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The quality of wine is largely dependent on environmental conditions and recent studies
have therefore focused on agricultural practices in terms of water, soil and biodiversity
conservation. The industry aims to create sustainable practice and to protect the natural
resources available. Sources of potential grape contamination include: vehicle pollution,
pesticides, bushfires and wood preservatives used for trellising systems. The latter have
come to the attention of the South African wine industry (e.g. creosote and Copper
Chromium Arsenate (CCA) products) as they may have consequences for the environment
and wine quality. Creosote is a known pollutant of soil and ground water and the volatile
fraction has been monitored in air. Plants may also accumulate polycyclic aromatic
hydrocarbons (PAHSs), which constitute up to 85% of the mass of creosote, and of which
some have been proven carcinogenic. Because of the health risks associated with it,
creosote has therefore been restricted for use in most applications in Europe, and also in
the United States, Canada and Australia.

This study focussed on the sensorial and chemical analyses of environmental and wine
samples taken from the area around the creosote stockyard to determine accumulation of
creosote-derived compounds. Environmental samples were collected and analysed at
different distances from the affected area, over two vintages. Wines were made from
grapes grown in vineyard blocks adjacent to the stockyard, to determine the effect of
distance and skin contact during alcoholic fermentation treatments on wine taint. A
sensory panel was trained for descriptive analysis to determine the intensity of the taint.
Analytical methods were developed for the analysis of volatile organic compounds (VOCs)
by gas chromatography mass spectrometry (GC-MS) and polycyclic aromatic hydrocarbons
by high performance liquid chromatography with diode array detection (HPLC-DAD).

The sensory results obtained showed white and rosé wines were perceived as clean,
whilst the red wines were associated with burnt rubber/tar taint. The perceived taint
decreased as distance from the stockyard increased. Wines made from the Cabernet
Sauvignon blocks adjacent to the stockyard also showed an increase of taint with the
increase of skin contact. Chemical data obtained showed that the taint consisted of a
complex mixture of compounds, each with its own pattern of retention within the vineyard
and wine. Only m-cresol was found above odour threshold, and only in red wines. The
synergistic effect of some compounds may lead to an increase in the perceived taint.
Berries and leaves had higher concentrations of volatile compounds than wines. Leaf
contamination varied and followed the general trend in literature where the plants with high

lipid content and exposed leaf area were the most contaminated. There may be other
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compounds present in creosote emissions, aside from those investigated here, with
sensory attributes related to the taint found in wines. These compounds are styrene,
indene, benzene, toluene, isoquinoline and quinoline and should be included in further
investigations.

From the PAH analysis of environmental samples and wines, it is evident that the
samples closest to the stockyard were affected the most. The contamination varied with
the depth of the soil: some of the heavier compounds were found in the samples taken from
the deeper levels, whilst nearly all other target compounds were present in the top layer of
soil. The concentrations found in the environmental samples were lower than reported in
literature. Wines had few PAHs present, but at much higher concentrations than is allowed
by EU legislation.

From this study it is evident that the stockyard had negative effects on the surrounding
environment in terms of sensory and chemical contamination. Recommendations include
area rehabilitation by means of bioremediation to protect resources and ensure sustainable
and safe production of crops. Industrial emissions should also be regulated and restricted
in agricultural areas. Furthermore the use of creosote should be revised, and prohibited for

agricultural use.
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Die kwaliteit van wyn is grootliks afhanklik van die omgewingstoestande. Daarom fokus
verskeie onlangse studies op landbou aktiwiteite en die invloed daarvan op die omgewing
in terme van water, grond en biodiversiteit bewaring. The wyn industrie se doelwitte sluit
volhoubare praktyke in, wat die natuurlike hulpbronne bewaar en beskerm. Druiwe kan
deur middel van die volgende bronne besoedel word: brandstof uitlaatgasse, insekdoders,
veldbrande, gifstowwe wat gebruik word vir houtperservering wat dan verder aangewend
word vir opleistelsels. Houtperservering (Koper chroom arsenaat (CCA) en kreosoot) het
veral in die laaste paar jaar onder aandag gekom in die wynbedryf van Suid-Afrika as
gevolg van die invioed daarvan op die omgewing en die uiteindelike wynkwaliteit.
Kreosoot is ‘n gekende gifstof wat verantwoordelik is vir grond en grondwater besoedeling
en wat gemonitor word in die atmosfeer. Plante akkummuleer ook poli-sikliese aromatiese
hidro-koolstowwe (PAHSs), wat to 85% uitmaak van die massa van kreosoot. PAHS is
karsinogenies en dus is daar baie navorsing op die molekules reeds gedoen. Die
gesondheidsrisikos gepaardgaande met kreosoot het gelei tot die streng geregulasies tans
ingestel in Europa, die Verenigde State, Kanada en Australié.

