Passive sampling and distribution of DDT
In air

L.S. Pisa
23546190

Dissertation submitted in fulfillment of the requirements for the
degree Magister Scientiae in Environmental Sciences at the
Potchefstroom Campus of the North-West University

Supervisor: Prof H Bouwman

September 2013

NORTH-WEST UNIVERSITY 8
l U YUNIBESITI YA BOKONE-BOPHIRIMA

NOORDWES-UNIVERSITEIT

It all starts here ™



Acknowledgements

| Can Do All Things Through Christ Who Strengthens Me — Philippians 4:13

| would like to take this moment to express my appreciation in the preparation of this thesis to
my supervisor, Professor Henk Bouwman, whose patience and kindness, as well as his academic
experience, has been invaluable to me. His guidance and mentorship | greatly appreciate. | am
extremely grateful to North-West University POPT Research Group for their encouragement
and contributions towards this thesis. Special acknowledgement goes to RECETOX, Masaryk
University, Brno, Czech Republic for their assistance in the analysis process. | would also want
to thank Claudine Roos, Laura Quinn, Rindert Wyma, Ignatius Viljoen, Dr Rialet Pieters, Prof H

Bouwman and Anri van Gesselen for their help in sampling.

The support and encouragement of many friends has been indispensable. They provided
comfort, friendship and guidance through this journey. | treasure your presence and

contributions.

My parents, Pithias and Lorenciana Pisa, have been a constant source of support — emotional,
moral and of course financial — during my academic years, and this thesis would certainly not
have existed without them. | would like to thank Mai Ruvimbo, for pushing me into science,
your guidance is invaluable. Lennon, Lawrence, Pedro, Nyasha and Nolly, you guys are the

difference. Thank you for always pushing and encouraging going further and doing better.

“Rume rimwe harikombe churu”



Abstract

Dichloro-diphenyl-trichlorethane (DDT) is a chemical used in malaria control through indoor
residual spraying (IRS) and has saved numerous lives in the past six decades. DDT use is
restricted/banned under the Stockholm Convention on Persistent Organic Pollutants. Passive
air sampling using polyurethane foam was conducted in South Africa to evaluate the presence
and trends of DDT and its metabolites. Three sampling sites were used, namely, Barberspan
Nature Reserve (rural agricultural), Vanderbijlpark (urban industrial) and Molopo Nature
Reserve (isolated nature reserve). Sampling was conducted for a period of one year in 2008.
Back trajectories from the three sampling sites were generated using HYSPILT to determine the
sources of DDT metabolites to the sampling areas. Forward trajectories were also generated to
determine the movement, distribution, and fate of DDT from the areas under Indoor residual
spray of DDT for malaria control in South Africa and Swaziland. Chemical analysis was
conducted by the RECETOX (Mazaryk University) in the Czech Republic. DDT metabolites (o,p’-
DDE, p’p’-DDE, o.p’-DDD, p,p’-DDD, o,p’-DDT p,p’-DDT) were analysed using a GC-ECD (HP
5890). Vanderbijlpark had the highest concentrations of DDT metabolites throughout the year.
Barberspan had the second highest concentration and Molopo the least. Seasonal changes in
concentration were much the same at the three sites. %p,p’-DDT of ZDDT is consistent with IRS
spraying months in South Africa and Swaziland. A combinations of backward and forward
trajectories, together with the temporal pattern of change of the %p,p’-DDT of ¥DDT support
the deduction that DDT sampled from the three study sites (to some degree) came from IRS
areas in South Africa and Swaziland. The presence of DDT in Molopo Nature Reserve and
Barberspan is evidence of long-range transportation over dry semi-desert areas. Back-
trajectories indicate the possible source of DDT were the IRS areas in the provinces of Limpopo,
Mpumalanga, and KwaZulu-Natal. Some air masses to the sampling sites came from the
sprayed areas. The forward trajectories also revealed that the DDT sprayed during IRS could
undergo LRT. The DDT metabolites were able to travel to neighbouring countries such as
Mozambique, Namibia, Zimbabwe and Botswana.

Keywords: Key words: DDT; Passive air sampling; long range transportation
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Chapter 1: INTRODUCTION

1.1 The Stockholm Convention on Persistent Organic Pollutants and DDT

1.1.1 The Stockholm Convention on Persistent Organic Pollutants

The Stockholm Convention on Persistent Organic Pollutants (SCPOPs) is an international treaty
that operates under the patronage of the United Nations (UN) to control certain chemicals that
are considered persistent organic pollutants (POPs). They are of great concern because of their
adverse effects on human health and the environment (Ritter et al., 2005). The SCPOPs aims to
protect humanity and the environment from these chemicals through international agreed
policies and interventions with the aim to eventually reduce or stop releases of POPs. The
convention bans and/or restricts the production and use of the intentionally produced POPs. It
also aims at reducing releases of unintentionally produced POPs, which are formed as by-
products of combustion and industrial processes (UNEP, 2005). The SCPOPs was adopted at a
Conference of Plenipotentiaries on 22 May 2001 in Stockholm, Sweden. The Convention
entered into force on 17 May 2004, 90 days after submission of the fiftieth country’s
ratification of the Convention. Member States to the convention have agreed to take the steps
necessary to reduce and eventually eliminate where possible the use of such chemicals. To
achieve these goals, nations are expected put in place legislation, monitoring, implementation
plans, research programs, and share information on how best to address this problem (Pozo et
al., 2008). The treaty is comprised of a number of articles with mandates and expectations each
member State (also known as Party) is required to follow or carry out (Stockholm Convention

on POPs, 2009).

The main aim of the SCPOPs is to protect human health and the environment from chemicals
that are persistent, bio-accumulate, and tend to become geographically widely distributed
(Stockholm Convention on POPs, 2009). The SCPOPs, of which South Africa, Botswana, Lesotho,

Tanzania, Mauritius, Zambia and Zimbabwe, are Parties, carries a number of obligations and
1



expectations. Based on the obligation to develop a National Implementation Plan (NIP),
member States should have monitoring programmes in place. Developing country Parties are
also obliged to reduce or terminate all sources of POPs within the SC provisions, provided that
timely and sufficient means have been made available. This therefore implies that the State
should know the environmental levels of these POPs whereby priority sources and hotspots can
be targeted for interventions. Since much of this information is either old or lacking, research
needs to be undertaken (Ross et al, 2009). In some countries, due to lack of alternative
compounds for industrial use and financial constraints, some POPs compounds like dichloro-
diphenyl-trichlorethane (DDT) are still in use. For example, South Africa and Swaziland still uses

DDT for malaria control, as do some other developing nations (Hargreaves et al., 2000).

The SCPOPs supports the substitution of harmful POPs with safer, cost effective alternatives.
However, this process may pose a challenge to developing countries as they lack the financial
and technological resources to use and manufacture less harmful chemicals, buy more
expensive newer-generation chemicals, or introduce cleaner technologies. The convention calls
on developed nations to share their knowledge and lend financial support to developing
countries and economies in transition by aiding their transition to more suitable alternatives

(UNEP, 2001). The SCPOPs has successfully negotiated the ban or restrictions of 22 POPs.

1.1.2 The Stockholm Convention Guidelines

A number of stipulations have been accepted into the SCPOPs so as to help achieve the goals of
the convention. For example, Article 5 stipulates that member States shall take certain
measures to ensure that they reduce the total releases derived from anthropogenic sources of
each of the unintentionally produced chemicals listed in Annex C, with the goal of their
continuing minimization and, where feasible, ultimate elimination (Stockholm Convention on
POPs, 2009). Article 7 of the SCPOPs requires member states to develop a NIP in accordance to

the state of their respective environments and economies. Research and data on POPs in all



member States is therefore required. This project will inform such documents for South Africa

and Swaziland as it will help provide the necessary data.

Article 11 of the SCPOPs states that member States are requested to undertake appropriate
research, development, monitoring and co-operation with other nations pertaining to POPs.
There is a lack of data and information in relation to POPs in South Africa (Bouwman et al.,
2006) and Swaziland. The research presented here will provide a base for further work and

generation of more POPs data.

Monitoring of the state of air quality in terms of POPs, DDT in particular, has not had much
focus in the past. This project aims to look at the trends in terms of concentration, distribution
and fate of DDT is southern African air. The study is in line with the requirement of the SCPOPs
Article 16 that requests Parties to establish monitoring programmes. A plan to measure the
effectiveness of emission control methods relies on a global monitoring program of key
environmental media: initially air and human tissue (Pozo et al.,, 2008) As part of the SCPOPs,
Article 9 highlights the need for sharing information and technology together with technical
assistance. The Parties are requested to provide timely and appropriate technical assistance to
Developing Country Parties and Parties with Economies in Transition, to assist them, taking into
account their particular needs, to develop and strengthen their capacity to implement their
obligations under this Convention (Stockholm Convention on POPs, 2009). Through the
collaboration with the Research Centre for Environmental Chemistry and Ecotoxicology
(RECETOX) in Prague, Czech Republic, knowledge will be exchanged, and information on sample

analysis and use of passive air sampling techniques will be shared through this project.

1.1.3DDT

DDT is arguably the POP that has had the greatest impact on the world (with a possible
exception of PCBs), both positive and adverse. Its property as a pest controlling substance was

greatly appreciated, with millions of tonnes manufactured between the 1940s and the 1970s. It
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helped in reducing malaria mortalities throughout the world. It was a great success for its
intended purposes. Things turned around when it was discovered that the chemical was toxic to
non-target organisms, had the ability to migrate long distances via air, and water, and to bio-
accumulate within the food web (Ritter et al., 2005; Wania and Mackay, 1996). These attributes
had adverse effects on environmental stability and human health. The presentation by Rachel
Carson in her book “Silent Spring” of possible environmental toxicity from the release of DDT to
the environment, triggered global awareness on the dangers of DDT use. As a result the
manufacture and use of DDT was greatly reduced and in some cases banned in many countries

since 1970.

The SCPOPs is a global treaty with 179 Parties. This convention applies to DDT and 21 other
POPs. These include aldrin, dieldrin, endosulfan, endrin, chlordane, heptachlor,
hexachlorobenzene (HCB), pentabromodiphenyl, heptabromodiphenyl, hexabromodiphenyl,
polychlorinated dibenzifurans and dioxins, tretrabromodiphenyl, mirex, toxaphene,
polychlorinated biphenyls (PCBs), and a-, B, and y-hexachlorocyclohexane (HCH) (Stockholm
Convention on POPs, 2009). The SCPOPs aims to eventually stop the usage of all POPs. Due to
the lack of alternative to these chemicals, some have remained in use. Most southern African
countries such as Mozambique, South Africa, Zimbabwe and Swaziland still use DDT for malaria
control (Hargreaves et al., 2000; Mpofu, 1987). Under the SCPOPs, DDT is allowed for use in
indoor residual spraying (IRS) for disease-vector control. This is a process where the insecticide,
DDT, is applied indoors on house walls and under eaves. Concerted large-scale efforts are now

underway to reduce both the burden of vector-borne diseases and the use of DDT.

Use and production of DDT is restricted by the SCPOPs. It recognises, however, acceptable uses
of the chemical in saving lives in malaria areas. The use of DDT is allowed under the SCPOPs for
disease vector control, within the recommendations and guidelines of the World Health
Organisation (WHO). DDT use is allowed, provided that no locally safe, effective and affordable
alternative is available. It also highlights that Parties prevent or minimise human exposure and

the eventual releases of DDT into the environment. The SCPOPs, however, requires Parties that
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use or intend to use DDT to notify the Convention Secretariat - this is highlighted under Annex B
Part Il. Part Il requires that notification of the use DDT is required to provide information of the
guantities to be used, conditions under which it will be used, and DDT’s relevance to their

disease management strategy (Stockholm Convention on POPs, 2009).



CHAPTER 2: LITRETURE REVIEW

2.1 Long Range Transport (LRT)

The behaviour and fate of chemicals in the environment is influenced by their chemical and
physical properties and by the type of environment they are in. The molecular structure and the
elements in the molecule influence the chemical and physical properties of the particular
chemical and hence its environmental transportation, distribution, deposition and fate. The
compound may be moved via water, air, and animals. Volatilization from contaminated lands
brings DDT into the atmosphere. It is then deposited onto land and soil. This cycle may continue
numerous times and hence transport the chemicals over a large distance in the atmosphere,
called Long Range Transport (LRT) (Ritter et al., 2005; Wania and Mackay, 1996; Gregor et al.,
1998). Their physical and chemical properties enable the semi volatile compounds to undergo
LRT, allowing the pollutants to become geographically widely distributed, even to regions
where they have never been used or produced (Ritter et al., 2005; Stockholm Convention on

POPs, 2009). In addition, commercial POPs are also traded over long distances.

2.1.1 Movement and distribution of POPs

POPs are an international concern because they are able to travel across national boundaries;
combating POPs is no longer a problem of a single State. The traditionally recognised medium
for POPs transportation has always been the atmosphere and such trans-boundary pollution
issues are addressed within international conventions such as the protocol on the long-range
transport of air pollutants (LRTAP) within UN-ECE. Increasingly, it was realized that other modes
of transport can also move pollutants over long distances (water, and migratory animals) and

from one jurisdiction to another (AMAP, 1997; Ritter et al., 2005; Berdowski et al., 1997).

Their persistence and semi-volatility have led to the spread of POPs to all regions and climates

of the world. Ritter et al. (2005) and Berdowski et al. (1997) report that compounds such as
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PCBs have been detected on every continent, at sites representing every major climatic zone
and geographic sector. These include remote regions such as the open oceans, the deserts, the
Arctic and the Antarctic, where no significant local sources are present. POPs can be
transported through a number of media as shown by much positive detection in places such as
the Arctic (Hung et al., 2010). Metrological conditions also influence the spread of POPs. For
example, Iversen (1996), documents that summer accounts for 20% of the annual south to
north air transport (southerlies in the Norwegian Sea (10%), eastern Europe/Siberia (5%), and
Bering Sea (5%)). Prevailing winds provide a means to transport contaminants from
industrialized North America and Europe to the North Atlantic, but penetration into the Arctic
then weakens. The only reasonable explanation for their presence is LRT from other parts of the
globe. PCBs have been reported in air, in all areas of the world, at concentrations of up to 15
ng/m3. In air over industrialized areas, concentrations may be several orders of magnitude
greater (Ritter et al., 2005). PCBs have also been reported in rain and snow (Blais et al., 1998).
These properties are conferred by the structural makeup of the molecules and are often

associated with greater degrees of halogenation (Campbell, 1998).

LRT of POPs is also influenced by factors such as wind speed and direction. At greater wind
speed, the chemical will travel further. Hemispheric distribution occurs in a matter of days
while inter-hemispheric distribution could take months or even years. Light molecular mass
chemicals such as PCBs travel mainly in vapour phase and the heavier chemicals like PBDES are

associated with aerosol particles (Chen et al., 2011).

Oceanic currents can transport POPs to other parts of the world where they have never been in
use. A number of forces drive oceanic currents namely, mixing of the water currents, wind
stress, and tidal forces, of which one force may dominate depending on circumstances. Oceanic
currents in the Arctic, where major currents exchange water between the Arctic Ocean and
other oceans, are found in Fram Strait. Here, the West Spitsbergen Current flows northward off
the west coast of Svalbard, transporting Atlantic water from the Norwegian Sea into the Arctic

Ocean (Gregor et al., 1998). The mixing of these waters may be a source of POPs into the Arctic.
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However, this mode of transportation may take years as the process is slow. Ocean transport is
responsible for the movement of POPs such as HCH that are removed from air through
precipitation and deposited in water (Li et al., 2002). Rivers and streams also transport POPs.
Contaminated water may carry pollutants over a long distance and carry them to the sea. For
example, the Russian river, Yenisey, carries pollutants coming from industrial sites to the Arctic

Ocean (Gregor et al., 1998).

Migration of animals my spread POPs throughout the world. Some migratory animals and birds
travel long distances linking up remote areas, industries, and agricultural regions. According to
Wania and Mackay (1996), millions of migrating seabirds bring a gram to kilograms amounts of
POPs to the Arctic per year. Seabirds also leave behind guano, which have significant quantities
of POPs contaminants that may have accumulated in their systems. As the birds migrate they
pass different environments picking up all kinds of chemicals. Evenset et al. (2007) found
elevated PCBs in fish and sediments from Lake Ellasjgen on Bjgrngya, Svalbard. Animals may
later die in remote areas and hence depositing their body burden of pollutants in those areas.
This is common in the salmon entering Alaskan rivers to Spawn, most of the fish die after
spawning in the upper reaches of freshwaters, releasing the POPs to the environment. Birds are

also a source of POPs and a medium of POPs movement.

