Dissertation

submitted to the Combined Faculties for the Nat8aénces
and for Mathematics of the Ruperto-Carola UnivgrsitHeidelberg, Germany,

for the degree of Doctor of Natural Sciences

Presented by: Diploma biologist Jan Wdlz

Born in: Heidelberg

Oral-examination: .......cccvveviiiiiie e,






Impact of contaminants on aquatic systems and imigaldsites

with respect to flood events

In vitro biotests, chemical target analysis

and fractionation methods

Referees: Prof. Dr. Thomas Braunbeck

Heidelberg Institute of Zoology, University of Heiberg

Prof. Dr. Heinz Karrasch

Geographical Institute, University of Heidelberg






Acknowledgment

This PhD thesis was very pleasant, since it wasonbt a product of laboratory work and
computing, but also the result of an inspiring d&nendly atmosphere with colleagues and
friends. Therefore, | would like to thank the worgp Aquatic Ecology & Toxicology
Section at the Heidelberg Institute of Zoology, exsally Prof. Dr. Thomas Braunbeck and
the workgroup Department of Ecosystem Analysish&t RWTH Aachen University, in
particular Prof. Dr. Henner Hollert. Both owe myegt thanks for their support, help and
supervision of my thesis.

Beyond this, | would like to thank Prof. Dr. Henrdollert and Dipl. biol. Thomas-Benjamin
Seiler for the perfect collaboration in our in 206%tablished Department of Ecosystem
Analysis at the RWTH Aachen University.

Furthermore, | would like to thank Prof. Dr. Heikarrasch for his deep interest in the
research topic of this PhD and for being my secupervisor.

Good scientific work is supported by friendly arelgiul people. My special thanks go to my
dear colleagues at both departments Lisa Bragenihdarkus Brinkmann, Andrea Gerstner,
Katja GroRhans, Sebastian Hudjetz, Dr. Steffendfe®r. Thomas Kosmehl, Eva Lammer,
Sibylle Maletz, Paula-Suares Rocha, Hanno Ziellgeiarparticular Marit Ernst and Thomas-
Benjamin Seiler.

| furthermore like to express my sincere thank&/koke Diehl, Susanne Miller and Kerstin
Winkens for their support in the lab.

| also like to thank the project partners of theMRK-Hot cooperation partners and the
BMBF for funding this project and, thus, the majpof my PhD thesis.

Beyond, | want to thank, in particular, Dr. Werrgrack, Tobias Schulze and Dr. Urte

Libcke-von Varel (UFZ Helmholtz Centre for Enviroemal Research, Leipzig) for their

collaboration, the possibility for effect-directedhalysis and their assistance with chemical
analysis. Furthermore, PD Dr. Lothar Erdinger amdAhdrew Rastall (Institute of Hygiene

and Medical Microbiology, University of Heidelberdpr support with the YES assay.

Accordingly, my thanks go to Evelyn Claus and Dreo@ Reifferscheid (Federal

Hydrological Institute, Koblenz) for chemical ansiyand provision of the Ames Fluctuation
assay.

Finally, 1 am very grateful to my parents for dtletr encouragement and support of my
doctoral thesis.






Contents

Contents
Y 0153 1 = o 1
ZUSAMMENTASSUNG. ... .t ettt et e e et e e et et e e e e et et o e e e e e a e n e e aeens 3
N 111 {0 To [8 o 1o o IO PPPPUPUPPPPPPP 5
1.1  Chemicals in the (aquatic) environment and legathag ................cccccceeeeeeiiiiiiiiiennee. 7
1.1.1 Excursus 1: REACH guideline of the European Unimmrégulation of chemical........ 8
1.2  Chemicals related to suspended particulate matter.............ccovvvvvvevveeviviriviiiiieeeeeeeeee, 9
1.2.1 Excursus 2: EU Water Framework Directive (WFD) - telyrated river basin
MAaNAgEMENT fOr EUIOPE ...t e e e as 13
1.3 Flood events — Impact on flood PIaINS .......ccceeriiiiiiiieieeeeeeee e 14
1.4  Contaminants in the groundwater and agqUIferS.............uuvueeiiieiiiiiiicceeeee s 16
1.5 Objectives Of the StUAY ......ccooiiiiii e 17
G L= (=7 =] T = S 20
2 Influence of hydrodynamics on sediment eCOtOXICItY..........cccevvuriruriniiiiinneeeeeeeeeenn. 29
2.1 Role of sediments in freshwater QUAIILY .....cceeeeverreemmmimmiiiiieiiieee e 31
2.2  Factors affecting mobilization of sediments an@<{Jaivailability of contaminants ............ 32
2.3  Ecotoxicological methods to assess sediment CONBHIDN ..............ceeveeeriiiiiiiiniineeeaas 33
2.4 Combined approaches to investigate the influence hpdirodynamics on sediment
L= ToT] (o) q (o Y20 34
2.5 Case Study River Neckar (GEIMANY) .......uuimeeeeeeieeeiieeiieeeieeeeeeeeeeaeeeeaaeaaeeaaaeaaaa s 35
251 1721 T T PP 36
2.6 RESUILS and DISCUSSION ...t ee ettt e e e e e e e e e e e e e e e e e e e e e eeees 37
2.7  Case Study Morava Catchment Area (Czech RepublicC)..............ccccevvvvviiiiiiieiiieneee, 39
2.8 CONCIUSIONS ...ttt et e e e e ettt e e e e e e s smnnee e e e e e e e s b bbb e e e e aaaeeeas 42
P2 B o U= (=1 1T Vot 43
3 Changes in toxicity and Ah receptor agonist activof suspended particulate matter
during flood events at the rivers Neckar and Rhine...............cccoceeeiiiiii e 49
R 70t Y o1 1 =T 51
I T [ 011 0T ¥ T 1o ] o [P PR PRSP 53
3.3 Materials and MethOdS. ............uuiiiiii e e 55
3.3.1  Suspended particulate matter sampling .........ccoovviiriiiiiiiiiiiieieee 55
3.3.2  SamMPIe eXIrAaCON ......cceiiiieieeee ettt 56
3.3.3  WAALEI SAMPIES ..o ettt e e e e e e e e e e e e e 56
3.3.4  Multilayer fractionatioNn..............oooiiiiieeee 56
3.35 PCBs and PCDD/Fs — HRGC-HRMS analySiS......cecemmeeieeiieeiieieieeeiieniinennnnnnnnnnnnn, 57
3.3.6 Neutral Red RetentioN @SSAY ..........cewuiicammeamiurrriiriniennueinnnnnnnnnnnnnnnnnnnnnmnseeennnnes 58
3.3.7  DR-CALUX @SSAY . .uttttiiiieeeeiiiiiiiitieitiaaaaateeaaaaasassssssseeeeeaeaeesssassssssesseeasaasssseeeeees 58
3.3.8 (O] o O B - T T | PPN 59
3.3.9  7-ethoxyresorufim-deethylase assay ...........cccceeei i ee e 59
3.3.10 BIO-TEQ VAIUES ...ttt s e e e e et e ettt s e e e e e e eett e s e e e e s eeeerneasteanneeeeaeees 60
3.3.11 Chem-TEQ VAIUES ...t eemmmme e et s e e e e e e et s e e e e e e e e et bmmnan e e e eaeeenes 60
Bi4 RESUILS ...t e e ettt e e e e e e n b 61

3.4.1 Neutral Red retention @SSAY ..........uuuriieeieeeeiieiiiiiiiereeeeeeeerieeeeesreaesrerrr e eeeeeeeees 61



Contents 1

3.4.2  AhR-mediated acCtiVity .........cooiiiiiiiiiiieeeee e 62
3.4.3 DR-CALUX and GPC.2D assay With SPM ... 63
3.4.4  Multilayer and carbon on celite fractioNatioN ... .coeeeeieeeiieeiiei e, 64
T T B Yo U 111 (o] o PP PRPPP TP 66
3.5.1  Cytotoxic effects of complex Samples...... oo 66
3.5.2  Ah receptor agonist activity of water SampleS .........oevviiiiiiiiiiiiiiiiieeee 67
3.5.3  AhR-mediated activity Of SPM ........ccoooiiiiicr e 68
3.5.4  Maodification of pollutant COMPOSITION .........ceemruriuueiiiiiiiiriree e 69
3.5.5  Comparison of AhR-mediated activity.........ccoocoeiiiiiiiiii e, 69
3.5.6 Sources of the remobilized PCDD/PCDF .......coooiiiuiiiiiiiiieeeeeee e 70
3.5.7 Relevance of persistent compounds analyzed........c.....covvvvvveeeveeiiivevvenirinniiniennn. 72
G I ©o ] [ox (117 o] L PP PPUPR PP 72
3.7 Recommendations and PEIrSPECLIVES ......... o eeeeeetriiaiiirnrreeeeeeesaaasnnreeeeessnnreeees 73
IR C T o= 1= (=7 g o7 PSPPSR 74
4 Effect-directed analysis of Ah receptor-mediatetivdes caused by PAHs in suspended
particulate matter sampled in flood eVENtS...........ouvvviiiiiiiiii e 79
I Y o 1 1 = T PP PP PP 81
N | 011 (0T U1 o] o [P PRTTP PR 81
4.3  Material and MethOdS...........coooiiiiii e ennennne 82
431 ChemiCalS USEA..... oo et a e e e 82
4.3.2  Sampling and preparation..........cccooo oo, 82
VG TR B - Tox 1o =1 (o] o DO PSP PPPRPPR 82
4.3.4  Primary FraCtioNation .............uvuiiiiiei e e e e e eeeeii e e e e e e e e e e e 83
4.3.5  Secondary fraCtiONatION ...........ooviiuuiieeeeeeei e e e e e e e e e rmnnre e e e e anees 84
4.3.6 PAH ANalYSIS ...ciiiei et 84
4.3.7 EROD iNAUCHION @SSAY ....ccceeeeieeee e ettt eeee e e e e e e eeees 84
4.3.8 BIO-TEQ VAIUES ...t s e e e e e e e e eeeen e 85
4.3.9 ChemM-TEQ VAIUBS ... e e e e eea e 85
A4 RESUIS .ottt e —— e e e a e e e e e e e e e e annne 85
4.4.1  AhR-agonist activities in primary fractions...............ccccvvvvvviiiiieiiieeiieeeeeea, 85
4.4.2 Distribution of activities among secondary PAH frags ............cccccoiiniiiiiiinennnc 6.8
4.4.3 Quantification of EPA-PAHS .......coooiiiii e 86
4.4.4  Contributions of EPA-PAHSs to determined AhR-agoRistivity ...............eueveeeeennnnnnss 87
A5 DISCUSSION ...uttiiiiiiieees s ittt et e e s mmmmn ettt ettt e e e e e e s s bbb ettt e e e e e e e e e s sbeeeeeessaasbbbeseeeeeaeeeeaannne 88
4.5 1  ACHVE FrACHONS ...uetieiiiiieeiiiiiit ittt eeee ettt e e e e e e st e e e e e s s bbb e e e e e e e s 88
45.2 Evaluation of prioritized cOmpounds .........ccooeiiiiiiii e 89
T @ o Tox 1113 o] £ PSPPSR 90
A7 RETEIBINCES ...ttt ettt e e e e e e ettt e e e e e e e e e eeeeee s s e s bbb b b eeeeeeeeeeaanne 92
5 Flood Retention and Drinking Water Supply — PrewrenConflict of Interests............. 97
o0 R = 7= Vo 2o | {0 U T 99
5.2 Aim of the joint reSearch Project........ .ot 99
5.3  Framework Of INVESHIGAtION............coii i e smmnne e e 100
5.4  Structure of the joint research Project ... eeeeieeiiiiiiiii e, 101

55 R LY [T (=T A 10T T 102



Contents 1l

6 Impact of suspended particulate matter sampledhatriver Rhine with respect to
operation of retention basins and drinking watéetya...................evviiiiiiiei e eeeeeennns 105
G0 Y 1 = Lo 107
02 111 o T [ Tod 1 o] o P 108
6.3  Material and MEthOUS ...........uuiiiiiiii e 109
6.3.1  CREMICAIS USEU.....cciiiiiiiiiiiiiiiiiiee s e sttt e e eeeenr e e e e e e e e e aaan 109
6.3.2  SPM SAMPIING «.eeiiiiiiiiiiiiiiiie ettt rnnn e e e e e e aeaees 109
6.3.3 Preparation Of Crude eXtractS .............oeeeeieeiiiiiiiiiiiiiie e 111
6.3.4  Clean-up of extracts and automated fractionation...............ccoeeeeeveeeeieiiineenee. 111
6.3.5  Chemical analysis of HCB and PCBS ...........uuuuiiiiiiiiiiiiiiccie e 112
6.3.6  GC-MS analysisS fOor PAHS ......ccoiiiiiiiie e, 112
6.3.7 EROD-INAUCLION BSSAY .....ceiiiiiiiiiiiieitieseeame e e et e e eeeennneeeeeas 113
6.3.8 BIO-TEQ VAIUEBS .....ovvuiiiieeiieeeiiie e sttt e e et ettt e e e e e e e e et bbb seeaaeeeeeeeesbaannns 113
6.3.9  Ames FIUCtUALiON @SSAY ........ccooeee e 113
T =S | P 115
6.4.1  SPM Sampled iN 2006..........c..ooeieieiieimmmm e eeeeeeeeeeaeeeaeeee e aaeaaaaaaaaaaaaaaaaaa e 115
6.4.2  SPM sampled in the context of the flood event igéat 2007 ............oevvvevvvernvinnnnnns 115
6.4.3 Identification of effective fraCtions .........ccceeviiiiiiiiiiiiii e 116
6.4.4  Mutagenic potentials of fractions ..., 117
S T I 11~ o] U 11 (o] o P 118
6.5.1  Chemical loads Of Crude eXIraCtS.........c.ourreeeiiiiiiiiiiiiee e 118
6.5.2 Biological hazard potential in crude eXtractS. ceee..vvvveevveereerrriieiiriiiieiiiereereeeee. 119
6.5.3  AhR-agonists and mutagenic potential in fractions...........ccccceevviiiiiiiiiieeneeen. 119
LG T o T Tod 111 (0] o 1= 120
I A L= (=T =T (oL PP PPPPPPR PP 122
7 Pollution of riparian areas in consequence of imtfioth by extreme flooding ............. 125
A A Y o 13 1 = Lo S PR PP TPPPPRP 127
42 111 o T [ Tod1 o] o 1P 128
7.3  Materials and MethOds..........ooo i 129
7.3. 1 CREMICAIS USEU.....cciiiiiiiiiiiiiiiiiiee s e sttt ettt e e eeeenr e e e e e e e e e aann 129
7.3.2 SOOI SAMPING ...t 129
7.3.3  Soil extraction for assessment of total samples..........cccooeevveeeiiieee, 130
7.3.4  Soll extraction and clean-up for fraCtioNation...............ceveeeeriiiiiiiiiieieeeee e 130
7.3.5  Automated fractionation ProCeAUIE ... eeeeeee e 130
7.3.6  GC-MS analysis of fractions ..., 131
7.3.7 EROD iNAUCHION @SSAY ....ccooeiiieeee oottt e e e e ee e e e 131
7.3.8 BIO-TEQ VAIUES ...ttt s e s nnnnnnnes 131
7.3.9  AmeS FIUCIUALION @SSAY .....coi i e oo 131
Th  RESUILS ..ottt e ettt e e et e e e e e e e e s 131
7.4.1  AhR-mediated activities and identified compounds..................c.cce i, 131
7.4.2 EROD inducing potential by SOil fractions .....cccc.....ovviiiiiiiieieeecee e 133
7.4.3 Mutagenic potential of individual fraCtionS ..o 133
S T B 1Yol U 31 o] o P PPPPPPR PP 134
7.5.1  Chemical contamination of Crude eXtracts .........c.ccccceeeriiiiiiiiiieeiiee e 134
75.2 Biological hazard potentials by crude extractS.........ccccceveviiiieeeee 136

7.5.3 I[dentification Of ACtIVE frACHIONS. ... ...t e e e e eeens 136



Contents v

A0 T o T Tod 11 (o] o 1= 138
A A = U= =1 1= 0T3P 140
8 Contaminant entry into and transport in the sa@aragroundwater zone subsequent to

eXIreme floOd EVENLES ... a e 143
S 0 I Y o 1 1 = T PP EP PP PPPRP 145
S T2 | 011 0T U T 1o o [P PPPPPT PP 145
8.3  Materials and MethOds. ........ooo oo e e e e e e eeeeees 147

8.3.1 ChemicCalS USEd.......ccoi i e e 147
8.3.2  Sampling and Preparation...............coooiieiieeriieeeieeeeeeeeeeeevee e 147
8.3.3  WAALEr EXIFACTION ...eeiiiiiiiiiiiiiiiiieee s ettt e e e e e e st e e e e eeenr e e e e e e e e e aan 148
8.3.4  Automated fractionation of SPM and soil samples............cccccoiiiiienee 149
8.3.5  Chemical analysis — Carbamazeping (CBZ)... o oo, 149
8.3.6 Method for the instrumental analysis of estrog@oimpounds .........ccccceeeeeveeeiieenennn. 149
8.3.7  Yeast Estogen Screen (YES) @SSAY .........coummmmmmererrnmimmmmmmmnmnnnnnnnnnnnsssssnnnees 149
. ] 1S | O P 150
8.4.1 Investigation of groundwater Samples.......cccooooiiiiiiii e 150
8.4.2 Estrogenic activity in individual fractions anddat analysis.........................o....... 511
8.4.3  Target analysis in fraCtioNS............coovviiiiiiiiiiiiiieeeeeeeeeeeeee e 152
S 7R T 9 1o 1] (o] o 153
8.5.1  Carbamazepine as a tracer for riverine contaminatio..............ccccccevvveeeeeeeennnnne. 153
8.5.2 Estrogenic activities in the groundwater .................ooovvvviiiiiieiieeeeeeeeevee e 154
8.5.3  Active fractions and target analysiS.......ccccccceeeieeiiiii e, 155
S 20 T @0 o 11 ] o o PP 156
o T A = (=] €= o o7 157

9 Contaminant transport to public water supply welésflood water retention areas..... 161
S A Y o 13 1 = Lo S PP PR PP PPPRP 163
S22 | 11 {0 o L1 [ox 1o o I PP PPPPPT PP 163

9.21 (7o gl =T o g1 =T g 01 = g 1 o] o A 163
9.2.2 Kastenwoert-Rappenwoert Study area..........ccceeeeeeveeeiieeieieeiiieiieeieieeeeeeneeeneeee 164
9.3 Phase 1: Entry of contaminants into the retentf@@a a................cccceee oo 166
LS N A O g o = Tox (] 174 11 [ ] o OO POPPPPPPPPP 166
9.3.2  ChemiCal @NAlYSIS.......c.cceiiiiiiiiiiiiiieeeeeie ettt 168
9.3.3 ECOtoXiCOlOQICAl ANAIYSIS .....cceeiiiiiiiit ettt ee e 168
1S IR 70 S |V o o 1= |1 0o PP 169
9.4  Phase 2: Passage through the SOil ZONE ...cceeceeeerivrriiiiiiiiiiiice e 170
S O A O g o = Tox (=] 1 4= 11 [ ] o OO UPPPPPPPPPPPP 170
9.4.2  ChemiCal @NalYSIS.......coeeiiiiiiiiiiiiie e 171
9.4.3 ECOtoXiCOlOQICAl ANAIYSIS ......cceiiiiiiit ettt e e e 171
LS I S ¥ (o o 1= 11 o PP 172
9.5 Phase 3: Groundwater fIOW ................ee e eeeeeeessniiiiieeeee e e e e ee e e s s eeeeeee s 174
9.5.1 Characterization.............oooi i e eeeeees 174
9.5.2  ChemiCal @nalYSIS........cooiiiiiiiiiiiiieeeeeeeee e 175
9.5.3 Ecotoxicological analySiS ..................i v evvvieiiiiiiiiiii e 176
LS IR S | oo 1= 1T o PP 177
9.6  Discussion and CONCIUSION .........oooiiiii et e e e e e e e e e eeeeeeees 178

9.7 References



Contents

10
11

Conclusions Of the StUAY .......ccoeiiiieeee e e e e e e e e

List of references



Contents

Vi




Abstract 1

Abstract

Scope of the present study is the development gptication of aquatidn vitro bioassays and
methods of effect-directed analysis (EDA). It aimis investigating contamination of suspended
particulate matter (SPM) and pollution of inundas@tds and riparian aquifer, respectively. In tingt f
part of this study, SPM was sampled during floodrees and toxicological activities were determined.
The second part of the study dealt with possibleflmb of interests between flood management
(operation of retention basins) and drinking watgoply (sustainment of water protection areas).
Cytotoxic potencies were determined with the NéURed retention assay and dioxin-like and aryl
hydrocarbon receptor mediated activities with thetioxyresorufim-deethylase (EROD) assay, both
using RTL-W1 cells derived from rainbow trourfcorhynchus mykigsBoth bioassays indicated
elevated potencies associated with SPM samplechgldlood events. Highly active samples were
fractionated in order to determine effective comptss Strongly persistent compounds had an only
minor contribution to total biological effects, wkas less persistent substances caused the bulk of
biological activity. Chemical analysis showed thampounds analyzed with priority are not capable
of adequately explaining the biological effects swad. Non-priority anda priori unknown
compounds were mainly effective.

The second part of the study aimed to investigatmcts of river contaminants to inundated sites and
aquifer in flood events. For this end, the biotestery was extended with the Ames Fluctuationyassa
and the bacterial tester strains TA98 and TA18@lrqonella typhimuriumto detect mutagenic
activity, as well as the Yeast Estrogen Screen (YBSsay with bakery yeasSdccharomyces
cerevisia¢ to determine endocrine activity. Further, a réigedeveloped method of effect-directed
analysis (EDA) was used to separate more polar oangs in SPM and soil. Less persistent
compounds were shown to be highly active. Howewsore polar compounds caused the highest
effects. In accordance to findings of the firsttparthe study, chemical analysis showed that ftyior
compounds only made a minor contribution to bictagiffects.

River contaminant infiltration in the aquifer wassassed following a flood event with a recurrence
interval of ten years by measurement of a tracempound and hormonal activity. Both parameters
indicated contamination of the aquifer followingtflood. Water that was sampled in the hinterland
showed delayed effects and, thus, indicated masssfort in groundwater layers over elevated
distances.

The findings of this study document high contamoratof flood SPM that may be deposited at
inundated sites. In particular, increased bioldgietiects and chemical loads of more polar
compounds indicate an increased impact of contamhirteansfer through soil and aquifer
contamination. Furthermore, infiltration and inged toxicological effects indicate a general rik o
groundwater contamination in consequence of floahts.

The results of the present study directly conteltiota manual assisting stakeholders and operaitors
retention basins and waterworks aopriori avoid potential conflict of interests and, thusuld
directly be implemented in practical work.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Enticiy und Anwendung voin vitro-Biotests und
Methoden der Effekt-dirigierten Analyse (EDA). Zigt die Untersuchung der Belastung von
Schwebstoff (SPM) sowie des Schadstoffeintrags Refentionsflachen und in den flussnahen
Aquifer. Dazu wurden im ersten Teil der Studie SR Hochwasser entnommen und hinsichtlich
toxischer Wirksamkeiten untersucht. Im zweiten Tairde an einem Modellstandort untersucht, ob
es zu einem Interessenkonflikt zwischen Hochwaszeagement (Betrieb von Retentionsraumen)
und Trinkwasserversorgung (Erhaltung von Wassetsgbbieten) kommen kann.

Zytotoxische Schadigungspotentiale wurden im Nénat-d est und Dioxin-&hnliche und Arylhydro-
carbonrezeptor-vermittelte Wirksamkeit im 7-ethesgorufine-deethylase (EROD)-Assay mit
RTL-W1-Zellen der Regenbogenforell®rfcorhynchus mykissintersucht. In beiden Biotests wurden
erhohte Wirksamkeiten durch SPM aus Hochwasser ttetini Zur Bestimmung der Effekt-
verursachenden Substanzklassen wurden hoch wirkBamben fraktioniert. Wahrend Fraktionen mit
sehr persistenten Schadstoffen nur geringe Effbkteirkten, wurde der Grol3teil der biologischen
Wirksamkeit durch méaRig persistente Verbindungemrgacht. Mittels chemischer Analytik konnte
gezeigt werden, dass prioritar untersuchte Kontanten die ermittelten Effekte nicht hinreichend
erklaren konnten. Nicht-prioritare urapriori unbekannte Substanzen wiesen folglich die grof3ten
Schadigungspotentiale auf.

Der zweite Teil der Studie befasste sich mit dexgEstellung, ob Kontaminanten aus dem Fluss im
Hochwasserfall zu einer Belastung von Uberflutuldg$fen sowie des Aquifers fiihren kénnen. Zur
Bearbeitung dieser komplexen Fragestellung wurde eihgesetzte Biotestbatterie erweitert und
zusatzlich mutagene Potentiale im Ames-Fluktuatesismit den Bakterienstammen TA98 und
TA100 (Salmonella typhimuriujrsowie hormonelle Aktivitat im Yeast Estrogen Str€YES)-Assay
mit Béckerhefe $accharomyces cerevisjagemessen. Weiterhin wurde eine neuartige, kirzlic
entwickelte Methode der Effekt-dirigierten AnalydeDA) zur Anwendung gebracht, mittels derer
erstmals auch polarere Substanzen in SPM und Boalesp fir die Biotestung aufgetrennt wurden.
Hohe Wirksamkeiten wurden fur mafRdig persistentea8stoffe ermittelt. Die grof3ten Wirksamkeiten
wiesen jedoch polare Verbindungen auf. Mittels éevier chemischer Analytik konnte gezeigt
werden, dass, in Ubereinstimmung mit den Ergebniasis dem ersten Teil der Studie, die prioritaren
Schadstoffe nur zu einem sehr geringen Anteil mipgischen Gesamtwirksamkeit beitrugen.
Weiterhin wurden die Auswirkungen der Infiltratimon Schadstoffen aus Flissen in den Aquifer
anhand eines Hochwassers mit einem Wiederkehraltevon zehn Jahren untersucht. Zu diesem
Zweck wurde das Vordringen von Flusswasser durah lachweis einer Leitsubstanz sowie die
Veranderung hormoneller Wirksamkeiten infolge dexciivassers erfasst. Beide Parameter wiesen
auf eine direkte Beeinflussung des Aquifers durak Hochwasser hin. Effekte von Proben die mit
grolRerem Abstand zum Fluss entnommen worden waiesew eine zeitliche Verzdgerung auf, die
auf Stoffinfiltration in den Grundwasserleiter hieist.

Die Ergebnisse dieser Dissertation belegen eine t®t¢hadstoffbelastung von Schwebstoffen aus
Hochwasser, die auf Uberflutungsflachen abgelagegtden konnen. Insbesondere die hohen
Belastungen mit eher polaren Verbindungen macheeneStoffeintrag in den Aquifer tber langere
Zeitraume wahrscheinlich. Weiterhin weisen die Befe der Grundwasseruntersuchungen nach dem
Hochwasser auf das generelle Risiko von Schadsfittifation auch ohne den Betrieb von
Retentionsbecken hin.

Die Resultate dieser Dissertation flieBen unmittelim ein Handbuch ein, das Entscheidungstrager
und Betreiber von Rickhaltebecken und Wasserwerkiabei unterstiitzen soll mogliche
Interessenkonflikte von vornherein zu vermeideresi Arbeit konnte somit direkt in die praktische
Anwendung eingebunden werden.
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1.1 Chemicals in the (aquatic) environment and legabthag

Water is the most fundamental substance for lifeJ &esh water is, in particular, most
important for organisms and subject to multiple igdhumans as drinking water, agriculture
and industrial processes (Baron et al. 2002, Gleiclal. 2008). Although pure water is
absolutely essential for human beings, anthrop@geativities have resulted in significant
impairment of the aquatic environment. Due to dyanof riverine systems, rivers are, e.g.,
used as 'solvent’ and means of transportation tonam waste (Oki & Kanae 2006,
Schwarzenbach et al. 2006).

Chemical pollution has profound impacts on aguatiosystems, and hazardous compounds
are released intendedly (application products) amidgntally into the aquatic environment
(Bendz et al. 2005, Vassiliadou et al. 2009). Clramiare used to make virtually every man-
made product and play an important role in evenjdayf people around the world. On the
one hand, chemical products provide protectioncfmps and increase yields, prevent and
cure diseases, provide insulation to reduce enesgy and so forth. On the other hand,
chemicals can also negatively impact human and@mwiental health, leaving a considerable
footprint, when their production and use are nonhaged responsibly (Helland et al. 2007,
Weber et al. 2008b).

Over the entire life cycle of a chemical produdtem “cradle to grave” — there is a potential
for adverse effects on man and environment. Chémsgtareduction requires a management
that involves continuous review of each compoumnficonceptual design in the laboratory
over development up to distribution, marketing andandling guide for degradation and/or
waste disposal (Norgate et al. 2007, Schiefer.et397). Today, about 100,000 compounds
are on the market in the EU and worldwide, 30,600Q,000 out of which are in daily use
(Schwarzenbach et al. 2006). For thousands of aasnthat are sold or used in products
today, incomplete information exists on the volumasased to the environment, the targets
of exposure and the toxic properties. This meaasttie risk of many chemicals has neither
been thoroughly evaluated nor have they been atEguaanaged, because the necessary
information to do so is not available (Hofer et2004, Petry et al. 2006).

Almost every country has chemicals industries; ghost 80% of the world’s total output is
currently being produced by only 16 countries: USApan, Germany, China, France, UK,
Italy, Korea, Brazil, Belgium, Luxembourg, SpairhelNetherlands, Taiwan, Switzerland and
Russia. Usage and consumption of chemicals isifdreh in OECD countries than in non-
OECD countries. It is assumed that OECD countrigsramain both the largest chemical
producers and consumers until at least 2020, wgribeluction and consumption will grow
much faster in non-OECD countries. Therefore, itswaecessary to develop chemical
management at a world-wide level (OECD 2001).

Overall, the chemicals industry in OECD countries imade significant progress in reducing
releases of pollutants to the environment from rfecturing processes. Although there are
no consolidated data on emissions of known hazardabstances across OECD countries, it
is probable that, overall, such releases from cbamindustries in these countries are
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declining. Nevertheless, releases of hazardoustaud®es per unit of output still rank high
compared to other industries (OECD 2001). Furttiieect dischargegia municipal treatment
plants represent an important source of contamsni@nthe aquatic environment. This holds
even more true, since specifically acting substarmech as drugs are usually released by
householdsvia waste water and are not (completely) degradedd{elei& Halden 2007,
Zuccato et al. 2006).

Over the years, policies have been designed tegrotan and the environment from both the
hazardous emissions released during the produdiochemicals and the risks posed by
chemicals which are contained in consumer prodiiaisha & Ashford 2006). Industries are
also subject to regulations aimed at managing m&lsed by the chemicals themselves, e.g.
collection and assessment of data on hazard andsesg material safety data sheets,
labeling, marketing and use restrictions (Foth &&&2008).

Historically, most of the management approachesd dse controlling emissions during
production have dealt with “end-of-pipe” solutiofisse & Rheeb 2005, Sarkis & Cordeiro
2001). Recently, governments and industries inBiepean Union (EU) implemented more
holistic approaches to minimize impacts on healtld #he environment throughout the
lifecycle of a product — from raw material use ioaf disposal — by designing more
environmentally benign chemicals and adopting irssgl product policies, including
extended producer responsibility (Clift & Franceéd80EU 2006).

Given increasing trade volumes of chemical prodaaots the growing awareness of pollutant
transportation across national borders, the lasetdecades have seen a significant increase
in international efforts by governments to co-oedenthe management of chemicals. Overall
direction for this work was provided by the 1992itdd Nations Conference on Environment
and Development (UNCED) held in Rio de Janeiro wihewdlopted Chapter 19 of Agenda 21
(UN 2001). Among other things, this chapter catis dccelerating international work on the
assessment of chemical risks, harmonization ofsifieation and labeling of chemicals,
establishing risk reduction programs and strengtigemational capacities for managing
chemicals. The REACH guideline of the European ar{ieU), enacted in June 2007, aims at
harmonizing such regulations and at minimizing sisdf chemicals at least within the
European Union markets (European Union 2006).

1.1.1 Excursus 1: REACH guideline of the European Unimmrégulation of chemical

Industrial chemicals have been used for many decaaled new products are regularly
introduced to the market. However, there was ausing§ patchwork of current legislations in
the EU used for regulation. Thus, the old chemiegulation is currently replaced by the new
regulations on industrial chemicals control, the glideline REACH (EC 1907/2006). This
guideline deals with Regulation, Evaluation, Authation and Restriction of Chemical
substances and eventually came into force on JuB@Qr. It aims at overcoming limitations
in testing requirements of former regulations odustrial chemicals in order to enhance
competitiveness and innovation with regard to thaenwofacture of safer substances and,
furthermore, at promoting the development of aléue testing methods (Ahlers et al. 2008,
Foth & Hayes 2008).
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Without registration, commercialization of chemgais no longer possible, while
authorization is limited to 'hazardous' substandefarmation on properties and possible
impacts of chemicals are registered in a centrébdese which is run by the European
Chemicals Agency of the EU (ECHA) in Helsinki, Fndd (ECHA 2008, Kemmlein et al.
2009).

The purpose of REACH is to guarantee that subssapoeduced, put onto the market and
used are not hazardous to human and environmezdlihh Therefore, this regulation is based
on the principle that confers responsibilities obguct safety to producing industries and
downstream users. Furthermore, REACH intends toease transparency and to extend
information publications about applied chemicalsufsen et al. 2007, Homa et al. 2009).
Notably, hazardous compounds with carcinogenic, amndagenic properties as well as
reprotoxic (CMR), along with those substances wp#nsistent, bioaccumulative and toxic
(PBT) properties, as well as very persistent angy \oaccumulative compounds (vPvB)
have to be identified and authorized by ECHA, rdigms of the production volume (Hansson
& Ruden 2006, Pouillot et al. 2009).

Producers and importers of chemicals with produactiolumes of > 1 ton per annum have to
accomplish registration including a technical doeuain Existing products will have to be
registered until 2018 (Black 2008). Compounds durwes > 10 tons per annum need an
additional 'Chemical Safety Report. Compounds witilumes > 100 tons have to be
registered until 2013; such with > 1000 tons ud@il0. Substances with production volumes
< 1 tons are excluded from registration (Edser 2@bels-van Hal 2007).

REACH has been estimated to affect about 30,000poamds (> 1 tons/a) out of a total of
100,000 old chemicals on the market as listed enEbropean EINECS index (Loewenberg
2006, Wolf & Delgado 2003). To manage these substna base set of data is required
containing information on identity, classificatioand labeling, as well as exposure
assessments. Further on, chemical safety reposte t@ be provided containing more
specified information as well as management strasep minimize risks (Laamanen et al.
2008, Petry et al. 2006,).

Since estimations of potential exposure and effettach chemical have to be provided, an
effect-assessment is carried out using biotests atileast a subset of species and exposure
scenarios to determine either biological effectaan-effect levels. In general, depending on
the production volume, all trophic levels need & donsidered, and effects are determined
with at least destruents (bacteria), producersaaglgnd consumers (daphnids, fish) providing
a base set of information (Wei et al. 2006).

1.2 Chemicals related to suspended particulate matter

In this study, suspended particulate matter (SRMJefined as the particles that, given at any
time, are maintained in suspension by turbulenterus in a river. With decreasing flow,
SPM tend to settle down on the ground and, thusprbes part of sediment. However, with
increasing discharge in flood events, sedimentseanded and re-contribute to SPM. This
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definition is close to that of the EnvironmentaleSimnen Bank of the Federal Republic of
Germany as given by Schulze et al. (2007).

SPM is a heterogeneous mixture of compounds obwarbrigin, size, shape, density and
surface structure. In detail these components neatppsoil, sand, carbonates, clay minerals
and organic matter in various stages of composiii@ornelissen et al. 2005, Doxarana et al.
2002). These solid matters originate from biogenic geogenic erosion processes in
catchment areas and cover sizes of about 0.02m2 franslocation and downstream
deposition in direction to the coast is mainly givier particles with grain sizes < 2 mm.
Transportation distances of greater particles edeicded, and deposition takes place close to
the sources, except in the case of mountain catatsnoe during flood events with increased
sheer-stress and flow intensities (SedNet 2004teBja& Burt 1997,).

SPM components provide more or less numerous lgrslies for substances and, thus, also
for contaminants. Whereas sand provides less spastirfaces, clay and organic matter are
minor sized and provide a higher surface-to-volumo and manifold binding sites for
compounds such as organic contaminants. In paatichlimic substances which, e.g., bear
polymerized organic complexes of nitrogen and orygpresent attractive binding sites for
organic pollutants (Gagne et al. 1999, Cornelistal. 2005).

SPM are an integral part of aquatic ecosystemgtadaw material of habitats for numerous
benthic species (Heise & Apitz 2007). They are amdntal in the cycle of inorganic and
organic matter in aquatic systems (Netzband 2G0W, thus, adsorbed pollutants can have a
negative influence on ecosystem functions. SincéM §ftay a major role in aquatic
ecosystems, they have to be integral parts of cteraation and environmental evaluation
(Hakanson 2006).

Furthermore, SPM are most relevant with respectafety of waterway transportation.
Introduction and transportation of SPM causes sediation filling waterways and in
particular harbors. Ports have many still-wateresowhere fine-grained material accumulates
(Aria et al. 2009, Koethe 2003). Regular dredgisqécessary to ensure that ports remain
fully functional. However, materials mainly consddtsediments and contaminants from the
whole course of the river. At the Hamburg Port, rgvgear 3 to 5 Mio. m of dredged
materials are removed. For that portion of the malgethat is too highly contaminated for
relocation in the North Sea, storage at land isessmry which causes expenditures of
35 Mio. € per year (Netzband 2007).

Certain pollutants have always been of concern quaac systems, including the
16 EPA-PAHs as defined to be of superior relevdmgdhe United States Environmental
Protection Agency (US-EPA). Further on, Persist®nganic Pollutants (POPSs) including
toxic, persistent and accumulating compounds ametbfand restricted by the Stockholm
Convention in 1995, are prioritized. These are hierrt characterized by the so-called
‘grasshopper effect' which means that they carlttang distances in the environment by the
repeated processes of evaporation and depositiankdy & Wania 1995, Gouin et al. 2004).
Thereby, POPs are found anywhere in the environaeentell as in human and animal tissues
all over the world (Weber et al. 2008a, b). At mrés dioxins, furans, polycyclic aromatic
hydrocarbons (PAHSs), polychlorinated biphenyls (BLBand some other hazardous
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compounds, pose a threat to the environment. Wadtkelwthe number of (highly) polluted
sites continuously increases, causing a considemaoblem with a need for regulation and
management (Apitz & White 2003, Bridges et al. 208&ber et al. 2008b).

Pollutants can be introduced into rivers througlriotss pathways which include the
atmosphere (emissions, aeolian transportation)uesifs (wastewater treatment plants) or
surface runoff (precipitation, irrigation; Boxall Blaltby 1995, Brown & Peake 2006, Kay et
al. 2006). Furthermore, a distinction can be magtevben rural areas with soil and channel
bank erosion as well as atmospheric depositionadls, urban areas with leaching (sewer
drainage) and direct inputs from industries angihig (Vink 2001).

Sources of contaminants differ between point arftusk sources (see also fig. 1): Point
sources are identified sources of steady inflow dlre scale of years, and the magnitude of
pollution is not influenced by meteorological cammhs. Thus, point sources include
municipal and industrial wastewater effluents (Eies et al. 2004, Stronkhorst & van Hattum

2003,).
sources
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Pore water, sediments,
colloids, diffusion

Sedimentationmmp  Contaminant sink
Remobilization/Erosionmsy  Secondary contamirsource

Fig. 1 Pathways of contaminant introduction inte #yuatic environment and fate in the river system,
with emphasize on the impacts through flood evéntdified; Power & Chapman 1992).

Diffuse sources are highly dynamic and widely s@rpallution sources with a close link to
meteorological factors such as precipitation. Treseces include loads of surface runoff as
of cultivated fields, erosion and paved urban amgils traffic and atmospheric deposition
(Ferreira et al. 2003).

Whereas dissolved compounds remain easily availablee free water column for aquatic
organisms, less solvable hydrophilic compoundseag, PAHs tend to adsorb to non-polar
surfaces of inorganic and organic particles (Knezoet al. 2004, Tusseau-Vuillemin et al.
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2007). Thus, they become less available for orgasidVith currents and turbulences below
certain thresholds, SPM particles deposit on therred, thus acting as a sink of pollutants
and reducing their availability in the water colur(®chneider & Reincke 2006, von der
Heyden & New 2004). Therefore, only bottom feedard benthic fauna may still be exposed
to these particle-bound substances, whereas gartielnaining in the water column (SPM)
have an impact on pelagic organisms (Caldas é08P). Deposited particle-bound pollutants
may further consolidate with sediment and becomegianew sediment layers. SPM act as a
buffer with respect to, e.g., nutrients, but alsgersistent organic pollutants and act as sinks
and important secondary sources of contaminantstalusbsorption of settling particulate
matter (Ahlf et al. 2002b, Westrich & Foerstner BPD0As a consequence, in densely
populated and industrialized regions, a great tyané man-made hazardous compounds are
typically associated with aquatic SPM and sedimefitsus, contamination is a serious
problem in areas of rivers with intensive sedimgaitg as is given in naturally (floodplain) or
artificial (retention areas) inundated areas altmgrivers and, in particular, in deltas and
estuaries that act as large 'sediment traps' (Sargsal. 2001, Vigano et al. 2003, Yang et al.
2008).