Hierdie studie het gefokus op die sensoriese en chemiese analises van omgewings- en
wyn-monsters geneem van die omliggende area van die kreosoot palewerf om die
akkumulasie van kreosoot-afgeleide-verbindings. Omgewingsmonsters was versamel en
geanaliseer om verskillende afstande vanaf die bron van besoedeling (palewerf) te
ondersoek oor ‘n twee jaar periode. Wyne is gemaak van die druiwe wat afkomstig is van
die blok aangeplant langs die palewerf. Die wyne is ondersoek in terme van afstand vanaf
die kreosoot bron asook oenologiese invioede, dopkontak gedurende alkoholiese
fermentasie, op die kontaminasie beskryf in wyn. Die wyne is ook oor ‘n twee jaar periode
voorberei en sluit die 2011 en 2012 seisoen in. ‘n Sensoriese paneel is opgelei om die
beskrywende analises op die wyn uit te voer met die doel om die intensiteit van
kontaminasie te identifiseer. Analitiese metodes is ook ontwikkel vir die analise van
viugtige organiese verbindings(VOCs) met gas chromatografie-massa spektrometrie (GC-
MS) en poli-sikliese aromaties hidro-koolstowwe (PAHs) met hoé druk vloeistof
chromatografie.

Die sensoriese resultate bekom het wit en rosé wyne as skoon laat blyk, terwyl rooi
wyne meer geassosieer was met die gebrande rubber/ teer afgeur beskrywing. Die
waargeneemde afgeur het afgeneem soos wat die afstand vanaf die palewerf toegeneem
het. Wyne gemaak van die Cabernet Sauvignon blokke langsaan die palewerf het ook ‘n

toename in die afgeur gehad met ‘n toename in dopkontak. Chemiese data bekom beeld
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uit dat die afgeur uit ‘n komplekse mengsel van verbindings bestaan, elk met sy eie patroon
van verspreiding en verbinding in die wingerd as ook in die wyn. Net m-kresol was gevind
bo die reuk drumpel, dit het ook net in rooi wyne voorgekom. Die sinergistiese effek van
die verbindings mag egter bydra tot die waargeneemde afgeur.

Druiwekorrels en blare het hoér konsentrasies van die vlugtige verbindings gehad as
wat gemeet is in die wyne. Blaar kontaminasie het ook baie gewissel en het ooreengestem
met die algemene tendens wat in literatuur beskryf is, naamlik dat plante met ‘n hoér lipid
inhoud en grootter blaar oppervlak die meeste gekontamineer word. Daar mag egter nog
baie ander verbindings bydra tot die waargeneemde afgeur gevind in die wyn. Spesifieke
verbindings wat wel ‘n rol kan speel in kontaminasie en wat voorkom in die vlugtige
gedeelte van kreosoot is styreen, indeen, benzeen, tolueen, isoquinoleen die vlugtige
verbindings van kreosoot. Die verbindings moet ingesluit word vir verdere studies wat
gedoen word op die kreosoot geassosieerde afgeur.

Die PAHs analise op die omgewingsmonsters en wyne het gelei tot die bevestiging dat
die naasliggende omgewing die meeste geaffekteer is. Die kontaminasie wissel in terme
van die diepte in die grond wat die gifstowwe voorkom: die swaarder molekulére
verbindings is tot in die dieper vlakke waargeneem terwyl al die gemete verbindings in die
boonste lae teenwoordig was. Die vlakke wat waargeneem is in dié studie is egter laer as
wat voorheen in literatuur gevind is in ‘n kreosoot geaffekteerde omgewing. Wyn het PAHs
teenwoordig gehad, alhoewel slegs twee verbindings gemeet is, het dit in hoér viakke
voorgekom as wat sekere Europese regulasies as toelaatbaar spesifiseer.

Vanaf die studie resultate blyk dit, dat die palewerf se negatiewe invioed op die
omliggende omgewing beide meetbaar was in sensories en chemiese kontaminasie.
Voorstelle sluit onder andere die rehabilitasie van die omliggende omgewing deur middel
van bioremediasie in. Om sodoende die natuurlike hulpbronne in die area te bewaar asook
om volhoubare en veilige verbouing van gewasse te verseker. Industriéle besoedeling en
afval moet ook gereguleer word en beperk word in landbou areas. Verder moet die gebruik
van kreosoot heroorweeg word en strenger regulasies moet in plek gestel word om aan

internastionale standaarde te voldoen.
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This dissertation is presented as a compilation of 5 chapters. Each chapter is introduced

separately and is written according to the style of the South African Society of Viticulture

and Enology.

