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Summary

A range of chemicals which are potentially harmful to human health and the environment are
used in industrial and consumer products including electronics. Some of these chemicals have
physicochemical properties which may make them environmentally persistent,
bioaccumulative, toxic, and/or have the potential for long-range environmental transport. This
includes mercury (Hg), persistent organic pollutants (POPs) e.g., polychlorinated biphenyls
(PCBs) and polybrominated diphenyl ethers (PBDESs), and chemicals of emerging concern,
e.g., alternative brominated flame retardants (aBFRs), chlorinated paraffins (CPs), and
dechloranes. Many of these chemicals were produced and more extensively used in the Global
North, though it has been hypothesized there may be an ongoing shift in global source regions
for POPs to the Global South. This may also be the case for some chemicals of emerging
concern and Hg. Reasons include global trade in products, used products, and waste including
electronic waste (e-waste) which contain these chemicals, as well as shortcomings in
environmentally sound waste handling and in the ability to enforce environmental regulation.
However, there are still large knowledge and data gaps concerning environmental occurrence,

emissions, and fate of these chemicals in the Global South.

The original contribution of this thesis is to increase the understanding of occurrence, spatial
and temporal distribution, sources, and environmental fate of the above-mentioned chemicals
in the Global South. To achieve this, a sediment core was collected in a river system in urban
Dar es Salaam, Tanzania. Layers were dated, and analysed for PCBs, PBDEs, aBFRs, CPs and
dechloranes. Except for PCBs, this is the first report of long-term temporal trends of these
chemicals derived from sediment cores from the African continent. Samples were also
collected from the atmosphere, using passive sampling techniques, and from soil along two
transects in and around Dar es Salaam. These samples were analysed for CPs, dechloranes, and
Hg. This is the first reported data on CPs in air and dechloranes in soil from the African
continent. In addition, it is the first spatially resolved data of gaseous elementary mercury

(GEM) across an urban area in the Southern Hemisphere.

The results show that concentrations of PCBs and PBDEs increased in sediment layers
corresponding to the late 2010s. Also, the chemicals of emerging concern aBFRs, some
dechloranes, and especially the CPs showed increasing concentrations. These increases can
partly be explained by regional increases in population, consumption, and waste generation.

CPs were ubiquitous in the Dar es Salaam region, with higher concentrations in air and soil in

Xl



more urbanized areas and near municipal waste and e-waste handling facilities. Dechlorane
concentrations in air and soil were lower compared to CPs, with the highest concentrations
close to e-waste handling sites, although spatial trends differed for the analysed dechlorane
compounds. Some high levels of GEM in air were observed in the urban environment, while

concentrations of total Hg in soil were generally low.

The increasing trends of PCBs and PBDEs in sediments may suggest that regulatory efforts
have been less effective in lowering environmental burdens of these POPs in Dar es Salaam
compared to the Global North. Strongly increasing trends of the studied chemicals of emerging
concern, and significant sources for GEM in the region also merits further attention.
Establishing new- and/or strengthening existing environmental monitoring programs for these
chemicals locally and elsewhere in the Global South is therefore recommended to assess the
effectiveness of existing regulation and to document needs for further regional and

international regulatory efforts.
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1. Introduction

A considerable research effort has been committed during the past decades to understand
sources, emissions, and the processes controlling the global cycling of persistent organic
pollutants (POPs). When released to the environment, POPs potentially have harmful effects
on ecosystems and human health. POPs can travel globally with air and ocean currents, as well
as in the anthroposphere, by international trade in products and waste where these chemicals
are embedded (Breivik et al., 2015). These processes bring POPs to regions far from where

they were originally produced and initially used, making POPs truly global contaminants.

This thesis has been produced as part of the AnthroTox convergence environment. The vision
of AnthroTox is to understand how environmental and societal processes and their
relationships dictate flows and impacts of anthropogenic toxicants within and across societies
and ecosystems. AnthroTox brings together social anthropologists, historians, science and
technology scholars, toxicologists, and chemists to study a sub-set of anthropogenic toxicants,
POPs and POPs-like chemicals which are extensively used in industrial and consumer products,
e.g., electrical products and electronics. Although the AnthroTox convergence environment is
interdisciplinary, this thesis is focused on the environmental chemistry aspects of these
challenges. The thesis ventures to increase the understanding of the environmental occurrence,
spatial and temporal distribution, emissions, and fate of a range of POPs and POPs-like
compounds in the abiotic environment in an urban area in the Global South. Dar es Salaam,
Tanzania, was chosen as study region to represent a tropical region with growing economy and
increasing population and consumption, yet limited capacity to handle waste and e-waste
(Mahenge et al., 2018; Yhdego, 2017). To facilitate a thorough discussion of this topic, the
following sections provide some background regarding the targeted chemicals and their
production, use, and regulation. In addition, some background is provided regarding the
research gap between the Global North and the Global South in terms of the chemical’s

environmental emissions, occurrence, and fate.
1.1 POPs and POPs-like chemicals
1.1.1 POPs

In the late 1950s, the development of James Lovelock’s electron capture detector enabled the
analysis of trace amounts of halogenated chemicals in the environment. Followed by the
publication of Rachel Carson’s “Silent spring” in the early 1960s, this brought awareness about

POPs environmental effects to the public and the scientific community. POPs have
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physicochemical properties which makes them persistent (P), bioaccumulative (B), toxic to
humans and/or wildlife (T) and gives them the potential to undergo long-range environmental
transport (LRT). The presence of POPs in remote regions like the Arctic was documented in
the 1970s and 1980s, followed by programs to monitor atmospheric concentrations (Hung et
al., 2010; Hung et al., 2016; Ottar, 1981). International regulations in the form of the 1998
Aarhus Protocol of the Convention on Long-range Transboundary Air Pollution (CLRTAP),
and the 2001 Stockholm Convention on POPs, were introduced to protect the environment and
human health from these chemicals (UNECE, 2010; UNEP, 2017). The chemicals included in
these regulations include chlorinated pesticides, some unintentionally formed by-products, and
chemicals used in industrial and consumer products, the latter group being the fucus of this
thesis. Originally 12 and 16 chemicals and groups of chemicals were regulated under the
Stockholm Convention and Aarhus Protocol, respectively (Table Al), aiming to eliminate or
restrict their production, use, and emissions. More chemicals have been included as information
has emerged regarding their fulfilment of the POPs hazard criteria P, B, T, and LRT, and after
evaluations of potential for emissions and exposure. In the European Economic Area, regional
regulations exist in addition to the Aarhus Protocol and the Stockholm Convention. The
European Chemicals Agency oversee the REACH (Registration, Evaluation, Authorisation,
and Restriction of Chemicals) regulation (EU, 2006). Under REACH, industry and importers
of products are held responsible for registering all chemicals imported (as pure substance or in
products) or produced in amounts exceeding one tonne. Registered chemicals are evaluated
and classified as substances of very high concern if they fulfil the POPs hazard criteria (PBT),

or if they are considered very persistent (vP) and very bioaccumulative (vB).
1.1.1.1 Hazard criteria

Persistence is determined by resistance to degradation via chemical, biological, or physical
processes, and is typically characterized by the half-life of a chemical in a given media due to
such processes. The three regulatory bodies classify a chemical as persistent if its half-life in
water, soil, or sediment is above the threshold values listed in Table 1. REACH operate with
different half-life thresholds for freshwater and marine water and sediment, and also separate
between persistent and very persistent. POPs and POPs-like chemicals may however also be
lost from an environmental medium via processes involving diffusion and advection. The
approach of classifying a chemical as persistent if its half-life in a single media exceeds a
threshold thus fails to consider the potential for multimedia partitioning of these chemicals
(further discussed in section 3.1) (Gouin et al., 2000; Mackay et al., 2001; Webster et al., 1998).



It is also important to note that the half-life for a given chemical in a given media will be

dependent on the environmental conditions, e.g., temperature,

in addition to the

physicochemical properties of the chemical (Mackay et al., 2001; Webster et al., 1998).

Therefore, the half-life of a given chemical in e.g., soil may vary greatly between the Arctic

and the Tropics.

Table 1: Hazard criteria in the Aarhus Protocol, the Stockholm Convention, and REACH. For REACH, half-life thresholds
for water and sediment are given for freshwater with thresholds for marine conditions in parenthesis.

Persistency Half-life water > 2 months > 2 months > 40 (60) days/ > 60 days
Half-life soil > 6 months > 6 months > 120 days/ > 180 days
Half-life sediment > 6 months > 6 months > 120 (180) days/ > 180 days
Bioaccumulation BCF > 5000 > 5000 > 2000/ > 5000
BAF > 5000 > 5000
Log Kow >5 >5
Toxicity Potential to Evidence of NOEC or EC10 < 0.01 mg/L,
adversely affect  adverse effectsto  carcinogenic (cat. 1A or 1B),
human health or  human health or mutagenic (cat. 1A or 1B),
the environment  the environment reproduction toxicity (cat. 1A,
1B, or 2), or evidence for
chronic toxicity
Long-range Detection remote  Yes Yes
transport location
Potential for LRT Yes
shown by
modelling
Half-life air > 2 days > 2 days
Vapour pressure < 1000 Pa

VvP: very persistent, vB: very bioaccumulative, BCF: bioconcentration factor, BAF: bioaccumulation factor,
NOEC: no effect concentration, EC10: effect concentration at 10%

Bioaccumulation is the uptake and accumulation of a chemical in an organism, by e.g.,

ingestion, dermal contact, or respiration. The term is related to bioconcentration, which is

strictly the retention of a chemical in an organism via respiration in water (in aquatic

ecosystems) or air (in terrestrial ecosystems), and biomagnification, which refer to increasing

concentrations of a chemical in organisms with increasing trophic levels. In the regulatory




frameworks, chemicals are classified as bioaccumulative (or very bioaccumulative) if the
bioconcentration factor (BCF) or bioaccumulation factor (BAF) exceeds the thresholds given
in Table 1. The Aarhus Protocol and the Stockholm Convention classify a chemical as
bioaccumulative also if its octanol water equilibrium partition coefficient (log Kow) exceeds 5.

Classification of toxicity is more problematic compared to the other hazard criteria, as it
depends mainly on dose, an extensive property of the chemical in question, rather than
intensive properties (Mackay et al., 2001). Quasi-intensive metrics, such as LC50 (lethal dose
for 50% of the population), may be used as a measure for toxicity. REACH includes such
categorization (Table 1). However, the Aarhus Protocol and Stockholm Convention includes
statements referring to “adverse effects to human health and the environment™ rather than

thresholds.

The potential for Long-range environmental transport (LRT) describes a chemicals ability to
travel via air and water currents, to regions far from where it was emitted to the environment
(Wania and Mackay, 1996). LRT potential is a function of a chemicals tendency to partition
into (and out of) mobile media such as air or water, the velocity of these media, and the
chemicals degradation rates (Mackay et al., 2001). Processes involving repeated volatilization
and deposition in combination with prevailing air and ocean currents, in addition to increased
persistence, have been shown to enhance the potential for bringing semi-volatile POPs to
remote regions (Wania and Mackay, 1996). While REACH does not include LRT as a hazard
criterion, the Aarhus Protocol and Stockholm Convention classify a chemical as having LRT
potential based on its detection in remote regions, modelling data indicating LRT, its half-life

in air, or its vapour pressure (Table 1).
1.1.1.2 Targeted POPs: PCBs and PBDEs

Polychlorinated biphenyls (PCBs) is one of the original 12 groups of chemicals regulated under
the Stockholm convention (UNEP, 2009). Production of PCBs was phased out from the
production peak in the 1970s, and ended in the 1990s (Breivik et al., 2002a). Prior to phase out,
PCBs were used for different purposes in closed systems in electrical equipment, e.g., as
cooling liquid in transformers and as dielectric fluid in large and small capacitors, and as an
additive in hydraulic fluids in mining equipment and vacuum pumps (Voogt and Brinkman,
1989). Many of the products that contain PCBs in closed systems have long use-phase
lifetimes. PCBs were also used in open systems, as laminating agents, impregnating agents, as

plasticizers in lubricants, inks, paints, adhesives, waxes, and carbonless copy paper, as casting



agents, dedusting agents in cement and plaster, as well as sealing liquids, fire retardants,
immersion oils and pesticides (Voogt and Brinkman, 1989). These uses generally have shorter
use-phase lifetimes than the closed system applications. Inventories of production, uses, current
stocks, and emissions have been assembled for PCBs (Breivik et al., 2007). PCBs were mainly
produced in Europe, USA, Russia, and Japan. No known production of PCBs occurred on the

African continent, and only a very small proportion of the total historical use of PCBs.

Production of polybrominated biphenyl ethers (PBDES) started around the 1970s and peaked
around year 2000 (Abbasi et al., 2019). PBDEs were used as flame-retardants in electronics,
furniture foam and textiles, as well as in construction materials and vehicles. PBDEs were
mainly produced in three commercial mixtures with different bromination degree. The lower
brominated penta- and octaBDEs were listed under the Stockholm Convention in 2009, while
decaBDE was listed in 2017 (UNEP, 2017). An inventory of global stocks and emissions of
PBDEs has recently been assembled (Abbasi et al., 2019). PBDEs were mainly produced in
China, Japan, Asia, Europe, USA, and Israel, with no production of PBDEs reported on the
African continent (Abbasi et al., 2019).

Although PCBs and PBDEs are no longer produced and used, they remain in the

anthroposphere in the stock of in-use and/or waste products which contain them.
1.1.2 Chemicals of emerging concern

The term POP is often reserved for the chemicals regulated under the Stockholm Convention,
though a number of other chemicals used in commerce potentially meet one or more of the
POPs hazard criteria (Muir and Howard, 2006). The term chemical of emerging concern is
often applied to chemicals that are not yet subject to regulation, but which are suspected to
exhibit some or all the POPs hazard criteria. A range of chemicals fit this category, e.g., some
pharmaceuticals and personal care products, nanomaterials, and currently used pesticides, as
well as some industrial-use chemicals which are added to consumer products. The industrial-
use chemicals of emerging concern are in focus in this thesis, as these chemicals, like the
targeted POPs, may be transported globally via trade in products and waste. These chemicals
are often replacements for chemicals which have become subject to regulation. An example of
this is the current use of alternative brominated flame retardants (aBFRS) in electronics to meet
fire safety guidelines, a function previously filled by the now regulated flame retardant PBDEs.
aBFRs are used due to their functional similarity to PBDEs in products, but similar function

often also implies similar physicochemical properties and thus potentially similar hazard



potential in the environment (de Wit et al., 2010). Inclusion of new chemicals into the
Stockholm Convention and the Aarhus Protocol is a time-consuming process, given strict
requirements for documentation in addition to evaluation of consequences for stakeholders.
This leaves many chemicals of emerging concern in production and use, even after fulfilment
of the hazard criteria and potential for exposure has been documented. As for POPs, chemicals
of emerging concern which are included in products may also remain in the anthroposphere in

products and waste long after production is decommissioned.
1.1.2.1 Targeted chemicals of emerging concern: aBFRs, CPs, and dechloranes

The aBFRs discussed more extensively in this thesis are decabromodiphenyl ethane (DBDPE),
1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), and bis(2-ethylhexyl)-3,4,5,6-tetrabromo-
phthalate (TBPH). BTBPE and DBDPE have been produced since the 1970s and mid-1980s,
respectively. Their production increased after they were recommended as replacements for
octa- and decaBDE (Covaci et al., 2011; Kierkegaard et al., 2004; Renner, 2004). TBPH is
recommended as a replacement for pentaBDE and has been produced at least since 1990
(Covaci et al., 2011). These aBFRs remain unregulated at an international level. Production of
aBFRs is expected to largely take place in countries with a bromine industry, given challenges
associated with bromine export (Alaee et al., 2003). These countries to a large extent coincide

with the countries producing PBDEs.

Chlorinated paraffins (CPs) are a complex mixture of chlorinated n-alkanes with varying chain
length (very short chain CPs (VSCCPs); C<io, short chain CPs (SCCPs); Cio — C13, medium
chain CPs (MCCPs); C14— Cy7, long chain CPs (LCCPs); Cs17) and varying chlorination degree
(typically between 40 and 70%) (Fiedler, 2010). LCCPs are not assessed in this thesis. CPs are
used as metalworking fluids, and as plasticisers and flame retardants in a wide range of
consumer products (Fiedler, 2010). CPs have been produced since the 1930s, but in recent
years production (mainly in China) has increased rapidly to more than a million tonnes/year
(Glige et al., 2016). SCCPs have recently been added to the Stockholm Convention, while
vSCCPs and MCCPs remain unregulated at an international level. For simplicity, all CPs
(including SCCPs) are collectively referred to as chemicals of emerging concern herein.
Because of the complexity of CPs, there are significant challenges relating to their instrumental
analysis and quantification (Méziére et al., 2020; van Mourik et al., 2020a; van Mourik et al.,
2015).



Of the dechloranes, Dechlorane Plus (DP) is used as a flame retardant in electronics and some
building materials (Qiu et al., 2007), and is currently under review for inclusion in the
Stockholm Convention (UNEP, 2019b). DP has been in production from the 1960s, but it first
came to the attention of environmental scientists in the mid-2000s (Hoh et al., 2006).
Knowledge is limited regarding the production history and use of the other dechloranes
discussed in this thesis, i.e., Dechlorane 602 (Dec 602) and Dechlorane 603 (Dec 603).

The different histories in terms of production, use, regulation, and waste disposal for the
targeted POPs and chemicals of emerging concern are reflected in their emissions, and thus

their loadings in the physical environment.
1.1.3 Mercury

Although not an organic chemical, mercury (Hg) also fulfils the hazard criteria associated with
POPs. Hg is inherently persistent, a neurotoxic that can accumulate in organisms, and can be
transported globally because of its high volatility and long atmospheric half-life (a few months
to a year) (Driscoll et al., 2013; Pirrone et al., 2010; Selin, 2009). Monitoring of atmospheric
Hg began in the 1990s, though until 2010 atmospheric Hg monitoring was mainly limited to
the Northern Hemisphere (Martin et al., 2017; Sprovieri et al., 2010; Temme et al., 2007). In
2010, the Global Mercury Observation System (GMOS, www.gmos.eu) was launched, which
included six (of a total of 40) monitoring sites on the Southern Hemisphere (Sprovieri et al.,
2016). In 2013, the Minamata Convention on Hg was implemented internationally to protect
human health and the environment. The Minamata convention aims to control supply and trade

and to reduce use and emissions of Hg (UNEP, 2013).

In contrast to most POPs and chemicals of emerging concern, Hg has both natural and
anthropogenic sources, although the latter are of greater magnitude (Streets et al., 2011).
Natural sources include rock weathering and volcanism, while the main anthropogenic Hg
sources include artisanal and small-scale gold mining (ASGM), fossil fuel combustion, cement
production, metal smelting, waste incineration, processing of e-waste, and burning of biomass
(Huang et al., 2011; Pacyna et al., 2010; Pirrone et al., 2010; Selin, 2009; Snow et al., 2021).

1.2 The North-South research gap

Most monitoring efforts and case studies reporting POPs in the environment have been
conducted in the Northern Hemisphere. One of the reasons for this is that a particular
motivation has been to understand how POPs end up in remote regions like the Arctic (de Wit

et al., 2010; Wania and Mackay, 1996). Another reason is that POPs were generally produced
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in temperate regions of the Northern Hemisphere, so emissions associated with production and
primary use largely occurred in this Hemisphere. For instance, between 80 and 90% of
intentional production and use of PCBs occurred between 30 and 60° N (Breivik et al., 2002Db).
Additionally, the high cost associated with POPs analysis has limited the possibility to carry
out such work in developing regions in the Global South (Leslie et al., 2013; UNEP, 2021).
The environmental and health risks associated with POPs are however not equally distributed
between Global North and Global South. Reasons for this include differences in capacities for
environmentally sound handling of waste and enforcement of regulation, in addition to
differences in environmental monitoring and awareness of the risk associated with POPs in the
community (Hoornweg and Bhada-Tata, 2012; Robinson, 2009; UNEP, 2021).

POPs intended for use in products are not only emitted to the environment during their
production and primary use. Overall, emissions can occur to varying degree depending on the
life cycle of the chemical and the products in question; (i) production and formulation of the
chemical and inclusion of the chemical in products, (ii) the use-phase of the products, and (iii)
the end-of-life (waste) phase of the products (Li and Wania, 2018). Recently, there has been
focus on how POPs embedded in products and waste can be transported globally in the
anthroposphere, via international trade (Abbasi et al., 2019; Breivik et al., 2015; Li and Wania,
2016). Like the Arctic, sub-Saharan Africa is a region where production and primary use of
POPs have not occurred to any great extent. Unlike the Arctic however, sub-Saharan Africa is
home to a large human population, and consequently products containing POPs are imported,
and waste containing POPs is generated and handled by generally substandard methods
(Hoornweg and Bhada-Tata, 2012). Some countries in sub-Saharan Africa are also known to
be recipients of e-waste from developed economies (further discussed in section 1.2.1) (Baldé
etal., 2017).

Differences in climate between the Global North and the Global South may further play a role
for both emissions and environmental fate of POPs, as higher temperature promotes emissions
from products and waste, and enhances their transport potential, though reduces their
persistence (further discussed in section 3.1) (Breivik et al., 2011; Wania and Mackay, 1996;
Webster et al., 1998).

The POPs targeted in this thesis are currently no longer under production and many products
containing them are passed, at, or near the end of their life cycle in the Global North. At the
same time, the Global North is exporting used products, waste, and e-waste containing POPs
to the Global South. Overall, this could imply a shift in global source regions for POPs (Breivik
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et al., 2011). Many of the factors described above are also applicable to the targeted chemicals
of emerging concern. Although generally not yet subject to international regulation, stricter
regional regulations, like REACH in Europe, limits the production of some chemicals of
emerging concern in many industrialized countries in the Global North. This implies that

chemicals of emerging concern also merit particular concern in the Global South.

This indication of a shift in source regions for POPs is described in the literature. Long-term
time trend studies from the Northern Hemisphere, using sediment cores, have shown highest
POPs concentrations around the time of peak production (Arp et al., 2011; lozza et al., 2008;
Vauclin et al., 2021). Monitoring of atmospheric concentrations of POPs on the Northern
Hemisphere documents declining concentrations and primary emissions (Halvorsen et al.,
2021; Hung et al., 2016; Wong et al., 2021). On the contrary, in the Global South, some
sediment core studies show increasing concentrations of POPs (Ontiveros-Cuadras et al.,
2019), and some studies of atmospheric concentrations show signs of ongoing emissions
(Bogdal et al., 2013; Gioia et al., 2011; Klanova et al., 2009). In a recent study reporting data
from the MOnitoring NETwork (MONET) in Africa, concentrations of some POPs, e.g., PCBs,
were reported to be declining, while other POPs, e.g., PBDESs, had unchanged or increasing
concentrations (White et al., 2020). Monitoring in the Global North or South has generally not
been in place for long enough to determine temporal trends of chemicals of emerging concern
(Wong et al., 2021). Recent Global studies on atmospheric concentrations document high levels
for some chemicals of emerging concern in the Global South (Rauert et al., 2018; Saini et al.,
2020).

A shift in source regions for Hg has been documented. Recent global emissions estimates from
Streets et al. (2019) show declining trends in emissions in North America and Europe and
increasing trends in South Asia and Africa. The increases outweigh the decreases leading to
increases on the global scale (Streets et al., 2019). Corresponding to the trends in emissions,
monitoring of air concentrations have shown declining regional concentrations in North
America and Europe (Streets et al., 2019; Zhang et al., 2016b) and increasing concentrations
in Africa (Martin et al., 2017; Slemr et al., 2020).

1.2.1 E-waste

The terms e-waste is used to describe discarded electrical and electronic equipment, such as
mobile phones, televisions, and computers (Robinson, 2009). E-waste is of particular concern

regarding the transboundary translocation of POPs, chemicals of emerging concern, and Hg.



This is caused by the relatively high content of these chemicals in e-waste (Robinson, 2009),
the high volume and often illicit nature of this waste stream (Breivik et al., 2014), in
combination with the fact that environmentally sound dismantling and recycling of e-waste is
a highly complex and expensive process in the Global North. Previously, large un-authorized
e-waste processing sites were located in some regions of China, leading to significant local
pollution (Chen et al., 2011; Fu et al., 2008; Wong et al., 2007; Xu et al., 2019). After China
implemented import restrictions on e-waste, other countries in Asia and West Africa have
become major recipients of e-waste (Asante et al., 2019; Chakraborty et al., 2018; Igbal et al.,
2017; Mdockel et al., 2020).

Management of e-waste is addressed in several regional and international regulations (Forti et
al., 2020). In Europe, the use of some hazardous substances in electronics is regulated through
the RoHS directive (EU, 2011), and the WEEE directive promotes collection and recycling of
electronics (EU, 2012). At a global level, transboundary export of hazardous waste (including
e-waste) is regulated through the Basel Convention (UNEP, 2019a). However, the largest
producer of e-waste in the world, the US, has not yet ratified the Basel Convention, and e-waste
regulation in general suffers from loopholes and lack of enforcement (Forti et al., 2020).

1.2.2 Urban environments

Urban environments have been shown to represent important diffuse source regions for many
anthropogenic pollutants which are associated with consumer products, including the targeted
POPs, chemicals of emerging concern, and Hg (Barber et al., 2005; Harner et al., 2004;
McGrath et al., 2017; McLagan et al., 2018; Saini et al., 2020). It is hypothesized that the urban
environments in the Global South may be particularly important source regions for these
contaminants, given a rapidly growing population and consumption in combination with

inadequate waste and e-waste handling as outlined above.
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2. Objectives

The overall objective of the thesis is to contribute to the understanding of the emissions,
occurrence, and environmental fate of some POPs, chemicals of emerging concern, and Hg in
the abiotic environment in the Global South. This is done by investigating their spatial and
temporal trends in an urban environment in sub-Saharan Africa, and through the objectives of

the individual papers:

Paper I: The main objective of the first paper is to determine occurrence and spatial
distribution of two groups of chemicals of emerging concern, the CPs and dechloranes, in air
and soil in and around Dar es Salaam in order to i) provide insights into contemporary
emissions, and ii) study the historical accumulation of the studied contaminants in soil, and iii)
assess municipal waste and e-waste as potential emission sources, as well as iv) identify other
factors governing the spatial distribution and environmental fate of CPs and dechloranes in a

tropical environment.

Paper I1: The main objective of the second paper is to describe the long-term temporal trends
of a range of POPs and chemicals of emerging concern, and the likely socioeconomic and
biogeochemical drivers behind these trends, in an urban environment in sub-Saharan Africa by
analysing a dated sediment core. To gain insights into potential effects of differences in
production, use, and regulation we compare the long-time time trends with sediment core data

from other developing or newly industrialized regions and industrialized regions.

Paper I11: The main objective of the third paper is to assess spatial distribution and emissions
of gaseous elemental mercury (GEM) in and around an urban environment in sub-Saharan
Africa, using Dar es Salaam as study region. To provide a fuller picture of Hg contamination
in the urban environment, we also report data on total Hg in soil. Additionally, we wanted to

assess municipal waste and e-waste as potential sources for GEM and total Hg.
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3. Theory

3.1 Environmental fate
3.1.1 Physicochemical properties

One of the key features of most POPs is their tendency to partition between multiple
environmental media. The distribution between phases is determined both by the
physicochemical properties of the chemical in question, and the properties of the environment,
especially its temperature (Mackay, 2001). POPs are generally hydrophobic, indicating a
preference for partitioning to lipids (biota) and also to soils and sediments rich in organic matter
(Jones and De Voogt, 1999). Most POPs are also semi-volatile, making partitioning to the gas
phase possible, and enabling LRT via advection on air currents. Less volatile POPs may also
be subject to LRT as they can partition to particles which may be subject to advection, in
particular during dry conditions.

Equilibrium partition coefficients between octanol and water (Kow), air and water (Kaw), and
octanol and air (Koa) are key parameters that describe and are used to predict how chemicals
distribute between and within environmental compartments. Octanol serves as a surrogate for
lipids, as octanol has a similar carbon/oxygen ratio (Mackay, 2001). Gouin et al. (2000)
developed a two-dimensional graphical technique for visualizing the phase-distribution at
equilibrium of chemicals based on their partition coefficients. Two of the three partition
coefficients are sufficient to describe partitioning behaviour, due to thermodynamic
consistency (log Koa = log Kow— log Kaw). Figure 1 shows a generic chemical space plot with
some POPs and chemicals of emerging concern assessed in this thesis. More volatile chemicals
are found towards the upper left corner, more water soluble towards the bottom left, while less
volatile, more hydrophobic chemicals are found in the upper right corner. The position of a
chemical in a chemical space plot provides information about the degree to which the chemical

will partition to air, water, and/or organic material (in soil, sediment, or biota).
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Figure 1: Chemical space plot illustrating partitioning properties for PCBs and PBDEs (Harner, 2016; Wania and Dugani,
2003), aBFRs (Zhang et al., 2016a), CPs (Gluge et al., 2013), and dechloranes (Sverko et al., 2011) (Paper I1).

The concept of chemical space plots has been further developed by Wong and Wania (2011).
They applied it to assess the distribution of chemicals within soil compartments (pore air, pore
water, and organic matter), given varying properties of the soil and environment in question
(organic matter content, water content, temperature). They also expanded the concept to
include mobility of chemicals in soil through leaching, evaporation, and erosion. These
concepts are useful for predicting the environmental fate of new chemicals, but also for
evaluating the environmental fate of well-studied chemicals under different environmental
conditions. The latter is of relevance in the context of the Global North Global South research
gap, as chemical space plots and mobility plots can give an indication on how the climate in
the Global South affects environmental fate of chemicals. Partition coefficients for a given
chemical are temperature dependent, and this is particularly the case for the coefficients
involving air (Kaw and Koa). In the chemical space plot, increased temperature will shift
chemicals up and left, indicating increased volatility. This implies a higher potential for
volatilization of the targeted POPs and chemicals of emerging concern from surfaces (and from
products and waste) in warmer climates. There is also often lower content of organic matter in

soil in warmer climates, implying a lower capacity for retention of hydrophobic POPs and
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chemicals of emerging concern (Dalla Valle et al., 2005; Meijer et al., 2003; Sweetman et al.,
2005).

The concept of fugacity is also useful for determining environmental fate of the studied POPs
and chemicals of emerging concern (Mackay, 1979). Fugacity is an equilibrium criterion,
similarly to chemical activity and potential, and describes a chemicals tendency to “flee” or
escape a system (Mackay, 2001). The unit of fugacity is Pa. A chemical will have a tendency
to migrate from a phase where it has high fugacity to a phase where it has low fugacity, and
when fugacities in the two phases are equal, the chemical is in equilibrium between the two
phases. The advantage of using the fugacity concept is that each phase is treated separately in
calculations, unlike when using partitioning coefficients where phases are treated in pairs. This
makes it possible to derive from which phase variability in chemicals partitioning behaviour
originates (Mackay, 2001).

3.1.2 Mercury

Because of its unique properties in terms of high vapour pressure and volatility, Hg can also
partition between multiple environmental compartments, although through different
mechanisms than for the targeted POPs and chemicals of emerging concern. In this thesis, the
focus is on air and soil. In general, Hg occurs as GEM (Hg(0)) in the atmosphere (Driscoll et
al., 2013), and in the Hg(Il) form in soil (O'Connor et al., 2019). Transfer from atmosphere to
soil can occur through oxidation of GEM to Hg(l1), the latter form being more subject to both
wet and dry deposition. It can also be transferred by uptake of GEM in vegetation. This process
occurs through uptake via the stomata in leaves and subsequent oxidation to Hg(ll) in the leaf
interior, followed by deposition via litterfall (Obrist et al., 2018; Rutter et al., 2011). Transfer
from soil to atmosphere can occur through photoreduction of Hg(ll) to GEM (Carpi and
Lindberg, 1997; Xin and Gustin, 2007) or reduction via other biotic or abiotic processes
(Eckley et al., 2016).

