
Environmental Organic Geochemistry of

Sediments from Wadi Gaza and Investigation of Bioremediation of

Petroleum Derivatives and Herbicides by Cyanobacterial Mats

under Different Experimental Conditions

Von der

Fakultät für Mathematik und Naturwissenschaften

der

Carl von Ossietzky Universität Oldenburg

zur Erlangung des Grades und Titels eines

Doktors der Naturwissenschaften

-Dr. rer. nat.-

angenommene

Dissertation

von Herrn

Nimer Mohamed Deeb Safi

geboren am 13. Februar 1967 in Jabalia, Gazastreifen, Palästina

http://docserver.bis.uni-oldenburg.de/publikationen/dissertation/2004/safenv04/safenv04.html


Erster Gutachter: Prof. Dr. Jürgen Rullkötter

Zweiter Gutachter: Prof. Dr. Gerd Liebezeit

Tag der Disputation: 05.03.2004



For my parents

and

my wife, my children,

my brothers and my sister



Publications and Presentations

Safi, N. M. D., Lee, N., Köster, J., Safi, J., El-Nahhal, Y., Wagner, M., Rullkötter, J., 2003.

Biodegradation of petroleum model compounds by cyanobacterial mats in mesocosm

experiments in Gaza (Palestine) (Oral). In: Book of abstracts I, 21st International

Meeting on Organic Geochemistry, September 8-12th, pp.138-139, Krakow, Poland.

Safi, N. M. D., Köster, J., Safi, J., El-Nahhal, Y., Rullkötter, J., 2002. Biodegradation of

polycyclic aromatic petroleum compounds by cyanobacterial mats in mesocosm

experiments in Gaza (Palestine) (Oral). In: Book of Abstracts, 3rd European Meeting on

Environmental Chemistry, December 11-14, p. 4, Geneva, Switzerland.

Köster, J., Groetzschel, S., Safi, N., de Beer, D., Rullkötter, J., 2002. Laboratory experiments

with microbial mats: Biodegradation of petroleum model compounds and physiological

response to pollution (Poster). In: Book of Abstracts, 3rd European Meeting on

Environmental Chemistry, December 11-14, p. 110, Geneva, Switzerland.

Safi, N. M. D., Köster, J., Rullkötter, J., 2001. Fossil fuel pollution in Wadi Gaza and

biodegradation of petroleum model compounds by cyanobacterial mats (Oral). In: J.

Mascle, A., Lascaratos, S., Fowler, D., Gutnick, C., Papaconstantinou, F. Boero (eds.),

Rapport du 36eme Congrès de la Commission Internationale pour l’Exploration

Scientifique de la Mer Méditerranée (CIESM), 36. CIESM, 24 –28 September, p. 209,

Monte Carlo, Monaco, France.

Köster, J., Safi, N., Abed, R., Groetzschel, S., de Beer, D., Rullkötter, J., 2001.

Biodegradation of petroleum model compounds by microbial mats and isolated micro-

organisms (Oral). In: Book of abstracts I, 20th International Meeting on Organic

Geochemistry, 10 – 14 September, pp. 75-76, Nancy, France



Acknowledgments

I would like to express my deep gratitude and many thanks to my supervisor Prof. Dr. Jürgen

Rullkötter for giving me the opportunity to carry out this Ph.D. work and for his advice,

innovative ideas, interesting discussions, continuous encouragement through all my research

and the excellent working environment at the Institute of Chemistry and Biology of the

Marine Environment (ICBM). Special thanks are also due to Prof. Dr. Gerd Liebezeit for

being a referee of this thesis.

I am indebted to Dr. Jürgen Köster for his continuous support, encouragement, critical

reading, comments and suggestions. Dr. Köster was always available for advice and

motivating discussions.

My sincerest thanks go to Prof. Dr. Jamal Safi and Dr. Yasser El-Nahhal at the

Environmental Protection and Research Institute (EPRI), Gaza, Palestine for their advice,

continuous encouragement and supplying the samples through all my study.

Many thanks are due to the members of the Organic Geochemistry group at (ICBM) for

their general help, comfortable atmosphere in our labs, and for constructive comments,

stimulating discussions and ideas.

I thank Dr. Dirk de Beer for giving me the opportunity to carry out experiments at the

Max Planck Institute for Marine Microbiology (MPI), Bremen.

This research was funded by the Deutsche Forschungsgemeinschaft (DFG), grant no. Ru

458/18, and by ICBM.



i

Table of contents

1 Introduction ........................................................................................................................ 1

1.1 Objectives ....................................................................................................................... 1

1.2 Organic pollutants in sediments ..................................................................................... 2

1.3 Microbial mats................................................................................................................ 4

1.4 The environmental situation of Wadi Gaza.................................................................... 7

1.5 Composition of crude oil .............................................................................................. 10

1.6 Oil spills: Impact on the environment .......................................................................... 11

1.7 Biodegradation and bioremediation.............................................................................. 13

1.8 Organo-clay complexes ................................................................................................ 15

1.9 Degradation of crude oil ............................................................................................... 17

1.10 Degradation of petroleum model compounds............................................................... 19

1.11 Degradation of the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and terbutryn 21

1.11.1 Degradation of 2,4-dichlorophenoxyacetic acid (2,4-D).................................. 22

1.11.2 Degradation of terbutryn................................................................................... 24

2 Materials and Methods .............................................................................................. 26

2.1 Microbial mat and sediment samples ........................................................................... 26

2.1.1 Environmental setting of the microbial mats.................................................... 26

2.1.2 Collection and preservation of mat samples..................................................... 26

2.1.3 Sediment samples ............................................................................................. 27

2.2 Laboratory experiments................................................................................................ 27

2.2.1 Preparation of organo-clay complexes for the slurry experiments................... 27

2.2.2 Slurry experiment with petroleum model compounds...................................... 28

2.2.3 Slurry experiment with oil-loaded organo-clay complexes.............................. 30

2.2.3.1 Stabilization of the crude oil ................................................................. 30

2.2.3.2 Preparation of oil-loaded organo-clay complexes ................................ 30

2.2.4 Slurry experiment with 2,4-D and terbutryn herbicides ................................... 31

2.2.4.1 Chemicals.............................................................................................. 31

2.2.4.2 Terbutryn experiment............................................................................ 31

2.2.4.3 2,4-D Experiment.................................................................................. 32

2.2.5 Microscopy and cultivation .............................................................................. 32



ii

2.3 Mesocosm experiments ................................................................................................ 33

2.3.1 Experimental ponds at Gaza ............................................................................. 33

2.3.2 Collection and pre-inoculation of microbial mats for pond experiments ......... 33

2.3.3 Pond operation and monitoring ........................................................................ 33

2.3.4 Microbiological monitoring of microbial mats................................................. 34

2.3.5 Contamination experiment with intact mats in the sectioned pond

(petroleum model compounds) ......................................................................... 36

2.3.5.1 Inoculation of the sectioned pond......................................................... 36

2.3.5.2 Preparation and application of the organoclay-model compounds

for the mesocosm experiments.............................................................. 36

2.3.6 Summer experiment.......................................................................................... 36

2.3.7 Recontamination experiment with intact mats in the sectioned pond

(Winter experiment).......................................................................................... 37

2.4 Analytical procedure..................................................................................................... 38

2.4.1 Sample preparation ........................................................................................... 38

2.4.2 Ultrasonic extraction......................................................................................... 38

2.4.3 Precipitation of asphaltenes .............................................................................. 38

2.4.4 Internal standards.............................................................................................. 39

2.4.5 Separation of the bitumen by column chromatography.................................... 39

2.4.6 Derivatisation.................................................................................................... 40

2.4.7 Gas chromatographic analysis .......................................................................... 40

2.4.8 Combined gas chromatographic/mass spectrometric analysis (GC/MS) ......... 41

2.5 Chemical analysis of residual contaminants from degradation experiments ............... 41

2.5.1 Slurry experiment with petroleum model compounds...................................... 41

2.5.2 Slurry experiment with oil-clay complexes...................................................... 42

2.5.3 Slurry experiments with 2,4-D and terbutryn ................................................... 42

2.5.4 Contamination and recontamination experiments with intact mats in

the sectioned pond (petroleum model compounds) .......................................... 43

3 Results and Discussion ............................................................................................... 44

3.1 Organic matter content and bulk composition of Wadi Gaza sediments ..................... 44

3.2 Aliphatic hydrocarbons ................................................................................................ 45

3.2.1 n-Alkanes.......................................................................................................... 47

3.2.2 Unresolved complex mixture............................................................................ 49



iii

3.2.3 Pristane and phytane ......................................................................................... 51

3.2.4 Steranes and hopanes........................................................................................ 53

3.3 Polycyclic aromatic hydrocarbons................................................................................ 57

3.4 Aromatic sulfur compounds ......................................................................................... 59

3.5 Sterenes and sterathiols ................................................................................................ 61

3.6 n-Fatty acids ................................................................................................................. 62

3.7 n-Alcohols .................................................................................................................... 63

3.8 Steroid alcohols ............................................................................................................ 64

3.9 Specific markers ........................................................................................................... 64

3.9.1 Human and herbivore contributions ................................................................. 65

3.10 Cyanobacterial mats ..................................................................................................... 68

3.11 Conclusions .................................................................................................................. 70

3.12 Degradation of Egyptian crude oil immobilized on clay by cyanobacterial mats........ 71

3.12.1 Characterization of the stabilized Egyptian crude oil....................................... 71

3.12.2 Degradation of n-alkanes.................................................................................. 71

3.12.3 The pristane/n-C17 and phytane/n-C18 ratios .................................................... 77

3.12.4 Degradation of n-heptadecane (C17) and n-octadecane (C18) ........................... 78

3.12.5 Degradation of pristane and phytane ................................................................ 80

3.12.6 Degradation kinetics ......................................................................................... 81

3.12.7 Conclusions ...................................................................................................... 85

3.13 Degradation of petroleum model compounds by cyanobacterial mats in

slurry experiments ........................................................................................................ 86

3.14 Degradation of petroleum model compounds in a mesocosm experiment

with intact cyanobacterial mats in the summer ............................................................ 89

3.14.1 Degradation of four model compounds ............................................................ 89

3.14.2 Measurement of water depth, temperature, salinity and pH during the

summer experiment .......................................................................................... 96

3.15 Degradation of petroleum model compounds in a mesocosm experiment

with intact cyanobacterial mats in the winter ............................................................... 98

3.15.1 Degradation of four model compounds ............................................................ 98

3.15.2 Measurement of water depth, temperature, salinity and pH during the

winter experiment ........................................................................................... 102

3.15.3 Comparison between summer and winter experiments .................................. 104

3.15.4 Growth of the cyanobacterial mats ................................................................. 105



iv

3.15.5 Degradation kinetics ....................................................................................... 105

3.15.6 The use of an organo-clay complex as a carrier for hydrophobic

petroleum compounds..................................................................................... 109

3.15.7 Conclusions .................................................................................................... 111

3.16 Degradation of herbicides by cyanobacterial mats in slurry experiments.................. 112

3.16.1 Degradation of 2,4-dichlorophenoxyacetic acid (2,4-D)................................ 112

3.16.2 Degradation kinetics ....................................................................................... 115

3.16.3 Degradation of terbutryn................................................................................. 117

3.16.4 Degradation kinetics ....................................................................................... 119

3.16.5 Conclusions .................................................................................................... 120

4 Summary ................................................................................................................... 121

5 References.................................................................................................................. 125

6 Appendix ........................................................................................................................I

6.1 Tables ............................................................................................................................ I

6.2 Figures........................................................................................................................ III

6.3 Chemical structures of some biomarkers .................................................................... V

6.4 Photographs................................................................................................................ VI



v

Figures

(captions abbreviated)

Figure 1.1 Schematic composition of a microbial mat in which the different functional

groups of microorganisms appear to be vertically layered...................................... 5

Figure 1.2 Map of Gaza Strip showing Wadi Gaza and the sampling area .............................. 8

Figure 1.3 A: The heavily polluted site of Wadi Gaza located at the Mediterranean coast

shows a remarkable development of cyanobacterial mats. B and C: Sediment

polluted with petroleum derivatives ...................................................................... 10

Figure 1.4 Flow chart showing crude oil composition, separation of main structural

types of molecules and subsequent quantitative analysis of fractions................... 11

Figure 1.5 Cyanobacterial mats colonizing heavily contaminated sediment in the Arabian

Gulf ........................................................................................................................ 17

Figure 2.1 Cyanobacterial mats collected from Wadi Gaza in May 2000 .............................. 26

Figure 2.2 Cyanobacterial mats collected from Wadi Gaza in August 2001.......................... 27

Figure 2.3 Organo-clay complex (OCC): Four petroleum model compounds ....................... 29

Figure 2.4 Chemical structure of the used herbicides ............................................................. 31

Figure 2.5 Illustration of the 2,4-D slurry experiments .......................................................... 32

Figure 2.6a Reference pond at EPRI (Gaza) inoculated with microbial mats .......................... 35

Figure 2.6b Section pond at EPRI (Gaza): It is divided into six sections which were used

for controls and contamination experiments.......................................................... 35

Figure 2.7 Analytical scheme for extraction, separation and analysis of lipids in the Wadi

Gaza samples ......................................................................................................... 39

Figure 3.1 Representative gas chromatograms of two aliphatic hydrocarbon fractions

extracted from Wadi Gaza sediments .................................................................... 46

Figure 3.2 Distribution of n-alkanes in extracts from Wadi Gaza sediments samples ........... 50

Figure 3.3 Gas chromatogram of an aliphatic hydrocarbon fraction

extracted from a sediment (sample e) from the west of Wadi Gaza...................... 52

Figur 3.4 Sterane (m/z [217+218]) mass fragmentograms of the aliphatic hydrocarbon

fraction of the extract from sediment..................................................................... 54

Figure 3.5 Hopane (m/z 191) mass fragmentogram of the aliphatic hydrocarbon fraction .... 55

Figure 3.6 M/z (178+192+206) mass fragmentogram of the aromatic hydrocarbon fraction

of the extract from sediment sample a showing alkylphenanthrene homologues

and isomers ............................................................................................................ 58



vi

Figure 3.7 M/z (184+198+212) mass fragmentogram of the aromatic hydrocarbon fraction

of the extract from sediment sample a showing alkyldibenzothiophene isomers . 60

Figure 3.8 Sterene (m/z 215) and sterathiol (m/z 249) mass fragmentograms of the

aromatic hydrocarbon fraction of the extract from sample d ................................ 62

Figure 3.9 Representative gas chromatogram of an NSO fraction of the six sediment

extracts (sample a) ................................................................................................. 63

Figure 3.10 Relative contribution (% total) of human and herbivore fecal sources to

sediments ............................................................................................................... 67

Figure 3.11 Ion chromatograms from GC-MS analysis of a moderately contaminated

cyanobacterial mat ................................................................................................. 69

Figure 3.12 Representative gas chromatograms of extracts from oil-loaded organo-clay

complexes in a slurry experiment with Wadi Gaza cyanobacterial mats .............. 74

Figure 3.13 Quantities of residual n-alkanes in crude oil-loaded organo-clay complexes in

a slurry experiment with Wadi Gaza cyanobacterial mats vs. time....................... 75

Figure 3.14 Pristane/n-C17 and phytane/n-C18 ratios in crude oil degraded by

cyanobacterial mats from Wadi Gaza.................................................................... 78

Figure 3.15 Biodegradation of C17 and C18 n-alkanes in crude oil-loaded organo-

clay complexes in a slurry experiment with cyanobacterial mats ......................... 79

Figure 3.16 Biodegradation of pristane and phytane in crude oil-loaded organo-clay

complexes in a slurry experiment with cyanobacterial mats from Wadi Gaza ..... 80

Figure 3.17 Degradation of C14-20 and C21-27 n-alkanes of an Egyptian crude oil in

a slurry experiment with Wadi Gaza cyanobacterial mats .................................... 83

Figure 3.18 Degradation of C28-35 and C14-35 n-alkanes of an Egyptian crude oil in

a slurry experiment with Wadi Gaza cyanobacterial mats .................................... 84

Figure 3.19 Percent of degradation of model compounds in a slurry experiment with Wadi

Gaza microbial mats vs. time................................................................................. 87

Figure 3.20 Biodegradation of petroleum model compounds in a mesocosm experiment

with cyanobacterial mats from Wadi Gaza............................................................ 91

Figure 3.21 Quantities (µg) of petroleum model compounds in the aquarium control

without microbial mats .......................................................................................... 92

Figure 3.22 Summer degradation of petroleum model compounds in a mesocosm

experiment with cyanobacterial mats from Wadi Gaza performed under

field conditions in outdoor experimental ponds .................................................... 94

Figure 3.23 Water depth, temperature, salinity and pH values during experimental



vii

degradation of petroleum model compounds in a mesocosm

with cyanobacterial mats from Wadi Gaza............................................................ 97

Figure 3.24 Biodegradation of petroleum model compounds in a mesocosm experiment

with cyanobacterial mats from Wadi Gaza............................................................ 99

Figure 3.25 Biodegradation of petroleum model compounds in a mesocosm experiment

with cyanobacterial mats from Wadi Gaza. a: Site one; b: Site two;

c: Site three .......................................................................................................... 101

Figure 3.26 Water depth, temperature, salinity and pH values for degradation of

petroleum model compounds in a mesocosm experiment .................................. 103

Figure 3.27 Growth of cyanobacterial mats following degradation of petroleum model

compounds in a mesocosm experiment with cyanobacterial mats from

Wadi Gaza ........................................................................................................... 106

Figure 3.28 Summer degradation of petroleum model compounds in a mesocosm

experiment with cyanobacterial mats from Wadi Gaza performed under

field conditions .................................................................................................... 108

Figure 3.29 Winter degradation of petroleum model compounds in a mesocosm

experiment with cyanobacterial mats from Wadi Gaza performed under

field conditions .................................................................................................... 109

Figure 3.30 Biodegradation of 2,4-D in a slurry experiment with cyanobacterial mats

from Wadi Gaza................................................................................................... 113

Figure 3.31 Linear and exponential biodegradation of 2,4-D in a slurry experiments with

cyanobacterial mats from Wadi Gaza. A: inoculated with mats from

aquarium 2000; B: inoculated with mats from aquarium 2001 ........................... 116

Figure 3.32 Biodegradation of terbutryn in a slurry experiment with cyanobacterial

mats from Wadi Gaza .......................................................................................... 118

Figure 3.33 Linear and exponential biodegradation of terbutryn in slurry experiments

with cyanobacterial mats from Wadi Gaza.......................................................... 119

Figure A1 Representative gas chromatogram of stabilized Egyptian crude oil which was

loaded on organo-clay and used in the slurry experiments ................................... III

Figure A2 Representative gas chromatograms of three aliphatic hydrocarbon fractions

extracted from Wadi Gaza sediments .................................................................... IV

Figure A3 A: Sampling sediments from the western part of Wadi Gaza; B: Sampling

cyanobacterial mats which developed in polluted environment ; C: Showing a

side of Wadi Gaza..................................................................................................VI



viii

Tables

(captions abbreviated)

Table 3.1 Composition of organic matter in sediments from Wadi Gaza................................ 44

Table 3.2 Aliphatic hydrocarbon characteristics in Wadi Gaza sediment samples ................. 45

Table 3.3 n-Alkane characteristics in sediment samples from Wadi Gaza.............................. 48

Table 3.4 Biological marker compound ratios for Wadi Gaza sediments ............................... 56

Table 3.5 Concentrations of sterathiols and Mphen/Phen and 4-MDBT/1-MDBT ratios

determined for Wadi Gaza sediments ...................................................................... 59

Table 3.6 Coprostanol concentrations (µg/g dry sediment) in sediments................................ 66

Table 3.7 Quantities (µg) of residual n-alkanes of Egyptian crude oil during

biodegradation.......................................................................................................... 72

Table 3.8 Ratios of pristane/n-C17 and phytane/n-C18 in an Egyptian crude oil ...................... 77

Table 3.9 Quantities (µg) of residual n-C17, and n-C18 alkanes, pristane and phytane in

an Egyptian crude oil after biodegradation .............................................................. 81

Table 3.10 First-order degradation rate constant, correlation coefficient and degradation

half-life time of n-alkanes of an Egyptian crude oil in a slurry experiment ............ 82

Table 3.11 Quantities (µg) of residual model compounds in slurry experiments...................... 86

Table 3.12 Average quantities (µg) of residual model compounds for the three sites

in the mesocosm experiment.................................................................................... 90

Table 3.13 Quantities (µg) of residual model compounds in a mesocosm experiment

with cyanobacterial mats from Wadi Gaza performed in summer .......................... 93

Table 3.14 Minimum and maximum values of water depth, temperature, salinity and

pH value during degradation of model compounds in mesocosm experiments ...... 96

Table 3.15 Average quantities (µg) of residual model compounds for the three sites

in the mesocosm experiment conducted in winter ................................................... 98

Table 3.16 Quantities (µg) of residual model compounds in the mesocosm experiment ........ 100

Table 3.17 First-order degradation rate constant, correlation coefficient and degradation

half-life time of petroleum model compounds....................................................... 107

Table 3.18 Quantities (µg) of residual 2,4-D in a slurry experiment with cyanobacterial

mats from Wadi Gaza ............................................................................................ 112

Table 3.19 First-order degradation rate constant, correlation coefficient and degradation

half-life time of 2,4-D in a slurry experiments ...................................................... 115

Table 3.20 Quantities (µg) of residual terbutryn in a slurry experiment with



ix

cyanobacterial mats from Wadi Gaza .................................................................... 117

Table A1 Percent of degradation of model compounds in the mesocosm experiment

performed in summer and winter ................................................................................I

Table A2 Average percentage of degradation of model compounds for three sites in the

mesocosm experiment performed in summer and winter ...........................................I

Table A3 Water depth, temperature, salinity and pH value during degradation of model

compounds in the mesocosm experiments performed in summer ............................ II

Table A4 Water depth, temperature, salinity and pH value during degradation of model

compounds in the mesocosm experiments performed in winter............................... II

Table A5 Water depth, temperature, salinity and pH value for the control section without

model compounds during degradation of model compounds in the

mesocosm experiments performed in summer and winter....................................... III



x

Abbreviations

AHC: Total aliphatic hydrocarbons.

Aqu: Sum of n-alkanes from aquatic organisms: pentadecane, heptadecane and

nonadecane

BTMA Benzyl-trimethylammonium

CEC: Cation exchange capacity

CPI: Carbon preference index

DBT: Dibenzothiophene

2,4-D: 2,4-Dichlorophenoxyacetic acid

Dmphen: Dimethylphenanthrene

Dt50: Degradation half-life time

EOM: Extractable organic matter

EPRI: Environmental Protection and Research Institute

Etphen: Ethylphenanthrene

FA: Fatty acids

FID: Flame ionisation detector

GC: Gas chromatography

GC/MS: Gas chromatography/mass spectrometry

ICBM: Institute of Chemistry and Biology of the Marine Environment

IS: Internal standards

K: Degradation rate constant

MDBT: Methyldibenzothiophene

MDI: Methyldibenzothiophene index

mg: Milligram

µg: Microgram

Mphen: Methylphenanthrenes

MPLC: Medium Pressure Liquid Chromatography

MSTFA: N-methyl-N-trimethylsilyltrifluoroacetamide

NA: n-Alkanes

NOCs: Non-ionic organic compounds

NSO: Polar heterocompounds (nitrogen-, sulfur-, oxygen)

OCC: Organo-clay complex

PAHs: Polycyclic aromatic hydrocarbons

Ph: Phytane



xi

Phen: Phenanthrene

Pr: Pristane

r2: Correlation coefficient

SLCF: Sum of the liquid chromatography fractions

TCA: Tricarboxlic acid

Ter: Sum of terrestrial n-alkanes: heptacosane, nonacosane and hentriacontane

UCM: Unresolved complex mixture



xii

Abstract

This thesis presents for the first time results of (i) an organic geochemical analysis of

sediments from Wadi Gaza (Gaza Strip, Palestine) and their level of pollution, particularly

with petroleum and petroleum derivatives, and (ii) an investigation of the degradation

potential of naturally occurring cyanobacterial mats originating from the chronically oil-

polluted environment of Wadi Gaza. The degradation of petroleum model compounds is

analyzed in laboratory and mesocosm experiments involving Egyptian crude oil and 2,4-

dichlorophenoxyacetic acid and terbutryn herbicides in laboratory experiments.

The organic composition of extractable lipids in the sediments indicates that Wadi

Gaza receives a moderate supply of anthropogenic material. Using gas chromatography (GC)

and gas chromatography/mass spectrometry (GC/MS), aliphatic hydrocarbons from petroleum

sources were identified in the Wadi Gaza sediments. The presence of aliphatic isoprenoid

alkanes (pristane and phytane), the presence of an unresolved complex mixture (UCM), the

UCM/n-alkane ratio, the low carbon preference index (CPI ca. 1) and the presence of

petroleum biomarkers such as steranes and hopanes indicate the presence of petroleum-related

hydrocarbons. The biomarker parameters based on hopanes and steranes reveal significant

differences between the sediment samples, which suggest that there are multiple sources of oil

or refinery products. In the aromatic hydrocarbon fraction, the petroleum origin was indicated

by the presence of phenanthrene and its alkylated homologues as well as that of

dibenzothiophene and its alkylated homologues. The ratio of methylphenanthrenes to

phenanthrene shows that the sediments are dominated by fossil-fuel derived phenanthrenes.

The methyldibenzothiophene index (MDI) of Wadi Gaza sediments confirms the input of

crude oil and petroleum derivatives. Compounds deriving from terrestrial sources (higher

plants), such as long-chain n-alkanes, n-fatty acids and n-alcohols, and marine-derived

hydrocarbons were also present.

Wadi Gaza cyanobacterial mats effectively degraded both aliphatic (pristane and n-

octadecane) and aromatic compounds (phenanthrene and dibenzothiophene) in both

laboratory and mesocosm experiments. Degradation of the model compounds in the

laboratory experiment was faster than in the mesocosm. The degradation rates depend on the

type of compound, aromatic compounds were degraded faster than aliphatic hydrocarbons.

In the crude oil experiment, the mats efficiently degraded both n-alkanes and the

isoprenoids pristane and phytane. The n-C14-20 alkanes were degraded most rapidly, the n-C21-

27 alkanes were degraded the slowest, and the n-C28-35 alkanes were degraded at intermediate
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rates. Pristane and phytane; were degraded 94 and 88%, respectively within 60 days.

The mats had a high capacity for herbicide degradation; more than 80% of 2,4-

dichlorophenoxyacetic acid (2,4-D) were removed both in the light and in the dark within 30

days. Terbutryn was degraded to 28% and 36% of its original concentration in the light and in

the dark, respectively, within 80 days. The observed half-life times of 49 and 56 days in the

terbutryn experiment indicate that fast degradation of terbutryn occurred by the Wadi Gaza

cyanobacterial mat organisms.

We conclude that the Wadi Gaza cyanobacterial mats, are heavily polluted by crude

oil and petroleum derivatives, and that the potential for bioremediation by degrading

petroleum derivatives and herbicides is strong.
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Kurzfassung

Diese Doktorarbeit präsentiert erstmalig Ergebnisse von 1.) organisch-geochemischen

Untersuchungen an Sedimenten aus dem Wadi Gaza und der Analyse ihres

Verschmutzungsgrades, besonders mit Erdöl und Erdölderivaten, und 2.) Untersuchungen

zum Abbaupotential natürlicher Cyanobakterienmatten, die in der chronisch mit Öl

verschmutzten Umgebung des Wadi Gaza vorkommen. Untersucht wurde der Abbau von

Erdöl-Modellverbindungen in Labor- und Mesokosmos-Experimenten sowie von

ägyptischem Rohöl und der Herbizide 2,4-Dichlorophenoxyessigsäure und Terbutryn in

Labor-Experimenten.

Die Zusammensetzung der extrahierbaren Lipide der Sedimente zeigt, dass das Wadi

Gaza eine mäßig starke Zufuhr von anthropogenen Verunreinigungen erfährt. Mit Methoden

der Gaschromatographie und Gaschromatographie-Massenspektrometrie wurden erdölbürtige

aliphatische Kohlenwasserstoffe identifiziert. Die Anwesenheit von Isoprenoidalkanen

(Pristan und Phytan), das Vorkommen von chromatographisch unaufgelösten, komplexen

Kohlenwasserstoffgemischen (unresolved complex mixtures, UCM), das UCM/n-Alkan-

Verhältnis, das Fehlen einer Bevorzugung von n-Alkanen bestimmter Kettenlänge (carbon

preference index, ca. 1) und das Auftreten von Erdöl-Biomarkern wie Steranen und Hopanen

zeigen eine Verschmutzung mit Erdöl an. Biomarker-Parameter von Steranen und Hopanen

lassen deutliche Unterschiede zwischen den untersuchten Sedimenten erkennen, die auf eine

Herkunft der Öle oder Raffinerie-Produkte aus mehreren verschiedenen Quellen hinweisen. In

der Aromaten-Fraktion wird die Herkunft aus Erdöl durch das Vorkommen von Phenanthren

und Dibenzothiophen und deren alkylierten Homologen angezeigt. Das hohe Verhältnis von

Methylphenanthrenen zu Phenanthren zeigt, dass diese Verbindungen in den Sedimenten

vorwiegend aus fossilen Kohlenwasserstoffen stammen. Auch der Methylbenzothiophen-

Index der Wadi Gaza-Sedimente bestätigt einen Eintrag von Rohöl und Erdölderivaten. Ver-

bindungen terrestrischer Herkunft (höhere Landpflanzen), wie z.B. langkettige n-Alkane, n-

Fettsäuren und n-Alkohole, sowie marine Verbindungen kommen ebenfalls vor.

Cyanobakterienmatten aus dem Wadi Gaza haben in den Labor- und Mesokosmos-

Experimenten sowohl aliphatische (Pristan und n-Oktadekan) als auch aromatische

Verbindungen (Phenanthren, Dibenzothiophen) effektiv abgebaut. Der Abbau der

Modellverbindungen geschah in den Laborexperimenten schneller als in den Mesokosmen.

Die Abbauraten sind von der Art der Verbindungen abhängig; aromatische Verbindungen

werden schneller abgebaut als aliphatische Kohlenwasserstoffe.



xv

Im Experiment mit Rohöl haben die Matten sowohl n-Alkane als auch die Isoprenoide

Pristan und Phytan abgebaut. Am schnellsten wurden die C14- bis C20- n-Alkane abgebaut, am

langsamsten die C21- bis C27- n-Alkane. Mit mittleren Raten wurden die n-Alkane mit 28 bis

35 Kohlenstoffatomen biodegradiert. Pristan und Phytan wurden innerhalb von 60 Tagen zu

94 und 88% abgebaut.

Die Matten zeigen eine hohe Fähigkeit, Herbizide abzubauen. 2,4-

Dichlorophenoxyessigsäure wurde innerhalb von 30 Tagen sowohl im Licht als auch in

Dunkelheit zu über 84% entfernt. Terbutryn wurde bis auf 28% (Licht) und 36% (Dunkelheit)

der Ausgangskonzentration innerhalb von 80 Tagen abgebaut. Die beobachteten

Halbwertszeiten von 49 und 56 Tagen zeigen, dass das Terbutryn schnell abgebaut wurde.

Aus den Untersuchungen ist zu schließen, dass die aus einem mit Rohöl und

Erdölderivaten stark verschmutzen Gebiet stammenden Cyanobakterienmatten aus dem Wadi

Gaza ein hohes Bioremediationspotential aufweisen und Erdölderivate und Herbizide abbauen

können.
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1. Introduction

Pollution of marine environments with petroleum and petroleum products became a world

wide problem on the tide of industrialization. The Middle East is the most important

petroleum producing region of the world. The Red Sea and the Eastern Mediterranean Sea

serve as major routes for international oil transport from Middle East to Europe. Presently,

significant oil pollution problems exist along the Eastern Mediterranean coast of the Gaza

Strip.

The increasing number of marine oil spills asks for effective solutions for the

environment. Bioremediation techniques have shown potential for broad applications in

terrestrial and freshwater environments by treating sediment contaminated with oil and other

substances, as well as for coastal environments impacted by oil spills.

Coastal marine and hypersaline cyanobacterial mats are commonly found along the

Red Sea and the shores of the Eastern Mediterranean Sea. Their ability to thrive when

exposed to massive contamination by large quantities of spilled crude oil was demonstrated

clearly along the Kuwait and Saudi Arabian coastline during the 1991 Gulf war (Sorkhoh et

al., 1992).

Evidence has been presented that microbial communities dominated by phototrophic

cyanobacteria can be actively involved in the degradation of petroleum and its derivatives.

Observations after oil spills in the Arabian Gulf showed intensive colonization of polluted

sites by cyanobacteria-dominated microbial mats which correlated with the disappearance of

hydrocarbons (Hoffmann, 1996; Höpner et al., 1996). Remarkably, crude oil reaching the

cyanobacterial mat-dominated sabkha area was quickly overgrown by cyanobacterial mats

which effectively biodegraded the crude oil within six months. However, large parts of the

crude oil accumulated in the coastal sediments and still remain a major source of

environmental pollution more than 10 years after the event. Massive cyanobacterial mats

were also found in highly polluted coastal waters along the Gaza Strip and in the western

part of Wadi Gaza (Gaza Strip, Palestine), a stream that receives a variety of pollutants such

as diesel oil and other petroleum products, solid waste, pesticides, sewage as well as

agricultural and industrial discharge.

1.1 Objectives

The main objectives of this thesis work were:

i) to study the organic geochemistry of Wadi Gaza sediments and their level of

pollution, particularly with petroleum and petroleum derivatives. For this purpose
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surface sediments samples were collected from different sites along Wadi Gaza and

analyzed by gas chromatography (GC) and gas chromatography/mass spectrometry

(GC/MS) techniques.

ii) to investigate the ability of naturally occurring cyanobacterial mats inhabiting the

heavily polluted natural environment of Wadi Gaza to degrade selected model

compounds (n-octadecane, pristane, phenanthrene and dibenzothiophene) in small-

scale laboratory experiments. The selected compounds represent important groups of

petroleum constituents (straight-chain alkanes, branched alkanes, aromatic

hydrocarbons and organo-sulfur compounds).

iii) to elucidate the degradation potential of the cyanobacterial mats to the same

petroleum compounds in large scale as a follow-up experiment based on the results of

the small-scale experiments. The experiments were carried out under field conditions

in an outdoor experimental pond under the natural climate in Gaza.

iv) to study the degradation kinetics in experiments with intact cyanobacterial mats and

slurries.

v) to investigate the capability of Wadi Gaza cyanobacterial mats to degrade Egyptian

crude oil and 2,4-dichlorophenoxyacetic acid and terbutryn herbicides in laboratory

experiments.

1.2 Organic pollutants in sediments

Pollutants are often major components of the land-borne material introduced in coastal areas

and have significant impact on coastal ecosystems and public health. Research in coastal

environments has thus been recognized to be critical for achieving a sustainable industrial,

agricultural and communal management and ecosystem preservation.

Hydrocarbons are ubiquitous constituents in aquatic sediments. They enter the marine

environment by both aquatic and atmospheric pathways, the latter consisting of dry and wet

deposition. The relative importance of the two main pathways for a given environment

depends on the geographical setting (Prahl et al., 1984; Gagosian and Peltzer, 1986; Lipiatuo

and Albaiges, 1994).

Natural (i.e. biogenic) aliphatic hydrocarbons in sediments derive from a variety of

allochthonous sources, notably higher plants, and autochthonous sources, including plankton

and bacteria. Characteristic molecular compositions often provide a means for distinguishing

between sources (Brassell et al., 1978; Cranwell, 1982). Biogenic hydrocarbons are typically

characterized by homologous series of short-chain n-alkanes (e.g., n-C15-C19) if derived from
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algae or longer-chain n-alkanes (n-C25-C35) if derived from higher plant epicuticular waxes,

coupled with a strong predominance of odd-over-even carbon numbers.

Aliphatic hydrocarbons are also major components of petroleum products, producing

a distribution in which odd and even carbon chain lengths are roughly equal in abundance,

yielding a carbon preference index (CPI) of §� �� DQG� RIWHQ� ZLWK� DQ� XQUHVROYHG� FRPSOH[
mixture (UCM) of branched and cyclic alkanes.

Among the hydrocarbons, the polycyclic aromatic hydrocarbons (PAHs) are

widespread ubiquitous environmental pollutants (e.g. Blumer, 1976; Suess, 1976; Harvey,

1996). Thus, PAHs are an important class of compounds that are prevalent in sediments in

modern estuaries. PAHs have received special attention since they have long been

recognized as hazardous environmental chemicals (NAS, 1975). PAHs are classified as

priority pollutants by the United States Environmental Protection Agency (Keith and

Telliard, 1979; Smith et al., 1989). Due to their mutagenic and carcinogenic effects on

aquatic organisms, the source and fate of PAHs have become a matter of ecotoxicological

interest (Christensen and Zhang, 1993; Neff, 1995; Yuan et al., 2000).

PAHs are derived from natural and anthropogenic sources. Natural sources include

forest and prairie fires (Blumer and Youngblood, 1975; Venkatesan and Dahl, 1989; Killops

and Massoud, 1992; Yunker and Macdonald, 2003), natural petroleum seeps and post-

depositional transformations of biogenic precursors over relatively short periods of time

(Wakeham et al., 1980). They can be derived from biogenic precursors like terpenes,

pigments and steroids (Laflamme and Hites, 1979). Anthropogenic sources of PAHs include

combustion of fossil fuel (Hites et al., 1977; Fernández et al., 2000; Yunker et al., 2002;

Yunker and Macdonald, 2003), long-range atmospheric transport of PAHs adsorbed onto

soot or airborn particulate matter (Lunde and Bjorseth, 1977; Laflamme and Hites, 1978),

urban runoff containing PAHs derived from abrasion of street asphalt, automobile tires and

vehicular emissions (Wakeham et al., 1980). PAHs are also introduced into the environment

through contamination by spillage of petroleum and its refined products which contain

complex assemblages of PAHs (Lake et al., 1979; Sporstol et al., 1983; Merrill and Wade,

1985; Boehm et al., 1991; Mazeas and Budzinski, 2001).

PAHs are detected in air (Koeber et al., 1999; Lim et al., 1999), soil and sediment

(Huntley et al., 1993; van Brummelen et al., 1996; Zeng and Vista, 1997; Langworthy et al.,

1998; Lamoureux and Brownawell, 1999; Ohkouchi et al., 1999), surface water, groundwater

and road runoff (Pitt et al., 1995; Boxall and Maltby, 1997; Martens et al., 1997; Holman et
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al., 1999). They are dispersed from atmosphere to vegetation (Wagrowski and Hites, 1997)

and contaminate food (Lee and Grant, 1981; Edwards, 1983; Sims and Overcash, 1983).

Several studies have described the cycling of PAHs in marine environments (Broman

et al., 1991; Lipiatou and Saliot 1991; Naf et al., 1992; Bouloubassi and Saliot, 1994;

Wakeham, 1996). The source and physicochemical properties of the individual PAHs

determine their biogeochemical fate in estuarine systems. Differential water solubilities

(Eganhouse and Calder, 1976), preferential biodegradation of low-molecular-weight oil-

derived PAHs with respect to higher-molecular-weight pyrogenic PAHs (Jones et al., 1986)

and different particle associations of PAHs depending on their sources (Prahl and Carpenter,

1983; Readman et al., 1984; Bouloubassi and Saliot, 1993a,b) control the speciation of PAHs

in marine systems.

The distributions of PAHs in sediments give information on the sources (Gschwend

and Hites, 1981; Colombo et al., 1989). Combustion-derived PAHs are dominated by the

unsubstituted parent compounds, whereas petroleum PAHs are dominated by the alkylated

homologues (Laflamme and Hites, 1978). Substituted phenanthrenes with methyl

substituents in positions 2, 3, 9 and/or 10 have been reported to occur in sedimentary

material including oil shales (Radke et al., 1982b; Radke and Welte, 1983) and crude oil

(Lekveishvili et al., 1980; Radke et al., 1990, 1993; Budzinski et al., 1995). The ratios of

methylphenanthrenes to phenanthrene (MPhen/Phen) were examined as an indication of

anthropogenic influence. These ratios were reported to be in the range of 2-6 in sediments

dominated by fossil-fuel phenanthrenes (Prahl and Carpenter, 1983).

Organic sulfur compounds such as dibenzothiophene and its derivatives have been

widely used as model compounds in petroleum studies (Kilbane and Bielaga, 1990). In

petroleum-contaminated environments, alkyl dibenzothiophenes have been shown to be quite

persistent (Hostettler and Kvenvolden, 1994; Wang et al., 1994), and they concentrate in the

tissues of aquatic species (Ogata and Fujisawa, 1985). Several studies demonstrated that four

methyldibenzothiophene isomers occur in sediment (Domine et al., 1994; Jiang et al., 1994;

Safi et al., 2001).

1.3 Microbial Mats

Microbial mats can be found all over the world in a wide range of environments. This

includes fresh water lakes and streams, hypersaline lakes and lagoons, alkaline lakes,

intertidal coastal sediments, marine salterns, coral reefs, hot springs, dry and hot desert and

Antarctic lakes (D’Amelio et al., 1989; Pierson 1992; Stahl, 1995). They represent the
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world’s smallest ecosystem (Karsten and Kühl, 1996) sharing very close morphological

similarities to their alleged fossil Precambrian analogue, i.e. they are modern analogues of

3.5 billion year old stromatolites, laminated carbonate build-ups that preserve evidence of the

earth’s earliest biosphere (Stanley, 1984; Reid et al., 2000).

Microbial mats are cohesive, accretionary biofilms growing on solid surfaces with

typical macroscopically observable vertical laminations which arise from the different

pigments of the distinct physiological groups of microorganisms in the mats (Stal and

Caumette, 1994). Most locations where microbial mats develop are characterized by extreme

conditions of salinity, temperature, moisture or pH. Such conditions are responsible for the

absence of efficient grazers and seem to be a prerequisite for mat expansion (Farmer, 1992;

Castenholz, 1994). Microbial mats vary in thickness and can accumulate to a thickness of

more than one meter (Stal and Caumette, 1994). They can cover areas of several square

kilometers (Des Marais et al., 1992). There are categorical differences between modern

microbial mats, e.g. marine/saline mats and hot spring mats (Castenholz, 1994), but most of

them are dominated by a few functional groups of microorganisms (van Gemerden, 1993).

Cyanobacterial mats are composed of physiologically different groups of

microorganisms such as cyanobacteria and diatoms as oxygenic phototrophs,

chemolithotrophic colorless sulfur bacteria as aerobic heterotrophs, anaerobic phototrophic

purple sulfur bacteria (anoxygenic phototrophs) and anaerobic sulfate-reducing bacteria

(Figure 1.1). Other numerically less important groups in mats are nitrifying/denitrifying

bacteria and methanogenic bacteria. Due to the spatial separation (lamination) of diverse
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Figure 1.1. Schematic composition of a microbial mat in which the different functional
groups of microorganisms appear to be vertically layered. Oxygen and sulfide
concentrations fluctuate due to the bacterial activity in response to changing phototrophic
conditions (van Gemerden, 1993, modified by Jonkers, 1999).
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metabolisms of mat-inhabiting groups of microorganisms, steep physico-chemical gradients

of light, oxygen and sulfide are developed (Revsbech et al., 1983; Des Marais 1995; Stal

1995).

Filamentous cyanobacteria play an important role in the colonization of new sites.