Animal migration may also spread POPs through food webs. For example, Polar Bears prey on
Barents Sea Harp Seals that migrate over long distances picking up pollutants. The seals are
exposed to POPs and the chemicals bio-accumulate in the seal. These seals aggregate at the
Poles and are a source of food to Polar Bears, Orcas, and other predators, hence contributing to
LRT of POPs (Ewald et al., 1998). Many Arctic whales migrate only within the Arctic. However,
the Grey Whale migrates as far as between Bering and Chukchi Seas in summer and in winter
they are off to the Pacific Coast of Mexico (Baker, 1978). The amount of POPs transported by
these whales can be calculated based on the relatively reliable population estimates and recent
contaminant concentrations in stranded individuals. It is estimated that 20 to 150 kg of PCBs

and 1 to 40 kg of DDT are transported by the Gray Whale (Wania, 1998). The whales at the end
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of their lives die in the Arctic, and leave the pollutants there. Dead whales are scavenged upon
by Polar Bears and Arctic Fox and thus moving the contaminants up the food web. Considering
all migratory whale populations, Wania (1998) concluded that the amount of PCBs and DDTs
moved around in the bodies these whales is likely of the order of tens of tons per year.
Especially for DDTs, these gross fluxes by whales may be comparable to those in air and ocean

currents.

2.1.2 Deposition and fate of POPs

The persistence of organic compounds in the atmosphere is determined by the rates at which
they are removed by chemical and/or physical processes. A number of chemical processes can
occur. Chemical degradation can occur by the POPs molecules reacting with hydroxyl or nitrate
radicals or via reaction with ozone. The chemical can also be degraded by direct photolysis with
solar radiation (UV) working on the compounds. Physical removal from the atmosphere can
occur by wet or dry deposition of vapour phase or particle-borne species (Campbell, 1998; Blais
et al., 1998). An important POPs property is their semi-volatility. The compounds are constantly
transferred from one area to the other; they may volatilize from hot regions but will condense
and tend to remain in colder regions. Substances with this property are usually highly
halogenated, have a molecular mass of 200-500, and a vapour pressure lower than 1000 Pa

(Ritter et al., 2005)

Environmental conditions play an important role in the fate of POPs. An example is the net
exchange direction for substances in the open ocean. It reflects differences in surface water
temperature and the atmospheric concentration of POPs. For example, net movement of
certain POPs in the Bay of Bengal in the Indian Ocean is from the ocean to the atmosphere
while that in Polar Regions is the reverse (Berdowski et al., 1997). Periods of light and darkness
also influence POPs concentrations especially in the Arctic. The duration of light or darkness

influence the rate of photolytic degradation and chemicals in the air and hence some POPs



concentrations. Lack of photolytic degradation during long periods of darkness may be the

reason for high concentrations of POPs in winters (Halsall et al., 1998; Blais et al., 1998).

Deposition of POPs from the atmosphere is also an important factor. Its removal is mainly
governed by removal through wet and dry deposition. Factors such as the state of the surface,
wetness or dryness, and types of vegetation play a role in deposition. The water solubility of the
chemical and its particle size are also important. Deposition in other locations may be
influenced by temperature. The greater the vapour pressure of the contaminant, up to a
maximum, the more freely it will be transported and deposited at higher elevations. The lower
the temperatures, the greater partitioning of these compounds from the vapour phase to
particles suspended in the atmosphere. This increases the likelihood of their removal and
transport to the surface of the earth by rain and snow, variably called scavenging or scrubbing.
This is common at high altitudes like mountain areas as the occurrence of snow and rainfall is
frequent. Snow is believed to be a very efficient scavenger of both particles and non-polar
organic compounds, capable of effectively cleansing the atmosphere (Ritter et al., 2005;

Campbell, 1998; Blais et al., 1998).

Mountainous regions have always been considered unspoiled environments with no
contamination. Areas with altitudes above 3000 m such as the Himalayas are largely
unpopulated by people. There is very little human habitation and agricultural impact at these
elevations and because of this it was assumed that this mountain region is largely free of
pollution. However, volatile and semi-volatile toxic contaminants such as certain pesticides do
not heed the boundaries of human habitation. These contaminants are readily volatilized in
regions of use, transported in the air and deposited in colder regions and climates (Blais et al.,
1998; Mark et al., 2004). Bahadur, (1993) considers the Himalaya as the third “Pole” and a

“distillation tower” or "cold finger" where airborne chemicals are deposited.

Precipitation plays a role in the deposition of POPs from the atmosphere. The kind of

precipitation affects the degree of deposition, for example, snow leads to more deposition
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compared to rainfall. Snow, because of its greater surface area, scrubs and transports more
contaminants to the ground compared with raindrops as the contaminants have a greater area
to bind on during precipitation (Franz and Eisenreich, 1998). Rainfall and snow therefore
scavenges or scrubs aerosols and vapour phase molecules from the air and deposit them to the
earth (Macdonald et al., 2000). In dry desert areas, POPs will travel for longer distances as there

are fewer precipitation events.

Vegetation also plays a role. Different types of vegetation will adsorb and release different
kinds of POPs at varying rates. Recently, Kylin and Bouwman (2012) found significant
differences in how moss and lichen in the cold regions of the northern hemisphere treat a- and
y-HCH over dry and wet cycles, and may play a role in determining downwind concentrations in

air without actually changing the absolute mass of the compounds in the environment.

2.2 Persistent organic pollutants

By definition, POPs are organic compounds and resistant to degradation. Most of the
compounds contain hydrogen and chlorine, some now also bromine and fluorine. The bond
between carbon and halogens are stable, and, in general, the greater the halogen substitutions
the greater the resistance to degradation. The bond between halogen and an aromatic ring is
more stable than an aliphatic structure. As a result, halogenated POPs are typically ring
structures with a chain or branched-chain framework. By virtue of their high degree of
halogenation, POPs have very low water solubility and high lipid solubility leading to their
propensity to pass readily through the phospholipid structure of biological membranes and

accumulate in fat deposits (Lukas et al., 2005).

The physical and chemical properties of POPs vary greatly depending on the structure of the
particular compound. The compounds vary in levels of persistence, chemical toxicity,
movement, transportation, and distribution. Compounds with low persistence and toxicity may

not have a huge impact on the environment and human health, but POPs on the other end of
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the scale pose a greater risk. Environmental behaviour of chemicals and exposure are strongly
related. Therefore, the risk of exposure to a substance will be much lower if the substance is
not persistent and the risk, if any, will be localized unless the substance has properties that
allow its movement to distant locations (Ritter et al., 2005). These contaminants are continually
deposited and re-volatilised and fractionate according to their volatilities. The result is relatively
rapid transport and deposition of POPs having intermediate volatility, such as HCB, and slower

migration of less volatile substances such as DDT.

An example of the danger posed POPs is the extensive use of organochlorine pesticides and
industrial applications of compounds such as PCBs and polybrominated diphenyl ethers (PBDEs)
resulted in negative effects on terrestrial and aquatic ecosystems (Sakellarides et al., 2006).
According to the SCPOPs, a chemical is considered persistent, from an atmospheric point of
view, if it has been detected or found at locations distant from potential sources. In general,
POPs are chemicals in vapour-phase reaction half-lives greater than two days, and POPs
absorbed onto fine particulate matter are capable of undergoing long-range atmospheric
transport. Under typical wind speeds, a chemical can travel 150-800 km in two days and result

in contamination of remote locations (Scheringer, 2009; Ritter et al., 2005).

POPs have to ability to bio-accumulate. Wahlstréom (1987) defines bioaccumulation as “the
ability of a chemical to accumulate in living tissues to levels higher than those in the
surrounding environment, expressed as the quotient between the concentration in the target
tissue and the environmental concentration”. POPs work themselves up the food web by
accumulating in the fatty part of living organisms and increase in concentration as they move
up the food web. The affected organism therefore has a greater concentration of the chemical
than that of the surrounding environment. POPs normally have a high lipid affinity and hence
accumulate in the fatty tissues of the exposed organism (Wahlstréom, 1987; Schecter et al.,
2006). This therefore puts animals high up the food web in greater danger. Because of their
lipophilic nature, these pollutants can also accumulate in matrices rich in organic matter, such

as some soils, and sediment (Schecter et al., 2006).
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People are exposed to POPs through diet, occupation, the environment such as air, water, and
the soil. Occupational exposure is common in industrial workers, farm workers, and miners.
This is because many of these chemicals are used or have been used by industry and
agriculture. Stober (2008), reports that according to recent data from different parts of the
world, cases of organochlorine pesticide poisoning are still occurring, and are mainly due to
aldrin, dieldrin, HCB, and chlordane. Endosulfan has recently been added to the SCPOPs and
should also be considered as a cause of many poisonings. Food contamination mainly occurs
through environmental pollution of air, water or the soil. Infants are also exposed to POPs
through breast milk and this can have adverse impacts on the child’s development (Bouwman
et al., 2006, 2012). Human exposure to POPs can lead to health problems such as dermal
effects, liver, and kidney illnesses, defects of the immune, reproductive, nervous and endocrine

system modulation, and even cancer.

2.3 Dichloro-diphenyl-trichlorethane (DDT)

2.3.1 The history of DDT

DDT, was first synthesised in 1873 (Zeidler, 1874), but its useful properties as an insecticide
were only noted by Paul Muller in 1939 (Nobelprize.org, 2012a). DDT as was used in Europe to
successfully eradicate malaria in the 1940s. In Italy during World War Il, 1 300 000 people were
treated for typhus. It was also used as a contact insecticide against several arthropod pests
because it does not wash off easily with water. DDT was the active ingredient in many aerosol
fly sprays. It was incorporated in plastic kitchen shelf linings to keep weevils out of food and
applied to home carpets to prevent flea infestation. By the end of World War Il, DDT was used
extensively for insect vector control and in agriculture as insecticide, and demand increased

(Batterman et al., 2008; WHO, 1979).

Controversy came in 1962 when Rachel Carson published the book Silent Spring (Bernes, 1998).

The book highlighted the potential environmental implications of the arbitrary spraying of DDT
13



and other insecticides in the United States and elsewhere. The book condemned the release of
large amounts of chemicals into the environment without full knowledge of their effects on
ecology or human health. Carson suggested that DDT and other pesticides may cause cancer
and that their agricultural use was a threat to wildlife, particularly birds. The book had such a
great impact that the Government of Sweden gave the Stockholm University special funds to
analyse DDT (Bernes, 1998). Experiments began in 1964 and less than a year after the book was
published it led, inter alia, to the identification of polychlorinated biphenyls (PCB) as
environmental contaminants in 1966 (Jensen, 1966). Silent Spring gave rise to environmental
movements and resulted in a large public outcry that eventually led to DDT being banned in the
United States in 1972 (Lear, 1998; Bouwman et al., 2012). Another reason was probably that
the negative effects first reported were on birds as many people were (and remain) interested
in birds, and declines in the populations of birds of prey were observed in many places of the
world and tied to eggshell thinning after bioaccumulation of DDT (Bernes, 1998; Bernes and

Lundgren 2009).

It is estimated that about 1.8 million tonnes of DDT have be produced globally since the 1940s.

Huge quantities of DDT were applied directly to the soil for agricultural purposes. DDD was used
as a pesticide for a limited period in the past. The general use of DDT against pests like the stalk
borer and snout beetles in maize crops, or cutworms and army worms in groundnuts and soya
beans, was banned in Zimbabwe in 1982 (Mpofu, 1987). The presence on DDT is the
environment is mainly due to its continued use today, and from legacy sources. DDT’s major
current use is for malaria control as it is used for indoor residual spray (IRS). Despite its ban in
agriculture therefore, DDT is currently used in countries like Zimbabwe, Swaziland, Uganda and

South Africa for malaria control (Mpofu, 1987; Hecht, 2004; Bouwman et al., 2006).
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2.3.2 DDT use in Africa

Based on the United Nations Environment Program, the global production of DDT for vector
control was estimated to be 6269 metric tonnes in 2005. DDT is produced in China and India,
and South Africa and Ethiopia can also formulate DDT from ingredients imported from China.
South African further exports DDT to other African countries (Klanova et al., 2009). DDT was the
primary tool used in the first global malaria eradication programme during the 1950s and
1960s. The insecticide was used to spray the walls and ceilings of houses and animal sheds with
coverage of the dwellings of entire populations (MacDonald, 1956). Malaria has been
successfully eliminated from many regions, but remains endemic in large parts of the world
(Mendis et al., 2009). Malaria is a serious problem in Africa. Some 90% of the world's malaria
infections and deaths occur in sub-Saharan Africa, and the disease now accounts for 30% of
African childhood mortality. This has promoted the use of DDT in malaria control. Mozambique,
Zambia, Malawi, South Africa, and Zimbabwe are reported to have increased their DDT usage

for IRS since 2005 (Klanova et al., 2009; van den Berg, 2009).

For the year 2008, the WHO estimated 243 million cases of malaria and 863 000 deaths, 90% of
these deaths occurring in Africa, mostly infants under the age of five (Weir, 2007). DDT used for
malaria control was effective in reducing malaria deaths in Europe (Thomas, 1981). The
campaign by the WHO to control malaria was successful in Asian countries such as Sri Lanka
where it reduced malaria cases from about three million to only 29 in 1964. The program was a
huge success initially and was replicated in other countries such as Zimbabwe. The campaign in
Sri Lanka was not sustained and malaria returned. DDT, applied as IRS, continuously exposes all
members of a household, including infants, children, pregnant mothers, and the elderly. At
applications of about 64-128 g/year per dwelling, DDT is continuously bio-available within the

homestead because it has to remain effective against mosquitoes (Sereda et al., 2009).

Based on work by De Meillon (1936), IRS with DDT to interrupt malaria transmission was
introduced in South Africa in 1946, achieving complete coverage of malaria areas by 1958
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(Sharp and le Sueur, 1996). DDT is still used in specific areas of South Africa for IRS to control
malaria vectors. For example in the Limpopo Province, DDT spraying has not stopped since
1945 (Bornman et al., 2012). In many parts of the world, campaigns to treat dwellings with DDT
and IRS to control malaria transmission remain the only viable option, thereby unintentionally
but inevitably also causing exposure to inhabitants (Bouwman and Kylin, 2009). DDT remains
effective in a number of countries and continues to be used for malaria control today (van den
Berg et al., 2012). Residents could be exposed to residues of DDT through various pathways
including indoor air, dust, soil, food, and water (van Dyk et al., 2010). Eskenazi et al. (2009)
provides evidence that DDT and DDE may pose a risk to human health; they also highlight the
lack of knowledge about human exposure and health effects in communities where DDT is
currently being sprayed for malaria control. WHO recommends DDT as an insecticide of IRS for
malaria control (WHO, 2006). The walls are sprayed because most mosquito species rest on the
wall before or after feeding (Yakob and Yan 2010). DDT use is recommended in areas of
episodic transmissions or seasonal transmissions of malaria. People living in areas where DDT is
used for IRS have high levels of the chemical and its breakdown products in their bodies
(Wahlstrom, 1987; Schecter et al., 2006). The WHO has reaffirmed its commitment to
eventually phasing out DDT, aiming "to achieve a 30% cut in the application of DDT world-wide
by 2014 and its total phase-out by the early 2020s if not sooner", while simultaneously
combating malaria. The WHO plans to implement alternatives to DDT to achieve this goal

(WHO, 2008).

In 1996, South Africa substituted a synthetic pyrethroid insecticide for DDT, under pressure
from environmentalists. However, pyrethroid-resistant mosquitoes returned to South Africa. As
a result, between 1996 and 2000, the number of malaria cases in South Africa increased by
more than 450%, with an increased mortality rate of nearly 1000% (Hecht, 2004) However, DDT
has until recently been used as a vector control agent in the tsetse fly control programs in the

Kariba Basin of Zimbabwe (Nhachi et al., 2002).
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2.3.3 DDT and its metabolites

Note 1: The term DDT is used in a general sense as including DDT, DDE and DDD, as well as the
p,p’- and o,p’- isomers. When all six compounds are implied, the terms DDTs (for general
discussion) or 2DDT (meaning the sum of the concentrations of the DDT compounds measured)
are used.

Note 2: In general discussion, when referring to “DDT” or “DDE” or “DDD” without isomer

identification, the p,p’- isomer is usually implied.

DDT is a very controversial pesticide. In a pure state, DDT is a cream-white to pale-yellow waxy
solid with a fruity, almond-like odour. The technical chemical name for the compound is
Dichlorodiphenyltrichloroethane. The commercial DDT is a mixture of closely related
compounds. Commercial mixtures, often called technical-grade DDT, contain two major
isomers, the active ingredient, p,p’-DDT, and an unintentional by-product, o,p’-DDT which is
less toxic. p,p”-DDT and its primary breakdown product, dichlorodiphenyldichloroethylene (p,p’-
DDE) have long half-lives of six years and possibly up to 10 years, respectively (Longnecker
2005; Wolff et al. 2000). The different DDT isomers (p-p’ isomers and o-p’ isomers), make up
77% and 15% of commercial DDT of the sprayed mixture, respectively. The remainder is DDE
and 1-dichloro-2,2-bis(p-chlorophenyl)ethane (DDD), both also with p-p’- and o-p’- isomers.
DDD and DDE are major metabolites of DDT.