Like for the targeted POPs and chemicals of emerging concern, climate impacts the
environmental fate of Hg via e.g., increased volatility with increased temperature (O'Connor et
al., 2019).

3.2 Targeted environmental media

In this thesis, concentrations of CPs, dechloranes, and GEM/Hg are reported from air and soil
(Paper I and Paper 111), and concentrations of PCBs, PBDEs, aBFRs, CPs, and dechloranes

are reported from a dated sediment core (Paper I1). In this sub-section, these environmental

14



compartments are introduced, along with the rationale for their selection. The atmosphere and

passive sampling techniques are given particular focus.
3.2.1 Atmosphere

Air is a key environmental media to study, as it responds rapidly to changes in emissions, and
therefore gives a good image of current emissions. For this reason, air is one of the core media
in the Global Monitoring Plan, used to evaluate the effectiveness of the Stockholm Convention
(Hung et al., 2013; UNEP, 2021). Semi-volatile organic contaminants (SVOCs), such as CPs
and dechloranes, and GEM in air are commonly sampled using active sampling techniques.
However, active sampling is associated with high costs and requirement for trained personnel,
electricity, and compressed carrier gasses. These factors make it difficult to collect active
samples in remote and/or developing regions as well as simultaneously on a broad spatial scale.
Passive air samplers (PAS) offer a good alternative, as they are low-cost, easy to use, do not
need electricity, and can be deployed simultaneously at multiple locations. For these reasons,
PAS were used in the work for this thesis, both for the SVOCs and GEM. There are however
limitations with passive air sampling methods (Bohlin et al., 2014; McLagan et al., 2016;
Melymuk et al., 2014), some of which are discussed below.

Several types of PAS for SVOCs have been developed, in the form of semipermeable
membrane devices or a range of other sorbents and designs (Harner et al., 2003; Petty et al.,
1993; Shoeib et al., 2008; Wania et al., 2003). The PAS used for this thesis for sampling of
SVOCs is a polyurethane foam-based PAS (PUF-PAS) developed by Shoeib and Harner
(2002). The PUF-PAS has been extensively used for various SVOCs around the world in both
case studies and long-term regional and international monitoring networks, such as the Global
Atmospheric Passive Sampling (GAPS) network (Pozo et al., 2008; Pozo et al., 2006) and
MONET (Klanova et al., 2009). The performance of PUF-PAS under various environmental
conditions is also well studied (Bohlin-Nizzetto et al., 2020; Bohlin et al., 2014; Holt et al.,
2017; Klanova et al., 2007). The PUF-PAS has been previously calibrated and used for CPs
(Chaemfa et al., 2014; Li et al., 2012; Niu et al., 2021; Ngst et al., 2015; Wang et al., 2013)
and dechloranes (Drage et al., 2016; Ren et al., 2008; Saini et al., 2020; Schuster et al., 2020).

PAS of various designs have also been developed, studied, and used for GEM (Gustin et al.,
2011; Huang et al., 2012; Skov et al., 2007; Zhang et al., 2012). In this work, we apply a PAS
developed by McLagan et al. (2015), which recently was shown to be the most precise and
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accurate PAS in a study comparing the performance of three different PAS for GEM
(Naccarato et al., 2020).

3.2.1.1 Passive sampling theory

The theory of PAS for SVOCs is described in detail in e.g., Bartkow et al. (2005) and Wania
and Shunthirasingham (2020) and is briefly outlined here. The basic principles of PAS for
SVOCs are also applicable to PAS for GEM (McLagan et al., 2016). In active air samplers, a
known volume of air is drawn through or past a sorbent using pumps. PAS on the other hand,
rely on diffusion of a chemical from air into a sorbent. Uptake of chemical in the sorbent occurs
at a rate proportional to the chemicals concentration in the atmosphere. Loss of chemical from
the sorbent is proportional to the concentration of chemical in the sorbent. According to Wania
and Shunthirasingham (2020), the amount (in mol) of target chemical (ms) in the sorbent thus

changes over time according to the following equation:

d

== = Vs (kyCq — i Cs) (eq. 1)
Where k,, and k; are rate constants for uptake and loss per day, Vs is volume of the sorbent in
m?, and Cg and Cs are concentration in the gas-phase and sorbent, respectively in mol/m?. In
PAS theory, it is generally assumed air-side resistance controls uptake and loss in the sorbent.
Fick’s first law is applied to molecular diffusion of target chemical through a stagnant air

boundary layer of thickness Az (m):
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(eq. 2)

Where D is molecular diffusivity in m? pr day and A is the surface area of the sorbent in m2,
The rate constant of loss is dependent on the equilibrium partitioning coefficient between gas-

phase and sorbent, Ksg:
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(eq. 3)

ki
Amount of analyte taken up in the sorbent during deployment time of the PAS is then:

ams _DA(r _ G5\ _gpec _ S5
At Az (CG KSG) = SR(Cq Ksc (eq. 4)

The kinetic parameter, % or sampling rate (SR) in m%/day, designates how fast diffusive

transport can take place. The concentration difference term (C; — KC—S) describes the driving
SG

force of target chemical from the gas-phase to the sorbent, and the thermodynamic parameter
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(Kg¢) determine the maximum uptake capacity of the sorbent (Wania and Shunthirasingham,
2020).

It is worth noting that transport of chemical within the sorbent has been shown to play a role,

which is not accounted for in the above equations (Zhang and Wania, 2012).
3.2.1.2 Kinetic versus equilibrium samplers

The uptake of SVOCs in a sorbent goes through three phases, the linear phase, the curvilinear

phase, and the equilibrium phase (Figure 2).

Equilibrium phase

Curvilinear phase

Ammount in sorbent

Linear phase

/ .

Time

Figure 2: Generic uptake curve of SVOCs in a passive sampling medium (Bartkow et al., 2005).

PAS can be designed to function either as kinetic samplers, operating in the linear phase, or
equilibrium samplers, operating in the equilibrium phase. For equilibrium samplers, a high SR,
and low (but still large enough to allow for quantification) uptake capacity (low Ksg) is
desirable. Both PAS used in this thesis (Paper | and Paper Ill) are designed as kinetic

samplers. For kinetic samplers a high (Ksg) is desirable, to keep the term KC—S « Cg. With this
SG

condition met, Amg is only dependent on SR, Cg, and deployment length (At) (Wania and
Shunthirasingham, 2020). However, Ksg, which is strongly correlated with Koa, varies over
many orders of magnitude for SVOCs. As a consequence, the length of the linear phase may
vary widely for SVOCs with different Koa, with shorter linear phase for more volatile

chemicals (Farrar et al., 2005), and shorter linear phase at higher temperatures. This is of
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relevance when sampling CPs, which has a range of Koa spanning at least five orders of

magnitude.
3.2.1.3 Uptake rates for kinetic PAS

Given the relatively low concentrations of SVOCs in the ambient atmosphere, PAS for SVOCs
depend on SRs which are sufficiently high to capture detectable amounts within deployments
of a reasonable length of time (typical deployment times are in the range of a few weeks up to
a year). In addition, SRs need to be stable and well defined to result in reliable quantified air
concentrations. However, SRs can be affected by both the physicochemical properties of the
target chemical and the meteorological parameters during sampling. Wind speed generally has
the strongest influence (Klanova et al., 2007; Wania and Shunthirasingham, 2020), though
temperature may also play a role (Bohlin-Nizzetto et al., 2020). As a consequence, SRs for
PAS for SVOCs have been shown to be highly variable (Melymuk et al., 2014). Most PAS use
wind shelters, and strategies involving use of depuration compounds are often used to address
this issue (Bartkow et al., 2006). Depuration compounds are e.g., isotopically labelled
compounds which are added to the PAS sorbent prior to deployment. The rate of loss of these
compounds is assumed to be correlated to the rate of uptake of SVOCs with similar
physicochemical properties. Depuration compounds are however not applicable to the SVOCs

which are largely partitioned to the particle phase.

In the PAS for GEM developed by McLagan et al. (2015), the issue of variable SRs has been
solved by constraining the SR using a diffusive barrier, in addition to using a wind shelter. The
addition of a diffusive barrier leads to low SRs, but with this PAS it is possible to sample
detectable amounts of GEM as the entire sorbent amount is analysed using thermal desorption.

A similar solution is currently unavailable for SVOCs.
3.2.2 Soil

Soil is a complex and heterogeneous environmental media consisting of air, water, mineral
matter, and organic matter (Mackay, 2001). Soil represents an important reservoir as
historically emitted SVOCs like CPs and dechloranes can accumulate in the soil as a
consequence of its retention capacity (Dalla Valle et al., 2005; Ockenden et al., 2003). Soil also
represents the largest reservoir for Hg (Obrist et al., 2018). SVOCs and Hg may however also
be re-emitted from soils through volatilization, leach to groundwater, or mobilize via erosion.
As such, soils can act as storage, sink, and/or secondary source for these chemicals. In addition

to the physicochemical properties of the chemical (as described above in section 3.1.1), the
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properties of the soil affect these processes. Organic matter content plays an important role for
sorption of SVOCs (Mackay, 2001; Meijer et al., 2002) and for retention of Hg (O'Connor et
al., 2019). For Hg, pH, cation exchange capacity, content of clay, redox potential, and soil
moisture may also influence the soils retention capacity and exchange between media for Hg
(O'Connor et al., 2019). Clay content is also important for the retention of SVOCs in dry soil

with very low organic matter content (Goss et al., 2004).

Soil is highly heterogenic, and both the properties of the soil and the content of contaminants
can vary on a scale of just a few metres. This makes it challenging to collect representative soil

samples for analysis of these chemicals.
3.2.3 Sediment

Sediments may represent a sink for SVOCs like the studied POPs and chemicals of emerging
concern. In aquatic systems, the hydrophobic nature of most SVOCs ensures that they
preferentially sorb to suspended particles and organic matter (Figure 1) (Korosi et al., 2015).
If sediments are allowed to sequentially settle and remain undisturbed and the chemical is
sufficiently persistent, sediment cores can be used to determine the time trends of deposition
of the chemicals (Heim and Schwarzbauer, 2013; Korosi et al., 2015). Sediment cores dated
using radioisotopes can thus provide an alternative to long-term time trend studies that rely on
monitoring of air concentrations. This is highly relevant for regions where air monitoring over
time has been limited, as in developing regions in the Global South. Studies on long-term time
trends of POPs and chemicals of emerging concern in sediments have been carried out in
marine systems (Arp et al., 2011; Combi et al., 2016; Zeng et al., 2013), lakes (Arinaitwe et
al., 2016; Sverko et al., 2008; Zennegg et al., 2007), and rivers (Dendievel et al., 2020;
Lorgeoux et al., 2016; Vauclin et al., 2021). Analysis of sediment cores has been shown to
potentially be a reliable method for evaluating the historical inputs of PCBs, PBDEs, aBFRs,
CPs and dechloranes (Korosi et al., 2015).
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4. Methods

4.1 Sampling strategy

Figure 3 shows the sampling locations in Dar es Salaam and surrounding areas. The sampling
strategy was devised to facilitate assessment of spatial trends of some chemicals of emerging
concern (CPs and dechloranes) and Hg (Paper | and Paper 11l), and for facilitating the
assessment of temporal trends of some POPs (PCBs and PBDES) and chemicals of emerging
concern (aBFRs, CPs, and dechloranes) (Paper I1). For the assessments of spatial trends, we
were particularly interested in the urban environment as a source region, and in the processing
of municipal waste and e-waste as potential point sources. Sampling was therefore conducted
along two transects, one covering urban Dar es Salaam and areas 40 km upwind and 60 km
downwind from the city. For CPs and dechloranes this transect consisted of 19 locations (Paper
1), while for Hg, an additional five locations were included (Paper I11). A smaller transect
(approximately 12 km, with nine locations) to the southwest of Dar es Salaam, covered Dar es
Salaams main municipal waste dumpsite and a commissioned e-waste handler (Figure 4)

(Paper I and Paper I11).

Vi L..l\ O
diz Mwambis Pande Game
‘ 7] Reserve
siga
MASAKI
o
Kibaha =l @ (]
Mgohing O Dar—es-Sala&n © o
@ =
Bokomnemela @ : o
298 YOMBO VITUKA
Mpij @ @
Mikor
(@) Ki lq\‘.‘r-‘ m
Do O
Kaz b
kindu
Kola
K _x ) ©
b vikund
2 Vikongoro INgo!
° Sediment core: PCBs, PBDESs, aBFRs, CPs, dechloranes ‘ Eungon!
Vibu

9 Seasonal study air: CPs and dechloranes s

@ Air and soil: CPs, dechloranes and GEM/Hg @

© Air: GEM

Mal
Mkuranga Mfdnza @
Go gle My Maps Buuni Village

Figure 3: Map of study region showing sampling locations. Outlined box shown in more detail in Figure 4. Map from
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Figure 4: Map of sampling locations on the municipal waste/e-waste transect. Map from Google.com/maps.

The assessment of temporal trends was based on a dated sediment core (Paper I1). For this we
targeted an urban area, to assess contaminants from local rather than remote sources. We also
targeted a site where we would expect regular settling of sediments, which consisted of fine
particles, e.g., clay and/or organic matter as this has higher sorption capacity compared to
courser textured material like sand. Finding a site suitable for the collection of sediments cores
was a challenge as the riverbeds in Dar es Salaam mainly consists of sand. However, a location
was found on a floodplain system where sediments were expected to be undisturbed and
consisted mainly of clay.

4.2 Sample collection

Two types of PAS were used for sampling targeted chemicals in the air, one aimed at CPs and
dechloranes (PUF-PAS), and one for GEM. Deployment of the PAS, sample collection of soil
(Paper I and Paper I11), and sampling of sediment (Paper Il) was carried out in February
2019. PAS were collected in April 2019, after an approximately 60-day sampling period. Six
PUF-PAS were also deployed in succession for two-to-three-month periods between January
2018 and April 2019 at one suburban location to assess seasonal variation of CPs and
dechloranes in air (Paper 1). The last deployment in the sequence corresponded with the main

sampling campaign.

Two sediment cores were collected, one for analysis of selected POPs and chemicals of
emerging concern, and one for dating (Paper I1). The cores both measured 39 cm and were
sectioned on site into 1 cm thick slices (1-15 cm) and 2 cm thick slices (15-39 cm) making a

total of 28 sediment core samples.
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4.3 Sample preparation

The methods used for extraction and clean-up of air, soil and sediment samples for POPs and
chemicals of emerging concern are described in detail in Paper | and Paper 11, and references
therein. These analyses were carried out at NILU - Norwegian Institute for Air Research,
Kjeller, Norway. The sample preparation methods used on PAS for GEM and soil samples for
total Hg are given in Paper 111 and references therein. These analyses were carried out at
University of Toronto Scarborough, Canada, and University of Oslo, Norway, respectively.

Only a summary of the methods is provided here.

Targeted chemicals in the PUF-discs in the PAS were extracted using soxhlet, while
accelerated solvent extraction (ASE) was used for soil and sediment samples. N-hexane and
acetone (1:1) was used for all extractions. 3C labelled internal standards were added to all
samples prior to extraction. For soil (Paper 1), approximately 7 g wet weight (ww) of sample
was used, while for sediments (Paper I1) only 2 g ww was used. These amounts of soil and
sediment were chosen to minimize matrix related instrumental interferences, while still
achieving detectable signals for the targeted chemicals. Given the presence of notable amounts
of elemental sulphur in sediments, activated copper powder was added to ASE cells prior to

extraction for sediments. This was not necessary for soil.

Extracts from air, soil, and sediment samples were treated with concentrated sulphuric acid for
removal of lipids and other acid-labile potential instrumental interferences. Extracts were
further cleaned using column chromatography with activated silica eluted with diethyl ether/n-
hexane (1:9). The solvent was changed to isooctane, and volume was reduced to 100 pL using
a gentle stream of nitrogen. A recovery standard (1,2,3,4-tetrachloronapthalene) was added

before instrumental analysis.

The radioisotope analysis and modelling work to provide dating of sediments was outsourced
to GEL Laboratories, Charleston, USA.

4.4 Instrumental analysis and quantification

Details for instrumental analysis are given in Papers I to 111 and references therein. Briefly,
for Paper 11, concentrations of PCBs, PBDEs, and aBFRs were determined using gas
chromatography high-resolution mass spectrometry (GC-HRMS) (AutoSpec, Waters,
Manchester, UK). For Paper | and Paper 11, concentrations of CPs and dechloranes were
determined using gas chromatography quadrupole time-of-flight high-resolution mass

spectrometry (GC/Q-TOF) (Agilent, Santa Clara, USA). Quantification was carried out using
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the isotope dilution principle. This was also implemented in the pattern deconvolution method

which was used for quantification of CPs (Bogdal et al., 2015).

Analysis of PAS for GEM (Paper I11), was carried out according to US EPA method 7473,
using thermal combustion, amalgamation, and atomic absorption spectrometry (USEPA,

2007). Total Hg in soil was analysed using a similar method.
4.5 Statistical analysis

Data processing and statistical analysis was carried out using Microsoft Excel and R Studio. In
general, distributions were non-normal, so non-parametric methods were used throughout. The
Wilcoxon rank-sum test was used for testing of group differences and the Spearman’s rank
method was used for the determination of correlations. Results were deemed to be significant
if p <0.05. In Paper 1, detection frequencies of the analysed chemicals of emerging concern
were highly variable (14 to 100%). To account for the presence of censored values we used the
robust Regression on Order statistical method to determine summary statistics for the
chemicals which had detection frequency between 40 and 80%, as recommended by Helsel
(2011).

4.6 Evaluation of applied methods
4.6.1 Quality control

Strict quality control measures were followed during the field campaigns and throughout
laboratory procedures. A range of standards and standard reference materials (SRMs) were
analysed to monitor method performance, which in general provided recoveries close to 100%,
showing good method performance. Recovery of internal standard (Paper | and Paper I1) was
generally lower than this. However, when seen in the context of the results from spiked
standards and SRMs, it is clear that the isotope dilution quantification method adequately

accounts for losses during sample preparation.

Some elevated field- and method blank levels were seen in the study, particularly for the
chemicals of emerging concern, but also for GEM. For chemicals of emerging concern, notably
for the CPs, this is a well-known and relatively common analytical issue, resulting in high
detection limits in many studies (Mdckel et al., 2020; van Mourik et al., 2020a; van Mourik et
al., 2020b). Possible explanations include the presence of CPs in the indoor environment,
including laboratories (Fridén et al., 2011), and thus the possibility of contamination during

sample preparation through laboratory air/dust. Also, contamination of samples during
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fieldwork and transport is a common issue, particularly when fieldwork is conducted in distant
and remote regions, involving elevated temperatures, dusty conditions, and multiple
transportation steps. In the case of GEM, such contamination is likely the explanation for
slightly elevated field blank GEM levels. Overall, as the concentrations of the targeted
chemicals of emerging concern and GEM were relatively high in the studied region, the blank
levels only had a minor effect on analytical data. This is illustrated for CPs and dechloranes in
Figures S2 to S4 in the Sl for Paper I. The LOQ for GEM was in the lower end of the range
of Southern Hemisphere background concentrations (Paper I11). Only three locations had

concentrations below the LOQ (reported in italic in the following text).
4.6.2 Calculation of air concentrations

Given the uncertainty associated with SRs for SVOCs (see section 3.2.1.3), there are arguments
for presenting spatial data for SVOCs like CPs and dechloranes from PAS on a per sampler
basis, rather than as air concentrations on a volume basis (Wania and Shunthirasingham, 2020).
However, this limits the possibility of comparing results with other studies. Paper | reported
CPs in air for the first time from Africa, making comparisons with other regions highly

relevant.

To calculate volume-based air concentrations of CPs and dechloranes, we applied two different
approaches, including a modelling-based approach with equations gathered from the much-
used Harner Template (Harner, 2016), which allows for congener group specific SRs. It also
accounts for volatile chemicals entering the curvilinear phase (Figure 2) and partitioning to
particles for low volatility SVOCs. The limitation of this approach is that it relies on
physicochemical property data for each CP congener group as input. Good quality data of this
type was at the time of our study only available for a limited number of congener groups (Gluge
et al., 2013), hence this approach only allowed for quantification of a fraction of the CPs
analysed in this study. The congener group specific air concentrations were thus only used as
input to calculations of soil/air fugacity ratios (see SI Paper | for further detail). In the main
text of Paper I, we chose to present data for total CPs and dechloranes with volume-based air
concentrations calculated from generic SRs gathered from literature. These SRs were based on
calibration studies on CPs and dechloranes as these allow inclusion of all analysed CP congener
groups. Doing so allowed for comparisons with other studies using the same method. The
limitations of this approach are however acknowledged, particularly for CPs, which span a
wide range of Koa. The modelled > SCCPs air concentrations (based on the 24 congener groups

where physicochemical property data were available) were on average 28% lower than the
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SCCP air concentrations calculated using generic SR (for all 34 congener groups). This
indicates that the generic SR provides a reasonable estimate. Recently, the Harner template has
been adapted to CPs, including data on the relevant physicochemical properties for a wider
range of congener groups (Niu et al., 2021). For future work, use of this template is

recommended.
4.6.3 Dating of sediment core

The dating of the sediment core was challenging, given low content of the radioisotopes which
the dating process is based on (Paper I1). Consequently, only sediment layers from the middle
and upper section of the core could be dated. The dated sediment layers covered 1962 to 2019,
while the layers below were classified as pre-1962. The low content of relevant radioisotopes
also caused some uncertainty in the dating, particularly for the older layers. However, the main
conclusions derived from the analysis of the sediment layers relate to the upper, more recent

sediment layers, and are thus not affected by uncertainty in dating of older layers.
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5. Results and discussion

5.1 POPs

In Paper Il, we demonstrated that there were increasing trends of PCBs and PBDEs in
sediments from Dar es Salaam (Figure 5). While long-term time trends of PCBs derived from
dated sediment cores have been reported from Uganda (Arinaitwe et al., 2016) and Morocco
(Giuliani et al., 2015), no such studies have previously been conducted for PBDES on the
African continent. The time trends of PCBs and PBDEs found in our study were compared
with similar studies from other developing and newly industrialized regions, and regions which
has been industrialized for an extended time. Several of the studies from developing and newly
industrialized regions showed peak concentrations in the uppermost layers of sediment. The
overall tendency for POPs in industrialized regions was for concentrations to peak around the
year of peak production (~1970 for PCBs, ~2000 for PBDESs). Overall, the findings in our study
and the studies we compared with supports the hypothesis expressed by Breivik et al. (2011),
that source regions for POPs are shifting geographically away from industrialized regions,
where they were produced and more extensively used, towards developing and newly

industrialized regions.

The increasing trends of PCBs and PBDEs suggests that unlike in the Global North,
international regulatory efforts have not yet been effective in lowering environmental burdens

of these chemicals in Dar es Salaam.
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Figure 5: Concentration of > PCBs and Y PBDEs, respectively, in sediments layers from Dar es Salaam dated from before
1962-2019, along with trend in global production for PCBs from Breivik et al. (2002), and trend in global production for
PBDEs from Abbasi et al. (2019) (Paper I1).
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Time trends in Y PBDEs showed correlations with parameters relating to socioeconomic
development in the region, including growth in gross domestic product (GDP) per capita, urban
population, consumption, and waste generation. Time trends in Y PCBs did not show such
correlations. The difference likely reflects the type of products these POPs were used in, where
PBDEs to a larger degree are associated with contemporary consumer products (Abbasi et al.,
2019). PCBs on the other hand, were mainly used in closed compartments in large electrical
equipment, e.g., transformers, in Tanzania (IPEN, 2005). Strong correlations were seen
between organic matter content in sediments and concentration of PCBs and PBDEs. Organic
matter content was however discounted as a major governing factor for concentrations of these
POPs in sediments, as all major features of the time-trends remained when concentrations were
normalized to organic matter content. Neither the trends of PCBs nor the trends PBDEs
appeared to be driven by secondary sources (re-mobilization of contaminated surface
reservoirs). The increase in Y PCBs in sediments corresponding to the late 2010s therefore
remains largely unexplained. Declines in atmospheric concentrations of PCBs is documented
in a recent publication regarding long-term trends of atmospheric POPs concentrations at seven
locations in Africa, however this was not significant at the three urban sites (White et al., 2020).
They attribute slow rate of decline and some elevated concentrations at urban sites to continued
PCBs emissions in Africa (White et al., 2020). A study on atmospheric concentrations of PCBs,
near an un-regulated e-waste recycling site in Ghana, showed highly elevated concentrations,
confirming that e-waste is a source of PCBs in Africa (Hogarh et al., 2018). There are however
no comparable large-scale e-waste processing sites located within the watershed of the

sediment core collection site in our study.
5.2 Chemicals of emerging concern
5.2.1 Temporal trends of chemicals of emerging concern

Paper |1 is the first study to report sediment core based long-term temporal trends of aBFRs,
CPs, and dechloranes from the African continent. This study showed that the increase of some
of these studied chemicals of emerging concern in sediments were dramatic (Figure 6). This
was particularly the case for CPs, which also had the highest concentration by two to three
orders of magnitude compared to the other analysed chemicals of emerging concern and POPs.
Also, the aBFR DBDPE had strongly increasing concentrations during recent years. The
dechloranes, on the other hand, showed diverging trends, with DP increasing, while Dec 602

and Dec 603 displayed flat or declining trends.
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Figure 6: Concentration of aBFRs, CPs, and dechloranes in sediments layers from Dar es Salaam dated from before 1962
2019 (Paper I1).

Significant correlation was found between temporal trends of the studied chemicals of
emerging concern with known use in consumer products (aBFRs, CPs, and DP), and factors
relating to socioeconomic development in the region. Dec 602 and Dec 603, on the other hand,
showed no or negative correlations with socioeconomic factors. Significant correlations were
also found between rainfall anomalies and sediment concentrations for CPs and DBDPE. As
such, a significant increase in rain amounts during the late 2010s may have contributed to the
increases in CPs and DBDPE in sediments, as this may have mobilized these chemicals via

erosion of contaminated surface reservoirs.
5.2.2 CPs and dechloranes in air and soil

Paper | documented the concentrations of two groups of chemicals of emerging concern, the
CPs and dechloranes, in air and soil along an urban-rural transect across Dar es Salaam, and a
transect covering the city’s main municipal waste dumpsite and an e-waste handler (Table 2,
Table 3). These data represent the first reports of CPs in air and dechloranes in soil from the

African continent.
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Table 2: Descriptive statistics of air concentrations of CPs and dechloranes in the Dar es Salaam region. (Paper I).

Range 0.3-63 <0.4-35 <0.4-20 <0.007 - 0.2 <0.007 - 0.2
Average 22 9 2 0.05 -

Median 13 5 0.7 0.03 -

Std. dev. 20 11 4 0.06 -

Det. freq. 100% 93% 57% 46% 14%

2 Detection frequency of Dec 603 too low for determination of descriptive statistics

Table 3: Descriptive statistics of concentrations of CPs and dechloranes in soil (ng/g dw) (Paper I).

|
i

Range <11-5300 <19-5100 <0.01-6 <0.001 - 0.05 <0.001-3
Average 330 640 0.7 0.006 0.2
Median 51 170 0.2 0.003 0.009
Std. dev. 1000 1200 1 0.01 0.6

Det. freq. 89% 86% 89% 71% 61%

5.2.2.1 Urban -rural transect

There were significantly higher concentrations of SCCPs and MCCPs in urban air compared
to rural air, while suburban locations had intermediate concentrations. Urban/rural ratios were
5 and 10 for SCCPs and MCCPs, respectively. There were similar findings for CPs in soil with
urban/rural ratios of 8 and 11 for SCCPs and MCCPs, respectively. Higher urban
concentrations are consistent with studies from India, Pakistan, Bangladesh, and China
(Chaemfa et al., 2014; Ngst et al., 2015; Wang et al., 2013). However, as China (and some
other parts of Asia) are major producers of CPs, it is more difficult to deconvolute their sources
related to production of CPs from diffuse urban emissions relating e.g., to use and disposal of
CPs containing products in these regions.

Dechloranes were found at much lower concentrations in air and soil compared to CPs. For
most of the analysed dechloranes, higher concentrations were found in air and soil in urban
compared to rural locations, but not significantly so in all cases. Urban/rural ratios for DP was
5 for air and 14 for soil. For Dec 602 and Dec 603, urban/rural ratios were 2 and 5 for soil,
respectively, but urban/rural ratios could not be determined for air given lack of detection of

these compounds in air in rural areas.

29



5.2.2.2 Municipal waste/e-waste transect

Within the municipal waste/e-waste transect, high concentrations of CPs in air were found at
both the municipal waste dumpsite and the e-waste handler, with elevated concentrations also
in the vicinity of these two locations. In soil, the highest concentrations of CPs were found at
the municipal waste dumpsite, followed by the e-waste handler, while the concentrations of
CPs were low in the vicinity of these locations. This demonstrates that handling of both
municipal waste and e-waste represent significant sources for CPs. This is consistent with the
findings of Paper Il, which showed strong correlations between CPs in sediments and

consumption and waste generation.

DP was found at higher concentrations at the e-waste handler compared to the municipal waste
dumpsite, suggesting DP is more associated with e-waste compared to municipal waste. This
is consistent with the known uses of DP. Dec 602 and Dec 603 did not show any apparent
connection with municipal waste or e-waste, suggesting no or minor presence of these
chemicals in consumer products/electronics in the region. This is also consistent with the

findings in Paper II.
5.2.3 Environmental processes and fate

Air concentrations of the less volatile of the studied chemicals of emerging concern, MCCPs
and DP, showed significant negative linear association with the amount of rainfall throughout
the year in our seasonal study (Paper I). For the relatively more volatile SCCPs, the association
was also negative, although not significantly so. Most research on seasonal variation of SVOCs
like CPs and dechloranes in air has been conducted in temperate and arctic regions. In these
regions, seasonal variation is often driven by the large fluctuations in temperatures affecting
the volatility of the SVOCs from primary and secondary sources, and in some cases seasonality
of emissions from some primary sources (Shunthirasingham et al., 2018; Wong et al., 2021).
Seasonal variation in atmospheric SVOCs in the tropics with high and stable temperatures
remains largely understudied (Lammel et al., 2018). Our results, although based on limited
data, suggests that in the studied region, the monsoonal rain patterns drive seasonal variation
by washout of particle associated SVOCs. Heavy rain during monsoon season also increases
mobilization of SVOCs via erosion of contaminated surface reservoirs and decreases
volatilization of SVOCs in soil (Gillett et al., 2017; Wong and Wania, 2011).

In addition to an urban-rural concentration gradient, we also observed an urban-rural

fractionation pattern of CPs in soil (Paper 1). In soil at the more remote locations the less
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chlorinated, shorter chain length (i.e., more volatile) CP congener groups dominated, while the
higher chlorinated and longer chain length (i.e., less volatile) CP congener groups were found
in soil from urban areas (Figure 7). This pattern was not seen for air, where the congener group
profile was relatively uniform across location categories. This suggests that the mobility of the
less volatile congener groups via atmospheric transport is limited in the region, despite high

ambient temperatures and low content of soil organic matter.

25 Rural air - Urban air
20 mCl5 Cle Ccl7 20
Cl8 mCl9 mCl10
1> cl11 15
° | |
X N
10 10
. d N
o M. | i o M. A | TR |
c10 Cc1l1 c12 c13 c10 c1l1 c12 c13
- Rural soil Urban soil
25
20 20
15 15
X °
10 o
10
5 | I 5
o 1 | P [ | PO | O
Cc10 c1 c12 c13 Cc10 c11 c12 Cc13

Figure 7: Average relative abundance of SCCP congener groups in air and soil from rural and urban locations. Cl and C
denote the number of chlorides and C the number of carbons on the congener groups.

