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Framework
Growing
population
worldwide,
economic
development and increasing degradation of
freshwater resources make the actual management
of urban waters unsustainable for the world of
tomorrow. Competition between water users,
inadequate
technologies
or
inappropriate
managerial approaches makes better and adequate
capacity building necessary. Furthermore, due to
academic financial restrictions, PhD students are
often limited in their ability to present and discuss their ongoing research projects at an
international level.
The LEESU research group and the H2o Association organise in the framework of the
"University for water and sustainable development" of the Val-de-Marne County (South-East of
Paris) an annual doctoral workshop dedicated to young environmental scientists and their
capacity building.
Since the creation of the workshop in 2001, the thematic outline is "Urban waters, resource
or risk", emphasizing the necessity of the integration of human activity in the natural
environment to enable sustainable development of urban space. The workshop is
multidisciplinary joining natural (urban hydrology, chemistry, ecology, health sciences...)
and social sciences (architecture, management, decision making...), to improve transdisciplinary discussions and social commitment of the scientific research in the field of
integrated water management.
This workshop is characterized by a non formal work environment stimulating scientific
creativity, exchange and discussion between participants, which number is limited to 25. For
each participant, both papers and oral presentations especially focus on:
o

The scientific context,

o

The research questions together with their environmental justification,

o

The field and/or laboratory and/or model methodologies that are currently or will be
used, together with their justification for addressing the questions presented before,

o

The planned research activity,

o

The significance and limitations of these methodologies for developing countries.

Indeed this workshop is not mostly dedicated to present original results (the purpose of all
conventional scientific conferences), but to present, discuss and justify methodologies
selected by each PhD student. Furthermore, taking into account the large field of "urban
water", papers and presentations are illustrated for being well understood. Finally, taking
into account the large participation of students issued from developing countries, each
paper and oral presentation should also include some discussion of the benefits and
limitations of such methodologies within developing countries, where most up-to-date
technology is often not available and financial resources always limited.
The five days of the workshop are dedicated:
o

To the presentation, discussion and assessment of the individual research projects of
each participant,

o

To the building-up of international environmental research projects,
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o

To a half-day technical visit of urban water management equipments in the Val de
Marne County,

o

To an evening public presentation and discussion of an international survey, conducted
by all workshop participants, on drinking water resource, production and distribution
conditions in selected towns.

In conclusion the capacity building objectives of the WWW-YES workshop are focussed on 8
major tasks of an environmental scientist who wishes to reach an international expertise
level:
1. Ability to present, discuss and build collaborations using English as a communication
language,
2. Prepare a well formatted and structured scientific paper according to International
Water Association guidelines,
3. Prepare a review report on a paper submitted for publication in an international
journal and make general comments as well as specific questions to the author(s),
4. Chair a scientific presentation and discussion on a topic not closely related to your
own one, i.e. moderate the discussion, find justified questions if necessary, control
the discussion time,
5. Build an international work group including both nature and human scientists,
working efficiently on a common goal,
6. Build a collaborative research project according to an international call and to
limited time and strict format constrains and justify it for an international expert
panel,
7. Conduct a scientific survey on a given city and collect both technical, economical
and social data, the 3 major pillars of a sustainable development approach,
8. Present and discuss environmental or sustainable development issues to/with an non
specialised public made of elected representatives and local citizens.

Program
Oral presentation (3 – 6 June)
Each participant has prepared and sent prior to 4 April 2013 a 6-10 page manuscript
following the suggested format.
Each participant has prepared a 10 min scientific presentation, in English, on his / her
research project and is ready for 30 min detailed scientific discussion during the workshop,
also exclusively in English, chaired by the workshop participant in charge of reviewing his /
her manuscript.
The oral presentation (ca. 10 slides) should especially focus on:
o

The scientific context of the research subject,

o

The research questions that are expected to be answered during the PhD preparation,
together with their environmental justification,

o

The field and/or laboratory and/or model methodologies that are currently or will be
used, together with their justification for addressing the questions presented before,

o

One or two major results obtained so far,

o

The planned research activity till the end of the PhD (or after its termination, in the
case of a PhD which is already finished),

o

The significance and limitations of these methodologies for developing countries.
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Workshop participants are reminded of the large diversity of background knowledge within
their colleagues, i.e. from natural to human sciences: thus these oral presentations should be
extremely clear and well illustrated, allowing non-specialists of the research field to
understand the raised environmental questions and the applied methods.
Each participant has received a manuscript to review, using a referee report form issued
from International Water Association: this review was expected to be filled and sent back
prior to 5 May 2013 to Daniel Thevenot, who has then send these reports to the author of
the refereed manuscript. Thus WWW-YES-2013 participants should be ready, after their oral
presentation, to answer to comments and questions raised by his / her referee.
A printed version of the proceedings draft version will be given to each participant upon
arrival. In the meanwhile a light version of this document will be available on the web: due to
file size limitations on this server, all photographs and numerous illustrations may have to be
deleted. Since 2008, all participants are offered to publish their paper in an Open Source
specific collection (http://hal.archives-ouvertes.fr/WWW-YES/fr/ ).

Field visit (4 June afternoon)
A half-day technical visit on urban water issues will be organised at several sites of Bièvre
valley, close to Arcueil. The SIAVB will explain the Bièvre River management upstream the
highly urbanised part of the river where it becomes a domestic underground sewer. A visit of
one of the hydraulic regulation lakes will follow. Finally, participants will discover parts of
the Bièvre River where it has been re-opened, in the middle of a newly designed park (Parc
des Prés) or where it shall be reopenned (Cachan). This visit will be accompanied by senior
scientist to ensure the transfer of knowledge and the discussion with the representatives of
the local water authority.

Public discussion on drinking water management (4 June evening)
In the evening of Tuesday 4 June, all WWW-YES participants will take part to a public
discussion session with institutions, associations and citizens of the Bièvre valley on the topic
of "Drinking water management: results of an international survey conducted by young
environmental scientists". This public discussion will take place at Jean Vilar picture theatre
(few hundred meters from CAVB buildings at Arcueil) after a short fiction film "Su" produced
in 2009 by Clément JULLIARD. Translation to/from English will be offered to the workshop
participants, so that they understand the questions raised by the French public and are able
to reply in English and be understood by the public.
Thus each selected participant has received an html link to an on-line survey questionnaire
which should have been filled prior to 4 April on a city of his/her choice (except for cities
which have been surveyed by participants of past WWW-YES editions). For the same deadline,
each participant have sent to Daniel Thévenot 3 JPG pictures files illustrating the drinking
water equipment and/or problems on the selected city as well as a country map indicating
the city location.
Four voluntary workshop participants have prepared an English summary presentation of the
surveyed towns since the WWW-YES-2009 editions and present it orally to the public attending
this meeting. During the discussion, workshop participants may be questionned on the city
which they will have selected for this survey. In order to prepare this public presentation and
discussion, a rehearsal will be performed, in the presence of only WWW-YES-participants, on
Monday 3 June afternoon.

Collaborative research project building-up (3 – 6 June - half-day sessions)
At the start of the workshop, participants will be invited to build multidisciplinary groups of
4-5 persons. Each group will prepare a proposal for international scientific research, under
the guidance of senior experts. The topics of these proposals are defined with the help of
3 / 211

WWW-YES-2013 proceedings (draft version)
actors of decentralized cooperation in the field of water supply and sanitation, or with
academic searchers.
For better understanding of such role game, this collective proposal preparation will be
introduced by a short course on scientific proposal writing and accompanied by senior
scientists who have all experienced European research projects.
Each collaborative research proposal will result both into a one-page ‘expression of interest’
(EoI) distributed to participants and into an oral presentation and discussion with a panel of
senior scientists and practitioners on the morning of Friday 7 June. The aims of this exercise
are to learn how to justify all aspects of an international research project and to help
participants to possibly obtain a support for future environmental research projects during or
after their PhD preparation.

Organising committee
•

Daniel THEVENOT – University Paris-Est, Université Paris-Est Créteil – LEESU, France

•

Martin SEIDL - UFMG EHR Brazil / Université Paris-Est, Ecole des Ponts ParisTech LEESU, France

Scientific committee
•

Daniel THEVENOT - Université Paris-Est, Université Paris-Est Créteil – LEESU, France

•

Martin SEIDL - UFMG EHR Brazil / Université Paris-Est, Ecole des Ponts-ParisTech
LEESU, France

•

Sani LAOUALI - University Abbou Moumouni, Niamey, Niger

•

Tahar IDDER - University Kasdi Merbah, Ouargla, Algeria

•

Gilles VARRAULT - Université Paris-Est Créteil – LEESU, France

•

Bruno TASSIN - Université Paris-Est Ecole des Ponts-ParisTech – LEESU, France

•

Bruno LEMAIRE – AgroParisTech – LEESU, France

•

Jean Claude DEUTSCH – Université Paris-Est Ecole des Ponts-ParisTech – LEESU, France

•

Nilo NASCIMENTO - UFMG EHR, Brazil

Workshop sites
Accomodation
Thanks to Arcueil municipality, all WWW-YES participants (including those living in Paris
conurbation) will be accommodated within the “Maison des Sportifs” ground level which
access is situated at 12 rue Victor Bash, 94 114 Arcueil (see map below). This site is
conveniently situated ca. 250 m from RER B (fast metro line directly connected to CDG
airport) Laplace station. Room keys will be provided by WWW-YES organisers during Sunday 2
June at this site or on Monday 3 June at the workshop site.
This accommodation site is conveniently situated ca. 250 m from Arcueil city hall (Monday 3
June work place) and ca. 400 m from Communauté Urbaine du Val de Bièvre (CAVB)
(Tuesday 4 till Friday 7 June workplace).
This accommodation site contains:
o

9 double rooms and 1 single room, all containing a washing basin,

o

Sheets, blankets, pillow… are placed in plastic gaskets below each bed, but neither
towels nor soap are provided,
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o

A sanitary block containing several showers, toilets and basins (including equipment
and products for cleaning after use),

o

A small eating area including a fridge, a microwave, a coffee maker, tables, chairs and
utensils: thus, just as for the sanitary block, participants need to get organised and
successively share these facilities; WWW-YES organisers will provide basic drinks and
food for breakfast prior to 3 June morning,

o

Each room key allows the opening of both the outside door and the room door, but
only room number 1 key (the only single room) contains a key for opening the garden
grid: thus it is suggested not to close this grid during the workshop.

Participants will be accommodated at this site from Sunday 2 till Sunday 9 June. Keys to the
rooms will be given to WWW-YES participants (one key per double room) by Martin Seidl on
Sunday 2 June (from 2 pm to 7 pm).
An information meeting will be held at accommodation site on Sunday 2 June at 7 pm (19:00)
by Martin Seidl.

Workshop sites
Thanks for the Arcueil municipality, a large and well equipped function hall named “Salle du
Conseil” will be available for the first day of the workshop (Monday 3 June). It is conveniently
situated at ca. 400 m from the accommodation site at 10 avenue Paul Doumer, 94 114
Arcueil (see map below).
This hall contains:
o

A workshop zone with table, chairs, video projector, laptop PC and paper boards,

o

A lunch area where a buffet lunch will be delivered.

Thanks to the “Communauté Urbaine du Val de Bièvre” (CAVB), a large and well equipped
function hall named “Salle du Conseil” will be available during the rest of the workshop
Tuesday 4 till Friday 7 June). It is conveniently situated at ca. 400 m from the
accommodation site at 7-9 avenue François Vincent Raspail, 94 114 Arcueil (see map
below).
This hall contains:
o

A workshop zone with table, chairs, video projector, laptop PC and paper boards,

o

A coffee break area with coffee machine, boiler and soft drinks,

o

A lunch area where a buffet lunch will be delivered each day,

o

Computer Internet access facilities (using RJ45 cables), either in the main hall or in an
adjacent small room, 3 PCs and a black and white printer.

Public meeting site
Thanks for the festival de l’Oh! and the Val-de-Marne county, the Jean Vilar picture theatre
will be opened to the public and to the WWW-YES participants for the evening of Tuesday 4
June. This hall is conveniently situated at ca. 800 m from the workshop site at 1 Rue Paul
Signac, 94110 Arcueil (see map below). After a short ducumentary film "Su" produced in
2009 by Clément JULLIARD, WWW-YES participants will present and discuss with an nonspecialised public the results of the drinking water surveys conducted from 2009 to 2013 (6
workshop editions).
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Urban transportation in Paris by RATP
From the Airport (< 10€)
RER : line B from the CDG Airport to Laplace station, then walk (10 min) till 12 rue Victor
Bash, 94 114 Arcueil (see map below)

WWW-YES-2013: Arcueil map

http://leesu.univ-paris-est.fr/yes/
RER B (fast metro
with direct connexion
from CDG airport): Laplace
station

Work site (2 June):
Arcueil city hall
10 Avenue Paul Doumer, 94110 Arcueil
(ca. 400 m from accommodation site)

Accommodation site
12 rue Victor Bash (ca. 250 m from
RER Laplace station)

Work site (3-7 June): CAVB
7-9 ave François Vincent Raspail
(ca. 400 m from accommodation site)

Jean Vilar hall (4 June)
1 Rue Paul Signac, 94110 Arcueil
(ca. 800 m from accommodation site)

Figure 1: Map of WWW-YES accomodation and work sites
Université Paris-Est LEESU © 2012
Laboratoire Eau, Environnement et Systèmes Urbains /
Water, Environment and Urban systems Laboratory (UMR - MA 102)
http://leesu.univ-paris-est.fr/
Université Paris-Est
Ecole des Ponts-ParisTech
6-8 Avenue Blaise Pascal
Cité Descartes, Champs sur Marne
77455 Marne la Vallée Cedex 2, France
Phone: +33-1 64 15 36 25
Fax: +33-1 64 15 37 64
martin.seidl@leesu.enpc.fr
Université Paris-Est
University Paris-Est Créteil
Faculty of Science and Technology
61 Avenue du General de Gaulle,
94010 Creteil Cedex, France
Phone: +33-1 45 17 16 23
Fax: +33-1 45 17 16 27
daniel.thevenot@univ-paris-est.fr

Association H2o Paris © 2013
www.h2o.net
23 Bd de Belleville
75011 Paris
association@h2o.net

http://leesu.univ-paris-est.fr/yes/
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WWW-YES-2013 Preliminary detailed programme

Conf. Time

Conf.
number

Monday 3 June
FAMILY
NAME

First
Name

8:30

THEVENOT

Daniel

9:00

GUILLAUME Didier

9:15

METAIRIE

Nationality

Paper
Title of presentation and chairper
University
paper
son and
reviewer
Universite
Paris-Est
Val-deMarne
county
Val-deBievre

Christian

9:30
10:30

WWW-YES-2013 participants
welcome
Official opening of the 13th
WWW-YES workshop
Official opening of the 13th
WWW-YES workshop
Short presentation of each
WWW-YES-2013 participants
Break

Session 1. Water management
1

2

3

11:00

11:40

12:20

DE
BERCEGOL

CABESTANY
RUIZ

RUBINATO

Remi

Gabriela

Matteo

French

University
Paris-Est

SOARES
Decentralised Water Management
DELORME
in small towns of India
Caroline

Mexican

Facultad
Latinoameri
cana de
Ciencias
Sociales
FLACSO
Mexico

Social Conflicts and Collective
Action related to urban water
issues in Mexico City and its
Metropolitan area

Italian

The
University
of Sheffield

Interaction of above/below urban
JALLIFIER
grounds: an experimental facility
VERNE
developed to analyse computer
Isabelle
modelling results

13:00
14:00 SEIDL

Martin

Université
Paris-Est

Daniel

Université
Paris-Est

14:30
15:00 THEVENOT
Summary
15:30 group
members
End of
18:00
session

7 / 211

Buffet lunch and group set-up
Presentation of research
cooperation project topics
Selection of research
cooperation project topic by
each group
Research cooperation
project building-up
methodology: an introduction
Rehearsal of presentation
and discussion of drinking
water survey summary

MAILLER
Romain
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Conf. Time

Conf.
number

Tuesday 4 June
FAMILY
NAME

First
Name

Nationality

University

Title of presentation Paper chairperson
and reviewer
and paper

Session 2. Water resource
4

8:30

PORSE

Erik

USA

5

9:10

ROAGARCIA

Clara

Colombian

6

9:50

JALLIFIER
-VERNE

Isabelle French

Integrated Decision
Modelling for Groundwater
Management in the Valle
de México
The role of two soil types
University of
(Andisols and Inceptisols)
British
in water retention for
Columbia
water supply
Hydrodynamic modelling
Ecole
and the dispersion of fecal
Polytechniqu
contaminants in current
e de Montreal
and future climates
University of
California,
Davis

10:30

11:00

MALEKMO
Bahram Iranian
HAMMADI

8

11:40

SADAT
HELBAR

13:20
17:30
19:00

Seyed
Mortez
a

Iranian

University of
Tehran

University of
Tehran

Emergency Response
Planning for Providing
Drinking Water in Urban
Areas after Natural
Disasters using Multi
Criteria Decision Making
Methods
Water reservoir
rehabilitation by sediment
reduction (case study: Dez
Reservoir in southwest of
Iran)

Buffet lunch
Bus
Technical visit of the Bievre river/sewer equipments: SIAVB
transport (upstream Bievre management) and Cachan future Bievre
ation
river re-opening
Break and walk to the Jean Vilar picture theater (Arcueil):
presentation equipment set-up
Light snack

19:30

Public presentation of a short documentary film "Su"
produced in 2009 by Clément JULLIARD

20:00

Public presentation of the WWW-YES international survey
on drinking water management: presentation and
discussion with Val de Bievre citizen (translation to/from
English available)

21:30

PORSE Erik

MALEKMOHAMMADI
Bahram

Break

7

12:20

ROA-GARCIA Clara

End of
session
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Conf. Time

Conf.
number

Wednesday 5 June
FAMILY First
NAME Name

Nationality University

Paper
Title of presentation and
chairperson
paper
reviewer

and

Session 3. Water quality
9

8:30

DELAF
ONT

10

9:10

9:50

11

Vincent

French

Poitiers

PREVOS
Benoit
T

French

Universite
Paris-Est
Creteil

SOARES
Caroline
DELOR
ME

Brazilian

Universite
Paris-Est
Creteil

10:30

Mycobacteria survival and
dispersion in aquatic
environment through Free Living
Amoebae
Viral dynamic in the rivers of Îlede-France region: analysis
elements of climatic impact
Characterization of organic
matter in aquatic systems under
strong urban pressure: Sources,
physico-chemical properties and
interactions with organic
pollutants.

NOURI Hamideh

RAHATE Manish

CABESTANY RUIZ
Gabriela

Break

Session 4. Waste water treatment
Design and realisation of a pilot
site for monitoring Infiltrated soil
water under a real on-site
DE BERCEGOL Remi
treatment system; evaluation of
soil functions

12

11:00

NASRI

Behzad

Iranian

Ecole des
PontsParisTech

13

11:40

RAHAT
E

Manish

Indian

RTM Nagpur
University

Low Cost Efficient Treatment for
Contaminated Water

14

12:20

MAILLE
R

Romain

French

Universite
Paris-Est
Creteil
Maulana
Azad
National
Institute of
Technology
(MANI),
Bhopal

Removal of priority and emerging
substances by biological and
VYAS Monika
tertiary treatments

15

13:00

VYAS

13:40
14:20
18:00

Monika

Indian

Forecasting of process variables
of common effluent treatment
plant in an urban area using
Artificial Neural Network

Buffet lunch
Research cooperation project: preparation
End of
session
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Conf. Time

Conf.
number

Thursday 6 June
FAMILY
NAME

First
Name

Nationality

University

Title of presentation Paper chairperson
and reviewer
and paper

Session 5. Waste water management
16

8:30

HIRICH

Abdelazi
Moroccan
z

Agronomic
and
Veterinary
Medicine
Hassan II
Institute
University
of South
Australia

17

9:10

NOURI

Hamideh Iranian

18

9:50

ROUX

Laetitia

French

An assessment of the
drainage quality and
quantity associated with
recycled wastewater
irrigation in an urban park
Universite Modelling of a constructed
wetland for pesticide
Pierre et
Marie Curie mitigation

10:30
19

11:00

DELAFONT Vincent

HIRICH Abdelaziz

SADAT HELBAR Seyed
Morteza

Break
RAFIEE

11:40
12:40

Mojtaba

Iranian

Shahid
Chamran
University

Application of Iranian
Standard for Site-Selection
of WWTP using GIS

Research cooperation project
Buffet lunch
Research cooperation project: summary
preparation (EoF)
Research cooperation project: presentation
preparation (PPT)

13:20
15:20
18:00

Wastewater reuse in the
Mediterranean region: Case
of Morocco

End of
session
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Conf. Time

Conf.
number

Friday 7 June

8:30

FAMILY NAME

First Name Title of presentation and paper

THEVENOT

Daniel

9:00
11:30
12:00
12:30
14:30

Presentation equipment set-up
Research cooperation project
presentation & discussion by each group
Research cooperation project:
classification (ballot)
Celebration of the winner group around a
glass
Farewell lunch & workshop evaluation
by participants

End of
workshop
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WWW-YES-2013 session 1: Water management
1. Decentralised Water Management in small

towns of India
Rémi DE BERCEGOL* and Shankare GOWDA**
* Centre de Sciences Humaines, New Delhi, 110011 India and Laboratoire
Techniques Territoires Sociétés (LATTS), Université Paris-Est, 6-8 avenue
Blaise Pascal, 77455 Marne-la-Vallee, France.
(E-mail: remi.debercegol@gmail.com)
** Centre de Sciences Humaines, IGNOU University, New Delhi, 110011 India
(E-mail: mmsgowda@yahoo.com )

Abstract
In India, the limited impact of the decentralisation reform on urban drinking
water accessibility poses new questions both technical and institutional,
especially in small Indian municipalities. Based on empirical data from a recent
doctoral research, we will analyse the water service management of four small
towns in eastern Uttar Pradesh, a poor state in northern India, where
expectation of improvement are strong. Beyond their singularity, each of these
towns is facing the same kinds of water services problems and governance
needs. Their comparison is relevant to highlight the general process of
decentralisation, and at the same time, to underline the permanent role of the
state in water accessibility. For that, interviews have been done with users,
political leaders and government officials appointed at different levels (local,
regional and state. Our aim is to give an idea of the municipal building of these
small towns and its impact on water service.

Keywords
Urban India; small towns; municipalities; decentralisation reforms; water
management

INTRODUCTION
Formerly characterised by a hegemonic presence of the state, the organisation of
urban management 1 and among it water management, in India knows a deep
redefinition since the implementation of decentralisation 2 reforms (with the
constitutional recognition of local governments in 1992, provided by the 74
Constitutional Amendment Act). In a country where only a third of population did
have access to tap water in the early 1990s (Census of India, 1992), the
decentralisation of public water service to the municipalities carried great hopes of
improvement. But this reform didn’t seem to have had the desired results because in

1

In our terminology, « urban Management » is understood as the set of functions of coordination and regulation of technical services that
contribute to urban functioning.
2
The term decentralisation refers to a wide range of transformations from administrative devolution to the establishment of a policy of local
democracy (Litvack, Seddon, 1999, pp. 2-4). We designate by this term the process by which a central government formally devolves functions
and powers to local government.
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2011, 56.5% of the population is still excluded from access to piped water (Census of
India, 2012).
The decentralisation theory, which has become the keyword in urban governance in
most of the countries all over the world, is based on the assumption of closer spatial
and administrative proximity between local governments and local population with
the expectation of increasing “responsiveness and accountability”. The aim of
decentralization was to strengthen local level democracy, transfer some decisionmaking powers to local bodies, to thus promote more effective management of local
affairs, especially of local public services like water system.
So far, the majority of the research on decentralisation and water issues in India has
mainly focused on the cases of rural areas and large metropolises; little attention has
been paid to the same issues in smaller urban settlements. Yet, small towns are vital
to sustain the regional agricultural economy and to support the local industrial,
manufacturing and service sectors (Hardoy, Satterthwhaite, 1986). Furthermore,
around half of the urban population in India lives in agglomerations with less than 100
000 population and the first results of the 2011 Census show an increase in their
number, with 2774 new census towns which were considered to be villages in 2011 3
(Bhagat, 2011). This demographic significance poses legitimate questions about the
limited effects of the reform that has been undertaken especially in backward States
which are generally characterized by a lack of urban infrastructure (Kundu 2009) :
what are the transformations of public water management in small towns of these
region? Has the decentralization reform improved general access to water supply?
What are the barriers to universalisation of water service in smaller Indian towns?
METHODS
Using empirical data Survey collected between 2008 and 2012 from a recent doctoral
research (Bercegol, 2012), this communication analyses the decentralised water
service of four small towns in eastern Uttar Pradesh- a poor state in northern India,
where expectation of improvement are strong. These towns, of a similar demographic
size (around 20,000 inhabitants in 2001), located in the same geographic areas (in
eastern Uttar Pradesh - UP) and crossed by the same government reorganisation (UP
municipality Act 1916, amended by the 74 CAA), have been extensively studied and
compared.

3

In India, a census town is one which has a minimum population of 5000, has at least 75% of male working population engaged in nonagricultural pursuits and a density of population of at least 400 persons per km2 (Census of India, 2012)
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Figure 1: Localisation of the four towns studied. Source: DE BERCEGOL (2012) based on “map of
India” (http://www.mapsofindia.com)

These agglomerations are: Kushinagar Nagar Panchayat- A small tourist
town which is becoming increasingly popular and is frequented by international
visitors; Chandauli Nagar Panchayat- town headquarters of the eponymous district
where the population has doubled between 1991 and 2001; Phulpur Nagar PanchayatA small town in Allahabad District, with 55% of the population is Muslim; and
Siddarthnagar Nagar Palika Parisha- A district headquarters with a different
administrative status 4 , usually reserved for larger municipalities. Beyond their
singularity, each of these town is facing the same kinds of water problems and
governance needs. That’s why their comparison seemed relevant to highlight the
general process of decentralisation and at the same time, to underline the permanent
major role of the state in water accessibility.
By looking beyond the municipal government and by analysing government
reorganisation in a multilevel perspective, this paper aims at giving an idea of the
impact of decentralization reform on water services accessibility in small Indian
towns. For that, accessibility to the network and satisfaction has been empirically
4

The decentralisation amendment in India (74CAA) provides three forms of local government:
-the “Municipal Corporation” or “Nagar Nigam” corresponds to the metropolitan municipalities;
-the “Municipality” or “Nagar Palika” refers to the city government;
-the “Nagar Panchayat” administers areas called “transitional” which correspond to small towns.
It is the regional state's responsibility to determine the status of an urban area as “Nagar Panchayat”, “Nagar Palika” or “Municipal Corporation”.
This decision is based on a combination of criteria (demographic, spatial, economic and tax) and the decision remains at the state governement’s
discretion.
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evaluated and mapped, financial investment in water infrastructure has been
analysed and interviews have been done with inhabitants, political leaders and
government officials appointed at different levels (local, regional and state). The aim
of the research was to give an idea of the impact of decentralisation on water
services and, more broadly, to give an understanding of institutional building of small
municipalities.
RESULTS
Field surveys show that despite the decentralisation reform opening fresh
opportunities for their strengthening, small municipalities don’t have yet the
technical, financial and decisional capacity to improve public water service and its
accessibility remains very low (with less than 50% of households connected to the
network, cf. table n°1).
Table n°1: household connexion to the public service (in %). Source: municipal accounting