Previously deposited and consolidated SPM can ineb#ized following sediment dredging
(Koethe 2003), with bioturbation being a major pestimentation process with normal
discharge (Butcher & Garvey 2004) and flood evéHtllert et al. 2003b, W6z et al. 2008).
In fluvial systems, cycling of pollutants is domied by processes of resuspension, settling
and burial of particulate matter (Heise et al. 2004

Particle-bound contaminants are most relevant wassessing the pollution of aquatic
systems, in particular since they act as sinks smdces for contaminants. However, they
were not considered in the EU Water Framework Divec(EU-WFD 2000/60/EC), with
dissolved compounds being prioritized (EU 2000)haligh, in a daughter directive to the
EU-WFD, the evaluation of water pollution is propdsncluding the assessment or priority
compound concentrations in sediments, the majevagice of sediments as secondary source
of pollution is not accounted for (Bergmann & Ma2887, Hollert et al. 2007b). Further, the
implementation of sediments in the WFD underlirtes particular need to focus on particle-
bound contaminants. Since sediments are often yhigblluted, certain contaminants may
cause a failure to reach the quality goals in tHeDVénd may require additional measures for
its control (Heise & Foerstner 2006, Hollert 2007).

At the river Rhine, hexachlorobenzene (HCB) is sactandidate, since it has a significant
effect on the quality of sediments downstream and,, on the dredged materials from
Rotterdam harbor. Therefore, HCB is assumed toabegorized as Category 1 contaminant
according to Article 16 Source/Pathway p. 11.1h& YWFD (Heise & Foerstner 2006). HCB
accumulates with depositing particulate matterpdrticular at the barrages along the Upper
Rhine; they can be remobilized during floods. Intpdaownstream areas are highly polluted
and may become areas of important challenges fdimemt management. Hamburg Port
Authorities are anxious that HCB may cause exceemwdamination levels that would
prevent relocation of sediments at sea. The ratotait sea is the least expensive option
(Netzband 2007). HCB loads in flood SPM were deteeah with up to 50 pg/kg in floods
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with recurrence intervals of 1 year and increasingcentrations up to 350 pug/kg in floods
with recurrence intervals of 20 years. Thus, mosIBHconcentrations would exceed
thresholds for quality goals by Ahlf et al. (2002hat would be reached with <5 pg/kg.
Using the Chemical Toxicity Test (CTT) approachvesl as the Uniform Content Test
(UCT) action levels (20 pg/kg) would also clearly bxceeded (Stronkhorst & van Hattum
2003).

1.2.1 Excursus 2: EU Water Framework Directive (WFD) telyrated river basin manage-
ment for Europe

Since the end of the year 2000, a novel legislatipproach has guided European water
protection policy: The Water Framework Directive K% 2000/60/EC). The new concept
includes replacing, merging and renewing of thevipres protection policies from the 1970s
and provides a more consistent, transparent angredrensive conception. The WFD aims at
a holistic and integrated water protection and aetbitious high-quality goals to achieve a
‘good status' for European lakes and rivers uidtll52(Bald et al. 2005, Wilby et al. 2006).
Thereby, ecological terms are of superior relevaessential processes are detailed, as well
as instruments to reach the set aims, and, findiere is a strict time schedule to be followed
(Anderson et al. 2006).

The WFD European Union legislation is double-track@n the one hand, community-wide,
substances of concern were selected (European Giomi2000), and, on the other hand,
each member state has to take measures at rivier Ibasl to manage prioritized pollutants
(Westrich & Foerstner 2005). Policies concerningdndous substances in European waters
were introduced in a previous 'old' Framework Ciikexc(76/464/EEC). In so-called daughter
directives of the 1980s, certain substances wepdated defining emission limits and quality
objectives in the surface and coastal waters vedichmunity-wide. Until 2013, the ‘'old’
directive will be in force and subsequently repthbg the 'new' Water Framework Directive
(2000/60/EC) that integrates the ' old' directias ¢odified under 2006/11/EC).

Identification of substances of concern for surfag&ters (significant risk for owvia the
aquatic environment) and development of controlsuess are set out in Article 16 of WFD,
and priority compounds are listed and were adoje®ecision No. 2455/2001/EC (EU
2001).

To reach the aim set, the European Commission adopinother directive, setting
environmental quality standards for the prioritypstances in July 2006, which each member
state will have to achieve by 2015, to ensure adgchemical surface water status'.
Furthermore, within 20 years, emissions as welbases and discharge of priority substances
will have to be reduced (Crane 2003).

The WFD implements the assessment of sediment rmam#ion, e.g., in Article 16: “The
Commission shall submit proposals for quality stadd applicable to the concentrations of
the priority substances in surface water, sedimentsiota” (EU 2001). If quality criteria
were to be defined for sediment, then monitoringide required to establish compliance
with such criteria. Certain compounds were sele@ed categorized as priority, priority
substances subject to review to priority hazardswisstances and priority hazardous (see
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tab. 2). According to the WFD, good chemical stdtusa water body is obtained when the
concentrations of the priority substances in watgdiment or biota are below the
Environmental Quality Standards (EQSs): this isregped as ‘“compliance checking”
(Coquery et al. 2005, Lepom et al. 2009).

The member states shall also set quality standardsver basin-specific pollutants and take
action to meet the WFD standards at latest by 2&1part of the ecological status (Article 4,
11 and Annex V, WFD). Measures shall be in plac@@39 and become operational by 2012,
replacing Directive 76/464/EEC (Mostert 2003).

Table 2 Priority Substances List (according to EI08)

Priority substances subject to revie

Priority substances to priority hazardous substances

Priority hazardous substances

Alachlor Anthracene Pentabromobiphenylether
Benzene Atrazine Cadmium and its compounds
Chlorfenvinphos Chlorpyrifos C10 - 13-chloroalkanes
1,2-Dichloroethane Di(2-ethylhexyl)phthalate Hexachbenzene
Dichloromethane Diuron Hexachlorobutadiene
Fluoroanthene Endosulfan Hexachlorocyclohexane
Nickel and its Isoproturon Mercury and its compounds
compounds
Trichloromethane Lead and its compounds Nonylptenol

Naphthalene Pentachlorobenzene

Polyaromatic hydrocarbons
Octylphenols . :
Tributyltin compounds
Pentachlorophenol
Simazine
Trichlorobenzenes

Trifluralin

1.3 Flood events — Impact on flood plains

Next to the more general introduction of the pregiehapter, here the focus is on processes
in times of flood events. First of all, floods atbaracterized by modified hydrological
conditions and may occur when snow melts in spingin consequence of (extreme)
meteorological events such as intense rain or s{@annett et al. 2005, Dankers & Feyen
2008). Precipitation volumes may no longer be net@iby the soil and later be evaporated by
vegetation, respectively. Water level rises anderriwater inundates the surrounding
floodplains, often causing considerable socio-ecunalamage. At least when flooded areas
are agriculturally used or in particular when p@pedl areas, industries and cities are affected.
In the past, many parts of European river catchebate severely been flooded (Becker &
Grunewald 2003, Frei et al. 2000, Hilscherova et 2007). Thus, rivers have been
straightened, dikes were erected and meanwhileifgpust river sites was hindered or
prohibited, at least as long as dikes often fatlegrotect man and buildings (Faeh 2007,
Merz & Didszun 2005).
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Next to socio-economic aspects, flood events havmetevaluated in the context of sediment
erosion, sediment contamination and sediment deéposn inundated areas with different,
but nevertheless significant consequences. Floedtswaused by intense rain come along
with extensive surface run-off at first (streetarniland) introducing especially PAHs and
pesticides to the river and causing considerableatogical impact (Boxall & Maltby 1997,
Brown & Peake 2006, Donald et al. 2005, Maltby let1895a, b, Rocha et al. 2007). With
increasing discharge, critical sheer stress thidshare exceeded and sediment erosion
becomes the dominant source of contaminant reraabin (Gerbersdorf et al. 2007a, Haag
et al. 2001, Hollert et al. 2003b, Lick & McNeil @D, Ulrich et al. 2002,). Whereas less
intensive and more frequent flood events cause ngediment erosion, more extreme floods
can cause deeper incisions remobilizing older aodsiply more highly contaminated
sediments. These are transported downstream arasitixp later on the surface sediments.
Thus, even older sediments can easily be (re-)dratlging subsequent floods and may
constitute significant sources of contaminants Kaéevskiy et al. 2008, Hollert et al. 2003a).
Contaminant introduction and deposition on catchisiemay require regulation and
management of land use. At the river Rhine, seritasding can leave up to 10 cm of
sediments along its banks. A few millimeters peod cycle is deposited on the remaining
flood plain. Thus, over the centuries, a layeredisientary clay more than a meter thick has
been built up at various sites (Knepper 2006). Dsiveam transportation and deposition
through flood events may cause the removal of comated sediments and, thus, an
improvement of the water quality (Muller et al. 200

SPM begins to deposit with reduction of the flowldwing the flood peak (Jacoub &
Westrich 2006). With respect to inundated sites,kiblk of sedimentation takes place above
flat areas on floodplains. Furthermore, introdusediments and adsorbed contaminants do
not necessarily remain on inundated sites. Subsedioed events and after reflow of water,
dry sediments can be drifted to other areas, cgusonsiderable pollutions elsewhere
(Asselman & Middelkoop 1995, Coulthard & Macklin(g).

On inundated floodplains, introduced SPM prefesdiyti deposit and accumulate in
depression zones from which aeolian export is mimbus, these geomorphologic structures
act as SPM sinks and tend to be highly polluteth wérticle-bound contaminants. Further on,
they are closer to the aquifer layer, are loadeti elievated contaminant concentrations and
increase the probability of passage through theatursted soil zone into the aquifer
(Hallfrisch 2008).

Past flood events take an impact on adjacent amedscause tremendous damage in times
with extreme flooding (hundred-year-floods). Asesult of extreme precipitation in August
2002, e.g., major flooding occurred in the catchiara of the rivers Elbe, Vitava (Moldau)
and Mulde (Navratil et al. 2008, Stachel et al. A0@Pollutants from industrial sites and
municipal sewage treatment works entered the BEtigeled to serious pollution problems in
the river. At the Mulde river, the Spittelwasseh&chtgraben and communities north of
Bitterfeld, a region with numerous and highly contaated soils and sediments, was
inundated. Residential areas and farmland was conéted through deposition of polluted
sediments (Brack et al. 2002a, Go6tz et al. 1998te5et al. 2005). Contaminated sediments
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were remobilized and flood plains were consideraligpacted. This resulted in
contamination of milk from cows grazing on the fibplains, and from two farms the milk
had to be destroyed, since the toxicity equivalecmycentration (TEQ) values were above
the thresholds given by European regulation (Staathed. 2006, Umlauf et al. 2005).

Alluvially deposited matter of the Mulde River ihet region of Bitterfeld was assessed by
Brack et al. (2002a, 2003b). The load of heavy teetad organic contaminants was shown to
exceed thresholds for sewage sludge. Ecotoxicabgissessments by Heise et al. (2003)
with sediments sampled close to Brunsbuettel jeftre and up to 1.5 months after the Elbe
flood indicated a significantly increased toxicétfter the flood event using standard luminous
bacteria Vibrio fischer), algae Pseudokirchnella subcapitgtabacterial Bacillus cereuks
and nematode assaydaenorhabditis elegans

1.4 Contaminants in the groundwater and aquifers

Organic contaminants that were introduced intodtpeatic environment are of high diversity
with respect to their physico-chemical propertiesl anolecular structures, as well as to
environmental compartments, e.g., for transfornmaéiod transportation processes. Thus, fate
and distribution of compounds are complex and requdifferentiated evaluation
(Reichenberg & Mayer 2006).

In this context, groundwater pollution has beerulagd in the 1976 Dangerous Substances
Directive, which was later replaced by the GrountweDirective 80/86/EEC (Lanz &
Scheurer 2001). With this new legislation, contaanis were divided into two categories:
(a) substances that must be prevented from entegimogndwater (‘black list) and (b)
substances the introduction into the groundwatewldith must be limited (‘grey list'). The
Groundwater Directive is of limited value and vakpire and be repealed by the WFD by the
end of 2013 (Lanz & Scheurer 2001, Mostert 2003).

Contaminants may enter the riverine groundwateyutin pressure of river flow towards the
bank, at least when landside groundwater flow aodmg gradient in direction to the river is
plain. Besides, contaminants can pass the unsaturaine and enter the aquifer through the
soil, in particular at frequently inundated sitesy. floodplains and retention areas (Boulding
& Ginn 2004). Compounds are either hydrophilic gditophobic and, thus, accumulate in the
water phase or on the surface of suspended matterscal flux in the water-unsaturated
zone as well as horizontal flux in the saturatedezbas to be expected; an associated
transport of dissolved and particle-bound contamtmacan be observed (Schwarzbauer
2006). In particular, the heterogeneous soil comtiposcaused by many flood dependent
shifting is of major importance for the evaluatiohthe risk of contaminant transportation
through the soil (McKee et al. 1967).

Many studies worked on groundwater contaminatiath facused on inorganic contaminants
such as arsenic, lead and copper pollution (Blacwiliams 2001, Fernandez-Galvez et al.
2007, Pasternack & Brown 2006). In contrast, grovatdr and aquifer water has usually
been found contaminated with a variety of perscaat products, pharmaceuticals, herbicides
and others more (Scheytt et al. 2007, Zhang eR@Db8a). In contrast, to date, organic
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contaminant introduction from inundated floodplaam&l retention areas into the groundwater
has hardly been assessed.

One of the rare studies (Rudis et al. 2009) andlyae deposition of zinc-polluted sediments
which were transferred by a catastrophic floods tlvas related to changes in groundwater
quality. Modeling the fate of pollution leached rficsettled sediments to groundwater could
be show that zinc can leach to the groundwaterfagbioth from bottom sediments of a pond
into the saturated zone and from the flood-poolirsedts into the unsaturated zone and
thereafter into the saturated zone.

A more holistic approach was applied in the Aquad groject that worked on a better
understanding of river-sediment-soil-groundwatestams (Gerzabek et al. 2007). New field
and laboratory observations as well as historiedh chre assembled and addressed for the
catchments of the Ebro, Meuse, Elbe and DanubefRam the Brevilles Spring. In the same
project, Barth et al. (2007) showed that for seditrteansportation highest deposition rates
were given fo3-hexachlorocyclohexang-HCH) in river sediments at hot-spot areas of the
Mulde River in the Bitterfeld region (Elbe Basine@any). However, no clear answer was
provided with respect to contaminant entry of flplaih soils in the groundwater.

Meanwhile, conflicts of interests emerge at différesites when, e.g., drinking water
protection areas and flood retention areas ove@apthe one hand, retention areas have to be
provided to manage in particular extreme flood évdRrerichs et al. 2003); on the other
hand, these areas frequently overlap with othed lasages. Such a conflict of interests is
given next to Karlsruhe, were a waterworks (Kasteeny shall be constructed close to a
retention area (Bellenkopf-Rappenwoert), which Ibesn designed to be used in the case of
an extreme flood event (events with a return peabdnore than a 100 years and a highly
destructive potential). This potential for conflistas subject of a joint BMBF research
project: “Flood retention and drinking water supplyreventing conflict of interest” (Maier
et al. 2006).

1.5 Obijectives of the study

This study aimed to investigate on the hazard patleaof contaminants that are bound to
suspended particulate matter (SPM), in particulégh wespect to impact of flood events.
Therefore, in a first part flood SPM was sampledrdufloods with recurrence intervals of
one and eight years at the rivers Rhine and Neckarmany, and assessed using a broad
battery ofin vitro biotests to detect both, acute and mechanism{gpeaverse effects.
Exposure of RTL-W1 cells of the rainbow trouDr(corhynchus mykisswere used to
determine cytotoxicity in the Neutral Red retentessay. Dioxin-like and aryl hydrocarbon
receptor (AhR)-mediated activity was assessed whth EROD assay. Samples causing
elevated effects were chosen for effect-directealysrs (EDA) and fractionated in order to
reduce the complexity of the environmental samedsequent, fractions were investigated
with biotests to identify biologically active frachs and possibly the effective contaminants.
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Thus, hypotheses to be verified were:

* SPM sampled in flood events indicate elevated theg

» Elevated toxicities can be determined usimgvitro biotests and different
(eco-)toxicological endpoints

 Effect-directed analysis is a powerful tool thah dse used to identify active fractions
and effective compounds in complex environmentatunes

» Chemical analysis allows to determine active compiswvithin the fractions

» The concept of toxicity equivalency concentratiGhEQs) can be used to determine the
quota of the analyzed compounds to the total bickgactivity of the extracts and
fractions

In a second part of this thesis, the angle of vigas extended to the impacts of river
contaminants on inundated sites, in particularsatbat are planned to be used as retention
basins in the case of extreme flood events. Inlat gtudy, a potential hazard of river
contaminants to the groundwater and, thus, drinkiater resources, was indicated at one of
these projected retention basins that, therefoas, wged as model site. Therefore, a long-term
study was carried out and samples were taken thomigtwo years. Further, soil was
sampled at inundated and non-inundated sites dia$ie and groundwater at wells within the
retention basin.

Samples were assessed using an extended setvidfo biotests. Next to the tests named
above, the Ames Fluctuation assay using the battaster strains TA 98 and TA 100
(Salmonella typhimuriujnwas used to determined mutagenic potentials.hEBurthe Yeast
Endocrine Screen (YES) assay with bakery ye8at¢haromyces cerevis)agas used to
investigate endocrine activities. These investayeti aimed to show hazard potentials of
contaminants that are transported in the fluentewiav floods to inundated sites and are
deposited there. Further, contaminant introductiorihe groundwater and drinking water
resources was in the focus of research. Thus, hgpes to be verified were:

* Biological hazards and chemical loads increase mithe extreme flood events

» Long-term assessment of SPM allows to determindical hazard potentials in flood
events that can be ranked with hazards in timdsowitfloods

* Deposition of flood SPM can be shown with soil sédpat inundated sites and
compared to soil of non-inundated sites

* Long-term investigation of groundwater shows madifions in contaminant
composition and biological activity in consequentfood events

* The application of a recently developed fractiomatmethod allows usage of EDA in
order to determine active fractions and to compeasatamination pattern among
samples

 Further, this fractionation method provides newdiings with respect to more polar and
polar compounds
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 Finally, these investigations assist to evaluageritk of contaminant transfer from the
fluent wave to retention basins and the hazardaifirgdwater contamination caused by
flood events
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2.1 Role of sediments in freshwater quality

There is general agreement that sediment-boundaswdes are of major importance for the
fate and effects of trace contaminants as well @®mquality in aquatic systems. Sediments
can act as sinks for various pollutants but coldd decome a contamination source under
certain circumstances such as dredging or flooahtev@Ahlf et al. 2002a,b, Foerstner and
Miller 1974, Hollert et al. 2000a, 2003a). Contaat@d sediments are known to cause
various adverse effects on organisms even whermmeonant levels in the overlying water are
low (Chapman 1989). Thus, monitoring and assessmersiediment quality is of prime
significance for national legislation in generadafior the implementation of the European
Water Framework Directive in particular (SedNet 20 Especially through the activities of
SETAC North America (Wenning et al. 2005, Wenning #éngersoll 2002) and the European
SedNet network (Salomons and Brils 2004, SedNedpe€diments related issues were given
increasing attention in both science and the pulMkile water quality has notably improved
over the past three decades, the sediments in Exampean river basins still retain the toxic
heritage from the past era of uncontrolled indabkfproduction, and which will continue to
influence the quality of waters significantly foramy years to come (Salomons and Brils
2004, SedNet 2004).

Since the 1970s several chemical analytical studee®aled elevated concentrations of
dominant environmental contaminants such as heatglsmand organic pollutants in marine
and riverine sediments using chemical analysesr¢fwer et al. 2004, Foerstner and Mdller
1974, Giger et al. 1974, Haag et al. 2001, Sto#¢r. 1977). These hazardous contaminants
are often accumulated in deeper layers covereelayively unpolluted sediments, and, thus,
are sequestered from the bioavailable oxic sedirseriaice zone (Haag et al. 2001, Ziegler
2002). However, these chemicals are mostly perdistethe natural environment, and can
enter the oxic water column after an erosion eventsh as bioturbation (Chapman et al.
1992), flood events (Hollert et al. 2000a, 2003b)doedging and relocation of sediments
(Koethe 2003). Consequently, toxicants can becomavhilable (Calmano et al. 1993,
Simpson et al. 1998, Ziegler 2002) and may resuttetrimental effects on aquatic organisms
at various trophic levels. Furthermore, downstréeansport and deposition of contaminated
particles in inundated areas may also result inatneg effects on biota in these regions
(Japenga and Salomons 1993).

With a delay of more than one decade to the fiesichemical studies, the assessment of
biological consequences of particle-bound polligamas become a major topic in
international water research (Burton 1991, Giesy ldoke 1989, Power and Chapman 1992).
To date, most studies focused on the developmestiitdble bioanalytical methods and the
assessment of their potential to investigate sealtbbeund contaminants. However, the role
of sediment remobilization and possible ecotoxigmal effects of contaminants bound to
suspended material has been scarcely investigated.
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2.2 Factors affecting mobilization of sediments ana-{}availability of
contaminants

In many river systems, hazardous contaminants r@ominantly transported in association
with suspended particulate matter. The suspendeitipa and the sediment-bound pollutants
accumulate in regions of low turbulence, such aymg fields, harbors, and river reservoirs
forming thus sites with high levels of contaminatio

An important issue related to the role of sedimentsvater quality is their potential to be
subject to remobilization, transport and redisttidou during certain environmental events
such as floods. Although these processes increasessbility and bioavailability of
contaminants, the conditions under which thesega®es occur, their amplitude and possible
role in contaminant accessibility and effects &ri goorly understood. The complexity of
cohesive sediments, which are biologically activel @hemically reactive, precludes the
definition of a general analytical theory for the®suspension behavior. Moreover, the
sediment properties of cohesive sediments vary oanaber of spatial, temporal and vertical
scales (Gerbersdorf et al. 2005, 2007) and emfiyibased field and laboratory experiments
are needed to elucidate the mechanisms which gabverrerosion resistance of cohesive
sediments. As well, interdisciplinary studies areedted, to obtain better and realistic
conceptual understanding of natural sediments &aed tnherent physical and biological
complexity (Black et al. 2002). However, either picp-chemical or biological sediment
properties have been in the focus of research @n ithpact on sediment stability, and only
recently, the first comprehensive investigativerapph to derive master-variables affecting
sediment stability was published (Gerbersdorf e2@05, 2007).

Over the past decades a numerous studies have coeenicted that primarily addressed
isolated aspects of sediment pollution issues. Rbc¢he fate of particle-bound pollutants
and hydrodynamic transport processes has beensaédrencreasingly in interdisciplinary
joint projects. These studies documented that gestiound priority pollutants (e.g., EPA-
PAHs) are major contributors to both the overalhtemination and transport of lipophilic
pollutants in rivers. Work that significantly coitiuted to these findings were, among others,
the DFG-Research Group 371 or the interdisciplir@BF-funded joint project, SEDYMO
(Foerstner et al. 2004, Foerstner and Westrich 20A@bwever, the questions regarding
physico-chemical surface properties of suspendedicigs, chemical mobilization and
biological degradation of pollutants as well asareiing the related bioavailability of
contaminants and their toxicity have not been featisrily addressed to date. Especially, the
important link between the erosion potential andanad potential of sediments/distinctive
sediment horizons originating from contaminateerniive sites, need to be addressed in future
studies if a realistic risk assessment is to beveer

The fate of the contaminants associated with seusns strongly influenced by the amount
and type of the sedimentary organic matter, wheflects the environmental evolution in the
drainage area and fluviative or lake depositioryateams (Martinek et al. 2006, Stout et al.
2002). The geochemical parameters of organic maitercontrolled by the interplay of
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biomass productivity, weathering during transpamd microbial reworking during and
shortly after deposition (Peters et al. 2005).

Valuable monitoring data have been collected onctir@aminants in sediments. However,
only limited data exist on the associated organaiten and the role of different organic
matrices for the fate of pollutants is insufficigrdocumented and not well understood (Stout
et al. 2004). Fresh sedimentary particles behawediiferent way when compared to the re-
deposited older sediments, even if the contentoitifants is similar. It is, therefore, highly
desirable to integrate the role of natural organatter of different biological origin, mainly
terrestrial plants, woody material, bacteria angaal (Gonzales-Vila et al. 2003, Meyers
2003) into the ecotoxicological assessment of cempmedimentary systems of rivers and
their relevance for potential contaminant bioavaliyy. The extracellular polymeric
substances (EPS) excreted by microorganisms suami@®algae or bacteria, can be a
significant part of the total organic pool. Thesgymeric substances have received more and
more attention over the last years due to theg nolbiostabilization of sediments (e.g., De
Brouwer et al. 2000, Paterson et al. 2000). Onbemdy, the importance of EPS for the
erosion resistance could be shown for several oantded freshwater sites (Gerbersdorf et
al. 2005, 2007). Concerning the fate of the cortamis, these polymeric substances
influence as well the nature of the eroded mateliad this work is at an early stage (Perkins
et al. 2004). Depending on floc characteristicshsas floc size and floc strength, the
adsorption/degradation processes of the assoctate@minants will change as well as the
lateral particle transport until deposition (Dropp004). Thus, the binding capacity of the
polymeric substances, as well as their influencéhennature of the erodible material should
be addressed by investigating the quantity andjtiadity of the EPS in order to contribute to
the questions on the bioavailability of contamirsant

2.3 Ecotoxicological methods to assess sediment conttian

As discussed in the previous paragraphs, cohesiabilisy of sediments and their
mobilization leads to increased bioavailability @fzardous contaminants. Sediment
mobilization is affected by numerous physico-chehicgeochemical and biological
parameters that are poorly understood and that hega scarcely investigated by complex
interdisciplinary research projects. In spite otemsive research and development of
numerous model testing systems, little is still .wnoabout possible ecotoxicological
consequences of mobilized sediment contaminants. eValuate adverse effects on
ecosystems, neither biotests nor chemical-anaigticniques alone are sufficient. In contrast,
a combination of biotests and chemical methodswallcomprehensive insights into the
hazard caused by sediment contamination.

To monitor the sediment quality, ecotoxicologicabdssays are first applied to screen if
contamination had significant effects on biologidahctions of the model organisms/
systems. A broad spectrum of test batteries ofdstalized bioassays has been used to assess
the possible hazardous effect of particulate mattet elutriate. The bioassays includad
vivo tests at different levels of the aquatic food ohand in vitro tests. Various
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microbiological toxicity tests have been develoedl validated for use in sediment risk
assessment during past 20 years (Ahlf et al. 1988, Beelen 2003). It was shown that
contamination correlates with the shift in micraamgm communities toward toxicant-
resistant species and that persistent toxic effestshe micro flora caused for example by
zinc, cadmium and copper often occur at concentratiower than European Community
limits (van Beelen 2003). Other assays for ecotrigical studies include the algae growth
inhibition assay, the bacterial bioluminescenceassay, and the Daphnia assay (den Besten
et al. 2003, Koethe 2003). Since fish are reprasgntertebrates, and can be linked via
bioaccumulation to humans, large efforts have bemdertaken to develop fish-based test
systems for the assessment of sediment bound sgbstéChen and White 2004, Davoren et
al. 2005, Hilscherova et al. 2000, Hollert et &0Qa, 2005, Kammann et al. 2005a, Kosmehl
et al. 2004, US-EPA 2002). In additionitovivo sediment exposure tests with fish, a number
of suborganismal assays are in use such as cetbasitro systems (Davoren et al. 2005,
Hollert et al. 2000a, Kosmehl et al. 2004, Segrg€8), the fish egg assay wianio rerio
(Hallare et al. 2005, Hollert et al. 2003b). Whéleute toxicity was of major concern in the
last decades, recently for many river basins a gdam focus to more subtle specific chronic
non-lethal effects occurred (Brack et al. 2005ahilé/these effects are difficult to assess
usingin vivotests, they can be relatively easily determinedbatro techniques that allow to
predict toxic potentials of complex environmentaxtures (JanoSek et al. 2006). Tihevitro
bioassay approach serves as efficient, fast andeffestive screening for evaluation of the
receptor-mediated activities of the complex mixsufélilscherova et al. 2002). We have
successfully used this approach to prioritize comated sediment sites (Hilscherova et al.
2003, Hollert et al. 2002a) and to study novel enide disruptive effects observed in situ
(Blaha et al. 2006). A further advantage of a sagsapproach is, that the combination of
different bioanalytical methods allows to investegaultiple endpoints such as genotoxic or
mutagenic (Chen and White 2004, Kosmehl et al. 2afi6xin-like (Hilscherova et al. 2002,
Hilscherova et al. 2001, Hilscherova et al. 20@0)yarious endocrine effects (Ankley et al.
1998, Sumpter and Johnson 2005) in parallel irséimee sample.

2.4 Combined approaches to investigate the influendg/dfodynamics on sediment
ecotoxicity

Recently, in several studies toxicity has beenwatald at various sediment depths (Burton Jr.
et al. 2001, Hollert et al. 2003a, Kosmehl et &04), showing for at least some of the
locations a dramatically increase of chemical cmitation and toxicity with the sediment
depth. For several European river basis, includieckar, Rhine and Elbe, highly
contaminated old sediments can be described anjdtchemical time bombs' (Cappuyns et
al. 2006, Japenga and Salomons 1993). An impopesdess which may remobilize such
sediments and which is of still increasing impoctnn relationship to the global climate
change is more often occurrence of stronger flondsurope as well as in other parts of the
world. To understand and predict possible toxiciglalgand ecotoxicological consequences of
contaminants mobilized from sediments by flood ésehis necessary to develop scientific
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approaches for the assessment of regularly floogleds. The combination of hydrodynamics
and ecotoxicological investigations is devolvingatoemerging field of research. Recently, it
was shown that hydrodynamic aspects can be invohse@ddditional Line-of-Evidence in
Weight-of-Evidence studies assessing the impasediments (Chapman and Hollert 2006).
In the last five years several studies were pubtishddressing the ecotoxicological impact of
flood events (Brack et al. 2002, Grote et al. 2086llert et al. 2000a, Oetken et al. 2005,
Matthaei et al. 2006, Sect. 10.2) or using combiapgdroaches for evaluating flood events
and the risk of erosion (Babut et al. 2006, Haa@.62001, Hollert et al. 2000b, 2003a).

In this context, studies on the Elbe flood in 200d8icated elevated effects in bioassays
(Heise et al. in prep). Moreover, cellular changesld be found in livers from flounder
(Platichthys flesusand digestive glands of blue mussé¥yfilus eduli3, 5 month after the
flood disaster in the Elbe Estuary and the Waddem (Einsporn et al. 2005). In comparison
to earlier data from long-term studies at the satagions, a significant impairment in the
function of cell organelles (lysosomes), involvedthe detoxification and elimination of
pollutants in fish liver, was found. In additiom a long time study, EROD activity was
measured in livers of dalifmnanda limandafrom the German Bight (North Sea) from 1995
to 2003 (Kammann et al. 2005b). In autumn 2002niBaantly elevated EROD activities
were detected, possibly related to effects of iver iEIbe flood event.

These findings support the hypothesis that extrémoel events can affect not only freshwater
ecosystems but also marine systems and have delsteeffects on animal health.
Furthermore, flood events can influence floodpland wetlands negatively (Schwartz et al.
2006, Ulrich et al. 2002). Consequently, the rislextreme flood events for drinking water
supply will be an emerging topic in the future (raet al. 2006).

In conclusion, research should consider the pa@kwofi sediments to serve as sources of
contamination for the aquatic ecosystem, for drigkivater supply but also for the floodplain
soils and other flooded areas. In the followingecsudies, two examples for such integrated
approaches addressing the risk of erosion are mteasériefly.

2.5 Case Study River Neckar (Germany)

During the seventies, the river Neckar in Souti@emmany ranged among the most strongly
contaminated rivers in Germany with high loads athborganic pollutants and heavy metals
(Forstner and Mduller 1974). For instance, cadmioads were increased by a factor of up
to 300, when compared to pre-industrial clay steegiments. As a consequence of sewage
treatment, the quality of water and sediments imgdosignificantly, and today the Neckar
can be classified among Germany’s moderately cantged rivers, however, with heavily
loaded old sediments at some sites (Hollert eR@D0a). Hence, earlier studies within the
Neckar catchment area or the river Neckar itseilfealed moderate to strong ecotoxicological
effectiveness in several bioassays for mutagenenomxic, endocrine, teratogenic, and
dioxin-like responses as well as correlations betwigiological effects and concentrations of
organic pollutants (Hollert et al. 2005, 2002a0602b).
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The objective of the presented study was to developombined ecotoxicological and

hydraulic approach by the cooperation between thiwdysities Stuttgart and Heidelberg to

elucidate the ecotoxicological implications asstadawith the risk of erosion of contaminated

sediments (Hollert et al. 2000b, 2003a). This irdegfd strategy was applied to the lock-
regulated river Neckar in Southern Germany (Haagl.eR002, 2001, Hollert et al. 2000b,

2003a, Knauert et al. 2004). For this purpose,mnsedi cores of the heavily contaminated
Lauffen reservoir/river Neckar were investigated &8 well as suspended particulate matter
during a flood event in the river Neckar (B) in erdto give the potential and effective

pollution risk under different hydraulic scenar{®$g. 1).

Assessment of the risk of erosion and

damage potential of highly loaded old sediments

Sediment cores

. Flood events
from reservoirs

Non-intrusively measured density
profile of sediment cores Cumulative parameters (AOX, TOC,
SAC,s54, KMNO, consumption)
Chemical analyses
Chemical analyses of water and SPM
In vitro bioassays: toxicity,
genotoxicity & dioxin-like potential In vitro- bioassays: toxicity, genotoxicity

& dioxin-like potential
Determination of the risk of erosion

(SETEG & hydraulic calculations) Determination of SPM concentration
A B
Separate evaluation Separate evaluation

8" ’4

Integrated assessment

Fig. 1 Test strategies for examination and evadnatif the remobilization risk of old sediments in
lock-regulated river systems (redrawn from Holktral. 2000).

2.5.1 Methods

a) Two undisturbed sediment cores (13.5 cm in diam&nd 150 cm in length) were taken
from one location in the backwater region of theiffen reservoir/river Neckar in south-
west of Germany (in total 7 locations and 16 sedimeores). In both cores, vertical
profiles of bulk densities were measured in 1 capstnon-intrusively by using \aray-
densitometer. Thus, similar sediment layering waititie parallel cores was ensured as well
as subsequent sampling of the appropriate seditagets (Haag et al. 2001). If, on the
basis of the density profiles, parallel cores weoasidered to be similar, one of them
served to experimentally determine the criticalashgtress of mass erosiott,ge) as a
function of sediment depth. Erosion experimentsewearried out in a rectangular water
flume, the so called SETEG-system (Kern et al. J99Be second one of the parallel cores
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was sectioned into layers of almost uniformly te&fuhus, the core was cut at depths of
significant bulk density changes. From this mategancentrations of heavy metals and
PCBs were identified by chemical analyses whiledytetoxicity, dioxin-like activity and
mutagenicity were investigated by bioanalytical moels (Kosmehl et al. 2004, Seiler et al.
2006). By comparison of the critical shear stresfifaent stability of the investigated
sediment cores with the natural occurring bottoeesistresses, calculated by the 1-D flow
and transport model COSMOS (Kern and Westrich 1,98@é)possible resuspension risk of
contaminated sediment layers could be predicted.

b) In order to gain insight into the ecologicaleeffs of a possible remobilization of heavily
contaminated old sediments, suspended particulattem(SPM) was collected in SPM
traps from two sites of the lock-regulated sectadrthe river Neckar: downstream the
Lauffen reservoir with its high cadmium contaminag and downstream the less polluted
Heidelberg reservoir (reference site). Parametessitigated are presented in fig. 1.

2.6 Results and Discussion

The combined hydraulic and ecotoxicological apphoaevealed the high risk of erosion
down to depth of 70 cm as well as an ecotoxicoklgiazard potential of the associated
contaminants (Haag et al. 2002, Hollert et al. 2Q0M3).

Clear cut changes in bulk densities, the percentdgearticles size d < 2qm and*®*'Cs
content support the hypothesis of an erosional nfiecmity (Fig. 2).

An erosional unconformity is the result of a floedent, where fine grained sediments are
resuspended and non-cohesive particles are re-tlpdblaag et al. 2000). In the vertical
sediment profiles, layers with coarse particlesy [BOC and consequently increased bulk
densities could be detected mostly below 25 cm Hdefitften these layers were also
characterized by sudden decreasescg in the corresponding parallel core, indicating
predominance of non-cohesive patrticles (Fig. 2).
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Fig. 2 Non-intrusively measured density profile,<d20 um, critical shear stress, cytotoxicity,
mutagenicity, heavy metals and PCBs of core LN4ifthe Lauffen Reservoir on the Neckar River
depending on the depth (according to Hollert e2@03).

Bioanalytical and chemical investigations (Fig. #¢re showing clear-cut changes of the
ecotoxicological hazard potential below the degtthe erosional unconformity. The younger
sediments within the top 25 cm depth revealed aeigfrong cytotoxicity nor mutagenicity.
In contrast, for the older sediments below thatezam strong cytotoxicity, dioxin-like and
mutagenic potential could be determined. PCBs antldr@pogenic influenced heavy metals
such as Cd and Pb showed up to 100 times higheeotnations in the sediment layers below
the erosional unconformity. Concentrations above bhilg/kg of cadmium and 193 mg/ kg
copper, respectively, allowed the classificatiorntiidse sediment layers to the older, highly
contaminated sediments (HCS). In contrast, the uf@ers represented low contaminated
sediment layers (LCS, Haag et al. 2001, Hollertakt2003a). Since this unconformity
happens in a transition zone between younger, tssgaminated and older, heavily
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contaminated sediment layers, the last flood masehexposed not only deeper sediment
layers but also their contamination load.

The suspended matter of the high discharge - redearinds of 15 to 20 years (Hollert et al.
2003a) - exerted significantly higher cytotoxiciéynd mutagenic activity (Fig. 3) than a
moderate flood with a 1-year return period (Holktral. 2000a). These findings supported the
conclusion that the observed ecotoxicological eé$feltring major floods may be due to the
in-stream erosion of highly contaminated bottomrsedts.

Recently, SPM of a flood event at the Neckar in2@@h a recurrence interval of five year
was sampled using a sediment trap. Highest ERODItéet of the extracts could be found
for the peak of the flood, with a ten time high@xih-like activity when compared to other
SPM samples (Wo6lz et al. 2008). The two samplebk thi¢é highest effects have been used for
effect directed analyses. Using the shown straiegy possible to investigate the risk of
erosion. However, the identity of the pollutantsusiag effects in the bioassay is still
unknown.

Effect-directed analyses is a strategy to gainghmsiinto the character of the noxious
substances (Brack 2003, Brack et al. 2005b). Ocgextracts from SPM sampled during the
2004 flood events was fractionated for polarity aam@matic properties according to a
previously developed methodology (Brack et al. 200®nly the fractions revealing high
toxicity on bioassays are used for chemical analyseorder to identify the toxic substance
class or substance. Using this approach, it wasilpesto elucidate PCBs and dioxins/furans
to contribute only for less than 1 % of the biotmadly derived EROD activities. The EROD
activities of the fractions with PAHs explained timajor part of the Dioxin-like potential of
the crude extracts. However, the measured US-ER#itgrPAHSs contributed less than 20 %
to the total EROD activities (Wdlz et al. 2008).

3,5
Induction md/s
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Fig. 3: Time-course of the mutagenicity during leed event of Oct/Nov 1998. Since for a moderate
flood event (HQ = 1) no mutagenicity could be fouselveral SPM extracts revealed genotoxic effects
in the Ames-Test without S9 mix.