Soil organic matter content was found to be low in the region (median 1.7 %, range <0.01-9.6
%), and overall appeared to have low impact on the spatial distribution of CPs and DP in soil.
Dec 602 and Dec 603 did however show significant correlations with organic matter, although
the physicochemical partitioning properties of these dechloranes are not very different to DP
(Figure 1). This can be rationalized by the lack of current sources for Dec 602 and Dec 603 as
compared to DP., For Dec 602 and Dec 603, the historic rather than current nature of sources
were shown by the time trends documented in Paper Il. DP on the other hand, were
documented to have current sources by the elevated air concentrations detected near e-waste

processing (Paper 1), and by the increasing trends documented in Paper Il. Thus, the spatial
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distribution of DP was likely dominated by proximity to sources, while for Dec 602 and Dec
603, biogeochemical processes, such as sorption to organic matter, have been allowed to play

out over time and has come to govern their spatial distribution.
5.3 Mercury

GEM concentrations along the urban-rural transect and the municipal waste/e-waste transect
ranged from 0.79 to 5.34 ng/m3, while total Hg in soil ranged from 0.0067 to 0.098 mg/kg
(Paper I111).

5.3.1 Urban-rural transect

Overall, higher GEM concentrations were found in urban areas and lower concentrations were
found in the more remote locations, although the difference between urban and rural/suburban
areas was not significant. This was due to a few samples with low concentrations from urban
areas, and the presence of some local sources in rural/suburban areas. As for GEM, urban and

rural locations were not significantly different in terms of total Hg concentrations in soil.

Annual GEM emissions in the urban area, as estimated from the measured GEM concentrations
in our study, suggests that the regional emission estimates given by Streets et al. (2019) may
be biased low. Previous studies on Hg emissions have suggested ASGM and coal fires power
plants as the dominant sources in Africa (Masekoameng et al., 2010; Pacyna et al., 2010; Streets
et al., 2019), although neither of these sources are known to be relevant in Dar es Salaam. Two
urban locations in our study showed particularly high GEM concentration (5.13 and 5.34

ng/m®). We were however unable to identify the sources.
5.3.2 Municipal waste/e-waste transect

GEM concentrations at the municipal waste dumpsite and the e-waste handler were somewhat
elevated. However, these sites appeared to be less important sources for GEM than for CPs and
DP. Concentrations of total Hg in soil at the municipal waste dumpsite and the e-waste site
were only the ninth and fifth highest out of the 28 samples collected, respectively. The
comparatively low concentrations of GEM and total Hg at these sites are likely a result of low
Hg content in products and waste in the region.

5.3.3 Environmental processes and fate

Soil in the region appeared to have low retention capacity for Hg, compared to studies of Hg
in soil from other regions, and as compared to some of the studied chemicals of emerging

concern (Paper I). For Hg, this is likely explained by the process of photoreduction of Hg(Il)
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to GEM (Carpi and Lindberg, 1997; Eckley et al., 2016; Xin and Gustin, 2007) and the higher
volatility of GEM compared to the studied chemicals of emerging concern. The levels of total
Hg in soil were found to be significantly correlated to the soil organic matter content. This
could be a consequence of higher soil organic matter and low photoreduction being
confounding factors, as a high degree of vegetation cover may produce higher levels of soil
organic matter through litterfall and also provide shade from intense sunlight. Influence of
vegetation cover on soil Hg has been demonstrated previously by e.g., Eckley et al. (2016).
Normalizing Hg content in soil to organic matter content overall provided a similar trend as
compared to dry weight concentrations, with some exceptions. Total Hg in soil at the municipal
waste dumpsite and the e-waste site shifted from ninth to sixth and fifth to fourth highest out
of the 28 samples collected, respectively, when normalized to organic matter content. This
reflects the presence of sources for Hg and low levels of organic matter along the municipal

waste/e-waste transect.
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6. Conclusions

This thesis presents an assessment of occurrence, distribution, and sources of some POPs,

chemicals of emerging concern, and Hg in and around Dar es Salaam, Tanzania, based on an

investigation of their spatial and temporal trends. The following were the main conclusions

regarding temporal trends of POPs based on dated sediment layers:

Moderate increases were found for PCBs and PBDEs in sediment layers corresponding
to the late 2010s.

Time trends of YPBDEs showed strong correlations with factors related to
socioeconomic development in the region (growth in GDP, population, consumption,
and waste generation).

> PCBs did not show such correlations.

Differences in time trends of selected POPs in the Global North and our results suggest
that any impact of global regulatory efforts on the time trends of these POPs in Dar es

Salaam is yet to be seen.

The following were the main conclusions regarding chemicals of emerging concern based on

their temporal and spatial distributions:

Strong increases were observed for the studied chemicals of emerging concern,
particularly CPs and some aBFRs, in sediment layers corresponding to the late 2010s.
Of the dechloranes, DP concentrations peaked in the contemporary surface sediment
layers, while Dec 602 and Dec 603 concentrations peaked in sediment layers dated to
pre-1962.

Socioeconomic development factors had strong explanatory value for the time trends
of chemicals of emerging concern that are commonly used in consumer products (i.e.,
CPs, aBFRs, and DP), while no or negative correlations were found for Dec 602 and
Dec 603.

Urban-rural gradients were generally observed for concentrations of CPs and
dechloranes in air and soil.

Municipal waste and e-waste handling were important point sources for CPs, while e-
waste handling was the most important source for DP.

Organic matter content in sediment was not a major factor governing temporal trends
of CPs or dechloranes, though organic matter content in soil affected the spatial
distribution of Dec 602 and Dec 603.
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Spatial trends of dechloranes in air and soil suggested a lack of significant current
sources for Dec 602 and Dec 603 within the region.

The more volatile CPs appeared to be susceptible to atmospheric transport. Less
volatile CPs and dechloranes appeared to remain in soil near their source.

Monsoonal rain patterns affect the environmental fate of the studied chemicals of

emerging concern.

The following were the main conclusions regarding Hg based on its spatial distribution in air

and soils:

For GEM and total Hg in soil, urban concentrations were not significantly higher than
rural/suburban concentrations because of some elevated concentrations in
rural/suburban areas.

Concentrations of GEM exceeding 5 ng/m? in air suggested significant sources in the
urban area, however these could not be identified.

Predicted annual GEM emissions into air, based on observations, suggest existing
regional emission estimates may be biased low.

GEM concentrations near municipal waste and e-waste processing sites were only

moderately elevated above Southern Hemisphere background.
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7. Future Perspectives

Most locations included in monitoring programs for atmospheric POPs, chemicals of emerging
concern, and Hg are situated in the Global North. Expansion of existing global air monitoring
programs, by the addition of more locations on the African continent, and implementation of
new air monitoring programs for Africa is recommended. This is a prerequisite to understand
the potential risk of harmful pollutants to human health and ecosystems in Africa, as input from
the atmosphere represents a major pathway for all the studied chemicals to terrestrial and
aquatic ecosystems, and thereby also the human food-chain. Further, the inclusion of both
urban and background locations in such monitoring efforts could provide insights into local
versus distant sources (e.g., LRT) and primary vs. secondary emissions. Long-term monitoring
efforts are also encouraged, as this may show how primary emissions respond to regulatory

efforts and other emission-reducing measures.

We also encourage the collection and analysis of sediment cores from more sites within Dar es
Salaam. This would be useful both to understand how representative the time-trends obtained
in this study are for the region, and to follow the development of time trends of the studied
POPs and chemicals of emerging concern, i.e., whether they continue to increase, stabilize, or
decline. More studies using sediment cores from other developing and newly industrialized
regions in the Global South are also recommended, as these are regions where monitoring of
environmental contaminants has largely been lacking. The natural archives of sequentially
settled sediments constitute an alternative method to assess the long-term time trends. The
potential shift in global source regions of POPs could thereby be better documented and

understood.

Our investigation into the temporal trends of PCBs and PBDEs, chemicals previously used in
consumer products, electronics, and electrical equipment, showed that their concentrations in
sediments in Dar es Salaam were increasing. We thus recommend investigations into the spatial

distribution of these POPs in the region to identify their sources and emissions.

As elevated concentrations of CPs and DP were observed near municipal waste and e-waste
handling sites, we recommend improvements to waste handling practices at a local level to
limit emissions. This would also be relevant for limiting emissions of other chemicals
extensively used in consumer products, e.g., PBDEs and aBFRs. At an international level, the

closing of loopholes and strengthening of existing regulation of trade and export of hazardous
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products and waste is recommended. In addition, further efforts to address and account for
potential transitions in global source regions should be included in international regulatory

efforts like the Stockholm Convention on POPs and the Minamata Convention on Hg.

In addition, further studies should be carried out on the effects of monsoonal rain patterns on
seasonal trends of contaminant mobility by air and water transport. This could help inform
future sampling strategies and increase the understanding of the overall environmental fate of

the studied chemicals in regions with monsoonal rain.
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Appendix

Table Al: POPs regulated under the Aarhus Protocol and the Stockholm Convention (marked "V" in the table), and chemicals
added in amendments (marked "v" in the table). Chemicals of emerging concern proposed for listing under the Stockholm
Convention marked “PFL”. POPs and chemicals of emerging concern discussed in this thesis are marked in bold.

Aldrin

Vv

Vv

1,2-bis (2,4,6 tribromophenoxy)
ethane (BTBPE)

Bis (2-ethylhexyl)-3,4,5,6-
tetrabromo-phthalate (TBPH)

Chlordane

Chlordecone

Decabromodiphenyl ether
(Deca-BDE)

Br Br

Decabromodiphenyl ethane
(DBDPE)

Dechlorane 602 (Dec 602)

Dechlorane 603 (Dec 603)

Dechlorane Plus (DP)

PFL

Dichlorodiphenyltrichloroethane

Dicofol
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(Table Al continued)

Dieldrin Vv Vv
Endosulfan v
Endrin \Y Vv
Heptachlor \Y \Y
Hexabromobiphenyl \Y v
Hexabromocyclododecane v
Hexachlorobenzene \Y \Y
Hexachlorobutadiene % %
Hexachlorocyclohexanes \Y %
Medium chain chlorinated a a cl cl PFL
paraffins (MCCPs)" HBC\(\/KHY\)\/\)\/C”
Cl Cl Cl

Mirex Vv Vv
Octabromodiphenyl ether Br Br % %
(Octa-BDE)’ Er\l/i:jﬂ Br

Br Br Br

Br

Pentabromodiphenyl ether Br Br % %
(Penta-BDE)’ /@Dﬁ

Br Br Br
Pentachlorobenzene v v
Pentachlorophenol %
Perfluorooctanoic acid v
Perfluorooctylsulfonate % %
Polycyclic aromatic hydrocarbons
Polychlorinated biphenyls cl cl Y Y
(PCBs)"

a— ) )

Cl

Polychlorinated dibenzofurans \Y \Y
Polychlorinated dibenzo-p- \Y \Y
dioxins
Polychlorinated naphthalenes
Short chain chlorinated paraffins a a a a v v
(sccps)’ CH,

H,C

Cl Cl

Toxaphene \Y \Y

* Example structures: MCCP: 2,5,6,7,8,11,15-heptachloroheptadecane, octa-BDE: BDE-196, penta-BDE: BDE-
100, PCB: PCB-118, SCCP: 2,3,4,5,6,8-hexachlorodecane.
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There are large knowledge gaps concerning environmental levels and fate of many organic pollutants, particu-
larly for chemicals of emerging concern in tropical regions of the Global South. In this study, we investigated the

1 PH . levels of chlorinated paraffins (CPs) and dechloranes in air and soil in rural, suburban, and urban regions in and
Ei::;i;g‘gzg around Dar es Salaam, Tanzania. Samples were also collected near the city’s main municipal waste dumpsite and
SCCPs an electronic waste (e-waste) handling facility. In passive air samples, short chain CPs (SCCPs) dominated, with
MCCPs an average estimated concentration of 22 ng/m°, while medium chain CPs (MCCPs) had an average estimated
concentration of 9 ng/m3. The average estimated air concentration of Y dechloranes (Dechlorane Plus (DP) +
Dechlorane 602 + Dechlorane 603) was three to four orders of magnitudes lower, 2 pg/m>. In soil samples,
MCCPs dominated with an average concentration of 640 ng/g dw, followed by SCCPs with an average con-
centration of 330 ng/g dw, and }_dechloranes with an average concentration of 0.9 ng/g dw. In both air and soil,
DP was the dominating dechlorane compound. Urban pulses were observed for CPs and dechloranes in air and
soil. CPs were in addition found in elevated levels at the municipal waste dumpsite and the e-waste handling
facility, while DPs were found in elevated levels at the e-waste handling facility. This suggests that waste
handling sites represent important emission sources for these pollutants. Investigations into seasonal trends and
environmental fate of CPs and dechloranes showed that monsoonal rain patterns play a major role in governing
air concentrations and mobility, particularly for the less volatile MCCPs and dechloranes. This study is the first to
report levels of CPs in air from sub-Saharan Africa, and DP, Dechlorane 602, and Dechlorane 603 in soil from
sub-Saharan Africa.

1. Introduction Short chain CPs (SCCPs, C1¢-C;3) are subject to international regulation
under the Stockholm Convention on POPs and the Aarhus Protocol of the

A number of organic chemicals and chemical groups have been Convention on Long-Range Transboundary Air Pollution, while medium

regulated as persistent organic pollutants (POPs) because they represent
a risk for environmental and human health (UNEP, 2017). At the same
time, there is considerable scientific and regulatory interest in sub-
stances which may have similar hazardous properties as the legacy
POPs. Examples include chlorinated paraffins (CPs) and dechloranes.

* This paper has been recommended for acceptance by Charles Wong.

chained CPs (MCCPs, C;4-Cy7) remain unregulated at the international
level (Gliige et al., 2018; UNECE, 2010; UNEP, 2017). The latter also
applies to Dechlorane Plus (DP) which is proposed for listing under the
Stockholm Convention (UNEP, 2019). While legacy POPs have been
extensively studied in terms of their environmental levels and fate, our
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understanding of the environmental occurrence and behaviour of CPs
and dechloranes remains fragmented and incomplete. There is therefore
considerable interest and need for further research into these two sub-
stance groups to support chemical management strategies.

CPs and dechloranes are added as flame retardants or plasticizers in a
range of consumer products. More than a million tonnes of CPs are
produced annually, mainly in China, and used in plastics, paints, seal-
ants, rubber, and leather products, as well as in metalworking applica-
tions (Gliige et al., 2016). DP is used in electronics and plastic roofing
materials (Hoh et al., 2006; UNEP, 2019). Production volumes of DP are
lower compared to CPs, at 750-6000 tonnes annually (Hansen et al.,
2020), while use categories and production volumes are less well
described for Dechlorane 602 (Dec 602) and Dechlorane 603 (Dec 603).

Most studies on sources and fate of chemicals of emerging concern
(CECs) like CPs and dechloranes have been conducted in developed
economies of the Global North, where effective regulatory efforts to
some extent have reduced production, use and trade of these chemicals.
Countries in the Global South may on the other hand be experiencing
increasing environmental burdens of CPs and dechloranes due to a range
of socioeconomic factors. These factors include increased consumption
and limited waste handling systems, limited capacity to enforce envi-
ronmental regulations, as well as being on the receiving end of trans-
boundary trade of used products and waste (Abbasi et al., 2019; Breivik
et al., 2011; Li and Wania, 2016; Robinson, 2009). In addition, differ-
ences in climate between these regions will likely lead to differences in
environmental fate of CPs and dechloranes. For example, higher tem-
peratures in tropical regions increase the volatility of both substance
groups (Wania and Mackay, 1996) and cause more rapid environmental
degradation in various environmental compartments, including air and
soil (Webster et al., 1998).

Tanzania is a sub-Saharan African country with a tropical climate,
and an emerging economy with an annual average increase in gross
domestic product of 6 % since the turn of the century (WorldBank,
2021). With a population of 6.4 million, Tanzania’s largest city Dar es
Salaam suffers from insufficient waste handling systems, notably
including electronic waste (e-waste) (Mahenge et al., 2018; Yhdego,
2017). Dar es Salaam is not known as a major recipient in the illegal
e-waste trade, but the amount of e-waste generated is growing (NBS,
2019). These factors combined suggest that the Tanzanian environment,
particularly urban Dar es Salaam, may be experiencing increasing bur-
dens of CPs and dechloranes. But to our knowledge, there are no pre-
vious studies reporting concentrations of CPs and dechloranes in the
Tanzanian environment in peer reviewed scientific literature. However,
the NGO network IPEN recently reported high concentrations of SCCPs
in free-range chicken eggs collected near a municipal waste dumpsite in
Dar es Salaam (Petrlik et al., 2020). This shows that these CECs are
present in consumer products and waste in the region. Elsewhere,
studies have shown elevated levels of CPs and DP near e-waste recycling
sites (Chen et al., 2011; Mockel et al., 2020; Someya et al., 2016; Xu
et al., 2019), and CPs near a municipal waste site (Mockel et al., 2020).
In addition, elevated levels of both CPs and dechloranes have been found
in urban environments (Barber et al., 2005; Saini et al., 2020).

The main objective of this study was to determine concentrations of
CPs and dechloranes in the physical environment within and around Dar
es Salaam, representing an urban tropical environment. We selected
ambient air and soil as sampling media as atmospheric inputs represents
the key pathway of environmental contaminants into terrestrial eco-
systems, including the terrestrial part of the human food-chain (McLa-
chlan, 1995). By choosing air and soil we wanted to gain insights into
contemporary emissions and historical accumulation of these two sub-
stance groups in the physical environment, respectively. Our aim was
furthermore to study to what extent environmental burdens of CPs and
dechloranes are associated with contemporary use and/or disposal, as
well as to evaluate potential dispersion of these chemicals from assumed
source areas. Additional motivations for this study were to rationalize
the main factors governing the spatial distribution, air-soil exchange,
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and environmental fate of CPs and dechloranes in a tropical urban
region.

2. Materials and methods
2.1. Sample collection

2.1.1. Sampling locations

Dar es Salaam has an average temperature of 26°C, with only minor
temperature fluctuations throughout the year, February being the
warmest month (average 29°C) and July the coldest (average 24°C). The
annual precipitation of more than 1000 mm is monsoonal, with most
rainfall in April (~250 mm/month) and least in June, July, August, and
September (~30 mm/month).

Air and soil samples were collected from 19 locations along a tran-
sect covering 40 km southeast of Dar es Salaam, the city of Dar es
Salaam, and 60 km northwest of the city (Fig. 1). This transect
comprised different settlement regions, including densely populated and
industrialized urban areas (U), suburban areas (S), and rural areas (R)
with little anthropogenic activity. Air and soil samples were also
collected from 9 locations along a shorter (12 km), waste-source transect
(W) targeting specifically the city’s main municipal waste dumpsite and
an e-waste handling facility on the outskirts of Dar es Salaam. The e-
waste facility is by Tanzanian standards a large-scale facility, mainly
handling electronics from domestic use. Being part of the formalized
sector, crude recycling techniques (e.g., cable burning, acid leaching)
commonly practiced in some East Asian and West African countries
(Alabi et al., 2012; Wong et al., 2007) are not known to be carried out at
this facility.

2.1.2. Air samples

Air samples were collected using polyurethane foam (PUF) based
passive samplers (Shoeib and Harner, 2002) of the type used in the
MONET monitoring network (Klanova et al., 2009; Klanova et al., 2006).
PUF disks and sampler metal components were pre-cleaned and stored
dust-free before deployment, and PUF disks were also kept refrigerated.
Air samplers were deployed at least 2 m above ground level for
approximately two months, between February and April 2019.

In addition to investigating spatial trends, seasonal fluctuations in
levels of CPs and dechloranes in air were also monitored for more than a
year (January 2018 to April 2019) at location S-13. Samplers were
deployed for two-to three-month periods, with a total of six samples
being collected.

2.1.3. Soil samples

Achieving representability and comparability of soils sampled in
areas affected by local anthropogenic activities is challenging. To pro-
mote representability, samples from each site were composed of three
pooled subsamples, collected within a range of three to five square
metres using a stainless-steel handheld corer to a depth of approximately
5 cm. Comparability was optimized by collecting samples below the
canopies of mature trees. This minimizes the risk for collecting displaced
soils, although it might lead to overall higher soil concentrations of CPs
and dechloranes compared to soil in open areas due to the forest filter
effect and higher throughfall and litterfall deposition (Horstmann and
Mclachlan, 1998). At the e-waste facility, soil was collected from the
courtyard used for storing electrical components. At the municipal
dumpsite, soil was collected within ~30 m of the waste piles. Soil
samples were collected in February 2019.

2.2. Sample preparation and analysis

Details on sample preparation and analysis are given in the SI and a
summary is presented here. Soil samples (~7 g) were dried and ho-
mogenized with sodium sulphate in a mortar until a free-flowing powder
was achieved. The air samples (PUF disks) and soil samples were
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Fig. 1. Locations for air and soil sampling in Dar es Salaam and surrounding areas (R: Rural, S: Suburban, U: Urban, W: Waste). Predominant wind direction shown

by arrow. Map from Google.com/maps.

extracted in acetone/n-hexane (1:1) using soxhlet extraction and
accelerated solvent extraction, respectively, after the addition of inter-
nal standards (*3C labelled 1,5,5,6,6,10-hexachlorodecane, DP syn, and
Dec 602). Extracts from both air and soil samples were volume reduced
using a Turbovap system (Zymark) before being treated with concen-
trated sulphuric acid for the removal of lipids and polymeric impurities.
Further, the extracts were cleaned using a dry packed column with 4 g
activated silica covered by a 1 cm layer of sodium sulphate eluted with
diethyl ether in n-hexane (1:9). Solvent was changed to isooctane, vol-
ume reduced to 100 pL, and 1,2,3,4-tetrachloronaphthalene was added
as a recovery standard.

Extracts were analysed for SCCPs, MCCPs, DP (syn- and anti-
isomers), Dec 602, and Dec 603 using gas chromatography quadrupole
time-of-flight high resolution mass spectrometry (GC/Q-TOF) (Agilent,
Santa Clara, USA) in electron capture negative ionization (ECNI) mode.
A total of 34 SCCPs and 28 MCCPs congener groups (groups of CPs that
share molecular formula) were identified and quantified in all samples.
In addition, 14 very short chain CPs (vSCCPs, C;—Cg) congener groups
were identified in air samples, although due to lack of available quan-
tification standards these were not quantified.

2.2.1. Quantification of CPs

CPs in industrial products and environmental samples potentially
consist of thousands of structurally similar isomers, causing a level of
complexity that makes quantification of CPs challenging (van Mourik
et al., 2020a). In this study, a pattern deconvolution method developed
by Bogdal et al. (2015) was used to quantify CPs. This method applies an
algorithm to reconstruct the congener group patterns in the analysed
samples using a linear combination of congener group patterns from
multiple CPs quantification standards. SCCPs standards with 51 %, 55
%, and 63 % Cl (w/w), and single chain length standards of C19, C11, C12,

and Cy3 (50 % and 65 % Cl) were used, and for MCCPs, standards of 42
%, 52 %, and 57 % Cl, and single chain C;4 with 52 % Cl were used. Close
match between sample and quantification standard is important as in-
strument response factors are dependent on chlorination degree
(Méziere et al., 2020). The deconvolution method accounts for this by
including standards with different chlorination degrees. Match between
sample pattern and reconstructed pattern was assessed using the coef-
ficient of determination (Rz), where R? of above 0.5 was deemed
acceptable. Average R? were 0.96 and 0.90 for SCCPs, and 0.99 and 0.76
for MCCPs for air and soil, respectively. Details are given in the SI.

2.2.2. Determining ambient air concentrations of CPs and dechloranes
Volume-based air concentrations of CPs were estimated using a
sampling rate of 4.2 m3/day (Lietal., 2012). For dechloranes, which to a
large extent are sorbed to particles in air, a sampling rate of 2.3 m%/day
was applied (Drage et al., 2016). This reflects the lower uptake effi-
ciency of particle-associated compounds compared to gas-phase com-
pounds with the MONET type sampler (Markovic et al., 2015). We note
that estimated volume-based air concentrations are associated with
larger uncertainty compared to the sequestered amount per sample
(Wania and Shunthirasingham, 2020). However, volume-based results
are presented in this study to allow for comparisons with other studies.

2.3. Quality control/quality assurance

Method blanks (N = 12) and field blanks (N = 8) were analysed along
with every batch of air and soil samples. The average blank levels
compared to the levels in samples were 0.8, 3.6, 28, and 17 % for air
samples, and 8.6, 2.7, 16, and 14 % in soil samples for SCCPs, MCCPs, DP
syn, and DP anti respectively. All samples were blank corrected for CPs
and DP content based on blanks prepared and analysed alongside each
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batch of samples. For CPs, blank correction was performed using the
integrated area for each individual congener group from the blank
samples, which was subtracted from the corresponding integrated area
for the samples. This procedure corrects the total CPs concentration but
also acts to prevent the congener group patterns in samples from being
skewed by blank contributions.

Method Limits of Detection (LODs) were set at three times the
standard deviation of the blanks (normalized by the average sample
amount/volume). No significant difference was seen between method
blanks and field blanks (p > 0.05), so both were used in the determi-
nation of LODs. For air samples, the LODs were 0.2 and 0.4 ng/m°> for
SCCPs and MCCPs, and 0.4 and 0.6 pg/m® for DP syn and DP anti,
respectively. The LODs for soil samples were 11 and 19 ng/g dw for
SCCPs and MCCPs, and 0.01 and 0.02 ng/g dw for DP syn and DP anti,
respectively. Dec 602 and Dec 603 were not detected in blanks, so in-
strument LODs were used (0.001 ng/g dw for soil samples, 0.007 pg/m>
for air samples). LODs for CPs in air were high despite measures to
prevent blank contamination, although this is not uncommon (van
Mourik et al., 2020b). However, the high levels of CPs in exposed air
samples in this study ensured that the high LODs only had a minor effect
on the analytical data (Fig. S2). The much lower levels of DP in blanks
for air had a larger effect on analytical data, as the DP levels in air were
low (Fig. S4). Larger sample volumes would help address this issue. In
addition, the use of controlled clean-room laboratories is recommend-
able for the analysis of CECs which may be present in indoor
environments.

Air samplers were deployed in duplicate at three locations. These
gave an average deviation in results of less than 20 % for CPs and
dechloranes, while four soil samples analysed in duplicate gave an
average deviation of less than 30 %. A spike recovery test using CPs
standards was performed to assess differences in performance of the
sample preparation method for individual congener groups. For total
CPs concentrations, the test showed a recovery of 103 + 3 % for SCCPs
and 105 =+ 10 % for MCCPs. Only minute differences could be seen in
congener group profiles of the spiked samples having been through
extraction and clean-up, and the congener group profiles of the applied
CPs standards analysed directly (R? = 0.998). Recovery of CPs internal
standards were 65 + 14 and 73 + 17 % for air and soil samples
respectively, while recovery of Dechlorane internal standards were 67 +
13 and 64 + 13 % in air samples, and 61 + 22 % in soil samples
(Tables S5-S8). The quantification procedures for both CPs and dech-
loranes were based on !°C labelled internal standards added before
sample extraction and clean-up, and thus intrinsically corrects for
recovery.

2.4. Mechanistic assessments of environmental processes and fate

Processes governing distribution and mobility of CPs and dechlor-
anes in the environment were assessed using chemical partitioning space
plots and mobility plots, as developed by Gouin et al. (2000) and Wong
and Wania (2011). These plots visualize the degree to which individual
CPs congener groups and dechloranes associate with the different soil
compartments (pore air, pore water, and organic solids), and the relative
importance of their mobility by volatilization, leaching, and erosion.
The modelled distribution and mobility uses partitioning coefficients
based on physicochemical property data from Gliige et al. (2013) for
CPs, and Sverko et al. (2011) for dechloranes. CPs and dechloranes
concentrations in air and soil were used to determine soil/air fugacity
ratios (fsoil/fair) to assess to which degree soils in the studied region serve
as a temporary reservoir or secondary source. Fugacity calculations were
done using equations from Mackay (2001), and parameters relevant for
local conditions if available. Further details are provided in the SI.

2.5. Statistical analysis

Data treatment and statistical tests were performed using R studio
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3.4.3 and Microsoft Excel. Summary statistics for compounds with
detection between 40 % and 80 % were determined using the robust
regression on order statistics method as described in Helsel (2011). The
non-parametric Wilcoxon rank sum test was used for group compari-
sons, while correlation between compounds were determined using
Spearman rank correlations. Principal component analysis (PCA) was
used to investigate if there were systematic spatial differences in
congener group profiles. Compounds with detection frequency <40 %
were excluded from statistical analysis.

3. Results and discussion
3.1. CPs and dechloranes in air and soil

3.1.1. General overview

Descriptive statistics for CPs and dechloranes in air and soil are given
in Table 1, while concentrations at individual locations are provided in
Tables S5-S8. Median estimated concentrations of CPs and dechloranes
in air had the following order: SCCPs > MCCPs > DP > Dec 602. The
MCCP/SCCP ratios in air ranged from 0.14 to 0.76, with a median value
of 0.35. SCCPs were detected in all air samples collected, while MCCPs
were detected in 93 % of air samples.

Although not quantified, vSCCPs were also detected in all air sam-
ples. C; CPs were only found in minor amounts, while Cg and Cg CPs
combined comprised on average 9 % of total analysed CPs on an inte-
grated signal basis. Their ubiquitous presence and relatively large
contribution to total CPs underlines the importance of making vSCCPs
quantification standards available, so their environmental presence can
be quantified and reported along with other CPs.

In soil samples, median concentrations of CPs and dechloranes were
ordered as follows: MCCPs > SCCPs > DP > Dec 603 > Dec 602. Of the
CPs, MCCPs dominated in soil, giving an MCCP/SCCP ratio above 1
(0.5-11) at most sites, with a median value of 3.1. Correlations between
concentrations in air and soil were seen for SCCPs, MCCPs, DP, and Dec
602 (Spearman’s rho: 0.45-0.71, p < 0.05) (Table S10).

Air and soil concentrations of CPs and dechloranes from other studies
are compiled in Tables S11 and S12 for comparison. Our study is as far as
we are aware the first to report CPs in air from sub-Saharan Africa. The
concentrations of CPs in air and soil in the studied region were com-
parable or even higher than CPs concentrations in countries with a high
degree of industrialization. For example, the concentrations of SCCPs in
air at the highly industrialized Pearl River Delta in China (18 ng/m®)
were similar to our study (22 ng/m®). The average soil concentrations of
SCCPs and MCCPs (330 and 640 ng/g dw, respectively) were even an
order of magnitude higher than the Chinese study (18 and 59 ng/g dw,
respectively) (Wang et al., 2013). The range of air concentrations of
SCCPs and MCCPs (0.3-63 and < 0.4-35 ng/m?, respectively) were also
comparable to urban areas in India and Pakistan (<LOD-47 and
<LOD-38 ng/m?, for SCCPs and MCCPs respectively) (Chaemfa et al.,
2014). We caution that comparisons of CPs concentrations between
studies are associated with significant uncertainties given analytical
challenges and lack of certified reference materials (van Mourik et al.,
2018).