Tap connexion%

Kushinagar

Chandauli

Siddarthnagar

Phulpur

36%

31%

18%

45%

One of the main problem appears to be the lack of coordination between local
government and the Jal Nigam- which is the parastatal water agency which is still
taking care of the construction of the main infrastructure even if the maintenance has
been given to municipalities since the decentralisation reform. Lack of coordination
explains the insufficient training of the local staff now in charge of the service
management. Furthermore, the absence of proper financial means aggravates the
strong dependence of the municipality on other levels of government. Finally, the
mediocre level of water service in small towns shows that the decentralised set-up is
still far from defined and is not yet stabilised. It’s caught between a political and
technical vision which appears rather difficult to conciliate without the strong
involvement of the state government to achieve it.
The transfer of decentralised water management to the urban local governments
appears extremely laborious. Support of water services by small municipal institutions
faces many constraints in practice and the logic presiding over local choices is
obliterated by the weakness of municipal resources, both from a financial (1°),
institutional (2°) and technical (3°) point of views. It prevents any noteworthy
improvement and accentuates the dependence on the state government (4°)
1°) A weakness of financial resources
In India, towns appear generally highly dependent on the financial decisions of
the regional government for important infrastructure investments - especially for
drinking water systems (Kundu, 2006). In the present case, our field fork in Uttar
Pradesh shows that small municipalities struggle to even contribute up to only 10%. To
deal with this deficiency, access to the private capital market and borrowing or
Private-Public-Partnership model, which is pronated by reformers since the 1990s,
appear largely disconnected from the ground reality of these small towns where a real
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financial accounting system is difficult to implement due to a lack of trained
personnel (Ravikant, 2003, p. 112), and where the culture of opacity in budget
management is still an integral part of its functioning (Bercegol 2012). For these same
reasons, the establishment of a government bond without interest (called the
“revolving fund”) recommended by the Uttar Pradesh State Finance Commission –
SFC, was doomed to certain failure in these small towns which have rarely been able
to pay back the loan after they had contracted it. In summary, despite
decentralisation reform, small towns still rely on financial subsidies from the state for
investing in water infrastructure improvement and management.
2°) A laborious institutional transfer
Institutional integration of municipal government in a system of urban
governance that previously existed appears to still be limited. Nowadays, Jal Nigamthe parastatal water agency created in the 1970s- , is reluctant to transfer its old
prerogatives to these new municipal institution, that they perceive more as a
concurrent than as a partner. Within the new decentralised framework, the
morphology of the water supply network is still constructed by the Jal Nigam without
any real consultation with the concerned municipal body and then the infrastructure
is transferred to it. But the lack of definition in coordination between Jal Nigam and
Municipality tends to create a mutual distrust (which can be exacerbated by caste
conflicts specific to the nature of small towns, mainly represented by elected
councillor from lower caste groups, and the Corps of Engineers, which are generally
higher caste based), or competition, instead of working together and complementing
skills between local government (which is supposed to know what is the best thing to
do at the local level) and water technical agency (who know how to implement it
better). The official texts of decentralisation reform in India appear to be largely
unknown at the ground level as well as the higher level (the primary stakeholders,
municipal workers and by the engineers of the water agencies). This leads to
confusion in functional interpretation, as they are not very clear about their roles.
The Uttar Pradesh municipal legislation assumed that the diffusion of a model almost
identical to all urban local governments is enough to build and consolidate all urban
municipal institutions. But while big cities often inherit stabilised institutions,
everything is still under construction in the case of small towns. Therefore, the
reorganisation of technical water services appears confused in practice for the
smallest towns. Municipalities are mostly limited to minimal responsibilities, like
choosing the place for hand pump and they are largely left out of technical decision
making.
3°) A lack of local expertise
Contrary to what decentralisation advocates about the powers, Jal Nigam still is
the main decision making body because small towns simply don’t have the human
resource to take it over. Although, municipality has increased the number of local
employees in the last twenty years, small municipal bodies are still financially unable
to hire qualified engineers to oversee the technical aspect of the distribution of
water. As we have said, the decentralisation reforms, set-up by the State, did not
specify the ways of learning and transfer of skills. It has very little space reserved for
the training of municipal officials. Without the transfer of technical skills,
municipalities still plays an almost non-existent role in the planning, development and
maintenance of water services. This lack of expertise hampers effective
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decentralisation of functions and can even lead, in some cases, to a dislocation or a
worsening of performance and management. The water distribution system suffers
from inadequate maintenance, which causes deterioration of the network (with
problem of intermittence, low water quality 5 and low pressure) and huge
dissatisfaction among the people (only 18% to 45% of the population is connected to
the water supply and most of them are complaining about pressure, intermittent
supply insufficient quantity and overall, mainly about poor water quality). Locally
recruited employees do not have the technical and financial recommendations of Jal
Nigam because they simply are not aware about it. Therefore, this deficit of local
human resource, caused not only by financial shortage but overall by a noncooperation from the Jal Nigam, appears to be one of the main constraints to an
efficient decentralised water management.
4°) The permanent role of the State
Despite the same demographic size of the surveyed towns, the infrastructure for
the drinking water shows large variations in its design in terms of quantities, that may
range from basic (70 litres per day per person to Phulpur) to twice (135 litres per
capita per day for other towns of the district) or even three times higher (200 litres
per inhabitant per day for the tourist district, Kushinagar). In fact, because the
functional scope of the municipality remains quite low in small towns, the
inefficiency in service delivery is not due to the local performance of municipal
employees but is directly determined by the genuine and voluntary commitment of
the state government. So, the differences in water services between the towns
studied is directly due to the state government and its willingness to provide financial
grants based on its biased view. Such as, its accelerated upgrading of the poor
neighbourhoods (Dalit neighbourhoods) through regional special programmes (Kanshi
Ram Avaaz Yojana) 6 , or the promotion of a tourist town (Kushinagar Maitreya
Project) 7 .
Among of the few major discriminating factors, these two major factors
influencing the decision making are the administrative status of a town as a district
capital, and the economic importance as tourist capital. This clearly allows towns to
be a priority for major infrastructural improvement projects (such as the central
programme, UIDSSMT, or the mega tourist project of Kushinagar) and these towns are
generally offered an improved electricity service (which leads to a better water
service). In all the cases, the improvement of water service finally still relies only on
a greater involvement of the state government in municipal affairs.
CONCLUSION:
WHAT ARE THE PROSPECTS FOR DECENTRALISAED WATER
GOVERNANCE IN SMALL INDIAN TOWNS?
Looking at the decentralised water services of small Indian towns, two major
lessons emerge: one, on the specific process of the institutional construction of small
towns in Uttar Pradesh and the other on the need for more research on small towns to
5

The establishment of an unplanned system of gutters necessary for sanitation, remains insufficient to clean the streets, lead to infiltrations of the
water pipes and affect the quality of the drinking water.
6
During her tenure, one of the first projects launched by Mayawati (a famous poilitician, woman and dalit, who served four terms as chief
minister of Uttar Pradesh) was a programme specifically directed towards the development of Dalit neighbourhoods. The programme “Kanshi
Ram” was named in honour of the founder of her party the Bahujan Samaj Party (BSP – a political party with a strong Dalit identity) who died in
2006.
7
Since the 1990s, the Uttar Pradesh government wishes to develop and promote the tourist potential of Kushinagar town as one of the leading
cultural and religious Buddhist areas.
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better understand their dynamics to be able to improve their governance with
appropriate reforms.
The first lesson is that, for the moment, decentralised water reform in Uttar
Pradesh has not clearly given a place for urban local governments especially in small
towns with weaker capacity which de facto deprives them of any autonomy. This is
partly due to the unclear municipal legislation which ignores the specific situations of
small towns and appears unable to take into account their handicaps in water
management. A strong involvement of the state is needed for the strengthening of the
local bodies, especially for developing their technical skills.
The government of Uttar Pradesh seems to have prudently engaged in a process
of gradually reorganising water management services. While municipalities have
entered a process of “learning by doing” (Crook, Manor, 1998), it would be unrealistic
to expect them to be enough stabilised to be able to fully assert their responsibilities,
especially the technical ones like water management. This process cannot occur
smoothly, without any errors and adjustments and more so in the case of small towns,
where everything remains to be done. It is therefore necessary to adopt a long-term
vision of the decentralised water management. The challenge is to promote the
municipal water management with appropriate policies adapted to small town needs.
Linked to the first lesson, the second major result of this research is that any
institutional change like decentralised water management, is particularly difficult to
achieve in the case of small towns- not only because of their deficits in human
resources, technical skills or financial needs, but primarily because of the ignorance
of their socio-cultural characteristics and the specific problems which they confront
daily.
By deliberately choosing to illuminate the specific case of small Indian towns,
one aim of this article was modestly to recall the existence of the other urban reality
beyond the metropolises 8 , which is often overlooked by planners and researchers.
Also, to enrich the understanding of the dynamics, beyond this particular case of
India. Like some other research papers on this theme have written 9 , one has to
emphasise the existence of a vast field of analysis specifically focused on the
dynamics of small Indian towns. In this regard, the SUBURBIN project (Subaltern
Urbanization In India, a research programme funded by the French National Research
Agency), which aims at bringing these marginal small agglomerations to the forefront
of the analysis of urbanisation dynamics announces a promising renewal of Indian
Urban studies (cf. http://suburbin.hypotheses.org/). There is a need for renewal of
observation on non-metropolitan cities in India which could bring the hope that, in
the longer term, the diversity of urban India will be taken into account by planners
and this would prevent a scenario where “the small towns of less developed countries
continue to live in inhumane conditions, without clean water, no toilet and no
electricity” (Kundu, 2009, p. 169).

8

Not specific to India; we will not recall here the role of development and poverty reduction assigned to small urban areas (Hardoy,
Satterwhaite, 1986) in which the bulk of urban growth will be concentrated in the future (United Nations 2004).
9
Far from being the first to argue for greater consideration of small towns, some other research (such as David Sattherwhaite of the International
Institute for Environnment and Development in London, Dennis A. Rondinelli, Center for Global Business Research at Carolina North or
Amitabh Kundu, Jawaharlal Nehru University of Delhi) have tried before us to revive interest in this subject, in a timely manner, and with very
relative success for the moment (from Richards, 1965 to Bell and Jayne, 2006).
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Abstract
Considering the high number of water-related social conflicts in the studied
area the conducted research is guided by 3 questions: How do residents of
Mexico City and the Metropolitan area act in relation to urban water problems?
Why do they act as they do? And what are the implications of these actions?
The research strategy consisted of analyzing a 236 case database following the
social movements´ theoretical approach. The main accomplished finding is that
the residents living in the Metropolitan area always took more disruptive
strategies than other residents, and that the Political Opportunity Structure,
understood as the political context in a broad sense, appears to be a relevant
element that explains water-related collective action´s form in the studied
area.
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INTRODUCTION
Various international organizations have stated that water related issues may be a
source of conflict at multiple levels in future years, at a time when the world is
becoming increasingly urbanized (BARRAQUE 2006 p 5). This fact necessitates the
improvement of our understanding of urban water conflicts characteristics and
determinants. This paper aims to contribute in that sense by analyzing the social
conflicts and collective actions related to urban water issues that occurred in Mexico
City and its Metropolitan area during the year 2010.
Providing the main urban area in Mexico with enough water to satisfy its inhabitants
needs, while avoiding its flooding, has been a historical challenge due to the city´s
specific demographic and geographic characteristics. Despite the technical difficulties
that this area faces regarding the urban water system, the city is currently provided
with more than 300 liters/inhabitants/day (CASTRO et al. 2004 P. 341). According to
international standards, that is enough water to satisfy human consumption. Even
when the supplied volume of water is indeed sufficient to meet the urban demand,
different groups of residents (particularly those living in the poorest areas, but not
only them) suffer water scarcity, water pollution, floods and difficulties to pay water
utilities. These problems are not only technical but also social, thus, it is possible to
agree with the authors who argue that social and political research about Mexico
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City´s urban water system should be conducted as well as engineering-related
research (CASTRO et. al. 2004 P 340; DE ALBA 2007 p. 101).
In recent social studies about Mexico City´s urban water system (CASTRO 2004; 2006),
it has been stated that ever since the 1980s there has been a significant growth in
neighborhood organizations and social movements acting to demand water service
improvements. It has also been found that in the period between 1991 and 2000,
residents demanding improvements related to water facilities and services, changed
their proceeding ways by taking more disruptive and direct actions with each
occurrence. For instance, they took part in demonstrations, riots and even used force
to kidnap bureaucrats working in the water sector (DE ALBA 2007; KLOSTER and DE
ALBA 2007).
Taking into account the international concerns about a possible future urban water
conflict scenario and the evidence regarding the increasingly disruptive actions held
by the residents in Mexico City (in 1991-2000), it seems to be relevant to analyze
these citizens actions in a recent year (2010) and to provide some elements that can
contribute to explain why these residents act as they do. Taking this into account, the
paper is guided by three fundamental questions: How do residents of Mexico City and
the Metropolitan Area act in relation to urban water problems?, Why do they act as
they do?, and what are the main implications of these actions?.
THEORETICAL FRAMEWORK
In order to analyse and explain the residents´ actions to demand water service
improvements, some elements from the Social Movements theoretical approach
(particularly from the generally called Resources Mobilization tradition) will be
adopted. This theoretical tradition has stated that an objective disadvantaged
situation is necessary but not sufficient for people to act collectively (TARROW 2004 p
96), and that collective action is therefore a problematic fact that should be
explained 10 . From this perspective scholars have found three elements mediating
between the objective situations and collective action: The Resources Mobilization;
the Political Opportunity Structure (POL) and the Collective Action Frames (BENFORD
y SNOW 2000 p 612; MCADAM et. al 1996 p 1, 6; TARROW 1999 p 73-74). Taking into
account these three variables, some evidence has been found regarding the particular
relevance of the Political Opportunity Structure, understood as the political context
in abroad sense, to explain collective action 11 (TARROW 2004).
It has been stated by this theoretical approach that collective action is strongly
influenced by the political context where it occurs. The main mechanisms explaining
how the political context impacts collective action´s form are: the political system´s
openness for participation (disruptive actions are linked to the lack of access to
formal institutions for the citizens) (TARROW 2004); and the state´s capacity and
propensity for repression (state´s repression is linked to a radicalization of collective
10

Of course the argument follows Mancur OLSON´s classic tradition (OLSON 1991).
Political Opportunity Structure has been found to be a determinant variable explaining diverse cases of collective
action such as the French revolution (TARROW 2004 p 137), the Russian transition to democracy
(ZDRAVOMYSLOVA 1996 p 122‐137), the civil rights movement in the United States (VALOCCHI 1996 p 119) and
the indigenous rebellion by the Ejército Zapatista de Liberación Nacional (EZLN) in Chiapas, Mexico (TARROW
1999).
11
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action) 12 (CHANG 2008 p 651; DELLA PORTA 1996 p 62; EARL 2003; FAVELA & MURILLO
2002 p 91, 106; TARROW 2004 p 170).
Mexico City´s size and complexity makes it possible to select, for comparison, two
city territories that vary regarding their political context at the local level: the
Federal District (where transition to democracy has occurred, openness for
institutional participation exists and state propensity for repression is low) and the
Metropolitan area, with an opposite political context (transition to democracy has not
occurred, institutional participation channels are closed and there is a strong
propensity for repression from the local government) 13.
MATERIAL AND METHODS
A database elaborated from hemerographic sources 14 was used to analyze the
collective actions related to water issues in Mexico City and its Metropolitan area.
The database includes data regarding water related conflicts in 2010 from the most
influential national newspapers 15 . It contains 236 registered cases for the megacity
from 567 cases in the whole country. Newspaper notes provide information related
to the actors involved, their targets, the stated cause of the action and the repertoire
of action itself. Cases were analyzed by aggregating them into different combinations
according to key characteristics, mainly, the stated cause of the action and the
repertoire of action.
As stated by the theoretical approach presented above the Political Opportunity
Structure, understood as the political context in a broad sense, appears to be a
relevant element that explains collective action. For that reason, a strong emphasis
was made to compare actions in two big areas of the city where the local political
context varies: the Federal District and the Metropolitan area. In other words,
variations in the explanatory variable were considered.
It is important to discuss the benefits and limitations of the selected research
strategy and sources. With regards to the hemerographic data, it should be
recognized that newspapers´ information may contain biases. Biases may be produced
because of the mass media communication process itself, for example, reporters may
want to cover some types of themes rather than others; published news may be
selected according the media owners´ interests and so forth. Despite these problems,
hemerographic sources may be relevant as they provide data that otherwise would
not be available at all. The limits of the selected research strategy imply then that it
is necessary to be cautious while elaborating strong conclusions. In other words, the
12

Other mechanisms are considered in the literature (MCADAM et. al 1996 p 27). They are for example the
presence or absence of elite allies and the elite fragmentation and conflict. These are mechanisms that explain
better collective action´s presence rather than its form.
13
Mexico City and its Metropolitan area is formed by the Federal District (divided in 16 political-administrative
units called delegaciones), other 59 political-administrative units (called municipios) that belong to the State of
Mexico and another political-administrative unit (municipio) that belongs to the Mexican State of Hidalgo.
14
It was created by the following research group: Grupo de Investigación sobre Conflictividad por el Agua (GISCA)
in colaboration with the Instituto de Ciencia y Tecnología del Distrito Federal (IC-TDF) and with the Universidad
Autónoma de la Ciudad de México (UACM).
15
These newspapers are: La Jornada, El Universal and Reforma. Available online at: http://www.jornada.unam.mx,
http://www.eluniversal.com.mx and http://www.reforma.com.
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mentioned limitations may reduce the research´s external validity, but the selected
research strategy provides elements to have a better understanding of a problem that
would be otherwise unknown. These research strategy and methods may be useful to
study urban water conflicts in other megacities in the world. Megacities´ internal
heterogeneity and complexity may make it difficult to have other data sources for
urban water conflicts, newspaper information instead is available everywhere.
RESULTS AND DISCUSSION
The database analysis makes it possible to observe one first interesting fact: that
almost half of the social conflicts related to water in 2010 in Mexico occurred in
Mexico City and its Metropolitan area, as presented in the figure below:

Figure 1: Water related conflicts in Mexico City and its Metropolitan area and the rest of the
Country Source: Calculated by author from hemerographic database. Base: 567 cases in Mexico

This fact makes it possible to suggest the relevance that this and other megacities in
the world may have as places where water social conflicts occur. As it will be shown
below, Mexico City and its metropolitan area´s residents acted, mainly against all
levels of government, when they faced certain relevant problems (water scarcity, an
increase in the water service rates, floods, water quality and other management
problems 16 ).

Figure 2: Problems provoking collective actions in the Federal District and the Metropolitan area.
Source: Calculated by author from hemerographic database. Base: 236 cases Mexico City and its
Metropolitan Area

Figure 2 shows that both the Federal District and the Metropolitan area residents
acted when they faced one of the five aforementioned problems. It is possible to
notice, however that Floods were more relevant problems to the Metropolitan area
16

These other management problems include for example complaints by the citizens because of the water
information quality, complaints because of the authorities negativity to meet with the neighbors , and other problems
related to water management but not exactly linked to water scarcity, water service rates, floods nor water quality.
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and that Water service rates were more important for the Federal District residents.
Water scarcity, Water quality and other management problems, provoked a relatively
similar proportion of actions in both areas. In the next figure, it is possible to observe
data related to the repertoire of action.

Figure 3: Type of actions realized by the Federal District and the Metropolitan area residents.
Source: Calculated by author from hemerographic database. Base: 236 cases Mexico City and its
Metropolitan Area

It may be noticed that the Federal District and the Metropolitan area residents
realized direct actions on the water supply source and used legal action in a relatively
similar proportion. It is interesting that the results regarding Oral statement and
Protest action (such as public demonstrations and riots) do not show the same
regularity. It is possible to observe that the Metropolitan area residents realized
Protest actions in a higher proportion than de Federal district ones (41.56% vs.
21.38%). The Federal District citizens, on the other hand, used the Oral statement in
a higher proportion than the Metropolitan area ones (61.64% vs. 42.86%). It could be
thought that a possible explanation for these results corresponds to the differences
regarding the affronted problems, in other words, the Metropolitan area and the
Federal District residents may act differently because as they face different
problems. The next two figures, that contain the aggregated data about the type of
realized actions and the faced problems, make it possible to discard that explanation.

Figure 4: Faced problems and actions realized by the Federal District residents. Source: Calculated
by author from hemerographic database. Base: 159 cases Federal District.

Figure 4 makes it possible to note that the Federal District residents preferred to act
more by using Oral statements than any other type of action no matter the problem
they were facing. The next Figure will show how the Metropolitan area residents
preferred a different action strategy
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Figure 5 Faced problems and actions realized by the Metropolitan area residents. Source:
Calculated by author from hemerographic database. Base: 77 cases Metropolitan area.

As it is stated in Figure 5 it is possible to observe that the Metropolitan area residents
took in general a more disruptive strategy than those in the Federal District. These
residents realized Protest actions in high proportions at least when they faced three
of the five existent problems (Water service rates, Water scarcity, and Floods). The
comparison between Figures 4 and 5 make it possible to note that Protest action
percentages are systematically higher for the Metropolitan area zone than for the
Federal District no matter the faced problem (excepting only the Water quality one).
The evidence provided by the database analysis makes it possible to suggest that the
political context seems to be a relevant variable explaining the form water-related
social conflicts and collective action take. As it is shown by the data analysis,
disruptive actions are associated to a closed and more repressive political system
while less disruptive actions are linked to an opened and more democratic political
reality.
The obtained empirical evidence makes it possible to argue that -to avoid strong and
even violent water-related conflicts in a future scenario in Mexico City and its
Metropolitan area- it is necessary to care not only about technical water issues but
also to the political circumstances linked to water management. These results may be
relevant for other complex and unequal megacities, particularly in the third world
where democratic means may be weak. Non-democratic local regimes may contribute
to important deficiencies and inequalities in the cities´ water systems which in turn
underpin social unrest and are linked to disruptive collective action.
CONCLUSIONS
The 236 case analysis in Mexico City and its Metropolitan area made it possible to
accomplish relevant findings. It was possible to notice that in 2010 diverse groups of
residents acted collectively when they faced different water-related problems: water
scarcity, increased water service rates, floods, water quality and other management
problems. These groups realized different sorts of actions: oral statements, legal
actions, protest actions and direct actions on the water supply source. Different
combinations of aggregated data made it possible to observe that the Metropolitan
area residents always took more disruptive acting strategies than the Federal District
citizens. Following social movements theoretical approach it was possible to say that
the political context appears to be a relevant element to explain why residents act as
they do.
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Abstract
This research undertaken at the University of Sheffield aims to provide a
better understanding of the interaction above/below ground urban floods. A
newly constructed unique experimental facility has been developed in the
water lab, and it includes a sewer system, composed by 3 main pipes, 6
manholes and a CSO (Combined Sewer Overflow), and a preliminary urban
surface with the slope 1/1000. This paper describes the experimental facility
that has been built, how the system is managed in real time control using
Labview software, which methodology will be applied to increase the
understanding of the exchange flow-rate between an urban surface and a
below sewer system and it presents preliminary results obtained comparing
physical results with computer software results such as InfoWorks, SWMM and
SIPSON. Finally, the PIV system (Particle Image Velocimetry) that will be used
for the acquisition of the images during the event of flooding is briefly
explained. This last step will be useful for the comparison between 3D digital
maps created by standard software against real physical results.
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INTRODUCTION
Pluvial flooding occurs when storm water overwhelms the capacity of the local
drainage or storm water system. These episodes are usually caused by high intensity
short duration storms, weather fronts of this nature of this type are difficult to
forecast with accuracy at lead times greater than a few minutes (LIGUORI et al, 2012)
therefore providing warning and/or adequate defence is very difficult (Pitt Review,
2008).
During pluvial flood events water in sewage systems or storm water drains surcharges
onto street level, interacting with surface water via manholes and gully’s. Pluvial
flooding causes significant long term damage to residual and commercial areas,
economic disruption, danger to life and social upheaval.
The frequency and severity of pluvial flood events is expected to increase worldwide
due to some important factors:
• climate change, with heavy rainfall events becoming more frequent during any
season;
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• changes in urban hydrology, especially regarding groundwater level and
infiltration (ASHLEY et al. 2005);
• the increase of urbanisation and urban creep: in United Kingdom the urban
population is expected to increase by 0.73 per cent per year from 2015 until 2020
(World Urbanization Prospects: The 2009 Revision).
• The deterioration of existing sewer systems and changes in local flood
pathways and urban form (Review of Existing Private Sewers and Drains in
England, Defra 2007).
These aspects will then increase the number of flooding in urban areas which is,
considering all the water-related disasters over a 30 year period, already between the
most frequent episodes, as Figure 1 illustrates.

Figure 1: Trends in water-related disasters. Source: based on EM-DAT/CRED

Flooding can affect urban areas in both developed and developing countries. Cities
which have experienced recent, large scale urban flooding problems include Bangkok,
Thailand and Dhaka, Bangladesh (CHUSIT et al. 2001). In 2002 central London
recorded an inch (25 mm) of rain in 30 minutes, resulting in the closure of 5 mainline
railway stations, and considerable disruption (Flooding in London, 2002). In 2007, Hull
suffered considerable flooding disruption and more than 10,500 homes were
evacuated due to surface water (COULTHARD et al., 2007).
To mitigate these effects pluvial flooding models aim to predict urban areas most at
risk of flooding and potentially provide warning to residents. However, such models
are inherently difficult to verify due to the difficultly of acquiring reliable data during
floods.
Hydraulic models (e.g. LEANDRO et al, 2008) have been developed which couple
below ground pipe flow with shallow surface flow via interaction nodes (i.e.
manholes/gullies). Such models can be used to evaluate the flood risk of specific
urban areas, plan for asset improvement and investment and potentially provide flood
warnings in the case of incoming heavy rainfall events. However these models are
difficult to validate due to the paucity of data in real flood conditions. In peculiar the
uncertainties caused by complex 3D flow fields at the interface between surface and
sub-surface flows has not been examined (DJORDJEVIC et al., 2005). These interfaces
are usually represented by uncalibrated weir or orifice equations, designed for use in
steady flow, where energy losses are accounted for by a simple discharge coefficient
(i.e. assumed constant with flow conditions). As such models are now being utilised in
practice (e.g. InfoWorks CS 2D, SWMM, SIPSON), a potential improvement in modelling
accuracy via experimental calibration will have significant benefits in terms of asset
investment and the evaluation of flood risk.
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AIMS
The aim of this work is to experimentally investigate the exchange of flows above and
below ground urban floods.
This project is organised according to the following structure:
• Describe the concepts of urban flooding, including causes and factors that will
increase this phenomenon in the future.
• Explain the technique of the Real Time Control for Urban Drainage Systems
with the illustration of real applications and the help that computer models
provide for the analysis 1D-1D / 1D-2D.
• Develop an experimental facility suitable for the comparison between physical
results and computer model results.
• Determine discharge coefficients and provide a review of the performance of
existing predictive models when tested against the experimental data.
• Develop a PIV system for comparison between 3D digital maps and images of
the real urban flood event in the physical model.
MATERIAL & METHODS
This work has considered the development, construction and testing of a unique
laboratory model of a sewer network coupled with an urban surface.
The physical model has been constructed in the laboratory of the University of
Sheffield. The laboratory facility consists of three inlet pipes (A, B and C) and six
manholes as shown in Figure 2. The six manholes are connected to each other by five
circular pipes of two sizes. The pipes of the sewer system are 75 mm diameter, whilst
the CSO (Combined Sewer Overflow) spill pipe is 100 mm diameter. Every manhole
has an internal diameter of 240 mm. The water flows through this system from a
constant depth header tank, with flows controlled by electronically actuated valves
on each inlet pipe.
The physical model is fully instrumented with 21 calibrated series 5000 pressure
sensors supplied by GEMS instruments that are used to record and log data in real
time. The model also includes 3 Mag-900 flow meters, one on each inlet pipe. Flows
into the system are controlled in real time via three calibrated butterfly valves at
inlets A, B and C. The flow into each pipe is varied independently in real time. This
allows scaled flows corresponding to each individual monitored rainfall event to be
passed through the system.
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Figure 2: Scheme of the physical model.

The valves are actuated and data is collected using a National Instruments Data
Acquisition System (DAQ) in conjunction with Labview software. Input signals for
valve control can be directly programmed to reproduce scaled hydrographs derived
from the InfoWorks model which include both dry weather flow components and wet
weather responses derived from runoff volume and routing equations.
On the top of the pipe network, there is a preliminary urban surface with the slope of
1/1000. Just above the central pipe, in which 4 manholes in series are located the
geometry of a street will be reproduced (width 1200 mm). Inflow and outflow of the
above and below ground system can be controlled and monitored independently in
real time and pressure at various points within the system is logged in real time.
Scheme of the urban surface is illustrated in Figure 3.

Figure 3: Scheme of the urban surface 1/1000.
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In this work the behaviour of the manholes will be studied and analysed for the
following hydraulic cases (Figure 4):

Fifure 4: a) Free inflow, inlet as a weir; b) Submerged inflow, inlet as an orifice; c) Outflow
(Djordjevic et al., 2005)

When a hydraulic head in a manhole is below the ground level (Figure 4a) it does not
influence the flow through the inlet. Thus the inflow into the minor system can be
described by a weir equation.
- Free Weir Equation

(4a)

When a head in the manhole is between the ground level and the water level on the
surface (Figure 3b) the water still flows from the surface to the pipes, but now the
orifice formula is proposed as best description of the flow.
- Submerged Weir Equation

(4b)

Finally, water outflows from the underground system to the surface when the head in
the manhole is above the water level on the street (Figure 4c), and again an orifice
formula is proposed. Once the difference between the head in the manhole and the
surface water level reaches a certain threshold value (large enough for the
hydrodynamic force to lift up the manhole top) the equivalent orifice area increases.
- Orifice equation

(4c)

Equations for the discharge are derived based on the principles of energy
conservation. These principles therefore contain assumptions such as steady flow 1D
flow with energy losses due to turbulence taken into account via a constant discharge
coefficient. Determination of the discharge coefficient for the weir and orifice is
difficult because of the paucity experimental data available. By measuring flow rate
in the above plus below ground system, the results will quantify the degree of
exchange between the above and below ground systems and coefficients for the
previous equations will be determined.
RESULTS AND DISCUSSION
The steps that have been completed to date include:
• A literary review of real time control for urban drainage system and urban
flooding;
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• Construction of the physical facility and the testing of all the electric and
mechanical devices;
• Build a measurement using the interface Labview software to manage the data
in real time in the physical model;
• Calibrate the flow control valve and the flow meters in order to establish a
precise flow rate in the system that is capable of simulating flow hydrographs;
• A series of tests to study the behaviour of the system (pressure and depth) with
changeable flow rates;
• Simulate real rainfall events with the InfoWorks software (using data available
from April 2008 to June 2009), considering antecedent conditions;
• Reproduce those events scaled in the model and compare with the
experimental simulations.
• Construction of a preliminary urban surface with the slope 1/1000 on the top of
the rig.
Last steps will include the following activities which will complete the work:
• Study the interaction above/below ground urban floods with constant flow
rates and changeable flow rates.
• Measure the flow dynamics of the surface of shallow water flows over a large
measurement field. To do this, a simple and reliable method will be developed
using Particle Image Velocimetry (PIV).
• Comparison 3D maps from software with real images to verify accuracy of
digital modelling.
Calibration equipment
The three flow valves are directly controlled via an input current (mA) via the
Labview control panel. To calibrate the valves, the relationship between signal and
flow rate was defined by accurately measuring a range of 20 steady flow rates
through each individual valve and defining a correlation against the valve opening
signal. The calibration has been carried out in both partially full and surcharged
pipes.
In order to calibrate the pressure sensors, 20 different steady flow rate where passed
through the physical model. At each flow rate, after a 300 second stabilisation period,
the pressure transducer output in mA (with readings over another period of time of
300 seconds) and depth of water in mm in each manhole was recorded.
The correlation between sensor output and water depth is plotted to derive a linear
calibration equation for the sensors. The range of the pressure sensors is 0-70mb,
output is specified as 4-20mA.