Chapter 1 General Introduction and project aims

Chapter 2 Literature review
The impact of creosote on the environment and agriculture and the
chemical analysis of samples.

Chapter 3 Research results
The environmental impact of PAHs on soil and water from an industrial
source situated in an agricultural area.

Chapter 4 Research results

Monitoring chemical and sensory effects of environmental contaminants

on vine and wine.

Chapter 5 Conclusion
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1.1.1 INTRODUCTION

The South African wine industry is situated mainly in the Western Cape, an area faced with
many challenges regarding conservation and pollution. Due to the nature of the international
wine market, the environmental impact of farming activities is becoming vital for a
sustainable industry. There are many challenges faced by producers to export markets, as
countries often differ in legislation (Wenzl, et al., 2006). It is important for producers to
consider the most sustainable practices in terms of their environment and workers, as these
aspects are becoming increasingly important for the consumer. In South Africa one of the
current concerns is the use of creosote poles in the vineyard, as many studies have shown
the environmental impact of creosote, mainly due to leaching in soil and groundwater. PAHs
constitute 85% of creosote components, 10% phenolic compounds and 5% N-, O-and S-
heterocyclic compounds (Meyer, et al., 1999).

PAHs are organic compounds containing two or more fused benzene rings. They are
carcinogenic and mutagenic compounds which have been extensively researched for their
impact on human health, food contamination and their role as organic pollutants in the
environment (World Health Organization, 2004). Both creosote and PAHs have been
legislated and even prohibited in some areas, for example, in the European Union and the
United States of America (Mateus, et al., 2008).

In agriculture, experiments have been conducted worldwide over recent years for
determination of both creosote and PAH contamination. Impact studies have been carried
out on vegetables, olive oils, soil, air and water (Hale & Aneiro, 1997; Kipopoulou, et al.,
1999; Meyer et al., 1999; Becker, et al., 2001; Toa, et al., 2006; Moret, et al., 2007; Gallego,
et al., 2008). The mechanisms of plant uptake of PAHs have also been investigated
(Simonich & Hites, 1995; Wang, et al., 2010). Furthermore, various methods for extraction
of compounds of interest and analysis by gas chromatography (GC) (Eriksson, et al., 2001;
Poster, et al., 2006) or liquid chromatography (LC)(Camargo & Toledo, 2003; Moret, et al.,
2007) are available in literature. Standard methods are in place for analysing these
compounds in soil sediments and drinking water, amongst others, as set up by the
Environmental Protection Agency (EPA) (Poster, et al., 2006). Methods differ depending on
the environmental sample and the matrix involved. Alternatives for creosote include various
products, e.g. metal stakes, recycled plastic poles, and Tanalith® treated poles, but are
country specific. Bioremediation (Atagana, H.l., 2004; Miller, et al., 2004), vermi-remediation
(Sinha, et al.,, 2008) and compost studies have been investigated as methods for
rehabilitation of contaminated soils and waste materials, respectively.

This project aims to investigate to the impact of a creosote stockyard situated in an
agricultural area in South Africa on vine and wines. This study was part of a bigger research
project which investigated the effects of different trellising systems on wine quality, as well

2
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as alternative sources of PAHSs in the vineyard and the uptake of PAHs in the vine and into
wines. These studies will provide new insight into the behaviour of the carcinogenic PAHs

and volatile compounds in wine.

1.1.2 Vineyard background and problem statement

Lourensford Estate is situated at the foot of the Helderberg Mountains on a 4500ha
agricultural farm. Conservation attempts by Biodiversity Wine Initiative (BWI), a programme
of the World Wildlife Fund, are currently part of their environmental program to preserve the
Cape Floral Kingdom (CFK) heritage. Various practices, e.g. alien species removal and
natural resource protection, are part of this initiative. The farm is host to various industrial
activities, including a creosoting plant (now closed), where wooden posts were treated with
creosote and stored in an open storage area to dry. During drying, the freshly creosoted
posts emit phenolic compounds and volatile PAHs into the atmosphere. These emissions
are easy to detect as they have a very powerful, tarry odour that permeates a large area
surrounding the stockyard. The natural habitat around the area, which includes vineyards
and orchards, is therefore exposed to these organic pollutants. From literature it is evident
that creosote has detrimental consequences for the environment, which includes pollution of
soil (PAHs) (Eriksson, et al., 2001), water (lower molecular PAHs) (Hale & Aneiro, 1997) and
air (volatile fraction) (Mateus, et al., 2008). Studies have shown that PAHs sourced from
creosote are taken up by terrestrial plants and can accumulate on plants surfaces grown in
polluted areas (Moret, et al., 2007; Wu, et al., 2008) This study investigated the
environmental repercussions of the stockyard in terms of PAH accumulation in soil, water
and leaf samples as well as the effects on quality of wines. The wines made from exposed
vineyard blocks had a complex taint described as burnt-rubber/tar and would therefore not
be suitable for sale to markets. The creosote plant was closed in 2010, but the stockyard
remained in use until the end of 2011. From 2012 the plant was replaced with timber