Krumbein (1994) reported that filamentous cyanobacteria stabilize the sediment by trapping

sand grains in excreted exopolymers. Representatives of this group can be found in a large

number of microbial mats, often dominating the upper few millimeters (Jørgensen et al.,

1983; Stal, 1995). Oxygenic phototrophs like diatoms (algae) can also occur in the upper

layer of microbial mats, but eukaryotic organisms are often excluded from extreme

environments where mats are found because of their limited range of metabolic capabilities

as compared to prokaryotes (Stal, 2000). By contrast, the prokaryotic cyanobacteria not only

perform oxygenic photosynthesis, but are also capable of photoheterotrophy, sulfide-

dependent anoxygenic photosynthesis and fermentation. Their wide range of metabolic

capacities enable them to survive changing environmental conditions. The production of

oxygen and organic carbon by photosynthetic activity is an important function of

cyanobacteria in microbial mats. Their photosynthetic activity drives the rest of the microbial

community.

The organic matter produced by excretion, decomposition and lysis of cyanobacteria

is respired by aerobic heterotrophs, leading to oxygen depletion and regeneration of CO2,

which is then used by autotrophic organisms. The same organic compounds, as well as low-

molecular-weight compounds produced by fermentative bacteria, can also be used by sulfate-

reducing bacteria under anoxic conditions producing hydrogen sulfide. The sulfide is

inhibitory to cyanobacteria but can be re-oxidized to sulfate by both colorless and purple

sulfur bacteria. During the daytime the photosynthetically active surface layer of the mat is

supersaturated with oxygen whereas CO2 concentration is low. In contrast, during the night,

anoxic conditions tend to prevail in mats and, if sulfate is available, sulfide accumulates.

Fermentation of intracellular storage compounds, like glycogen, by cyanobacteria can

result in the excretion of ethanol, propionate, acetate and lactate (Nold and Ward, 1996).

Diurnal variations of light intensity bring about the formation of steep opposing gradients of

oxygen and sulfide, which move up and down in the microbial mat. Hence the mats naturally

contain physiologically flexible microorganisms tolerant to these fluctuating conditions. For

example, some cyanobacterial species have higher rates of oxygenic photosynthesis in the

presence of sulfide, a substrate that is toxic to most cyanobacteria, whereas others carry out

sulfide-dependent anoxygenic photosynthesis (Cohen et al., 1986; Stahl, 1995). On the other



7

hand, some sulfate-reducing bacteria, traditionally regarded to be strictly anaerobic

organisms, may occur in the upper oxic layer of the mats (Teske et al., 1998).

Microbial mats are a promising ecosystem for biodegradation studies because of their

high internal turnover rates of carbon compounds, changing diurnally, their steep

physicochemical gradients and the presence of many different physiological groups of

microorganisms. Several reports have demonstrated the ability of microorganisms belonging

to such physiological groups to biodegrade petroleum compounds.

1.4 The environmental situation of Wadi Gaza

Geologically, the Wadi Gaza area is part of a coastal plain, which consists of a series of

geological formations dipping gradually from east to west. These geological formations are

mainly of Tertiary and Quaternary age.

The Wadi Gaza region was subject to a downward movement during the Miocene,

which included an intrusion of sea water toward the east, the formation of a sea gulf and the

deposition of a 500 m thick sequence of limestone, sandstone and chalk. Then another

sequence of 1000 m thickness of clay and loam mixed with seashells formed during the

Pliocene at the end of the Tertiary. This layer is impermeable to water. Also, a clay layer

next to the bottom of the Wadi was formed at the beginning of the Quaternary as a result of

the flooding of the Wadi (Moshtaha, 1999).

Wadi Gaza is one of the largest streams in Palestine. It runs in east-west direction

across the Gaza Strip. The drainage basin of Wadi Gaza covers more than 3500 km2 of the

Northern Negev Desert and the Hebron Mountains as well as the small catchment in Gaza.

The Wadi‘s length from its origin to its mouth is about 105 km, of which the last 9 km are in

the Gaza Strip (Figure 1.2). Wadi Gaza has two main tributaries. One is Wadi Alshari‘a

which collects water from the Hebron Mountains in the West Bank and the other one is Wadi

Alshallala which collects water from the Northern Negev heights. Wadi Gaza continues to

flow as one stream through the Gaza Strip down to the Mediterranean Sea with a slope of

about 1:450, which is almost flat, whereas its slope in the upper parts in the Negev and

Hebron Mountains is about 1:100 (Awadallah, 2000).

The width and depth of Wadi Gaza vary a lot on the way to the Mediterranean Sea.

The width ranges between 40 and 60 m in the middle and eastern part, whereas in the west at

its mouth to the sea it becomes more than 400 m wide. The depth of the wadi varies from 6

to 12 m in the east and flattens to 3-4 m in the west till it reaches zero at the mouth.
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Figure 1.2. Map of Gaza Strip showing Wadi Gaza and the sampling area in the western part of the
Wadi (Palestinian Water Authority).
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The vegetation in the wadi is dominated by tamarisks growing on the dunes and sand

deposits in and around the wadi bed. The wetter areas have stands of Typha which also

fringe the water body near the outlet to the sea. However, around 125 ha of salt marshes

recorded in the Gaza Environmental Profile of 1994 have disappeared following construction

of the bridge at the mouth of Wadi Gaza in 1996.

Wadi Gaza as well as the whole Gaza Strip area is located in the transitional zone

between the temperate Mediterranean climate to the west and north and the arid desert

climate of the Negev and Sinai deserts to the east and south. The Wadi Gaza area has a

characteristical semi-arid climate. The average daily mean temperature ranges from 25°C in

summer to 13°C in winter, with an average daily maximum temperature range from 29°C to

17°C and a minimum temperature range from 21°C to 9°C in summer and winter,

respectively. The annual average rainfall is 335 mm, and the mean daily evaporation is about

2.1 and 6.3 mm in December and July, respectively.

Coastal and seawater pollution is one of several serious problems currently affecting

the Gaza Strip (Safi, 1995). Wadi Gaza is heavily used for disposal of sewage and solid

waste as well as agricultural and industrial wastewater. The eastern part of the wadi is

influenced by untreated wastewater discharge. The effluent from the Gaza City treatment

plant is discharged into Wadi Gaza and then disappears in the dunes and partly reaches the

sea (Nashashibi and van Duijl, 1995). In the west, the connection to the Mediterranean Sea is

intermittent depending on rainfall; a sand bar separates the wadi from the sea at times of low

water level. Most of the cyanobacterial mats develop in the western part of the wadi in the

presence of a high level of pollution by diesel oil and other petroleum products (Figure 1.3)

(Safi et al., 2001). They are naturally exposed to fluctuating salinity due to seasonal seawater

intrusion and freshwater run-off. Temperature, salinity, and water level of the wadi change

seasonally, leading to marked changes in the appearance of the mats.

The Wadi gains in its importance from the fact that it is the only surface water

resource in the Gaza Strip as well as being the main natural feature of Gaza which makes it a

major place for biodiversity. The Wadi Gaza area is a site of significant importance to

migrating birds from Europe to Africa in autumn and from Africa to Europe in spring.
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1.5 Composition of crude oil

Crude oil is found in large quantities below the surface of the earth and can be used as fossil

fuel or raw material in the chemical industry. It is often refined into kerosene, gasoline,

diesel fuel and other products.

Crude oil is a complex mixture of thousands of compounds, but each accumulation of

oil tends to be unique in composition (Radwan and Al-Hasan, 2000, and references therein ).

In terms of element composition, crude oil is composed predominantly of carbon and

hydrogen with an H/C ratio of about 1.85 (Hunt, 1979). Other elements such as sulfur,

nitrogen and oxygen are present in minor proportions (less than 3%). Traces of phosphorous

and heavy metals such as vanadium and nickel are also usually present (Hunt, 1996; Radwan

et al., 1999).

B

A

C

Figure 1.3 A: The heavily polluted site of Wadi Gaza located at the Mediterranean coast
shows a remarkable development of cyanobacterial mats. B and C: Sediment polluted with
petroleum derivatives
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Petroleum compounds range in molecular size from very small molecules such as methane to

large ones like asphaltenes with molecular weights in the tens of thousands. Crude oils,

irrespective of their origin, can be split into a number of fundamental chemical classes on the

basis of their structure, e.g. saturated hydrocarbons, aromatic hydrocarbons, resins and

asphaltenes (Figure 1.4). For more details see Colwell and Walker (1977), Hunt (1979) and

Tissot and Welte (1984).

1.6 Oil spills: Impact on the environment

The earth has faced many disasters which were caused by humans throughout history. Today

one of the most important hazards jeopardizing marine environments are marine oil spills.

The marine environment is subject to contamination by petroleum and other hydrocarbons

from a variety of sources. Contamination results from uncontrolled effluents from
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Figure 1.4. Flow chart showing crude oil composition, separation of main structural types of molecules
and subsequent quantitative analysis of fractions by gas chromatography and mass spectrometry
(modified after Tissot and Welte, 1984).
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manufacturing and refining installations, spillages during transportation, direct discharge

from treatment plants and run-off from terrestrial sources.

In quantitative terms, crude oil is one of the most important organic pollutants in

marine environments. It has been estimated that worldwide somewhere between 1.7 and

8.8x106 tons of petroleum hydrocarbons impact marine waters and estuaries annually (NAS,

1985). Other researchers give even higher figures. For example, data summarized by

Konovalov (1995) suggest that global oil release into the World Ocean reaches 20 million

tons a year, and pollution caused by tankers accounts for 50% of it (http://www.offshore-

environment.com/oilpollution.html). The number of oil tanker accidents is increasing with

the amount of oil transported on the seas. In 1988, 1.050 x1012 tons of crude oil were on the

road (Frees, 1992).

Several large accidental oil spills resulted in significant contamination of marine and

shoreline environments (Swannell et al., 1996). For example, observations in the Caribbean

basin, where annually up to 1 million tons of oil enter the marine environment, showed that

about 50% of this amount came from tankers and other ships. In the Bay of Bengal and the

Arabian Sea, oil pollution from tankers and other ships equals 4x105 and 5x106 tons of oil a

year, respectively (http://www.offshore-environment.com/oilpollution.html). Off Spain about

5x105 tons of oil were released from the oil tanker Prestige in November 2002 and about 240

km of Spain’ s beaches were affected by the spill. During the 1991 Gulf War the release of

about one million tons of crude oil into the Arabian Gulf led to the largest oil spill in human

history (Purvis, 1999). The oil spill erased most of the intertidal plant and animal

communities along 770 km of coastline from southern Kuwait to Abu Ali Island in Saudi

Arabia (Krupp et al., 1996). The Exxon Valdez oil spillage of 4x104 tons into Prince William

Sound, Alaska, created the largest spill ever with respect to the more than 2,000 km of oiled

shoreline. A substantial number of smaller releases of petroleum hydrocarbons occur

regularly in coastal waters. Around the coast of the UK alone, in the years of 1986-1996

6845 oil spills were reported. Of these, 1497 occurred in environmentally sensitive areas or

were of sufficient magnitude to require clean-up.

Once the oil is spilled it is subject to physical, chemical and biological changes.

Abiological weathering processes include evaporation, dissolution, dispersion,

photochemical oxidation, water-in-oil emulsification, adsorption onto suspended particulate

material, sinking and sedimentation. In oil spills, the volatile hydrocarbon fractions

evaporate quickly, leaving behind longer-chain aliphatic and aromatic components (Madigan

et al., 2000).
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These compounds are destructive to various forms of marine life. Pollution with oil may also

lead to general killing of fish, shellfish, birds and other invertebrates (Atlas and Bartha,

1998). The Exxon Valdez disaster killed more wildlife than any other environmental disaster,

including an estimated 3500-5500 sea otters, 300 harbor seals and 14-22 killer whales.

Seabird expert Dr. Michael Fry said the Exxon Valdez spill killed nearly ten times as many

birds as any other U.S. or European oil spill. As many as half a million birds died, including

bald eagles, harlequin ducks, marbled murrelets and loons

(http://jomiller.com/exxonvaldez/report.html).

The presence of such a large amount of oil spread over a large area poses serious

environmental hazards to air, land and ground water as well as to humans (Saeed et al.,

1998). It is particularly important to address oil-polluted waters as soon as possible, as the

contamination can have the potential to damage fishery resources and affect the health of

those animals and humans that consume contaminated fish (Krahn and Stein, 1998).

As a consequence of the importance of oil spills relative to other sources of organic

contaminants in the marine environment, there is a large body of research on oil-spill

bioremediation. Furthermore, studies of oiled shorelines have been far more numerous than

open water studies, which have often been equivocal (Swannell et al., 1996; Prince, 1997).

1.7 Biodegradation and bioremediation

Environmental damage due to oil spills in the past and recent times has focused on the need

for environment-friendly strategies for remediation of the contaminated sites. Based on the

fact that biodegradation was the major process for removal of non-volatile oil components

from the environment, bioremediation has been projected to play an important role in

environmental cleanup (Swanell and Head, 1994).

Bioremediation is not a new concept. Microorganisms have been breaking down

chemicals in their environment to use them as a food source since the first microbe evolved

on our planet over four billion years ago (Brock and Madigan, 1991). Microbiologists have

studied the process since the 1940s. However, bioremediation became known to a broader

public only as a technology for cleanup of shorelines contaminated with spilled oil. The

Amoco Cadiz oil spill in Brittany in 1978 and the Exxon Valdez oil spill in 1989 in Prince

William Sound, Alaska, were the catalysts for this attention. In the years since 1989,

bioremediation has become a technology that is discussed, applied and considered in many

different circumstances (Hoff, 1993).



14

Biodegradation is the partial breakdown or complete destruction of the molecular structure

of environmental pollutants by physiological reactions catalyzed by microorganisms (Atlas

and Cerniglia, 1995; Madsen, 1997; Alexander, 1999). It is routinely measured by applying

chemical and physiological assays to laboratory incubations of flasks containing pure

cultures of microorganisms, mixed cultures or environmental samples (sediment, water or

soil) (Madsen, 1998). Bioremediation is the intentional use of biodegradation processes to

eliminate environmental pollutants from sites where they have been released either

intentionally or inadvertently. Bioremediation technologies use the physiological potential of

microorganisms, as documented most readily in laboratory assays, to eliminate or reduce the

concentration of environmental pollutants in field sites (NRC, 1993; Shauver, 1993).

Microbial processes may destroy environmental contaminants in situ, where they are found

in the landscape, or ex situ, which requires that contaminants be mobilized out of the

landscape into some type of containment vessel (a bioreactor) for treatment.

Intrinsic bioremediation is passive, it relies on the innate capacity of microorganisms

present in the field sites to respond to and metabolize the contaminants. Because intrinsic

bioremediation occurs in the landscape where both indigenous microorganisms and

contaminants reside, this type of bioremediation necessarily occurs in situ. For intrinsic

bioremediation to be effective, the rate of contaminant destruction must be faster than the

rate of contaminant migration. These relative rates depend on the type of contaminant, the

microbial community and the site’ s hydrogeochemical conditions (Madsen, 1998). Intrinsic

bioremediation has been documented for a variety of contaminants and habitats (Madsen et

al., 1991; Murarka et al., 1992; Wilson and Madsen, 1996), e.g. gasoline-related compounds

in groundwater (Salanitro, 1993), crude oil in marine waters (Bragg et al., 1994), and low-

molecular-weight chlorinated solvents in groundwater (Major et al., 1991; Semprini, 1995).

Engineered bioremediation takes an active role in modifying a site to encourage and

enhance the biodegradative capabilities of microorganisms. Selection of the most effective

bioremediation strategy is based on characteristics of the contaminants (toxicity, molecular

structure, solubility, volatility and susceptibility to microbial attack), the contaminated site

(geology, hydrology, soil type, climate, the legal and economic situation) and the microbial

process that will be exploited, such as pure culture, mixed cultures, and their respective

growth conditions, and supplements (Tiedje, 1993; Madsen, 1997). Bioremediation and its

recent development as an oil spill response technology provide an interesting example of

how a new environmental technology comes into being.
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1.8 Organo-clay complexes

The increasing use of organic compounds and petroleum products poses a serious impact to

human health and the environment. Such environmental problems must be controlled in

order to minimize the harmful effects of these products. One problem frequently encountered

with these compounds is deterioration of marine life and contamination of groundwater

(Koterba et al., 1993; Thurman et al., 1996; Weber et al., 1999). It is highly desirable to

develop methods that would render these organic compounds in soils or water available for

biodegradation and/or mineralization and, thus, reduce the contamination of ground waters

and marine life.

Clay is an important fraction in soil. It determines the fate of many organic

chemicals, which may directly or indirectly reach the soil. The inorganic exchangeable ions

of natural clays, i.e. Na and Ca, are strongly hydrated in the presence of water, resulting in a

hydrophilic environment at the surface of the clay. As a result, natural clays are ineffective

sorbents for poorly water-soluble, non-ionic organic compounds (NOCs), such as the

aromatic hydrocarbons that frequently move from contaminated sites (agricultural and/or

industrial areas) into the subsurface and the groundwater.

In case of hydrophilic clays, adsorption of non-ionic organic compounds is

suppressed in the presence of water because relatively non-polar organic chemicals cannot

effectively compete with the highly polar water for adsorption sites on the clay surface. In

the presence of water, the clay acts as a conventional sorbent; the high adsorptive capacity

for organic compounds is attributed to its large surface area (Chiou and Shoup, 1985). The

type of exchangeable cations on clay minerals strongly influences their sorptive

characteristics for NOCs.

The inability of clays to adsorb substantial amounts of NOCs from aqueous solution

can be altered by replacing natural metal cations with larger organic cations through ion-

exchange reactions (McBride et al., 1977; Wolfe et al., 1985; Boyd et al., 1988). Earlier

studies indicate that exchanging quaternary ammonium cations for metal ions on clays

greatly modifies the sorptive characteristics of dry clays for organic vapours (McAtee and

Harris, 1977). The influence of surfaces on microbial activities and the ways in which

specific attributes of bacteria affect their ability to utilize sorbed substrates are long-standing

questions in microbial physiological ecology (Marshall, 1976; Fletcher, 1985; van

Loosdrecht et al., 1990).

The influence of sorption on the biodegradation of organic contaminants has been

recognized as an important, albeit poorly understood issue in bioremediation (Guerin and
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Boyd, 1992). The chemical structure of the compound sorbed, the nature of the sorbent, the

residence time of the sorbed compound and the desorption rate may influence the

degradation of sorbed compounds (Crocker et al., 1995). Fractions of 2,4-dichlorophenoxy

acetic acid (2,4-D; Ogram et al., 1985; Greer and Shelton, 1992), polyaromatic hydrocarbons

(PAHs; Weissenfels et al., 1992), naphthalene (Mihelcic and Luthy, 1991) and phenol (Scow

and Alexander 1992) sorbed to clay were available for biodegradation. The bioavailability of

sorbed compounds may also be affected by the microorganisms themselves. Guerin and

Boyd (1992, 1997) used a kinetic method to show that the ability to directly utilize soil-

sorbed naphthalene is a species-specific characteristic. Pseudomonas putida strain 17484 was

able to directly access labile sorbed naphthalene and promote the desorption of the non-labile

compounds from the interior of soil particles. In contrast to strain 17484, Alcaligenes sp.

Strain NP-ALK utilized only naphthalene from the aqueous phase, and most of the soil-

sorbed fraction remained unavailable.

The main idea behind the use of organo-clay complexes is to create a hydrophobic

environment on the clay surfaces. This environment would enhance the migration of the

organic pollutants from the aqueous phase to the solid phase and accumulate them on the

surface. This accumulation may enhance the bio-availability of these compounds for the

bacteria. Thus, a continuous degradation process may occur. Creation of such a hydrophobic

environment on the clay surfaces would happen by simple ionic exchange reactions using

suitable organic cations. This modification may better bind the non-ionic organic pollutants

in the water and, thus, maximize the remediation process of the cyanobacterial mats.

In the present study benzyl trimethyl ammonium clay (clay-BTMA) was used

because it has larger a adsorption capacity than other complexes for aromatic compounds

(El-Nahhal et al., 1998, 1999) and a higher stability under saline solutions (El-Nahhal and

Safi, 2004).

Petroleum compounds are considered to be recalcitrant to microbial degradation and

persist in ecosystems because of their hydrophobic nature (low water solubility) and low

volatility, and thus they pose a significant threat to the environment. To overcome the low

accessibility of these compounds in the degradation experiments, organo-clay complexes

were used: the model compounds were adsorbed to modified clay particles with hydrophobic

surfaces in order to enhance the contact of the pollutants with the microbial community and

to increase their bioavailability.
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Figure 1.5. Cyanobacterial mats colonizing
heavily contaminated sediment in the Arabian Gulf
(Höpner, 1993).

1.9 Degradation of crude oil

Petroleum hydrocarbons are widespread environmental pollutants. Crude oil is one of the

most important organic pollutants in the marine environment and one of the most dangerous

pollutants in the biosphere. The annual oil loss, with the current volume of oil production, is

about 50 million tons (Orlov et al., 1991). The biodegradation of water-insoluble organic

compounds of high molecular weight such as heavy oils, asphaltenes or industrial crude oil

residues has been the subject of great interest for many years.

Bioremediation is gaining increased acceptance as a strategy for the treatment of

marine oil systems impacted by petroleum hydrocarbon release (Head and Swannell, 1999).

Generally, the more the crude oil is refined, the easier it is for the micro-organisms to

degrade it. Paraffinic constituents of crude oil differ in their susceptibility to biodegradation:

n-Alkanes > alkycyclohexanes > acyclic > isoprenoid alkanes such as pristane and phytane >

bicyclic alkanes > steranes > hopanes > diasteranes (Volkman et al., 1983). Degradation of

shorter-chain alkanes is more readily achieved than that of longer-chain alkanes (van Beilen

et al., 1994; Whyte et al., 1998). The degradation pathways of n-alkanes are described in the

following section.

There is increasing interest in cyanobacterial mats as tools for self-cleaning and

bioremediation of polluted coastal environments (Kuritz and Wolk, 1995). Cyanobacterial

mats are known to be important hydrocarbon degraders in the sea (Leahy and Colwell,

1990). The first recognition of a possible role for microbial mats in bioremediation was made

after the Persian Gulf war 1990-91. The intertidal zones of the Kuwaiti and Saudi coast,

about 700 km along the Gulf, became heavily polluted with crude oil. The pioneer colonizers

of this oily environment were cyanobacteria that grew as thick mats on the top of oily

sediments (Figure 1.5) (Sorkhoh et al., 1992; Al-Hasan et al., 1994). The final areal extent of

cyanobacterial mat development was 1.55

km2, and the oil spill did not damage the

cyanobacterial mat sites but rather promoted

their extensive development to a high

degree, with a good possibility of survival

even in habitats where they did not occur

before, such as Cleistostoma crab colonies

(Barth, 2003). Cyanobacterial mats, which

commonly develop in extreme

environments including polluted ones
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(Gibson and Smith 1982; Fogg, 1987; Sorkhoh et al., 1992), are the most important primary

producers in the Persian Gulf (Golubic, 1992; Sheppard et al., 1992; Al Thukair and Al

Hinai, 1993). Cyanobacterial mats dominated by Microcoleus chthonoplastes and Lyngbya

aestuarii grow on weathered oil residues covered with sediment (Hoffmann, 1994, 1996).

Degradation of oil in the marine environment is reported to occur with mixed

populations of native microbes (Atlas 1991, 1995; Harayama et al., 1996) and in microbial

mats (Al-Hasan et al., 1994). Oil-degrading microorganisms are also effective in laboratory

experiments (e.g., Petrikevich et al., 2003). In the Arabian Gulf, mats were directly involved

in the disappearance of the oil by both biodegradation and physical removal (Höpner et al.,

1996). The organotrophic bacteria Acinetobacter calcoaceticus and Micrococcus sp. isolated

from oily sediments of the Arabian Gulf degraded petroleum compounds (Radwan et al.,

1999). Mixed cultures of the marine cyanobacterial species Oscillatoria salina, Plectonema

terebrans and Aphanocapsa sp. degraded Bombay High crude oil and Aphanocapsa sp.

degraded pure n-hexadecane (Raghukumar et al., 2001). Acinetobacter sp. A3 isolated from

crude oil refinery sludge was able to degrade Bombay High crude oil and utilize it as the sole

source of carbon (Hanson et al., 1996, 1997). Klebsiella sp. KCL-1 isolated from seawater

used n-alkanes of crude oil, from n-octadecane to n-hexacosane, as a sole carbon source (Cha

et al., 1999). Most n-alkanes in Kuwait crude oil were degraded by Pseudomonas strains (Al-

Gounaim et al., 1995).

A strain of Yarrowia lipolytica isolated from a chronically oil-polluted tropical

marine estuary degraded most of the aliphatic fraction of Bombay High crude oil (Zinjarde et

al., 2000). Rhodococcus sp. isolated from a chronically oil-polluted marine site partially

degraded the aliphatic fraction of crude oil (Milekhina et al., 1998; Whyte et al., 1998;

Sharma and Pant, 2000). n-Alkanes of an Egyptian crude oil were degraded by a mixed

culture of bacteria (El-Rafie et al., 2001) and by mixed microbial populations collected from

different sites of oil spills (Amin et al., 1995). In aerobic biodegradation of crude oil carried

out in the laboratory, Pond et al. (2001) found that C14 to C28 n-alkanes were degraded. The

most rapidly degraded homologues were in the range from C14 to C18. Medium- and long-

chain n-alkanes with up to C40 carbon atoms served as sole carbon and energy source for

Acinetobacter calcoaceticus at the Arabian Gulf coast polluted with oil (Radwan et al.,

1999). Normal and branched alkanes of Alwyn crude oil were biodegraded by the

halotolerant bacterial consortium MPD-M (Dtaz et al., 2002). The biodegradation rates for n-

alkanes in crude oil tend to decrease as chain length increases (Holder et al., 1999; Pond et

al., 2001). Natural microbial populations in seawater also biodegraded crude oil (Dutta et al.,
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2000). Palittapongarnpim et al. (1998) reported bacterial degradation of 40% of n-alkanes of

Tapis crude oil within seven days.

1.10 Degradation of petroleum model compounds

Wadi Gaza cyanobacterial mats have been shown to degrade petroleum model compounds in

slurry experiments in the laboratory (Safi et al., 2001; Abed et al., 2002) and in outdoor

experiments with intact mats (Safi et al., 2003) as will be shown in more detail in the results

section. Degradation of both aliphatic and aromatic hydrocarbons has been reported for

hypersaline microbial mats (Grötzschel et al., 2002).

Other studies have demonstrated the capacity of cyanobacterial isolates to degrade

hydrocarbons (Cerniglia et al., 1980a,b; Cerniglia, 1992; Al-Hasan et al., 1998; Raghukumar

et al., 2001). Two non-axenic cultures of Microcoleus chthonoplastes and Phomidium

corium, isolated from oil-rich sediments of the Arabian Gulf, are responsible for degrading

n-alkanes (Al-Hasan et al., 1998). Oscillatoria sp. JCM was able to oxidize biphenyl to 4-

hydroxybiphenyl (Cerniglia et al., 1980c) and naphthalene to 1-naphthol (Narro et al.,

1992a). Agmenellum quadruplicatum PR-6 converted phenanthrene into phenanthrene-trans-

9,10-dihydrodiol (Narro et al., 1992b). Degradation of a mixture of 11 different PAHs,

including phenanthrene, by using enrichment cultures from a soil contaminated with diesel

fuel has been reported (Eriksson et al., 2003). Thermophilic bacteria obtained from crude oil

were able to degrade 98% of dibenzothiophene within 15 days (Bahrami et al., 2001). A

Bacillus species degraded phenanthrene and utilized naphthalene, biphenyl and anthracene as

growth substances (Doddamani and Ninnekar, 2000). Strain Sphyingomonas sp. 2MPII,

isolated from a marine sediment, was able to utilize phenanthrene as the sole carbon source

(Nadalig et al., 2002).

The biodegradation of n-alkanes occurs by monoterminal, diterminal and subterminal

oxidation pathways. Organisms of the Rhodococcus group have been reported to possess

enzymes for either the monoterminal (Warhurst and Fewson, 1994), diterminal (Broadway et

al., 1993) or only the subterminal oxidation pathway (Ludwig et al., 1995). Occurrence of

both terminal and subterminal modes of catabolism of alkanes have also been reported

(Woods and Murrell, 1989; Whyte et al., 1998). In the monoterminal pathway the primary

alcohol is formed followed by the aldehyde and the monocarboxylic acid (Foster, 1962a,b;

Linden and Thijsse, 1965; McKenna and Kallio, 1965; Vaneyk and Bartels, 1968; Ratledge,

�������)XUWKHU�GHJUDGDWLRQ�RI� WKH�FDUER[\OLF�DFLG�SURFHHGV�E\� �R[LGDWLRQ�ZLWK�VXEVHTXHQW
formation of two-carbon-unit shorter fatty acids and acetyl coenzyme A, with eventual
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liberation of CO2. Fatty acids have been found to accumulate during hydrocarbon

biodegradation (Atlas and Bartha, 1973; King and Perry, 1975). An omega (diterminal)

oxidation pathway has also been reported (Jurtshuk and Cardini, 1971; Watkinson and

Morgan, 1990). A subterminal oxidation pathway sometimes occurs, with formation of the

secondary alcohol and subsequently the ketone, but this does not appear to be the primary

metabolic pathway followed by most n-alkane-utilizing microorganisms (Markovetz, 1971).

Whyte et al. (1998) reported both subterminal and monoterminal oxidation of n-C12 and n-

C16 alkanes by Rhodococcus sp. strain Q15 producing 1-dodecanol and 2-dodecanone, and 1-

hexadecanol and 2-hexadecanol, respectively.

Dioxygenase systems also exist in some microorganisms. The n-alkanes are initially

oxidized to the corresponding hydroperoxide and then transformed to the primary alcohol

(Watkinson and Morgan, 1990) or to the aldehyde, as originally postulated by Finnerty

(1977) and demonstrated by Sakai et al. (1996) in Acinetobacter sp. strain M-1.

Monocarboxylic and dicarboxylic acids were produced by a marine Rhodococcus sp. when

grown on odd and even carbon number alkanes, respectively (Sharma and Pant, 2000).

Pristane oxidation has been reported in the Rhodococcus group of organisms.

Production of both monoic and dioic acids of pristane by Rhodococcus sp. BPM 1613 has

been reported by Nakajima et al. (1985). Prinik et al. (1974) reported similar results for

Brevibacterium erythrogens. Cells grown on pristane produced only 2,6,10,14-

tetramethylpentadecanoic acid in the monoterminal oxidation pathway during pristane

conversion by Rhodococcus sp. NCIM 5126 (Sharma and Pant, 2000).

The pathways of phenanthrene metabolism by bacteria have been reported by several

investigators (Kiyohara et al., 1976; Kiyohara and Nagao, 1978; Kiyohara et al., 1982;

Barnsely, 1983; Ghosh and Mishra, 1983; Gibson and Subramenian, 1984). The initial

reaction is the action of dioxygenase followed by oxidation to form 3,4-

dihydroxyphenanthrene, which subsequently undergoes meta-cleavage and is converted to 1-

hydroxy-2-naphthoic acid. 1-Hydroxy-2-naphthoic acid can be further degraded via two

routes. In one route it undergoes ring cleavage to form o-phthalic acid and protocatechuic

acid, which is finally cleaved to form pyruvic acid and ultimately enters the tricarboxylic

acid (TCA) cycle (Kiyohara et al., 1976; Kiyohara and Nagao, 1978; Ghosh and Mishra,

1983; Houghton and Shanley, 1994). In the other route, 1-hydroxy-2-naphthoic acid

undergoes oxidative decarboxylation to form 1,2-dihydroxynaphthalene, which is then

subject to meta-cleavage to form salicylic acid (Gibson and Subramenian, 1984). Salicylic

acid can also be further degraded via the formation of either catechol or gentisic acid. Both
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catechol and gentisic acid undergo ring fission to form TCA-cycle intermediates (Houghton

and Shanley, 1994).

Dibenzothiophene has been widely used as model organic sulfur compound in

petroleum studies (Kilbane and Bielaga, 1990). Three pathways of dibenzothiophene

degradation have been reported. The first is the ring-destructive pathway, in which the sulfur

of dibenzothiophene remains (Kodama et al., 1970; Laborde and Gibson, 1977; Monticello et

al., 1985; Crawford and Gupta, 1990). The second is the completely destructive pathway, in

which dibenzothiophene is mineralized to carbon dioxide, sulfite and water (van Afferden et

al., 1990), and the third is the sulfur-specific pathway, in which only sulfur is removed from

dibenzothiophene (Kilbane and Jackowski, 1992; Omori et al., 1992; Olson et al., 1993).

In the sulfur-specific pathway, dibenzothiophene is oxidized to the sulfoxide, then to

the sulfone (Krawiec, 1990; Gallagher et al., 1993; Shennen, 1996). Subsequently, the sulfur

ring is cleaved, leaving 2-hydroxybiphenyl and releasing sulfite, which is spontaneously

oxidized to sulfate. Bacteria such as Gordona sp. strain CYKSI (Rhee et al., 1998),

Rhodococcus erythropolis strain D-1 (Izumi et al., 1994; Matsubara et al., 2001),

Corynebacterium sp. (later reclassified as Rhodococcus; Omori et al., 1995), strain SY-1

(Omori et al., 1992) and Rhodococcus sp. strain IGTS8 (Kilbane and Jackowski, 1992;

Matsubara et al., 2001) are capable of this mode of attack. They use dibenzothiophene as

their sole sulfur source. Dibenzothiophene sulfone is converted to 2-hydroxybiphenyl 2-

sulfinic acid. The latter one can be desulfurized to 2-hydroxybiphenyl by Rhodococcus

erythropolis strain D-1 (Matsubara et al., 2001). Kodama et al. (1973) identified 4-(3-

hydroxy-2-benzo[b]thienyl-2-oxo-butenoic acid) as a metabolite from dibenzothiophene.

Three products were identified as 3-hydroxy-2-formyl-benzothiophene, benzothienopyran-2-

one and dibenzothiophene-5-oxide from the degradation of dibenzothiophene by Rhizobium

meliloti Orange 1 isolated from oxic sediments polluted by oil refinery leakage (Frassinetti et

al., 1998). 3-Hydroxy-2-formyl-benzothiophene has been reported as a metabolite of

dibenzothiophene degradation by Pseudomonas strains 1-MN and BT1d (Kropp et al., 1997).

1.11 Degradation of the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and

terbutryn

The Gaza Strip is suffering from catastrophic environmental conditions. The uncontrolled

and heavy use of pesticides is one of several serious problems currently affecting the Gaza

Strip (Safi, 1995, 2002). More than 350 metric tons of formulated pesticides (insecticides,
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fungicides, nematicides, herbicides and others) are used annually in Gaza Strip (Safi, 2002).

2,4-Dichlorophenoxyacetic acid (2,4-D) and terbutryn are commonly used herbicides in the

Gaza Strip. In 1998, about 1 ton of 2,4-D and 0.8 ton of terbutryn and ametryne were used in

the Gaza Strip.

Increased public awareness of environmental pollution has brought to the forefront

the need for new technologies to help mitigate deterioration of environmental quality.

Contaminated sites are often bioaugmented with bacteria with specific properties or

capabilities, such as contaminant degradation.

1.11.1 Degradation of 2,4-dichlorophenoxyacetic acid (2,4-D)

The synthetic herbicide 2,4-D (C8H6Cl2O3), a chlorinated phenoxy compound, has been used

extensively both domestically and commercially for almost 50 years (Loos, 1975). It rapidly

became the most widely used herbicide in the world and remains so to date (Rhoades, 2001).

It is a selective herbicide with preferential activity against dicotyledons and is used against

broadleaf plants in agriculture, forest management, homes, in pasture and rangeland

applications and to control aquatic vegetation. 2,4-D is used in different formulations as a

salt-based water-miscible solution, as an ester-based emulsifiable concentrate or as solid

alkali salt concentrate. The water solubility ranges from 0.3 g/l at pH 1 to 34.2 g/l at pH 9 at

25°C (WHO, 1978; ARS, 1995; Tomlin, 2000). It is used in mixtures with other herbicides

and represents a main constituent of the defoliant Agent Orange (Zhao et al., 1987).

2,4-D is slightly to moderately toxic to mammals and humans, but highly toxic in

aquatic environments (Stevens and Sumner, 1991; Anonymous, 1994; Tomlin, 2000; NLM,

2001). At 2,4-D concentrations between 1 and 10 µM, photosynthesis in aquatic

microorganisms is inhibited; 10 µM can inhibit growth by as much as 50%, depending on the

species and environmental conditions (Koch, 1989). When exposed to 2.2 mg/l 2,4-D, the

algae Chlorella pyrenoidosa, Lyngbya sp., Chlorococcum sp. and the cyanobacterium

Anabaena variabilis were unaffected in terms of respiration, photosynthesis and growth

(Hawxby et al., 1977). At a 2,4-D concentration of 0.01 g/l the growth and heterocyst

formation of the cyanobacterium Nostoc was reduced, and growth stopped at concentrations

above 1 g/l (Gangawane et al., 1980).

The relatively short half-life time of 2,4-D in soil previously exposed to the herbicide

is largely attributed to the activity of bacteria, representing several different genera, with the

ability to cometabolize or completely mineralize the herbicide (Loos, 1975; Sinton et al.,
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1986). There are many studies available on the degradation of 2,4-D by microorganisms, and

it is an excellent model compound for the study of degradation of chlorinated aromatic

compounds in the environment. A number of 2,4-D degraders have been isolated (Loos et al.,

1979; Fournier, 1980; Don and Pemberton, 1981; Ou,1984; Ka et al., 1994a; Fulthorpe et al.,

1995; Maltseva et al., 1996; Park and Ka, 2003). Most of the characterized strains belong to

WKH� � DQG� � VXEGLYLVLRQV�RI� WKH� FODVV�Proteobacteria which contain 2,4-D-degrading genes

similar to the tfd genes found in the strain Alcaligenes eutrophus JMP134 (Don and

Pemberton, 1981; Kaphammer et al., 1990; Kaphammer and Olsen, 1990; Fukumori and

Hausinger, 1993; Matrubutham and Harker, 1994; Kamagata et al., 1997). Other isolates

ZHUH�FRPSRVHG�RI�VWUDLQV�LQ�WKH� �VXEGLYLVLRQ�RI�Proteobacteria, to date mostly in the genus

Sphingomonas (Ka et al., 1994a,b,c).

The wide use of 2,4-dichlorophenoxyacetic acid has prompted interest in its

biodegradation. Microbial degradation of 2,4-dichlorophenoxyacetic acid and 2-methyl-4-

chlorophenoxyacetic acid used as sole carbon and energy substrates has been reported

(Sandmann et al., 1988; Smith and Lafond, 1990). 2,4-Dichlorophenoxyacetic acid, in

particular, has been widely studied because it serves as a model compound for understanding

the mechanism of biodegradation of other, structurally related haloaromatic compounds.

Genera of bacteria reported to degrade 2,4-dichlorophenoxyacetic acid include Pseudomonas

(Kilpi et al., 1980), Alcaligenes (Pieper et al., 1988), Arthrobacter (Beadle and Smith, 1982)

and Flavobacterium (Chaudhry and Huang, 1988).

The degradation pathways of 2,4-D have been characterized by Chaudhry and Huang,

(1988) and Sandmann et al. (1988). Chlorophenols are metabolites of 2,4-dichlorophenoxy

acetic acid and also degradation products of numerous chlorinated organic compounds

(Evans, 1963; Reinecke and Knackmuss, 1988). 2,4-Dichlorophenol has been reported as a

metabolite of 2,4-D in soils (Smith and Aubin, 1991a). It is subject to a rapid dissipation in

soil by formation of nonextractable residues (Smith and Aubin, 1991b). 2,4-Dichlorophenol

can be rapidly mineralized in soil (Boyd et al., 1989). Plasmid PJP4 from Alcaligenes

eutrophus JMP134 converted 2,4-D to chloromaleylacetate (Top et al., 1995). Further

metabolism of chloromaleylacetate to tricarboxylic acid cycle intermediates occurrs by

enzymes encoded by chromosomal genes of JMP134 (Don et al., 1985; Kukor et al., 1989).

Cyanobacteria were shown to degrade both naturally occurring aromatic

hydrocarbons (Ellis, 1977; Cerniglia et al., 1979; Cerniglia et al., 1980a,b; Narro, 1992b) and

xenobiotics (Megharaj, 1987). Fifteen strains of cyanobacteria that belong to three taxonomic

groups are able to degrade the highly toxic chlorinated pesticide lindane (lambda-
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hexachlorocyclohexane; Kuritz, 1999). This metabolic feature was first reported for the two

filamentous cyanobacteria Nostoc ellipsosporum and Anabaena sp. (Kuritz and Wolk, 1995).

Most of 21 species of freshwater algae isolated from a natural lake fully degraded 2,4-D to

butoxyethanol ester within two weeks, and seven isolates reduced 2,4-D to less than 20% of

the amount added (Butler et al., 1975). Six species of microorganisms isolated from soil

previously treated with herbicides completely degraded 2,4-D after 20 to 30 days (Le, 1984).

Pure cultures of Pseudomonas aeruginosa and Pseudomonas species or mixed cultures from

a 2,4-D manufacturing plant effluent grew on 2,4-D as the sole source of carbon and energy

(Buenrostro-Zagal et al., 2000; Musarrat et al., 2000). By a combination of anaerobic and

aerobic steps, many chlorinated compounds were completely degraded (Fathepure and

Vogel, 1991; Gerritse and Gottschal, 1992; Gerritse et al., 1997). Since in microbial mats

periods of oxygen oversaturation with anoxia change within 24 h, such mats represent a

promising system for the biodegradation of halogen-substituted hydrocarbons.

1.11.2 Degradation of terbutryn

Terbutryn (C10H19N5S; N-(1,1-dimethylethyl)-N �HWK\O����PHWK\OWKLR��������WULD]LQH�����
diamine) is a triazine which is a selective herbicide. It has been tested for use as an aquatic

herbicide in several countries over the past 35 years (after Murphy et al., 1980). Triazine

herbicides are common contaminants of surface water of agricultural regions (Morris and

Jarman, 1981). Terbutryn is absorbed by the root and foliage and acts as an inhibitor of

photosynthesis. It is a pre-emergent and post-emergent control agent against most grasses

and many annual broadleaf weeds in winter wheat, winter barley, sunflowers, sugar cane,

sorghum and, in mixture with terbuthylazine, on peas, beans and potatoes. It is also used as a

directed spray in maize (U.S. Department of Health and Human Services, 1993; Tomlin,

2000) and as an aquatic herbicide for control of submerged and free-floating weeds and algae

in water courses, reservoirs, and fish ponds (Unwin Brothers Ltd, 1994). Terbutryn has been

determined in surface and groundwaters (Carabias-Martinez et al., 2003). It is used in

different formulations as a wettable powder or a soluble concentrate (Meister, 1992). The

water solubility is 22 mg/l at 22°C (Tomlin, 2000).