Figure 5a: Particular view of the central pipe.
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Rainfall simulations
After having tested the physical model with steady flow simulations to determine the
capacity of the sewer system, it has been tested also with a range of unsteady flow
rates generated by real rainfall events simulated with InfoWorks software.
Rainfall events recorded in the catchment with durations of 15 ± 1, 30 ±2, 45 ±1 and
60 ± 2 minutes have been simulated in both the hydraulic and physical models (Table
1). These events have been recorded over a period of 15 months by a tipping bucket
rain gauge. For simulation in the physical model, the resulting flows require
downscaling to correctly reproduce Froude similitude within the model.
Table 1. Example of Rainfall Events re-produced in the physical model.
N of Event

Date

Duration
(min)

Average

(mm/h)

Rainfall Depth

(mm)

1

11 Feb.’09

16

4

0.8

2

4 May ‘09

32

1.7

0.6

3

26 March
‘09

44

2.9

2.2

4

11 April ‘08

60

2.6

2.6

The physical model has been run many events and here are presented some examples
for the input events described in Table 1. Figures 6 and 7 display example events
reproduced which compare the measured results (physical model) and simulated
results (hydraulic model). In the legend, “CM” is referring to Computer Model results,
while PM is related to Physical Model results.

Figure 6a, 6b: Two selected events. Event 1 (11th February 2009) and Event 2 (4th May 2009) are
displayed.
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Figure 7a, 7b: Two selected events, Event 3 (26th March 2009) and Event 4 (11thApril 2008), are
displayed. Those events are respectively 44 and 60 minutes duration.

To determine an overall accuracy of this data, a multiple correlation coefficient R2
has been calculated for each event using the formula described in Young et al. (1980)
to measure how well the variables could have been predicted using a linear function
of a set of other variables.
This parameter is therefore a normalized measure of the degree to which the model
explains the data and if R2 = 1.0 then the data are explained perfectly by the model
while if R2 = 0.0 the model has failed to represent the data.

Where:
mt = value measured in the physical model
pt = value obtained from the computer model
N = the total number of samples in data set
Table 2. Values of R2 for each test in each channel.

N. of Event

R2
Channel A

R2
Channel B

R2
Channel C
Date

1

0.827

0.792

0.810

2

0.966

0.936

0.937

3

0.983

0.954

0.952

4

0.955

0.957

0.969
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Analysing R2 coefficients and visually comparing the trend of the simulation, it is
possible to declare that the physical model was able to reproduce real rainfall events
simulated with InfoWorks software in terms of aim of this work. In fact authors
wanted to provide a procedure that includes computer modelling and physical
modelling which could allow engineers to verify existing software. This good reproduction of the trend of real rainfall events enables the future steps of this
research which includes the analysis of the coefficients that characterize the physical
aspect when the water leaves the drainage/stormwater system in case of flooding,
simulating event that can cause flooding on the streets with the water that flows onto
a three-dimensional ground surface where the flow routes and paths are not well
defined such as discharge from manholes.
CONCLUSIONS
The calibration of the physical model and the results obtained with the simulations
indicate that simulations with large flow-rates to simulate the flooding of the water
onto the streets may be assessed.
Future work (already started) therefore involves the assessment of the urban surface
interaction and will allow the study of exchanging surcharge water. Flow in the pipe
network can be utilized to identify hazardous flood zones and where high velocity
occurs.
This is really important for the verification of existing discharge coefficients that can
be found in literature and that are applied from engineers.
This aspect is essential in terms of planning strategies for reducing the risk of
flooding, especially in urban areas. Cities without data and money to develop sewer
system should rely in optimal solutions planned based on software. It is fundamental
to confirm that the results are very accurate to avoid waste of money.
As previously mentioned, nowadays, despite the high safe standards reached by our
society, there are still zones in the European Communities that are affected by
flooding. These natural disasters cause human and economic losses (Fig. 8). This is the
reason why the European Communities decided to undertake a wide plan to reduce
and avoid these problems.

Figure 8: Reported economic losses and deaths. Source: based on EM-DAT/CRED.

This research deals with one purpose of the European Communities’ action:
understanding better the mechanism of flooding from sewers.
Developing countries are particularly vulnerable to these problems linked to climate
change, inefficiency of existing structures and lack of money. Assistance in the form
of research and capacity-building that enables them to prevent and react to growing
problems is necessary.
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European and International Nations are aiming to provide this assistance in many
different terms focusing on different aspects:
- Governing water wisely: to ensure good governance, so that the involvement of
the public and the interests of all stakeholders are included in the management
of water resources.
- Protecting ecosystems: to ensure the integrity of ecosystems through
sustainable water resources management.
- Managing risks: to provide security from floods, droughts, pollution and other
water-related hazards.
This research will definitely provide benefits in terms of analysis of the risk through
the use of computer models simulating flood from sewers into the above surface and
vice versa. This can be really important for engineers who will be selected to develop
new drainage systems for cities in developing countries. On the other hand, improving
the accuracy of computer models can be definitely significant if the drainage system
considered is related to a city which provides all the necessary information
requested. For cities in developing countries, due to the lack of interaction between
community and city administration in some cases, it is hard to obtain all the
information needed by engineers such as future city developments that have to be
considered in terms of planning new solutions.
Therefore, this lack of material and information can be a limitation for the use of
modelling solutions for cities in developing countries.
I suggest that other aspects should be more incentivized in developing countries:
- Increase of public participation in the urban drainage management;
- Comprehensive project organization and clear allocation of responsibilities;
- Adequate urban land-use planning and enforcement;
- Capability to cover all phases and aspects of technical and non-structural
planning.
Then, once the structural system is solid and regulations have been defined, the
water management of each city regarding the flood risk should consider the following
principles:
- Flood control evaluation should be done in the whole basin and not only in
specific flow sections;
- More emphasis should be given to non-structural measures for flood plain
control such as flood zoning, insurance and real time flood forecasting.
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Abstract
Groundwater supplies nearly seventy percent of the regional water supply in
Mexico City. Past groundwater extraction in the central city caused subsidence
of up to 40 feet in some areas. Today, while pumping in the center city has
ceased, groundwater supplies come from areas surrounding Mexico City, which
are themselves experiencing effects of groundwater exploitation. Managing
groundwater resources to preserve aquifer quality and quantity in the Mexico
City Basin must incorporate a variety of strategies, such as promoting
infiltration, altering extraction rates, managing demand, and developing
wastewater treatment and reuse options. Further, aquifer management
decisions have both long-term and short-term planning components. This
paper describes a stochastic two-stage decision model that combines long-term
decisions such as construction of infiltration basins and wastewater treatment
facilities, with short-term actions for demand management that respond to
uncertainties climate, demand, and investment parameters. The model
assesses the costs and recharge potential for various options, comparing the
viability of centralized approaches such as large treatment facilities with
distributed measures including urban greening initiatives. The model will be
used to assess groundwater management and water supply options in Mexico
City given infrastructure decisions, water demand forecasts, climate
variability, and urban sustainability initiatives.
Subsequent work will
undertake data collection and parameter estimation for uncertainties.

Keywords
Groundwater; water, management; Mexico City; green infrastructure

INTRODUCTION: GROUNDWATER AND CITIES
Groundwater is an important resource for many urban regions. Cities in many diverse
geographies and climates have utilized groundwater at various stages of development
to supply a large percentage of potable water needs (Howard & Gelo, 2002).
Groundwater is a significant portion of global urban water supplies, but
comprehensive statistics for extraction do not exist. Clarke, Lawrence, and Foster
(1995) noted that fifty percent of all urban water use “has been attributed to well,
spring, and borehole sources, and more than [1 billion] urban dwellers in Asia and 150
million in Latin America depend upon such sources.” Groundwater is connected to
many parts of the urban hydrologic cycle, making it a critical resource for sufficient
and clean water in cities.
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Groundwater fulfills many water supply functions.
Young cities often tap
groundwater supplies to fuel rapid growth. Established cities, especially in arid
areas, rely heavily on groundwater for potable use (Howard, 1997). In many regions,
groundwater augments available supplies during periods of drought and peak use. At
the same time, groundwater overuse can lead to a collection of problems, including
subsidence, saltwater intrusion, and aquifer contamination. Available water in an
aquifer is governed by the balance between extraction and recharge rates. While
cities pump significant amounts of groundwater for supply needs, leaking pipes,
sewers, and surface irrigation provide recharge in most urbanized regions.
Given the numerous relationships between water demand, supply, and available
resources in a given city, approaches that consider the interaction of multiple
strategies may be more effective than singular actions. For instance, a strategy that
incorporates both reduced groundwater extraction and increased recharge would
facilitate comparisons between multiple decision options.
Another potential
approach for decisions would consider tradeoffs in centrally-managed strategies,
including infrastructure expansion or infiltration basins, with distributed management
strategies, such as promoting household rainwater capture and storage. This paper
describes a probabilistic decision model for managing groundwater in the Mexico City
Basin. The model seeks to understand optimal groundwater recharge strategies that
use both centrally-managed and distributed approaches to preserve aquifer levels and
improve water quality in the region.
URBAN GROUNDWATER USE IN MEXICO CITY
Aquifer management is a critical component to water management challenges in
Mexico (Scott & Shah, 2004). Mexico is a hydrologically diverse country, with arid
parts in the north and central regions, while rainy in the south. Many of the arid
regions in Mexico rely heavily on water transports and groundwater to support
agriculture, residential use, and industry.
In the capital of Mexico City, a
combination of geologic, historical, social, and technological factors converge to
create a city with one of the world’s most significant aquifer management problems,
including both water quality and quantity. While groundwater extraction has helped
the city to expand and industrialize, its exploitation also presents significant
challenges for sustainable future development (Tortajada, 2006).
Geography, Hydrology, Culture, and Institutions
Mexico City (Ciuded de México or México D.F.) lies in the Valley of Mexico. The Mexico
City Metropolitan Area (MCMA) consists of the Federal District and the State of
Mexico. The city proper covers nearly 1,500 square kilometers and the metropolitan
area is considered to have a population of 21.2 million (CONAGUA, 2010). While at an
altitude of over 7,000 ft., the city lies in a basin that was formerly Lake Texcoco and
was filled with runoff from the surrounding mountains. It was built on an island by
the Aztecs and later taken over by the Spanish in 1521 during the siege of
Tenochtitlan. Below the central city, a 300-meter thick aquitard of porous, finegrained deposits overlays Quaternary lacustrine clays and Quaternary clasitics that
comprise the underlying aquifer (Ortega-Guerrero, Cherry, & Rudolph, 1993). The
aquifer strata consist of gravel, sands, and silts that vary in thickness from 0 to 50
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meters, resulting in high compressibility.
This soil strata composition poses
complications for the built environment. Slab building foundations are only possible
for buildings up to 4 or 5 stories, beyond which pilings must be used to assure
stability. Average monthly precipitation in the metropolitan area ranges from
approximately 5 mm to 160 mm (CONAGUA, 2007). Seasonally intense rainfall
patterns in May through October combine with the lack of natural soil drainage to
create periodic flood management issues (NRC, 1995).
The Mexican authority for water management is the Comisión Nacional del Agua (CNA
or CONAGUUA).
Groundwater is managed throughout Mexico by Technical
Groundwater Committees (Comités Técnicos de Aguas Subterráneas, or COTAS) after
the CNA instituted a federal law to address groundwater resource management. The
COTAS, whose boards are comprised of groundwater users, are charged with setting a
common agenda within their jurisdictions to monitor and manage groundwater
pumping; groundwater use is essentially self-regulated throughout the country. The
federal district also has a water utility, Sistema de Aguas de la Ciudad de México
(SACM), which is responsible for water supply and sanitation.
Traditionally, Mexico City residents viewed water as state property, entitling free and
abundant use, similar to attitudes in the rest of the country. Water supply and
drainage has been heavily subsidized by the federal government. Rapid urban growth
has combined with limited financial resources to induce overexploitation and
shortages of available, potable water in many areas of the country. Reforms in
recent decades have sought to regulate water allocation and groundwater use, though
monitoring and enforcement remains problematic (NRC, 1995).

Figure 1: Average Monthly and Cumulative Rainfall in the Federal District (Mexico City)
(source: CONAGUA Statistics on Water in Mexico. 2007)

Groundwater Use and Subsidence
Throughout Mexico, 75 million urban users obtain over 70% of their water from
groundwater, though agriculture uses 70% of the total volume of groundwater
pumped. Groundwater extraction is less than infiltration nationally, but the central
44 / 211

13th World Wide Workshop for Young Environmental Scientists WWW-YES-2013
Urban waters: resource or risks? Arcueil, France (2 – 7 June 2013)

and northern areas overexploit groundwater resources for agricultural and urban
needs (Arreguin-Corets & Lopez-Perez, 2007).
In Mexico City, groundwater has been used for water supply needs for more than a
century. Groundwater extraction began in 1847 (Farvolden & Adrian Ortega, 1989).
Pumping expanded rapidly and by the mid-20th century, city authorities realized that
extraction was causing land subsidence of up to 40 cm per year (Cabral-Cano et al.,
2008; Gayrol, 1928; NRC, 1995; Strozzi, Wegmuller, Werner, Wiesmann, & Spreckels,
2003). This led the government to close pumping wells in the city center in 1952.
From the early 1960’s to 1982, groundwater extraction moved to peri-urban sites at
the periphery of the aquitard (Oretga-Guerrero, Cherry, & Rudolph, 1993).
Subsidence in different eras of the city’s history has been estimated at: 4.6 cm/yr
from 1900-1938; 16 cm/yr from 1938-1948; and 35 cm/yr from 1948-1956. After well
closures in the city center in 1952, subsidence slowed to about 7.5 cm/yr and by
1990, the rate was estimated to be 4.5 cm/yr (Mazari & Alberro, 1990). Beginning in
1983, a piezoelectric network was installed to monitor the groundwater table,
allowing for more accurate measurements (Lesser-Illades, Sanchez-Diaz, & GonzalezPosadas, 1990). Since then, the average annual decline ranged from 10 cm per year
to 150 cm per year in different zones of the city. Subsidence in the central city has
decreased to approximately 5 cm per year. In total, subsidence in the central city
has been over 7 meters in the last century (NRC, 1995). The subsidence has damaged
landmarks, impacted infrastructure development, and increased flood risks.
For
instance, the main combined sewer outflow that runs under the city center, called
the Emisor Central (part of the Drenaje profundo), was designed as a gravity-fed
canal but had its capacity reduced by nearly half since it opened in 1973 due to
subsidence. This canal replaced an earlier Gran Canal that had to be shut down due
to subsidence. The Emisor Central functions today through the use of pumping, which
moves effluent upwards to reach the city boundaries. Moreover, wastewater from the
drainage infiltrates and later emerges in springs in the Tula Valley to the north.
Despite challenges, the aquifer continues to provide nearly 70% of the region’s water
supply, with well depths reaching 300 meters (Cabral-Cano et al., 2008; Santoyo,
Ovando-Shelley, Mooser, & y Leon, 2005; Tortajada, 2006). Most groundwater
supplies come from the areas surrounding Mexico City, including Sierra Nevada
(Chalco Basin), Sierra del Chichinautzin and Sierra de las Cruces (Ortega-Guerrero et
al., 1993). Tortajada (2006) reported in 2002 that the total volume of water supplied
to the Mexico City Metropolitan area was estimated to be 66 cubic meters per second
(cms), with 68% (45.2 cms) coming from groundwater wells and springs, 22.6% (14.9
cms) coming from the Cutzmala watershed, and 8.9% coming from the Lerma
watershed, as shown in Figure 2.
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Figure 2: Mexico City Water Supply (as published in Tortajada 2007)

While 95% of the residents of Mexico City and 84% of the residents of the State of
Mexico had access to centralized water deliveries in 2000, many residents must find
alternative sources (Tortajada, 2006). Even in areas with water access, the water is
often polluted and residents must purchase more expensive bottled water. This
problem is especially acute in the informal settlements of the region, which are areas
where squatters build structures without official land rights and often without
municipal infrastructure improvements. The dichotomy between wealthy and poor
residents is stark, with wealthy residents using up to 600 liters per capital per day and
poor residents using approximately 20 liters per capita daily (Tortajada, 2006).
Current and Future Strategies
The water supply of Mexico City benefits from large aquifer reserves. While the
reserves are plentiful, continued exploitation to meet urban demands creates
significant problems of localized depletion, subsidence, and pollution. At the same
time, crumbling water distribution and sewage infrastructure throughout the city
complicates needed investments. To increase sustainable use of available resources,
several recent and future strategies can be explored to slow peri-urban subsidence,
improve system efficiency, and perhaps maintain groundwater quality.
Reversing groundwater overdraft requires either reductions in extractions or increases
in direct and indirect recharge. Research has suggested a number of potential
solutions. Reducing urban demand through more effective water pricing or increased
monitoring can help to curb extractions. Alternatively, many schemes have been
proposed to increase recharge.
The large canal that drains stormwater and
wastewater outflows from the city is a potential source of infiltration. The hard clay
upper soil layer in the area, though, means that infiltration must come through moreexpensive well injection, as permeability is except in areas of basaltic rock where
fractures exist that promote infiltration (Pyne, 1994). Various infiltration schemes
have been considered in the past, with proposals seeking to inject raw river water
and wastewater from rivers and the Gran Canal and treated water into the
Chichinautzin sierra, which is the main area for infiltration (DGCOH, 1997). Green
urban infrastructure techniques, including bioswales, rainwater gardens, and
retention ponds, are growing in popularity throughout the world, but are less likely to
induce infiltration without significant modifications to the substrate or underlying
infrastructure to induce recharge. They may, however, alter the amount of water
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lost to evaporation. Vegetation and shading can create microclimates in urban
environments that reduce heat and transpiration, though the vegetation itself
requires water. The flashy hydrology of the region reduces the potential for
infiltration from reconstituted first-order streams during small storms. Finally, the
amount of water lost to evaporation in the region is significant. Nevertheless,
landscape architecture and urban ecology approaches that model evapotranspiration
and design landscapes with trees, shrubs, and other plants could provide solutions for
reducing evaporation losses during the dry months of the year.
In Mexico City, governance structures such as the COTAS were formed by national
initiative to increase management and oversight of groundwater use. Restrictions and
monitoring programs for groundwater use have been more prevalent in Mexico City,
especially the central area, than other rural communities in Mexico.
Yet,
groundwater overdraft has shifted from the central city to the surrounding suburbs,
despite acute knowledge of the situation. More recently, the Mexico City government
has recognized the long-term seriousness of this issue and incorporated mitigation
strategies into a larger planning effort, even as utility-focused demand and supply
actions are implemented. In 2008, the city introduced the Plan Verde (Green Plan),
calling for new water management approaches to preserve aquifer resources,
including water conservation measures, soil preservation, promotion of green roofs,
improved maintenance, and aquifer recharge through injection of treated wastewater
(Secretaría del Medio Ambiente del Distrito Federal., 2008). Efficient and costeffective combinations of such strategies have not been fully explored.
MATERIAL & METHODS
Decision Model for Aquifer Management Strategies
Water management decisions for the Basin of Mexico aquifer include a variety of
complimentary long-term and short-term options. Long-term strategies typically
require significant capital investments, such as infiltration basins, wastewater
treatment enhancement, or large-scale landscape infiltration plans. Short-term
options may be used to manage water availability or promote infiltration on smaller
time scales in response to annual uncertainties in climate or demand. Such options
might include private rainwater capture incentive programs or water conservation
regulations. In reality, many planning and management decisions for all strategies in
the Basin take place on short-term time frames of three to six years, but larger
capital investments should be analyzed by employing long-term discounting of
infrastructure.
While decision frameworks for flood management or drought measures often
constitute long-term (permanent) options and immediate short-term measures in
response to hourly or monthly changes in environmental conditions, for aquifer
management, groundwater extraction is less evident and negative effects such as
subsidence or contamination are less immediate. Thus, short-term option timelines
must be elongated compared to many other problems in water management that
employ two stages of decisions.
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Infrastructure development decisions can also be framed as alternative approaches
for centralized or distributed approaches. For example, large infiltration basins
represent centrally-managed infrastructure, while household rainwater capture
incentive schemes promote distributed infiltration. In between, municipal programs
might promote rainwater capture and infiltration on public lands redevelopment of
parks or public buildings to promote green infrastructure. Tradeoffs between options
can be formulated as a decision model, which can assist water managers in the Basin
to assess future strategies. Further, uncertainties in water supply and demand in the
arid basin, especially given a changing climate, can be incorporated to provide
managers tools for future water planning decisions under uncertain future conditions.
Model Formulation
A stochastic two-stage linear programming model was formulated to identify the
minimum cost for potential combinations of infrastructure and program management
decisions. Sustainable aquifer management consists of a first stage of long-term
decisions (5-30 year actions) and a second stage of short-term decisions (0-5 year
actions). Long-term decisions (L) include construction of infiltration basins in
geologically-favorable areas, development of wastewater treatment infrastructure
that enhances infiltration and reuse, watershed protection programs for sensitive
recharge areas, large landscape development programs on public lands that increase
localized infiltration, and regulatory or incentives to increase infiltration on private
lands. Short-term options (S) include incentive programs to promote rainwater
capture and regional water demand restrictions for particular sectors. While many
reuse programs such as promoting rainwater harvesting may have long-term benefits,
these programs are considered short-term because many cities have promoted such
programs only on a short-term basis due to policy changes and budget constraints.
The available decisions will be refined through interviews and field work based on
current decisions under consideration.
Table 1: Short- and Long-term Aquifer Management Options and Characteristics
Decision Type

Characteristics

Examples

Long-term Decisions

Often capital intensive, including initial
costs and long-term maintenance
Regional scale of implementation
Requires coordination and potential
financing
May use centralized or distributed
approaches, but regulations and incentives
from central authority are likely

Infiltration basins
Wastewater treatment enhancement
Large-scale landscape infiltration plans
Landscape approaches on both public and private
lands
Watershed protection programs for recharge areas

Short-term Decisions

May incorporate behavior of water users
Consider highly elastic supply and demand
options

Private rainwater capture incentive programs
Water conservation regulations
Realignment of pumping locations

Uncertainty is associated with the probability of annual event, , which influences
the aquifer level. The two-stage model, including both short- and long-term
decisions, is given in equation (1):
(1)
XL and CL are the number of units and unit costs for long-term decisions in the set i.
XS and CS are the number of units and unit costs for short-term decisions in the set j.
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Short-term actions are instituted in response to seasonal predictions of aquifer level
in the basin for event e. The expected value of costs for short term actions is the
sum of the cost of actions
and the damages (
associated with event e,
multiplied times the probability of that event (Jenkins & Lund, 2000; Lund, 2002).
Groundwater overdraft for event e is a function of the infiltration and extraction
rates of groundwater. Infiltration is based on rainfall, infrastructure, and estimates
of uncontrolled seepage. Infiltration for current configurations of built landscapes
can be parameterized based on rainfall amounts, with more rainfall yielding greater
infiltration for small to moderate storms. Larger storms will induce greater surface
runoff with temporary saturation. Infrastructure factors that influence infiltration
include long- and short-term infrastructure decisions to promote infiltration. For
long- and short-term actions, total infiltration is the product of the number of acres
dedicated to infiltration through green infrastructure and the infiltration rate for
is an estimated parameter
various projects. Finally, uncontrolled infiltration,
based on analysis of annual rainfall and demand as well as interviews with experts, as
infiltration from leaky pipes and other uncertainties is difficult to accurately quantify.
Together, the infiltration for event e becomes:
(2)
As shown, Equation (2) represents the total number of acres of different land types
and the associated infiltration rates throughout the city. It can also be formulated as
a spatially-explicit model by adding an additional index variable to determine
infrastructure decisions for particular parcels.
The required groundwater extraction for a given event, , is directly related to the
total urban water demands, , multiplied by the typical rates of groundwater use in
the overall water supply portfolio, g, such that:
(3)
The amount of shortage for a given event is the difference between the extraction
required to meet demand and the reduced extraction resulting from policy measures
instituted as short-term actions. Damages are parameterized as a function of
shortages in urban water demands and the costs of over-extraction of groundwater.
The damage function is calculated by multiplying the damages for a unit of shortage
and unit of over-extraction
in event e by the amount of shortage and overextraction.
(4)
Shortages are calculated as the difference between water demands and extraction for
a given event. The uncertainty of a given year can be more accurately described as
the joint probability of the likely hydrologic year and the likely water demands in that
year, whereby the probability of event e becomes a function of the probability of a
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given rainfall in that year and the probability of water demands in that year as shown
in equation (5).
(5)
In equation (5), the probability of demand
incorporates likely population growth
forecasts, as well as considerations of both legal and illegal hookups. The probability
of a hydrologic year
is related to the typical hydrology of the region but can also
be augmented by incorporating uncertainties associated with climate change
scenarios. Incorporating the multiple sources of uncertainty into the two-stage model
over time series, t, the formulation in equation (1) becomes:
(6)
Other constraints are applied to the stochastic two-stage model:

The minimization of the total expected value costs of such actions, Z, given potential
shortages, can provide water managers with insights regarding promising future
strategies for water infrastructure development.
Notably, the formulation above does not explicitly consider water quality. Water
quality can be managed through landscape-based treatments, centralized treatment
facilities, treatment through infiltration in basins, and watershed protection efforts in
recharge areas. Water quality parameters will be incorporated following further data
collection and interviews with water system managers and experts.
Model Implementation
The formulation above incorporates urban water demands, aquifer levels, and costs of
new infrastructure. At this stage of the project, aquifer levels will be modeled
through a simple bucket approach, with imports and exports determining levels.
Literature for infiltration rates and permeability of various land cover types, including
green infrastructure, will determine landscape infiltration rates. Water demands and
shortage costs will be estimated based on existing literature and expert interviews.
The model will be developed in Microsoft Excel and utilize additional commercial and
open-source enhancements to solve for the optimal mix of infrastructure decisions
that minimizes overall costs to meet demand requirements. Data will be gathered
from existing sources, including collaborative researchers, as well as discussions with
the federal water agency (CONAGUA) and the federal district water agency (Sistema
de Aguas de la Ciudad de México).
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DISCUSSION: MANAGING WATER TO MANAGE SUBSIDENCE
In examining Mexico City water management practices, Tortajada (2003) concluded
that, “[t]he current water supply and wastewater-management problems of the
Mexico City metropolitan area can be directly linked to the lack of long-term regional
economic development policies, poor and inappropriate management practices, and
the absence of any serious attempt to formulate and implement a viable wastewatermanagement plan.” This quote demonstrates a clear need for Integrated Urban
Water Management (IUWM) strategies. While IUWM is often an endearing term in
policy circles, for the MCMA, water supply, wastewater, and external effects such as
subsidence are intimately linked to holistic management practices, urban growth
patterns, policy development, corruption, and long-term planning processes.
Effective wastewater management in the city, such as installation of treatment
plants, would increase the opportunity to reuse or infiltrate wastewater. At present,
drainage canals move a combination of grey water and black water out of the Basin of
Mexico through the Drenaje profundo, depleting the aquifer and transferring
imported water out of the Basin. This drainage system, however, was installed to
handle the unique hydrology of the region, with massive storms flooding the area
during a few short months of rain. In addition, unlike many cities, industrial users in
the region have little incentive to discharge wastewater into the aquifer because of
slow infiltration capacity (Foster, 2001). While this may mitigate some contamination
dangers, it means that the vast majority of extracted and imported water is quickly
moved out of the city limits.
Natural ecology and hydrology of the region affected the development of the city
water infrastructure, and they continue to influence the current water management
challenges. Newer, more systematic approaches that recognize the connection
between surface water and groundwater sources, such as landscape infiltration or
artificial recharge, may help to simulate the ancient biophysical and hydrologic
processes. Even more progressive options, such as utilizing increased tree cover to
change evapotranspiration rates in the region, draw on increasing understanding of
urban ecosystems, recognizing that cities are products of human ingenuity but still
subject to constraints of the surrounding environment. While pilot projects have
explored opportunities to increase infiltration and promote sustainable long-term
policies, Mexico City has not undertaken a full commitment to these problems in the
way that, for example, Los Angeles groundwater basins did in the middle of last
century. To this extent, insights from modeling may assist managers to long-term
decision processes. Household options such as rainwater harvesting are also possible,
as increased economic incentives from either government programs or future water
scarcity may prompt residents to augment central supplies. Innovations to address
the challenges of water supply and flood management in the Basin may develop at
localized scales within the larger MCMA, such as rainwater harvesting schemes or
community-based pollution management. While poverty and crime issues continue to
plague the city, the large infrastructure already built demonstrates that Mexico City is
capable of tackling significant challenges, provided motivated leadership and a clear
vision for the future. As future cities incorporate new approaches to water
management such as reuse, localized contaminant removal, and natural treatment
buffers, Mexico City can capitalize on growing knowledge to implement such practices
that help to protect its aquifer resources.
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CONCLUSIONS
In many cities, groundwater overdraft is precipitated by extraction for residential,
commercial and industrial uses. Groundwater contamination is the most prevalent
effect of urban development and aquifer exploitation. Given the right geologic
conditions, however, subsidence can pose significant problems for urban
infrastructure. In many cases, subsidence is reversible, meaning that if cities do
overdraft groundwater resources, they can subsequently recharge them to halt and
even reverse subsidence.
In Mexico City, groundwater depletion continues as the city draws on regional aquifer
resources to meet supply needs. To maintain available resources, the city must
explore a portfolio of approaches to promote infiltration, improve treatment, and
manage demand. Aquifer recharge and urban greening offer possible strategies to
increase recharge and reduce extraction. Importantly, the lack of wastewater
treatment facilities in the city result in large effluent streams that, if treated, could
reinstate natural hydrologic cycles. Instead, the wastewater presents a stark
environmental and health hazard. In all likelihood, a balanced suite of alternatives
will emerge to tackle water supply problems in Mexico City, including more efficient
water imports, improved wastewater treatment, regulations on groundwater
extraction, managed recharge, and landscape changes to promote infiltration and
reduce evaporation. The city offers a hearty case study for the value of integrated
water management strategies.
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Abstract
Urban Andean communities are largely dependent on the capacity of soils to
regulate water availability. Understanding the differences on water availability
due to a particular soil type and land use is important in terms of adaptation
strategies, to reduce vulnerability to water scarcity particularly in the Andean
region. Two watersheds that are the water source of community water
organizations in the central and the western branch of the Colombian Andes
were selected to compare between Andisols and Inceptisols. Soil samples were
taken from at least two depths in 12 sites of pastures and 6 sites of forest. Soil
properties related to water dynamics were analyzed: water retention curves,
texture, pH, amorphous and organic matter, porosity and bulk density. The
results showed how the Andisols contribute to a greater water retention due to
the high content of amorphous material. Conversion of forest to pastures
decreased the available water storage (AWS) capacity of Andisols from 17.5% to
15.1% (14.8% decrease). There are significant differences between both soil
types in most of the hydrological properties (pH, texture, soil organic carbon,
allophane content, bulk density and porosity). However no significant
difference was found in AWS. Inceptisols have an AWS of 14.2% in forest and
conversion from forest to pastures decreased it in 3%. Although Andisols have
greater AWS than Inceptisols, both soils have a similar behaviour in relation to
the water holding capacity: forest and A horizons hold more water than
pastures and B horizons. Hydrological effects of these properties should be
modelled to better assess the impact on water supply.