manufacturing industry using safer alternatives to creosote.

1.1.3 Project Aims

This study aimed to:

i. Analyse volatile phenols and polycyclic aromatic hydrocarbons in biological samples

taken from around a creosote stockyard, using GC-MS and HPLC.
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ii. Investigate the impact of the creosote stockyard on accumulation of PAHs and volatile
phenols in water, leaf and soil samples from the immediate environment.

iii. Investigate the impact of volatile compounds / taint derived from creosote on wines
that were made from grapes grown in vineyard blocks adjacent to the stockyard
using sensory analysis.

iv. Clarify the role of winemaking practices on concentration and/or decreasing the taint in

affected wine.
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2.1 INTRODUCTION

At the present time the use of creosote as wood preservative is still fairly common in the
South African agricultural sector. Creosote is a distillation product of crude tar oil, with a
typical sharp smoky, tarry odour. Its chemical composition contains up to 75 - 85% polycyclic
aromatic hydrocarbons (PAHs), 10% phenolic compounds and 5% N-, S-, O-heterocyclic
compounds, depending on the distillation conditions (Mateus, et al., 2008). PAHs and
creosote have been extensively researched over the last few decades, and studies have
shown that these compounds have health implications for both biological systems and the
environment. This has led to usage restrictions in the US, EU, Australia and Canada.
Previous studies have also researched the volatile fraction emitted from creosote (Gallego,
et al., 2008), the health implications for workers and residents living in a neighbourhood
nearby a creosote plant (Dahlgren, et al., 2003), the fate of creosote in the environment
(Hale & Aneiro, 1997; Meyer, et al.,, 1999; Becker, et al.,, 2001; Eriksson, et al., 2001;
Gallego, et al., 2008) and the contamination of produce, including olive oil from a grove
close to railway ties (Moret, et al., 2007). PAH studies have theorised pathways of plant
uptake of atmospheric pollutants (Simonich & Hites, 1995), contamination of vegetables
(Tao, et al., 2005) and (olive) oils (Moret, et al., 2007). The phenolic fraction, e.g. cresols,
phenols and naphthalene, have also been studied in water, but are not always directly
connected with creosote, as they can originate from various sources, e.g. pesticides (Asan &
Isildak, 2002). This chapter aims to overview creosote use in the agricultural sector with

research studies available from literature.

2.2 CREOSOTE

2.2.1 Chemical properties

Creosote is a very complex by-product of coal-tar oil distillation, and consists of more than
300 derivative compounds (Mateus, et al.,, 2008). Creosote is applied to preserve wood
used mainly in the construction and communication industries for railway ties, electrical
power poles, marine pilings, and fences. It is used for its fungicidal, insecticide and water
repellent properties, which are the main causes of wood deterioration (Competent Authority
Report, 2007). It is sometimes used for specialised applications for instance children’s
playgrounds, and also agricultural structures, e.g. trellising systems for fruit production.
Derivative compounds form part of four chemical groups: PAH, N-, O- and S containing
hetero-PAH, phenolic compounds and mono-aromatic hydrocarbons (Meyer, et al., 1999).

Classification of creosote is due to differences in the distillation process and the origin of the
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coal. Creosote is classified by boiling points of 2210-400°C and 2260-400°C and is
classified grade B and grade C respectively by the Competent Authority (CA) for the
European Commission (EC). Grade B is mainly used for wood preservation, although grade
C is allowed since it has a lower volatility. Creosote is denser than water, and soluble in
organic solvents e.g. benzene, toluene, acetone and quinoline. Creosote is considered to
be stable, not affected by pH and not flammable, although emissions may cause explosive
mixtures with air.