DDT is insoluble in water, but is soluble in most organic solvents. It is semi-volatile and can
therefore move (volatilisation into vapour phase) into the atmosphere. Its presence is
ubiquitous in the environment and residues have even been detected in the Arctic and
Antarctic. It is lipophilic and partitions readily into the fat of all living organisms. It can bio-
accumulate and bio-magnify in food webs. The breakdown products of DDT, DDD and DDE, are
also present virtually everywhere in the environment and DDE is more persistent than the

parent compound (ATSAR, 2002).
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DDE forms from DDT after application, because of environmental and biological processes that
degrade the original chemical form. DDT can also be transformed into 1-dichloro-2,2-bis(p-
chlorophenyl)ethane (DDD) (WHO, 1979).Under anaerobic conditions, DDT is degraded mainly
to DDD due to biotic and abiotic processes. DDD can be further broken down by aerobic
bacteria. Soil microorganisms such as the bacteria Aerobacter aerogenes and Escherichia coli
have been reported to degrade DDT to DDD (Chacko et al., 1966). DDT can also break down to
DDE under aerobic conditions. DDE is a highly persistent compound and has a high potential to

harm the environment (Boul et al., 1997; Kveseth et al., 1979).

DDT, DDE, and DDD may occur in the atmosphere in vapour phase or attached to solids or
aerosols in air. The different isomers have different levels of volatility. Spencer and Cliath
(1972), report that the vapour pressure of of o,p’-DDT is 7.5 times that of p,p’-DDT. At 30°C, the
atmosphere above a surface deposit of technical grade DDT contains approximately 62% o,p’-
DDT, 16% o,p’-DDE, 14% p,p’-DDE, and only 8% p,p’-DDT. DDT is hydrophobic and absorbed by
soil. These qualities allow DDT, DDE and DDD to last in soils for long periods. Their half-lives in
soil range between as little as 22 days to as much as 30 years. The length of time the chemical
remains in the soil is dependent on the type of soil, temperature, and moisture. DDT remains in
soil for a much shorter time in the tropics where the chemical volatilise faster and where
microorganisms degrade it faster. DDT is degraded faster when the soil is flooded or wet than
when it is dry. It is lost from the soil through processes such as runoff, volatilisation, photolysis,
and aerobic, and anaerobic biodegradation. DDT in soil can also be absorbed by some plants

and by the animals or people who eat those crops (ATSDR, 2002).

2.4 Adverse effects of DDT

2.4.1 Impacts on the environment

In aquatic ecosystems, DDT is absorbed quickly by organisms and by soil. A very small quantity

of the compound remains in the water. It binds to suspended particles or deposited in the
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sediment. Plants and plankton may absorb the compound and it is then taken up by fish as it
bio accumulates to levels thousands of times greater than the water, for example in whales
(Ewald et al., 1998). This allows DDT to bio-accumulate and magnify up food webs, especially in
birds. DDT is acutely toxic to birds at oral LD50 values in the range of 595 mg/kg body mass in
quail to 1334 mg/kg in pheasant. However it is best known for its adverse effects on
reproduction, especially by DDE, which causes eggshell thinning in birds with associated
significant adverse impact on reproductive success (ATSDR, 2002). DDT reduces the
reproductive rate of most birds by affecting the eggshells. DDT causes eggshell thinning and
hence egg breakage and embryo death through dehydration. Sensitivity to DDT differs amongst
birds. According to the Pesticides News 2003, predatory birds are the most sensitive. The bald
eagle in the United States almost went extinct because of DDT. Signs of exposure can be noted
on albatross in the Midway Islands of the mid-Pacific Ocean. The signs include deformed
embryos, eggshell thinning, and a 3% reduction in nest productivity. DDT is known to have
caused the decline in populations of the bald eagle and birds of prey (Jones et al., 2008). Jones
et al. (2008) found levels of DDT in bald eagle adults, chicks, and eggs nearly as high as levels
found in bald eagles from the North American Great Lakes. DDT related deformities in birds

include clubbed feet and crossed bills.

2.4.2 Impacts on humans

The world is aware of health concerns, especially in developing countries, resulting from
exposure to POPs, in particular impacts upon women and, through them, upon future

generations (Stockholm Convention on POPs, 2009).

DDT and DDE mainly affect the nervous system when ingested in large amounts. Early signs in
of poisoning are tingling on the face, hands and feet. Headaches, dizziness, vomiting, and
nausea are also common. The Agency for Toxic Substances and Disease Registry (ATSDR, 2002)
report on DDT discuss in detail the acute exposure effects on the nervous system, the effects of

chronic exposure to small amounts of DDT being mostly limited to changes in liver enzymes.
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People that have been exposed to DDT for a long time had changes in liver enzymes (ATSDR,
2003). Studies on mice by Craig and Ogilvie (1974), exposure to DDT timed to sensitive periods
of prenatal nervous system development has been shown to cause behavioural and neuro

chemical changes into adulthood.

The International Agency for Research on Cancer (IARC) classified DDT as a possibly cause of
cancer in humans. Women seem particularly vulnerable to environmentally-induced
carcinogenesis (such as breast cancer) during several critical periods such as in utero and before
puberty (Eskenazi et al., 2009). Evidence that adult DDT exposure is associated with breast
cancer was equivocal until Cohn et al. (2007) reported DDT levels in archived serum samples
collected between 1959 and 1967 (peak years of DDT use) in the USA from pregnant women
participating in the Child Health and Development Studies (CHDS), and found a strong
association between early exposure to DDT and cancer development in later life. The length of
exposure is also important. In Cohn’s studies, for the subset of women born more than 14 years
before agricultural use, no association between DDT and breast cancer was found. However, for
younger women exposed earlier in life, the third that were exposed most to DDT had a fivefold

increase in breast cancer incidence over the least exposed third.

DDT is also known to accumulate in mothers and passed on to infants through breast milk.
First-born infants receive much higher levels of DDT in breast milk than their siblings (Bouwman
et al., 2006; 2012; Gyalpo et al., 2012; Harris et al., 2001). Gender may also play a role in the
differences in pollutant levels between female and male infants (Bouwman et al., 2012; Gascon
et al., 2011; Grimalt et al, 2010). In regions were DDT is sprayed for malaria control, the
concentrations of DDT greatly exceed the acceptable levels and standards for cow’s milk
consumption (Bouwman et al., 2006; 2012). Studies in the 1960s by Longnecker, when DDT was
widely used, highlighted that the high concentrations of DDE blood raised the risk of premature
birth or low weight. Premature babies account for a large proportions of infant deaths (Young,

2001). DDE is therefore a major concern.
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DDT and DDE, like other organochlorines, are known to have xenoestrogenic activity, meaning
they are chemically similar enough to estrogens to trigger hormonal responses in animals and
humans (Colburn et al., 1996). The endocrine disrupting quality of the chemical has been noted
in mice and rats in laboratory experiments. The Environmental Protection Agency (EPA) reports
that DDT can have adverse impacts on the reproductive system. Rogan (2005) suggests that
exposure to DDT at amounts that could be needed for malaria control have the potential to
lead to preterm birth and early weaning. He also states that toxicological evidence indicates
signs of endocrine-disruption. In humans, possible disruption has been seen in semen quality,
menstruation duration, lactation, and gestational length. In a study by de Jager et al. (2006) the
percentage of motile sperm was negatively correlated with plasma DDE concentrations,
whereas the percentage of sperm with morphologic tail defects and insufficient sperm

chromatin condensation was positively correlated with these levels.

DDE is believed to be genotoxic and a cause of endocrine disruption to the infant. A study at the
University of California revealed that foetuses exposed to DDT while still in the womb are at risk
of developing health problems. In addition, other studies have found that even low levels of
DDT or DDE in umbilical cord serum at birth are associated with decreased attention at infancy
and decreased cognitive skills at four years of age (Sagiv et al., 2008). There have also been
suggestions that DDT may be a cause of cancer. Studies by Rogan et al. (2005) indicate that DDT

causes cancers of the liver, pancreas, as well as breast cancer.

2.5 Malaria and indoor residual spraying (IRS)

Malaria remains a major concern in poor nations, though it has been successfully contained in
large economies. In Africa, malaria is a major life threatening diseases. It is ranked as the
second major killer after Human Immunodeficiency Virus/Acquired Immuno Deficiency
Syndrome (HIV/AIDS) (Lopez et al., 2001). Malaria has an impact on most African economies in
terms of healthcare costs, reduced economic production, and weak foreign investments (Sachs

and Malaney, 2002). These impacts of malaria on poor nations are of a serious concern as it
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fuels poverty and mortality. Although the SC targeted DDT as one of the POPs for phase-out
and eventual elimination, it allowed a provision for DDT’s continued indoor use for disease

vector control. DDT is highly effective and is a cheap option (WHO, 2003).

Primary prevention of malaria is achieved through two main vector control interventions,
indoor (house) IRS and insecticide-treated mosquito nets. IRS has a long and distinguished
history in malaria control. WHO has recommended a number of insecticides for IRS. These
insecticides include DDT, malathion, fenitrothion, pirimiphos-methyl, bendiocarb propoxur,
alpha-cypermethrin, cyfluthrin, deltamethrin, etofenprox, and lambda-cyhalothrin (WHOPES,
2007). The insecticides are applied over a large area to capitalise on the mass effect of the
chemical. Through mainly using DDT, IRS has been able to eliminate or greatly reduce malaria
cases in Asia, Russia, Europe, and Latin America (Lengeler and Sharp, 2003). WHO has directly
been promoting the use of IRS using DDT. It recommends implementation in essentially all
epidemiologic settings, including unstable, epidemic-prone areas, stable-endemic areas with
seasonal transmission, and stable-hyperendemic areas with seasonal or perennial transmission
(WHO, 2006). Mabasa (2004), reports that IRS protects more than 13 million people in Southern
Africa from malaria. South Africa, Swaziland, Namibia, Zimbabwe, and Mozambique all use IRS

for malaria control.

During IRS, DDT is sprayed on the walls and any other surface where the female Anopheles
mosquitoes land inside dwellings. The recommended spraying concentrations by WHO is 1-2 g
active ingredient per m? every six months (WHO, 2006). Once the mosquito has had sufficient
contact with the insecticide, it is killed. More importantly, DDT has an excitorepellent effect,
deterring entry into and promoting exit from sprayed dwellings (Roberts and Andre, 1994). It is
argued that the combined mosquito toxicity and effects as a mosquito-repelling chemical, DDT
may maintain its continued efficacy even in areas where mosquitoes are physiologically
resistant against it (Roberts and Andre, 1994). A recent study from India assessing the impact of

IRS with DDT on malaria transmission corroborated the results of earlier Indian studies
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reporting marked reductions in vector densities and malaria incidences although the targeted

malaria vector had a reduced susceptibility to DDT (Sharma et al., 2005).

Application of IRS for malaria control in South Africa goes back to 1932 following a trial test that
was carried out in 1931 in KwaZulu-Natal using pyrethrum (Park Ross 1936; De Meillon 1936;
Mabaso et al., 2004). Pyrethrum was later replaced by DDT in 1946 (Sharp et al., 1988; le Sueur
et al., 1993). In 1958, the areas at risk of malaria transmission where all sprayed, and in 1970 a
comprehensive malaria control program was launched (Sharp & Le Sueur 1996). The use of DDT
was carried out until 1996 and then the country moved to pyrethriods (mainly deltamethrin).
The pyrethriods were only applied for four years until high malaria transmission of epidemic
proportion was reported due to the emergence of the pyrethroid resistant An. funestus
(Hargreaves et al., 2000). According to a report by the WHO, IRS is the cornerstone for malaria
control programmes in South Africa and southern Africa, with great success. Therefore, to
achieve success in malaria control, collaborations with South Africa’s neighbouring countries

Zimbabwe, Swaziland, Namibia, and Mozambique, in IRS programs is vital.

Of the 45 000 000 residents of South Africa, 4 500 000 are at risk of contracting the disease.
Malaria occurs in three provinces of the country, namely, Limpopo, KwaZulu-Natal and
Mpumalanga. The transmission of malaria in these provinces is described as unstable and
seasonal. In the Limpopo Province, DDT is mainly used because of its effectiveness and low cost
but it is does have environmental and health consequences (van Dyk et al., 2010). In South
Africa An. arabiensis is the only vector. Other Anopheles species are also present. These include
An. merus, but this species has not yet been implicated in transmission despite the fact that it
plays a significant role in other countries. An. funestus used to be a very important vector
before it was eliminated through years of IRS with DDT. This vector re-appeared following the
replacement of DDT by pyrethroids in 1996, to which An. funestus was resistant (Hargreaves et
al., 2000). Because of this, the reintroduction of DDT in 2000 became vital. After reintroducing

DDT, the vector disappeared. No record of its presence was made since the reintroduction of
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DDT. Later on, DDT resistance was identified in a population of An. arabiensis in two localities in

KwaZulu-Natal (Hargreaves et al., 2003).

South Africa has different climates ranging from Mediterranean in the south-western corner, to
temperate in the interior plateau, and subtropical in the northeast. A small area in the
northwest has a desert climate. South Africa is considered a relatively dry area with an average
rainfall of 464 mm. however different regions of the country have a huge difference in climate.
The Limpopo Province is to the north of the country. It is at the boundary of South Africa and
Zimbabwe and parts are a malaria region. The province has a savannah climate with grassland
and indigenous trees widely spread. The region experiences dry winters and wet summers.
Some rivers and streams dry up. Most of the animals migrate to find food. The region has an
average summer temperature of 32°C. Its winter nights are described as very cold. Heavy

storms are common and account for most of the annual rainfall in the country (van Zyl 2003).

The Vhembe and Mopani districts in the Limpopo Province have been under IRS for malaria
control (Moonasar et al., 2011). It is estimated that a population of about 1 800 000 people are
at risk to contracting malaria in these areas. The amount of DDT that has been used in the two
Limpopo districts between 2005 and 2010 is about 307 781 kg (Moonasar et al., 2011). IRS was

done between September and December for all the years sprayed.

The Drakensberg Mountains is the border that separates KwaZulu-Natal from the Mpumalanga
Province. Mpumalanga Province is partially in the Highveld and is composed of grasslands. The
eastern half of the province is in low subtropical Lowveld. Most of the province is a
mountainous area. In the east the Lebombo Mountains form the range at the border with
Mozambique. The weather in the province is influenced by the Indian Ocean. The Highveld is
comparatively colder because of the differences in altitude; 2300 m compared to 1700 m above
sea level in the Lowveld. The province has an average summer temperature of 27°C and a mean
annual rainfall of 800 mm. The Ehlanzeni district is a malaria controlled area, with 66 000

people at risk. The area has been sprayed with 140 089 kg of DDT between 2005 and 2010 using
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IRS (Moonasar et al., 2011). Spraying was conducted between the months of September and

December with percentage coverage above 80% of all the dwellings.

Towards the east of South Africa, there is the province of KwaZulu-Natal. It covers an area of 92
100 km?. The area has a varied climate due to the diverse, complex topography. The inland
regions of the coast are generally colder. The annual rainfall at the coast is 1000 mm and a day
time peak temperature of 28°C between January and March, and it drops in winter. At the
Drakensberg Mountains, heavy winter snow is often experienced. The hottest place is the
Zululand north coast where sugar cane is grown. The area is quite humid (Zyl, 2003). KwaZulu-
Natal has not had that much DDT sprayed in the area. Only 31 463 kg of DDT were sprayed till
2010 (Moonasar et al., 2011). The percentage household coverage for DDT spray was above

85% throughout. Spraying was conducted between the months of September and December.

The WHO (2010) reports that about 7000 tonnes of DDT is sprayed in Swaziland for malaria

control every year, on a similar schedule as South Africa.

Zimbabwe has an estimated population of 12 000 000 with almost half of the population, 5 500
000, at risk of malaria. Transmission is seasonal and there are risks of an epidemic. Perennial
malaria transmission exists in lowland areas, especially in major river basins. An. arabiensis is
also the main vector of malaria in Zimbabwe. An. gambiae has been recorded in recent times
from the Zambezi Valley (Masendu et al., 2004). However, there is little information on its role
in malaria transmission in this locality. An. merus is commonly found in some parts of the
country particularly, but, as for South Africa, no information is available on its role in malaria
transmission (Masendu et al., 2005). An. arabiensis is resistant to dieldrin but susceptible to

pyrethroids and DDT.

IRS for malaria control in Zimbabwe began in 1947 and a large-scale spraying program was
launched in 1949 using DDT (Alves & Blair, 1953). Indoor residual spraying continued expanding

as a strategy of “barrier spraying” to prevent epidemics and the spread of the disease to the
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malaria free Highveld parts of the country. Spraying continued until 1970 and then interrupted
due to the war of liberation. Spraying was re-introduced in 1981, covering all malaria areas
known as a blanket coverage approach. In the 1990s, the blanket coverage system was replaced
by selective spraying (Mabaso et al., 2004). This method targeted only areas with a high risk of
malaria. However, over the past few years, geographical size and population coverage of the

IRS program has been fluctuating due to inconsistent availability of resources.