Keywords
Water retention; Andisols; Inceptisols; Andes; community water organizations

INTRODUCTION
Soils are the largest pool in the terrestrial water cycle, vital to water supplies and
food production for communities, and provide resilience to ecosystem production and
services. Andean communities are largely dependent on the capacity of soils to
regulate water availability. The region lacks storage infrastructure and relies mainly
on soils, glaciers and vegetation to regulate the flows of water, storing it during the
wet seasons and releasing it during the dry seasons. Land use and climate change are
altering the functions of these storage components of the water cycle, increasing the
vulnerability of communities to water and food scarcity (Brown et al, 2007, Buytaert
el at, 2011; Roa-García et al, 2011). In Colombia 77% of the urban population and 71%
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of the rural population live in the Andean region (DANE, 2005). Despite being home to
the majority of the population of Colombia, the Andean region contributes only 13% of
the water supply of the country (IDEAM, 2010) and “over 80% of the municipalities are
supplied by small sources (streams, creeks, brooks) with low regulation capacity and
high vulnerability" (IDEAM, 2000, p. 38).
Climate change will also disproportionately impact developing countries and rural
areas where the dependency on natural-resources is high (Thomas and Twyman,
2005). Due to the high dependency of Andean communities on natural resources for
water supply and food production it is of relevance to understand the role of the
factors influencing the regulation and storage of water, particularly soil-water. The
magnitude and the tendency of climate change effects will depend on the local
climate, and hydrological and ecological conditions (Buytaert et al, 2011).
Diverse soil types are present in the Andes, with distinct origins and properties from
those commonly reported in non-Cordilleran temperate zones, and consequently
affect the water regulatory capacity of catchments differently. In the central branch
of the Colombian Andes the dominant soils are Andisols, very common in páramos,
whose origins are volcanic ash and that are characterized by large water holding
capacity (Buytaert et al, 2006). The minerals that comprise Andisols are
noncrystalline with small amounts of layer lattices clays and include aluminum and
iron humus complexes (Van Wambeke, 1991). These mineral complexes tend to
stabilize organic matter and physically protect humus against decomposition
(Dahlgren et al 1993; Wada 1985). In the western branch of the Andes Inceptisols are
common. Inceptisols are soils that are in the incipient stages of formation toward
mature soil orders but have not yet fully developed their diagnostic properties (Van
Wambeke A, 1991). There is a wide variety of Inceptisols because there are many
directions to soil development, however only a few are important in the tropics;
Aquepts and Tropepts (Van Wambeke A, 1991). The mountain ranges and the
subsiding zones of the orogenic belts are the structural regions of the world that
contain the largest areas of Inceptisols (Van Wambeke A, 1991). There are two soil
suborders in the study site: Humitropepts and Dystropepts.
In the Andes, the few studies on hydrology and hydric properties of soils are
concentrated in the páramo ecosystem. A study carried out in Ecuador (Farley et al,
2004) showed how water retention capacity at 10, 33 and 1500 kPa and soil organic
carbon (SOC) in A horizon declined with conversion of pastures to Pinus radiata
cultivated forest in páramo ecosystems on Andisols with implications for carbon
sequestration and water management. Another study (Buytaert et al, 2002) also
showed how an Umbric Andosols in Ecuador loss 16% of its water retention capacity at
wilting point after two years of cultivation. Literature is scarce on the hydrological
properties of any soil type in the Colombian Andes. This assessment focuses on the
biophysical components of soils that regulate water supply comparing the differences
in hydrological properties of Andisols and Inceptisols on the A and B horizons and
under pasture and forest.
Study areas
The study area encompasses two watersheds that are the water sources of two
community water organizations. These watersheds supply peri-urban areas of two
cities in the Colombian Andes: Pereira in Risaralda province and Cali in Valle del
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Cauca province (Figure 1). The first watershed, Sonora, is located in the central
branch of the Colombian Andes in the upper part of the Barbas basin (4.41oN,
35.74oW) at 2,088 - 2,331 m of elevation. The watershed is 205 ha in area and the
soils are Andisols (Table 1). The community water provider has the name of the
jurisdiction where it is located: Tribunas-Corcega. This organization has 2,100
suscribers and treats 114,000 cubic meters of water per month. The second
watershed, Chocho, is located in the western branch of the Colombian Andes in the
upper part of El Chocho basin (3.30oN, 76.34oW) at 1768 – 2111 m of elevation. The
Chocho watershed has an area of 149 ha and the soils are Inceptisols (See table 1).
The community water provider, Golondrinas named after the jurisdiction, has 497
suscribers and the organization treats 13,100 cubic meters of water per month.

Figure 1. Location of the two study sites.

Table 1. Watersheds description.
Mountain range/
Type of soil

Water community
organization

Basin

Central/ Andisol

Tribunas

Barbas

Sonora

Occidental/
Inceptisol

Golondrinas

Chocho

Chocho

%
Crops or
cultivated
forest

Max elevation
watershed
(m.o.s.l.)

Area
(ha)

2088

2331

203,5

33%

48%

19%

1768

2111

148,8

42%

51%

8%

Water intake
Watershed
elevation (m.o.s.l.)

%
%
Pastures Forest

Geology and soils
The Sonora watershed is located in the Quindío-Risaralada fan composed of a mass
flow of fluvio-volcanic sediments deposited during the last million years above a
Cretaceous volcanic and methamorphic basement (Guarín, et al., 2004). Soils formed
are classified as Andisols (Acurdoxi Hapludans) (IGAC, 1996). The Chocho watershed is
located on the cartographic unit of Villa Colombia which is classified as Inceptisol
(Typic Dystropepts, Andic Humitropepts Ustic Dystropepts and Typic Humitropepts).
56 / 211

13th World Wide Workshop for Young Environmental Scientists WWW-YES-2013
Urban waters: resource or risks? Arcueil, France (2 – 7 June 2013)

They are shallow to moderately deep soils, well drained, moderately eroded and
developed from volcanic igneous rocks, mafic aphanitic and porphyritic (diabase). The
texture is moderately fine with fine and weak subangular blocky structure (Echeverri
y Linares, 2003).
Climatic conditions of the region
Central Colombia and the western Andean branch experience a bi-modal annual
precipitation cycle where rainfall peaks during April-May and October-November, and
is low during December-February and June-August, mainly as a result of the double
passage of the Inter-Tropical Convergence Zones (ITCZ). Data from Pereira city
reports an annual precipitation of 2,750 mm and an annual average temperature
between 18 and 20°C. Data from La Paz jurisdiction near Chocho watershed reports
an annual precipitation between 960 and 1,050 mm and an average temperature
between 20 and 22º C (Chacón, 2002).
METHODS
Sites and sampling
Based on the two main land uses of Sonora and Chocho watersheds which are natural
forest and pastures, 6 sites of forest (B1 to B6) and 12 sites of pastures (P1 to P12) in
Chocho and 14 sites in Sonora (P1 to P14) were selected (Figure 2 and 3). Pastures
samples were selected in pairs based on slope position: one on the side-slope and the
other in a flat position. In each site, samples were collected from each horizon,
always from A, B and from C horizon when it was encountered within 2 meters.

Figure 2. Land use of Sonora watershed and sampling sites.
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Figure 3. Land use of Chocho watershed and sampling sites.

Analyses
Undisturbed samples were recollected in 45 cm3 steel rings (diameter 4.8 cm and
height 2.5 cm). These samples were used to estimate bulk density and the soil water
desorption curves. Soil water desorption curves were determined following the
procedure of Topp et al. (1993) using pressure plates. Bulk density was estimated
gravimetrically after drying during 24 h at 105°C. The disturbed soil samples were airdried and sieved at 2 mm to obtain the fine earth fraction. For these fractions, pHH2O
was estimated in a suspension of 10 g soil and 20 mL water after stirring. Then pHCaCl2
was estimated after adding 1 mL 0.02M CaCl2 to the suspension. Oxalate extractable
Alo, Feo and Sio.were determined by extraction after shaking 0.5 g with 25 mL 0.03M
ammonium oxalate for 4 hours at pH 3 in the dark, filtering with Whatman filter No.
42 and completing to 50 mL with 10% HNO3 (Mizota and Van Reeuwijk, 1989). Soil
texture of the samples was determined by the hydrometer method after dispersion by
hexametaphosphate (Van Reeuwijk, 2002). All samples received the same treatment,
allowing for comparison of results between individual samples. Loss on ignition (LOI)
was done by steps bringing 5 g of air-dried soil to 105 °C during 24 h (hygroscopic
water: difference between 105°C and air-dried samples); samples were then dried at
200 °C for 8 hours (weight loss associated with amorphous material: difference
between 200 °C and 105°C); samples were continued drying at 300 °C for 8 hours
(weight loss associated to organic matter: difference between 300 °C and 105 °C) and
finally samples were dried at 650 °C for 8 hours (weight loss associated with
structural water: difference between 650 °C-300 °C). Soil organic carbon was
estimated using the equation SOC=0.5663LOI-0.7589 formulated by Rahman et al.
(2002). Variance t student test were done to test for significance differences within
the same soil type and between land use and within the same land use and between
soil type.
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RESULTS
Average values of the analysis are presented in table 2 and 3 for Andisols and
Inceptisols respectively. Data is ordered by land use and horizon. The presence of
non-crystaline materials in Andisols can be derived from Table 2, in which results
from oxalate extraction are presented (Sio, Feo and Alo).
Table 2. Analysis results from Andisols watershed arrange per land use and horizon (P value
indicate the change of equal means).

Horizon (samples number)
pH H2O
pH CaCl2
Sand (%)
Clay (%)
Texture
SOC (%)
Sio (g/Kg)

Pastures
A (n=14) B (n=14) C (n=4)
5,1
5,6
5,4
4,2
5,0
4,5
64,5
68,4
51,3
23,4
20,9
22,9
Sandy clay loam
8,6
3,4
0,3
5,7

19,4

Alo (g/Kg)

16,7

Feo (g/Kg)

3,3
3,2
70,7
565,2
73,7
15,1
11,6

Alo/Sio
Allophane (g/kg)
Bulk density (kg/m3)
Porosity (%)
AWS (% V/V)
SAT-FC (% V/V)

Andisols
Forest
A (n=6) B (n=6) C (n=2) Ash (n=3)
4,5
5,5
5,5
5,0
3,5
4,9
5,0
4,1
67,9
68,4
66,1
31,5
19,6
21,7
22,8
18,7
Sandy clay loam
Silt loam
14,7
3,6
3,1
0,3

P
A
0,007
0,006
0,3
0,2

B
0,09
0,1
1,0
0,8

0,06

0,8

0,2

0,8

-

0,1

0,8

-

0,05

0,9

781,7
68,7
10,0
10,8

0,9
0,10
0,4
0,4
0,2
0,1

0,9
0,8
0,9
0,4
1,0
0,6

6,3

4,4

18,6

17,6

-

35,4

9,5

13,5

33,7

31,4

3,4

1,1

2,6

3,2

4,8

1,9
132,9
726,4
67,1
12,8
12,0

1,7
37,7
960,2
59,3
11,7
10,1

3,2
58,2
472,9
78,5
17,5
18,1

1,9
125,8
713,8
70,5
12,9
13,9

1,7
117,7
764,9
78,7
16,3
10,8

It can be observed that Sio and Alo are greater in B horizon than in A horizon
indicating that allophone are more abundant in the B horizon and there are probably
more organic complexes of Al and Fe in the A horizon, where organic matter is
greater as indicated by the soil organic carbon (SOC). pH is also less in A horizon,
which may inhibit the formation of allophone as stated by Garcia-Rodeja et al.
(2004): at pH values <4.9 complexation of Al by organic matter exerts an antiallophanic effect, leaving no Al available to react with silica to form allophane or
imogolite.
Differences between soil characteristics from the central and western branch are
considerable, with much lower extractable aluminium and silica in the western
branch (Inceptisols) as these soils are formed from volcanic igneous rocks and not
from volcanic ash. See table 3.
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Table 3. Analysis results from Inceptisols watershed arrange per land use and horizon (P value
indicate the change of equal means).
Pastures
Horizon (samples number) A (n=12) B (n=11) C (n=3)
pH H2O
5,6
5,6
5,4
pH CaCl2
4,6
4,4
4,3
Sand (%) 52,5
28,4
19,7
Clay (%) 24,9
31,8
36,0

Forest
B (n=6)
5,3
4,4
46,3
28,1

A (n=6)
5,7
4,8
59,2
25,0

P
C (n=3)
5,3
4,0
40,5
27,9

B
0,2
0,8
0,05
0,4
-

Sandy clay
loam

Clay loam

Silty clay
loam

Sandy clay
loam

SOC (%)
Sio (g/Kg)

5,1

2,3

1,6

7,9

2,4

1,8

0,1

0,9

1,7

1,2

1,3

1,5

2,2

1,1

0,5

0,2

Alo (g/Kg)

4,1

2,9

3,3

4,1

5,2

4,1

1,0

0,1

Feo (g/Kg)

7,8

4,2

3,3

5,2

4,9

3,7

0,02

0,5

2,5
16,4
862,4
61,8
13,8
13,1

2,5
11,1
997,3
58,0
11,8
10,4

3,2
14,7
1017,6
55,7
9,4
10,5

2,9
17,9
700,5
67,1
14,2
15,7

2,8
21,9
944,3
59,6
12,6
11,3

3,6
19,3
885,7
63,9
13,8
13,1

0,4
0,8
0,1
0,4
0,7
0,3

0,5
0,1
0,3
0,6
0,7
0,7

Texture

Alo /Sio
Allophane (g/kg)
Bulk density (kg/m3)
Porosity (%)
AWS (% V/V)
SAT-FC (% V/V)

Sandy clay Clay loam
loam

A
0,7
0,4
0,4
1,0
-

Bulk density in Andisols is much less than Inceptisols in all horizons. The smallest
value is for forest in the A horizon (472 kg/m3). At the same time, A horizon forest
soils from Andisols have the highest available water storage (AWS). High AWS is
characteristic of Andisols and this is related to its low bulk density and high porosity,
which are properties influenced by the high content of amorphous materials such as
allophanes. Although hydrometer data indicates a sandy texture (see Table 2),
Andisols have the highest volumetric moisture content at every pressure (see Figure
4). Note that due to the non-crystalline materials present in volcanic ash soils,
incomplete dispersion of aggregates (Nanzyo et al., 1993) likely results in a high
“sand” measurement.
Comparisons within the same soil type and between pastures and forest in the same
horizon (see tables 2), indicate that is a significant difference in pH between pastures
(pH=5.1) and forest (pH=4.5) in Andisols.
Field capacity

Permanent
wilting point

Sand*

Figure 4. Water desorption curve. *mean values (Bradley and Weil, 2002)
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Our initial assessment indicates significant between Andisols and Inceptisols (See
table 4). Soil organic carbon in A horizons of pastures are very different: in Andisols
SOC averaged 8.6% while in Inceptisols 5.1%. Bulk density (ρb) is also very different
within pastures in A and B horizon: while in Andisols ρb in A and B horizon were 565
kg/m3 and 726 kg/m3 respectively; in Inceptisols they were 862 kg/m3 and 997 kg/m3.
Differences of ρb between forest sites were not significant. The same occurs for
porosity as this is a dependant on bulk density. The differences of AWS between soil
type, land use and horizon can be seeing in Figure 5. Although Andisols have greater
AWS than Inceptisols, both soils have the same behaviour in relation to the water
holding capacity: forest and A horizon sites hold more water than pastures and B
horizon sites.
Table 4. Analysis results from Andisols and Inceptisols watersheds arrange per land use and horizon
(P value indicate the change of equal means).
Horizon (samples number)
pH H2O
pH CaCl2
Sand (%)
Clay (%)
SOC (%)

Andisols
Inceptisols
P between Andisol and Inceptisol
Pastures
Forest
Pastures
Forest
Pastures
Forest
A (n=14) B (n=14) A (n=6) B (n=6) A (n=12) B (n=11) A (n=6) B (n=6)
A
B
A
B
5,1
5,6
4,5
5,5
5,6
5,6
5,7
5,3
<0,001
0,4
<0,001
0,3
4,2
5,0
3,5
4,9
4,6
4,4
4,8
4,4
0,001 <0,001 <0,001
0,08
64,5
68,4
67,9
68,4
52,5
28,4
59,2
46,3
0,005 <0,001
0,3
0,02
23,4
20,9
19,6
21,7
24,9
31,8
25,0
28,1
0,6
0,002
0,5
0,2
8,6
3,4
14,7
3,6
5,1
2,3
7,9
2,4
<0,001
0,08
0,05
0,10

Sio (g/Kg)

5,7

19,4

4,4

18,6

1,7

1,2

1,5

2,2

<0,001

<0,001

<0,001

0,006

Alo (g/Kg)

16,7

35,4

13,5

33,7

4,1

2,9

4,1

5,2

<0,001

<0,001

<0,001

0,003

Feo (g/Kg)

3,3

3,4

2,6

3,2

7,8

4,2

5,2

4,9

<0,001

0,3

0,01

0,2

3,2
70,7
565,2
73,7
15,1
11,6

1,9
132,9
726,4
67,1
12,8
12,0

3,2
58,2
472,9
78,5
17,5
18,1

1,9
125,8
713,8
70,5
12,9
13,9

2,5
16,4
862,4
61,8
13,8
13,1

2,5
11,1
997,3
58,0
11,8
10,4

2,9
17,9
700,5
67,1
14,2
15,7

2,8
21,9
944,3
59,6
12,6
11,3

0,03
<0,001
<0,001
<0,001
0,3
0,4

0,01
<0,001
<0,001
0,006
0,5
0,4

0,5
<0,001
0,1
0,1
0,08
0,5

0,08
0,004
0,09
0,03
0,9
0,5

Alo/Sio
Allophane (g/kg)
Bulk density (kg/m3)
Porosity (%)
AWS (% V/V)
SAT-FC (% V/V)

18

Andisol

Average available water storage (%V/V)

17
16

Inceptisol

15
14
13
12
11
10
9
8

Figure 5. Comparison of available water storage capacity between soil type, land use and
horizon (groups with less than 6 samples are not shown)
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CONCLUSIONS
Andisols have unique characteristics in relation to water retention capacities.
Although of having a “sandy” texture (likely related to highly stable aggregates),
Andisols have a greater water retention than a clayey soil due to the noncrystalline
minerals that enhance the amount of soil organic carbon, increase the porosity and
decrease the bulk density. Conversion of forest to pastures decrease AWS capacity of
Andisols from 17.5% to 15.1% (14.8% decrease). There are significant differences
between both soil types in most of the hydrological properties (pH, texture, SOC,
allophane content, bulk density and porosity). However no significant difference was
found in AWS. Inceptisols have an AWS of 14.2% in forest and conversion from forest
to pastures decrease it by 3%. Although Andisols have greater AWS than Inceptisols,
both soils have the same behaviour in relation to the water holding capacity: forest
and A horizon sites holding more water than pastures and B horizon. Hydrological
effects of these properties should be modelled to better assess the impact on water
supply.
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Abstract
During precipitation events in regions with combined sewers, overflows can
occur upstream of drinking water treatment plants. The purpose of the
research was to model the transport and propagation of pathogens and
pharmaceuticals in Des Prairies River during flood and low flow events. The
water quality is quantified in terms of the behaviour of the river, the
interactions of contaminants with the environment and the impacts of climate
change. Hydrosim was used for hydrodynamic modeling; Dispersim was used to
model the dispersion of contaminants. The impact of climate change was
represented by the change of flow in the river. To do so, simulations were
performed using Hydrotel, a hydrologic model applied to the Ottawa River. The
impact of dispersion and diffusion of contaminants on the water quality were
thus analysed to determine the potential impact on raw water quality. Water
quality will be affected by lower flows and heavy rains, that will change the
frequency distributions of fecal contaminants upon which microbial risk models
are based.

Keywords
Hydrodynamic; contamination; diffusion; water quality; climate change

INTRODUCTION
The potability of water is directly related to its environment. The protection of
sources is taken into consideration in multi-barrier approaches to ensuring safe
drinking water. Depending on the standards, water treatment obligations are based
on raw water quality and, therefore, upstream contaminant loads. It is therefore
important to characterize water quality based on known and potential sources of
contamination. Peaks of chemical and biological contamination, observed during
overflow events, correspond to periods of risk to human health. However, the impact
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of climate change on the quality and quantity of drinking water are seldom included
in the development plans for the protection of water intakes, despite that their
potential effects on the quality of water. The characterization and prediction of
upstream changes allow us to mitigate the potential impacts of sources of
contamination on drinking water treatment. The behaviour of streams is related to
climatic conditions. However, the impact caused by flow conditions has an influence
on the supply capacity of drinking water intakes, but also on the physico-chemical
and biological characteristics of water, which have a direct impact on the operation
and design of treatment facilities. The drinking water treatment needed depends on
its quality. It is determined based on the annual average concentration in Escherichia
coli (E.coli) in the raw water. This bacterium is a common host in gut flora of
mammals including humans. Its presence in water characterizes the existence of fecal
contamination that could be potentially pathogenic. Therefore, E. coli was used as
the indicator of fecal contamination of the water.
The des Prairies River is a simple system in that it does not have a large number of
contaminant sources relative to other local rivers. It had already been sampled and
the results were published in conference proceedings (Madoux-Humery et al., 2010a;
Madoux-Humery et al., 2010b; Madoux-Humery et al., 2010c) and various manuscripts
submitted for publication. The des Prairies River, fed by the Ottawa River and main
effluent of the Lake of Two Mountains, is directly influenced by the hydrology and
water resources management in the Great Lakes and the Ottawa River. Water levels
in the Great Lakes are managed by an agreement between Canada and the United
States (Pietroniro et al., 2007) by the International Joint Commission (IJC). The
Ottawa River is governed by the Ottawa River Regulation Planning Board, which
objectives are to protect people from flooding and protect the interests of users of
the river (Ontario Power Generation and Hydro-Québec).
The des Prairies River is a major water resource in the Montreal area; with population
growth increasing the demand for water. Three water treatment plants are located
along the des Prairies River serving approximately 380,000 people. The latter two
treatment plantsare downstream of overflows, located at the end of combined or
mixed networks, which, during heavy rainfall, flow directly into the river without
treatment. Combined and sanitary sewer overflows thus present a major risk of faecal
contamination upstream of drinking water treatment plant intakes. One of the water
intakes is downstream of53 overflows and the second intake is downstream of the
first. It is under the influence of releases mentioned above but also 37 additional
overflows. The des Prairies River also has many areas of wildlife interest in the
vicinities of water intakes. The quality of water in many places has limited its use for
recreational activities in the past. There have been over 180 events per year of sewer
overflows. Sewer systems are predominantly combined, and overflows are the main
cause of microbiological contamination. The probability of overflows depends on
precipitation events and snowmelt. The work of Mailhot et al. (2007) suggests an
increase in precipitation and therefore an increase in the frequency of overflows.
Patz et al. (2008) suggest that the increase of the number of heavy rainfalls, causing a
greater number of overflows, helps to increase the risk of waterborne diseases in the
Great Lakes region. The impact of overflows is intensified by the fact that the
discharge water is not treated and their location prevents a proper dilution. There
have been observed episodes of fecal contamination in raw water filtration plants on
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the des Prairies River (Madoux-Humery et al., 2010c). Finally, the impact of the
change in runoff water from the des Prairies River on the water quality has not yet
been estimated.
This project will study a particular case (des Prairies River) for the integration of
climate change impacts in assessing the quality of drinking water in Quebec.
MATERIAL & METHODS
Site
The study site will be free of obstacles such as dams to ensure good modeling. The
Centre d'Expertise Hydrique du Québec (CEHQ) conducted a study on the river to
determine the dimensions of flood recurrence over 20 and 100 years periods (CEHQ,
2006). Based on this document and a site visit, we can describe the location of our
modeling.
Des Prairies River has its source in Lake of Two Mountains, fed by the Ottawa River.
During floods, des Prairies River is a major effluent lake which capacity can reach 35%
of the inflow by the Ottawa River. Des Prairies River flows over a distance of 51
kilometers to the northeast until it empties into the St. Lawrence River. The portion
that we study is a dozen kilometers long.
There are several gauging stations operated by the CEHQ, Environment Canada and
Hydro-Québec. Station 043301, located at the head of Cheval Blanc Rapids and
managed by CEHQ, measures the flow of the river. It has been in operation since
1922.
Hydrodynamic Modeling
To characterize the levels of floods, the CEHQ chose to model the concerned sector
with models in two dimensions. The software used is Modeleur (Secretan et al., 2000)
and Hydrosim (Heniche et al., 1999). They were developed by the Centre Eau Terre
Environnement of National Institute of Scientific Research (INRS). These combine
georeferenced data of hydraulic characteristics into a 2-dimensional model
representing the solution to the Saint-Venant equations. (CEHQ, 2006).
The Modeleur and Hydrosim software allow simulations of water levels. The input
data is a digital terrain model, the distances between observations sites, the
roughness coefficients, the downstream boundary conditions of the model, the
hydrometric statements and the calibration of the hydrodynamic model. The
bathymetry of the site was provided by the Canadian Hydrographic Service of
Fisheries and Oceans Canada. The topography of the banks was measured by an
aircraft equipped with a LIDAR system in fall of 2001. The data cover all sides of the
river to a width of about 200 meters on each side of the river and the data points are
spaced by about 3 meters. This model was used to simulate several events to
calibrate hydrodynamic model adequately. To obtain a model closer to reality, we
compare simulation results to actual events. We therefore use different observation
sites. The Manning roughness coefficients allow to better adjust the model to
observations.
"The banks and the floodplain of the des Prairies River are largely urbanized and, in
some places, covered with grass or fields. The Manning coefficients corresponding to
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the bed, the banks and floodplain of the river varies from 0.018 to 0.100.”(CEHQ,
2006).
According to Graf et al. (Graf et al., 2000), the Manning coefficient of natural
channels varies between 0.022 and 0.05. Some books (Barnes, 1967; Chow,
1959)(cited by (Graf et al., 2000)) show different photographs of natural and artificial
canals where the Manning coefficient varies between 0.012 and 0.15.
The hydrometric statements were made by the CEHQ for 9 measurement campaigns: 2
in autumn 2001, 5 in spring 2002, one in spring 2003 and one in autumn 2003. For
their analysis, the selected campaigns by the CEHQ are 22 April 2002, 1 May 2002 and
27 November 2003.
Table 2. Water levels of our studied portion of the des Prairies River (CEHQ, 2006)
Site
9.2
9.4
9.5
9.6
11
Measured flow rate (m3s-1)

22/04/2002
17,33
17,52
17,70
17,93
19,73
2356

01/05/2002
17,27
17,43
17,60
17,79
19,44
2110

27/11/2003
17,26
17,40
17,54
17,69
17,15
1923

Table 3. Results of calibration of the studied portion (22/04/2002) (CEHQ, 2006)
Site Simulated level (m) Observed level (m) Difference (cm)
9.2
17,33
17,33
0
9.4
17,52
17,52
0
9.5
17,58
17,7
-12
9.6
18,03
17,93
10
11
19,66
19,73
-7

