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Abstract 

The hexachlorocyclohexane Lindane and its wastes have spread all over the world and are 

the most abundant organochlorine substances in Arctic air and fresh water. In the 1960s and 

1970s, the pesticide Lindane has been produced in huge quantities by Ugine-Kuhlmann. The 

production lead to an estimated 120ô000 tons of waste, consisting of different isomers of the 

hexachlorocyclohexane mixed with concrete. Open-air stock piling has led to distribution of the 

wastes throughout the city of Basel in the past. In this thesis, soils from various areas of Basel 

and vicinity have been analysed for hexachlorocyclohexanes, addressing several 

environmental questions. 

Initially, three different extraction methods (accelerated solvent extraction, sonic extraction and 

hot Soxhlet extraction) have been evaluated. The hot Soxhlet extraction method fulfilled the 

requirements best and was hence fully validated. In addition, a sampling procedure was 

developed. The key parameters of this procedure have been determined and a robust 

sampling method established, in which samples can be taken at any chosen location. 

Investigation of the pollution of the surrounding region of Basel and Basel-city has been carried 

out taking into account the main wind directions as an influencing factor. An increase in 

pollution was found in the prevailing wind direction for areas close to the former Lindane 

production site. Furthermore, the influence of the distance from source on the pollution in the 

main wind direction has been determined. 

The origins of the pollution in the surroundings of Basel and Basel city have been investigated 

by soil profile analysis. These profiles have been sampled to study the migration of the 

pollutants into the soil. An equal distribution of the isomers has been found throughout the 

depth of 20 cm and beyond. A column test was used to simulate the migratory behaviour of 

hexachlorocyclohexane isomers in natural soil in a laboratory environment. Slight migration of 

the isomers could be shown to take place in the soil, whereas in sand the migration is 

significantly greater. 

Samples mostly from park areas in the city of Basel show fortunately that the pollution is low. 

However, some sampling areas close to the former production site ARA STEIH, show 

significant contamination of the soil, albeit below the legal limit. With the passage of time, a 

shift in the ratio of the isomers has taken place, with the result that the beta- isomer is now the 

most abundant for these highly contaminated areas. The soils have further been analysed for 

other pollutants by the same extraction method and a degradation product of the formerly 

predominant alpha- isomer has been identified.     
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Zusammenfassung 

Das Hexachlorocyclohexane Lindane und seine Abfälle haben sich weltweit verteilt und sind 

die am häufigsten vorkommende Organochlorverbindung in der arktischen Luft und Frisch-

wasser. In den 1960er und 1970er wurde das Pestizid Lindane in grossen Mengen von der 

Firma Ugine-Kuhlmann produziert. Die Produktion führte zu enormen Mengen an Abfällen wel-

che unter freiem Himmel offen gelagert wurden. Wind und Wetter haben die Abfälle in der 

Region Basel verteilt. Die Abfälle wurden später entsorgt, indem diese mit Beton vermischt 

und auf dem Areal vergraben wurden. Der kontaminierte Abfall wird auf 120ó000 Tonnen ge-

schätzt.  

In dieser Arbeit wurden Bodenproben aus Basel und der umliegenden Region auf 

Hexachlorocyclohexane untersucht um umwelttechnische Fragen zu beantworten. 

Zu Beginn wurden drei verschiedene Extraktionsmethoden (Accelerated Solvent Extraction, 

Extraktion unterstützt durch Ultraschall und heisse Soxhlet Extraktion) auf ihre Fähigkeit 

Hexachlorocyclohexane zu extrahieren untersucht. Die heisse Soxhlet Extraktion erwies sich 

als die am besten geeignete Methode und wurde vollständig validiert. Zusätzlich wurde ein 

Probenahmeverfahren entwickelt und davon entscheidende Parameter untersucht. Dies führte 

zu einem robusten Verfahren welches überall eingesetzt werden kann. 

Der Einfluss des Windes auf die Kontamination durch Hexachlorocyclohexane in Basel und 

deren Umgebung wurde untersucht. Einen Einfluss der Hauptwindrichtung, ausgehend von 

der ehemaligen Produktionsanlage, konnte ermittelt werden für nahe gelegene Gebiete. Des 

Weiteren wurde der Einfluss der Entfernung zur ehemaligen Produktionsanlage in der 

Hauptwindrichtung untersucht. 

Der Ursprung der Verschmutzung in Basel und deren Umgebung wurde mittels Profilanalysen 

des Bodens untersucht. Insbesondere die Migration der Stoffe im Boden im Laufe der Zeit war 

im Focus. Die Profile wiesen eine gleichmässige Konzentrationsverteilung über die beprobten 

20 cm auf. Einzelne Profile in grössere Tiefen wiesen ähnliche Resultate auf. Die Migration 

der Hexachlorocyclohexane wurde mittels einem Säulentest unter Laborbedingungen detail-

lierter untersucht. Geringe Migrationen der Stoffe in der Erde wurden festgestellt. Auf Sand 

wiesen die Hexachlorocyclohexane eine signifikant grössere Migration auf. 

Bodenproben aus Basel-Stadt, zumeist aus Parkanlagen, wiesen glücklicherweise generell 

tiefe Hexachlorocyclohexan Konzentrationen auf. Gebiete nahe der ehemaligen 

Produktionsanlage, heute ARA STEIH, wiesen jedoch signifikant hohe Konzentrationen auf. 

Diese sind jedoch unterhalb des Grenzwertes. Die Bodenproben wurden zusätzlich auf weitere 

Organochlorverbindungen untersucht, wobei ein Abbauprodukt von alpha-

hexachlorocyclohexane für die stark verschmutzen Gebiete in erhöhten Konzentrationen 

nachgewiesen werden konnte.   
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1. Introduction 

 

Lindane and its hexachlorocyclohexane isomers (HCH-isomers) are classified as 

organochlorine pesticides (OCPs). As persistent organic pollutants (POPs), they have 

attracted considerable global and environmental attention and have been banned by the 

Stockholm Convention since 2009. There has been broad concern for OCPs due to their high 

persistence, long-term toxicity and bioaccumulation. They are considered to pose a great 

threat to the ecosystems and may be detrimental to human health. Use of these chemicals has 

been banned almost all over the world, or allowed only under restricted conditions. These 

compounds have been used due to their low cost and versatility in action in agricultural, 

industrial and public health applications and are still in use in some countries such as India. 