2.7 Case Study Morava Catchment Area (Czech Republic)

Major flooding events also occur regularly in tre@ahment area of the river Morava (Czech
Republic). Water and sediment quality in this dnaa been impacted by historical industrial
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activities within the watershed. In July 1997 tlegion was affected by disastrous floods
caused by two periods of exceptionally heavy rdlmfthat resulted in great material and
ecological damages. Extensive rainfall plaguedniith part of the Morava River basin and
the situation was even more complicated by therseflood wave within 10 days period. In
historical context it was very rare event but doehuman landscape interventions it is
possible to expect similar events still more fraglye During the flooding period lasting for
several days, older sediments were washed awapamdilt materials were deposited up to
several centimeters layer. Because of our earl@ritoring of this area, the situation brought
unique opportunity to evaluate the changes in ¢omant levels and the toxic effects in
relation to flood events. Initial evaluations oéttarget contaminant profiles in sediment and
water samples from several sites revealed thag thas a gradient of concentrations along the
Morava River from upstream to downstream, and ssiggethat the tributary of the little
stream Drevnice serves as a source of pollutidghédviorava River (Hilscherova et al. 2001,
Holoubek et al. 1998). There are no limit values $ediment contaminants in the Czech
Republic but the concentrations of polycyclic artimaydrocarbons (PAHS) as well as other
organic compounds were above the maximal permeséiits that apply for instance in the
Netherlands, as were the concentrations of Cd amdoZ soils. Most studies have been
performed with the freshly contaminated top sedimagers, but still there is only little
information on the deeper layers that might be hiwdd during frequent floods.
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Fig. 4: Effect of floods in 1997 on concentrati@isPAHs (sum of 16 US-EPA PAHS) in sediments
and floodplain soils of the river Morava Catchmarea.

Previous investigations have also shown the imp&ftbods on the periodically flooded soils
with significantly elevated contaminated levels mlymwith persistent organic compounds
(Hilscherova et al. 2001, Holoubek et al. 1998)] anme heavy metals (recent unpublished
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data). The most obvious changes related to majod§l in 1997 were observed for PAHSs, the
dominant contaminants in the area. The resultslglshowed that in some regions there was
significant decrease in PAHs concentrations inrme sediments after the floods while the
concentrations in the surrounding soils at mosessiwvithin the flood affected area
significantly increased (Fig. 4). Application of vitro biotests has shown significant toxic,
genotoxic, dioxin-like, and estrogenic potentialssediments collected from numerous sites
(Hilscherova et al. 2002, 2001) and the bioassaylt® confirmed significant effects of
floods. Both dioxin-like and estrogenic activitigs sediments were generally either
unaffected or significantly decreased after flogesg. 5 and 6) showing removal of upper
contaminated layers and their transport downstreathe flood water.

The greatest added valueiofvitro assays is that they provide an integrative measiutiee
potential of the complex mixture of compounds witkihe sample that may cause a negative
effect through the specific mechanism of actioneyfkerve as rapid, sensitive and relatively
simple screening systems evaluating the presencieshicals and their mutual interactions
with specific mode of action. Fractionation of exiis enables separation of compounds
present in the complex mixture and allows detertionaof the most active classes of
compounds. In the study in part of the Morava aaht area, the simple fractionation
procedure also revealed the important role of mieghalar PAHs and pesticides for both the
estrogenic and dioxin-like effects (Hilscherovakt2001, 2002) which was confirmed by the
mass balance calculations (Hilscherova et al. 2@1). Further, mechanism-specific
bioassays were confirmed to be an effective toolnitial screening of river sediments
compared to the more time- and cost-demandingumsntal analyses.
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chemical analysis (chem-TEQs) of organic extracisnfsediments sampled in Morava Catchment
area before ('B' samples) and after (‘A" samples)rajor floods in 1997 (Hilscherova et al. 2001).

In vitro biotests have shown significant toxic, genotoxioxoh-like, and estrogenic potentials
in sediments collected from numerous waters (Hésoba et al. 2002, 2001). However, most
studies have been performed on the freshly contetntop sediment layers, and there are
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no information regarding the deeper layers of sedis that might be mobilized during
frequent floods.
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Fig. 5: Estrogenic equivalents determined in biagsgith MVLN cells (E-EQ-bio) and by chemical
analysis (EEQ) of organic extracts from sediments sampletMarava Catchment area before (B)
and after (A) the major floods in 1997 (accordiagHilscherova et al. 2002)

2.8 Conclusions

The present article features the urgent need ssalsciplinary boundaries in order to derive
a realistic assessment regarding the erosion figidodeposited sediment layers as well as
the bioavailablitiy and hazard potential of thesisaciated contaminants at different aquatic
sites. Especially the combination of hydrodynanmd acotoxicological methods will give (i)
comprehensive insights into the effects of floodrds on biota and ecosystems and (ii) allow
evaluation of sediment and, thus, water qualityhwitgard to the global change and the
expectations of more severe floods in the neardutu
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3.1 Abstract

Background, aim, and scope

As a consequence of flood events, runoff and relzebli sediments may cause an increase of
ecotoxicologically relevant effects from contamihameservoirs. Aquatic and terrestrial
organisms as well as cattle and areas of settlearenexposed to dislocated contaminants
during and after flood events. In this study, thgact of two flood events triggered by
intense rain at the rivers Neckar and Rhine (Sontligermany) were studied. Effects in
correlation to flood flow were assessed at therriNeckar using samples collected at frequent
intervals. River Rhine suspended particulate m#8&M) was sampled over a longer period
at normal flow and during a flood event. Three daks (H4L1.1c4, GPC.2D.Luc, RTL-W1)
were used to compare Ah receptor agonist activitglifferent biotest systems. Multilayer
fractionation was performed to identify causatieenpounds, focusing on persistent organic
contaminants.

Materials and methods

Native water and SPM of flood events were collecs&dthe river Neckar and at the
monitoring station (Rheinguetestation, Worms, Geryaf the river Rhine. Water samples
were XAD-extracted. SPM were freeze-dried and Setktracted using acetone and finally
dissolved in dimethyl sulfoxide. Resulting cruddragts were analyzed for cytotoxicity with
the neutral red assay. Aryl hydrocarbon receptdrR)A agonist activity was measured in a
set of biological test systems (DR-CALUX, GPC.2hdaethoxyresorufiro-deethylase
(EROD) assay and different cell lines. In additionyde extracts were fractionated using a
combined method of multilayer (sequence of acididica layers) and carbon fractionation.
Fractions from the multilayer fractionation contn persistent organic compounds
(polychlorinated dibenzg-dioxins and dibenzofurans (PCDD/Fs), polychlomaabiphenyls
(PCBs), and some polycyclic aromatic hydrocarboAH®), fractions from the carbon
fractionation were separated into a PCDD/F and & P@ction. Dioxin-like activity of
multilayer and carbon fractions was determined he EROD assay and expressed as
biological toxicity equivalency concentrations ¢82,8-tetrachlorodibenzp-dioxin (TCDD;
bio-TEQs). The calculation of chemical equivalencgncentrations (chem-TEQs) and
comparison to bio-TEQ values allowed the deternomnadf the contribution of the analyzed
persistent compounds to the total biological effentasured.

Results

Soluble compounds in native and extracted watepbkssresulted in no or minor activity in
the toxicity tests, respectively. Filter residuésative water caused increased AhR-mediated
activity at the peak of the flood. Activities of BIFof the river Neckar correlated well with the
flow rate indicating a flood-dependent increasdoxicity culminating at the peak of flow.
River Rhine SPM showed a decrease of activity siggran SPM sample of the flood event
compared to a long-term sample. Excellent coratatiwith AhR-agonistic activity were
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determined for DR-CALUX and EROD assay, while the@52D assay did not correlate with
both other biotests. The activity of persistentxdidike acting compounds in multilayer and
carbon fractionated PCDD/F and PCB fractions wasifacompared to corresponding crude
extracts. The congener pattern of PCDD/Fs revedhad the contaminations mainly
originated from products and productions of thedhk and organochlorine industries.

Discussion

Native and extracted water samples could be shovaortain little or no cytotoxic or AhR-
agonistic compounds. In contrast, particle-bounchpounds were shown to be the relevant
effective fraction, as indicated by the activitefsfilter residues of native water and SPM.
Compounds other than fractionated persistent PGBs RCDD/Fs were more relevant to
explain AhR-mediated activities of crude flood SRi¥1both rivers assessed. Biologically
detected activities could at least in part be tldeack to chemically analyzed and quantified
compounds.

Conclusions

The calculation of the portion of persistent PCB&l #2CDD/Fs in multilayer fractions
causing the high inductions in the EROD assay imhioation with chemical analysis
provides a suitable tool to assess dioxin-like vitgtiof persistent compounds in SPM
sampled over the course of flood events. Dependimthe catchment area and annual course
of flood events, end points may either indicateénamnease or a decrease of activity. In order to
determine the ecological hazard potential of mabdi contaminants during flood events, the
focus should be set on particle-bound pollutantartiermore, PCDD/Fs and PCBs,
commonly expected to be the most relevant pollstamtriver systems, could be shown to
contribute only to a minor portion of the overahhR-mediated activity. However, they might
be most relevant for human exposure when consgleparsistence and bioaccumu-
lation/biomagnification in the food chain.

Recommendations and perspectives

As a consequence of climate change, flood eventsnerease in frequency and intensity at
least in some regions such as Central Europe. Tihus,crucial to identify the potential
hazard of (re-)mobilized contaminants from resesvdiislocated via floods and threatening
especially aquatic organisms and cattle grazinfjood plains. Since other less persistent
compounds seem to be more relevant to explain AleRied activities in flood SPM,
nonconventional PAHs and more polar compounds aked to be considered for risk
assessment. Effect-directed analysis using broagerdractionation methods taking into
account compounds from polar to non-polar shoulagg@ied for identification of pollutants
causing biological effects, thus integrating biatadjand chemical parameters.
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3.2 Introduction

Anthropogenic changes of the atmosphere are expéoteause profound climate changes
and the first consequences are assumed to ocquesent (Cracknell and Varotsos 2007,
Wittig et al. 2007). In particular, an intensifizat of global water cycling associated with an
increased risk of floods is anticipated (Hulme 2008lby et al. 2006). Climate change will
result in a further increase of both

extent and frequency of floods in many regions sxtbe globe (lkeda et al. 2005, Kay et al.
2006a, b, Senior et al. 2002, Wilby et al. 2006).Central Europe, increased flooding is
expected at least for most major rivers such asiitles Rhine and Elbe. Severe weather
conditions with rainstorms in 2002 in the Alps, thieg Mountains, and the Grand Mountains
in Eastern Germany resulted in an extreme flooahiealng the Elbe River. The Elbe River,
however, has been known to be severely contaminhtede.g., magnesium chloride
electrolysis, and organochlorine production in Bitterfeld area since the 1940s via the
tributary Mulde (Goetz et al. 1998, 2007, Wilkenakt 1994). Over the last 70 years, these
contaminants have repeatedly been translocatettdars and deposited on inundated land
and flood plains (Goetz et al. 2007). During th@2f@looding event, contaminated sediments
were remobilized from the riverbed of the Elbe arete deposited on flood plains (Umlauf et
al. 2005). As one of the many consequences, thke pndduced by two farms had to be
destroyed since the thresholds of admitted dicawels set by European regulation have been
exceeded. Currently, a research project has begated to evaluate if some of the flood
plains can again be used for grazing cows or feeghlarming (Wojahn 2007).

Furthermore, during the 2002 flood, highly contaatéd Mulde River sediments were
remobilized and deposited near Bitterfeld, GermaByack et al. (2002) were able to
document an increased ecotoxicological impact her deposited sediments, with metal and
organic compound burdens exceeding threshold vétwesewage sludge. As a consequence,
the sediments had to be categorized as potentialigrdous.

One strategy of governmental authorities to copth whe increased risk of floods is to
construct retention areas along major river systememporally retain and, thus, defuse the
peak flow of extreme flood events (Disse and Er§¥l1, Maier et al. 2006). In 2000, the
European Union passed the Water Framework Dire€WED, 2000/60/EG) as a basis for
the reconstitution of an ecologically good statmsEuropean freshwater systems by the year
2015. Meanwhile, the WFD has been complemented dguaghter directive, listing 33 so-
called priority pollutants which are important caminants of river sediments. Thus, the
contamination of sediments and suspended partecutatter (SPM) were enhanced in
political perception (Foerstner 2007, Hollert et2807b). At least in this context, compounds
adsorbed to sediments and SPM have to receiveas@ta@ntion. Sediments of major rivers
in Germany (e.g., Elbe, Rhine, Main, Neckar) arevim to contain elevated loads of
contaminants released mainly from the chlorine @génochlorine industries from the 1940s
to 1970s or via their products (Einsporn et al. 208aag et al. 2001, Heinisch et al. 2004,
2007, Kosmehl et al. 2007, Weber et al. 2008a).s&hastoric reservoirs are relevant for
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contemporary  polychlorinated dibenpadioxins and dibenzofurans (PCDD/Fs)
contamination (Weber et al. 2008b). Today, fewertaminated sediment surface layers are
known to cover older contaminated sediments, degobsit sites with low flow in the rivers,
such as flood plains, river reservoirs, and grdyelds, e.g., at the river Rhine.

Nevertheless, the risk of resuspension of old comtated sediment layers as well as the
transport of particle-bound downstream translocaitothe river systemia in-stream erosion
increases with water discharge and the frequendioofl events. Furthermore, remobilized
sediments may intoxicate organisms and facilitaietaminant translocation in the water
columnvia SPM (cf. Gerbersdorf et al. 2007, Gerhardt 200&ad-et al. 2001, Heise et al.
2004, Heise and Foerstner 2006, Hofmann and WeoaeR007, Hollert et al. 2007a, Lick
and McNeil 2001, Schwartz et al. 2006, Witt and Wels 2003).

Contaminants in sediments and SPM of the riverskileand Rhine are usually expected to
include chlorinated hydrocarbons comprising a laygrup of ubiquitously persistent organic
pollutants including polychlorinated biphenyls (PGBPCDDs, and PCDFs (Habe et al.
2001, Safe 1990, 1994). Due to their hydrophoberatter and persistence, these chemicals
tend to adsorb to mineral and organic surfaces, 8BM, which aquatic organisms are then
exposed to and which accumulate along the foodncttdollert et al. 2000). Furthermore,
Heise et al. (2004) reported that hexachlorobengd@d) contributes as a major toxicant to
the overall contamination of the river Rhine. HC@hcentrations in SPM were shown to be
increased already at normal discharges. Concemigtof these contaminants have been
reported to significantly increase as a consequehfieod events and increasing sheer stress.
These compounds then are often translocated daanstand deposited in the riverbed or on
inundated floodplains (Hollert et al. 2007a, Gesblerf et al. 2007).

In this study, extreme meteorological conditioresjsing intense rainfalls in the southwest of
Germany, were assessed in January 2004. As a amrsm) of the intensive precipitation,
river flow rates increased and flood events redulidong the rivers Neckar and Rhine.
Subsequent precipitation along the Neckar rived kwaan intensive flood event with a hazard
quotient (HQ) of 1:10 (HQ = ratio of a flood withcartain discharge at a certain site) and, at
the rive Rhine, with an HQ of 1:2. Two flood evemisthe rivers Neckar and Rhine, two
major German river systems, were investigated tesss their potential influence on the
toxicity of water samples and SPM. For this endetof selected ecotoxicological end points
was recorded in a variety of cell-based monitorgygtems. In detail, basic toxicity was
determined using the Neutral Red retention assdy @¥say) as detailed by Babich and
Borenfreud (1992). Acute cytotoxicity is quantified uptake and retaining of the neutral red
stain in lysosomes of cells. In damaged cells,stian is no longer retained in cytoplasmic
vacuolar membranes and the plasma membrane doescihats a barrier to retain the dye
within the cell (Babich and Borenfreud 1992). Ferthore, aryl hydrocarbon receptor (AhR)-
mediated toxicity was measured using different rma@m-specific cell-based test systems.
The 7-ethoxyresorufim-deethylse (EROD) assay was used to determineueralb and, in
particular, the dioxin-like enzyme activity, caudayg native and extracted water of the river
Neckar and Soxhlet-extracted SPM sampled at tlegsiMeckar and Rhine. The test is based
on the increasede novosynthesis and activity of cytochrome P450 enzy(@e4éP) by cells
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being exposed to contaminants, which is determingidg the fluorescamine method to
quantify protein and the photometric detection loé tenzyme reaction product resorufin
(Lorenzen and Kennedy 1993, Kennedy and Jones 1B94jldition, the GPC.2D assay and
the DR-CALUX assay were used to determine AhR-ntediaactivity of SPM samples,
quantifying the CYP activity via luminescence measuent.

Thus, the purpose of the present study was:

(1) to determine the portion of toxic effects ogblved and particle-bound contaminants
with samples of two flood events at different cateimts

(2) to compare the hazard potential of the morévactamples using a set of cell-based
biotest systems and

(3) to identify and compare the portion of persisisompounds among the rivers Neckar and
Rhine

3.3 Materials and methods

3.3.1 Suspended particulate matter sampling

Surface water of the river Neckar were sampledhim period from January 14, 2004, to
February 3, 2004, (Tab. 1) with 20 L bottles or atev sampler according to Hollert et al.
(2000). SPM were collected with an SPM trap inethlto the floating bridge of a power
station at Heidelberg. SPM was transferred to dbasdes, transported at 4 °C, and protected
from light. Samples were frozen at -20 °C, freemeddimmediately (beta 1 - 8 K; Christ,
Osterode, Germany), and stored at 4 °C in darkmetiisanalyzed.

Table 1 Sampling times and encoding of native atrheted water as well as SPM from the Neckar
River and of SPM from the Rhine River

Sampling period

Sample code Sampling date .
P Piing Native water Extracted water SPM

Neckar 0 14.01.2003 10:00 10:00 n.a.

Neckar 1 14.01.2004 14:00 n.a. 10:00-14:00
Neckar 2 14.01.2004 17:00 n.a. 14:00-17:00
Neckar 3 14.01.2004 18:00 n.a. 17:00-18:00
Neckar 4 15.01.2004 22:00 n.a. 18:00-22:00
Neckar 5 15.01.2004 02:00 02:00 22:00-02:00
Neckar 6 15.01.2004 08:00 08:00 02:00-08:00
Neckar 7 15.-16.01.2004 12:00 n.a. 08:00-12:00
Neckar 8 16.-20.01.2004 13:30 n.a. 12:00-13:30
Neckar 9 20.01.-03.02.20042:00 n.a. 13:30-12:00
Neckar 10  03.02.2004 14:00 n.a. 12:00-14:00
Rhine 1 November 2003 to February 2004

Rhine 2 15.-19.01.2004

n.a.—not assessed
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The sampling site at the river Rhine is locatedhinithe Rhine monitoring station at Worms,
a governmental institution founded for the contimsiononitoring of water quality of the river

Rhine. Along the pillars of the bridge, four pumpsre installed to provide a continuous
water supply from four lanes inside the river (@etails, cf. Pawlowski et al. 2003). SPM was
allowed to settle down in a tank. Two mixed samplese collected, one of which was

sampled over an extended period from November 20@&bruary 2004, including the flood

event (subsequently termed 'Rhine 1'). The otheipa contains SPM over the complete
flood event (January 15-19, 2004; subsequentlyddriRhine 2').

3.3.2 Sample extraction

Twenty grams of each freeze-dried SPM samples exdracted with 250 ml acetone (Merck,
Darmstadt, Germany) for 14 h using standard refloaxhlet) extractors at approximately
eight to ten cycles per hour. The solvent was redum volume, and residues were
evaporated under a gentle-diream close to dryness. Finally, extracts wecenstituted in 1

ml dimethyl sulfoxide (DMSO, Sigma- Aldrich, Deidesfen, Germany) and stored at -20°C
until testing. Empty extraction thimbles were egteal and processed in parallel to serve as
process controls. Subsequent provider and locaifochemicals and medium used in this
study will only be named when differing from Sigr&drich.

3.3.3 Water samples

Sample volumes of 20 L each were used for the pagipa of XAD water extracts and
extracts of the filter residues according to thehods by Keiter et al. (2006) and Hollert et
al. (2005). All samples were cooled in a refrigerab 4 °C immediately after return to the
laboratory and filtered using a Oun fiber glass filter (Sartorius, Goettingen, Gergjaat a
pressure of approximately 1 bar. The effluent pertphase was extracted as detailed above
for SPM samples. In each case, the sample filtnate adjusted to pH 2 using 1 M HCI.
1 L methanol (Fluka, Buchs, CH) was added to eachpse before organic compounds were
extracted by using a 1:1 (v:v) mixture of AmbefiteXAD 4 and XAD 7 resins (Serva,
Heidelberg, FRG). After extraction, the solventurok was reduced close to dryness by
evaporation with B the extract was reconstituted in DMSO and staaed20 °C until
analysis. Due to the reduction of the volume (212 ml), a concentration factor (CF) of
10,000 was achieved for each sample. Additiondllyee 20 ml subsamples of each water
sample were stored at -20 °C for the investigatibnative water samples.

3.3.4 Multilayer fractionation

In order to provide information on the identities unknown substances inducing AhR-
mediated activities in whole extracts, a multilafi@ctionation was performed according to
the methods shown by Keiter et al. (2008) to remew&d-degradable non persistent
compounds (e.g., polycyclic aromatic hydrocarbo®HB)). The complete fractionation
method is shown in Fig. 1. Samples were cleanednoopen 'sandwich’ silica column (mesh
15 mm, Merck, Darmstadt, Germany) packed with KQOlitas (30 mm), neutral silica (5
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mm), 40 % HSQ, silica (30 mm), 20 % kSO, silica (15 mm), neutral silica (10 mm), and
NaSO, (10 mm) and were eluted withhexane (Riedel-de Haen, Seelze, Germany).

[ Soxhlet-extract J

Silica gel multilayer Acidity limited
fractionation degredation
_________________________________________________ )
v
F1. Acid-resistent
compounds
Carbon on celite Separation according
fractionation to planarity
_________________________________________________ )

l \ 4
F2-1: PCB F2-2: PCDD/F

Fig. 1 Fractionation procedure to separate Ah mecegrtivating and persistent compounds in
complex flood SPM samples using multilayer and oarbn celite fractionation. F1 contained all
compounds being resistant to oxidation by sulfaid. Finally, fractions solely contained PCBs
(F2-1) and PCDD/Fs (F2-2). Dashed arrows deschibertethodology, drawn through arrows describe
those related to fractionation

The remaining fraction contained persistent didigr-active compounds and included, e.g.,
PCDD/Fs and PCBs. Some PAHs, however, are knownonbe retained in the multilayer
fraction (Windal et al. 2005). The solvents wereidkd into two equal portions, and the first
portions were evaporated under a nitrogen streaohttee sample was transferred to DMSO
(Fluka) for subsequent bioassays. To separate mp&@manon planar compounds, the second
portions of the samples were fractionated using@an carbon column (Carbopack C, Fluka).
Adsorbent (1.5 g), carbon on Celite™ (1:9, Celits 520 - 45um, Fluka), and a layer of
NaSO, were packed in glass columns. The sample wascelate two subsequent fractions
with 10 ml of hexane (non-planar compounds) andnB®f toluene (coplanar compounds).
After the addition of recovery standard®-labeled 1,2,3,4-TCDD, 1,2,3,7,8,9-HXCDD), the
samples were evaporated and transferred to amlass glutosampler vials in 28 of
tetradecane. The extracts and standards were saired8 °C until high-resolution gas
chromatography (HRGC)-high-resolution mass speattoy(HRMS) analysis.

3.3.5 PCBs and PCDD/Fs - HRGC-HRMS analysis

HRGC-HRMS analysis was performed with a Micromassto&pec Ultima instrument
(Autospec Ultima, Waters Micromass, Manchester, Widgrating at greater than 10,000-
12,000 resolution using electron impact ionizatian 35 eV. All measurements were
performed in the selective ion recording mode, nwoimg the two most abundant ions in the
chlorine cluster. Splitless injection oful of the final extract was used on a 60 m Rtx cdiaXi
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column (0.25 mm inner diameter, 26n). In addition to a blank sample with each set of
samples (five to ten), a procedure control that tnested like the samples was analyzed.

3.3.6 Neutral Red Retention assay

The acute cytotoxicity of the sediment extracts determined with the neutral red retention
assay as detailed by Babich and Borenfreund (19€8),modifications described by Klee et
al. (2004) and Seiler et al. (2006). The permametitlines RTL-W1 (Lee et al. 1993) and
RTG 2 (Wolf and Quimby 1962), both from the rainbtvaut (Oncorhynchus mykiss), were
used for biotesting. Cell culture was carried autdascribed by Klee et al. (2004). Sediment
extracts were serially diluted in L15 medium al@®yen wells in six replicates of a 96-well
microtitre plate (TPP, Trasadingen, Switzerland)gigse a final concentration range of
0.78-50 mg/ml 3,5-dichlorophenol (Riedel-de-Haémswused as a positive control at a
maximum concentration of 80 mg/L medium. Confluenttures of RTL-W1 cells were
trypsinized and the resulting cell suspension wdted to each well of the microtitre plate.
After incubation at 20 °C for 48 h, cells were ibated with neutral red (2-methyl-3-amino-
7-dimethylaminophenanzine) for 3 h, and neutralretdntion was measured at 540 nm with
a reference wavelength of 690 nm using a Spectrd™ndltiwell plate reader (Tecan,
Crailsheim, Germany). Second-order polynomial desponse curves expressing the
viability of the cells, compared to controls, wesetted using Prism 4.0 (GraphPad, San
Diego, USA), and the cytotoxic potential of indiual extracts was subsequently calculated
as NRy values (= effective concentration for 50 % celhtthein the neutral red test compared
to the negative controls with non-exposed cellspsequent NR values, with concentration
units of milligram SPM equivalents (SPM-EQ) per litiier test medium in the well, will be
given as milligram per milliliter.

3.3.7 DR-CALUX assay

The DR-CALUX assay utilizes a rat hepatoma cek Ifri4L1.1c4), with a luciferase reporter
gene controlled by the AhR (Biodetection Systemmsterdam, the Netherlands, Murk et al.
1996), and was applied with the protocol shown hyst@vsson et al. (2004, 2007). Cell
culture was carried out as described by Aarts.gt18P5). DR-CALUX cells were seeded in
96-well plates (TPP), 24 h prior to exposure urgdandard conditions of 37 °C and 5 % £O
and allowed to attain 100 % confluence. Thereasmple dilutions were prepared in culture
medium supplemented with 10 % fetal calf serum (F&®! added to the cells in triplicate
wells. The extracts were tested in ten concentratio 3-fold dilution series, with a maximum
concentration of 2 mg/ml. In each assay, a caitmaturve of TCDD (0 - 300 pM) was
tested. The final concentration of DMSO (Fluka) via8 %. After 24 h of exposure, the
medium was removed and the cells were washed twittephosphate buffered saline (PBS)
and lysed in PBS at -20 °C overnight. After thesdtdie luciferin had been added, followed
by incubation for approximately 1 h in darkness2@ét °C, the activity of luciferase was
measured using the Luclite™ assay kit (PerkinElmépplands Vaesby, Sweden). Cell
lysates were transferred to a white 96-well plateR), and luminescence was determined in a
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multiwell plate reader (Wallace 1420, Victor2, HeEdmer, USA). Dose-response curves
were analyzed with GraphPad Prism 4, using the étjliation (Olsman et al. 2007). The
bottom value was set to the response of the soba@nttols. The luciferase-inducing potency
of the samples was converted to biological toxigieajents (bio-TEQS) as described below.

3.3.8 GPC.2D assay

The guinea pig GPC.2D.Luc liver cells were providgdDr. T.A. Gasiewicz (University of
Rochester, NY, USA) and cultivated in Dulbecco’sdified Eagle’s medium containing
10 % FCS and 2 mM glutamine in 75 Zoulture flasks (Sarstedt AG and Co, Nuembrecht,
Germany) at 37 °C and 5 % G(@asiewicz et al. 1996). Cells were trypsinizethvirypsin-
ethylenediaminetetraacetic acid (EDTA) and tramefeto 96-well plates (25,000 cells per
well, TPP). The cells were allowed to grow overmnigubsequently, cells were exposed to a
series (0.0014 - 80 nM, 0.0042 - 25 pg/ml) of TCHhrenstorfer, Augsburg, Germany) or
sediment extracts (DMSO concentration 0.6 %) for R4 The maximum sediment
concentration in the assay was 0.12 mg SEQ peilitailltest medium. All samples were
tested in triplicates of five different concentaais according to the protocol by Olsman et al.
(2007). Every experiment was repeated independantlgast three times. After incubation,
cells were washed with PBS and lysed inibQysis buffer (25 mmol glycoglycerine, 1 %
Triton X-100, 10 % glycerine). Luminescence measwaats were performed using a
FLUOstar Optima plate reader (BMG Labtech, OffeghuGermany) before and after
injection of 30ul of substrate (Tris-(hydroxymethyl) aminomethaé (nM, pH 7.8), MgCl

(5 mM), EDTA (0.1 mM), dithiothreitol (33 nM), coegme A (270uM), luciferin (470uM)

and ATP (53QuM)). Data were calculated by subtracting the argiimmean for 5 s before
injection of the substrate from the mean for 13fterasubstrate injection. The data were
analyzed using the GraphPad Prism 4 program,s B@lues were calculated from log-
transformed data using a sigmoid curve fit withiafale slopes. The results were expressed
relative to TCDD as bio-TEQ values as describedwel

3.3.9 7-ethoxyresorufime-deethylase assay

Induction of EROD was measured in the CYP1A-expngssell line RTL-W1, with slight
modifications to the method described by Behrenal.ef1998). RTL-W1 cells were kindly
provided by Drs. Niels C. Bols and Lucy Lee (Unsigr of Waterloo, Canada) and cultured
at 20 °C in 75 crplastic culture flasks (TPP) in L15 medium suppeted with 8 % FCS,

1 % penicillin-streptomycin, and 1 % neomycin stdf@eiter et al. 2006). Before exposure
to the standards, cells were seeded in 96-welepl&fPP) and allowed to grow to 100 %
confluence for 72 h. Subsequently, the medium wasorved and the cells were exposed for
72 h to the SPM extracts diluted in medium usimghedilutions with six replicates each. The
DMSO content in the wells was less than 0.1 %. ©yioity of DMSO with RTL-W1 cells
can be determined with concentrations above 2-:h%he well (analyzed in this study).
TCDD (Promochem, Wesel, Germany) was serially ddub give a final concentration range
of 3.13 - 100 pM on two separate rows of each f@ata series of positive controls. Induction
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was terminated by removing the growth medium ardZing at -70 °C to lyse the cells. The
deethylation of exogenous 7-ethoxyresorufin wasait@d by adding the substance to each
well and incubating in the dark at room temperaforel0 min before addition of NADPH.
The plates were incubated for a further 10 min, #red reaction was stopped by adding
fluorescamine dissolved in acetonitrile. EROD atgiwas measured fluorometrically after
another 15 min using a GENios plate reader (TeCaailsheim, Germany, excitation 544 nm,
emission 590 nm). Protein was determined fluoroicedty using the fluorescamine method
(excitation 355 nm, emission 590 nm, Lorenzen amuhriedy 1993, Kennedy and Jones
1994) with the protocol detailed in Hollert et 2002). The concentration-response curves
for EROD induction in the RTL-W1 bioassay were caoggl by nonlinear regression
(GraphPad Prism 4) using the classic sigmoid conoltzmann curve as model equations.
The luminescence-inducing potency of the samples aoaverted to bio-TEQs as described
below.

3.3.10Bio-TEQ values

Bioassay-derived TCDD equivalents (bio-TEQs) wesdculated by relating biological
activities (luminescence in the DR-CALUX assay &BBC.2D assay, fluorescence in the
EROD assay) caused by samples to the positiveald8,7,8-TCDD (cf. Keiter et al. 2008).
Bio-TEQs for concentration-response curves wereutatled following the fixed effect level
quantification method, using the E®f the maximum response in the TCDD standard aurve
as the fixed level (Brack et al. 2000, Engwall et1896). The bio-TEQs given in this study
are means of n =3 (EROD assay) a1 (GPC.2D assay) individual assays. Bio-TEQs of
the DR-CALUX assay were calculated using EC valoésn =1, as remaining extract
volumes were insufficient for more individual assaata from the bioassays were evaluated
with the GraphPad Prism 4.0 program.

Mean TCDD-EGs values were determined as well as standard denst{(SD) between
individual EROD assays and used to calculate biQ9EEQg. 1). In contrast, TCDD-BE
values of each individual assay were used to catlewdquivalent concentrations with the DR-
CALUX assay and the GPC.2D assay. Subsequent, B@sTwith concentrations in
picogram TCDD per gram of SPM-EQ will be given aogram per gram.

Egq. 1 Bio-TEQ [pg TCDD /g SPM-EQ] = TCDEpg/ml] / EGdg SEQ/mI]

3.3.11 Chem-TEQ values

Safe (1990) described the AhR-pathway as strucdependent, as the most potent congeners
were 2,3,7,8-substituted tetra- and penta-chleethd&CDD/Fs as well as meta- and para-
substituted coplanar PCBs. Basediorvivo andin vitro data to each compound included,
relative toxic potencies (REP values) were assidiedon et al. 1986, NATO/CCMS 1998).
REPs are given as values which are related tmthe potency of 2,3,7,8-TCDD (REP = 1).
Aiming to explain the determined bio-TEQ levelserhcally derived TEQs (chem-TEQS)
were calculated by using the relative potency (RE&Pjors shown in tab. 1. Chem-TEQs are
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calculated by multiplying compound concentratiomsl &EP values that were applied as
determined by Clemons et al. (1997), specific foLRV1 cells and each compound assessed
(Eq. 2). When cell-specific REPs were not availabWorld Health Organization
(WHO)-REPs were used as given by van den Berg. 1.998). Subsequently, chem-TEQs
with concentrations in picogram TCDD per gram SP®-®&ill be given as picogram per
gram.

Eq. 2 Chem-TEQ [pg TCDD / g SPM-EQ] = Conc. [pgRMSEQ] x REP

3.4 Results

3.4.1 Neutral Red retention assay

Concentration-response curves of native water sssnpAD-extracted water samples, and
XAD filter residue extracts of the water samplesckég 0 and Neckar 5 are illustrated in
fig. 2. Viability of the cells is given in relatiot the viability of cells that were not exposed
to samples. Significantly increased cytotoxic effexould not be observed for native Neckar
water samples, both in RTL-W1 and RTG 2 cells.dntrast, XAD-extracted water caused a
50 % diminished cell viability with RTL-W1 cells @tkar 5) when exposed to water
concentrated 84.6 times (concentration factor;o&F84.6) and a Gy = 120.6 with RTG 2
cells (details not shown). Further on, extractedewdilter residues caused 6F= 50.3
(Neckar 0) and Cfg= 48.3 (Neckar 5) using RTL-W1 cells. Exposure etckar 5 extracts to
RTG 2 cells caused Gf= 65.8. No effect was observed with extracts ofewaample Neckar
6. Neckar 0 and 5 indicated higher toxicities byraots of particle-bound contaminants and
filter residue extracts. Dissolved compounds inveaand extracted water were shown to be
significantly less toxic.
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Fig. 2 Cytotoxicity of native water samples (filleaverted triangles), XAD-extracted water (empty
circles) and the XAD filter residue extract (filledrcles) of the samples Neckar 0 and Neckar 5,
illustrated as concentration-response curves withroon logarithmic scale. A 50 % decrease of cell
viability is given as Ck (CF = concentration factor) for native water, XA&Rtracted water, and filter
residues. Native water samples were diluted 1:#héntest, and, therefore, highest concentrations
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correspond to 50 % of native waters. The highestentration of XAD extracts is corresponding to
100-fold concentrated water and water filter residutract. n.d. — not detectable

Cytotoxic effects of river Neckar SPM collected idgr the flood event as well as
corresponding discharge is shown in fig. 3, usiig-RV1 and RTG-2 cells. SPM extracts
damaged RTL-W1 (average M 22 mg/ml) cells significantly >(twofold) more as
compared with RTG-2 cells (mean B4R 50 mg/ml). After the flood event, cytotoxicity is
decreased by a factor of 3 in both RTL-W1 @R97 mg/ml) and RTG-2 cells
(NRsp= 144 mg/ml).

Comparing both cell lines used, RTL-W1 cells werneven to be more sensitive than RTG-2
cells by a factor 1.5 to 2. Cytotoxicity of the Réil extract was not significantly different in
RTL-W1 cells (mean NR= 50.6 mg/ml) and RTG-2 cells (NR= 74.1 mg/ml). In contrast,
cell toxicity significantly differed after exposuoé RTL-W1 and RTG-2 cells to the extract of
Rhine 2 SPM to (NR=40.6 and 97.8 mg/ml, respectively).
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Fig. 3 AhR-agonistic activity of SPM samples of tineer Neckar derived from the EROD assay and
RTL-W1 cells in the context of the flood discharge.

3.4.2 AhR-mediated activity

An increase of EROD activity could not be observath native water samples and XAD-
extracted water samples from the Neckar. Filtedussextracts of the water sample Neckar O
(CR5=10+1.9) and Neckar 5 (= 3.7 £ 1.3) were shown to contain high quantités
compounds interacting with the AhR-activity. Noiaity was observed with water sample
Neckar 6 (details not shown). AhR-mediated actiintiR TL-W1 cells upon exposure to SPM
total extracts from the river Neckar is illustratedig. 4. Enzyme activities corresponding to
25 % of the maximum induction of the positive cohtfeffective concentration, E€) are
shown as normalized bio-TEQs and are given in panogTCDD per gram sediment. SPM
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extracts caused a concentration-dependent incfa8bR-mediated activity following the
flow at the Neckar. Bio-TEQs indicated two peaks ARR-mediated activity with
5,457 £ 2,213 pg/g (Neckar 2) and the maximum fl8y841 + 2,817 pg/g (Neckar 6),
respectively. At the end of the flood event, reaghinean flow levels, bio-TEQs decreased
significantly but still reached 3,313 £ 135 pg/ge@n value of Neckar SPM 9 and 10).
Finally, Neckar 11, sampled another 14 days latisplayed an EROD activity of 930 + 119
pg/g. Highest and lowest measured enzyme inductdfesed by a factor of 6.7, indicating a
flood-dependent increase of AhR-mediated activilye SPM bio-TEQ of the Rhine SPM
sampled over a longer period (Rhine 1 3,693 + 5§/@)pwvas elevated compared to the flood
sample (Rhine 2 2,331 + 328 pg/qg), indicating arelese of activity through the investigated
flood event.
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Fig. 4 Acute cytotoxicity of flood SPM from the &v Neckar in the neutral red retention assays
determined with the acute Neutral Red retention after 48-h exposure, using the RTL-W1 and
RTG-2 cell lines. Time of sampling is shown in l®wn a common logarithmic scale, beginning 14
January 2004, 12 a.m. (= 1 on x-scale). Furthernebseharge is given and highlighted by dots at the
times of SPM sampling. HQ values, illustrated bglaad lines, are provided to permit a classification
of the recent flood event discharge. Cell viabilgygiven as percent of controls. Numbers indicate
Neckar SPM sample encodings (cf. Table 1).

3.4.3 DR-CALUX and GPC.2D assay with SPM

Bio-TEQ values of the SPM extracts determined & EHiR-CALUX and the GPC.2D assays
in comparison with results of the EROD assay avergin fig. 5. All SPM extracts caused a
concentration-dependent increase of AhR-mediatéditstc The three cell lines displayed
differential sensitivity to the SPM extracts. Highactivities were detected using the EROD
assay. The AhR-mediated activity of SPM extracthenH4L1.1c4 cells correlated well with
RTL-W1 cells, with the Neckar 6 sample (bio-TEQ,833 pg/g) displaying the highest
activity. In contrast, for H4L1.1c4 cells, no sificant increase could be observed for the
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Neckar 2 sample. The lowest induction rates forsalples were obtained in the GPC.2D
assay. Furthermore, the DR-CALUX and the GPC.2Ryaswere used to assess Rhine SPM.
Using H4L1.1c4 cells, the bio-TEQ of Rhine 1 eqdadeconcentration of 2,007 pg/g, while
Rhine 2 was significantly less toxic (908 pg/qg).ifkh1l and GPC.2D cells demonstrated a
bio-TEQ of 145+73 pg/g. Rhine 2 showed a sigaifity decreased bio-TEQ of
29 £ 30 pg/g. Thus, all applied assays indicatgtiéri AhR-agonist activities for Rhine 1.
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Fig. 5 AhR-mediated activity of SPM extracts of theckar River as determined in the DR-CALUX®
(H4L1.1C4 cells, n=1), GPC.2D (GPC.2D.Luc celis: 3-8) and 7-ethoxyresorufmédeethylase
(EROD, RTL-W1 cells, n=3) assays. Bio-TEQ valueserngalculated as the concentration resulting in
25 % of the maximum induction of 2,3,7,8-TCDD. Date presented as means = SD in the case of
the DR-CALUX® and EROD assays— activity not detectable

3.4.4 Multilayer and carbon on celite fractionation

Fractions from silica multilayer fractionation camt persistent organic and dioxin-like active
compounds being resistant to oxidization by sutfagtid. Neckar 1 and Neckar 6 as well as
Rhine 1 and Rhine 2 were selected for multilayeeropolumn chromatography. Primary
multilayer fractions (F1), containing persistentfstic acid oxidation-resistant compounds
(PCBs and PCDD/Fs), and secondary fractions (F2iitaming PCBs, F2-2 containing
PCDD/Fs) were analyzed by means of biological ahéntcal methods. Data about
chemically analyzed and quantified persistent clhkaltompounds are provided in tab. 2.
Concentrations of PCDDs increased with the degfeehlmrination. Octachlorodibenzo-
dioxin (OCDD) was concentrated the highest, reaghan maximum concentration of
5,013 pg/g (Rhine 1). Regarding PCDFs, concentratiwere highest for octachlorodibenzo-
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p-furans (OCDFs) in sample Rhine 1 (999 pg/g). AmatigPCBs detected, #77 had the
highest concentrations of all samples, 31,998 (Rhine 2).