The model calibration was done with measures at high flow to prevent flooding.
Differences in levels are satisfactory to the CEHQ.
Hydrosim model is a 2D finite element hydrodynamic model with drying-wetting
capabilities. It takes into account wet areas, dry areas and transition zones that are
characterized by a value of level positive or negative. This model allows the study of
flows both permanent and non-permanent. The Eulerian mesh with a fixed pattern is
the integer resolution of St Venant equations across the field.
Eulerian method predicts the position of the edge of the water under the given
conditions. It is assumed that the water column is well mixed in the vertical axis and
that the height is small compared to the width. The waves have low amplitude, which
can use the event of hydrostatic pressure. The vertical speed is constant and the
porosity of the field is taken into account for the difference between the wet area
and the dry area. Any condition or restriction is placed on the level of the surface of
the water. According to the agreement, a wet area is modeled with a water depth of
positive height and a dry area is modeled with a negative height. We assume a steady
flow in the dry zone to control the mass conservation.
Two-dimensional Saint-Venant equations are derived from the Navier-Stokes Reynolds
averaged in three dimension equations for an incompressible fluid in a turbulent flow.
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In the case of big lakes, large rivers and estuaries, the Coriolis force is taken into
account. In the stationary case, we neglect the Coriolis force and stresses due to
wind. Horizontal shear stress is a combination of molecular and Reynolds stresses. The
kinematic viscosity of turbulent flow obeys the Boussinesq law. The coefficient of
friction due to wind is the one proposed by Wu (Shanahan et al., 1982).
In this model, there are two types of boundaries. A fixed boundary is used: it applies
on the constraints of adhesion or friction. The moving boundaries are used to specify
the type of flow. The finite element method is used to discretize the conservation
equations and is solved by the Galerkin method in its weak form. It is stabilized by a
diffusion operator that dissipates with mesh refinement. It solves the problem
without changing the physical phenomenon modeling in general. In addition, the
authors use a triangle of 6 nodes as a finite element, which respects the BabuskaBrezzi condition (Babuska, 1971; Brezzi, 1974) (cited by (Heniche et al., 1999)).
The resolution of resulting matrices is carried out by a version of GMRES (Generalized
Minimal Residual Method) using the factorization "Incomplete Lower-Upper" (ILU) as a
starting point (Leclerc et al., 1996; Saad et al., 1986; Secretan, 1992).
This model cannot make any assumptions about the level of the water. The method
can solve problems of steady and transient regimes. The continuity equations of
conservation of motion in their discrete forms are retained throughout the simulation
domain and allow the calculation of realistic velocity field in wetlands. However, it
does not simulate a surge of water as in the case of a dam failure (Heniche et al.,
2000a).
Contaminant modeling
Our model is based on the Dispersim module (Heniche et al., 2000b) to simulate the
spread of contaminants in the studied river . It can simulate: SS (suspended solids),
DO (dissolved oxygen), BOD (biochemical oxygen demand), faecal coliforms, heavy
metals and toxic organics. This is a two-dimensional model where water column
averaged variables are calculated (Heniche et al., 2000b) in triangular finite
elements. The resolution is stationary or transient flow steady.
It is based on the scalar equation of transport-diffusion in its non-conservative form
as cited by Heniche et al. (2000b). On a closed boundary, the normal velocity is zero
and we impose a condition of Neuman. In a boundary input, we impose a condition of
Dirichlet or Cauchy. For the output, we assume that the concentration outside of the
domain is the same as inside. Otherwise we can assume a Neuman condition.
Molecular, horizontal and background diffusivities are considered in the model.
Background diffusivity is that of Fisher et al. (1979). The principle of the mixing
length estimates the horizontal diffusivity. Transverse and longitudinal diffusivities
are given by weighted sums of background and horizontal diffusivities. Sources and
sinks of contaminants come from the work of Bédard (Bédard, 1997). If the
contaminant is conservative, the difference between sources and sinks is zero. Fecal
coliforms follow a first order of kinetic degradation. BOD and DO terms are coupled.
The suspended solids are induced by erosion-deposition phenomenon that meets
degradation kinetics of the non-linear first order. The probability of deposition and
erosion are related to the shear stress generated by the flow. The critical stress for
erosion (which characterizes the formation of suspended solids) is determined from
the approximation of van Rijn after the Shields diagram (Frenette, 1996).
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Sedimentation rates are calculated differently depending on the presence of cohesive
solids. Heavy metals undergo degradation kinetics of the first order, as do toxic
organics.
The model is solved by numerical approximation with triangular finite elements with 3
nodes. The discretization is done both in a stationary and transient model and is
approximated by an Euler scheme (Euler, Euler or Crank-Nicolson). The resolution
method is GMRES with the use of a matrix factorization preconditioning and
incomplete filling level variable (ILU). In Dispersim, you can also use the identity
matrix, the diagonal mass matrix and the tangent diagonal matrix.
Methods
The Hydrosim model provided by the CEHQ is calibrated during floods. The setting of
the model in low flows is done by varying the Manning coefficient on the studied
portion (upstream from the Hydro-Québec dam). This calibration is based on five
measurement campaigns (3 in August 2011, 2 in August 2012) and five observation
points used (some points were not chosen because outside of the mesh, inaccessible
or distorted by the presence of site work). Monitoring campaigns were carried to
determine a calibration for low flow events.
Table 4. Measured water levels
Date
Flow
Water
level
9.2
9.4
9.5
9.6
11.

2011-08-23 2011-08-26 2011-08-31 2012-09-06 2012-09-10
(m3/s)

689,5

702,4

687,1

502,4

540,4

17,158
17,202
17,222
17,212
17,601

17,133
17,129
17,227
17,292
17,598

17,186
17,196
17,197
17,272
17,605

17,171
17,149
17,121
17,332
17,3726

17,166
17,153
17,146
17,262
17,460

(m)

Water levels were measured with an accuracy of ± 5 cm.
For the calibration of a model, it is important to calibrate the boundary conditions.
Upstream, there are 2 inputs for the flow where it is necessary to provide a level and
a flow corresponding to the model. Downstream, there is an outlet where it is only
necessary to provide the level.
The flow distribution between the north entrance and south entrance is determined
by a percentage (47% in the north, 53% of the flow in the south). These percentages
are based on observations made during floods (standard deviation 1.07%). No other
data allowed us to establish the distribution of flows.
The water level has not been measured upstream during low water events; we
determined the relationship level flow from the available data. Relationship between
flows and water levels is established for each entry with the raw data.
North entrance:
South entrance:
For the downstream boundary, data was collected during the five measurement
campaigns. The flow rate was controlled upstream, by the Ottawa River Regulation
Planning Board and the upstream level controlled by Hydro-Québec, it is difficult to
pull out a stage-discharge relationship only with low-flow data (R2 = 0.109). Taking
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into account the data during floods from the model Hydrosim on the des Prairies
River, we can highlight a relation:
Using this relation, we obtain synthetic levels that induce a maximum error of 3.9
cm, the required accuracy of ± 5cm.
Table 5. Synthetic levels for the downstream boundary
Flow Observed level Synthetic level
(m3/s)
(m)
(m)
502,4
17,171
17,156
540,4
17,166
17,159
687,1
17,186
17,169
689,5
17,158
17,169
702,4
17,133
17,170
1923
17,256
17,256
2110
17,27
17,269
2326,6
17,286
17,284
2356
17,325
17,286
3152
17,339
17,342
3543,5
17,363
17,369

Error
(m)
0,015
0,007
0,017
-0,011
-0,037
0,000
0,001
0,002
0,039
-0,003
-0,006

The simulations are performed with the synthetic level.
For the preparation of scenarios observations, a frequency analysis was conducted in
flood and low water.
Calibration data for Dispersim in terms of contaminants will be taken from sampling
campaigns conducted previously. In addition, data on intakes have been identified by
the city of Montreal. The coefficient of degradation of E. coli was evaluated on the
river by other works of our team.
Climate change
In future climate, flows are based on the work of Huaringa Alvarez et al. (2012). What
follows is based on the report provided under this project. Climate projections are
from the Canadian Regional Climate Model (CRCM) coupled to the Canadian global
climate model CGCM. CRMC conducts simulations to fine scale of about 45 km with a
time step of 15 minutes between each integration (ESCER). The screening was
performed using data from 1960 to 1999 and takes place over the period from 2040 to
2070. It is composed of data of minimum and maximum temperatures and
precipitations.
In this projection, the work was done for the Mille-Iles and des Prairies Rivers, both
mainly fed by the Ottawa River and connected by the Lake of Two Mountains. The
management of the watershed of the Ottawa River is not available; the team used a
neural network to simulate basin management, created using the Matlab tool. The
verification is performed on the flow value at Carillon. For the creation and
evaluation of the performance of the neural network we use the hydrological model
Hydrotel.
Hydrotel model (Fortin et al., 2001) (cited by (Huaringa Alvarez et al., 2012)) was
created by the National Institute of Scientific Research, Water, Earth and
Environment (INRS-ETE) of Quebec. Hydrotel has the advantage that it can be used
with a minimum of meteorological data. It adapts to the amount of data available.
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Therefore, it is possible to choose which equations to use, depending on the
availability of data.
To achieve calculations of the Montreal archipelago, we have to calculate
contributions returning to the Lake of Two Mountains. Contributions are made by the
flows at Carillon simulated by neural network, flows to the North River simulated by
Hydrotel and lateral inflows to the lake which correspond to 2.49 times the flow of
the North River.
Mille-Îles and des Prairies Rivers flows were simulated four times. The first three
simulations correspond to learning throughout the period, learning during the cold
period and learning during the warm period. The fourth simulation is the simulation
using observed streamflow at Carillon, called "evaluation". This last simulation
analyses the influence of neural network simulations on river flows.
Observed data are available from 1913 to 2008 for the Mille-Îles River and are
available from 1923 to 2001 for the des Prairies River.
The analysis period of reference is considered from 1972 to 2000 and the future is
seen from 2042 to 2070. CRCM climatologies available for the reference period and
for the future are 40 years (1961-2000) and 30 years (2041-2070) respectively.
However, the analysis between the reference period and the future period was
conducted for 29 years, respectively, to reflect the same number of years for debits.
RESULTS AND DISCUSSION
There are no differences between the model during floods and during low water
period. The model for low water periods meets: ± 10 cm and a gap between inflow
and outflow is less than 7%. The error of up to 13 cm in point 11 is assumed to be due
to work near the site.
In addition, we analyzed the results by comparing water levels from upstream,
downstream and 5 points of observation. Some adjustments were made to the
upstream conditions where the differences with the previously simulated discharges.
These adjustments were made only on the level of water that could be measured and
this allows us to model convergence near the borders of the model (no jump in
value).
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Table 6. Results of 2 simulated water levels
Observed Simulated
Flow

Water level

Upstream

Observed Simulated

Gap

687,1

710,437

-3,40%

502,4

516,503

2,81%

North

(m3/s)

322,937

343,076

-6,24%

236,128

251,018

6,31%

South

(m3/s)

364,163

383,118

-5,21%

266,272

280,252

5,25%

Total

(m3/s)

687,1

726,194

-5,69%

502,4

531,27

5,75%

Downstream (m /s)

Upstream

Gap

3

9.2

(m)

17,186

17,169

0,017

17,1711

17,156

-0,015

9.4

(m)

17,196

17,194

0,002

17,1492

17,1691

0,02

9.5

(m)

17,197

17,2

-0,003

17,1207

17,1721

0,051

9.6

(m)

17,272

17,322

-0,05

17,332

17,2397

-0,092

11.

(m)

17,605

17,728

-0,123

17,3726

17,4793

0,107

North

(m)

21,545

21,545

0

21,2327

21,2323

0

South

(m)

21,49

21,491

-0,001

21,2574

21,2562

-0,001

For the creation of scenarios, we conducted frequency analyses. The flood frequency
analysis was made by the CEHQ. During floods, the Des Prairies River follows the
Gamma law of adjustment (Maximum Likelihood). During low flow periods, we follow
the same process as the CEHQ. We obtain that the law is the one followed by
generalized extreme value (GEV) (Maximum Likelihood). The statistical study in low
water period was conducted over the same period as the study of floods (1923-1976
and 1978-2002). The study has been extended until 2010. It is considered as the
average daily low flow, the lowest in a year.
Table 7. Flows for several return periods in actual climate
Return periods
(year)
2
5
10
20
50
100
1000

Flood (CEHQ)
(m3/s)
2326,6
2728,2
2955,4
3152
3383,4
3543,5
4018,3

Low water flow
(m3/s)
595,7
517,22
483,86
459,35
434,39
419,29
381,52

Initial results from E.coli contamination have been analyzed and a relationship was
established between flow and concentration of E.coli in the river. The trend
highlighted is that the higher the flow, the higher the concentration of E.coli in
water, excluding winter. It also notes that the minimum flow of water to a catchment
and supply optimum water intake (Q2,7) is 499 m3/s. However, during low water, this
flow is not necessarily achieved, which can cause problems with water quality
downstream. We can assume some problems in the quality of water in case of a
decrease of flows. We can also assume that the increase of heavy precipitations
should have an impact on the contaminant concentration. Others analyses will be
done to quantify the impact of an increase or a decrease of flows (not only high flow
or low flow). It will highlight the impact of resuspension, one of the processes who
impact the water quality.
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Climate change
Climate projections show a clear trend in annual temperature and seasonal
temperature increase in future periods. Annual precipitation, spring precipitation and
winter precipitation will increase, but the summer-fall precipitation shows no
significant increase.
Neuron network performance was evaluated by comparing four neural networks
created from four different learning. Nash coefficients obtained were very good for
each of them.
The offset of the spring flood and low flows, lower in future periods, are the most
notable impacts of climate change on Mille-Îles and des Prairies Rivers.
With the data from these studies, we can do a quick comparison between the current
value and projected floods and low flows:
Table 8. Change in flows
Flood

Low water

Return
period

Current climate
flow (CEHQ)

Future
climate flow

Gap

Gap

Current climate
flow (CEHQ)

(years)

(m3/s)

(m3/s)

(m3/s)

(%)

(m3/s)

Future
climate
flow
(m3/s)

2

2326,6

2117,9

-208,7

-9,00%

595,7

619,9

24,2

4,10%

5

2728,2

2409,9

-318,3

-11,70%

517,22

579,3

62,1

12,00%

10

2955,4

2546

-409,4

-13,90%

483,86

562

78,2

16,20%

20

3152

2650,9

-501,1

-15,90%

459,35

549,4

90

19,60%

50

3383,4

2761,6

-621,8

-18,40%

434,39

536,5

102,1

23,50%

100

3543,5

2831,5

-712

-20,10%

419,29

528,6

109,3

26,10%

1000

4018,3

3013,2

-1005,1

-25,00%

381,52

509,1

127,6

33,40%

Gap

Gap

(m3/s)

(%)

During flood, there is a decrease of 25% of the flow for a return period of 1,000 years.
All rates are falling. In low water, the rate of recurrence of 1,000 years increased by
33%. All rates are rising. These findings may be explained by a smaller flood peak, an
earlier snowmelt and rainy summers.
Several scenarios for the future can be created after this observation in order to have
a better management of treatment under climate change.
CONCLUSIONS
The hydrodynamic model of the river is now calibrated and is ready to be used for
simulations during low water and high water periods for the diffusion and dispersion
of contaminants. A first brief analysis on the fate of contaminants could be
determined from the existing data. The possible relation between flow rates and
concentrations could be further studied by analyzing the impact of an increase in the
flow
rate
on
concentration.
The quality of water is expected to be impacted by the changes in flows and by the
increase of heavy rains. It can also be expected that the pollutant concentrations will
increase and affect the class of treatment required. The magnitude of the impact will
73 / 211

WWW-YES-2013 proceedings (draft version)

be quantified by this work and will assist with better management and decision
making to reduce risks from fecal contamination in drinking water sources.
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Abstract
The impact of a natural disaster can cause contamination of water, breaking
pipelines, structural damages, water shortages, and collapse of the entire
system. In emergency or disaster situations water supply are imperative for the
rapid return to normalcy. In this paper, water supply planning for emergency
response after natural disasters has been studied. Multi Criteria Decision
Making (MCDM) has been used as a tool for incorporating decision maker
preferences for water supply planning in emergency conditions. Analytical
Hierarchy Process (AHP) as a well-known MCDM method was utilized for
prioritizing water resources alternatives. For this purpose, the quality and
quantity of water for living in emergency conditions after natural disasters
were reviewed. Different water resources alternatives which are possible to
use for emergency response were identified. Water resources availability,
water quality, cost, affected population and delay in service were used as
criteria for ranking the water resources alternatives. The proposed
methodology was used for Pardis City in the vicinity of Tehran metropolitan in
Iran, which is highly vulnerable to earthquakes and floods. The developed
methodology provides an opportunity for further incorporation of decision
makers’ preferences in preparing an Emergency Response Plan (ERP) to
improve respond to provide necessary water in disaster situation.

Keywords:
Water Supply; Natural Disasters; Multi Criteria Decision Making (MCDM),
Emergency Response Plan (ERP); Pardis City, Iran.

INTRODUCTION
Drinking water is essential in ensuring the health and well-being of populations and
plays an important role in the development process. All drinking water and sewerage
systems are subject, to a greater or lesser degree, to natural disasters such as;
earthquakes, floods and droughts. The impacts of a natural disaster can cause
contamination of water, break in pipelines, damage to structures, water shortages,
and collapse of the entire system. In this situation, the main public health priority is
usually to provide a basic water supply to the affected population (WHO, 1993).
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Water utilities, regardless of their size and location, have a legal responsibility to
provide clean, safe drinking water to their customers, even if supplying water under
emergency conditions. In emergency or disaster situations these basic services are
imperative for the rapid return to normalcy, so planning and management for
emergency responding is really needed. Planning for an emergency will not prevent
the emergency from happening, but it will enable us to respond quickly and
effectively (Manitoba Water Stewardship, 2009).
These characteristics of planning for drinking water in emergency makes multi criteria
decision making (MCDM) as an attractive approach. MCDM can be defined as a
grouping of techniques for evaluating decision options against multiple criteria
measured in different units (Voogd, 1983). A decision option is an action, or project,
which contributes to the decision maker’s objectives (Lago et al. 2006). Many
researchers have found that MCDM provides an effective tool for water management
especially in emergencies which needs proper response for prioritizing and choosing
the best options for distributing and supplying drinking water. The purpose of this
paper is to develop a methodology using one of the methods of MCDM which is
Analytical Hierarchy Process (AHP) for choosing the appropriate alternative water
supply and water ration in emergency situations.
MATERIAL & METHODS
In developing an emergency response planning (ERP) for water supplies following
steps are important:
a) Estimating necessity amount of water quantity and quality in emergencies,
b) Exploring options for providing/increasing water supply in emergencies,
c) Prioritizing available alternatives based on the selected criteria by using MCDM
tools,
d) Developing guidelines for applying in disaster situation for water supply in
affected areas.
Water quantity and quality in emergencies
The first priority in emergencies is to provide an adequate quantity of water to the
affected population, even if its quality is poor, and to protect water resources from
contamination. The human body's basic water requirements depend on the climate,
workload and other environmental factors (UNHCR 17 , 1992). In disastrous condition, a
minimum of 15 liters per person day should be provided as soon as possible (The
Sphere Project, 2004). Table 1 shows the minimum water requirements in disastrous
condition.
Insufficient water and the consumption of contaminated water are usually the first
and the main causes of ill health to the affect displaced populations during and after
a disaster (WHO, 1998). Conventional bacteriological standards may be difficult to
achieve in the immediate post-disaster period. The WHO guideline stated that zero E.
coli per 100ml of water should be the goal and achievable even in emergencies,
17

United Nations High Commissioner for Refugees (UNHCR)
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provided that chemical disinfection is employed (WHO, 1993). Recognizing that
achieving the guideline standards may be difficult in some emergency situations, it is
practical to classify water quality results according to the degree of health concern
(Loyd, and Helmer, 1991, Delmas, and Courvallet, 1994). Table 2 shows the
bacteriological guidelines in disastrous conditions.
Table 1: The minimum water requirements in disastrous condition (UNHCR, 1992)
Way of consumption

Total consumption (liters/person/day)

Personal consumption

15-20

Sanitation

40-60

Cooking

20-30

Table 2: Bacteriological guidelines for drinking water in disastrous conditions (Chalinder, 1994)
E. coli/100ml

Water quality

0-10

Reasonable

10-100

Polluted = Must chlorinate

100-1000

Very polluted

1000<

Grossly polluted

Options for providing/increasing water supply in emergencies
If a public water supply system is not capable of going back on line for an extended
period of time, a long term alternate supply will be needed. It may be necessary for
connection to an existing municipal or private water supply; connection with a new
uncontaminated groundwater or surface water resource; development of new water
distribution system and storage facilities to compensate for loss of existing system
capacity. These options assume the existing water treatment plant is intact and
useable.
The emergency response plan should identify agencies or private companies that
could provide water (bottled or bulk) in the occurrence of a major event. Provisions
for bottled or bulk water should be established by mutual aid agreements with
surrounding communities, industries, contractors and related utilities as appropriate.
Points of contact for the alternate sources need to be updated routinely (Kansas
Department of Health and Environment, 2005). Other potential sources for alternate
water supplies include three types of approach (Chalinder, 1994):
A. Transporting water from existing sources to the population via piped systems or
tankers,
B. Increasing the output/quality of existing sources by increasing pump and piping
capacity, borehole/well deepening or treating surface water resources, using
portable water treatment systems,
C. Creating new sources by drilling new boreholes or digging new wells.
Analytical Hierarchy Process (AHP)
The Analytic Hierarchy Process (AHP), developed at the Wharton School of Business by
Thomas Saaty, allows decision makers to model a complex problem in a hierarchical
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structure showing the relationships of the goal, objectives (criteria), sub-objectives,
and alternatives (See Figure 1).
AHP is a systematic procedure for dealing with complex decision-making problems
which many competing alternatives (projects, actions, and scenarios) exist (Saaty,
1990, Saaty and Vargas, 1994). AHP is based on a hierarchical structuring of the
elements that are involved in a decision problem. The hierarchy incorporates the
knowledge, the experience and the intuition of the decision-maker for the specific
problem. The hierarchy evaluation is based on pair wise comparisons
(Anagnostopoulos, et al. 2003). In AHP you can use verbal judgments in order to pair
wise comparisons. The nine point’s verbal scale for these judgments is used (Saaty
and Vargas, 1994). If the number of decision makers is more than one person it can
use Grouped AHP, in which decision maker's idea are used in calculating the important
weights.

Figure 1: Decision Hierarchy

Case Study (Pardis City, Iran)
Pardis City in Iran is one of the satellite towns of Tehran metropolis, situated 25
kilometers in the east of Tehran of the both sides of Tehran-Mazandaran road. This
city is highly vulnerable to natural disaster specially, earthquake and flood. The
population of Pardis is about 50000 people. The total capacity of the water storage
reservoir in Pardis is 26000 cubic meters and 2000 cubic meters for transfer reservoir.
Daily consumption is 220 liter/ day per person. Pardis has 6 drinking water wells that
three of them are beside Jajrood River (Hesari, 2011). Table 3 shows the available
drinking water supply resources in this city. Table 4 shows information of drinking
water system and in Table 5 constructed storage tanks in Pardis city are presented.
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Table 3: Drinking water supply resources of Pardis City (Abran Consulting Company, 2008)
Well name

Well depth

Discharge

(m)

(Lit/s)

Well number 1

200

5

Well number 6

250

11

Damaghe Well

17

7

Wells beside Jajrood River

25

25

Table 4: Information of drinking water system in Pardis City (Abran Consulting Company, 2008)
Population of Pardis
City

Total Construction Cost
(Rial)

50000

65512429160

Total length of water
distribution system
(m)
57222

Water Requirement in
Pardis
(lit/s)
950

Table 5: Information of storage tanks in Pardis (Abran Consulting Company, 2008)

Number of covered people 18
(without loss in system)
1733333

Total construction cost of tank
(Rial)
2600000000

Total volume of storage tanks
(m3)
26000

RESULTS AND DISCUSSION
Criteria and Alternatives
In this paper, for Pardis city water supply and distribution options after natural
disaster have been studied separately. The alternative options which are supposed for
distributing water options are:
1. Pocket water
2. Water tankers
3. Portable water treatment system
4. Existent distribution system
5. Emergency tanks
The alternative options which are suggested for supplying water are:
1. Digging wells beside Jajrood River (Jajrood is a city close to Pardis and it
has potential of water resources)
2. Digging hand wells in Pardis
3. Existent storage tanks in Pardis
4. Existent drinking water wells in Pardis
Water management covers a wide range of activities, in which technical, economic,
environmental and time issues are involved. In this study, four criteria which are,
water quality, cost, delay in service and number of covered people have been
selected in prioritizing alternative options.
Loss scenarios
In this study, four hypothetical loss scenarios for each of supply and distribution
options are supposed separately. The evaluation model consists of four hypothetical
18

By supposing 15 liter water per person
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loss scenarios on the future availability of water supply and distribution resources
after natural disasters. These scenarios are described in the following and presented
in Table 6.
1. Scenario one: Minor damages
These incidents are minor disruptions to the water system that affect 10% or less of
the system and are anticipated to be repaired/resolved within 72 hours or less.
Examples: Water main breaks and mechanical problems at pumping stations. It is
supposed that in this scenario 90% of the system remain in operation.
2. Scenario two: Moderate damages
These incidents are more significant disruptions to the water system that affect 30%
or less of the system and are anticipated to be repaired/resolved within 7 days or
less. Examples: Local total coli form bacteria detection, major main breaks, multiple
main breaks, major mechanical problems at pumping stations/treatment facility, or
failure of chemical feed systems.
3. Scenario three: Extensive damages
These incidents are very significant disruptions to the water system that affect more
than 50% of the system and/or are anticipated to require more than 7 days to be
repaired/ resolved. Examples: Break in major transmission main, loss or failure of
treatment facility, loss of water resource (dam break, water supply shortage,
contamination, etc.), loss of pressure in system, widespread total coli form bacteria
outbreak, fecal coli form or E. Coli detection.
4. Scenario four: Total damages
These incidents are the most significant disruptions to the water system that affect
approximately the whole system and/or are anticipated to require more than 7 days
to be repaired/resolved (HAZUS, 2006). It is supposed that in this scenario the existed
system will out of operation.
Table 6 shows the information of three loss scenarios for Pardis City. This information
helps the experts to have more accurate comparisons among alternative options for
disaster situation.
Table 6: Hypothetical loss scenarios in disaster situation for water system in Pardis City
Loss Scenarios

Percent of water
system operation

Minor damage

Volume of storage
tanks

Well discharge
(lit/s)

90%

Capacity of
drinking water
system
(lit/s)
855

23400

20.7

Moderate damage

70%

665

18200

16.1

Extensive damage

50%

475

13000

11.5

All of this information was available for experts for increasing the accuracy of
judgments and pair wise comparisons. Experts use these tables and use the verbal
judgments in order to fill the pair wise comparisons. In this paper, grouped AHP have
been utilized in analyzing different alternatives. 29 experts from universities and
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organizations with different speciality were surveyed in gathering experts’ opinions
with questionnaires. For different scenario losses decision matrix were developed and
incorporated in questionnaires. In summation, 32 matrixes are used in questionnaires
for pair wise comparison between criteria and respected alternatives.
Hierarchy chart in prioritizing alternatives of water supply and distribution in
disasters situation for Pardis City are presented in Figure 2. Criteria and alternatives
important weights are calculated by Expert Choice software and presented in Tables 7
and 8. The more important weights show the more priorities for criteria and
alternatives.
Prioritizing of water supply and distribution alternatives for urban areas in disaster
situation

Delay in service

Affected population

Cost

Alternatives for water distributing

Alternatives for water supply

•
•

•
•

•
•

Existent drinking water wells in
Pardis
Scenarios
o
Minor damages
o
Moderate damages
o
Extensive damages
Existent Storage tanks in
Pardis
Scenarios
o
Minor damages
o
Moderate damages
o
Extensive damages
Digging wells beside Jajrood
River
Digging hand wells in Pardis

Water quality

• Existent distribution
system
• Scenarios
o
Minor damages
o
Moderate damages
o
Extensive damages

•
•
•
•

Emergency tanks
Portable water treatment system
Water tankers
Pocket water

Figure 2- Hierarchy chart in prioritizing alternatives of water distribution and supply in disasters
situation for Pardis City
Table 7: Important weights from pair wise comparison in grouped AHP for criteria
Criteria
Important weights

Water
quality
0.436

Affected population
0.346
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Table 8: Final important weights from pair wise comparison in grouped AHP for water distribution
alternatives
Loss
scenario
Alternatives
Emergency tanks

Minor
damages

Moderate
damages

Extensive
damages

Complete
damages

0.113

0.124

0.147

0.127

Portable water
treatment system

0.230

0.273

0.357

0.392

Water tankers

0.125

0.153

0.183

0.172

Pocket water

0.257

0.268

0.28

0.308

Existent distribution
system

0.276

0.181

0.034

-

Table 9: Final important weights from pair wise comparison in grouped AHP for water supply
alternatives
Loss
scenario
Alternatives
Existent drinking
water wells

Minor
damages

Moderate
damages

Extensive
damages

Complete
damages

0.258

0.186

0.118

-

Existent Storage tanks

0.346

0.290

0.224

-

Digging wells

0.200

0.274

0.346

0.730

Digging hand wells

0.196

0.250

0.312

0.270

6. CONCLUSIONS
This paper discusses about prioritizing drinking water resources alternatives in order
to plan for management in disastrous conditions. Firstly, to choose the best water
resource for such conditions, a list of all available water resources must be provided.
Secondly, potential for water supply and water ration have been prioritized in the
affected area by identifying the best alternative water resources among available
options. Here, water quality, cost, number of people, delay in services have been
selected as default criteria for prioritizing the alternatives by using Multi Criteria
Decision Making (MCDM) in different supposed loss scenarios.
In this study, eight different hypothetic scenarios were defined and for each of the
scenarios different options and criteria were evaluated by applying grouped AHP
which is one of the well-known MCDM methods. Four alternative methods for water
allocation and four alternative options for drinking water supplying have been
considered. These options are defined in regards to Pardis City in the vicinity of
Tehran metropolitan in Iran.
In this city, bottled water, tanker and emergency tanks, mobile water treatment and
also the existent water system were water ration alternatives. Using existent wells
and storage tanks, well drilling, and hand dug drilling were water supply alternatives.
In conclusion, in minor damage scenario, in water ration options, using the existent
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water system and in water supply options existent storage tanks was outranked first,
in moderate damage scenario, in water ration options using mobile water treatment
and in water supply options existent storage tanks was outranked first. Also, in
extensive and complete damage scenario, in water ration options using mobile water
treatment and in water supply options well drilling was outranked first among other
alternatives in emergency conditions.
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Abstract
Nowadays the sediment becomes one significant problem in reservoir
watershed and it is effected and related to the reservoir operation system.
Annual sediment depositing volume and reservoir sedimentation in dry lands is
estimated by general soil loss equation but the efficiency is not acceptable.
The first part of this study, we will be show that the efficiency is improved by
using integrated sediment approach model (WASA- SED model). The second part
will about decision supporting system for reservoir desilting that supported by
engineering relationships that allow the quantification of basic parameters.
The model helps to evaluate the technical and economic feasibility of
implementing the life cycle management approach. The results from the
economic optimization routine identify the preferred sediment management
technique for sustainable use of the water resource infrastructure.