Some 600,000 tons were produced worldwide between the 1940s and 1990s. Due to the 

extensive use in the past centuries HCHs are present all over the world in aquatic 

environments, the soil and even in air. Consequently, OCP residues might ultimately 

accumulate in mankind through the consumption of contaminated drinking water and food or 

even by inhalation. Improper disposal of HCH wastes have caused local major issues which 

have tried to be analysed and remedied. In the region of Basel, in Huningue, Lindane has been 

produced until 1974 by Ugine-Kuhlmann. The process of producing one tonne Lindane leads 

to eight to twelve times more HCH- isomers. These isomers are not active as pesticides and 

have, unlike the ɔ-isomer (Lindane), a malodour. Therefore, they were open air stock-piled, 

which lead to a major pollution of the area. Sandoz has constructed in 1978 on this area the 

waste water purification plant ARA STEIH which was shut down in 2012. Thankfully Novartis, 

who is now the owner of the ARA STEIH, has started voluntary efforts to remediate the area 

in collaboration with other parties. Unfortunately this lead to further release of the toxins which, 

due to the smell, was sensed by the citizens of Basel by its malodours initiating advanced 

investigation needs.  
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2. Assignment of Tasks 

Soil samples taken in the city of Basel in September 2013 showed that there is still a high 

pollution with HCH in the soil remaining from the 1970s. This is now further complicated by 

new pollution due to the clean-up work has started early in 2013. It showed, that legal limits 

have been reached and that there are too few data. Due to this lack of information more 

extensive, detailed investigations are required. 

Soil samples will be collected and analysed for all relevant HCH- isomers to provide in-depth 

information. The following points were addressed in this study: 

 

1. Validation of an appropriate extraction method. 

2.  A Process to result in representative subsamples. 

3. Sampling strategy resulting in representative samples and results. 

4. Distribution of HCH due to the main wind direction. 

5. Change of HCH- isomer abundance with distance to the ARA STEIH.  

6. Origin of the pollution. Does the pollution originate from the remediation process or 

from the production time? 

 

Sampling procedures will be discussed. Three different extraction methods will be compared, 

whereas one will be validated. Analytical techniques using GC-MS/MS are well established 

and do not need further improvement. 

 

In the past, initial measurements of HCHs in soil near the source of the pollution have been 

made. Furthermore, detailed investigation of the pollution has been requested.  

Several different methods of extraction of the main HCH- isomers from soil are to be 

investigated and validated.  

 

A well-designed sampling procedure and the choice of sampling areas are important aspects 

of the project and have to be chosen with great care. In addition, several environmental and 

pollution questions need to be faced. The extent and geographical distribution pattern of the 

pollution in the region of Basel are to be investigated. Several sampling areas can be chosen 

to investigate the pollution near to the source and at further distance. Depth profiles of 

interesting areas may also lead to an in-depth knowledge of the HCH pollution. Depending on 

the results, further tasks can then be investigated, although it may not prove possible to answer 

all the questions that may arise.
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3. Theoretical Part 

3.1. Hexachlorocyclohexane 

3.1.1. Introduction 

Hexachlorocyclohexane (HCH) was one of the most widely used pesticides and is now classi-

fied as persistent organic pollutant. Its synthesis was discovered in 1825 by Michael Faraday.[1] 

However, the biological effect as a pesticide was only discovered in 1942. Imperial Chemical 

Industries Ltd. commercialised the photochemical chlorination of benzene using UV-light, 

which lead to the vast production of HCH in the past century. The photochemical reaction 

results in several isomers having different physical and chemical properties.[2ï5]  

 

 
Figure 1. Hexachlorocyclohexane isomers. 

Different conformations of all hexachlorocyclohexane isomers. [5] 
 

The ɔ-isomer is known as Lindane and exhibits the desired insecticidal properties. However, 

often it was applied as technical HCH which mainly consist of the five isomers Ŭ-HCH 

(55 ï 80 %), ɓ-HCH (5 - 14 %), ɔ-HCH (Lindane, 8 - 15 %), ŭ-HCH (2 - 16 %) and Ů-HCH 

(3 ï 5 %). The other isomers and side products are produced very low concentrations.[3] 

3.1.2. Lindane Properties 

Lindane is an odourless white to brown crystalline powder. However, technical HCH which 

contains also the other enantiomers and side products exhibits a penetrating musty odour. All 

isomers are rather poorly water soluble and non-polar. Yet they do differ from each other. The 

chlorine atoms in the ɓ-isomer are all oriented equatorial and thus lead to a thermodynamically 

more stable isomer which would explain some physical and biological characteristics. The 

physical properties of the most common isomers are listed in the Table 1.[6ï8]  
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Table 1. Physical properties of the relevant HCH- isomers. 

Property Ŭ-HCH ɓ-HCH ɔ-HCH ŭ-HCH 

Molecular 

weight  

290.8 g/mol 290.8 g/mol 290.8 g/mol 290.8 g/mol 

Specific gravity 1.87 kg/L 1.89 kg/L 1.85 kg/L NA 

Melting point 158 °C 309 °C 112.5 °C 141.5 °C 

Boiling point  288 °C 60 °C at 0.5 

mm Hg 

323.4 °C 60 °C at 0.36 

mm Hg 

Log KOW 3.8 3.78 3.72 4.14 

Water solubility 

at 25 °C 

0.002 g/L 0.0002 g/L a 0.0073 g/L 0.0314 g/L 

Vapour pres-

sure at 25 °C  

4.5 x 10-5  

mm Hg 

3.6 x 10-7  

mm Hg a 

4.20 x 10-5 

mm Hg a 

3.5 x 10-5  

mm Hg 

Various physical properties of the relevant hexachlorocyclohexane isomers. a Measured at 
20 °C. The conformation of the isomers leads to different physical properties.[7] 

3.1.3. History of Lindane 

Since its discovery in 1942 Lindane was often applied as technical HCH. The use of technical 

HCH was reduced already early since it left an unpleasant smell in food crops. In the 1970s 

the technical HCH was replaced by enriched HCH containing 40 % of the desired ɔ-isomer. 