Table 2 Concentrations of priority PCDD/Fs and P@B&n for selected samples from the rivers
Neckar and Rhine

Specific WHO Neckar 1 Neckar 6 Rhine 1 Rhine 2
Compounds
analyzed REFP REP  [pg/lg SPM-  [pg/g SPM-  [pg/g SPM-  [pg/g SPM-
EQ] EQ] EQ] EQ]
PCDD
2,3,7,8-TCDD 1.0 - 9 8 18 10
1,2,3,7,8-PeCDD 2.6 - 5 4 3 2
1,2,3,4,7,8-HxCDD 1.1 - 9 7 5 1
1,2,3,6,7,8-HxCDD 0.2 - 23 29 15 5
1,2,3,7,8,9-HxCDD - 0.1 16 20 9 4
1,2,3,4,6,7,8- -
HpCDD 0.2 343 497 230 67
OCDD - 0.0001 2719 4597 5013 3278
Sum PCDD 3123 5162 5292 3367
PCDF
2,3,7,8-TCDF 0.2 - 48 58 109 23
1,2,3,7,8-PeCDF 0.2 - 28 24 94 16
2,3,4,7,8-PeCDF 1.9 - 34 33 59 14
1,2,3,4,7,8-HxCDF 1.1 - 55 57 61 25
1,2,3,6,7,8-HXxCDF - 0.1 21 18 27 8
2,3,4,6,7,8-HXCDF - 0.1 15 18 12 4
1,2,3,7,8,9-HXCDF - 0.1 5 5 7 3
1,2,3,4,6,7,8- -
HPCDF 0.01 164 181 104 34
1,2,3,4,7,8,9- -
HpCDE 0.01 17 14 9 3
OCDF - 0.0001 432 511 999 746
Sum PCDF 819 918 1479 874
PCB -
PCB 77 0.0034 - 890 14327 610 31998
PCB 126 0.023 - 39 121 14 0
PCB 169 0.00016 - 7 5 2 0
Sum PCB 936 14454 627 31998
Total sum 4878 20535 7398 36239

In order to elucidate whether the analyzed compsumere responsible for the dioxin-like
activity of each fraction tested in the bioassayli@d, measured concentrations were
expressed as chem-TEQs. Bio- and chem-TEQs ofidreted SPM extracts of the rivers
Neckar and Rhine are illustrated in fig. 6. Regagdll multilayer fractions, both TEQ values
showed good accordance.

Furthermore, the multilayer fractions of both Nackamples (including PCDD/Fs and PCBS)
showed similar inductions of dioxin-like activitHowever, alterations in compound
concentrations within these fractions were obviasing chemical analysis. Bio- and



3.5 Discussion 66

chem-TEQ values of PCBs increased by a factor alurihg the flood event in both Neckar
samples, whereas bio-TEQ values of PCDD/F remagoedtant (approximately 200 pg/g).
Similarly, Rhine samples showed an increase of BioBand chem-TEQs in Rhine 1 with a
bio-TEQ increasing by not detectable amounts to B§R] in Rhine 2. Total PCDD/F
bio-TEQs were similar for Rhine 1 (289 pg/g) andriei2 (278 pg/qg).
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Fig. 6 Bio-TEQ values determined using £&alues from the EROD assay (black bars) and chem-
TEQs calculated by multiplying compound concentrati and REPs (gray bars) for SPM samples
from the Neckar and Rhine rivers are shown. Neckanples were selected as indicating highest
dioxin-like activities at around the discharge peékhe flood. Comparison of TEQs for each fraction
allowed for an explanation of the determined biddTEevels related to the contribution of the
chemically analyzed dioxin-like activity for the enall biological activities. Bio-TEQs of total eatts
allow grading of each fraction activity. Bio-TEQseagiven as a mean of three independent
experiments + SD on a common logarithmic scale.-C&ude extract, ML — multilayer fraction,

* — activity not detectable

3.5 Discussion

3.5.1 Cytotoxic effects of complex samples

Cytotoxic effects with RTL-W1 cells were not detttfor native water samples from the
river Neckar, indicating that concentrations of evaborne toxic compounds were low during
the flood event. Cytotoxic effects were only obsehat the peak of flow with XAD-extracted

water samples. The impact of extracted water-selddmpounds seemed negligible for
cytotoxicity. In contrast, filter residue extractd the samples Neckar 0 and Neckar 5
produced toxic effects, indicating particle-bounontaminants to be more relevant than
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dissolved compounds. Since the particle-bound ooini@nts were more toxic than the water
samples, further analyses had been focused on FAM-W1 and RTG-2 cells revealed
constantly dose-dependent decreased cell viabiliteth SPM sampled during flood
discharge. SPM extracts were also toxic when satrgdlenean annual discharge directly after
the flood event but became less toxic thereaftellelt et al. (2003b, 2007a) showed that
SPM from the 1998 flood event at the Neckar (HQ:20)1 caused NR values for RTG-2
cells between 20 and 60 mg/ml test medium. Thesglteewere comparable to the toxicity
caused by the 2004 flood SPM assessed in this.s@miypared to a moderate Neckar flood
event (HQ = 1:1) with NR values for RTG-2 cells between 40 and 150 mg/gthtoxicity
was increased. As cytotoxic effects could not beetated with the discharge in all three
studies, toxic effects seem to increase in therm@gg of flood events, but to remain on a
certain level with increasing discharge.

Cytotoxic effects in this study indicated a goodreltion between the RTL-W1 and RTG-2
cell line (pearsor= 0.93, c. f. fig. 7). The N& values of all but three samples were within the
95% confidence interval. Furthermore, RTL-W1 cellsre shown to be more sensitive to
SPM extracts, possibly indicating effects of metabprocessing. Cytotoxicity by Rhine 1
was similar in both cell lines, whereas Rhine 2vprbto be 2.6-times more toxic to RTL-W1
cells.

3.5.2 Ah receptor agonist activity of water samples

As for the neutral red assay, an increase of agtoould not be observed with native and
XAD-extracted water samples of the Neckar floodnevendicating a minor relevance of
water-dissolved compounds for dioxin-like activithis finding is in accordance with earlier
studies investigating basic toxicity (Hollert et @000, 2003a). In contrast to the solved
Ah-agonists, EROD activities of fig. 6 Bio-TEQ vakidetermined using E£values from
the EROD assay (black bars) and chem-TEQs calculég multiplying compound
concentrations and REPs (gray bars) for SPM sanffes the Neckar and Rhine rivers are
shown. Neckar samples were selected as indicatgigest dioxin-like activities at around the
discharge peak of the flood.

Comparison of TEQs for each fraction allowed foreaplanation of the XAD filter residue
extracts and particle-bound compounds were sigmiflg increased. An increased AhR-
mediated activity was observed for the extracted 8RM sample Neckar 0, whereas the
SPM sample Neckar 5 was even threefold more tdxan tminimally concentrated water.
Thus, EROD activity was increased, indicating tiabd events resulted in an elevated
exposure of aquatic organisms to dioxin-like commusu Uptake of toxic compounds into
organisms can be intensified by exposuia external surfaces and by ingestion in the
digestive tract. Uptake conditions of contaminawvits gills have been addressed in other
studies (Erickson et al. 2006a, b), also regardifigences of natural organic matter (Klinck
et al. 2005). So far, little research has beenopexéd to bridge the gap betweervitro tests

in the laboratory and effects on organisms and jadipns in the field involving the context
of flood events. However, there is an urgent needhvestigate the relevance of in vitro
results for the situation in the field and to anste question if a short flood event period
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with an elevated hazard by particle-bound polliganay be able to cause adverse effects in
fish in the field.
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Fig. 7 Regression and correlation analysis for toydicity data obtained with the rainbow trout cell
lines RTG 2 and RTL-W1 in the Neutral Red cytot@yiassay, using ten acetonic Neckar SPM
extracts, are shown with the 95 % confidence irtle(dashed lines). Correlation coefficients were
calculated and are given as an r value (Pearsah)98i% confidence interval and Ralues.

3.5.3 AhR-mediated activity of SPM

Compounds causing AhR-mediated activity and moexifip dioxin-like activity were the
focus of this study since they are ubiquitous aigghlis concentrated in aquatic ecosystems
(Weber et al. 2008b). This end point was mainly sneed by means of the EROD assay,
which is also accepted to verify AhR-mediated afstilsy the WHO In contrast to the neutral
red assay, AhR-mediated activity of SPM was strpngtreased in correlation with the flood
flow and indicated a maximum activity during theakeof the flood event (bio-TEQ =
6,300 pg/g). In the present study, decreasingiieswvere observed upon average flow after
the flood (Neckar 8 and 9), remaining on a sigaifity elevated level of 930 pg/g
(Neckar 10) another 14 days later. However, it kh@@ mentioned that elevated activities
and high loads of SPM could be documented for s¢wkys following the maximum flood
flow, indicating the high relevance of flood evefds the mass transport of particle-bound
contaminants causing cytotoxic and dioxin-like \atyi within the investigated Neckar flood
event. Floods with intensified flow were shown narease the toxicity associated with SPM
assessing different biological end points (Hilsoaret al. 2007, Hollert et al. 2007a, Keiter
et al. 2006, Rao et al. 1990). Whereas Neckar SRMced an increase of activity, Rhine
samples indicated a twofold decrease of AhR-medliativity by flood flow comparing the
time integrated SPM sample (including SPM of tleod event) and the SPM sample of the
flood event alone. Most likely, the EROD activitiytbe Rhine flood sample was decreased as
a consequence of dilution, alternatively, it migh¢ suppressed by the presence of
antagonistic compounds as was assumed in othaest(@hen and Bunce 2004, Peters et al.
2006). Apart from this, Rhine 2 SPM mainly congistd# significantly larger grain sizes,
mostly sand, providing less adsorptive surfacescfmmtaminants. Thus, decreasing AhR-
mediated activity might also have been caused byl 88mposition. Sand load could be
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traced back to sediment erosion. Erosive processesed to be realistic regarding findings
of Witt and Westrich (2003), who developed a methodietermine erosion rates directly
from experiments conducted with undisturbed sedintenes of the Rhine in a laboratory
flume.

3.5.4 Moadification of pollutant composition

PCB-TEQs of Neckar SPM increased 12-fold at th& jpédlood flow, and Rhine PCB-TEQs
increased even 40-fold, indicating a significanfluence of flow on the amount and
composition of the compound mixture. PCDD/F-TEQSNafckar SPM were constant with
flood flow, whereas TEQs of Rhine PCDD/F decreagesifold. As discussed above,
compound mixtures might mainly be influenced byiset erosion and remobilization of
contaminants. Keiter et al. (2008) assessed netaegusediment samples at the river Danube,
showing that concentrations of persistent PCBs #126, and #169 varied with a minimum
of 23 pg/g and a maximum of 243 pg/g of dry sedimédl Neckar SPM indicated that
concentrations of PCB #77, #126, and #169 increbsed to 52 pg/g at the peak of the
discharge and were between 2 and 109 pg/g in sanuoléected from the Rhine. Thus,
concentrations in Neckar and Rhine flood SPM wara isimilar range to those in Danube
near-surface sediments. Furthermore, Keiter et (2008) measured mean PCDD/F
concentrations of 1,620 pg/g and maximum conceatrsof 5,419 pg/g.

Both in the Neckar 6 and the Rhine 1 sample, PCDidftcentrations were four to fivefold
higher (6,080 and 6,771 pg/g, respectively) thaammoncentrations at the peak of the flood
than in the Danube sediments. While Danube sedimemtamination levels highlight the
high possible burden of sediments with organic dbals, Neckar SPM indicate increased
loads in consequence of the flood event (surfaneffusediment erosion). In contrast, Rhine
SPM showed decreased AhR-mediated activities, whajht be traced back to dilution
effects caused by the larger catchment area.

3.5.5 Comparison of AhR-mediated activity

Luminescence-based measurement of activities Withtwo mammalian cell lines GPC.2D
and H4L1.1c4 confirmed the high toxicities of flebdrne SPM samples as determined by
the EROD assay with RTL-W1 cells. Similarly to RW4 cells, the rat hepatoma cell line
H4L1.1c4 revealed a significant peak of activitynaaximum flood flow (Neckar 6). The
GPC.2D cell line indicated one peak of activitylwBPM sampled before the peak of flood
water flow (Neckar 3), thus differing from both ethbiotest systems used. Regression
analysis with all bio-TEQ values of Neckar SPM cated a good correlation between RTL-
W1 and H4L1.1C4 cell line (Fig. 8, Pearson ranka@ation coefficient r = 0.81). In contrast,
there was no correlation between RTL-W1 and GPC{2B 0.096) and H4L1.1c4 and
GPC.2D (r = 0.004). Keiter et al. (2008) assessadube river sediment extracts and showed
comparable regression coefficients using the samik limes: RTL-W1 and H4L1.1C4
(r=0.84), RTL-W1 and GPC.2D (r=0.04), and H4Aa4 and GPC.2D (r =0.21). Both
studies indicated good correlations between RTLaNd H4L1.1C4 cell lines when testing



3.5 Discussion 70

SPM and sediment extracts with respect to AhR-ntediactivity, whereas no correlation
was found for results of GPC.2D cell lines and the other cell lines. These differences
might be explained by species-specific inductiortina@isms and

different exposure times as well as substrate itibib in RTL-W1 cells at higher
concentrations (Keiter et al. 2008). Furthermone, GPC.2D assay indicated a 100-fold less
induction than the other two bioassays. Reasonthi®tow induction might be differences in
the transfected responsive elements as well asspetlific and, therefore, chemical-
dependent trans-acting factors and receptors &aret al. 1996, Zhou et al. 2003).

In the DR-CALUX assay, the AhR-mediated activity 8PM samples ranged between
100 and> 1,000 pg/g. Each year, authorities of The Netineidahave to decide whether
25 x 10 m® sediments of the port of Rotterdam get permisfiomlisposal at sea. It has been
suggested that 100 pg/kg dry weight, as measuretthanDR-CALUX assay subsequent
removal of acid-degradable non-persistent compquedsild serve as a threshold for
prohibiting the disposal (Stronkhorst et al. 2002)the present study, the bio-TEQs for SPM
contributed by persistent compounds in the ML foacg are significantly increased compared
to these values and, thus, the contamination lesetbe river sediments would be too high
for dumping at sea.
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Fig. 8 Regression and correlation analysis for Ah&liated activity, as determined using the EROD
assay (RTL-W1) cells and the DR-CALUX assay H4L4.1Correlation coefficients were calculated
and are given as r values (Pearson) with a 95 %denrce interval and Rralues

3.5.6 Sources of the remobilized PCDD/PCDF

The high contribution of the two fully chlorinat€&CDD and OCDF (90 %, 85 %, 84 %, and
45 %, respectively, of the total 2,3,7,8-substduCDD/Fs) indicate that processes and
products from the chlorine and organochlorine itiquaere responsible for a large extent of
the PCDD/F contamination. Since only the 2,3,7 8stituted congeners were analyzed in
this study, a more detailed identification of sas,ce.g., by principal component analysis,
was not possible. However, the dominating 1,2,34tfexaCDF in all of the samples
measured (Fig. 9a) also shows, for the lower chi#teid homologues, that elemental chlorine
containing processes were also the source for wioghe toxic HexaCDFs. Specifically,
processes containing elemental chlorine favor tmmation of the 1,2,3,4,7,8-HexaCDia
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chlorination of dibenzofurans, whereas the formmataf the 1,2,3,4,7,8-HexaCDF is not
favored in incineration processes or processes fhenmetal industry (Fig. 9b).
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Fig. 9 a Concentrations and pattern of 2,3,7,8-@®&s in SPM samples from the rivers Neckar and
Rhine during the flood events of the present st@ly. Pattern of 2,3,7,8-HexaCDFs congeners in
some organochlorines (pentachlorophenols (PCPyramitrophene (CNP)) and processes (chloro-
alkali process, vinyl chloride monomer (VCM) protion) from the chlorine-organochlorine industry
in comparison to patterns from incineration andahedustry

This indicates, for most of the PCDD/Fs in the nareid flooding events of the measured
sectors of the Rhine and Neckar river, that thdohsal releases of the chlorine and
organochlorine industry are still likely to be resgible for the major portion of the PCDD/F
load (which, of course, also holds true for the P&iBtamination). During the 1970s, the
Neckar River in southern Germany ranked among thst retrongly contaminated rivers in
Germany, with high loads of both organic pollutassl heavy metals. These particle-bound
contaminants accumulate in river-bottom sediments thereby, decrease the bioavailability
of toxicants for a broad range of aquatic organisdesliments which act as contaminant sinks
are more or less immobile and cohesive under nohywological conditions. The release of
adsorbed compounds to the free water column isllysoaminor relevance. Admittedly,
increasing discharges as related to flood eventg ramobilize sedimentsia in-stream
erosion and remobilize highly contaminated sedisent

Hollert et al. (2003a) worked on bottom-sedimentreso elucidating ecotoxicological
implications associated with the risk of erosiorcohtaminated sediments. It could be shown
that samples below an erosional unconformity reacka clear increase of chemical and
biological indices. Furthermore, flood events wah HQ 1:5 and higher were in principle
said to erode even older, well-consolidated, anghlizi contaminated sediments. Thus,
deposited contaminants can pose a serious threhe ifuture, with increasing incidences of
extreme flood events caused by climate change €Holet al. 2007a). Hence, a
comprehensive erosion risk assessment of contagdinaites is of crucial importance
(Gerbersdorf et al. 2007).
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3.5.7 Relevance of persistent compounds analyzed

The major aim of the chemical analysis was to obtm overview of concentrations of
persistent organic pollutants in SPM from the Ne&kad Rhine River, which are commonly
expected to be most relevant in sediments and S@Mhis end, PCDD/Fs and PCBs were
investigated which are known to induce dioxin-lileetivity. Bio- and chem-TEQs of
multilayer PCB and PCDD/F fractions were comparathwne another. In fig. 6, chem-
TEQs of the multilayer PCB and PCDD/F fractionghe EROD assay were shown to equal
bio-TEQ values very well, thus confirming the copicef possible additive effects in complex
compound mixtures. The persistent compounds ardlgaeld, thus, be made responsible for
the AhR-mediated activity caused by compounds enntlultilayer fractions and PCB, as well
as by PCDD/F fractions and analysis comprised aglepersistent pollutants in the river
SPM assessed. The bio-TEQs of the multilayer fastwere low compared to crude extracts
of bio-TEQs of each SPM: 5.6 % (Neckar 1), 11.8Néqkar 2), 12.8 % (Rhine 1), and 7.4 %
(Rhine 2). Hence, less persistent AhR agonists havee mostly effective. Other studies
showed comparable or even lower contributions e§¢hcompounds quantified analytically.
Keiter et al. (2008) determined bio-TEQs of PCBd BECDD/Fs fractions clearly below 8 %
assessing sediment crude extracts. Neverthelegls, gioportions of the effects by crude
extracts cannot be explained by persistent orgpoltutants in the latter and the present
study.

Furthermore, Brack et al. (2005) worked on sedimefit the river Neckar and used the
approach of effect-directed analysis (EDA) to protheat less persistent non-priority
compounds caused the majority of AhR-mediated ttyxienderlining the recent results.
Hence, in a subsequent study of Woelz et al. (2004 is currently underway, a combined
EDA approach was used to identify the portion asl@ersistent compounds to the overall
effect of crude extracts.

3.6 Conclusions

The combination of multilayer fractionation and lbigical and chemical analysis is a suitable
tool to assess AhR-mediated activity by persisR@DD/Fs and PCBs in flood event SPM
samples. Flood events translocate considerable miai SPM and, thus, particle-bound
contaminants. Depending on differences in the caértt area and the intensity of floods, the
load of erodible old sediments, as well as biolabeffects, can be significantly increased, as
shown in assessing a river Neckar flood event Wwigih resolution sampling. In contrast, a
total sample of a river Rhine flood indicated ardase. Thus, the assessment of flood events
needs a highly elaborated sampling design and siersampling, regarding contaminant
translocation and remobilizing behavior in the eomtof surface runoff and discharge. The
use of total samples to evaluate complete floodhtsvés inadequate and may result in
undervaluation of pollutant release, translocatiamd impact on aquatic organisms.
Furthermore, PCDD/Fs and PCBs were shown to cané&ibnly to a minor portion to the
AhR-mediated activity of the raw extract without axidative cleanup step. As a
consequence, there is a need for the identificabfoather compounds (classes) with AhR
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agonistic activities and, in our study, to inveatey the contribution of these unknown
compounds to the overall AhR-mediated toxicity bé tSPM extracts investigated in this
study, and, more generally, to complex environnmesdanples in aquatic systems (Brack et
al. 2005, 2007).

3.7 Recommendations and perspectives

As it cannot be excluded, an increase of flood essanthe context of climate change has to
be regarded in future flood risk management, atleasome regions such as Central Europe.
Thus, it is crucial to determine the potential ldzaf (re-)mobilized contaminants dislocated
via floods and posing a threat to organisms and. frarthermore, the majority annual load of
particle-bound contaminants has been determindoettransliocated within a few days of
flood events in many catchment areas. Thus, floed®bilizing older highly contaminated
sediments, may pose a risk at these rivers andttedlde fact that the good surface water
status, as demanded by the EU-Water Framework tdeeantil the year 2015, will not be
achieved (Hollert et al 2007b, Heise and Foers2006, Netzband et al. 2007). Consequently,
sediment mobility and particle-bound contaminamtsoabed to sediments ought to be more
in the focus of recent monitoring (Babut et al. 20Ghapman and Hollert 2006, Hilscherova
et al. 2007, Hollert et al. 2007a, Westrich andrBtmer 2005). Since other less persistent
compounds seem to be more relevant to explain AleRiated activities in flood SPM, the
focus should be on PAHs and more polar compountdas,Teffect-directed analysis using
broader fractionation methods, integrating biolagiend chemical analysis methods, and
covering compounds from polar to non-polar willdgplied for the identification of causative
pollutants in a subsequent study.

In order to determine the possible ecological r@tee of (re-)mobilized contaminants during
flood events, more focus should be put on partidend contaminants, at least with respect
to the fate and effects of more lipophilic composisdich as those inducing AhR-mediated
activity. The use of organic extracts aindvitro assays allows one to evaluate the potential
worst-case scenario with contaminants being dethdnem adsorptive surfaces easily
available for cellular systems. Nevertheless, ithie ¢f in vitro to in vivo approaches has been
poorly subjected in the context of flood eventdao There is a need for studies closing this
gap and assessing the possible effect to aquajen®ms being exposed to contaminants
originating from surface runoff and sediment erosiRecently, a feasibility study was started
that connects the assessment of sediment erostreféacts on fish using a circular flume
(Pathfinder Project FLOODSEARCH, Woelz et al. 2009)
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4.1 Abstract

Suspended particulate matter (SPM) sampled durifigoal event in the year 2004 at the
rivers Neckar and Rhine (Southwest Germany) wassassl for aryl hydrocarbon receptor
(AhR)-mediated activities using EROD-induction Ine trainbow trout liver cell line RTL-W1.
All EROD-inductions were normalized to the positientrol TCDD and given as bio-TEQ
values. Since all samples indicated elevated AhRiated toxicities, an effect-directed
analysis (EDA) was applied to identify compoundsistag the effects. In three primary
fractions (F1to F3) non-polar aliphatics, non-potaomatic compounds and more polar
compounds were separated. Fraction F2, co-elutitig mon-polar polyaromatic compounds
(PACs) including polycyclic aromatic hydrocarboriBA(Hs) gave highest AhR-agonistic
effects and, thus, were sub-fractionated into sesecondary fractions (F2-1 to F2-7).
Fractions F2-1, co-eluting with PCBs and PCDD/Hd, bt cause AhR-agonist activities.
F2-2 to F2-4 containing PACs of less than 16 aram@tatoms produced minor activities.
Highest inductions were detected with fractions5R®- F2-7, containing compounds of more
than 16 aromatic C-atoms (bio-TEQs up to approxetgat,500 pg/g).

Concentrations and relative potencies (REPs) afripyiEPA-PAHs allowed the calculation
of chemical toxicity equivalent concentrations (@Th&EQ values). Based on the chem-TEQs,
EPA-PAHs explained between 16 and 58 % of crudeaeitio-TEQs from both rivers.
Whereas fractions F2-1 to F2-4 indicated no biaabactivities, EPA-PAHS in fraction F2-5
to F2-7 accounted for 2 to > 100 % of AhR-relatetivities.

4.2 Introduction

There is a general agreement that sediment- antlpdyound substances play an important
role for the water quality in aquatic systems. 8eits can act as sinks for pollutants in the
river system which are, thus, abstracted from théewcolumn and thereby become less or
non-available for aquatic organisms. In fact, waitte, rivers are loaded with a multitude of
particle-bound biologically active and toxic contaants as a legacy of the industrial past.
Further, sediments can turn into sources of comtants, when deposited materials are eroded
and remobilized as a consequence of, e.g., inatediseharge and sheer-stress during flood
events (Gerbersdorf et al. 2007b). Therefore, relmabon of sediments was also in the
focus of some studies in the context of flood esdiitilscherova et al. 2007, Zonta et al.
2005). However, with climate change, the impactlbgds received further attention, as an
increase of extreme weather conditions, e.g. ieteas), and subsequent extreme floods are
predicted in certain regions (lkeda et al. 2005¢ikén & Petschel-Held 2007). Further,
eroded sediments can be transported and dislodawdstream and on inundated areas in
floods as suspended particulate matter (SPM). tdazaf remobilized and contaminated
sediments can be evaluated sampling suspended matteods (Stachel et al. 2004).

In this study, suspended particulate matter (SPAMEed in parallel flood events — caused
by storm precipitation — at the rivers Neckar artdne (Germany) were assessed using the
concept of effect-directed analysis (EDA). EDA Hmesen shown to be a powerful tool for
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toxicant identification in complex environmentahgales (Brack et al. 2005, Sundberg et al.
2005). In a previous study applying the concepED#A, strongly persistent polychlorinated
biphenyls (PCBs) as well as polychlorinated dioxans furans (PCDD/Fs) were shown to be
only responsible for a minor portion (< 10 %) oé ttotal AhR-mediated activities (Wolz et
al. 2008). Thus, the present study aimed at idgngfless persistent substances causing
activating Ah receptor-related activity.

Polycyclic aromatic hydrocarbons PAHs can act asagens or even carcinogens and are,
hence, of general interest (Chen & White 2004). pitesent study put major emphasis on the
16 EPA-PAHs (US-EPA, Laboratory Test Protocol NuntiH)). However, hundreds of
other PAHs are present in the environment, whicly affect aquatic organisms in various
ways, although they have not been registered asitgricontaminants (Biselli et al. 2005,
Neff et al. 2005).

Thus, the major aims of this study were (1) to tderiractions causing AhR-related effects
in suspended materials collected during a floocheaad (2) to determine the contribution of
EPA-PAHSs to the overall AhR-mediated activity.

4.3 Material and Methods

4.3.1 Chemicals used

Unless stated otherwise, all chemicals used weweiged by Sigma-Aldrich (Deisenhofen,
Germany).

4.3.2 Sampling and preparation

Suspended particulate matters (SPM) were collesidda SPM-trap installed on a floating
bridge of a power station at Heidelberg, Germarg taansferred in light-safe glass bottles at
4 °C to the laboratory (methodology cf. Hollerta¢t 2000). Rhine samples were taken at the
water quality monitoring station at Worms, GermaAlong the pillars of the bridge, four
pumps were installed to provide a continuous wsii@ply from four lanes across the river. In
the laboratory, SPM were frozen at -20 °C, samplere freeze-dried as early as possible
(beta 1 - 8 K; Christ, Osterode, Germany) and sgtate} °C in darkness until analysis.
Aliquots of 20 g of freeze-dried SPM samples wetrgaeted with 200 ml dichloromethane
using Soxhlet extraction thimbles (Schleicher & &&h Dassel, Germany), and for 14 h at 8-
10 cycles per hour. The solvent was reduced inmeluand residues were evaporated close to
dryness under a gentle{dtream. Residues were re-dissolved in hihéxane and stored at -
20°C until fractionation. As process controls, eynpktraction thimbles were subjected to
extraction and processed in two parallel experisient

4.3.3 Fractionation

SPM used for fractionation were selected on thesbals maximum AhR-related activities
found in a previous study (W6lz et al. 2008): Neckaand B were sampled on January 14,
2004 (2 pm) and January 15, 2004 (8 am): Rhine & sample collected over an extended
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period from November 2003 to February 2004, inalgdihe January flood event, whereas
Rhine B was sampled exclusively over the floodgukfrom January 15 to 19, 2004.
Fractionation was performed using a recently depelp two-step procedure with some
modifications (Brack et al. 2005). In order to sgpa and characterize AhR-agonists in crude
extracts a two step procedure was applied stastittly open column chromatography on
alumina followed by normal-phase high performanigeitl chromatography (HPLC) on a
nitro-phenyl phase (Fig. 1).

[ Suspended particulate matter ]

Fractionation acc. to polarity (AL, 0,) gravity column
A
F1: non polar F2: non-polar F3: more polar
aliphatic compounds || aromatic compounds compounds
Fractionation acc. to molecular size (NO,) column; NP-HPLC

Fig. 1 Fractionation procedure for AhR-agonistssuspended particulate matter including a first
separation step according to polarity providinge¢ghprimary fractions and a second step for nonrpola
aromatic compounds, according to increasing numbEesomatic rings (i.e., molecular size; seven
sub-fractions: F2-1 to F2-7). In fraction F2-1, PCBnd PCDD/Fs may have been co-eluted.
SPM - Suspended particulate matter, NP-HPLC - nbpimase high-performance-liquid-
chromatography, F — fraction

4.3.4 Primary Fractionation

Crude extracts were fractionated in open glassneotuwith a diameter of 3 cm using 90 g of
alumina (activity 1, ICN, Biomedicals GmbH, Eschwe@ermany) deactivated with 4.5 %
of water per column as a stationary phase (1998mgounds were eluted with solvents of
increasing polarity: fractions F1 containing norgsaliphatic compounds were eluted using
75 ml of n-hexane; fractions F2 characterized by non-poldygyclic aromatic compounds
were eluted with 250 mi-hexane/dichloromethane (90/10, v/v); and fractiBBscontaining
more polar compounds were eluted with 250 ml ohidimmethane. All primary fractions
were evaporated to dryness and re-dissolved in 1dimhethylsulfoxid (DMSO),
corresponding to a final concentration of 20 g et equivalent/ml DMSO.
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4.3.5 Secondary fractionation

All fractions F2 were separated into seven subtifvas (F2-1 to F2-7) according to
increasing numbers of aromatic C-rings using noipmalse high performance liquid
chromatography (NP-HPLC) on a stainless steel colgi x 250 mm) packed with nitro
phenyl propyl silica (5 pm Nucleosil 100-5 BlMacherey and Nagel, Diren, Germany) with
a pore diameter of 0.1 nm. An isocratic solventtom@ of n-hexane and dichloromethane
(95/5, v/v) was used as mobile phase at a temperafl0 °C and a flow rate of 10 ml/min.
According to Brack et al. (Brack et al. 2003a),s®tary fractions are typically characterized
by the following model compounds. F2.1: diaromaticmpounds like polychlorinated
biphenyls, dibenz@-dioxins, dibenzofurans and naphthalenes as wehason-chlorinated
parent compounds; F2.2: PAHs with MW 152-166, aphtiaylene and fluorene; F2.3: PAHs
with MW 178, e.g. anthracene and phenanthrene; PA#s with MW 202, e.g. pyrene and
fluoranthene; F2.5: PAHs with MW 226-228, e.g. bighi|fluoranthene and chrysene; F2.6:
PAHs with MW 252, e.g. benzalpyrene and perylene and F2.7: PAHs with MV2Z6, e.g.
anthanthrene and bengbijjperylene. The elution was monitored with a dioday detector
at 250 nm. Fractions were stored at 4°C in darknaskrequired.

4.3.6 PAH analysis

Gas chromatographic separation of the compoundalldiractions was performed on an
Agilent 6890 gas chromatograph (Agilent Technolsgi&/aldbronn, Germany), equipped
with a 30 m x 0.25 um film HP-5MS fused silica dipy column (Agilent Technologies).
Helium was used as carrier gas at a constant flo ml/min. 1 ul of each fraction was
injected in split/splitless mode at 50 °C for 2 naimd ramped to 130 °C at 20 °C /min and
then to 320 °C at 4 °C/min. The injector and trandine temperature were 220 °C and
310 °C, respectively. For quantification of PAHsdtions were diluted at a factor of 15 and
injected subsequently. Identification and quardifien of compounds were carried out on a
mass spectrometer (model 5973N, Agilent Technof)giall fractions were measured in
scan and sim mode. Mass spectal data were collectibd mass range of 50 to 600 amu at
full scan mode and a scan rate of approx. 2 sc&iéstron impact (El) at 70 eV were
performed. The 16 EPA-PAHs were identified and giad by using 6 standard solutions of
different concentrations in the range grom 5 toO0Q,Qg/ul (Dr. Ehrenstorfer GmbH,
Augsburg, Germany) by single ion monitoring. Théedgon limit was 5 pg/ul. Some other
standards of PAHs (Dr. Ehrenstorfer) were measwsly for identification of these
compounds. For further identification of unknownmmounds by low resolution the spectra
libraries NIST/EPA/NIH Mass Spectral Library (NIS®B) and Wiley/NBS Registry of Mass
Spectral Data, 6th Ed. were used.

4.3.7 EROD induction assay

Method according to chapter 3.3.10.
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4.3.8 Bio-TEQ values

Computation of bio-TEQs according to chapter 3.3.11

4.3.9 Chem-TEQ values

Computation of chem-TEQs according to chapter 2.3.1

4.4 Results

4.4.1 AhR-agonist activities in primary fractions

In fig. 2, AhR-agonist activities caused by primdrgctions are compared to crude SPM
extract inductions. Primary fractions 1 (F1) of lraample, containing non-polar aliphatic
compounds, were shown to contain no AhR-inducingstnces. Highest activities were
associated with fractions F2, containing polycy@dimmatic compounds followed by F3,
containing more polar compounds. Bio-TEQs of cred&acts and primary fractions both
indicated a significant increase of activity in sgenNeckar B, which was sampled at the peak
of discharge during the flood in January 2004.Ha Rhine samples, bio-TEQs reflected a
lower AhR-agonist potency in Rhine B, if compared the long-term sample Rhine A.
Highest AhR-agonist activities were determined fddeckar B crude extract
(bio-TEQ = 6,620 pg/qg).

Total bio-TEQs for the crude extracts and the sdncoonbined primary fractions of each
SPM were significantly different. At the Neckar BRIy primary fractions outranged total
activities in the Soxhlet extract about two-timegsNeckar A and 19 % of Neckar B. In
contrast, bio-TEQs of crude extracts and addedargirfractions were almost congruently in
Rhine A, but 44 % decreased for primary fractionRhine B.

10000
| wem CE
8000 { == F3 19 %
)
(@)]
2
o 6000
L
i
(@]
2 4000 - 6%
@ +83 %
-44 %
2000 4

Neckar A Neckar B Rhine A Rhine B

Fig. 2 AhR-mediated activities of crude extractsl @ach primary fractions (F1 to F3) based on
EROD inductions in RTL-W1 cells are given as biogJE F1, containing non polar aliphatic
substances did not cause any AhR-agonist actiMitynbers in percent give the share of added F1 to
F3 to the crude extracts induction. Bio TEQs avegias means of n = 3 independent experiments. CE
— crude extracts
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4.4.2 Distribution of activities among secondary PAH frans

NP-HPLC was used to fractionate F2 fractions adogrdo their number of C-atoms in

aromatic rings and, further, to identify effectisecondary fractions (Fig. 3). Fractions F2-1
and F2-2 of Neckar A caused no detectable Ah recgggonist activity. Bio-TEQs were low

in fractions F2-2 to F2-4 (bio-TEQ < 143 pg/g). Kegt AhR-mediated activities were
determined in F2-5 to F2-7 and a maximum bio-TEQ4@&00 pg/g in F2-5 of Neckar B.

However, except for F2-5 of Neckar B, fractions &2rave the highest inducing potential
among secondary fractions.

4600

1 = Neckar A
4400 4, 3 Neckar B
e Rhine A
1000 - N Rhine B —

Bio-TEQ [pg/g]

500 -

ok kk
0 '_I—D1'__=|:|'Il I-I_Ill T T T
F2-1

*
F2-2 F23 F24 F25 F26 F27

Fig. 3 Bio-TEQs of secondary fractions F2-1 to FZ@ntaining non polar PAHsS, determined with
SPM samples from the rivers Neckar and Rhine. -AhR-mediated activities detected

4.4.3 Quantification of EPA-PAHSs

Chemical analysis was applied to determine conagotrs of the 16 EPA-PAHs that are
given with relative toxic potencies (REPs) in tab.Chemical analysis indicated a
predominance of PAHs with molecular weights of 202 more% F 2-4). These compounds
also showed high REP values and, accordingly, camsximum AhR-agonistic activities in
the EROD assay. Total PAH concentrations were Isigive Neckar B (4,920 pug/kg) and
lowest in Rhine B (1,020 pg/kg). Concentrations evercreased following the maximum
discharge in Neckar B, with the exception of indéra3-cdlpyrene, dibenz@,hjanthracene
and benzgjhi]perylene. In contrast, Rhine samples indicateé@ehse of concentrations for
each compound after the peak discharge.
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Tab.1 EPA-PAHs are shown in the order of elutionthie NP-HPLC fractionation and according
fractions (Brack 1999), as well as substance cdragons. REP values are given as specifically
determined for used RTL-W1 cells by Bols et al.9ap

Compound concentration [pg/kg]

EPA-PAH compounds  REP valueBraction _ _
Neckar A Neckar B Rhine A Rhine B

naphthalene n.i. F2-1 86 15.2 7.5 1.6
acenapthylene n.i. F2-1 0.2 0.3 0.0 0.0
acenaphthene n.i. F2-1 119 128 6.8 2.5
fluorene n.i. F2-2 0,4 25,1 10,4 54
phenanthrene n.i. F2-3 2445 2905 141.0 60.6
anthracene n.i. F2-3 37.0 412 19.2 15.1
fluoranthene n.i. F2-4 680.0 844.0 404.7 226.5
pyrene n.i. F2-4 504.9 547.0 2934 163.7
benzop]anthracene 0.043x 0 F2-5 308.1 5185 162.0 84.4
chrysene + triphenylene  0.047 x°0 F2-5 3904 636.1 2114 101.0
benzop]fluoranthene 0.193x 10 F2-6 404.0 507.6 146.3 87.9
benzoK]+[j]fluoranthene 1.039 x 1¢  F2-6 356.6 436.7 161.3 60,4
benzop]pyrene 0.302x 106 F2-6 449.1 610.6 163.0 91.9
indeno[1,2,3cd|pyrene  0.278 x 1& F2-7 291.2 240.0 96.1 55.8
dibenzop,hlanthracene 0.35x 0 F2-7 51.4 27.7 17.5 13.3
benzofhilperylene 1.039x I F2-7 262.0 170.7 83.9 51.9
Sum of EPA-PAHSs 4000 4920 1920 1020

F2-1to F2-7 — secondary fractions no. 1 to na. 7, — not inducing

4.4.4 Contributions of EPA-PAHSs to determined AhR-agoaistivity

Finally, contributions of chemically analyzed EPA4®s to the Ah receptor-agonist activities
in crude extracts and secondary fractions werermd@ted comparing biologically and
chemically derived TEQs (Fig. 4). Whereas EPA-PAM®lyzed in Neckar A, sampled
before the peak of discharge, caused 58 % of thdecextract activity, EPA-PAHS in
Neckar B, sampled shortly after the peak of disghawere less dominant and contributed
only 16 % to the crude extracts bio-TEQ. River RhiBPM extracts gave EPA-PAH
concentrations that were equal to Neckar B. Inflibed sample Rhine B, priority EPA-PAHS
were twofold increased compared to Rhine A and leguzalf the contribution of Neckar A.
Since EPA-PAHSs eluting in fraction F2-1 to F2-4 aomsidered as non-inducing AhR-related
activities, chem-TEQs and contributions of prioftgtHs could not be calculated. EPA-PAHs
did induce AhR-associated effects- in each of tlaetions F2-5 to F2-7 and contributed at
rates between 2 and 96 % to the respective fratiioiTEQs. F2-7 of Neckar A gave more
than 100 % activity of EPA-PAHS to the biologicatigity.
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Fig. 4 AhR-mediated activities of crude extract&)@nd secondary fractions (F2-1 to F2-7) induced
by Neckar and Rhine rivers SPM are given as bio-gHEermined in the EROD assay (black bars).
EPA-PAH concentrations are given as chem-TEQs (geeg). Contributions of EPA-PAHSs of each
fraction are given in percent. n.d. — no toxic effieio-TEQ determined, * — EPA-PAHS in this
fraction are not EROD inducing with RTL-W1 cells

4.5 Discussion

45.1 Active fractions

Effect-directed analysis and a two-step fractioratallowed to determine and to compare
shares of eluted compounds in fractions of each S&fple. Non-polar aliphatic compounds
in primary fractions F1 did not cause AhR-mediagetivities in any of the samples, which

corroborates conclusions drawn from other studieé\lo receptor-mediated activities (Brack
et al. 2002b, Engwall et al. 1997). Fractions Fawsd the highest inducing potentials,
followed by significantly increased activities imaftions F3. Thus, non-polar and often
assumed PAHSs (F2) and more polar compounds (F3Jl dauidentified as major inducers of

AhR-mediated activities in river SPM. These findireye in agreement with other studies on
sediments, which next to non-polar polychlorinatesnpounds also indicated an induction
potency of more polar compounds in the EROD as&ayjtdr et al. 2008, Kleman et al.

