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There are large knowledge gaps concerning concentrations, sources, emissions, and spatial trends of

mercury (Hg) in the atmosphere in developing regions of the Southern Hemisphere, particularly in urban

areas. Filling these gaps is a prerequisite for assessing the effectiveness of international regulation and for

enabling a better understanding of the global transport of Hg in the environment. Here we use a passive

sampling technique to study the spatial distribution of gaseous elemental Hg (Hg(0), GEM) and assess

emission sources in and around Dar es Salaam, Tanzania's largest city. Included in the study were the

city's main municipal waste dumpsite and an e-waste processing facility as potential sources of GEM. To

complement the GEM data and for a better overview of the Hg contamination status of Dar es Salaam,

soil samples were collected from the same locations where passive air samplers were deployed and

analysed for total Hg. Overall, GEM concentrations ranged between <0.86 and 5.34 ng m�3, indicating

significant local sources within the urban area. The municipal waste dumpsite and e-waste site had GEM

concentrations elevated above the background, at 2.41 and 1.77 ng m�3, respectively. Hg concentrations

in soil in the region (range 0.0067 to 0.098 mg kg�1) were low compared to those of other urban areas

and were not correlated with atmospheric GEM concentrations. This study demonstrates that GEM is

a significant environmental issue in the urban region of Dar es Salaam. Further studies from urban areas

in the Global South are needed to better identify sources of GEM.
Environmental signicance

Most research on gaseous elemental mercury (GEM) in the atmosphere has been conducted in the Northern Hemisphere, while the available data on atmo-
spheric GEM concentrations from the Southern Hemisphere, particularly from urban areas in sub-Saharan Africa, are very limited. At the same time, global
emission estimates indicate increasing GEM emissions in Africa. We present here for the rst time spatially resolved GEM concentrations across an urban area
in the Southern Hemisphere (Dar es Salaam, Tanzania), determined using a passive sampling technique. Signs of signicant GEM sources were observed in the
urban area, but they remain unidentied. We therefore recommend further studies in this area and other urban areas in sub-Saharan Africa to gain further
insight into emissions and sources of GEM.
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1 Introduction

Harmful effects of mercury (Hg) on human health and ecosys-
tems have been thoroughly documented and have resulted in
national, regional, and international regulation e.g., in the form
of the Minamata Convention.1 This has led to declining Hg
emissions to the environment in Europe and North America.2

On the global scale however, these declines are being offset by
increased emissions in Asia and Africa.2 These temporal and
spatial trends in Hg emissions are reected in atmospheric Hg
concentrations, where North America and Europe have seen
declines.2,3 On the other hand, Hg concentrations at Cape Point
in South Africa show signs of increasing concentrations during
recent years.4,5

Primary sources of Hg to the atmosphere include natural
processes (i.e., rock weathering and volcanism), though these
Environ. Sci.: Processes Impacts, 2022, 24, 921–931 | 921
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emissions are exceeded by anthropogenic emissions.6 Major
anthropogenic sources of primary Hg emissions include fossil
fuel combustion, artisanal and small-scale goldmining (ASGM),
metal smelting, cement production, waste incineration, pro-
cessing of e-waste, and burning of biomass.7–11 Most of these
activities are conducted within urban areas, which are thus
important source regions of atmospheric Hg. Hg also has
secondary sources, in the form of re-emissions of legacy Hg
from contaminated surface reservoirs.12

Hg in the form of gaseous elemental Hg (Hg(0), GEM) is
globally distributed through atmospheric transport.12,13 Envi-
ronmental monitoring of air is thus vital to assess the effec-
tiveness of regulation. Monitoring of GEM has generally been
conducted using active sampling techniques providing data on
long-term temporal trends at a limited number of sites.14,15

Spatial coverage is however also of importance to better identify
the sources and assess emission levels as well as the biogeo-
chemical mobility and transport processes, governing the GEM
concentrations, particularly in urban environments.16 However,
the practical feasibility to concurrently deploy active sampling
instruments at multiple locations is limited, due to their high
cost, requirements for trained personnel, electricity, and
compressed carrier gases. Studies using mobile instruments
have been conducted,17 but it is difficult to attribute concen-
tration variations specically to spatial or temporal factors.
Passive air samplers (PASs) offer a low-cost alternative. PASs are
easy to use and can be deployed simultaneously at multiple
locations, thereby allowing for the determination of both spatial
and temporal trends, including in remote and developing
regions.18–21 A recent comparison determined the PAS developed
and tested on a global scale by McLagan et al.22,23 to be the most
accurate and precise PAS for GEM at the present time.24

Besides the atmosphere, soil is also an important environ-
mental compartment for Hg, as it represents the largest Hg
reservoir.25 On a large scale, the terrestrial environment acts as
a sink of Hg in the Southern Hemisphere.26 Hg is deposited
from the atmosphere to soil by oxidation of GEM to Hg(II), fol-
lowed by wet and dry deposition, or by plant uptake of GEM
followed by oxidation to Hg(II) in the leaf interior and deposi-
tion through litterfall.12,25,27 The soils' ability to retain Hg is
dependent on soil properties and climate.25,28 Hg emissions
from soil to the atmosphere generally occur in the form of GEM
and are a result of e.g., photoreduction of Hg(II).29–31