However, already in 1979 enriched HCH was no longer produced in the EU and USA. The 

technical HCH was then purified to obtain Lindane (> 99 %). In developed countries purification 

of Lindane was conducted by recrystallization from methanol or acetic acid. The resulting 

waste was not used and dumped.[7ï9] A boost in popularity occurred, when the ill-famed 

pesticide dichlorodiphenyltrichloroethane (DDT) was banned in the late 1970s. At the time, 

HCH was a low-cost, convenient and efficient alternative and was therefore used extensively, 

not only in agriculture, but also in other application fields. Lindane (and its isomers) were used 

in agriculture (for fruit and vegetables), forestry (Christmas trees), veterinary (pets) and even 

as an insecticide in pharmaceutical shampoos and lotions.[7,8,10] 

The major drawback in the production is the amount of waste generated. However, there have 

been attempts to re-use the inactive isomers such as conversion to 2,4,5-

trichlorophenoxyacetic acid, a herbicide and a major ingredient in ñAgent Orangeò used in the 

Vietnam war and 2,5-Dichloro-4-bromphenol-oxyphosphoric acid (insecticide Bromophos). 

When the Vietnam war ended there was no market for the 2,4,5-trichlorophenoxyacetic acid 

and the demand for Lindane declined and consequently Lindane production plants were closed 

one by one. In 2006 only the two countries, China and India, were certainly producing Lindane. 

Romania was, however, still selling small amounts.[11] 
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It is estimated, that globally over 600ô000 tons of Lindane were produced between 1940s and 

1990s. Experts estimated, that per ton Lindane 8 to 12 tons HCH- isomer waste was produced 

which corresponds to 4.8 to 7.2 million tons. From the compiled data of the countries, it can be 

estimated that more 2.9 to 5.6 million tons of HCH- waste is missing.[5] 

3.1.4. Lindane in Basel 

Near Basel, Huningue in France, the company Ugine Kuhlmann was producing Lindane. The 

waste which accumulated was stored in the open. Due to wind and weather the HCH- isomers 

became distributed around the region of Basel. This had the effect that in the 1970s HCH-

isomers were found in milk from the region of Basel, which lead to the slaughter of the milk 

cows. More alarmingly, a recommendation not to breast feed was issued. In 1995 the docu-

mentary ñReizendes Giftò has been produced by Martin and Priska Forter, showing the extent 

of the environmental scandal. People, such as a customerôs officer describe the white wind 

and its deposits.  

 

 
Figure 2. Open air stock-piling of Lindane wastes in Huningue. 

Opan air stock piling of hexachlorocyclohexane production wastes of Ugine Kuhlmann in 
Huningue. Picture was taken on 02.11.1972.[12] 
 
In 1974 Kussmaul and Borneff et al., 1983 measured HCH- isomer concentrations in the Rhein 

bellow Huningue. They found maxima of 2700 ng/l Ŭ-HCH, 300 ng/l ɓ-HCH and 1100ng/l 

ɔ-HCH in the Rhein. Between 1976 and 1977 six measurements were conducted, whereas 

1 - 9 ng/l Ŭ-HCH and 2 - 25 ng/l ɔ-HCH leading to the conclusion that the isomeric ratio between 

Ŭ- and ɔ-HCH have changed. Further the values have decreased dramatically.[6] Ugine 
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Kuhlmann has produced Lindane and its isomers until 1974. However, already in 1972, Ugine 

Kuhlmann was desperate to dispose of the waste. A huge pit was excavated disposing the 

gravel in Hagenthal-le-Bas and Hagenthal-le-Haut in France and the cavity filled with a mixture 

of HCH- waste and concrete. This site which was reconstructed and used as the industrial 

clarification plant Steih has been bought by Sandoz. This site is now being voluntarily 

decontaminated on the behalf of Novartis. The first decontamination project was a tremendous 

one involving roughly 100 million Euro. Soil which contained more than 20 g HCH per kg soil 

is burnt at 1000 °C. Soil below the contamination threshold is heated and the vapours are then 

burnt. Nevertheless, this constitutes an enormous project and involves many parties. The 

decontamination started in 2013. However, citizens of Basel complained that there was an 

aggravating smell, which could be traced back to the clean-up operation. Several measures 

were taken, including the construction of a tent over the site. Nevertheless, the first project had 

to be stopped. [12ï15] 

 

 
Figure 3. ARA STEIH currently. 

Current situation of the ARA STEIH. Tents cover the construction site in order to reduce new 
contamination of the environment. Webcam image, taken on the 17th June, 2014, 
13:42 oôclock. 

3.1.5. Lindane Today 

Today we are using more efficient processes to produce pesticides of lower environmental 

impact. Chemical disposal sites today are designed in accordance with more restrictive 

environmental protection legislation and a better understanding of the effects of disposal of 

wastes on nature.  

Nevertheless, we are faced with the burden of an HCH- polluted environment. In general there 

are two different types of contamination sources. Very high local concentrations of HCHs can 

arise due to improper waste disposal, such as open-air stock-piling. Secondly, lower 

concentrations can be found due to the dispersion of open-air stock piles or application of the 
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insecticide.[5,8] The released HCH waste has reported to percolate both soil and ground water 

[16,17] and is the most abundant organochlorine substance in Arctic air, fresh water and the 

Arctic Ocean.[8] 

The Lindane wastes are usually spread by the atmosphere and rivers and it is therefore not 

surprising that it is found in the oceans and higher concentrations near estuaries. HCHs have 

been also found in sediments and were absorbed by marine animals in which they accumu-

late.[6] 

3.1.6. Toxicity of Hexachlorocyclohexane Isomers 

HCH- isomers can be absorbed by plants via the gaseous phase or from the soil by the roots. 

In plants the HCH- isomers can be metabolised by dehydrochlorination, dehydrogenation, 

dechlorination and hydroxylation. The effects of HCH on animals and humans have been 

observed in several studies. It is known, that the HCHs are taken up and stored in fatty tissue. 