Health risks associated with creosote are usually due to exposure to PAHs and/or
volatiles. Humans are exposed to these health threats by breathing in volatile fractions and
consumption of water or foodstuffs containing PAHs. Higher molecular weight PAHs are
carcinogenic and mutagenic (Gallego, et al., 2008; Moret, et al., 2007). Environmental
concerns include soil, water and air pollution. Different authors have found residues or
accumulation of these hazardous compounds in foodstuffs (Kipopoulou, et al., 1999; Tao, et
al., 2005; Wang, et al.,, 2010); although few of these studies looked at creosote as the

source of the PAHSs.

Table 1: Major components of creosote as compiled by the International Uniform Chemical
Information Database (IUCLID) (Gallego, et al., 2008).

Table 1 - Major components in creosote

Compound CAS number Percentage (%)
Naphthalene 91-20-3 <1-10
1-/2-Methylnaphthalene 90-12-0/91-57-6 2-18
Indene 95-13-6 <1
Fluorene 86-73-7 1-7
Acenaphthylene 208-96-8 <1
Acenaphthene 83-32-9 1-8
Phenanthrene 85-01-8 5-20
Anthracene 120-12-7 <1-3
Fluoranthene 206-44-0 4-15
Pyrene 129-00-0 2-10
Benzo[alanthracene h6-55-3 <0.1
Chrysene 218-01-9 <0.1
Benzo[alpyrene S0-32-8 <0.005
Benzo[blfluoranthene 205-99-2 <0.025
Benzo[k]fluoranthene 207-08-9 <0.025
Indeno(1,2,3-cd|pyrens 193-358-5 <0.025
Dibenzo[ohlanthracene £3-70-3 <0.025
Benzo|g,h,i]perylens 191-24-2 <0.025

* [UCLID (2002).

The volatile fraction of creosote consists mostly out of the less polar volatile organic
compounds (VOCs) with one benzene ring, naphthalene being the most abundant as

illustrated in Table 1. Lower emission rates were observed for the 2 — 4 ringed PAHs. The
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polar heavy PAHSs, 5-ring structures, where not present in the volatile fraction. Naphthalene,
2-methylnaphthalene, toluene, m + p-xylenes, ethyl benzene, o-xylene, iso-propyl benzene,

benzene and phenol are the most abundant in newly treated poles (Gallego, et al., 2008).

2.2.2 Legislation
The US-Food & Drug Administration (FDA) and Nationals Oceanic and Atmospheric
Administration (NOAA) are the major legislative authorities for petroleum hydrocarbons in
environmental matrixes. The substance is regulated by national legislation which is different
for each country. The South African Wood Preservers Association (SAWPA) is responsible
for industry standards and guidelines to abridge the risks associated with exposure of
treatment plant workers and environments to creosote chemicals. Creosote has been
classified as a probable human carcinogenic and hazardous substance by the European
Union (EU), United States (US-EPA); The Agency for Toxic Substances and Disease
Registry (US-ATSDR)), Australia (The National Health and Safety Commission (NOHSC)
and Canada (Mateus, et al., 2008). Phenanthrene has been identified as the predominant
PAH in creosote, followed by naphthalene and fluoranthene. This study also found
benzo(a)pyrene concentrations of 544 — 4432 ppm in creosote treated wood used for
railroad ties. Due to such high concentrations and the potential health threat associated with
PAHs, the EU adopted a Directive that only allows creosote treated wood to have 50 ppm
benzo(a)pyrene content for industrial application. Legislation recommends regular quality
assessments of air, soil, water and tissue in these affected areas (Moret, et al.., 2007).

The US- Environmental Protection Agency (EPA) and EU have defined 16 PAHs as
priority pollutants. The PAHs were selected on their carcinogenic properties, and is often

expressed in benzo(a)pyrene equivalents.
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Table 2 (cont.)
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Table 2 (cont.)
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Table 2 (cont.)
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(a) Gallego, et al., 2008 (b) Chatonnet & Escobessa, 2007. Coding: + = positive, -=negative,? = questionable, parentheses indicates small database.

0.06ppb
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The adapted Table 2 indicates the 16 priority PAHs recognised as a potential threat to the
environment and humans by the US-EPA, as well as their carcinogenic nature (Poster, et al.,
2006). The chemical structures are included, showing the 2-5 ring structures as well as the
PAHSs that form the major constituents of creosote (Table 1 and 2).

In South Africa the industry of wood preservation is guided by SANS 100005 and SANS
457 laws, neither of which has restrictions regulating the use of creosote. A common
application of creosote in South Africa is the constructed trellising systems, e.g. in vineyards.
The Integrated production of wine (IPW) regulates the sustainability of practices in the wine
industry, advises producers to use alternatives to creosote, but no compulsory regulations
were in place by the time this research was done. Creosote alternatives will be discussed in

further detail under the discussion section.