Most studies on GEM are conducted in the Northern
Hemisphere. Data on spatial and temporal trends of GEM in the
Southern Hemisphere, including sub-Saharan Africa, therefore
remain limited.13,14 The Global Mercury Observation System
(GMOS), which was established in 2010 to provide global
monitoring data, reects this. This monitoring network
comprises 40 atmospheric monitoring stations,14 though it
includes only six stations in the Southern Hemisphere and only
one in the African continent (Cape Point, South Africa).14 Most
data on GEM from sub-Saharan Africa are thus derived from
this one location in South Africa, in addition to some studies
from ASGM communities in Ghana and Burkina Faso.11,32,33

Consequently, there are large knowledge gaps regarding GEM
levels and emissions in sub-Saharan Africa.
922 | Environ. Sci.: Processes Impacts, 2022, 24, 921–931
Socioeconomic factors are known to affect anthropogenic
sources and emissions, leading to potential differences between
the industrialised Northern Hemisphere and developing
regions in sub-Saharan Africa.34 In addition, differences in the
land/ocean ratio, vegetation coverage, and climate may
furthermore affect physical- and biogeochemical processes
governing mobility, transport, and sinks of Hg compared to the
Northern Hemisphere.26 The gap in GEM data from sub-
Saharan Africa is therefore important to ll in order to assess
the effectiveness of current and future regulation and to gain
more complete insight into the global cycling of Hg. The greater
Dar es Salaam area, Tanzania, has more than six million
inhabitants and a tropical climate. As a consequence of its
rapidly growing economy, population, and consumption, the
region suffers from insufficient systems for handling waste and
e-waste.35–37 In this study, areas in and around Dar es Salaam
were therefore chosen as the study region.

The main objective of this study is thus to characterize
spatial trends of GEM and identify potential emission sources
in an urban area in sub-Saharan Africa using the PAS by
McLagan et al.22 Total Hg content in soil is also reported to
provide an extended image of urban Hg contamination and
thus complement the understanding of the spatial trends of
atmospheric GEM. This study represents the rst documenta-
tion of spatial trends of GEM in air across an urban area in the
Southern Hemisphere.
2 Materials and methods
2.1 Passive air sampler

The PAS used in this study is described in detail in McLagan
et al.22 The sampler consists of a sulphur impregnated activated
carbon sorbent (HGR-AC, Calgon Carbon Corporation) in
a Radiello® diffusive barrier that constrains the sampling rate.
The sorbent and diffusive barrier are housed in a polyethylene
terephthalate housing to protect them from rain and minimize
the effect of wind speed on sampling rates.38 The sampler
collects GEM, while other forms of airborne Hg (gaseous oxi-
dised mercury and particle bound mercury) are unable to pass
the diffusive barrier to any signicant extent.39 GEM typically
comprises >95% of total gaseous mercury (TGM),12 meaning
that GEM levels provide a good estimate of TGM under most
conditions.
2.2 Sampling

PASs were deployed at 33 locations in and around the city of Dar
es Salaam, Tanzania, for approximately 60 days, between
February and April 2019. PASs were deployed in duplicate at two
locations, and ve eld blanks were collected along with the
PAS. The deployment of the PASs and treatment of eld blanks
were done according to standard operating procedures
described in McLagan et al.23 The study had two main compo-
nents, aimed at (i) determining GEM levels and its spatial
distribution within and between urban and rural/suburban
areas, in order to assess the signicance of urban emission
sources, and (ii) to specically evaluate the role of handling of
This journal is © The Royal Society of Chemistry 2022
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municipal waste and e-waste as sources of GEM. The rst study
component was addressed by sampling at 24 locations along an
urban-rural transect across the city of Dar es Salaam as well as
40 and 60 km upwind and downwind, respectively. The
sampling locations within Dar es Salaam were selected to cover
different urbanized areas, including commercial districts
downtown, heavily trafficked areas, heavy industrial areas, and
more and less affluent residential areas. Samples were addi-
tionally collected in the vicinity of two cement production
facilities, one located 30 km south and one 20 km north of Dar
es Salaam. These samplers were collected as close to the facil-
ities as achievable (within �1000 m) within site access restric-
tions. For the second study component, eight samples were
collected along a transect (12 km) covering the city's main
municipal waste dumpsite and an e-waste recycling facility 20
km west of Dar es Salaam. Soil samples were collected from 28
locations in February 2019, as described in Nipen et al.40 Table
S1 in the ESI† provides detailed information on sampling
locations.

2.3 Sample preparation and analysis

2.3.1 Analysis of PASs for Hg. PASs for GEM were analysed
at the University of Toronto Scarborough following US EPA
method 7473,41 thermal combustion, amalgamation, and
atomic absorption spectroscopy. Detailed descriptions of the
procedures are given in McLagan et al.23,42 Briey, the sorbent
was weighed, placed in ceramic sample boats, and covered with
sodium carbonate (VWR Chemicals BDH®), to prevent sulphur
poisoning of the instrument catalyst tube.42 The entire mass of
the sorbent in each PAS was analysed (in two aliquots) to
account for possible heterogeneity of Hg distribution within the
sorbent. Analysis was performed using a Mercury Analyzer-3000
(Nippon Instruments).