It is noteworthy, that due to its different physical characteristics, the ɓ-isomer has slightly 

different biological/toxicological properties and the accumulation in fatty tissue is higher than 

for other HCH isomers.[6]  

The absorption of HCH in humans occurs mainly via the uptake of food and less by respiration 

or by physical contact. The later depends on a variety of factors, such as the contamination of 

the environment, exposure time, concentration, etc. 

The elimination half times of HCH- isomers from fatty tissue and brain tissue are isomer 

specific.  

ŭ-HCH ~ ɔ-HCH > Ŭ-HCH >> ɓ-HCH 

Direct toxicological studies on humans have not been made. However, data from exposure 

reports and from experimental studies in animals are available. 

It has been documented, that acute exposure to HCH- isomers results in accumulation in the 

nervous system leading to hyperexcitability, seizures and convulsions and eventually even to 

death.[6] 

Symptoms of the ingestion of Lindane are vomiting and nausea. Studies on HCH causing can-

cer in humans have as yet been inconclusive.[9] However, in animal studies on rodents, there 

is evidence that HCHs cause liver tumors and hence it is reasonable to expect that HCHs are 

indeed human carcinogens and cause tumors of the lymphoreticular system. [7]  It is also 

known, that HCHs act as endocrine-disrupting pollutants.[8,18,19]  

  



Theoretical Part 

   17 

Table 2. Toxicity of hexachlorocyclohexanes. 

 Ŭ-HCH ɓ-HCH ɔ-HCH ŭ-HCH 

Acute toxicity 

LD50 oral rat 

177.0 mg/kg 6.000 mg/kg 88.0 mg/kg 1.000 mg/kg 

Bioaccumulation fac-

tor (fish) 

250 500 674 326 

Acute toxicity (brain 

concentration) 

80-100 µg/g 15-20 µg/g 6-7 µg/g 30-35 µg/g 

Acute toxic effect Generalised 

tremor 

Generalised 

chronic con-

vulsion 

Ataxia Locomotive ex-

citation 

Different toxicological of the major HCH- isomers. The toxicity is important for remediation 
decisions. [6,20ï23] 

3.1.7. Hexachlorocyclohexane in the Environment 

The classification of HCHs as persistent organic pollutants already indicate, that HCH isomers 

break down only slowly in the soil and can migrate to some extent.  

Several methods of decontamination of polluted areas are known. In case of the former pro-

duction plant in Huningue the soil was removed to a disposal facility where the contaminated 

soil was heated and the vapours burned. Highly contaminated soil was incinerated separately. 

This is a very cost intensive and invasive method, which does apply to the current conditions. 

For large areas where this method cannot be applied, other methods have to be considered. 

Degradation of the HCH isomers does take place in the environment, but unfortunately the 

process is slow and isomer specific. Factors such as the weather, pH, soil composition and 

other environmental influences affect the rate of breakdown. In general the thermodynamically 

less stable isomers such as the Ŭ- and ɔ-isomer undergo higher degradation rates than the 

ɓ- and ŭ- isomers. Remediation due to biotic procedures are possible. It has been reported, 

that contaminated soils have been treated with bacteria resulting in increased degradation of 

the isomers. However, the degradation rates depend on several factors. Nevertheless the ɓ- 

and ŭ- isomer are usually transformed slower. The degradation may occur under both aerobic 

and anaerobic conditions. The isomeric pattern of contaminated soil changes over time to the 

favour of ɓ- HCH.[20] 
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Figure 4. Anaerobic degradation of beta- and gamma- HCH. 

ɓ- and ɔ-HCH isomers feature the same anaerobic degradation pathway by eliminating hydro-
gen chloride to the final product Chlorobenzene.[5]  
 

 

Figure 5. Biotic degradation of alpha-, beta- and gamma- HCH. 

Upstream pathway for the aerobic degradation of Ŭ-, ɓ-, and ɔ-HCH initiated by two successive 
dehydrochlorination reactions. LinA, LinB and LinC are enzymes believed to catalyse several 
reactions. The finally observed products were 1,2,4-trichlorobenzole 2,5-dichlorohydroqui-

none, 2,3,4,5-tetrachloro-5-cyclohexene-1-ol and 2,3,5-trichloro-5-cyclohexene-1,4-diol .[5] 
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The degradation of the HCH- isomers may also occur abiotically. However, the conditions 

might not be appropriate. Direct photolysis with UV irradiation (100-280 nm) does transform 

the isomers to 1,2,3,4,5-pentachlorocyclohexanes.[24] It has also been reported that indirect 

photolysis, assisted by hydrogen peroxide transforms the ɔ-isomer by using powerful OH 

radicals into further products.[5] 

3.2. Soil 

3.2.1. General Knowledge on Soil 

The term soil is well known to all people, however, the functions of soils are more than just a 

medium on which plants grow. Moreover, it is a highly complex environment for a vast multitude 

of organisms. In general soils have a number of key roles. [25] 

 

Medium for plant growth 

Soils affect several aspects related to the growth of plants. For instance it is a physical support 

for the plants preventing uprooting due to environmental influences such as heavy wind. 

Furthermore, the soil pores retain rainwater. Plants can therefore rely on a fairly constant water 

supply which enables their growth and reproduction. Soil is also a good climate regulator 

preventing extreme changes in temperature necessary to life on the surface. The soil prevents 

plants from taking up toxins by ventilation, decomposing or absorbing organic toxins, or 

suppressing toxin producing organisms. The soils are also a supply for nutrients. Thus the 

properties of the soils often influence the vegetation and hence the number of animals due to 

the vegetation present. [25] 

 

Regulator of water supplies 

The water quality in rivers and lakes has become a more recognised topic of concern. The soil 

is an important factor affecting the water quality. Every drop of water in rivers and lakes has 

either travelled through the soil or has flooded over soil surface. The soaking ability of soil is 

thus an important aspect. Rainfall is stored in soil or is drained through soil preventing destruc-

tive floods.  