Terbutryn is slightly toxic to birds (U.S. EPA, 1986; Unwin Brothers Ltd, 1994;

Tomlin, 2000) and moderately toxic to fish (Meister, 1992; Tomlin, 2000). It affects the

central nervous system in animals leading to convulsions, incoordination or labored

breathing. At extremely high dosages, the animals showed swelling and fluid in the lungs

and the central nervous system (Wagner, 1981). The enzyme activities of rainbow trout
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decreased when exposed to terbutryn (Tarja et al., 2003). Terbutryn is not a skin sensitizer,

and no mutagenic effects were observed. It has been classified as a possible human

carcinogen by the U.S. EPA (1986). Toxic effects on aquatic microorganisms have been

emphasized. Much of this research has dealt with phototrophic algae and cyanobacteria,

which are the main primary producers in the hydrosphere (El-Dib et al., 1989). The growth

of a freshwater microalga (Chlorella vulgaris) was strongly inhibited after exposure to

terbutryn (Rioboo et al., 2002). At terbutryn concentrations between 1.0 and 4.0 mg/l, the

algal growth was reduced to 56%, and the ratio of Chl(a)/Chl(b)/Chl(c) of Nile algae was

affected. After exposure to terbutryn, Oscillatoria formosa, Oscillaton’a mougeotii and

Lyngbya limnetica were the most dominant species (Badr and Abou-Waly, 1997).

Triazines are amongst the most widely used herbicides. Since triazines can be found

in many environmental compartments, their fate in ecosystems and the characterization of

their degradation in the environment need to be determined. Terbutryn is readily adsorbed in

soils with high organic or clay content (Meister, 1992). There are very few published studies

on the degradation of terbutryn in the environment. Soil microorganisms play an important

role in the degradation of terbutryn. The half life in soil is 14-28 days (Unwin Brothers Ltd,

1994). Depending on the application rate, the residual activity of terbutryn in soil is 3 to 10

weeks (Tomlin, 2000). It is slightly mobile to immobile in soil. Its major breakdown product,

hydroxyterbutryn, is more mobile and persistent and has potential to leach to the

groundwater (Meister, 1992).

In water, terbutryn is not volatile, and it is adsorbed by suspended particulate matter

and sediment. Degradation of terbutryn in aquatic systems is caused by microbial processes.

(Tomlin, 2000). Half-lives of 180 and 240 days have been reported for the degradation of

terbutryn in river sediment and pond, respectively (Muir and Yarechewski, 1982). Terbutryn

and it’ s degradation products, N-deethylated terbutryn, hydroxyterbutryn and N-deethylated

hydroxyterbutryn were found in water, sediment and aquatic plants (Muir, 1980).
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Figure 2.1. Cyanobacterial mats collected from Wadi
Gaza in May 2000.

2. Materials and Methods

2.1 Microbial mat and sediment samples

2.1.1 Environmental setting of the microbial mats

The mat samples used in this study were from Wadi Gaza, Gaza Strip, Palestine. This wadi

originates at Hebron in the West Bank and flows in east-west direction across the Gaza Strip.

It is the only surface water in the Gaza Strip and is heavily used for disposal of sewage, solid

waste, and agricultural and industrial wastewater. In the west, Wadi Gaza reaches the

Mediterranean Sea. The connection to the sea is intermittent, depending on rainfall. At the

sampling sites most of the cyanobacterial mats develop in the presence of high levels of

pollutants, mainly diesel oil and other petroleum products (Safi et al., 2001). The salinity,

temperature and water level of the Wadi change seasonally, which results in marked

variations in the appearance of the mats. In the western part of the wadi, the salinity ranges

from 1% (wt/vol) total salts in the winter to 3.6% (wt/vol) total salts in the summer. The

average daily temperature varies between 13°C in the winter and 35°C in the summer.

2.1.2 Collection and preservation of mat samples

Cyanobacterial mat samples (10 cm x 15 cm and 12 cm x 20 cm) were collected at different

sites along the Wadi Gaza in May 2000 and August 2001, respectively. At the time of

sampling, the mats were submerged,

the measured water temperature was

25°C and 31°C and the salinity 2% and

3.6%, respectively. The mats were

transferred to the laboratory at the

Institute of Chemistry and Biology of

the Marine Environment (ICBM) in

Oldenburg (Germany) within 24 hours.

Upon arrival, the mats collected in

May 2000 were incubated in a glass

aquarium (32 x 32 x 15 cm, l/w/h)

(Figure 2.1).
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Figure 2.2. Cyanobacterial mats collected from Wadi
Gaza in August 2001.

Mats collected in August 2001 were

incubated in another glass aquarium (40

x 25 x 25 cm, l/w/h) which at the

bottom contained a layer of sterilized

sea sand of up to 3 cm thickness

(Figure 2.2). The two aquaria were

filled with seawater from the North Sea

(Germany) to a level of 10 cm and 20

cm height, respectively. The salinity

was adjusted to 2% (wt/vol), the

temperature ranged between 25 and

32°C and the pH was 8.1. The mats

were incubated under a light regime of 12 hours light/ 12 hours dark with an intensity of ca.

80 µmol photons/m2s. The water depth  was monitored and adjusted to 10 cm and 20 cm,

respectively.

2.1.3 Sediment samples

Fifteen sampling sites were selected along the Wadi Gaza; six sites in the eastern part and

nine sites in the West. Sediment samples were collected from the fifteen sites in January

2000, and another four samples were collected from the western part of the Wadi in August

2001. All the sediment samples were transferred to the laboratory at the Environmental

Protection and Research Institute (EPRI) in Gaza, Gaza Strip, Palestine, within 1 hour and

kept in a deep freezer at –60°C over night. The samples were then transferred within 24

hours to the laboratory at ICBM in January 2000 and September 2001, respectively.

2.2 Laboratory experiments

2.2.1 Preparation of organo-clay complexes for the slurry experiments

n-Octadecane (C18H38), molecular weight 254.49 g/mol, purity 99%, pristane (C19H40),

molecular weight 268.5 g/mol, purity 99%, phenanthrene (C14H10), molecular weight 178.23

g/mol, purity 98%, and dibenzothiophene (C12H8S), molecular weight 184.26 g/mol, purity

98%, (Sigma-Aldrich) were used as model compounds for petroleum constituents

representing straight-chain alkanes, branched alkanes, aromatic hydrocarbons and aromatic
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organo-sulfur compounds, respectively. The chemical structures of the organic compounds

are shown in Figure 2.3.

Hydrophobic clay was used as a carrier for the petroleum model compounds in our

experiments in order to enhance the contact of the compounds with the microbial community

and to increase their bioavailability. A 2% aqueous suspension of montmorillonite KSF

(Aldrich) was prepared, and 0.8 mmol of benzyl-trimethylammonium (BTMA) chloride per

g of clay was added slowly as a 10 mM aqueous solution (procedure modified after El-

Nahhal et al., 2000). The mixture was stirred for 24 h, washed three times with water to

remove excess BTMA chloride and then freeze-dried.

To adsorb the model compounds, the hydrophobic clay (BTMA montmorillonite) was

suspended in n-hexane. The mixture of model compounds (20 mg per 100 mg of

hydrophobic clay, dissolved in n-hexane) was slowly added with continuous stirring. The

slurry was treated in a vacuum rotary evaporator to remove the n-hexane. This yielded a

homogeneous powder consisting of hydrophobic clay loaded with 16.67% (wt/wt) petroleum

model compounds (designated the organo-clay complex, OCC). To verify the amount of

loaded model compounds, the OCC was re-extracted with dichloromethane (DCM) and the

extract analyzed by gas chromatography.

2.2.2 Slurry experiment with petroleum model compounds

Experiments were carried out in sterile 250 ml Erlenmeyer flasks. The medium used was

prepared by mixing equal volumes of natural seawater and distilled water. The salinity was

adjusted to 2% to mimic the salinity at the Wadi Gaza site at the time of sampling. Nitrogen

and phosphate sources were added to the medium by way of 1 mM ammonium chloride and

8 µM sodium dihydrophosphate, respectively. Each Erlenmeyer flask, except the control

flasks, was filled with 100 ml autoclaved medium, 1 g Wadi Gaza mat material and 100 mg

organo-clay complex.

The following four controls, two for chemical analysis and two for community

structure comparison, were used: (1) medium and organo-clay complex without mat material

(incubated in the light and in the dark); (2) medium and organo-clay complex with

autoclaved mat material; (3) medium and mat material without organo-clay complex, and (4)

medium, mat material and hydrophobic clay without model compounds. The first two

controls were used to check for photooxidation of the model compounds and to account for

adsorption of the organo-clay complex particles to the mat material, respectively. The other

two controls were used to monitor changes in the community in the absence of model
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compounds. All flasks were incubated at 28°C with constant shaking at 100 rpm and a light

regime consisting of 12 h light and 12 h darkness. The light intensity was 80 µmol of

photons m-2 s-1 (photosynthetically available radiation). One flask containing medium,

organo-clay complex particles and mat inoculum was incubated in complete darkness. The

experiment was performed for 40 days, and samples used for chemical analysis (2 ml each)

were taken every 4 days during the first 2 weeks and every 10 days until the end of the

experiment. At the end of the experiment, the contents of the flasks were collected by

centrifugation.
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Figure 2.3. Organo-clay complex (OCC): Four petroleum model compounds, each of them
representing structural types present as major constituents in petroleum, were adsorbed on organo-
clay complexes. The hydrophobic organo-clay had previously been prepared by sorption of benzyl-
trimethyl-ammonium cations to montmorillonite.
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2.2.3 Slurry experiment with oil-loaded organo-clay complexes

2.2.3.1 Stabilization of the crude oil

The Egyptian crude oil (3.2 g) was transferred to a round-bottom flask, and the volatile

compounds were removed by rotary evaporation (80°C, 37 mbar) for 20 min. The weight

loss was 412 mg, i.e. ca. 12.8%. The oil was analyzed separately by gas chromatography

before and after stabilization.

2.2.3.2 Preparation of oil-loaded organo-clay complexes

Oil-loaded organo-clay complexes were prepared essentially as described for the petroleum

model compounds (2.2.1). The stabilized crude oil (1 g) was dissolved in DCM. To adsorb

the crude oil, the hydrophobic clay (BTMA-montmorillonite) was suspended in DCM. The

crude oil solution (1 g per 5 g hydrophobic clay, dissolved in DCM) was slowly added under

continuous stirring. DCM was removed in a vacuum rotary evaporator. This yielded a

homogeneous powder consisting of hydrophobic clay loaded with 16.67% (wt/wt) crude oil

(designated the oil-loaded organo-clay complex) which was transferred to a small glass vial

and stored in a refrigerator at 4°C prior to the degradation experiments. The autoclaved

medium used for the oil degradation experiment was prepared by the same procedure as

described above for the petroleum model compounds experiment. 100 ml autoclaved

medium, 1 g Wadi Gaza mat material and 100 mg oil-clay complex were transferred to

sterile 250 ml Erlenmeyer flasks. Control flasks received 100 ml autoclaved medium and 100

mg oil-clay complex without mat material (incubated in the light and in the dark). The light

controls were used to check for photooxidation of the crude oil. The experiments were

carried out for 60 days under the same conditions as described for the petroleum model

compounds experiment. Samples used for chemical analysis (2 ml each) were taken with

disposable pipettes at time zero and after 2, 4, 7, 10, 15, 20 days and every 10 days

thereafter. At the end of the experiment, the contents of the flasks were collected by

centrifugation.
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2.2.4 Slurry experiment with 2,4-D and terbutryn herbicides

2.2.4.1 Chemicals

2,4-Dichlorophenoxyacetic acid (2,4-D) (C8H6Cl2O3), molecular weight 221.04 g/mol, purity

>99%, was purchased from Merck Eurolab GmbH, Germany. Terbutryn, 2-t.-butylamino-4

ethylamino-6-methylthio-1,3,5-triazine (C10H19N5S), molecular weight 241.36 g/mol, purity

= 98.7%, ammonium chloride (NH4Cl), purity >99%, and di-sodium hydrogen phosphate

(Na2HPO4.2 H2O), purity >99.5%, were purchased from Sigma-Aldrich Chemicals GmbH,

Germany. The chemical structures of the herbicides are shown in Figure 2.4.

2.2.4.2 Terbutryn experiment

The medium used was prepared by mixing equal volumes of natural seawater and distilled

water. The salinity was adjusted to 2% to mimic the salinity of the Wadi Gaza site at the time

of mat sampling. Nitrogen and phosphate sources were added to the medium by way of 1

mM ammonium chloride and 8 µM sodium dihydrophosphate, respectively. Terbutryn

3µg/ml was dissolved in the autoclaved medium.

The experiment was carried out in sterile 250 ml Erlenmeyer flasks. Each Erlenmeyer

flask, except the control flasks, received 120 ml autoclaved medium and 1 g Wadi Gaza mat

material. The control contained dissolved terbutryn in autoclaved medium without mat

material. The control was used to check for photooxidation of the terbutryn. All flasks were

incubated at 28°C with constant shaking at 100 rpm and a light regime consisting of 12 h

light and 12 h darkness. The light intensity was 80 µmol of photons m-2 s-1

(photosynthetically available radiation).
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Figure 2.4. Chemical structures of the used herbicides.
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Figure 2.5. Illustration of the 2,4-D slurry experiment.

The experiment was performed for 60 days, and samples used for chemical analysis (5 ml

each) were taken every 4 days during the first 2 weeks and every 10 days until the end of the

experiment. At the end of the experiment, the contents of the flasks were collected by

centrifugation.

2.2.4.3 2,4-D Experiment

For the 2,4-D experiment the autoclaved medium used was prepared by the same procedure

as described above for the terbutryn experiment. 14 mg 2,4-D were dissolved in 700 ml

autoclaved medium at 25°C (final concentration = 20 µg/ml). The pH was 8.4. The

experiment was carried out in sterile 250

ml Erlenmeyer flasks. Each Erlenmeyer

flask, except the control flasks, received

100 ml autoclaved medium containing

dissolved 2,4-D and 1 g Wadi Gaza mat

material from the aquarium maintained

since May 2000. The same procedure was

followed with the Wadi Gaza mat

material from the aquarium maintained

since September 2001 (Figure 2. 5). The

four controls used contained dissolved

2,4-D in autoclaved medium without mat material. The controls were used to check for

photodegradation of the 2,4-D. Half of the flasks were incubated at temperatures ranging

between 27 and 32°C with constant shaking at 100 rpm and a light regime consisting of 12 h

light and 12 h darkness. The light intensity was ca. 80 µmol of photons m-2 s-1

(photosynthetically available radiation). The other half was incubated at 28°C with constant

shaking at 100 rpm and 24 h darkness. The experiment was performed for 30 days. For

chemical analysis of 2,4-D, 2 ml samples of the solution were taken at time zero and after 5,

10, 12, 17, 22, 27 and 30 days. At the end of the experiment, the contents of the flasks were

collected by centrifugation.

2.2.5 Microscopy and cultivation

Small pieces of microbial mats from Wadi Gaza were separated and mounted in water on

glass microscopic slides. The slides were examined by transmitted light microscopy, phase-
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contrast microscopy, and fluorescence microscopy. Different cyanobacterial morphotypes

were identified and photographed.

2.3 Mesocosm experiments

2.3.1 Experimental ponds at Gaza

Two cylindrical shaped concrete ponds (height 60 cm above the ground, effective internal

diameter 6 m, total net area 27.5 m2) were constructed in the year 2000 at the experimental

station of EPRI to allow mesocosm experiments to be performed under partly controlled

conditions (Figure 2.6a). The site is close to the coast of the Mediterranean Sea, and has

limited vegetation and human activity.

One pond acted as a reference pond. It was used as a reservoir for freshly developed

uncontaminated microbial mats for biodegradation experiments and served as a control for

the development of untreated mats (Figure 2.6a). The second pond was divided into six

sections (Figure 2.6b), each of which can act as a separate section for contamination

experiments. Both ponds were covered on the inside with white thermoplastic sheets (FRII)

purchased from Erez Thermoplastic Products to prevent any contact or chemical reactions

between the water of the ponds and the concrete.

2.3.2 Collection and pre-inoculation of microbial mats for pond experiments

Sea sand collected from the sea shore was sieved through 2 mm sieves. A layer of 3-4 cm of

the sieved sea sand was placed on the bottoms of the reference and sectioned ponds.

Seawater was added to both ponds to a level that slightly exceeded the sand layer at the

bottom. Samples of natural cyanobacterial mats (30 x 25 cm) were collected at different

locations along the Wadi Gaza in October 2000. The mats were transferred within one hour

to the laboratory at EPRI and well mixed to give homogeneous microbial mat material. The

homogeneous suspension was transferred to the pond station and distributed over the surface

of the reference pond in order to have a complete coverage of the surface.

2.3.3 Pond operation and monitoring

After distributing the mat material in the reference pond, a new microbial mat developed.

Then seawater was added to a level not exceeding 33 cm. The seawater of the reference pond
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was replaced on September 10, 2001. Monitoring of the ponds for water level, salinity, pH,

and temperature were carried out by EPRI personnel. Chemical analyses for nitrate,

phosphate, sulfate and hardness of the water in the reference pond and in the sections of pond

two, of Wadi Gaza water and of seawater were also performed at EPRI.

The salinity of the pond was measured in three depth layers (0-10 cm, 10-20 cm and

20-30 cm, the surface layer). Three water samples were collected from each layer, and the

salinity was measured using an optical refractometer. Standard salinity solutions, of 0.0, 10,

20, and 30 g/l were prepared to assure good quality results. The salinity was recorded three

times for each layer from different locations in the pond. Averages of the measurements were

calculated.

The pH values from different water depths were measured using a Micro-Temp pH

500 portable pH-meter after calibration using buffer solutions with pH 4 and 7. Three

readings were recorded for each depth layer.

The temperature of each water layer was recorded using a mercury thermometer (29.8

cm) scaled to 200oC. In this procedure the thermometer was immersed in the water layer

manually and held for 3 minutes to insure exact reading. Then the thermometer was rapidly

pulled up and reading was recorded immediately.

A scaled stainless steel ruler with a length of 50 cm adjusted to 0 cm from the bottom

was used to monitor the water depth. In case of water evaporation, chlorine free water was

used to recharge the pond. This water was collected from a nearby well used for agricultural

irrigation.

2.3.4 Microbiological monitoring of microbial mats

Microscopic appearance, identification and distribution of cyanobacterial morphotypes

within the mat samples were monitored on a weekly basis before and during the

contamination experiments. Samples were collected from the reference pond, control section

and contaminated sections in three separate glass vials. An aliquot from each glass vial was

spread over a glass microscopic slide, covered and then examined with an Olympus

microscope (BX40) with a mounted camera at EPRI. Transmitted light microscopy, phase-

contrast microscopy and fluorescence microscopy were performed at the Max Planck

Institute for Marine Microbiology (MPI) in Bremen (Germany).
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                       Radius: 3 m
                       Height: 60 cm

Area: 27.5m2

Volume: 16.5 m3

Figure 2.6a. Reference pond at EPRI (Gaza) inoculated with
microbial mats from Wadi Gaza. It is used as a reservoir for freshly
developed uncontaminated microbial mats for biodegradation
experiments.

Figure 2.6b. Section pond at EPRI (Gaza). It is divided into six
sections which were used for controls and contamination experiments
with petroleum model compounds.
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2.3.5 Contamination experiment with intact mats in the sectioned pond

(petroleum model compounds)

2.3.5.1 Inoculation of the sectioned pond

The bottom of the sectioned pond was covered with sieved sea sand up to 3 cm height to act

as a medium for cyanobacterial mats growth and to prevent any possible contact between the

mats and the thermoplastic sheets. Up to 30 cm of seawater were transferred to the sectioned

pond. Cyanobacterial mats were transferred from the reference pond as pieces (30 x 25 cm)

in July 2001 and arranged next to each other to have a complete coverage of the bottom of

the section. Sea sand for the control section was sterilized in a hot air oven at 105°C oven for

6 h. After cooling, the sand was transferred to a glass aquarium in one of the pond sections.

2.3.5.2 Preparation and application of the organoclay-model compounds for the mesocosm

experiments

Material

The clay used was sodium montmorillonite SWy-1 (Mont) obtained from the Source Clays

Repository, Clay Minerals Society, Columbia, MO. Its cation exchange capacity (CEC) was

0.8 mmol/g clay (Rytwo et al., 1991). Preparation of the organically modified clay and

loading with model compounds was performed as described in section 2.2.1.

2.3.6 Summer experiment

The summer experiment was carried out from 22nd July till 30th October, 2001 under field

conditions in the outdoor sectioned pond (area 4.5 m2) under the natural climate in Gaza. The

medium used (1350 liter) was natural seawater. The salinity range was between 4 and 6%

depending on evaporation. Water depth, temperature, salinity and pH values in the sectioned

and reference ponds were monitored three times a week for the purpose of compensating

evaporation by fresh water maintaining a water column of about 30 cm heigh and avoiding

extreme salinity excursions.
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Organo-clay complex (90 g) with 20% model compounds corresponding to 50 µg/mg

of each compound was suspended in 2 liter seawater and added using a sprayer to the surface

of the section (resulting in 2 mg organo-clay complex /cm2 mat surface). The sectioned pond

was left for 3 h to achieve a complete settling of the organo-clay complex onto the mat

surface at the bottom of the pond before sampling.

Two controls were used, the first was a section of the pond inoculated with mat

material and medium without organo-clay complex and was used to monitor changes in the

microbial community in the absence of the petroleum model compounds. The second control

was a glass aquarium (59 x 26 x 30 cm, l/w/h) with medium, sterilized sea sand, but without

mat material. It was used to check for photooxidation of the model compounds. The

aquarium control was placed in an empty pond section, and both controls were under the

same field conditions.

The experiment was performed for 100 days, and three homogeneous-looking sites on

the mat surface were selected for sampling. Samples (3.3 cm2 each) used for chemical

analysis were taken from the three sites after 3 h and every 4 days during the first two weeks

and every 10 days until the end of the experiment. For molecular microbiology analysis, 3

samples (4 cm2 mat core each) were taken before the contamination and another 3 samples at

the end of the experiment.

2.3.7 Recontamination experiment with intact mats in the sectioned pond

Winter experiment

A second experiment started on 30th October 2001 in order to investigate the effect of

repeated exposure of the mat organisms to contaminants and the performance of the mats

during winter time. It lasted until 8th February 2002. The same procedure as described above

for the summer experiment was repeated in winter. The same amount of organo-clay

complex was added to the same pond after the 100 days period of the summer experiment.

Following the appropriate procedure described above (summer experiment), the

remaining empty sections were filled with sea water and inoculated with bacterial mats from

the reference pond for adaptation for further contamination experiments. Water depth,

temperature, salinity and pH values were also monitored three times per week.
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2.4 Analytical procedure

2.4.1 Sample preparation

Drying and homogenation of sediment samples

Wet sediment samples weighing between 23 and 88 g were kept in separate glass beakers

covered with aluminium foil punctured with small holes. The samples were kept in a deep

freezer at -23°C over night. Then the samples were transferred to a freeze-dryer, and

remained there for 4 days; the vacuum was 0.52 mbar and the temperature 4°C . The dried

sediments were ground and homogenized for extraction. Figure 2.7 summarizes the

analytical procedures by which the sediment samples were processed.

2.4.2 Ultrasonic extraction

The dried sediment samples weighed between 15.1 and 58.5 g. Each sample was transferred

to a 100 ml beaker. A 30 ml mixture of dichloromethane and methanol (99:1, v/v) was added

to each beaker and agitated ultrasonically for 15 min. The extractable organic matter was

separated over a membrane filter. This procedure was repeated three times with 20 ml of the

solvent mixture. The combined extracts were collected, and the solvent was reduced by

rotary evaporation (40°C, 650-700 mbar) to a volume of about 1 ml. The extractable organic

matter was then transferred to a small glass vial (ca. 2 ml volume), evaporated to dryness by

a stream of dry nitrogen at ca. 30°C, weighed and then stored in a refrigerator at 4°C prior to

further separation and derivatisation.

2.4.3 Precipitation of asphaltenes

The extractable organic matter (EOM) was transferred to a flask (ca. 100 ml volume). To

dissolve the EOM and to precipitate the asphaltenes, 500 µl dichloromethane and 20 ml n-

hexane were added. The n-hexane-soluble organic matter was filtered over anhydrous

Na2SO4 (Fluka). The solvent was reduced by rotary evaporation (40°C, 300-400 mbar) to a

volume of about 1 ml. The n-hexane-soluble fraction (bitumen) was then transferred to a

small glass vial (ca. 2 ml volume) and evaporated to dryness by a stream of dry nitrogen at

ca. 30°C.
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2.4.4 Internal standards

Squalane, anthracene, mono-unsaturated C22 fatty acid and 5α�DQGURVWDQ�� �RO�ZHUH�DGGHG�WR
each bitumen sample and used as internal standards (ISTD) for quantification of the

identifiable components.

2.4.5 Separation of the bitumen by column chromatography

The n-hexane-soluble fractions were separated into fractions of aliphatic hydrocarbons,

aromatic hydrocarbons and polar heterocompounds (NSO fraction) by chromatographic

separation using an MPLC system (Medium Pressure Liquid Chromatography; Radke et al.,

1980).

Sediment

Extraction

ResidueTotal Extract

Soluble Bitumen

n-hexane

dichloromethane/methanol
 (99:1,v/v)

MSTFA

GC-FID

AromaticsHydrocarbons
Heterocomponents

(NSO-Fraction)

GC-FID
GC-MS

Asphaltenes

GC-FID

MPLC-Separation

GC-FID
GC-MS

GC-FID
GC-MS

Figure 2.7. Analytical scheme for extraction, separation and analysis of lipids in
the Wadi Gaza samples. MPLC = Medium pressure liquid chromatography; GC
= Gas chromatography; MS = Mass spectrometry; FID = Flame ionization
detection; MSTFA = N-Methyl-N-trimethylsilyl-trifluoroacetamide.
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The MPLC system consists of an injection system with 16 sample tubes and 16 precolumns

(100 mm x 10 mm ID; packed with Merck silica gel 100, deactivated at 600°C for 2 h) and a

main column (250 mm x 10 mm ID; packed with Merck Lichoprep Si 60/40-63 µm).

Separation was followed by a differential refractometer (RI detector) and a UV detector

(absorption wave length = 259 nm). The RI detector records aromatic and nonaromatic

hydrocarbons, and the UV detector specifically monitors the aromatic hydrocarbons. For all

elutions super pure n-hexane was used. The aliphatic/alicyclic hydrocarbon fractions and the

aromatic fractions were collected separately. The heterocompound fractions remained on the

precolumn and were eluted with DCM/methanol (90:10%, v/v) after separation of the

hydrocarbons. A 300 µl sample was injected into the sample loop, and the vial rinsed four

times with 200 µl n-hexane and injected again. The nonaromatic and aromatic hydrocarbons

passed the precolumn and reached the main column. The aliphatic/alicyclic hydrocarbons

eluted at a rate of 8 ml/min and within 4 min and 15 s. The flow direction was reversed and

the flow rate increased to 12 ml/min for 9 min and 15 s to elute the aromatic hydrocarbons.

After separation, elemental sulfur was removed from the aliphatic hydrocarbon fractions by

treatment with copper filings.

2.4.6 Derivatisation

For better gas chromatographic resolution, all polar fractions were trimethylsilylated prior to

analysis by adding 100 µl MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) along with

100 µl dichloromethane to the fractions in the glass vials. The vials were allowed to stand for

90 min at 70°C.

2.4.7 Gas chromatographic analysis

The fractions were analyzed by gas chromatography on a Hewlett-Packard 5890 Series II

instrument equipped with a temperature-programmed cold-injection system (Gerstel KAS 3),

a flame ionization detector and a fused-silica capillary column (J&W DB-5, length = 30 m,

inner diameter = 0.25 mm, film thickness = 0.25 µm). Helium was used as the carrier gas,

and the temperature of the oven was programmed from 60°C (1 min isothermal) to 305°C

(50 min isothermal) at a rate of 3°C/min. The injector temperature was programmed from

60°C (5 s hold time) to 300°C (60 s hold time) at 8°C/s.
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2.4.8 Combined gas chromatographic/mass spectrometric analysis (GC/MS)

GC/MS studies were performed with the same type of gas chromatograph (helium as carrier

gas) and a temperature program from 60°C (1 min isothermal) to 300°C (50 min isothermal)

at a rate of 3°C/min. The gas chromatograph was coupled to a Finnigan SSQ 710B mass

spectrometer operated at 70 eV. Structural assignments of individual compounds are based

on comparison of relative gas chromatographic retention times and mass spectra with those

reported in the literature.

Mass fragmentography was used extensively to characterize homologous and

pseudohomologous series and to aid compound identification, particularly when coelution

occurred. Quantification of individual components, when possible, was accomplished by

measuring peak areas in gas chromatograms through automatic or, when necessary, manually

modified automatic integration. Concentrations were calculated by comparison of the peak

area of the natural compound with the area of the internal standard.

2.5 Chemical analysis of residual contaminants from degradation experiments

2.5.1 Slurry experiment with petroleum model compounds

Samples (2 ml) were taken from the Erlenmeyer flasks with disposable pipettes. The flasks

were shaken vigorously to suspend the solid material in order to obtain homogeneous

samples. The samples were extracted ultrasonically with a mixture of methanol, DCM and

water (1:0.5:0.4, vol/vol/vol; modified after Bligh and Dyer, 1959). After centrifugation, the

supernatant was collected in a separatory funnel. This procedure was repeated four times.

DCM and water were added to the combined supernatant to give a methanol/DCM/H2O ratio

of 1:1:0.9 (vol/vol/vol), which resulted in phase separation. The DCM layer was collected,

and the methanol-water phase was washed three times with DCM. The solvent of the

combined DCM phase was removed with a rotary evaporator, and the extract was diluted to a

concentration appropriate for gas chromatographic analysis.

The extracts were analyzed with a Hewlett-Packard 6890 gas chromatograph

equipped with a Gerstel KAS3 temperature-programmable injector, a flame ionization

detector, and a fused silica column (J&W DB-5HT; 30 m by 0.25 mm; film thickness 0.15

µm; carrier gas helium). After an isothermal phase at 60°C for 2 min, the oven was heated at

a rate of 20°C/min to 150°C, then at a rate of 3°C/min to 310°C and then kept at 310°C for

15 min.
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Model compounds were quantified by integration of the flame ionization detector

signals and comparison with the signal of an internal standard (squalane) which was added

immediately after extraction. The calculated initial amount of each model compound in a 2-

ml sample was 66.67 µg. The abundance of the model compounds was determined relative to

this value.

2.5.2 Slurry experiment with oil-clay complexes

At the time of sampling the flasks were shaken vigorously to suspend the solid material in

order to obtain homogeneous samples. Samples (2 ml) were taken from the Erlenmeyer

flasks with disposable pipettes. The samples were extracted and the extracts analyzed with

the same methods as described for the slurry experiments with petroleum model compounds

(section 2.5.1) but only with a different GC temperature program.

After an isothermal phase at 60°C for 2 min, the oven was heated at a rate of

10°C/min to 310°C and then at a rate of 20°C/min to 380°C. Crude oil components were

quantified by integration of the FID signals and comparison with the signal of an internal

standard (squalane) which was added immediately after extraction.

2.5.3 Slurry experiments with 2,4-D and terbutryn

Samples (2 ml and 5 ml) were taken from the Erlenmeyer flasks of the 2,4-D and terbutryn

experiments, respectively, with disposable pipettes. The samples were stored at –23°C until

analyses. The samples were transferred to a separatory funnel, and NaCl was added to quasi

saturation. The 2,4-D samples were acidified with HCl (pH <2).

The 2,4-D and terbutryn samples were extracted in a separatory funnel four times

with 2 ml and 3 ml DCM, respectively, by vigorous shaking. The solvent was removed from

the combined extracts by a rotary evaporator, and the extract was diluted with DCM to a

concentration suitable for gas chromatography. Squalane was added as an internal standard.

The efficiency of the extraction procedure was tested with a 2,4-D standard mixture and

yielded a recovery of more than 90% of the 2,4-D.

For GC analysis, 50 µl aliquots of the extract were transferred into a microvial and

derivatized with MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide, 50 µl, 70°C for 90

min). The same GC as the one described above was used with a different temperature

program. After an isothermal phase at 60°C for 2 min, the oven was heated at a rate of

10°C/min to 310°C (10 min isothermal).
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The 2,4-D and terbutryn herbicides were quantified by integration of the FID signal

and compared with that of the internal standard. Values were corrected for the different

response factors of the 2,4-D and terbutryn derivatives compared to the internal standard.

2.5.4 Contamination and recontamination experiments with intact mats in the

sectioned pond (petroleum model compounds)

Sampling of microbial mats

A 5 ml plastic syringe with 1.2 cm diameter was cut in order to have a big round opening.

The syringe was gently inserted into the bottom of the pond to be filled with the top layer of

the mat and sand and taken out. Only 1-2 ml (about 3.3 cm2) of the material in the syringe

which represents the top layer of the mat and its medium was collected in a 20 ml glass

scintillation vial. This process was repeated three times. The same procedure was conducted

for two other sites in the same pond. The vials were sealed and stored in a refrigerator at –

40°C. The samples were taken at time zero and every 4 days during the first two weeks and

after 10 days until the end of the experiments. Water depth, temperature, salinity and pH of

this section during sampling was recorded.

The control section pond underwent the same steps except for the addition of

organoclay with model compounds. All the samples were extracted and analyzed with the

same method as described above for the slurry experiments with petroleum model

compounds. As the only difference, the following temperature program was used: After an

isothermal phase at 60°C for 2 min, the oven was heated at a rate of 20°C/min to 120°C, then

at a rate of 4°C/min to 250°C and then at a rate of 20°C/min to 380°C (5 min isothermal).

Model compounds were quantified by integration of the FID signals and compared

with the signal of an internal standard (squalane) which was added immediately after

extraction. The calculated initial amount of each model compound in a 3.3 cm2 sample was

330 µg. The abundance of the model compounds was determined relative to this value.
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3. Results and Discussion

3.1 Organic matter content and bulk composition of Wadi Gaza sediments

The amount of organic matter in recent sediment may vary considerably (e.g. Tissot and

Welte, 1984). Therefore, the determination of only the amount of organic matter is

insufficient for the identification of oil pollution in soils or sediments. Hence, it is important

to isolate the extractable organic matter, to analyze it in detail and to differentiate

allochthonous from autochthonous contributions in order to determine petrogenic pollution.

Nevertheless, the mere amount of extractable organic matter can be indicative for oil

pollution, as is the case with the six sediment samples investigated in this study. The amount

of extractable organic matter (EOM, mg/g dry sediment), the sum of the liquid

chromatography fractions (mg/g EOM) and the percentage of aliphatic, aromatic and NSO

compounds relative to the sum of the liquid chromatographic fractions for these samples are

presented in Table 3.1. EOM ranges from 0.93 to 7.1 mg/g dry sediment. The sum of liquid

chromatography fractions varies between 0.53 and 0.96 mg/g EOM. The percentages of

aliphatic, aromatic and NSO compounds range from 22.7 to 44.2%, 0.96 to 14.9% and 44.9

to 68.6%, respectively. EOM and the sum of the liquid chromatography fractions in the

sediments from the western part of Wadi Gaza are higher than in the sample from the eastern

part (Table 3.1).

Table 3.1. Composition of organic matter in sediments from Wadi Gaza.

Code
ICBM
sample
number

Extractable
organic matter,

EOM (mg/g)

SLCF,
mg/g
EOM

Aliphatics
(%)

Aromatics
(%)

NSO compounds
(%)

a 5515 1.37 0.95 44.2 0.96 54.8

b 5525 0.93 0.53 37.5 6.30 56.2

c 6392 3.30 0.94 25.0 10.6 64.4

d 6393 2.77 0.89 22.7 8.6 68.6

e 6394 7.10 0.96 40.2 14.9 44.9

f 6395 2.12 0.71 36.2 9.2 54.6

SLCF = sum of the liquid chromatography fractions. Samples a and b were collected in January,
2000, from the western (a) and eastern (b) parts of the Wadi Gaza. Samples c-f were collected
in August, 2001 from the western Wadi Gaza.
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3.2 Aliphatic hydrocarbons

The composition of the aliphatic hydrocarbon fractions of samples a and b is presented by

their gas chromatograms in Figure 3.1a. The parameters calculated on the basis of the

distributions and the abundance of the n-alkanes as well as the isoprenoids pristane (Pr) and

phytane (Ph) of all investigated samples are presented in Table 3.2. The abundance of the n-

alkanes in samples a, b, c and e (Table 3.2) is positively correlated with the total aliphatic

hydrocarbon contents in the extractable organic matter (Table 3.1).

Table 3.2. Aliphatic hydrocarbons characteristics in Wadi Gaza sediment samples.

Code
ICBM
sample
number

Pr/Ph Pr/
n-C17

Ph/
n-C18

AHC
(µg/g)

UCM
(µg/g)

NA
(µg/g)

UCM/
NA

a 5515 0.83 0.65 2.85 277 257 20.2 12.5

b 5525 0.84 0.63 0.75 184 159 25.6 6.21

c 6392 0.66 0.65 1.03 162 136 27.2 5.0

d 6393 0.55 0.82 2.80 90.5 84.9 5.6 15.1

e 6394 0.89 1.39 1.46 1395 1220 175 7.0

f 6395 0.51 1.37 3.03 119 112 6.8 16.6
Pr: pristane; Ph: phytane; AHC: total aliphatic hydrocarbons; UCM: unresolved complex
mixture; NA: n-alkanes; hydrocarbon contents in µg hydrocarbon/g dry sediment.

n-Alkanes and an unresolved complex mixture (UCM) dominate the aliphatic

hydrocarbon fractions. Concentrations of aliphatic hydrocarbons, here defined as the sum of

the resolved peaks plus an estimate of the UCM, in Wadi Gaza sediment range from 90.5 to

1395 µg/g dry sediment (Table 3.2). The lowest concentrations were found in samples d and

f (90.5 and 119 µg/g, respectively).

The aliphatic hydrocarbon concentrations observed in this study are higher than those

reported in sediments collected from open marine areas worldwide, such as in the western

North Atlantic (1.3-5.5 µg/g; Farrington and Tripp, 1977), in southern New England (mean

value of 0.7 µg/g; Venkatesan et al., 1987), in sediments collected from coastal areas under

urban or fluvial influence in the western Mediterranean Sea (Ebro delta: 0.67-32.5 µg/g;

Grimalt and Albaiges, 1990), in sediments from the Cretan Sea coastal zone (0.5-5.7 µg/g;

Gogou et al., 2000), from the El-Max Bay of the Egyptian Mediterranean coast (4.5-10.3

µg/g; Abd-Allah and El-Sebae, 1995), and the coastal area of the Black Sea (10-153 µg/g;

Wakeham, 1996). Higher values were determined for the coastal area of Barcelona (mean

value 495.7 µg/g; Tolosa et al., 1996) and the coastal area off the city of Alexandria in the

southeastern Mediterranean Sea (20.3-1356.3 µg/g; Aboul-Kassim and Simoneit, 1995).
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Figure 3.1. Representative gas chromatograms of two aliphatic hydrocarbon fractions extracted
from Wadi Gaza sediments. Samples a and b were collected in January, 2000. Sample a (5515) is
from the west and sample b (5525) from the east part of Wadi Gaza. Numbers indicate carbon
numbers of n-alkanes. IS = internal standard, Pr = pristane, Ph = phytane, UCM = unresolved
complex mixture.
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The aliphatic hydrocarbon concentrations in the Wadi Gaza sediments are within the same

range as those observed for the coastal area of the city of Alexandria.

3.2.1 n-Alkanes

Natural biological precursors of sedimentary organic matter generally contain a wide range

of n-alkanes. These components particularly when of land plant origin, typically exhibit a

strong predominance of odd carbon numbered homologues over those with even carbon

number chain length (e.g. Meyers and Ishiwatari, 1993). Thermocatalytic (petroleum

generation) processes which act on sedimentary organic matter after deep burial modify the

n-alkane distribution so that no carbon number predominance remains (Hunt, 1979). This

lack of an odd-over-even carbon number predominance can be used in environmental

geochemistry to assist in identifying sediments contaminated with petroleum or its refinery

products. Figure 3.2 shows histograms distribution patterns of the aliphatic hydrocarbon

fractions extracted from all six Wadi Gaza sediment samples. The concentrations of n-

alkanes vary between 5.6 and 175.4 µg/g dry sediment (Table 3.2 ), and the chain lengths

range from 15 to 35 carbon atoms with distribution maxima occurring at n-eicosane (C20) or

n-nonacosane (C29), but several of the distributions are bimodal and have a second, albeit

smaller maximum. It is clearly evident that the n-alkane distributions represent a mixture of

long-chain wax alkanes from higher land plants with a maximum at n-C29 or n-C31 and a

strong odd-over-even carbon number predominance on the one hand and a petroleum-type

component with a smooth distribution with respect to carbon number preference and maxima

shifted to lower carbon numbers on the other hand. Whereas sample a is essentially

dominated by plant wax alkanes, samples c and e show a strong dominance of petroleum n-

alkanes. Samples b, d and f are of an intermediate type (Figure 3.2).
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Table 3.3. n-Alkane characteristics in sediment samples from Wadi Gaza.

Code
ICBM
sample
number

CPI
C27-33

CPI
C19-25

CPI
C17

∑(C27-C33)
(µg/g)

Ter
(µg/g)

Ter/NA
(%)

Aqu
(µg/g)

Aqu/NA
(%)

n-C17

(µg/g)
n-C17/NA

(%)

a 5515 6.5 1.31 2.2 14.6 12.2 60 0.92 5 0.58 3

b 5525 3.1 1.01 1.3 7.92 5.3 21 4.11 16 1.91 7

c 6392 2.0 1.03 1.6 3.96 2.5 9 5.55 20 2.5 9

d 6393 2.5 1.00 1.8 2.45 1.5 27 0.52* 9* 0.29 5

e 6394 2.0 1.11 1.2 14.1 9.4 5 40.3 23 16.9 10

f 6395 2.2 1.05 1.7 1.72 1.1 16 0.86* 13* 0.33 5

CPI: carbon preference index; NA: total n-alkanes; ∑(C27-C33): sum of n-alkanes from heptacosane to
tritriacontane; Ter: sum of terrestrial n-alkanes: heptacosane, nonacosane and hentriacontane; Aqu:
sum of n-alkanes from aquatic organisms: pentadecane, heptadecane and nonadecane;
* heptadecane and nonadecane only (absence of pentadecane).

Carbon preference index (CPI) values (Bray and Evans, 1961) in the carbon number

range of 19-25 are about 1.0 for all samples except for sample a which has a CPI value of 1.3

(Table 3.2), but -as said before- only a small petroleum component. All samples contain

long-chain homologues ( Σ n-C27-C33 ranging from 1.7-14.6 µg/g dry sediment; Table 3.3 and

Figure 3.2) with a long-chain odd-over-even carbon number preference reflected in high CPI

values (CPI27-33 ranging from 2.0-6.5; Table 3.3). These long-chain homologues are known

to be derived from higher plant waxes (Eglinton and Hamilton, 1967; Tulloch, 1976), and

their occurrence reveals the importance of terrestrial material in the study area.

The sum of the concentrations of the three most abundant terrestrial n-alkanes (C27,

C29, C31) ranges from 1.1 to 12.2 µg/g dry sediment (Ter, Table 3.3), which accounts for 5-

27% (except sample a, which has 60%) of the total n-alkane concentration. These are

maximum number, because the contribution of petroleum alkanes to the homologues has not

been deducted. The higher concentrations found in the sediments from the western part of the

Wadi are due to the contribution of higher plants growing along the Wadi and the material

transported into the Wadi by rain water run-off.

Higher and lower concentrations of terrestrial n-alkanes than those reported for Wadi

Gaza sediments were found in coastal areas of the NW Mediterranean Sea receiving riverine

discharges, e.g., up to 2.0 µg/g in the Ebro delta and up to 12.9 µg/g in the Rhône delta

(Bouloubassi et al., 1997), whereas lower concentrations of terrestrial n-alkanes ranging

from 0.028 to 0.42 µg/g in surface sediments of the Cretan Sea were reported by Gogou et al.