The measured Hg content in the PAS was converted to
volumetric GEM air concentrations by dividing the Hg mass by
the sampling time (days) and a sampling rate (m3 per day). A
global calibration study determined the PAS sampling rate to be
0.135 � 0.016 m3 per day.23 This sampling rate was adjusted for
temperature and wind speed at each site (average for the
duration of the sampling period) according to equations given
in McLagan et al.43 Location specic meteorological data were
extracted from the ERA5-dataset from ECMWF (European
Centre for Medium-Range Weather Forecasts).44

2.3.2 Analysis of soil

The soil samples were analysed at the University of Oslo, Nor-
way. The samples were air dried at room temperature (21 �C) for
between two days and one week until constant weight. The dry
soils were carefully crushed before being sied through a 2 mm
sieve.45

The soil samples (�50mg) were analysed for total Hg content
using a Direct Mercury Analyser (DMA-80) (Milestone, Italy),
with a similar method to the PAS analysis.45 Nickel sample boats
were used, and no sodium carbonate addition was necessary
given the lower content of sulphur in the analysed soil
compared to the PAS sorbent. Soil pH was determined
This journal is © The Royal Society of Chemistry 2022
potentiometrically according to ISO10390, and effective cation
exchange capacity (CEC) was determined using barium chloride
adhering to ISO11260. Soil organic matter (SOM) content was
determined gravimetrically by loss on ignition (LOI) at 550 �C.
LOI was subsequently corrected for structural water loss
according to Hoogsteen et al.46 to determine OM content. Clay
content was roughly estimated according to Ritchey et al.47

2.4 QA/QC

For the analysis of GEM in the PAS, three types of standards
were analysed between the samples. Liquid standards (N ¼ 14)
showed 98� 1% recovery, the NIST standard reference material
(Bituminous coal; SRM-2685c) (N ¼ 8) showed 93 � 2%
recovery, while an in-house reference material (PAS sorbent
loaded with Hg) (N ¼ 6) showed 102 � 5% recovery. Concen-
tration of Hg in eld blanks (N¼ 5) represented on average 12%
of the Hg concentration in the samples (Table S3†). The samples
were blank corrected based on the average of eld blanks, aer
one eld blank was omitted as an outlier. Detection and
quantication limits (LOD and LOQ) were calculated as three
and 10 times the standard deviation of the eld blanks,
respectively, and correspond to 0.26 ng m�3 and 0.86 ng m�3

using the average sampling volume. The LOD and LOQ reported
here are comparable to the LODs and LOQs reported by Quant
et al.,48 and in the lower range of the LODs and LOQs reported
by Snow et al.,11 but higher than those reported by McLagan
et al.22 The two duplicate samples showed 6% and 9% deviation.
This is comparable to the precision achieved by Quant et al.,48

and at the lower end of precision achieved by McLagan et al.23

using the same type of PAS.
For the analysis of Hg in soils, a light sandy soil JRC refer-

ence material (BCR-142) was analysed with 95.7% compliance
with the certied concentration. Blank levels for the soils were
low, representing <1% of the average Hg content in the soil
samples (Table S6†). Soil Hg concentrations were therefore not
blank corrected, and the LOD (0.0003 mg kg�1) and LOQ
(0.0005 mg kg�1) were determined as the average plus three and
10 times the standard deviation of blanks (N¼ 10), respectively,
divided by the average sample amount. One rural sample (R-1,
average concentration 0.012 mg kg�1) was analysed in ve
parallels, yielding a relative standard deviation of 13%.

2.5 Emission estimates for the urban area

GEM emissions from the urban area were estimated using
a simple inow–outow box model of the urban atmosphere. As
the Dar es Salaam region has varying degrees of urbanization,
only the most central 37 of the�90 wards of Dar es Salaam were
dened as urban in this study, covering an area of approxi-
mately 100 km2. Assuming an atmospheric boundary layer at
1.2 km, the total volume of the urban atmosphere in the model
was 120 km3. We assumed steady-state conditions and a well-
mixed atmosphere. The background GEM concentration (air
inow) was based on Slemr et al.49 For urban GEM concentra-
tions (air outow), we used themean GEM concentrations of the
urban locations found in this study aer removal of outliers.
Wind speed used in the model represented the mean for all
Environ. Sci.: Processes Impacts, 2022, 24, 921–931 | 923
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urban sampling locations in Dar es Salaam.44 Table S4†
provides the parameters and equations used for the urban
emission model. Uncertainty in the emissions was estimated
using a Monte Carlo approach including likely variability in the
atmospheric boundary layer height, wind speed, and GEM
concentration in inowing and outowing air (further
described in the ESI). Predicted annual emissions from urban
Dar es Salaam based on measured concentrations were
compared to the gridded AMAP/UNEP global Hg emission
inventory for 2010.50

2.6 Statistical analysis

Data treatment was conducted using Microso Excel and R
studio version 4.0.5. Differences between location categories
were tested using the non-parametric Wilcoxon rank sum test.
Correlations between GEM, Hg in soil, and soil properties were
determined using the Spearman rank correlation.

3 Results and discussion
3.1 General overview

The LOQ for GEM obtained in this study (0.86 ngm�3) lies at the
lower end of annual mean background concentrations in air
reported for the Southern Hemisphere between 2007 and 2013
(range: 0.85–1.05 ng m�3).49 Two rural/suburban locations had
GEM concentrations between the LOD and the LOQ. GEM
concentrations below the LOQ are reported in italics in the
following text. One sample from the municipal waste/e-waste
transect had a GEM concentration considerably lower than
those of the blanks. This sample has thus likely been subject to
some unknown instrumental error and was therefore excluded
from the study. An additional PAS from the outer edge of the
municipal waste/e-waste transect was lost during transport.