2.3 Environmental pollution

Creosote poses a major environmental threat, as the constituents, (particularly the PAHSs)
are pollutants in the natural environment. Therefore the environmental impact of creosote is
often assessed in total PAH concentration (ATSDR, 2003). The biggest impact is on soil,
water and air; however these components form the habitat of fauna and flora and therefore
the contamination could spread to plants or animals. PAH uptake in plants are ascribed to
the fat content or log octanol-water coefficient (Kow) properties of the plants, location of the
growing sites and the surface area exposed to air pollution. Humans are exposed to the
toxic vapours emitted from the creosote-treated wood via the air; however workers can be in
direct contact during application and installation of treated wood. Particular-bounded PAHs
can be another potential source of contaminants, exposing near-living residents to dust-
bounded PAH (Dahlgren, et al., 2003).

Creosote leaches into the soil forming ‘plumes’, due to rainwater/irrigation leaching or oil
exudation. Total PAH concentrations in storage areas of treated wood can accumulate in soil
up to concentrations of several thousand ppm in dry weight. The molecules that leach into
soil are usually the bigger molecular weight molecules, as the smaller molecular weight
compounds are highly volatile. Heavy PAHSs, classified by the number of aromatic rings, can
persist in soil for years, as they are not degraded biotically or abiotically (Moret, et al., 2007).
A number of studies have been carried out in order to assess the effects of creosote in the
environment. Creosote-contaminated soil from an old gas work site in Sweden was
researched (Eriksson, et al., 2001). The authors firstly classified the soil as sandy, 0.1-5
mm, with low organic material content and < 10% water content. They found PAHs
concentrations from below detection up to 5000 ppm in soil sampled from the site. Greek

authors found that seasonal effects played a significant role in the distribution of PAHs in
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soil, this was seen as lower concentrations of the 2-3 ring PAHs (Acenapthene, Fluorene
and Phenanthrene) were observed in the soil of industrial areas. Polycyclic aromatic
hydrocarbons can be lost from soil due to leaching, uptake by plants (Kipopoulou, et al.,
1999), volatilization (temperature increase), and abiotic (sorption and volatilization) and
biotic degradation (microbial and solubility) (Miller, et al., 2004). Photochemical reactions
may degrade PAHSs in soil, but are restricted to the top layer of soil. Season effects that play
a role are: rainfall and temperature increases. After winter rainfall, the PAHs from industrial
or urban areas may leach into the soil. During seasonal temperature increases, higher
volatilization may take place, leading to lower concentrations of the lower molecular weight
PAHSs (Kipopoulou, et al., 1999).

Water sources may be directly contaminated via the wood preservative plant, or can be
polluted via soil leaching. The lower molecular mass compounds that are derived from
creosote are water soluble, e.g. naphthalene, and can therefore be found in rivers and
groundwater (Hale & Aneiro, 1997; Wenzl, et al., 2006). Water sampling and analysis of
potential contaminant sites are vital. Various methods, including an EPA method, have been
developed for the analysis of PAHSs in natural water (Garcia-Falcén, et al., 2004).

Pollutants in water are regulated by the EU and maximum limits for PAHs in drinking
water and foodstuffs are established, although the limits for foodstuffs may vary between EU
countries. The maximum allowable benzo(a)pyrene level in drinking water is 0.01 ppb, this
represents the sum of benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene
and indeno(1,2,3-cd)pyrene (Wenzl, et al., 2006). Phenolic compounds, o-cresol, m-cresol,
p-cresol, phenol, resorcicol, catechol and hydroquinone, have also been investigated in
water. These compounds, especially the cresol and phenols are commonly found in wood
preservatives such as creosote. Asan & Isildak, (2003) found 3.6, 2.2 and 7.6 ppb of phenol,
o- and m-cresol respectively in water.

Studies have estimated that 1-2% of creosote used as wood preservative will be emitted
into the atmosphere (Mateus, et al., 2008). Atmospheric PAHs can either be classified in the
particulate or gaseous phase; the airborne particles are emitted according to the
atmospheric conditions (Manoli, et al., 2004). Higher ambient temperature will increase the
volatile fraction. Measuring the PAH level in air is an important part of air-quality monitoring
(Poster, et al., 2006).