(2000). The n-alkane homologues considered to be derived from aquatic organisms (defined
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as the sum of the C15, C17 and C19 n-alkanes) were smaller constituents in Wadi Gaza

sediment, their summed concentrations range from 0.92 to 40.3 µg/g dry sediment, which

accounts for 5-23% of the total n-alkanes (Table 3.3; again not corrected for petroleum

contribution). Gogou et al. (2000) reported up to 7% short-chain n-alkanes in the Cretan Sea

sediments. The high percentage found in the sediments from the western Wadi Gaza may

partly be due to the massive growth of cyanobacterial mats and sea water intrusions in that

area.

In cyanobacteria, n-heptadecane has been reported to be the most prominent n-alkane

(Oró et al., 1967; Han et al., 1968a; Winters et al., 1969; Murata and Nishida, 1987). In Wadi

Gaza sediments, the n-C17 alkane is a significant n-alkane homologue in nearly all aliphatic

hydrocarbon fractions (Figure 3.2), and its abundance ranges from 0.3 to 17.0 µg/g dry

sediment (Table 3.3). Köster et al. (1999) found ca. 2 µg/g dry weight of the C17 n-alkane in

the cyanobacterium Calothrix scopulorum. The contribution by the cyanobacteria is reflected

by high short-chain CPI values (CPI17; Table 3.3), which range from 1.2 to 2.2.

3.2.2 Unresolved complex mixture

An unresolved complex mixture (UCM) was a major component of the aliphatic

hydrocarbon fractions of the Wadi Gaza sediments, appearing in the gas chromatogram as a

bimodal hump in the n-C15 to n-C35 range (UCM1 and UCM2; Figure 3.1a). It consists of a

complex mixture of branched aliphatic hydrocarbons (Gough and Rowland, 1990) and has a

well-known linkage to biodegraded petroleum residues (Brassell and Eglinton, 1980;

Farrington and Quinn, 1973). Laureillard et al. (1997) and Venkatesan and Kaplan (1982)

suggested that the UCM in the lower molecular weight range (UCM1; Figure 3.1a) can result

from reworking of algal material.
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Figure 3.2. Distribution of n-alkanes in extracts from Wadi Gaza sediments samples. Samples a and
b were collected in January, 2000 from the western and from the eastern Wadi Gaza, respectively.
Samples c-f were collected in August, 2001 from the western part of Wadi Gaza. Pr: pristane; Ph:
phytane. Samples b-f clearly indicate the presence of petroleum derivatives by a smooth envelope
with no carbon number predominance. Samples a, b and d clearly indicate the presence of higher-
plant material by the characteristic pattern of the long-chain homologues.
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The high abundance of the UCM in all samples (85-1220 µg/g; Table 3.2) is a

positive indication of chronic oil pollution. Additional evidence is provided by the ratio of

the UCM to the n-alkanes (UCM/NA) which in most samples was between 5 and 16.6 (Table

3.2). This range characterizes hydrocarbon mixtures with significant contributions from

degraded petroleum products (Simoneit, 1984; Simoneit and Mazurek, 1982). This is

confirmed by the occurrence of specific biomarkers (e.g., hopanes; see Section 3.4 and

Figure 3.5). The UCM concentrations in the Wadi Gaza sediments were much higher than

those encountered in the open NW Mediterranean Sea (7-13 µg/g; Tolosa et al., 1996). But in

coastal areas in the NW Mediterranean Sea near urban centers and major rivers, higher

values (7-488 µg/g) were reported by Tolosa et al. (1996).

The spatial distribution of the UCM values indicates that more pronounced

petroleum-related pollution occurred at the locations in the the western part of the Wadi

where samples a and e were taken, although the n-alkanes in sample a do not confirm this,

but they may already have been effectively biodegraded. The sample locations are situated

close to urban and human activities. The values of the UCN/NA ratio are low in samples b

and c, whereas higher values of this ratio were calculated for samples a, d and f, which are

under the direct influence of anthropogenic activity of the local population.

The presence of mosquitoes in the Wadi Gaza area is one of several serious problems

affecting the local population. The high level of petroleum-related pollution occurring in the

eastern and western Wadi is due to the spraying of diesel oil and other refinery products to

kill mosquito larvae in open sewage ponds and waters.

3.2.3 Pristane and phytane

The isoprenoid hydrocarbons pristane (Pr) and phytane (Ph) were present in all analyzed

samples (Figure 3.2). The Pr/Ph ratios range from 0.51 to 0.89 (Table 3.2). The probable

source of these two compounds is fossil fuel. The Pr/n-C17 and Ph/n-C18 ratios range from

0.63 to 1.39 and from 0.75 to 3.03 (Table 3.2), respectively.
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Sample e (Figure 3.3) shows a smooth distribution of odd- and even-carbon-

numbered n-alkane homologues (CPI = 1.1), an approximately equal abundance of phytane

and pristane (Pr/Ph = 0.89 ), as well as a high abundance of pristane and phytane compared

to the C17 and C18 n-alkanes (Pr/n-C17 = 1.39 and Ph/n-C18 = 1.46; Table 3.2). The gas

chromatogram of the alkane fraction of sample e can be regarded as being typical for a crude

oil with the microbial degradation process having already started (Volkman et al., 1983).

Samples c, d and f have lower Pr/Ph ratios than the aforementioned sample e (and also a and

b) on the one hand, but they exhibit variably different Pr/n-C17 and Ph/n-C18 ratios on the

other hand (Table 3.2).

Sample b (Table 3.2 and Figure 3.1) shows a uniform n-alkane distribution (CPI =

1.01), with phytane being more abundant than pristane (Pr/Ph = 0.84) and the C17 and C18 n-

alkanes more abundant than pristane and phytane (Pr/n-C17 = 0.63 and Ph/n-C18 = 0.75).
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Figure 3.3. Gas chromatogram of the aliphatic hydrocarbon fraction extracted from sediment
sample e from the west of Wadi Gaza. Numbers indicate carbon numbers of n-alkanes; *: Sulfur
(S8), incomplete desulfurization; IS: internal standard; Pr: pristane; Ph: phytane.
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The corresponding gas chromatogram also represents a typical saturated hydrocarbon

fraction of a crude oil. In samples a, d and f, the higher abundance of phytane, compared to

the C18 n- alkane (Ph/C18 = 2.85, 2.80 and 3.03, respectively) appears to be due to the

degradation of the n-C18 alkane (and the other homologues) mainly by cyanobacterial mats.

Safi et al. (2001) and Abed et al. (2002) reported the laboratory culture degradation of the

C18 n-alkane by cyanobacterial mats which originated from the same sampling sites as the

sediments. In samples e and f the higher abundance of pristane, compared to the C17 n-alkane

(Table 3.2) is due to microbial degradation of the n-C17 alkane. The fact that the C17 and C18

n-alkanes are more abundant than pristane and phytane in sample b (Pr/n-C17 = 0.63 and

Ph/n-C18 = 0.75), the only sample from the east of Wadi Gaza, is assumed to be due to an

input of the saturated hydrocarbons from a different source.

Hence, besides the already mentioned parameters (organic matter content, bulk

extract composition; Table 3.1), the saturated hydrocarbon distribution pattern is a reliable

proof for the presence of oil-type pollutants in Wadi Gaza sediments.

3.2.4 Steranes and hopanes

Steranes and hopanes are polycyclic alkanes representing biological markers with highly

characteristic distributions of structural and sterochemical isomers in oils and sediments with

mature organic matter (Tissot and Welte, 1984; Waples 1985; Peters and Moldowan, 1993).

Steranes are widely used to fingerprint petroleum (e.g. Seifert and Moldowan, 1986). The

main steranes extend from C27 to C29 (Figure 3.4). The fossil fuel origin of these substances

is evidenced by several features: In sedimentary rocks, sterane derivatives are formed by

transformation of biological sterol precursors with biogenic sterical configuration sterols

(14α,17α-20R) leading to the predominance of sterenes in shallow sediments, then steranes

at intermediate depths. At higher thermal stress in deep formations and in petroleum, steranes

with various geogenic sterical configurations are formed as well as diasteranes (Lichtfouse

and Rullkötter, 1994; Lichtfouse et al. 1994; Mackenzie et al., 1980, 1982). Sterane

isomerization at C-20 in the C29 5α,14α,17α-steranes causes the 20S/(20S+20R) epimer

ratio to rise from 0 to about 0.5 (or 0 to 50%) with increasing maturity (Seifert and

Moldowan, 1986).

All the analyzed samples contained steranes and hopanes with distributions typical

for oils (Figures 3.4 and 3.5). In Wadi Gaza sediments, the ratio of the 20S/(20S+20R) is in

the a range from 32 to 44% (Table 3.4). Rullkötter et al. (1985) reported 20S/(20S+20R)

ratios ranging from 34 to 37% in oils and 33 to 38% in heavy oils from different depths
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derived from Senonian age carbonate source rock in the Dead Sea area. Sterane

isomerization at the C-14 and C-17 positions in the 20S and 20R C29 5α,14β,17β-steranes

causes the ββ/(ββ+αα) ratio to rise from zero to values of about 0.8 with increasing maturity

(Seifert and Moldowan, 1986). The C29 ββ/(ββ+αα) sterane isomerization ratio in the

studied sediments ranges from 69% to 74% (Table 3.4). These values compare well with

ββ/(ββ+αα) ratios ranging from 70 to 77% in heavy oils and 76% in oil from different

depths in the Dead Sea area (Rullkötter et al., 1985).

Hopanes are found in almost all ancient sediments and crude oil (Seifert and

Moldowan, 1986). A series of C27-C35 pentacyclic triterpanes (17α,21β-hopanes) were

identified in all sediment samples on the basis primarily of their mass spectra and GC

retention times. Figure 3.5 shows the characteristic m/z 191 mass fragmentogram of sample

c. Homologues with more than 29 carbon atoms exhibit the thermodynamically more stable
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Figure 3.4. Sterane (m/z [217+218]) mass fragmentograms of the aliphatic hydrocarbon fraction of
the extract from sediment sample d.  = 20S-5α,14α,17α-steranes,  = 20R-5α,14β,17β-

steranes, = 20S-5α,14β,17β-steranes, = 20R-5α,14α,17α-steranes.
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17α,21β configuration. The extended 17α-hopane series (C31-C35) occurred as 22S and 22R

epimers (Figure 3.5). These patterns are characteristic of oil-derived hydrocarbons (e.g.

3KLOS��������*RJRX�HW�DO���������-RYDQþLüHYLü��������

17α-Hopanes found in sedimentary rocks are formed by the diagenesis of bacterial

hopanepolyols (Ourisson and Albrecht, 1992). During sedimentary burial, the geochemically

formed 17α,21β-22R-and S-hopane isomers gradually replaces the biogenic 17β,21β-22-R

isomers (Lichtfouse and Rullkötter, 1994). Thus, the hopane fingerprint of Wadi Gaza

sediments is typical of mature fossil fuels, as evidenced by the predominance of the

geologically mature 17α,21β,22-S configuration over the corresponding 22-R configuration

(equilibrium ratio 22S/(22S+22R) = 0.6). The ratio of the two C27 hopanes 18α-22,29,30-
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Figure 3.5. Hopane (m/z 191) mass fragmentogram of the aliphatic hydrocarbon fraction of the
extract from sediment sample c. (1) 22,29,30-trinorneo-18α-hopane (Ts, C27H46); (2) 22,29,30-
trinor-17α-hopane (Tm, C27H46); (3) 29-nor-17α,21β-hopane, (C29H50); (4) 17α,21β-hopane,
(C30H52); (5) homo-17α,21β-hopane, (C31H54, 22S and 22R); (6) dihomo-17α,21β-hopane,
(C32H56, 22S and 22R); (7) trihomo-17α,21β-hopane, (C33H58, 22S and 22R); (8) tetrakishomo-
17α,21β-hopane, (C34H60, 22S and 22R); (9) pentakishomo-17α,21β-hopane, (C35H62, 22S and
22R).



56

trinorneo-hopane (Ts) and 17α-22,29,30-trinor-hopane (Tm) [Ts/(Ts + Tm)] is both maturity

and source dependent. Moldowan et al. (1986) showed that the ratio can vary depending on

organic facies. On the other hand, the ratio of Ts and Tm can be a sensitive indicator of

thermal maturity when comparing oils or sediment samples from the same source (Ekweozor

et al., 1979).

In the Wadi Gaza sediments, the ratio of Ts/(Ts + Tm) is in the range from 47 to 62%

(Table 3.4). Rullkötter et al. (1985) reported Ts/(Ts + Tm) ratios ranging from 15 to 21% and

15 to 27% in oils and heavy oils from different depths, respectively. In Middle East oils the

Ts/(Ts + Tm) ratio can vary from 0.28 in Kuwait crude oil to 0.33 in Arabian heavy crude oil

and 0.6 in Arabian light crude oil (Volkman et al., 1997). The ratio observed in this study is

within the range of those observed for Arabian light crude oil.

Table 3.4. Biological marker compound ratios for Wadi Gaza sediments

Steranes Hopanes

Code
ICBM

 Sample
number 20S/(20S+20R) 1)

(%)
ββ/(ββ+αα ) 2)

     (%)
Ts/(Ts+Tm) 3)

(%)
22S/(22S+22R)4)

(%)
22S/(22S+22R)5)

(%)

a 5515 43 71 51 55 63

b 5525 44 74 53 61 61

c 6392 35 70 50 61 60

d 6393 39 69 62 61 60

e 6394 32 71 53 62 62

f 6395 39 72 47 62 61
1)  C29 14α,17α-steranes (m/z 217)
2) C29 5α,14β,17β and 5α,14α,17α-steranes (m/z 217)
3) C27 18α(H)-trinorneo-hopane (Ts) and 17α-trinor-hopane (Tm) (m/z 191)
4,5) C31 and C32 17α,21β-hopanes (m/z 191)

The C-22 epimer ratios of C31 and C32 17α,21β-homo-hopanes calculated for Wadi

Gaza sediments range from 55 to 62% and 60 to 63% (Table 3.4). C31 epimer ratios of 56%

were found in sewage sludge samples contaminated with fossil fuel from Nancy (Payet et al.,

1999). Rullkötter et al. (1985) reported that C32-22S/(22S + 22R) ratio ranged from 57 to

61% and from 60 to 63% in oil and heavy oil, respectively, from different depths in the Dead

Sea area. The C32 epimer ratio observed in this study is within the same range as that

observed for the heavy oil by Rullkötter et al. (1985).
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Geological maturity parameters [Ts/(Ts + Tm) and C31 22S/(22S + 22R)] of Wadi

Gaza sediments (Table 3.4) yield average values typical of organic matter which has

undergone a high thermal stress during geological times (Seifert and Moldowan, 1978).

Therefore, the occurrence of mature hopanes in sediments clearly confirms the presence of a

fossil fuel contamination as already suggested by the presence of the UCM as well as that of

pristane and phytane.

3.3 Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are widespread contaminants throughout the

environment (Suess, 1976; Blumer, 1976; Harvey, 1996). Combustion of organic material

such as fossil fuels gives rise to PAHs by step-wise free radical mechanisms. Combustion-

derived PAHs are dominated by the unsubstituted parent hydrocarbons, whereas PAHs in

petroleum are dominated by the alkylated homologues (Laflamme and Hites, 1978). Once

formed, PAHs are known to enter near-shore marine environments through the spillage of

petroleum, industrial discharges, atmospheric fallout and urban run-off (Neff, 1979; Sharma

et al., 1997; Gevao et al., 1998).

All Wadi Gaza sediments analyzed contained phenanthrene and its alkylated

homologues (Figure 3.6). Four methylphenanthrene isomers were observed in all samples.

Substituted phenanthrenes with methyl substituents in positions 1, 2, 3 or 9 have been

reported to occur in sedimentary material including crude oil (Lekveishvili et al., 1980;

Radke et al., 1993). Budzinski et al. (1995) reported that four methylphenanthrene isomers

were determined in crude oil and rock extracts from different origins at various stages of

thermal maturity. Radke et al. (1990) also found the four methylphenanthrene isomers in

crude oils from the Handil field, Indonesia. Lichtfouse et al. (1997) found the four

methylphenanthrene isomers in contaminated crop soil.
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During the last 20 years, numerous parameters based on relative abundances of

biomarker isomers of organic matter in sediments and petroleums were developed (Peters

and Moldowan, 1993). The ratios of methylphenanthrenes to phenanthrene (Mphen/Phen)

were examined as an indication of anthropogenic influence such as combustion of organic

materials. These ratios are reported to be in the range of 0.5-1 in sediments dominated by

phenanthrenes arising from combustion processes and from 2-6 in sediments dominated by

fossil fuel phenanthrenes (Prahl and Carpenter, 1983). The ratios of Mphen/Phen was

reported to be 4.0 for used crankcase oil (Pruel and Quinn, 1988), close to 1.0 for street and

urban dust samples (Takada et al., 1990, 1991) and about 0.5 for atmospheric fallout (Takada

et al., 1991). Notar et al. (2001) found Mphen/Phen ratios >2 in sediments from the Gulf of

Trieste, Northern Adriatic Sea. The Mphen/Phen ratios are about 0.5-0.7 in sediments from

San Francisco Bay, California, indicating that the dominant recent sources of PAHs are from

combustion processes (Pereira et al., 1999). In the Wadi Gaza sediments the ratios are in the
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Figure 3.6. M/z (178+192+206) mass fragmentogram of the aromatic hydrocarbon fraction of
the extract from sediment sample a showing alkylphenanthrene homologues and isomers. Phen
= phenanthrene; Mphen = methylphenanthrene; Etphen = ethylphenanthrene; Dmphen =
dimethylphenanthrene; A = 2-+9-Etphen+3,6-Dmphen; B = 2,6+2,7+3,5-Dmphen;
C = 1,3+2,10+3,9+3,10-Dmphen; D = 1,6+2,5+2,9-Dmphen; E =1,9+4,9+4,10-Dmphen.
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range of 2.23-4.57 with the exception of sample f which has a ratio of 6.81 (Table 3.5). The

Mphen/Phen ratios for all Wadi Gaza sediment is higher than two, which indicates fossil fuel

sources.

Dimethylphenanthrenes occur in crude oils, oil shales, coals and in the bitumens and

kerogens that are the sources of liquid petroleum (Yawanarajah and Kruge, 1994; Budzinski

et al., 1995; Kruge, 2000). In all investigated sediments from the Wadi Gaza

dimethylphenanthrenes were present (e.g. Figure 3.6). Dimethylphenanthrenes were also

found in surface sediments from the Cretan Sea contaminated with petroleum products

(Gogue et al., 2000).

Table 3.5. Concentrations of sterathiols and Mphen/Phen and 4-MDBT/1-MDBT
ratios determined for Wadi Gaza sediments.

Sterathiols µg/g dry sediment
Code

ICBM
sample
number C27 C28 C29

∑Mphen/Phen
ratio

4-MDBT/1-MDBT
ratio

a 5515 3.6 0.4 0.7 2.23 2.2

b 5525 3.4 0.3 0.8 4.08 3.6

c 6392 18.4 1.2 1.6 3.22 2.2

d 6393 10.5 1.0 2.0 3.34 2.2

e 6394 9.1 0.01 2.9 4.57 3.4

f 6395 15 1.2 1.8 6.81 2.1

∑Mphen/Phen: sum of methylphenanthrenes/phenanthrene; 4MDBT/1 MDBT:
4-methyldibenzothiophene/1- methyldibenzothiophene ratio.

3.4 Aromatic sulfur compounds

Organic sulfur compounds such as benzothiophene, dibenzothiophene and their alkylated

homologues are common constituents of sulfur-rich oils. Dibenzothiophene and its

derivatives have been widely used as model organic sulfur compounds in petroleum studies

(Kilbane and Bielaga, 1990). Alkyl dibenzothiophenes have been shown to be quite

persistent in petroleum-contaminated environments (Hostettler and Kvenvolden, 1994; Wang

et al., 1994). In all investigated Wadi Gaza sediments dibenzothiophene, methyl and

ethyldibenzothiophene were found (Figure 3.7). Contaminated sediments from the Gulf of

Lions (Mediterranean Sea, France) were found to contain the four methyldibenzothiophenes

isomers (Domine et al., 1994).

Jiang et al. (1994) found 4-methyldibenzothiophene in marine sediments. 4-

Methyldibenzothiophene (4-M-DBT) is thermodynamically more stable than 1-
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methyldibenzothiophene (1-M-DBT). With increasing maturity, one observes a decrease in

the amount of the less stable α-substituted 1-M-DBT isomer compared with the amount of

the more stable β-substituted 4-M-DBT isomer (Radke et al., 1986, 1988). Because of this a

methyldibenzothiophene index was defined as 4-M-DBT/1-M-DBT (Radke et al., 1986;

Budzinski et al., 1993) and is known to increase with increasing maturity of the oil.

The methyldibenzothiophene index (MDI) of Wadi Gaza sediments ranges from 2.1

to 3.6 (Table 3.5). MDI values in the range of 2.0 to 5.0 were reported for five crude oils

from different sources by Andersson and Sielex (1996). Chakhmakhchev et al. (1997) found

a 4/1-MDBT ratio of 2.5 and attributed that to mature oil whereas a ratio of 15.4 indicated

overmature oil. The MDI values of Wadi Gaza sediments are similar to the MDI values of

the crude oils mentioned above.

The occurrence of methyldibenzothiophenes in the Wadi Gaza sediments clearly

confirms their contamination with crude oil or petroleum derivatives.

Figure 3.7. M/z (184+198+212) mass fragmentogram of the aromatic hydrocarbon
fraction of the extract from sediment sample a showing alkyldibenzothiophene isomers.
IS = internal standard; DBT = dibenzothiophene; MDBT = methyldibenzothiophene;
EtDBT = ethyldibenzothiophene; DMDBT = dimethyldibenzothiophene.
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Monoaromatic C27, C28 and C29 and triaromatic C21, C26, C27 and C28  steroid

hydrocarbons were present in the sediments. These compounds are biomarker components of

fossil fuels. Besides their occurrence in crude oil and sediments with mature organic matter

(e.g. Peters and Moldowan, 1993), triaromatic steroid hydrocarbons have been found as

indicators for contamination in estuarine sediments (Killops and Howell, 1988) and in

natural bitumen and pyrolysates of humic coals (Lu and Kaplan, 1992). The dominant source

of the aromatic steroid hydrocarbons in the surface sediments of Wadi Gaza is probably from

fossil fuels and petroleum derivatives containing these biomarkers.

3.5 Sterenes and sterathiols

Sterenes are among the numerous products formed during diagenetic and catagenetic

transformation of biogenic sterols (Mackenzie et al., 1982). All aromatic hydrocarbon

fractions of the Wadi Gaza sediment extracts contain C27, C28 and C29� 2-sterenes and minor

UHODWLYH� FRQFHQWUDWLRQ� 3-sterenes. The sterenes are dominated by the C27 homologues

(Figure 3.8). In addition, the aromatic hydrocarbon fractions of the sediment extracts contain

a series of late-eluting sulfur-bearing compounds (Figure 3.8). These were tentatively

identified as 5α-stera-3β-thiols with C27, C28 and C29 carbon skeletons on the basis of their

mass spectra and gas chromatographic retention times in comparison with published

information (Schaeffer et al. 1995; Adam et al. 1991; Summons and Capon, 1988). The

sterathiols are dominated by the C27 homologue. The C27 sterol homologues are present in

human and animals feces in higher concentrations than the C29 homologues  (Leeming et al.,

1997).

The prominence of C27 sterathiols in Wadi Gaza sediment is due to the presence of

C27 sterols in the sediments which originate from untreated waste water discharge and release

of animal feces into the study area. The occurrence of sterathiols has been described only for

macromolecular organic matter (Schaeffer et al., 1995; Adam et al., 1991) and peats and

rootlet-containing clay sediments in the coastal area of Northern Germany (Dellwig et al.,

1998). The estimated concentrations of C27, C28 and C29 sterathiols (Table 3.5) vary between

3.4 and 15, 0.01 and 1.2, and 0.7 and 2.9 µg/g dry sediment, respectively. The C29 sterathiols

were estimated to occur in concentrations between 0.1 and 15 µg/g TOC in Holocene peat

layers in the coastal area of the Northwest Germany (Scholz-Böttcher et al., 1999). The

presence or absence of sterathiols is related to the occurrence of free reduced sulfur species

which may react with sterenes in sediment to form 5α,3β-thiols.
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Wadi Gaza sediments offer sufficient organic matter as a carbon source and hence

ideal conditions for sulfate-reducing bacteria provided that sulfate is also available. A

potential sulfate source in Wadi Gaza is sea water and possibly also untreated wastewater

discharge. This implies that the sediments, which normally are under the influence of sulfate-

poor freshwater, must occasionally have become brackish. Hence, the presence of sterathiols

in the sediment can be taken as an indicator for marine incursions.

3.6 n-Fatty acids

All n-hexane-soluble fractions of the six sediment extracts contain n-fatty acids with chain

lengths of 14 to 22 and some >22 carbon atoms (e.g. Figure 3.9). As expected for a

biosynthetic origin, the distributions are dominated by homologues with even carbon

numbers. The most abundant fatty acid is palmitic acid (C16: 0). Unsaturated fatty acids have

16 or 18 carbon atoms with one of the monounsaturated n-C18:1 isomers having the highest

relative abundance in some samples. In addition, trace amounts of odd-carbon-numbered iso

and anteiso C15:0 acids were found.
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aromatic hydrocarbon fraction of the extract from sample d showing the
distribution of sterenes and sterathiols.
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The long-chain fatty acids (≥C22) reflect a contribution from higher terrestrial plants

(Eglinton and Hamilton, 1967; Eglinton et al., 1973; Matsuda and Koyama, 1977) whereas

the saturated and unsaturated fatty acids in the lower carbon number range are presumably

derived mainly from algae (Cranwell, 1974; Sargent and Whittle, 1981; Shameel, 1990) with

the exception of palmitic (n-C16:0) and stearic acid (n-C18:0) which are common both in

microorganisms and in higher plant material. The detected iso and anteiso fatty acids are

probably related to bacterial sources.

3.7 n-Alcohols

n-Alcohols in sediments can have different origins. All investigated samples contain n-

alcohols with chain lengths ranging from C16 to C32. An example of a gas chromatogram of

an NSO fraction of the sediment extract from Wadi Gaza is shown in Figure 3.9.
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Figure 3.9. Representative gas chromatogram of an NSO fraction of the six sediment extracts
(sample a). Numbers denote carbon numbers of n-fatty acids. Numbers-OH represent carbon
numbers of n-alcohols. IS = internal standard. a = cholest-5-en-3β-ol, b = 5α-cholestan-3β-ol, c
= 24-methyl-5α-cholesta-5,22-dien-3β-ol, d = 24-methylcholest-5-en-3β-ol + 24-ethyl-5β-
cholestan-3α-ol, e = 24-methyl-5α-cholestan-3β-ol + 24-ethyl-5β-cholestan-3β-ol, f = 24-ethyl-
cholesta-5,22-dien-3β-ol, g = 24-ethyl-5α-cholest-5-en-3β-ol, h = 24-ethyl-5α-cholestan-3β-ol,

 = coprostanol: 5β-cholestan-3β-ol,  = epicoprostanol: 5β-cholestan-3α-ol.
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The distributions are dominated by homologues with even carbon numbers.

Distribution maxima occur at n-hexacosan-1-ol (C26). A distribution pattern with a

predominance of tetracosan-1-ol (C24), hexacosan-1-ol (C26) and octacosan-1-ol (C28) is

characteristic for land plant material origin (Harwood and Russell, 1984; Cranwell, 1988).

The mid-chain funtionalized hentriacontan-12-ol (C31) is most abundant n-alcohol in some

samples.

3.8 Steroid alcohols

In Figure 3.9, the gas chromatogram of the NSO fraction also shows the elution range of

steroidal alcohols. Compound identification is based on relative retention times and

comparison with mass spectra from the literature (Budzikiewicz, 1972; Brassell, 1980;

McEvoy, 1983). The sterols are dominated by 24-ethylcholest-5-en-3β–ol [g] followed by its

saturated analogue, 24-ethyl-5α-cholestan-3β–ol [h], and 24-methylcholest-5-en-3β–ol [d].

All three sterols and the next most abundant sterol, 24-ethylcholesta-5,22-dien-3β–ol [f], are

mainly derived from higher terrestrial plants (Huang and Meinschein, 1976, 1979; Marsh et

al., 1990). The C28 sterol 24-methylcholesta-5,22-dien-3β–ol [c] is biosynthesized by higher

land plants as well as planktonic organisms (Patterson, 1970; Idler and Wiseman, 1971;

Marsh et al., 1990), whereas cholesterol [a] and its saturated analogue, 5α-cholestan-3β-ol

[b], are ubiquitous in sediments and thus are not source indicative (Mackenzie et al., 1982).

3.9 Specific markers

The major source of phytol is chlorophyll a and already released from it by hydrolysis in the

water column (Baker and Louda, 1983). Due to the highly reactive allylic hydrogen atoms,

phytol is rapidly degraded by oxidation (Rontani et al., 1990). Phytol was found in all

investigated samples (e.g. Figure 3.9).

A very specific organic tracer is coprostanol (5β-cholestan-3β-ol), which is produced

in the digestive tract of humans by the anaerobic microbial hydrogenation of the double bond

in cholesterol (cholest-5-en-3β-ol). Coprostanol is an excellent marker for sewage pollution.

It has been proposed as a measure of fecal pollution by a large number of researchers (e.g.

Walker et al., 1982; Sherwin et al., 1993; Bethell et al., 1994; Leeming et al., 1997; Réveillé

et al., 2003). It has a very long persistence time (Bethell et al., 1994; Bull et al.,1998).

All analyzed sediments from the eastern and western parts of Wadi Gaza were found

to contain fecal sterols (Figure 3.9 and Table 3.6). Leeming et al. (1997) found that the major
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sterols in human feces are coprostanol, cholesterol and 24-ethylcholesterol. C27 sterols were

present in human feces in higher concentrations than C29 sterols, whereas the opposite was

observed for sheep (herbivores).

When fecal matter is discharged or washed into aquatic systems, the sterol fingerprint

of the source animal is diluted and mixed with the sterol profile of autochthonous algae,

detritus and other material. Despite this, even low concentrations of fecal sterols can indicate

whether fecal pollution from humans or herbivores is present. Experiments on sewage

effluents indicate that there is no significant difference in the degradation rate of C27 and C29

sterols or stanols over a period of 2-3 weeks (Leeming, unpublished work cited in Leeming

et al., 1997), suggesting that the sterol profile of fecal pollution would remain intact in the

environment.

Coprostanol was present in significantly higher concentrations of up to 20 µg/g in the

Wadi Gaza sediment samples collected in August 2001 relative to those found in sediments

collected in January 2000 (<3 µg/g; Table 3.6). Based on the coprostanol concentration data,

the highest levels of sewage-derived organic matter were detected in sediments from the

western part of Wadi Gaza. Coprostanol concentrations ranging from 0.1 to 1.25 µg/g in

sediments from the Southeast Atlantic Ocean and the Gulf Coasts were reported by the

Benthic Surveillance Project of the NOAA Status and Trends Program (NOAA, 1984).

Coprostanol concentrations in sediments have been reported to range from <0.01 to 4.8 µg/g

in Biscayne Bay (Pierce and Brown, 1987) and up to 3.7 µg/g in the St. Johns River Basin

(Pierce et al., 1988). Coprostanol contents of the Sydney inner-shelf sediments ranging from

0.004 to 1.91 µg/g were reported by Leeming et al. (1997). In Key West sediments

coprostanol is present at a level of 0.03 to 0.34 µg/g dry and up to 4.85 µg/g in the Weeki

Wachee River (Sherblom et al., 1997). Wadi Gaza sediments had variable contents (1.62 to

20.09 µg/g), whereas in Kaohsiung Harbour, Taiwan, sewage-impacted values of 0.58 to 128

µg/g were reported by Jeng and Han (1994), and in the canals and lagoons of Venice, Italy,

which contain untreated sewage, the values range from (1 to 41 µg/g).

3.9.1 Human and herbivore contributions

Leeming et al. (1997) suggested that it is possible to estimate the relative contributions of

fecal pollution by herbivorous animals (e.g. cows and sheep) and humans by comparing the

content of coprostanol and 24-ethylcoprostanol by using the following mathematical term:
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where 5β-C27∆0 is coprostanol and 5β-C29∆0 is 24-ethylcoprostanol. If the term is >73 then

contamination probably originates solely from humans. If the value is <38 then the fecal

contamination probably originates solely from herbivores.

In the case of a sample containing 45% coprostanol (relative to the sum of

coprostanol and 24-ethylcoprostanol), a factor of 2.86 (derived from the difference between

the mean maximum percentages measured of the two sources divided by 100 [(i.e. 73-

38)/100] can be added for every percent below 73% to estimate the proportion of human

fecal contamination relative to herbivores. In that instance, (73-45) x 2.86 equals 80%

herbivore contribution and, therefore, 20% human contribution.

Table 3.6. Coprostanol concentrations (µg/g dry sediment) in sediments from Wadi Gaza.

Coprostanol (c)
Code

ICBM
Sample
number C27 C28 C29

C27/C27+C29

(%)
Human

(%)
Herbivores

(%)
Epicoprostanol

(e)
c/e

ratio

a 5515 2.58 0.32 2.21 54 46 54 0.22 11.52

b 5525 1.62 0.17 1.31 55 49 51 0.14 11.41

c 6392 10.58 1.09 8.14 57 54 46 1.22 8.65

d 6393 13.10 1.39 9.35 58 57 43 1.02 12.86

e 6394 20.09 2.03 12.46 62 69 31 2.57 7.82

f 6395 3.39 0.44 2.09 62 69 31 0.36 9.44

C27, coprostanol; C28, 24-methylcoprostanol; C29, 24-ethylcoprostanol.
Samples a and b were collected in January, 2000 from the western and from the eastern part of Wadi
Gaza, respectively. Samples c-f were collected in August, 2001, from the western Wadi Gaza.

Based on the coprostanol and 24-ethylcoprostanol contents shown in Table 3.6,

application of the equations above provides the information that the herbivore contributions

to the sediments in the western part of Wadi range from 31 to 54%, whereas 46-69% are

from human contributions. In the eastern part of the Wadi 51% is contribution from

herbivores (Table 3.6 and Figure 3.10). The contributions of the herbivores and humans at

both sites are due to the agricultural grazing and the intense untreated wastewater discharge,

respectively.
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Venkatesan et al. (1986) and Venkatesan and Kaplan (1990) suggested that the ratio

of coprostanol to epicoprostanol (c/e ratio) can be used to distinguish inputs of domestic

waste from material of non-human origin. They suggested that humans-related waste will

result in a ratio which is close to or larger than one (greater proportion of coprostanol).

Lower values for the ratio would indicate that the dominant source are marine mammals.

Human fecal matter contains only trace amounts of epicoprostanol. In Wadi Gaza sediments

epicoprostanol was only a minor component, three samples contained less than 10% and the

other three samples <13% relative to coprostanol (Table 3.6). Leeming et al. (1997) found

that in the Sydney inner-shelf sediments epicoprostanol was <10% of coprostanol. These

data indicate that marine mammals do not contribute significantly to this environment.

The c/e ratio can vary between samples from wastewater treatment facilities.

Eganhouse et al. (1988) reported coprostanol and epicoprostanol concentrations in sludges

from six treatment plants using different treatment methods. The c/e ratios for these six

sludges ranged from 0.9 to 9.0 with the anaerobically digested sludge having a c/e ratio of

0.9 (Eganhouse et al., 1988). The c/e ratio of Key West sediments range from 0.2 to 9.0 and

those of Sarasota Bay sediments from 0.2 to 1.5 (Sherblom et al., 1997). The c/e ratios of

Wadi Gaza sediments range from 7.82 to 12.86 with most values exceeding the value of 8.
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Figure 3.10. Relative contribution (% total) of human and herbivore fecal sources to sediments
from Wadi Gaza. Samples a and b were collected in January, 2000 from the west and from the east,
respectively. Samples c-f were collected in August, 2001, from the west.
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The Wadi Gaza sediment data indicate that between January 2000 and August 2001

most sediments showed an increase in the concentration of coprostanol (Table 3.6). The

areas of highest concentration were located adjacent to the coast of the Mediterranean Sea

and were influenced by untreated waste water discharge. The mean concentration of

coprostanol was generally higher in sediments collected during the later sampling (2001).

This observation is consistent with an increasing discharge of sewage to the western part of

the Wadi Gaza after 2000.

3.10 Cyanobacterial mats

Most cyanobacteria contain small amounts of short-chain hydrocarbons in the range of C15-

C21, often with either n-C17 or n-C17:1 predominating (Han et al., 1968a; Han and Calvin,

1969; Winters et al., 1969; Gelpi et al., 1970; Paoletti et al., 1976; Murata and Nishida, 1987;

Grimalt et al., 1992). The extractable lipid fraction of natural cyanobacterial mats from Wadi

Gaza contains hydrocarbon and fatty acid components that are a combination of biologically

synthesized lipids and diagenetically modified materials. Anthropogenically derived

materials, primarily hydrocarbons, which result from petroleum use, also contribute to the

extracted lipids. Figure 3.11 total ion current, shows the chromatogram of the extractable

lipid fraction and the corresponding mass chromatogram of m/z 71 for the distribution pattern

of the n-alkanes. The distribution of the n-alkanes in the lipid fraction ranges from 12 to 27

carbon atoms. The n-alkane distribution pattern exhibits a maximum at C17 and smooth

distributions of odd-and even-carbon-numbered n-alkane homologues (Figure 3.10). The

contribution of the cyanobacteria is reflected in a high CPI17 value (CPI (2C17/[C16+C18]) of

1.8. This high content of the n-C17 alkane in the cyanobacterial mats shows a strong evidence

that the high content of the n-C17 alkane in Wadi Gaza sediments is due to the contribution of

cyanobacteria. As expected, the signal of higher terrestrial plants is very low in the

cyanobacterial mats sample. Diesel oil or other petroleum derivatives are responsible for the

rest of the n-alkane pattern in the lipid fraction. The same is true for the presence of fossil

fuel biomarkers, e.g. pristane and phytane.
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Figure 3.11. Ion chromatograms from GC-MS analysis of a moderately contaminated cyanobacterial
mat (total extract, western part of Wadi Gaza); top: reconstructed total ion current chromatogram;
bottom: mass chromatogram of m/z 71 showing the n-alkane distribution. FA: fatty acids, Pr: pristane,
Ph: phytane, carbon numbers of n-alkane are indicated.
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3.11 Conclusions

This study documents the first comprehensive organic geochemical analysis of surficial

sediments from Wadi Gaza. The organic matter composition of extractable lipids in the

sediments indicates that the Wadi Gaza receives a moderate supply of anthropogenic

material. By using GC and GC/MS, aliphatic hydrocarbons from petroleum sources were

identified in the Wadi Gaza sediments. The petroleum origin is indicated by the aliphatic

isoprenoid alkanes (pristane and phytane), the presence of an unresolved complex mixture,

the UCM/NA ratio, the low carbon preference index (CPI ca. 1) and the presence of

petroleum biomarkers such as steranes and hopanes. The biomarker parameters based on

hopanes and steranes reveal significant differences between the sediment samples which

suggest that there are multiple sources of oil or refinery products. Sample d shows strong

evidence that microbial degradation of petroleum hydrocarbons has already started. The

higher abundance of phytane, compared to the C18 n-alkane in samples a, d and f is due to the

degradation of the n-C18 alkane mainly by cyanobacterial mats.

In the aromatic hydrocarbon fraction the petroleum origin was indicated by the

presence of phenanthrene and its alkylated homologues as well as that of dibenzothiophene

and its alkylated homologues. The ratio of methylphenanthrenes to phenanthrene shows that

the sediments are dominated by fossil fuel derived phenanthrenes. The

methyldibenzothiophene index (MDI) of Wadi Gaza sediments confirms the input of crude

oil and petroleum derivatives. The presence of free sterathiols in the sediment can be taken

as an indicator for bacterial sulfate reduction after marine incursions.

Compounds deriving from terrestrial sources (higher plants), such as long-chain n-

alkanes, n-fatty acids and n-alcohols, and marine-derived hydrocarbons were also present.

The high content of the n-C17 alkane in the cyanobacterial mats shows a strong evidence that

the high content of this n-alkane in Wadi Gaza sediments is due to the contribution from the

cyanobacteria.

The presence of coprostanol and ethylcoprostanol in all Wadi Gaza sediments

indicates that the sediments are contaminated with fecals from humans and herbivores.

Information from this study should be useful in designing future strategies for environmental

protection and management of the wetland of Wadi Gaza.
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3.12 Degradation of Egyptian crude oil immobilized on clay by cyanobacterial mats

3.12.1 Characterization of the stabilized Egyptian crude oil

The gas chromatogram of the crude oil (see Appendix, Figure A1) indicates that the

dominant hydrocarbons are normal alkanes (C10-40) with the higher molecular weight species

(i.e. >C10) maximizing at n-C15 and exhibiting little or no odd-over-even carbon number

predominance. The amount of C14 to C35 n-alkanes represent 69.3 µg/mg oil.

3.12.2 Degradation of n-alkanes

In the bioremediation experiment with the oil-loaded organo-clay complex in a slurry with

Wadi Gaza cyanobacterial mats, 16.67 mg of the stabilized oil was added to the flasks. n-

Alkanes from C14 to C35 were present at the start of the experiment. The C10-13 n-alkanes

were lost during loading of the hydrophobic clay due to the high volatility of these

compounds. Extraction of the suspension at day zero yielded 80% of the theoretical amount

of the crude oil. This level of recovery is commonly obtained as a result of the experimental

conditions, i.e. irreversible adsorption of alkanes to the clay.

Degradation of the C14 to C35 n-alkanes of the loaded oil was studied by their

quantification and disappearance in the course of the experiment (Table 3.7 and Figure 3.12).

The concentrations of extractable C14 to C35 n-alkanes decreased continuously with time. In

the control flask (Table 3.7 and Figure 3.13A-D) there was little or no change in the

concentration of the residual total extractable n-alkanes during the time of 0 to 60 days. The

preferential removal of C14-C35 n-alkanes relative to branched and cyclic alkanes is now

universally recognized as a standard feature in assessing biodegradation of crude oils. This

was documented for the first time by Winters and Williams (1969) in their study of the Bell

Creek field in the Powder Basin (U.S.A.). Several other examples are listed in books and

review papers by Tissot and Welte (1978), Hunta (1979) and Milner et al. (1977).

The analysis of all n-alkanes from C14 to C35 of the crude oil in the course of the

experiment indicates that 51% and 56% were degraded after fifteen days under light and dark

conditions, respectively. The degradation increased to 63% at day 40 and to 79% at day 60 in

the light. In the dark, it remained nearly constant until day 40 and increased to 68% at day 60

(Table 3.7 and Figure 3.13D). A slight decrease was observed in the control in the course of

the experiment after 60 days.
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The data show that the biodegradation rates of n-alkanes can be categorized into three

groups: 1) short-chain n-alkanes from C14 to C20 were degraded most rapidly, 2) medium-

chain-length n-C21 to n-C27 alkanes were degraded the slowest and 3) long-chain n-C28 to

C35 alkanes were degraded at intermediate rates.

After fifteen days treatment in the light, 51% of the short chain length n-C14 to C20

were degraded. In the dark, 55% of this group had disappeared (Table 3.7 and Figure 3.13A).