The seeping of the water through soil over months or years purifies the water and kills potential 

disease organisms. This process is also used industrially for the production of drinking wa-

ter.[25] 

 

Recycling 

The growth of animals and plants relies on the uptake of nutrients and conversion of small 

molecules into macromolecules for example in photosynthesis. However, when wastes are 

produced by organisms or when their life has been ended, all the materials are recycled. Thus 
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soils have the capacity to assimilate organic matter and form humus; converting mineral nutri-

ents into a form that can be reused again and returning the carbon to the atmosphere as carbon 

dioxide. The accumulation of soil organic matter has also a major global influence in regulating 

the greenhouse effect.[25] 

 

Habitat for soil organisms 

Even though soil might look uniform, looking closer, the biodiversity is vast. Smaller and bigger 

pores can be filled with water, air or other gases and different pH and temperature environ-

ments exist, which promote the growth of organisms, each specialised to preferred conditions. 

In this ecosystem there exist prey, predators, producers, consumers and parasites resulting in 

a highly complex system, hidden from the worldôs eye and vulnerable to diverse influences and 

pollution.[25] 

 

Influences on the atmosphere 

Depending on the soil and its vegetation, there are several effects of the soil on the atmos-

phere. Wind can pick up soil particles from dry and barren soil which can be transported into 

the atmosphere. More moist and fertile soils can prevent such effects. Furthermore, the evap-

oration of moisture from the soils leads to an alteration of air temperature. Soils have further a 

major influence on the atmosphere. In an exchange of gases with the atmosphere, carbon 

dioxide and nitrous oxide is released by the soil and oxygen absorbed. This exchange has a 

major contribution on the atmospheric composition and global warming.[25] 

3.2.2. Soil Classification  

Initial classification of soils have been already been done in 1870s by the Russian scientist 

V.V. Dokuchaev and his associates. Soil classification of further soils in other countries by has 

lead to a large number of different classifications of soils. Nevertheless, many of the Russian 

names have been keept. 

Soil taxonomy today is classified by six hierarchical categories: The twelve orders are divided 

in suborders, great groups, subgroups, families followed by series. 

Each of the soil orders is largely based on the properties of the soils and the conditions that 

formed the soils. The classification includes a number of physical and chemical properties 

which are often analysed with great precision.[25] 

Description of the soils in the field is often done according to colour, texture, consistence and 

other properties. For instance, the soil texture is defined as òthe relative proportion of the 

various soil separates in soil materialò. Therefore the percentage of clay, slit and sand gives 

the twelve different textural classes as shown in Figure 6.[26] 
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Figure 6. Twelve textural classes of soils. 

According to the Soil Science Society of America 1996, the percentage of clay, sand and slit 
lead to twelve different soil texture classes.[26] 

3.2.3. Bioturbation 

Bioturbation means the biological reworking of soils and sediments. The first observations 

were recorded by Charles Darwin, who was very interested in the influence of earth worms on 

their environment. However, the initial results he presented were regarded as a speech on 

ówormsô. At the time earth worms were regarded as garden creatures that needed eliminating. 

Nevertheless, Darwin continued with his research on this topic publishing a book he thought 

was of small importance. However, Darwinôs studies have since been shown to be of great 

importance and have become popular again. Disciplines such as ecology, pedology, hydrol-

ogy, geomorphology and archaeology currently refer to his book. 

Bioturbation is a result of a range of animal activities. Most obvious are the effects of larger 

subterranean mammals such as moles. 
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Figure 7. Bioturbation due to moles. 

Subterranean mammals such as moles 
lead to obvious bioturbation. Hidden 
from the eye, small vertebrates and in-
vertebrates have further significant in-
fluence on the soil construction. Image 
source: Meysman et al. [27] 
 

However, there are further organisms contributing to bioturbation such as earth worms, 

nymphs and ants. The effects however, are of great importance for the ecosystem.  

Burrowing organisms have been cited as examples for system engineers modifying the phy-

sical environment strongly. This engineering has major impacts on other organisms and further 

lead to heterogeneity of the pedological environment.  

It is stated, that the effects of bioturbation also enabled important evolutionary phases such as 

the Cambrian explosion around 542 million years ago. Hence organisms developed 

biomineralised skeletons allowing some parts to use as digging tools. The new sediment 

environment was discovered to be not only a new food source but also a shelter from 

predators. The result of the turnaround of the sediments lead to an explosion of life. [27,28,29] 

The importance of bioturbation on the distribution in soil of organochlorine pesticides has been 

shown by Zhang et al.: a principal downward distribution of HCHs and DDT by bioturbation 

was found. In layers beneath the plough pan the water solubility of the entities becomes more 

important.[30] 

3.3. Sampling 

3.3.1. Sampling Method 

In order to draw conclusions from the results and improve procedures it is essential to acquire 

reliable data. The choice of sampling areas and the sampling procedure are therefore of great 

importance. Since the area of interest is rather large (Basel and environs), only rather random 

samples can be gathered. Hence errors due to inhomogeneity and sampling procedure must 
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be minimised as much as possible. It is therefore important to plan the sampling in detail, 

conduct the sampling professionally and to process the samples accordingly. The measures 

to be taken depend on the questions the analysis results must answer. In general, sampling 

areas differ significantly to laboratory conditions, whereas standardised sampling procedures 

are not feasible for all sampling locations due to environmental influences and other properties 

of the location. Documentation of different aspects at the sampling locations should lead to a 

reduction of errors and ultimately enable better conclusions to be drawn from the data.[31] 

3.3.2. Sampling Plan 

In a sampling plan several different aspects have to be considered. Thus, sampling of a spe-

cific location requires an adequate number of samples to represent the area of interest due to 

supposed inhomogeneity in deposition of the pollution. A sufficient number of probes must be 

chosen to answer the environmental and pollution questions kept as small as possible for rea-

sons of efficiency. The sampling pattern is another important factor in deriving significant sam-

ples and is a major error source. There are different possibilities each with advantages and 

disadvantages listed in the Table 3. 
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Table 3. Different sampling patterns. 

Patterns Realisation Advantages Disadvantages 

Random 

 

Distribution of the sampling 

positions by using random 

numbers with exclusion of any 

expert knowledge. 

- Single objective pro-

cedure 

- Every sampling spot 

has the same likeli-

hood 

- Low systematic error 

 

- High number of sam-

ples required 

- Laborious realisation 

- Not proportional to 

the area 

Systematic 

 

Distribution of the samples on 

a geometric grid: 

- Quadratic 

- Rectangular 

- Triangular. 