Studies have shown that passive sampling of PAHs in air is enhanced if there is
movement of the air, therefore the wind will play an important part in the distribution of the
compounds. The compounds physicochemical properties will also play a role, compounds
with a higher log octanol-air coefficient (Koa) are restricted by the boundary layer (of air)
(Soderstrom & Bergqvist, 2005).
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Table 3: Emission of compounds from newly treated creosote posts (Gallego, et al., 2007)

Table 2 - Emission concentrations (ug m~>)£RSD (relative standard deviation, %) evolution according to the days of residence

of the treated wood in the field storage

Id. Number Compound Days of residence

1 2 5 6 8
1 Naphthalene 2405922 12809+ 11 63106 3556+29 33243
2 Toluene 9856+73 1678+14 499+ 10 301+28 43145
3 m+ p-Xylenes 8143+82 7667 £11 1016+15 486+21 659+1
4 Ethylbenzene 7464£65 1584£12 563+12 205+25 391
5 o-Aylene 280061 784+11 296+13 146+19 205+2
6 Isopropylbenzene 2440+ 54 936+11 403+ 17 198+17 275+ 14
7 2-Methylnaphthalene 2248+ 87 575+34 555+26 143+24 24811
8 Benzene 2218+61 476+17 137+7 111+32 104+27
9 Phenol 1079+25 1284+13 1834+ 24 1131+14 2957 +6
10 Biphenyl 845+19 47216 576+15 354+25 378+2
11 Acenaphthene 681+100 1112+5 1028+9 647 139+58
12 Benzonitrile 654+38 37117 220+15 104+18 193+18
13 26-Dimethylnaphthalene 109+18 62+26 58+2 43116 38+3
14 1-Methylnaphthalene 94+ 34 58+16 67+13 36+19 577
15 Benzofuran 90+45 42+14 20+15 10+20 15+7
16 Fluorene 79+81 113+3 133+31 81 20+£25
17 1,2-Dimethylnaphthalene 7833 47+26 574 40+18 33£12
18 1-Ethylnaphthalene 6314 39+13 H+15 25:4 277
19 Propenylbenzene 55 27+1 11+18 3.6+3 29+10
20 Benzo[b|tiophene 17+35 90+9 52x19 3.8+11 39+10
2 Acenaphthylene 48+83 8611 8.4+25 4.0 0.8+£25
2 Anthracene 14 26 3.3+33 42 6.2
3 Pyrene 120+2 030+7 0.97+£18 0.76 12212
24 Indene 032+3 03711 0.36+14 017+24 0.20+15

Emission rates of PAHs, due to creosote field storage, were found to be 4 — 28 pg.m'3 whilst
the volatile organic compounds (VOC) ranged for 5 - 35 mg.m™>. This was measured over
an 8 day period after creosote treatment, concentrations decreased from highest parameter
to lowest during this time. Naphthalene was emitted at the highest concentrations, which
corresponded with the findings of other authors (World Health Organization (WHO), 2004).
Other compounds that were recorded in abundance were toluene, o-, m- and p-xylenes and
ethylbenzene, phenol (Table 3). These compounds were mostly VOCs with one benzene
ring, larger PAHs were emitted in lower concentrations, and the 5-ring PAHs were detected
only in the creosote particulate emission (Gallego, et al., 2008).

Vegetation is potentially exposed to creosote derived pollutants via the air, soil and
water. Various pathways exist through which the organic pollutants may enter the plant.
Uptake from contaminated soil surrounding the root system and translocation into the plant
by the xylem and gas or particulate deposition onto the wax cuticle of the leaves and
translocation through the stomata and phloem are two such pathways. The pathway of
distribution depends on the chemical nature of the molecules: lipophilicity, water solubility

and vapour pressure. Environmental conditions, e.g. temperature and organic content of the

17



Stellenbosch University http://scholar.sun.ac.za

soil as well as the plant species, area and lipids available, will also play a role in the uptake
(Simonich & Hites, 1995). The organic content of the soil has adsorption properties on the
PAHSs, decreasing the mobility in soil (Moret, et al., 2007). The accumulation of PAHs in
plants is important for determination of the safety of these potential foodstuffs, as this is the

considered as the main source of human exposure to harmful PAHs.

2.4 Agricultural produce

Although creosote uses are restricted in most first-world countries (EU, US, Canada,
Australia), applications in the agricultural industry still occur in some areas in New Zealand,
Australia and South Africa. In Australia and New Zealand the use of creosote has to be
justified regarding no contamination of crop and soil (Conradie, 2011). Since the 1970’s
various authors have researched PAHs, pesticides, VOCs and other pollutants that could
potentially contaminate foodstuffs (Simonich & Hites, 1995; Wenzl, et al., 2006). Foodstuff
may be contaminated during production practises or environmental pollution (Wenzl, et al.,
2006). The sources of the PAHs and VOCs vary from vehicle emissions, bushfires, creosote
emissions, and waste water irrigation. With analysis of variance (ANOVA), species and
season were identified as the most significant contributors to vegetable and soil PAH
accumulation, respectively (Kipopoulou, A.M., et al., 1999).