GEM concentrations over the study area as a whole ranged
between 0.79 and 5.34 ng m�3 for the two-month sampling
period (Fig. 1 and Table 1). Concentration data are provided in
Table S2.†

Concentrations of Hg in soil in the present study ranged
from 0.0067 to 0.098 mg kg�1 (Table 2 and S5†). Globally,
background Hg content in soil varies, but reported values lie in
the range of 0.01 to 0.1 mg kg�1 (Beckers and Rinklebe51 and
references therein). As such, the range of Hg concentrations in
soil found in the region is comparable to background concen-
trations. Hg concentrations in soil were poorly correlated with
GEM concentrations in air (Spearman's rho 0.34; p ¼ 0.076).

3.2 Urban-rural transect

3.2.1 Air. Urban locations in this study showed a median
GEM concentration of 1.55 ng m�3 (mean 2.13 � 1.57 ng m�3).
Variability in GEM concentrations within the urban area was
large, with the range of 1.07 to 5.34 ng m�3. GEM concentra-
tions at all urban sites exceeded the highest background value
(1.05 ng m�3) of the range reported by Slemr et al.49 for the
Southern Hemisphere. The two highest GEM concentrations in
the study (5.13 and 5.34 ng m�3) were found at urban locations.
Both these samples were collected in areas with mainly
924 | Environ. Sci.: Processes Impacts, 2022, 24, 921–931
residential character, but not in vicinity of each other, and with
differences in e.g., the traffic level, affluence, and proximity to
industry.

The mean GEM concentrations found in urban areas in this
study were compared to GEM concentrations found in other
urban areas of the world in the last decade (Table 1). Only one
study from the Southern Hemisphere including urban areas
could be found in the peer reviewed literature, illustrating the
need for the present study. This is of relevance when comparing
concentrations between the Hemispheres, as background
concentrations in air in the Northern Hemisphere (1.3 to 1.7 ng
m�3) are higher than in the Southern Hemisphere (0.85 to 1.05
ng m�3).12,15,49 The mean GEM concentration over urban loca-
tions found in our study was higher than GEM concentrations
found in Toronto, Canada, and in Bronx, Rochester, and
Beltsville, USA.16,52,53 The GEM concentrations were comparable
to GEM concentrations in Pretoria, South Africa; Basel, Swit-
zerland; Taoyuan, Taiwan, and Chicago, USA,54–57 and lower
compared to Da Nang, Vietnam; Seoul, South Korea, and
Shanghai, Beijing, Nanjing, and Guiyang, China.21,58–62

Studies assessing spatial trends of GEM using PASs in urban
areas have, as far as we are aware, only been conducted in
Toronto, Canada,16 and in Basel, Switzerland,55 Both these
studies showed lower spatial variability in Hg concentrations in
the urban environment (range Toronto: 0.94 to 2.37 ng m�3;
range Basel: 1.83 to 2.52 ng m�3) compared to our study (1.07 to
5.34 ng m�3). However, the Canadian study also contained
a component where samples were collected along transects in
the vicinity of industrial facilities registered as Hg emission
sources. The highest measured GEM concentration amongst
these samples was 12.3 ng m�3, collected within a few metres of
a facility handling disposal of Hg containing products. The
GEM concentrations along the transects in the Canadian study
decreased exponentially, approaching average urban concen-
trations aer 2000 to 3500 m. The two locations in our study
with GEM concentrations in excess of 5 ng m�3 thus suggest the
presence of signicant local sources of Hg. However, given the
unknown nature of these sources and thus the unknown
distance between the sampler and source, no quantitative
estimate of the magnitude of GEM emissions from the sources
can be made.

Using the mean urban GEM concentrations measured in this
study (excluding the two highest concentrations as outliers), we
estimated an annual emission of 500 � 400 kg for the 100 km2

Dar es Salaam urban area using a simple box model. Estimated
annual Hg emissions from the AMAP/UNEP emission inventory
for the grid cell corresponding to Dar es Salaam (covering 3070
km2) is lower than this, at 20 kg.50 The AMAP/UNEP emission
estimate for Dar es Salaam is also low compared to grid cells
corresponding to other urban areas in Africa, e.g., Nairobi,
Kenya (170 kg), and Johannesburg, South Africa (1100 kg).50

Fossil fuel combustion (notably coal combustion) and ASGM
are considered the dominating Hg emission sources in
Africa.2,7,63 However, to our knowledge, there are no coal red
power plants and no major ASGM activity within or near Dar es
Salaam. Despite the high associated uncertainty, our emission
estimates based on measurements suggest that there are
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 A: Spatial variation in the concentrations of GEM in Dar es Salaam and surrounding regions, time-averaged over a two-month period from
February to April in 2019. B: Spatial variation in the concentrations of GEM along the municipal waste/e-waste transect, time-averaged over
a two-month period from February to April in 2019. Base maps are produced in QGIS.
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signicant Hg sources within urban Dar es Salaam that are not
accounted for in UNEP/AMAP emission estimates, which
therefore could be biased low.

The median GEM concentration measured at rural and
suburban sites of 1.05 ng m�3 (range 0.79 to 2.16 ng m�3) is
consistent with the Southern Hemisphere background
concentrations reported by Slemr et al.49 Elevated GEM
This journal is © The Royal Society of Chemistry 2022
concentrations at three rural and suburban locations (1.99,
2.05, and 2.16 ng m�3) indicate the presence of local emissions.
Two of these sites were at the outer edges of the urban/rural
transect, excluding proximity to the urban environment as an
explanatory factor for these elevated concentrations. Conse-
quently, no signicant difference was seen between urban
locations and rural/suburban locations (p¼ 0.27). Belelie et al.64
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Table 1 GEM concentrations (ng m�3) in ambient air in this study and recent studies from other regions for comparison. Ranges are given for
PASs, reflecting the spatial variation, and not for active measurements, which reflect temporal variation. Values below the LOQ are given in italics

Category Sampling Location Mean (median) Range Ref.