Keywords
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INTRODUCTION
This paper provides a assessment of, the sedimentation process which has been ongoing within the Dez Dam reservoir since first impounding, its potential effects on the
project in the future, various sediment management alternatives that can be
considered to address the potential impact of sediment accumulation and related
reservoir operation techniques. The Dez Dam Project was constructed in the period
January 1960 to November 1962. The project is located approximately 25 km north of
Dezful and 22 km from Andimeshk. The dominant visual elements of the project are
the 203-m high double curvature arch dam (Figure 1) and the, over 60 km2 reservoir.
An underground powerhouse contains eight 65 MW units for a total installed capacity
of 520 MW. Although the project has been well maintained the project is now over 40
years old and reaching its mid-life period. At this stage it is not uncommon for some
elements to require rehabilitation or upgrading. With particular regards to the
elements affected by sedimentation this includes:
o The reservoir, its remaining live storage and its ability to provide the degree of
regulation originally envisaged for the project
o Elements already affected by the passage of water and sediment, including the
water outlets, and which may in the future be affected, including turbine
equipment, particularly runners and wicket gates.
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An overview of the reservoir sedimentation situation, its effects on the elements
noted above, an indication of the impacts on the project, if remedial work is not
implemented, and measures proposed to address the sediment management issue is
given below.

Figure 1: Dez Dam Project

DEZ RESERVOIR SEDIMENTATION
The original design estimate for sediment accumulation in the Dez reservoir was for a
50-yr volume of 840 million cubic meters (million m3), i.e., equivalent to filling the
dead storage within the reservoir to el 290 m. This estimate was made on the basis of
there being upstream sediment retention structures and a reforestation program.
However, these programs were not carried out.
Nevertheless out of an initial reservoir volume of 3,315.6 x 106 m3 (at el 350 m), the
available storage in 2002/2003 was found to be 2,698.5 x 106 m3 which corresponded
to a volume loss of about 19%. Much of the sediment drops out along the upper
reaches to form a delta, which is slowly progressing to the dam, as shown in Figure 2,
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while about 11% reaches the dam in the form of relatively fine sediment transported
by turbidity currents. Although it will take some time for the reservoir to reach its
50% life, a level normally accepted as the end of effective life, the effect of present
sediment inflow on key elements of the project is already of concern. For example
and significantly, the reservoir bed at the face of the power intakes has risen from an
original elevation of 180 m to 256 m in 2003, which is only 14-m below the invert
level of the power intake at elevation 270-m as shown in Figure 2. There is now
concern that sediment will begin to be drawn into the power tunnels within a decade
thereby damaging the turbine runners.

Crest

Power Intake

Low Level Outlet

Figure 2: Progressive Deposition in Dez Reservoir

EFFECTS OF RESERVOIR SEDIMENTATION ON KEY ELEMENTS OF THE PROJECT
1. Irrigation Outlets
The Dez Dam is provided with three irrigation outlets located at el 222.7 m within the
central blocks of the dam body, some 129 m below the full supply level of the
reservoir. The original function of these outlets was to provide, agricultural water
supply to the downstream area, partial flood control and a measure of emergency
release.
Normal operation of the irrigation outlets for the release of irrigation water can be
assumed to have occurred for the first 23 years of the project life. However, KWPA
operating staff at the dam site advise that flushing of sediment through the irrigation
outlets first occurred some 17 years ago and has occurred relatively frequently since
then. In early June 2003 sediment had accumulated at the face of the dam to el 256
m, which is over 30 m above the centerline of the irrigation outlets. Typically flushing
of sediment now occurs two to three times each winter (Figure3).
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As a consequence of sediment and trash flushing the trash racks, at the upstream
entrance, have been damaged to the extent that some of the trash rack bars are
missing, the guard valves are leaking at the seats/seals and erosion of the valve stem
on all three valves has occurred, major leakage is evident on the Hollow cone
discharge valves to varying degrees on each outlet. It also has been reported that
because of high vibration; the valves are not operated beyond 50% open.

Figure 3 – Dez Dam Project, Irrigation Outlet Flushing (June 17, 2003)

2. Turbine Equipment
The plant comprises eight 65-MW units with vertical Francis turbines. The maximum
operating head for the turbine, given on the nameplate, is 180 m. Each turbine has a
butterfly-type turbine inlet valve. Studies are presently underway to upgrade the
generating equipment. Given this investment by KWPA it will be important to manage
the reservoir sedimentation process with the objective of protecting the units from
damaging sediment-laden flows.
HISTORICAL SEDIMENT DEPOSITION DATA
Historically, the sediment deposition process within the Dez Reservoir has progressed
through at least three phases:
• Phase 1 – valley deposition during construction
• Phase 2 – early reservoir filling, start of the delta
• Phase 3 – present situation since about 1983 – delta deposition, lake
deposition and turbidity current.
The early deposition consisted of the filling of valleys upstream from the cofferdam
and this process carried on until reservoir pounding was initiated. After several years
of pounding, the delta began to develop and slow settling of fine sediment continued
within the lake portion of the reservoir. The present day process involves the ongoing
delta growth plus the lake settling plus a turbidity current occurring occasionally
during wet season storms. The turbidity current is a high density flow, laden with a
high concentration of suspended sediment, flowing beneath a body of lower density,
clear water. The turbidity current can transport a reasonable part of the suspended
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load from the delta front to the dam. However, with historic infrequent opening of
the low level outlet, and the barrier caused by the dam, the turbidity current was
reflected upstream at the dam, eventually settling as a lake deposit. An indication of
the rate of sediment deposition through the years is provided by Table 1, which
presents the reduced water volume at various elevations. From 1963 to 1997, the
apparent sediment deposition amounted to 625.3 million m3 which corresponds to an
annual rate of 18.4 million m3/yr. These reservoir volumes were determined from
reservoir surveys and contour maps given the basic data presented in KWPA reports
(in Farsi). For the year 1983 the historical sediment deposition data appears
somewhat questionable as the volume of water is more than existed in 1972.
Therefore, the 1983 data was not used in follow up analysis. (Figure 4 shows Dez dam
reservoir capacity)
Table 1. Dez Reservoir Elevation – Volume for Each level (Million m3)

.
Figure 4. Dez dam reservoir capacity

1. Sediment Yield from 2002/2003 Bathymetric Survey
The 2002 survey of the reservoir was initiated when the reservoir level was below the
full supply level of 350 m. Subsequently, a follow-up survey at a higher reservoir
levels was performed in 2003 to an elevation of 360 m. The final 2002 volumeelevation data will be used for analysis. On this basis, the sediment yield over the 39
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year time period is 617.1 million m3 which corresponds to an annual rate of 15.8
million m3 and a specific sediment yield of 910 m3/km2/yr for the entire watershed.
2. Sediment Yield from Hydrometric Station Measurements at Talezang
At the Talezang Station, a depth integrating sampler was used. The equipment is
operated from a bridge with sampling taking place at three locations, at ¼, ½ and ¾
of the river’s width. The sediment load measurements at Talezang represent only the
suspended load, which generally consists of fine material (clay, silt and fine sand)
moving above the bed. The bed load which moves in contact with the bed by rolling,
sliding or saltating, is not measured. An estimate of the bed load can be arrived at by
assuming that this value is somewhere between 5 to 20% of the suspended load.
3. Coring of Bed-Material in the Dez Reservoir
The size distribution and density of the material deposited within the Dez Reservoir
has been determined by gravity cores of the material. The lengths of the gravity cores
were typically between 0.75 m and up to 8 m. Locations of the measurements were at
about 5 km intervals along the Dez River. Near the dam and in the vicinity of the
delta front the spacing was reduced. Results of this coring program, perfomed by
Mandro Company, were received in September 2004. Submerged density, from various
testing, ranged from 640 kg to 1800 kg/ m3.
The mineralogical composition of the bed-material was also determined on a small
sample of cored material using the x-ray diffraction procedure. Typical results, and
assessed hardness, were found to be as follows:
• 30% calcite (approximate Mohr hardness = 3.0)
• 30% quartz (approximate Mohr hardness = 7.0)
• 15% dolomite (approximate Mohr hardness = 3.5)
• 5% plagioclase (approximate Mohr hardness = 6.4)
• 2% moscovite (approximate Mohr hardness = 2.3 to 4)
• 18% miscellaneous with uncertain hardness.
4. Turbidity
A field measurement program for the measurement of the turbidity current in the Dez
Reservoir commenced in December, 2002 and finished in June 2003. The program
consisted of a series of measurements at various depths and locations across seven
cross-sections. The measurements and equipment are as follows:
Table $$. $$$$$
Equipment
RCM9
RCM9
RCM9
Valeport current
Vertical tube sampler

Depth (from water pressure)
Temperature
Turbidity
Velocity
Suspended sediment sample

The measurements were taken daily. The main objectives of the study are to
determine the geometry, that is, thickness and width of the turbidity current as it
travels through the lower reservoir downstream of the delta, and, the rate of
suspended sediment conveyed to the dam. This can be determined by multiplying the
cross-sectional area by the velocity and sediment concentration which are presented
in the data plots. From field studies over the months of December, 2002, until the
end of April, 2003, there were only two significant turbidity currents. Measurements
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of the velocities and suspended sediment concentration at Section A show that a
turbidity current occurred on January 28 and 29, 2003. The thickness of the turbid
layer was about 15 m and the concentration was highest near the bed, about 2000
mg/l and declined to about 200 mg/l at about one-third of the depth. The direction
of flow was almost parallel to the reservoir banks. The flow direction of the water
near the surface was upstream, but of low magnitude. It appears that large, slow
moving eddies are present above the turbidity current.
5. Last Data Measurements in 2006
For the study of the process of sedimentation in Dez dam reservoir, sedimentation
and water measurements by the Iran Water Research Institute in 2006 (as shown in
Figure 4 and Table 2) was used.

F
E

D

G
C

B

Figure 4.The position of the stations for collecting information on the dez dam reservoir
Table 2.Field measurements for preparing Instruction for Dez Dam Reservoir Flushing
Station

Depth of
reservoir
(m)*

B

87

C

87

D
E

85
80

F

69

G

37

Equipment

RBR
(RCM9,
Valeport)
& RBR
Continental
& RBR
RCM9 &
RBR

Measured parameters
Turbidity, Water Temperature, Water Quality Sampling
Parameters and TSS Sampling
Temperature, Conductivity, Turbidity, Dissolved Oxygen, Flow
Speed and Direction, Water Quality Parameters and TSS
Sampling
Water Quality Parameters and TSS Sampling
Water Quality Parameters and TSS Sampling
Temperature, Turbidity, Flow Speed and Direction at Different
Layers, Water Quality Parameters and TSS Sampling
Temperature, Conductivity, Turbidity, Dissolved Oxygen, Flow
Speed and Direction, Water Quality Parameters and TSS
Sampling

* The depth of the reservoir at the time of installation (m)
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MODELING
1. Model Introduction
Current soil erosion and reservoir sedimentation modeling at the meso-scale is still
faced with intrinsic problems with regard to open scaling questions, data demand,
computational efficiency and deficient implementations of retention and remobilization processes for the river and reservoir networks. To overcome some
limitations of current modeling approaches, the semi-process-based, spatially semidistributed modeling framework WASA-SED (Water Availability in Semi Arid RegionSedimentation)was developed for water and sediment transport in large dryland
catchments. The WASA-SED model simulates the runoff and erosion processes at the
hillslope scale, the transport and retention processes of suspended and bedload fluxes
in the river reaches and the retention and remobilisation processes of sediments in
reservoirs. The modeling tool enables the evaluation of management options both for
sustainable land-use change scenarios to reduce erosion in the headwater catchments
as well as adequate reservoir management options to lessen sedimentation in large
reservoirs and reservoir networks. The model concept, its spatial discretisation
scheme and the numerical components of the hillslope,
The example application showed that the model was able to reproduce runoff and
sediment transport dynamics of highly erodible headwater badlands, the transient
storage of sediments in the dryland river system, the bed elevation changes of the
reservoir due to sedimentation as well as the life expectancy of the reservoir under
different management options ( Mueller et al 2010).
2. Sediment Profile in the Reservoir for the Years 2013 and 2031 Using WASA-SED
Modeling
The extension of the future life of the live storage zone is strongly related to the
amount of fine sediment depositing in the reservoir and partly related to the volume
of the turbidity current that reaches the dam and can eventually be flushed through
or around the dam. The present day sedimentation process involves the ongoing delta
growth plus the lake settling and a turbidity current occurring occasionally during wet
season storms. The turbidity current transports a reasonable part of the suspended
load from the delta front to the dam, about 13%. With no opening of the low level
outlet, the turbidity current is reflected by the dam and, eventually, the sediment
deposits as lake settling. There is no numerical model available commercially that
will model this complex process near the dam. The following data was used in this
preliminary exercise:
o daily flow data from the wet period of 2002 (6 months)
o approximate sediment gradation data from the 1972 Reservoir Sedimentation
report
o suspended sediment rating curve from 2002
o cross-sections from 1957 topographic map.
Ghomeshi and Sivakumar (1995) have developed a numerical model to predict the
turbidity current (DEPO) and have demonstrated this model on the Dez Reservoir.
However, due to limited availability of sediment concentration data within the
current, Ghomeshi and Sivakumer (1995) made the assumption that the depth of the
turbidity current at the dam was equal to the depth of water during low flow season
which appears questionable. Even at high reservoir stage the reservoir water appears
relatively clear and recent turbidity current measurements (2003) show no distinct
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surface to a turbidity current at the dam. Also, in a review paper by Alavian et al
(1992) some of the complexities of density currents were pointed out, such as the
transformation of a bottom-moving density current into an interflow current which
separates from the bed at some distance into a lake. A long list of research needs
including field studies, physical laboratory studies and numerical models was
recommended. With this state of knowledge regarding turbidity currents, the
magnitude of the sediment transport within the current for the Dez reservoir was
estimated from the ongoing field program. Preliminary measurements indicate that
the annual turbidity load could be about 2.2 million m3.
The WASA-SED numerical model was thereafter calibrated using the following
information:
o start of filling: 1963
o estimated total volume of sediment deposition = 617.1 million m3 (1963-2002)
o average annual long-term deposition: 15.8 million m3/year
o position of the delta front with time.
The sediment profile for the years 2013 and 2031 is presented in Figure 5. Also, the
computed position of the delta front is compared to the historical position and the
numerical prediction is comparable to an extension of the empirical line plotted for
the historical data (see Figure 3.16). The two plotted points are slightly above the
empirical extension because the future scenario used an inflow of sediment of 19
million m3/yr.
3. Present & Predicted Reservoir Area-Elevation- Volume Curves for “Do- Nothing”
and various Sediment Management Alternatives
The following future scenarios were adopted for project comparison:
o Future filling at a rate of 17 million m3/yr (Scenario A). The results, being
elevation-volume curves, are shown in Table 3.
o Future filling at a rate of 19 million m3/year (Scenario B). The results are
shown in Table 4
o Sediment yield reduction due to the Bakhtiari Dam in 2018. The results are
shown in Table 5
o Sediment flushing with low-level outlets or tunnels. The results are shown in
Table 6.
Table 3. Revised Reservoir Storage Volume – Scenario A
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Table 4 Change in Reservoir Storage Volume – Scenario B

Table 5 Change in Reservoir Storage Volume – Scenario C

Table 6 Change in Reservoir Storage Volume – Scenario D
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Figure 5 Future sediment profiles in the Dez dam reservoir as predicted by the WASA-SED model

SEDIMENT MANAGEMENT ALTERNATIVES
A tentative long-list of alternatives for sediment control and low-level flushing was
initially formulated. The list is sub-divided into four general categories as follows:
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(i)
(ii)
(iii)
(iv)

watershed rehabilitation
sediment flushing and routing
sediment removal and disposal
dam raising.

These general concepts were expanded into some 17 alternatives along with several
additional sub-alternatives. A more manageable short-list of most likely suitable
candidate alternatives were then selected including:
o irrigation outlet rehabilitation and conversion to flushing facility
o bypass flushing tunnels within the dam abutments
o excavation in the dry of sediment in the delta
o dredging near the dam
o watershed management
o dam raising.
As a consequence of some of these alternatives dredging in the regulating reservoir
was also considered. All of the alternatives were compared to a Base Case scenario in
which the irrigation outlets were rehabilitated in the existing configuration. Future
reservoir elevation – volume curves, representative of each of the investigated
alternatives, were developed. This information was used as input to the new module
in WASA-SED model to assess the impacts on power and energy production within the
Dez/Karun system by the various sediment management alternatives. Finally the costs
and benefits of the various alternatives were assessed in economic terms which led to
the selection of an optimum rehabilitation and sediment management program.
CONCLUSIONS AND RECOMMENDATIONS
Sediment is entering the Dez reservoir at the long-term average rate of 15.8 million
m3/yr of which some 2.2 million m3/yr are passed towards the dam within turbidity
currents. The original design rate was assessed to be 16.8 million m3/yr It is important
to distinguish between alternatives that primarily address the immediate concern that
sediment laden flows will soon start entering the power intake and those that relate
to maintaining reservoir storage volume.
Power Intake Sedimentation is most economically addressed by flushing the sediment
through rehabilitated irrigation outlets, converted for this purpose, (Alternative 4b).
However, the effects of the more concentrated discharge, compared to the present
arrangement, render this alternative technically unsuitable.
Rehabilitation of the existing low-level outlet equipment (Alternative 4a) is the
selected alternative for implementation, in order to maintain drawdown capability
and to provide limited sediment flushing.
Alternatives 6a and 15b, access tunnel flushing and dredging over the dam,
respectively, may be promising but, due to the potential high costs and technical
issues of energy dissipation within the tunnel scheme, these should be developed to a
feasibility level before a decision is made on these alternatives.
Reservoir Sedimentation, in absence of a decision to proceed with the Bakhtiari Dam
project, could be addressed with dam heightening (Alternative 17), which proved to
be the most attractive alternative on the basis of unit storage costs and net benefits.
However, the need for early implementation is not obvious.
Subject to the assessment of downstream energy dissipation, the implementation of
modifications to the irrigation outlet equipment suitable for long-term flushing of
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sediment (Alternative 4a) is recommended. The operation of such a facility requires
to be carefully controlled to address environmental issues downstream, such as fish
rearing and recreational activities. A controlled passage of sediment at timed
intervals has been developed in this report and is also recommended to be subject to
prototype testing. It is also considered that it is premature to propose a reservoir
delta sediment
management plan at this time. It is recommended that this plan should be considered
as part of the continuing development of other dams within the Dez basin. The plan
should consider the relative merits of dam raising at Dez, and the effects of the
Bakhtiari dam project or other projects on the Bakhtiari or Sezar rivers.
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Abstract
Free-living amoebae can be found in water networks where they prey on
bacteria within biofilms. Most bacteria are digested rapidly by phagocytosis,
however some are able to persist within amoebae, as it is the case for some
mycobacterial species. These resisting bacteria are a potential health problem
as they could also resist to macrophage phagocytosis. Free-living amoebae
(FLA) and mycobacteria are frequently colocalised, since they share the same
habitats, i.e. mostly freshwater. The recurrence of human infections by Non
Tuberculous Mycobacteria (NTM), paired with the role of Amoebae in the
bacterial protection and spreading led us to suspect a strong interaction
between these two microorganisms, within drinking water network systems. At
this day, few studies are published on this subject, most of the time based on
in vitro interaction models. This project aim to describe interactions between
FLA and NTM by:
- Describing in a first part the whole microbiome of amoeba - associated
bacteria
-

Studying the specificity of interaction of environmental strains of FLA and
NTM

-

Identifying the molecular effectors of these interactions.

Keywords
Amoeba, Mycobacteria, Interaction, Water network

INTRODUCTION
Free Living Amoebae (FLA) are protozoa commonly found in soil and water. They feed
mainly on bacteria by phagocytosis. FLA represent a wide and polyphiletic group,
since their original descriptions were based upon microscopic observations. FLA can
be found in at least to distinctive forms:
o
o

A vegetative form, metabolically active, mobile and fragile, the trophozoïte (Figure 1 A and B).
A sleeping form, metabolically inactive, smaller, still, round-shaped and more resistant to
environmental stress, the cyst (Figure 1 C and D).
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Figure 1: Morphology of the trophozoïte form (A, B) and the cyst form (C, D) of Acanthamoeba
polyphaga. From Marciano-Cabral and Cabral, 2003. Scale bar: 10μm for A and D, 1μm for B and C.
Legend : Nu : nucleus, m : mitochondria, v : vesicle.

Some FLA, like Naegleria spp. have an additional flagellate stage, induced by a lack of
nutrient, generally preceding the encystment.
Several studies have demonstrated the ability of FLA to persist through water
purification’s treatment, notably via their cystic form (Hoffmann & Michel, 2001,
Thomas, et al., 2008). The main FLA species living in water networks belong to
Hartmannella, Acanthamoeba, Naegleria, and Vahlkampfia genera (Rohr, et al.,
1998, Hoffmann & Michel, 2001, Thomas, et al., 2006, Corsaro, et al., 2009, Valster,
et al., 2009). These species are also the best-described ones, whereas there is a lack
of litterature concerning the less representated genera.
Some species can be highly pathogenic for human, like Naegleria fowleri, causing
granulomatous amoebic encephalitis. Amoebic keratitis caused mainly by
Acanthamoeba also spread since the democratisation of contact lenses (MarcianoCabral & Cabral, 2003) this pathology being tightly linked with the use of it. The
interest for FLA in drinking water network started to grow once FLA were considered
to be the hearthstone of Legionella pneumophila multiplication (Rowbotham, 1980).
Nowadays, it is known that amoeba can carry bacteria, either in a transcient way
(then called amoeba resisting bacteria or ARB) or in a symbiotic way (then called
endosymbionts). ARB have the capacity to escape/modify the phagocytosis process
through amoeba, ending sometimes in the killing of their host. These bacteria are
thus becoming potentially resistant to human macrophages (Molmeret, et al., 2005),
as they are «trained» to survive and escape phagocytosis.
A wide range of mycobacterial species is known to be ARB, some species being even
able to multiply inside amoebae.
The Mycobacterium genus comprises tuberculous mycobacteria (M. tuberculosis and
M. bovis mainly), leprous mycobacteria (M. leprae and M.lepraemurium) and nontuberculous mycobacteria (NTM), i.e. all the others slowly and rapidly growing species
(ca. 150).
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Figure 2: phylogeny of the Mycobacterium genus, based on genome comparison by neighbour
joining. From Veyrier F. et al., 2009.

NTM are environmental bacteria found ubiquitously in soil and freshwater, sharing the
same ecological niches than amoebae. Many species are opportunistic pathogens,
infecting most of the time immunocompromised patients. They are causative agents
of potentially severe pneumonia and skin infections, and their origin is frequently
iatrogenic. Since 2004, the WHO (World Health Organization) classified several NTM
species as emerging pathogens vectorised by water.
The particular and complex composition of mycobacteria’s cell wall, especially the
presence of mycolic acid, allows them to resist against numerous bactericidal agents,
including antibiotics, acids and alcohol.
It is a fact that since the last decades, the number of declared NTM human infection
stood still (ca. 500 declared cases per year in France), despite prevention campaigns
and more accurate treatments. It is important to notice NTM infection are not
systematically detected and declared, underlying that the census probably under
evaluates the actual number of cases. In parallel, surveys accomplished on drinking
water networks didn’t show any significant increase of the NTM concentration in
water, suggesting a yet unseen ecological niche.
Consistent with the fact that FLA are shown to be “Trojan horses” for numerous
bacteria, in a way that it constitutes a protection against water purification’s
treatment, we suspected a strong interaction between FLA and Non Tuberculous
Mycobacteria. Several studies highlight the capacity of many NTM strains for intraamoebal survival (Adekambi, et al., 2006, Drancourt, et al., 2007), indicating the
importance of FLA in the survival of mycobacteria. Moreover, it has been shown that
NTM-infected amoebae can spread viable germs by ejecting non-lytic vacuoles
fulfilled of mycobacteria (Hagedorn, et al., 2009).
In order to better understand the implication of FLA in the survival and the dispersion
of NTM, we thus decided to investigate on the relation between theses
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microorganisms in the drinking water network of Paris, through a large water
sampling campaign. This campaign allows us to recover environmental strains of both
NTM and FLA, in order to study their interactions.
MATERIAL AND METHODS
Water sampling
Paris tap water is produced from two different origins, treated surface water and
underground water. In this study, 2 reservoirs supplied by surface water (Belleville
and Ménilmontant), and 2 reservoirs supplied by underground water (Saint Cloud and
Montsouris) were selected and sampled every week from September 2012 until
September 2013. From these 4 different reservoirs, 25 sites, corresponding to the
endpoint of the water network and supplied by one of the selected reservoirs, were
sampled monthly. For each samples, 2 litres are sampled, transported from the site to
the laboratory at 4°C, and processed within 6 hours.
Biofilms were also sampled on the surface of the reservoirs, consisting in collecting 25
cm2 with a sterile swab. Biofilms from pipes were sampled during maintenance
operation, i.e. recuperation of changed old pipes on the water network system.
Amoebal culture
For each water sample, two filtrations of one litre were done through a 3 µm
nitrocellulosic membrane. The two membranes were placed on NNA plates (Non
Nutrient Agar) seeded with either alive E. coli, used for amoebal identification, or S.
cerevisiae used for bacterial identification. The plates were incubated at 30°C and
examined by microscopy every 3 days, for at least a month, for the presence of
amoebal cells, characterized by the formation of a migration front. Once amoebae
were observed, they were recovered by scrapping the agar plate with a scraper for
collection or DNA extraction.
Analysis of amoebae and associated bacteria microbiome
The microorganisms were resuspended in 280 µL of MagNa Pure Lysis Buffer (Roche®)
and undergo thermal shocks, consisting in 5 cycles of 1 minute plunged in liquid
nitrogen, and 1 minute at 95°C in a dry bath. Then, the samples were treated with
proteinase K (2mg / mL) for 30 minutes at 37°C. A mechanic lysis was performed
using glass beads (diameter 212 to 300 µm, SIGMA) and the FastPrep automate
(BIO101). Finally, the samples went through a classical DNA extraction protocol using
the MagNa Pure Compact extractor, following manufacturer’s recommendation.
All the DNA samples for amoebal or bacterial metagenomic from the same site were
pooled. PCR libraries were created by using bacterial primers U341F (5’CTGCTGCSYCCCGTAGG-3’); U786R (5’-CTACCAGGGTTATCTAATC-3’) or amoebal
primers Ami6F1 (5’- CCAGCTCCAATAGCGTATATT-3’); Ami9R (5’GTTGAGTCGAATTAAGCCGC-3’) for 16S or 18S gene amplification, respectively. These
Primers were chosen among other regarding their matches against databases (RDP for
bacterial primers, nr/nt for amoebal primers). Metagenome libraries were generated
with the 454 Life Science GS-FLX Titanium platform (Roche).
In total, 9660 reads were generated for bacterial metagenome, and 31883 reads for
amoebal metagenomes. Quality controls, i.e. quality trimming, Chimera checking
(using UCHIIME) and denoising excluded 1944 and 3387 reads from further analyses,
respectively. Taxonomic identifications were performed according to the pipeline
established by Research and Testing Laboratory. First, sequences were clustered into
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OTUs (Operational Taxonomy Unit) with 100% identity, using USEARCH. Each seed
sequence of a cluster was then put in FASTA format. These files were queried against
a database derived from the NCBI using a .NET algorithm using BLASTn+
(KrakenBLAST). The sequences were classified at the appropriate taxonomic level,
based upon the following criteria. Sequences with identity scores, to well
characterized 16S (bacteria) or 18S (amoeba) sequences, greater than 97% identity
(<3% divergence) were resolved at the species level, between 95% and 97% at the
genus level, between 90% and 95% at the family and between 85% and 90% at the
order level, 80 and 85% at the class and 77% to 80% at phyla. Any match below this
level of identity was discarded. In addition, the HSP must be at least 75% of the query
sequence or it will be discarded, regardless of identity. Sequences unresolved at the
genus level at this step were extracted and queried against the nr/nt database, using
BLASTn to get the most accurate identification.
RESULTS
Occurrence of FLA in water samples
An extended water sampling campaign was established since September 2012. From
the beginning until February 2013, 109 water samples from network’s endpoint, and
77 from the selected reservoirs were analysed for the presence of amoebae. Each
sample were cultured on both Non Nutrient Agar seeded with either alive E.coli or S.
cerevisiae.
Based on the 186 analysed samples, 61% (67/109) endpoint samples and 23% (11/48)
reservoirs samples were culture-positive for FLA, either on NNA-E. coli or on NNA-S.
cerevisiae. The limit of detection on our culture methods is actually of 1 amoeba /
litre.
Interestingly, the climate seems to have an impact on the positivity of endpoint
samples, as shown in figure 3. Several studies published on the presence of FLA in
water network brought contradictory results on the importance of the seasonality of
FLA in water networks. These ascertainments tend to prove that these variations are
extremely dependent of the water network itself. Nonetheless, in our case there
seems to be a correlation between temperature and amoebal presence in network’s
endpoints. These data are logical; as we can hypothesise water temperature, directly
impacted by the climate, play a crucial role in growth and survival of amoebae. Low
temperatures, meaning in our case a monthly mean below 5°C, would mean a
decrease in term of presence and concentration of FLA in water samples.
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Figure 3: occurrence of FLA in endpoint samples, according to the sampling date. Monthly
maximum (orange) and minimum (blue) mean temperatures are given in °C.