Indoor residual spraying remains the main method of malaria control in Zimbabwe. The
country’s management of quality and effectiveness in IRS is highly regarded by the WHO.
However, in recent years, resource constraints and scarcity of technical capacity has crippled
the IRS program. In 2003, spraying was conducted only in a few localities as a result of
inadequate financial resources to secure insecticides. This has impacted on the quality and
extent of the intervention. Improvements have however been noted in IRS management and
coverage is increasing as more resources are available (WHO, 2006). A strategic plan to
eliminate malaria in the southern province of the country was developed in 2006. This is linked
to the malaria elimination plan in South Africa and Swaziland, which includes cross-border
collaboration in order to curtail the chance of reintroduction of the disease (WHO, 2006).
Nevertheless, coverage has increased in the past two years due to support from the Global
Fund for HIV/Aids, Tuberculosis and Malaria. In the 2005-2006 malaria season, 44 districts in
the eight provinces of Zimbabwe were sprayed and 40% of the 5 500 000 at risk population was

protected (Unpublished documents of Ministry of Health, Zimbabwe).

2.6 Passive Air Sampling

With industrialisation and development, environmental pollution has become an increasing
concern, particularly of the air, increasing the need to monitor air pollution. Due to financial
and other constraints associated with active sampling methods, passive sampling has been
encouraged. Passive sampling can be defined as any sampling technique based on free flow of

analytes from the environmental medium to a collection medium because of the difference in
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chemical potential of the analytes between the two media (Gorecki and Namiesnik, 2002). In
simpler terms, it is a sampler that can collect analytes passively without using electric power.
The process is dependent on the diffusion of the sampled compound to collection surfaces or
sorbents. The pre-determined effective flow is slightly affected by temperature, but unaffected
by pressure or altitude. Flow of the analytes from the atmosphere goes on until a level of

equilibrium is reached or until sampling stopped.

Measuring pesticides in the atmosphere allows for a better understanding of their sources,
fate, and LRT (Pozo et al., 2006; 2009). A number of studies to determine pesticide
concentrations in air have been carried out using passive air samplers. Passive air sampling has
been successfully carried out by The Global Atmospheric Passive Sampling (GAPS) study. GAPS
demonstrated that it is feasible to used passive samplers to assess the spatial distribution of
persistent organic pollutants on a worldwide basis. The GAPS network included more than 40
sites on seven continents, mainly at background locations, with some representation of urban
and agricultural areas (Shunthirasingham et al,, 2010; Pozo et al.,, 2006). In South Africa,
Batterman et al. (2008) used passive air sampling to monitor organochlorine pesticides in
ambient air in Durban. Passive air sampling by GAPS showed that DDT and its metabolites and
chordane-related compounds tend to be more prevalent in developing countries

(Shunthirasingham et al., 2010)

2.6.1 Merits and demerits of passive air sampling

Passive air sampling is fast becoming popular as it has a number of merits. The process is
generally cheaper than active sampling as no energy source is required. In addition, many
passive samplers are capable of providing comparable performances to active samplers in
terms of sensitivity and reproducibility (Fan, 2011). An advantage of using passive air samplers
is that they can be used in any area, even in remote places with no power (Shoeib and Harner,

2002). Maintenance is generally easy since the sampler does not really need any monitoring
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after deployment. They can also be deployed for a long period as for example by the

Monitoring Network, Africa (MONET), which deployed samplers on a monthly basis in 2008.

Passive air samplers however have their problems. The samplers may require long exposure
times, between 8 hours to one month. This implies a long study period. They measure average
concentrations and hence emission events can be missed. The method also generates few data
points and the sampling volume is not known (Shoeib and Harner, 2002). One of the goals of
the SCPOPs is to monitor POPs movement, transportation, and distribution. The sampling of air

to study LRT of POPs is of vital importance.

2.6.2 Polyurethane foam (PUF) passive air samplers

There are different types of passive air samplers, based on the intended chemicals to be
sampled and the length of deployment. Polyurethane foam (PUF) is used in passive air sampling
of POPs. This is because they have a high retention capacity for these types of compounds.
PUFs are easy to handle and can be deployed for long periods. The large deployment time,
ranging from a day to months, make it possible for them to collect quantifiable levels of a wide
range of compounds in large-scale ambient sampling campaigns. It also makes it possible to
deploy them in remote areas. For outdoor use, the PUFs is covered by two stainless steel bowls,
which serve to protect the sampling disk from light and rain and any other harsh weather
conditions (Figure 2). A metal rod that runs through both bowls is held by metal clamps that

supports the disk.

To calculate and accurately estimate of chemical concentration, uptake rate, and data on
calibration are required (Chaemfa et al., 2008). The sampling rate is derived from carrying out
calibration experiments using gas generation systems. It can also be determined by a field-
based sampling next to a high volume air sampler. The sampling rate is an important parameter
in POPs. In this study, only the amounts of DDT on the filter were used. The principles of passive

air sampling are explained in detail by Shoieib and Harner (2002). The uptake of the sampling
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air is determined by what is known as the air mass transfer coefficient. It is wind dependant.
PUFs trap DDT as both the vapour phase and as particulates. According to Klanova et al. (2008)

the particle-phase sampling rate is approximately 10% of the vapour phase.

Passive air samplers have been used in monitoring programs from air quality. Monitoring has
been viewed as a very important tool for the evaluation of persistence and LRT of POPs.
Monitoring is defined as the long-term and standardised measurement, observation,
evaluation, and reporting of physical, chemical, or biological parameters in order to define
status, trends, and mass-flow (MONET, 2008). Monitoring programs have played a key role in
the discovery, and understanding of the behaviour of POPs. Systematic air monitoring studies,
such as by RECETOX, have shown that a range of chemicals are subject to long-range transport,
while monitoring of biological samples has demonstrated a range of compounds that are
persistent and prone to bioaccumulation. In addition to identifying chemicals of concern, multi-
media monitoring programs also have demonstrated the effectiveness of various emission
reductions, phase outs, and elimination measures in reducing the environmental levels of pol-
lutants (RECETOX, 2009). The ability of POPs to travel long distances is part of the explanation
for why countries that banned the use of specific POPs are no longer experiencing a further
decline in their concentrations; the wind may carry chemicals into the country from other
regions that still use them. The monitoring of these compounds in air becomes critical to

determine the effectiveness of their ban.

Passive air sampling has been used in a number of studies throughout the world. Article 16 of
the SCPOPs highlights the importance of monitoring the concentrations POPs in the
environment. Its intent is to evaluate the effectiveness of the Convention through a global
monitoring program. Such programs for air monitoring have been carried out, for example the
MONET Africa program, carried out in 2008, in which 15 African countries participated by
providing and servicing sites. Passive air sampling was carried out using PUFs. PUFs were used
as long term sites were required for the program and because they are cheap. This study

considered the South African participation to MONET-Africa.
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Background data from such monitoring programs is important as it provides a backbone for
further research and innovations. The SCPOPs, of which South Africa is a Party, carries a
number of obligations and expectations. Based on the obligation to develop a NIP, the State is
obliged to reduce or terminate all sources of POPs within the SC provisions. This therefore
implies that a state should know the environmental levels of these POPs whereby priority
sources and hotspots can be targeted for interventions. Since much of this information is either
old or completely lacking, research needs to be undertaken (Ross, 2004). The use of passive
sampling methods has made it possible for such programs to be carried out on such a large

scale.

2.7 HYSPLIT trajectories

The HYSPLIT has a number of advantages and restrictions. The model is a complete system for
computing simple air parcel trajectories to more complex dispersion and deposition
simulations. The model is able to simplify complex air data and produce simple output to be
interpreted. The advantage of the software is that computation is relatively simple and using it
does not require intensive training. The simplification of the products allows it to be used by a
various organisations or individuals across different displines. Another advantage of using
HYSPLIT is that it is readily available on the internet and therefore accessible. The software is
suitable for small number of sources or receptors and therefore suitable for this particular
study. HYSPLIT allows the user to pinpoint source areas using different tools in the software.
Through the dispersion model and given the necessary data sets, HYSPLIT is able to determine
pollutant spread. It also allows the user to set up his/her own parameter to use in prediction

studies. HYSPLIT also makes it easy to determine trans-boundary transport through air.

The use of HYSPLIT however does have restrictions. The model is highly depended on
meteorological data, such as temperature, wind speed and wind directions, and therefore it

may not be useful in areas where there is a gap in this data. The online version of the software
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has a limited run time and therefore cannot produce results for a large run-time (450 hours).
The software cannot is unable to process multiple pollutant transport runs at a time. Each run
has to be done one by one. Another restriction is that if many sources or receptors are
considered, computational effort approaches are not possible. This limits the number of source

and receptor areas that can be studied at a time.

Air movement can be predicted or backtracked to determine direction of the origin it comes
from. Pollutants can be carried by winds over a long distance and reach remote areas. The
movement of air can be tracked by studying air mass trajectories. The trajectories show the
movement of air over a selected period (Saso, 2011). There are two types of trajectories,
forward trajectories and backward trajectories. Forward trajectories are able to show the
movement of an air mass or pollutant from a particular point of origin. Forward trajectories are
typically used in connection with the calculation of pollutant distribution from accidental
releases where the emission source is single and strong. Backward trajectories show the
pathway of air that reaches a particular site. The backward trajectories are typically used for
modelling air pollution from multiple distributed emission sources (Saso, 2011). The procedure
for calculating trajectories is to choose a receiving or starting point and then calculate back or
forward in time according to the direction and speed of the wind. The software developed by
the Air Resources Laboratory (ARL) HYSPLIT, is used to run the trajectories under the National
Oceanic Atmospheric Administration (NOAA). The model is able to show air mass movements
as trajectory and associated height. The software indicates the height of the air mass at every
particular point of the trajectory. In this study, the height was not considered as the focus of
the research was more included to the horizontal movement of the air masses and surface

areas covered, as deposition via rain and dust is not covered by HYSPLIT.

2.8 Monitoring Network in Africa (MONET-Africa)

There is a data gap on ambient air pollution in Africa. There was also no regular, uniform, or

consistent monitoring system. The Monitoring Network in Africa (MONET-Africa) project by the
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United Nations Environmental Program (UNEP) was conducted throughout Africa during 2008.
Project design was based on the experience from pilot studies done by RECETOX in the Czech
Republic and western Balkans in 2003. The MONET-CZ was a monitoring programme that used
passive air sampling to sample for POPs in air within the Czech Republic (Klanova et al., 2009).
The use of passive air sampling using PUFs is ideal for Africa, as it is generally cheap and
requires very little maintenance compared to other methods. The sampling survey of MONET-
Africa was done at 26 sites across Africa with the goal to establish baseline information on POPs
contamination in ambient air (Klanova et al., 2009). Countries that took part were Kenya, DRC,

Ethiopia, Ghana, Mali, Mauritius, Nigeria, Senegal, South Africa, Sudan, Togo and Zambia.

LRT of POPs may affect the African continent, making it an important issue to understand.
Knowledge of LRT of POPs in Africa would help identify and assess areas at risk, and knowledge
about source areas would help in developing better management methods. MONET-Africa’s
goal was to establish a long-term monitoring system of background sites, to detect and
evaluate integrated trends and LRT of airborne POPs. This would help in determining the extent

of pollution and inform about potential effects of POPs in Africa.

2.9 Aims
The aims of this study:
e Passive sampling and analysis of airborne DDT at three sites; Vanderbijlpark, Barberspan
Nature Reserve, and Molopo Nature Reserve
e Determine the distribution of DDT by air movements from DDT-sprayed areas on a
monthly basis from 54 sites using HYSPLIT.
e Compare model data with passive air sampling data
e Determine the populations and ecosystems that may be exposed to airborne DDT.
e Establish the spraying period with the longest and shortest air transportation distances.
e Determine any trans-boundary LRT via air.

e |dentify potential airborne DDT sampling sites as a result of long range transport of DDT.
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CHAPTER 3: METHODS AND MATERIALS

This chapter is divided into two sections. Section One focuses on passive air sampling of DDT
and metabolites in ambient air at three sites in South Africa. Section Two looks at the
generation of backward and forward trajectories to determine the potential movement of DDT

from malaria sprayed areas, and towards the sampling sites.
Section One
3.1. Passive sampling sites

South Africa, through the NWU, operated three sampling sites. The sites included a background
site, an agricultural site, and an industrial site. The sites spanned a 520 km east-west transect
from Vanderbijlpark (urban industrial), Barberspan Nature Reserve (rural agricultural), to
Molopo Nature Reserve (nature reserve). Considerations for sighting the stations apart from

general location were accessibility, safety, and low risk of theft.
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Figure 1: Passive air sampling sites on a country basis.

3.1.1 Vanderbijlpark

Vanderbijlpark (26.7S, 27.8E) is highly industrial with a population of about 220 000. It lies next
to the Vaal River and is in the south of the Gauteng Province. The major activities in the area
include an iron and steel manufacturing plant, petrochemical plant, power plant, and a coal
mine. A major steel company, Vanderbijlpark Steel is located in the town. The town is also
surrounded by other industrial towns such as Vereeniging and Sasolburg. Major organisations

such as VECOR, the largest comprehensive heavy engineering works in the Southern
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Hemisphere was located in Vanderbijlpark. The town also houses Cape Gate (Pty) Ltd, a major
market share holder in the wire and cable industry. The first steel factories in Vanderbijlpark
began operating in 1947. Since then, it has grown to become an industrial giant in South Africa.
60% of the town’s residences are employed by the town’s factories. The town experiences hot
and wet summers from November to March and a cold dry winter through June to August.

Average summer temperature is 27°C and in winter it is as low as 4°C. The town is also known

for its recreational facilities, mostly water sports. Activities like cruises on the river are popular.

Figure 2: Map of Vanderbijlpark. The location of the sampling station is located by a yellow

marker.
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Figure 3: Vanderbijlpark passive PUF sampling station.
3.1.2 Barberspan Nature Reserve

Barberspan Nature Reserve (26.6S, 25.5E) was the second site. It is located in the North West
Province, 17 km north-east of Delareyville at an altitude of between 1345 m and 1360 m above
mean sea level. The sanctuary has a 3118 ha wetland. The vegetation is mainly flat grassy plains
and a few scattered trees. The reserve qualified as a wetland of international importance
according to the Ramsar Convention, and was listed in 1975. 2000 ha of the sanctuary is water.
Barberspan is the largest in a series of pans in the fossil bed of the Harts River (Barberspan,
South Africa, 2009). The alkaline pan is connected to the Harts River being the largest of a
number of depressions along the channel. The area has different wetland types including
permanent rivers, streams, and creek, permanent fresh water pools, and perennial freshwater

and alkaline pans (Acocks, 1953). The Harts River pushes water into Barberspan during the
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wetter summers, which is enough to last throughout the dry winters. The water channel is of
ecological importance since the pan now became a large perennial water body in an area of
otherwise seasonal pans and vleis. A large number of birds, especially water fowl, now rely on
the pan for feeding, drinking, roosting, moulting and breeding (Barberspan Reserve, 2003). The
area is semi-arid and records an average temperature of 18°C and a mean temperature range
between 9°C to 27°C. The area’s catchments receive summer rainfall during the hot summer
months. The winters are however cool, dry, and windy. There is very occasional snow in the
south and eastern areas of the Province. Wind direction in the North West Province is
predominant from a northerly direction. There is a trend for the windy conditions between
August and November (Milstein, 1975). The pan is protected as a Provincial Nature Reserve
proclaimed in 1954. The nearest town to the reserve is 16 km northeast and is known as
Delareyville. The area surrounding the sanctuary is predominately agricultural land. The main

activates or form of agriculture is cattle ranching and maize farming.
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Figure 5: Barberspan passive sampling station.

3.1.3 Molopo Nature Reserve

Molopo Nature Reserve (25.8S, 22.9E) was chosen as a remote background site. The reserve is
located on 24 000 ha of conserved land. It lies on the Botswana border in the far west of the
North West Province, 250 km north of Vryburg, and 7 km west of the village of Vostershoop.
The vegetation is Kalahari grassland. The area is arid and receives very little rain. A large
number of bird species and wildlife are found at the reserve, including eland, blue wildebeest,
gemsbok, red hartebeest, kudu, zebra impala waterbuck, and springbok. The reserve has
recorded over 129 species of birds and this includes breeding pairs of bateleur, tawny eagle and
martial eagle. White-backed vultures and lappet faced vultures are also common. The reserve’s

climate is greatly influenced by the Kalahari Desert. The temperatures can rise up to 40°C.
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Rainfall is experienced during the hot summer. This is between December and April. The rainfall
is rarely more than 100 mm/annum. The area may experience heavy rains for a short period,
changing the vegetation to a much greener site. The winters are between June and August.
They generally have dry air with an average temperature of 25°C during the day. The evenings

however get very cold.