Urban-rural, (e�)waste PAS Dar es Salaam, Tanzania 1.57 (1.15) 0.79–5.34 This study
Urban PAS Basel, Switzerland 2.21 1.83–2.52 55
Urban PAS Toronto, Canada 1.46 0.94–2.37 16
Urban Active Taoyuan, Taiwan 2.61 56
Urban Active Da Nang, Vietnam 3.86 58
Urban (TGM) Active Seoul, Korea 3.72 59
Urban Active Bronx, NY, USA 1.92 (1.77) 52
Urban Active Rochester, NY, USA 1.66 (1.50) 52
Urban Active Beltsville, USA 1.41 53
Urban Active Shanghai, China 2.77 60
Urban (TGM) Active Nanjing, China 7.9 62
Urban Active Guiyang, China 9.72 61
Urban Active Chicago, USA 2.50 54
Urban Active Pretoria, South Africa 2.24 57
Urban-rural transect PAS Beijing, China 1.4–7.0 21
Suburban/industrial (TGM) Active Highveld, South Africa 1.04, 1.25, 1.99a 64
Landll PAS Gamsenried, Switzerland 1.22–10.8 76
E-waste PAS Norway 0.9–75 11
Background, Southern Hemisphere Active Multiple remote sites 0.85–1.05b 49

a Means from three locations within the Highveld. b Range of means.

Table 2 Hg concentrations (mg kg�1) in soil from this study and recent studies from other regions for comparison

Category Location Mean (median) Range Ref.

Urban-rural, (e�)waste Dar es Salaam, Tanzania 0.024 (0.015) 0.0067–0.098 This study
Urban Beijing, China (0.26) 0.022–9.4 68
Urban Beijing, China 1.67 (1.34) 0.16–3.68 69
Urban Beijing, China 0.012–8.49 70
Urban Wuhu, China 0.21 0.024–2.84 71
Urban Brno, Czech Republic 0.084–0.326 72
Urban Athens, Greece (0.096) 0.010–1.08 73
Urban Vanadzor, Armenia 0.042 (0.039) 0.0015–0.29 67
Urban Arak, Iran (0.088) 0.066–0.581 74
Urban Kumasi, Ghana 0.051 66
Urban Kumasi, Ghana 0.050 65
Waste Kingtom, Sierra Leone 0.18 0.03–0.33 77
E-waste Agbogbloshie, Ghana 0.47 0.12–0.94 77
Global background 0.01–0.1 51
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reported spatial variability in GEM concentrations in the South
African Highveld region by measuring at three monitoring sites
in a suburban area with comparatively high industrial activity.
Their range of averages from 1.04 to 1.99 ng m�3 is very similar
to the range measured at the rural/suburban locations in the
present study.

GEM concentrations in the vicinity of two cement production
facilities (1.34 and 1.48 ng m�3) were slightly elevated above the
Southern Hemisphere background. This suggests that these
facilities may represent Hg sources locally. A larger number of
samples and/or samples collected in closer vicinity to the
facilities would be required to determine the extent of local Hg
contamination.

3.2.2 Soil. Hg concentrations in urban soils ranged from
0.011 to 0.098 mg kg�1, with a median of 0.027 mg kg�1. This is
low compared to the Hg concentrations found in urban soils
926 | Environ. Sci.: Processes Impacts, 2022, 24, 921–931
elsewhere in the world (Table 2). They were similar to those
reported for urban soil in Kumasi, Ghana, and Vanadzor,
Armenia,65–67 and lower than those from Beijing and Wuhu,
China; Brno, Czech Republic; Athens, Greece, and Arak,
Iran.68–74 Intense solar radiation and high temperature all year
round in Dar es Salaam likely contribute to the low levels of Hg
in soil, as this favours photoreduction of Hg(II) to GEM and
volatilization of GEM, respectively.29–31 The limited vegetation
cover in the region may contribute to the low Hg levels in soil
due to more exposure to photoreduction and less deposition via
litterfall.28

The highest soil Hg concentration was found close to the
downtown area, potentially inuenced by traffic, industrial
activity, and e-waste processing. SOM content at this location
was low. This location does not correspond to either of the two
locations with the highest GEM concentrations in air. In
This journal is © The Royal Society of Chemistry 2022
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combination with the lack of correlation between GEM in air
and Hg in soil, this suggests that historically contaminated soil
in the urban area is not a dominating source of GEM.

In rural and suburban regions, the Hg concentrations in soil
ranged from 0.0067 to 0.092 mg kg�1, with a median of
0.012 mg kg�1. More remote locations had Hg concentrations
below 0.015 mg kg�1, while some suburban locations showed
elevated concentrations. This was particularly the case at one
location where the SOM content was also high. The presence of
some high Hg concentrations in suburban regions and the
presence of some lower Hg concentrations in urban regions
ensured no signicant difference in Hg concentrations between
urban and rural/suburban regions in soil (p ¼ 0.23).