Table 3.7. Quantities (µg) of residual n-alkanes of Egyptian crude oil during biodegradation
by cyanobacterial mats from Wadi Gaza (slurry experiments).

Light Dark ControlTime
Days

C14-20 C21-27 C28-35 C14-35 C14-20 C21-27 C28-35 C14-35 C14-20 C21-27 C28-35 C14-35

0 8.6 6.8 3.4 18.7 7.2 5.7 2.9 15.8 7.4 7.3 3.8 18.5

15 4.2 3.3 1.6 9.1 3.2 2.6 1.1 6.9 8.4 7.6 3.8 19.8

30 3.6 3.4 1.4 8.4 3.1 2.7 0.9 6.7 8.1 7.8 4.0 19.9

40 2.8 3.0 1.1 6.9 3.4 2.9 1.0 7.3 7.0 7.7 4.0 18.7

50 1.3 2.3 0.8 4.4 1.7 2.6 0.9 5.2 6.6 6.8 3.3 16.7

60 1.1 2.2 0.7 4.0 1.6 2.6 0.8 5.0 6.6 7.6 4.0 17.1
Light = 12 h light/12 h darkness; Dark = 24 h darkness; Control = 12 h light/12 h darkness (no
cyanobacterial mat).

In the samples of day 40, the degradation of this group had increased to 67% in the light and

remained nearly constant in the dark. At the end of the experiment after 60 days, 87% and

78% of this group had been degraded in the light and dark, respectively. A lower recovery

and thus a slight decrease of the short chain length n-C14 to C20 alkanes relative to the other

groups was also found in the control in the time period of 40-60 days (Table 3.7 and Figure

3.13A). The higher degradation rates of the n-alkanes in group 1 may be due to their low

molecular weight and their greater accessibility to the bacteria, i.e. ease of transport through

the cell wall (Walker and Colwell 1976; Stafford et al., 1982).

In the case of the second group with medium-chain-length alkanes from n-C21 to n-

C27, 51% and 54% were degraded within the first fifteen days in the light and the dark,

respectively. Degradation of this group of alkanes increased to 56% and 67% in the light at

40 and 60 days, respectively. The degradation remained nearly constant in the dark until the

end of the experiment. In the control, there is no decrease in this group in the course of the

experiment except for the sample at day 50 (Table 3.7 and Figure 3.13B) which is considered
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an analytical artifact considering the higher value at 60 days. These results are probably

linked to the reduced ability of the bacteria to attack the medium chain-length n-alkanes

(Badawy and Al-Harthy, 1991; Badawy et al., 1993).

In the third group with long chain n-alkanes with 28 to 35 carbon atoms, 53% and

63% were degraded after fifteen days in the light and dark, respectively. The degradation of

this group increased to 68% at day 40 and to 80% at day 60 in light whereas it remained

nearly constant in the dark until day 40 and increased to 77% at day 60 (Table 3.7 and Figure

3.13C). No decrease was observed for this group in the control in the course of the

experiment except for the sample at day 50, considered an analytical artifact.

Biodegradation of the n-alkanes in the present study is considered to be moderate,

since after 60 days still a residue of 21% and 32% was unaffected under light and dark

conditions, respectively. A comparison of the microbial degradation in this experiment with

literature data is possible only to a limited extent since there are important differences

between culture approaches, e.g. the use of intact mats and slurry experiments or the use of

organically modified clays which is essentially unique to this study. n-C12-C26 alkanes of an

Egyptian crude oil were degraded by a mixed culture of bacteria within one month as

reported by El-Rafie et al. (2001). Mixed cultures of the marine cyanobacterial species

Oscillatoria salina, Plectonema terebrans and Aphanocapsa sp. removed 42% of a Bombay

High crude oil (containing 50% aliphatic hydrocarbons) in 10 days. In addition, 65% of pure

n-hexadecane (C16) as a model compound were degraded by Aphanocapsa sp. within 10 days

(Raghukumar et al., 2001). Acinetobacter sp. A3 isolated from crude oil refinery sludge was

able to degrade 60% of the same Bombay High crude oil after 5 days of incubation in shake

flask experiments, and the bacteria utilized the oil as their sole source of carbon (Hanson et

al., 1997). Palittapongarnpim et al. (1998) reported degradation of 40% of n-alkanes of Tapis

crude oil within 7 days by bacteria. Klebsiella sp. KCL-1 isolated from seawater used n-

alkanes from n-octadecane (C18) to n-hexacosane (C26) of a crude oil as their sole carbon

source (Cha et al., 1999). Most of the n-alkanes in Kuwait crude oil were degraded by

Pseudomonas strains as reported by Al-Gounaim et al. (1995).

A strain of Yarrowia lipolytica isolated from a chronically oil-polluted tropical

marine estuary degraded 78% and 92% of the aliphatic fraction of Bombay High crude oil in

free and immobilized form, respectively (Zinjarde et al., 2000). The Rhodococcus sp.

isolated from a chronically oil-polluted marine site degraded 50% of the aliphatic fraction of

Assam crude oil after 72 h incubation as reported by Sharma and Pant (2000). In addition,

Whyte et al. (1998) and Milekhina et al. (1998) reported degradation of alkanes up to n-C30
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by various strains of Rhodococcus. Amin et al. (1995) reported that short- and medium-

chain-length hydrocarbons in Egyptian crude oil were readily degraded by mixed microbial

populations isolated from soil samples, collected from different sites of oil spills whereas the

long-chain hydrocarbons were resistant to biodegradation. A microbial consortium called

SM8, isolated from a sediment in Shizugawa Bay (Japan), degraded 50 to 60% of the

saturated hydrocarbon fraction of a crude oil in 30 days in batch culture (Ishihara et al.,

1995). During aerobic biodegradation of a crude oil carried out in the laboratory, Pond et al.

(2001) found that C14 to C28 n-alkanes were degraded and that the C14 to C18 homologues

were degraded most rapidly. This is in agreement with the faster degradation of the first

group of n-alkanes observed in our experiment.

Figure 3.12. Representative gas chromatograms of extracts from oil-loaded organo-clay complexes
in a slurry experiment with Wadi Gaza cyanobacterial mats. A and B: 12 h light/12 h darkness; C
and D: 24 h darkness; E and F: controls without mats 12 h light/12 h darkness. Samples A, C and E
were taken at time zero; samples B, D and F were taken after 60 days. Numbers indicate carbon
numbers of n-alkanes. IS: internal standard; Pr: pristane; Ph: phytane.
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Figure 3.13. Quantities of residual n-alkanes in crude oil-
loaded organo-clay complexes in a slurry experiment with
Wadi Gaza cyanobacterial mats vs. time:  12 h light/12 h
darkness  24 h darkness  control 12 h light/12 h
darkness.
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Medium-and long-chain n-alkanes with up to 40 carbon atoms served as sole carbon

and energy source for Acinetobacter calcoaceticus at the Arabian Gulf coast polluted with oil

(Radwan et al., 1999). A phenanthrene-utilizing bacterium (strain AR-3) degraded 50% of

the saturated hydrocarbon fraction of a Malaysian crude oil within ten days (Law and Teo,

1997). The biodegradation percentage of normal and branched alkanes of Alwyn crude oil

ranged from 75% to 85% in an immobilized system, whereas 60-66% were biodegraded in

the free suspension system with the halotolerant bacterial consortium MPD-M after an

incubation period of 20 days (Dtaz et al., 2002).

The biodegradation rates for n-alkanes in crude oils tend to decrease as chain length

increases (Holder et al., 1999; Pond et al., 2001). In our experiment we found that the long-

chain n-alkanes from C28 to C35 were degraded faster than those of medium chain length

with 21 to 27 carbon atom. This suggests that the degradation pattern is due to the specific

composition of the microbial community. Natural microbial populations in seawater

biodegraded 28% of crude oil within 8 weeks as reported by Dutta et al. (2000). Since in our

experiment 80% of the n-alkanes of the crude oil were degraded within 60 days, we conclude

that the degradation rates of the n-alkanes in our experiment was fast compared to other

experiments reported in the literature.

According to GC-MS analysis no peaks of new substances appear in the

chromatograms. This indicates that no accumulation of possible metabolites or degradation

products could be observed in this experiment. This suggests that degradation of the crude oil

components has led to complete mineralization. This may be favored by the presence of a

complex microbial community in the cyanobacterial mat material. The Office of Technology

Assessment (1991) reported that no single species of microorganism can degrade all the

components of a given oil. Effective bioremediation of petroleum contamination requires a

mixture of populations consisting of different genera each capable of metabolizing different

types of compounds (Dave et al., 1994; Radwan et al.,1995; Korda et al., 1997). The

degradation rate decreased after the first two weeks under both light and dark conditions.

This may indicate that the crude oil had a toxic effect on the growth of certain

microorganisms. Many studies have demonstrated that crude oil contains constituents which

are inhibitory to microorganisms even at low concentrations (Radwan and Al-Hasan, 2000

and references therein).
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3.12.3 The pristane/n-C17 and phytane/n-C18 ratios

The pristane to n-heptadecane (C17) and phytane to n-octadecane (C18) ratios were measured

to provide an estimation of the degree of biodegradation of n-alkanes relative to branched

compounds in the saturated hydrocarbon fraction. Changes in relative abundance of the C19

and C20 isoprenoid alkanes, pristane and phytane, to their associated n-C17 and n-C18

alkanes, heptadecane and octadecane, have often been used to assess the degree of microbial

degradation that an oil has undergone (Jobson et al., 1972; Bailey et al., 1973a; Westlake et

al., 1974; Pritchard and Costa, 1991; and Volkman et al., 1997, and references therein).

Table 3.8. Ratios of pristane/n-C17 and phytane/n-C18 in an Egyptian crude
oil degraded by Wadi Gaza cyanobacterial mats.

Light Dark ControlTime
Days Pr/n-C17 Ph/n-C18 Pr/n-C17 Ph/n-C18 Pr/n-C17 Ph/n-C18

0 0.53 0.52 0.53 0.52 0.53 0.52

15 0.93 0.95 0.84 0.85 0.52 0.51

30 1.08 1.04 0.84 0.76 0.52 0.51

40 1.00 0.78 0.80 0.71 0.53 0.50

50 0.71 0.66 0.78 0.75 0.52 0.51

60 0.60 0.58 0.71 0.58 0.53 0.51
Light = 12 h light/12 h darkness; Dark = 24 h darkness; Control = 12 h light/12 h darkness.

Bacteria readily degrade normal alkanes whereas the isoprenoid alkanes are relatively

resistant to microbial degradation, resulting in an increase in the Pr/n-C17 and Ph/n-C18 ratios

with increasing level of degradation. Many authors have used this observation to assess the

degree of oil degradation in natural systems and following bioremediation (Atlas et al., 1981;

Basseres and Ladousse, 1993). Changes in pristane to n-heptadecane (C17) and phytane to n-

octadecane (C18) ratios for light, dark and control samples are presented in Table 3.8 and

Figure 3.14. In the course of the experiments, the ratios increased when degradation occurred

in both light and dark samples. The pristane/n-C17 and phytane/n-C18 ratios increased from

about 0.5 to 1.08 and 1.04 in the light and 0.84 and 0.76 in the dark, respectively, within the

first 30 days. In the control sample, the ratios are nearly similar to each other and were

constant over the course of the experiment (Table 3.8 and Figure 3.14). Surprisingly, the

ratios decreased again in the period of 30 to 60 days under both light and dark conditions.
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This is due to faster degradation of the isoprenoid alkanes after 40 days. This suggests that

adaptation occurs in the cyanobacterial mat organisms during the experiment.

3.12.4 Degradation of n-heptadecane (C17) and n-octadecane (C18)

As indicated in Figure 3.15 and Table 3.9, 53% and 56% of the n-heptadecane (C17) were

degraded in the light and in the dark, respectively, within the first two weeks. At the end of

the experiment 95% of the n-heptadecane (C17) was degraded in the light and 87% in the

dark. The same degradation percentage, i.e. 53% and 56%, was observed for n-octadecane

(C18), in the light and in the dark, respectively, within the first two weeks. 88% and 75% of

n-octadecane (C18) were degraded in the light and dark, respectively, at the end of the

experiment. No significant decrease was observed for n-heptadecane (C17) and n-octadecane

(C18) in the control sample (Table 3.9). In general, biodegradation of n-C17 was slightly more

advanced than that of n-C18 in both light and dark experiments after two weeks.
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Figure 3.14. Pristane/n-C17 and phytane/n-C18 ratios in crude oil degraded by cyanobacterial mats
from Wadi Gaza in a slurry experiment with crude oil-loaded organo-clay complexes, 
pristane/n-C17: 12 h light/12 h dark,  pristane/n-C17: 24 h darkness,  phytane/n-C18: 12 h
light/12 h dark,  phytane/n-C18: 24 h darkness,  pristane/n-C17: Control, 12 h light/12 h, 
phytane/n-C18: control, 12 h light/12 h dark.
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A remaining concentration of n-octadecane (C18) at a level of about 20% was already

observed in all earlier slurry and mesocosm degradation experiments with n-C18 as model

compound on organo-clay complexes (Abed et al., 2002 ; Safi et al., 2003). Sixty percent,

and 50% of pure n-C17 and n-C18 alkanes, respectively, were degraded by Pseudomonas

aeruginosa in the presence of molasses whereas 22% of n-C18 were degraded in the presence

of a mineral fertilizer in 24 h (Al-Hadhrami et al., 1997).

n-Heptadecane (C17) and n-octadecane (C18) were completely degraded in

immobilized cells whereas 78-91% were degraded in a free suspension system with the

halotolerant bacterial consortium MPD-M after 20 days of incubation (Dtaz et al., 2002).

Radwan et al. (1999) showed that 74% of pure n-octadecane (C18) were degraded by

Acinetobacter calcoaceticus within 7 days. Grötzschel et al. (2002) reported that 60% of n-

octadecane (C18) were degraded in intact cyanobacterial mat experiments with organo-clay

complexes within four months. In the present experiment, a similar extent of n-heptadecane

(C17) and n-octadecane (C18) degradation of 95% and 88%, respectively, in 60 days was
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Figure 3.15. Biodegradation of C17 and C18 n-alkanes in crude oil-loaded organo-clay
complexes in a slurry experiment with cyanobacterial mats from Wadi Gaza,  n-C17 12 h
light/12 h dark,  n-C17 24 h darkness,  n-C17 control, 12 h light/12 h dark,  n-C18 12
h light/12 h dark,  n-C18 24 h darkness,  control, 12 h light/12 h dark.
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determined (Table 3.9). We therefore conclude that the degradation rates of theses n-alkanes

were high.

3.12.5 Degradation of pristane and phytane

Figure 3.16 presents the results of the slurry experiments regarding the biodegradation of the

C19 and C20 isoprenoid alkanes, pristane and phytane, under both light and dark conditions.

The data show that the cyanobacterial mats were able to degrade these compounds. At day

40, 37% of the pristane was degraded in the light and in the dark. At the end of the

experiment, 94% of the pristane were degraded in the light and 82% in the dark. The phytane

biodegradation pattern was similar to that described for pristane in the course of the

experiment. In the light, 63% of phytane were degraded. The degradation of phytane

increased to 75% and 88% in the dark and light, respectively (Table 3.9). An apparently non-

degradable residual concentration of pristane at the 20% level was already observed in all

earlier degradation experiments with organo-clay complexes (Abed et al., 2002; Safi et al.,

2003).
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Figure 3.16. Biodegradation of pristane and phytane in crude oil-loaded organo-clay complexes in a
slurry experiment with cyanobacterial mats from Wadi Gaza  pristane:12 h light/12 h dark, 
pristane: 24 h darkness,  pristane: control, 12 h light/12 h dark,  phytane: 12 h light/12 h dark,

 phytane: 24 h darkness,  phytane: control, 12 h light/12 h dark.
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Table 3.9. Quantities (µg) of residual n-C17, n-C18 alkanes, pristane and phytane in an
Egyptian crude oil after biodegradation by cyanobacterial mats from Wadi Gaza.

Light Dark ControlTime
Days n-C17 n-C18 Pr Ph n-C17 n-C18 Pr Ph n-C17 n-C18 Pr Ph

0 1.5 1.5 0.8 0.8 1.3 1.3 0.7 0.7 1.4 1.6 0.8 0.8

15 0.7 0.7 0.7 0.7 0.6 0.6 0.5 0.5 1.4 1.7 0.8 0.9

30 0.5 0.6 0.5 0.6 0.5 0.5 0.4 0.4 1.4 1.6 0.7 0.8

40 0.5 0.6 0.5 0.4 0.5 0.6 0.4 0.4 1.1 1.5 0.6 0.7

50 0.1 0.2 0.1 0.2 0.2 0.3 0.2 0.3 1.0 1.3 0.6 0.7

60 0.1 0.2 0.05 0.1 0.2 0.3 0.1 0.2 1.3 1.3 0.7 0.7
Light = 12 h light/12 h darkness; Dark = 24 h darkness; Control = 12 h light and 12 h darkness; Pr =
pristane; Ph = phytane.

Pristane and phytane are widely used as largely recalcitrant biomarkers in

geochemistry, and their bioremediation is strongly related to the degradation conditions: 10

g/l of pristane were degraded by a pure culture of Rhodococcus equi P1 in 24 h (Ko and

Lebeault, 1999), whereas a 85% degradation of 470 µmol/l pristane in an anaerobic sediment

slurry took six months (Grossi et al., 2000). The removal of pristane was 63% in a four

month experiment with intact cyanobacterial mats from Solar Lake in Sinai, Egypt

(Grötzschel et al., 2002). Grossi et al. (2002) reported 35% of pristane and phytane were

degraded in marine coastal sediments after 12 months of in situ incubation. The

biodegradation percentages of pristane and phytane were 86% and 94%, respectively, with

immobilized cells whereas the extent of degradation was 40% and 25%, respectively, in the

free suspension system with the halotolerant bacterial consortium MPD-M in batch cultures

over 20 days (Dtaz et al., 2002). Nakajima et al. (1985) and Sharma and Pant (2000) reported

pristane degradation by various strains of Rhodococcus.

Pristane and phytane are more resistant to biodegradation than normal alkanes, as

observed by Atlas (1981) and Basseres and Ladousse (1993). Since in the present experiment

94% and 88% of pristane and phytane, respectively, were degraded in 60 days, we conclude

that the degradation rates of these isoprenoidal alkanes were high.

3.12.6 Degradation kinetics

The terms first and zero order come from chemical kinetics. In a first-order process, the rate

is proportional to the concentration of a single substrate. In a zero-order process, the rate is

independent of the substrate concentration. When the concentration is plotted against time,
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the concentration decreases at a constant rate in zero-order processes, but it falls quickly

initially and then more slowly in first-order processes (Alexander, 1999).

From regression analysis of the data for the Egyptian crude oil it is obvious that

degradation fits the first-order kinetics as described by Segel (1976). The equation is lnCt =

lnC0 – Kt, where C0 represents the initial concentration, Ct represents the concentration at

time t, t represents the time in days and K represents the decay rate constant. The larger the

value of K, the faster is the degradation process. First-order rate constants (K), correlation

coefficient (r2) and the time required for 50% degradation of the tested compounds (Dt50)

calculated for the n-C14 to n-C35 alkanes of the degraded crude oil are presented in Table

3.10.

Table 3.10. First-order degradation rate constant, correlation coefficient and
degradation half-life time of n-alkanes of an Egyptian crude oil in a slurry
experiment with cyanobacterial mats.

n-alkanes C14-20 C21-27 C28-35 C14-35

K 0.0336 0.0167 0.0251 0.0245

r2 0.94 0.85 0.95 0.94

L
ig

ht

Dt50 20 26 21 23

K 0.0226 0.01 0.0172 0.0161

r2 0.84 0.51 0.65 0.75

D
ar

k

Dt50 23 28 20 24
Light = 12 h light/12 h darkness; Dark = 24 h darkness; K = degradation rate constant,
r2 = correlation coefficient and Dt50 = degradation half-life time.

It can be seen that the degradation patterns follow an exponential curve in all cases

(Figures 3.17 and 3.18). Linear regression based on the logarithm of the concentrations (e.g.

[K-C14-20]) was performed to detect any differences between experiments and compound

groups. Figures 3.17 and 3.18 show that all differences are in the range of the statistical

error, this means degradation in all experiments truly follows first-order kinetics.

The correlation coefficient values (r2) are higher than 0.8 for all groups except for n-

C21-27, n-C28-35 and n-C14-35 in the dark (Table 3.10 and Figures 3.17 and 3.18). The

degradation rate constant (K) for the n-alkanes calculated from the above equation are higher

for the n-C14-20 homologues than that for the n-C21-27 and n-C28-35 compounds (Table 3.10).

These data suggest that degradation of the n-C21-27 and n-C28-35 alkanes occurs more slowly

than that of the n-C14-20 homologues.
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The relatively high degradation rates of the C14-20 n-alkanes may be due to their low

molecular weight and their greater accessibility to the bacteria (Walker and Colwell 1976;

Stafford et al., 1982). These results suggest that degradation is a function of desorption of the

n-alkanes. Comparing the Dt50 values (time required for 50% decay of the parent compound)

shows a shorter degradation time for the n-C14-20 alkanes (20 days) in the light whereas the

time required for degradation of the n-C21-27 and n-C28-35 alkanes is 26 and 21 days,

respectively (Table 3.10).
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Figure 3.17. Degradation of C14-20 and C21-27 n-alkanes of an Egyptian crude oil in a slurry experiment
with Wadi Gaza cyanobacterial mats. Light: 12 h light/12 h darkness; Dark: 24 h darkness  represents
experimental data,  represents linear regression based on the logarithm of the concentration, r2:
correlation coefficient, and Dt50: degradation half-life time.
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In the dark, shorter degradation times are required for n-C28-35 alkanes (20 days),

whereas the time required for degradation of the n-C14-20 and n-C21-27 alkanes is 23 and 28

days, respectively. The highest degradation percentages of 87 and 78% were observed for the

n-C14-20 alkanes under light and dark conditions, respectively (Table 3.7). These results

suggest that the bio-availability of the n-C14-20 alkanes is greater than that of the n-C21-27 and

n-C28-35 alkanes, probably due to adsorption/desorption processes and/or some specific

properties of the cyanobacterial mat organisms degrading this group of hydrocarbons. Thus,

a characterization of bacterial community and community changes is needed. There are no

significant differences in Dt50 for n-C14-35 alkanes between light and dark.
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Figure 3.18. Degradation of C28-35 and C14-35 n-alkanes of an Egyptian crude oil in a slurry
experiment with Wadi Gaza cyanobacterial mats. Light: 12 h light/12 h darkness; Dark: 24 h
darkness  represents experimental data,  represents linear regression based on the logarithm of
the concentration, r2: correlation coefficient, and Dt50: degradation half-life time.
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3.12.7  Conclusions

This study supports the observation after oil spills in the Arabian Gulf that microbial

communities dominated by cyanobacteria can be involved in the degradation of petroleum

after pollution of the environment. It also corroborates other previous studies of crude oil

degradation by cyanobacteria (e.g. Raghukumar et al., 2001). Natural cyanobacterial mats

obtained from chronically oil-polluted environments of Wadi Gaza were able to partially

degrade Egyptian crude oil. The mats effectively degraded both n-alkanes and the

isoprenoids pristane and phytane. The n-C14-20 alkanes were degraded most rapidly, the n-

C21-27 alkanes were degraded the slowest and the n-C28-35 alkanes were degraded at

intermediate rates. Pristane and phytane were degraded to 94 and 88%, respectively. Organo-

clay complexes have been successfully applied as a carrier system for crude oil to the

cyanobacterial mat organisms in water and thus allowed the degradation of n-alkanes and

isoprenoids.
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3.13 Degradation of petroleum model compounds by cyanobacterial mats in slurry

experiments

Degradation of n-octadecane, pristane, phenanthrene, and dibenzothiophene was studied by

their disappearance in the course of a series of slurry experiments using cyanobacterial mat

material from Wadi Gaza as a source of hydrocarbon-degrading microorganisms (Figure

3.19). The amount of each model compound added to the experimental flasks was 3.33 mg

(corresponding to 13.1, 13.9, 18.1 and 18.7 µmol of n-octadecane, pristane, phenanthrene

and dibenzothiophene, respectively). Extraction of the suspension at day 0 yielded 76 to 84%

of the theoretical amount of the four model compounds. This level of recovery is commonly

obtained as a result of experimental and analytical conditions. In the control samples with

and without dead cyanobacterial mats (Figure 3.19c and d), the amounts and unaltered

relative composition of the model compounds indicate that no degradation had occurred.

Slightly lower yields were obtained in the control with dead cyanobacterial mats (Figure

3.19c). A lower recovery and a slight decrease of n-octadecane relative to the other model

compounds was also found in the light control without cyanobacterial mats at day 11; this

pattern remained unaltered until 40 days. The concentrations of the four petroleum model

compounds applied to the mats decreased steadily (Table 3.11).

Table 3.11. Quantities (µg) of residual model compounds in slurry experiments
with cyanobacterial mats from Wadi Gaza.

Light DarkTime
days Pr DBT Phen n-C18 Pr DBT Phen n-C18

0 49.4 48.2 59.0 51.2 54.3 50.7 62.0 56.1

3 22.6 3.4 1.6 16.9 25.5 13.3 7.6 18.5

7 20.9 0.0 0.1 16.8 20.9 0.0 0.0 15.7

11 18.3 0.0 0.0 14.5 19.3 0.0 0.0 15.3

Control1) Control2)

Pr DBT Phen n-C18 Pr DBT Phen n-C18

0 48.2 47.0 57.2 49.7 58.7 55.3 64.5 60.9

3 44.4 39.1 46.2 47.4 55.8 48.5 56.3 58.5

7 35.4 30.8 34.2 39.6 53.3 47.8 49.1 57.3

11 48.2 38.0 37.5 53.1 58.1 54.0 63.1 60.9

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane;
Light: 12 h light/12 h darkness, Dark: 24 h darkness; 1) control with autoclaved mats
and 2) control without mats.
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The aromatic substances phenanthrene and dibenzothiophene were degraded faster

than the aliphatic compounds pristane and n-octadecane. Already after three days treatment

in the light, 93% and 98% of dibenzothiophene and phenanthrene, respectively, were

degraded (Figure 3.19a). In the dark, 74 and 89%, respectively, of these two aromatic

compounds were removed (Figure 3.19b). In the samples of day 7 and later, these

compounds were completely degraded both in the light and in the dark. After three days,

degradation of the aliphatic compounds pristane and n-octadecane had also started. In the

case of n-octadecane, the remaining amount after three days was ca. 32% both in the light

and in the dark. Similarly, pristane was degraded to 42% in the light and to 38% in the dark

(Figures 3.19a and b). During the rest of the experiment until day 40, the amounts of pristane

and n-octadecane remained constant at 36 and 27%, respectively. The decreasing

concentrations of the petroleum model compounds (Table 3.11), as well as the changes in

their relative amounts, indicated a high biodegradation efficiency in the course of the

experiment. Major loss due to photooxidation, which might account for the disappearance of
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Figure 3.19. Percent of degradation of model compounds in a slurry experiment with Wadi
Gaza microbial mats vs. time: a) 12 h light/12 h darkness; b) 24 h darkness; c) control with
autoclaved biomass, 12 h light/12 h darkness; d) control without biomass, 24 h darkness. The
data are presented in percent relative to the amount of compounds at zero time.  pristane; 
dibenzothiophene;  phenanthrene;  n-octadecane.
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the model compounds to some extent, can be excluded since the control treatment without

mat material did not show the changes that were observed in the treatment with mat material.

The natural cyanobacterial mats inhabiting the chronically polluted site of Wadi Gaza

appear to have a strong potential to effectively degrade petroleum model compounds. This

supports previous studies, which indicated that chronic exposure to high levels of petroleum

contamination results in microbial communities adapted to hydrocarbons with

correspondingly higher concentrations of hydrocarbon-degrading bacteria (Carman et al.,

1995, 1996). Biodegradation of the petroleum model compounds in this experiment is

considered to be high, since after 7 days a residue of only 0-36% was left, depending on the

type of compound. The aromatic compounds were completely degraded indicating complete

accessibility of these compounds to the degrading bacteria. In contrast, the amount of

aliphatic hydrocarbons decreased only slightly after 3 days and then remained constant up to

40 days. Apparently these compounds were only partially accessible to bacteria. It is likely

that they were trapped by strong binding in the clay mineral interlayers, which inhibits

desorption or direct biodegradation (Theng et al.,1998; Lahlou and Ortega-Calvo, 1999).

In our experiment 36 and 27% of pristane and n-octadecane were not degradable,

respectively (Table 3.11 and Figures 3.19a and b). In a degradation experiment with organo-

clay complexes in an aquarium with intact mats, it was observed that 37% of pristane and

40% of n-octadecane remained unaltered after four months (Grötzschel et al., 2002). A

residual concentration of pristane and n-octadecane at this level was already observed in all

earlier slurry degradation experiments with organo-clay complexes (Safi et al., 2001; Abed et

al., 2002). This is in agreement with the concentration of the aliphatic hydrocarbons

remaining at the end of the experiment described above.

In the present study the aromatic compounds were degraded faster and to a larger

extent than the alkanes. This is in agreement with the observation that aromatic compounds

in the seawater of the Persian Gulf were degraded at much higher rates than aliphatic

compounds after the 1991 Gulf War oil spill (Fayad and Overton, 1995). In addition, the fact

that the degradation rates of aromatic compounds were higher than those of aliphatic

compounds is in accordance with laboratory experiments with intact microbial mats which

extended over four months (Grötzschel et al., 2002).
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3.14 Degradation of petroleum model compounds in a mesocosm experiment with

intact cyanobacterial mats in the summer

3.14.1 Degradation of four model compounds

A contamination treatment experiment similar to that described in Chapter 3.12 was

performed under field conditions in an outdoor experimental pond under the natural climate

in Gaza, Palestine, with intact cyanobacterial mats from Wadi Gaza. The amount of each

model compound on organo-clay added was 100 µg per cm2 of mat surface (corresponding to

0.39, 0.37, 0.56 and 0.54 µmol of n-octadecane, pristane, phenanthrene and

dibenzothiophene, respectively). Extraction of the suspension at day 0 yielded 77 to 90% of

the theoretical amount of the four model compounds. This level of recovery was influenced

by the experimental procedures such as sampling and chemical analysis. Three homogeneous

looking sites on the mat surface were selected for sampling.

Degradation of pristane, dibenzothiophene, phenanthrene and n-octadecane was

studied by their disappearance in the course of the experiments (Figure 3.20). In the control

samples without cyanobacterial mats (Figure 3.21), the amounts and unaltered relative

composition of the model compounds indicate that no degradation had occurred. A lower

recovery and a slight decrease of phenanthrene and n-octadecane relative to the other model

compounds was found in the control after 60 days; this pattern did not change until 100 days.

Degradation started immediately after application of the four model compounds to the mats

and slowed down in the course of the experiment (Figure 3.20 and Table 3.12). The aromatic

substances dibenzothiophene and phenanthrene were degraded faster than the aliphatic

compounds pristane and n-octadecane.

After seven days treatment, the averaged data of the samples taken from three

different sites in the experimental pond show that 52% and 56% of dibenzothiophene and

phenanthrene were removed, respectively (Figure 3.20). In the samples of days 30 and 40,

90% and 96% of these compounds were degraded, respectively. After 100 days the aromatic

compounds phenanthrene and dibenzothiophene were completely removed. The aliphatic

hydrocarbons pristane and n-octadecane were also degraded. In the case of pristane, 38%

were degraded after seven days. Similarly, 38% of n-octadecane were removed. In the

samples of day 30, ca. 54% of pristane and n-octadecane were degraded. After 70 days, the

amounts of these two aliphatic compounds decreased to 21% and 18%, respectively. At the

end of the experiment the remaining amounts of model compounds were below 0.5% of the
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starting material for phenanthrene and dibenzothiophene and ca. 15% for pristane and n-

octadecane (Figure 3.20).

Table 3.12. Average quantities (µg) of residual model compounds for the three sites
in the mesocosm experiment performed in summer 2001 with cyanobacterial mats
from Wadi Gaza and quantities in the aquarium control.

Average of the three sites Aquarium controlTime
days Pr DBT Phen n-C18 Pr DBT Phen n-C18

0 214.4 182.1 212.5 214.2 162.3 137.9 163.0 168.7

3 152.8 110.6 124.2 154.1 234.7 188.1 206.4 201.0

7 133.3 86.7 93.5 133.8 202.4 164.1 172.9 161.3

10 133.4 68.7 73.1 129.1 198.2 142.6 146.1 139.7

15 128.8 67.4 69.1 126.4 156.9 93.1 94.1 100.7

20 99.6 36.0 40.3 96.2 165.6 107.4 110.8 116.3

30 103.6 17.9 20.2 98.6 143.1 130.9 138.7 118.8

40 78.9 7.7 7.6 70.4 117.3 87.6 83.6 106.3

50 61.0 4.6 5.8 54.1 157.0 127.0 140.4 128.9

60 53.2 4.0 5.9 46.7 180.7 136.7 154.0 142.6

70 45.2 4.9 5.3 39.3 121.8 88.2 82.5 110.5

80 50.9 1.9 3.4 43.1 115.9 87.5 82.1 107.6

90 40.3 1.1 2.2 33.2 133.7 93.3 89.8 110.0

100 29.7 0.4 1.1 23.4 151.5 99.0 97.5 112.4

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane.

The degradation percentage of the four model compounds is different from one site to

another. At site one 38 and 42% of dibenzothiophene and phenanthrene were degraded

within seven days, respectively. After 40 days 94% of these compounds were removed. At

the end of the experiment the dibenzothiophene was completely degraded and phenanthrene

was degraded to 0.3%. In the case of the aliphatic compounds, 28% of pristane and n-

octadecane were removed within the first week. In the samples of day 40, ca. 57% of pristane

and n-octadecane were degraded. After 100 days the remaining amounts of pristane and n-

octadecane were 10 and 7%, respectively (Figure 3.22a, Table 3.13).

After the first 40 days the extent of degradation of the four model compounds at site

two was higher than at site one and three. After seven days, 55% and 59% of
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dibenzothiophene and phenanthrene were degraded, respectively. In the samples of day 40,

99% of these compounds were removed, this remained constant until 70 days. The remaining

amounts of the aromatic compounds at the end of the experiment were below 0.5%. In the

case of the aliphatic hydrocarbons, 76 and 80% of pristane and n-octadecane were degraded

within 40 days, respectively. The degradation of these compounds increased to 88% and 90%

at day 70 and remained constant until the end of the experiment (Figure 3.22b and Table

3.13).

At site three, 68% and 70% of dibenzothiophene and phenanthrene were degraded

within the first week, respectively. In the samples of day 40, 94% of these compounds were

removed. Less than 1% of the starting amounts of phenanthrene and dibenzothiophene

remained at the end of the experiment. In the first week, 54% of the aliphatic compounds,

pristane and n-octadecane were degraded. After 40 days, 58% and 65% of these compounds

were removed, respectively. In the samples of 70 days, 67% and 71% of pristane and n-

octadecane were degraded, respectively. At the end of the experiment, 18% and 22% of the

starting amounts of n-octadecane and pristane remained, respectively (Figure 3.22c and

Table 3.13).
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Figure 3.20. Biodegradation of petroleum model compounds in a mesocosm experiment with
cyanobacterial mats from Wadi Gaza performed under field conditions in an outdoor
experimental pond under the natural climate in Gaza.  pristane;  dibenzothiophene; 
phenanthrene;  n-octadecane.
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In the first week, the degradation of the four model compounds at site three was

faster than at sites one and two. The aromatic compounds dibenzothiophene and

phenanthrene were degraded faster than the aliphatic compounds at all sites in the course of

the experiment. More than 94% of phenanthrene and dibenzothiophene were removed at the

three sites within 40 days. At the end of the experiment the aromatic compounds had nearly

disappeared at all sites. The complete bioavailability of the aromatic compounds may be due

to their structures and shapes. El-Nahhal and Safi (2004) have reported that adsorption to the

organo-clay complex occurs via interaction between the aromatic rings of the phenanthrene

molecule and those of the organo-clay complex. In slurry degradation experiments with

organo-clay complexes it was observed that aromatic compounds were degraded completely

and faster than the aliphatic compounds (Safi et al., 2001; Abed et al., 2002). In addition, it

has been observed that aromatic compounds in degradation experiments with organo-clay

complexes in an aquarium with intact microbial mats from Eilat were degraded faster and to

a larger extent than the alkanes (Grötzschel et al., 2002). This is in agreement with the faster

degradation rate of aromatic compounds observed in the present study.
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Figure 3.21. Quantities (µg) of petroleum model compounds in the aquarium control without
microbial mats as part of the degradation experiment performed under field conditions in outdoor
ponds under the natural climate in Gaza.  pristane;  dibenzothiophene;  phenanthrene;  n-
octadecane.
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Table 3.13. Quantities (µg) of residual model compounds in a mesocosm experiment with
cyanobacterial mats from Wadi Gaza performed in summer 2001. Pr: pristane; DBT:
dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane.

Site 1 Site 2 Site 3Time
days Pr DBT Phen n-C18 Pr DBT Phen n-C18 Pr DBT Phen n-C18

0 238.0 185.3 212.0 235.8 225.0 212.4 253.8 226.2 180.3 148.7 171.8 180.7

3 163.8 136.5 162.8 164.8 166.8 101.1 115.6 171.8 127.8 94.2 94.2 125.6

7 172.0 115.6 123.8 170.6 145.2 96.4 104.9 145.2 82.8 48.2 51.8 85.7

10 172.2 107.1 112.4 176.6 172.5 64.2 69.7 157.2 55.5 34.8 37.1 53.6

15 175.4 88.4 89.3 177.0 135.1 74.1 73.6 126.4 75.9 39.6 44.5 75.8

20 169.4 58.9 62.6 163.5 58.8 24.4 28.0 58.1 70.6 24.6 30.2 67.0

30 106.4 19.8 21.4 102.2 79.9 18.0 19.6 71.1 124.6 15.7 19.8 122.4

40 108.2 11.2 12.5 102.3 53.3 3.0 2.0 44.6 75.0 8.8 8.2 64.2

50 57.7 4.5 8.7 52.6 53.8 3.8 2.9 48.0 71.7 6.0 5.8 61.7

60 54.6 4.5 7.2 46.2 45.2 1.6 3.0 39.8 59.8 5.9 7.5 54.0

70 48.4 6.8 6.0 41.7 28.0 2.1 2.6 23.4 59.1 5.7 7.2 53.0

80 55.8 1.3 1.3 48.3 31.8 2.0 4.1 24.0 65.1 2.4 4.8 57.0

90 39.8 0.7 1.0 32.9 28.3 1.2 2.6 21.7 52.7 1.5 3.1 45.2

100 23.7 0.0 0.6 17.5 24.9 0.5 1.2 19.4 40.4 0.6 1.5 33.4

In the case of the aliphatic compounds, the remaining amounts of pristane and n-

octadecane at site one and two were smaller than at site three. A non-degradable residual

concentration of aliphatic hydrocarbons was already observed in all earlier degradation

experiments with organo-clay complexes (Safi et al., 2001; Abed et al., 2002; Grötzschel et

al., 2002). In the present study, the association of the petroleum model compounds with the

hydrophobic clay may have influenced the bioavailability of the different substances. Guerin

and Boyd (1997) demonstrated that bacteria have different abilities to degrade hydrophobic

xenobiotic compounds associated with solid material. Differences in the accessibility of

sorbed compounds may depend on whether microorganisms are able to degrade these

compounds directly from the surface of the carrier material or whether they are dependent on

the spontaneous desorption of the substances (Calvillo and Alexander, 1996: Tang et al.,

1998).
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Figure 3.22. Summer degradation of petroleum model compounds in a mesocosm
experiment with cyanobacterial mats from Wadi Gaza performed under field
conditions in outdoor experimental ponds under the natural climate in Gaza. a: site
one; b: site two; c: site three.  pristane;  dibenzothiophene;  phenanthrene;  n-
octadecane.
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According to GC-MS analysis no peaks of newly formed substances appear in the

chromatograms. This means that no significant accumulation of possible metabolites or

degradation products could be observed in this experiment. This suggests that degradation of

the petroleum model compounds has led to complete mineralization.

Complete mineralization may be favored by the presence of a complex microbial

community. Radwan et al. (1995) and Korda et al. (1997) reported that effective

bioremediation of petroleum contamination requires a mixture of populations consisting of

different genera each capable of metabolizing specific petroleum compounds.

The differences in the degradation activity at the three sites are due to the

inhomogeneity of the mats. There are areal differences in the composition of the microbial

community in the mat. The biovolume of unicellular cyanobacteria in the control section was

significantly higher than that in the section with model compound. In contrast, the biovolume

of Oscillatoria and thin filamentous cyanobacteria in the treated section were significantly

higher than in the control section (M. Yassin, unpublished data). Abed et al. (2002) showed

that shifts in the cyanobacterial community composition and the development of new

populations occurred in the slurry degradation experiments. The fact that ����� RI
dibenzothiophene and phenanthrene were degraded at the three sites within 40 days may be

due to an enrichment of the mats with species specialized in the degradation of these

compounds.

The degradation rate of the four model compounds decreased with decreasing

residual amount of the compounds. This may indicate that the petroleum model compounds

had a toxic effect on the growth of certain microorganisms. Many studies have demonstrated

that crude oil contains constituents which are inhibitory to cyanobacteria even at low

concentrations (Radwan and Al-Hasan, 2000 and references therein).

In an oil degradation experiment Al-Gounaim et al. (1995) demonstrated that the

biodegradation activity of the microbial population of polluted samples decreased with

decreasing amount of residual oil. This is in agreement with the results of the present study.

The decreasing concentrations of the petroleum model compounds (Table 3.12) , as well as

the changes in their relative amounts, indicate a high biodegradation efficiency, although

with compound-specific differences, in the course of the experiment. Major photooxidation

can be excluded as a mechanism of compound disappearance since the control treatment

without mat material did not show changes similar to those found in the treatment with mat

material.
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3.14.2 Measurement of water depth, temperature, salinity and pH during the summer

experiment

Water depth, temperature, salinity and pH values in the experimental section pond were

monitored three times a week and during the sampling time for the purpose of compensating

evaporation by freshwater maintaining a water column of about 30 cm height and avoiding

extreme salinity excursions. The temperature range was between 29 and 35°C. The water

depth decreased and the salinity increased with increasing temperature due to evaporation.

During the experiment the salinity range was between 4.1 and 7.1%. The pH values were

between 8.1 and 9.5 (Figure 3.23a and Table 3.14). In the case of the aquarium control, the

temperature range was between 25 and 42°C, and the salinity varied between 4.3 and 10%.

At day 20, 50% of the water had evaporated from the aquarium due to the high temperature

of the glass container. The pH values in the aquarium varied between 7.4 and 9.9 (Figure

3.23b).

Table 3.14. Minimum and maximum values of water depth, temperature, salinity and
pH value during degradation of model compounds in mesocosm experiments with
cyanobacterial mats from Wadi Gaza performed in summer and winter in Gaza.

Experiment Water depth
(cm)

Temperature
(°C)

Salinity (%) pH value

Summer 17-30 29-35 4.1-7.1 8.1-9.5

Winter 30-57 11-30 2.4-5.1 5.7-7.5



97

0

4

8

12

16

20

24

28

32

36

40

0 3 7 10 15 20 30 40 50 60 70 80 90 100

Time (days)

a
W

at
er

 d
ep

th
, t

em
p.