Different chemical wood treatments were investigated in California during 1960-1963.
This study aimed to observe the phytotoxic effect on young grapevine development. During
this study creosote, E-salts (chromated copper arsenate, CCA), C-salts (ammoniacal copper
arsenite) and pentachlorophenol showed to be the most damaging when in contact with a
vine (Neubauer & Kasimatis, 1966). This study focused on direct contact of the vine with a
treated pole during early growth and signs of health decay, growth inhibition and even death
of vines where observed.

Studies by Tao, et al. (2006) on cabbage showed a positive correlation between gas or
particulate PAHs in air and the PAHs found in the part of the vegetable exposed to the
atmosphere. The samples, cabbage, soil and gas and particulate air, were taken from two
sites, A and B, site B was a typical example of a farm irrigated with wastewater. Site A was
not irrigated with waste water. Higher concentrations of PAHs were found in the cabbage
from site B. Although lower levels of pollutants were found in the samples from site A, there
was correspondence between the sites in terms of the PAH compounds found. This may
conclude that the source of pollutants could be the same. The soil samples’ contribution to
the accumulated PAHSs in the cabbage was insignificant, as it did not fit into the pollution
model (Tao, et al., 2006).
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These findings were also confirmed by another study conducted by Chinese authors, Wang,
et al., in 2010, who found atmospheric deposition to be the main contributor to PAH uptake
by vegetables in urban areas. This study investigated six types of vegetables, Chinese
cabbage (Brassica rapa pekinensis), leaf lettuce (Lactuca sativa), leek (Allium tuberosum),
radish (Raphanus staivus), cauliflower (Brassica oleracea) and rape (Brassica campestris)
grown in urban areas. Samples were taken from 23 sites, 21 of these sites were irrigated
with waste water from a river. All the samples, except 16% of the Chinese cabbage from
this study, were declared safe for consumption. The edible part of the vegetable samples
were analysed for the 16 priory PAHs as defined by the EU and US-EPA and concentrations
ranged from 158 to 995 ppb (Wang, et al., 2010).

The occurrence of lower molecular weight PAHs, 2 - 3 ringed structures have been
found by many authors in vegetables (Kipopoulou, et al., 1999; Carmago & Toledo, 2003;
Toa, et al.,, 2008; Wang, et al.,, 2010). Greek researchers also found that the dominant
pathway for PAHs accumulation was deposition from the vapour phase onto vegetables
grown in polluted industrial areas. The emission sources of the pollutants were 1-2 km from
the samples taken and included petrochemical industries, tyre production, oil refining, metal
smelting and painting amongst other industrial activities. The vegetables investigated were
cabbage (Brassica oleracea capitala), carrot (Allium porrum), lettuce (Lactuca sativa), leek
(Allium porrum) and endive (Chichhorium endicia). Lettuce and endive had the highest sum
of PAHSs, possibly due to the bigger exposed leaf area. The authors found the range of total
PAHs were 25-294 ppb in the vegetables studies. The solubility and octanol-water partition
coefficient of PAHs were found to be associated with the soil-to-root accumulation pathway,
whilst octanol-air partition coefficient and vapour pressure correlated well with air-to-leaf
accumulation, and could possibly be used as a prediction of PAH absorbance (Kipopoulou,
et al., 1999).

The lipophilic nature of vegetables or plants is still considered the dominant pathway for
PAHs accumulation (Kipopoulou, et al., 1999). Therefore vegetables with higher oil content,
e.g. carrots or olives are argued to have a higher bioaccumulation of polar pollutants. Olives
(20% lipid content) grown for the production of oil near a stockyard for old railway ties, were
therefore reasoned to have higher concentrations of PAHs. Corresponding to previous
literature, the lower molecular weight PAHs were found in the olive oil at high levels, up to
6.36 ppm (Moret, et al., 2007).

Even though PAHs have been studied more intensively, the volatile fraction of creosote
emissions could also potentially taint the waxy layer of plants growing in adjacent areas.
Kennison, et al., 2008, proved that compounds from smoke can be absorbed onto the waxy

layers of grapes. These compounds 4 ethyl phenol, 4-methyl guaiacol, guaiacol, 4 ethyl
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guaiacol and eugenol are not unlike the phenol