- Low complexity 

- Lower sample num-

bers 

- Best coverage by tri-

angular grid 

- Consistent distribu-

tion of the sampling 

spots 

- Area proportional 

 

- Unsuitable grid size 

might lead to system-

atic errors 

- Triangular grid is 

complex 

Directed 

 

Distribution of the sampling 

positions according to expert 

knowledge and plausibility 

considerations: 

- Point sources: target grid 

- Line sources: Line grid 

- Other sources depend on the 

hypothesis 

- Sampling positions are inten-

sified near the source. 

 

- Smallest number of 

samples 

- Consideration of the 

contamination hypoth-

esis 

- highest liability to 

systematic errors 

when false hypothesis 

is applied 

- Requires laborious 

pre-clarifications 

Stratified

 

Directed partitioning in homo-

geneous subareas and area 

proportional equal distribution 

of sampling spots inside the 

subareas. 

Consideration of the 

contamination hypoth-

esis 

- Susceptible to sys-

tematic errors on false 

contamination hypoth-

esis 

- Requires prior 

knowledge  

 

Nested subrou-

tine 

 

Systematic distribution of 

sampling locations with local 

condensed sampling with a 

given systematic.  

- Heterogeneity is as-

sessed at different 

spatial levels 

- Adequate for geo-

static assessment.   

- High number of sam-

ples necessary 

- extensive procedure 

 

Different sampling strategies are discussed with drawbacks and positive aspects. Depending 
on the environmental issue a suited sampling pattern is chosen.[31] 
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3.3.3. Nature of the Sample 

Samples can be retrieved as a single sample from a single borehole in the soil or can be pooled 

out of several individual boreholes to give an averaged sample. 

The environmental and pollution question is one decision factor. However, for invasive 

sampling techniques it might be considered to use single samples in order to minimise negative 

effects on the environment. 

Pooled samples have the advantage of levelling out the inhomogeneity of the sampling area. 

They are dependent on the sampling technique as well as the environmental and pollution 

question which is to be answered. The more samples that are pooled together, the more sig-

nificant are the results for a given area.[31] 

3.3.4. Sampling Depth 

Sampling depth is a most important parameter in order to obtain representative samples. It is 

dependent on several factors such as the pollutant and its persistence in the soil, as well as 

the kind of immission. According to the VBBo, toxins should be examined to a depth of 20 cm 

for processed and unprocessed soils. However, sampling of profiles can be conducted even 

deeper than 20 cm. When measuring the sampling depth, the organic layer is also to be taken 

into account.[31] 

3.3.5. Sample Quantity 

The sample quantity must be carefully chosen in order to constitute a representative sample 

on the one hand. On the other hand the analysis method dictates a certain quantity. An aliquot 

may also be stored for later usage. When sampling at different areas, different soil compo-

sitions may also be found. Thus not all layers can be used for the analysis and will therefore 

influence the sample quantity.[31] 

3.4. Extraction Methods 

3.4.1. Accelerated Solvent Extraction 

Accelerated solvent extraction (ASE), also known as pressurised liquid extraction (PLE), 

pressurised solvent extraction (PSE) or pressurised fluid extraction (PFE) is a rather recent 

extraction method which has been introduced by Dionex in 1995. Analytes are extracted from 

solids or semi-solids by using solvents at elevated temperatures up to 200 °C and 150 atm for 

a short period of time. 

 

The desorption of the analyte is promoted by the elevated temperature of the solvent disrupting 

the hydrogen bonding, dipole interactions and van der Waals forces between the solute and 
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the matrix. The thermal energy assists in overcoming the cohesive (solute-solute) and the 

adhesive (solute-matrix) interactions.  

The high pressure forces the solvent to remain in the liquid aggregate state above its atmos-

pheric pressure boiling point. Moreover, the pressure increases the solvation power and 

speeds up the extraction kinetics of the solvent by forcing it into the pores of the matrix. Solutes 

which are normally trapped in the small pores are more easily extracted by the solvent. 

The increased temperatures lead to a decrease of the dielectric constant thus making it 

suitable for the extraction of less polar compounds. Water has a dielectric constant of roughly 

80 F/m at 25 °C. However, if it is heated to 250 °C, the dielectric constant of liquid water is 

reduced to 27 F/m, which is in the range of ethanol and methanol at 25 °C. Thus, at higher 

temperatures, it becomes more miscible with other organic solvents.  

A further advantage of this extraction method is the fast time and the ease of automation which 

make it suitable to diverse applications, such as analysis of pesticides in food, etc. One 

limitation of the method is, however, the high temperature which may cause decomposition of 

analytes.[32] 

 

Figure 8. Schematic set-up of an ASE. 

The solvent is transferred into the extraction cell and is set under pressure. The extraction cell 
is heated, whereas the solvent remains in the liquid aggregate state reducing the extraction 
time.[32] 

3.4.2. Soxhlet 

The Soxhlet extraction method has been described by Franz von Soxhlet and published in 

Dinglerôs Polytechnisches Journal in 1879 describing the gravimetric determination of milk fat. 

The principle has been adopted for numerous analytical problems and is a very powerful 

extraction method in which compounds of limited solubility are extracted requiring small 

volumes of solvent. In general, the solid is placed in a thimble made from filter paper and 

inserted into the Soxhlet chamber and a solvent below heated to reflux. The vapours then rise 

through the distillation arm and condense on the cooler placed above the Soxhlet chamber. 
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The condensed solvent continuously drips into the thimble flooding the chamber slowly. When 

the solvent level reaches the height of the siphon side-arm, the chamber is emptied into the 

distillation flask. In every cycle the solvent extracts a small fraction of analyte leading to an 

enrichment of the desired compound in the distillation flask. The solvent can then be removed 

resulting in the crude extract, which may be further purified. 

The choice of the proper solvent is important since not only the desired analyte is extracted 

but also other substances. Furthermore the analyte must be thermally stable and non-vola-

tile.[33] 

 

Figure 9. Soxhlet apparatus. 