, s
al

in
. a

nd
 p

H
 v

al
ue

0

5

10

15

20

25

30

35

40

45

0 3 7 10 15 20 30 40 50 60 70 80 90 100

Time (days)

b

W
at

er
 d

ep
th

, t
em

p.
, s

al
in

. a
nd

 p
H

 v
al

ue

Figure 3.23. Water depth, temperature, salinity and pH values during experimental degradation
of petroleum model compounds in a mesocosm with cyanobacterial mats from Wadi Gaza
performed in summer. a: experimental section pond and b: aquarium control without microbial
mats. Both a and b under field conditions in outdoor experiment under the natural climate in
Gaza.  water depth (cm);  temperature (°C);  salinity (%);  pH values.
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3.15 Degradation of petroleum model compounds in a mesocosm experiment with

intact cyanobacterial mats in the winter

3.15.1 Degradation of four model compounds

A second experiment was performed from 30th October 2001 till 8th February 2002 in order

to investigate the effect of repeated exposure to contaminants and the performance of the

mats during winter time. The same procedure as described in chapter 3.14 for the summer

experiment was repeated in the winter. The same amount of organo-clay complex loaded

with model compounds was added to the same pond after the 100 days period of the summer

experiment.

Degradation of the four petroleum model compounds applied to the mats started

immediately and slowed down in the course of the experiment (Figure 3.24 and Table 3.15).

The aromatic compounds phenanthrene and dibenzothiophene and the aliphatic substances n-

octadecane and pristane were degraded in the course of the experiment nearly to the same

level and at the same rate as in the summer.

Table 3.15. Average quantities (µg) of residual model compounds for the three sites in the
mesocosm experiment with cyanobacterial mats from Wadi Gaza conducted in winter
2001/2002.

Time
(days) 0 3 7 10 15 20 30 40 50 60 70 80 90 100

Pr 259.5 209.8 144.0 144.5 144.9 130.3 106.1 100.3 95.7 96.7 88.7 82.9 61.5 42.9

DBT 116.8 82.0 71.1 75.2 75.2 71.3 54.8 47.3 45.3 48.4 36.8 31.4 31.7 18.8

Phen 135.4 91.1 83.0 87.9 88.7 74.8 58.9 54.5 47.3 49.6 37.0 31.7 33.3 20.7

n-C18 234.5 187.0 131.3 119.5 120.1 114.2 95.5 87.5 79.3 87.5 74.4 67.6 50.9 34.8

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane.

The averaged data of the three sites show that 44% of dibenzothiophene and

phenanthrene were degraded within seven days (Figure 3.24). In the samples of day 40, 60%

of these compounds were removed. After 100 days, 85% the aromatic compounds

phenanthrene and dibenzothiophene were degraded. In the case of the aliphatic compounds,

44% of pristane and n-octadecane were removed within seven days. The degradation of these

compounds increased to 62% at day 40. At the end of the experiment, the residual amounts

of the aliphatic compounds n-octadecane and pristane was 15% of the starting amounts

(Figure 3.24).
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As in the summer experiment, the degradation percentage of the four model

compounds is different from one site to another. Table 3.16 presents the quantities (µg) of

the residual petroleum model compounds at the three sites during the winter experiment. At

site one, 51 and 55% of dibenzothiophene and phenanthrene were degraded within seven

days, respectively. After 40 days 64% of these compounds were removed. In the samples of

day 70, 69% and 77% of dibenzothiophene and phenanthrene were degraded, respectively.

At the end of the experiment 85% of phenanthrene and dibenzothiophene were removed. In

the case of the aliphatic hydrocarbons, 58% of pristane and n-octadecane were degraded

within the first week, and the residual amount remained nearly constant until day 70. After

100 days, 86% of pristane and n-octadecane were degraded (Figure 3.25a). At this site, equal

amounts of aliphatic and aromatic compounds were removed at the end of the experiment.

At site two, 31% of phenanthrene and 38% of dibenzothiophene were removed within

seven days. In the samples of days 40 and 70, their is no significant difference in the

degradation of these compounds between sites two and one. At the end of the experiment, the

remaining amounts of the aromatic compounds were 12% of the starting amounts (Figure

3.25b).

0

40

80

120

160

200

240

280

0 3 7 10 15 20 30 40 50 60 70 80 90 100

Time (days)

A
m

ou
nt

 (
µg

)

Figure 3.24. Biodegradation of petroleum model compounds in a winter mesocosm experiment
with cyanobacterial mats from Wadi Gaza performed under field conditions in an outdoor
experimental pond under the natural climate of Gaza. The amounts represent the average of three
sampling sites.  pristane;  dibenzothiophene;  phenanthrene;  n-octadecane.
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Table 3.16. Quantities (µg) of residual model compounds in the mesocosm experiment
with cyanobacterial mats from Wadi Gaza conducted in winter 2001/2002.

Site 1 Site 2 Site 3Time
days Pr DBT Phen n-C18 Pr DBT Phen n-C18 Pr DBT Phen n-C18

0 270.1 124.3 154.4 217.9 182.3 128.1 141.9 172.6 326.1 98.1 109.9 313.0

3 245.2 60.0 66.8 222.5 146.3 104.7 112.7 136.9 237.9 81.2 93.7 201.5

7 105.7 61.2 69.7 90.6 178.1 79.9 97.8 171.0 148.0 72.2 81.5 132.4

10 129.9 56.3 70.8 96.3 160.9 82.7 98.3 141.2 142.6 86.8 94.6 121.0

15 101.8 59.3 67.3 82.3 188.1 91.2 102.8 170.5 144.8 75.2 95.9 107.6

20 114.7 61.0 65.1 97.3 153.1 89.3 90.9 138.8 123.0 63.5 68.3 106.6

30 112.3 51.6 53.2 96.4 104.0 56.6 62.1 94.9 101.9 56.1 61.5 95.2

40 114.1 44.3 52.8 97.0 100.6 54.4 61.9 93.4 86.3 43.3 48.9 72.1

50 97.4 49.2 54.2 86.2 107.2 52.2 54.3 88.1 82.7 34.5 33.5 63.7

60 123.4 56.0 53.8 113.4 91.1 55.2 61.9 84.8 75.7 34.0 33.0 64.2

70 112.2 37.9 35.6 95.9 83.3 39.5 39.8 71.3 70.4 33.0 35.5 56.1

80 95.4 33.0 33.5 83.7 82.1 32.7 36.0 75.9 71.2 28.6 25.7 43.1

90 53.2 34.3 34.7 47.2 60.8 33.0 36.2 56.8 70.4 27.8 28.9 48.8

100 35.2 18.9 20.4 31.6 40.8 13.8 17.3 33.0 52.8 23.7 24.5 39.9

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane.

No degradation was observed for the aliphatic compounds n-octadecane and pristane

in the first week at site two. After 40 days, 45% of pristane and n-octadecane were degraded.

The extent of degradation of these compounds increased to 54% and 59% at day 70,

respectively. At the end of the experiment, 78% and 81% of pristane and n-octadecane were

removed, respectively (Figure 3.25b).

At site three, 26% of dibenzothiophene and phenanthrene were degraded within the

first week. After 40 days 56% of these compounds were removed. In the samples of day 70,

66% of the aromatic compounds were degraded. After 100 days, the remaining amounts were

below 25% of the starting amounts of phenanthrene and dibenzothiophene. In the case of the

aliphatic compounds, the removed amounts of pristane and n-octadecane were nearly similar

to those at site one within the first week. In the samples of day 40, 74% of these compounds

were degraded. After 70 days, 78% and 82% of pristane and n-octadecane were removed,

respectively. At the end of the experiment, 16% of the starting amounts of n-octadecane and

pristane remained (Figure 3.25c).
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Figure 3.25. Biodegradation of petroleum model compounds in a mesocosm
experiment with cyanobacterial mats from Wadi Gaza performed under field
conditions in an outdoor experimental pond under the natural climate in Gaza. a:
site one; b: site two; c: site three.  pristane;  dibenzothiophene;  phenanthrene;

 n-octadecane.



102

In the first week, the degradation of the aromatic compounds at site one was

significantly higher than that at sites two and three. After 100 days the removed amounts of

these compounds at site one and site two were higher than at site three. The degradation

percentage of the aliphatic compounds was nearly the same at sites one and three.

Surprisingly, there was no significant degradation of these compounds at site two in the first

three weeks. At site three, the removed amounts of the aliphatic compounds were

significantly higher than at sites one and two in the first 40 days. The degradation of the four

model compounds at site one was faster than at sites two and three in the first week. At the

end of the experiment the amounts of the aromatic compounds were below 15% of the

starting amounts at both sites one and two. At site three the remaining amounts of these

compounds were below 25%. In the case of the aliphatic compounds, the remaining amounts

of pristane and n-octadecane were below 16% at sites one and three and below 23% of the

starting amounts at site two.

The differences in the degradation of the four model compounds among the three

sites were also observed in the winter experiment. These results suggest that the abundance

of some specific species in the cyanobacterial mats was different at the three sites. However,

a characterization of the bacterial community and of community changes has not been

performed yet. The highest degradation percentages of 55% and 58% were observed for the

aliphatic and aromatic compounds at site one within the first week, respectively. This suggest

that site one is rich in bacteria that are able to degrade the model compounds. At all sites,

�����RI�GLEHQ]RWKLRSKHQH�DQG�SKHQDQWKUHQH�ZHUH�UHPRYHG�LQ�WKH�FRXUVH�RI�WKH�H[SHULPHQW�
This may indicate that the microbial mats are enriched with species specialized in degrading

these compounds.

3.15.2 Measurement of water depth, temperature, salinity and pH during the winter

experiment

The same measurements as described above for the summer experiment were repeated in

winter. The temperature range was between 11 and 30°C. The water height increased and the

salinity decreased with decreasing temperature due to rainfall and changes of the weather.

The salinity range was between 2.4 and 5.1% in the course of the experiment. At the end of

the experiment, the water depth was 57 cm and the salinity was 2.4%. The pH values ranged

between 5.7 and 7.5 (Figure 3.26a and Table 3.14). In the case of the aquarium control, the
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Figure 3.26. Water depth, temperature, salinity and pH values for degradation of petroleum model
compounds in a mesocosm experiment with cyanobacterial mats from Wadi Gaza performed in
winter 2001/2002. a: experimental section pond and b: aquarium control without microbial mats.
Both a and b under field conditions in an outdoor experiment under the natural climate in Gaza.

 water depth (cm);  temperature (°C);  salinity (%);  pH values.
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temperature range was between 11 and 20°C, the salinity between 3.4 and 4.6% and the pH

values ranged between 6.1 and 7.3 (Figure 3.26b).

3.15.3 Comparison between summer and winter experiments

There is a significant difference in the degradation of the aromatic compounds between

summer and winter in the course of the experiment. In the first week, 53% and 39% of the

these compounds were degraded in summer and winter, respectively. In the samples of day

40, 96% and 60% of these compounds were degraded in summer and winter, respectively.

After 40 days, the degradation of the aromatic compounds slowed down in both summer and

winter experiments. This may indicate that the contaminants had reduced the activity of

certain microorganisms responsible for the degradation of the aromatic compounds. Pollution

with these compounds inhibits photosynthesis and growth, reduces enzyme activity and

microbial biomass and induces changes in the cyanobacterial species composition (Megharaj

et al., 2000). The aromatic compounds were completely degraded within 70 days in the

summer experiment. In the winter experiment, 70% of these compounds were degraded

within 70 days and 15% of the starting amounts remained at the end of the experiment. In the

case of the aliphatic compounds, the degradation percentages of pristane and n-octadecane

were higher in summer than in winter at day 70. At the end of the experiment, ca 15% of the

starting amounts of these compounds remained in both summer and winter experiments. The

re-exposure of the mats to the contaminants did not speed up degradation of the four model

compounds. These results suggest that light and temperature (29-35°C) enhance the

degradation activity of the cyanobacterial mats especially for the aromatic compounds as

observed in the summer experiment.
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3.15.4 Growth of the cyanobacterial mats

At the beginning of the summer and winter experiments, the appearance of the mat surfaces

was dark green in both the contaminated pond section with petroleum model compounds and

the control mats without the contaminants. A significant difference in the growth of the mats

between the treatment and the control were observed during the experiment (Figure 3.27a

and b). At the end of the experiment the mats showed a brown green color in the treatment,

and the mat color had remained the same dark green in the control. The Oscillatoria and thin

filamentous cyanobacteria were more abundant in the treated section than in the control

section. In contrast, the unicellular cyanobacteria in the control section were more abundant

than in the treated section (M. Yassin, unpublished data). Abed et al. (2002) showed that

Wadi Gaza cyanobacterial mats contain a significant hidden diversity of microorganisms

which may contribute to the degradation of different petroleum compounds.

The development of the microbial mats in the presence of the model compounds

indicates that the mats degraded these compounds and used it as a sole carbon source. Many

studies, e.g. by Hanson et al. (1997) and Cha et al. (1999), showed that microorganisms can

use hydrocarbons as their sole carbon source. Degradation of petroleum model compounds

was accompanied by changes in both cyanobacterial and bacterial communities in a slurry

experiment. The development of certain populations was attributed directly to the incubation

with the model compounds and thus believed to play a role in the metabolism of those

compounds (Abed et al., 2002).

3.15.5 Degradation kinetics

It is found from regression analysis that the data of degradation of four model compounds fit

first-order kinetics as described by Segel (1976). The equation is lnCt = lnC0 – Kt, where C0

represents the initial concentration, Ct represents the concentration at time t, t represents the

time in days and K represents the decay rate constant. The larger the value of K, the faster is

the degradation process.

First-order rate constants (K), correlation coefficient (r2) and the time required for

50% degradation of the tested compounds (Dt50) calculated for the degraded four model

compounds are presented in Table 3.17. It can be seen that the degradation patterns follow an

exponential degradation in all cases (Figures 3.28). Linear regression based on the logarithm

of the concentration (e.g. [K-pristane]) was performed to detect any differences between

experiments and compound groups. Figures 3.28 and 3.29 show that all differences are in the
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a

b

Figure 3.27. Growth of cyanobacterial mats following degradation of petroleum model
compounds in a mesocosm experiment with cyanobacterial mats from Wadi Gaza
performed under field conditions in outdoor experimental ponds in Gaza. a: cyanobacterial
mats with organo-clay complex. b: control section, cyanobacterial mats without organo-clay
complex.
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range of the statistical error , this means degradation in all experiments truly follows first-

order kinetics.

The correlation coefficient values (r2) are higher than 0.9 and 0.87 for all compounds

in summer and winter experiments, respectively (Table 3.17 and Figures 3.28 and 3.29). The

degradation rate constant (K) for phenanthrene calculated from the above equation is higher

than that for n-octadecane or pristane. These data suggest that degradation of phenanthrene

(aromatic compound) occurs more quickly than that of aliphatic compounds (n-octadecane,

pristane).

Table 3.17. First-order degradation rate constant, correlation coefficient and degradation
half-life time of petroleum model compounds in a mesocosm experiments with
cyanobacterial mats.

Experiment Pristane Dibenzothiophene Phenanthrene n-Octadecane

K 0.0173 0.047 0.0496 0.0188

r2 0.96 0.95 0.92 0.91

Su
m

m
er

Dt50 26 10 10 24

K 0.0127 0.0136 0.0147 0.0135

r2 0.87 0.92 0.94 0.88

W
in

te
r

Dt50 27 31 29 25

K = degradation rate constant, r2 = correlation coefficient and Dt50 = degradation half-life
time.

The decay rate constants (K) of the four model compounds calculated from the

regression equation show that the values for the aromatic compounds are higher than those

for the aliphatic compounds (Table 3.17). These data show that the degradation rate of

aliphatic compounds is slower than that of aromatic compounds. The relatively high

degradation rates for the aromatic compounds may be due to their greater accessibility to the

bacteria. These results suggest that degradation is a function of desorption of the model

compounds. In biodegradation of phenanthrene in soil experiment, at a concentration of 5

µg/g, the degradation rate constant was measured at 0.0269 h-1 with a half-life time of 25.8 h

(Chang et al., 2001). Whereas in river sediment biodegradation rate constants and half-lives

time ranged from 0.12 to 1.13 day-1 and 0.61 to 5.78 days, respectively (Yuan et al., 2001).

The calculated half-life times of phenanthrene and dibenzothiophene in slurry experiment

with Gaza mats were less than 3.5 days for both (Abed et al., 2002), whereas in an

experiment with intact mats from Eilat, they were 74.3 and 72.4 days respectively

(Grötzschel et al., 2002).
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Comparing the Dt50 value (time required for degradation of 50% of the parent

compound) shows a short degradation time for phenanthrene and dibenzothiophene (10 days)

in the summer experiment. In the winter experiment, the aliphatic compounds pristane and n-

octadecane had shorter degradation times of, 27 and 25 days, respectively (Table 3.17).

Statistical analysis showed significant differences in Dt50 for the aromatic compounds

between summer and winter. This may indicate that light and temperature enhance some

species in the microbial mats specialized in degrading these compounds in the summer

experiment.
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Figure 3.28. Summer degradation of petroleum model compounds in a mesocosm experiment with
cyanobacterial mats from Wadi Gaza performed under field conditions.  represents experimental
data,  represents linear regression based on the logarithm of the concentration, r2: correlation
coefficient, and Dt50: degradation half-life time.
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3.15.6 The use of an organo-clay complex as a carrier for hydrophobic petroleum

compounds

Most petroleum constituents are poorly water-soluble limiting their biodegradation in nature.

For example, the water solubility of phenanthrene is less than 1.3 mg/L (Pearlman et al.

1984) and that of dibenzothiophene is 1.47 mg/L (Hassett et al., 1980). Therefore, in

biodegradation studies, different strategies have been used to make them accessible to

microorganisms. This includes either enhancing the solubility of the compounds using

Figure 3.29. Winter degradation of petroleum model compounds in a mesocosm experiment with
cyanobacterial mats from Wadi Gaza performed under field conditions in an outdoor experimental
pond under the natural climate in Gaza.  represents experimental data,  represents linear
regression based on the logarithm of the concentration, r2: correlation coefficient, and Dt50:
degradation half-life time.
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natural or synthetic surfactants and emulsifiers (Barkay et al., 1999; Grimberg et al., 1996) or

adsorbing the compounds to solid substrates like clay or resins (Friedrich et al., 2000; Lahlou

and Ortega-Calvo, 1999). We selected organo-clay complexes since the inoculum was taken

from a surface biofilm of fine-grained Wadi Gaza sediment, and it is likely that the bacteria

are adapted to growth on solid surfaces. Furthermore, by the addition of the organo-clay

complex we simulated the natural situation in which hydrophobic contaminants are mainly

present in adsorbed form. The use of organo-clay complexes in slurry and mesocosm

experiments was successful as we could recover more than 75% of the loaded model

compounds. This level of recovery was influenced by the experimental procedures such as

sampling and chemical analysis. Higher yields were obtained (more than 90%) when the

compounds were extracted directly from suspensions of organo-clay complexes (J. Köster,

unpublished data). In the dark control without biomass, the constant recovery of more than

75% of the model compounds till the end of the slurry experiment indicates that the organo-

clay complex was stable throughout the experiment and that there was no biodegradation

(Figure 3.19d). Comparison of light control (Figure 3.21) and dark control (Figure 3.19d)

without biomass also demonstrated that the model compounds were not photo-oxidized. The

control experiment with autoclaved biomass (Figure 3.19c) showed that adsorption was not

significant, even though some loss of the compounds occurred in some cases (Figure 3.19c).

This is most likely due to coagulation of clay particles and biomass leading to lower organo-

clay complex concentration in the sampled suspension. Consequently, we attribute the

disappearance of the model compounds in the presence of living biomass to biodegradation

by micro-organisms but not to adsorption or photo-oxidation.

The aromatic compounds were completely degraded in both slurry and mesocosm

experiments indicating complete accessibility of the degrading bacteria to these compounds.

In contrast, the amount of aliphatic hydrocarbons decreased after 3 days and then remained

constant up to 40 days in the slurry experiment. We assume that these compounds were only

partially accessible to bacteria. It is likely that they were trapped by strong binding in the

clay mineral interlayers, which inhibits desorption or direct biodegradation (Lahlou and

Ortega-Calvo, 1999; Theng et al., 1998). This degradation-resistant portion could be

extracted with dichloromethane by ultrasonication since this procedure causes a

disintegration of aggregates and swelling of the organo-clay complexes.
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3.15.7 Conclusions

The results support previous studies of petroleum model compound degradation by microbial

mats. Cyanobacterial mats originating from a heavily polluted natural environment of Wadi

Gaza effectively degraded both aliphatic (pristane and n-octadecane) and aromatic

compounds (phenanthrene and dibenzothiophene) in both laboratory and mesocosm

experiments. Organo-clay complexes have been successfully applied as a carrier system for

the model compounds and allowed the complete degradation of aromatic compounds and

most of the aliphatic compounds. In the mesocosm experiments, the re-exposure did not

speed up degradation of the model compounds. Degradation of the model compounds in the

slurry experiment was faster than in the mesocosm. The degradation rates depend on the type

of compound, aromatic compounds were degraded faster than aliphatic hydrocarbons.
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3.16 Degradation of herbicides by cyanobacterial mats in slurry experiments

3.16.1 Degradation of 2,4-dichlorophenoxyacetic acid (2,4-D)

Degradation of  2,4-D was studied by its disappearance in the course of the experiments

(Figure 3.30). The amount of  2,4-D added to the experimental flasks was 2 mg

(corresponding to 20 µg/ml). The extraction of 2,4-D at day 0 yielded 89 to 94% of the

theoretical amount. In the control samples without cyanobacterial mats (Figure 3.30), the

amounts of 2,4-D indicate that no degradation occurred in the course of the experiments both

in the light and in the dark. A lower recovery and a slight decrease of 2,4-D was observed in

the light and the dark controls without cyanobacterial mats at day 30 (Figure 3.30). The

concentration of 2,4-D applied to the mats decreased steadily in the course of the experiment

(Table 3.18).

Table 3.18. Quantities (µg) of residual 2,4-D in a slurry experiment with
cyanobacterial mats from Wadi Gaza.

Days Light a) Dark a) Light b) Dark b) Control 1) Control 2)

0 36.8 36.8 37.5 37.5 35.5 36.8

5 35.7 33.8 34.3 26.7 39.3 39.1

10 30.4 27.8 25.1 23.0 40.7 37.7

12 32.7 28.5 17.0 16.8 39.1 35.9

17 25.3 18.6 12.2 15.9 36.3 36.6

22 18.4 13.1 10.4 12.7 32.2 35.2

27 8.5 6.0 7.8 9.4 30.6 33.1

30 3.9 4.4 5.8 6.9 31.3 32.7
Light: 12 h light/ 12 h darkness; Dark: 24 h darkness; Control 1): 12 h light/ 12 h darkness;
Control 2): 24 h darkness; a) Mats from aquarium 2000; b) Mats from aquarium 2001.

2,4-D was degraded both in the light and in the dark experiments which were

inoculated with cyanobacterial mat material from the aquarium set up in 2000 (hereafter

referred to as experiment A) and from the aquarium set up in 2001 (hereafter referred to as

experiment B). In the case of experiment A, already after 17 days treatment 31% and 50% of

2,4-D were degraded in the light and in the dark, respectively (Figure 3.30). In the samples

of day 22, 64% of 2,4-D were removed in the dark and 50% in the light. The remaining

amount of 2,4-D at the end of the experiment was 12% both in the light and the dark (Figure
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3.30). In experiment B, 55% of 2,4-D was degraded after 12 days both in the light and the

dark. The remaining amount after 22 days was 28% in the light and 34% in the dark (Figure

3.30). At the end of the experiment, more than 80% of 2,4-D were removed both in the light

and the dark.

The accumulation and persistence of many chlorinated aromatic compounds in the

environment indicate that the ability to use these compounds as carbon or energy source is

not widespread among microorganisms. The discovery that many of the degradation systems

for chlorinated aromatics are plasmid encoded (Ramos and Timmis, 1987; Ghosal et al.,

1985) and that natural genetic exchange can occur in the environment (Trevores and van

Elsas, 1989; Genthner et al., 1988) indicates that degradative abilities can evolve and

subsequently be transmitted. Although 2,4-D is not considered as recalcitrant as many other

chlorinated compounds, its biodegradation in soil and other environments depends on

exposure history and acclimation of the indigenous microbial population (Chen and

Alexander, 1989; Kim and Maier, 1986).
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Figure 3.30. Biodegradation of 2,4-D in a slurry experiment with cyanobacterial mats from
Wadi Gaza.  light a;  dark a;  light b;  dark b;  light control;  dark
control. A: inoculated from aquarium A; B: inoculated from aquarium B; light: 12 h light/12 h
darkness; dark: 24 h darkness.
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The constant concentration of 2,4-D in the controls incubated in the light and in the

dark (Figure 3.30 ) indicates that 2,4-D was not adsorbed in significant amounts to the glass

walls of the flasks. This result is in agreement with intact cyanobacterial mat experiments in

an aquarium, in which 4.6% of 2,4-D was lost (Grötzschel, 2001). In addition, no sorption of

2,4-D was observed in column experiments using aquifer material (Tuxen et al., 2000). The

first report on direct photolysis of 2,4-D was cited in 1966 (Crosby and Tutass 1966). It

follows first-order kinetics with respect to the absorbed light but is independent on the 2,4-D

concentration (Cabrera et al., 1997). Grötzschel (2001) found that a small amount of 2,4-D

was degraded photochemically in the experiments with intact mats. In the present study

photodegradation is excluded since the control treatment without mat material did not show

the concentration changes that were observed in the treatment with mat organisms. The same

decrease in 2,4-D (12%) had occurred in both light and dark controls at the end of the

experiment. This indicates that the loss of 2,4-D was due to adhesion phenomena not to

photolysis. Metabolites were not expected to be observed in the present study since the two

main photochemical reaction pathways with the intermediates 2,4-dichlorophenol and

chlorohydroquinone end in total mineralization of the compounds (Alfano et al., 2001).

Degradation of 2,4-D was slightly faster in the dark than in the light in the first two

weeks of experiment A. After 10 days of a slow rate of disappearance, the degradation rate

increased both under light and dark conditions. At the end of the experiment the same

amount (88%) of 2,4-D was removed in both the light and the dark. This suggests that the

microbial mat is not homogeneous and a kind of adaptation had occurred.

In experiment B, nearly the same degradation level of 2,4-D was observed in the

course of the experiment in both the light and the dark. There are no significant differences

between the experiment inoculated from aquarium A and the experiment inoculated from

aquarium B in the removed amounts of 2,4-D at the end of the experiment. Grötzschel (2001)

reported that 35% of 2,4-D was degraded in laboratory experiments with intact

cyanobacterial mats within 13 days. Three bacterial isolates (Xanthomonas maltophilia SB5,

Pseudomonas sp, SB9 and Rhodococcus globerulus AS(2)) degraded 91% of 2,4-D in non-

contaminated soil within 28 days (Mcghee and Burns, 1995). This is in agreement with the

result of the present study, since more than 85% of 2,4-D were removed within 30 days.
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3.16.2 Degradation kinetics

According to regression analysis, the data for the degradation of 2,4-D in experiment A fits

zero-order kinetics as described by Segel (1976). The equation is lnCt = lnC0 – Kt, where C0

represents the initial concentration, Ct represents the concentration at time t, t represents the

time in days and K is the decay rate constant. The larger the value of K, the faster is the

degradation process. In the case of experiment B, first-order kinetics has been observed.

First-order rate constants (K), correlation coefficient (r2) and the time required for 50%

degradation of the tested compound (Dt50) calculated for the degraded 2,4-D are presented in

Table 3.19.

Table 3.19. First-order degradation rate constant, correlation coefficient and
degradation half-life time of 2,4-D in a slurry experiments with cyanobacterial mats.

Degradation Linear Exponential

Conditions light A dark A light B dark B
K 1.14 1.17 0.064 0.052

r2 0.93 0.98 0.97 0.98

Dt50 18 17 13 12
K = degradation rate constant, r2 = correlation coefficient and Dt50 = degradation half-
life time (days), A = inoculated from aquarium 2000, B = inoculated from aquarium
2001, light = 12 h light/12 h darkness and dark = 24 darkness.

In experiment A, it can be seen that the degradation pattern follows a linear trend, and

an exponential trend is seen in experiment B (Figure 3.30). The correlation coefficients (r2)

are larger than 0.93 for the linear degradation and larger than 0.97 for the exponential

degradation (Table 3.19 and Figure 3.30). Comparing the Dt50 values (time required for 50%

decay of 2,4-D), there is no significant difference for the 2,4-D between light and dark

conditions in both experiments A or B. There is a significant difference, however, in Dt50 for

the 2,4-D between experiments A and B (Table 3.19). This may indicate that the microbial

mats from aquarium 2001 were enriched in species capable of degrading 2,4-D whereas the

microbial mats from aquarium 2000 were not.

In the laboratory experiment with intact cyanobacterial mat from Guerrero Negro

(Mexico), the degradation of 2,4-D was apparently more effective under oxic than under

anoxic conditions (Grötzschel, 2001). Faster degradation of 2,4-D under oxic conditions in

muck soil with a Dt50 of 3.4 days but with 35.9 days in a sandy loam was reported by Cheah

et al. (1998). The Dt50 of 2,4-D in the experiment with intact cyanobacterial mats was 6.7
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days (Grötzschel, 2001) and in fine sand 23 days (Thompson et al., 1984). Compared to these

literature data, the rate of degradation of 2,4-D in the present experiment is intermediate, with

a Dt50 of 12 and 17 days in experiments A and B, respectively.
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 Figure 3.31. Linear and exponential biodegradation of 2,4-D in a slurry experiments with
cyanobacterial mats from Wadi Gaza. Light: 12 h light/12 h darkness; Dark: 24 darkness; A:
inoculated with mats from the aquarium set up in 2000; B: inoculated with mats from the
aquarium set up in 2001.
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3.16.3 Degradation of terbutryn

The bioremediation assay with terbutryn [2-(tert-butylamino)-4-(ethylamino)-6-(methylthio)-

s-triazine] was performed under laboratory conditions in a slurry experiment. The amount of

terbutryn added to the experimental flasks was 0.36 mg (corresponding to 3 µg/ml).

Extraction of terbutryn at day 0 yielded 87 to 89% of the theoretical amount of the terbutryn.

In the control samples, i.e. terbutryn without cyanobacterial mat material (Figure 3.32), the

amounts of terbutryn indicate that no degradation occurred in the course of the experiments.

A lower recovery and a slight decrease of terbutryn was found in the control after 40 days;

this pattern remained constant until the end of the experiment (Figure 3.32). The

concentration of terbutryn applied to the mat slurry decreased steadily (Table 3.20).

Table 3.20. Quantities (µg) of residual terbutryn in a slurry
experiment with cyanobacterial mats from Wadi Gaza.

Time (days) Light Dark Control

0 13.4 13.0 13.0

10 12.1 11.2 13.3

30 10.0 8.0 11.8

40 9.30 7.6 12.1

60 5.9 5.9 12.4

80 3.8 4.7 12.0
Light: 12 h light/12 h darkness; Dark: 24 darkness; Control:
12 h light/12 h darkness (no mats).

Degradation of terbutryn was studied by its disappearance in the course of the experiment

(Figure 3.32). Terbutryn was degraded in both light and dark experiments which were

inoculated with cyanobacterial mats from Wadi Gaza. Already after 40 days of treatment

31% and 42% of the terbutryn was degraded in the preparations incubated in the light and in

the dark, respectively (Figure 3.32). In the samples of day 60, 55% of the terbutryn was

removed under both dark and light conditions. At the end of the experiment the remaining

amounts of the terbutryn were 28% of the starting amounts in the preparation incubated in

the light and 36% in dark (Figure 3.32). The nearly constant concentration of terbutryn in the

control incubated in the light (Figure 3.32) indicates that terbutryn was not volatilized in

significant amounts. In water, terbutryn is not volatile (U.S. Department of Health and

Human Services, 1993). Volatilization losses of terbutryn from 1 to 6% in soils were

reported by Tabernero et al. (2000).
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Degradation of the terbutryn applied to the mats started immediately after addition of

the herbicide. It slowed down in the dark and accelerated in the light in the course of the

experiment (Figure 3.32). In the first 40 days, degradation of terbutryn was slightly faster in

the dark than in the light. After 40-60 days, the removed amount of terbutryn in the light was

twice the amount removed in the dark. This may indicate that the diversity of the species in

the microbial mats were different between the light and dark experiments and that a kind of

adaptation had occurred. Photodegradation of triazine-type herbicides like terbutryn was

reported by Lanyi and Dinya (2002, 2003). At the end of the experiment, the difference of

8% in the removed amounts of terbutryn between the light and the dark may be due to

photodegradation because 7.7% of terbutryn was lost in the control incubated in the light.

The indigenous microorganisms inhabiting the highly polluted Wadi Gaza site from which

the cyanobacterial mats used in the present study were taken appear to have a strong

potential to effectively degrade herbicides.

There are relatively few published reports on the degradation of terbutryn in the

environment, but hydroxytriazines, N-deethylated triazines and their photooxidation products

have been reported as terbutryn decomposition products (Burkhard and Guth, 1976). Muir

(1980) found terbutryn and several of its degradation products, N-deethylated terbutryn,
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Figure 3.32. Biodegradation of terbutryn in a slurry experiment with cyanobacterial mats from
Wadi Gaza.  12 h light/12 h darkness;  24 h darkness  control 12 h light/12 h
darkness.
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hydroxyterbutryn, N-deethylated hydroxyterbutryn, 2-(tert-butylamino)-4-(ethylamino)-s-

triazine (EBT), and 2-(tert-butylamino)-4-amino-s-triazine (ABT), in water samples from a

pond treated with terbutryn. All the compounds were found in the water except ABT and

EBT which were also found in the sediment.

3.16.4 Degradation kinetics

The biodegradation of terbutryn fits zero-order kinetics (linear degradation) in the

preparation incubated in the light and first-order kinetics (exponential degradation) in the

preparation incubated in the dark (Figure 3.33). The correlation coefficient values (r2) are

0.99 for the linear and the exponential degradation. Comparing the Dt50 values of terbutryn,

their is no significant difference between the light (56 days) and the dark conditions (49

days).

Degradation rates of triazine-type herbicide like terbutryn depend on the

environmental conditions. The Dt50 of terbutryn in soil is 14-28 days (Unwin Brothers Ltd.,

1994). Dt50 of 240 and 180 days have been reported for degradation of terbutryn in pond and

river sediments, respectively, by Muir and Yarechewski (1982). The observed Dt50 of 49 and

56 days in the present experiment may indicate that fast degradation of terbutryn occurred by

the Wadi Gaza cyanobacterial mat organisms.
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 Figure 3.33. Linear and exponential biodegradation of terbutryn in slurry experiments with
cyanobacterial mats from Wadi Gaza. Light: 12 h light/12 h darkness; Dark: 24 darkness.
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3.16.5 Conclusions

The results of the slurry experiments with terbutryn and Wadi Gaza cyanobacterial mat

material support previous studies of herbicide degradation by microbial communities.

Cyanobacterial mats originating from a heavily polluted natural environment of Wadi Gaza

effectively degraded both 2,4-D and terbutryn in laboratory experiments. Their is no

significant difference in half-life time of 2,4-D between light and dark conditions. This

indicates that degradation of 2,4-D by microorganisms is not light dependent. The difference

in the degradation kinetics between experiment A which was inoculated with mats from the

aquarium set up in 2000 and B which was inoculated with mats from the aquarium set up in

2001 suggests that the diversity of unknown microorganisms which contribute to

biodegradation is different. It is, however, needed to analyze the mats by molecular

biological methods in order to explain the differences. The results of the present study

indicate that the examined mats had a high capacity for herbicide degradation.



121

4. Summary

The overall aims of this thesis work were:

1) to study the organic geochemistry of Wadi Gaza sediments and their level of pollution,

particularly with petroleum and petroleum derivatives. For this purpose surface sediments

samples were collected from different sites along Wadi Gaza (Gaza Strip, Palestine) and

analyzed by gas chromatography (GC) and gas chromatography/mass spectrometry (GC/MS)

techniques.

2) to investigate the ability of naturally occurring cyanobacterial mats inhabiting the heavily

polluted natural environment of Wadi Gaza to degrade Egyptian crude oil, petroleum model

compounds (n-octadecane, pristane, phenanthrene and dibenzothiophene) and herbicides in

small-scale laboratory experiments and partly in mesocosm experiments under the natural

climatic conditions of the Gaza Strip. The petroleum model compounds represent important

groups of petroleum constituents (straight-chain alkanes, branched alkanes, aromatic

hydrocarbons and organo-sulfur compounds).

The organic matter composition of extractable lipids in the sediments indicates that

Wadi Gaza receives a moderate supply of anthropogenic pollution. The composition of

aliphatic hydrocarbons in the Wadi Gaza sediments were identified to derive from petroleum

sources. The presence of acyclic isoprenoid alkanes (pristane and phytane), the presence of

an unresolved complex mixture (UCM), the UCM/n-alkane ratio, the carbon preference

index close to 1 and the presence of petroleum biomarkers such as steranes and hopanes

indicate the presence of petroleum and petroleum derivatives. The biomarker parameters

based on hopanes and steranes reveal significant differences between the sediment samples

which suggests that there are multiple sources of oil or refinery products. In the aromatic

hydrocarbon fraction a contribution of petroleum origin is indicated by the presence of

phenanthrene and its alkylated homologues as well as that of dibenzothiophene and its

alkylated homologues. The ratio of methylphenanthrenes to phenanthrene shows that the

sediments are dominated by fossil fuel derived phenanthrenes and not by combustion

residues. The methyldibenzothiophene index (MDI) of Wadi Gaza sediments confirms the

input of crude oil and petroleum derivatives. Compounds derived from terrestrial sources

(higher plants), such as long-chain n-alkanes, n-fatty acids and n-alcohols, and marine-

derived hydrocarbons were also present.
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The observation of microbial degradation of petroleum hydrocarbons in Wadi Gaza

sediments stimulated studying the biodegradation of organic pollutants by Wadi Gaza

cyanobacterial mats.

In the experiment with crude oil, the mats efficiently degraded n-alkanes and the

isoprenoids pristane and phytane both in the light and in the dark. The biodegradation rates

for n-alkanes in crude oils often tend to decrease as chain length increases (Holder et al.,

1999; Pond et al., 2001). In the experiment with Gaza mats, short-chain n-alkanes from C14

to C20 and the long-chain n-alkanes from C28 to C35 were degraded faster than those of

medium chain length with 21 to 27 carbon atoms. This suggests that the degradation pattern

is due to the specific composition of the microbial community.

Pristane and phytane were more resistant to biodegradation than normal alkanes, as

also observed by Atlas (1981) and Basseres and Ladousse (1993). Since in the present study

94% and 88% of pristane and phytane, respectively, were degraded in 60 days, we conclude

that the degradation rates of these isoprenoidals alkanes were high.

In the petroleum model compounds experiment, Wadi Gaza cyanobacterial mats

efficiently degraded the aromatic compounds phenanthrene and dibenzothiophene

completely in 7 days both in the light and in the dark in the laboratory experiments. The

aliphatic compounds n-octadecane and pristane were degraded to 27% and 36%,

respectively, within 7 days but no further degradation occurred till 40 days.

To elucidate the degradation potential and degradation kinetics of the cyanobacterial

mats for the same petroleum compounds in large scale a follow-up experiment was designed

based on the results for the small-scale experiments. For this purpose two cylindrical shaped

concrete ponds were constructed at the experimental station of EPRI in Gaza to allow

mesocosm experiments. The large-scale experiments with intact cyanobacterial mats were

carried out under field conditions in an outdoor experimental pond under the natural climate

in Gaza.

In the large-scale experiments performed in summer, 96% of the aromatic substances

dibenzothiophene and phenanthrene were degraded in 40 days. After 70 days these

compounds were completely removed. The aliphatic hydrocarbons pristane and n-octadecane

were degraded to 21% and 18%, respectively, within 70 days. At the end of the experiment

the remaining amounts of these compounds were below 15% of the starting material.
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A second experiment was conducted in order to investigate the effect of repeated exposure to

contaminants and the performance of the mats during winter time. The same amount of

contaminants was added to the same pond after the 100 days period of the summer

experiment. Sixty percent of the dibenzothiophene and phenanthrene were degraded in 40

days. At the end of the experiment, 85% of the phenanthrene, dibenzothiophene, n-

octadecane and pristane were degraded. An apparently non-degradable residual

concentration of aliphatic hydrocarbons at the 20% level was already observed in all earlier

degradation experiments with organo-clay complexes due to incomplete bioavailability (Safi

et al., 2001; Abed et al., 2002; Safi et al., 2003).

A significant difference in the growth of the mats between the treatment and the

control were observed during the experiment. There is also a significant difference in the

degradation of the aromatic compounds between summer and winter. In the samples of day

40, 96% and 60% of these compounds were degraded in summer and winter, respectively.

After 40 days, the degradation of the aromatic compounds slowed down in both summer and

winter experiments. This indicates that the contaminants had reduced the activity of certain

microorganisms responsible for the degradation of the aromatic compounds. Pollution with

these compounds inhibits photosynthesis and growth, reduces enzyme activity and microbial

biomass and induces changes in the cyanobacterial species composition (Megharaj et al.,

2000).

Comparing the Dt50 value (time required for degradation of 50% of the parent

compound) shows a short degradation time for phenanthrene and dibenzothiophene (10 days)

in the summer experiment. In the winter experiment, shorter degradation times were

observed for the aliphatic compounds pristane and n-octadecane, i.e. 27 and 25 days,

respectively. Degradation of the model compounds in the laboratory experiment was faster

than in the mesocosm.

The re-exposure of the mats to the contaminants did not speed up degradation of the

four model compounds. Statistical analysis showed significant differences in Dt50 for the

aromatic compounds between summer and winter. These results suggest that light and

temperature enhance the degradation activity of the cyanobacterial mats especially for the

aromatic compounds as observed in the summer experiment.
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To increase the availability of selected hydrophobic petroleum compounds to

submersed cyanobacterial mats, organo-clay complexes have been successfully applied as a

carrier system for crude oil and model compounds and allowed the complete degradation of

aromatic compounds and most of the aliphatic compounds. The degradation rates depend on

the type of compound, aromatic compounds were degraded faster than aliphatic

hydrocarbons.

Cyanobacterial mat from Wadi Gaza incubated at 12 h light/12 h darkness and 24 h

darkness degraded more than 80% of 2,4-Dichlorophenoxyacetic acid (2,4-D) within 30

days. The major removal process was microbial mineralization in the light and in the

darkness. Photodegradation is excluded since the control treatment without mat material did

not show the concentration changes that were observed in the treatment with mat. Comparing

the Dt50 values their is no significant difference for the 2,4-D degradation between light and

dark conditions in both experiments inoculated with microbial mats. This indicates that

degradation of 2,4-D by microorganisms is not light dependent. Their is a significant

difference, however, in Dt50 for the 2,4-D between experiments A and B. This indicates that

the microbial mats from aquarium 2001 were enriched in species capable of degrading 2,4-D

whereas the microbial mats from aquarium 2000 were not. It is, however, needed to analyze

the mats by molecular biological methods in order to explain the differences.

Terbutryn was degraded to 28% and 36% of its original concentration in the light and

in the darkness, respectively, within 80 days. Terbutryn was reported to degrade slowly, with

half-lives time of 240 and 180 days in pond and river sediment, respectively (Muir and

Yarechewski, 1982). The observed half-lives time of 56 and 49 days in the light and in the

dark, respectively, in our experiment indicate that fast degradation of terbutryn occurred by

the Wadi Gaza cyanobacterial mat organisms.