All analysed samples from endpoint water network are provided by one of the four
studied reservoirs (Belleville, Ménilmontant, Montsouris and Saint-Cloud). Previous
studies on the on the amoebal presence in water from these reservoirs have shown
differences between these site (Delafont et al., 2013, submitted) with a highest
positivity for Belleville and Ménilmontant, compared to Montsouris and Saint-Cloud
notably. The analysis of endpoint samples, according to their providing reservoir
partially corroborates this observation, as shown in figure 4. From October to
February, sites showing the highest amoebal presence are provided by Belleville and
Saint Cloud, followed by Ménilmontant and Montsouris for the lowest rate.

Figure 4: occurrence of FLA in samples from endpoint water samples (dark blue) and reservoirs
water samples (light blue), depending of the providing reservoir

104 / 211

13th World Wide Workshop for Young Environmental Scientists WWW-YES-2013
Urban waters: resource or risks? Arcueil, France (2 – 7 June 2013)

It is surprising to see samples provided by Saint Cloud’s water are often positive for
FLA (69.5% positivity), since this site has an additional ultrafiltration step in its water
purification process. This step does not theoretically allow particles bigger than 0.1
µm to go through the water reservoir. In our sampling campaign, we can’t observe
that this additional step does have a significant effect on amoebal presence, meaning
that the ultrafiltration process isn’t completely efficient, regarding endpoint
colonisation.
Belleville and Ménilmontant are two reservoirs provided by Seine and Marne rivers,
corresponding to surface water, while Saint Cloud and Montsouris are provided by
underground water. Regarding water’s origin, reservoirs provided by surface water
are slightly more positives (mean = 31,6%), compared to reservoirs provided by
underground water (mean = 14,6%). These results tend to confirm the fact that
underground water is less subject to microbial contamination. In our case, we can
clearly notice this difference at the reservoir level.
However we can’t notice this difference at the endpoint level. This scheme is in
accordance with the theoretical model proposed by (Thomas & Ashbolt, 2011)
indicating that FLA’s diversity and density at the start of the distribution system is
relatively low, as only effectively resistant FLA can grow and persist at this time.
Then, at the endpoint in-premise pipes, FLA diversity and density are the highest, as
numerous FLA genera are able to grow freely.

Figure 5: A theoretical model for FLA density and diversity, as well as possible ARM infection, from
the end of the drinking water treatment plant to the in-premise tap. From Thomas and Ashbolt,
2011.

FLA biodiversity
A total of 28496 sequences were generated from 3 selected sites for pyrosequencing
analysis, each site sample representing a pool of all the positive samples for amoebal
presence. FLA were identified at the genus level and the diversity is shown on figure
3. Hartmannella was clearly the most dominant genus at every site. Acanthamoeba,
Platyamoeba and Vanella genus were represented at 4,68%, 7,05% and 0.06%
respectively. Indeed, only few sequences belonging to Naegleria were found (1.48%).
Our results are in accordance to previous studies where Hartmannella has been
described as the most represented genus of FLA in drinking water networks (Hoffmann
& Michel, 2001, Thomas, et al., 2008, Valster, et al., 2009, Valster, et al., 2010).
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Platyamoeba and Vannella are both members of the Flabellinae super family, which is
poorly known and described in tap water. However, Hartmannella has been estimated
to have a high number of 18S rRNA gene copies (1330 per cell) (Kuiper, et al., 2006)
whereas the number of copies is not known in the other FLA genera. It is therefore
difficult to conclude as difference in number of gene copies might modify the genus
ratio. It is interesting to underline that Acanthamoeba is commonly used for amoebal
co-culture experiments while this genus is poorly represented in these environments.
Besides, it has been pointed out that the use of only one species for co-culture is a
limitation to determine bacterial diversity in FLA, as bacteria could have host
specificity (Evstigneeva, et al., 2009, Poitelon, et al., 2009). It is thus important, in
further studies, to use environmental strains representative of FLA diversity in order
to limit bias in bacterial selection. Later, it would be also important to assess the bias
due to the study of culturable FLA only.

Figure 6: Biodiversity of culturable FLA in three studied sampling points.

Microbiome of amoebae-associated bacteria
A total of 8131 sequences were identified in samples from three different sites.
Among the identified bacterial, genera that were never described as associated to
FLA represent almost 50% It underlines that our approaches was powerful to described
new bacterial diversity in FLA. According to the rarefaction curves diversity (OTU
assessed at 97% identity), richness was estimated between 40 and 200 for the studied
sites (data not shown). The general bacterial diversity estimated by different
techniques (Poitelon, et al., 2009, Hong, et al., 2010) was estimated between 180
and 400 genera, highlighting the importance of bacterial diversity associated with
amoeba.
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Figure 7: Global biodiversity of intra amoebal bacteria found in three studied sampling sites.

49 genera were successfully identified, among which 22 are newly described as
amoebae-associated bacteria, underlying that our approach is powerful to identify the
amoeba-associated microbiome. The most representative class belong to the
Proteobacteria, representing more than 84% of the total sequences. The most
represented genera belonging to Proteobacteria were Stenotrophomonas (Gamma
Proteobacteria), Sphingomonas (Alpha Proteobacteria) and Acidovorax (Beta
Proteobacteria). This genera have been described in association with FLA from water
environment (Pagnier, et al., 2008). We can hypothesise that these highly
represented bacteria are able not only to resist FLA, but also to multiply within.
Mycobacterium, a well-known ARB, was found within the sequences, and colocalised
with the only site presenting the amoebal genus Acanthamoeba. The presence of the
yet unclassified bacterial species endosymbiont of Acanthamoeba UCW8 was
revealed, representing nearly 1% of the total sequences. This bacterial strain is an
Acanthamoeba specific endosymbiont, which its closest relative is Candidatus
Midichloria mitochondrii (92 % sequence similarity) (Sassera, et al., 2006). Legionella,
a common ARB, was found within two of the three studied sites, representing 1% of
the total sequences. Interestingly, the bacterial community structure appeared to be
quite different between the three sites, however, there are some common trends, as
Sphingomonas, Bradyrhizobium, Afipia and Escherichia/Shigella were found in all the
sites, underlying that these genera could be commonly found within FLA.
CONCLUSION
The sampling campaign on the drinking water network of Paris enabled us to have an
extended look at the occurrence of Free Living Amoebae at the reservoir and
endpoint level. At the midterm of this campaign, we have analysed 186 water samples
for the presence of FLA and their associated bacteria. The obtained results clearly
indicate the ubiquitous nature of FLA in water networks, as all sampling sites carried
FLA at least one time, with an overall positivity of 61% for endpoint samples, and 23%
in reservoirs samples.
Our investigation on the amoebae-associated microbiome highlighted an unsuspected
diversity, with 52 identified genera, 19 being newly described as associated with FLA.
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To our knowledge, it is the first time the diversity of intra amoebal bacteria is
accessed by metagenomic technique.
To pursue this work, the sampling campaign will be carried until September 2013, to
cover a year of sampling. Seasonal impact and occurrence of FLA and NTM will be
further studied. Also we are undertaking isolation and identification of environmental
strains of FLA and NTM, in order to focus their interaction. Cocultures will be then use
to identify the regulating factors of this interaction. This work will allow us to better
understand the role of free-living amoebae in the ecology of non-tuberculous
mycobacteria in a drinking water network.
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Abstract
Rivers are subject to a strong anthropogenic pressure resulting into many points
of more or less permanent discharges. Even if the chemical and microbiological
characterization progresses over years, the issue of viral contamination of
surface water is never really addressed. However, it is an important public
health issue because these surface waters are often used as a resource for the
production of drinking water. Studies of the European Food Safety Authority
showed that enteric viruses are a major cause of waterborne outbreaks.
The main aim of the project is to understand the dynamics of human viruses in
the aquatic environment. The study model is the Paris area, and more
particularly the Seine which is central to the water circulation. It is therefore
to understand the evolution of viruses in various meteorological and
hydrological conditions, in order to be able to assess the current and future
risks.

Keywords
Enteric viruses, water, molecular methods, sediments, public health

INTRODUCTION
A large number of human enteric viruses are excreted in human faeces and urine and
so are found in wastewater. Unable to replicate in the absence of their host cells,
they may still persist and remain infectious for several days or even weeks. Rivers of
Ile de France, being the main outlet of treated wastewater and combined sewer
overflow in the Paris area, are impacted by this release. Although their precise
quantification remains insufficient, we can say that the pathogenic enteric viruses are
present in rivers, resources for the production of drinking water and recreational
water areas with significant levels (8, 13, 15).
Even at low concentrations, these viruses can be responsible for a variety of human
diseases such as paralysis, meningitis, respiratory infections, gastroenteritis or
hepatitis (7). Indeed, the minimum infectious dose is low, estimated at less than 50
virus ingested (Table 1). Epidemiological studies are difficult to apply because the
waterborne viral events occur frequently away from the source of contamination, in
addition with long incubation times (up to 6 weeks for hepatitis A, for example).
However, an analysis of foodborne outbreaks by the European Food Safety Authority
(EFSA) in 2006 and 2008 shows those viruses are one of the main causes of diseases
(6).
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It is now recognized that these viral infections should be specifically taken into
account in studies of health risk associated with water. Currently, microbiological
monitoring of regulatory water quality is based on the detection of bacterial
indicators of fecal contamination (mainly based on Escherichia coli and intestinal
enterococci) and sometimes of parasitic indicators. However, these indicators can not
be used as proxy for monitoring virus contamination. The levels of these indicators do
not correlate with the presence of viruses in water, as demonstrated in many studies
focusing on wastewater effluents (9) and more generally on surface waters (16).
Indeed, viruses, bacteria and parasites differ in terms of size, protein composition,
resilience or settling ability, which could explain the lack of correlation.
Many questions remain about pathogenic viruses, including the effectiveness of
drinking water and wastewater treatments, more particularly during peaks of viral
contamination in surface waters, and in raw wastewater. The efficiency of the
treatment process may play a significant role in controlling the viral flow in urban
waters and therefore contamination of resource for drinking water production
(surface waters) and for treated wastewater reuse (irrigation). Indeed, the
effectiveness of these barriers is insufficiently known to date, particularly when high
levels of contamination occur, as a result of rainfall events or during virus outbreaks.
Very few data are available regarding the levels of viral contamination Ile de
France rivers (Seine and Marne). Similarly, little is known about the composition of
viral discharges in treated wastewater and the impact of climate variability on the
effectiveness of treatment of wastewater disinfection. In order to build health risk
scenarii taking into account regional climatic changes and urban development, it is
necessary to assess the fate of various enteric viruses in the aquatic environments,
and more specifically their persistence in water and sediments constitute important.
Potential sources of human viruses have been previously identified. We know,
for example, the amount of viruses excreted by an infected person. For several
weeks, they may shed more than a billion viruses per gram of faeces (rotavirus: 1010
viral particles. g-1; enterovirus: 106 viral particles.g-1; hepatitis A: 108 virus.g-1) (1,
17). These quantities are probably fairly stable vital signs. According to previous
epidemiological studies, viral diseases are mainly waterborne, However this tendency
may change depending on the lifestyles of area residents and their health status. Such
factors should evolve based on global environmental constraints. Animal enteric
sources should also not be overlooked as a potential source of human viruses. The
potential risk linked to animal manure is often neglected in the case of viral
waterborne diseases. However, recent disease outbreacks reported in the media have
shown the importance of this animal source in the transmission of certain viruses
(rotavirus zoonoses or hepatitis E, potential risk of norovirus) (2).
Few data are available on the level of raw wastewater contamination by
enteric viruses. Viral diversity, but also the viral load present in the influents of the
wastewater treatment plant (WWTP) depends heavily on the health status of the
population connected to the sewer system. The reduction in virus in wastewater is
directly dependent on the treatment processes implemented and is dependent on the
characteristics of each microorganism (4, 9, 10, 11). Sludge treatments induce the
reduction of the major enteric viruses, so that the treated effluent does not seem to
be considered to be a major risk factor for viral contamination of surface waters (5).
The secondary reservoirs of viruses are the environmental elements in which
the virus may persist, such as soils and sediments (12), or some biological such as
molluscs (3).Viruses associated with small particles (clays or silts example) remain in
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suspension in water, but the viruses associated with large particles tend to settle.
Thus, sediments may be a potential reservoir of dissemination when meteorological or
hydrological conditions lead to their resuspension. These factors are strongly related
to persistence hydraulic and ecological of all those affected by the urban and
periurban water cycle.
The main objective of the project is to understand the dynamics of a group of
viruses of sanitary importance in urban aquatic environments. The study is conducted
in the Paris area, and in particular the Seine river which constitutes the mainstream
of the water circulation in this area. The Seine river receive the effluents from
several Parisian WWTP, and from several storm outlets connected to a combined
sewer. This river also serves as a major resource for drinking water treatment plants,
and is also used for recreational activities. It is also used as a source of non-drinking
water for irrigation, street washing purposes
receiving wastewater; it is also a
source of drinking water. The aim of this study is therefore to understand the fate of
enteric viruses in various hydraulic and climatic conditions, in order to evaluate
nowadays and future risks associated with the viral contamination of urban rivers,
since the hydraulic conditions are linked to climatic fluctuations and water usage
practices. This ambitious goal is to propose a synthetic scheme of population
exposure to enteric viruses that allows having more information on the viral dynamic,
taking in account climatic changes and urban development. Here we present
preliminary results in terms of method improvements, preliminary monitoring in
drinking water treatment plants.
The viruses targeted in this study are enteroviruses (among whichv poliovirus,
echovirus, coxsackievirus A and B) which are historically the most researched in
water, adenoviruses (including serotypes 40 and 41), sapovirus (genotypes I, II, IV and
V), rotavirus (especially type A), the leading cause of gastroenteritis in infants and
children less than 3 years, noroviruses (genogroups I, II and IV) probably the main
cause of gastroenteritis in Western countries, and hepatitis A and E. All of these
viruses are of significance in public health for the general population but also among
immunocompromised people in which a higher morbidity and increased mortality
were observed (14).
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Table 1: Human pathogen viruses may be encountered in the aquatic environment.
Families

Types

Picornaviridae

Entérovirus

Species

Poliovirus
Coxsackievirus A

3
23

Coxsackievirus B

6

Réovirus

Reoviridae

Rotavirus
Caliciviridae

Norovirus
Sapovirus

Astroviridae

Astrovirus

Coronaviridae

Coronavirus
Torovirus

Adenoviridae

Mastadénovirus

-

-

Nature of
Nucleic
acid

RNA
Echovirus

Hépatovirus

Number
Of
serotyps

Minimum
infectious
dose

1

Doublestrand
RNA

25-30 nm

<20

27 nm

<50

75 nm

-

-

-

65-75 nm

-

Gastroenteritis

MA104

-

Gastroenteritis

Caco2, HEK

RNA

27-35 nm

-

Gastroenteritis

RNA

28-30 nm

-

Gastroenteritis

80-160 nm

-

Enterocolitis
Gastroenteritis
Respiratory infection,
gastroenteritis

RNA

Cell lines for
viral culture

Diseases caused

Paralysis, meningitis, fever, poliomyelitis
Meningitis, infectious respiratory
Myocarditis, cutaneous outbreak, fever,
meningitis,
infectious
respiratory,
BGM, MA 104
pleurodynie
Meningitis,
infectious respiratory ,
cutaneous outbreak , fever, diarrhea
Méningitis,
encephalitis
infectious
respiratory , hemorrhagic conjunctivitis
Infectious hepatitis
Frp3, PLC/PRF/5

30

Enterovirus6840
108
Hepatite A virus 1
Human
3
Réovirus
Human
6
Rotavirus
Genogroups
I
>15
and II
Genogroup III
>3
Human
7
Astrovirus
Human
2
Coronavirus
Torovirus
?
Human
49
Adenovirus
Hepatite E virus

Size

120-140 nm

-

DNA

100 nm

-

RNA

20-35 nm

<50

Infectious hepatitis

-

conjunctivitis

et

A549,
Hep2
Graham 293
-

MATERIALS AND METHODS
Concentration of water samples
The low viral loads stored in the environmental water require filtration of large
volumes of water followed by a step of concentration of viral particles. Thus, samples
of 10 liters of water are filtered through filter cartridges (NanoCeram ® Virus
Samplers, Argonide, USA) composed of electropositive alumina nanofibers. The filters
were then incubated with an elution solution consisting of 1% beef extract (Bacto
Beef Extract ® dessicated, BD Bioscience), 0.05 M glycine (Merck), 0.1% Tween 80
(Sigma Aldrich), 0, 1% Sodium polyphosphate (Sigma Aldrich), adjusted to pH 9.5 and
sonicated for 1 hour at room temperature. Viruses are then eluted in the reversed
flow, and concentrated by precipitation overnight at 4 ° C with a solution of 5% PEG
6000 (Calbiochem), 0.5 M NaCl (Sigma Aldrich), followed by a centrifugation at 4000g
for 2 hours at 4 ° C. The resulting pellet was resuspended in 1X PBS pH 9.0 and was
finally ultracentrifuged at 100 000g for 3 hours on 2mL of sucrose 40% at 4°C allowing
the concentration of viral particles in a volume of 400μL.
Extraction of nucleic acids
All extractions of nucleic acids were performed using MagNA Pure Compact
Extractor (Roche Diagnostics). Subsequently, the products of these extractions were
stored at -20 ° C or -80 ° C for an extended period.
Amplification of viral genomes
The oligonucleotides used recently have been designated and optimized using
the software AlleleID 5.0 (Premier Biosoft International). In addition, an internal
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control exogenous, consisting of a plasmid into which is inserted a gene sequence
encoding a fragment of the human ß-actin, was established to monitor the lack of
inhibition in the extracted samples. This internal control is amplified in parallel to
enteroviruses. Moreover, positive control PCR amplification has also been developed
in the form of plasmid vectors. This control also allows the quantification of genomes
viral. The amplifications were performed using the TaqMan master mix kit ® Fast
Virus 1-Step (Life Technologies) on a thermocycler ABI ® 7500 (Applied Biosystems).
Sampling campaigns
For each campaign, 10L samples were collected. The delivery of the samples to
the laboratory was within 4 hours following collection, and samples were stored at
4°C. Upon reception, 2g of sodium thiosulfate were added to samples of chlorinated
water in order to neutralize chlorine. Then, all samples were spiked with a solution of
bacteriophage MS2 to serve as a control for the calculation of the performance of the
whole processing of these samples.
1) Efficiency of drinking water plants on viruses
Eight water samples were collected at different points at drinking water plants
in Joinville and Orly twice a month. Concerning Joinville plant, the sampling points
corresponded to the intake end of the Marne, the step of pre-ozonation step of
granular activated carbon (GAC) and the released water after chlorination. Regarding
Orly plant, sampling points correspond to the dock (taking water from the Seine and
stored 48 hours before treatment), the pre-ozonation step of GAC and the released
water after chlorination.
2) Evaluation of viral contamination sources
Eleven water samples will be collected at different points in the Seine and
Marne rivers. The choice of sampling points was set up to assess potential sources of
viral contamination (WWTP outlet, combined sewer overflow outlets, affluent rivers).
Indeed, a point upstream of the city of Paris for each of these two rivers has been
selected and also a point downstream each WWTP and affluent rivers (figure 1).
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RESULTS
Development of methods and adaptation to different types of water
A previous sampling campaign, based on the monitoring of viral load throughout
the intake of major disinfection treatments in a drinking water plant, has highlighted
the presence of viral genomes in surface water. Current knowledge does not allow
saying whether the detected viral genomes derive from infectious viral particles.
Following this, two drinking 10L water samples were processed in parallel with the
same concentration protocol used during the sampling campaign. The first sample was
artificially spiked with a mixture of viruses composed of enterovirus, norovirus,
adenovirus and rotavirus. While the second sample was artificially spiked with a
mixture of nucleic acids from infectious viral particles which used also for the first
sample. 80% of enteroviruses, 92% of rotaviruses, 78% of noroviruses and 74% of
adenoviruses have been detected in the first sample by genomic amplification
whereas in the second sample no viral genome has been detected (data not shown). It
means that this viral concentration method do not concentrate free nucleic acids et
so only nucleic acids contained in a viral capsid will be detected.
The reproducibility of the viral concentration method will be assessing in order
to be applied for viral detection in different water types (surface waters,
wastewaters). Indeed, this method was originally developed to analyze drinking water
samples and may not be adapted to the analysis of wastewaters. As a consequence it
115 / 211

WWW-YES-2013 proceedings (draft version)

is necessary to test different types of waters. To answer at this question, three
different water types will be tested which are surface water, drinking water and
wastewater. Five water samples of each water types will be concentrated with the
viral concentration protocol previously developed. Each sample will be artificially
spiked with a mixture of viruses composed of enterovirus, norovirus, adenovirus and
rotavirus. A comparison of obtained yields and reproducibility will be done between
each water types.
Evaluation of viral dynamics in Île-de-France rivers
A huge samples campaign will be realized in order to evaluate the different
sources of viral input but also the impact of different climatic conditions such as high
rainfall or drought. As consequence the sample frequency will be weekly when
climatic conditions will become extreme.
Sedimentation and persistence of human enteric viruses in sediments
A last part of this work will be on the viral persistence in sediments. To do
that, different sample points will be done at different places in Ile de France rivers in
order to determine the viral presence or no and persistence in sediments but also if
the sediment location can have a real impact on the viral diversity and persistence
capacity.
CONCLUSIONS
The development of an optimized method for different water types is clearly
necessary to complete successfully sample campaign will be start from June 2013.
This sample campaign will allow evaluating the viral diversity of Ile de France rivers
but also the potential sources of viral contamination.
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Abstract
Many organic pollutants are toxic for the aquatic biota but their fate in urban
systems is still little studied, especially regarding Dissolved Organic Matter
(DOM) effect on their distribution. Strong interactions with DOM play a key role
in the speciation, bioavailability and toxicity of micropollutants. Understanding
of the interaction processes, their dependence on local conditions and their
temporal and spatial variations are needed for a sound risk assessment of
micropollutants in Seine river basin.
We make the characterization of the DOM present in surface water in the Seine
river basin and its evolution to the crossing of the Paris agglomeration and the
characterization of the interactions between the urbain DOM and organic
micropollutants and the characterization of the interactions between the DOM
and the suspended solids (mineral and organo-mineral complexes).
Interactions between organic pollutants and mineral and organo-mineral
complexes are being investigated. Several DOM samples from Seine Basin are
being studied and their evolution in the crossing of the Paris Metropolitan Area,
agricultural and forest zones are investigated. The Seine river basin, along an
urban/industrial gradient, provide an interesting study site for DOM
characterization and can show the predominant role of DOM in mitigating the
contaminants fate and bioavailability in aquatic ecosystems.

Keywords
Dissolved organic matter; organic pollutants; organo-mineral complexes

INTRODUCTION
The fate and behavior of organic pollutants in the environment have been studied in
recent decades. The interest is justified by the harmful effects of many organic
chemicals that may constitute serious risks to human health and other living
organisms.
Nowadays, water in France is managed under regulations established at European
level: the EU Water Framework Directive (WFD) of 23 October 2000 establishing the
goal of achieving good status waters by 2015. This European Directive was transposed
into French law: the LEMA (Law on Water and Aquatic Environments) of December the
30th 2006.
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Our study of organic pollutant fate in the basin of the Seine, as well as their behavior
in the environment and their bioavailability, is highly relevant and current source of
concern: to evaluate the status of water bodies, to improve scientific and technical
knowledge and to monitor progress to accomplish many of the objectives of EU Water
Framework Directive.
When a compound is introduced into the environment, it tends to diffuse from phase
to phase, until equilibrium is reached between the phases (Figure 1). The main
mechanisms, by which contaminants are removed from the system, include processes
of biodegradation, photolysis, oxidation and transport processes. The mobility
depends on the speciation of the pollutant. Dissolved form (including colloids) will
promote transport over long distances and particulate form will promote
sedimentation.

Figure 1: The way in which contaminants are sorbed into, MO and solid phase. The arrows indicate
interactions between pollutants and mineral surface and organic surface. The contaminant may be
sorbed on the surface and mineral complex MOD-Suspended solids. (TREMBLAY et al., 2005)

Dissolved organic matter is from different sources: natural autochthons from the biota
(algae, bacteria, macrophytes), natural allochthonous of soil, anthropogenic
allochthonous and urban domestic and industrial source. The composition of the DOM
is very heterogeneous due to the diversity of its sources, its age and the different
processes affecting their composition. The description of DOM compounds and their
composition are dependent on the analytical protocol used (Table 1).
Table 1: Type of molecules observed in MOD (IMAI et al., 2001).
Fraction
Humic
substances
Non humic
substances

Types of compounds observed fractions
Acids Hydrophobic

Bases Hydrophobic

fulvic acid (soluble at any pH)
humic acids (precipitated at pH <2)
hydrocarbons, detergents,
pigments (including chlorophyll
Surfactants and proteins

Acids Hydrophilic

sugars, amino acids

Neutral Hydrophilic

Oligosaccharides and polysaccharides,

Bases Hydrophilic

Proteins, amino acids

Neutral Hydrophobic

MATAR (2012) did a great advance for the compression of the origin and
characteristics of the DOM of the Seine river basin. Her results showed that the DOM
in receiving water, after urban water discharges, presents a high percentage of
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hydrophilic DOM, a low degree of hydrophobicity and aromaticity. In contrast, a
greater functional diversity of DOM from urban versus natural DOM has been
demonstrated with a particularly strong presence of protein structures. On low-flow
conditions, the high proportion of hydrophilic DOM in urban discharges impacts
receiving water. In this period the impact of urban discharges is highest due to a
lower dilution, the DOM is mainly non-hydrophobic in highly urbanized rivers.
Dissolved organic matter plays an important role. Its role is particularly important in
the biogeochemistry of metal and organic micropollutants potentially influencing
their speciation and bioavailability. Excess biodegradable form of DOM in surface
waters can lead to oxygen deficiencies in its mineralization. In addition, in
operational perspective, the organic matter is a key parameter in the purification of
water.
There are several modes of interaction of organic pollutants as described by HAV-ACHA
and REBHUN (1992), shown in Figure 2. The presence of DOM in aquatic systems induces
a decrease in the bioavailability and the bioaccumulation of hydrophobic organic
contaminants (denoted HOC), PAHs, PCBs, ... (AKKANEN and KUKKONEN, 2003). It has
been shown that decrease is due to the formation of complexes MOD-COH too large or
too polar to cross biological membranes (HAITZER et al., 1998). Interactions MODorganic contaminants are generally relatively low (RABER and KOGELKNABNER, 1997). It
is mainly hydrophobic interactions, “Van der Waals” or π - π.

Figure 2: Possible adsorption mechanisms of organic pollutants on solid mineral dissolved organic
matter and organic-mineral complexes.

The partition coefficient and Henry's law are important to determine where the solute
will tend to accumulate and also calculate the transfer rate between the phases. It is
also necessary to determine a number of parameters, mainly: water solubility, vapor
pressure, constant Henry's law, the octanol / water coefficient of adsorption and
bioconcentration factor (DEARDEN et al, 2003). These parameters can be obtained with
a series of experimental methods. Values for a large number of organic pollutants
have been collected and are available in the literature.
To characterize the DOM present in urban waste but also to quantify the proportion of
hydrophilic DOM in the receiving water to the crossing of the Paris Metropolitan Area
our sampling strategy will take place in various hydrological situations (floods,
drought) including periods of algal bloom. Will also be affected urban discharges of
dry weather or wet weather. For the sorption study of interaction of OPs and
dissolved and particulate phase we will choose the sites witch a very different
typology of DOM, humified substances from the DOM to very hydrophilic and to
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compare their behavior of sorption of contaminants and particles and DOM. The
campaigns will be conducted and funded under the program Piren-Seine (2011 and
2015) and are conducted in collaboration with other researchers of other laboratories
(LGE, Sisyphe, EPOC, LSCE, Cemagref Antony and University of Illinois, Chicago).
My study is divided in two chapter: in the first one we study the influence of
suspended particulate fraction (mineral and organo-mineral complexes) in the
sorption of organic pollutants. In the second one we will develop new methods to
study the interactions of different typology of dissolved organic matter and organic
pollutants. The objectives of this research project are to assess the transport and fate
of OPs and to continue and expand the efforts to investigate the source–receptor
relationships, temporal and spatial trends, determination of free OPs concentration
(indicator of bioavailability) and the response to the implementation of better
management of aquatic systems under strong urbanization with the key role of urban
DOM.
MATERIAL & METHODS
Sampling campaigns of DOM:
The location of sites sampled during snapshot campaigns of August / September 2012
and February 2013 is presented respectively in figure 3. These two campaigns have
been made in different flow conditions (100 m3.s-1) at Austerlitz to August /
September 2012 and 900m3.s-1 at Austerlitz for February 2013 (Figure 3). We have
analyzed 38 sites in different location of the basin of Seine (9 on the Seine upstream,
10 on the Marne, 13 on the Oise and 6 on Seine downstream). There are two kinds of
sites, for the non-priority sites only 250ml were sampled and on the priority sites 10L
were sampled.