Concentrations of dechloranes in air and soil were in the mid-to high
range of concentrations reported in studies from elsewhere in the world
(Table S11, Table S12). The Global Atmospheric Passive Sampling
(GAPS) Megacities study (Saini et al., 2020) recently reported air con-
centrations of DP and Dec 602 in 19 large cities worldwide. In that study,
Lagos, Nigeria, showed the highest DP air concentration of all mega-
cities. The highest concentrations of DP and Dec 602 in Tanzanian air
(20 and 0.2 pg/m3, respectively) were comparable to the concentrations
reported for Lagos (DP: 28 pg/m3, Dec 602: 0.2 pg/ms). Despite low
detection frequency, the highest estimated concentrations of Dec 603 in
air (0.2 pg/m3) were an order of magnitude higher than in urban air in
Spain (0.01 pg/m3) (De la Torre et al., 2018). The highest Dec 603
concentration in soil (3 ng/g dw) were higher than any found in the
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Table 1

Descriptive statistics and detection frequency of CPs and dechloranes in air and soil.
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CPs Air (ng/m°>) CPs Soil (ng/g dw)

Dechloranes air (pg/m°®)

Dechloranes Soil (ng/g dw)

SCCPs MCCPs SCCPs MCCPs DP Dec 602 Dec 603" DP Dec 602 Dec 603
Range 0.3-63 <0.4-35 <11-5300 <19-5100 <0.4-20 <0.007-0.2 <0.007-0.2 <0.01-6 <0.001-0.05 <0.001-3
Average 22 9 330 640 2 0.05 - 0.7 0.006 0.2
Median 13 5 51 170 0.7 0.03 - 0.2 0.003 0.009
Std. dev. 20 11 1000 1200 4 0.06 - 1 0.01 0.6
Det. freq. 100 % 93 % 89 % 86 % 57 % 46 % 14 % 89 % 71 % 61 %

@ Detection frequency too low for determination of descriptive statistics.

literature. Concentrations of DP, Dec 602, and Dec 603 in soil has to our
knowledge not previously been reported from sub-Saharan Africa.
Neither CPs nor dechloranes are known to be produced in Tanzania
(Gliige et al., 2016; Hansen et al., 2020). The levels of primary industrial
use are expected to be low, although there are little data available to
confirm this. The relatively high concentrations of CPs and dechloranes
in air and soil in the study area despite lack of production may be linked
to issues with the handling of municipal waste and e-waste.

3.1.2. Seasonal fluctuations of CPs and dechloranes in air

Monitoring of seasonal fluctuations of CPs and dechloranes in air at
location S-13 showed that the highest concentrations occurred during
colder, dry months (June-November). This contrasts with seasonal
trends of CPs in air in temperate and sub-tropical regions of China and
Australia, where concentrations were higher during warmer summer
months (Gillett et al., 2017; Niu et al., 2020; Wang et al., 2012; Wang
et al., 2013). This differs also from DP in air in temperate North America,
which showed no seasonal trend (Shunthirasingham et al., 2018). While
temperature may be a driver for seasonal trends of semi-volatile com-
pounds in air (Wania and Mackay, 1996), this is not the case in our study
given the relatively low annual temperature fluctuations and the inverse
relationship with air concentrations of CPs and dechloranes. Amount of
rainfall was investigated as an alternative explanatory factor. This was
done by plotting air concentrations of SCCPs, MCCPs, and DP against
cumulative rainfall during each sampling period. Dec 602 and Dec 603
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were omitted as concentrations were near or below LOD. Rainfall data
was gathered from the Tanzanian Meteorological Authority (TMA,
2021). Results showed negative liner association between SCCPs,
MCCPs, and DP concentrations and amount of rainfall (Fig. S6), which
was significant for MCCPs and DP (p < 0.05), but not for SCCPs (p >
0.05). This can be explained by a higher degree of washout of com-
pounds associated with particles (e.g., DP and MCCPs) compared to
gas-phase compounds (e.g., SCCPs) (Bidleman, 1988). A model and
field-based study from India has shown comparable results for some
legacy POPs, although in general, the effect of monsoonal rain patterns
on both POPs and CECs in air remain understudied (Lammel et al.,
2018). The observed seasonal fluctuations indicate that annual average
levels of CPs and dechloranes in air may be higher than those reported in
this study since the main sampling campaign for air samples (February
to April) coincided with the rain-season. This is particularly relevant for
the less volatile dechloranes, but potentially also for higher chlorinated,
longer chain MCCPs congener groups, which to some extent may be
sorbed to particles in air.

3.2. Spatial pattern and potential sources

3.2.1. Urban pulse and waste related sources for CPs

An urban pulse was seen for CPs in air and soil. Concentrations of
SCCPs and MCCPs in air and MCCPs in soil were significantly higher in
urban compared to rural locations (p < 0.05) (Fig. 2). For SCCPs in soil,
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Fig. 2. Concentrations of SCCPs and MCCPs in air (top) and soil (lower) in different settlement categories. The median value is represented by the line inside the box,
the upper and lower sections of the box show the upper and lower quartiles. Whiskers represent minimum and maximum values. Outliers are marked as points
outside the whiskers. Groups not significantly different from each other (Wilcoxon rank sum test) share letter code (A, B).
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there was no significant difference (p > 0.05), caused by one high
concentration at a rural location (R-19, 120 ng/g). The corresponding
air sample at R-19 did however not show elevated concentration of
SCCPs (2 ng/m3), indicating historic emissions at this location. The
highest individual concentrations of CPs in air were found within the
waste-source transect and at urban locations, in addition to one subur-
ban location which had high concentration of SCCPs (S-14, 63 ng/m>).
In soil, the highest individual concentrations of CPs were found within
the waste-source transect, followed by urban locations. The lowest
concentrations of CPs in air and soil were found at the rural southeastern
end of the transect, upwind from the city, where there is minor
anthropogenic influence. SCCPs were strongly correlated with MCCPs in
both air and soil (Spearman’s rho: 0.95 and 0.91, respectively, p <
0.001).

Concentrations of CPs in air and soil within the waste-source transect
showed large variability. Concentrations were generally low, except at
the dumpsite (W-21, SCCPs: 59 ng/m® and 5300 ng/g dw, MCCPs: 33
ng/m> and 5100 ng/g dw) and the e-waste facility (W-23, SCCPs: 55 ng/
m® and 480 ng/g dw, MCCPs: 32 ng/m° and 2700 ng/g dw). Considering
the elevated concentrations of CPs in air and soil at these two locations,
it appears clear that both municipal waste and e-waste represent
important point sources for CPs. MCCP/SCCP ratios at the dumpsite
(soil: 1.0, air: 0.55) and the e-waste facility (soil: 5.7, air: 0.60) imply
that municipal waste is the dominant source for SCCPs, while both
municipal waste and e-waste are important sources of MCCPs. This is
likely related to differences in CPs content in products in the two waste
streams.

Concentrations of CPs in African soils are previously reported for an
e-waste site in Ghana (SCCPs: 150-28 000 ng/g dw, MCCPs: <LOD-1300
ng/g dw) and a municipal waste dumpsite in Sierra Leone (SCCPs: 69-
1600 ng/g dw, MCCPs: <LOD-1400 ng/g dw) (Mockel et al., 2020).
These MCCPs concentrations are two to four times lower than the con-
centrations found in soil at the dumpsite and e-waste facility in our
study, while SCCPs concentrations are higher at the site in Ghana. Re-
sults also differ in two additional ways. Firstly, in the Mockel et al.
(2020) study, concentrations of SCCPs were an order of magnitude
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higher at the e-waste site than at the dumpsite, while in our study we
found the opposite. Secondly, the MCCP/SCCP ratio in soil at the e-waste
site was <1 in Ghana, compared to 5.7 at the e-waste facility in this
study. The higher total CPs concentrations at the e-waste site in Ghana
are likely related to i) Higher volume of e-waste processed, as Ghana is a
major recipient in the global e-waste trade (Asante et al., 2019); and ii)
Cruder processing methods in Ghana, including low temperature
burning of cables and plastics. The higher MCCP/SCCP ratio in Tanzania
is potentially also a consequence of socioeconomic factors, as Tanzania
is more economically developed, and more modern electronics are
therefore consumed. Modern electronics likely contain relatively more
MCCPs due to recent production shifts from SCCPs towards MCCPs
governed by international regulation (Gliige et al., 2018). This however
also makes the year of sample collection a relevant factor (Ghana: 2015,
this study: 2019).

Although both municipal waste and e-waste clearly act as important
sources of CPs, also the urban environment, with its use of products
containing CPs, contributes to local CPs pollution. However, widespread
informal disposal of waste and small-scale informal e-waste processing
are known to occur, making it difficult to separate the contributions of
waste/e-waste compared to emissions from products in use based on CPs
concentrations alone. Congener group profiles in soil (PCA, Fig. S11)
does however suggest differences in sources between the e-waste facil-
ity, dumpsite, and urban areas, indicating that urban CPs contamination
cannot be specifically or at least exclusively tied to waste and e-waste in
the urban environment.

3.2.2. Urban pulse and waste related sources for dechloranes

Urban pulses were also observed for the dechloranes (Fig. 3). For
concentrations of Dec 602 in air, and DP and Dec 603 in soil, differences
between urban and rural locations were significant (p < 0.05). Although
for Dec 603 in soil, the highest individual concentration by an order of
magnitude was found in a suburban area (S-13, 3 ng/g dw). There were
no significant differences between urban and rural locations for con-
centrations of DP in air and Dec 602 in soil (p > 0.05), however,
detection frequencies were higher in urban areas.
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The concentration of DP in air and soil at the e-waste facility (9 pg/
m® and 6 ng/g dw, respectively) was higher compared to the dumpsite
(3 pg/m® and 0.9 ng/g dw). This suggests that unlike for CPs, the release
of DP to the regional environment is greater from e-waste than munic-
ipal waste. Elevated levels of DP in the environment near e-waste
recycling sites have also been documented in e.g., China and Vietnam
(Chen et al., 2011; Someya et al., 2016). The concentration of DP in soil
at the e-waste facility was comparable to the highest urban concentra-
tion (U-6, 5 ng/g dw), while the concentration of DP in air at the e-waste
facility was a factor two lower compared to the highest urban location
U-7 (20 pg/mg). U-6 is located within ~500 m of an urban e-waste
handler, and U-7 is located in the vicinity of a market where trade and
repair of used electronics are taking place. It is thus possible that the
high DP levels found at these locations are connected to electronics and
e-waste. Any similar associations with electronics are not known for the
other urban locations included in this study. Despite some apparent
differences in primary sources, strong correlations were found between
DP, SCCPs, and MCCPs in both air and soil (Spearman’s rho: 0.66-0.88,
p < 0.001).

Dec 603 generally showed weak correlations with the other analysed
CECs (Table S10). This is also seen in a study from North America where
the authors pointed to the occurrence of Dec 603 as an impurity in the
historically used pesticides Aldrin and Dieldrin as the cause of these
differences (Shen et al., 2010). The low concentrations and low detec-
tion frequency of Dec 603 in air samples compared to soil, and the lack
of association with domestic waste or e-waste could comply with Dec
603 sources being of a legacy rather than contemporary nature. Com-
bined, these factors suggest that the Dec 603 found in soils may be from
past pesticide use. Spatial trends of Dec 602 did not allow any conclu-
sions to be drawn regarding its sources.

3.3. Environmental processes and fate of CPs and dechloranes

3.3.1. Correlations of CPs and dechloranes with SOM

The SOM content was typically low in the studied region with a
median value of 1.7 % (<0.01-10 %), and no significant correlations
were found between SOM and soil concentrations of total SCCPs or
MCCPs, nor individual congener groups (p > 0.05). This is consistent
with other studies on CPs (Halse et al., 2015; Wang et al., 2014; Wang
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et al., 2017). The correlation between SOM and soil concentration of DP
was also not significant (p > 0.05). This suggests that proximity to
sources is the main governing factor for the spatial variation in soil
concentrations of CPs and DP in this study region. Correlations for SOM
versus Dec 602 and Dec 603 in soil were significant (Spearman’s rho:
0.47 for both, p < 0.05), further supporting legacy rather than current
sources for Dec 603 in the region.

3.3.2. Distribution of CPs and dechloranes in soil and environmental fate

Soil consists of solids of minerogenic and organic nature, in addition
to pore space filled with air and water. For organic compounds like CPs
and dechloranes, distribution within the various soil compartments and
associated loss/mobility processes are key factors in determining their
environmental fate. These distributions and processes are governed by
soil properties and the physicochemical properties of the compound, in
addition to climatic conditions, and have here been assessed using a
simple soil model (Fig. 4) (Gouin et al., 2000; Wong and Wania, 2011).

The studied CPs congener groups and dechloranes are predicted to be
mainly associated with organic solids, rather than pore air or pore water
(Fig. 4, left). This is also predicted to be the case when the soils are very
dry (as during dry months) and very wet (as during rain-season)
(Fig. S12), and within most (>90 %) of the range of SOM found in the
studied soil. In dry soils with very low SOM content the area of mineral
surfaces, thus the content of clay minerals (not included in the model),
likely play a significant role in sorption (Goss et al., 2004).

CPs and dechloranes in soil are subject to diffusive and advective loss
processes, mainly by erosion due to surface runoff, evaporation, and
leaching to groundwater (Wong and Wania, 2011). Most of the studied
CEGCs, particularly the dechloranes and longer chain, highly chlorinated
CPs, are predicted to be mobilized mainly by erosion (Fig. 4, right).
Evaporation may be an important loss process for more volatile short
chained and low chlorinated congener groups. These predictions
correspond well with congener group profiles of CPs found in air and
soil. Air samples from all location categories were dominated by the
congener groups shown by the soil model to be more mobile via evap-
oration (Fig. S8 and Fig. S9), while congener groups in soil showed an
urban fractionation pattern (Fig. S10). Congener groups with relatively
low volatility that are emitted in source areas appear to be deposited in
soil locally. Congener groups in rural soil on the other hand are less

3 e
2 //
I,
1 /
'l
0 7
/
A A | calc§7E
"""""""""""" @ oCl7
2 Cpact Dec 603
z
23 o0 °
o o ® DP
_— o4 Dec602
-5 !
]
- :
[}
i
Leaching i Erosion
’ i
9 :

4 -3-2-1012 3 456 7 8 9 101112
log Koc

Fig. 4. Chemical partitioning space plot and mobility plot for CPs and dechloranes in soil with characteristics typical of the study area. CPs in black, dechloranes in
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chlorinated and have shorter chain lengths (i.e., are more volatile), and
are likely transported there via air from source areas. The model also
corresponds well with spatial patterns for dechloranes in air and soil and
fugacity calculations (see SI Text S3). Strong air to soil flux of dechlor-
anes indicate that soil functions as a temporary storage reservoir for
these compounds. This is a consequence of their physicochemical
properties (low Kaw, high Koc), suggesting that once in soil, dechloranes
will not return to the gas phase. The model further predicts that leaching
from soil to groundwater may be a relevant loss process for short
chained CPs congener groups, while chlorination degree is not predicted
to affect potential for leaching. This differs from a study on soil profiles
in China, where both chain length and chlorination degree of CPs were
seen to affect potential for leaching through soil (Zeng et al., 2011).
Degradation processes may however have influenced these results. The
soil moisture content, and by extension the monsoonal rain patterns, are
predicted to affect the relative importance of mobility processes
(Fig. S13). Less evaporation from soil due to soil pore-space being
occupied by water could contribute to lower air concentrations of the
more volatile SCCPs during periods of heavy rain. This has been
observed in Australia (Gillett et al., 2017), and could help explain the
seasonal trend seen for SCCPs. Also, the magnitude of mobility of the
studied CECs will be affected by rainfall, particularly mobility via
erosion which will increase with increased rainfall. Overall, the
monsoonal rain patterns in the region seem to have significant effects on
the environmental fate of CPs and dechloranes.

4. Conclusions

The levels of CPs and dechloranes in air and soil in the Dar es Salaam
region presented in this study adds to the knowledge on CECs in tropical
environments and in the Global South. Urban pulses and spatial asso-
ciation with general waste and e-waste indicate that consumption and
waste handling practices contribute to local pollution of CPs and dech-
loranes. This should be addressed at a regional level through improved
waste management. It should also be addressed in international regu-
latory efforts relating to international trade of products, used products,
and waste containing these compounds, as the situation is likely to be
similar in other countries with comparable socioeconomic conditions.

The relatively high levels of CPs and dechloranes reported in this
study underlines the importance of expanding environmental moni-
toring of CECs in economically developing tropical regions, particularly
in urban areas where large populations potentially are exposed to high
CECs concentrations. More data on CECs in these regions is also of
importance to improve the understanding of environmental distribution
and fate of these compounds.

This study showed that the monsoonal rain in the region affects the
environmental fate of the studied CECs. For air concentrations, differ-
ences were seen compared to seasonal trends in temperate and sub-
tropical regions. These findings have implications for future air moni-
toring strategies in regions with monsoonal rain. However, our results
are based on limited data, and we therefore suggest future studies on CPs
and dechloranes in air in the region include studies of seasonal variation
at multiple sites.
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Table S1: Sampling locations

Location Coordinates Category Sampling time (air)
R-1 -7.12267,39.5335 Rural 08.02.19-11.04.19
R-2 -6.93477,39.44751 Rural 09.02.19-11.04.19
R-3 -6.86737,39.36371 Rural 09.02.19-11.04.19
S-4 -6.8384,39.33624 Suburban 08.02.19-11.04.19
U-5 -6.87142,39.28221 Urban 12.02.19-11.04.19
U-6 -6.82964,39.27505 Urban 13.02.19-10.04.19
u-7 -6.82543,39.27159 Urban 13.02.19-10.04.19
uU-8 -6.81301,39.29107 Urban 12.02.19-12.04.19
uU-9 -6.78262,39.28333 Urban 12.02.19-12.04.19
U-10 -6.75804,39.24283 Urban 11.02.19-12.04.19
U-11 -6.78428,39.23887 Urban 12.02.19-12.04.19
U-12 -6.83541,39.20857 Urban 12.02.19-14.04.19
S-13 -6.78127,39.20413 Suburban/Season 11.02.19-12.04.19
S-13 Season1  -6.78127,39.20413 Season 26.01.18-12.04.18
S-13 Season 2 -6.78127,39.20413 Season 12.04.18-18.06.18
S-13 Season 3 -6.78127,39.20413 Season 18.06.18-23.08.18
S-13 Season 4 -6.78127,39.20413 Season 23.08.18-19-11.19
S-13 Season 5 -6.78127,39.20413 Season 19-11.18-11.02.19
S-14 -6.79938,39.13767 Suburban 10.02.19-13.04.19
S-15 -6.788330,39.0524 Suburban 10.02.19-13.04.19
S-16 -6.76502,38.99271 Suburban 10.02.19-13.04.19
R-17 -6.76059 38.94704 Rural 10.02.19.13.04.19
R-18 -6.72717,38.854 Rural 10.02.19-13.04.19
R-19 -6.67864,38.76234 Rural 11.02.19-13.04.19
W-20 -6.9317,39.14074 Waste 06.02.19-10.04.19
W-21 -6.9278,39.12785 Waste 06.02.19-10.04.19
W-22 -6.92825,39.12506 Waste 06.02.19-10.04.19
W-23 -6.92644,39.12468 Waste 06.02.19-10.04.19
W-24 -6.92525,39.12572 Waste 06.02.19-10.04.19
W-25 -6.92526,39.12017 Waste 07.02.19-10.04.19
W-26 -6.91611,39.11291 Waste 06.02.19-10.04.19
W-27 -6.90065,39.09197 Waste 07.02.19-10.04.19
W-28 -6.91072,39.03234 Waste 07.02.19-10.04.19
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Text S1: Method

Sampling

The soil samples were wrapped in minimum two layers of aluminium foil and Ziplock bags,

transported in cooler bags, and subsequently frozen.

Polyurethane foam (PUF) disks were cleaned prior to deployment by soxhlet extraction in
toluene (24 hours), acetone (8 hours) and n-hexane (8 hours), before drying in a desiccator
under vacuum. Cleaned PUF discs were wrapped in two layers of aluminium foil and two
Ziploc bags and stored cool. The metal components of the air sampling unit were pre cleaned
by soaking overnight in alkaline soap, before rinsing in water, acetone, and n-hexane. After
cleaning, the metal components of the air samplers were stored dust free until deployment.
Prior to deployment, during the field campaign, and during transport the PUF discs were kept

cool, and after arrival at the laboratory, they were stored at freezer temperatures.

Sample preparation

Soil sample results were evaluated on both a dry weight (dw) and organic matter (OM) basis,
where the OM content was determined by loss on ignition (LOI) using previously air-dried
subsamples. LOI values were corrected for structural water loss according to Hoogsteen et al.
(2015).

Procedural blank samples were prepared and analysed alongside air and soil samples, and in
addition, field blanks were included. In this study, field blanks consisted of blanks where the
sampling material was briefly exposed on location during sample collection (N = 5), and

travel blanks (N = 3). One procedural blank sample for DPs in air was eliminated from LOD

calculation as an outlier.

For the sample preparation, all glassware was heated at 450 °C overnight and rinsed with
acetone and n-hexane before use, and high-purity grade solvents were used throughout. Prior
to extraction, soil samples were dried and homogenized by mixing approximately 7 g soil
with sodium sulphate in a mortar until a free-flowing powder was achieved. *3C labelled
internal standards of 1,5,5,6,6,10-hexachlorodecane and Dechlorane Plus (DP) Syn were
added to the samples, and extraction was performed using Accelerated Solvent Extraction
(ASE) (Dionex), with 1:1 acetone/n-hexane, two extraction cycles, 1500 psi and 100 °C.

Extraction cells were packed (from bottom to top) with three cellulose filters, 5 g precleaned
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Florisil, filter, sample, filter. For the air samples, the PUF disks had 3C labelled internal
standards of 1,5,5,6,6,10-hexachlorodecane, DP Syn, and Dechlorane 602 (Dec 602) added
before soxhlet extraction with acetone/ n-hexane (1:1) for a minimum of eight hours.

The extracts from soil samples and air samples were volume reduced to approximately 0.5
mL using a Turbovap system (Zymark). Solvent was changed to n-hexane, before the extracts
were treated with approximately 2 mL concentrated sulfuric acid (four repetitions for soil
samples, three repetitions for air samples), to remove acid labile matrix interferences. To
remove potential interferences of a more polar nature, including remaining break down
products from acid treatment, samples were subsequently put through a 15 mm internal
diameter column containing 4 g activated silica and a 1 cm layer of sodium sulphate. The
column was dry packed and conditioned with 30 mL diethyl ether in n-hexane (1:9) and
eluted with 30 mL diethyl ether in n-hexane (1:9). Solvent was changed to isooctane, and
volume reduced to approximately 100 pyL using a gentle stream of nitrogen. 1,2,3,4-
tetrachloronaphthalene (TCN) was added to extracts as a recovery standard. The ratios of
TCN and internal standards in samples were compared against the ratios of TCN and internal
standards in quantification mixtures (which were not subject to extraction and clean-up) to

determine the recovery of internal standards.

Instrumental analysis

The samples were analysed using gas chromatography quadrupole time-of-flight high
resolution mass spectrometry (7200B GC/Q-TOF) (Agilent, Santa Clara, USA). The gas
chromatographic separation was done using a two-part column, where the analytical column
was a 15 m HP-5ms Ultra Inert stationary phase with inner diameter 250 pum, and film
thickness 0.25 pum. The second column was a 1.8 m fused silica column with no stationary
phase and an inner diameter of 150 pum for the purpose of restriction. Flow rates were 1.2
mL/min on the first section of the column, and 1.4 mL/min on the second section. Samples
were introduced using a programmed temperature vaporization (PTV) inlet in solvent vent
mode, starting at 60 °C, holding for 0.35 min, increasing by 500 °C/min to 320 °C, holding for
3 minutes, before changing by 10 °C/min to 290 °C, and holding for 20 min and finally at
500°C/min to 320°C. The GC oven temperature program was as follows: initial temperature
55 °C, hold time 2 min. Change rate 70 °C/min to 200 °C, hold for 1 min. Change rate 10
°C/min to 280 °C, hold for 1 min, then change rate 10 °C/min to 310 °C and finally at
70°C/min to 325°C, hold for 4 min. The Q-TOF was run in Electron Capture Negative
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lonization (ECNI) mode using methane as a moderating gas. The ion source was kept at
120°C to minimize fragmentation and thus optimize the formation of the [M-CI] or the
[M-HCI] ion for the chlorinated paraffins (CPs) and [M] for the dechloranes. The electron

energy was set to 250 electron volts in the source, with an emission current of 12 pA.

Quantification of Chlorinated paraffins

All chromatograms were manually inspected using the MassHunter software. Manual
integration was performed where necessary to avoid potential interferences. CPs were
quantified using a pattern deconvolution procedure based on the method presented in Bogdal
et al. (2015). Briefly, for short chain CPs (SCCPs), C1o - C13 standards with 51%, 55% and
63% CI (w/w), and single chain length standards of C1o, C11, C12, and C13 (50% and 65% ClI)
were analysed, and for medium chain CPs (MCCPs), C14 - C17 standards of 42%, 52%, and
57% ClI, and single chain C14 with 52% CI were analysed, and the resulting congener patterns
were used to reconstruct the congener pattern of the sample. The pattern reconstruction was
done using the nnls package in R studio, which applies the Lawson-Hanson algorithm to
provide non-negative least squares estimates for the contribution of the various standards to
the sample pattern. A R? between sample pattern and reconstructed pattern of 0.5 or above
was considered satisfactory (Bogdal et al., 2015). Given the large number of standards
involved in quantification, only a smaller number of standards were analysed alongside each
batch of samples to confirm stability of the instrument response (typically SCCPs with 51%,
55%, and 63% CI, and MCCPs with 42% CI). The instrument stability and quantification
procedure were also monitored by the regular analysis of known concentration in-house
standard mixtures. Quantification of sample CPs content was achieved by constructing
separate calibration curves using areas from each standard at four concentration levels, from
which sample areas were compared, and concentration calculated. R? for the calibration
curves were above 0.99, except C13 50% CI where R? was above 0.98. Calculated sample
concentration based on each standard was subsequently weighted by the non-negative least
squares estimate for contribution of each standard to the sample, and contributions from all
standards were summarized. All sample and standard areas were normalized using *C
labelled internal standard. In addition, areas were normalized by natural abundance of the

measured m/z, enabling extension of the instruments linear range.
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Spike recovery test

The recovery calculation of CPs after the laboratory procedure is based on the ratio of
internal standard and recovery standard in the sample, compared to the same ratio in a
quantification standard consisting of a known amount of both internal standard and recovery
standard. As the recovery rate is based on one single CP congener, it was of interest to assess
whether the different SCCP and MCCP congener groups have similar levels of recovery from
the laboratory procedure. PUF disks were spiked with 100 pL technical mixture of SCCPs
(51% CI by weight), and 100 pL technical mixture of MCCPs (52% CI by weight), in
addition to 20 pL internal standard. The PUF discs were subsequently extracted using soxhlet
and cleaned using concentrated sulfuric acid and silica as described above. The recovery test
samples were volume reduced using N2 gas to 120 pL, before addition of 20 pL TCN as
recovery standard. A quantification standard for the recovery test samples was prepared by
mixing 100 pL of each of the technical mixtures mentioned above, and 20 pL of internal
standard. The quantification standard mix was volume reduced using N2 gas to 120 pL and
given 20 puL TCN as a recovery standard.

Table S2: Congener groups of SCCPs included in the analytical process, analysed ion, accurate mass, and natural
abundance. Congener groups in italic only identified, not quantified, congener groups in bold included in distribution and
fugacity analysis.

Congener group lon m/z Natural
abundance
C7H1oCle [M—CI] 270.9201 0.37
C7HoCl7 [M—CI] 304.8811 0.34
CsH13Cls [M-HCIJ 249.9669 0.39
CsH12Cls [M—CI] 284.9358 0.37
CsHuCly [M—CI] 318.8968 0.33
CsH10Cls [M—CI] 352.8578 0.30
CsHoClg [M—CI] 388.8159 0.29
CoHisCls [M-HCIJ 263.9826 0.38
CoH14Cls [M-HCIJ 297.9436 0.36
CoHu13Clz [M—CI] 332.9124 0.33
CoH12Cls [M—CI] 366.8735 0.29
CoHuCly [M—CI] 402.8315 0.28
CoH10Cl1o [M—CI] 436.7926 0.28
C10H15Cl4 [M-HCI] 242.0401 0.39
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C10H17Cls 277.9982 0.38
C10H16Cles 311.9592 0.36
C1oH15Cl7 346.9281 0.33
C10H14Cls 380.8891 0.29
Ci10H13Clg 416.8472 0.28
Ci0H12Cl1o 450.8082 0.27
C11H20Cl4 256.0558 0.39
CuH1Cls 292.0139 0.38
C11H1sCle 325.9749 0.36
CuH17Cl7 360.9437 0.32
C11H16Cls 394.9048 0.29
CuHisClg 430.8628 0.28
C11H14Cl1o 464.8239 0.27
C11H13Clas 498.7849 0.26
Cu1H12Cl12 532.7459 0.24
C11H11Cli3 568.7040 0.23
C12H22Cl4 270.0714 0.38
C12Hz1Cls 306.0295 0.37
C12H20Cls 339.9905 0.35
C12H19Cl7 374.9594 0.32
C12H1sClg 408.9204 0.28
C12H17Clg 444.8785 0.28
C12H16Cl1o 478.8395 0.27
C12H15Cl1s 512.8006 0.25
Ci3H24Cl4 284.0871 0.38
Ci3H23Cls 320.0452 0.37
Ci13H2Cles 354.0062 0.35
Ci3HaCl? 388.9750 0.32
Ci13H20Cls 422.9361 0.28
Ci13H19Clg 458.8941 0.27
C13H1sCl1o 492.8552 0.27
Ci3H17Clu 526.8162 0.25
C13H16Cl12 560.7772 0.23




Table S3: Congener groups of MCCPs included in the analytical process, analysed ion, accurate mass, and natural
abundance. Congener groups in bold included in distribution and fugacity analysis.

Congener group lon m/z Natural abundance
C14H26Cly [M-HCI] 298.1027 0.37
C14H25Cls [M-HCI] 334.0608 0.37
C14H24Cle [M-HCI] 368.0218 0.35
Cu4H23Cl7 [M—CIT 402.9907 0.32
C14H2Cls [M—CI] 436.9517 0.28
CuaH21Cls [M—CI] 472.9098 0.27
C14H20Cl1o [M—CI] 506.8708 0.27
Ci5H27Cl4 [M-HCI] 312.1183 0.37
CisH27Cls [M-HCI 348.0765 0.37
Cis5H26Cls [M-HCI] 382.0375 0.34
CisH2sCly [M—CI] 417.0063 0.31
Ci5H24Cls [M—CI] 450.9674 0.28
CisH23Clg [M—CI] 486.9254 0.27
Ci5H22Cl1o [M—CIJ 520.8865 0.26
Ci6Hs0Cl4 [M-HCI] 326.1340 0.36
Ci6H29Cls [M-HCI] 362.0921 0.36
Ci6H2sCls [M-HCI 396.0531 0.34
Ci6H27Cl7 [M—CI] 431.0219 0.31
Ci6H26Cls [M—CIJ 464.9830 0.28
Ci6H2sClg [M—CI1] 500.9411 0.27
Ci16H24Cl1o [M—CI] 534.9021 0.26
Ci7H32Cl4 [M-HCI] 340.1497 0.36
Ci7H3:Cls [M-HCI] 367.1078 0.36
Ci7H30Cls [M-HCI] 410.0688 0.34
Ci17H29Cl7 M-CIJ 445.0376 0.31

[
Ci17H28Cls [M—CI1] 478.9987 0.27
Ci17H27Clg [M—CIJ 514.9576 0.26
C17H26Cl1o [M—CI] 548.9178 0.26
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Figure S1: Example chromatograms for C1oH16Cls in air samples from location S-15 (lower), location S-13 (middle), and
blank analysed alongside samples (top).