Googleearth
C

Figure 6: Map of Molopo Nature Reserve. The location of the sampling station is indicated by

the yellow marker.
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Figure 7: Molopo passive sampling station.

These three sites were used as sites for passive air sampling. Passive air samples were collected

at the sites for a year at monthly intervals.
3.2 Passive air sampling
3.2.1 Principles of passive air sampling

Passive air sampling is viewed as a cheaper method for comparative studies on various sites or
for verification of information obtained from active samplers. Passive air sampling implies that
the air is not forced through sorbent, but instead is allowed to passively flow through the
sorbent. A basic characteristic of passive samplers is a low sensitivity to accidental short-time

changes in the concentration of pollutants. They only provide information on the integrated
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long-term contamination of the studied environmental compartment, in this case air. The air is
allowed to move freely around the filter, membrane or other medium known as the sorbent.
This captures the pollutant during the period of sampling. However, the association between
the amounts of POPs captured on the polyurethane filter (PUF) and their concentrations in the
sampled air is yet to be fully explained mathematically. Multiple compounds can be extracted

and measured from each filter, but only one data point per compound per filter is obtained.
3.2.2 Filters

Passive air sampling filters were made of white non-coloured polyurethane with a density of
0.030 g/cm?>. The type of polyurethane is known as N3038 and is produced by Gumotex Breclav,
Czech Republic. All PUFs were Soxhlet extracted with acetone for eight hours and then a further
eight hours in dichloromethane. The filter was dried, wrapped individually in clean foil, and

then individually placed in a plastic ‘Ziplock’ bag.
3.3.1 Sampling procedure

Samples were collected from three sites. The passive air sampling device consists of two
stainless steel bowls attached to the common axle and formed a protective chamber for the
PUF. The chambers were washed and rinsed with acetone before installation. The sampler was
hanging vertically at a height of 1.0-2.0 m above the ground. Placement of the sampler is best
when the terrain was open without any significant obstacles for free airflow. Figures 4, 5, and 6
show the deployment situation for each sampler. The sites were all reasonably well secured

against theft and tampering.

The average air sampling rate is estimated at between 3.5 and 7 m3/day (RECETOX, 2006). This
translates into between 100-200 m® of air sampled over the four-week sampling period.
Because this is a passive sampling method, the air concentrations cannot be calculated. Instead,
the amounts per PUF were used. The assumption here is that the between-month and
between-site variation is less than the variations in air concentrations, and therefore

comparable within and between sites. When collecting samples, gloves were used to handle
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PUFs during collection. On collection, the exposed filters were wrapped in two aluminium foils,
labelled, and kept at a temperature of 5°C during transportation. The samples were stored at -
18°C before analysis. Samples were collected over a period of one year at one-month intervals
from January 2008 to December 2008. A single filter was collected from each sampling site after

each sampling interval.
3.3.2 Sample Analysis

Extractions and analyses were done at RECETOX, Czech Republic. All standards (calibration sets,
natives, and mass labelled compounds) were purchased from Wellington Laboratories
(Canada). PUFs were extracted using the automated Buchi System B-811 (Biichi, Switzerland)
warm Soxhlet extractor (60 minutes warm Soxhlet followed by 30 minutes of solvent rinsing)
with toluene. The concentrated extracts were cleaned-up on a H,SO4 modified (30% w/w) silica
column, eluted with 40 ml DCM/n-hexane mixture (1:1). Fractionation was achieved in a micro
column (6 mm i.d.) containing from bottom to top: 50 mg silica, 70 mg charcoal/silica (1:40) and
50 mg of silica. The column was prewashed with 5 ml of toluene, followed by 5 ml of
dichloromethane/cyclohexane mixture (30%). The sample was added on top and eluted with 9

ml dichloromethane/cyclohexane mixture (30%).

HRGC/HRMS instrumental analysis was performed on a 7890A gas-chromatograph (Agilent,
USA) equipped with a 60 m x 0.25 mm x 0.25 um DB5-MS column (Agilent J&W, USA) coupled
to an AutoSpec Premier MS (Waters, Micromass, UK). The MS was operated in El+ mode at a

resolution of >10 000.
3.3.3 Quality assurance and quality control

Recoveries were determined for all samples by spiking with the surrogate standards prior to
extraction. For BDEs, recoveries ranged between 60-110%. All data were recovery corrected.
Laboratory blanks were under the quantification limits for all compounds. Field blanks
consisted of pre-extracted PUF disks and were taken once at each sampling site for the whole

campaign. These were extracted and analyzed in the same way as the samples, and the levels in
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field blanks never exceeded 3% of the quantities detected, indicating minimal contamination

during the transport, storage and analysis.
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3.2 Section two

3.2.1 Starting Points for forward trajectories

Tables 1 and 2 show the starting points for the forward trajectories from 54 sites. Each point is

coded and the coordinates given. The code is based on the grid of the grid map generated with

Map Viewer.

Table 1: Coordinates for the 1

27 starting points.

Site code X-coordinates

Y-coordinates

A5
A6
A7
A8
A9
B7
B8
B9
B10
c7
C8
C9
C10
D8
D9
D10
E8
E9
E10
E11
F8
F9
F10
F11
G8
G9
G10

29.4

28.89
29.95
30.47
31.01
29.95
30.47
31.01
31.55
29.95
30.47
31.01
31.55
30.47
31.01
31.55
30.47
31.01
31.55
31.92
30.47
31.01
31.55
31.92
30.47
31.01
31.55

-22.37
-22.37
-22.37
-22.37
-22.37
-22.9

-22.9

-22.9

-22.9

-23.49
-23.49
-23.49
-23.49
-24.04
-24.04
-24.04
-24.58
-24.58
-24.58
-24.58
-25.11
-25.11
-25.11
-25.11
-25.68
-25.68
-25.68
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Table 2: Coordinates for the 2" 27 starting points.

Site code X-coordinates Y-coordinates

G11 31.92 -25.68
H8 30.47 -26.2
H9 31.01 -26.2
H10 31.55 -26.2
H11 32.07 -26.2
18 30.47 -26.7
J9 31.01 -26.7
J10 31.55 -26.7
J11 32.1 -26.7
J12 32.62 -26.7
L8 30.47 -27.25
L9 31.01 -27.25
L10 31.55 -27.25
L11 32.1 -27.25
L12 32.05 -27.25
M8 30.47 -27.77
M9 31.01 -27.77
M10 31.55 -27.77
M11 32.05 -27.77
M12 32.46 -27.77
N9 31.01 -28.32
N10 31.55 -28.32
N11 32.05 -28.32
N12 3241 -28.32
P9 31.01 -28.89
P10 31.55 -28.89

P11 32 -28.89
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Figure 8a: Malaria risk areas in South Africa, Swaziland, and Mozambique (Moonasar et al.,

2011).
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Figure 8a shows the areas at risk of malaria in South Africa. The degree of malaria risk is shown
by the different shades of orange. The selection of the starting points for forward trajectories
included sprayed and potentially sprayed areas. Swaziland was also included as DDT is also
being used here for IRS. However, Mozambique has been excluded, as IRS is only sporadic and
mostly not using DDT. The starting points are indicated in Figure 8b. 54 points were used as
starting points on a 60 X 60 km grid basis, as smaller distances would not add more information
to the trajectories. To maintain the integrity of the grid and to cover the peripheral areas where
DDT may be applied, some of the points fell in Mozambique (J11 and J12) but considered part
of the SA and Swaziland contiguous area of IRS. The map was developed using MapViewer 7

(www.goldensoftware.com).

Limpopo Province had 16 starting points with five close to the Zimbabwean boarder. Most
points are to the east of the province, with some points close to Mozambique. Some points
were inside the Kruger National Park where malaria control is also done. Mpumalanga Province
had 17 points with three on the border with Limpopo. Like Limpopo Province, the points were
mostly to the east. Six starting points fell within Swaziland. KwaZulu-Natal provided 15 of the

starting points.
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3.2.2 How HYSPLIT Works

The unintentional or planned discharge of chemical, biological or nuclear agents can have
considerable adverse health, safety, security, economic, and ecological results. The Air
Resources Laboratory’s (ARL’s) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model is a tool to assist in explaining how, when, and where chemicals and materials are
atmospherically transported, dispersed, and deposited. Such knowledge is critical for
responding appropriately and preventing or predicting disasters and threats. The technology
has been use in predictions of volcanic ash plume locations allowing aircraft to avoid dangerous
areas. Understanding the sources of hazardous air pollutants allows air quality managers to

develop targeted policies and plans to mitigate the problem.

The HYSPLIT model is a complete system for computing simple air parcel trajectories to
complex dispersion and deposition simulations. The model was first developed as a result of a
joint effort between National Oceanic and Atmospheric Administration (NOAA) and Australia's
Bureau of Meteorology. Over the years, the model has been improved with enhancements
provided by a number of different contributors. Some newer features include improved
advection algorithms, updated stability and dispersion equations, continued improvements to
the graphical user interface, and the option to include modules for chemical transformations.
Without the additional dispersion modules, HYSPLIT computes the advection of a single

pollutant particle, or simply its trajectory, as was done here.

3.2.3 Generation of trajectory maps

Forward and backward trajectory maps were generated using the HYSPLIT model of the
American NOAA. Coordinates for starting points, the run time, direction of trajectory and height
were fed in the HYSPLIT data sheet (Figure 9). The Global Data Assimilation System (GDAS)
archive of meteorological data was used. The trajectories were all generated at a starting height
of 10 m. The run time for each trajectory was 168 hours (7 days). Trajectories were produced
on a monthly basis for the whole year (2008) and for each sprayed DDT area. The text files for
each week were then converted into excel format. Using MapViewer7, point coordinates were
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plotted for every hour (dots) of the one week run time. For forward trajectories, the plotted

points were overlain to make one map for all 54 sites and for every month. Plotted points for

backward trajectories were plotted for the three sites together, on a monthly basis, for 2008.

HYSPLIT Trajectory Model

Model Run Details

Meteorology: GDAS1

Source Location: Lat: -24.58 Lon: 22.37

The GDAS1 archive file contains data beginning at 0000 UTC 10/22/08.

Change Default Model Parameters and Display Options

Trajectory direction: Help | @ rorward
® packward

Vertical Motion: Help | @ Model vertical velocity
® |sobaric

® Isentropic

) Help | year month day hour
Start time (UTC): ‘ - j ‘ " j | - j ‘ ” j
Total run time (hours): Help | | 168
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: . . . . 24
Start a new trajectory every: | Help hrs Maximum number of trajectories:

Start 1 latitude (degrees): Help

Start 1 longitude (degrees): | Help

Start 2 latitude (degrees):

Start 2 longitude (degrees):

Start 3 latitude (degrees):

Start 3 longitude (degrees):

[ay

Level 1 height: Help ® netersAGL | ® meters AMSL

Level 2 height:

IEERRRREE

Level 3 height:




Display Options

Plot resolution| Help 96 -
(dpi):
Zoom factor: Help 70

Help

Plot projection: Default Polar ® |ambert ® \Mercator
Vertical plot Help | @ pregyre Meters AGL | ® Theta

height units:

Label Interval: Help | @ No Jabels 6 hours ® Dhours | ® 24hours
Plot colour ® . No

trajectories?

Plot source ® . No

location symbol?

Distance circle Help | @ Nope Auto

overlay:

u.s. county| Help | @ v No

borders?

GIS output? Help | @ None GIS Shape file | ® Google Earth (kmz)
Postscript file? Help | @ yqq No

PDF file? Help | @ yeg No
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Plot Help | @ vqs No Note: Only choose one
meteorological meteorological variable from
field along below to plot

trajectory?

Dump Help | T Terrain Height (m)
meteorological " Ppotential Temperature (K)
data along " Ambient Temperature (K)
trajectory: &

Rainfall (mm per hr)

Figure 9: Data entry sheet for a forward trajectory run (http://ready.arl.noaa.gov/HYSPLIT.php)
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CHAPTER 4: RESULTS

The results chapter is divided into three sections. Section A shows the trends and levels of DDT
and its metabolites in the deployed PUF samples. Each graph shows the trend of a particular
metabolite over a period of one year for the three passive air-sampling sites. Section B shows
monthly maps of forward trajectories from the 54 sites under IRS treatment for the complete
sampling year of 2008. Section C shows backward trajectory maps from the three passive air
sampling sites. It shows areas where the air masses carrying the DDT and its metabolites

originated.
4.1 SECTION A: The trends and levels of DDT and its metabolite at the sampling sites.

Figures 10-15 show monthly concerntration graphs in ng/fliter on a single filter for six DDT
compounds, namely o,p'-DDT, p,p'-DDT, o,p"-DDD, p,p'-DDD, o,p'-DDE and p,p'-DDE at the three
passive monitoring sites throughout 2008. Figure 16, shows the trend of the sum total of DDT

(2DDT) metabolites throughout the year.
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Figure 10: o,p'-DDT trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.
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Figure 10 shows that o,p'-DDT concentration started very low at the beginning of the year and
increased as the year progressed. Molopo and Vanderbijlpark detected o,p"-DDT in January and
February, with Barberspan having its first quantifiable detection of the compound in February.
Relatively low concentrations were, however, recorded between January and February. All sites
did not record quantifiable o,p'-DDT between March and June. Concentrations increased at all
three sites in July till year end. In October, Molopo Nature Reserve had the lowest
concentrations in general and Vanderbijlpark recorded the highest concentration. From July to
October, there was a steady decrease in concentrations at Barberspan and Vanderbijlpark, with
a dip from October to November at both sites. o,p-DDT in Molopo was below 1 ng/filter
throughout the year. Vanderbijlpark recorded concentrations above 6 ng/filter and had, when

detectable, the highest concentrations.
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Figure 11: p,p'-DDT trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

Figure 11 shows changes in concentrations of p,p-DDT. Vanderbijlpark again dominated with
the highest concentrations, going up to 10 ng/filter. The graph looks similar to Figure 10. p,p'-

DDT was detected at the beginning of the year at all sites. Concentrations then took a dip at all
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three sites between January and March. Molopo and Barberspan had the lowest concentrations
compared with the other two sites, with non-detects recorded for March and April. A steady
decrease was then experienced at all three sites till July. July to October saw a steep decrease
at all three sites. p,p'-DDT generally had higher concentration compared to o,p-DDT.
Barberspan and Molopo had almost the same concentrations between April and August when
its concentrations increased. October to November had a dip in concentrations at all sites,

much the same as for o,p”-DDT in Figure 10.
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Figure 12: p,p'-DDD trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

Figure 12 shows the changes in concentrations of p,p'-DDD. Generally the concentrations were
somewhat lower compared to o,p’-DDT and p,p"-DDT (Figures 10 and 11), ranging between non-
detect-3.5 ng/filter at all three sampling sites. The highest concentrations per site were
recorded at the beginning of the year. All three sites followed a similar pattern with
concentration dips from January to March but increasing March to April. All three sites

decreased between April and June, followed by an increase in concentration from July to
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September at all sites. Molopo recorded the lowest overall concentration, with non-detects on

four occasions. Vanderbijlpark had the highest concentrations in most months.
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Figure 13: 0,p'-DDD trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

o,p'-DDD concentrations were generally low at all the sites, ranging between non-detect-1.3
ng/filter. During the beginning of the year, concentrations were low with many non-detects at
all sites. In Vanderbijlpark, the concentration rose steadily from June to December which had
the highest concentration of o0,p’-DDD. Molopo had a recording of eight non-detects at different
stages of the sampling year. Comparatively low concentrations were recorded in Molopo and

Barberspan.
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Figure 14: p,p'-DDE trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

Figure 14 shows the concentration trends of p,p'-DDE at the three sites. Concentrations ranged
between 0.2-6 ng/filter. At Molopo and Barberspan, concentrations remained generally
constant. Vanderbijlpark recorded the highest concentrations every month. Concentrations
decreased from the beginning of the year at all the sites. The concentrations in Barberspan and
Vanderbijlpark started the year relatively high and decreased as the year progressed. Between
April and June, Vanderbijlpark had a steady increase in concentration. Concentrations then
increased at both Barberspan and Vanderbijlpark from July till yearend. Molopo had relatively
steady concentrations compared to the other two sites and the lowest concentrations out of all

sites throughout the sampling period.
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Figure 15: o,p'-DDE trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

Figure 15 shows o,p'-DDE concentrations. No quantifiable concentrations of the chemical were
recorded in the first five months of the sampling year at all three sites. June had the first
detection of o,p"-DDE at all three sites. Concentrations rose in July for all sites with a sharp
uniform reduction in October. Molopo and Barberspan concentrations were below
guantification levels in October. Vanderbijlpark had the highest concentrations, followed by
Barberspan, then Molopo. The levels of concentration were generally low compared to the

other DDTs, with nothing above 1 ng/filter.
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Figure 16a: 3DDT trends over a period of one year (2008) at three sites in ng/filter on a single
sample. V.P = Vanderbijlpark, BNR = Barberspan Nature Reserve, MNR = Molopo Nature

Reserve.