Soil physicochemical properties (pH, CEC, SOM and clay
content) are known to inuence soil capacity to bind Hg and
thus its spatial distribution.51,75 Of these properties, SOM
showed the strongest positive correlation with Hg concentra-
tions in soil (Table S9†) (Spearman's rho 0.44; p ¼ 0.019);
however, this correlation was strongly inuenced by one loca-
tion. Soils in the region generally have low SOM content, but
with relatively large variability (median 1.7%, range <0.01–
9.6%). Overall, it seems likely that soil Hg concentrations are
inuenced by the physicochemical properties of the soil in the
form of the SOM content, in combination with proximity to
sources, given the presence of some higher concentrations in
urban locations.
3.3 Municipal waste and e-waste transect

3.3.1 Air. GEM concentrations at sites along the municipal
waste/e-waste transect had a median of 1.32 ng m�3 and a range
of 1.08 to 2.41 ng m�3 (Fig. 1B). The highest GEM concentration
within this transect was found at the municipal waste dumpsite,
while the two locations furthest downwind in the transect
showed only slightly elevated concentrations (1.12 and 1.15 ng
m�3) compared to the range reported by Slemr et al.49 for the
Southern Hemisphere background (0.85 to 1.05 ng m�3). The e-
waste handler (1.77 ng m�3) and most sites in the immediate
vicinity of the e-waste handler and the municipal waste site
(1.08, 1.72, and 1.32 ng m�3) had intermediate GEM concen-
trations, identifying the municipal waste dumpsite (2.41 ng
m�3) rather than the e-waste handler as themain source of GEM
along this transect. On the other hand, three urban locations
within the urban-rural transect that were located near identied
e-waste handling or recycling sites, all showed somewhat
elevated GEM concentrations (1.44, 1.69, and 1.84 ng m�3). An
urban location near a decommissioned municipal waste
dumpsite did however not show an elevated GEM concentration
(1.10 ng m�3).

PASs have previously been applied to determine GEM
concentrations near a landll known to contain Hg contami-
nated materials in Switzerland76 and at an e-waste handling
facility in Norway11 (Table 1). The GEM concentration at the
municipal waste dumpsite in our study was within the lower
range of GEM measured in the Swiss study. Moreover, the GEM
concentration at the e-waste site in our study was lower than the
range of GEM concentrations in ambient air in the vicinity of
This journal is © The Royal Society of Chemistry 2022
the Norwegian facility and comparable to ambient air at some
distance from it.11 Overall, the spatial distribution of GEM
concentrations in the present study suggests that both general
waste and e-waste are sources of GEM. The relatively low levels
of GEM around the e-waste handler and municipal waste
dumpsite compared to similar sites in industrialized countries
could be explained by an overall lower volume of Hg containing
products entering the waste stream in Tanzania.

3.3.2 Soil. Along the municipal waste/e-waste transect, Hg
concentrations in soil ranged between 0.0069 and 0.065 mg
kg�1, with a median of 0.015 mg kg�1. The soil at the e-waste
site (0.033 mg kg�1) had a higher Hg concentration compared
to the soil collected at the edge of the municipal waste site
(0.022 mg kg�1). The highest soil Hg concentration was never-
theless found at a site towards the periphery of the transect
(0.065mg kg�1). Soil properties at this site differed from the rest
of the transect, with e.g., higher content of SOM. In general, the
soil along the municipal waste/e-waste transect had lower SOM
content and lower CEC compared to the soil in the urban-rural
transect (Table S8†), indicating lower capacity to retain Hg.
Along the urban-rural transect, soil was sampled at two urban
locations in the vicinity of e-waste processing, one of which
showed the highest Hg soil concentration in the present study,
while the other showed a low Hg concentration (0.098 and
0.011 mg kg�1, respectively). An urban location near a decom-
missioned municipal waste dumpsite also had a low soil Hg
concentration (0.018 mg kg�1).

The municipal waste dumpsite had a soil Hg concentration
in the lower range of concentrations reported from a municipal
waste dumpsite in Sierra Leone.77 Moreover, the Hg concen-
tration in the soil at the e-waste site was lower than the
concentrations reported from an informal e-waste site in
Ghana.77
3.4 Concluding remarks

This study shows that urban ambient GEM concentrations in
Dar es Salaam are lower than those found in some urban areas
in Asia. Nevertheless, GEM concentrations exceeded 5 ngm�3 at
two locations, demonstrating the presence of signicant local
sources. Further investigations using multiple PASs should be
conducted in the vicinity of these locations to identify sources
and to facilitate estimation of the magnitude of their emissions.
The comparatively high estimated annual GEM emissions in
Dar es Salaam further support the presence of signicant
unidentied sources. This raises questions regarding current
emission estimates for Africa, as the sources expected to be
most important in Africa, i.e., AGSM and coal power plants, are
not known to be relevant for Dar es Salaam. Further studies
should also be carried out in other urban regions in Africa to
gain further insight into urban emissions and sources for GEM.
The PAS applied in this study has been shown to be suitable to
carry out such investigations in urban areas in the Global South,
given the quantication limits in the lower range of GEM
background concentrations for the Southern Hemisphere.
Longer deployment times could further lower the quantication
limits.
Environ. Sci.: Processes Impacts, 2022, 24, 921–931 | 927
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In addition to disclosing unidentied sources of GEM in Dar
es Salaam, our study shows that handling of municipal waste
and e-waste represent sources of GEM at waste sites in the
outskirts of the city and that e-waste also represents a source
within Dar es Salaam. Further efforts in waste management at
the regional level should be made, but this should also be
addressed in regulatory efforts at the international level to
reduce trade of products and waste which contain Hg.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This study was conducted as part of the AnthroTox project,
a convergence environment at the University of Oslo combining
social and natural sciences to study anthropogenic toxicants.
The AnthroTox project is funded through the University of Oslo
and the Norwegian Ministry of Education and Research. We
would like to thank Ane Haarr, Franziska Klaas, Samwel Moses
Ntapanta, and Signe Mikkelsen for their contributions during
eldwork; local authorities for their cooperation; the residents
and businesses of Dar es Salaam and the Coastal Region who
allowed us to collect samples on their properties; Sabine Eck-
hart for providing meteorological data; Katrine Aspmo Pfaff-
huber for valuable advice; and Helene Lunder Halvorsen who
helped produce Fig. 1 using QGIS.
References

1 UNEP, Minamata Convention on Mercury: Text and Annexes,
United Nations Environmental Programme, Geneva,
Switzerland, 2013.