1992).

However, site-specific differences were detected] primary fractions of SPM from each

river showed characteristic ratios of total and swd up bio-TEQs. In detail, activities
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caused by crude extracts of both Neckar samples significantly lower than summed up
primary fractions F1 to F3, in particular in Neclk&ar In contrast, only Rhine B indicated a
clearly decreased induction comparing bio-TEQshef ¢rude extract and added F1 to F3.
EROD inductions with more than 100 % in fractiormsnpared to crude extracts may be
caused by retention of humic substances in thdidration procedure. Thus, previously
antagonistically acting humic substances may bersggd and agonists can display their
complete activity, respectively.

Since fractions F2 indicated the highest activiteaong all SPM assessed, secondary
fractionation was focused on corresponding nonfp@eomatic fractions and highest
activities were determined in fractions with mdnart 16 aromatic C-atoms (F2-5 to F2-7). In
SPM of both rivers, there was no EROD inducing poyein F2-1fractions. Thereby, a higher
importance of less persistent compounds was obvMirsr AhR-activities were determined
in fractions with PAHs of lower molecular weighf®ese are more likely degraded, due to
preferred physico/chemical- and bio-degradation rifi@da 1992). In contrast, higher
molecular compounds are more persistent to bioat@nprocesses. These compounds
provide dense pi-electron clouds inhibiting nucleitp substitutions and, accordingly, tend
to accumulate in environmental compartments (Johreteal. 2005). Fractions containing
higher molecular PAH compounds were also shownnttuge the highest AhR-mediated
activities in earlier studies on AhR-agonistic ity (Boxall & Maltby 1995, Maltby et al.
1995a). Furthermore, they cause various toxic &ffet aquatic organisms (Johnsen et al.
2005, Villeneuve et al. 1997) and, therefore, drel@vated interest in ecotoxicology.

4.5.2 Evaluation of prioritized compounds

Chemical analysis was applied to identify compourdssing AhR-agonistic activity to
aguatic organisms. Usually, analysis is focusedfemm anda priori selected compounds
which are considered to be of high priority, ethgg 16 EPA-PAHSs. Hence, other compounds
and substance classes are regarded as less relmwdnare not among the commonly
evaluated contaminants. In this study, most seagnftactions indicated elevated AhR-
agonist activities. Nevertheless, bio-TEQs deteedhircould often not be explained by
chem-TEQs calculated from the concentrations ofahalyzed 16 EPA-PAH. In fractions
with PAHs of low molecular weight, only non-prigriPAHs caused the total biological
activity. Low molecular EPA-PAHs can even be exeldidrom an evaluation of Ah receptor-
agonistic compounds, since they are not active meispect to AhR-related processes (Bols et
al. 1999) and, thus, chem-TEQs cannot be determi@echpounds in fractions with higher
molecular weights were consistently more potentaeds and showed significantly increased
bio-TEQs. However, for several fractions, chem-TEpriority PAHs often explained only
minor portions of the effects, whereas non-priodbdmpounds caused were higher inducers.
This finding emphasizes the potential contributtdmon-priority pollutants to environmental
hazards. In fact, in numerous earlier studiesiritéd out that so far unknown and usually not
analyzed non-priority PAHs were of higher relevafBarron et al. 2004, Brack et al. 2005,
Maltby et al. 1995a). Thus, an exclusive focus aiorjtized pollutants may result in
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inadequate assessment of environmental samples,analysis of a broader range of
compounds needs to be considered.

Though EPA-PAHs are not necessarily major effecteenpounds, many studies provide
data and allow a ranking with respect to the PAldtesl burden of the SPM analyzed in the
present study. However, it has to be mentionedviiiat little data are available for suspended
particulate matter, so far. In fact, there is haaty literature on EPA-PAH concentrations in
SPM during the course of a flood. Some studies a@iin PAH contamination in sediments
with a focus on EPA-PAHSs and determined conceminatbetween 0.008 x F@nd 8.7 x 10

3 nug/kg (El Nemr et al. 2007, Shen et al. 2008),levktudies with more PAHSs (including
EPA-PAHSs) varied between 0.01 x3@ 25 x 10 pg/kg (Gaspare et al. 2009, Grund| et al.
2003). There are only few internationally publish&tddies on EPA PAHs in suspended
particles available. One of the few studies workedriver near Beijing and reported of
1.33 x 10° to 28 x 1C° pg/kg (Shen et al. 2008).

For an attempt of SPM classification the ATV schease recommended by AhIf et al.
(2002b). The German ATV classification system wskaldished for evaluation of dredged
sediments. EPA-PAH concentrations of this stud9Zx 10° to 4.9 x 1 pg/kg) are ranked
in the ATV quality classes Il - 11l (1 x I0to 10 x 10° pg/kg) among 6 possible classes (with
class VI being worst). Following this classificatisystem, the quality goal would be reached
with class Il reflected by EPA-PAH concentratiorisloc 10° to 4 x 10° pg/kg and, thus, the
detected concentrations in this study indicatehfliyjgincreased compound concentrations.
Ranking the findings of the present study, EPA-Pédthcentrations of Neckar and Rhine
SPM can be rated elevated, although maximum coratenmts found in the other studies were
not reached.

PAHs were listed as priority hazardous compoundsvater by the Water Framework
Directive (WFD) of the European Union (Annex X)ctsing on concentrations in water.
Meanwhile the WFD regulation implemented evaluatwih particle-bound pollutants in
sediment, whereas EQS are non-existing, so fath&uyrthe International Commission for the
Protection of the Rhine (ICPR) listed namely bebfftjoranthene, benzé&fluoranthene,
benzofhilperylene, indeno[1,2,8d|pyrene and benza]pyrene as substances of concern,
emphasizing the elevated significance of this cammploclass to reach environmental quality
aims. Hazard assessment of PAHs in the contexh@fWFD and other approaches with
environmental quality standards shall account lher processes and impact of flood events
and the fate of particle-bound substances in SPM.

4.6 Conclusions

Effect-directed analysis using two steps of frawditton has been proved to be a meaningful
tool to identify compound categories and active Piiddtions causing AhR-related effects in
suspended particular matter (SPM) collected duaifigod event. In the assessment of AhR-
related processes in SPM samples, non-polar aigpbampounds may be excluded, since
they do not possess any AhR-inducing potential. PA¥¢re determined as the class with
highest inducing potential and should, thus, beh@& focus of AhR-related analyses on
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contaminations of rivers. In most SPM fractionswhwer, priority EPA-PAHs contributed
only to a minor extent to the determined Ah receptediated activities. Thus, so far non-
prioritized PAH gave the higher inducing potenti&urther, focus should be on high
molecular weight PAHs with more than 16 aromatiat@ms, since they could be identified
as the compounds with the highest inducing poterimce they are also more resistant to
degradation, such high molecular weight PAHs angriohary ecotoxicological concern.
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5.1 Background

Diverse studies were able to identify a toxicolagigsk potential of suspended patrticles at
high water (Brack et al. 2002, Hollert et al. 20Q003, Oetken et al. 2005). However, there
are significant scientific deficiencies with regata the influence of extreme floods, in
particular on the extraction of drinking water viittareas which are inundated at high water.
Numerous studies indeed show high contaminant loadsrface water samples, in part, and
deposited and suspended sediments at differingruatels (Breitung 1999, Brauch et. al.
2001, Foerstner & Westrich 2005, Hollert et al. 202005, Kosmehl 2004, Maier et. al.
1997, LfU 1996a). However, there is only one pikitidy so far with regard to the
toxicological risk potential of suspended partitelanatter during flood events on the
production of drinking water. This study indicatisit suspended particulate matter during
flood events cause an increase of the (eco-)tmgpchl hazard potential (in several biotests
and chemical analyses) of near surface soil samplasriparian area which is frequently
inundated as compared to rarely inundated regibisch et al. 2002). Present knowledge
does not provide an answer to the question of venegither the contaminants which are
partially sorbed to the soil are eluted and negétinfluence the groundwater and drinking
water, respectively, or are reduced or adsorbedgalbeir passage through the unsaturated
zone.

Conflicts of interests are to be expected for waliguall major rivers in Germany. On the one
hand, retention areas have to be provided to ma@rthe risks associated with extreme flood
events. On the other hand, the groundwater and filénaite of many riparian areas are used
for the production of drinking water. Along the eivRhine, between the cities of Basel and
Duisburg alone, there are 15 sites where projesishtion basins and water protection areas
overlap (IKSR, IAWR 1998). Water suppliers — whayde drinking water directly or
indirectly taken from the Rhine for more than 20dliom people — are concerned about the
potentially increased risk of pollution of the gnolwater resource by the establishment of a
retention area in the vicinity of their water extian facilities: Organic pollutants could be a
danger to the extraction of drinking water by meahthe retained water and the transported,
suspended particulate matter at flood events (L#96b). Besides a general degradation of
the quality of the groundwater by nearby flood p$aithe actual operation of water collection
facilities may be endangered over longer periosiseeially during extreme flood events.

5.2 Aim of the joint research project

Within the project, which is supported by the Gennfgederal Ministry of Education and
Research (BMBF), the dominant processes and mextharalong the transport path from
flood wave via retention area and groundwater éowhterworks are investigated. On the one
hand, it is aspired to estimate whether contamgant micro-organisms are able to migrate
from the river into the aquifer and a nearby wat@ks under the specific conditions of
extreme floods. On the other hand, it is investédathether substances and micro-organisms
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may reach the nearby waterworks during a regularaion of the retention basin, which is
necessary for providing the retention area durkigeene flood events.

In this project, the transport paths from the flowalve to the nearby waterworks are regarded
as a multi-barrier system. The first barrier is tin@ensport of contaminants and micro-
organisms into the retention area. The seconddrasrithe unsaturated zone with its transport
and retardation mechanisms. The third barrier ésfibw and transport behavior within the
saturated zone.

On the basis of the achieved knowledge, strategieso be established in order to minimize
mutual impairments of flood retention and drinkimgter supply. These strategies will be
summarized to a guideline, which highlights andpbkeko prevent or minimize the
predominant majority of present and future corslicetween flood management and drinking
water supply by providing a corresponding packdgeeasures.

5.3 Framework of investigation
The following studies are carried out within thenjaesearch project:

* Analysis of chemical and toxicological charactgds of the water quality data and studies
on suspended and deposited sediments dependirige @patiotemporal development and
the discharge situation. The results of this woakkage will be published as a literature
review in JSS.

« Chemical and toxicological testing of sediment amater samples taken from the river
Rhine at diverse water levels and depending onntie¢thod used for collecting the
suspended particulate matter using chemical ar@hbigtical methods (e.g., Gustavson et
al. 2004, Klee et al. 2004, Reifferscheid et aD20eiler et al. 2006)

« Identification of unknown contaminants with bigloal impact by means of effect-directed
analyses (cooperation with the Helmholtz Centre Eorvironmental Research Leipzig,
Dr. Werner Brack; cf. Brack et al. 2005).

e Estimation of particle retention in retention arelag hydrodynamic modeling and
approaches of the pelit research.

e Chemical and toxicological field investigations fdifferent soil horizons at the project
study area Bellenkopf/Rappenwoert (projected raienarea at the upper Rhine, river
kilometer 354.5 to 359.5) on the differing loaddragjuently inundated and not inundated
regions. Laboratory studies to achieve parameteseweral characteristic compounds on
their behavior during elution and microbial decomifion.

e Determination of hydraulic soil characteristics retention areas and modeling of the
transport processes in the unsaturated zone.

e Chemical and toxicological investigations at sevgmundwater observation wells for
documenting the spatio-temporal change of the cointant load.

e Numerical groundwater modeling for the determinatiof conditions on which
contaminants transported into the retention areaneech a nearby waterworks.

The projected retention area Bellenkopf/Rappenw@etéention volume of 14 Mio. T near
Karlsruhe is used for the field studies. A majortud this area is situated within a drinking
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water protection area, which has been created fopjcted waterworks. At the model site,
there are regions which are already irregularlyndated at present and are therefore suited
for the investigations in the unsaturated zone.

As there are partly sparse investigations (knowasjocarried out or published concerning the
topic of the project, the project collaborators grateful for references to publications and
also gray literature on chemical and toxicologloalds of suspended and deposited sediments
in the context of the literature study (fleig@tze;.¢Henner.Hollert@urz.uni-heidelberg.de).

5.4 Structure of the joint research project

The joint research project is a cooperation of paetners from four organizations:

» The Stadtwerke Karlsruhe GmbH is the project cowidir and operating company of the
projected waterworks within the investigation artais responsible for the numerical
modeling of the groundwater flow.

» The DVGW-Technologiezentrum Wasser (TZW) Karlsruteries out the chemical
analyses of the soil and suspended sediment sang@giteered in the field, and,
furthermore, investigates the behavior of the cmmtants in the retention area by
comprehensive laboratory studies.

» The Institute for Water and River Basin Manageméhijversitat Karlsruhe (TH) is
responsible for simulations as well as field arfablatory studies on the suspended load
transported into the retention basin.

* The Institute for Hydromechanics, Universitat Keutsee (TH) carries out laboratory
studies and field investigations to determine thalréulic characteristics of the
unsaturated zone in the study area and numericatlelng of transport and
transformation of characteristic compounds.

» At the Heidelberg Institute of Zoology (HIZ), toxilogical studies and effect-directed
analyses are used to determine the biological dgzatential of suspended particles from
the flood wave up to within the unsaturated zoné tmnidentify unknown groups of
contaminants.
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6.1 Abstract

This study investigated suspended particulate m#8&M) sampled at the river Rhine
barrage of Iffezheim, Germany. SPM were collectetthiw the RIMAX-HOT joint research
project (2005 - 2009) that worked on the questidretiver flood management may conflict
with drinking water supply, since for example pobgzl retention basins often overlap with
water protection areas. To answer this questioM 8fere sampled periodically throughout
the year 2006 and more frequently in the course fbdod event with a recurrence interval of
10 years in August 2007.

GC-MS analysis was used to determine concentrabbmolychlorinated biphenyls (PCBs)
as well as those of the historical river Rhine eamnhant hexachlorobenzene (HCB). PCB
concentrations remained more or less constant®® 280 pg/kg) as well as during the flood
(maximum 51 pg/kg). In contrast, the sediment aoimiant HCB was constantly detectable
in 2006, but concentrations were clearly increasingthe August flood (maximum:
110 pg/kg).

SPM crude extracts were further assessed in ooddetermine dioxin-like and aryl hydro-
carbon receptor (AhR)-mediated activities using BROD assay and RTL-W1 cells form
rainbow trout Oncorrynchus mykigs EROD induction, given in biological toxicity
equivalent concentrations (bio-TEQs), showed e&Vatontamination levels in 2006 with
bio-TEQs between 1,159 pg/g and 6,639 pg/g. Furfteyd SPM showed a maximum bio-
TEQ of 6,141 pg/g in the course of the flood. Ferthmutagenic potentials were determined
using the Ames Fluctuation assay with the bacteti@ins TA98 (frameshift mutation) and
TA100 (base pair substitution). Crude extractsdatid no significantly increased mutagenic
activity with the Ames Fluctuation assay, but causgh maximum induction factors in the
Comet assay (Hx = 13).

Since hazard potentials were increased with SPMctedlirected analysis (EDA) was used to
determine effective compound classes in flood SEivget analysis was applied to identify
shares of EPA-PAHS to total biological effects.dfi@ation showed that PAH fractions were
highly EROD inducing. However, EPA-PAHs contributed less than 1% to the overall
biological activity. Fractions containing more poléo polar compounds gave highest
inductions, at least with SPM sampled after thedipeak. Mutagenic activities of fractions
was increased with SPM sampled after the flood pesflected by IR.x = 14.7 with the
bacterial strain TA 98 without metabolic activation SO supplement (rat liver homogenate).
With respect to the anticipated conflict of intésebetween flood retention and drinking
waters supply, it was shown that contaminant camaBons and biological activity were
clearly increased with a flood recurrence intenfal O years. The retention basins in question
will be operated with recurrence intervals of 1@@ns. Since these floods can be assumed to
cause definitely higher contaminant (re-)mobiliaata considerable compound deposition on
soils of flooded basins has to be assumed.
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6.2 Introduction

Assessment of particle-bound pollutants in suspgnuiaticulate matter (SPM) is of high
relevance for a sound understanding of processdshamard potentials caused by flood
events. Flood water causes considerable physicabhges to inundated sites and goods as
well as further to human and environmental heathge it is loaded with contaminants of
concern (Euripidou & Murray 2004). These compoumaginly originate from sediment
erosion, remobilization and subsequent translogatimd redistribution (Koethe 2003). Since
sediments serve as sinks, but also as importamindacy contaminant sources, increasing
contaminant loads are expected with more extrernedfl in the near future (Heise &
Foerstner 2006). In this context, SPM was recoghiae the carrier of contaminants and
hazard potentials (Schulze et al. 2007).

At present, extreme flood events such as the Htlmel fin 2002 are still hydrological outliers
causing considerable economic and ecological dam#famninor recurrence intervals (lkeda
et al. 2005, Klok & Kraak 2008). Nevertheless, asoasequence of climate change, these
events are expected to increase in frequency atshgitly in many regions worldwide
(Change 2007). Furthermore, it is assumed that gdgann precipitation may even be
amplified in river runoff (Chiew & McMahon 2002)nd there is evidence that the magnitude
of peak flows increases (Middelkoop et al. 2001hug, recurrence intervals of floods
comparable to that of the Elbe in 2002 will becaherter (Bronstert 2003).

Under specific conditions, flood impact can causmnflict of interests when flood
management and further interests, e.g. drinkingemspply, are concerned. In this context,
strategies to manage flood impact implement theatjps of retention areas with higher
retention volumes than available at present (Di&s&ngel 2001, Hooijer et al. 2004).
However, required retention basins can, e.g., apewith water protection areas that are
needed for the operation of waterworks (Maier eR806). The resulting conflict of interests
appears by now alone at 15 sites along the riveneRbetween Basel (Switzerland) and
Duisburg, Germany). 20 millions of the 50 milliored people who live in the Rhine
watershed today drink treated Rhine water whicimost cases is produced from riverbank
filtration (ICPR - International Commission for th&otection of the Rhine 2009). Water
suppliers are concerned about the potentially as®d risk of pollution of groundwater
resources by the establishment of retention aneakad vicinity of their water extraction
facilities.

To date, many studies have shown high contaminzeds| of sediments and suspended
particulate matter in the context of floods (Hdllet al. 2003, Oetken et al. 2005, Hilscherova
et al. 2007, Wolz et al. 2008). Further, many stadshowed elevated contamination of
floodplain soils (Hilscherova et al. 2007, Pieaket2007, Yang et al. 2008). However, so far
there is only one pilot study with regard to the&o(@toxicological hazard potentials of
sediments, suspended particulate matter and flaodgloils to the production of drinking
water, indicating an increase of the (eco-)toxigatal hazard potential of near-surface soil
samples at inundated sites (Ulrich et al. 2002)c&ielevated impact was determined in this
preliminary study, an interdisciplinary follow uprgpect was initiated to investigate this
hazard potential in more detail. The results, tedain this study, are part of the outcomes of
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that joint research project 'Flood retention andking water supply — Preventing conflict of
interests’ (RIMAX-HoT, Maier et al. 2006, Kuhlersa. 2009). The project worked on the
possible conflict of interests at the planned retenarea Bellenkopf-Rappenwoert and a
nearby projected waterworks, Kastenwoert, bothtemtaext to Karlsruhe, Germany.

In this first part of the study, outcomes of ecatological exposure assessment are presented
with respect to contamination of SPM. Thereforesutis are detailed for SPM that was
sampled once at monthly intervals in 2006, and nfogquently during a flood event in
August 2007 with a recurrence interval of 10 ye&amples were investigated with vitro
biotests. Dioxin like and aryl hydrocarbon recept@hR)-mediated activities were
determined with the EROD assay and the rainbowt tireer cell line RTL-W1 (Lee et al.
1993). Further, mutagenic potentials were assesgtbdhe Ames Fluctuation assay and the
two bacterial tester strains TA 98 and TA 100. hasr many compounds were chemically
analyzed, concentrations of PCBs and HCB were Bighg far, and, thus, only these
compounds are regarded in this study. A recentlyeldped method of effect-directed
analysis (Lubcke-von Varel et al. 2008) was applied receive further insight into
contaminant loads in SPM sampled in the contexth@fflood event assessed. The 18 factions
obtained were assessed using the biotests lismekeab identify effective compound classes
and chemical analysis was focused on EPA-PAHSs igher molecular weight, since low-
molecular compounds are not EROD inducers (Bod#d. €t999).

Thus, the present study aimed

(a) to identifyin vitro hazard potentials and variations of SPM samplealitthout a year
and with SPM sampled in a flood event,

(b) to apply effect-directed analysis to identiffeetive compound classes,

(c) to chemically analyze concentrations and pattérselected compounds in total SPM
and fractions and

(d) to project the results obtained on the assucwdlict of interest between water
retention and drinking water production.

6.3 Material and methods

6.3.1 Chemicals used

Subsequent providers of chemicals will only be né&me other than Sigma-Aldrich
(Deisenhofen, Germany). Chemicals were at leagerdagrade.

6.3.2 SPM sampling

In this study SPM was collected in 2006 using d@ioowus-flow centrifuge that was installed
just above the hydro power plant at the river Rhbarage of Iffezheim, Germany
(for location, see fig. 1) at a depth of 0.8 m adomy to the method described by Babarowski
(2005). The Padberg zZ61 (Padberg, Lahr, Germanyjritege type gives a flow rate of
900 L/h, 17,000 U/min and was run for 4 to 6 h.
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Germany

Fig. 1 Location of the continuous-flow centrifugedathe passive sedimentation boxes at the Rhine
barrage of Iffezheim, Germany (circle). River flalirection is shown by light grey arrows; dashed
line gives the road across the river.

Further, SPM was sampled at the same site withehiffequency in the course of a flood
event with a recurrence interval of 10 years in #81g2007 (Tab. 1 and fig. 2) using two
passive sedimentation boxes (Schulze et al. 20BPM was transferred to glass bottles,
protected from light and transported at 4 °C. SP&fenthen treated according to DIN 38414,
part 22. Samples were freeze-dried in two stepeguai BETA 2 - 16 (Christ, Osterode,
Germany). Initially, SPM were dried for two days0a6 to 1 mbar and a temperature of 20 °C
to 25 °C. Subsequently, SPM were post-dried for dags and at least 0.001 mbar to lower
the residual moisture to < 0.5 %. SPM were thanesieat a mesh size of 600 pum for 15 min
using a Bandelin Sonorex RK 255 H ultrasound b&bhélitech GmbH, Moerfelden-
Walldorf, Germany). SPM were stored at 4 °C in dads until extraction.
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Fig. 2 Discharge at the gauge of Maxau, Germarmgecto the sampling site and sampling periodsenfitiod
course. * — sampling times of SPM in August 2007
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Tab. 1 Sampling times of SPM collected at the rivhine barrage of Iffezheim, Germany;
fractionated samples are marked (X).

No. Sampling from Sampling to Fractionated
[date] [time] [date] [time] samples

1 14.07.07 12:00 a.m. 31.07.07 12:00 a.m.

2 31.07.07 12:00 a.m. 09.08.07 21:00 p.m. e

3 09.08.07 21:00 p.m.10.08.07 10:40 a.m.

4 10.08.07 10:40 a.m. 10.08.07 12:00 am. e

5 10.08.07 12:00 a.m. 11.08.07 14:50 p.m. e

6 11.08.07 14:50 p.m.14.08.07 09:00 a.m. )

7 14.08.07 09:00 a.m. 17.08.07 14:00 p.m.

8 17.08.07 14:00 p.m.31.08.07 12:00 a.m.

6.3.3 Preparation of crude extracts

10 g of each freeze-dried SPM was weighed in 20@xidaction thimbles (Schleicher &
Schuell, Dassel, Germany), stoppered with glassl,wsaced in 400 ml Soxhlet extractors
and extracted with 250 ml acetone at 8 to 10 cyclés 14 h. The solvent was reduced in
volume and residues were evaporated under a ghpitream close to dryness. Residues
were re-dissolved in dimethylsulfoxide (DMSO) andred at 20 °C until biotesting. Empty
extraction thimbles were subjected to extractiod processed in two parallel experiments to
serve as process controls.

6.3.4 Clean-up of extracts and automated fractionation

10g of each freeze-dried SPM was Soxhlet extracisd detailed above using a
dichloromethane (DCM):acetone (3:1; v/v) solvenktuwie, reduced in volume, evaporated
under a gentle Nstream and re-dissolved in-hexane:acetone (7:3; v/v). Accelerated
membrane-assisted clean-up (AMAC) was used fofipation of SPM extracts (Streck et al.
2008). Briefly, 1 ml extract with a concentratiohl® g SPM equivalent/ml was transferred
to dialysis membranes (low density polyethylene u®® thickness; Polymer-Synthese-Werk,
Rheinberg, Germany) and dialyzed using an ASE 28cd (Dionex, Sunnyvale, CA) with a
mixture of DCM:acetone (3:1, v/v). The solvents dyseemperature, pressure, number and
duration of cycles was chosen as described preyiqusibcke-von Varel 2008). Extracts
were collected in ASE glass vials closed by PTF&tet screw caps, reduced in volume,
evaporated under a gentle-Btream and re-dissolved mhexane:DCM (9:1; v/v) to a final
concentration of 20 g/ml for subsequent fracticorati

AMAC-purified extracts were fractionated using anamnated fractionation method (Lubcke-
von Varel 2008). Initially, compounds of the AMARtects are loaded on three types of
columns: More polar to polar compounds are trapmpeée cyanopropyl (CN) silica column
with n-hexane as mobile phase. Non-polar substancesuareedl using a nitrophenylpropyl-
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silica (NO) column and porous graphitized carbo@ @ as stationary phase. Flushing of NO
and PGC phase witm-hexane continues eluting the remaining chlorinatéaromatic
substances from the NO to the PGC column.

Subsequent, sequential fractionation starts t@elatmpounds from each column. First of all,
chlorinated diaromatic compounds are separated @€ Risingn-hexane and toluene as
mobile phase. Compounds trapped on the NO phase saceessively eluted with
n-hexane:DCM (95:5; v/v). Finallyn-hexane, DCM and acetonitrile are used to elute
substances on the CN column. Fractions were celleict glass vessels, reduced in volume,
evaporated under a gentle-Btream and re-dissolved mhexane (for GC-MS) and DMSO
(for biotesting) to a final concentration of 10 d¢/mModel compounds for each fraction are
detailed by Libcke-von Varel (2008).

6.3.5 Chemical analysis of HCB and PCBs

The analyzed PCBs included: #28, #52, #101, #1188##153, #170, #180 and #194.
Analysis was performed with a Perkin Elmer AutosystXL (Waltham, Massachusetts,
USA) equipped with 63Ni electron-capture detectBCD). The two columns used for
analysis were: Column A (CLP, 30 m x 0.5 mm x O88; Restek Corp., Bellefonte, PA,
USA) and Column B (DB5, 30 m x 0.25 mm x 0.32 p&¢J Scientific, Folsom, CA, USA).
The analysis conditions were: initial column tengtere 60 °C (1 min), increased at
20 °C/min to 180 °C, then increased at 3 °C/mi2Q@@ °C and at 1.5 °C to 260 °C that were
finally hold for 5 min. The carrier gas was heliuithe injector temperature was 50 °C,
300 °C/min to 270 °C and the volume injected initgds mode was 4. The detector
temperature was 310 °C. As internal standard 2% TICX/P209, 1 ng/ul, were added to the
sample prior to analysis. In addition to a blankpke with each set of samples (five to ten), a
process control treated like the samples was aedlyz

6.3.6 GC-MS analysis for PAHs

GC-MS analysis was carried out on a HP 6890 GCledup a HP MSD 5973 (Agilent, Palo
Alto, USA), equipped with a 30 m x 0.25 mm 1.D. 2B um film HP-5 MS fused capillary
silica column, a 5 m pre-column (Agilent J&W, FaispUSA) and a splitless injector with
deactivated glass wool. Chromatographic conditioveye as follows: 280 °C injector
temperature, 1 pl pulsed splitless injection atnotemperature of 60 °C (1 min isotherm),
then programmed at 30 K /min to 150 °C, at 6 K/manl86 °C and finally at 4 K/min to
280 °C (16.5 min isotherm). Carrier gas velocityeljldm 5.0, Air Liquide, Boehlen,
Germany) was 1.3 ml/min at constant flow. The MSswaperated in electron impact
ionization mode (El+, 70 eV) with a source tempamatof 230 °C scanning from 30 to
500 amu (full scan mode) or single ion monitorigdM) for quantification. Target analytes
were quantified using an external calibration mg& ion monitoring (SIM). The results were
corrected with an internal standard containing eeat PAH (Mix 35, Promochem, Wesel,
Germany).
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6.3.7 EROD-induction assay

Induction of 7-ethoxyresorufin-deethylase (EROD) was measured in the CYP1A-exprgs
cell line RTL-W1 (Lee et al. 1993) according to thethod of Gustavsson et al. (2004) with
the modifications given by Keiter et al. (2008).lI€avere seeded in 96-well plates (TPP,
Trasadingen, Switzerland) and allowed to grow t6 % confluence for 72 h. Subsequently,
the medium was removed and the cells were expase2fh to the SPM extracts diluted in
medium using eight dilutions with six replicatexleas well as to the standards. Maximum
DMSO concentration was 0.1 % since DMSO causestayitoty at concentrations higher
than2to 3% in the well (Wo6lz et al. 2008). Theositive control 2,3,7,8-
tetrachlorodibenz@-dioxin (TCDD; Promochem, Wesel, Germany) was $gridiluted to
give a final concentration range of 3.13 to 100 pNkl two separate rows of each plate.
Exposure was terminated by removing the growth omadand freezing at 70 °C to lyse the
cells.

7-ethoxyresorufin was added to each well as exagesabstrate and incubated in the dark at
room temperature for 10 min. Subsequently, NADPHs vgapplemented to start the
de-ethylation of the exogenous substrate and plaées incubated for another 10 min. The
reaction was stopped by adding fluorescamine dissgloin acetonitrile. EROD activity was
measured fluorometrically after another 15 min gsam GENios plate reader (Tecan,
Crailsheim, Germany; excitation 544 nm, emissiorD 58m). Protein was determined
fluorometrically using the fluorescamine method cfjeation 355 nm, emission 590 nm;
Lorenzen & Kennedy 1993, Kennedy & Jones 1994). ddrecentration-response curves for
EROD induction in the RTL-W1 bioassay were compubgdnon-linear regression using
GraphPad Prism 4 (GraphPad, San Diego, USA) arsdiclaigmoid or Boltzmann curves as
model equations (Seiler et al. 2006, Olsman e2@0D.7). The enzyme-inducing potential of
the samples was converted to biological toxic egjeits (bio-TEQS) as described below.

6.3.8 Bio-TEQ values

Ah receptor agonist activities were determined &sBEvalues of each sample and were
normalized to the positive control 2,3,7,8-TCDD #&sological toxicity equivalent
concentrations (bio-TEQs; cf. Wélz et al. 2008)0-BIEQs were calculated as given in eq. 1
given as mean values of n = 3 independent biot€é&lB.D-EG;5 were determined with each
test plate and mean values were used for the agiloglof bio-TEQ values. Subsequently,
bio-TEQs with concentrations in pg TCDD/g of SEQI Wwe given as pg/g.

Eq. 1. Bio-TEQ [pg TCDD / g SEQ] = TCDD-E&pg TCDD/mI] / Sample-E& [g SEQ/mI]

6.3.9 Ames Fluctuation assay

The Ames Fluctuation assay is a modification oflse incorporation Ames test (Maron &
Ames 1983) according to the method described b¥fdrecheid et al. (2005). In contrast to
the classic test, exposure was in liquid medium38d-well microtitre plates. Mutagenic
activity of SPM was determined with the two testrains TA 98 (frameshift mutation) and
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TA 100 (base pair substitution) as detailed by Ma&oAmes (1983). Bacteria were cultured
overnight in Oxoid Nutrient Broth No. 2 and amgiail (50 pg/ml) at 37 °C =+ 1 °C in
a shaking water bath for not more than 10 h. Dessiof the overnight inoculum were
computed as formazine attenuation units (FAU) bhatieg measured optical densities
(A =595 nm) to a standard (10 g/L hexamethylenetet@, 1 g/L hydrazinesulfate; equals
1,800 FAU) according to the method described byw#la& Friess 2008). For testing
overnight cultures were adjusted to 1,800 FAU (1) &nd 450 FAU (TA 100).

Subsequent adjustment, bacteria were pre-incubwitbdexposure medium, containing low
concentrations of histidine (6.45 uM per well),2é-well microtiter plates (TPP) for 90 min
at 37 °C to allow some cell divisions. Pre-incuba@cteria were 6-fold diluted in histidine
deficient reversion indicator medium, containingorocresol purple. Bacteria were
distributed into 384-well plates (TPP) with 48 wgelber replicate (controls and sample
dilutions) for 48 h at 37 °C. Only reversed baaemrecover growth in minimal medium.
Acidification by metabolic activity causes a defnswitch of bromocresol from purple to
yellow in the well. Wells that indicated reversiomg&re counted. For the evaluation of
metabolic activation, rat liver homogenate S9-fact(RCC Rossdorf, Germany) from
phenobarbital/l3-naphthoflavon-treated mice (proteamcentration: 30.5 mg/ml S9) was
added in a buffer mixture to each well.

For each test £ S9 negative and positive contr@sewised as validity control. Tests were
valid when mean values of spontaneous revertantegative controls counted for 0 405
per 48 wells (TA 98) and > 0 and10 per 48 wells (TA 100) at all testing conditiongh
both strains = S9. Positive controls were valid whe. of revertants wepe 25 per 48 wells
as mean values for both bacterial strains + S9l &sting conditions. DMSO was added as
solvent/negative control (maximum of 0.1% per vellPositive controls were
4-nitro-o-phenylenediamine (20 nM per well) for TA 98 straiithout S9, nitrofurantoin
(1.67 nM per well) for TA 100 without S9 and 2-amw@mthracene for TA 98 and TA 100
with S9 treatment (0.87 nM per well).

Ames et al. (1975) used the rule that twofold inaucversus the negative control indicate
statistical significant mutagenic activity of a gaefor the plate incorporation assay (Cariello
& Piegorsch 1996). However, the Ames Fluctuatiosagsshowed a low number of
spontaneous reversions in the negative contror@atively high standard deviations. Futher,
test replicates were low in number. Thus, the twbimle may not be used. In contrast,
Fisher's Exact Binomial test that for low numbefrgests was chosen. Mutagenic activity was
considered statistically significant when p < 0.0Bis statistical method is also planned to be
used in the recently developed ISO norm (Intermafi®rganization for Standardization) of
the Ames Fluctuation assay. Fisher's Exact tesiwallto calculate NOEC values (no
observed effect level/concentration). While NOEQ@ea provide information on effects with
respect to concentrations, intensities of effeptsrat addressed. Thus, in addition maximum
induction factors (IRay) were computed, that give the induction of thehbkgl inducing
sample concentration, referred to the negativerobmiduction.
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6.4 Results

6.4.1 SPM sampled in 2006

Whereas various compounds were analyzed (e.g. HOBY, and metabolites), elevated
concentrations were only determined for HCB anéaetl PCBs and showed concentrations
of 7.4 to 29 ug/kg (HCB) and 4.7 to 28 pg/kg (PCBs)given in fig. 3a. These compounds
showed minor variations in concentration throughdbe year 2006. Seasonal or
discharge-dependent influences could not be obdefugrther on, SPM were assessed with
respect to Ah receptor-mediated activities and stbva bio-TEQ range of 1,160 to
6,640 pg/g (Fig. 3b). In contrast to PCB and HCBaamtrations bio-TEQs of SPM showed a
seasonal variation with highest inductions in Jand the following month. These elevated
activities were not correlated with discharge. S&dvhpled in early and winter month of 2006
indicated comparably lower inductions.
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Fig. 3 (a) HCB and PCB concentrations determinegtt 8PM sampled in 2006 using a centrifuge at thékh
barrage of Iffezheim, Germany, in the context @& tmater level at Maxau, Germany, close to Iffezhamd (b)
AhR-mediated activity with the same SPM samplesmained with n = 3. n.a. — not assessed

6.4.2 SPM sampled in the context of the flood event igést 2007

In accordance to the data presented for SPM sam@®606, HCB and PCBs remained the
highest concentrated compounds with SPM samplendtaf July and in August 2007.
Concentrations of HCB and PCBs as determined initieframe of the flood event are given
in fig. 4a. HCB concentrations were more than twibfimcreased in the first flood sample
(August 9, 2007, 21.00 p.m.) compared to the canagons determined before the flood at
the end of July (July 31, 2007, 12.00 a.m.). Maximaoncentrations of 110 pug/kg were
measured at the peak discharge of the flood. HGRaurations decreased clearly after the
flood peak. However, SPM sampled subsequent irgticatevated concentrations that were
higher than were about twofold increased compaoeitheé SPM of end of July. In contrast,
PCBs indicated only an increase at the beginnirtgeflood (67 pg/kg). Subsequent sampled
SPM indicated lower concentrations (5 to 25 pg/agyl showed no relation to the flood
discharge.

Measured Ah receptor mediated activities, givemiasTEQs, indicated a clear-cut increase
of activity in accordance to the increasing disgka(Fig. 4b). TEQs indicated decreasing
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AhR-agonist activities about one day after the digeak (August 11, 2007, 14:50 p.m.) in
accordance to HCB analysis. However, the maximumTiQ was measured with the
following sample (6,140 pg/g). SPM sampled subsegiraicated decreased, but still high
bio-TEQs, that were comparable to end of July SPM.

120 1200 8000 1200
a m ®  Water level b ®  Water level
[ HCB l:l Bio-TEQ
< 901 —_Sum ofPCES | 900 < . 6000 1 Fo00
[e)) L] L] o L]
= ° =] > o 2
o * 9 2 * o 9
o — ° -_—
= 6041 * 5 teo T Q4000q * - 600 @
= @ — @
c — | —
: 5 & 3
S 30 F300 = 2000 - L300 =
) ﬂ
0 Lo 0 o 0
o O .. o O O O P NI
RS \p“ 1P 5P 9P 1P oS RS URN u \}c NS 6 Qgc R
A% e e S oS eSS S S e @b‘ﬂ 2% oS @S 1(,%91

B0 @O 0N RO 07 O 5O @V 0 SN T O

Sampling times within flood in August 2007 Sampling times within flood in August 2007

Fig. 4 (a) HCB and PCB concentrations for SPM ofjdst 2007, sampled at the river Rhine barrage
of Iffezheim (Germany) using a sediment trap. (bh Aeceptor-mediated activities for the
corresponding SPM sample, given as bio-TEQ valuegig (n = 3).

6.4.3 Identification of effective fractions

For a more profound analysis and identificationeffective compound classes, EDA was
applied, providing 18 distinct fractions (Fig. $xactions F1 to F4, containing for example
PCBs and PCDD/Fs and fractions F5 to F7 with PAHs 4 aromatic rings indicated minor
dioxin-like and AhR-agonist potentials. Significgnincreased TEQs were determined with
each fraction F8 to F11. Fraction F12 mostly conte mononitro-PAHs was less inducing,
while fraction F13, e.g. containing chinone, hydrd¥AHs, was highest inducing.
Fraction 14, containing e.g. (hydroxy-)quinones,toke dinitro-, hydroxy-PAHs, and
N-heterocycles with rising polarity, gave minor Ji&Qs until the flood peak but increased
activities thereafter. Fractions F15 to F18, contgj e.g. 2 hydroxyanthraquinone, showed
decreasing but nevertheless elevated bio-TEQs.

