - MerPAS® OSR (Fig. 4) and MerPAS® AOSR (Fig. 5).

Examining the accuracy plots (top panel), the (0,0) point
representing perfect agreement falls outside the 95% confi-
dence intervals for both MerPAS® OSR and MerPAS® AOSR.
For MerPAS® OSR, the 95% CI was [0.1079, 0.4257], while for
MerPAS® AOSR, it was [0.0241, 0.3202]. This indicates the
MerPAS® OSR and MerPAS® AOSR exhibit statistically signifi-
cant positive biases, overestimating the Hg concentrations
compared to the active in situ.

The precision tests (middle panel) for both MerPAS® OSR
and MerPAS® AOSR, the horizontal precision (x, 0) lines fell
outside the 95% confidence bands, rejecting the null hypothesis
of precision equivalence. This suggests the precision of the
MerPAS® derived concentration is not statistically comparable
to active in situ measured concentration.

In contrast, the reliability tests (bottom panel) showed more
promising results. For both MerPAS® OSR and MerPAS® AOSR,
the bisector line representing perfect agreement was within the
95% confidence bands, supporting the reliability between these
methods and active in situ.

Overall, the analyses presented in Fig. 4 and 5 provide
a mixed picture regarding the equivalence of the active in situ
compared to the MerPAS® OSR and MerPAS® AOSR. While the
reliability tests suggest acceptable agreement, the accuracy and
precision evaluations revealed statistically significant biases
and a lack of precision equivalence. These findings indicate the
MerPAS® approach, when using OSR and AOSR to derive
concentrations, may not be suitable replacement for the active
in situ Hg measurement technique, at least based on the data
shown. Further investigations would be needed to fully estab-
lish the comparability and interchangeability of these methods.
Researchers and practitioners should consider the trade-offs
carefully when selecting the appropriate Hg measurement
approach for their applications.

3.6 Temporal pattern

In Fig. 6, the monthly Hg concentrations derived with the
MerPAS® using AOSR are presented together with the monthly
average Hg levels determined by the active in situ measure-
ments for the entire sampling period. Similar temporal
patterns are observed for atmospheric Hg concentrations
determined with AOSR and active in situ measurement. The
seasonal average Hg levels determined with MerPAS® using
AOSR during winter 2021, spring 2021, summer 2021/2022,
autumn 2022 and winter 2022 were 2.41, 1.79, 1.47, 1.92 and
1.75 ng m >, respectively. The seasonal mean Hg levels deter-
mined with the active in situ during winter 2021, spring 2021,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Similarity of accuracy (top panel), precision (middle panel), and
reliability (bottom panel) for active in situ vs. MerPAS® OSR obtained
with 5 x 10° bootstrap iterations.

summer 2021/2022, autumn 2022 and winter 2022 were 1.96,
1.44, 1.54, 1.86 and 1.69 ng m >, respectively. No significant
seasonal variation in Hg levels is evident during the 15 months
sampling period, except for higher Hg concentrations deter-
mined during the winter of 2021. The highest monthly average
Hg levels were determined in July 2021 with MerPAS® and the
active in situ measurement. Increases in concentrations of
atmospheric pollutants typically occur in South Africa due to
more pronounced inversion trapping

low-level layers
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pollutants near the surface and changes in pollutant sources
contribution, such as increased household combustion for
space heating (e.g. Laban et al., 2018; Lourens et al., 2011)***7.
However, increased atmospheric Hg concentrations are not
observed during the winter of 2022, with Hg levels being
similar to other seasons. This difference between Hg concen-
trations determined during the winter seasons in 2021 and
2022 could be attributed to changes in air mass movement
passing over source regions impacting Welgegund, which
could be assessed through in-depth air mass back trajectory
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sampling period.

analysis. However, this type of analysis was beyond the scope
of this study and will be conducted in future research where
longer-term (at least two full years) active in situ atmospheric
Hg measurements conducted at Welgegund will be explored.
The lowest seasonal average Hg concentrations were deter-
mined in summer with MerPAS® and in spring with the active
in situ measurement.

4 Conclusions

This study compared atmospheric Hg concentrations using
a passive sampling method, MerPAS®, and active in situ
measurements at a regional background site in South Africa
between June 2021 and September 2022. MerPAS® was evalu-
ated using two sampling rates: the original sampling rate (OSR)
and the adjusted original sampling rate (AOSR). This compar-
ison offers valuable insights into the effectiveness and reli-
ability of these sampling techniques for accurate atmospheric
Hg monitoring.

Various statistical tests were conducted to analyze differ-
ences between the passive and active sampling techniques,
including the Kruskal-Wallis test, Mann-Whitney U test,
Spearman correlation, and Bland-Altman analysis. Results
indicated that Hg concentrations obtained using MerPAS® with
the OSR and AOSR generally showed higher values compared to
active in situ measurements. However, using the AOSR helped
reduce some of the uncertainty associated with MerPAS®
measurements, as reflected in the Mean Normalized Difference
(MND) values. The findings in this study indicate a need for
adjusted sampling rates like the AOSR to improve MerPAS®'s
accuracy when compared to active in situ measurements.

Further statistical analyses revealed no statistically signifi-
cant differences in Hg concentrations obtained from the two
sampling techniques. The Mann-Whitney U test clarified the
extent of overestimating Hg levels, while the Spearman corre-
lation supported observations that MerPAS® tends to
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overestimate Hg levels. The Bland-Altman analysis confirmed
reliability, while the accuracy and precision evaluations were
not statistically comparable to active in situ measurements.

While this statistical analysis revealed improved accuracy
with AOSR, it did not consider the impact of various atmo-
spheric factors, such as Hg emissions sources, deposition
processes, long-range transport, and chemical transformations,
on Hg levels measured by MerPAS®. The dataset used was
relatively small, which posed specific challenges in the statis-
tical analysis of Hg concentrations. These challenges included:
(1) limited statistical power, making it difficult to detect minor
yet potentially meaningful differences in Hg levels; (2) higher
uncertainty in statistical estimates, affecting the precision and
reliability of conclusions; (3) reduced generalizability of find-
ings, limiting the study's representation of Hg variability across
different environmental conditions and timeframes; and (4)
increased sensitivity of results to small changes in the dataset or
analysis approach, which may reduce reproducibility.

Based on our findings, we recommend using AOSR for Hg
monitoring at sites in southern Africa where MerPAS® is
deployed. Nonetheless, it is important to acknowledge these
limitations and the need for further research. Larger datasets
and a more in-depth investigation of Hg concentrations’
mechanisms would improve our understanding of seasonal
patterns and factors affecting passive sampling measurements.

In conclusion, this study contributes valuable insights into
atmospheric Hg monitoring by statistically evaluating passive
and active sampling techniques. Future studies, ideally with
larger datasets and a stronger focus on underlying environmental
mechanisms, can refine our understanding and enhance the
accuracy of Hg monitoring in diverse field conditions.

Data availability

The data supporting the findings of this study are available and
have been included in the ESL{
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