Figure 16 shows the sum total of DDT compounds as ZDDT. ZDDT was evident at all three sites.
Trends were fairly similar at all sites, with a general dip in concentrations between March and
July. Concentrations of 2DDT increased sharply from July till year end. Vanderbijlpark recorded
the highest concentration, which was above 20 ng/filter. There was a dip in concentrations
found in the November filters. Molopo had the lowest concentrations with nothing above 5

ng/filter.
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Figure 16b: Mean % p,p’-DDT of the three sampling sites over a period of one year.

Figure 16b shows the mean percentage of p,p’-DDT of ZDDT all three sites. The graph shows

that the percentage declined from February to March. The percentages increase again between

March and May. This is the followed by another decline till July. There was an increase from

August and a slight drop in November and December.
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4.2 Section B: Forward trajectory maps for 2008

The Guidance document for the Global Monitoring Program for POPs under the Stockholm
Convention states that a better description of POP concentrations and trends at particular sites
can be achieved through the evaluation of regional and global atmospheric transport pathways.
Figures 17-28 shows the calculated forward air mass trajectories from 54 sites in current and
potential malaria control areas. The run time for each trajectory was 168 hours (7 days),
generated for every day for every starting point, for 1620 trajectories per month. Each map
shows the combined air mass trajectories for each respective month. The air mass trajectories

show the path and areas over which the air masses passed.

63



km

Figure 17: Forward air mass trajectory map for January, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.

In Figure 17, the prevailing winds in January appeared to be favouring a north-western
movement. Compared with the following months, forward trajectories were relatively short,
covering a smaller area in seven days. Major air mass movement covered the north-western
end of South Africa, with a trajectory stream towards the south. The whole of Swaziland was

covered by the trajectories and also the southern part of Mozambique. Some air masses moved
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into the eastern part of Botswana and the southern part of Zimbabwe. Very few air mass
movements were towards the east. South-easterly movement was limited, with few air masses
moving into the Indian Ocean. It seems as if the Drakensberg Mountains shielded Lesotho and
the Eastern Cape. It is also obvious that the three active sampling points were covered less the
further west they were located from the source area (Figure 7). Molopo had almost no

trajectories covering it, while Vanderbijlpark seemed to be the most densely covered.
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Figure 18: Forward air mass trajectory map for February, 2008, from 54 sites. Each trajectory is

a 24-hour forward trajectory from one site for each day of the month.

Figure 18 shows the forward trajectories for February, 2008. The prevailing wind moved air
masses towards the north-west. The February map (Figure 18) looks much the same as for
January (Figure 17), with perhaps a smaller component towards the east. The area covered was

more to the north of the South African border crossing into the southern part of Zimbabwe and
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covering most of Botswana. There was little movement toward the centre of South Africa.
There were other trajectory streams, that moved along the eastern coast of South Africa with
some air masses ending up over the Indian Ocean. Again, the possible shielding effect of the
Drakensberg Mountains seems to be in effect. Although southern Botswana received air masses

from the spayed areas, the Molopo received very little.
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Figure 19: Forward air mass trajectory map for March, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.

The March map (Figure 19) had a similar pattern as the ones in January and February (Figures
17 and 18). Air masses moved from the sprayed areas towards parts of Botswana and a small
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part of southern Zimbabwe and Mozambique. Air masses also moved southwards from the
sprayed areas towards the Indian Ocean. The reach of the air masses was smaller than that

noted in figure 17 and 18.
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Figure 20: Forward air mass trajectory map for April, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.

The distribution of air mass movements was more diffuse in April (Figure 20) compared with
previous months. The air masses distributed more to the east than earlier. There was a stronger
southern component away from the sprayed areas towards and over the Indian Ocean. More

air moved into central South Africa (Free State) as well, circling around Lesotho, in a distinct
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trajectory stream. The air masses spread further to the northwest into most of the eastern
parts of Botswana. Some air masses also reached as far as Namibia via Botswana. However,
very few air mass trajectories made it as far as Namibia. Air masses also moved further up into
Zimbabwe. In Zimbabwe, the whole southern part was covered by the air mass trajectories. In

Mozambique, some southern and central parts were also covered.
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Figure 21: Forward air mass trajectory map for May, 2008, from 54 sites. Each trajectory is a 24-

hour forward trajectory from one site for each day of the month.
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In May (Figure 21) the trajectory pattern had a much stronger southern and eastern
component, much of the air masses moved across the coast into the Indian Ocean.
Mozambique received more air mass trajectories than the previous months (Figures 17-20).
There is also movement away from the sprayed areas into Botswana and Zimbabwe. The
diffusion into these countries was much less when compared to April (Figure 20). The north-
eastern part of South Africa received quite a number of air masses, but the central and

southern parts received no air from the sprayed areas.
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Figure 22: Forward air mass trajectory map for June, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.
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June (Figure 22) experienced a general movement of air in almost all directions. Air masses
moved further out into the Indian Ocean compared with previous months (Figures 17-21). The
spread to the east was also much wider than before, covering large parts of Mozambique. A
few days in June saw movements towards the northwest, with the air masses spreading
throughout the country. Areas at the border with Zimbabwe were densely covered by
trajectories. Movement of air was also noted towards and through Botswana, but with a lesser
spread than previous months. For the first time, air reached the Western and Northern Cape,
while the Drakensberg Mountains was crossed into the Eastern Cape. A large proportion of the
air masses reached the Indian Ocean by eastern, south-eastern and southern movements, some

more than a 1000 km into the Indian Ocean.
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Figure 23: Forward air mass trajectory map for July, 2008, from 54 sites. Each trajectory is a 24-

hour forward trajectory from one site for each day of the month.

July (Figure 23) also had a great spread of air mass trajectories. Air masses moved
predominantly west and northwest, with some long trajectories south and eastwards into the

Indian Ocean. There was a great movement of air masses into Botswana, reaching as far as
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Namibia. To the north, Zimbabwe and Mozambique received air masses coming from the

sprayed areas. One air mass went as far as the northern end of Zambia.
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Figure 24: Forward air mass trajectory map for August, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.

In August (Figure 24), a number of air mass trajectories moved south of the sprayed area and

then into the Indian Ocean - one air mass travelling about 2500 km. The east coast and
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southern Mozambique received many air masses. Some air masses moved up to the north east
into Botswana, nearly reaching all parts of the country. The eastern part of Botswana had winds
moving towards it. The southern part of Zimbabwe received air from the sprayed areas as well.
A few air masses went as far as Namibia, Zambia, and the Northern Cape. Some air masses also

crossed the Drakensberg into Lesotho.
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Figure 25: Forward air mass trajectory map for September, 2008, from 54 sites. Each trajectory

is a 24-hour forward trajectory from one site for each day of the month.
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September (Figure 24) had a very compact distribution of air masses, densely covering southern
Zimbabwe and most of Botswana, central South Africa, and the south coast of KwaZulu-Natal.
Some air masses reached the southern Indian Ocean. Fewer trajectories moved off-land

compared to August (Figure 24). The effect of the Drakensberg is clearly seen.
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Figure 26: Forward air mass trajectory map for October, 2008, from 54 sites. Each trajectory is a

24-hour forward trajectory from one site for each day of the month.

October (Figure 26) looked much like September (Figure 25), with a stronger eastern and

southern component. One trajectory reached very far into the Indian Ocean. A number of
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trajectories reached Namibia and the Northern Cape. The southern trajectory stream followed

the coast to near Port Elizabeth.
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Figure 27: Forward air mass trajectory map for November, 2008, from 54 sites. Each trajectory

is a 24-hour forward trajectory from one site for each day of the month.

November (Figure 27) also had a wide spread of air mass trajectories. The eastern part had air
masses reaching far into the southern Indian Ocean. The whole northern part of South Africa
and southern Zimbabwe had air masses moving over it. The air masses moved into the east of

Botswana and a few reached as far as Namibia and Angola.
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Figure 28: Forward air mass trajectory map for December, 2008, from 54 sites. Each trajectory

is a 24-hour forward trajectory from one site for each day of the month.

In December (Figure 28), the distribution and wind patterns shifted more towards the west of
the sprayed areas. The northwest part of South Africa was covered with trajectories that also
crossed into Zimbabwe, Botswana, and parts of Namibia. There was also a distinct trajectory
stream around Lesotho, both north and south. Two trajectory streams reached the Indian

Ocean, one towards the east, and another towards the south.

77



4.3 Section C: Backward trajectory maps for 2008

The maps (figure 29-40) show backward trajectories from three passive air sampling sites. Each
map shows air mass movements for each month at all three sites. Each trajectory shows air

movement for a period of 24 hours before it reached the sampling area.
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Figure 29: Backward air mass trajectory map for January, 2008, from three sampling sites. Each
trajectory is a 24-hour backward trajectory of one site for each day of the month. Black =

Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature Reserve.
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Figure 29 shows that most of the air masses in January originated from the northern part of
South Africa. Vanderbijlpark received air directly from IRS areas. Barberspan also received air
masses from Limpopo, but not as much as Vanderbijlpark. Molopo, which is further away from
the IRS areas, had less influence from the sprayed areas. Molopo also received air masses from

the arid south-western parts of South Africa.
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Figure 30: Backward air mass trajectory map for the month of February, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.
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The month of February (Figure 30) shows that air mass movements to the sampling areas
originated closer when compared to January. Vanderbijlpark received air masses from
Mpumalanga and KwaZulu-Natal provinces. Some air from the sprayed areas reached
Barberspan. Most of the air masses to Molopo came from the northern border between South

Africa and Botswana.
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Figure 31: Backward air mass trajectory map for the month of March, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.
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Figure 31 shows that the sources of the air masses to the sampling areas originated from much
further away when compared to February. Streams of air masses to Vanderbijlpark and
Barberspan originated mainly from Limpopo and Mpumalanga. Molopo received some air

masses from the northern part of South Africa, including Limpopo.
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Figure 32: Backward air mass trajectory map for the month of April, 2008, from three sampling
sites, each trajectory is a 24-hour backward trajectory of one site for each day of the month.

Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature Reserve.

Origin of April air mass movements to the sampled areas appeared confined to a small area
around the sampling sites (Figure 32) when compared with other months. However, there were
a few days when air masses to all three sites came from as far as the Indian Ocean and even the

Atlantic.
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Figure 33: Backward air mass trajectory map for the month of May, 2008, from three sampling
sites, each trajectory is a 24-hour backward trajectory of one site for each day of the month.

Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature Reserve.

In May the sources areas were more diffuse compared to April (Figure 33). Air masses from
Limpopo reached all sampling sites. Vanderbijlpark and Barberspan had many air masses from
central South Africa. The back trajectories also showed air streams from as far as the Indian and
Atlantic oceans. Molopo received air from the eastern part of Botswana and the western parts

of South Africa.
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Figure 34: Backward air mass trajectory map for the month of June, 2008, from three sampling
sites, each trajectory is a 24-hour backward trajectory of one site for each day of the month.

Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature Reserve.

In June, the source areas for the air masses were generally localised (Figure 34). Vanderbijlpark
received air from the IRS areas. Barberspan also got air masses from Limpopo. Molopo was also
affected by air movements from Limpopo but to a much lesser extent compared with the other

two sampling sites.
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Figure 35: Backward air mass trajectory map for the month of July, 2008, from three sampling
sites, each trajectory is a 24-hour backward trajectory of one site for each day of the month.

Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature Reserve.

Figure 35 shows air movement to the sampled areas for July. The air masses to Molopo
originated from as far as the Zimbabwe-South Africa border. Some of the air originated from
Namibia and central South Africa. Barberspan also received air masses from the Limpopo
Province and central South Africa. Vanderbijlpark had air masses originating from the eastern
provinces and central South Africa as well. The spread of origin areas was somewhat larger than

the earlier months.
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Figure 36: Backward air mass trajectory map for the month of August, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.

The month of August (Figure 36) was characterised by a general movement of air from the
northern parts of the country to the sampling areas, with some originating from the south. The
distribution of air mass origins was wider compared with previous months. All sampling areas
received air from the southern part of the country. One air mass crossed Cape Town towards
Vanderbijlpark. It is clear that fewer air masses from the source area reached the sampling sites

further east.
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Figure 37: Backward air mass trajectory map for the month of September, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.

The spread of trajectory origins in September (Figure 37) was much greater when compared to
earlier months (Figures 29 and 30). Air travelled from eastern and northern South Africa to all
three sampling sites. Vanderbijlpark had the most air mass origins from the IRS areas followed

by Barberspan and lastly Molopo.
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Figure 38: Backward air mass trajectory map for the month of October, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.

Figure 38 shows air distribution for October. All three sites received air masses from all over the
region. Air masses as far as Mpumalanga reached all three sites. Limpopo was the origin for air
masses reaching all three sites. Air masses from the Western Cape also reached the sampling

sites.
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Figure 39: Backward air mass trajectory map for the month of November, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.

In November (Figure 39), the length of trajectories shortened compared with August,
September and October (Figure 37-40). Most air masses originated from the northern part of
South Africa. Limpopo province continued to be the origin of the air masses at all the three

sites.
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Figure 40: Backward air mass trajectory map for the month of December, 2008, from three
sampling sites, each trajectory is a 24-hour backward trajectory of one site for each day of the
month. Black = Vanderbijlpark, Blue = Barberspan Nature Reserve, Green = Molopo Nature

Reserve.

December (Figure 40) had the smallest area of origins of air mass sources of the year. Air mass
origins to Barberspan were restricted to the North West Province and Botswana. A similar
pattern was noted at Molopo. Vanderbijlpark was also limited to air masses originating close to

Gauteng.
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CHAPTER 5: DISCUSSION

The fifth chapter is divided into three sections. Section A discusses the trends and levels of DDT
metabolites at the three passive sampling sites. Section B turns its focus on the spread and,
distribution of airborne DDT using forward trajectory maps, and identify areas possibly affected
due to precipitation and impaction of the DDT out of the air mass. The last section, Section C,
looks at the backward trajectories generated from the three sampling sites to see where the

DDT in the filters may have come from.
5.1 SECTION A: The trends and levels of DDT and its metabolite at the passive sampling sites.
5.1.1 0,p"-DDT

0,p’-DDT is not a breakdown product but a constituent of the applied formulation, making up
about 15% of the DDT used in IRS for malaria control (WHO, 2001; Bouwman et al., 2006).
Concentrations of o,p"-DDT (Figure 10) at the beginning of the year were low at all three passive
sampling sites. This could be due to a high rate of wet deposition caused by the wet season.
Ritter et al. (2005) states that rainfall and snow my remove chemicals in the air. Blais et al.
(1998), states that deposition is speeded up by precipitation, and aids in removing the
contaminants from the atmosphere and depositing them on the surface. Rainfall may have led
to most of the pollutants (particulate and gas phase) being scrubbed out of the air and

therefore not available for accumulation by the PUF filter.

The low concentrations recorded at the beginning of the year could also be due to prolonged
degradation of the compound from the time of spraying in 2007. POPs are degraded through
photolytic degradation (Berdowski et al., 1997). Photolytic degradation of o0,p’-DDT in solid and
gas phase may therefore also have contributed towards the low concentrations at the
beginning of the year. Temperatures, which are high at the beginning of the year, may also lead

to a high rate of degradation resulting in low concentrations (Berdowski et al., 1997).

DDT is sprayed for IRS around September to January, depending on conditions (Chapter 2). Due
to vapour pressure, the compound volatilizes into gas phase and may then also adhere to
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particulates. Most POPs are reintroduced into the atmosphere through this process (Berdowski
et al.,, 1997; Ritter et al., 2005). Windblown dust will also contribute towards DDT in air.
However, because of breakdown and initial volatilization, fewer compounds will progressively
be available for volatilization over time at the sites of application, causing a decrease in

concentrations, after application stops, further downwind.

In June, concentrations in Vanderbijlpark began to increase (Figure 10). Photolytic degradation
potential may have reduced in winter as nights in winter are longer, resulting in less photolytic
potential. This may explain the increase in concentration in winter months. Halsall et al. (1998)
explains this theory using the poles as an example where length of day affects POPs

degradation. Photolytic degradation is high during periods of light, and minimal in darkness.

DDT is sprayed around September to January. By September, 0,p-DDT concentrations almost
reached 7 ng/filter. The increase may be due to the latest application of DDT in the sprayed
provinces. The increase might also be a result of volatilization of previously deposited o,p'-DDT.
Seasonality and summer time maxima may be due to usage patterns and increased volatisation
from soil at higher temperatures (Batterman et al, 2008). Vanderbijlpark o,p-DDT
concentrations rose a month earlier than the other two sites. This site could have received
earlier and greater concentration of o,p-DDT mainly because of its relative proximity to the
DDT sprayed areas, and hence explaining why Molopo had the least values. Over a long
distance and time after the compound has been applied, it would have mixed with many air

masses, hence a reduction in compounds on the filters due to dilution.