Table S4: Results from spike recovery test

SCCPs  MCCPs Diff. Diff.
(ng) (ng) SCCP MCCP
(%) (%)

P1 10520 11338 5.2 134
P2 9 969 9517 0.3 4.8
P3 10423 10265 4.2 2.7
P4 10718 12100 7.2 21.0
P5 10026 9825 0.3 1.7
P6 10067 10184 0.7 1.8
Average 10288 10539 3.0 7.6
Stand. dev. 309 983 3.0 7.9
Expected 10000 10000

amount
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Table S5: Sequestered amount in air sample and estimated concentration, chlorination degree, goodness of fit in
deconvolution, ratio MCCP/SCCP, and recovery of internal standard for CPs in air samples.

Location SCCPs SCCP SCCP R? MCCPs MCCP  MCCP R? MCCP/ Recovery
pg/sample Cl (% pg/sample Cl (% SCCP (%)
(ng/m?3) wiw) (ng/m?3) wi/w)

R-1 0.09 (0.3) 60.4 0.95 <0.1 (<0.4) 52.6 0.94 - 66

R-2 0.3(1) 60.1 0.95 <0.1 (<0.4) 54.6 0.98 - 61

R-3 5 (18) 60.2 0.95 1(5) 53.5 0.99 0.28 15

S-4 2(7) 59.9 0.99 0.5(2) 53.8 0.99 0.27 58

U-5 8(33) 59.1 0.97 6 (25) 51.6 0.98 0.76 65

U-6 11 (45) 60.5 0.95 6 (26) 53.8 0.99 0.57 56

U-7 11 (45) 60.6 0.96 5(21) 55.8 0.99 0.48 75

u-8 5(22) 59.5 0.98 1(5) 53.4 0.99 0.25 69

uU-9 4(14) 59.5 0.98 2 (6) 52.2 0.98 0.43 68
U-10 3(11) 59.9 0.97 0.7 (3) 53.0 0.99 0.29 69
u-11 15 (59) 58.9 0.93 9 (35) 52.9 0.99 0.61 68
U-12 10 (38) 60.0 0.95 4(14) 53.7 0.99 0.39 64
S-13 5 (19) 60.3 0.95 2(9) 54.5 0.99 0.48 64
S-13 Season 1 4 (15) 60.4 0.93 2(9) 54.0 0.99 0.60 83
S-13 Season 2 4 (16) 60.5 0.93 3(10) 54.0 0.99 0.62 76
S-13 Season 3 6 (22) 60.6 0.94 4 (15) 54.6 0.99 0.66 69
S-13 Season 4 5(21) 60.6 0.93 4 (15) 54.6 0.99 0.71 72
S-13 Season 5 4 (16) 60.5 0.93 3(12) 54.9 0.99 0.81 82
S-14 16 (63) 59.2 0.97 2(9) 535 0.98 0.14 65
S-15 2(7) 60.1 0.98 0.4(2) 53.9 0.99 0.22 59
S-16 2(7) 60.2 0.96 0.7 (3) 53.7 0.99 0.38 60
R-17 1(5) 60.3 0.96 0.4 (1) 55.0 0.99 0.31 76
R-18 3(13) 59.2 0.97 0.7 (3) 54.8 0.99 0.20 78
R-19 0.5(2) 60.6 0.96 0.2 (0.8) 56.3 0.97 0.39 76
W-20 8 (30) 59.8 0.98 1(5 53.7 0.99 0.18 63
W-21 16 (59) 60.5 0.95 9 (33) 53.4 0.99 0.55 26
W-22 8 (29) 60.8 0.92 2(9) 53.9 0.99 0.31 59
W-23 15 (55) 59.6 0.98 9(32) 53.7 0.97 0.60 *
W-24 2(9) 60.4 0.95 1(4) 55.0 0.99 0.43 85
W-25 2(7) 60.3 0.97 0.6 (2) 53.9 0.99 0.28 68
W-26 3(12) 60.5 0.95 1(5) 54.4 0.99 0.39 73
W-27 1(6) 60.2 0.97 0.4(2) 53.7 0.99 0.27 75
W-28 1(4) 60.6 0.95 0.3(1) 54.3 0.99 0.28 52

* Recovery calculation not possible due to an instrumental interference affecting the recovery standard (1,2,3,4-
Tetrachloronapthalene). Internal standard used for quantification (*3C labelled 1,5,5,6,6,10-Hexachlorodecane)
not affected.

- MCCP/SCCP not determined
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Figure S2: Boxplots illustrating relative levels of CPs in blanks, field blanks, and air samples. Blank concentrations
converted to ng/m?.
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Table S6: Concentration, chlorination degree, goodness of fit in deconvolution, ratio MCCP/SCCP, content of OM, sample

amount, and recovery of internal standard for CPs in soil samples.

Locatio SCCPs  SCCP SCCP MCCPs MCCP MCCP MCCP/ Recove oM Sample
n ng/gdw  CI (% R? ng/gdw  Cl (% R? SCCP ry (%) (%) amount

wiw) w/w) g dw

R-1 <11 60.1 0.41 <19 54.0 0.93 - 89 8.6 6.053
R-2 15 59.5 0.94 <19 53.9 0.96 - 93 14 6.705
R-3 12 60.2 0.94 20 56.7 0.91 14 82 0.4 7.195
S-4 14 60.0 0.87 31 58.3 0.87 2.3 85 2.2 5.594
U-5 80 61.8 0.96 370 58.1 0.80 4.6 79 3.3 5.240
U-6 360 64.1 0.97 1800 59.7 0.33 4.9 68 2.1 6.405
u-7 120 62.4 0.95 730 58.0 0.97 5.9 82 1.9 5.526
uU-8 1600 61.5 0.85 3200 57.0 0.53 2.1 38 3.0 5.745
u-9 190 62.0 0.86 990 57.4 0.88 53 81 7.4 5.020
U-10 67 61.7 0.91 120 57.3 0.80 1.8 76 1.7 5.541
U-11 160 63.7 0.95 500 58.3 0.81 3.1 72 0.3 5.507
U-12 110 63.1 0.96 380 58.1 0.82 34 79 1.7 6.494
S-13 25 62.4 0.91 180 57.3 0.63 7.0 67 9.6 5.196
S-14 50 59.8 0.96 53 58.5 0.92 1.1 45 0.2 5.208
S-15 150 62.8 0.97 520 58.8 0.71 34 75 1.5 5.868
S-16 <11 62.2 0.77 30 58.8 0.73 - 78 0.9 5.238
R-17 19 61.4 0.76 210 57.8 0.33 11 75 2.3 5.774
R-18 <11 58.6 0.84 <19 57.2 0.66 - 74 3.6 5.327
R-19 120 58.2 0.95 59 55.6 0.95 0.49 38 1.8 5.265
W-20 15 62.1 0.86 26 57.4 0.66 1.8 72 0.8 7.156
W-21 5 300 63.4 0.91 5100 58.4 0.91 1.0 57 15 6.421
W-22 11 62.5 0.86 33 58.4 0.82 3.0 102 1.0 7.091
W-23 480 63.0 0.93 2700 59.7 0.65 5.7 59 1.1 7.682
W-24 40 62.4 0.93 99 58.5 0.80 2.5 93 0.9 7.123
W-25 52 58.9 0.97 160 55.2 0.71 3.1 36 <0.01 7.155
W-26 91 61.5 0.94 240 59.0 0.83 2.7 82 <0.01 7.131
W-27 30 62.3 0.96 320 56.8 0.64 11 85 7.4 6.125
W-28 15 59.1 0.94 <19 57.7 0.83 - 72 2.4 7.289

Coefficient of determination (R?) for the deconvolution quantification below 0.5 given in italic, indicating that

the reported value is indicative.
- MCCP/SCCP not determined
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Figure S3: Boxplots illustrating relative levels of CPs in blanks, field blanks, and soil samples. For SCCPs in soil samples,
four samples have concentrations higher than the illustrated range. Blank concentrations converted to ng/g dw.
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Table S7: Sequestered amount in air sample and estimated concentration, fraction of DP anti isomer, and recovery of
internal standard for dechloranes in air samples

Location Dec 602 Dec 603 DP syn DP anti Recovery  Recovery  fanti
ng/sample ng/sample ng/sample ng/sample Dec 602 DP syn
(pg/m?) (pg/m?) (pg/m?) (pg/m?) (%) (%)
R-1 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 74 74 -
R-2 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 70 68 -
R-3 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4)  0.1(0.7) 18 18 -
S-4 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 69 73 -
u-5 0.009 (0.07)  <0.001 (<0.007)  0.08 (0.6) 0.2 (2) 58 62 0.73
U-6 0.02 (0.2) 0.03 (0.2) 0.3(2) 0.7 (5) 51 60 0.71
U-7 0.03 (0.2) 0.009 (0.07) 0.5 (4) 2 (16) 68 80 0.80
U-8 0.007 (0.05)  <0.001 (<0.007) <0.06 (<0.4)  0.1(0.8) 66 68 -
u-9 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 71 72 -
U-10 0.006 (0.04)  <0.001 (<0.007) <0.06 (<0.4) 0.1 (1) 63 66 -
U-11 0.01 (0.1) 0.006 (0.04)  <0.06 (<0.4) 0.2 (1) 65 65 -
U-12 <0.001 (<0.007)  <0.001 (<0.007) 0.2 (1) 0.2 (2) 73 75 0.59
S-13 <0.001 (<0.007)  <0.001 (<0.007)  0.1(0.8) 03(2) 72 73 0.71
Season 1 0.01 (0.1) <0.001 (<0.007) 0.1 (0.8) 0.4 (3) 68 68 0.77
Season 2 0.01 (0.1) 0.01 (0.08) 0.1(0.9) 0.4 (3) 63 70 0.74
Season 3 0.02 (0.1) 0.01 (0.08) 0.2 (2) 0.6 (4) 54 61 0.73
Season 4 0.01 (0.1) <0.001 (<0.007) 0.2 (1) 0.5 (4) 54 63 0.74
Season 5 0.02 (0.1) 0.01 (0.09) 0.1(1) 0.5 (3) 66 71 0.78
S-14 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 75 78 -
S-15 <0.001 (<0.007)  <0.001 (<0.007)  0.06 (0.5)  <0.09 (<0.6) 70 70 -
S-16 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 70 71 -
R-17 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 73 73 -
R-18 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 73 77 -
R-19 <0.001 (<0.007)  <0.001 (<0.007) <0.06 (<0.4) 0.1(1) 75 75 -
W-20 0.008 (0.05)  <0.001 (<0.007) <0.06 (<0.4)  0.1(0.8) 63 67 -
Ww-21 0.03 (0.2) <0.001 (<0.007) 0.1 (1) 0.3 (2) 21 28 0.67
W-22 0.01 (0.08) <0.001 (<0.007)  0.09 (0.6) 0.2 (1) 57 62 0.71
W-23 0.008 (0.05)  <0.001 (<0.007) 0.3(2) 1(7) * * 0.77
W-24 0.005(0.03)  <0.001 (<0.007) <0.06 (<0.4) 0.2 (1) 73 91 -
W-25  <0.001 (<0.007) <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 72 73 -
W-26 0.008 (0.05)  <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 72 74 -
W-27 0.005 (0.03) 0.006 (0.04)  <0.06 (<0.4) <0.09 (<0.6) 71 73 -
W-28  <0.001 (<0.007) <0.001 (<0.007) <0.06 (<0.4) <0.09 (<0.6) 70 71 -

* Recovery calculation not possible due to an instrumental interference affecting the recovery standard (1,2,3,4-
Tetrachloronapthalene). Internal standard used for quantification (*3C labelled 1,5,5,6,6,10-Hexachlorodecane)

not affected.

- f anti not determined

S15



DP syn in blanks air DP syn in blanks and samples air

M Blanks [ Field Blanks M Blanks [ Field Blanks [ Samples
0,6 5
0,5 4 °
0,4
) ’ ) 3
£ £
0,3 °
E E 2 L
0,2 ==
0,1 1
0 0 =
DP anti in blanks air DP anti in blanks and samples air
M Blanks [ Field Blanks M Blanks [ Field Blanks [ Samples
0,8 18

pg/m?
pg/m3

0,7 16 °
0,6 14
0,5 12
0,4 10 °
0,3
0.2 .
0,1
0 o =

Figure S4: Boxplots illustrating relative levels of DP in blanks, field blanks, and air samples. Blank concentrations
converted to pg/m?.
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Table S8: Concentration of dechloranes, recovery of internal standard, and fraction of DP anti isomer in soil samples.

Location Dec 602 Dec 603 DP syn DP anti Recovery DP fanti
ng/g dw ng/g dw ng/g dw ng/g dw syn (%)
R-1 0.002 <0.001 <0.01 <0.02 74 -
R-2 0.001 <0.001 <0.01 <0.02 76 -
R-3 <0.001 0.008 <0.01 0.06 71 -
S-4 <0.001 <0.001 0.01 0.05 72 0.82
U-5 0.005 0.2 0.07 0.2 78 0.77
U-6 0.05 0.2 3 2 110 0.47
u-7 0.03 0.09 0.3 1 62 0.77
u-8 0.007 0.3 0.09 0.5 32 0.83
u-9 0.006 0.3 0.1 0.2 65 0.71
U-10 0.01 0.04 0.05 0.1 58 0.72
U-11 0.008 0.004 0.2 0.8 59 0.80
U-12 0.006 0.08 0.2 0.4 63 0.73
S-13 0.01 3 0.06 0.2 49 0.77
S-14 <0.001 0.08 0.04 0.08 14 0.68
S-15 <0.001 <0.001 0.06 0.3 51 0.81
S-16 <0.001 <0.001 0.01 0.04 57 0.78
R-17 0.02 0.08 0.02 0.03 53 0.66
R-18 0.002 0.002 <0.01 <0.02 53 -
R-19 <0.001 <0.001 0.03 0.1 10 0.76
W-20 <0.001 <0.001 <0.01 0.03 83 -
W-21 0.004 0.01 0.3 0.6 79 0.64
W-22 0.002 <0.001 0.02 0.05 89 0.76
W-23 0.003 <0.001 2 4 70 0.74
W-24 0.003 <0.001 0.07 0.2 76 0.74
W-25 <0.001 <0.001 0.02 0.04 34 0.70
W-26 0.001 0.08 0.02 0.07 82 0.77
W-27 0.005 0.2 0.08 0.4 76 0.84
W-28 0.001 0.01 <0.01 0.03 52 -

- fanti not determined
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Figure S5: Boxplots illustrating relative levels of DP in blanks, field blanks, and samples. For both DP syn and DP anti in
soil samples, two samples have concentrations higher than the illustrated range. Blank concentrations converted to ng/g dw.

Table S9: Average percent deviation for air samples deployed in duplicate (N=3), and soil samples analysed in parallel

(N=4).
Compound Air Soil
SCCPs 7% 17%
MCCPs 15% 15%
DP syn 11% 14%
DP anti 19% 26%
Dec 602 7% 2%
Dec 603 ND 8%

ND: Dec 603 not detected in any of the air samples analysed in parallel.
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Table S10: Correlations between analysed compounds and soil organic matter (SOM). Dec 603 in air omitted given low
detection frequency.

DP air Dec SCCP MCCP DP Dec
602 air air air soil 603
soil
Dec 602 air 0,64 1
SCCP air 0,66™ 0,61™ 1
MCCP air 0,74™ 0,69™ 0,95™ 1
DP soil 0,71 0,59 0,63 0,71 1
Dec 602 soil ~ 0,53™ 0,45" 0,37 0,49™ 0,60™
Dec 603 soil 0,17 0,21 0,34 0,38 0,45" 1
SCCP soil 0,52 0,49 05517 0,554 0,84 0,40"
MCCP soil 0,53 0,55™ 053" 0,617 088" 0,50™
SOM -0,03 -0,17 -0,27 -0,19 0,04 0,47

*p <0.05, **p <0.01, ***p < 0.001

Table S11: Reported concentrations of CPs and dechloranes in air from selected studies. CPs air concentrations in ng/m?,
Dechlorane air concentrations in pg/m?.

Country/ Location Sampling SCCPs MCCPs Dec 602 Ref.
region type (ng/md) (ng/md) (pg/md)
Tanzania urban/rural/(  Passive 0.3-63 <0.4-35 <0.007-0.2 this study
e-)waste
Australia urban/rural Passive <LOD-1 <LOD-2 (van Mourik
et al., 2020)
India/ urban/rural Passive <LOD-47 <LOD-38 (Chaemfa et
Pakistan al., 2014)
UK Active <LOD-3 <LOD-14 (Barber et
al., 2005)
Antarctica remote Active 0.01-0.02 0.004-0.005 (Maetal.,
2014)
Australia urban Active 2-82 (Gillett et
al., 2017)
Tibet remote Passive 0.1-1 (Wuetal.,
2017)
Tibet urban Passive 1-14 (Wu etal.,
2017)
Switzerland  urban Passive 1-42 (Diefenbach
eretal.,
2015)
China industrial Passive 6-63 (Niuetal.,
2020)
China urban Active 2-330 (Wang et
al., 2012)
China industrial Passive 1-110 (Wang et
al., 2013)
China urban Active 15-91 (Zhu et al.,
2017)
China urban/rural Passive 14-520 (Lietal.,
2012)
Japan urban/rural Passive 0.3-14 (Lietal.,
2012)
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South Korea  urban/rural Passive 0.6-9 (Lietal.,
2012)
Bangladesh  shipbreakin  Passive 8-580 (Ngst et al.,
g/ urban 2015)
Tibet remote Passive 0.05-0.7 (Wuetal.,
2019)
Tibet urban Passive 0.8-7 (Wu etal.,
2019)
Africa rural/ Passive <LOD-0.6 (Schuster et
background al., 2020)
Global background/  Passive <LOD-30 (Schuster et
(excl. urban al., 2020)
Africa)
Uganda suburban Active <LOD-6 (Arinaitwe
etal., 2014)
North Sea marine Active 0.1-22 (Méller et
al., 2012)
Southeast marine Active 0.3-11 (Moller et
Asia al., 2012)
Atlantic marine Active 0.05-4 (Méller et
Ocean al., 2010)
Greenland Active <LOD-42 (Vorkamp et
al., 2015)
China urban/rural Passive <LOD-66 (Renetal.,
2008)
China e-waste Active 13-1800 (Chenetal.,
2011)
China urban Passive 5-9 (Maetal.,
2011)
Tibet Passive <LOD-12 (Livetal.,
2018)
UK urban/rural Passive 0.6-21" (Drage et
al., 2016)
us urban/rural Active <LOD-490 (Hoh et al.,
2006)
us urban/rural Active 0.3-5" (Liuetal,
2016)
us urban/rural Active <LOD-4" (Olukunle et
al., 2018)
Africa urban Passive 2-28 0.08-0.2 (Saini etal.,
2020)
Global urban Passive 0.02-14 <LOD-0.5 (Saini et al.,
(excl. 2020)
Africa)
Africa background  Passive <LOD <LOD-0.07 (Rauert et
al., 2018)
Global background/  Passive <LOD-116 <LOD-2 (Rauert et
(excl. urban al., 2018)
Africa)
East Asia marine Active 0.01-1 0.01-0.2 0.4 (Maller et
al., 2011)
Spain urban Active/ 0.01-7 <LOD-0.02 <LOD-0.01 (DelaTorre
passive et al., 2018)

* Range of means
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Table S12: Reported concentrations of CPs and dechloranes in soil from selected studies.

Country/ Location type SCCPs MCCPs DP Dec 602 (ng/g  Dec 603

region (ng/g dw) (ng/g dw) (ng/g dw) dw) (ng/g dw)

Tanzania urban/rural/ <11-5 300 <19-5 100 <0.01-6 <0.001-0.05 <0.001-3 this study

(e-)waste

Ghana/ e-waste 69-28 000 <LOD-1 400 (Mdockel et al.,

Sierra 2020)

Leone

Switzerland 3-35 5-160 (Bogdal et al.,
2017)

China urban <LOD-620  2-190 (Wang et al.,
2014)

China suburban <LOD-700  <LOD-670 (Wang et al.,
2017)

China Industrial 2-240 2-1500 (Wang et al.,
2013)

China 79-950 20-1 200 (Wang et al.,
2020)

China e-waste 69-220000  510-4 400 000 (Xu et al., 2019)

China suburban 160-1 500 (Zeng et al.,
2011)

UK/Norway  background <LOD-280 (Halse et al.,
2015)

UK urban/rural <LOD-5" (Drage et al.,
2016)

Vietnam e-waste <LOD-65 (Someyacet al.,
2016)

Tibet <LOD-0.05 (Liuetal.,
2018)

China urban 0.01 (Maetal.,
2011)

China industrial 0.03-5 (Yu et al., 2010)

China e-waste <LOD-47 (Yuetal., 2010)

China e-waste 4-2100 (Lietal., 2018)

China e-waste <LOD-160 <LOD-0.4 <LOD-0.3 (Taoetal.,
2015)

Antarctica remote 0.06-0.3 <LOD-0.007 <LOD-0.07 (Gaoetal.,
2018)

* Organic matter normalized soil concentration
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Figure S6: Air concentrations of SCCPs, MCCPs, and DP plotted against cumulative rainfall during air sample deployment.
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Figure S8: Chain length distribution of CPs in air samples (above) and soil samples (lower).
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Text S2: Congener group profiles

A larger degree of spatial variation in CPs congener group profiles was observed in soil
compared to air (Figure S10). This was particularly notable for chlorination degree, where the
distribution of the number of chlorines was centered around Clz congener groups for rural
locations, as opposed to Clg congener groups which dominated at suburban, urban, and waste-
source transect locations. A Wilcoxon rank sum test on chlorination degree of soil samples
(Table S6) showed a significant difference between urban and rural locations (p < 0.05) for
both SCCPs and MCCPs. Within rural locations, air and soil congener group profiles showed
some similarity, both characterized by low chlorination degree, although the distributions of
the number of chlorines in air were dominated by Cle. Overall, soil showed a higher
chlorination degree, and a larger contribution of longer chain lengths compared to air. The
lack of spatial variation in congener group profiles in air as opposed to soil reflect that air is a
well-mixed medium, and congener group profiles in air therefore represent an “average” of
nearby sources during the sampling period, in addition to the physicochemical properties of

the congener groups.
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Principal component analysis (PCA) was applied to CPs congener group profiles for air
samples and soil samples. In the PCA on air sample congener profiles, distinction between
settlement categories was low (data not shown), reflecting the findings Figure S10 (and
Figure S8 and S9), where high similarity of congener group profiles of the different

settlement categories was seen.

Figure S11 shows a PCA score plot from soil sample congener group profiles. Differences in
congener group profiles between urban soil, and rural soil mirror the differences also seen in
Figure S10. The PCA score plot also show a separation between urban locations, the e-waste
location (W-23), and the dumpsite (W-21). The separation between these hot spots for CPs
contamination suggests differences in sources, implying materials handled at the dumpsite
and at the e-waste site differ, and that the urban CPs contamination found in Dar es Salaam
cannot be tied specifically or at least exclusively to waste or e-waste in the urban

environment.
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Figure S11: PCA biplot on CPs congener group profiles from soil samples.
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Table S13: Values and equations used in mechanistic assessments and fugacity calculations.

Symbol  Value Unit Description Equation

poc 1000000 g/m3 Density of organic matter

pwW 1000000 g/m3 Density of water

pmm 2400000 g/m3 Density of minerals

[0} 0,5 Porosity of soil

VFw Volume fraction water

VFa Volume fraction air

VFe Volume fraction soil solids

VFeoc Volume fraction organic solids

MFoc Mass fraction of organic carbon in dry soil

MFw Mass fraction of water in soil

Fa Relative importance evaporation Fa = De/(De + Dew + Der)
Few Relative importance leaching Few = Dew/(De + Dew + Der)
Fer Relative importance erosion Fer = Der/(De + Dew + Der)
De mol/h Pa D-value for evaporation Ae/((1/U7e Za) + (1/(U5e Za)+(Ube Zw))
Dew mol/h Pa D-value for leching (1-frUe)Uew Ae Zw

Der mol/h Pa D-value for erosion Ae Uer Zeoc

Za mol/m®Pa Fugacity capacity in air 1/(RT)

Zw mol/m®Pa Fugacity capacity in water 1/(R T Kaw)

Zeoc mol/m®Pa Fugacity capacity in organic solids Zw Koc VFeoc (poc/1076)

Zs mol/m®Pa Fugacity capacity in soil MFoc Koc Zw (pmm/10”6)
US5e m/h MTC for air filled pore space (Ba/In2h) ((VFa*10/3)/(VFa + VFw)"2
Ube m/h MTC for diffusion in the water filled pore space  (Bw/In2h) ((VFw"10/3)/(VFa + VFw)"2
Ue7 2,08 m/h MTC through air boundary layer over soil

Ba 0,018 m2/h Molecular diffusivity in air

Bw 0,0000018 m2/h Molecular diffusivity in water

h 0,1 m Soil depth

Ae 1 m2 Soil area

frUe 0,43 Fraction of water evaporation from soil

Uew 0,000039 m/h Leaching rate of water from soil

Uer 0,000000023 m/h Solid runoff rate from soil

T 298 K Temperature

R 8,134 m3Pa/Kmol  Gas constant

Kaw Air water partition coefficient

Koc Organic solids water partition coefficient

fa Pa Fugacity in air CalZa

fs Pa Fugacity in soil Csl/Zs
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Figure S12: Distribution plots for CPs (black) and dechloranes (red) in soil compartments. Left: dry soil (pore space 1%
water). Right: wet soil (pore space 99% water). Thick line represents 50% in phase, dotted line represents 1% in phase.
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Figure S13: Mobility plots for CPs (black) and dechloranes (red) in soil compartments. Left: dry soil (pore space 1% water).
Right: wet soil (pore space 99% water). Thick line represents 50% relevance of process, dotted line represents 1% relevance

of process.

Text S3: Soil air fugacity ratios

Physicochemical property data is required to perform fugacity calculations. For CPs,
congener group specific physicochemical property data were available for 24 SCCPs and 12

MCCPs congener groups from Gluge et al. (2013) (congener groups in bold in Table S2 and
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Table S3), so only these congener groups were included in fugacity calculations. For

dechloranes, physicochemical property data from Sverko et al. (2011) was used.

Congener group specific air sample volumes for fugacity calculations

For the results of fugacity calculations to better account for the wide range of
physicochemical properties of CPs, congener group specific sample volumes for the passive
air sampling were calculated for the included congener groups, using the physicochemical

property data from Glige et al. (2013) and the following equations from Harner (2016):

Vair(m®) = Kpyp_a Vpyp(1 — e TP MTC/ Kpur-a /D yim) (eq. S1)
And
IOg KPUF—A =d 10(0.636610gK0A—3.174-4-) (eq 82)

Where d is PUF density (g/m®) and Veur is the volume of the PUF disk (m®), Dt is
deployment time (days), MTC is air-side mass transfer coefficient (m/day) and Dsiim is

effective film thickness (m).

The Koa values used in eq. S2 are for 25°C. As this is close to the average temperature in the

studied region (26°C), no temperature adjustment of these values was carried out.

The fraction of compound bound to particles vs. the fraction in gas phase is important for the
MONET type passive sampler, which has been shown to be less effective at uptake of particle
associated compounds compared to alternative sampler configurations (Bohlin et al., 2014;
Klanova et al., 2007; Markovic et al., 2015). Highly chlorinated, longer chain length CPs
have high log Koa values (>11), indicating association with particles in air even in climate
zones with elevated temperature. Thus, the particle fraction correction equations from Harner

(2016) were used to adjust sample volumes.
Vair particle corrected = Vyi, (1 — @) + (prp)) (eq. S3)

Where ¢ is the fraction of analyte associated with particles:

@ = Kp TSP/(Kp TSP + 1) (eq. S4)
And
logKp = logKp, +log fOM —11.91 (eq. S5)

or.p IS the particle phase sampling rate as a fraction of the gas phase sampling rate. Here we
used 0.54 for grp (Markovic et al., 2015).
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Concentration of analyte in air (Cair) then equals:
Cair = m/Vgy particle corrected (eq. S6)
Where m is amount of analyte in the analysed sample.

The modelled SCCPs air concentrations from these calculations (based on sum of the 24
congener groups where physicochemical property data were available) were on average 28%
lower than the SCCP air concentrations calculated using generic sampling rates as described
in the main text (as sum of all 34 congener groups). This indicates that the generic sampling

rates provides a reasonable estimate.

Fugacity ratios

The fsoil/fair ratio was calculated for locations where any CPs congener groups or dechloranes
were detected in both air and soil. The fsil/fair ratio indicates the direction of the net diffusive
flux of CPs and dechloranes, thus indicating whether soils act as a net temporary reservoir or

a secondary source.

There are always uncertainties associated with fugacity calculations, and for this specific
study there are additional uncertainties, notably related to i) SOM content, which is likely to
be higher in sampled locations compared to regional average given the choice of sampling
locations under tree canopies, ii) the LOI method used for SOM determination, iii) depth of
the sampled soil, which is likely to be deeper than the layer most active in air-soil exchange,
iv) uncertainties associated with the physical chemical properties of CPs and the
quantification method, which are carried through to fugacity calculations. Consequently,
fsoil/fair Should be interpreted with these uncertainties in mind, and here we only consider
deviation from equilibrium probable if fsoil/fair differ from unity by an order of magnitude or

more.

On average, SCCPs and MCCPs congener groups had fsii/fair >1, indicating soil to air flux,
while dechloranes had fsoil/fair <<1 indicating a clear air to soil flux. The strong air to soil flux
of dechloranes in combination with lower frequencies of detection of dechloranes in air
outside source regions indicate that soil functions as a net temporary storage reservoir for
these compounds in the studied region (Figure S20). This is consistent with our soil model
and is a consequence of their physicochemical properties (low Kaw, high Koc), suggesting
that once in soil, dechloranes will not return to the gas phase irrespective of SOM content and

season. Resuspension sorbed to aeolian dust is however a possibility. Some highly
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chlorinated CPs congener groups (Cls to Cli1) also showed fsoil/fair <1 in rural and urban areas.
For low chlorinated SCCPs congener groups, soil was seen to act as a secondary source,
particularly in rural areas (Figure S16). In urban areas, this effect was likely outcompeted by

the prevalent presence of primary sources.

Urban locations overall showed few CPs congener groups deviating from equilibrium status.
Exceptions were high chlorinated and longer chain length congener groups, which showed air
to soil flux. The analysed dechloranes also showed strong air to soil flux at all urban locations

where detected.

Locations on the waste-source transect showed on average soil to air flux for most of the Cio,
Cu and Cy2 congener groups. This average was strongly influenced by high soil to air flux at
the dumpsite, W-21, with an average SCCPs congener group fsoil/fair of 49. In comparison, the
e-waste facility, W-23, showed an average SCCPs congener group fsoil/fair of only 7.
Locations in the vicinity, W-20 and W-22 showed air to soil flux for highly chlorinated

congener groups.

Rural locations had particularly high fsii/fair for low chlorinated congener groups (e.g.,
C10Cls: 176, C11Cls: 728, C12Cls: 542). This indicates soils in these areas act as secondary
sources for these compounds. Some higher chlorinated CPs on the other hand have fsoii/fair

showing air to soil flux, e.g., C13Clio: 0.03.