We conclude that the sediments from Wadi Gaza are heavily polluted with crude oil

and petroleum derivatives. Wadi Gaza cyanobacterial mats represent a robust and efficient

ecosystem for the degradation of petroleum derivatives and herbicides.
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Des Marais, D.J., D Àmelio, E., Farmer, J.D., Jørgensen, B.B., Palmisano, A.C., Pierson

B.K., 1992. Study of a modern microbial mat-building community: the submerged

cyanobacterial mats of Guerrero Negro, Baja California Sur, Mexico. In: Schopf,

J.W., Klei, C. (Eds.), the Proterozoic Biosphere. Cambridge University Press,

Cambridge, 325-333.



133

Diaz, M.P., Boyd, K.G., Grigson, S.J.W., Burgess, J.G., 2002. Biodegradation of crude oil

across a wide range of salinities by an extremely halotolerant bacterial consortium

MPD-M, immobilized onto polypropylene fibers. Biotechnology and Bioengineering

79, 145-153.

Doddamani, H.P., Ninnekar, H.Z., 2000. Biodegradation of phenanthrene by a Bacillus

species. Current Microbiology 41, 11-14.

Domine, D., Devillers, J., Garrigues, P., Budzinski, H., Chastrette, M., Karcher, W., 1994.

Chemometrical evaluation of the PAH contamination in the sediments of the Gulf of

Lion (France). Science of the Total Environment 155, 9-24.

Don, R.H., Pemberton, J.M., 1981. Properties of six pesticide degradation plasmids isolated

from Alcaligenes-paradoxus and Alcaligenes-eutrophus. Journal of Bacteriology 145,

681-686.

Don, R.H., Weightman, A.J., Knackmuss, H.J., Timmis, K.N., 1985. Transposon

mutagenesis and cloning analysis of the pathways for degradation of 2,4-

dichlorophenoxyacetic acid and 3-chlorobenzoate in Alcaligenes-eutrophus

Jmp134(PJP4). Journal of Bacteriology 161, 85-90.

Dutta, T.K., Harayama, S., 2000. Fate of crude oil by the combination of photooxidation and

biodegradation. Environmental Science and Technology 34, 1500-1505.

Edwards, N.T., 1983. Polycyclic aromatic hydrocarbons (PAHs) in the terrestrial

environment a review. Journal of Environmental Quality 12, 427-441.

Eganhouse, R.P., Calder, J.A., 1976. Solubility of medium molecular-weight aromatic

hydrocarbons and effects of hydrocarbon co-solutes and salinity. Geochimica et

Cosmochimica Acta, 40, 555-561.

Eganhouse, R.P., Olaguer, D.P., Gould, B.R., Phinney, C.S., 1988. Use of molecular markers

for the detection of municipal sewage sludge at sea. Marine Environmental Research

25, 1-22.

Eglinton, G., Hamilton, R.J., 1967. Leaf epicuticular waxes. Science 156, 1322-1335.

Eglinton, G., Maxwell, J.R., Philip, R.P., 1973. Organic geochemistry of sediments from

contemporary aquatic environments. In: Tissot, B., Bienner, F. (Eds.), Advances in

Organic Geochemistry 1973. Editions Technip, Paris, 941-961.

Ekweozor, C.M., Okogun, J.I., Ekong, D.E.U., Maxwell, J.R., 1979. Preliminary organic

geochemical studies of samples from the Niger Delta (Nigeria). 2. Analyses of shale

for triterpenoid derivatives. Chemical Geology 27, 29-37.



134

El-Dib, M.A., Shehata, S.A., Abouwaly, H.F., 1989. Response of fresh-water alga

scenedesmus to triazine herbicides. Water Air and Soil Pollution 48, 307-316.

Ellis, B.E., 1977. Degradation of phenolic compounds by freshwater algae. Plant Science

Letters 8, 213-216.

El-Nahhal, Y., Nir, S., Polubesova, T., Margulies, L., Rubin, B., 1998. Leaching,

phytotoxicity, and weed control of new formulations of alachlor. Journal of

Agricultural and Food Chemistry 46, 3305-3313.

El-Nahhal, Y., Nir, S., Polubesova, T., Margulies, L., Rubin, B., 1999. Movement of

metolachlor in soil: Effect of new organo-clay formulations. Pesticide Science 55,

857-864.

El-Nahhal, Y., Nir, S., Serban, C., Rabinovitch, O., Rubin, B., 2000. Montmorillonite-

phenyltrimethyl ammonium yields environmentally improved formulations of

hydrophobic herbicides. Journal of Agricultural and Food Chemistry 48, 4791-4801.

El-Nahhal, Y., Safi, J., 2004. Adsorption of phenanthrene on organoclays from distilled and

saline water. Journal of  Colloid and Science 269, 265-273.

El-Rafie, S., Helmy, S.M., 2001. Bioremediation of Egyptian crude oil using different

microorganisms. Research Journal of Chemistry and Environment 5, 45-53.

Eriksson, M., Sodersten, E., Yu, Z.T., Dalhammar, G., Mohn, W.W., 2003. Degradation of

polycyclic aromatic hydrocarbons at low temperature under aerobic and nitrate-

reducing conditions in enrichment cultures from northern soils. Applied and

Environmental Microbiology 69, 275-284.

Evans, W.C., 1963. Microbiological degradation of aromatic compounds. Journal of General

Microbiology 32, 177-184.

Farmer, J.D., 1992. Grazing and bioturbation in modern microbial mats. In: Schopf, J.W.,

Klein, C. (Eds.), The Proterozoic Biosphere - A Multidisciplinary Study. Cambridge

Unversity Press, Cambridge, 247-251.

Farrington, J.W., Quinn, J.G., 1973. Petroleum hydrocarbons in Narragansett Bay: I. Survy

of hydrocarbons in sediments and clams (Mercenaria mercenaria). Estuarine, Coastal

Marine Science 1, 71-79.

Farrington, J.W., Tripp, B.W., 1977. Hydrocarbons in Western North-Atlantic surface

sediments. Geochimica et Cosmochimica Acta 41, 1627-1641.

Fathepure, B.Z., Vogel, T.M., 1991. Complete degradation of polychlorinated hydrocarbons

by a 2-stage biofilm reactor. Applied and Environmental Microbiology 57, 3418-

3422.



135

Fayad, N.M., Overton, E., 1995. A unique biodegradation pattern of the oil spilled during the

1991 Gulf War. Marine Pollution Bulletin 30, 239-246.

Fernández, P., Vilanova, R.M., Martinez, C., Appleby, P., Grimalt, J.O., 2000. The historical

record of atmospheric pyrolytic pollution over Europe registered in the sedimentary

PAH from remote mountain lakes. Environmental Science and Technology 34, 1906-

1913.

Finnerty, W.R., 1977. Biochemistry of microbial alkane oxidation - New insights and

perspectives. Trends in Biochemical Sciences 2, 73-75.

Fletcher, M., 1985. Effect of soild surfaces on the activity of the attached bacteria. In:

Savage, D.C., Fletcher, M. (Eds.), Bacterial adhesion. Plenum Press, New York, 339-

362.

Fogg, G.E., 1987. Marine planktonic cyanobacteria. In: Fay, P., van Baalen, C. (Eds.), The

Cyanobacteria. Elsevier Biomedical Press, Amsterdam, 393-413.

Foster, J.W., 1962a. Bacterial oxidation of hydrocarbons. In: Hiyashi, O. (Ed.), Oxygenases.

Academic Press, New York, 241-271.

Foster, J.W., 1962b. Hydrocarbons as substrates for microorganisms. Antonie Van

Leeuwenhoek Journal of Microbiology and Serology 28, 241-274.

Fournier, J.C., 1980. Enumeration of the soil microorganisms able to degrade 2,4-D by

metabolism or co-metabolism. Chemosphere 9, 169-174.

Frassinetti, S., Setti, L., Corti, A., Farrinelli, P., Montevecchi, P., Vallini, G., 1998.

Biodegradation of dibenzothiophene by a nodulating isolate of Rhizobium meliloti.

Canadian Journal of Microbiology 44, 289-97.

Frees, C.P., 1992. Maßnahmen und rechtliche Möglichkeiten der Europäischen

Gemeinschaft zur Bekämpfung und Verhütung von Öltankerunfällen vor ihren

Küsten. Natur und Recht, 16-21.

Friedrich, M., Grosser, R.J., Kern, E.A., Inskeep, W.P., Ward, D.M., 2000. Effect of model

sorptive phases on phenanthrene biodegradation: Molecular analysis of enrichments

and isolates suggests selection based on bioavailability. Applied and Environmental

Microbiology 66, 2703-2710.

Fukumori, F., Hausinger, R.P., 1993. Alcaligenes eutrophus JMP134 2,4-

dichlorophenoxyacetate monooxygenase is an alpha-ketoglutarate-dependent

dioxygenase. Journal of Bacteriology 175, 2083-2086.



136

Fulthorpe, R.R., McGowan, C., Maltseva, O.V., Holben, W.E., Tiedje, J.M., 1995. 2,4-

Dichlorophenoxyacetic acid-degrading bacteria contain mosaics of catabolic genes.

Applied and Environmental Microbiology 61, 3274-3281.

Gagosian, R.B., Peltzer, E.T., 1986. The importance of atmospheric input of terrestrial

organic material to deep-sea sediments. Organic Geochemistry 10, 661-669.

Gallagher, J.R., Olson, E.S., Stanley, D.C., 1993. Microbial desulfurization of

dibenzothiophene - a sulfur-specific pathway. FEMS Microbiology Letters 107, 31-

36.

Gangawane, L.V., Saler, R.S., Kulkarni, L., 1980. Effect of pesticides on growth and

hetrocyst formation in Nostoc sp. Journal of Science 19(B), 3-6.

Gelpi, E., Schneider, H., Mann, J., Oró, J., 1970. Lipids of geochemical significance in

microscopic algae. 1. Hydrocarbons of geochemical significance in microscopic

algae. Phytochemistry 9, 603-612.

Genthner, F.J., Chatterjee, P., Barkay, T., Bourquin, A.W., 1988. Capacity of aquatic

bacteria to act as recipients of plasmid DNA. Applied and Environmental

Microbiology 54, 115-117.

Gerritse, J., Gottschal, J.C., 1992. Mineralization of the herbicide 2,3,6-trichlorobenzoic acid

by a coculture of anaerobic and aerobic bacteria. FEMS Microbiology Ecology 101,

89-98.

Gerritse, J., Kloetstra, G., Borger, A., Dalstra, G., Alphenaar, A., Gottschal, J.C., 1997

Complete degradation of tetrachloroethene in coupled anoxic and oxic chemostats.

Applied Microbiology and Biotechnology 48, 553-562.

Gevao, B., Jones, K.C., Hamilton-Taylor, J., 1998. Polycyclic aromatic hydrocarbon (PAH)

deposition to and processing in a small rural lake, Cumbria UK. Science of the Total

Environment 215, 231-242.

Ghosal, D., You, I.S., Chatterjee, D.K., Chakrabarty, A.M., 1985. Microbial degradation of

halogenated compounds. Science 228, 135-142.

Ghosh, D.K., Mishra, A.K., 1983. Oxidation of phenanthrene by a strain of Micrococcus -

Evidence of protocatechuate pathway. Current Microbiology 9, 219-224.

Gibson, C.E., Smith, R.V., 1982. Freshwater plankton. In: Carr, N.G., Whitton, B.A. (Eds.),

The Biology of Cyanobacteria. Blackwell Scientific Publications., Oxford, 463-489.

Gibson, D.T., Subramanian, V., 1984. Microbial degradation of aromatic hydrocarbons. In:

Gibson, D.T. (Ed.), Microbial Degradation of Organic Compounds. Marcel Dekker,

New York, 181-252.



137

Gogou, A., Bouloubassi, I., Stephanou, E.G., 2000. Marine organic geochemistry of the

Eastern Mediterranean: 1. Aliphatic and polyaromatic hydrocarbons in Cretan Sea

surficial sediments. Marine Chemistry 68, 265-282.

Golubic, S., 1992. Microbial mats of Abu Dhabi. In: Margulies, L. (Ed.), Environmental

Evolution: Effect of the Origin and Evolution of Life on Planet Earth, MIT,

Cambridge 103-130.

Gough, M.A., Rowland, S.J., 1990. Characterization of unresolved complex mixtures of

hydrocarbons in petroleum. Nature 344, 648-650.

Greer, L.E., Shelton, D.R., 1992. Effect of inoculant strain and organic matter content on

kinetics of 2,4-dichlorophenoxyacetic acid degradation in soil. Applied and

Environmental Microbiology 58, 1459-1465.

Grimalt, J.O., Albaiges, J., 1990. Characterization of the depositional environments of the

Ebro Delta (Western Mediterranean) by the study of sedimentary lipid markers.

Marine Geology 95, 207-224.

Grimalt, J.O., Dewit, R., Teixidor, P., Albaiges, J., 1992. Lipid biogeochemistry of

Phormidium and Microcoleus mats. Organic Geochemistry 19, 509-530.

Grimberg, S.J., Stringfellow, W.T., Aitken, M.D., 1996. Quantifying the biodegradation of

phenanthrene by Pseudomonas stutzeri P16 in the presence of a nonionic surfactant.

Applied and Environmental Microbiology 62, 2387-2392.

Grossi, V., Massias, D., Stora, G., Bertrand, J.C., 2002. Burial, exportation and degradation

of acyclic petroleum hydrocarbons following a simulated oil spill in bioturbated

Mediterranean coastal sediments. Chemosphere 48, 947-954.

Grossi, V., Raphel, D., Hirschler-Rea, A., Gilewicz, M., Mouzdahir, A., Bertrand, J.C.,

Rontani, J.F., 2000. Anaerobic biodegradation of pristane by a marine sedimentary

bacterial and/or archaeal community. Organic Geochemistry 31, 769-772.

Grötzschel, S., 2001. Physiological reactions of hypersaline cyanobacterial mats upon

degradation of organic pollutants. Ph.D. Thesis, University of Bremen.

Grötzschel, S., Köster, J., Abed, R.M.M., de Beer, D., 2002. Degradation of petroleum

model compounds immobilized on clay by a hypersaline microbial mat.

Biodegradation 13, 273-283.

Gschwend, P.M., Hites, R.A., 1981. Fluxes of polycyclic aromatic hydrocarbons to marine

and lacustrine sediments in the northeastern United States. Geochimica et

Cosmochimica Acta 45, 2359-67.



138

Guerin, W.F., Boyd, S.A., 1992. Differential bioavailability of soil-sorbed naphthalene to 2

bacterial species. Applied and Environmental Microbiology 58, 1142-1152.

Guerin, W.F., Boyd, S.A., 1997. Bioavailability of naphthalene associated with natural and

synthetic sorbents. Water Research 31, 1504-1512.

Han, J., Calvin, M., 1969. Hydrocarbon distribution of algae and bacteria, and

microbiological activity in sediments. Proceedings of the National Academy of

Sciences of the United States of America 60, 436-443.

Han, J., McCarthy, E.D., Calvin, M., Benn, M.H., 1968 a. Hydrocarbon constituents of blue-

green algae Nostoc muscorum, Anacystis nidulans, Phormidium luridum and

Chlorogloea fritschii. Journal of the Chemical Society (C), 2785-2791.

Hanson, K.G., Nigam, A., Kapadia, M., Desai, A.J., 1996. Crude oil degradation by

Acinetobacter sp. A3 as influenced by nitrogen, phosphorus and surfactants. Indian

Journal of Experimental Biology 34, 1276-1278.

Hanson, K.G., Nigam, A., Kapadia, M., Desai, A.J., 1997. Bioremediation of crude oil

contamination with Acinetobacter sp. A3. Current Microbiology 35, 191-193.

Harayama, S., Venkateswaran, K., Toki, H., Komukai, S., Goto, M., Tanaka, H., Ishihara,

M., 1996. Degradation of crude oil by marine bacteria. Journal of Marine

Biotechnology 3, 239-243.

Harvey, R.G., 1996. Polycyclic aromatic hydrocarbons. Wiley, New York, 8-11.

Hassett, J.J., Means, J.C., Banwart, W.L., 1980. Sorption of benzidine by sediments and

soils. Journal of Environmental Quality 9, 184-186.

Hawxby, K., Tubea, B., Ownby, J., Basler, E., 1977. Effects of various classes of herbicides

on 4 species of algae. Pesticide Biochemistry and Physiology 7, 203-209.

Head, I.M., Swannell, R.P.J., 1999. Bioremediation of petroleum hydrocarbon contaminants

in marine habitats. Current Opinion in Biotechnology 10, 234-239.

Hites, R.A., Laflamme, R.E., Farrington, J.W., 1977. Sedimentary polycyclic aromatic

hydrocarbons - historical record. Science 198, 829-831.

Hoff, R.Z., 1993. Bioremediation - an overview of its development and use for oil-spill

cleanup. Marine Pollution Bulletin 26, 476-481.

Hoffmann, L., 1994. Distribution, species composition and status of intertidal blue-green

algal mats. Courier Forschungs-Institut. Senckenberg 166, 16-17.

Hoffmann, L., 1996. Recolonization of the intertidal flats by microbial mats after the Gulf

war oil spill. In: Krupp, F., Abuzinada, A.H., Nader I.A. (Eds.), A Marine Wildlife

Sanctuary for the Arabian Gulf: Environmental Research and Conservation



139

Following the 1991 Gulf War Oil Spill. NCWCD, Riyad, and Senckenberg Research

Institute, Frankfurt, 96-115.

Holder, E.L., Miller, K.M., Haines, J.R., 1999. Crude oil component biodegradation kinetics

by marine and freshwater consortia. In Situ Bioremediation of Petroleum

Hydrocarbon and Other Organic Compounds. Proceedings of the Fifth International

In Situ and On-Site Bioremediation Symposium. Batelle Publications, San Diego,

CA, 3, 245-250.

Holman, H.-Y.N., Tsang, Y.W., Holman, W.R., 1999. Mineralization of sparsely water-

soluble polycyclic aromatic hydrocarbons in a water table fluctuation zone.

Environmental Science and Technolology 33, 1819-1824.

Höpner, T., Yousef, M., Berthe-Corti, L., Felzmann, H., Struck, H., Al-Thukair., A., 1996.

Cyanobacterial mats on oil-polluted sediments - start of a promising self-remediation

process? In: Krupp, F., Abuzinada, A.H., Nader I.A. (Eds.), A Marine Wildlife

Sanctuary for the Arabian Gulf: Environmental Research and Conservation

Following the 1991 Gulf War Oil Spill. NCWCD, Riyad, and Senckenberg Research

Institute, Frankfurt, 85-95.

Hostettler, F.D., Kvenvolden, K.A., 1994. Geochemical changes in crude oil spilled from the

Exxon-Valdez supertanker into Prince William Sound, Alaska. Organic

Geochemistry 21, 927-936.

Houghton, J.E., Shanley M.S., 1994. Catabolic potential of Pseudomonas: a regulatory

perspective. In: Rasul Chaudhry, G. (Ed.), Biological Degradation and

Bioremediation of Toxic Chemicals. Chapman and Hall, London, 11-32.

Huang, W.Y., Meinschein, W.G., 1976. Sterols as source indicators of organic materials in

sediments. Geochimica et Cosmochimica Acta 40, 323-330.

Huang, W.Y., Meinschein, W.G., 1979. Sterols as ecological indicators. Geochimica et

Cosmochimica Acta 43, 739-745.

Hunt, J.M., 1979. Petroleum Geochemistry and Geology. Freeman, W.H., San Francisco.

Hunt, J.M., 1996. Petroleum Geochemistry and Geology, 2nd (ed.). Freeman, W.H., San

Francisco.

Huntley, S.L., Bonnevie, N.L., Wenning, R.J., Bedbury, H., 1993. Distribution of polycyclic

aromatic hydrocarbons (PAHs) in three northern New Jersey waterways. Bulletin of

Environmental Contamination and Toxicology 51, 865-872.

Idler, D.R., Wiseman, P., 1971. Sterols of molluscs. International Journal of Biochemistry 2,

91-98.



140

Ishihara, M., Sugiura, K., Asaumi, M., Goto, M., Sasaki, E., Harayama, S., 1995. Oil

degradation in microcosms and mesocosms. Microbial Processes for Bioremediation,

Papers from 3rd International In Situ On-Site Bioreclamation Symposium, Kamaishi,

Japan 101-16.

Izumi, Y., Ohshiro, T., Ogino, H., Hine, Y., Shimao, M., 1994. Selective desulfurization of

dibenzothiophene by Rhodococcus erythropolis D-1. Applied and Environmental

Microbiology 60, 223-226.

Jeng, W.L., Han, B.C., 1994. Sedimentary coprostanol in Kaohsiung harbor and the Tan-

Shui Estuary, Taiwan. Marine Pollution Bulletin 28, 494-499.

Jiang, N., Huang, D., Song, F., Ren, D., 1994. Distribution characteristics of aromatics in

formations under different sedimentary environments. Shiyou Xuebao 15, 42-50.

Jobson, A., Westlake, D.W., Cook, F.D., 1972. Microbial utilization of crude oil. Applied

Microbiology 23, 1082-1089.

Jones, D.M., Rowland, S.J., Douglas, A.G., Howells, S. 1986. An examination of the fate of

Nigerian crude oil in surface sediments of the Humber Estuary by gas

chromatography and gas chromatography-mass spectrometry. International Journal of

Environmental. Analytical Chemistry 24, 227-247.

Jørgensen, B.B., Revsbech, N.P., Cohen, Y., 1983. Photosynthesis and strucure of benthic

microbial mats: Microelectrode and SEM studies of four cyanobacterial communities.

Limnology and Oceanography 28, 1075-1093.

-RYDQþLüHYLü�� %��� 3ROLü�� 3��� 9UYLü�� 0��� 6FKHHGHU�� *��� 7HVFKQHU�� 0��� :HKQHU�� +��� �����
Transformation of n-alkanes from petroleum pollutants in alluvial groundwaters.

Environmental Chemistry Letters 1, 73-81.

Jurtshuk, P., Cardini, G.E., 1971. The mechanism of hydrocarbon oxidation by a co-

rynebacterium species. Critical Reviews in Microbiology 1, 239-289.

Ka, J.O., Holben, W.E., Tiedje, J.M., 1994a. Analysis of competition in soil among 2,4-

dichlorophenoxyacetic acid-degrading bacteria. Applied and Environmental

Microbiology 60, 1121-1128.

Ka, J.O., Holben, W.E., Tiedje, J.M., 1994b. Genetic and phenotypic diversity of 2,4-

dichlorophenoxyacetic acid (2,4-D)-degrading bacteria isolated from 2,4-D-treated

field soils. Applied and Environmental Microbiology 60, 1106-1115.

Ka, J.O., Holben, W.E., Tiedje, J.M., 1994c. Use of gene probes to aid in recovery and

identification of functionally dominant 2,4-dichlorophenoxyacetic acid-degrading

populations in soil. Applied and Environmental Microbiology 60, 1116-1120.



141

Kamagata, Y., Fulthorpe, R.R., Tamura, K., Takami, H., Forney, L.J., Tiedje, J.M., 1997.

Pristine environments harbor a new group of oligotrophic 2,4-dichlorophenoxyacetic

acid-degrading bacteria. Applied and Environmental Microbiology 63, 2266-2272.

Kaphammer, B., Kukor, J.J., Olsen, R.H., 1990. Regulation of Tfdcdef by Tfdr of the 2,4-

dichlorophenoxyacetic acid degradation plasmid Pjp4. Journal of Bacteriology 172,

2280-2286.

Kaphammer, B., Olsen, R.H., 1990. Cloning and characterization of Tfds, the repressor-

activator gene of Tfdb, from the 2,4-dichlorophenoxyacetic acid catabolic plasmid

Pjp4. Journal of Bacteriology 172, 5856-5862.

Karsten, U., Kühl, M., 1996. Die Mikrobenmatte - das kleinste Ökosystem der Welt.

Biologie in unserer Zeit 26, 16-26.

Keith, L.H., Telliard, W.A., 1979. Priority pollutants I - a perspective view. Environmental

Science and Technology 13, 416-423.

Kilbane, J.J., Bielaga, B.A., 1990. Toward sulfur-free fuels. Chemtech 20, 747-751.

Kilbane, J.J., Jackowski, K., 1992. Biodesulfurization of water-soluble coal-derived material

by Rhodococcus rhodochrous IGTS8. Biotechnology and Bioengineering 40, 1107-

1114.

Killops, S.D., Howell, V.J., 1988. Sources and distribution of hydrocarbons in bridgwater

Bay (Severn Estuary, UK) intertidal surface sediments. Estuarine Coastal and Shelf

Science 27, 237-261.

Killops, S.D., Massoud, M.S., 1992. Polycyclic aromatic hydrocarbons of pyrolytic origin in

ancient sediments - evidence for Jurassic vegetation fires. Organic Geochemistry 18,

1-7.

Kilpi, S., Backstrom, V., Korhola, M., 1980. Degradation of 2-methyl-4-

chlorophenoxyacetic acid (MCPA), 2,4-dichlorophenoxyacetic acid (2,4-D), benzoic

acid and salicylic acid by Pseudomonas sp Hv3. FEMS Microbiology Letters 8, 177-

182.

Kim, C.J., Maier, W.J., 1986. Acclimation and biodegradation of chlorinated organic

compounds in the presence of alternate substrates. Journal of Water Pollution Control

Federation 58, 157-164.

King, D.H., Perry, J.J., 1975. Origin of fatty acids in hydrocarbon-utilizing microorganism

Mycobacterium vaccae. Canadian Journal of Microbiology 21, 85-89.

Kiyohara, H., Nagao, K., 1978. Catabolism of phenanthrene and naphthalene by bacteria.

Journal of General Microbiology 105, 69-75.



142

Kiyohara, H., Nagao, K., Kouno, K., Yano, K., 1982. Phenanthrene-degrading phenotype of

Alcaligenes faecalis Afk2. Applied and Environmental Microbiology 43, 458-461.

Kiyohara, H., Nagao, K., Nomi, R., 1976. Degradation of phenanthrene through omicron-

phthalate by an Aeromonas sp. Agricultural and Biological Chemistry 40, 1075-1082.

Ko, S.H., Lebeault, J.M., 1999. Effect of a mixed culture on co-oxidation during the

degradation of saturated hydrocarbon mixture. Journal of Applied Microbiology 87,

72-79.

Koch, R., 1989 Umweltchemikalien. VCH Verlagsgesellschaft, Weinheim, Germany.

Kodama, K., 1977. Microbial conversion of petro-sulfur compounds. 5. Induction of

dibenzothiophene oxidation by Pseudomonas jianii. Agricultural and Biological

Chemistry 41, 1193-1196.

Kodama, K., Nakatani, S., Umehara, K., Shimizu, K., Minoda, Y., Yamada, K., 1970.

Microbial conversion of petro-sulfur compounds part III. Isolation and identification

of products from dibenzothiophene. Agricultural and Biological Chemistry 34, 1320-

1324.

Kodama, K., Umehara, K., Shimizu, K., Nakatani, S., Minoda, Y., Yamada, K., 1973.

Microbial conversion of petro-sulfur compounds. 4. Identification of microbial

products from dibenzothiophene and its proposed oxidation pathway. Agricultural

and Biological Chemistry 37, 45-50.

Koeber, R., Bayona, J.M., Niessner, R., 1999. Determination of benzo[a]pyrene diones in air

particulate matter with liquid chromatography mass spectrometry. Environmental

Science and Technology 33, 1552-1558.

Korda, A., Santas, P., Tenente, A., Santas, R., 1997. Petroleum hydrocarbon bioremediation:

sampling and analytical techniques, in situ treatments and commercial

microorganisms currently used. Applied Microbiology and Biotechnology 48, 677-

686.

Köster, J., Volkman, J.K., Rullkötter, J., Scholz-Böttcher, B.M., Rethmeier, J., Fischer, U.,

1999. Mono-, di- and trimethyl-branched alkanes in cultures of the filamentous

cyanobacterium Calothrix scopulorum. Organic Geochemistry 30, 1367-1379.

Koterba, M.T., Banks, W.S.L., Shedlock, R.J., 1993. Pesticides in shallow groundwater in

the Delmarva Peninsula. Journal of Environmental Quality 22, 500-518.

Krahn, M.M., Stein, J.E., 1998. Assessing exposure of marine biota and habitats to

petroleum compounds. Analytical Chemistry 70, 186-192.



143

Krawiec, S. 1990. Bacterial desulfurization of thiophenes: Screening techniques and some

speculations regarding biochemical and genetic bases. Developments In Industrial

Microbiology 31, 103-114.

Kropp, K.G., Andersson, J.T., Fedorak, P.M., 1997. Bacterial transformations of 1,2,3,4-

tetrahydrodibenzothiophene and dibenzothiophene. Applied and Environmental

Microbiology 63, 3032-3042.

Kruge, M.A., 2000. Determination of thermal maturity and organic matter type by principal

components analysis of the distributions of polycyclic aromatic compounds.

International Journal of Coal Geology 43, 27-51.

Krumbein, W.E., 1994. Biostabilization of Sediments. BIS – Verlag, University of

Oldenburg, Oldenburg.

Krupp, F., Abuzinada, A.H., Nader, A. (Eds.), 1996. A Marine Wildlife Sanctuary for the

Arabian Gulf: Environmental Research and Conservation Following the 1991 Gulf

War Oil Spill. EU/NCWCD/Forschungsinstitut Senckenberg, Riyadh, Frankfurt.

Kukor, J.J., Olsen, R.H., Siak, J.S., 1989. Recruitment of a chromosomally encoded

maleylacetate reductase for degradation of 2,4-dichlorophenoxyacetic acid by

plasmid Pjp4. Journal of Bacteriology 171, 3385-3390.

Kuritz, T., 1999. Cyanobacteria as agents for the control of pollution by pesticides and

chlorinated organic compounds. Journal of Applied Microbiology 85, 186-192.

Kuritz, T., Wolk, C.P., 1995. Use of filamentous cyanobacteria for biodegradation of organic

pollutants. Applied and Environmental Microbiology 61, 234-238.

Laborde, A.L., Gibson, D.T., 1977. Metabolism of dibenzothiophene by a Beijerinckia

species. Applied and Environmental Microbiology 34, 783-790.

Laflamme, R.E., Hites, R.A., 1978. Global distribution of polycyclic aromatic hydrocarbons

in recent sediments. Geochimica et Cosmochimica Acta 42, 289-303.

Laflamme, R.E., Hites, R.A., 1979. Tetracyclic and pentacyclic, naturally-occurring,

aromatic hydrocarbons in recent sediments. Geochimica et Cosmochimica Acta 43,

1687-1691.

Lahlou, M., Ortega-Calvo, J.J., 1999. Bioavailability of labile and desorption-resistant

phenanthrene sorbed to montmorillonite clay containing humic fractions.

Environmental Toxicology and Chemistry 18, 2729-2735.

Lake, J.L., Norwood, C., Dimock, C., Bowen, R., 1979. Origins of polycyclic aromatic

hydrocarbons in estuarine sediments. Geochimica et Cosmochimica Acta 43, 1847-

1854.



144

Lamoureux, E.M., Brownawell B.J., 1999. Chemical and biological availability of sediment-

sorbed hydrophobic organic contaminants. Environmental Toxicololgy and

Chemistry 18, 1733-1741.

Langworthy, D.E., Stapleton, R D., Sayler, G.S., Findlay, R.H., 1998. Genotypic and

phenotypic responses of a riverine microbial community to polycyclic aromatic

hydrocarbon contamination. Applied and Environmental Microbiology 64, 3422-

3428.

Lanyi, K., Dinya, Z., 2002. Gas chromatographic method for studying the rate of

photodegradation of some nitrogen-containing pesticides. Chromatographia 56, 149-

153.

Lanyi, K., Dinya, Z., 2003. Photodegradation study of some triazine-type herbicides.

Microchemical Journal 75, 1-14.

Laureillard, J., Pinturier, L., Fillaux, J., Saliot, A., 1997. Organic geochemistry of marine

sediments of the subantarctic Indian Ocean sector: Lipid classes - sources and fate.

Deep Sea Research 44, 1085-1108.

Law, A.T., Teo. K.S., 1997. Oil biodegradation in the straits of Malacca: Phenanthrene

degradation by AR-3. Journal of Marine Biotechnology 5, 162-167.

Le, V.T., 1984. Degradation of defoliants 2,4-D and 2,4,5-T by selected soil microorganisms.

Acta Agraria et Silvestria Series Agraria 23, 225-234.

Leahy, J.G., Colwell, R.R., 1990. Microbial degradation of hydrocarbons in the environment.

Microbiological Reviews 54, 305-315.

Lee, S.D., Grant, L. 1981. Health and Ecological Assessment of Polynuclear Aromatic

Hydrocarbons. Pathotox Publishers, Park Forest South, Ill.

Leeming, R., Latham, V., Rayner, M., Nichols, P., 1997. Detecting and distinguishing

sources of sewage pollution in Australian inland and coastal waters and sediments.

In: Eganhouse, RP. (Ed.), Molecular Markers in Environmental Geochemistry.

American Chemical Society, Washington, DC, 306-319.

Lekveishvili, E.G., Melikadze, L.D., Tevdorashvili, M.N., Kartvelishvili, E.V., 1980. Study

of phenanthrene hydrocarbons of petroleum. Petroleum Chemistry 19, 171-177.

Lichtfouse, E., Rullkötter, J., 1994. Accelerated transformation of organic matter below the

silica transition zone in immature sediments from the Japan Sea. Organic

Geochemistry 21, 517-523.



145

Lichtfouse, E., Albrecht, P., Behar, F., Hayes, J.M., 1994. A molecular and isotopic study of

the organic matter from the Paris Basin, France. Geochimica et Cosmochimica Acta

58, 209-221.

Lichtfouse, E., Budzinski, H., Garrigues, P., Eglinton, T.I., 1997. Ancient polycyclic

aromatic hydrocarbons in modern soils: C-13, C-14 and biomarker evidence. Organic

Geochemistry 26, 353-359.

Lim, L.H., Harrison, R.M., Harrad, S., 1999. The contribution of traffic to atmospheric

concentrations of polycyclic aromatic hydrocarbons. Environmental Science and

Technology 33, 3538-3542.

Lipiatou, E., Albaiges, J., 1994. Atmospheric deposition of hydrophobic organic chemicals

in the northwestern Mediterranean Sea - comparison with the Rhône River input.

Marine Chemistry 46, 153-164.

Lipiatou, E., Saliot, A., 1991. Fluxes and transport of anthropogenic and natural polycyclic

aromatic hydrocarbons in the western Mediterranean Sea. Marine Chemistry 32, 51-

71.

Loos, M.A., 1975. Indicator media for microorganisms degrading chlorinated pesticides.

Canadian Journal of Microbiology 21, 104-107.

Loos, M.A., Schlosser, I.F., Mapham, W.R., 1979. Phenoxy herbicide degradation in soils -

quantitative studies of 2,4-D-degrading and Mcpa-degrading microbial-populations.

Soil Biology and Biochemistry 11, 377-385.

Lu, S.T., Kaplan, I.R., 1992. Diterpanes, triterpanes, steranes, and aromatic hydrocarbons in

natural bitumens and pyrolysates from different humic coals. Geochimica et

Cosmochimica Acta 56, 2761-2788.

Ludwig, B., Akundi, A., Kendall, K., 1995. A long-chain secondary alcohol-dehydrogenase

from Rhodococcus erythropolis Atcc-4277. Applied and Environmental

Microbiology 61, 3729-3733.

Lunde, G., Bjorseth, A., 1977. Polycyclic aromatic hydrocarbons in long-range transported

aerosols. Nature 268, 518-519.

Mackenzie, A.S., Patience, R.L., Maxwell, J.R., Vandenbroucke, M., Durand, B., 1980.

Molecular parameters of maturation in the Toarcian shales, Paris Basin, France I.

Changes in the configurations of acyclic isoprenoid alkanes, steranes and triterpanes.

Geochimica et Cosmochimica Acta 44, 1709-1721.

Mackenzie, A.S., Lamb, N.A., Maxwell, J.R., 1982. Steroid hydrocarbons and the thermal

history of sediments. Nature 295, 223-226.



146

Madigan, M.T., Martino, J.M., Parker, J., 2000. Brock Biology of Microorganisms. Prentice

Hall, Englewood Cliffs, N J, 626-627.

Madsen, E.L., 1997. Methods for determining biodegradability. In: Hurst, C.J., Knudsen,

G.R., McInerney, M.J., Stetzenbach, L.D., Walter, M.V. (Eds.), Manual of Methods

in Environmental Microbiology. ASM Press, Washington, 709-720.

Madsen, E.L., 1998. Theoretical and applied aspects of bioremediation: The influence of

microbiological processes on organic contaminant compounds in field sites. In

Burlage, R.S., Atlas, R., Stahl, D., Geesey, G., Sayler, G. (Eds.), Techniques in

Microbial Ecology. Oxford University Press, New York, 254-407.

Madsen, E.L., Sinclair, J.L., Ghiorse, W.C., 1991. In situ biodegradation - microbiological

patterns in a contaminated aquifer. Science 252, 830-833.

Major, D.W., Hodgins, E.W., Butler, B.J., 1991. Field and laboratory evidence of in situ

biotransformation of tetrachloroethene to ethene and ethane at a chemical transfer

facility in North Toronto. In: Hinchee, R.E., Olfenbuttel, R.F. (Eds.), On-Site

Bioreclamation. Butterworth-Heinchee, Stoneham, MA, 147-172.

Maltseva, O., McGowan, C., Fulthorpe, R., Oriel, P., 1996. Degradation of 2,4-

dichlorophenoxyacetic acid by haloalkaliphilic bacteria. Microbiology 142, 1115-

1122.

Markovetz, A.J., 1971. Subterminal oxidation of aliphatic by microorganis. Critical Reviews

of Microbiology 1, 225-237.

Marsh, A.G., Harvey, H.R., Gremare, A., Tenore, K.R., 1990. Dietary effects on oocyte yolk

composition in capitella sp-I (Annelida, Polychaeta) - fatty-acids and sterols. Marine

Biology 106, 369-374.

Marshall, K.C., 1976. Interfaces in Microbial Ecology. Harvard University Press,

Cambridge, MA.

Martens, D., Maguhn, J., Spitzauer, P. Kettrup, A., 1997. Occurrence and distribution of

polycyclic aromatic hydrocarbons (PAHs) in an agricultural ecosystem. Fresenius

Journal of Analytical Chemistry 359, 546-554.

Matrubutham, U., Harker, A.R., 1994. Analysis of duplicated gene sequences associated with

Tfdr and Tfds in Alcaligenes eutrophus Jmp134. Journal of Bacteriology 176, 2348-

2353.

Matsubara, T., Ohshiro, T., Nishina, Y., Izumi, Y., 2001. Purification, characterization, and

overexpression of flavin reductase involved in dibenzothiophene desulfurization by



147

Rhodococcus erythropolis D-1. Applied and Environmental Microbiology 67, 1179-

1184.

Matsuda, H., Koyama, T., 1977. Early diagenesis of fatty acids in lacustrine sediment. I.

Identification and distribution of fatty acids in recent sediment from a freshwater

lake. Geochimica et Cosmochimica Acta 41, 777-783.

Mazeas, L., Budzinski, H., 2001. Polycyclic aromatic hydrocarbon C-13/C-12 ratio

measurement in petroleum and marine sediments - application to standard reference

materials and a sediment suspected of contamination from the Erika oil spill. Journal

of Chromatography A 923, 165-176.

McAtee, J.L., Harris, B.R., 1977. Gas chromatografic pathway for certain

chloroalkylammonium montmorillonite. Clays and Clay Minerals 25, 90-93.

McBride, M.B., Pinnavaia, T.J., Mortland, M.M., 1977. Adsorption of aromatic molecules

by clays in aqueous suspension. In: Suffet, H.I. (Ed.), Fate of Pollutants in the Air

and Water Environments, Part 1. Wiley, New York, 145-154.

McEvoy, J., 1983. The origin and diagensis of organic lipids in sediments from San Miguel

Gap. Ph.D. dissertation, University of Bristol.

McKenna, E.J., Kallio, R.E., 1965. The biology of hydrocarbons. Annual Review of

Microbiology 19, 183-208.

Megharaj, M., 2000. Influence of petroleum hydrocarbon contamination on microalgae and

microbial activities in a long-term contaminated soil. Archives of Environmental

Contamination and Toxicology 38, 439-445.

Megharaj, M., Venkateswarlu, K., Rao, A.S., 1987. Metabolism of monocrotophos and

quinalphos by algae isolated from soil. Bulletin of Environmental Contamination and

Toxicology 39, 251-256.

Meister, R. T. 1992. Farm Chemicals Handbook 1992. Meister Publishing Company.

Willoughby, OH.

Merrill, E.G., Wade, T.L., 1985. Carbonized coal products as a source of aromatic

hydrocarbons to sediments from a highly industrialized estuary. Environmental

Science and Technology 19, 597-603.

Meyers, P.A., Ishiwatari, R., 1993. Lacustrine organic geochemistry - an overview of

indicators of organic matter sources and diagenesis in lake sediments. Organic

Geochemistry 20, 867-900.



148

Mihelcic, J.R., Luthy, R.G., 1991. Sorption and microbial degradation of naphthalene in soil-

water suspensions under denitrification conditions. Environmental Science and

Technology 25, 169-177.

Milekhina, E.I., Borzenkov, I.A., Zvyagintseva, I.S., Kostrikina, N.A., Belyaev, S.S., 1998.

Ecological and physiological characterization of aerobic eubacteria from oil fields of

Tatarstan. Microbiology 67, 170-175.

Milner, C.W.D., Rogers, M.A., Evans, C.R., 1977. Petroleum transformations in reservoirs.

Journal of Geochemical Exploration 7, 101-153.

Moldowan, J.M., Sundararaman, P., Schoell, M., 1986. Sensitivity of biomarker properties to

depositional environment and or source input in the lower toarcian of southwest

Germany. Organic Geochemistry 10, 915-926.

Monticello, D.J., Bakker, D., Finnerty, W.R., 1985. Plasmid-mediated degradation of

dibenzothiophene by Pseudomonas species. Applied and Environmental

Microbiology 49, 756-760.

Morris, K., Jarman, R., 1981. Evaluation of water quality during herbicide applications to

Kerr Lake, OK. Journal of Aquatic Plant Management 19, 15-18.

Moshtaha A.E., 1999. Lower part of Wadi Gaza inside Gaza Strip: Geomorphological study.

Ph.D. thesis, Al-Neelain University, Khartoum, Republic of Sudan.

Muir, D.C.G., 1980. Determination of terbutryn and its degradation products in water,

sediments, aquatic plants, and fish. Journal of Agricultural and Food Chemistry 28,

714- 719.

Muir, D.C.G., Yarechewski, A.L., 1982. Degradation of terbutryn in sediments and water

under various redox conditions. Journal of Environmental Science And Health Part B:

Pesticides, Food Contaminants, And agricultural Wastes 17, 363-80.

Murarka, I., Neuhauser, E., Sherman, M., Taylor, B.B., Mauro, D.M., Ripp, J., Taylor, T.,

1992. Organic substances in the subsurface - delineation, migration, and remediation.

Journal of Hazardous Materials 32, 245-261.

Murata, N., Nishida, I., 1987. Lipids of blue-green algae. In: Stumpf, K. (Ed.), The

Biochemistry of Plants. Academic Press, Orlando, Fl, 315-347.

Murphy, K.J., Hanbury, R.G., Eaton, J.W., 1981. The ecological effects of 2-

methylthiotriazine herbicides used for aquatic weed-control in navigable canals. 1.