The presence of o,p’-DDT at remote areas such as Barberspan and Molopo indicate that LRT of
the o,p'-DDT occurred. POPs are able to travel long distances and beyond national boundaries
(AMAP, 1997; Ritter et al., 2005), making them an international concern as Molopo is located
close to Botswana. According lversen (1996), wind speed affects airborne concentrations as it
may introduce the compound back into the atmosphere. In dry desert areas, POPs will travel for
longer distances as there are fewer geographical disturbances and vegetation to scrub the

compounds from the air. Molopo maintained steady concentrations throughout the year, never
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reaching higher than 1 ng/filter. Molopo is located the furthest from the potential source of
o,p'-DDT (Figure 7). Barberspan also had a significant increase in monthly concentrations after

July.

All of the factors and processes described above (time of application, volatilization, breakdown
by photolysis and temperature, deposition, impaction, LRT, wind speed, wind direction,
dilution, and distance from source) are also in effect for the other DDT compounds, so they will

be treated in less detail, following.
5.1.2 p,p"-DDT

p,p"-DDT (Figure 11) had the highest concentrations of any of the DDT metabolites at all three
sites. Batterman et al. (2008) also found levels of p,p-DDT in Durban. The compound is
predominant at 75% in the IRS formulation (WHO, 2001; Bouwman et al., 2006), hence it’s
consistently detectable presence in air. The concentration of the compound decreased in
between January and March, most likely as a result of increased wet deposition. The period
between January and March is characterised by rainfall and this may have led to increased
deposition. The floods experienced within the region during 2008 may have contributed to the
dip in concentration. A slight increase in concentrations was also noted at all three sites
between April and July. This could be due to a reduction in wet deposition as the rainy season

had ended.

p,p'-DDT concentrations rose sharply from August onwards at all three sites. This could be
attributed to the p,p'-DDT, applied during the 2" half of the year, being semi-volatile, and
reaching the passive sampler stations via wind. The increase in temperature around this time
could also have volatised settled p,p-DDT from previous seasonal applications. p,p"-DDT still
remains in the environment due to its extensive historic use from previous years (Harrad,
2008). An increase in wind speed and therefore also of airborne dust may also have

contributed.
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The period between August and September gave the highest concentrations of p,p'-DDT at all
three sites. Stronger winds and wind patterns may have resulted in LRT of p,p’-DDT to Molopo
Nature Reserve and Barberspan Nature Reserve, located further away from the sprayed sites.
Vanderbijlpark has a greater concentration most likely because of its relative proximity to the

IRS areas (Figures 7 and 8a).

As for the other parent compound, o,p’-DDT (Figure 11), p,p’-DDT also showed a noticeable
October to November dip in concentrations, at Vanderbijlpark and Barberspan, but not at

Molopo.
5.1.3 p,p"-DDD

p,p'-DDD (Figure 12) concentrations were generally low throughout the year at all sampling
sites, except between January and March. p,p’-DDD is a breakdown product from the initially
sprayed p,p’-DDT, possibly explaining the lower concentrations compared to p,p’-DDT (Figure
11). Molopo had a fairly constant concentration, ranging between 0-1 ng/filter. Barberspan
followed and then Vanderbijlpark with the highest, but concentrations remained below 5
ng/filter. Concentrations were highest at the beginning of the year, most likely due to the

breakdown of p,p’-DDT from previous years of IRS, volatilization, and windblown dust.

Factors such as wet deposition during the rainy season, between January and April, and dry
deposition through dust particles, could have led to the reduction in concentration in air. 2008
experienced floods and this could explain the increased wet deposition. Dilution of the
compound could also be a major explanation for the reduction in concentrations as the year
progressed. The compound may have reached the Vanderbijlpark sampling site still in greater
concentration as it was subject to less dilution and degradation because of distance when
compared to samplers further away. Molopo had a lower concentration that was more
consistent throughout the year. In April, a slight increase was noted at all three sites. This may
be because the rains had stopped and deposition was reduced, with the compound in the air

being more available for trapping by the filters. Concentrations further reduced after April as
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the winter became cooler. Cold temperatures do not promote volatilisation of POPs which was

the only likely source at that time of the year.

Vanderbijlpark recorded the highest concentrations in any month. As for p,p’-DDT and o,p’-

DDT, it is also probably because of its relative proximity to the DDT sprayed areas.
5.1.4 o,p"-DDD

o,p'-DDD (Figure 13), a breakdown product of o0,p’-DDT, also had very low concentrations when
compared with o,p’-DDT and p,p-DDT (Figures 10 and 11). Until June, all sites had no
detectable o,p'-DDD except for January and March at Vanderbijlpark. Low concentrations can
again the attributed to the breakdown of the 15% of the o,p’-DDT of the sprayed formulation
(WHO, 2001; Bouwman et al., 2006). The concentrations of o,p”-DDD were so low most of the

time that they probably remained present but below detectable levels.

An increase in levels was first detected in June-July at Vanderbijlpark, July-August at
Barberspan, and August-September at Molopo. This is in the same order as increasing distance
from the sprayed areas. The October-November dip, seen for o,p’-DDT and p,p’-DDT (Figures 10
and 11) was not evident for o,p’-DDD, but there was a flattening between September and
October. This may have been due to the start of the rainy season when more compound was

scrubbed out of the air by rain, and therefore not available for accumulation by the filters.

The presence of 0,p'-DDD in a place as far as Molopo is evidence of the LRT the compound went
through, even in its initially low quantities. The same factors regulating concentrations in air
(time of application, volatilization, breakdown by photolysis and temperature, deposition,
impaction, LRT, wind speed, wind direction, dilution, and distance from source) is therefore also

likely in effect for o,p’-DDD.
5.1.5 p,p'-DDE

p,p'-DDE (Figure 14), the most prominent breakdown product of p,p’-DDT, had slightly higher

concentrations when compared to other compounds, except for p,p’-DDT, and was detectable
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throughout the year. Although there were changes in concentrations throughout the year,
these changes did not seem as sharp as for the other compounds. Vanderbijlpark recorded the
highest concentrations throughout the year. The chemical is highly persistent (Ritter et al,
2005); hence it can still be detected months after application. Between January and April

concentrations at all sites decreased, but the decrease was most prominent at Vanderbijlpark.

An increase in concentration was also noted from July-August onwards. It was pronounced in
Vanderbijlpark. This could be because of volatilisation of the compound back into air from soil

and from application.

Molopo generally had a steady concentration throughout the year. The relatively greater
distance between Molopo and the sprayed areas (compared with the other two sites) may
account for the lower relative concentrations as the compound undergoes more deposition,
degradation and dilution as it moves further away from the source, with distance and
attenuation of this most stable DDT compound, explaining the low but relatively steady
concentrations. The effect of distance on concentration is clearly illustrated by the graphs as
Vanderbijlpark had the highest concentrations and the reduction is noted at sites further away

from the source areas.
5.1.6 o,p"-DDE

Together with o,p”-DDD, o,p’-DDE (Figure 15) generally had the lowest levels of all DDT
compounds studied. From the beginning of the year till June, no o,p-DDE was recorded at any
site. Although traces of the compound were quantified later in the year, the quantities were
low. The relatively (compared to the other compounds) low concentrations are also attributed
to o,p'-DDE being a breakdown product of the sprayed o,p’-DDT, which originally only made up
about 15% of the applied formulation. The climatic conditions of South Africa in the beginning
of the year are characterised by high rainfall. Such conditions encourage greater wet
deposition, reducing o,p’-DDE in the air (vapour phase and particulate) available for trapping by

the filters.
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The first quantifiable recordings were in June. From then on, the changes were very much the
same except for absolute amounts on the filter. Concentrations decreased the further away the
sites were from the sprayed areas. o,p’-DDE decreased sharply from September to October for
all three sites, but at Molopo, detectable concentrations were only seen for November-

December.

5.1.7 :DDT at all three sites

2DDT is the sum of all six DDT compounds measured and therefore integrates all of them
proportionally, and will therefore follow the trends of the dominant components of IDDT,
consisting, in this case, of p,p”-DDT, o0,p’-DDT (the parent compounds), and, to a lesser extent,
also p,p’-DDE. 2DDT was detected at all three sites every month of the sampling period, with all
three sites showing a similar pattern of change (Figure 16). Concentrations of DDT at
Barberspan and Molopo were always lower than for Vanderbijlpark, most likely because of the
relative distances between the sampling areas and the areas under IRS. Concentrations were
relatively high at the beginning of the year, and decreasing following the end of the spraying

season, due to dilution degradation, and scrubbing by precipitation.

2DDT levels increased from around August till yearend, with sharp increases seen at Barberspan
Nature Reserve and Vanderbijlpark. The likely source is residual DDT from previous years and
the DDT sprayed in the Limpopo, KwaZulu-Natal and Mpumalanga provinces for malaria

control.

5.1.8 mean % p,p’-DDT of ZDDT

p,p’-DDT is the active isomer in DDT sprayed for malaria control (Longnecker 2005; Wolff et al.
2000). It makes up about 77% of the DDT solution sprayed in IRS (Bouwman et al. 2006). Figure
16b shows that the mean percentages of the isomer through out the year is similar to the
trends of IDDT (Figure 16a) and that this trend is subject to the same factors as stated above.
Figure 16b shows that the increase in %p,p’-DDT of 2DDT is consistent with IRS spraying

months in South Africa and Swaziland. This support the deduction that the DDT detected at the
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three sampling sites were (to an unknown extent) as a result of IRS in South Africa and

Swaziland.
5.1.9 Overall interpretation

The detection of DDT on all sampling sites is consistent with the findings by GAPS study and
Batterman at el. (2008). It is remarkable that even at the low levels in air, the geographic
pattern of lower levels further away from the source areas was so consistent at all sites for all
compounds. Although there were slight differences in trends between compounds, the general
decreases following cessation of spraying at the beginning of the year and the increases from
the middle of the year implicates the DDT used for IRS in malaria control much stronger than
from any other possible legacy sources. Legacy sources of DDT are suspected to be almost
countrywide from previous wide-scale use in agriculture. If legacy sources played a major role,
much more even patterns (as perhaps p,p’-DDE does, Figure 14) would have been seen. Further
support for implicating DDT from malaria control as the main driver for the observed patterns
was the relatively higher concentrations of the parent p,p’-DDT and o,p’-DDT detected in the
filters. Legacy sources would have had p,p’-DDE predominating as the major breakdown
product. p,p’-DDT is the active isomer in DDT used for malaria control and its concentration
increases during the summer months when it is applied is consistent with IRS spraying areas.
Figure 16b about the %p,p’-DDT of ZDDT reveals that the rise in percentages was associated
with IRS as the %p,p’-DDT percentages increased during this period. The backward and forward
trajectories also indicate that air mass movements (on some days) come from known areas
where DDT is used for malaria control occurred. The combination of findings offer support for
the deduction that the DDT sampled at the three sites are likely, in part, to have come from IRS

areas in South Africa and Swaziland.

The trends in concentrations is therefore attributable to varying combinations throughout the
year of time of application, volatilization, breakdown by photolysis and temperature,

deposition, impaction, LRT, wind speed, wind direction, dilution, and distance from source.
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The above results show the utility value of the relatively low-cost passive sampling systems
used, by providing data that would have been far more costly to obtain by using active
samplers. The data also shows that the use of forward and backward trajectories from source
and towards target areas is valid and warranted, as will be discussed in the following two

sections.
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5.2 Section B: Forward trajectories

A major motivation for the SC was the discovery of POPs contamination in relatively remote
Arctic regions, thousands of miles from any known source. Kurt-Karakus et al. (2006) and Ritter
et al. (2005) both state that a series of pesticides used in the past have been found in areas in
which they were not known to have been used. Under different climatic conditions,
atmospheric circulation patterns may play a role in POPs movement and distribution. POPs can
be transported by wind, water, and biota, and therefore POPs generated in one country can
and do affect people and environments further away from where they were used or released
(Ritter et al., 2005; AMAP, 1997). The compounds are persistent for long periods in the
environment and can accumulate and pass from one species to the next through the food

chain.

This section looks on a monthly basis at the forward trajectory patterns generated through
HYSPLIT to determine the movement of air masses from areas under IRS. The assumption
underlying the following Sections 2 and 3 is that DDT is transported by air from the sprayed
areas — the data from Section 1 is sufficient to assume that LRT of DDT from these areas is
indeed happening and present in air at ground level. There are assumptions inherent in using
trajectories as was done here. The starting height was 10m at the source point. Subsequent air
movements do not necessarily follow this height and much admixture would occur. However,
the large-scale approach used here was done to identify the major air mass movements, with
less certainty and importance to be given to single trajectories or trajectory streams with few
trajectories. The air mass trajectories were also run for 24 hours per trajectory, so longer
movements are possible, but considered to be less of a factor due to dilution, breakdown, and
scrubbing of the DDT compounds as illustrated by the relatively lower concentrations in filters

at Molopo when compared with the other stations, discussed in Section 1.

The forward trajectory maps (Figures 17-24) show the possibility of LRT of DDT from the
sprayed area reaching areas as far as the Indian and Atlantic oceans and the Kalahari Desert in a

single day. Though the shape and distribution of the trajectory patterns may appear similar and
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consistent between months, the patterns vary. This is because of the different sampling
periods, weather patterns, rainfall, wind speed, and temperature. Temperature, sunshine, wind
speed or wet depositions are some of the factors affecting the fate and lifespan of the DDT

compounds in the atmosphere, as discussed in Section 1.

Overall, when considering Figures 17-24, it can be seen that there is a dominant trajectory
stream from the sprayed areas towards the north-west. A secondary stream is often
discernable going west and to the south around Lesotho. Another trajectory stream heads
south and then west following the coast, also pivoting around Lesotho, and then out into the
southern Indian Ocean. April to August (Figures 20-24) sees some air masses moving north-east
towards and over Mozambique and then out to the central Indian Ocean. Some air masses
reached as far as Zambia, Namibia, the eastern parts of South Africa, and even Angola, within

one day. These movements will be considered in more detail below.

5.2.1 Trans-boundary movement

Forward air mass trajectories reveal an important aspect of trans-boundary air pollutant
movement. Most countries surrounding South Africa and Swaziland are potentially subjected to
DDT contamination from the sprayed areas (Figures 17-24). The countries affected include
Botswana, Lesotho, Mozambique, Zambia, Zimbabwe, and even as far as Namibia and Angola.
Air movements (Figures 17-24) generally moved to the north-west away from sprayed areas.
During months with a wider spread of trajectories such as January, February, April, July, August,
September and December (Figures 17, 18, 19, 22, 23 and 27), most parts of Botswana received
air masses from the sprayed areas of South Africa and Swaziland. The greater part of Botswana
is therefore likely to experience DDT contamination as the chemical is able to travel and spread
over a vast area (Wania and Mackay, 1996; Ritter et al., 2005; Scheringer, 2009). The month of
September (Figure 25) was of particular importance as it is usually the month when spraying
starts. DDT concentrations can be expected to be particularly high and increasing (as shown in
Figures 10-16) and hence the degree of elevated levels. Botswana is a desert area with little

vegetation and disturbance in air movement. In dry desert areas and during summers, POPs will
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travel for longer distances as there are fewer disturbances (lversen, 1996; Macdonald et al.,
2000). The relatively flat land also offers less potential for impaction. However DDT also has the
ability to bind to dust particles (Campbell, 1998), travel with it, and eventually be deposited

when the dust settles or when scrubbed out of the air with precipitation.

Air masses also moved towards Zimbabwe (Figures 20-25). The southern part of Zimbabwe is a
malaria area (Masendu et al., 2005) and it should be kept in mind that DDT may also be used
for malaria control in this region, thereby not only becoming a potential sink area, but also a
source area. Trajectories from the sprayed areas in South Africa and Zimbabwe were generally
limited to the southern part of Zimbabwe, (Figures 20-25), with very little moving up into the
Midlands Province of Zimbabwe. Impaction may be a major factor here as the vegetation is
more when compared with Botswana, which is an arid area (Iversen, 1996; Macdonald et al.,
2000). Impaction on vegetation may contaminate vegetative life together with the associated
soil with DDTs as the compounds may be washed off the trees during rainfall. DDT is
hydrophobic and well absorbed by soils; the chemical may be present in these soils for years to
come. DDT in soil can also be absorbed by some plants and by the animals or people who eat
those crops (ATSDR, 2002). This poses a risk of unknown magnitude to the environment and

human health.

Air masses also moved to the western part of Zimbabwe and Kariba through the Zambezi Valley
(Figures 20 and 24). Masendu et al. (2005) reports that Kariba town is a malaria area also under
IRS. The air movement from South Africa and Swaziland would contribute towards the DDT
levels in air, but the extent of relative LRT contribution would likely be low as this area is also a
potential DDT source area. Kariba is a world-renowned tourist destination attracting people

from all over the world.