The vapours of the heated solvent rise until they are condensated on the cooler. Thus the 
extraction chamber is slowly flooded with solvent. When the solvent reaches the height of the 
siphon the chamber is emptied. This procedure is repeated several times. 

3.4.3. Ultrasonic Treatment 

Ultrasonic waves were discovered already in the 18th century. The application of ultrasonic 

waves is used for various applications. In nature, bats use ultrasonic waves to orient them-

selves. For medicinal applications ultrasound is used to examine unborn children. Ultrasoni-

cation is used for the disruption of cells in order to isolate the proteins produced by cells. For 

chemical applications ultrasound is often used to improve the dissolution of a substances in a 

solvent and also to degas solvents. 

When ultrasound is passed into a liquid medium at high intensity, the waves cause high and 

low pressure cycles. During the low pressure phase small vacuum bubbles or voids are cre-

ated. The bubbles grow until they cannot absorb any energy anymore. Thus the bubbles col-

lapse by cavitation resulting in very high local heating and a pressure pulse. When ultrasound 

is used in liquids containing solids cavitation can occur at the probe surface. Then, due to the 

collapse of the cavities jets of liquid and associated shockwaves are driven into the surface. 

This results in substantial surface damage and exposure of fresh, highly-heated surface. Such 

conditions lead to the improved dissolution rates.[34] 
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3.5. Analysis Method 

3.5.1. Gas Chromatography 

Gas chromatography (GC) is a common method in analytical chemistry for analysing diverse 

compounds. The compounds in gaseous aggregate state or in solution are injected onto a 

column of various lengths and diameter. In general, a thin stationary phase inside the column 

is responsible for the properties of the column. Through the column a carrier gas is passed 

through with a constant flow. Furthermore, the column is placed in an oven whereas a tempe-

rature programme is applied. Thus the compounds are separated according to their volatility 

and secondly by their polarity. The separated analytes can then be detected by several differ-

ent detectors. A well suited detector is the MS. Hyphenation with MS leads to a great gain of 

sensitivity and selectivity compared with other detectors. 

Requirements for the separation of compounds by GC are thermal stability and volatility. Thus 

hexachlorocyclohexanes are well suited for the analysis by GC.[35] 

 

 

Figure 10. Schematic set-up of a GC. 

In GC, the analyte is injected via injector onto the stationary phase. By passing through a flow 
of inert gas and a temperature program controlled by the oven, the analytes are separated on 
the column and detected. 

3.5.2. Triple Quadrupole Mass Spectrometer 

The triple quadrupole mass spectrometer, also known as QqQ, has become almost a standard 

analyser for mass spectroscopy. The QqQ consists of three quadrupoles in line, whereas sev-

eral different analysis modes are possible.  

Every quadrupole consist of pairs of opposite rods. The electric field generated by these rods, 

due to a voltage and a radio frequency voltage, is passed by the analyte, whereas only analytes 

with the adjacent m/z values have a stable trajectory and will reach the detector. By varying 

the electric field it can be determined which m/z ions can be detected.[36] 
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Figure 11. Scheme of the quadrupole poles. 

By applying electrical fields between the rods, the passing of analytes with specific m/z values 
is regulated.[36] 
 

The QqQ allows not only m/z determination, but can also conduct MS/MS. Therefore the mid-

dle quadrupole is used as collision cell leading to fragmentation of the analytes. 

For the selected reaction monitoring (SRM) mode, various specific ions, selected by the first 

quadrupole, are fragmented in the collision cell looking for specific fragments in the third quad-

rupole. This method is well suited for quantification of compounds.[36] 

 

 

Figure 12. Principle of a QqQ. 

The analytes have to pass the three quadrupoles in order to be detected. Further, the second 
quadruple may act as a collision cell in order to perform MS/MS experiments.[36] 
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4. Materials 

4.1. Equipment 

 

Drill sampler 

Eijkelkamp, Edelman- Bohrer, Ton-Type Ø 7 cm 

 

Core-sampler 

Eijkelkamp, Split-Tube, Ø 5.3 cm 

 

Infrared dryer 

Satorius MA150 

Used program: 4 to 6 g moist soil were drying at 105 °C until the loss is less than 5 mg/24 sec. 

 

Ultrasound device 

Hielscher UP100H 

Specification: Sonotrode tip MS7 (max. amplitude 125 µm, sound density max 130 W/cm2), 

30 kHz, 100 Watt 

 

ASE 

Büchi Speed Extractor E-946 

 

Extraction with Hexan: 1 min heating up, 8 min extraction at 130 °C and 103 bar, 1 min flushing 

with solvent and 2 min flushing with nitrogen. 3 cycles in total. 

 

Extraction with Hexan/Aceton 1+1: 1 min heating up, 8 min extraction at 100 °C and 103 bar, 

1 min flushing with solvent and 2 min flushing with nitrogen. 3 cycles in total. 

 

Soxhlet 

Büchi Extraction System B 811 

Flushing with Aceton: 5 cycles, beaker heating level 11 

Flushing with Hexan: 15 min, beaker heating level 10 

 

Extraction with Hexan: 

30 min beaker heating level 10 and top heating level 4 

5 min beaker heating level 11, no top heating 
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Extraction with Hexan/Aceton 1+1 

30 min beaker heating level 11 and top heating level 3 

5 min beaker heating level 11, no top heating 

 

Extraction hull 

Macherey-Nagel, Extraktionshülsen MN645 33x94 mm, REF645022  

 

Evaporation system 

Büchi Syncore 

Settings: 60 °C, min. pressure 200 mbar, 260 rpm 

 

GC 

Thermo Scientific, Trace GC Ultra 

 

MS 

Thermo Scientific, TSQ Quantum XLS 
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4.2. Chemicals 

Hexan 

Promochem, picograde, REF SO-1244-B025 

 

Aceton 

Merck, for analysis, REF 1.00014.2500 

 

HCH 

Sigma-Aldrich, REF 36756-250MG, Lot#SZBB045XV, alpha-HCH 24.6 %, beta-HCH 25.4 %, 

gamma-HCH 24.9 %, delta-HCH 24.7 % 

 

Epsilon-HCH 

Dr. Ehrenstorfer GmbH, REF LA1407500CY, Lot# 40308CY 

 