W-25 and W-26 were excluded from fugacity calculations given the lack of SOM in soil from

these locations.
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Figure S14: Average fsoil/fair for CPs congener groups and dechloranes at rural locations.
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Figure S15: Average fsil/fair for CPs congener groups and dechloranes at suburban locations.
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Figure S16: Average fsoil/fair for CPs congener groups and dechloranes at urban locations.
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Temporal trends of industrial organic contaminants can show how environmental burdens
respond to changes in production, regulation, and other anthropogenic and environmental
factors. Numerous studies have documented such trends from the Northern Hemisphere,
while there is very limited data in the literature from sub-Saharan Africa. We hypothesized
that the temporal trends of legacy and contemporary industrial contaminants in sub-
Saharan Africa could greatly differ from the regions in which many of these chemicals were
initially produced and more extensively used. For this purpose, a dated sediment core
covering six decades from a floodplain system in urban Dar es Salaam, Tanzania, was
analysed. The samples were analysed for selected legacy persistent organic pollutants
(POPs) [polychlorinated biphenyls (PCBs) and polybrominated biphenyl ethers (PBDESs)]
and chemicals of emerging concern (CECs) [alternative brominated flame retardants
(aBFRs), chlorinated paraffins (CPs), and dechloranes]. All groups of chemicals showed
a steep increase in concentrations towards the uppermost sediment layers reflecting the
more recent years. Concentrations of the individual compound groups in surface sediment
were found in the order CPs >> aBFRs ~ ) -sPBDEs > dechloranes ~ Y 3,PCBs. Time
trends for the individual compounds and compound groups differed, with Y 3,PCBs
showing presence in sediments since at least the early 1960s, while some CECs first
occurred in sediments corresponding to the last decade. Investigations into potential
drivers for the observed trends showed that socioeconomic factors related to growth in
population, economy, and waste generation have contributed to increasing
concentrations of PBDEs, aBFRs, CPs, and Dechlorane Plus. Further monitoring of
temporal trends of industrial organic contaminants in urban areas in the Global South
is recommended.
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INTRODUCTION

Legacy persistent organic pollutants (POPs), like polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs),
have physicochemical properties which makes them persistent,
bioaccumulative, toxic, and have a potential for long-range
environmental transport. Some chemicals of emerging concern
(CECs), like alternative brominated flame-retardants (aBFRs),
chlorinated paraffins (CPs), and dechloranes, also share some of
these properties. Time trends for production of these
contaminants vary. PCBs and CPs have been produced since
the 1930s, Dechlorane Plus (DP) from the 1960s, and PBDEs
from the 1970s, while some aBFRs were not produced before the
1980s and 1990s (Breivik et al., 2002; Hoh et al., 2006; Covaci
et al,, 2011; Glige et al., 2016; Abbasi et al., 2019). International
regulation ensured an end to production of PCBs by the 1990s
and PBDEs by the 2010s (Breivik et al., 2002; UNEP, 2017; Abbasi
et al,, 2019), while the CECs largely remain unregulated at an
international level and production remains high or is increasing
(Gluige et al., 2016; Xiong et al., 2019; Hansen et al., 2020). Both
legacy POPs and CECs have been and are still used extensively in
consumer products with different functions and user lifetimes.
PCBs were applied in long-life electrical equipment, such as
capacitors and transformers (Voogt and Brinkman, 1989),
while PBDEs, aBFRs, CPs, and dechloranes have been, or still
are used as flame retardants in e.g., electronics, building materials,
and textiles. Many of the contemporary products containing
CECs have shorter use lifetimes. Emissions to the environment
may occur during production, but also during use of products
containing legacy POPs and CECs, and from their disposal and
recycling when these products reach their end of life.

Different histories for legacy POPs and CECs in terms of
production, use, regulation, and waste disposal are thus likely to
be reflected in long-term time trends of contaminant burdens in
the physical environment. Research on time trends of these
contaminants is therefore important to assess the effects of
regulation and other emission-reducing measures, and to
identify compounds that may merit further attention. Most
studies on long-term temporal trends of POPs and CECs are
from the Northern Hemisphere, where most of these chemicals
have been more extensively produced and used. For instance,
PCBs were mainly produced and/or used in North America,
Europe, and Japan (Breivik et al, 2002). In these regions,
environmental burdens peak around the time of peak
production (Bogdal et al., 2008; Arp et al., 2011). Monitoring
of atmospheric concentrations have documented declining
primary emissions in recent decades (Schuster et al., 2010;
Hung et al., 2016; Halvorsen et al., 2021; Wong et al., 2021).

However, elevated atmospheric concentrations of PCBs in
some developing and newly industrialized regions in the
Global South, including sub-Saharan Africa, indicate ongoing
emissions (Klanova et al., 2009; Gioia et al., 2011). Unfortunately,
studies on environmental levels of legacy POPs and CECs from
sub-Saharan Africa are limited, particularly involving monitoring
of long-term time trends (UNEP, 2021). The population and
consumption is growing in urban areas in sub-Saharan Africa,
though there is a low capacity for environmentally sound waste

FIGURE 1 | Sampling location for sediment cores marked with arrow.
Map from Google Earth.

and e-waste handling. These regions are thus conceived to receive
disproportionally large burdens of emissions at the end of the
lifetime of products containing legacy POPs and CECs
(Hoornweg and Bhada-Tata, 2012). Furthermore, elevated
ambient temperatures may lead to enhanced emission of semi-
volatile POPs and CECs from products in use and from waste
(Breivik et al., 2011). These factors are likely to result in diverging
long-term time trends compared to temperate regions in the
industrialized Northern Hemisphere, indicating a need for
further research in sub-Saharan Africa.

Studies assessing time trends are often based on monitoring of
atmospheric levels. However, assessments of long-term time
trends require monitoring over decades, yet atmospheric
monitoring programs have only recently included CECs
(Wong et al, 2021). Instead, sequentially settled and
undisturbed sediments in e.g., fluvial floodplain systems may
serve as archives documenting how levels of persistent
contaminants in the physical environment have changed in
response to changing emissions. This is possible as sediments
function as a sink for legacy POPs and CECs, and individual
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sediment layers can be dated using radioisotopes (Korosi et al.,
2015). The collection and analysis of sediment cores is therefore a
relevant technique to assess long-term temporal trends of both
legacy POPs and CECs in regions where long-term monitoring
has been lacking.

The main objective of this study is to describe long-term
temporal trends of selected legacy POPs and CECs in a dated
sediment core from a sub-Saharan African urban region. Dar es
Salaam, Tanzania, was chosen as the study area. This city has
experienced growing consumption and population yet suffers
from a limited capacity for handling municipal waste and e-waste
(Yhdego, 2017; Mahenge et al., 2018). PCBs, PBDEs, aBFRs, CPs,
and dechloranes were selected as target analytes as they represent
divergent histories related to production, use, and international
regulation. None of the selected chemicals are known to have
been produced in the region. Their long-term trends in the dated
sediment core are compared with results from similar studies
from other parts of the world, with particular attention to
potential differences between industrialized and developing
regions. Finally, the likely socioeconomic and biogeochemical
drivers affecting the observed trends are assessed.

MATERIALS AND METHODS
Sampling Site

An urban area was targeted for sampling as the aim was to assess
contaminants from local sources rather than contaminants from e.g,,
long-range transport. Sediment cores were thus collected from a
tributary to the Msimbazi River in Tabata ward in Dar es Salaam (6°
49' 17" S,39° 13’ 29" E) (Figure 1) in February 2019. The size of the
tributary river watershed is approximately 30 km?. Soil textures
within the catchment are mainly sand and sandy clay (Igulu and
Mshiu, 2020) while the sampled section of the riverbed mainly
consisted of clay. A floodplain area was chosen for sampling since
such terrains favour gravitational settling. The sediments are also less
prone to be eroded due to the slow water movement (Heim and
Schwarzbauer, 2013). Dar es Salaam has a wet tropical climate, with
an annual rainfall of more than 1000 mm, mainly occurring during
two rain seasons; the “long rains” in April-May and the “short rains”
in October-November. Within the watershed, sources of legacy
POPs and CECs to sediments are expected to include surface
runoff, untreated wastewater, atmospheric deposition, and
seepage from unsolicited scattered dumping of domestic waste.

Sample Collection

Two sediment cores, one for dating and one for legacy POPs
and CECs analysis, were collected within ~30 cm of each other
using the inner tube (inner diameter 65 mm) of a gravity corer.
Both cores were 39 cm in length, of which the top 15 cm were
cut in 1 cm layers, while the lower sections were cut into 2 cm
layers. Sectioning was done on-site, and slicing tools were
rinsed in stream water between each slicing. Sediment layers
were placed in pre-cleaned glass containers with aluminium
foil-lined lids, transported in cooling bags, and subsequently
stored in freezer after arrival at the laboratory.

Increasing Trends of Organic Contaminants

Dating of Sediments
Layers from the sediment core collected for dating were

shipped to GEL Laboratories, Charleston SC, United States,
for radioisotope analysis and dating. >'°Pb was determined by
Alpha spectrometric analysis of its granddaughter in the ***U
series, >'°Po, which provide more accurate estimates of *'°Pb
compared to its direct analysis. ***Ra and '*’Cs were
determined using gamma spectrometry (Kim and Burnett,
1986). Sedimentation rate was modelled based on !°Pb that
was not from the decay of **°Ra in the sediments (i.e., excess
210pp) using the constant rate of supply (CRS) model and the
constant flux: constant sedimentation (CF:CS) model as
detailed in Appleby and Oldfield (1992).

Sample Preparation and Instrumental

Analysis

Methods used for sample preparation and chemical analysis
are detailed in the supplementary information (SI) and
previously described for soils in Nipen et al. (2021). Only a
summary is provided here. Approximately 2 g of wet sediment
from each layer of the sediment core collected for legacy POPs
and CECs analysis were dried and homogenized by mixing
with sodium sulphate in a mortar. '>C labelled internal
standards were added to each sediment layer before
accelerated solvent extraction (ASE) using acetone/n-hexane
(1:1). Approximately 2 g of activated copper powder was added
to the extraction cells to remove elemental sulphur. Extracts
were volume reduced, before concentrated sulphuric acid was
added to remove lipids and other acid-labile potential
instrumental  interferences,  followed by  column
chromatography clean-up with activated silica eluted with
diethyl ether/n-hexane (1:9). The solvent was changed to
isooctane, and volume reduced to 100 ul using a gentle
stream of N,. A recovery standard of 1,2,34-
tetrachloronapthalene was added before instrumental analysis.

Sediment concentrations of 32 PCBs, 25 PBDEs, and 14
aBFRs were determined using gas chromatography high-
resolution mass spectrometry (GC-HRMS) (AutoSpec,
Waters, Manchester, United Kingdom). Concentrations of
34 short chain CPs (SCCPs) congener groups, 28 medium
chain CPs (MCCPs) congener groups, and nine dechlorane
compounds were analysed using gas chromatography
quadrupole time-of-flight high-resolution mass spectrometry
(GC/Q-TOF) (Agilent, Santa Clara, United States). CPs were
quantified using a pattern deconvolution procedure (Bogdal
et al., 2015). A full inventory of congeners, congener groups,
and acronyms used in the text is provided in Supplementary
Table S1.

Water and organic matter (OM) content in sediment layers
were determined gravimetrically by loss on drying at 110°C and
loss on ignition (LOI) at 550°C, respectively. OM was determined
by LOI followed by correction for loss of structural water in clay
(Hoogsteen et al., 2015). Water content, which varied from 31%
in the lowest sediment layer to 75% in the top layer, was used to
calculate dry weight (dw) concentrations and bulk density.
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Quality Assurance
All glassware were baked overnight at 450°C and rinsed with

acetone and n-hexane before use. Components for ASE cells were
sonicated in acetone twice, followed by sonication in n-hexane.
High purity grade solvents were used throughout laboratory
procedures. Field blanks (N = 3) and method blanks (N = 5)
were analysed along with the sediment samples. Average blank
levels were typically low, except for DBDPE, SCCPs, and MCCPs.
High concentrations of these compounds in sediment samples
ensured average blank concentrations only represented 6, 9, and
4% of average detected sample concentrations, respectively.
Detailed information on blank levels is provided in
Supplementary Table S2. Sample concentrations were blank
corrected based on field and method blanks run with each
sample batch. No significant difference was detected between
field and method blanks (p < 0.05), so both were used to
determine method detection limits (LODs). LODs were
determined as three times the standard deviation of the blanks
normalized to the average sample amount. LODs ranged between
0.0028 and 0.069 ng/g dw for PCBs, 0.0002 and 0.19 ng/g dw for
PBDEs, and 0.0011 and 0.043 ng/g dw for aBFRs other than
DBDPE. DBDPE had a higher detection limit of 1.7 ng/g dw.
LOD for both SCCPs and MCCPs were 22ng/g dw. No
dechloranes were detected in blanks. Instrument detection
limits, which ranged from 0.0041 to 0.083 ng/g dw, were
therefore used for these compounds. For PCBs, PBDEs, and
aBFRs two isotope m/z ratios were analysed for each
compound, and results were to be excluded if the ratio
diverged from the theoretical isotope ratio by more than 20%.
However, no diverging ratios were found in samples with
concentrations above the LODs.

Recoveries of internal standards were acceptable for the
methods used. They varied between 48 + 13% and 59 + 6% for
PCBs, 29 + 7% and 51 + 10% for PBDEs, 35 + 11% and 48 +
11% for aBFRs, 79 + 15% and 90 + 21% for dechloranes, and
71 + 18% for CPs. Samples with internal standard recovery
<15% were re-analysed. All legacy POPs and CECs were
quantified using the isotope dilution principle, hence
intrinsically correcting for recovery. The standard reference
material SRM 1944 of an urban marine sediment, from the
National Institute for Standards and Technology, was analysed
for PCBs and PBDEs with 92 + 14% and 89 + 14% compliance,
respectively.

RESULTS AND DISCUSSION

Sediment Core Dating

The sediment layers contained low activities of excess >'°Pb,
rendering core dating challenging. However, a reasonably
good exponential decay of *'°Pb was measured in a mid-
section of the core (8-20 cm depth). For this section, the
sediment accumulation rate (SAR) was determined to be
0.27 + 0.07 cm/year using the CRS model. This corresponds
well with SAR determined using the CF:CS model (0.18 +
0.03 cm/year). Dates for the top- and mid-section of the
core were thus assigned based on the rate of sedimentation

Increasing Trends of Organic Contaminants

(CRS model) in the mid-section of the core, covering the time
interval 1962 to 2019. Sediment layers below the mid-section
of the core did not show exponential decay of *'°Pb. This
section could therefore not be dated with any confidence and is
thus referred to as pre-1962. Activities of '*’Cs were generally
below or near detection limits and could thus not confirm the
dating.

Concentrations and Time Trends of Legacy
POPs and CECs

Temporal trends in concentrations of ) 3;,PCBs, Y ,sPBDEs,
aBFRs, CPs, and dechloranes with estimated age of sediment
layers are shown in Figure 2. Concentrations and congener
profiles in each sediment layer are provided in Supplementary
Table S6 and Supplementary Figures S4-S8. All analysed PCBs
and PBDEs congeners, and both SCCPs and MCCPs, were
detected in one or more sediment layer. Of the 14 analysed
aBFRs, the following were detected in one or more sediment
layers: DBDPE, BTBPE, TBPH, ATE, a-TBECH, b-TBECH,
g/d-TBECH, HBB, and PBBZ. Of these, only three (DBDPE,
BTBPE, and TBPH) were detected in notable amounts
(concentrations >0.1 ng/g dw) and with discernible time trends
and are therefore included in further discussions. Of the nine
analysed dechloranes, only DP (syn- and anti-isomers), Dec 602,
and Dec 603 were detected. Overall, the highest concentrations
were found for CPs, followed by aBFRs and ),sPBDEs with
concentrations two orders of magnitude lower than CPs, and
dechloranes and ) 3,PCBs with concentrations three orders of
magnitude lower than CPs.

Most of the legacy POPs and CECs showed steep increases in
concentrations in sediment layers corresponding to the late
2010s. This trend was particularly notable for the CECs, with
CPs and aBFRs showing 10-15 times increase from sediment
layers corresponding to 2016/2017 to 2019. Of the dechloranes,
DP increased five times in the same layers, but the levels of Dec
602 and Dec 603 remained relatively constant. Of the legacy
POPs, Y ,sPBDEs concentrations increased seven times, while
Y 32PCBs concentrations tripled. Although the increase in
Y'3,PCBs in the late 2010s was small compared to some CECs,
it is notable considering that the global production of PCBs
peaked five decades ago (Breivik et al., 2002).

Tables 1, 2 lists the approximate year of peak concentration in
sediment cores from this study and other studies for comparison,
organized by region (developing and newly industrialized
countries (Table 1) and industrialized countries (Table 2)).
Temporal trends for the compound groups are discussed
below, followed by a discussion of potential drivers for the
observed increasing trends.

Legacy POPs

Y 3,PCB concentrations varied between 0.19 ng/g dw in the
deepest sediment layer and 5.8ng/g dw in the surface
sediment layer (Figure 2A). Subsurface peaks of ) ;,PCBs
were found in layers corresponding to pre-1962 (3.4 ng/g dw),
the 1970s (3.5 ng/g dw), and the late-1990s (4.9 ng/g dw). The
dominating congeners in the sediments were PCB-138 (on
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FIGURE 2| A,B) Concentration of Y 3,PCBs and Y 25PBDEs, respectively, in sediments layers dated from before 1962-2019, along with trend in global production
for PCBs from Breivik et al. (2002), and trend in global production for PBDEs from Abbasi et al. (2019). (C-E) Concentration of aBFRs, CPs, and dechloranes,

1980 2000 2020 1980 2000 2020

average 15%), PCB-153 (13%), PCB-149 (9.3%), PCB-101 (8.3%),
PCB-118 (7.8%), PCB-180 (7.4%), PCB-28 (4.2%), and PCB-31
(3.0%). Individual PCB congeners had temporal trends which
differed from each other (Illustrated for PCB-28 and PCB-180 in
Figure 3). Concentrations of PCB-118, PCB-138, and PCB-180
peaked in subsurface layers, and the increase between 2017 and
2019 was less than factor 2. Lower chlorinated (e.g., PCB-28 and
PCB-52) and higher chlorinated (e.g., PCB-206 and PCB-209)
congeners peaked instead in the upper layers of the core, where
concentrations increased by factors between 3 and 5 from layers
corresponding to 2017-2019. The contribution of higher
chlorinated congeners to Y3;,PCB was however minor
(Supplementary Figure S4). Lower chlorinated congeners are
less persistent, and they reached peak production later compared
to higher chlorinated congeners (Breivik et al., 2002). Both these
factors may affect comparative time trends.

The temporal trend in ) ;,PCBs (Figure 2A) in the studied
sediment core was not consistent with trends found in sediment
cores from industrialized countries. The PCBs loading in
industrialized regions generally peak around 1970 (Table 2),
reflecting the trends in global PCBs production (Figure 2A). In
Tanzania, PCBs were mainly used in closed systems (e.g.,
electrical transformers) (IPEN, 2005) where emissions are
likely to occur during or after decommissioning. This, in
combination with long use-lives of transformers, may explain
the comparatively low peak in PCBs concentrations observed in
the 1970s followed by a higher peak in the late 1990s
(Figure 2A). In this study, as in several other studies from
developing and newly industrialized regions (Table 1), the
highest PCBs concentrations are found in upper most recent

layers of sediments. We attribute this to emissions from
products and waste containing PCBs, causing delayed
emissions compared to industrialized regions. For example, a
Chinese study reported a bimodal peak in PCBs in a dated
sediment core, with the first peak corresponding to the 1970s,
and the second (higher) peak to the 2000s. These peaks were
explained by PCBs production and e-waste processing,
respectively (Yang H. et al., 2012).

Y 2sPBDE concentrations ranged from below LOD in the
deeper sediment layers to 42 ng/g dw in the surface layer
(Figure 2B). Concentrations increased from the 1970s to
around 3 ng/g dw in the 1980s, where it remained relatively
constant until it increased again from the 2000s. From its first
detection onwards, BDE-209, the main congener of the
decaBDE mixture, dominated the ),;PBDE concentrations,
comprising on average 81% of the total (range 71-90%). The
relative contribution of BDE-209 increased with sediment
depth (p < 0.05). This was an unexpected trend considering
that penta- and octaBDE were regulated and phased out of
production a decade earlier than decaBDE (Abbasi et al.,
2019). Time trends for congeners associated with pentaBDE
mixtures and octaBDE mixtures were relatively similar
(Supplementary Figure S5). Y ,;PBDEs and ) 3;,PCBs were
strongly correlated (p < 0.001), and several individual PBDE
and PCB congeners were also correlated (Supplementary
Table S7). PBDEs are not known to have been produced
before around 1970. Nevertheless, several PBDE congeners
were detected in pre-1962 layers, though at low levels. Similar
findings have been reported for PBDEs in sediment cores
collected in China, the UK, and North America, with
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TABLE 1 | Approximate year of peak concentration of PCBs, PBDEs, aBFRs, CPs, and dechloranes in the studied sediment core and in sediment cores from developing and

newly industrialized regions, compiled from literature.

Location System PCBs PBDEs aBFRs

Dar es Salaam, Tanzania River 2019 2019 2019

Nador Lagoon, Morocco Lagoon 2009

Lake Victoria, Uganda Lake 1986

Lake Bujuku and Mahoma, Lakes 2003

Uganda

East China Sea, China Marine 2000

Bay of Manila, Philippines Marine 2009 2009

Gulf of Thailand Marine 1965 1995

Lake Chapala, Mexico Lake 2010 2010

Nhat Le and Cua Dai, Estuaries 1968 2015

Vietnam

East China Sea, Yellow Sea, Marine 2010

China

Thane Creek, Mumbai, India  Estuary 2005

12 Chinese lakes Lakes 2006 2006

Dongjiang, China River sub- surface

surface

Daya Bay, China Marine 2005 2012

Pearl River estuary, China Estuary/ surface
mangrove

Dongjiang, China River

Yellow Sea, China Marine

East China Seas Marine

Pearl River estuary, China Estuary/
mangrove

Beijing, China Lake

Dongjiang, China River

Nine Chinese lakes Lakes

South China Sea, China Marine

Yellow Sea, China Marine

Years in italic indicate peak concentration in surface layer of the sediment core.

PBDEs detected in sediments dated to the 1960s and earlier
(Wu et al.,, 2012; Liu et al.,, 2014; Yang et al., 2016; Da et al.,
2019; Guo et al., 2020). The reason for detection of PBDEs in
sediment layers corresponding to dates prior to its production
is unknown. Potential explanations include contamination
during core extrusion, uncertainty in dating of the older
layers, or bioturbation of the sediments. These factors are
also of relevance to the other analysed compound groups.
According to sediment core data from Western Europe, the
environmental levels of PBDEs levelled off or decreased from
the late 1990s and early 2000s (Bogdal et al., 2008; Vauclin
et al,, 2021). On the other hand, some studies from other
industrialized countries conducted in the early 2000s and
2010s, documented increasing sediment concentrations of
PBDEs (Table 2). This may reflect the continued presence
of PBDEs in the anthroposphere. Contrary to flattening trends
of PBDEs in Western Europe, and similarly to our study,
Ontiveros-Cuadras et al. (2019) found increasing PBDEs
concentrations in sediment cores from Mexico (Table 1). Li
etal. (2016) also found increasing trends of PBDEs in sediment
cores from the East China Sea. They explain this with shifts in
industrial production towards China and import of waste
containing PBDEs. The recent steep increase in PBDEs is

SCCPs

surface
surface

MCCPs DP Dec Ref

603

Dec
602

2019 2019 2019 <1962 <1962  This study
Giuliani et al. (2015)
Arinaitwe et al. (2016)

Arinaitwe et al. (2016)

Yang et al. (2012a)
Kwan et al. (2014)
Kwan et al. (2014)
Ontiveros-Cuadras et al.
(2019)

Tham et al. (2020)

Li et al. (2016)

Tiwari et al. (2018)

Wu et al. (2012)

Zhang et al. (2009)
2012 Liu et al. (2014)
Zhang et al. (2015)

sub-
surface

2010

1980
surface

He et al. (2014)

Wang et al. (2017)
Wang et al. (2016)
Sun et al. (2016)

Zeng et al. (2011)
Chen et al. (2011)
Zhang et al. (2019)
Zeng et al. (2017)
Zeng et al. (2013)

surface
2019
2004
2005

2019
2004
2005

therefore likely best explained by increasing disposal and
recycling of waste products containing PBDEs.

CECs

The concentrations of DBDPE, BTBPE and TBPH ranged from <1.7
to 57, <0.01 to 1.1, and <0.06-5.0 ng/g dw, respectively (Figure 2C).
DBDPE was first detected in sediment layers corresponding to 2014
and increased up to 57 ng/g dw in the surface layer. Studies on
sediment cores from North America (Yang R. et al., 2012), Japan
(Hoang et al., 2021), and China (Zhang et al., 2009; Wu et al., 2012;
Zhang et al, 2015) show similar increasing concentrations of
DBDPE (Tables 1, 2), though DBDPE was generally detected in
layers down to deposits from the 1980s or 1990s. BTBPE was
detectable in the sediment down to layers corresponding to the
early 1980s, though concentrations increased from the late 1990s,
and reached the highest concentration in layers corresponding to the
late 2010s. Sediment cores from North America show BTBPE
concentrations increasing from the 1970s, and levelling off
between the mid-1980s and the early 2000s (Hoh et al, 2005;
Yang R. et al, 2012). In a study from China, however, BTBPE
concentrations were generally found to continue increasing to the
upper sediment layers (Zhang et al., 2015). TBPH was detected down
to sediment layers corresponding to the late 1990s. Concentrations
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TABLE 2| Approximate year of peak concentration of PCBs, PBDEs, aBFRs, CPs, and dechloranes in sediment cores from regions which have remained industrialized for
an extended time, compiled from literature.

SCCPs

1940
1990
1970
1986

MCCPs

2016
1990

2004

DP

Dec
602

Dec
603

Ref

Yuan et al. (2017)
Zeng et al. (2017)
Marvin et al. (2003)
lozza et al. (2008)

Location System PCBs PBDEs aBFRs
Baltic Sea, Sweden Marine
Tokyo Bay, Japan Marine
Lake Ontario, North America Lake
Lake Thun, Switzerland Lake 1969
Oslo Harbour, Norway Marine 1970
Beppu Bay, Japan Marine 1970
Greifensee, Switzerland Lake 1960
Adriatic Sea, ltaly Marine 1985
Rhone, France River 1990
Seine, France River 1970
Five lakes, Texas, USA Lakes/ 1970
reservoirs
Lake Superior, North America Lake 1985 2002
Lake Thun, Switzerland Lake 1965 2004
Rhone, France River 1995
Drammensfijord, Norway Marine 1999
Wadden Sea, Netherlands Marine 1989
Lake Woserin, Germany Lake 1990
Lake Erie, North America Lake 1999
Lake Michigan, USA Lake 1995
Sidney estuary, Australia Estuary 2014
Lake Ontario, North America Lake 2004
Lake Michigan, North America Lake
Lake Erie, North America Lake
Five Great Lakes, North America  Lakes
Lake Ontario, North America Lake
Lake Ontario, North America Lake
Three Great Lakes, North Lakes 2000 2010
America
Lake Michigan, North America Lake 1995 1986
Five Great Lakes, North America  Lakes 2007
Beppu Bay, Japan Marine 2011

Years in italic indicate peak concentration in surface layer of the sediment core.
4Dec 602 and Dec 603 reported together.

remain relatively constant between 1 and 2 ng/g dw through the
2010s and increase to 5ng/g dw in the surface sediment layer. A
study from South China reported similar increasing concentrations
of TBPH in sediments (Liu et al., 2014). The delayed appearance of
DBDPE, BTBPE, and TBPH in the sediments from Dar es Salaam,
compared to studies from North America and China, is likely due to
differences in industrial activity. DBDPE, BTBPE, and TBPH all
correlated strongly with Y ,sPBDEs and individual PBDEs
congeners. BIBPE and TBPH also showed strong correlations to
>'3,PCBs (p < 0.001) (Supplementary Table S7).

MCCPs dominated over SCCPs with concentrations varying
from <22 to 6,200 and to 1,400 ng/g dw, respectively. The highest
CPs concentrations were found in the surface sediment layer,
with strongest increase occurring between 2017 and 2019
(Figure 2D). MCCPs were detected in all sediment layers
corresponding to the mid-1990s onwards, while SCCPs were
first detected in layers corresponding to the mid-2010s. Time
trends of SCCPs and MCCPs were strongly correlated to
Y,sPBDEs and aBFRs (p < 0.001) (Supplementary Table S7).
In sediment cores from Western Europe, SCCPs concentrations
peaked around the 1980s and 1990s, while MCCPs generally

Arp et al. (2011)
Takahashi et al. (2020)
Zennegg et al. (2007)
Combi et al. (2016)
Desmet et al. (2012)
Dendievel et al. (2020)
Van Metre and Mahler
(2004)
Song et al. (2004)
Bogdal et al. (2008)
Vauclin et al. (2021)
Zegers et al. (2003)
Zegers et al. (2003)
Zegers et al. (2003)
Zhu and Hites, (2005)
Zhu and Hites, (2005)
Drage et al. (2015)
1994 Qiu et al. (2007)
1976 Hoh et al. (2006)
sub- Sverko et al. (2008)
surface
1980
1980
1980
1980

19907
1995
1980

1990%
1980
1990

Yang et al. (2011)
Shen et al. (2011)
Shen et al. (2010b)
Guo et al. (2020)

Hoh et al. (2005)
Yang et al. (2012b)
Hoang et al. (2021)

show continued increasing trends (Iozza et al., 2008; Yuan et al,,
2017). In sediment cores from China, which has sustained high
CPs production, both SCCPs and MCCPs concentrations in
general show the highest concentrations in surface layers
(Zeng et al,, 2012; Zhang et al, 2019) (Tables 1, 2). There is
no known production of CPs in Tanzania, so the continued
increasing trend is likely connected to the increased use and
disposal of CPs containing products, possibly in combination
with increased applications of CPs in metal industry. Elevated
levels of CPs have been measured in air and soil in and around
Dar es Salaam. Spatial trends suggested that municipal waste and
e-waste were important sources (Nipen et al., 2021). Surface
sediment concentrations of SCCPs and MCCPs
comparable to or higher than the highest soil concentration
found in urban areas (1600 and 3200 ng/g dw, respectively,
(Nipen et al., 2021). Moreover, congener group profiles of CPs
in sediments were more comparable to urban soil than to urban
air (SI Text 2).

DP was the dominant dechlorane compound in the sediment
(Figure 2E), with concentrations ranging from <0.02 to 8.4 ng/g
dw. Dec 602 and Dec 603 concentrations ranged from <0.01 to

were
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FIGURE 3 | Concentration of PCB-28 and PCB-180 in sediments layers
dated from before 1962-2019.

0.27, and 0.18-4.0 ng/g dw, respectively. DP was detected in pre-
1962 layers and remained stable at around 1 ng/g dw until the
early 2000s. From the mid-2000s, concentrations fluctuated over
a general increase to peak concentration in the surface layer. As
far as we are aware, this study is the first to report sediment core
based long-term time trends for dechloranes from outside regions
where they are produced (the North American Great Lakes region
and China). In the Great Lakes region, DP concentrations have
generally increased from the 1960s or 1970s, usually peaking in
the 1980s or 1990s, although some sediment cores showed
continued increasing trends into the upper layers (Qiu et al,
2007; Shen et al., 2010b; Shen et al, 2011; Yang et al., 2011)
(Table 2). In China, the vertical profile of DP in sediments show
increasing trends towards the surface layers (Table 1). Dec 603
concentration in the studied sediment peaked in layers
corresponding to pre-1962 (Figure 2E), followed by
comparatively low concentrations in subsequent sediment
layers. In sediment cores from the Great Lakes region, Dec
603 increased from the 1950s or 1960s, and peaked around
the 1980s or 1990s (Shen et al., 2010b; Shen et al, 2011)
(Table 2). Shen et al. (2010a) describe Dec 603 as an impurity
in the historically used pesticides Aldrin and Dieldrin. They
observed spatial trends of Dec 603 in sediments in the Great
Lakes corresponding to pesticide use. Historic pesticide use is also
a plausible explanation for the trends for Dec 603 in this study (SI
Text 3). The levels of Dec 602 also peaked in pre-1962 sediment

Increasing Trends of Organic Contaminants

layers (Figure 2E). The Dec 602 peak was followed by declining
concentrations, with stable low concentrations around or just
below 0.05ng/g dw from the mid-1980s up to the surface
sediment layer. In sediment cores from the Great Lakes
region, Dec 602 concentrations increased from the 1960s or
1970s and peaked around the 1980s and 1990s (Shen et al.,
2010b; Shen et al.,, 2011). Dec 602 only showed a significant
correlation with Dec 603 (p < 0.01), while correlations between
Dec 603 and other CECs and legacy POPs were generally
negative. Although DP showed strong positive correlations
with both the legacy POPs (}3,PCBs and ) ,sPBDEs) and the
other CECs (aBFRs and CPs) (p < 0.001 for all), the continued
presence of DP in sediments over decades demonstrate that it is
” contaminant in this region.