2 D. G. Streets, H. M. Horowitz, Z. Lu, L. Levin, C. P. Thackray
and E. M. Sunderland, Global and regional trends inmercury
emissions and concentrations, 2010–2015, Atmos. Environ.,
2019, 201, 417–427.

3 Y. Zhang, D. J. Jacob, H. M. Horowitz, L. Chen, H. M. Amos,
D. P. Krabbenho, F. Slemr, V. L. S. Louis and
E. M. Sunderland, Observed decrease in atmospheric
mercury explained by global decline in anthropogenic
emissions, Proc. Natl. Acad. Sci., 2016, 113, 526–531.

4 L. G. Martin, C. Labuschagne, E.-G. Brunke, A. Weigelt,
R. Ebinghaus and F. Slemr, Trend of atmospheric mercury
concentrations at Cape Point for 1995–2004 and since
2007, Atmos. Chem. Phys., 2017, 17, 2393–2399.

5 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.

6 D. G. Streets, M. K. Devane, Z. Lu, T. C. Bond,
E. M. Sunderland and D. J. Jacob, All-time releases of
928 | Environ. Sci.: Processes Impacts, 2022, 24, 921–931
mercury to the atmosphere from human activities, Environ.
Sci. Technol., 2011, 45, 10485–10491.

7 E. G. Pacyna, J. Pacyna, K. Sundseth, J. Munthe, K. Kindbom,
S. Wilson, F. Steenhuisen and P. Maxson, Global emission of
mercury to the atmosphere from anthropogenic sources in
2005 and projections to 2020, Atmos. Environ., 2010, 44,
2487–2499.

8 N. Pirrone, S. Cinnirella, X. Feng, R. B. Finkelman,
H. R. Friedli, J. Leaner, R. Mason, A. B. Mukherjee,
G. B. Stracher and D. Streets, Global mercury emissions to
the atmosphere from anthropogenic and natural sources,
Atmos. Chem. Phys., 2010, 10, 5951–5964.

9 N. E. Selin, Global biogeochemical cycling of mercury:
a review, Annu. Rev. Environ. Resour., 2009, 34, 43–63.

10 X. Huang, M. Li, H. R. Friedli, Y. Song, D. Chang and L. Zhu,
Mercury emissions from biomass burning in China, Environ.
Sci. Technol., 2011, 45, 9442–9448.

11 M. A. Snow, G. Darko, O. Gyam, E. Ansah, K. Breivik,
C. Hoang, Y. D. Lei and F. Wania, Characterization of
inhalation exposure to gaseous elemental mercury during
artisanal gold mining and e-waste recycling through
combined stationary and personal passive sampling,
Environ. Sci.: Processes Impacts, 2021, 23, 569–579.

12 C. T. Driscoll, R. P. Mason, H. M. Chan, D. J. Jacob and
N. Pirrone, Mercury as a global pollutant: sources,
pathways, and effects, Environ. Sci. Technol., 2013, 47,
4967–4983.

13 N. Pirrone, W. Aas, S. Cinnirella, R. Ebinghaus,
I. M. Hedgecock, J. Pacyna, F. Sprovieri and
E. M. Sunderland, Toward the next generation of air
quality monitoring: Mercury, Atmos. Environ., 2013, 80,
599–611.

14 F. Sprovieri, N. Pirrone, M. Bencardino, F. D'Amore,
F. Carbone, S. Cinnirella, V. Mannarino, M. Landis,
R. Ebinghaus and A. Weigelt, 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.

15 F. Sprovieri, N. Pirrone, R. Ebinghaus, H. Kock and
A. Dommergue, A review of worldwide atmospheric
mercury measurements, Atmos. Chem. Phys., 2010, 10,
8245–8265.

16 D. S. McLagan, B. A. Hussain, H. Huang, Y. D. Lei, F. Wania
and C. P. Mitchell, Identifying and evaluating urbanmercury
emission sources through passive sampler-based mapping
of atmospheric concentrations, Environ. Res. Lett., 2018, 13,
074008.

17 E. Cairns, K. Tharumakulasingam, M. Athar, M. Yousaf,
I. Cheng, Y. Huang, J. Lu and D. Yap, Source,
concentration, and distribution of elemental mercury in
the atmosphere in Toronto, Canada, Environ. Pollut., 2011,
159, 2003–2008.

18 J. Huang, H.-D. Choi, M. S. Landis and T. M. Holsen, An
application of passive samplers to understand atmospheric
mercury concentration and dry deposition spatial
distributions, J. Environ. Monit., 2012, 14, 2976–2982.
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2em00040g


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
1:

35
:4

3 
PM

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 H. Skov, B. T. Sørensen, M. S. Landis, M. S. Johnson,
P. Sacco, M. E. Goodsite, C. Lohse and K. S. Christiansen,
Performance of a new diffusive sampler for Hg0
determination in the troposphere, Environ. Chem., 2007, 4,
75–80.