In order to determine contributions of compoundegaties to the total effect each
18 fractions were primarily added giving 11,800 gpgAugust 11, 2007) to 17,300 pg/g
(August 14, 2007). Further, fractions containingH3A(F5 to F12) and fractions containing
more polar to polar compounds (F13 to F18) weresdd#irst of all, added bio-TEQs of all
18 fractions showed a 3- to 7-fold increase of emzynductions compared to crude SPM
extracts with all SPM assessed. Added PAH fractwase the highest inducing compound
category with SPM sampled with increasing dischagd@ugust 9, 2007. With each other
sample, sums of bio-TEQs were higher with fracti@mmntaining more polar to polar
compounds and a maximum bio-TEQ of 10,012 pg/g.
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Fig. 5 Ah receptor mediated activity, given as BBQ values for SPM crude extracts (C), added
fractions F1 to F18 (A), added PAH fractions FFi® (P), added fractions with more polar to polar
compounds F13 to F18 (M) as well as for each sifigletion (n = 3). * — No EROD induction
detected

6.4.4 Mutagenic potentials of fractions

Mutagenic activity was measured with each SPM sarapt with fractions. SPM sampled in
2006 indicated no significant mutagenic potentiklswever, fractions of SPM sampled in
August 14, 2007 at 12 a.m. caused significantlyatkd effects. Fisher's Exact Binominal
test showed significant NOEC valugsmaximum concentration with fractions containing
more polar to polar compounds (Tab. 2).

Fraction F15 revealed the highest mutagenic patewith TA 98 without S9 metabolism and
a NOEC < 2.08 mg/ml, the lowest concentration asskesThus, elevated potentials were
caused by compounds that induce frameshift mutatidurther, mutagenic activity was
highly increased with TA 100 without S9 metabolism F13, showing that compounds
causing base pair mutations were highest concedtratthis fraction.

Further, maximum induction factors were computed ffactions that were determined to
show significant elevated mutagenic potentials. WMfigspect to IF.x highest mutagenic
activity was determined accordingly in F15 and T\vithout S9 metabolism (}&x = 14.7).
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Tab. 2 Mutagenic potential of SPM fractions of Asga4, 2007, 12 a.m. in the Ames Fluctuation
assay using bacterial strains TA 98 and TA 100erdahed with n=1 and 48 replica per test.
Mutagenic potentials are given as NOEC value arxirmam induction factor (Ifay.

Fraction NOEC [mg/ml] Eraction Induction factor (IR

TA98 TA98 TA100 TA100 o TA98 TA98 TA100 TA100
-S9  +S9 -S9 +S9 ' -S9 +S9 -89 +S9

1 * * * * 1 * * * *

13 * 16.67 4.17 * 13 * 3 3.7 *

14 * * * * 14 * * * *

15 <208 * * * 15 14.7 * * *

16 8.33 8.33 * 16.67 16 4.3 1.7 * 2.0

17 * * * * 17 * * * *

18 * 16.67 * 33.33 18 * 5.3 * 9.3

Maximum concentration in test: 66.67 mg/ml, lowesbncentration in test: 2.08 mg/ml,
+ S9 — Metabolic activation using rat liver homogt of the S9 fraction in the liver centrifugate,
* — NOEC > 66.67 mg SPM equivalent/ml test mediurd ao IR, determined

6.5 Discussion

6.5.1 Chemical loads of crude extracts

Chemical analysis showed that PCBs were detectdbitgnor rates in SPM sampled in 2006
and less conspicuous in the flood of August 200dndéntrations in 2006 gave a mean of
11.7 = 8.6 pg/kg and in the August flood a meanl6f9 + 16.5 pg/kg. Thus, PCB
concentrations were comparable to SPM of a floodaimuary 2004 at the Rhine (recurrence
interval of 2 years) and maximum concentration82fug/kg (Wdlz et al. 2008). Ranking
these findings with other studies that investigatedr sediments (0 to 339 pg/kg) indicated
concentrations in SPM to be comparably low (Maalet2002, Zhang et al. 2004, Samara et
al. 2006, Zhang et al. 2007).

In contrast, HCB showed concentrations of 4.8 tqugikg (median = 16 pg/kg) in SPM of
2006 and 24 to 110 pg/kg (median = 53 pg/kg) in Sfkhpled in the August flood, thus,
being 3.3 fold increased in the flood comparing r@esl Ulrich et al. (2002) determined
HCB concentrations with a maximum of 203 pug/kg PMEsampled in the fish ladder at the
barrage of Iffezheim, thus, being twofold increasesnpared to the present study. Other
studies measured HCB concentrations of 220 pg/lggdiments at the barrage of Iffezheim
at a depth of 0.2 to 1.2 m and about 40 pg/kg teeaurface (Alcock et al. 2003). Using the
Chemistry-Toxicity Test (CTT) approach (Heise et 2004, Heise & Foerstner 2006), the
action level for HCB (= 20 pg/kg) is clearly exceddThus, e.g., dumping of Rotterdam port
sediment at sea would no longer be allowed and siigpo at specified dumps causing
considerably increased costs would be necessaryziffled 2007). However, HCB in
detected concentrations is perturbing as this camgas classified as 'substance of concern’,
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since it frequently exceeds regulatory criteriadospended matter (Heise & Foerstner 2006).
Further, due to its persistence, HCB is listed as of the 'dirty dozen' in the Stockholm
Treaty on Persistent Organic Pollutants (POPs; 804R and as a priority hazardous
substance in the Water Framework Directive (WFD; BE@8). Thus, HCB is a major
hazardous compound and has to be included in measuategies, since a successful
management will take influence on the decision et good chemical status is obtained in
water, sediment and biota according to the WFD gi@mjuery et al. 2005, Forstner 2008).
Elevated compound loads indicate a risk of compoumtrdduction in retention basins and
contamination of flooded soils.

6.5.2 Biological hazard potential in crude extracts

Ah receptor agonists were elevated and stronglyirvgrin 2006 with comparable inductions
in the August flood. Whereas, the reasons of tbeeased effects in 2006 remain unclear, so
far, it is evident that elevated EROD inductions t& caused by incidents other than flood
events. However, the clear difference between letgliated EROD inductions is the time
frame. Floods cause among others rapidly increasmgaminant (re-)mobilization and
exposure, whereas in 2006 effects seemed to iremase slowly, beginning with SPM
sampled in May, but lasted for month and, thusywsélevated long-term contamination.

In a previous study SPM sampled in a flood in Jan2®04 with a recurrence interval of
2 years showed highest bio-TEQ = 2,300 pg/g, wise&RM sampled in the winter month
(November 2003 to February 2004) induced bio-TEQ@s790 pg/g (W6lz et al. 2008). In the
present study, bio TEQs were about 2.7-fold in@daompared to theses maximum values.
Thus, higher impacts are indicated through morensive floods. Koh et al. (2004)
determined maximum bio-TEQs of 1,500 pg/g in sedinw the Hyeongsan River, Korea,
using H4IIE-luc cells. Hilscherova et al. (2003kdghe same cell line and found bio-TEQ of
1,860 pg/g in sediment of the Tittabawassea Rivechigan, USA. Further, Hollert et al.
(2002) used RTL-W1 cells and the EROD inductionagisto assess sediments of the
catchment area of the river Neckar, Germany, amerianed bio-TEQs of about 1,000 pg/g.
Comparing these bio-TEQs to SPM sampled in theeptestudy underlines increased AhR-
inducing potentials and, thus, elevated hazardnpals. In accordance to the detailed results
on chemicals, AhR-agonists indicate an increasead l@f inducing particle-bound
compounds, and, accordingly, an impact to inundsited, such as retention basins.

6.5.3 AhR-agonists and mutagenic potential in fractions

Whereas increased EROD inductions were determinigal 8PM crude extracts, active

compounds were not identified so far. Thus, anraated EDA method was used to reduce
the complexity of each sample and to identify indgcfractions and target compounds.
Itemized biotests and chemical target analysis skothat fractions containing PAH caused
increased effects. However, fractions containingranpolar to polar compounds were
identified to be inducing highest. Chemical anaysas performed with respect to so called
priority EPA-PAHs (EPA, Laboratory Test Protocol meiber 610) with more than four
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aromatic rings and gave minor EPA-PAH concentratioh5.2 to 50.9 pg/kg. Chem-TEQs
were calculated as products of compound conceotiatind cell line specific toxicity factors
that were determined relative to the reference @$man et al. 2007). Chem-TEQ values
equaled far less than 1 % of the bio TEQs (theegfdata not shown in detail). Thus, other
non-priority chemicals were causing effects in Pi#ttions. In general, these findings are in
accordance with other studies that worked on PAhtarainations in sediments (Brack et al.
2002, Barron et al. 2004, Brack et al. 2005) anoddISPM (W6lz et al. 2008).

Next to AhR-agonists mutagenic potentials of SPMder extracts and fractions were
assessed. Significantly elevated bacterial revessiwere not determined with crude SPM
extracts but flood SPM fractions were mutagenichwPM sampled after the flood peak.
Sediment and SPM extracts of a flood with a recueeinterval of 1 year at the Neckar,
Germany, were also not inducing as determined thighAmes Plate Incorporation assay in
another study (Hollert et al. 2000). However, SPampled in a flood with a recurrence
interval of 15 to 20 years at the Neckar was shtweause Ifax = 3.2 (Hollert et al. 2003).

In the present study, significant inductions wenéyaletected in fractions of SPM sampled
after the flood peak and highest inductions weresed in fraction F14 containing more polar
compounds (IRax = 14.7). Elevated mutagenic potencies of compoueldsed in these
fractions had been shown before (Schuetzle et9d1,1Kataoka et al. 2000, Eisentraeger et
al. 2008).

Further, crude SPM extracts of 2006 were also tny&®d using the Comet assay as detailed
by Singh et al. (1988) in the modification of Schstain & Braunbeck (2001; details not
shown). These SPM extracts showed up to 13-foldeased IF.. Kosmehl et al. (2004)
assessed sediment cores from the river Rhine, Ggrnaad gave lk.x = 90.5 with RTG 2
cells and IRax = 47.0 with RTL W1 cells. Ranking these findingghathe present study
indicates lower, but nevertheless elevated mutagestentials with the SPM assessed. Since
in a subsequent study Kosmehl et al. (2006) shaha&dmutagenically active compounds of
the sediments were bioavailable in principle, usingovel contact assay with zebrafish
(Danio rerig). With respect to the assumed conflict of intege#itese findings indicate that
translocation of particles of floods into retentimesin may result in deposition of highly toxic
compounds on soil.

6.6 Conclusions

The investigation of SPM sampled continuously awenths and, with higher frequency, in
times of flood events, allows evaluating dioxineliend Ah receptor agonist activities as well
as mutagenic potentials. Investigation of chemizadls and biological activities over months
allows detection of variations in activity througliothe year and should be taken into
consideration in the evaluation of activities tha¢ determined on small temporal scales in
floods.

Whereas AhR-mediated activities can be assumect thighly increased in floods, further
influences might lead to comparably elevated hapaténtials. However, AhR-agonists are
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highly active throughout the year and, thus, pkiound contaminants have to be addressed
for evaluation.

In particular, particle-bound tracer compounds agpbf each catchment area may be used to
evaluate contaminant loads as mentioned recentBragk et al. (2009). At the Rhine, HCB
is a known and omnipresent pollutant that actsual & compound. Since HCB is a patrticle-
bound compound in sediments, elevated concentsatiorflood SPM act as indicator for
sediment deposition. However, lower concentratians bound to SPM and detectable
throughout the year. In contrast, PCB contaminatseem to be less correlated with sediment
remobilization in floods; concentrations are constaver long observation periods.

Automated fractionation methods can be used totiigetiasses of effective compounds in
highly inducing samples. Further, applied targedlygsis allows identifying concentrations
and shares of analyzed compounds to the overdbdiaal activity. Percentages of priority
compounds, even when minor, provide valuable infdgirom since low shares indicate that
other novel compounds are more relevant. Thus, rmpolar to polar compounds should be
investigated with elevated emphasis in future ssidihat work on hazard potentials of
contaminant loads in floods, in particular with pest to floods with high recurrence
intervals. Dioxin-like and AhR-mediated, as wellragtagenic activity are valuable endpoints
to determine hazard potentials, since concernitigities in crude extracts and fractions with
more polar compounds have repeatedly often beemrshecently.

With respect to conflict of interests between flandnagement and drinking water supply,
pollution of flooded areas as e.g. retention basin be assumed (Hilscherova et al. 2007).
Even more so, since the addressed retention basihbe operated only for floods with
recurrence intervals of 100 years and higher. Ah&urhazard to the aquifer and drinking
water resources cannot be derived from these seduius, further investigations of RIMAX-
HoT focused on floodplain soil and groundwater aamhation at a site designated for the
operation of a retention basin but also protected drinking water protection area.

Acknowledgements

The authors would like to express their thanks te. Diels C. Bols and Lucy Lee (University
of Waterloo, Canada) for providing RTL-W1 cells. Weank Kerstin Winkens, Anne

Schneider, Susanne Miller, Conny Bernecker, Uliikehl for assistance with conducting
biotests. We also thank the Federal Ministry of &dion and Research (BMBF), Germany,
for supporting the RIMAX-HOT project within the RWK joint No. 02WH0691



6.7 References 122

6.7 References

Ahlf W, Hollert H, Neumann-Hensel H, Ricking M (2D0 A guidance for the assessment and
evaluation of sediment quality - A german approbaeked on ecotoxicological and chemical
measurements. J Soils Sediments 2: 37-42

Barron MG, Carls MG, Heintz R, Rice SD (2004): Batlon of fish early life-stage toxicity models
of chronic embryonic exposures to complex polyeyaliomatic hydrocarbon mixtures. Toxicol
Sci 78: 60-67

Behrens A, Schirmer K, Bols NC, Segner H (1998).cidassay for rapid measurement of
7-ethoxyresorufime-deethylase activity in intact fish hepatocytesrMaviron Res 46: 369-373

Biselli S, Reineke N, Heinzel N, Kammann U, FrarkeHuhnerfuss H (2005): Bioassay-directed
fractionation of organic extracts of marine surfaegliments from the North and Baltic Sea.
Part I: Determination and identification of orgapulutants. J Soils Sediments 5: 171-181

Bols NC, Schirmer K, Joyce EM, Dixon DG, GreenbBig, Whyte JJ (1999): Ability of polycyclic
aromatic hydrocarbons to induce 7-ethoxyresorafteethylase activity in a trout liver cell
line. Ecotoxicol Environ Saf 44: 118-28

Boxall ABA, Maltby L (1995): The characterizationatoxicity of sediment contaminated with road
runoff. Water Res 29: 2043-2050

Brack W, Altenburger R, Ensenbach U, M.Mdder, Segde Schiidrmann G (1999): Bioassay-
directed identification of organic toxicants in &ivsediments in the industrial region of
Bitterfeld (Germany) - A contribution to Hazard essment. Arch Environ Contam Toxicol 37:
164-174

Brack W, Kind T, Hollert H, Schrader S, Moder M (&): Sequential fractionation procedure for the
identification of potentially cytochrome P4501A-u@ing compounds. J Chromatogr A 986:
55-66

Brack W, Schirmer K, Erdinger L, Hollert H (2005ffect-directed analysis of mutagens and
ethoxyresorufim-deehtylase inducers in aquatic sediments. Envifaxicol Chem 24:
2445-2458

Brack W, Schirmer K, Kind T, Schrader S, Schueuerm@ (2002): Effect-directed fractionation and
identification of cytochrome P4501A-inducing halogeed aromatic hydrocarbons in a
contaminated sediment. Environ Toxicol Chem 21:428662

Brack W, Segner H, Méder M, Schiidrmann G (2000xeéeffect-level toxicity equivalents —
A suitable parameter for assessing ethoxyresonifleethylase induction potency in complex
environmental samples. Environ Toxicol Chem 19:322901

Cerniglia CE (1992): Biodegradation of polycycliomatic hydrocarbons. Biodegradation 3: 351-368

Chen G, White PA (2004): The mutagenic hazardsgofiaic sediments: A review. Mutat Res 567:
151-225

Eadon G, Kaminsky L, Silkworth J, Aldous K, Hilkdd, O'Keefe P (1986): Calculation of
2,3,7,8-TCDD equivalent concentrations of complewimnmental contaminant mixtures.
Environ Health Perspect 70: 221-227

El Nemr A, Said TO, Khaled A, El-Sikaily A, Abd-Alh AM (2007): The distribution and sources of
polycyclic aromatic hydrocarbons in surface seditm@ong the egyptian mediterranean coast.
Environ Monit Assess 124: 343-59

Engwall M, Broman D, Dencker L, Naf C, Zebuhr Y uBstrom B (1997): Toxic potencies of extracts
of sediment and settling particulate matter cofidcin the recipient of a bleached pulp mill
effluent before and after abandoning chlorine ieéax: Environ Toxicol Chem 16: 1187-1194

Engwall M, Broman D, Ishag R, Naf C, Zebuhr Y, Bstnhim B (1996): Toxic potencies of lipophilic
extracts from sediments and settling particulateéengdSPM) collected in a PCB contaminated
river system. Environ Toxicol Chem 15: 213-222



6.7 References 123

Gaspare L, Machiwa JF, Mdachi SJ, Streck G, Brack2009): Polycyclic aromatic hydrocarbon
(PAH) contamination of surface sediments and ogstesm the inter-tidal areas of Dar-es-
Salaam, Tanzania. Environ Pollut 157: 24-34

Gerbersdorf SU, Jancke T, Westrich B (2007): Sedinpeoperties for assessing the erosion risk of
contaminated riverine sites. J Soils Sediment$732

Grundl TJ, Aldstadt JH, 3rd, Harb JG, St Germain ,R8&hweitzer RC (2003): Demonstration of a
method for the direct determination of polycyclicomatic hydrocarbons in submerged
sediments. Environ Sci Technol 37: 1189-97

Hilscherova K, Dusek L, Kubik V, Cupr P, HofmanKlanova J (2007) Redistribution of organic
pollutants in river sediments and alluvial soiltated to major floods. J Soils Sediments 7:
167-177

Hollert H, Durr M, Erdinger L, Braunbeck T (200@ytotoxicity of settling particulate matter (SPM)
and sediments of the Neckar River (Germany) dusimgnter flood. Environ Toxicol Chem 19:
528-534

Ikeda T, Yoshitani J, Terakawa A (2005): Flood ng@raent under climatic variability and its future
perspective in Japan. Water Sci Technol 51: 133-40

Johnsen AR, Wick LY, Harms H (2005): Principlesmoicrobial PAH-degradation in soil. Environ
Pollut 133: 71-84

Keiter S, Grund S, Van Bavel B, Hagberg J, Engwd]l Kammann U (2008): Activities and
identification of aryl hydrocarbon receptor agosist sediments from the Danube river. Anal
Bioanal Chem 390: 2009-2019

Kennedy SW, Jones SP (1994): Simultaneous measnrerheytochrome P4501A catalytic activity
and total protein concentration with a fluoresceplage reader. Analytical Biochemistry 222:
217-223

Kleinen T, Petschel-Held G (2007): Integrated amsest of changes in flooding probabilities due to
climate change. Climatic Change 81: 283-312

Kleman MI, Overvik E, Mason GGF, Gustafsson JA @9% vitro activation of the dioxin receptor
to a DNA-binding form by food-borne heterocycliciags. Carcinogenesis 13: 1619-1624

Lorenzen A, Kennedy SW (1993): A fluorescence-bageatein assay for use with a microplate
reader. Anal Biochem 214: 346-348

Maltby L, Boxall ABA, Forrow DM, Calow P, Betton GL995): The effects of motorway runoff on
freshwater ecosystems: 2. Identifying major toxisa&nviron Toxicol Chem 14: 1093-1101

NATO/CCMS (1998): Pilot study on internal inform@ti exchange on dioxins and related
compounds. International toxicity equivalency factbTEF), method of risk assessment for
complex mixtures of dioxins and related compoutport no. 176, 26 pp.

Neff JM, Stout SA, Gunster DG (2005): Ecologicakkriassessment of polycyclic aromatic
hydrocarbons in sediments: Identifying sources ermlogical hazard. Integr Environ Assess
Manag 1: 22-33

Shen Q, Wang KY, Zhang W, Zhang SC, Wang XJ (20Q8garacterization and sources of PAHSs in
an urban river system in Beijing, China. EnviroroGgem Health 31: 453-462

Stachel B, Gotz R, Herrmann T, Kruger F, Knoth \&@ple O (2004): The Elbe flood in August 2002
— Occurrence of polychlorinated dibengalioxins, polychlorinated dibenzofurans (PCDD/F)
and dioxin-like PCB in suspended particulate ma(&PM), sediment and fish. Water Sci
Technol 50: 309-316

Sundberg H, Ishag R, Akerman G, Tjarnlund U, Zebdhkinderoth M (2005): A bio-effect directed
fractionation study for toxicological and chemiadlaracterization of organic compounds in
bottom sediment. Toxicol Sci 84: 63-72

Villeneuve DL, Crunkilton RL, DeVita WM (1997): Atyhydrocarbon receptor-mediated toxic
potency of dissolved lipophilic organic contamirsobllected from Lincoln Creek, Milwaukee,
Wisconsin, USA, to PLHC-1Roeciliopsis lucidafish hepatoma cells. Environ Toxicol Chem
16: 977-984



6.7 References 124

Wolz J, Engwall M, Maletz S, Olsman H, Van Bavelkammann U (2008): Changes in toxicity and
Ah receptor agonist activity of suspended partieulmatter during flood events at the rivers
Neckar and Rhine - A mass balance approach usimitro methods and chemical analysis.
Environ Sci Pollut Res 15: 536-553

Zonta R, Collavini F, Zaggia L, Zuliani A (2005)h& effect of floods on the transport of suspended
sediments and contaminants: A case study fromsheey of the Dese River (Venice Lagoon,
Italy). Environ Int 31: 948-58



125

Chapter 7

Pollution of riparian areas in conseqguence of
iInundation by extreme flooding

J. WoelZ, T. Schulz& M. Fleig’, G. Reifferscheitj U. Liibcke von-Varé|
W. BracK, H. Hollert

1 Department of Ecosystem Analysis, Institute forviEsnmental Research, RWTH Aachen
University, Worringerweg 1, 52074 Aachen, Germany

» UFZ Helmholtz Centre for Environmental Researctep&rtment of Effect-Directed Analyses,
Permoserstrasse 15, 04318 Leipzig, Germany

* DVGW-Water Technology Center (TZW), Chemical Arsidy Department, Karlsruher Strasse 84,
76139 Karlsruhe, Germany

* German Federal Institute for Hydrology, Am MainZer 1, D-56068 Koblenz, Germany

To be published in Journal of Soils and Sediments



126




7.1 Abstract 127

7.1 Abstract

In this study, soil was sampled at inundated and-inandated sites within a projected
retention basin that is planned to be operated fMthds of recurrence intervals greater than
or equal to 100 years. This basin overlaps withagewprotection area that is essential for a
projected nearby waterworks. The detailed investiga are part of the RIMAX-HOT joint
research project (2005 - 2009) that assessed timdlictoof interests between flood
management and drinking water supply.

Sampled soil cores were cut into distinct layersl amvestigated usingn vitro biotests.
Dioxin-like and AhR-mediated EROD enzyme inductiof@dytochrome P450 monooxy-
genase) were assessed using the fibroblast-like-\RTLcell line from rainbow trout
(Oncorhynchus mykigsMutagenic potentials were assessed with the Arhegtuation assay
and the tester strains TA 98 and TA 100 ®&lmonella typhimuriumbacteria. While
mutagenic activity was not detected in soil layetsyated EROD inductions were measured
in topsoil, that were decreasing in deeper layidmvever, one site - a ground swale - was
determined to be highly inducing as reflected bypialogical equivalent concentration
(bio-TEQ) of about 41,000 pg/g. Chemical analysithwespect to HCB (0.049 mg/kg),
EPA-PAHs (39 mg/kg) and selected PCBs (0.19 mgdaye relative increases at this site.
Further, chemical loads and biological activitieergv determined to be increased at least
down to 90 cm subsurface.

The highly polluted topsoil layer was chosen facfronation using a recently developed
automated effect-directed fractionation method thas$ used to identify effective compound
categories. Fractions containing PAHs were detezthio cause the bulk of EROD-induction
as reflected by an added fraction bio-TEQ of 32,06/ (of a total bio-TEQ = 43,000 pg/g
of all added fractions). Further, fractions conit@gnmoderately polar and polar compounds
caused elevated inductions (bio-TEQ 8,200 pg/g). Although crude extracts were not
mutagenic single fractions showed heterogeneoukavdted potentials that were computed
as NOEC values (No observed effect concentratiod)rmaximum induction factors (Hz).
With most fractions, tester strain TA 98 (framesinifutation) showed significantly reduced
NOECs independent of S9 (rat liver homogenate) boditaactivation. TA 100 indicated only
some few fractions to cause base pair substitutionaccordance to the EROD assay,
fractions containing PAHs, moderately polar ancapebmpounds caused elevated mutagenic
activity. However, the latter compounds were mardd and showed NOECs down to 0.03
mg/ml and IR,ax = 29.

Relating these findings to the assumed confliehtdrests, an impact to the aquifer and, thus,
drinking water resources cannot be excluded. Sgnocend sampled in a swale was shown to
be highly polluted far below surface, compounds rbayless retained and passage to the
aquifer is facilitated at those sites. Further, ¢hevated load of mutagenic moderately polar
and polar compounds may easily pass the unsatusaie@one. Introduced to the aquifer,
these compounds may represent a threat to grouadwaality. Thus, further research with
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respect to groundwater contamination and hazardoogounds will assist to evaluate the
risk of aquifer pollution.

7.2 Introduction

Floodplain soil often is loaded with many contamitsaas a consequence of inundation
during flood events (Zonta et al. 2005). In geneftabds cause increasing sediment erosion
in accordance with water discharge. Erosion cawchredeep and remobilize in particular
highly loaded (older) sediment layers (Hollert Bt2®07a, Stronkhorst & van Hattum 2003).
Following erosion sediment can be translocateduapended particulate matter (SPM) and,
thus, be displaced at any inundated site. Therefemet to downstream river sections, eroded
matter primarily affects floodplains, depositinganconsiderable amount since currents are
lower at flat river banks that are usually abunbjaobvered with vegetation (Jeffries et al.
2003).

SPM are initial matter for soil genesis and appedre an important nutrient source (Wassen
et al. 2002). However, remobilized sediments ase Ahzardous since in the river they act as
both sinks and important secondary sources of oantnts introduced into the aquatic
environment (Foerstner 2004, Kosmehl et al. 200#us, matter deposited on floodplains
provides a potential to (highly) contaminate aféectsites, in particular with intensified
erosion during extreme floods (Weber et al. 2008pical contaminants at the river Rhine
are polycyclic aromatic hydrocarbons (PAHSs), polgdnated biphenyls (PCBs) and as a
special case of the Rhine catchment hexachloroben¢CB; Heise & Foerstner 2006, Klok
& Kraak 2008, Wolz et al. 2008).

Deposited matter preferably accumulates in surtig@essions and water basins that, thus,
often contain the highest contaminant loads (Asarl& Middelkoop 1995). Following
floods, these contaminants can impact adjacensdygavind drift but significant amounts
remain on floodplains (Baborowski et al. 2007). Sdenay be retained in the topsoil layers
that provide humic compounds and clay minerals. él@x, floodplain soils are not a uniform
matrix, but are highly heterogeneous geosorbentgposed of various sized grains, which
have different origin, formation, and physicocheamhjoroperties (Yang et al. 2008).

The findings presented in this study are part efjdint research project 'Flood retention and
drinking water supply — Preventing conflicts ofargsts' (RIMAX-HoT, Maier et al. 2006,
Kuhlers 2009) This project aimed to identify potential confcdf interests at the projected
retention basin Bellenkopf-Rappenwoert and a neplimyned waterworks Kastenwoert, both
located next to Karlsruhe, Germany. Chemical loadd hazard potentials of SPM were
previously detailed by Woelz et al. (2009a) andraied PAH and HCB concentrations as
well as elevated AhR-agonist activities and mutageotencies were determined in a flood
in August 2007. Thus, the present study aimed ®esss whether elevated compound
concentrations and biological activities can besdeined in soil cores sampled at inundated
sites compared to non-inundated sites that areédddaehind a levee. Chemical analysis was
used to identify loads of PAHs, PCBs and HCB. “Grjnesorufine-deethylase (EROD)
induction assay and Ames Fluctuation assay shovwsddgical hazard potentials with respect
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to invitro biotest systems. Since elevated compound contemsaand Ah-mediated
activities (computed as bio-TEQs) were measuredaandutomated fractionation procedure
(Lubcke-von Varel et al. 2008) was used to idengffective compound classes. Target
analysis showed shares of so-called priority EPA4BAdefined by the United States
Environmental Protection Agency, US-EPA) to the rallteEROD induction. Accordingly,
fractions were assessed with the Ames FluctuatEsaya and mutagenic potencies were
detected as caused by compounds in each fraction.

Thus, the present study aimed to

(a) measure chemical loads and biological respomsesil core layers from inundated
and non inundated sites,

(b) to use an automated fractionation procedurédatify effective fractions and shares
of target analytes, and

(c) to determine whether inundated sites have g@@adin contrast to non-inundated sites.

7.3 Materials and methods

7.3.1 Chemicals used

Provider of chemicals used in this study will ofdg listed if other than Sigma-Aldrich,
Deisenhofen, Germany. Chemicals were at least tagade and LiChrosolv grade for
fractionation.

7.3.2 Soil sampling

In this study soil was sampled at August 22/23,620& the projected retention basin
Bellenkopf-Rappenwoert. Soil was sampled at siationis in the basin area (north, middle,
south), with three of them sampled at inundatedssitiose to the river and three at sites
behind a levee that were, thus, not influenceddnyding (Fig. 1).

K

[0 inundated foreland

QO non-inundated hinterland

Fig. 1 Location of the projected retention basidl@i&kopf-Rappenwoert near Karlsruhe, Germany.
Inundated foreland and non-inundated hinterlandsaparated by a levee (straight black line). Soll
was sampled in the north (N), middle (M) and sd&h Grey lines and filled areas give water courses
and basins in the basin. Black arrows show the Rene flow direction. D — Germany, F — France
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Soil was sampled from surface down to a depth o€r0using a viscoplastic standard
stainless steel soil corer according to Dr. Purakhadiameter: 28 mm; Schierholz et al.
2000) and a maximum drilling depth of 1,000 mm. ieaample was further separated into
three sub-samples of 30 cm (0 - 30 cm, 30 - 606601, 90 cm). Samples were transferred to
glass bottles, transported at 4 °C and protectenh fight. Samples were shock-frozen at
-30 °C and freeze-dried on an Alpha 1 - 4 freezerdChrist, Osterode, Germany) at -40 °C
and 0.1 mbar as fast as possible and stored aitd&kness until extraction.

7.3.3 Soil extraction for assessment of total samples

Soil extraction for assessment of total samples

Total soil samples were treated according to DIM138 part 22. Samples were freeze-dried
in two steps using a BETA 2 - 16 (Christ, Osterd@ermany). Initially, soil was dried for
two days at 0.6 to 1 mbar and a temperature of2t» 25 °C. Subsequently, SPM were post-
dried for two days and at least 0.001 mbar to lotherresidual moisture below 0.5 %. Soil
was than sieved at a mesh size of 600 um for 15usiimg an ultrasound bath type Bandelin
Sonorex RK 255 H (Schalltech GmbH, Morfelden-Walfd@Germany).

10 g of each freeze-dried soil sample were weigheét0 ml extraction thimbles (Schleicher
& Schuell, Dassel, Germany) stoppered with glassiwmlaced in 400 ml Soxhlet extractors
and extracted with 250 ml dichloromethane (Sigmdrigh, Deisenhofen, Germany) for 14 h
at 8 - 10 cycles per hour according to the methedngby Hollert et al. (2000). The solvent
was reduced in volume and residues were evaporatddr a gentle Nstream. Residues
were re-dissolved in 1 nm-hexane and stored at -20 °C until fractionatiompEy extraction
thimbles were subjected to extraction and processédo parallel experiments to serve as
process controls.

7.3.4 Soil extraction and clean-up for fractionation

10 g of each freeze-dried soil layer was Soxhl¢taexed as detailed above using
dichloromethane (DCM):acetone (3:1; v/v) solvenktmie, reduced in volume, evaporated
under gentle Mstream and re-dissolved mhexane:acetone (7:3; v/v). Further, a recently
developed membrane-assisted clean-up step (AMA&INtque was used for purification of
soil extracts according to the protocol by Streckle(2008). For this end, 1 ml extract with a
concentration of 10 g soil equivalent/ml was transd to polyethylene dialysis membranes
and extracted using an ASE 200 device (Dionex, $uala, CA). Detailed extraction
conditions are provided by Lubcke-von Varel (200BXxtracts were sampled in ASE glass
vials closed by PTFE-coated screw caps. Extracts wazluced in volume, evaporated under
a gentle M-stream and re-dissolved mhexane:DCM (9:1; v/v) to a final concentration of
10 g/ml for subsequent fractionation.

7.3.5 Automated fractionation procedure

Method according to chapter 6.3.4
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7.3.6 GC-MS analysis of fractions

GC-MS analysis were carried out on a HP 6890 G(pleouto a HP MSD 5973 (Agilent,
Palo Alto, USA), equipped with a 30 m x 0.25 mm.[)D0.25 pm film HP-5 MS fused
capillary silica column, a 5m pre-column (Agiled&W, Folsom, USA) and a splitless
injector with deactivated glass wool. Chromatograptonditions were as follows: 280 °C
injector temperature, 1 pl pulsed splitless in@ttat oven temperature of 60 °C (1 min
isotherm), then programmed at 30 K/min to 150 °C6 &/min to 186 °C and finally at
4 K/min to 280 °C (16.5 min isotherm). Carrier gasocity (Helium 5.0, Air Liquide,
Boehlen, Germany) was 1.3 ml/min at constant flblne MS was operated in electron impact
ionization mode (El+, 70 eV) with a source tempamatof 230 °C scanning from 30 to
500 amu (full-scan mode) or single ion monitorigiM) for quantification. Target analytes
were quantified using an external calibration mgg ion monitoring (SIM). The results were
corrected with an internal standard containing eeat PAH (Mix 35, Promochem, Wesel,
Germany).

7.3.7 EROD induction assay

Method according to chapter 6.3.7.

7.3.8 Bio-TEQ values

Computing of bio-TEQs according to chapter 6.3.8.

7.3.9 Ames Fluctuation assay

Method according to chapter 6.3.9.

7.4 Results

7.4.1 AhR-mediated activities and identified compounds

Soil sampled at recently inundated sites and atimomdated sites was assessed in 30 cm
layers down to a depth of 90 cm with respect to BAPFCBs and HCB EROD induction
(Fig. 2). At each location, the highest concentragiof EPA-PAHs could be identified in the
top soil layer (0 - 30 cm). Highest load was meeduwith 39 mg/kg in the topsoil of the
northern inundated foreland (NF). Further, PCB&90ng/kg) as well as HCB (0.049 mg/kg)
indicated this sample to be highest contaminatesl Sleeper soil layers at this site gave
decreasing compound concentrations and only EPA-Bédidentrations were elevated below
60 cm depth. At each other site, PAHs were the delgctable substances and measured in
topsoil above a depth of 30 cm. Concentrations vegpeal and ranged between 0.083 and
0.127 mg/kg in the inundated foreland and 0.07 @dd2 mg/kg in the non-inundated area
behind the levee.

In accordance to the chemical analysis, EROD indostindicated the NF soil extract as
sample with the highest Ah-receptor inducing po&Encand maximum induction was
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determined in the topsoil layer with a bio-TEQ &,@00 pg/g. In contrast to the NF site,
AhR-agonists were less active at the other inuntaites shown with mean concentrations
among all of 153 £ 0.7 pg/g and at sites behinddkiee with means of 129 + 77 pg/g. Lower
soil layers showed decreasing Bio-TEQs, at leashpewed to the topsoil at each site
investigated.
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Fig. 2 Concentrations of chemically analyzed HCE;BR and PAHs as well as bionalytically

determined bio TEQs are shown for distinct soilelay(0 - 30, 30 - 60, 60 - 90 cm), allowing the
comparison of samples from the north (N), middlg évid south (S) of the inundated foreland (F) and
the non-inundated hinterland (H) which are sepdrhtea levee.
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7.4.2 EROD inducing potential by soil fractions

In order to identify active compound categorieshe EROD assay, the highest inducing soll
layer (O - 30 cm at the inundated north site) welecied for effect-directed analysis (Fig. 3).
Fractions F1 to F4 containing PCBs and PCDD/Fscatdd no or minor activities. In
contrast, PAH fractions (F5 to F11) were highly uoohg and showed highest bio TEQ
(= 13 x 18 pg/g) in fraction 10, containing PAHs with 6 aroinatngs (e.g. indeno[1,2,&d]
pyrene). Fraction 12 containing mainly mononitroH®A gave negligible inductions. In
contrast, F14 to F17 with more polar compoundscaugid elevated activities, but about
4-fold lower than PAH fractions. Induction of F18thv most polar compounds induced
negligible.

50000 \
| =2 Bio-TEQ
] ‘ [ZZ1 Crude extract NF
40000 - 2 ~SSA Added fractions F1 to F18
§ ‘ 1 Added PAH fractions F6 to F12
= - \ I Added more polar to polar fractions F13 to F18
<, 30000 - |
2 < \
© 20000 1 (K[| !
L X ‘
- ' |
o 4
2 10000 1 A4 } H H H
| — _ fmm—
0 AR > mR i FITEN o HRIRL
0 ] S . ‘ |_| |_| [ 1 |_|

Fractions

Fig. 3 EROD induction given as bio-TEQs determiveith HPLC fractions of the topsoil layer
sampled at the NF site. n.d. — no bio-TEQ deterthine

7.4.3 Mutagenic potential of individual fractions

Total soil extracts of each site caused no mutagaetivity with the Ames Fluctuation assay.
In contrast, fractions of the NF sample were ingeséd and showed elevated potentials.
Significantly decreased NOECs and increasegdiWwere measured in all soil fractions except
for fraction F8 containing PAHs with four aromatiags (Tab. 1). Highest potentials were
determined in fraction F17 and TA 98 and S9 meiabo(0.03 mg dry soil equivalent per ml
test medium) containing more polar compounds (&-pydroxyanthraquinone). For all
fractions, highest potentials were determined ie tAmes strain TA98 without S9
metabolism. However, fractions treated with TA9&l anetabolic activation showed higher
mutagenicity. Tester strain TA 100 indicated fra to be less active. Lower activities were
determined in the approach without exogenous S®lementation. Fractions were non-
active in the Ames tests with S9, except F16 thas whe highest inducing fraction with
TA100 as well as one of the highest inducing fatdiat all.
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Tab. 1 Mutagenic activity of HPLC factions deterpdnin the Ames Fluctuation assay with the
bacterial tester strains TA 98 and TA 100 with avithout adding exogenous S9 supplement for
metabolic activation of the NF soil sample,dFwere only computed for fractions with significantl

reduced NOECs. Data are given as no observed effecentration in mg soil equivalent per ml test
medium and as maximum induction factor.

NOEC [mg/ml]

Maximum induction factor (}&,)

E?Ct'on TA98 TA98 TA100 TAL00|TA98 TA98 TA100 TA100
' .S9 +S9 -S9  +S9 |-S9 +S9 -S9  +S9
1 104 * * 43 * *
2 x 1667  * * x 6.7 * *
3 834 834  * * 67 3.9 * *
4 834 * * 57  * * *
5 x 208 @ * * 71 * *
6 417 417 1667  * 36 57 80 *
7 x 1668  * * x 33 * *
8 * * * * * * * *
9 104 104  * + | 161 133  * *
10 417 208  * * 86 190  * *
11 208 208 1667  * 43 123 33 *
12 208 208 1667  * 43 19 24 *
13 x 208 % * 29 * *
14 208  * * * 67 * *
15 * x 1667  * * * 43 *
16 208  * * 104 | 167  * * *
17 007 003 * « | 190 200 @ * *
18 013 026 * « | 190 143  * *

* — NOEC > 33.33 mg SEQ/mlI

7.5 Discussion

7.5.1 Chemical contamination of crude extracts

In order to determine contaminations in soil ofndated and non-inundated sites soil layers
were assessed at different locations of the pregecetention area. Chemical analysis
indicated that soil sampled at the inundated are¢he north was highest polluted with respect
to EPA-PAHs, PCBs and HCB. Since that site is aigdoswale it acts as an accumulation
basin for SPM, especially during flooding and maglain elevated compound concentrations

in the soil core.

EPA-PAHs were determined in each top soil layeinahdated and non-inundated sites.
However, the NF soil core showed elevated conceotiadown to a depth of 90 cm, which
was comparable to topsoil layer concentrationswgtaher site. Along with PCBs and HCB,
these findings show the high pollution at site anticate that contaminants were translocated
deep into the unsaturated zone. EPA-PAH conceot@tmeasured of about 40 mg/kg were
comparable to maximum concentrations of 20 mg/lat) Were measured by Hilscherova et al.
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(2007) in floodplain soil of the rivers Morava arevnice, Czech Republic, and its
tributaries after an extreme flood event with aureence interval of 100 years. In contrast,
concentrations measured were minor, if compare2|@00 mg/kg EPA-PAHs as determined
by Eom et al. (2007) in soil of a highly PAH coniaated site at a former coke oven plant.
PCBs were detectable at NF down to a depth of 60with highest concentrations
(0.19 mg/kg) in the topsoil. Measured concentratioere in accordance to the above-named
study of Hilscherova et al. (2007) that gave alibaitmg/kg in the floodplain soil measured
before the flood event at one site. Thus, soil othbcatchment areas, the Rhine and the
Morava and Dievnice rivers indicated comparable H¥ loads following an extreme
flood, whereas PCB concentrations were usually tovile compared to NF, but were
increased compared to any other site assessed prékent study.