Spatial trends and elevated levels of DP in air and soil in Dar
es Salaam suggest e-waste as an important source (Nipen et al.,
2021). The levels of DP in the surface sediment layer were
higher than the highest concentrations found in urban soil
(5.0 ng/g dw). Dec 602 and Dec 603 concentrations in surface
sediment (0.07 and 0.2 ng/g dw, respectively) were comparable
to the highest soil concentrations found in urban areas (0.05
and 0.3 ng/g dw, respectively). Moreover, the study by Nipen
et al. suggested that the Dec 603 sources were of a historic
nature, which is consistent with the findings in this study.

not a “new

Potential Drivers for Time Trends of Legacy
POPs and CECs

There are several conceptual explanations for the recent
increasing trends in POPs and CECs, both in terms of the
socioeconomic development in the region and due to shifts in
environmental pressures on biogeochemical processes.

Growth in urban population and especially in per capita
Gross Domestic Product (GDP) (Figure 4A) imply growth in
consumption and general waste generation (Hoornweg and
Bhada-Tata, 2012). Further, the very strong growth in mobile
and broadband subscriptions, along with the amount of
e-waste generated in the region, show that consumption
has been particularly strong for electronics during the last
decade. Strong correlations were found between these
socioeconomic parameters and sediment concentrations of
Y 2sPBDEs, aBFRs, DP, and CPs (p < 0.001). Dec 602, Dec 603,
and )3,PCBs were not correlated with any of the
socioeconomic parameters, although some individual
congeners (PCB-28 and PCB-206, p < 0.001) were
(Supplementary Table S$8). Strong temporal correlations
between socioeconomic parameters and the level of flame
retardants (PBDEs, aBFRs, DP, along with CPs) in the
sediment layers, suggest that increases in consumption and
waste generation of consumer goods containing these
additives contribute to the increase in these pollutants
during the late 2010s. PCB-28 and PCB-206 have been
reported to occur as unintentional by-products in pigment
production (Anh et al., 2020). Consequently, use and disposal
of pigment-containing consumer products may be a
contributing factor for the increasing trend for these
congeners in the 2010s. These findings suggest that
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FIGURE 4 | (A) Time trends of some socioeconomic factors in Tanzania (GDP, broadband subscriptions, mobile phone subscriptions, e-waste generated) and Dar
es Salaam (population). For comparison purposes data have been converted to unitless numbers by normalizing using the mean. Original data for population, GDP per
capita, Broadband subscriptions, and mobile phone subscriptions are gathered from the World Bank (WorldBank, 2021). E-waste data are from the Tanzanian National
Beaureu of Statistics (NBS, 2019). (B,C) Concentrations of DBDPE plotted against mobile phone subscriptions and e-waste from 1998 to 2019 (e-waste data only
available to 2017). (D,E): Concentrations of MCCPs plotted against broadband subscriptions and population in Dar es Salaam from 1998 to 2019.

inadequate handling and recycling of waste has led to
increasing pollutant levels in the urban environment.

The exponential rather than linear relationship between CECs
and socioeconomic factors (Figures 4B-E) suggests that
additional factors may contribute synergistically to increasing
concentrations. Elevated concentrations of organic pollutants in
sediment layers may be due to erosion of contaminated topsoil or
other contaminated surface reservoirs within the watershed
caused by intense rainfall and flooding events (Lu et al., 2016).
Correlations of rainfall versus legacy POPs and CECs were
investigated for two different time intervals (1983-2018 and
2010-2018), wusing rainfall data from the Tanzanian
Meteorological Authority (TMA, 2021). The longer and
shorter time intervals were chosen based on the likelihood of

legacy POPs and CECs being present in topsoil, respectively. No
significant correlations were found for the time interval
1983-2018 (Supplementary Table S9). For the time interval
2010 to 2018, the rainfall episodes between 2010 and 2012
were less intense, around average between 2013 and 2016, and
stronger than average in 2017 and 2018. For the time interval
2010 to 2018, CPs and DBDPE were significantly correlated with
rainfall (p < 0.05 and p < 0.01, respectively). Similarities in CPs
congener group profiles in soil from urban areas and sediment, as
well as comparable concentrations, support that increased
erosion of contaminated soil has contributed to the increasing
trend of CPs in sediments.

Strong associations are expected between OM content and the
hydrophobic legacy POPs and CECs (Supplementary Figure
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S11). OM content in the sediment varied between 1% in the
lowest sediment layer to 9% in the top layer. The OM content was
strongly positively correlated to sediment concentration of most
PCB and PBDE congeners, ) 5,PCBs, Y ,sPBDE, TBPH, BTBPE,
DP, and MCCPs (p < 0.001). OM content was also significantly
correlated to PCB-209, DBDPE, and SCCPs (p < 0.05), while
there were no or negative correlations between OM and Dec 602
and Dec 603. However, the main features of trends of legacy POPs
and CECs, including strong increases in the late 2010s and
subsurface peaks for PCBs, remain when concentrations are
normalized to OM content (Supplementary Figure S12). If
OM content was the main explanatory factor governing the
time trends, there would have been a “smoothing out” of the
concentration differences between the sediment layers. The trend
in OM content is therefore not likely to be the main driver for the
observed temporal trends.

Opverall, these findings suggest that the increasing trends in
legacy POPs and CECs in sediment layers corresponding to the
late 2010s are mainly a consequence of increased primary
emissions from products and waste in connection with the
rapid socioeconomic development in the region. However,
secondary emissions in the form of remobilized surface
reservoirs of legacy POPs and CECs are likely to have
contributed to the increasing trends, particularly for CPs and
DBDPE.

CONCLUDING REMARKS

This study showed that concentrations of both legacy POPs and
CECs, particularly CPs and DBDPE, have increased notably in
sediment layers corresponding to the late 2010s. Other studies
from industrialized regions, as well as other developing and newly
industrialized regions, in general also show increasing trends for
these CECs. This suggests that particular attention should be
given to these compounds in future monitoring studies, both
regionally and internationally. Comparisons of time trends of
legacy POPs showed that the flattening and declining trends seen
in most industrialized regions, as a response to regulation and
emission controls, are not reflected in the studied region, nor in
most other developing and newly industrialized regions. This
underlines the importance of improved emissions controls in
waste handling and recycling in these regions. This should be
further prioritized at a regional level, but also in international
regulatory efforts relating to trade in products, used products, and
waste that contain these compounds.

More studies of sediment cores are needed to further
document historical emission trends in developing and newly
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Supplementary Material
1 Method

1.1 Sample preparation

Procedural blanks (N = 5) and field blanks (N = 3) were analysed along with sediment samples. Field
blanks consisted of precleaned (baked overnight at 450°C) sodium sulphate packed in the same way
as sediment samples. The containers used were glass jars with aluminium foil lined metal lids. Field
blanks were opened briefly on-site during extrusion and sectioning of the sediment cores. Procedural
blanks consisted of precleaned sodium sulphate being brought through every step of extraction,
clean-up, and analysis in the same manner as samples.

Prior to sample preparation all glassware was baked overnight at 450°C and rinsed with acetone and
n-hexane. High purity grade solvents were used throughout. All components for Accelerated Solvent
Extraction (ASE) cells were sonicated twice in acetone (15 min) followed by sonication in n-hexane
(15 min). Prior to extraction, sediment samples (4 g wet weight) were dried and homogenized by
mortaring with precleaned sodium sulphate until a free-flowing powder was achieved. ASE cells (30
mL) were packed (from bottom to top) with 3 cellulose filters, 5 g precleaned (baked overnight at
550°C) Florisil, cellulose filter, the sample/sodium sulphate mix with 2 g activated copper powder
mixed in, 13C labelled internal standards, followed by filter. The following '*C labelled internal
standards were used for the different analyte groups:

e 13Clabelled PCBs: PCB-28, PCB-52, PCB-101, PCB-105, PCB-114, PCB-118, PCB-123,
PCB-153, PCB-138, PCB-167, PCB-157, PCB-180, PCB-189, and PCB-209.

e 13C labelled PBDEs: BDE-28, BDE-47, BDE-99, BDE-153, BDE-183, BDE-197, BDE-206,
and BDE-209.

e 3Clabelled aBFRs: ATE, PBBZ, HBB, DPTE, EHTBB, BTBPE and DBDPE.

e 3C labelled dechloranes: DP syn and Dec 602.

e 3Clabelled CPs: 1,5,5,6,6,10-Hexachlorodecane.

Extraction was performed using ASE (Dionex) with acetone/n-hexane (1:1) and three extraction
cycles at 1500 psi and 100°C. Collection vials had a 0.5 cm layer of sodium sulphate added to retain
any water from sediments being co-extracted in the process.

Extracted samples were volume reduced to 0.5 mL using a Turbovap system (Zymark), and solvent
was changed to n-hexane. Samples were transferred to glass centrifuge tubes and had 2 mL
concentrated sulphuric acid added for the removal of potential acid labile matrix interferences. This
was repeated by removing the n-hexane phase to a clean centrifuge tube adding new sulphuric acid,
until a clear extract was achieved (four repetitions). To remove more polar potential interferences,
including break-down products from the sulphuric acid treatment still present in the n-hexane phase,
samples were further cleaned using activated silica. 4 g of activated silica (baked overnight at 550°C)
was dry packed in a 15 mm internal diameter glass column and topped with a 1 cm layer of sodium
sulphate. The column was conditioned with 30 mL diethyl ether/n-hexane (1:9) before the sample
was added and eluted by 30 mL diethyl ether/n-hexane (1:9). Solvent was changed to isooctane, and



Supplementary Material

volume reduced to 100 pL using a gentle stream of high purity nitrogen. A recovery standard of
1,2,3,4-Tetrachloronaphthalene was added, before transfer to gas chromatography (GC)-vials.

1.2 Instrumental analysis, quantification, and data analysis

For Chlorinated paraffins (CPs) and dechloranes, the samples were analysed using GC quadrupole
time-of-flight high resolution mass spectrometry (MS) (7200B GC/Q-TOF, Agilent, Santa Clara,
USA). The GC separation was performed using a two-part column. The analytical section was a 15 m
HP-5ms Ultra Inert stationary phase with inner diameter 250 um, and film thickness 0.25 um, while
the second column was a 1.8 m fused silica column with no stationary phase and an inner diameter of
150 pm for the purpose of restriction. Flow rates were 1.2 mL/min on the first section, and 1.4
mL/min on the second section. A programmed temperature vaporization (PVT) inlet in solvent vent
mode was used for the introduction of samples. The PTV program was starting at 60°C, holding for
0.35 min, increasing by 500°C/min to 320°C, holding for 3 minutes, before 10°C/min ramp to 290°C,
and holding for 20 min and finally 500°C/min ramp to 320°C. The GC oven temperature program
was as follows: initial temperature 55°C, hold time 2 min, 70°C/min ramp to 200°C, hold for 1 min.
10°C/min ramp to 280°C, hold for 1 min, then10°C/min ramp to 310°C and finally 70°C/min ramp to
325°C, hold for 4 min. The Q-TOF was run using an electron capture negative ionization (ECNI)
source with methane as a moderating gas. Source temperature was kept at 120°C to minimize
fragmentation and optimize for the formation of [M—CI] or the [M—HCI] ion for the Chlorinated
Paraffins (CPs) and [M]" for the Dechloranes. The electron energy was set to 250 electron volts in the
source, with an emission current of 12 pA.

For PCBs, PBDEs, and aBFRs, analysis was performed using GC-high resolution MS (AutoSpec,
Waters, Manchester, UK). PBDEs and aBFRs were both separated on a Restek 1614, 15 m, 250 um
inner diameter column with 0.1 pm film thickness. PTV was used in solvent vent mode starting at
45°C, holding for 0.55 min, before ramping at 250°C/min to 300°C. The GC oven program was as
follows: initial temperature 45°C, hold time 2.5 min, followed by 22°C/min ramp to 220°C, 7°C/min
ramp to 280°C, and 40°C/min ramp to 300°C and hold for 6.6 min. PCBs were separated on a HT-8,
50 m, 220 um inner diameter column with 0.25 um film thickness. PTV was used in solvent vent
mode starting at 48°C, holding for 0.35 min, before ramping at 300°C/min to 285°C and holding for 3
min, and ramping at 300°C/min to 310°C, holding for 20 min. The GC oven program was as follows:
initial temperature 45°C, hold time 2.65 min followed by a 70°C/min ramp to 170°C, hold for 0.5
min. Further at 3°C/min ramp to 210°C, hold for 0 min, then ramping by 4°C/min to 285°C and hold
for 0.5 min. Finally, ramp 20°C/min to 320°C and hold for 4.7 min. For PBDEs, aBFRs, and PCBs,
MS was run in electron impact ionization (EI) mode.

Quantification of CPs was performed using a deconvolution method, as described by Bogdal et al.
(2015). Briefly, Cyo - Ci3 standards with 51%, 55% and 63% CI1 (w/w), and single chain length
standards of Cio, C11, Ci2, and Ci3 (50% and 65% Cl) were analysed for short chain CPs (SCCPs),
and for medium chain CPs (MCCPs), Ci4 - Cy7 standards of 42%, 52%, and 57% Cl, and single chain
Ci4 with 52% CI were analysed, and the resulting congener patterns were used to reconstruct the
congener pattern of the sample. This was done using the nnls package in R studio, which applies the
Lawson-Hanson algorithm to obtain non-negative least squares estimates for the contribution of
individual standards to the sample pattern. An R? between sample pattern and reconstructed pattern of
0.5 was deemed acceptable. Separate calibration curves at four concentration levels were prepared for
each standard, and quantification of total SCCPs and MCCPs content was done based on each



standard by using the non-negative least squares estimate for contribution of each standard to the
sample and summarizing contributions from all standards. All sample and standard areas were
normalized using '*C labelled internal standard. Areas were also normalized by natural abundance of
the measured m/z, enabling extension of the instruments linear range.

Statistical analysis was conducted using R studio, version 4.0.5, and Microsoft Excel. Correlations
were calculated using the non-parametric rank-based Spearman procedure as the dataset contains
censored values and some non-normal distributions (Helsel, 2011). For correlations with
socioeconomic parameters sediment data with estimated age from 1962 to 2019 was used. E-waste
data (NBS, 2019) only contained data to 2017, and here we assumed continued linear increase to
2019 for correlation analysis. Differences between CPs congener group profiles in urban sediment,
soil, and air (as reported in Nipen et al. (2021)) was assessed using the Wilcoxon rank sum test.
Compositional changes with depth (fraction of BDE-209, CPs chlorination degree) were assessed
using linear regression.

2 Congener groups

SCCPs and MCCPs congener group profiles in urban air and soils in Nipen et al. (2021) were
compared with the sediment congener group profiles. This revealed that congener group profiles in
sediment were more chlorinated and were dominated by longer chain lengths than air but had similar
chain length composition to the soil (Figure S7 and S8). MCCPs in sediment had significantly (p <
0.05) lower chlorination degree compared to soils. This was not seen for SCCPs, a consequence of
large variation in chlorination degree of SCCPs in soil. The lower chlorination degree of MCCPs in
sediment compared to soil is likely caused by a higher tendency for volatilization of lower
chlorinated congener groups from soils compared to sediments (Figure S11).

Chlorination degree of SCCPs (61.5-62.7% w/w) decreased towards the lower sediment layers, while
no trends in chlorination degree with depth were found for MCCPs. Similar observations were made
for both SCCPs and MCCPs in sediments in China (Chen et al., 2011). For MCCPs, longer chain
length dominance was found with depth of sediment (Figure S9). Trends towards longer chain
lengths and lower chlorination degree with increasing sediment depth is consistent with studies from
China and North America (Tomy et al., 1999; Marvin et al., 2003; Chen et al., 2011; Zeng et al.,
2011), although it remains unclear whether this is related to degradation processes or shifts in
production.

3 Dechlorane 603

Aldrin and Dieldrin have been used in Tanzania, although temporal information is lacking (NIP,
2005). Dieldrin has also previously been detected in sediments of the (main) Msimbazi river in the
Tabata area of Dar es Salaam (Mwevura et al., 2002) and the Dar es Salaam coast (Kishimba et al.,
2004). A small subset of the sediment layers was analysed for Aldrin and Dieldrin to assess the role
of these pesticides as potential sources for Dec 603. Dieldrin was detected with a similar trend pattern
to Dec 603, supporting that the source of Dec 603 is the previous use of this pesticide (Figure S10).
However, the relative amounts of Dieldrin and Dec 603 did not support this, as Dec 603
concentrations were approximately four times higher than Dieldrin concentrations. This could
however be a consequence of higher persistence in sediment of Dec 603 compared to Dieldrin.
Aldrin was not detected in sediment layers. However, Aldrin is known to convert to Dieldrin in the
environment (Jorgenson, 2001).



4 Supplementary Tables and Figures

4.1 Supplementary Tables
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Table S1: Compounds analysed in sediment core samples and abbreviations used in the main text.

Compound Compound Abbreviation
class
2,2'5-TriCB PCB-18
2,4,4'-TriCB PCB-28
2,4',5-TriCB PCB-31
2'.3,4-TriCB PCB-33
3,44'-TriCB PCB-37
2,2'.4,4'-TetCB PCB-47
2,2',5,5'-TetCB PCB-52
2,3'.4,4'-TetCB PCB-66
2,4.4'5-TetCB PCB-74
2,2'4,4' 5-PenCB PCB-99
2,2'.4,5,5'-PenCB PCB-101
2,3,3',4,4'-PenCB PCB-105
2,3,4,4' 5-PenCB PCB-114
2,3'.4,4' 5-PenCB PCB-118
2'3,3'.4,5-PenCB PCB-122
A 2'.3,4,4',5-PenCB PCB-123
8 2,2',3,3',4,4'-HexCB PCB-128
2,2',3,4,4' 5'-HexCB PCB-138
2,2'3.4,5,5'-HexCB PCB-141
2,2'.3,4'5' 6-HexCB PCB-149
2,2',4,4'5,5'-HexCB PCB-153
2,3,3',.4,4' 5-HexCB PCB-156
2,3,3',4,4' 5'-HexCB PCB-157
2,3',4,4'5,5'-HexCB PCB-167
2,2',3,3',4,4' 5-HepCB PCB-170
2,2'3,4,4'5,5-HepCB PCB-180
2,2'3,4,4"5'6-HepCB PCB-183
2,2'3,4'5,5',6-HepCB PCB-187
2,3,3',4,4',5,5'-HepCB PCB-189
2,2'.3,3',4,4'5,5'-OctCB PCB-194
2,2',3,3',4,4'5,5',6-NonCB PCB-206
DecaCB PCB-209
2,2'.4-TriBDE BDE-17
g 2,4,4TriBDE BDE-28
E 2,2'.4,4'-TetBDE BDE-47
2,2'4.5'-TetBDE BDE-49




2,3' 4,4 -TetBDE

BDE-66

2,3',4',6-TetBDE BDE-71
3,3'4,4'-TetBDE BDE-77
2,2',3,4,4'-PenBDE BDE-85
2,2'4.4" 5-PenBDE BDE-99
2,2'4.4',6-PenBDE BDE-100
2,3'4,4' 6-PenBDE BDE-119
3,3',4,4',5-PenBDE BDE-126
2,2'3,4.4"5'-HexBDE BDE-138
2,2'4.4'5,5'-HexBDE BDE-153
2,2'4,4'5,6'-HexBDE BDE-154
2,3,3'4,4' 5-HexBDE BDE-156
2,2'3,4,45",6-HepBDE BDE-183
2,2'3,4,4'.6,6'-HepBDE BDE-184
2,3,3',4,4',5',6-HepBDE BDE-191
2,2'3,3'4,4'.5,6'-OctBDE BDE-196
2,2',3,3',4,4',6,6'-OctBDE BDE-197
2,2',3,3',5,5',6,6'-OctBDE BDE-202
2,2'3,3'4.4'5,5',6-NonBDE BDE-206
2,2'3,3'4,4'.5,6,6'-“NonBDE BDE-207
DecaBDE BDE-209
1,3,5-tribromo-2-(2-propen-yloxy) benzene ATE
1,2-dibromo-4-(1,2dibromoethyl) cyclohexane (alfa) a-TBECH
1,2-dibromo-4-(1,2dibromoethyl) cyclohexane (beta) b-TBECH
1,2-dibromo-4-(1,2dibromoethyl) cyclohexane (gamma/delta) g/d-TBECH
2-Bromoallyl-2,4,6-tribromophenyl ether BATE
Pentabromotoluene PBT

é 1,2,3,4,5-pentabromo-6-etylbenzene PBEB

= Pentabromobenzene PBBZ
Hexabromobenzene HBB
2,3-dibromopropyl 2,4,6-tribromophenyl ether DPTE
2-ethylhexyl-2,3,4,5-tetrabromobenzoate EHTBB
1,2-bis (2,4,6 tribromophenoxy) ethane BTBPE
bis(2-ethylhexyl)-3,4,5,6-tetrabromo-phthalate TBPH
decabromodiphenyl ethane DBDPE
Dibromoaldrin DBALD
Dechlorane 602 Dec 602

2 Dechlorane 603 Dec 603

g Dechlorane 604 Dec 604

% Dechlorane 601 Dec 601

2 Dechlorane plus syn DP syn
Dechlorane plus anti DP anti
1,3-Dechlorane Plus mono adduct 1,3-DPMA
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1,5-Dechlorene Plus mono adduct 1,5-DPMA

SCCPs

CioHisCly

CioH17Cls

CioHi6Cls

CioHi5Cly

CioH14ClIg

CioH13Cly

CioH12Clio

Ci1H2oCly

C11H19Cls

Ci1Hi5Cls

Ci1Hi-Cly

C11Hi6Cls

C11Hi5Cly

CiiHusClyo

CiiHi3Cliy

Ci1H12Cli2

CiiHiClis

Ci2H»Cly

Ci2H2Cls

Ci2H20Cls

Ci2HioCly

Ci2Hi5Clg

Ci2Hi7Clo

Ci2H16Clio

Ci2Hi5Cli

Ci3H24Cly

Ci13H23Cls

Ci3H2:Cls

Ci3H2:Cly

Ci3H20Cls

Ci3H19Clo

Ci3HisClio

Ci3Hi7Cliy

Ci3Hi6Cli2

MCCPs

Ci4H26Cly

Ci4H25Cls

Ci4H24Cls

Ci4H23Cly

Ci4HxClg

Ci4H21Cly

Ci4H20Clio

CisH27Cly




Ci5sH2:Cls

Ci5H26Cls

CisHasCly

Ci5H24Cls

Ci5sH23Clo

CisH2:Clyo

C16H30CI4

Ci6H29Cls

Ci6H2sCls

CisH27Cly

Ci6H26Cls

Ci6Ha5Clo

Ci6H24Clio

Ci7H3:Cly

Ci7H3:Cls

Ci7H30Cls

Ci7H2Cly

C17H25Cls

Ci7H27Clo

Ci7H26Clyo
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Table S2: Average blank concentration (ng/sample) and LOD (ng/g dw) for sediment samples. LOD

values in parenthesis are instrument based LODs.

Compound Average blank LOD
PCB-18 0.028 0.041
PCB-28 0.048 0.069
PCB-31 0.044 0.060
PCB-33 0.035 0.046
PCB-37 0.019 0.014
PCB-47 0.031 0.034
PCB-52 0.047 0.043
PCB-66 0.036 0.015
PCB-74 0.023 0.011
PCB-99 0.014 0.0060
PCB-101 0.029 0.014
PCB-105 0.011 0.0050
PCB-114 0.0047 0.0035
PCB-118 0.020 0.0081
PCB-122 0.0032 0.0035
PCB-123 0.0043 0.0033
PCB-128 0.0058 0.0042
PCB-138 0.014 0.0073
PCB-141 0.0067 0.0034
PCB-149 0.014 0.0061
PCB-153 0.017 0.0066
PCB-156 0.0041 0.0030
PCB-157 0.0034 0.0029
PCB-167 0.0040 0.0038
PCB-170 0.0049 0.0037
PCB-180 0.0078 0.0055
PCB-183 0.0064 0.0045
PCB-187 0.0056 0.0030
PCB-189 0.0033 0.0045
PCB-194 0.0012 (0.0028)
PCB-206 0.0018 (0.0031)
PCB-209 0.0046 0.0069
BDE-17 0.0030 0.00052
BDE-28 0.0040 0.0029
BDE-47 0.045 0.046
BDE-49 0.0022 0.00087
BDE-66 0.0016 0.00086
BDE-71 0.0022 (0.0012)
BDE-77 ND (0.0011)




BDE-85 0.0012 0.00037
BDE-99 0.0088 0.0050
BDE-100 0.0033 0.0025
BDE-119 0.00073 0.00024
BDE-126 0.00066 0.00047
BDE-138 ND (0.0040)
BDE-153 0.0034 0.0020
BDE-154 0.0019 0.00063
BDE-156 ND (0.0053)
BDE-183 0.0033 0.0010
BDE-184 0.0017 (0.0027)
BDE-191 ND (0.0048)
BDE-196 ND (0.0054)
BDE-197 ND (0.0046)
BDE-202 ND (0.0072)
BDE-206 0.017 0.0078
BDE-207 0.012 0.0060
BDE-209 0.20 0.19
ATE 0.020 0.0026
a-TBECH 0.044 (0.024)
b-TBECH 0.050 0.022
g/d-TBECH 0.033 0.0011
BATE 0.021 0.017
PBT 0.018 0.013
PBEB 0.018 0.022
PBBZ 0.022 0.015
HBB 0.060 0.027
DPTE 0.013 0.011
EHTBB 0.035 0.0098
BTBPE 0.029 0.011
TBPH ND (0.043)
DBDPE 1.7 1.7
DBALD ND (0.016)
Dec 602 ND (0.0041)
Dec 603 ND (0.0041)
Dec 604 ND (0.083)
Dec 601 ND (0.021)
DP syn ND (0.0075)
DP anti ND (0.011)
1,3-DPMA ND (0.020)
1,5-DPMA ND (0.040)
SCCPs 46 22
MCCPs 33 22




Table S3: Recovery of internal standards in samples and blanks

Internal standard Average Standard Minimum Maximum
deviation

3C PCB-28 58 6 46 75
3C PCB-52 53 4 43 62
3C PCB-101 59 6 48 70
3C PCB-105 59 9 35 73
3C PCB-114 59 9 37 75
3C PCB-118 53 11 34 82
3C PCB-123 58 10 34 75
3C PCB-153 53 9 31 71
3C PCB-138 57 9 33 73
BC PCB-167 56 10 30 75
3C PCB-156 57 9 35 74
BC PCB-157 57 10 33 74
3C PCB-180 51 12 25 73
3C PCB-189 48 13 20 72
3C PCB-209 50 13 24 75
3C BDE-28 47 9 31 63
3C BDE-47 42 10 27 60
3C BDE-99 51 10 32 71
3C BDE-153 51 11 31 75
3C BDE-183 50 9 35 72
3C BDE-197 45 8 32 69
3C BDE-206 29 7 19 54
3C BDE-209 32 8 15 52
BC ATE 46 11 28 64
3C PBBZ 48 11 19 68
3C HBB 38 10 24 61
3C DPTE 45 16 24 83
3C EHTBB 35 11 19 64
3C BTBPE 48 16 18 81
3C DBDPE 38 23 17 96
BC Dec 602 79 15 60 123
3C DP syn 90 21 66 153
B3C 1,5,5,6,6,10- 71 18 46 120

Hexachlorodecane
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Table S4: Measured and certified concentrations (ng/g dw) from PCB analysis of CRM 1944, urban

sediments.

Congener  measured Certified
PCB-18 51.9 51£2.6
PCB-28 85.3 80.8+2.7
PCB-31 76.6 78.7+1.6
PCB-52 76.6 79.442
PCB-66 56.6 71.9+4.3
PCB-99 27.3 37.5+2.4
PCB-101 67.9 73.442.5
PCB-105 23.0 24.5+1.1
PCB-118 48.8 58+4.3
PCB-128 10.4 8.47+0.28
PCB-138 54.4 62.1+3
PCB-149 48.9 49.7+1.2
PCB-153 61.8 74+2.9
PCB-156 6.33 6.52+0.66
PCB-170 12.8 22.6+1.4
PCB-180 41.7 44.3+1.2
PCB-183 9.76 12.19+0.57
PCB-187 24.1 26.1+1.
PCB-194 10.6 11.2+1.4
PCB-206 9.96 9.21+0.51
PCB-209 6.87 6.81+£0.33

Table S5: Measured and certified concentrations (ng/g dw) of PBDEs in CRM 1944, urban

sediments.
Congener measured certified
BDE-47 1.96 1.72+0.28
BDE-99 1.59 1.98+0.26
BDE-100 0.42 0.447+0.027
BDE-153 4.64 6.44+0.37
BDE-154 1.1 1.06+0.08
BDE-183 25.7 31.8+0.1
BDE-206 53 6.2+1
BDE-209 73.9 93.5+4.4
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Table S8: Spearman rank correlations between development factors and POPs and CECs
concentrations in sediment. Based on data from 1962 to 2019.

GDP e-waste Mobile Broadb. Population
Subscr. subscr. Dar
GDP 1.00
e-waste 0.97" 1.00
Mobile subser.  0.97™" 0.98™" 1.00
Broadb. 0.94™" 0.96™" 0.94™" 1.00
subsecr.
Population Dar  1.00™" 0.97"" 0.97"" 0.94™" 1.00
PCB-28 0.80"" 0.78™" 0.82"" 0.66™ 0.80""
PCB-52 0.16 0.13 0.17 0.06 0.16
PCB-118 0.22 0.15 0.21 0.07 0.22
PCB-138 0.05 0.00 0.09 -0.12 0.05
PCB-180 0.11 0.10 0.18 -0.04 0.11
PCB-206 0.76™" 0.74™" 0.81™" 0.63™ 0.76™"
PCB-209 0.09 -0.04 0.00 -0.11 0.09
>32PCBs 0.28 0.23 0.31 0.11 0.28
BDE-47 0.95™ 0.92"" 0.94™ 0.87"* 0.95™
BDE-99 0.98™" 0.95"" 0.97"" 0.90"" 0.98™"
BDE-183 0.95™" 0.91™" 0.94™" 0.91™" 0.95™"
BDE-209 0.93™" 0.92"" 0.93"" 0.85™" 0.93™"
>2sPBDE 0.94™ 0.92"" 0.95™ 0.85™" 0.94™*
BTBPE 0.96™" 0.95"" 0.95™" 0.92"" 0.96™"
TBPH 0.93"" 0.93"" 0.95™" 0.89"" 0.93""
DBDPE 0.88™" 0.91™" 0.89™" 0.94"" 0.88™"
DP 0.89™* 0.93"" 0.92" 0.89"*" 0.89™"
Dec 602 -0.10 0.00 -0.01 0.08 -0.10
Dec 603 -0.47 -0.38 -0.44 -0.27 -0.47
SCCp 0.79"" 0.81"" 0.76™" 0.84™" 0.79""
MCCP 0.97"" 0.96"" 0.97"" 0.92"* 0.97""

#p < 0.05, **p < 0.01, ***p < 0.001
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Table S9: Spearman rank correlations between rainfall and legacy POPs and CECs during 1983-2018
and 2010-2018.

rain rain

(1983-2018) (2010-2018)
PCB-28 0.14 -0.02
PCB-52 0.43 0.38
PCB-118 0.48 0.05
PCB-138 0.45 -0.20
PCB-180 0.35 -0.61
PCB-206 0.11 -0.04
PCB-209 0.44 0.59
>3»PCBs 0.43 -0.02
BDE-47 0.15 0.34
BDE-99 0.16 0.56
BDE-183 0.00 0.23
BDE-209 0.07 0.05
>2sPBDE  0.07 0.05
BTBPE 0.08 0.38
TBPH -0.24 0.07
DBDPE  0.26 0.88™
DP -0.22 0.05
Dec 602 0.17 0.18
Dec 603 0.02 0.09
SCCP 0.20 0.84"
MCCP 0.18 0.77"

*p < 0.05, **p < 0.01, ***p < 0.001
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4.2 Supplementary Figures
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Figure S1: Water content and organic matter content of sediment layers.