Effects on aquatic flora and water chemistry. Archiv Für Hydrobiologie 91, 294-331.



149

Musarrat, J., Bano, N., Rao, R.A.K., 2000. Isolation and characterization of 2,4-

dichlorophenoxyacetic acid-catabolizing bacteria and their biodegradation efficiency

in soil. World Journal of Microbiology and Biotechnology 16, 495-497.

Nadalig, N.R., Ni’matuzahroh, M.G., Budzinski, H., Bertrand, J.C., 2002. Degradation of

phenanthrene, methylphenanthrenes and dibenzothiophene by a Sphingomonas strain

2mpII. Applied Microbiology and Biotechnology 59, 79-85.

Naf, C., Broman, D., Pettersen, H., Rolff, C., Zebuhr, Y., 1992. Flux estimates and pattern

recognition of particulate polycyclic aromatic hydrocarbons, polychlorinated

dibenzo-para-dioxins, and dibenzofurans in the waters outside various emission

sources on the Swedish Baltic coast. Environmental Science and Technology, 26,

1444-1457.

Nakajima, K., Sato, A., Takahara, Y., Iida, T., 1985. Microbial oxidation of isoprenoid

hydrocarbons. 5. Microbial oxidation of isoprenoid alkanes, phytane, norpristane and

farnesane. Agricultural and Biological Chemistry 49, 1993-2002.

Narro, M.L., Cerniglia, C.E., van Baalen, C., Gibson, D.T., 1992a. Evidence for an nih shift

in oxidation of naphthalene by the marine cyanobacterium Oscillatoria sp Strain

JCM. Applied and Environmental Microbiology 58, 1360-1363.

Narro, M.L., Cerniglia, C.E., van Baalen, C., Gibson, D.T., 1992b. Metabolism of

phenanthrene by the marine cyanobacterium Agmenellum quadruplicatum PR-6.

Applied and Environmental Microbiology 58, 1351-1359.

Nashashibi M., van Duijl L.A., 1995. Wastewater characteristics in Palestine. Water Science

and Technology 32, 65-75.

National Academy of Sciences (NAS), 1975. Petroleum in the Marine Environment.

Washington, DC, 107.

National Academy of Sciences, 1985. Oil in the Sea inputs: Fates and Effects. National

Academy Press, Washington DC.

National Research Council (NRC), 1993. In Situ Bioremediation: When Does it Work?

National Academy Press, Washington, DC.

Neff, J.M., 1979. Polycyclic Aromatics Hydrocarbons in the Aquatic Environment. Sources,

Fates and Biological Effects. Applied Science Publishers, London.

Neff, J.M., 1995. Polycyclic aromatics hydrocarbons. In: Donley, B.L., Dorfman, M. (Eds.),

Fundamentals of Aquatic Toxicology: Methods and Applications. Hemisphere

Publishing Corporation, NY, 416-454.



150

NLM, 2001. Hazardous Substances Databank. U.S. National Library of Medicine, Bethesda,

MD.

NOAA, 1984. National Status and Trends Program. Progress Report and Preliminary

Assessment of Findings of the Benthic Surveillance Project, Washington, DC, 81.

Nold, S.C., Ward, D.M., 1996. Photosynthate partitioning and fermentation in hot spring

microbial mat communities. Applied and Environmental Microbiology 62, 4598-

4607.

Notar, M., Leskovsek, H., Faganeli, J., 2001. Composition, distribution and sources of

polycyclic aromatic hydrocarbons in sediments of the Gulf of Trieste, Northern

Adriatic Sea. Marine Pollution Bulletin 42, 36-44.

Office of Technology Assessment, 1991. Bioremediation for marine oil spills background

paper, OTA-BP-O-70. US Goverment Printing Office, Washington, DC.

Ogata, M., Fujisawa, K., 1985. Organic sulfur compounds and polycyclic hydrocarbons

transferred to oyster and mussel from petroleum suspension - identification by gas

chromatography and capillary mass chromatography. Water Research 19, 107-118.

Ogram, A.V., Jessup, R.E., Ou, L.T., Rao, P.S.C., 1985. Effects of sorption on biological

degradation rates of (2,4-dichlorophenoxy)acetic acid in soils. Applied and

Environmental Microbiology 49, 582-587.

Ohkouchi, N., Kawamura, K., Kawahata, H., 1999. Distributions of three- to seven-ring

polynuclear aromatic hydrocarbons on the deep sea floor in the central Pacific.

Environmental Science and Technology 33, 3086-3090.

Olson, E.S., Stanley, D.C., Gallagher, J.R., 1993. Characterization of intermediates in the

microbial desulfurization of dibenzothiophene. Energy and Fuels 7, 159-164.

Omori, T., Monna, L., Saiki, Y., Kodama, T., 1992. Desulfurization of dibenzothiophene by

Corynebacterium sp Strain-Sy1. Applied and Environmental Microbiology 58, 911-

915.

Omori, T., Saiki, Y., Kasuga, K., Kodama, T., 1995. Desulfurization of alkyl and aromatic

sulfides and sulfonates by dibenzothiophene-desulfurizing Rhodococcus sp strain

Sy1. Bioscience Biotechnology and Biochemistry 59, 1195-1198.

Orlov, D.S., Malinina, M.S., Motuzova, G.V., 1991. Chemical Pollution of Soils and Their

Protection. Agropromizdat, Moscow.

Oró, J., Tornabene, T.G., Nooner, D.W., Gelpi, E., 1967. Aliphatic hydrocarbons and fatty

acids of some marine and freshwater microorganisms. Journal of Bacteriology 93,

1811-1818.



151

Ou, L.T., 1984. 2,4-D-Degradation and 2,4-D-degrading microorganisms in soils. Soil

Science 137, 100-107.

Ourisson, G., Albrecht, P., 1992. Hopanoids I. Geohopanoids - the most abundant natural

products on earth. Accounts of Chemical Research 25, 398-402.

Palittapongarnpim, M., Pokethitiyook, P., Upatham, E.S., Tangbanluekal, L., 1998.

Biodegradation of crude oil by soil microorganisms in the tropic. Biodegradation 9,

83-90.

Paoletti, C., Pushparaj, B., Florenzano, G., Capella, P., Lercker, G., 1976. Unsaponifiable

matter of green and blue-green-algal lipids as a factor of biochemical differentiation

of their biomasses: I. Total unsaponifiable and hydrocarbon fraction. Lipids 11, 258-

265.

Park, I.H., Ka, J.O., 2003. Isolation and characterization of 4-(2,4-dichlorophenoxy)butyric

acid-degrading bacteria from agricultural soils. Journal of Microbiology and

Biotechnology 13, 243-250.

Patterson, G.w. 1970. Effect of culture temperature on fatty acid composition of Chlorella

sorokiniana. Lipids 5, 547-600.

Payet, C., Bryselbout, C., Morel, J.L., Lichtfouse, E., 1999. Fossil fuel biomarkers in sewage

sludges: Environmental significance. Naturwissenschaften 86, 484-488.

Pearlman, R.S., Yalkowsky, S.H., Banerjee, S., 1984. Water solubilities of polynuclear

aromatic and heteroaromatic compounds. Journal of Physical and Chemical

Reference Data 13, 555-562.

Pereira, W.E., Hostettler, F.D., Luomaa, S.N., Alexander van Geena, C.C., Fuller, R.J.A.,

1999. Sedimentary record of anthropogenic and biogenic polycyclic aromatic

hydrocarbons in San Francisco Bay, California. Marine Chemistry 64, 99-113.

Peters, K.E., Moldowan, J.M., 1993. The biomarker Guide. Interpreting Molecular Fossils in

Petroleum and Ancient Sediments. Prentice Hall, New Jersey.

Petrikevich, S.B., Kobzev, E.N., Shkidchenko, A.N., 2003. Estimation of the hydrocarbon-

oxidizing activity of microorganisms. Applied Biochemistry and Microbiology

(Translation of Prikladnaya Biokhimiya i Mikrobiologiya) 39, 19-23.

Philip, R.P., 1985. Fossil Fuel Biomarkers. Applications and Spectra. Elsevier, Amsterdam.

Pieper, D.H., Reineke, W., Engesser, K.H., Knackmuss, H.J., 1988. Metabolism of 2,4-

dichlorophenoxyacetic acid, 4-chloro-2-methylphenoxyacetic acid and 2-

methylphenoxyacetic acid by Alcaligenes eutrophus Jmp-134. Archives of

Microbiology 150, 95-102.



152

Pierce, R.H., Brown, R.C., 1987. A survey of coprostanol concentrations in Biscayne Bay

sediments. Final Report to Dade County Environmental Resource Management,

Miami, Florida, 38.

Pierce, R.H., Dixon, L.K., Brown, R.C., Rodrick, G., 1988. Characterizatiom of baseline

conditions of the physical, chemical and microbiological environments in the St.

Johns River Estuary. Final report to the Florida Department of Environmental

Regulation, 11.

Pierson B.K., 1992. Modern mat-building microbial communities: Introduction. In: Schof,

J.W., Klein, C. (Eds.), The Proterozoic Biosphere. Cambridge Unversity Press,

Cambridge, 247-251.

Pirnik, M.P., Atlas, R.M., Bartha, R., 1974. Hydrocarbon metabolism by Brevibacterium

erythrogenes - normal and branched alkanes. Journal of Bacteriology 119, 868-878.

Pitt, R., Field, R., Lalor, M., Brown, M., 1995. Urban stormwater toxic pollutants:

assessment, sources, and treatability. Water Environment Research 67, 260-275.

Pond, K., Huang, Y., Wang, Y., Kulpa, C., 2001. Hydrogen isotope fractionation during

aerobic biodegradation of crude oil. Abstracts of Papers, 222nd ACS National

Meeting, Chicago, IL, American Chemical Society, Washington, DC, 9.

Prahl, F.G., Carpenter, R., 1983. Polycyclic aromatic hydrocarbon (PAH)-phase associations

in Washington coastal sediment. Geochimica et Cosmochimica Acta 47, 1013-1023.

Prahl, F.G., Crecellus, E., Carpenter, R., 1984. Polycyclic aromatic hydrocarbons in

Washington coastal sediments - an evaluation of atmospheric and riverine routes of

introduction. Environmental Science and Technology 18, 687-693.

Prince, R.C., 1993. Petroleum spill bioremediation in marine environments. Critical Reviews

in Microbiology 19, 217-242.

Prince R.C., 1997. Bioremediation of oil spills. Trends an Biotechnology 15, 158-160.

Pritchard, P.H., Costa, C.F., 1991. Epas Alaska oil-spill bioremediation project.

Environmental Science and Technology 25, 372-379.

Pruel, R.J., Quinn, J.G., 1988. Accumulation of polycyclic aromatic hydrocarbons in crank-

case oil. Environmental Pollution 49, 89-97.

Purvis, A., 1999. Ten largest oil spills in history. Planet Watch. Time International 153, 12.

Radke, M., 1988. Application of aromatic compounds as maturity indicators in source rocks

and crude oils. Marine and Petroleum Geology 5, 224-236.



153

Radke, M., Welte D.H., 1983. The methylphenanthrene index (MPI): A maturity parameter

based on aromatic hydrocarbons. In: Bjorøy, M. et al. (Eds.), Advances in Organic

Geochemistry 1981. Wiley, Chichester, 504-512.

Radke, M., Willsch, H., Leythaeuser, D., Teichmüller, M. 1982. Aromatic components of

coal - relation of distribution pattern to rank. Geochimica et Cosmochimica Acta, 46,

1831-1848.

Radke, M., Welte, D.H., Willsch, H., 1986. Maturity parameters based on aromatic-

hydrocarbons - influence of the organic matter type. Organic Geochemistry 10, 51-

63.

Radke, M., Willsch, H., Teichmüller, M., 1990. Generation and distribution of aromatic

hydrocarbons in coals of low rank. Organic Geochemistry 15, 539-563.

Radke, M., Budzinski H., Pierard C., Willsch, H., Garrigues P., 1993. Chromatographic

retention behaviour of trimethylphenanthrenes and their identification by GC-FTIR in

geological samples. Journal of Polycyclic Aromatic Compounds 3, 467-474.

Radwan, S.S., Sorkhoh, N.A., Fardoun, F., AlHasan, R.H., 1995. Soil management

enhancing hydrocarbon biodegradation in the polluted Kuwaiti Desert. Applied

Microbiology and Biotechnology 44, 265-270.

Radwan, S.S., Al-Hasan, R.H., Al-Awadhi, H., Salamah, S., Abdullah, H.M., 1999. Higher

oil biodegradation potential at the Arabian Gulf coast than in the water body. Marine

Biology 135, 741-745.

Raghukumar, C., Vipparty, V., David, J.J., Chandramohan, D., 2001. Degradation of crude

oil by marine cyanobacteria. Applied Microbiology and Biotechnology 57, 433-436.

Ramos, J.L., Timmis, K.N., 1987. Experimental evolution of catabolic pathways of bacteria.

Microbiological Sciences 4, 228-237.

Ratledge, C., 1978. Degradation of aliphatic hydrocarbons. In: Watkinson, J.R. (Ed.),

Developments in Biodegradation of Hydrocarbons - 1. Applied Science Publishers,

London, 1-46.

Readman, J.W., Mantoura, R.F.C., Rhead, M.M., 1984. The physicochemical speciation of

polycyclic aromatic hydrocarbons (PAH) in aquatic systems. Fresenius Zeitschrift für

Analytische Chemie 319, 126-131.

Reid R.P., Visscher, P.T., Decho, A.W., Stolz, J.F., Bebout, B.M., Dupraz, C., Macintyre,

I.G., Paerl, H.W., Pinckney, J.L., Prufert-Bebout L., Steppe, T.F., DesMarais D.J.,

2000. The role of microbes in accretion, lamination and early lithification of modern

marine stromatolites. Nature 406, 989-992.



154

Reineke, W., Knackmuss, H.J., 1988. Microbial degradation of haloaromatics. Annual

Review of Microbiology 42, 263-287.

Réveillé, W., Mansuy, L., Jarde, E., Garnier-Sillam, T., 2003. Characterisation of sewage

sludge-derived organic matter: Lipids and humic acids. Organic Geochemistry 34,

615-627.

Revsbech, N.P., Jørgensen, B.B., 1983. Photosynthesis of benthic microflora measured with

high spatial resolution by the oxygen microprofile method: capabilities and

limitations to the method. Limnology and Oceanography 28, 749-756.

Rhee, S.-K., 1998. Desulfurization of DBT and diesel oils by a newly isolated gordona

strain, CYKS1. Applied and Environmental Microbiology 64, 2327-2331.

Rhoades, R., 2001. 2,4-D Research Data, Industry Task Force II. Swansboro, NC.

Rioboo, C., Gonzalez, O., Herrero, C., Cid, A., 2002. Physiological response of freshwater

microalga (Chlorella vulgaris) to triazine and phenylurea herbicides. Aquatic

Toxicology 59, 225-235.

Rontani, J.F., Combe, I., Giral, P.J.P., 1990. Abiotic degradation of free phytol in the water

column - a new pathway for the production of acyclic isoprenoids in the marine

environment. Geochimica et Cosmochimica Acta 54, 1307-1313.

Rullkötter, J., Spiro, B., Nissenbaum, A., 1985. Biological marker characteristcs of oils and

asphalts from carbonate source rocks in a rapidly subsiding graben, Dead Sea.

Geochimica et Cosmochimica Acta 49, 1357-1370.

Saeed, T., Al-Hashash, H., Al-Matrouk, K., 1998. Assessment of the changes in the chemical

composition of the crude oil spilled in the Kuwait desert after weathering for five

years. Environment International 24, 141-152.

Safi, J.M., 1995. Special problems associated with pesticide use and its management in Gaza

Strip. Egyptian Journal of Occupational Medicine 19, 267 276.

Safi, J.M., 2002. Association between chronic exposure to pesticides and recorded cases of

human malignancy in Gaza Governorates (1990-1999). Science of the Total

Environment 284, 75-84.

Safi, N.M.D., Köster, J., Rullkötter, J., 2001. Fossil fuel pollution in Wadi Gaza and

biodegradation of petroleum model compounds by cyanobacterial mats. The 36th

Congress of the International Commission for the Scientific Exploration of the

Mediterranean Sea, Monte Carlo – Monaco, France, 209.

Safi, N.M.D., Lee, N., Köster, J., Safi, J., El-Nahhal, Y., Wagner, M., Rullkötter, J., 2003.

Biodegradation of petroleum model compounds by cyanobacterial mats in



155

mesocosem experiments in Gaza (Palestine). Book of abstracts part I. 21st

International Meeting on Organic Geochemistry, Krakow, Poland, 138-139.

Sakai, Y., Maeng, J.H., Kubota, S., Tani, A., Tani, Y., Kato, N., 1996. A non-conventional

dissimilation pathway for long chain n-alkanes in Acinetobacter sp M-1 that starts

with a dioxygenase reaction. Journal of Fermentation and Bioengineering 81, 286-

291.

Salanitro, J.P., 1993. The role of bioattenuation in the management of aromatic hydrocarbon

plumes in aquifers. Ground Water Monitoring and Remediation 13, 150-161.

Sandmann, E., Loos, M.A., Vandyk, L.P., 1988. The microbial degradation of 2,4-

dichlorophenoxyacetic acid in soil. Reviews of Environmental Contamination and

Toxicology 101, 1-53.

Sargent, J.R., Whittle, K.L., 1981. Lipids and hydrocarbons in the marine food web. In:

Longhurst, A.R. (Ed.), Analysis of Marine Ecosytems. Acdemic Press, London, 491-

533.

Schaeffer, P., Reiss, C., Albrecht, P., 1995. Geochemical study of macromolecular organic

matter from sulfur-rich sediments of evaporitic origin (Messinian of Sicily) by

chemical degradations. Organic Geochemistry 23, 567-581.

Scholz-Böttcher, B.M., Gramberg, D., Rullkötter, J., 1999. Sterathiols, occurrence and

significance in Holocene peats. In: Book of Abstracts II. 19th International Meeting

on Organic Geochemistry, Istanbul, Turkey, 47-48.

Scow, K.M., Alexander, M., 1992. Effect of diffusion on the kinetics of biodegradation -

experimental results with synthetic aggregates. Soil Science Society of America

Journal 56, 128-134.

Segel, I.H., 1976. Biochemical Calculations: How to Solve Mathematical Problems in

General Biochemistry, 2nd ed. Wiley and Sons, New York.

Seifert, W.K., Moldowan, J.M., 1978. Applications of steranes, terpanes and mono-aromatics

to maturation, migration and source of crude oils. Geochimica et Cosmochimica Acta

42, 77-95.

Seifert, W.K., Moldowan, J.M., 1986. Use of biological markers in petroleum exploration.

In: Johns, R.B. (Ed.), Biological Markers in The Sedimentary Record, Elsevier:

Amsterdam, 261-290.

Semprini, L., Kitanidis, P.K., Kampbell, D.H., Wilson, J.T., 1995. Anaerobic transformation

of chlorinated aliphatic hydrocarbons in a sand aquifer based on spatial chemical

distributions. Water Resources Research 31, 1051-1062.



156

Shameel, M., Khan, R., 1990. Fatty acid composition of Ulva (Chlorophyceae). Pakistan

Journal of Botany 22, 39-42.

Sharma, M., McBean, E.A., Marsalek, J.,1997. Source characterization of polycyclic

aromatic hydrocarbons in street and creek sediments. Water Quality Research Journal

of Canada 32, 23-35.

Sharma, S.L., Pant, A., 2000. Biodegradation and conversion of alkanes and crude oil by a

marine Rhodococcus sp. Biodegradation 11, 289-294.

Shauver, J.M., 1993. A Regulators Perspective on In Situ Bioremediation: When Does it

Work?, National Academy Press, Washington, DC, 99-103.

Shennen, J.L., 1996. Microbial attack on sulphur-containing hydrocarbons: Implications for

the biodesulfurization of oils and coals. Journal of Chemical Technology and

Biotechnology 67, 109-123.

Sheppard, S., Price, A., Roberts, C., 1992. Marine Ecology of The Arabian Gulf. Academic

Press, London.

Sherblom, P.M., Henry, M.S., Kelly, D., 1997. Questions remain in the use of coprostanol

and epicoprostanol as domestic waste markers: Examples from coastal Florida. In:

Eganhouse, R.P. (Ed.), Molecular Markers in Environmental Geochemistry.

American Chemical Society, Washington, DC, 320-331.

Sherwin, M.R., van Vleet, E.S., Fossato, V.U., Dolci, F., 1993. Coprostanol (5-beta-

cholestan-3-beta-ol) in lagoonal sediments and mussels of Venice, Italy. Marine

Pollution Bulletin 26, 501-507.

Simoneit, B.R.T., 1984. Organic matter of the troposphere: III. Characterization and sources

of petroleum and pyrogenic residues in aerosols over the western United States.

Atmospheric Environment 18, 51-67.

Simoneit, B.R.T., Mazurek, M.A., 1982. Organic matter of the troposphere: II. Natural

background of biogenic lipid matter in aerosols over the rural western United States.

Atmospheric Environment 16, 2139-2159.

Sims, R.C., Overcash, M.R., 1983. Polynuclear aromatic compounds (PNAs) in soil-plant

systems. Residue Reviews 88, 1-68.

Sinton, G.L., Fan, L.T., Erickson, L.E., Lee, S.M., 1986. Biodegradation of 2,4-D and related

xenobiotic compounds. Enzyme and Microbial Technology 8, 395-403.

Smith, A.E., Aubin, A.J., 1991a. Metabolites of [C-14] 2,4-dichlorophenoxyacetic acid in

Saskatchewan soils. Journal of Agricultural and Food Chemistry 39, 2019-2021.



157

Smith, A.E., Aubin, A.J., 1991b. Transformation of [C-14] 2,4-dichlorophenol in

Saskatchewan soils. Journal of Agricultural and Food Chemistry 39, 801-804.

Smith, A.E., Lafond, G.P., 1990. Effects of long-term phenoxyalkanoic acid herbicide field

applications on the rate of microbial degradation. American Chemical Society,

Symposium Series 426, Washington, DC, 14-22.

Smith, J. R., Nakles, D.V., Sherman, D.F., Neuhauser, E.F., Loehr, R.C., 1989.

Environmental fate mechanisms influencing biological degradation of coal-tar

derived polynuclear aromatic hydrocarbons in soil systems. In: The Third

International Conference on New Frontiers for Hazardous Waste Management. U.S.

Environmental Protection Agency, Washington, DC, 397-405.

Sorkhoh, N., Al-Hasan, R., Radwan, S., Höpner, T., 1992. Self-cleaning of the Gulf. Nature

359, 109.

Sporstol, S., Gjos, N., Lichtenthaler, R.G., Gustavsen, K.O., Urdal, K., Oreld, F., Skei, J.,

1983. Source identification of aromatic hydrocarbons in sediments using GC/MS.

Environmental Science and Technology 17, 282-286.

Stafford, S., Berwick, P., Hughes, D.E., Stafford, D.A., 1982. Oil degradation in

hydrocarbons and oil stressed environments. In: Burns, R.G., Staer, J.H. (Eds.),

Experimental Microbial Ecology. Blackwell Scientific, London, 591-612.

Stal, L.J., 1995. Physiological ecology of cyanobacteria in microbial mats and other

communities (Tansley Review No. 84). New Phytologist 131, 1-32.

Stal, L.J., 2000. Cyanobacterial mats and stromatolites. In: Whitton B.A., Potts, M. (Eds.),

The Ecology of Cyanobacteria. Kluwer Academic Publishers, Dordrecht, 61-120.

Stal, L.J., Caumette P., 1994. Preface. In: Stal, L.J., Caumette P. (Eds.), Microbial Mats.

Springer, Heidelberg, V-VIII.

Stanley, M.A., 1984. Ancient stromatolites and microbial mats. In: Cohen, Y., Castenholz,

R.W., Halvorson, H.O. (Eds.), Microbial Mats: Stromatolites. Alan R. Liss, Inc., New

York, 3, 1-22.

Stevens, J.T., Sumner, D.D., 1991. Herbicides. In: Hayes, W.J., Laws, E.R. (Eds.),

Handbook of Pesticide Toxicology. Academic Press, New York.

Suess, M.J., 1976. The environmental load and cycle of polycyclic aromatic hydrocarbons.

Science of the Total Environment 6, 239-250.

Summons, R.E., Capon, R.J., 1988. Fossil steranes with unprecedented methylation in ring-

A. Geochimica et Cosmochimica Acta 52, 2733-2736.

Swannell, R.P.J., Head, I. M., 1994. Bioremediation come of age. Nature 368, 396-397.



158

Swannell, R.P.J., Lee K., McDonagh, M., 1996. Field evaluation of marine oil spill

bioremediation. Microbiological Reviews 60, 342-365.

Tabernero, M.T., Alvarez-Benedi, J., Atienza, J., Herguedas, A., 2000. Influence of

temperature on the volatilization of triallate and terbutryn from two soils. Pest

Management Science 56, 175-180.

Takada, H., Onda, T., Harada, M., Ogura, N., 1991. Distribution and sources of polycyclic

aromatic hydrocarbons (PAHs) in street dust from the Tokyo Metropolitan area.

Science of the Total Environment 107, 45-69.

Takada, H., Onda, T., Ogura, N., 1990. Determination of polycyclic aromatic hydrocarbons

in urban street dusts and their source materials by capillary gas-chromatography.

Environmental Science and Technology 24, 1179-1186.

Tang, W.C., White, J.C., Alexander, M., 1998. Utilization of sorbed compounds by

microorganisms specifically isolated for that purpose. Applied Microbiology and

Biotechnology 49, 117-121.

Tarja, N., Kirsti, E., Marja, L., Kari, E., 2003. Thermal and metabolic factors affecting

bioaccumulation of triazine herbicides by rainbow trout (Oncorhynchus mykiss).

Environmental Toxicology 18, 219-226.

Teske, A., Ramsing N.B., Habicht, K., Fufui, M., Kuver, J., Jørgensen, B.B., Cohen, Y.,

1998. Sulfate-reducing bacteria and their activities in cyanobacterial mats of Solar

Lake (Sinia, Egypt). Applied and Environmental Microbiology 64, 2943-2951.

Theng, B.K.G., Newman, R.H., Whitton, J.S., 1998. Characterization of an alkylammonium-

montmorillonite-phenanthrene intercalation complex by carbon-13 nuclear magnetic

resonance spectroscopy. Clay Minerals 33, 221-229.

Thompson, D.G., Stephenson, G.R., Solomon, K.R., Skepasts, A.V., 1984. Persistence of

(2,4-dichlorophenoxy)acetic acid and 2-(2,4-dichlorophenoxy)propionic acid in

agricultural and forest soils of northern and southern Ontario. Journal of Agricultural

and Food Chemistry 32, 578-581.

Thurman, E.M., Goolsby, D.A., Aga, D.S., Pomes, M.L., Meyer, M.T., 1996. Occurrence of

alachlor and its sulfonated metabolite in rivers and reservoirs of the midwestern

United States: The importance of sulfonation in the transport of chloroacetanilide

herbicides. Environmental Science and Technology 30, 569-574.

Tiedje, J.M., 1993. Bioremediation from an ecological perspective. In: In situ

Bioremediation: When Does It Work? National Academy Press, Washington, DC,

110-120.



159

Tissot, B.P., Welte, D.H., 1978. Petroleum Formation and Occurence. Springer, Berlin.

Tissot, B.P., Welte, D.H., 1984. Petroleum Formation and Occurence 2nd ed. Springer, New

York.

Tolosa, I., Bayona, J.M., Albaiges, J., 1996. Aliphatic and polycyclic aromatic hydrocarbons

and sulfur/oxygen derivatives in northwestern Mediterranean sediments: Spatial and

temporal variability, fluxes, and budgets. Environmental Science and Technology 30,

2495-2503.

Tomlin, C.D.S., 2000. The Pesticide Manual, 12th ed. British Crop Protection Councel.

Surrey, UK.

Top, E.M., Holben, W.E., Forney, L.J., 1995. Characterization of diverse 2,4-

dichlorophenoxyacetic acid-degradative plasmids isolated from soil by

complementation. Applied and Environmental Microbiology 61, 1691-1698.

Trevors, J.T., Vanelsas, J.D., 1989. A review of selected methods in environmental microbial

genetics. Canadian Journal of Microbiology 35, 895-902.

Tulloch, A.P., 1976. Chemistry of waxes of higher plants. In: Kolattukudy, P.E., (Ed.),

Chemistry and Biochemistry of Natural Waxes. Elsevier, Amsterdam, 236.

Tuxen, N., Tuchsen, P.L., Rugge, K., Albrechtsen, H.J., Bjerg, P.L., 2000. Fate of seven

pesticides in an aerobic aquifer studied in column experiments. Chemosphere 41,

1485-1494.

U.S. Department of Health and Human Services, 1993. Hazardous Substance Data Base.

HHS. Washington, DC.

U.S. EPA., 1986. Fact Sheet Number 104: Terbutryn. U.S. Environmental Protection

Agency. Washington, DC.

Unwin Brothers Ltd., 1994. The Agrochemicals Handbook, 3rd ed. Royal Society of

Chemistry Information Systems, Surrey, England.

van Afferden, M., Schacht, S., Klein, J., Trueper, H.G., 1990. Degradation of

dibenzothiophene by Brevibacterium sp. DO. Archives of Microbiology 153, 324-

328.

van Beilen, J.B., Wubbolts, M.G., Witholt, B., 1994. Genetics of alkane oxidation by

Pseudomonas oleovorans. Biodegradation 5, 161-174.

van Brummelen, T.C., Verweij, R.A., Wedzinga, S.A., van Gestel, C.A.M., 1996.

Enrichment of polycyclic aromatic hydrocarbons in forest soils near a blast furnace

plant. Chemosphere 32, 293-314.



160

van der Linden, A.C., Thijsse, G.J.E., 1965. The mechanisms of microbial oxidations of

petroleum hydrocarbons. Advances in Enzymology and Related Subjects of

Biochemistry 27, 469-546.

van Eyk, J., Bartels, T.J., 1968. Paraffin oxidation in Pseudomonas aeruginosa I. Induction

of paraffin oxidation. Journal of Bacteriology 96, 706-712.

van Gemerden, H., 1993. Microbial mats: A joint venture. Marine Geology 113, 3-25.

van Loosdrecht M.C.M., Lyklema, J., Norde, W., Zehnder, B.J.A., 1990. Influence of

interface on bacterial activity. Microbiological Reviews 54, 75-87.

Venkatesan, M.I., Dahl, J., 1989. Organic geochemical evidence for global fires at the

Cretaceous Tertiary boundary. Nature 338, 57-60.

Venkatesan, M.I., Kaplan, I.R., 1982. Distribution and transport of hydrocarbons in surface

sediments of the Alaskan Outer Continental Shelf. Geochimica et Cosmochimica

Acta 46, 2135-2149.

Venkatesan, M.I., Kaplan, I.R., 1990. Sedimentary coprostanol as an index of sewage

addition in Santa Monica Basin, Southern California. Environmental Science and

Technology 24, 208-214.

Venkatesan, M.I., Ruth, E., Kaplan, I.R., 1986. Coprostanols in Antarctic marine sediments -

a biomarker for marine mammals and not human pollution. Marine Pollution Bulletin

17, 554-557.

Venkatesan, M.I., Ruth, E., Steinberg, S., Kaplan, I.R., 1987. Organic geochemistry of

sediments from the continental margin off southern New England, USA. Part II.

Lipids. Marine Chemistry 21, 267-299.

Volkman, J.K., Alexander, R., Kagi, R.I., Woodhouse, G.W., 1983. Demethylated hopanes

in crude oils and their applications in petroleum geochemistry. Geochimica et

Cosmochimica Acta 47, 785-794.

Volkman, J.K., Revill, A.T., Murray, A.P., 1997. Applications of biomarkers for identifying

sources of natural and polluted hydrocarbons in aquatic environments. In: Eganhouse,

R.P. (Ed.), Molecular Markers in Environmental Geochemistry. American Chemical

Society, Washington, DC, 110-132.

Wagner, S., 1981. Clinical toxicology of agricultural chemicals. Oregon State University

Press. Corvallis, OR.

Wagrowski, D.M., Hites, R.A., 1997. Polycyclic aromatic hydrocarbon accumulation in

urban, suburban, and rural vegetation. Environmental Science and Technology 31,

279-282.



161

Wakeham, S.G., Schaffner, C., Giger, W., 1980. Polycyclic aromatic hydrocarbons in recent

lake sediments. I. Compounds having anthropogenic origins. Geochimica et

Cosmochimica Acta 44, 403-13.

Wakeham, S.G., 1996. Aliphatic and polycyclic aromatic hydrocarbons in Black Sea

sediments. Marine Chemistry 53, 187-205.

Walker, J.D., Colwell, R.R., 1976. Enumeration of petroleum-degrading microorganisms.

Applied and Environmental Microbiology 31, 198-207.

Walker, R.W., Wun, C.K., Litsky, W., 1982. Coprostanol as an indicator of fecal pollution.

Critical Reviews in Environmental Control 12, 91-112.

Wang, Z.D., Fingas, M., Sergy, G. 1994. Study of 22-year-old Arrow oil samples using

biomarker compounds by GC/MS. Environmental Science and Technology 28, 1733-

1746.

Waples, D., 1985. Geochemistry in Petroleum Exploration. International Human Resources

Development Corporation, Boston.

Warhurst, A.M., Fewson, C.A., 1994. Biotransformations catalyzed by the genus

Rhodococcus. Critical Reviews in Biotechnology 14, 29-73.

Watkinson, R., and Morgan, P., 1990. Physiology of aliphatic hydrocarbon-degrading

microorganisms. Biodegradation 1, 79-92.

Weber, W.J., Huang, W.L., LeBoeuf, E.J., 1999. Geosorbent organic matter and its

relationship to the binding and sequestration of organic contaminants. Colloids and

Surfaces A - Physicochemical and Engineering Aspects 151, 167-179.

Weissenfels, W.D., Klewer, H.J., Langhoff, J., 1992. Adsorption of polycyclic aromatic

hydrocarbons (PAHs) by soil particles - Influence on biodegradability and

biotoxicity. Applied Microbiology and Biotechnology 36, 689-696.

Westlake, D.W., Jobson, A., Phillipp, R., Cook, F.D., 1974. Biodegradability and crude-oil

composition. Canadian Journal of Microbiology 20, 915-928.

WHO, World Health Organisation, 1978. 2,4- D, Data Sheets on Pesticides No. 37, Geneva.

Whyte, L.G., Hawari, J., Zhou, E., Bourbonniere, L., Inniss, W.E., Greer, C.W., 1998.

Biodegradation of variable-chain-length alkanes at low temperatures by a

psychrotrophic Rhodococcus sp. Applied and Environmental Microbiology 64, 2578-

2584.

Wilson, M.S., Madsen, E.L., 1996. Field extraction of a transient intermediary metabolite

indicative of real time in situ naphthalene biodegradation. Environmental Science and

Technology 30, 2099-2103.



162

Winters, J.C., Williams, J.A., 1969. Microbiological alteration of crude oil in the reservoir:

American Chemical Society, Division of Petroleum Chemistry, New York Meeting

Preprints 14, E22-E31.

Winters, K., Parker, P.L., Vanbaale, C., 1969. Hydrocarbons of blue-green algae -

geochemical significance. Science 163, 467-468.

Wolfe, T.A., Demirel, T., Baumann, E.R., 1985. Interaction of aliphatic amines with

montmorillonite to enhance adsorption of organic pollutants. Clays and Clay

Minerals 33, 301-311.

Woods, N.R., Murrell, J.C., 1989. The metabolism of propane in Rhodococcus rhodochrous

Pnkb1. Journal of General Microbiology 135, 2335-2344.

Yawanarajah, S.R., Kruge, M.A., 1994. Lacustrine shales and oil shales from Stellarton-

Basin, Nova Scotia, Canada - Organofacies variations and use of polyaromatic

hydrocarbons as maturity indicators. Organic Geochemistry 21, 153-170.

Yuan, S.Y., Chang, J.S., Yen, J.H., Chang, B.V., 2001. Biodegradation of phenanthrene in

river sediment. Chemosphere 43, 273-278.

Yuan, S.Y., Wei, S.H., Chang, B.V., 2000. Biodegradation of polycyclic aromatic

hydrocarbons by a mixed culture. Chemosphere 41, 1463-1468.

Yunker, M.B., Macdonald, R.W., 2003. Alkane and PAH depositional history, sources and

fluxes in sediments from the Fraser River Basin and Strait of Georgia, Canada.

Organic Geochemistry 34, 1429-1454.

Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S.,

2002. PAHs in the Fraser River basin: a critical appraisal of PAH ratios as indicators

of PAH source and composition. Organic Geochemistry 33, 489-515.

Zeng, E.Y., Vista, C.L., 1997. Organic pollutants in the coastal environment off San Diego,

California 1. Source identification and assessment by compositional indices of

polycyclic aromatic hydrocarbons. Environmental Toxicology and Chemistry 16,

179-188.

Zhao, Y.Z., Li, W., Chou I.N., 1987. Cytoskeletal perturbation induced by herbicides, 2,4-

dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T).

Journal of Toxicology and Environmental Health 20, 11-26.

Zinjarde, S.S., Pant, A., 2000. Crude oil degradation by free and immobilized cells of

Yarrowia lipolytica NCIM 3589. Journal of Environmental Science and Health Part

A-Toxic/Hazardous Substances and Environmental Engineering 35, 755-763.



I

6. Appendix

6.1 Tables

Table A1 Percent of degradation of model compounds in the mesocosm experiment performed
in summer and winter with cyanobacterial mats from Wadi Gaza.

Site 1 Site 2 Site 3Time
days Pr DBT Phen n-C18 Pr DBT Phen n-C18 Pr DBT Phen n-C18

7 28 38 42 28 36 55 59 36 54 68 70 53

40 55 94 94 57 76 99 99 80 58 94 95 65

70 80 96 97 82 88 99 99 90 67 96 96 71

Su
m

m
er

100 90 100 100 93 89 100 100 91 78 100 99 82

7 61 51 55 58 2 38 31 1 55 26 26 58

40 58 64 66 56 45 62 56 46 74 56 56 77

70 54 69 77 56 54 69 72 59 78 66 68 82

W
in

te
r

100 87 85 87 86 78 89 88 81 84 76 78 87

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane
Summer experiment: performed from 22nd July till 30th October 2001
Winter experiment: performed from 30th October 2001 till 8th February 2002

Table A2 Average percentage of degradation of model compounds for three sites in the
mesocosm experiment performed in summer and winter (2001-2002) with cyanobacterial mats
from Wadi Gaza.

Summer WinterTime
days Pr DBT Phen n-C18 Pr DBT Phen n-C18

7 38 52 56 38 45 39 39 44

40 63 96 96 67 62 60 60 63

70 79 100 100 82 66 69 73 68

100 86 100 100 89 84 84 85 85

Pr: pristane; DBT: dibenzothiophene; Phen: phenanthrene and n-C18: n-octadecane
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Table A3 Water depth, temperature, salinity and pH value during degradation of model
compounds in the mesocosm experiments performed in summer with cyanobacterial mats from
Wadi Gaza.

Summer experiment Aquarium control

Time
days

Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH

0 30 35 4.5 8.5 30 31 4.3 8.5
3 30 35 4.9 8.5 30 32 4.4 8.3
7 28 30 4.1 8.6 28 35 4.3 8.3

10 28 35 4.2 8.6 25 35 5.5 8.3
15 25 33 4.6 8.7 20 35 7.2 8.3
20 23 34 5.0 8.7 15 42 10.0 8.7
30 17 33 7.1 9.1 25 40 6.4 9.9
40 24 34 5.8 8.3 30 33 4.4 7.6
50 30 35 4.6 8.9 30 29 4.3 7.4
60 30 35 4.6 9.5 25 25 5.1 8.4
70 32 30 4.1 8.5 30 28 5.0 8.4
80 30 33 4.6 8.2 30 28 4.9 8.1
90 30 30 4.5 8.3 30 28 5.1 8.0

100 30 29 4.5 8.4 28 28 5.3 8.0
Summer experiment: performed from 22nd July till 30th October 2001

Table A4 Water depth, temperature, salinity and pH value during degradation of model
compounds in the mesocosm experiments performed in winter with cyanobacterial mats from
Wadi Gaza.

Winter experiment Aquarium control

Time
days

Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH

0 30 30 4.4 7.0 30 16 4.5 6.6
3 30 25 4.2 5.7 32 16 4.5 6.6
7 30 29 4.3 6.8 32 15 4.4 6.6

10 30 25 4.4 6.8 31 16 4.5 6.6
15 30 23 4.6 7.0 33 16 4.6 7.2
20 30 17 5.1 6.9 32 15 4.4 7.3
30 30 22 4.8 6.0 40 11 3.4 7.2
40 45 18 3.0 6.3 40 14 3.7 6.1
50 48 15 3.0 7.3 40 14 3.8 6.3
60 48 15 3.5 7.5 40 13 3.9 6.7
70 49 11 2.5 7.5 40 15 3.8 6.2
80 56 14 3.0 6.5 38 17 3.9 6.5
90 57 13 2.5 7.1 34 17 4.2 7.0

100 57 18 2.4 6.4 34 20 4.2 6.4
Winter experiment: performed from 30th October 2001 till 8th February 2002
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Table A5 Water depth, temperature, salinity and pH value for the control section without model
compounds during degradation of model compounds in the mesocosm experiments performed in
summer and winter with cyanobacterial mats from Wadi Gaza in Gaza.

Summer experiment Winter experiment

Time
days

Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH Depth
(cm)

Temp.
(°C)

Salinity
(%)

pH

0 30 35 4.3 8.5 30 30 4.7 7.1
3 30 35 4.4 8.7 30 25 4.7 7.1
7 28 30 4.2 8.8 30 29 4.8 7.2

10 28 35 4.5 8.7 30 25 4.8 7.0
15 25 33 5.1 8.8 30 23 4.7 7.0
20 23 34 5.4 8.8 30 17 5.2 7.0
30 17 35 6.2 8.9 30 22 4.9 6.3
40 24 35 5.5 9.0 45 18 2.9 7.0
50 30 35 4.8 9.1 48 15 3.7 6.7
60 30 35 4.9 8.0 48 15 3.6 7.1
70 32 30 4.2 7.5 49 11 3.3 7.0
80 30 33 5.1 8.5 56 14 2.5 7.4
90 30 31 5.0 8.4 57 13 3.1 7.4

100 30 29 5.0 8.2 57 18 2.6 7.8
Summer experiment: performed from 22nd July till 30th October 2001
Winter experiment: performed from 30th October 2001 till 8th February 2002

6.2 Figures
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Figure A1 Representative gas chromatogram of stabilized Egyptian crude oil which was loaded on
organo-clay and used in the slurry experiments with Wadi Gaza cyanobacterial mats. Numbers indicate
carbon numbers of n-alkanes; IS = internal standard; Pr = pristane; Ph = phytane.
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Figure A2 Representative gas chromatograms of three aliphatic hydrocarbon fractions extracted from
Wadi Gaza sediments (sample c, d and f). Numbers indicate carbon numbers of n-alkanes; ~ =
reduced peak; IS = internal standard; Pr = pristane; Ph = phytane.
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6.3 Chemical structures of some biomarkers
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6.4 Photographs

A

B C

Figure A3 A: Sampling sediments from the western part of Wadi Gaza;
B: Sampling cyanobacterial mats which developed in polluted environment ;
C: Showing a side of Wadi Gaza totally dry in summer (August, 2001).
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