HCB concentrations can be used as a tracer toated®&PM deposition following inundation,
since this compound is a specific contaminant ef riker Rhine basin and, thus, elevated
concentrations should not be detectable at nondiaiieal sites. Whereas HCB was highest
concentrated in topsoil and 0.05 mg/kg were medsuB@M sampled in a flood in August
2007 with a recurrence interval of 10 years gameagaimum of 0.11 mg/kg at the peak of the
flood (W6lz et al. 2009). Thus, HCB was equally centrated in the topsoil layer sampled of
the swale and with flood SPM. This may indicatet tH&€B concentration in the soil layer
originate from inundation, since HCB is less degtd€e and, therefore, tends to accumulate
(Heise & Foerstner 2006, Isensee et al. 1976) hEyrHCB measured in sediments sampled
at a depth of 0.2 to 1.2 m at the river Rhine lggrraf Iffezheim showed concentrations of
0.22 ng/kg and 0.04 pg/kg in surface sedimentso@deet al. 1998). Thus, concentrations of
HCB were comparable to sediments of the barragk| &npled at the peak of a flood with a
recurrence interval of 10 years and soil from thejgrted retention basin that is located
downstream the barrage. This may furthermore inelitlaat soil concentrations are due to
inundation and deposition of HCB loaded SPM. Wehkpect to regulatory thresholds, HCB
concentrations at this highest contaminated sitengnall assessed sites are still below, e.g.,
children playgrounds activity levels of 4 mg/kg &sentioned in the German Soll
Conservation Act (1999). Nevertheless, these cdratgons highlight the hazard of deposited
particle-bound contaminants at inundated sites.

In the pilot study of this project, Ulrich et a002) assessed some topsoil layers with respect
to EPA-PAHs and HCB that had been influenced bydation of some weeks prior to
sampling. EPA-PAH concentrations varied betwee® @dl0.76 mg/kg at rarely inundated
sites and 0.37 to 1.64 mg/kg at frequently inundiaiges. Accordingly, HCB concentrations
were determined and were measured with < 0.0010@20mg/kg (rarely inundated sites) and
0.015 to 0.053 mg/kg (frequently inundated sit€sgsence of HCB in soil of the pilot study
that was not detected in the present study migliugeto the previous inundation. However,
HCB concentrations were equal to the highly potlutéF site in this study. In contrast,
EPA-PAHs were about 50-fold higher concentrated mamad to the pilot study. These
findings show elevated differences of contaminatewels in time and space that might also
be due to the high soil heterogeneity at the ptegecetention basin. Thus, an evaluation of
pollution levels may only be secure with measuras&om many carefully selected sites.
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It can be stated that HCB and EPA-PAH concentraticem be elevated at defined sites in
floodplains and retention basins. HCB and higheleswdar PAHs might be minor dissolved
or translocated due to water passage through tiie owever, frequent translocation
processes at highly polluted sites with deep remcbontaminations may pose a hazard to the
aquifer and drinking water resources over time.

7.5.2 Biological hazard potentials by crude extracts

Each sampling site indicated elevated AhR-agorusvities at least with topsoil layers and
the maximum EROD induction, in accordance to chafranalysis, was determined with the
foreland site NF. Maximum inductions were deterrdingith bio-TEQ of 43,000 pg/g.
Anderson et al. (2009) investigated soil sampleal RAH contaminated site and determined a
maximum bio-TEQ of about 45,000 pg/g using the faraise gene expression (CALUX)
assay. Since different test systems and cell lwexe used, that TEQ may not directly be
compared to the maximum TEQ determined in the pteseidy. However, a comparison
indicates the high pollution at the NF site. Lowso-TEQ of about 10,000 pg/g were
determined by Keiter et al. (2008) assessing sattifftem the Danube river. Further, SPM
sampled in a flood with a recurrence interval ob tyears at the river Rhine showed bio-TEQ
of about 2,300 pg/g and SPM of a flood at the rNeckar with the same recurrence interval
showed maximum bio-TEQ of 8,300 pg/g (Wdlz et &108). TEQ values at the NF site are
elevated compared to the specified sediment and SéMentrations and, thus, cannot be
explained completely by particle deposition on @lptain soils. However, published studies
providing data on EROD inducing sediment and SPMdes are rare and detailed bio-TEQs
may potentially act as snap-shots that do not geoinformation on effective TEQ ranges.
Fractions containing PAHs were determined to cbatd highest to the overall biological
activity of the sample, in particular the fractiaentaining compounds of four to six aromatic
rings (F8 to F10). Target analysis to determinetrdoumtions of EPA-PAHS to the overall
biological effect showed that far less than 1 %thed overall biological activity could be
explained with theses priority compounds (therefdia@a not detailed). These contributions
were surprisingly low since other studies showeat PA-PAHs contributed at least to an
extent of some percent to the overall biologicéaf Further, these compounds were once
prioritized since they were highly concentrateemvironmental compartments. Although the
NF site showed the relatively highest EPA-PAH coniaions of all assessed soils, total
concentrations were low and contributions to ER@8uction were minor. Thus, other so far
unknown and non-priority PAHs were responsible ttog detected EROD inductions and
mutagenic potentials in PAH fractions (Brack et28l05, Wolz et al. 2008)

7.5.3 Identification of active fractions

Since EPA-PAHs concentrations and bio-TEQs weredoto be highest concentrated with
the NF site topsoil layer, this sample was usedaforautomated fractionation procedure to
identify EROD inducing fractions and compound obsss
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Pattern of EROD-inducing fractions were in linelwyreviously published investigations of
suspended particulate matter in the RIMAX-HoOT pecbjeusing the same automated
fractionation method (Woélz et al. RIMAX-SPM 2009)ith respect to PAH containing
fractions, findings were further in accordance RVBsampled at the Rhine in another study
(Wolz et al. 2009b) and fractionated using a preaurfractionation method (Brack et al.
2003a). Effect pattern comparable to other studiethe river Rhine may advice that the
highly polluted NF site soil is influenced by (frgent) inundation and, further, that particle-
bound contaminants were deposited at site. How@waugcing potencies among the fractions
varied between the different investigations. Thghbst bio-TEQ (= 6.500 pg/g) was
determined by Woelz et al. (2009b) at the floodkpdmeing about 7-fold less concentrated
than maximum NF soil concentrations in this studyus, this site is relatively high
contaminated what might be due to the accumulatéve since the site is a ground swale.
Further, more polar compounds (e.g. (hydroxyl-)gues, keto-, dinitro-, hydroxy-PAHs, and
N-heterocycles with rising polarity, 2-hydroxyardhuinone) were determined to cause
elevated EROD inductions. More polar to polar coomus were determined to cause
elevated effects in some studies investigatingnsedis and SPM in the recent years (Keiter
et al. 2008, Wolz et al. 2009b). Thus, these comgdswvhich are often given less attenuation
should be set in the focus of upcoming researah entvironmental pollution. Even more so,
since higher polarity indicates that compoundsnaoee likely to be dissolved, and, thus, are
better bioavailable in the aquatic environment timam-polar PCBs, PCDD/Fs and most
PAHSs. Investigations of more polar and polar cormaisuwere not in the focus of this study,
and, thus, effective compounds may only be discusse model compounds. Likewise,
Petrovi et al. (2003) discussed emerging contanénauch as surfactant degradates,
pharmaceuticals and polar pesticides.

Next to EROD induction mutagenic potentials of @wktracts from each sediment site and
layer as well as of the fractions from the NF sitere assessed. However, in contrast to
fractions crude extracts showed no significantaffeThis indicates the removal of masking
or inhibiting compounds during the fractionatiom@edure. Following fractionation, masking
compounds might be separated in parts or completelftherefore) non-active fractions
(Brack et al. 2005). Although cytotoxicity was rgptantified by photometrical means, optical
inspection advised at least no viewable cytotofiects that would turn out as less turbid
well bottoms compared to the negative control. Tleysotoxicity of the crude extragersus
the bacteria strains may be excluded as a reasorasking (Chenon et al. 2003). Using the
example of the NF site, the soil layers showed igaificant reversion, but most fractions
indicated elevated or highly increased mutageniwiacat least with the tester strain TA 98.
Thus, in the crude extract antagonistic processehibiting frameshift mutations — may have
inhibited DNA interferences, since cytotoxic effe@tere not observed. Mutagenically active
fractions containing PAHs, more polar and polar poonds were shown to be mutagenic in
other studies before (Fernandez et al. 1992, Thamals 2002).

Fractions were shown to commonly cause increasegrsien rates and highest maximum
induction factors with tester strain TA 98, wherebB& 100 indicated only some active
fractions and minor induction factors. Thus, masicfions caused frameshift mutations.
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Further, most fractions showed significant mutagexativity with TA98 and direct as well as
with indirect S9 treatment. For these fractionstaganic potentials were comparable with
respect to NOECs and Jk However, there is no clear trend towards diracindirect
mutagenic activity. It may only be stated that nyetsic potentials were increased in fractions
containing PAHs that are well known inducers of ageiic effects (Brack et al. 2005, Perez
et al. 2003, White 2002) as well as in fractionshwhoderately polar and polar substances
(Marvin & Hewitt 2007, Villalobos-Pietrini et al.a®7).

At least elevated mutagenic potentials in the fdteections might be hazardous in the context
of the dispute between flood retention and drinkimater supply. Compounds with polar
characteristics are more likely to be solved amghdported in water and, thus, might more
easily pass the unsaturated zone and reach th&eaddowever, the investigations of total
soil and fractions were carried out using organitraets of soil matter and, thus, e.g.,
bioavailability has not been addressed. Neverteeladependent of availability to organisms
high contaminations were determined and these twalve considered in risk evaluation in the
named conflict of interests.

7.6 Conclusions

Remobilized and highly contaminated sediments maytranslocated to floodplains and
preferably deposit in ground swales that act asiraatation basins for pollutants. Thus,
topsoil layers of inundated sites can show elevatedtaminant loads and biological
responses withn vitro biotests. Typical contaminants of rivers and pattef biological
responses in fractions can be used as tracersdioate pollution as a consequence of
flooding.

To evaluate contamination and contaminant translmtat site, soil should be investigated
as a core with distinct layers since topsoil saspl®vide only limited information of surface
pollution. This is of relevance since soils maydakiressed as stable long-term memories of
contamination levels and patterns. Thus, contamihadoils should be considered as
important secondary sources of pollutants, in paldr in floodplains with facilitated
compound translocation due to flooding. In this teaty elevated chemical loads and
biological responses, in particular in deeper kgiers, indicate that contaminants may more
easily pass the unsaturated zone with its retamdatiechanisms in the topsoil.

Elevated EROD inductions and maximum mutagenicatidns were determined at least with
fractions containing PAHs, moderately polar andapabmpounds. At least, PAHS are more
likely to be dissolved and can more easily be toaaded through the unsaturated zone into
the aquifer. Thus, with respect to the assumedlicowff interests between retention basins
and water protection areas, impacts through com@mitranslocation to the unsaturated zone
of the aquifer cannot be excluded with presentstigations. Since the addressed retention
basins will be operated in floods with recurrenogervals of greater than or equal to
100 years, considerably more sediment erosion anthminant remobilization will be likely
to take place. Elevated deposition or transferootaminants might impacts soils and aquifers
due to stored and akinetic water. This instancellshbbe addressed carefully in planning the
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morphology and operation of retention basins. Furttore, with respect to
(eco-)toxicological impacts, the hazard potentidlaod events and inundation to the aquifer
may assist to evaluate risks towards water quahty, thus, were in the focus of another part
of the RIMAX-HOT project.
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8.1 Abstract

In this study, the yeast estrogen screen (YES)asgh Saccharomyces cerevisia@as used

to determine the estrogenic potential of solid phadracted water samples from three
groundwater wells in a projected retention basiarnéarlsruhe, Germany. Further, fractions
derived from a recently developed fractionationceaure of a highly polluted soil as well as
of suspended particulate matter (SPM), sampledhdwiflood event at the river Rhine at the
barrage of Iffezheim, Germany, was assessed fooceme activity. Target analysis was
applied to identify effective compounds. Estrogesmtivities of each sample were expressed
as l1l7R-estradiol equivalent concentrations (E2-E&pundwater was sampled between
June 2006 and January 2008 and more frequentigwimly a flood event with a recurrence
interval of 10 years in August 2007. Well no. 1dted closest to the river Rhine showed
elevated concentrations of the river trace compocerthamazepine (CBZ) at all sampling
times. Subsequent to the August flood, concentiatizvere also elevated in well no. 2.
Further, E2-EQ indicated a flood dependent increafsestrogenic activity in the month
following the flood at well no. 1. Groundwater sdetp at well no. 2 showed increasing
E2-EQ with a delay of some weeks. Heterogeneous ddab highest inductions
(6.7 ng E2-EQ/L) were detected at well no. 3 witl longest distance to the Rhine.

Since elevated YES activities were determined ougdwater, and since the hypothesis has
been stated that translocation of particle bourtlifamts may influence the ground water, an
automated fractionation method and target analysi® used to identify effective compound
classes and single compounds of SPM and soil eégtriaactions F13 to F18 containing more
polar compounds (e.g. (hydroxyl-)quinones, ketdinjtro- , hydroxy-PAHs, N-heterocycles,
hydroxyanthraguinone), caused elevated endocritiétees in the soil sample and the SPM.
Further, fractions F6 to F12 containing PAHs showedor effects for the fractionated soil
sample and F4 induced significantly with SPM 2 skapafter the flood peak. Added
fractions E2-EQ gave comparable activities for g@ing E2-EQ/g) and SPM (0.9 and
2.3 ng E2-EQ/g). Target analysis identified minoneentrations of active compounds and,
thus, other non-analyzed substances were effeclies indicates the need of further
investigations with respect to more polar and potanpounds and their potential hazard to
drinking water.

This study was part of a project (RIMAX-HoT) thaimad at the identification/
characterization of the possible conflict of inttsebetween flood management (retention
basins) and drinking water supply (waterworks clésethe basin). With respect to the
guestion, whether the operation of retention basimgeases the risk of contaminant
introduction into the aquifer (drinking water resoe), the results presented document a
significant hazard potential.

8.2 Introduction

Ground water contamination in riparian areas idl)(sff increasing concern in many regions
worldwide, since they often are used as drinkingeweesources (Levin et al. 2002). Once the
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aquifer is contaminated, residues may remain forgléime. Further, the movement of
groundwater is difficult to monitor and there aubstantial time lags between emissions and
detection of chemicals (Finch et al. 2007). Whemgemindwater contamination may result
from mineralization or other natural processesisitusually attributed to waste disposal
practices and industrial and agricultural actigti@ohlke 2002, Naik et al. 2007). These
activities may continuously impact the groundwafeality. Nevertheless, further events such
as floods have the potential to heavily pollute da@ifer in riparian and inundated areas. At
least in floods with higher recurrence intervalsys being more hazardous, considerable
amounts of sediments may be eroded (Hollert e2@07a). These suspended sediments
contribute to suspended particulate matter (SPMichvis translocated downstream or to
flooded sites along the rivers. Remobilization efliments impacts inundated areas since
sediment acts as sink and important secondary saircontaminants (Brils 2008, Kosmehl
et al. 2004). Whereas particle-bound compounds siepod consolidate most time of the
year in rivers, they may become available by erosioring flood events. Thus, they can be
translocated and deposited at inundated siteshémgroundwater is recharged by inundating
flood water that infiltrates the soil at floodplaiand indicates the potential of mass transfer
through the unsaturated zone in the saturated pbribe aquifer (Brouyere et al. 2004,
Kazamaa et al. 2007). Contaminant introduction thi aquifer is of elevated interest since
major streams as the river Rhine and its aquiferimaportant in terms of drinking water
abstraction and, thus, are in the focus of scientifvestigations (Schwarzbauer & Heim
2005). In the European Union, the Water Framewoikediive (WFD; 2000/60/EC)
constituted a general set of subjects of protectinod objectives to achieve a 'good water
status' for all waters, by 2015. This includes phetection of groundwater resources and,
thus, the WFD demands measures to ensure the psbgrereduction of groundwater
pollution and to prevent its further pollution (Boet al. 2004).

The presented study details results of the jois¢aiech project 'Flood retention and drinking
water supply — Preventing conflicts of interestfMRX-HoT)" as introduced by Maier et al.
(2006). The project aimed to characterize the ptssionflict of interests at the planned
retention area Bellenkopf-Rappenwoert and a pregenearby waterworks Kastenwoert, both
located next to Karlsruhe, Germany. This part &f gtudy focused on the assessment of
endocrine effects in groundwater and soil as wellsaspended particulate matter (SPM)
samples, which were taken during the project. [gsinec activity was determined using the
Yeast Estrogen Screen (YES) assay with transgakerly yeasSaccharomyces cerevisjae
containing the human estrogen receptor (hER).

Groundwater was sampled over a period of 2 yedtge¢ groundwater wells in the projected
retention basin. Since elevated YES activities vatermined in groundwater, and since the
hypothesis has been stated that translocation rtitleabound pollutants may influence the
ground water, an automated fractionation method tangkt analysis were used to identify
effective compound classes and single compoundSRi¥1 and soil extracts. The soil
originated from a site which proved highly contaated in a previous study (Woelz et al.
2009a). Furthermore, SPM sampled in the course ftdoal with a recurrence of 10 years,
showing elevated loads and toxic effects, was assledVoelz et al. 2009b).
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This last study within the RIMAX-HoT project aimed

* to assess endocrine inducing potentials in groutetwsamples of the model retention
basin,

« to investigate agonist activities in fractions @il gsampled at the basin) and SPM
(sampled at the barrage of Iffezheim close to tmart),

« to use target analysis to possibly identify effeettompounds and

e to conclude how these findings can assist to restie conflict between floods to
groundwater quality and drinking water safety.

8.3 Materials and methods

8.3.1 Chemicals used

Subsequent provider of chemicals will only be lisié other than from Sigma-Aldrich,
Deisenhofen, Germany. Chemicals were at least ne@gade.

8.3.2 Sampling and Preparation

Groundwater was sampled at three wells situateddaggonal within the projected retention
basin Bellenkopf-Rappenwoert and located behindvad (Fig. 1) at several times over a
period of 2 years (Tab. 1). Well 1 is situated clire behind a levee and in a distance of
250 m to the Rhine. Distances between well no.d ram 2 as well as between well no. 2
and no. 3 were about 500 m. Wells had a depth afitaB0 m. Before sampling groundwater,
each well was pumped dry (MP1; Grundfos, Grodigsta) and allowed to refill again to
update the sampled groundwater with 2.8hmWater was pumped into 2 L brown glass
bottles, transported to a cooling chamber and dtard °C until extraction.

. Groundwater wells
[l Soil sampling site

Fig. 1 Location and scheme of the projected reparibiasin Bellenkopf-Rappenwoert near Karlsruhe,
Germany. Grey lines and filled areas give waterrgeslresources in the basin. F - France,
D - Germany, B — Bellenkopf, R — Rappenwoert

In order to investigate whether elevated estrogewtovities in groundwater samples were
caused by contaminants of flood water, SPM that semspled in the course of a flood with a
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recurrence interval of 10 years as well as a swiige of an inundated site were additionally
assessed as detailed by Woélz et al. (2009 a,b). BRMs sampled between 10.40 a.m. and
12.00 a.m. at August 10, 2007 before the flood paa#ft SPM 2 was sampled between
12.00 a.m. at August 10, 2007, and 14.50 p.m. guaull, 2007 after the flood peak. The
soil was sampled at August 22/23, 2006 in the iated foreland of the projected retention
basin (shown in Fig. 1).

Tab. 1 Sampling schedule for ground water collectibwells numbered according to fig. 1.

Groundwater wells
Date

1 2 3
26.06.2006 X X
27.08.2006 X X X
30.05.2007 X X X
13.08.2007 X X X
16.08.2007 X hn.a. na.
22.08.2007 X X X
31.08.2007 X na. na
10.09.2007 X na. na.
11.10.2007 X X X
19.11.2007 X X X
17.12.2007 X X X
14.01.2008 X X X

n.a. — not assessed

8.3.3 Water extraction

For extraction, water samples were filtered ovet Mm glass fibre filters (type C5,
MembraPure, Bodenheim, Germany), acidified withcemrated HSO, to pH 2.0, divided
into two 1 L samples and extracted using reverss@IC18 solid phase extraction columns
(RP-C18 SPE; 1 g; Bakerbond, J.T. Baker, Deverftag Netherlands), which had been
conditioned with 3 x 3 mh-hexane, 3 x 3 ml acetone as well as 1 x 3 ml detchwater
according to a protocol by Spengler et al. (2001J Rastall et al. (2004). After extraction,
columns were centrifuged for 10 min at 2000 g andddunder a nitrogen stream. Elution
was carried out with 2 x 5 ml acetone. Eluted sasplere blown close to dryness under a
nitrogen stream, reconstituted in 2.5 ml dimethijtside (DMSO) and stored at 4 °C until
chemical and biological analysis. Deionised watet tap water were treated and extracted
according to the same protocol and were used @egsaontrols.

An automated fractionation method, bioanalyticakstigations and target analysis were used
to identify effective compound classes and singdengounds of SPM and soil extracts.
SPM 1 was sampled at the peak of a flood event {8ugj0, 2007, 12 p.m.) and SPM 2 after
the flood peak (August 11, 2007, 14:50 p.m.). Thiéd was sampled at an inundated and
highly contaminated site in the north of the prtgecretention basin in order to serve as a
worst case scenario in respect to hazard potdottae ground water (see fig. 1).
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8.3.4 Automated fractionation of SPM and soil samples

The method according to chapter 6.3.4.

8.3.5 Chemical analysis — Carbamazepine (CBZ)

The HPLC (HP-1100, Agilent Technologies, Palo AlB#, USA) was equipped with a mass
spectrometer APl 2000 (PE-SCIEX; Waltham, Massaettsis USA), separation column
(250 x 2 mm, 5 um C18 Luna; Phenomenex, Torranfe USA), solid phase material SDB1
Bakerbond (JT Baker, Devender, The Netherlands)aaby detector (UV-2201, Shanghai).
The analysis conditions were: initial column tengtere 60 °C (1 min), increased at
20 °C/min to 180 °C, then increased at 3 °C/mi2Q@@ °C and at 1.5 °C to 260 °C that were
finally hold for 5 min. The carrier gas was heliuithe injector temperature was 50 °C,
300 °C/min to 270 °C and the volume injected initlgds mode was 4. The detector
temperature was 310°C. Detection limit was 10 ng/L.

8.3.6 Method for the instrumental analysis of estrogeaimpounds

Chemical analysis included four compound classasufdl and synthetic steroids, nonyl- and
octylphenol, bisphenol A and musk compounds. Roanalysis a derivatization of steroidal
compounds was inevitable for a proper determinatith gas chromatography (Streck 2009).
All other compounds were processed without demaditbon. Derivatization was done
modifying a method proposed by Labadie and Budzi{&B05). Briefly, all samples were
dried under a gentle stream of Bnd then re-dissolved in 50 pl of a mixture of NFAT
(N-methyl-N-(trimethylsilyl)-trifluoroacetamide; pity > 97 %), 0.6 % 2-mercaptoethanol
(Merck, Darmstadt, Germany) and 1 mg ammonia io(fiRledel-de Haén, Seelze, Germany).
The samples were heated for 40 minutes at 65 °€:r Aboling to room temperature, the
samples were dried again with d dryness and finally re-dissolved in 500 pL &vla.

Analysis was achieved using an Agilent HP6890 &apil column gas chromatograph
equipped with a HP5973 mass selective detector msebbctron impact mode (70 eV). The
compounds were separated on an HP5-MS capillanynool(length 30 m; inner diameter
0.32 mm; stationary phase thickness 0.25 pm). Helias the carrier gas. The injector was
kept at a temperature of 250 °C, the interface betwthe gas chromatograph and the ion
source at 280 °C, while the ion source itself ot#dia temperature of 250 °C. All injections
were done in splitless mode with a volume of 1THe oven was programmed as follows:
60 °C for one minute, increasing at 30 K/min to 260 continuing with a gradient of
6 K/min to 186 °C, then increasing at 4 K/min te final temperature of 280 °C, which was
kept for 6.5 minutes. The analysis was conductefiii mode. Concentrations of the target
analytes were calculated using an external caidratnd corrected by means of the injection
standards. Limit of detection was 7.5 mg/L.

8.3.7 Yeast Estogen Screen (YES) assay

Recombinant yeast cellSd&ccharomyces cerevis)agtably transfected with the gene for the
human estrogen receptor (hER) and containing egjoreglasmids carrying strong promoter
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sequences and the lac-g-dalactosidase) reporter gene (Routledge & Sumife6) were
used to investigate estrogen-like activity of susfgel SPM, soil and groundwater. The
YEAST Screen assay was carried out according tal&tge and Sumpter (1996) using a
slightly modified version of the procedure desdailily Rastall et al. (2004) and Keiter et al.
(2006). Briefly, 10Qul aliquots of extracted groundwater, soil and SPbtenserially diluted
along alternate rows of a 96 well microtitre platel7p-estradiol (E2) positive control was
added to a separate row and accordingly seridllyedi to give a final concentration range of
1.0 x 10° to 4.8 x 10> M. 100yl of the ethanol vehicle were then added to eacanvawell
and the ethanol in all 96 wells allowed to evapar&D ml of YES assay medium containing
500 ul of a 1.65 x 1G M aqueous solution of the chromogenic substrateraphenol-red-
B-D-galactopyranoside (CPRG) and 4.0 ¥ fiécombinant yeast cells were then prepared and
200yl transferred to each well. The plates were sealed incubated at 32 °C for 72 h.
Estrogenic potentials were subsequently determpiedometrically at 540 nm following the
conversion of the CPRG from yellow to red Pygalactosidase secreted into the growth
medium in response to the presence of hER agonigtee sample. With each test distilled
water was used as a negative control and, furgivecess controls were tested accordingly.
Significant activities compared to the negative tomnwere determined using the 99 %
confidence interval.

Activities were computed as estrogen equivalentcentrations (E2-EQ) by normalizing
estrogen activities of samples or fractions tortatural estrogen 173-estradiol (Hollert et al.
2005, Tan et al. 2007). E2-EQs are calculated as qimotient of the Ef (effective
concentration that produces 50% of the maximumcefievel) and is given either in the
unit ng E2/L (subsequent ng/L) of groundwater ong@¥2/g Soil or SPM (subsequent ng/g):

Eq. 1 E2-EQ = E& [173-estradiol] / E6 [sample]

8.4 Results

8.4.1 Investigation of groundwater samples

The groundwater sampled at three sites in a didgonthe river Rhine indicated elevated
concentrations of river key contaminants such asptimrmaceutical CBZ (Fig. 2). Increased
but heterogeneous concentrations were measureeéllanhav 1, which is closest to the river
Rhine (distance: 250 m). Well no. 2 showed elevatttentrations, in particular following

August 2007. In contrast, CBZ was not detectablevater of well no. 3 with the longest

distance to the river Rhine.

With respect to endocrine activity, statistical ngigant but nevertheless negligible low
effects were determined with water sampled at well 1 and no. 2, whereas well no. 3
showed moderately elevated endocrine effects ir6 Z6@y. 2). Effects were low during the
following samplings, but showed elevated endocangvities following the flood event of

August 2007. In particular, well no. 1 indicatectrmasing endocrine effects following the
flood and showed a decreasing tendency after Augist maximum E2-EQ was determined
with 2.9 ng/L (August 10, 2007). Likewise, well nd.showed a clearly increasing activity
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following the flood, however, with a delay and a xmaum of E2-EQ =2.6 ng/L
(September 10, 2007). Groundwater of well no. 3seduendocrine activities in the YES
assay, which showed approximately the activity grattof well no. 2 @earsor= 0.80).
However, endocrine effects at well no. 3 were ltgfeneous and not clearly increased in the
time after the flood. Well no. 3 showed the maxim@&B-EQ of all samples assessed
(= 6.67 ng/L).
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Fig. 2 (a) Carbamazepine (CBZ) concentration afas$trogenic activities at each well and sampling
time with groundwater of the projected retentiosibaellenkopf-Rappenwoert. Endocrine activities
are given as E2-EQs in ng/L and were calculateoh fooe assay with two measurements. Significant
endocrine activity was determined using the 99%fidence interval. * — wells no. 2 and 3 not
assessed

8.4.2 Estrogenic activity in individual fractions anddat analysis

Suspended particulate matter no. 1 (SPM 1) causetbcene activities in fractions
F14 to F17 containing more polar compounds (suchNaseterocycles) and maximum
activities were detected in F15 giving E2-EQ = Ingdl. (Fig. 3). Addition of activities in
single fractions equaled E2-EQ = 2.3 ng/L. ExtractsSPM 2 caused lower activities in
fractions with more polar compounds. Nevertheldsghest endocrine effectiveness was
determined in fraction F15 (E2-EQ = 0.5 ng/L). Rert in contrast to SPM 2, fraction F4
caused (minor) endocrine activity (E2-EQ = 0.31Lhg/Added single fractions of SPM 2
equaled E2-EQ = 0.9 ng/L. The soil surface layer30 cm depth) indicated lower endocrine
activities in F6to F8 (Fig. 3). Fractions contamithe more polar compounds (F13to 17)
caused elevated endocrine activities and maximutuacition was determined in fraction F15
(E2-EQ = 0.7 ng/L). The total equivalent concembrabf all fractions was E2-EQ = 2 ng/L.
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Fig. 2 Endocrine activities in HPLC-fractions of @Bampled during a flood event in August 2007
(recurrence interval of 10 years) as well as obpsoil layer (0-30 cm) of a site with elevated
contamination. Endocrine activity is given as E24BQ@g/L and was calculated from one assay with
two measurements. Significant endocrine activity watermined using the 99% confidence interval.
* — fractions not inducing

8.4.3 Target analysis in fractions

In order to identify effective compounds, targealgais was conducted; data are provided in
tab. 2. Further compounds were evaluated but ntacthel above detection limit (such as
estrone, nonylphenol, trichlosan). Concentratidnsagch compound were lower than 1 ng/kg.
Highest concentrations were determined for ambexanrfraction F14 (0.86 ng/kg; SPM 1)
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and octylphenol in F17 (0.8 ng/kg; SPM 2). Ambemnand galaxoide were highest
concentrated in F14 of the soil sample. Howevddiisopropylnaphthaline and octylphenol
were present in each fraction, and, thus total eotmations, at least of octylphenol were
highest concentrated. Further, fractions F14 showiked highest added compound
concentrations (maximum of 2.2 ng/kg in SPM 1). RERues are shown when available
from literature and were used to compute chem-TERQes (chem-TEQ [ng/g] = compound
concentration [ng/g] x REP; detailed by Woelz et 2008, ESPR). However, chem-TEQs
explained far less than 1 % contribution to therall@ndocrine activity.

Tab 2 Concentrations of endocrine compounds in HRaCtions of suspended particulate matter
(SPM 1 and 2) and of a soil layer sample from tbethern inundated foreland (0 - 30 cm). REP
values are shown when provided in other studiefefl@nt REPs are given for bisphenol A, thus, the
lowest and highest valuésire shown.

SPM 1 SPM 2 Soll
ng/kg REP
F14 F15 F16 F17 F14 F15 F16 FL7 F14 F15 F16 F17

Benzophenorfe 2*10° 0.18 nd. nd. nd| 021 nd. nd. nd 010 nd.d.n nd.
OTNE (Amberonne) n.a. 086 nd. nd. nd| 053 nd. nd nd 027 nd.dn nd.
2,6-

Diisopropylnaphthaline n.a. 0.02 004 002 002 004 002 nd. 0p2 0.03 0.02010 0.03
Galaxolide (HHCB) n.a. 062 nd. nd. nd| 036 nd nd nd 018 nd..d. n nd.
Tonalide (AHTN) n.a. 021 nd. nd. nd| 014 nd. nd. nd 005 nd.d n nd.
Diphenylsulfone n.a. nd. 027 nd. nd| nd 034 nd ngd nd 015d.n nd.
Octylphenol 031 066 055 054 052 024 065 080 0.09 0.12050 0.07
Bisphenol A%® gg;];g;; nd. nd nd 05§ nd nd nd nd  nd nd.dn nd
Added concentrations / 220 097 057 112 180 060 065 082 0.72 0.29060 0.10

1 Han et al. 2002 Vinggaard et al. (2000§,Routledge and Sumpter (1998)a. — not available

8.5 Discussion

8.5.1 Carbamazepine as a tracer for riverine contaminatio

In order to determine groundwater contaminatiorctaynpounds of the river Rhine CBZ was
determined since this compound is a typical traoataminant at the river Rhine for
anthropogenic impact (Schwarzbauer & Heim 2005puBdwater sampled at three wells in
the projected retention area was shown to causateldt endocrine activity independent of the
distance to the river. However, estrogenic actsitivere was quite heterogeneous among the
wells. Oellers et al. (2001) determined CBZ conditns between 30 and 250 ng/L in water
samples from the Lake Greifen (Greifensee) andmtn tributaries Aa and Aabach,
Switzerland. Liebig et al. (2006) measured 454 rig/lGerman surface waters and Herberer
et al. (2002) detected 25 to 1,075 ng/L in waterwgayples of Berlin, Germany. Thus,
ranking the CBZ concentration of this study (14tfopg/L) indicates minor concentrations in
groundwater of the aquifer than detected in mamfasa waters in Central Europe. Further,
CBZ was shown to be a drinking water contaminatt tivas measured with maximum
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concentrations of 24 and 258 ng/L in finished dingkwater of Canada and the United States,
respectively (Jones et al. 2005, Stackelberg &0&l4).

Since the pharmaceutical carbamazepine is an ghenmic contaminant, in particular of the
aquatic environment, detection in groundwater iatlis an interaction of river water with
aquifer layers. In this study, CBZ indicates th&eiaction of Rhine water with the aquifer
throughout the year and changes in consequente dfugust flood.

Total concentrations at the sites varied two- teedfold over the sampling time frame.
Nevertheless, concentrations were lowest in Audt®@7 and highest inductions were
measured in the weeks and month after the floodhtewe August 2007. These findings
indicate that groundwater velocity, at least insthime, was directed to the groundwater
well 1 and compounds were transported with a lddkree due to slow groundwater velocity.
However, CBZ concentrations with about 40 ng/L wals® measured at the first sampling in
June 2006. Thus, CBZ contents seem to be also tinel@ontrol of factors other than flood.
Since the water level was high in June and prextipit was minor in this month, it may be
assumed that river water was intruding into thefagucausing the measured concentrations.
Further, well no. 2 showed elevated CBZ concemnati in particular from October to
December 2007. Although this well is located atsdashce of about 750 m to the Rhine, mass
transfer through the aquifer seems to be possiblgarticular, since CBZ may only be
introduced in the groundwatera groundwater velocity. This assumption is furtheported
by the findings of another subproject in RIMAX-Hafdicated a hydraulic conductivity of
1.5 x 10° m/s (Kihlers et al. 2009). Well no. 3 seemed nadbe influenced by river Rhine
water, since CBZ was not detected.

8.5.2 Estrogenic activities in the groundwater

Endocrine activities over time at each well adviskdt CBZ may be used as a tracer
compound for river water interaction with the grdumter. However, CBZ is no endocrine
active compound and its specific distribution doed necessarily indicate how far other
active compounds may be translocated in the aquiieparticular, the pattern of endocrine
effects at each well over the time and among thikswsindependent of the presence of the
tracer compound. Well no. 1 showed low activitie$obbe the flood, but were immediately
increased following the flood. Subsequent samgiesved steadily decreasing activities. This
well that is closest to the river was, thus, integly interfering or reset by river Rhine water,
at least within days. This finding is in accordatm¢he CBZ analysis results.

Further, endocrine activities were increasing il we. 2 with a delay of days. However, the
exact time of beginning increase might have beessed, since this well was first sampled
about 10 days after the flood. A flood dependentaase of activity can be assumed, since
CBZ concentrations increased, but showed a longéayd CBZ with a log Kw of 2.45
(Wiegel et al. 2004) might be translocated morevslacompared to compounds with lower
Kow being more polar and more easily and faster ioited in backland aquifer.
Water sampled at well no. 3 was conspicuous ané gtevated effects with most samples.
Further, highest inductions were determined witbugdwater extracts of this well even
though it is the farthest away from to the riverteva CBZ concentrations were not
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significantly increased at any sampling time as thell, at least until the end of sampling.

Estrogenic effects were very heterogeneous andddition, with the distance and CBT

results, it may be assumed that activities atwei were not influenced by river water or

flooding, but by another contaminant source. Ir,fdee Federbach creek, which flows close
to well no. 3, is known to be highly polluted byganic compounds (Obrdlik & Fuchs 1991),

and can, therefore, be expected to be the sourmentémination.

The increased estrogenic activity at the projecttdntion basin was obvious comparing
E2-EQs with groundwater that was sampled at furtlignking water protection areas in the

region of Karlsruhe (E2-EQ = 0.18 to 0.38 ng/L;ailst not shown). Ranking the endocrine
activities of the present study indicates thataffavere in the lower range of river water with

0.3to 19.4 ng E2-EQ/L (Pawlowski et al. 2004, Vemssen et al. 2005) and sewage treat-
ment plant effluents showing 1 to 68 ng E2-EQ/LcfPet al. 2004, Tan et al. 2007). Further,
effects can be discussed with other studies inyatstig estrogenic activity of groundwater

samples. Ancke-Hahn et al. (2009) determined E2E@een 0.63 and 2.48 ng/L in the area
areas of communities in South Africa. Braeken aad der Bruggen (2009) reported of

E2-EQ = 19.85 ng/L in groundwater. Thus, E2-EQshef present study were comparable to
the first study and lower compared to the lattee;omevertheless, indicating an elevated
endocrine activity in the groundwater sample thaswomparable to other sites. Further, a
flood event with a recurrence interval of 10 yearas shown to have the potential for

groundwater contamination until far (some hundresters) in the non-inundated hinterland.

And additionally, according to the objectives oé tWFD groundwater and drinking water

resources should not be endocrine active. Thusrdbent outcomes indicate a potential
conflict with this European directive.

8.5.3 Active fractions and target analysis

Automated fractionation clearly showed that mor&apocompounds were major contributors
to the estrogenic activity of SPM and soil extrrattions. Fraction 15 was shown to cause
the maximum effect with each sample. Schlenk e(24l05) used EDA for investigation of
marine sediments and also found fractions contgimmore polar compounds to cause the
bulk of estrogen activity. SPM 1 sampled before floed peak of the August flood 2007
(recurrence interval of 10 years) showed more ttveofold increased estrogenic effects
compared to SPM 2 sampled shortly after the floeakp Thus, estrogenic active compounds
seem to be more concentrated with increasing digeHaut quickly decreased after maximum
discharge. However, equivalent concentrations of skudy are relatively low compared to
sediment E2-EQs determined in other studies inyatstig endocrine effectiveness of
sediments, SPM and soils usingvitro assays.

The added activities of single fractions in thisdst (0.9 to 2.3 ng/L) were minor compared to
E2-EQ values reported in the literature as showrOhyet al. (2000) and Hashimoto et al.
(2005) with E2-EQ between 3.4 and 70 ng/L.

Total inductions of SPM 1 and the frequently inwedasoil sample showed comparable
E2-EQ values that might indicate equal effectivenpounds. In order to identify endocrine
active effective compounds target analysis wasiegppMeasured compounds and computed
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chem-TEQs only minor explained a small portion @HEQs determined in the fractions.
However, part of the endocrine compounds known slaatwities at concentrations of
nanogram per liter, thus, close to the detectiomtliof many compounds. Highly active
compounds such as estrone could not be quantifigusg target analysis, but compounds like
estrone are very potent inducers and E2-EQs detedmwith concentrations just below
detection limits could explain most of determineti\aties determined. Since measurements
may simply not be sensitive enough to detect theremsed compounds, the possibility of
concentrations below detection limit should at tdmskept in mind (Hollert et al. 2005).

8.6 Conclusions

The YES assay is suitable to identify estrogento/éies in groundwater samples as well as
in fractions of soil and SPM samples. Chemical ys&d of tracer compounds and biological
activity can be used to provide information on thage of interactions between river and
aquifers and on changes over time and space. B@gmifcompound introduction into the
aquifer can be expected at sampling sites thatvang close to inundated areas. Elevated
effects may also be caused with delay at sites sdthe hundred meters distance to the river.
However, elevated tracer compound concentrationsndocrine activities caused by floods
may not be expected in the distant hinterland.

Automated fractionation procedures can be usedéntify compound categories of effective
substances and allows to focus further researctteSnore polar compounds are meanwhile
known to be important inducers in different bioseshey are of high relevance for endocrine
activity. However, further compound classes sucPABIs need to be given more emphasis.
Target chemical analysis may assist in identifyieflective compounds. Nevertheless,
YES-inducing compounds can be numerous and analgsids a broad adjustment to cover
these substances.