80

depth (cm)

0-1
1-2
2-3
3-4

5-6
6-7

8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-17
17-19
19-21
21-23
23-25
25-27
27-29
29-31
31-33
33-35
35-37
37-39

OM (%)
5

o

10

17



Supplementary Material
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Figure S2: Activity of 2!°Pb and ?*°Ra (left), '*’Cs (middle), and excess >!°Pb (right) at different depts
in the sediment core.
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Figure S3: Sediment accumulation rate and mass accumulation in dated section of the sediment core.

18



n MM « O I~ W
® o o oo g o

M — O N~ 1N o -
Mm M &N N N N N

o™
o~

S 985U Y 0N g9 @ oK O w0 oo o
I D A T - I Ta N - T NI )

A N N < M N A O O
= D T B |

1

100 %

90 %

80 %

70 %

60 %

50 %

40 %

30 %

20 %

10%

0%
o~
m oM
~Non
[s2 N ep]

depth (cm)

B Tri-CBs M Tetra-CBs M Penta-CBs M Hexa-CBs M Hepta-CBs M Octa-CBs M Nona-CBs M Deca-CB

Figure S4: Distribution of PCBs homologues at different sediment depths.
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Figure S5: Distribution of PBDEs at different sediment depths. PentaBDE sum of BDE-47, BDE-99,
BDE-100, BDE-153, and BDE-154. OctaBDE sum of BDE-183, BDE-196, and BDE-197. DecaBDE
equal to BDE-209.
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Figure S6: Concentrations of the aBFRs detected in sediments but not discussed in main text.
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Figure S7: Distribution of chlorination degree in sediment, soil, and air samples from Dar es Salaam.
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normalized concentration of aBFRs, CPs, and dechloranes, respectively, in sediments layers
dated from before 1962 to 2019.
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Abstract

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 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
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of gaseous elemental Hg (Hg(0), GEM) and assess emissions 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 for 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?, indicating significant local sources within the urban area. The municipal waste
dumpsite and e-waste site had GEM concentrations elevated above background, at 2.41 and
1.77 ng/m?, respectively. Hg concentrations in soil in the region (range 0.0067 to 0,098
mg/kg) were low compared to 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 for GEM.

1 Introduction

Harmful effects of mercury (Hg) on human health and ecosystems have been thoroughly
documented and have resulted in national, regional, and international regulation e.g., in the
form of the Minamata Convention.! This has led to declining Hg emissions to the
environment in Europe and North America.? On the global scale however, these declines are
being offset by increased emissions in Asia and Africa.? These temporal and spatial trends in
Hg emissions are reflected in atmospheric Hg concentrations, where North America and
Europe have seen declines.? ® On the other hand, Hg concentrations at Cape Point in South

Africa show signs of increasing concentrations during recent years.* °

Primary sources of Hg to the atmosphere include natural processes (i.e., rock weathering and

volcanism), though these emissions are exceeded by anthropogenic emissions.® Major
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anthropogenic sources for primary Hg emissions include fossil fuel combustion, artisanal and
small-scale gold mining (ASGM), metal smelting, cement production, waste incineration,
processing of e-waste, and burning of biomass.”*! Most of these activities are conducted
within urban areas, which are thus important source regions for atmospheric Hg. Hg also has
secondary sources, in the form of re-emissions of legacy Hg from contaminated surface

reservoirs.?

Hg in the form of gaseous elemental Hg (Hg(0), GEM) is globally distributed through
atmospheric transport.'? ¥ Environmental monitoring of air is thus vital to assess the
effectiveness 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.!* 1> Spatial coverage is however also of importance to better identify the sources, and
assess emission levels, as well as the biogeochemical mobility and transport processes,
governing the GEM concentrations, particularly in urban environments.*® 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,!’ but it is
difficult to attribute concentration variations specifically to spatial or temporal factors.
Passive air samplers (PAS) offer a low-cost alternative. PAS 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.8-* A recent
comparison determined the PAS developed and tested on a global scale by McLagan et al.?*

23 to be the most accurate and precise PAS for GEM at the present time.?*

Besides the atmosphere, soil is also an important environmental compartment for Hg, as it
represents the largest Hg reservoir.? On a large scale, the terrestrial environment acts as a

sink for Hg in the Southern Hemisphere.?® Hg is deposited from the atmosphere to soil by
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oxidation of GEM to Hg(ll), followed by wet and dry deposition, or by plant uptake of GEM
followed by oxidation to Hg(ll) in the leaf interior and deposition through litterfall.1? 2527
The soils’ ability to retain Hg is dependent on soil properties and climate.?> 2 Hg emissions
from soil to the atmosphere generally occur in the form of GEM, and are a result of e.g.,

photoreduction of Hg(11).2%3!

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.*> 4 The Global Mercury Observation System (GMOS), which was
established in 2010 to provide global monitoring data, reflects this. This monitoring network
comprises 40 atmospheric monitoring stations,* though includes only six stations in the
Southern Hemisphere and only one on the African continent (Cape Point, South Africa).*
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.!"
32,33 Consequently, there are large knowledge gaps regarding GEM levels and emissions in

sub-Saharan Africa.

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.>* In addition, differences in 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.?® The gap in GEM data
from sub-Saharan Africa is therefore important to fill 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
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consumption, the region suffers from insufficient systems for handling waste and e-waste.>-%’

In this study, areas in and around Dar es Salaam were therefore chosen as 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.?2 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 first documentation 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.??> 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. 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.® The sampler collects GEM, while other forms of
airborne Hg (gaseous oxidised mercury and particle bound mercury) are unable to pass the
diffusive barrier to any significant extent.3® GEM typically comprises >95% of total gaseous
mercury (TGM),*? meaning that GEM levels provide a good estimate of TGM under most

conditions.
2.2 Sampling

PAS were deployed at 33 locations in and around the city of Dar es Salaam, Tanzania, for
approximately 60 days, between February and April 2019. PAS were deployed in duplicate at

two locations and five field blanks were collected along with the PAS. The deployment of the
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PAS and treatment of field blanks was done according to standard operating procedures
described in McLagan et al.?® The study had two main components, aimed at (i) determining
GEM levels and its spatial distribution within and between urban and rural/suburban areas, in
order to assess the significance of urban emission sources, and (ii) to specifically evaluate the
role of handling of municipal waste and e-waste as sources for GEM. The first 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, areas with heavy industry,
and more and less affluent residential areas. Samples were additionally collected in the
vicinity of two cement production facilities, one located 30 km to the south and one 20 km to
the north of Dar es Salaam. These samplers were collected as close to the facilities as
achievable (within ~1000 m) within site access restrictions. 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.*° Table S1 in

the supporting information (SI) provides detailed information on sampling locations.
2.3 Sample preparation and analysis
2.3.1 Analysis of PAS for Hg

PAS for GEM were analysed at the University of Toronto Scarborough following US EPA
method 7473,* thermal combustion, amalgamation, and atomic absorption spectroscopy.
Detailed descriptions of the procedures are given in McLagan et al.*> 23 Briefly, 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.*? The entire

mass of sorbent in each PAS was analysed (in two aliquots) to account for possible



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

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 sampling time (days) and a sampling rate (m®/day). A global
calibration study determined the PAS sampling rate to be 0.135 + 0.016 m®/day.?® 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.** Location
specific meteorological data were extracted from the ERA5-dataset from ECMWF (European

Centre for Medium-Range Weather Forecasts).**
2.3.2  Analysis of soil

Soil samples were analysed at the University of Oslo, Norway. Samples were air dried at
room temperature (21 °C) for between two days and one week until stable weight. The dry

soils were carefully crushed before being sifted through a 2 mm sieve.*

Soil samples (~50 mg) were analysed for total Hg content using a Direct Mercury Analyser
(DMA-80) (Milestone, Italy), with a similar method to the PAS analysis.*® 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
potentiometrically according to 1ISO10390, and effective cation exchange capacity (CEC) was
determined using barium chloride adhering to 1ISO11260. 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.*® to determine OM content.

Clay content was roughly estimated according to Ritchey et al.*’
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2.4 QAIQC

For the analysis of GEM in the PAS, three types of standards were analysed between
samples. Liquid standards (N=14) showed 98+1% recovery, NIST standard reference
material (Bituminous coal; SRM-2685c) (N=8) showed 93+2% recovery, while an in-house
reference material (PAS sorbent loaded with Hg) (N=6) showed 102+5% recovery.
Concentration of Hg in field blanks (N=5) represented on average 12% of Hg concentration
in samples (Table S3). Samples were blank corrected based on the average of field blanks,
after one field blank was omitted as an outlier. Detection and quantification limits (LOD,
LOQ) were calculated as three and 10 times the standard deviation of the field blanks,
respectively, and correspond to 0.26 ng/m? and 0.86 ng/m? using the average sampling
volume. The LOD and LOQ reported here are comparable to LODs and LOQs reported by
Quant et al.,*® and in the lower range of LODs and LOQs reported by Snow et al.,'! but
higher than those reported by McLagan et al.?? Two duplicate samples showed 6% and 9%
deviation. This is comparable to the precision achieved by Quant et al.,*® and at the lower end

of precision achieved by McLagan et al.Z using the same type of PAS.

For the analysis of Hg in soils, a light sandy soil JRC reference material (BCR-142), was
analysed with 95.7% compliance with the certified concentration. Blank levels for the soils
were low, representing <1% of the average Hg content in soil samples (Table S6). Soil Hg
concentrations were therefore not blank corrected, and LOD (0.0003 mg/kg) and LOQ
(0.0005 mg/kg) were determined as the average plus three and 10 times the standard
deviation of blanks (N=10), respectively, divided by the average sample amount. One rural
sample (R-1, average concentration 0.012 mg/kg) was analysed in five parallels, yielding a

relative standard deviation of 13%.
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2.5 Emission estimates for the urban area

GEM emissions from the urban area were estimated using a simple inflow - outflow 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 defined as
urban in this study, covering an area of approximately 100 km?. Assuming an atmospheric
boundary layer at 1.2 km, the total volume of the urban atmosphere in the model was 120
km?3. We assumed steady-state conditions and a well-mixed atmosphere. Background GEM
concentration (air inflow) was based on Slemr et al.*® For urban GEM concentrations (air
outflow) we used the mean GEM concentrations for urban locations found in this study after
removal of outliers. Wind speed used in the model represented the mean for all urban
sampling locations in Dar es Salaam.** Table S4 provides the parameters and equations used
for the urban emission model. Uncertainty in the emissions were estimated using a Monte
Carlo approach including likely variability in atmospheric boundary layer height, wind speed,
and GEM concentration in inflowing and outflowing air (further described in the SI).
Predicted annual emissions from urban Dar es Salaam based on measured concentrations

were compared to the gridded AMAP/UNEP global Hg emissions inventory for 2010.%°
2.6 Statistical analysis

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

rank correlation.
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3 Results and discussion

3.1 General overview

The LOQ for GEM obtained in this study (0.86 ng/m?®) 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®).*° Two rural/suburban locations had GEM concentrations
between the LOD and the LOQ. GEM concentrations below the LOQ are reported in italic in
the following text. One sample from the municipal waste/e-waste transect had GEM
concentration considerably lower than 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? for
the two-month sampling period (Figure 1, Table 1). Concentration data are provided in Table

S2.
Figure 1 (double column)
Table 1 (double column)

Concentrations of Hg in soil in the present study ranged from 0.0067 to 0.098 mg/kg (Table
2, Table S5). Globally, background Hg content in soil varies, but reported values lie in the
range of 0.01 to 0.1 mg/kg (Beckers and Rinklebe® and references therein). As such, the
range of Hg concentrations in soil found in the region is comparable to background
concentrations. Hg concentrations in soil were poorly correlated with GEM concentrations in

air (Spearman’s rho 0.34, p = 0.076).

Table 2 (double column)
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3.2 Urban-rural transect

3.21 Air

Urban locations in this study showed a median GEM concentration of 1.55 ng/m? (mean 2.13
+ 1.57 ng/m?). Variability in GEM concentrations within the urban area was large, with a
range of 1.07 to 5.34 ng/m3. GEM concentrations at all urban sites exceeded the highest
background value (1.05 ng/m?®) of the range reported by Slemr et al.*® for the Southern
Hemisphere. The two highest GEM concentrations in the study (5.13 and 5.34 ng/m®) were
found at urban locations. Both these samples were collected in areas with mainly residential
character, but not in vicinity of each other, and with differences in e.g., 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®) are higher than in the Southern Hemisphere (0.85
to 1.05 ng/m3).12 1%4% The mean GEM concentration for urban locations found in our study
was higher than GEM concentrations found in Toronto, Canada and in Bronx, Rochester, and
Beltsville, USA.1:52 53 The GEM concentrations were comparable to GEM concentrations in
Pretoria, South Africa; Basel, Switzerland; Taoyuan, Taiwan, and Chicago, USA,>*°" and
lower compared to Da Nang, Vietnam, Seoul, South Korea, and Shanghai, Beijing, Nanjing,

and Guiyang, China.?% 58-62

Studies assessing spatial trends of GEM using PAS in urban areas have as far as we are aware

only been conducted in Toronto, Canada,® and in Basel, Switzerland,> Both these studies
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showed lower spatial variability in Hg concentrations in the urban environment (range
Toronto: 0.94 to 2.37 ng/m?, range Basel: 1.83 to 2.52 ng/m®) compared to our study (1.07 to
5.34 ng/m?). 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?,
collected within a few metres of a facility handling disposal of Hg containing products. The
GEM concentrations along the transects in the Toronto study decreased exponentially,
approaching average urban concentrations after 2000 to 3500 m. The two locations in our
study with GEM concentrations in excess of 5 ng/m? thus suggests the presence of significant
local sources of Hg. However, given the unknown nature of these sources and thus unknown
distance between 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 km?
Dar es Salaam urban area using a simple box model. Estimated annual Hg emissions from the
AMAP/UNEP emissions inventory for the grid cell corresponding to Dar es Salaam (covering
3070 km?) is lower than this, at 20 kg.>® 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).*® Fossil fuel combustion
(notably coal combustion) and ASGM are considered the dominating Hg emission sources in
Africa.? " However, to our knowledge, there are no coal fired power plants and no major
ASGM activity within or near Dar es Salaam. Despite high associated uncertainty, our
emission estimates based on measurements suggests that there are significant Hg sources
within urban Dar es Salaam that are not accounted for in UNEP/AMAP emission estimates,

which therefore could be biased low.
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The median GEM concentration measured at rural and suburban sites of 1.05 ng/m? (range
0.79 to 2.16 ng/m?) is consistent with the Southern Hemisphere background concentrations
reported by Slemr et al.*® Elevated GEM concentrations at three rural and suburban locations
(1.99, 2.05, and 2.16 ng/m®) 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. Consequently, no significant
difference was seen between urban locations and rural/suburban locations (p = 0.27). Belelie
et al.®* 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? 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®)
were slightly elevated above 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, with a median of 0.027
mg/kg. This is low compared to the Hg concentrations found in urban soils elsewhere in the
world (Table 2). They were similar to those reported for urban soil in Kumasi, Ghana, and
Vanadzor, Armenia®®" and lower than those from Beijing and Wuhu, China, Brno, Czech
Republic, Athens, Greece, and Arak, Iran.®®7* 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(I1) to GEM and volatilization of GEM, respectively.?®3! Limited
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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
influenced by both 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 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 for GEM.

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

between urban and rural/suburban regions for soil (p = 0.23).

Soil physicochemical properties (pH, CEC, SOM and clay content) are known to influence
soil capacity to bind Hg and thus its spatial distribution.>' > Of these properties, SOM
showed the strongest positive correlation with Hg concentrations in soil (Table S9)
(Spearman’s rho 0.44, p = 0.019), however this correlation was strongly influenced by one
location. 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 influenced by the physicochemical properties of the soil in form of the
SOM content, in combination with proximity to sources, given the presence of some higher

concentrations in urban locations.
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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? and a range of 1.08 to 2.41 ng/m?® (Figure 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?)
compared to the range reported by Slemr et al.*® for the Southern Hemisphere background
(0.85 to 1.05 ng/m?). The e-waste handler (1.77 ng/m®) 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®) had
intermediate GEM concentrations, identifying the municipal waste dumpsite (2.41 ng/mq)
rather than the e-waste handler as the main source for GEM along this transect. On the other
hand, three urban locations within the urban-rural transect that were located near identified e-
waste handling or recycling sites, all showed somewhat elevated GEM concentrations (1.44,
1.69, and 1.84 ng/m®). An urban location near a decommissioned municipal waste dumpsite

did however not show elevated GEM concentration (1.10 ng/m3).

PAS have previously been applied to determine GEM concentrations near a landfill known to
contain Hg contaminated material in Switzerland,’® and at an e-waste handling facility in
Norway!! (Table 1). The GEM concentration at the municipal waste dumpsite in our study
were within the lower range of GEM measured in the Swiss study. Moreover, 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 the Norwegian facility, and comparable to
ambient air some distance from it.!* Overall, the spatial distribution of GEM concentrations
in the present study suggest that both general waste and e-waste are sources for GEM. The

relatively low levels of GEM around the e-waste handler and municipal waste dumpsite
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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, with a median of 0.015 mg/kg. The soil at the e-waste site (0.033 mg/kg)
had higher Hg concentration compared to the soil collected at the edge of the municipal waste
site (0.022 mg/kg). The highest soil Hg concentration was nevertheless found at a site
towards the periphery of the transect (0.065 mg/kg). 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 low Hg concentration (0.098 and 0.011 mg/kg, respectively). An urban
location near a decommissioned municipal waste dumpsite also had low soil Hg

concentration (0.018 mg/kg).

The municipal waste dumpsite had a soil Hg concentration in the lower range of
concentrations reported from a municipal waste dumpsite in Sierra Leone.”” Moreover, the
Hg concentration in the soil at the e-waste site were lower than concentrations reported from

an informal e-waste site in Ghana.”’
3.4 Concluding remarks

This study shows that urban ambient GEM concentrations in Dar es Salaam are lower than
found in some urban areas in Asia. Nevertheless, GEM concentrations exceeded 5 ng/m? at

two locations, demonstrating the presence of significant local sources. Further investigations
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using multiple PAS 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 significant
unidentified 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 quantification limits in the lower
range of GEM background concentrations for the Southern Hemisphere. Longer deployment

times could further lower the quantification limits.

In addition to disclosing unidentified sources of GEM in Dar es Salaam, our study shows that
handling of municipal waste and e-waste represent sources for GEM at waste sites in the
outskirts of the city, and that e-waste also represent 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 in products and waste

which contain Hg.
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Figure captions:

Figure 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 produced

in QGIS.



666 Table 1:

667  Table 1: GEM concentrations (ng/m?) in ambient air in this study and recent studies from
668  other regions for comparison. Ranges are given for PAS, reflecting the spatial variation, and
669  not for active measurements, which reflect temporal variation. Values below LOQ given in
670 italic.

Category Sampling  Location Mean (Median) Range Reference
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 2
Suburban/industrial Active Highveld, South Africa 1.04,1.25,1.992 64
(TGM)

Landfill PAS Gamsenried, Switzerland 1.22-10.8 76
E-waste PAS Norway 0.9-75 u
Background, Southern Active Multiple remote sites 0.85-1.05° 4
Hemisphere

671  2Means from three locations within the Highveld.

672  PRange of means.
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676

Table 2:

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

Category Location Mean (Median) Range Reference
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 0
Urban Wuhu, China 0.21 0.024-2.84 i
Urban Brno, Czech Republic 0.084-0.326 72
Urban Athens, Greece (0.096) 0.010-1.08 3
Urban Vanadzor, Armenia 0.042 (0.039) 0.0015-0.29 67
Urban Arak, Iran (0.088) 0.066-0.581 “
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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Table S1: Location information. PAS from location W-25 and W-28 lost during sampling or analysis. Temperature and wind

speed are means for the PAS deployment period.

Location Category Matrix  Deployment  Retrieval Temp Wind Location detail

Date PAS Date PAS (°C) speed

(m/s)

RS-1 Rural/suburban Air/soil 08.02.2019 11.04.2019 28.20 4.44  Coastal/rural
RS-2 Rural/suburban Air/soil 09.02.2019 11.04.2019 28.82 3.13  Sparsely residential
RS-3 Rural/suburban  Air/soil 09.02.2019 11.04.2019 28.53 3.46  Sparsely residential
RS-4 Rural/suburban Air/soil 08.02.2019 11.04.2019 28.52 3.50 Residential
U-5 Urban Air/soil 12.02.2019 11.04.2019 28.19 2.85 Disused waste dump
U-6 Urban Air/soil 13.02.2019 10.04.2019 28.21 2.83 Near e-waste handler
uU-7 Urban Air/soil 13.02.2019 10.04.2019 28.21 2.83 Near electronics market
U-8 Urban Air/soil 12.02.2019 12.04.2019 28.15 2.85 Embassy neighbourhood
uU-9 Urban Air/soil 12.02.2019 12.04.2019 28.15 2.85 Residential (affluent)
U-10 Urban Air/soil 11.02.2019 12.04.2019 28.15 2.86 Residential
U-11 Urban Air/soil 12.02.2019 12.04.2019 28.15 2.85 Densely residential
U-12 Urban Air/soil 12.02.2019 14.04.2019 28.10 2.84 Densely residential
RS-13 Rural/suburban Air/soil 11.02.2019 12.04.2019 28.15 2.86  University
RS-14 Rural/suburban Air/soil 10.02.2019 13.04.2019 28.11 2.89 Residential
RS-15 Rural/suburban Air/soil 10.02.2019 13.04.2019 28.15 2.35 Residential
RS-16 Rural/suburban Air/soil 10.02.2019 13.04.2019 28.15 2.35 Residential
RS-17 Rural/suburban Air/soil 10.02.2019 13.04.2019 28.15 2.35 Sparsely residential
RS-18 Rural/suburban Air/soil 10.02.2019 13.04.2019 28.18 2.24 Farmland
RS-19 Rural/suburban Air/soil 11.02.2019 13.04.2019 28.48 2.14  School grounds
W-20 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70  Near dumpsite
W-21 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70 Dumpsite
W-22 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70  Near dump/e-waste site
W-23 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70 E-waste handler
W-24 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70  Near dump/e-waste site
W-25 Waste (Air)/soil 07.02.2019 10.04.2019 28.46 2.67 Near dump/e-waste site
W-26 Waste Air/soil 06.02.2019 10.04.2019 28.46 2.70 Downwind dumpsite
W-27 Waste Air/soil 07.02.2019 10.04.2019 27.96 2.48 Downwind dumpsite
W-28 Waste (Air)/soil 07.02.2019 10.04.2019 28.46 2.67 School grounds
U-29 Urban Air 14.02.2019 12.04.2019 28.14 2.83 Small scale e-waste site
RS-30 Rural/suburban Air 14.02.2019 12.04.2019 28.37 3.16 Cement production
U-31 Urban Air 14.02.2019 12.04.2019 28.14 2.83 Residential
RS-32 Rural/suburban Air 08.02.2019 11.04.2019 28.19 4.44  Cement production
U-33 Urban Air 14.02.2019 12.04.2019 28.14 2.83 School grounds




Table S2: Analytical results for PAS. Highlighted PAS excluded from analysis.

Location Mass Measured  Blank GEM Adjusted LOD LOQ
Carbon Hg (ng) corrected concentration  sampling
(9) (ng) (ng/m®) rate
(m®/day)

RS-1A 0.73 11.76 10.06 1.05 0.1551 0.25 0.84
RS-1B 0.71 12.32 10.67 111 0.1551 0.25 0.82
RS-2 0.69 9.57 7.96 0.86 0.1517 0.25 0.83
RS-3 0.69 20.12 18.52 1.99 0.1524 0.25 0.82
RS-4 0.71 10.17 8.52 0.90 0.1525 0.25 0.83
U-5A 0.70 10.79 9.15 1.05 0.1503  0.27  0.90
U-5B 0.70 11.62 10.00 1.15 0.1503 0.27  0.89
U-6 0.69 13.72 12.12 1.44 0.1503 0.27 0091
u-7 0.72 15.91 14.24 1.69 0.1503 0.29 0.95
U-8 0.68 11.74 10.17 1.15 0.1503 0.25 0.85
U-9 0.74 11.74 10.01 1.13 0.1503 0.28  0.93
U-10 0.69 11.28 9.66 1.07 0.1503 0.26 0.86
U-11 0.72 19.09 17.42 1.97 0.1503 0.27  0.90
U-12 0.70 48.58 46.95 5.13 0.1502 0.26  0.85
RS-13 0.68 21.10 19.51 2.16 0.1503 0.25 0.84
RS-14 0.67 8.88 7.33 0.79 0.1503 0.24 0.80
RS-15 0.72 11.31 9.64 1.05 0.1487 0.26  0.87
RS-16 0.72 9.54 7.86 0.85 0.1487 0.26  0.87
RS-17 0.69 9.84 8.22 0.89 0.1487 0.25 0.84
RS-18 0.68 11.31 9.71 1.06 0.1485 0.25 0.83
RS-19 0.71 20.22 18.56 2.05 0.1484 0.26  0.87
W-20 0.72 14.21 12.52 1.32 0.1501 0.26 0.85
W-21 0.72 24.45 22.78 2.41 0.1501 0.25 0.84
W-22 0.72 17.96 16.29 1.72 0.1501 0.25 0.84
W-23 0.70 18.40 16.76 1.77 0.1501 025 0.82
W-24 0.70 11.87 10.23 1.08 0.1501 0.25 0.83
W-25 0.72 0.00 0.00 0.00 0.1500 0.26 0.86
W-26 0.72 12.51 10.83 1.15 0.1501 0.25 0.85
W-27 0.67 11.88 10.32 1.12 0.1490 024 081
W-28

U-29 0.73 17.50 15.79 1.84 0.1502 0.29 0.96
RS-30 0.70 13.18 11.54 1.34 0.1514 0.27  0.90
U-31 0.73 47.43 4573 5.34 0.1502 0.28 0.95
RS-32 0.72 15.94 14.27 1.48 0.1551 0.25 0.83
U-33 0.71 14.93 13.27 1.55 0.1502 0.28  0.93




Table S3: Field blank results for PAS. Highlighted field blank excluded as outlier.

Location Mass Measured
Carbon (g) Hg (ng)
U-5FB 0.70 2.06
U-6FB 0.71 5.63
U-10FB 0.71 2.39
U-7FB 0.70 0.58
RS-32FB 0.72 1.57

Emission estimates and associated uncertainty

The following equation was used to estimate emissions in the urban area:
Emissions (kg/year) = (L x B x R x 31.6 x 10° s/year x (0 — I))/1x101? (eq. S1)

The parameters L, B, R, O, and | are defined in Table S4. The uncertainty of the emission
estimate was studied using a simple Monte Carlo approach using the values and variability
given in Table S4 and 1000 runs (Figure S1). The value and variability in GEM concentration
outflow is the mean and standard deviation, respectively, of the measured GEM
concentrations in the urban area of Dar es Salaam. The two highest concentrations were
excluded from this calculation as outliers. Atmospheric boundary layer (ABL) height is based
on mean daytime ABL height for the tropics (~1900m)?, adjusted down to account for diurnal
variation. Seasonal variation, and hence variation in mean ABL height, is small in the studied
region.!

Table S4: Parameters used to estimate urban GEM emissions.

Parameter Value  Variability (£) Unit
Length, width urban area (L) 10 000 m
Height atmos. boundary layer (B) 1200 200 m
Inflow/outflow rate (R)? 2.84 0.1 mi/s
GEM concentration inflow (I)° 0.95 0.1 ng/md
GEM concentration outflow: median (mean) (O)° 1.44 0.3 ng/m?

aMean and standard deviation of wind speed at urban locations in Dar es Salaam?
®From Slemr et al®
¢Mean and standard deviation of GEM concentrations in urban locations in this study.
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Figure S1: Histogram showing results from Monte Carlo uncertainty estimation

Table S5: Analytical results for soil.

Measured  Concentration SOM

Hg (ng) (mg/kg) (%)
RS-1 0,60 0,012 8.6
RS-2 0,62 0,012 1.4
RS-3 0,37 0,0074 0.4
RS-4 1,11 0,022 22
u-5 0,92 0,018 33
u-6 4,89 0,098 2.1
u-7 0,55 0,011 1.9
u-8 1,33 0,027 3.0
u-9 1,54 0,031 7.4
U-10 0,57 0,011 17
U-11 2,05 0,041 0.3
u-12 1,40 0,028 17
RS-13 4,62 0,092 9.6
RS-14 1,06 0,021 0.2
RS-15 0,54 0,011 15
RS-16 0,34 0,0067 0.9
RS-17 0,55 0,011 23
RS-18 0,74 0,015 36
RS-19 0,57 0,011 18
W-20 0,54 0,011 0.8
W-21 1,14 0,023 15
W-22 0,34 0,0069 1.0
W-23 1,66 0,033 1.1
W-24 0,39 0,0078 0.9
W-25 0,46 0,0093 <0.01
W-26 0,76 0,015 <0.01
W-27 3,23 0,065 7.4

W-28 1,08 0,022 24




Table S6: Blank results soil. Highlighted blank excluded as outlier.

Measured

Hg (ng)

B-1 0,016
B-2 0,014
B-3 0,011
B-4 0,0097
B-5 0,010
B-6 0,011
B-7 0,0098
B-8 0,0092
B-9 0,0096
B-10 0,0096

Table S7: Detection limit (LOD) and quantification limit (LOQ) for soil.

Mean blank (ng) 0,011
Standard deviation blank (ng) 0,0014
Mean sample amount (mg) 50
LOD (mg/kg) 0,00030
LOQ (mg/kg) 0,00049

Table S8: Soil properties in the Dar es Salaam region by location category.

Category Mean Median Min Max
CEC Rural/suburban 18.52 16.87 9.18 32.80
(emol/kg)  yrpan 13.66 10.89 453 36.21
Waste 7.90 7.26 2.50 16.56
pH Rural/suburban 7.33 7.71 6.73 8.32
Urban 8.00 8.34 7.39 8.78
Waste 6.84 7.84 6.10 8.71
OM (%) Rural/suburban 2.96 1.84 0.20 9.56
Urban 2.68 2.01 0.29 7.40
Waste 1.68 0.99 <0.01 7.35
Clay Rural/suburban 18.10 17.50 15.00 21.35
content (%) ypan 15.34 17.50 5.00 21.35

Waste 14.44 17.50 5.00 17.50




Table S9: Spearman rank correlation between soil Hg concentrations and soil properties.

Hg p-value
oM 0.44 0.019
c(H) -0.31 0.11
CEC 0.13 0.52
Clay content 0.00 0.99
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