20 M. S. Gustin, S. N. Lyman, P. Kilner and E. Prestbo,
Development of a passive sampler for gaseous mercury,
Atmos. Environ., 2011, 45, 5805–5812.

21 W. Zhang, Y. Tong, D. Hu, L. Ou and X. Wang,
Characterization of atmospheric mercury concentrations
along an urban–rural gradient using a newly developed
passive sampler, Atmos. Environ., 2012, 47, 26–32.

22 D. S. McLagan, C. P. 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., 2015, 3, 24–29.

23 D. S. McLagan, C. P. Mitchell, A. Steffen, H. Hung, C. Shin,
G. W. Stupple, M. L. Olson, W. T. Luke, P. Kelley and
D. Howard, Global evaluation and calibration of a passive
air sampler for gaseous mercury, Atmos. Chem. Phys., 2018,
18, 5905–5919.

24 A. Naccarato, A. Tassone, M. Martino, S. Moretti,
A. Macagnano, E. Zampetti, P. Papa, J. Avossa, N. Pirrone
and M. Nerentorp, A eld intercomparison of three passive
air samplers for gaseous mercury in ambient air, Atmos.
Meas. Tech., 2021, 14, 3657–3672.

25 D. Obrist, J. L. Kirk, L. Zhang, E. M. Sunderland, M. Jiskra
and N. E. Selin, A review of global environmental mercury
processes in response to human and natural
perturbations: Changes of emissions, climate, and land
use, Ambio, 2018, 47, 116–140.

26 J. Bieser, H. Angot, F. Slemr and L. Martin, Atmospheric
mercury in the Southern Hemisphere–Part 2: Source
apportionment analysis at Cape Point station, South
Africa, Atmos. Chem. Phys., 2020, 20, 10427–10439.

27 A. P. Rutter, J. J. Schauer, M. M. Shafer, J. E. Creswell,
M. R. Olson, M. Robinson, R. M. Collins, A. M. Parman,
T. L. Katzman and J. L. Mallek, Dry deposition of gaseous
elemental mercury to plants and soils using mercury stable
isotopes in a controlled environment, Atmos. Environ.,
2011, 45, 848–855.

28 D. Obrist, C. Pearson, J. Webster, T. Kane, C.-J. Lin,
G. R. Aiken and C. N. Alpers, A synthesis of terrestrial
mercury in the western United States: Spatial distribution
dened by land cover and plant productivity, Sci. Total
Environ., 2016, 568, 522–535.

29 C. S. Eckley, M. T. Tate, C.-J. Lin, M. Gustin, S. Dent,
C. Eagles-Smith, M. A. Lutz, K. P. Wickland, B. Wang and
J. E. Gray, Surface-air mercury uxes across Western North
America: A synthesis of spatial trends and controlling
variables, Sci. Total Environ., 2016, 568, 651–665.

30 A. Carpi and S. E. Lindberg, Sunlight-mediated emission of
elemental mercury from soil amended with municipal
sewage sludge, Environ. Sci. Technol., 1997, 31, 2085–2091.

31 M. Xin and M. S. Gustin, Gaseous elemental mercury
exchange with low mercury containing soils: investigation
of controlling factors, Appl. Geochem., 2007, 22, 1451–1466.
This journal is © The Royal Society of Chemistry 2022
32 E. de Barros Santos, P. Moher, S. Ferlin, A. H. Fostier,
I. O. Mazali, K. Telmer and A. G. Brolo, Proof of concept
for a passive sampler for monitoring of gaseous elemental
mercury in artisanal gold mining, Sci. Rep., 2017, 7, 1–11.

33 O. Gyam, P. B. Sorenson, G. Darko, E. Ansah and J. L. Bak,
Human health risk assessment of exposure to indoor
mercury vapour in a Ghanaian artisanal small-scale gold
mining community, Chemosphere, 2020, 241, 125014.

34 F. Steenhuisen and S. Wilson, Development and application
of an updated geospatial distribution model for gridding
2015 global mercury emissions, Atmos. Environ., 2019, 211,
138–150.

35 R. S. Mahenge, P. Ulanga, M. Malabeja, J. Pilly and
W. Massoy, Performance Audit Report on Electronic Waste
Management, 2018, Available at ELECTRONIC-WASTE-
MANAGEMENT-2018.pdf (nao.go.tz). (Accessed March
2021).

36 M. Yhdego, From a Sanitary Landll to a Dump Site: Pugu
Kinyamwezi Community Curse in Dar es Salaam, 2017,
DOI: 10.13140/RG.2.2.27828.04483.

37 WorldBank, The World Bankin Tanzania, 2021, http://
www.worldbank.org/en/country/tanzania/overview,
(accessed January).

38 F. Wania and C. Shunthirasingham, Passive air sampling for
semi-volatile organic chemicals, Environ. Sci.: Processes
Impacts, 2020, 22, 1925–2002.

39 N. Szponar, D. S. McLagan, R. J. Kaplan, C. P. Mitchell,
F. Wania, A. Steffen, G. W. Stupple, F. Monaci and
B. A. Bergquist, Isotopic characterization of atmospheric
gaseous elemental mercury by passive air sampling,
Environ. Sci. Technol., 2020, 54, 10533–10543.

40 M. Nipen, R. D. Vogt, P. Bohlin-Nizzetto, K. Borgå,
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