Swaziland also received air masses from the sprayed areas (Figures 17-28). On the trajectory
maps, the whole of Swaziland is covered by the trajectories of air masses coming from the
sprayed areas in South Africa, and from Swaziland herself (not clearly visible on the maps

shown, but the individual trajectory maps shows the clearly). This was the case throughout the
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year including during the spraying seasons. Like Zimbabwe, Swaziland uses IRS for malaria
control making use of DDT. With that in mind, the concentrations of DDT in Swaziland air may
be elevated especially during spraying as spraying may take place around the same time as air
masses from South Africa, potentially also with DDTs, cross the country. The whole population
and biota of Swaziland might therefore be exposed to DDT through inhalation and other

secondary modes of contamination.

The southern part of Mozambique received air masses from the sprayed areas (Figures 17-20).
Few air masses moved towards Mozambique in the beginning of the year. The months that
followed between April and July (Figures 20-22) saw an increase in air mass distances into
Mozambique. Maputo is the capital of Mozambique with a population of 1 800 000 people.
Throughout the year, air masses from the sprayed sites moved towards the Maputo area.
Southern Mozambique is therefore likely to be contaminated by DDTs from the South African
and Swaziland sprayed areas. The Maputo corridor is very busy as a result of the port. A
number of people move through the Corridor every day and are potentially exposed to the DDT
in air. Traffic increases towards the yearend as people return home from South Africa for the
festive season. This coincides with the IRS spraying activities. The concentrations of DDTs in this
part of the year are much higher (Figures 10, 11 and 16) and may pose an increased risk to

human and environmental health.

The Indian Ocean is also likely to be polluted by DDT in air coming from the sprayed areas
covered here. Air masses moved off-land eastwards towards the sea, especially May till yearend
(Figures 21-28). The number of air masses reaching the ocean increased as the year progressed.
The trajectories are air mass movements for a single day, indicating that air masses may even
carry the pollutant further towards other regions in the Indian Ocean. Since POPs can be
transported through air and water, the deposition of POPs in the Indian Ocean may lead to the
spread of POPs to even further regions via oceanic currents. The presence of POPs in these

media to places such as the Arctic has been recorded (Hung et al., 2010).
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Semi-volatile contaminants such as the DDTs are volatilized in regions of use, transported via air
and deposited in colder climates at higher altitudes (Mark et al., 2004). This is due to the high
precipitation in many mountain regions. On the Drakensberg Mountains, heavy winter snow is
experienced. This may lead to deposition of POPs in mountainous areas (Blais et al., 1998).
However, although Lesotho is reasonably close to the malaria sprayed areas, only few air
masses reached Lesotho. June, July, August, and December (Figures 22-24 and 28) were the
only months with a few air masses reaching Lesotho. The air masses may have been influenced
by the Drakensberg Mountains, hence seemingly protecting Lesotho from airborne
contamination. It would be interesting to analyse snow and sediments from the upper reaches
of the Drakensberg Mountains to confirm whether DDT is indeed reaching the Drakensberg, or

if it would be lower than levels from similar mountainous regions.

Namibia may also experience DDT transported from South Africa and Swaziland. Though the
frequency of air masses from the sprayed area reaching Namibia was low (Figure 24), the air
masses presumably carrying DDT covered the distance in a single day. Monitoring of such

movements is important for planning and coming up with solutions.
5.2.2 Potential areas with increased potential of airborne DDT contamination

Because of their lipophilic nature, POPs tend to accumulate in matrices rich in organic matter
such as soil, sediment, and biota, and can bio-accumulate in the food web (ATSDR, 2002;
Schecter et al., 2006). Studies have linked POPs exposures to declines in health, diseases, or
abnormalities in wildlife and humans (Jones et al, 2008; Sagiv et al., 2008). It is therefore
important to investigate areas where DDT is not currently used for the potential of receiving
airborne DDT. The following section will investigate some but not all areas that potentially may

be of concern.
5.2.2.1 Environmental exposure

The Kruger National Park is close to DDT sprayed areas and has a history of DDT used in the

camps for malaria control, although this is likely to be small amounts. The Park’s close proximity
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to DDT sprayed areas puts it at increased risk of receiving airborne DDT. DDT travelled into the
southern part of Mozambique (Figures 17-20), an area rich in wildlife. Wildlife in the area is
therefore potentially at risk of DDT exposure from South Africa and Swaziland. Across the
border shared by Zimbabwe, Mozambique, and South Africa is the Limpopo National Park (large
cross-border park between Zimbabwe and South Africa). According to the forward trajectories,
wildlife in these parks is likely to be continuously exposed to the DDT in air from the sprayed
areas. Banhina National Park is located between the Limpopo and Changane rivers and also has
rich wildlife. All the flora and fauna in this region may be at risk of possible contamination.
Waterways are also at risk, including humans that use this water for domestic purposes.
Continuous drinking and consumption of these contaminated water sources may lead to future

adverse impacts as DDT is able to bio-accumulate in body tissue and fat (Ritter et al., 2005).

The North West Province has a number of nature reserves. Areas, such as Barberspan Nature
Reserve, are likely to receive air masses from the sprayed areas (Figures 10-16 and 23-28). On
the border between Botswana and South Africa is the Molopo Nature Reserve. DDTs and air
masses reached this area (Figures 10-16 and 23-28). The reserve is potentially at risk of DDT as
it may affect birdlife through accumulation. DDT contamination is likely during the spraying
months. Many birds of prey such as osprey, eagles, pelicans, falcons, and hawks can be heavily
impacted by DDT (Gregor et al., 1998). DDTs (especially p,p’-DDE (Colburn et al., 1996)) pose a
risk to their reproduction and survival as it causes eggshell thinning and hence reducing the
chances of the chick hatching properly. Predatory birds are the most sensitive to this effect by
DDT (Gregor et al., 1998; ATSDR, 2002; Lovette, 2010). Birds with accumulated DDT can also aid
in DDT LRT.

The Indian Ocean received DDT from South Africa (Figures 21-28). The DDT may not have a
direct impact on the coastal and off-shore ecosystem, but at a bigger scale it may. A computer
simulation of the environmental fate of DDT has revealed that substantial quantities of the
pesticide are still being released from the world's oceans, despite widespread restrictions on its
use during the 1970s (Lovette, 2010). Lovette, (2010), referred to a computer model to simulate

the circulation of DDTs between ocean and atmosphere between 1950 and 2002. The model
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shows that since the 1970s, the re-emission of DDT from the ocean has increased in comparison
to the three known current release sources of new DDT; its continued use in some countries for
malaria control, degrading storage canisters, and other pesticides that contain DDT as a
contaminant. The DDT carried by the air masses may be deposited in the Indian Ocean together
with that coming into the ocean through waterways, and then accumulate in the colder
Southern Ocean and Antarctic, as has been found for the Arctic (Li et al.,, 2002). This is of
ecological concern because marine organisms concentrate DDT by factors of millions through
bio-accumulation. As DDT moves up the food web, the concentration reaches levels where it
can have toxic effects on fish or the animals that eat them (Lovette, 2010; Ewald et al., 1998;

Wahlstrom, 1987).
5.2.2.2 Human exposure

DDT is used for malaria control as IRS in the Limpopo Mpumalanga and KwaZulu-Natal
provinces. Studies by Bouwman et al. (2006; 2012) show that DDT accumulates in human breast
milk and is passed on to breastfeeding infants indicating risk to mothers and infants. Due to
LRT, DDT can travel over long distances to regions where it is not in use (van Dyk et al., 2010).
The DDT sprayed in South Africa and Swaziland may have travelled to the southern part of
Zimbabwe (Figures 20-25), and central South Africa (Figures 22-27). The Gauteng Province had
a consistent inflow of air coming from the sprayed areas throughout the year. Gauteng is highly

populated and its population is likely exposed to DDT coming from malaria control.

Human exposure may also come from eating contaminated food. Kariba is a malaria zone and
under IRS (Mpofu, 1987). Together with the DDT sprayed in Kariba and that from South Africa
and Swaziland, the risk to the residents and the environment is increased. Through scrubbing of
DDT from the air during rains, DDT may end up in water systems and bio-accumulate in fish
(Wahlstrom, 1987). The months of January, February, April, July and September (Figures 17, 18,
20, 23 and 25) are characterised by heavy rainfall and may lead to increased deposition of DDT

in water. This poses a human health risk by consuming dietary fish that have accumulated DDT.
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More than 62% of people in Africa live in rural areas (although this is changing rapidly) and the
main source of water in rivers and water streams (WHO-UNICEF WSS Assessment Report,
2000). The same water from rivers is used for domestic purposes in rural areas in most parts of
southern Africa, (which is the region mainly affected by DDT sprayed in South Africa and
Swaziland). The hydrophobic nature of DDT also allows it to be well absorbed by soils, therefore
present and available in the soil for long periods and may increase human exposure through
contact, ingestion, inhalation, and via food (ATSDR, 2002). Airborne DDT may therefore
contribute directly and indirectly towards human contamination, together with DDT from other

routes.
5.3 Section C: Backward trajectories from the passive sampling sites

This section looks at the backward trajectories generated through HYSPLIT. The trajectories
help to determine the movement of air masses to the passive sampling sites at Molopo,
Barberspan, and Vanderbijlpark. The previous two sections have shown that the assumption
that DDT can travel from DDT-sprayed areas longdistances and still be detectable in air a

remote sites is valid.

A daily back trajectory was run for each month of 2008 to detemine the origin of the daily air
mass (Figures 29-40). Months between August and November (Figures 36-39) had a wide
spread of air mass origins, influenced by factors such as weather, wind speed and direction.
August is a known windy month in the southern parts of Africa (van Zyl, 2003). The maps show
an increase in movement of air from the Limpopo Province toward Barberspan during summer.
This may have increased the concentration of DDT metabolites at the sampling areas. The back-
trajectory maps (Figures 37-40) indicate air originating from DDT sprayed areas, Limpopo, and
this coincides with the increase in DDT concentrations at the three sites. This may explain the
increase in concentrations at yearend (Figures 10, 11, and 16). Between February and June
(Figures 30-34) the wind speeds may have dropped and this may explain the closer proximity of

the air mass origins to the sampling sites.
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The dry windy air in months such as June, July, August and September (Figures 34-37) allowed
for the movement of air over longer distances. In dry dusty months, DDT may travel longer
distances as transportation is aided by DDT associated with dust particles (Campbell, 1998).
DDT particles can travel much easier to dry areas like Molopo because of the limited wind
breaks and other vegetation. The presence of DDT metabolites in Molopo Nature Reserve and
Barberspan is evidence of LRT over dry semi desert areas. Back trajectories indicate possible air
mass origins to be in areas where IRS is used for malaria control. Air mass movement towards
and in Vanderbijlpark may have been affected by the industrial buildings, other man made

structures, and urban secondary woodlands.

Back trajectories also showed that the sampling sites received a number of air masses from the
northern part of South Africa such as Limpopo. This may have carried DDT metabolites to the
sampling sites especially during spraying months like September (Figure 37). Air mass
movements from the sprayed areas towards the passive sampling sites were frequent
throughout the year (Figures 29-40). These movements presumably played a large role in the

LRT of DDT metabolites to the sampling areas.

Therefore, there are air masses reaching the sampling sites originating from both ‘clean’ sites
and DDT source areas. The different origins may have reduced the concentrations of the DDTs
by dilution with ‘clean’ air at the sampling sites. Active, daily sampling, together with the the
back trajectories from the active sampling sites, would show whether different origins indeed

carry different amounts of DDTs.
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Chapter 6: CONCLUSIONS AND RECOMMENDATIONS

The paradox of DDT has been debated over many years and disputed the world over (Bouwman
et al., 2011). The debate on whether DDT use for malaria control should be continued or
whether it is causes insidious diseases or conditions continues. This study aimed to shed more
knowledge on the origin, movement, distribution, and fate of DDT in air of southern Africa and

the adjacent oceans.

Over the years, the knowledge on air quality in southern Africa has been limited. An
industrialised area, agricultural area, and nature reserve on a transect of increasing distance
away from the DDT-sprayed areas was chosen for passive air sampling. The movement of
contaminates was tracked through forward (from the source areas) and backward (towards the
sampling sites) trajectories, supported with DDT concentration and trend information from the
three sampling stations. Air mass origins and areas at risk of exposure and/or contamination

were noted.

The aims of the project are listed and annotated below:

e Passive sampling and analysis of airborne DDT at three sites; Vanderbijlpark, Barberspan
Nature Reserve, and Molopo Nature Reserve.
DDTs were detected at all three sampling sites. Passive air sampling showed that the
concentrations of DDT decreased with increased distance from the potential sources of
DDTs. DDT concentrations decreased from Vanderbijlpark to Barberspan, and Molopo
consistently having the lowest concentration. Together with the higher levels of p,p’-
DDT and o,p’-DDT (the parent compounds) closer to the source areas, confirmed that
the assumption that DDT came from IRS areas is valid, and that backward and forward
trajectories would be informative. The increase in %p,p’-DDT of 2DDT is also consistent
with IRS spray patterns and supports the deduction that the DDT detected came from

IRS areas.
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Determine the distribution of DDT by air movements from DDT-sprayed areas on a
monthly basis from 54 sites using HYSPLIT.

Forward trajectories revealed that the airborne DDT is likely to move away from the
sprayed areas to adjacent and further regions. The trajectories showed that the spraying
of DDT in South Africa and Swaziland is likely to be a source, via LRT, of DDT
contamination on a sub-continental scale and contributing to the spread of DDT to

oceans and possibly from there, via ocean currents, to the Antarctic.

Compare model data with passive air sampling data

The data from the passive sampling sites was consistent with the information from the
forward trajectories. It seemed that fewer trajectories originating from the source areas
reached the sampling sites, and more during the spaying season when the

concentration of DDTs in the PUFs were also higher.

Determine the populations and ecosystems that may be exposed to airborne DDT.

A vast spread of air mass trajectories of DDT metabolites places many ecosystems at
risk. The Kruger National Park is at presumably high risk due to its close proximity to the
sprayed area. The bird reserves and other parks in the region are also at risk. Urban
areas in and around the sprayed areas are also at risk, the risk decreasing with an
increase in distance. It is also clear that DDT carrying air masses will also reach the

oceans, especially the Indian Ocean.

Establish the spraying period with the longest and shortest air transportation distances.

Forward trajectories and data from passive air sampling sites reveal that DDT spread
from sampling sites is high around August to December. To reduce the spread of DDT, it
may be more advisable to conduct IRS in less windy months (if compatible with malaria

control requirements), such as February to June, to help reduce DDT spread.
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Determine any trans-boundary LRT of DDT via air.

The forward trajectories illustrated air mass movements for a single, 24 hour, day. It is
interesting to see that in 24 hours, air masses in some months travelled to most of the
southern African countries, namely, Zambia, Botswana, Namibia, Angola, Mozambique,
and Zimbabwe. Forward trajectories also showed that air masses travelled as far as the
Indian and Atlantic oceans. Trans-boundary LRT movement was evident with the

potential of the DDTs to go even further to other regions via oceanic currents.

Identify potential airborne DDT sampling sites as a result of long range transport of DDT.
A number of areas were identified to be areas of interest for future studies on LRT of
DDT. The Drakensberg Mountains is an important area of study to confirm whether this
mountain range is a sink for DDT and other POPs, or if the air currents moving around it
may be deflected. The Kruger National Park is also a potential site to help assess the
environmental risks of DDT is the environment. Passive sampling in the sprayed areas
will provide information on how much DDT is actually in the air, exposing residents, and
how much of the DDT there w could reach other areas. The maps will also provide
information for site selection for future projects, depending on the issues to be

investigated.

Traces of DDT were detected using passive air samplers at all three sampling sites. Forward

trajectories showing that air masses moved from the DDT sprayed areas towards the passive air

sampling sites, as well as higher %p,p’-DDT of ZDDT during the spraying months, both strongly

imply that DDT sprayed areas were the sources of the DDT detected at the passive air sampling

sites. The backward trajectories from the sampling sites further confirmed that some of the air

masses reaching the sampling sites had indeed originated from the sprayed area. Air masses

moved far and wide from the source areas, confirming LRT of DDT and DDT’s air borne trans-

boundary movement.
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Recommendations

e Conduct passive sampling in sprayed areas.

e Establish passive sampling sites at border towns and possibly neighbouring countries, to

confirm and semi-quantify trans-boundary LRT of DDT.

e Conduct passive air sampling in the food producing regions of the Lowveld, adjacent to

the sprayed areas.

e An adjustment of the spraying seasons to months that reduce the likely sprayed of DDT,

for example between February and May, may be considered.

e Conduct a similar exercise for Zimbabwe, a potential source of DDT to southern Africa.

e More collaborations between countries using IRS for malaria control in the SADC region.

e More studies to estimate the amount of DDT deposited at difference stages of its
movement from sprayed areas and hence quantify the concentrations deposited at

particular areas. Modelling could be done with more advanced modules on HYSPLIT.

e Conduct studies to investigate other airborne compounds.

e To raise public awareness on the effects of DDT in order to motivate for alternative

methods and means to deal with malaria in Africa.
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