Natural matrix certified reference material 

PAHs, PCBs and Pesticides on Fresh Water Sediments, CRM CNS391- 50, Lot#011305, Re-

source Technology Corporation 

 

Alpha-HCH D6  

Dr. Ehrenstorfer GmbH, REF XA1407140CY, Lot# 1124CY 

 

Beta-HCH 13C6 

Cambridge Isotope Laboratories, Inc., REF CLM-3623-1.2, Lot#SDDF-012 

 

Delta-HCH 13C6 

Cambridge Isotope Laboratories, Inc., REF CLM-3648-1.2, Lot#SDBG-005 

 

2,2',4,5,5'-Pentachlorobiphenyl, PCB-101 13C12 99%, EC-1405-1,2, Lot#10130-99-4, LGC 

Standards 
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5. Practical Procedure 

In general a typical process of gathering data began by determining sampling areas according 

to the environmental pollution question. In a further step the samples were taken in sampling 

campaigns. These samples, usually several kilograms, were processed by removing stones, 

roots and visible organisms. The samples were sieved, homogenised and dried prior to extrac-

tion by the validated extraction method and analysis by GC-MS/MS. 

5.1. Sampling Pattern 

To assure the homogeneity of the samples five boreholes were combined to one sample. The 

pattern of the five boreholes was kept constant and has the same pattern as the five dots on 

a die ï four at each corner and one in the middle.  

 

 

Figure 13. Sampling pattern. 

Sampling of soils has occurred using a defined sampling pattern. The pattern corresponds to 
a five on die. Five boreholes with a defined distance to each other have been combined to one 
sample. Thus the heterogeneity of the soil has been averaged.  
 

This pattern was applied to all areas except for the sampling area Uferstrasse, where the 

sampling area was not wide enough. Here samples were taken in a row each in two meters 

distance. The sampling of profiles has also occurred in the same manner.  

5.2. Sampling Validation 

5.2.1. Soil Sampling 

The sampling of soils was carried out at previously carefully-chosen sampling locations 

dictated by the pedological considerations. In order to assure the homogeneity of the samples, 

five boreholes were combined to one sample. The borehole areas were marked and 

documented by taking pictures and GPS-data. Before sampling, the top grass was withdrawn 

without removing any soil. After sampling, the borehole was filled up with uncontaminated soil 

to reduce the impact of the sampling. In general the impact on the environment is very small 
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and hardly visible. Afterwards, the sampling equipment was cleaned using water and a brush 

followed by rinsing with isopropanol. Thus contamination of the following sampling areas was 

avoided. A first documentation of the soils was made at the sampling site: a more thorough 

documentation of the soil followed during the sieving process. 

5.2.2. Sampling Precision 

Multiple sampling of the same area was conducted in order to evaluate the sampling precision 

of the sampling areas and the total process. Therefore five boreholes, each 20 cm deep, were 

combined to one sample in the same manner as the described drill sampling. This procedure 

was carried out three times for each sampling area. Calculations of the standard error of means 

was done to compare different areas with each other. In total six sampling areas have been 

analysed in such manner. Further, for one sampling area (Neuerteich) a six-fold sampling was 

carried out, worked up and extracted each separately in order to obtain a relative standard 

deviation of the total process. 

5.2.3. Sampling Robustness 

Initially it was believed, that dust deposits could be washed down from trees resulting in local 

high pollution concentrations. Thus the influence of objects was investigated by sampling soil 

at a defined distance to the object in the direction of the source. Sampling locations were cho-

sen in advance looking for large old trees beside an open field. In total five samples were 

extracted and analysed as shown in the Figure below. 

 

 

Figure 14. Sampling plan for the investigation of local inhomogeneities. 

Sampling of soils close to objects have been taken in a defined procedure. Starting four meters 
from the object, every three meters samples have been taken to a total distance of 16 meters. 
Every sample is an average of three boreholes in two meters distance to each other and has 
occurred using a defined sampling pattern.  
 

Sampling has started at 4 meters distance to the object (tree trunk). Every three meters a 

further sample has been extracted to a distance of 16 meters. Every sample was an average 
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of three borehole to a depth of 20 cm. A closer starting point would have been only partially 

feasible since large tress have large roots which could be damaged and result in inadequate 

sampling.  

5.3. Determination of Sampling Areas 

According to the environmental pollution question different sampling areas have been 

sampled. The influence of the main winds has been investigated as well as the origin of the 

pollution. 

5.3.1. Influence of the Main Winds on the Pollution of Basel 

It has been hypothesised, that the main winds have an influence on the pollution concentration 

in the city Basel and surroundings due to wind depositions. Samples in two rough circles 

around the ARA STEIH with different radius have been taken to assess the influence of the 

wind and the distance. 

Sampling areas have been chosen in a rough circle with a large radius around the pollution 

source ï the ARA STEIH. These areas of the surroundings of Basel are located in Germany, 

France and Switzerland (Canton Basel-Stadt and Basel-Landschaft). The main criterion on the 

choice of the sampling areas was that the soils were untouched since the 1960s. Trees, which 

make ploughing impossible since they are older than 50 years, and information from estate 

owners were good indicators. 

In a second circle with smaller radius, predominantly the area of the city Basel, has been 

drawn. Perturbation of the soils in the city Basel could not be excluded for all the areas. 

In general sampling has been carried out on state properties whereas in the city of Basel mostly 

park areas were affected.



 

 

 

Figure 15. Sampling areas. 

Samples have been taken in 
two rough circles. The circle 
with larger radius considers 
mostly the surroundings of 
Basel, whereas the smaller 
circle covers the city of Basel. 
The dark green coloured 
marked areas have been 
used for the evaluation of the 
robustness of the sampling. 
Bright green coloured areas 
mark the profiles which have 
been taken. The ñNeuerteich 
(yellow) has been sampled 
six times for the validation of 
the sampling method. Blue 
Marked areas have been 
sampled three times investi-
gating the homogeneity of 
the soils. The ñAu Talò (pink) 
has been sampled three 
times whereas one profile 
was taken. ñMaienb¿hl Feldò 
(orange) has been sampled 
three times whereas one pro-
file and also the investigation 
of the robustness has been 
carried out. 










































































































