Focusing on areas of conflict between retentionnsa manage future flood impacts and
waterworks to manage the provision of drinking watedefinite advice cannot be provided.
However, bank filtrate was shown to influence grwater far into the hinterland not only
during floods, but also in times with average désge. Thus, flooding of retention areas may
intensify the risk of compound introduction inteteaturated zone. Further research is needed
to elucidate on the particular question if compaurde more easily translocated to the
aquifer at inundated sites.
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9.1 Abstract

The essential processes and mechanisms of theptrared contaminants from a river to a
well field via a flood water retention area aregangted. The transport is conceptualized as a
succession of three phases:

(1) Contaminant entry into the retention area
(2) Passage through the soil zone and
(3) Transport with the groundwater flow

Depending on the conditions of a given location andhe properties of the contaminants of
interest, processes within each transport phase meduce the concentration of the
contaminants at the well field. For the Kastenwdtappenwoert study area, the results of the
described processes are shown by chemical and xeoaltmgical analyses as well as by
numerical modeling. Based on the results of thelyara, it is predicted that some
contaminants in the study area will be completedyached along the transport path, while
others will be transported as far as the well fieddthough in significantly reduced
concentrations.

9.2 Introduction

Along many rivers, flood retention areas have tdbgt to protect downstream settlements
against the impacts of extreme flooding. In thdésedplains, riparian aquifers are often used
for drinking water production. Consequently, th@xpmity of retention areas to drinking
water production wells may lead to conflicts ofeir@st. Drinking water providers are
concerned that river water, which often bears ¢&zl/bpads of inorganic and organic particle-
bound and dissolved contaminants, could be direttesugh the retention areas toward
production wells, decreasing the groundwater qualitthe municipal well fields. To predict
the magnitude of the effect, an in-depth understanaf the processes and mechanisms
active along the transport path of the contaminasnt¢sucial.

9.2.1 Contaminant transport

The transport of the contaminants from the riveratavater department’'s well field via a
retention area occurs in three consecutive phases:

(1) entry into the retention area
(2) passage through the soil zone and
(3) transport with the groundwater flow

For these phases, corresponding conceptual “compats” can be identified, all of which

are depicted schematically in fig. 1. Dependingtloa conditions at a given site and on the
properties of the contaminants of interest, eacthefcompartments, the retention area, the
soil zone and the aquifer, may act as a barridyai@g the concentration of the contaminants.
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Fig 1: Contaminant transport from a river to a virelld via a flood water retention area

In the first transportation phase, contaminants @meveyed into the retention area and
retained within. The transport of dissolved substammay be assumed to be identical to that
of conservative tracer compounds for which no rédadn concentration occurs at this stage.
Significant concentration effects, however, are epbsd for contaminants adsorbed to
suspended sediments. The transport of sorbed cordats is strongly dependent on the
highly complex depositional processes of sedimeiitisin the retention area, which lead to
an accumulation at particular locations. During skeond transport phase, the contaminants
pass from the surface of the retention area thréhglsoil zone and into the aquifer. The saill
zone reduces the contaminant mass entering thedwaier primarily through the following
mechanisms: reduction of the percolation rate,rdatéon of the contaminants in the soil
matrix and microbiological degradation.

The third phase consists of the transport of th@asninants with the groundwater flow. The
concentration of contaminants at the productiorisaen be reduced during transport through
the aquifer by the processes of advective transgibution, retardation and degradation.

9.2.2 Kastenwoert-Rappenwoert study area

A site-specific examination of the contaminant sort processes and mechanisms presented
in the previous section was carried out at the éfagsbert-Rappenwoert study area, located
south of Karlsruhe, Germany. The investigation aseaituated on the eastern bank of the
Rhine River close to the point where the GermareF@dstates of Baden-Wuerttemberg and
Rhineland Palatinate border each other and Frahds. located within the Upper Rhine
Graben, a sedimentary rift basin that is boundedthgy raised shoulders of the Vosges
Uplands of France to the west and the Black Faiedhe east. The study area consists
primarily of forest with limited agricultural usend small expanses of open water. The soil at
the site is the product of changing flow and seditaon conditions during the development
of the floodplain. There are significant differeadsetween more elevated areas, where sandy
soil predominates and the lower-lying beds of ledilabandoned river channels with their
finer sediments. Due to the topography of the tesanarea, the soil zone thickness varies
between approximately 1 and 4 m. In general, thg ahd organic carbon content of the soil
decreases with depth along the soil profiles (Bachhd Hofmann, 1996). The aquifer is
composed entirely of fluvial sediments of varyihgckness. In the study area, the uppermost
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aquifer, from which the groundwater withdrawal larmed, extends to a depth of about 30 m
and is composed of highly permeable sediments aitlraverage hydraulic conductivity of
about 1.5 x 18 m/s. The Rhine River has an average annual digetar1,250 s near the
study area (HVZ, 2008) and its watershed encompa#ise entire surrounding region.
However, water levels in the Rhine are largely patedent of local precipitation because the
Rhine derives its water primarily from the Alps. @hwater levels in the Rhine are high, they
have a damming effect on groundwater draining o rilier from the surrounding aquifer.
Under the influence of the local reversal in theugrdwater gradient, the groundwater flows
northward along secondary streams until it evehtuampties into the Rhine further
downstream. Contaminants found in significant cotre¢ions in the Rhine near the study
area include highly adsorptive organic compounkis HCB, PAH and PCB (Maier et al.,
1998, Kosmehl et al. 2004, 2007), as well as highbbile organic compounds like EDTA,
pharmaceutical residues and X-ray contrast agdfitg( et al.,, 2008). The study area,
depicted in Fig. 2, contains the planned “Bellerfkepppenwoert” flood water retention area.
With an areal extent of 5.1 x 1@n? the retention area will provide a flood water age
volume of 14 x 10 m®. The retention area is one component of the Fedeate Baden-
Wuerttemberg ‘'Integrated Rhine Program (IRP)', twhitcludes 13 flood water retention
areas along the Rhine River between Basel, Swéizdyland Mannheim, Germany. The
Bellenkopf/Rappenwoert area has, however, also loesignated as part of the wellhead
protection zone for the Kastenwoert well field (fimaMm extraction of 7.4 million fa)
which the local water department plans to buildaednt to the planned retention area site.
Planning for both projects is nearing completiomtelsive chemical and ecotoxicological
analyses of the suspended load in the river, sdilggoundwater were conducted to determine
the status quo in the study area in each of theepted compartments. Using this baseline,
numerical models were applied to predict the imtiva effect of the projects, neither of
which has yet been realized. Together the resiiltiseoanalyses and the modeling were used
to characterize the three compartments of the pahgpath.

v Kastenwoert
* wellfield

Bellenkopf/Rappenwoert
flood water retention area

‘ 0 05 1 15km /!

Fig 2: The Kastenwoert-Rappenwoert study area
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9.3 Phase 1: Entry of contaminants into the retentrea a

9.3.1 Characterization

The transport of contaminants into the retentiogaaand their retention constitute the first
phase of the contaminant transport. The contansnesdch the retention areas either in
dissolved form or adsorbed to suspended sedim8ntsstances dissolved in the water of the
flood wave are transported like a conservativeetraompound. The suspended sediments,
that often hold adsorbed contaminants, behaverdiftyy depending on their size and weight.
Therefore, to study and evaluate the first phasehef contaminant transport, in-depth
knowledge about the advective and diffusive transpmchanisms as well as the deposition
of suspended sediments within the retention areeusal.

A series of field measurements were conducted theastudy area to get an impression of
deposition patterns on the inundated floodplairedif@ent traps consisting of artificial turf
mats were used to determine the amount of sedintsqssited during two flood events, a
smaller one in September 2006 and a larger onaigust 2007. As an example, Fig. 3 shows
a cross-section of the floodplain with the approaded peak water levels for both flood
events and the average amounts of sediment degpaoaitehree locations of increasing
distance from the river main channel. Firstly, Rgllustrates that higher flood events yield
higher sediment deposits, but no direct proportipnas found. Furthermore, comparing
different values of the same flood event, highemuohation heights increase the amount of
deposited sediments. This effect becomes partigutandent for low relative inundation
heights.
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Fig 3: Deposited sediments of two flood events atoss-section of the floodplain of the Rhine River
near Neuburgweier, Germany. The peak flood hegbepicted for both events.
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The corresponding grain size distribution of th@assts is depicted in fig. 4. The average
grain size decreases with increasing distance franriver main channel. This is due to the
reduced transport capacity of the overbank flowarSer sediment is deposited soon after
reaching the overbank area. Finer sediments are nmaformly distributed throughout the
floodplain. (This is supported by additional dathieth are not presented here.) On the other
hand, the comparison of the two flood events shthas the grain size distribution at one
location does not vary strongly for different floedents. The main difference can be found
with the clayey fraction. For the 2007 flood evehg proportion of deposited clay sediment
is higher than for the 2006 flood event, probablye do the longer duration of floodplain
inundation (about 7 days in 2007 instead of abodays in 2006) rather than to the higher
flood level.
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Fig 4: Grain size distribution of deposited seditseof two flood events at a cross-section of the
floodplain of the Rhine River near Neuburgweierri@any. The peak flood height is depicted for
both events. The bars show the proportions ofélpective grain size classes.

Based on the field study and on an additional ditee review (cf. e.g. Asselman and
Middelkoop, 1995, He and Walling, 1997, Howard, 29Walling and Bradley, 1989), the
following conclusions on the most important infleery factors of the deposition patterns of
suspended sediments on floodplains can be drawn:

* Local suspended sediment concentrations significamfluence the amount of
deposited sediment. High concentrations lead tb Heposition rates

e Grain sizes influence suspended load and settlharities. Coarser sediments deposit
on the floodplain close to the river channel. Fifiexctions are more uniformly
distributed within the suspension across the fléaidp

» The total deposition is directly proportional teetturation of the specific flood event
for near-steady conditions. For unsteady conditibigh local inundation heights at a
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given site generally correspond to long inundatiperiods. Thus, high local
inundation heights usually correlate with increaskeghosition. Trapping effects of
flood water in local depression areas also sulathntincrease the amount of
deposited sediments

* Local flow velocities influence the deposition matby reducing the probability of
sediment deposition for high velocities. Howevérere is evidence that a definite
critical value above which no deposition occurs do®t exist in reality as was
believed in the past (Haralampides et al., 2003shfappan and Engel, 1997,
Krone,1993, Kuijper et al., 1991).

9.3.2 Chemical analysis

To predict the concentration of contaminants tloald be extracted at the planned well field,
it is important to identify the substances that present in the river water. A comprehensive
data set measured by governmental institutionsveatdr suppliers were analyzed to get an
overview of the current water quality situationtive Upper River Rhine. Special attention
was given to measurements taken during high floenes: The most important groups of
chemical substances regularly found dissolved itesamples from the Upper River Rhine
are:

» Total and surrogate parameters with organic ca(B@t), organic sulphur (AOS) or
» organic halogens (AOX)

* Complexing agents (NTA, EDTA, DTPA)

» Pesticides and their metabolites (N,N-dimethylsultée) and

» Xenobiotic organic compounds (chlorinated benzeNEBE)

Most of these substances are polar and often geitgstent, so it can be assumed that they
potentially infiltrate into the groundwater. Organsubstances with a higholg, like
Hexachlorbezene (HCB), polychlorinated biphenylsCBP and polycyclic aromatic
hydrocarbons (PAH), are almost exclusively foundcaided to suspended matter. Therefore,
suspended sediments were also analyzed. Suspeadiateats were collected on deposition
with turf mats as described in sect. 2.1 during ftbed event in August 2007 at various
distances from the Rhine River. After lyophilizatithe amount of different adsorbed organic
compounds were determined.

From the bank of the Rhine River towards the dyie amount of the indicator compound
HCB decreases by more than 90 %. The concentratibather compounds decrease by half
at locations further away from the river. Only AGXd the carbon fraction increase with
distance from the Rhine River.

9.3.3 Ecotoxicological analysis

Suspended sediment are known to provide huge ssrfaed binding sites for organic and
inorganic compounds (Hollert et al., 2007, Kosmehhl., 2007). Furthermore, most rivers
are (highly) loaded with contaminants of variousirses, at least as a legacy of the past
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(Stronkhorst and van Hattum, 2003). While sedimenéy act as contaminant sinks under
normal hydrological conditions, (extreme) flood etge cause sediment erosion and, thus,
sediments and contaminants may be released inwwatex column (Hilscherova et al., 2007,
Hollert et al., 2000, 2003, Wdlz et al., 2008). Seduently, they may pose a threat to
organisms in the aquatic and inundated terrestnaironment, but also to human interests
and health, e.g. regarding drinking water supplyai@v et al., 2006). Thus, the recent
ecotoxicological study focused on the evaluationimpacts by particle-bound organic
compounds. In order to evaluate the risk of pattchnslocation from the river on inundated
sites, e.g. retention areas, a battery of in Jiimests comprising several ecotoxicological
endpoints was applied. For instance, the acute fdgutral Red retention assay (cytotoxicity;
Babich and Borenfreund, 1992, Klee at al., 2004itéfeet al., 2006) and the mechanism
specific 7-ethoxyresorufin-deethylase (EROD) assay (Ah receptor-mediatedvipgti
Behrens et al., 1998, Keiter et al., 2008, Kennetdgl., 1996, Lorenzen and Kennedy, 1993)
were used. Under normal hydrological conditionanscsamples of suspended sediments
indicated temporarily elevated cytotoxic effectdhiley most samples were only minimally
toxic. On the other hand, EROD inductions were igastreased and some samples clearly
indicated significant effects that could not beretated with any other parameter. The
sediments collected with turf mats during the flese&nt in August 2007 were also examined
using effect-directed analysis. Combining fractioora methods (in cooperation with
Dr. Werner Brack, Helmholtz Centre for EnvironméiiRasearch Leipzig), cell-basé@dvitro
biotests and chemical analysis were applied totifyeeffect causing compounds. Fractions
containing PAHs and more polar to polar compoundsewound to be most toxic (Brack et
al, 2005). In conclusion, based on the fact of iplarttranslocation in the retention area,
a contamination of the inundated site by primabbund compounds has to be considered,
unless measures may diminish particle entry oraniae short residence times.

9.3.4 Modelling

In order to determine the deposition patterns witthie planned retention area, input data
about hydrologic, hydraulic and sediment paramei®rmsecessary. Water levels and local
flow velocities were determined by a 2D hydrodynamumerical model for different flood
scenarios. The output data from this model was edes into raster-based datasets. Several
deposition models from the literature with differ@pproaches were tested with the field data
from the investigated flood events and then applethe retention area. The results will not
be presented in this article, but some essentidirfgs should be mentioned:

* Advection appears to be a significant process Her ftoodplain in question, mainly
due to the dominant flow through topographic degioess, side channels or ditches on
the floodplain, which are activated during floocests.

» Pure diffusion models, which do not account for adyection across the floodplain,
significantly underestimated the sediment depostegreater distances from the main
river channel (e.g., Pizzuto, 1987). Side channeldd be incorporated in the model
as additional sediment sources to at least paotlypensate for this effect.
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* Each of the investigated models uses several erapigarameters, which greatly
influence not only the amount of deposited sedisméntt also the deposition pattern.
The determination of those empirical parametershallenging, a factor which must
be taken into account when evaluating the resfiltiseosimulations.

* While hydraulic parameters may be determined wilffigent accuracy, reliable
information on sediment characteristics during dloevents are difficult to obtain.
This should be considered, as model results proveethighly sensitive to variations
of model input parameters (especially water leaeld sediment concentrations).

9.4 Phase 2: Passage through the soil zone

9.4.1 Characterization

As described in the previous section contaminaats ieach the ground surface of the
retention area in dissolved form or sorbed to esgtflood water sediments. Because of the
filtering effect of the soil matrix, particle-bourantaminants are mainly retained at the soll
surface. Therefore, a considerable mass flux aotired contaminants to the aquifer is more
likely. The infiltration of dissolved organic comignants into the soil zone is determined by
the seepage rate. Preferential pathways (macrgpoees allow soil water and solutes to
bypass the soil matrix and travel quickly into deregoil regions (Beven and Germann, 1982;
Wang and Narasimhan,1985).

Within the soil zone compartment, the contaminaassnflux into the aquifer is reduced by
three processes. First, the infiltration of contaamits into the soil zone is decreased.
Contaminated sediments are mainly retained at tie surface, and additionally the

infiltration of dissolved contaminants is decreassdthe low permeable floodplain soil.

Secondly, the transport of infiltrated contaminamtghin the soil zone is retarded by

adsorption to the soil matrix. As a third effectjcrobes act to degrade the infiltrated
contaminant mass. The mechanisms can influenceaheh A low infiltration rate reduces

the contaminant input into the soil zone and slowe/n the transport velocity towards the
aquifer. This, in turn increases the travellingdimf contaminants, thereby supporting the
microbial degradation.

The input of dissolved organic contaminants inte 8voil zone of the retention area is
determined by the infiltration rate of the floodtesa This infiltration generates water flow
through the soil zone which is affected by sevehainges in the hydraulic conditions during
a flood event. For the soil zone, three consecidtages with different hydraulic conditions
can be identified during a flooding period:

e Stage 1 (S1): Infiltration of flood water into uhsated soll
e Stage 2 (S2): Infiltration of flood water underwgated conditions
e Stage 3 (S3): Drainage of soil after the flood d¢ven



9.4 Phase 2: Passage through the soil zone 171

The essential factors controlling the mass inptd the soil zone are the hydraulic properties
of the soil (average hydraulic conductivity) and ttharacteristics of the flood event (flooding
height and duration). The hydraulic gradient betwsearface and groundwater plays a major
role for these processes. It evolves towards loxakres during the flooding period and shows
large spatial variability depending on the elevaiid the groundwater table and the thickness
of the soil zone. Additionally, steep hydraulic djents often occur at the inland bank of a
retention area during a flood. Within a highly cantive soil zone, the resulting seepage rate
will yield a strong mass input into the soil zohere.

The mass output to the aquifer is controlled bytthasport velocity within the soil and the
storage capacity of the soil zone. The transpddcity is controlled by the average seepage
velocity and the retardation by sorption to thel soiatrix. The sorption of organic
contaminants to the soil matrix is related to ttwl ®rganic carbon content and the
octanol:water partitioning coefficient. The storaggacity of the floodplain soil is a function
of those two properties and the soil thickness. Aigaly variable properties of the floodplain
soils and the hydraulic conditions within the reiem area have to be taken into account to
calculate the contaminant mass flux through thezewie to the aquifer.

9.4.2 Chemical analysis

Soil was sampled to a depth of up to 90 cm at weations. The first site, located directly
along a Rhine backwater, is periodically inundafEte second, situated 15 m inland is only
inundated during extreme flood events. The conatintrs of HCB, PCB and PAH at the site
near the river were five times higher than the gsaltrom the second site and unlike at other
sites increase with depth. The backwater sitendiied oxbow, was filled with contaminated
sediment over time. Decreases in sediment contarnioads in recent decades led to the
observed concentration depth profile. The obseinetcase is therefore clearly not to be
explained by transport processes in the soil zomeonclusion, the repeated deposition of
contaminated river sediments at frequently inurdigiges is confirmed by the results of the
chemical analyses.

The remobilisation of sediment-sorbed pollutants waamined in batch experiments with a
soil-to-water-ratio of one to ten. Only a few cheats (HCB, 1,2,3-trichlorbezene) showed
even small reductions.

In another series of experiments, soil from thedgtarea was used to fill small columns
through which water containing a known concentratiof an organic pollutant was
percolated. The outflow concentration was deterchirsg short time intervals. Most
contaminants broke through very rapidly, within doetwo days, appearing at the column
outlet at the same concentration as at the ingut. 8xperiments thus demonstrated that not
all pollutants could be retained by the soil orrdelgd by microorganisms.

9.4.3 Ecotoxicological analysis

In sect. 2.3 it was shown that contaminants, omterig the retention area and passing the
first compartment, increase the contamination ogkhe following compartments soil and
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groundwater. Thus, the toxic effects and displacegnod particle-bound compounds were
assessed comparing soil samples of periodicallgydated sites, including those described in
sect. 3.2, and non-inundated sites at the plaretedtion area Bellenkopf/Rappenwoert.

The assessment of soil profiles with a depth ot®0 separated in sub-samples, allowed the
determination of total effects and the effect ceurs each profile by applying the in vitro
biotests mentioned above. While cytotoxic effecsravminor at nearly all sites, EROD
activities were elevated at some sites and sigmflg increased in surface depressions,
containing accumulated deposited sediments. Intiaddithe Ames Fluctuation assay (Perez
et al., 2003) was applied and indicated considerahltagenic effects, according to the highly
effective samples identified in the EROD assaye#&cth site with exception of the backwater
site described in sect. 3.2, it could be shown tiat effects decreased from the surface to
the lowest soil layer assessed. Commonly, thes#infys are due to the high contents of
humic compounds in the upper soil layer, providmgye binding surfaces. In particular at
river banks, lower soil layers consist of largeiiged compounds as gravel and, thus, provide
significantly less binding sites (Fernandez-Galza?@07), resulting in a decrease in toxic
effects.

Concluding, at least in depressions at periodicatiyndated sites, toxic effects were
comparable to effects detected in the first cormpant. Thus, SPMs displaced in (extreme)
flood events and deposited on floodplains accuraudaid act as contaminant sinks that may
subsequently turn into sources, potentially relgagiazardous compounds into the soil. In
absence of mechanisms to reduce contaminant digmosit floodplains/retention areas these
aspects should be considered.

9.4.4 Modeling

To calculate the transport of dissolved organictaarinants through the soil zone of the
retention area to the aquifer, a one-dimensionakasninant transport model (FW was
developed (Bethge and Mohrlok, 2008). The transpostesses during a flood event were
described using a time efficient analytical modglapproach. The relatively short computing
time allowed the mass flux to the aquifer to begkted for a large number of locations, thus
accounting for the spatial variability of the flqudin soils.

In the model FW, the soil zone was represented with a two-laye@d profile, where a
loamy topsoil overlies a sandy subsoil. The presemicmacropores is considered for the
topsoil only. To calculate the transport of thdlirdted contaminants through the soil zone,
advective transport of the contaminants with th# water movement is considered. The
bypass flow through macropores in the topsoil va&en into account by a simple macropore
bundle approach (Chen and Wagenet, 1992). Thadnetpeffect of the contaminant sorption
to the soil matrix was simulated using a retardatfactor, whereas contaminant mass
degradation was implemented with a first order kaeodel.

The mass balance model RWwas applied to the planned flood water retentioeaa
“Bellenkopf/Rappenwoert”. Field infiltration experents have been conducted to estimate
the macropore porosity of the topsoil. Soil samplese taken from the field to determine the
saturated conductivity and water retention parameet@dditionally, the organic carbon
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content was determined at different depths. Themsap and land use categories (forestry,
agricultural, open water bodies) were used to regire these data over the floodplain and to
outline simulation units that were used to caleithie one dimensional contaminant transport
within the soil zone.

To calculate the mass flux through the soil zofle@ling scenario with a 20 year recurrence
interval was chosen. For the properties of the aroirtant in the flood water an average
sorptivity (log Kow = 0.3 nf/kg) and degradation raté. € 1.1 x 10' L/s) were chosen
(similar to the pharmaceutical carbamazepine). ddrecentration in the flood water was set
to 1.0 x 10 kg/nr.

In fig. 5 the areal distribution of the contaminanass flux to the aquifer is shown for the
retention area Bellenkopf/Rappenwoert. Near thanithlembankment drainage measures to
control the inland groundwater level establish lgdahydraulic gradient between surface
water and groundwater head. As a result almost @9 #e mass output from the soil zone
into the groundwater occurs within 200 m of themd dykes. The highest contaminant mass
fluxes are found where high seepage rates coingittesmall contaminant storage capacity
of the soil zone (small thickness of the soil zdow, organic carbon content).

In fig. 6 the calculated overall mass balance ffigr $oil zone of the study area is shown for
the different flow stages of the seepage rate (Set}. Mass input (M) is observed during
the flow stages S1 and S2, mass flux into the giovater (M, takes place during flow
stages S2 and S3. The highest mass input and argputbserved in flow stages S2. For the
given contaminant properties the mass storageeirsdil (M.i) and mass degradation M)

are small compared to the mass inflow and outflow.
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Fig 5: Areal distribution of the calculated Fig 6Calculated average contaminant mass
contaminant flux to the aquifer mass fluxesmyithe infiltration
phases.
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9.5 Phase 3: Groundwater flow

9.5.1 Characterization

The third phase of the contaminant transport towie# field of a water department is the
transport with the groundwater flow. A reduction aafncentrations in the production wells
occurs as the result of mechanisms of advectivaspart, dilution, retardation and
degradation.

The contaminants are transported primarily advebtiwith the groundwater flow. Therefore,
even if they enter the groundwater, they can omdgich the production wells if the
groundwater gradient in the extremely transienvffeeld is oriented towards the production
wells for a sufficiently long time. If instead tlggoundwater gradient is directed primarily
towards the river, the appearance of a significamcentration of contaminants in the
production wells can be excluded. Therefore, wétat infiltrated into the aquifer during
flooding of the retention area, can, in most casa8; reach the well field if the well field’s
zone of contribution overlaps the retention aredeuraverage hydrologic conditions. If there
is no overlap, the groundwater quality at the viield will be unaffected by the retention area
in most cases.

Fig. 7 depicts an idealized well field with a cate@mt area which overlaps with the flood
water retention area and even extends to the avaverage hydraulic conditions. In such a
case, even under average hydraulic conditionsgrbendwater extracted at some production
wells will contain a significant percentage of ltréited river water. When the retention area is
flooded with river water, the gradient between tkeention area and the well field will
increase and thereby directly increase the pergerdfriver water at the municipal wells.

flood water
retention area

border of
catchment area

. /well field

Percentage of
river water

Bl 3%

25 %

50 %

E 75 %

100 %

Fig. 7: River water in the aquifer before floodioigthe retention area. of the retention area.

Furthermore, during flooding, river water will ififate in the aquifer mainly at the edge of
the retention area, as discussed in sect. 3.4 apittdd in fig. 8. After flooding, this
infiltrated water will be transported by the norngabundwater flow to the production wells
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and will eventually reach them, as much as yedes #ie flooding event, depending on the
velocity of the groundwater flow.

I

flood water
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river water
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Fig. 8: River water in the aquifer after flooding

The concentration of substances from the river tbath the pumping wells will be reduced
by dilution. First, it must be noted that the volurof the river water entering the aquifer
during flooding of the retention area will geneyabe much smaller than the volume of
groundwater already in the aquifer. On its way tasahe extraction well, the water and the
substances it carries with it will be mixed withetigroundwater by dispersive processes,
reducing the concentrations of contaminants sigafily. An additional dilution process
takes place in the withdrawal wells and in the watatment plant. The pumping wells of the
water works draw groundwater from both the retentioea side and the inland side. Under
average hydraulic conditions, when the retentiores as not flooded, considerably more
water from inland reaches the pumping wells becafs¢he low groundwater gradient
between the well field and the stagnation pointiciwHies in direction of the retention area.
Furthermore, several of the withdrawal wells ofetiract no infiltrated river water (Fig. 7
and fig. 8). Both mechanisms strongly reduce thecentrations of infiltrated substances from
the retention area at the water works.

Retardation and degradation can further reduceactnint concentrations at the well field,
but both mechanisms are highly dependent on thpepties of the substance of interest.
Certain substances, such as many X-ray contrastsggeill neither be retarded nor degraded
in an aquifer.

9.5.2 Chemical analysis

The analysis of ground water samples collectecdbvotig the flood event in August 2007
revealed changes in concentrations of chemical comgs directly associated with river
water. In particular, increases in the concentratiof complexing agents and fuel additives as
well as dissolved oxygen, pharmaceutical productsapesticide metabolite were observed.
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The analyses confirmed that inputs of river watethie aquifer occurred not only through
infiltration at the river bank, but also at a baeiter site. The tests established that dissolved
organic contaminants were able to pass througsdheone and enter the aquifer. The ability
of microbial organisms to degrade organic compoustdsngly influences the amount of
pollutants that reach the drinking water wells. &ese the planned well field will
substantially alter the groundwater flow regimewds impossible to examine changes in
contaminant concentrations in field studies. Theneeflaboratory experiments were carried
out.

In a series of tests, defined amounts of typicdlupmts were added to Rhine water which
was then circulated in a closed experimental plainé tests showed that the concentrations of
some pharmaceuticals and organic pollutants wehecesl by less than 50 % even after thirty
days and were therefore defined as substancesioéofor drinking water suppliers. It must
be concluded, that transport through the aquifenct protect the well field against some
persistent organic pollutants.

9.5.3 Ecotoxicological analysis

While sec. 2.3 and 3.3 introduced the backgrourtlarncomes regarding contaminant entry
with deposition/displacement through the soil, fleeus here is to determine whether
contaminants may pass through the soil layer atet éme drinking water aquifer.

Neither Ah receptor agonist (EROD assay) nor mutigactivity (Ames Fluctuation assay)
indicated significantly increased activities, nautd cytotoxicity be determined. However,
endocrine activity mediated through the human gstmoreceptor (ER) in the YES assay
(Routledge and Sumpter, 1996) could be measureaisy elevated endocrine effectiveness
for some of the samples and considerable fluctnatad different sampling times.
Nevertheless, the data reflected a time-effectetation, at least, with groundwater sampled
at short intervals following the more intense Rhirfod (recurrence interval
approximatelyl0 years) in August 2007. So far, éhare no data available which would
indicate a flood dependent increase; and maybeatdynporal coherence is given.

As endocrine active compounds seemed to be the nelestint groundwater contaminants at
the site, effect-directed analysis (Lubcke-von Vat al., 2008) was applied to identify
relevant inducers. Furthermore, fractionation wasfqggmed with flood SPMs and highly
effective soil. Endocrine activity was measuredeach sample, at least constituting to a
considerable extent to effects in groundwater. Addal chemical analysis to identify
effective compounds is underway.

In conclusion, previously effective compound categgand ecotoxicological endpoints were
no longer relevant in the groundwater, while enthecactivity was detectable. Furthermore,
activities were measured in sample fractions ofdtieer compartments. Thus, although the
origin of the measured ER agonist activities remaio far unclear, considering the complete
ecotoxicological assessment an impact of partiokeld compounds to drinking water supply
cannot be excluded. Further research has to fattiseoidentification of effective compounds
and will be completed following this project.
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9.5.4 Modeling

For the Kastenwoert study area a numerical grouteiwidow and transport model was
constructed to predict the influence of the planretdntion area on the percentage of Rhine
water in the groundwater extracted at the wellfidlhe 3-dimensional finite element model
was constructed using the groundwater modelingrammd=EFLOW from DHI-WASY. The
model area covers an 11 km stretch of the eastppetURhine valley (a total of approx.
120 knf). The large model area was necessary in ordectade the whole catchment area of
the water work. The spatial discretization of thedel, in particular near the Rhine, had to be
very fine in order to ensure stable mass transgdculations. In total, the groundwater model
contained 529,060 elements (75,580 per layer) @984 nodes (38,113 per slice). A
simulation time of 46 years was chosen (from Jan@860 to December 2005), the longest
time period for which data were available. This mat possible to examine long-term
developments. The lengths of the time steps, whasted between a few minutes to 7 days,
were automatically selected by the program systgmthe predictor-corrector scheme
(AB/TR).

In order to prepare the model for transport simaigtthe Dirichlet boundary condition
simulating the Rhine River was assigned a masserwration of 100 mg/L. The water
infiltrated through the retention area was givem shme value. Thereby the percentage of the
Rhine water in the aquifer during the transportudation could very simply be observed and
illustrated. As some of the substances in the nvater, for example X-ray contrast agents,
are neither degraded nor retarded in the groundlate, these processes were not included
in the transport simulation. On a standard PCc#ieulation of a complete transport scenario
took about 3 weeks.

Fig. 9 illustrates the ratio of Rhine water to grdwater in the planned well field as
calculated with the numerical groundwater modekdbed here. The red line illustrates the
percentage of Rhine water in a scenario in whiehntunicipal wells start pumping in 1960
and pump consistently and steadily for the next y#ars at a combined rate of
7.4 million nf/a. The retention area is not active in this sdendhe percentage of Rhine
water in the extracted groundwater lies betweemd E) % in this scenario. The green line
shows the fraction of Rhine water in the planneteweorks in a scenario in which both the
wells and the retention area are brought onlinE9®i0. Consistent with historical Rhine water
levels measured during that period, about 50 flewents, some of them quite small, were
simulated across the retention area. The repelatedifig of the retention area over the course
of the simulation period raises the percentageloh®water in the extracted groundwater by
about 5 to 10 %. Following the most significantoitbevent of the observation period, which
occurred in 1999, the percentage of Rhine wates g/ as much as 15 % to compose about
one quarter of the extracted groundwater.

The simulation results were entirely consistenthwitie mechanisms described in sect. 4.1.
During the flood events, peaks in Rhine water irgretobserved and repeated flooding of the
retention area leads to an overall increase ofpreentage of Rhine water in the pumping
wells of the water works in the long term. Due tloitibn effects, the probability is very high
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that the percentage of Rhine water extracted aivtdter work will remain far less than 50 %,
despite the proximity of the retention area.

9.6 Discussion and conclusion

The transport of contaminants from a river to alweld via a flood water retention area is
affected by the processes and mechanisms occurritige three compartments: Retention
area, soil zone and aquifer.

The first compartment is chiefly characterized bhg tsedimentation of suspended matter
within the flood water retention area. Generalhg toncentrations of dissolved contaminants
are unaltered by the processes in the first commaant. Contaminants sorbed to suspended
matter, on the other hand, are significantly a#dctas they will be deposited with the
suspended matter.

The chemical and ecotoxicological analysis of sodpd matter in the Rhine River show
significant presence of contaminants. The sameaoontints and ecotoxicological effects
could be detected in the upper part of the sokdayf several periodically inundated sites,
with intensities varying from site to site. Therelblye result of the variations in the highly
complex depositional processes of the sediment inwitihe retention area could be
demonstrated. Numerical models can be applied ssftdy to improve the prediction of
deposition patterns, which in turn define locatiomgthin the retention area where
contaminants will accumulate.

The second compartment is the soil zone. Its effecthe contaminant mass flux to the
aquifer is mainly determined by the propertiesha soil and the contaminant as well as the
flood event characteristics. The variability oflgmioperties and hydraulic conditions within
the retention area leads to distinct differencesthed soil zone’s ability to prevent a
contaminant input into the aquifer. Applying thentaiminant transport model FWon the
Kastenwoert-Rappenwoert study area, the highestagconant mass fluxes of dissolved
organic contaminants into the aquifer are calcdlée low lying soils in the near dyke area
with a low organic carbon fraction.

Presently, only a small section of the floodplatsectly adjacent to the Rhine River is
inundated during floods. The chemical and ecotdamioal analysis of the areas subject to
inundation have revealed high concentrations ofpts@ contaminants and significant
ecotoxicological effects in the upper part of tbé kyer, while the lower part of the soil zone
and the groundwater were free of sorptive contantghand any significant ecotoxicological
effects. It may, therefore, be concluded that ttezage capacity of the floodplain soil is
sufficient for the current mass input to completeBtain sorptive contaminants. The
contaminants still found in the groundwater arevindo be highly persistent and mobile and
thereby had evidently been able to pass througrsdiiezone or river bank without being
significantly affected. However, these substancesewound to show no ecotoxicological
effects.

In the third compartment, the contaminants aresprarted with the groundwater to the well
field. In most cases contaminants from the rivar oaly reach the production wells if the
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catchment area of the well field at average hydtardnditions overlaps with the flood water
retention area. In this case, the concentrationeo€ontaminants are significantly reduced on
their way in the aquifer by dilution, and sometinaelglitionally by microbiologic degradation
and retardation.

Regarding the low flow velocities of the groundwatethe study area, it has to be concluded
that the organic contaminants recently found ingteindwater have partially been present in
the aquifer for several years. Therefore it musagsumed that, given the groundwater flow
calculated by the numerical aquifer simulation stheubstances would be able to reach the
planned well field even after very long transit éisn

Using numerical modeling of the study area, it weedicted that some contaminants found in
the Rhine River, including HCB, PAHs or PCBs, white mostly adsorbed to suspended
matter, will probably be completely retained withime transport path, while others, like
EDTA or X-ray contrast agents, which are highly mekand persistent, will most likely
travel to the well field, although in significanttgduced concentrations.
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In the light of the preceding chapters, the erditely has been successful in investigating the
repercussions of flooding events on the degree axafd potential of water-borne and
sediment-borne contaminants in river systems. Thdysbroadly employed effect-directed
analysis (EDA) to determine which contaminants l@avand to SPM and are responsible for
the toxicological effects. This methodology usesombined approach ah vitro biotests,
chemical analysis and fractionation methods. Usete$ts demonstrated that cytotoxicity,
dioxin-like/Ah receptor (AhR)-mediated and endoeriactivities, as well as mutagenic
potentials, were increased with many samples asdes$aurthermore, the combination of
fractionation methods to separate persistent, pessistent and more polar compounds,
respectively, with chemical analysis and biotestimgre shown to be adequate tools to
identify effective compound classes in distinctfrans.

The first part of the study investigated on contaamis bound to suspended particulate matter
(SPM) sampled in flood events. Results revealed ldss persistent polycyclic aromatic
hydrocarbons (PAHs) and more polar compounds aee ntlain inducers of biological
responses. These results allow to direct futurestigations to more relevant and higher
effective compounds.

The appraisal of environmental contamination isnmaly limited to a priori selected
compounds. This is considered a comprehensibléegirasince chemical analysis cannot
account for any possible contaminant. However, sotleme of preselecting toxicants poses
the risk of oversighting hazard potentials that barcaused by non-prioritized compounds, as
shown with most samples and fractions in this stlidsaluation is considered a failure when
the analyzed contaminants only reflect a few pdroérihe total biological activities while
disregarding the majority of effective compounds. drder to avoid false evaluation,
investigations should be designed on a broadeppetise. When chemical analysis cannot
explain biological effects, extended fractionatimethods can assist to identify responsible
compounds or at least compound classes. Accordifgbtogical analysis has to include
different significant endpoints to reflect givengacts of contaminant loads.

However, flood SPM indicated elevated chemical $oathd biological hazard potentials.
Thus, the question arises whether river contam@antpact, e.g. inundated sites. In
particular, areas that are especially chosen astreh basins and which are built temporarily
to protect downstream sites from extreme floods witcurrence intervals of more than or
equal 100 years should be given crucial attenMghen these retention basins are operated
and flood water is kept over periods of days toksegarticles and bound contaminants can
deposite on large scale on the basin ground. Funthre, flood water can infiltrate the
unsaturated zone and infiltrate the aquifer thegrofs used as drinking water resource. Thus,
conflict of interests is expected. This aspect imasstigated in the second part of the present
study at a model site where conflict ensues.

Investigations showed that flood SPM is highly leadwith contaminants and causes
maximum effects at the peak of discharge. Furtesearch was carried out on soil sampled at
inundated and non-inundated sites and was showevial contamination of sites due to
particle deposition. Results indicated that so# @ be sampled at several sites; different
geomorphological structures such as ground swaes ko be included in the assessment
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since they accumulate river pollutants. Likewisa bas to be sampled both at the surface
and deeper layers since proximity of contaminamtaduifer provides important information
on potential pollution hazards to drinking watesaerces.

Accomplishment of EDA, again, provided useful imf@tion on the classes of effective
compounds and the relative contributions to thal teiblogical effects. In particular PAHs of
higher molecular weight can be expected to be \edffgctive. Furthermore, more polar
compounds can be expected to be highly effectilen@ical analysis of priority compounds,
again, was less appropriate to explain biologi¢tces. Both results underline the need to
broadly analyze complex environmental samples, angbarticular, to include further and
recently determined substances of concern, e.grdwfcles. Thus, hazard identification and
assessment of contaminants (e.g. in drinking watsurces) should also be directed towards
these compounds.

Another aspect of the study was to assess if deataminants infiltrate the aquifer during a
flood event. Typical tracer compounds such as tharrpaceutical carbamazepine can be
analyzed in order to determine how deep river wateroaches in the aquifer. In parallel,
biological effects have to be measured since tramercentration and effects are not
necessarily connected to each other, in particdi@ce infiltration depth differs between
(effective) compounds. Thus, test design, appliedebts and chemical analysis have to be
selected carefully and should be angled broadecampetently identify the effective
toxicants.

Evaluation of SPM during flood events and the cqoset particle deposition at inundated
sites revealed an elevated contamination load amheomitant increase of biological effects.
Since even aquifer is infiltrated far distant irethinterland, impacts to drinking water
resources appear to be possible. In this studgsiiyations were accomplished with samples
of a flood with a recurrence interval of up to l&ays. Underlying conflict of interests will be
intensified when retention basins are operated flathds and with a recurrence interval of
greater than or equal to 100 years. Thus, inundates, retention basins, and aquifers will be
impacted by even higher contaminant loads. Reaeahtfature flood management strategies
have to cope with factors other than just the ptalsmpact of extreme floods.
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