Figure 3: Location of stations sampled during the snapshot campaign August / September 2012 (low
water period) and February 2013 (BONNOT- LGE, 2013).

Characterization of DOM
Analyses are made in collaboration with other researchers of other laboratories. Two
kinds of analyses were made: Physics-chemical characterization of dissolved organic
matter in aquatic systems urbanized and determination of its sources (absorption
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spectroscopy UV-visible, spectrofluorimetry, Asymmetric Field Flow Fractionation
(AFFF), fractionation according DOM hydrophobicity, biodegradable dissolved organic
carbon (BDOC) and the role of Dissolved Organic Matter (DOM), on the study of the
interactions between the DOM, the mineral particles and organic contaminants and
metal. Urbain DOM origin is particularly studied.
Fractionation of dissolved organic matter
Fractionation is the separation of the DOM according to its hydrophobicity. We used
the resins having the best adsorption DAX-8 and XAD-4. Dissolved organic matter will
interact with adsorbent resins, and nonionic macroporous (styrene - divinylbenzene or
polymers of methyl methacrylate). The hydrophobic moiety of the organic matter is
retained on the resin DAX-8, the fraction called "transphilic" is retained on the resin
XAD-4 and the hydrophilic fraction, is not retained for any resin.
The fractionation of the MOD was performed according to the protocol of MATAR
(2012). The samples before fractionation are filtered with a GF/F filter, concentrated
on ROTAVAP and acidified to pH 2 (Figure 4).

Figure 4: The analytical procedure for preparative DOC from natural waters and wastewaters.

Once passed through the MOD resins (DAX-8 and XAD-4) for the division of each
sample, the composition of the effluent obtained outputs of each resin is as follows:
Output-1 (DAX-8) is: DOM1 =DOCtotal = - = HPO + TPI HPITotal
Output-2 (XAD-4) is: DOM2 = DOCtotal - (HPO + TPI) = HPITotal
The relative proportions of each fraction were determined by measuring the COD
input and output column fractions and the percentages are calculated as follows:
% HPO = 100*[(DOC0 – DOC1)/ DOC0]
% TPI = 100*[(DOC1 – DOC2)/ DOC0]
% HPI = 100*[(DOC0 – DOC2)/ DOC0]
The resins was washed before utilization, this step can take more than a month. The
non-ionic resins, DAX- 8 and XAD-4 was washed 2 times with sodium hydroxide (0.1
mol.L-1) under stirring for a week and the second washing is done in a solid-liquid
extraction (Soxhlet) with dichloromethane for 24 hours and then with acetonitrile for
48 hours. Between each wash with solvent, cleaning with Milli-Q water and filtration
with GF/F was done. The resins were washed with Milli-Q water until the
concentration in dissolved organic carbon was under 0,5mgC/L. For each output of
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resin the DOC was measured, a blank (output 2-Milli-Q water) and total (concentrated
sample) was analyzed.
Analytical procedure to study the sorption of organic pollutants onto mineral and
complex organo-mineral
The organo-mineral complexes can influence the surface characteristics and
consequently the possible sorption of pollutants onto particulate fraction. For
example, the water-solid distribution of OP in the presence of humic acid (HA), are
going to depend on the hydrophobicity of AH coated in iron oxide. Iron oxide has a
preference for the sorption of less hydrophobic AH, the concentration of hydrophobic
AH solution will increase and consequently the sorption of pollutants in the
particulate and dissolved fraction is going to be different (MITSUNOBU and
TAKAHASHI, 2006).
Several authors have studied the interaction of organic compounds with suspended
particulate material to better quantify these pollutants in wastewater systems (AVISAR
et al, 2010, BAKER et al, 2012) to study the bioavailability of pollutants (MACKENBACH et
al, 2012) in the environment (SITHOLE and GUY (1986); FUKUSHIMA et al (1997); WU et al
(2011)). But any study has been conducted in aquatic environments highly urbanized
and even less sure the role of the DOM of urban origin in the fate of organic pollutants
in the basin of the Seine.
Several study like YOUNG BELL et LEBOEUF (2013), GHOSH et al (2009), FENG et al (2006),
have developed a protocol for the sorption of humic acids onto mineral. In the
literature there are very few studies about any works with urban DOM for the coating
of the mineral surfaces. The studies are made especially for the study in the soil. In
our case, we want to see the influence of the DOM (from urban, sub-basin forest and
output WWTPs) in the fate of organic pollutants in the basin of the Seine. It is for this
reason that we started a protocol to isolate the DOM with different backgrounds and
physico-chemical characteristics to do the kinetic and isotherms of sorption.
The adsorption isotherms of organic solutes are divided into four categories, the main
categories are as follows (GILES et al, 1960): The S-curves, indicating the vertical
orientation of molecules adsorbed on the surface, "S" courves is characteristic of
adsorption: (a) monofunctional (no adsorption shaped micelle) (b) shows moderate
intermolecular attraction (c) strong competition for substrate sites. The “L” curves
(Langmuir) generally representative of molecules adsorbed on the surface, or,
occasionally, vertically with a strong intermolecular attraction oriented adsorbed
ions. The “H “ curves, often given by solutes adsorbed as ionic micelles. And the “C”
curves, linear curves given by solutes entering the solid more easily than does the
solvent, availability of sites remains constant at all concentrations up to saturation.
For the sorption of DOM onto mineral the clay Montmorillonite (MMT) was chosen like
a model of smectite clay. The Na-MMT (SWy-2) was obtained from the Clay Minerals
Society’s Source and the DOM was sampled from a forester site (Forêt de Compiegne).
The clay was adapted of the protocol of purification of CARRADO et al (2000).
Carbonates are decomposed by the addition of dilute hydrochloric acid. pH Stat was
used to take care that the pH does not drop below 4.5 and to avoid any attack on the
clay mineral structure. Decomposition of high carbonate concentrations requires
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significant time (up to 2 days), we did our decomposition of carbone for 5 days. We
will stabilize the pH until pH 8 (pH of Seine river) we will centrifuge (10000 rt/min 2
hours) and the DOC will be analyzed to determine possible contamination of the NaMMT. The pellet will be deep-frozen and lyophilized to the future adsorption
experiments. The mineral and organo-mineral are going to be characterized with
several technics (Table2). These characterizations will help us to better understand
our possible interaction and possible changes on aromaticity, specific surface area,
morphology, availability of surface sites or Blocking "cavities".
Table 2: Characterization of clays, DOM and organo-clays complexes:
Characterization of solid:

Characterization of DOM:

Characterization of organo-clay complex

Carbon-13 MR (some samples)

COD

Carbon and nitrogen analysis

Ultraviolet–visible spectroscopy

COD and COP
Point of zero charge
Brunauer-Emmett-Teller (BET)

Brunauer-Emmett-Teller (BET)

High performance size exclusion
chromatography

Scanning Electron Microscope (SEM)

Point of zero charge
Scanning Electron Microscope (SEM)

Fluorescence Spectrometry

X-ray scattering techniques

Analytical procedure to study sorption of organic pollutants onto DOM
The objectives is to developed one protocol of extraction adapted for the analysis of
organic pollutants on the dissolved organic carbon, to characterize the interactions
between MOD and urban organic micropollutants to promote better understand of the
become of organic pollutants in the basin of the Seine and their bioavailability with
the estimation of KDOC (free OPs).
Sampling sites will be selected to access DOM with very different typologies. We
privileged to work on sSamples of marked typologies will be privilegedy marked oflike
urban DOM (hydrophilic component) and or humic certain humic (forest).
Contaminants will necessarily have different characteristics: hydrophobic compounds
(PAHs, PCBs), and polar compounds loaded. We will work at different concentrations
of contaminants. The KDOC organic contaminants will be measured directly in filtered
samples. We are going to use the technique of micro-solid phase extraction (SPME) to
determine the “free” organic pollutant fraction.
The technique of micro-solid phase extraction (SPME) has been developed in the 90s
by the research team of Dr. Pawliszyn Januz (ARTHUR and PAWLISZYN, 1990). Recent
years, several publications have been made and suitable for organic pollutant
analysis, initially developed for the analysis of trace organic compounds trace in
water (volatile organic compounds, polycyclic aromatic hydrocarbons, pesticides,
surfactants, organometallic , organochlorines, amines ...), the SPME sampling
technique was then adapted to the analysis of other matrices such as air (KOZIEL et al
2000), soil, biological and food materials (BELTRAN et al 2000, KATAOKA et al 2000).
The SPME has two steps: First, analysts organic pollutants are extracted by a fiber
from a sample matrix for a predetermined time. Secondly, the fiber is removed from
the sample and the analyte is desorbed kept in an analytical instrument to be
separated and quantified. The desorption step is usually carried out by thermal
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desorption, by placing the fiber in an injector of a gas chromatograph (GC) or in the
desorption chamber a SPME / HPLC (ALPENDURADA, 2000).
The parameters that must be applied to develop a method SPME are proposed by
RISTICEVIC et al (2010) to develop a common protocol SPME. Several other studies
have been carried out with the same goal by different research groups: WARDENCKI et
al, 2007; RISTICEVIC and al 2010, OUYANG et al 2005, 2006 and 2008, DUGUAY et al,
1998.The organic pollutant studied was PAHs because it is one of the priority
substances (water framework directive, DCE - good chemical status) and is also a
specific pollutant for assessing the ecological status of aquatic systems.
We tested the betterThe extraction temperature (natural temperature and 40°C), the
extraction time and the temperature of desorption were optimised and better
different fibers (PDMS or PDMS-DVB) were tested for extraction of PAHs. Accuracy and
repeatability was were tested too in the GC/FIDassessed.
RESULTS AND DISCUSSION
Characterization of DOM for the Seine river basin
The concentration of the different sites is represented on the Figure xxx5. In the
basin of Seine river basin have a gradient of DOM concentration were observed with
the upstream sites of upstream more concentrated than downstream. and the
strongest concentration was for Forest de Compiegne (Oise River) (Figures 5). The
strongest concentration was for the Forêt de Compiègne (Oise River) site and Senuc
(Aisne River) for the campaign of February 2013. These two sites are being selected to
the future procedure of coating mineral to the analyses of sorption with OPs.

Figure 5: Concentrations of dissolved organic carbon (DOC) for sites sampled during the campaign
in August / September 2012. (BONNOT- LGE, 2013)

The results of fractionation of the DOM samples for the campaign August/september
2012 and February 2013 are represented on the Figure 7. The results from
August/september 2012 confirm the distribution between the different DOC fractions.
Overall distribution of DOC between the three fractions varies little from one station
to the other fractions, hydrophobic (HPO) transphilic (TPI) and hydrophilic (HPI) which
represent respectively 32%, 27% and 41%, these values changed little from one station
to another and also little from upstream to downstream (for the champagne of
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August/september 2012). This low hydrophobicity is quite consistent with the results
obtained in the framework of the thesis Zeinab Matar (MATAR, 2012). This confirms
the low proportion of humified DOM at this time and a preponderance of fresh organic
matter little mature probably due to indigenous production. Greater hydrophobicity is
representative during floods (February 2013) with hydrophobic DOC values reaching
well over 50% because of terrigenous source.

Figure 7: Distribution of dissolved organic carbon (mgC.L-1) by fractions hydrophobic, and
hydrophilic and transphilic fractions for priority sites sampled during the campaign in August /
September 2012 and February 2013.

Development of analytical procedure to study sorption of organic pollutants onto
DOM
The extraction temperature is not a parameter that have a strong effect on the
extraction of light PAHs. For heavy PAHs there is a better extraction and greater
signal at 40°C (Figure 8). The temperature has a strong influence on the desorption of
high molecular weight molecules. For PDMS fiber, the signal of PAHs is directly
proportional to the increase in temperature. The better temperature of desorption is
270°C.
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Figure 8 : Difference in the extraction of PAH as a function of temperature, at room temperature
and at 40°C.

SPME technique has good robustness (variability = 24-37%) for PAHs with molecular
weight less than or equal to 178 g.mol-1, while the detection limits vary considerably
for heavier compounds (mean = variability 61% . Results of DE PERRE (2009) confirm
these results.
Agitation has a strong influence on the repeatability. For the analysis without
agitation, an error of 70% was observed for the heavier PAHs. With agitation the PDMS
fiber has a maximum error for fluoranthene (40%) and the PDMS-DVB fiber of for
dibenz [a,h] anthracene (55%).
The performance of SPME can be affected by many physical-chemical parameters and
these results are important to choose the better parameters to have great
repeatability, robustness and limit of detection. The selected parameters are : 60
minutes of extraction, with stirring and at 40 ° C, 30 minutes of desorption at 270°C,
10 minutes of conditioning to eliminate possible contamination, and time of purge (4
minutes). These results are important to help us to better understand this new
technique in our laboratory, and to adapted our study to environmental
concentration, for that we will make tests extraction/desorption on GC/MS.

Figure 9: Results of PAH extraction time with the PDMS fiber
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CONCLUSIONS
The physico-chemical characteristics influence of urban DOM on sorption of organic
contaminants has not taken into account in study of surface water. Based on its
affinity for contaminants, can change the speciation of dissolved phase contaminants
and thus affect their bioavailability. It can also modify the adsorption properties of
particles (suspended or in sediment) and therefore strongly influence the distribution
dissolved / particulate with all that flows in terms of contaminant transport.
My research perspectives are to elucidate the influence of the DOM of urban origin on
the biogeochemistry of OPs. For first I will take into account the role played by the
particles in the speciation and biogeochemistry of these contaminants and on the last
year of my thesis projects the dissolved phase.
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Abstract
The knowledge of soil and water movement in vadose zone is essential for a
wide range of scientific and practical fields. One of the main but less studied
media is the soil under the Undrained On-Site Treatment Systems (UOSTS). In
situ monitoring is necessary to interpret most physical and hydric properties of
soil and to determine the chemical composition of seepage water as a key
aspect in sustainable management of soils. In this paper the design and
instrumentation of different hydropedologic sensors in a real UOSTS, for the
fist time in France, is presented. One of the main objectives is to extract the
soil water samples in different stages of depth under the treatment system.
Besides by performing the in situ hydraulic conductivity measurements,
monitoring the recorded moisture and matrix potential data of the soil and
determining soil physical properties in laboratory, we identify the existence of
preferential flow in the heterogeneous soil of the site. As a main result, the
executed pilot site is operational from March 2012. Soil water sample collecting
and data recording are done regularly from this date. Also In situ permeameter
tests give values of the conductivity which are averagely 135 times higher than
values deduced from pedotransfer functions. This suggests that preferential
flows occur within the soil via macropores shortcutting the matrix. Analysis of
the recorded data shows the rapid reaction of the water table to the rainfall
and the non-uniform reaction of the tensiometers according to their position.
These results together suggest the existence of preferential pathway flux
through the sand pack and the underlying soil.

Keywords
Water sampling; On-Site Treatment; preferential flow; soil; hydraulic
conductivity
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INTRODUCTION
On-Site Treatment is a management way (in French, ANC: assainissement non
collectif) which relies on a system to be chosen according to local conditions of each
case among a series of standard agreed systems and ensures independently the
collection, treatment and evacuation of domestic wastewater, near the house. This
mode of wastewater purification concerns about 5.4 million homes, nearly 15% of the
French population (SIARV, 2006). In general, the OSTS shall be designed, installed and
maintained so as to present no risk of soil contamination or water pollution,
especially no risk to withdrawal waters which would be used for human alimentation
or particular usages such as shellfish farming, fishing on foot or swimming (BRIGAND
and LESIEUR, 2008).
The ANCRES project (ANC – Retention and Purification by Soils) aims to develop a
socio-technical indicator to manage the depurator potential of the soil which is
subjected to the infiltration of treated domestic wastewater in OSTS. An undrained
gravel pack system (UOSTS) has been instrumented and installed in the garden of a
private house in the Yonne Department in France. It is currently in the follow-up
phase since the beginning of March 2012.
Pollutants in the vadose zone does not necessarily move at the same rate as water,
but the transit time of water represents a lower limit for the transport time of certain
pollutants. Otherwise, it is important to know and describe the terms of water flow in
soil in order to characterize the soil's capacity as a vehicle for transport of dissolved
and suspended substances (CALVET, 2003).
There has long been speculation that large continuous openings in field soils
(macropores) may be very important in the movement of water. Such voids are
readily visible, and it is known that they may be continuous for distances of at least
several meters in both vertical and lateral directions. These voids allow rapid
movement of water, solutes and pollutions through the soil (BEVEN, 1982). The
permeability of a soil during infiltration is mainly controlled by big pores, in which the
water is not held under the influence of capillary forces (SCHMEACHER, 1864).
There is no doubt that water will move through large voids under saturated conditions
and that they have a very important influence on the saturated hydraulic conductivity
of soils, even though they may contribute only a very small amount to the total
porosity of a soil.
Porosity can be classified with respect to the hydraulic conductivity of the soil, where
data on the change of conductivity with soil moisture are available. When the
structural pores are large in relation to those in the surrounding soil, the movement
of water through the macropores, once initiated, may be much faster than
equilibration of potentials in a respective volume of soil matrix. If this is so, the
potential gradients associated with the two systems will be different. In heavy soils,
channel drainage will in most cases precede general drainage; a portion of the water
escaping by the open channels before the body of the soil has become saturated; this
will especially be the case if the rain fell rapidly, and water accumulates on the
surface (LAWES et al., 1982).The possibility of such discontinuous behaviour can be
appear as there is a amount of stone fragments in the fine soil which could increases
the flow rate in the soil by their size and the condition of the connectivity of the
macropores and the effects of capillary tension within the macropores become
smaller. Other terms such as preferential flow pathways for macrochannels have been
suggested to emphasize the importance of structure on flow dynamics. We try to
identify the preferential flow in a stony soil with a fine clay matrix by using the
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measured and estimated saturated hydraulic conductivity and monitoring the soil
moisture and capillary potential by regard to the variations of water table and
rainfall.
Stony soils are soils containing over 35% or 40% in volume of soil particles larger than
2 mm: the rock fragments (FAO, 2006; Soil Survey Staff, 2010). These soils are
composed of several fractions (Corti et al., 1998): fine soil matrix (particle
diameter<2 mm), gravels (2<particle diameter<20 mm), pebbles (20<particle
diameter<50 mm), stones (50<particle diameter<200 mm) and blocks (particle
diameter> 200 mm). The stony soils, often shallow, cover about 30% of areas of
Western Europe, and up to 60% in Mediterranean areas (POESEN and LAVEE, 1994).
The wide distribution of this type of soil generates interest in its functioning, but the
characterization of stony soils remains difficult. Since the founding works of BERGER
(1976), COILE (1953) and GRAS (1994), the rock fragments, that we define here as the
“stony phase”, are usually recognised as non inert and are taken into account when
some physical or chemical properties of these soils are characterised. Stones play a
role in soil by modifying the pore space. In natural soils, an increase in the content of
rock fragments is correlated with a decrease in the bulk density of the fine soil matrix
(TORRI et al., 1994). This decrease is due to extra porosity resulting from contact
between the stones and the fine soil matrix, which in turn arises because the space
between the stones is incompletely filled by fine soil matrix or because the larger
particles prevent the smaller ones from packing (STEWART et al., 1970; POESEN and
LAVEE, 1994). Stones can affect water retention if they are porous, but their release
of water depends on the fine soil matrix in which they are embedded (GRAS, 1994).
More generally, the effect of stones on the hydraulic properties of the soil is
associated with arrangement of soil particles. The stones and the soil add their own
respective porosities in granular media (SHARMA et al., 1993), but the porosity of
these media and the associated water properties can be modified by compaction
(RAVINA and MAGIER, 1984).
POSITION OF THE PROBLEM
Rock fragment content, size and position in the soil, may both increase and decrease
infiltration. The presence of rock fragments usually results in a decrease in the
infiltration rate (CHILDS and FLINT, 1990; MA et al., 2010; MA and SHAO, 2008) since
they reduce the surface available for the flow transport in soil. Nevertheless, rock
fragment can also increase the infiltration rate, by the creation of preferential flow
(PF) pathways at the fine soil matrix-stone interface, the latter being active only at
high water contents.
URBANEK and SHAKESBY (2009) argued that with large stone contents flow pathways
develop along sand–stone interfaces and a continuous preferential flow path can form
provided there are sufficient stone-to-stone connections. The distribution and
alignment of the stones, especially at intermediate stone contents, are important for
promoting water movement. ZHOU et al. (2009) studied the effects of different
gravimetric rock fragment contents in a soil on infiltration, saturated hydraulic
conductivity (Ks) and solute transport. The in-situ tests showed that both infiltration
rates and the saturated hydraulic conductivity initially decreased with increasing rock
fragment content to minimum values and then increased. Verbist et al. (2008)
demonstrated that stone fragment content correlated significantly with both
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saturated and unsaturated conductivities, probably due to a positive correlation
between stone content and coarse lacunar pore space. COUSIN et al. (2003), in
calcareous soils, found that the percolation was underestimated when the rock
fragments were neglected and the soil was considered only as fine earth, while
percolation was overestimated when the rock fragments were considered as nonporous stones.
An additional source of variability when considering infiltration measurements is the
measurement method and the subsequent data analysis. REYNOLDS et al. (2000)
compared three methods (pressure infiltrometer, tension infiltrometer, and the
constant-head soil core method to determine the saturated hydraulic conductivity and
found very little correlation among the methods used. MOHANTY et al. (1994)
observed similar differences when comparing the constant-head well (Guelph)
permeameter, falling-head well permeameter, tension infiltrometer, concentric ring
infiltrometer, and constant-head soil core methods. GOMEZ et al. (2001) found better
correlations among four different measurement methods (falling-head well
permeameter, pressure infiltrometer, tension infiltrometer, and rainfall simulator)
and were able to detect significant differences in infiltration rates between and
under olive trees in southern Spain with each of the methods used.
Techniques for describing, inferring, or quantifying preferential flow (PF) can be
classified into different groups: (i) observation and quantification of structures
susceptible to cause PF; (ii) measurement of water distribution or water movement;
(iii) investigation of gas movement. For solutes and particles either already in the
environment or applied as tracers, methods with (iv) breakthrough curves are widely
used. Dyes can be used for breakthrough curves, but they are often associated to (v)
image analysis approaches. Different techniques in each group can be described with
different advantages and disadvantages. Each of them corresponds to a given group of
techniques for estimating PF at small scale and larger scale. An extended description
of each technique has been discussed by ALLAIRE et al. (2009).
Current recommendations for the design and management of infiltration structures of
treated wastewater and storm water runoff are mainly based on hydraulic criteria. So
far, few data are available with regard to the intensity of the disturbance caused to
the functioning of the underlying aquifers.
The analysis of the signals of water content and matrix potential of soil recorded by
the data loggers allows understanding the influence of an undrained on-site treatment
system with a sand filter and distribution drains on the spatial distribution of soil
infiltration.
The objective of this study was to evaluate infiltration imposed by an on-site
treatment system in the heterogeneous stony soils of centre of France and to answer
the following questions:
•

Is it possible to clearly identify the effect of embedded stone fragments of soil on
soil hydraulic conductivity?

•

What variability in infiltration rates can be expected under an on-site treatment
system which is characterized by heterogeneous, stony soils, but with a fine soil
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matrix between the rock fragments (identification of preferential flow)?
•

What is the influence of the performance of the on-site treatment system on the
spatial distribution of the infiltration rate in the soil?

MATERIAL & METHODS
Field site
The field site considered in this study is located in a valley in the centre of France
(03°26′28.3″ E, 47°39′52.8″ N) and consist of a soil with a fine matrix containing rock
fragments (maximum size of 20 cm) which was developed on calcareous parent
material (Rendzic Leptosol), which are common in the central part of France. In this
area there are two broad sets of plates, one with chalk foundations, another sitting
on limestone and other natural Marne. These "surfaces perched" tabular or wavy, are
deeply incised by a large valleys. In term of lithology, the rock fragments of the site
are of the Jurassic limestone. Because of the relatively steep slope at two sides and
the site is located at the foot of this slope, it seems that the soil is a colluvion which
is the result of the movement and accumulation of Portlandien limestones and Marnes
of the Upper and Middle Jurassic (J9) on Kimmeridgian calcareous marnes of Lower
Jurassic (J8) and so the colluvion of a clay loam soil with the calcareous fragments
has been accumulated at the interface of these two geologic layers (Figure 1).

Figure 1: The geologic view of the Field site

The bottom of the excavation of a new undrained on-site treatment system (OSTS) in
the yard of a house was considered to collect the soil samples, do the permeability
tests and install the hydrodynamic monitoring probes. The OSTS is a management way
which ensures independently the collection, treatment and evacuation of domestic
wastewater, near the house (Brigand and LESIEUR, 2008) by spreading the pretreated
wastewater in five drains on a sand pack and then the treated wastewater percolate
in the soil under the system (Figure 2).
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Figure 2: The cross section and plan of implantation of the instruments in the pilot UOSTS.

Selection of the soil water sampler
Sampling devices differ in the type of information they collect, in their resolution in
space and time, cost, and maintenance needs. To choose the appropriate type of
sampler and specify the appropriate experimental protocol, the exact definition of
the target of the study is necessary. In order of priority for the ANCRES project, the
objectives of soil water sampling are to evaluate:
• Solute concentration (mg.L-1)
• Mass balance (mg.m-2.year-1)
• Solute transport (g.cm-2.day-1)
Considering the objectives of the project and the method that was proposed by
WEIHERMULLER et al. (2007), a device of porous plates was chosen for this research
project (Figure 3).

Figure 3: The data target determines the observation period, level of information, time and effort,
and selects the optimal sampling device.

The porous plates (round, 7 cm in diameter, flat plates, "2D") were chosen because
they have the following advantages, those with a (*) being compared to the porous
cups:
• Suitable for detecting the organic matter and heavy metals in the soil ;
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•
•

No retention of phosphorus, total organic carbon or other elements ;
50% of quartz (no swelling no shrinkage) ensures stable and sufficient hydraulic
conductivity ;
• Minimal risk of clogging the plates ;
• Can be used in all soil types and at any depth (*) ;
• Does not create vertical preferential flow in soil (*) ;
• Possibility of detection of events or preferential flow (*) ;
• More representative samples (*) ;
• Applicable to estimating the mass balance (4).
By applying suction on the plates by two vacuum pumps, soil water is collected in two
polypropylene bottles (2 liter capacity) via Teflon tubes. A rough calculation of the
recoverable amount of water leads to a conservative value of 1.2 l / day / resident.
This value is for low matrix potential of soil between 0 and 100 mbar. Then the
storage and transport of samples are performed in a cooler.
Field and laboratory measurements
At the beginning of installing the undrained OSTS, the bottom of the excavation (120
cm depth) has been gridded into 25 square meshes of 1 m² and then 15 soil samples of
collected from the first 15 m² of the excavation (1 samples of averagely 10 kg for
each m²). Simultaneously, in the middle of the each m², 15 permeability tests were
done with a Guelph Permeameter (GP) device in order to measure the local saturated
hydraulic conductivity of the soil (Figure 4).

Figure 4: Plan of 15 permeameter test and the implantation of the probes in the plot.

After ELRICK et al. (1898) the Hydraulic conductivity by Guelph permeameter is
calculated by the following equation:
K fs = Q ( A + ( B α * )) = CQ 2πH 2 + πa 2C + 2πH α *

[

]

(1) where Q( L3T −1 ) is the steady intake rate of water; H (L) is the constant height of
the ponded water in the well; and a * which take on specific forms for specific
solutions; K fs ( LT −1 ) is the field saturated hydraulic conductivity; C is a dimensionless
shape factor and A and B are the coefficients.
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It is clear form this expression that if α * is measured or estimated independently,
then only one ponded head ( H ) need be used.
In this study the “one-ponded height technique” was applied to measure 15 saturated
hydraulic conductivities in each m². For all the measurements in a augered well the
constant height of the ponded water in the well H ( L) = 5cm and the radius of the well
a( L) = 3cm . The procedure employed for the single height measurement as follows:
(i ) Estimate α * from a site evaluation
(ii ) Using α * from (i ) calculate K fs using equation 1

1

2

2,9E-04

3,2E-04

3,5E-04

3,2E-04

The “Achilles heel” in the preceding approach is the choice of α * . α values measured
in situ from ponded infiltration tend to fall between about 1 m −1 and 100 m −1 .
REYNOLDS and Elrick (1989) obtained α values for Guelph loam ranging from 15 to
20 m −1 , and SMETTEN (1986) found α = 5 to 7.9 m −1 for a red-brown earth in South
Australia. SCOTTER et al. (1982) measured values between 2 and 90 m −1 , and
HENDRICKX et al. (1988) found the α values of 0.6 m −1 for “greasy” fine sand and 9.5
m −1 for fine sand. In light of these field results, the following choices, for α * , were
suggested (ELRICK et al. 1989) on the basis of structural/textural considerations
(ZHANG, et al. 1998).
This classification is the final attempt at establishing several categories for α * . ELRICK
(1985) noted that the α * = 12 m −1 is the first choice for most soils. Actually, according
to the results of laboratory tests on soil samples (stony calcareous soil with a clay
loam matrix) value α * = 12 m −1 was considered in the calculations of K fs by the
Guelph permeameter (Figure 5).
In the geotechnical laboratory of CNAM in Paris the 15 soil samples have been oven
dried 105°C for 24 h. The fine earth fraction (soil matrix) was separated from the
rock fragments by softly brushing and grinding. Soil matrix has been passed from the
0.08 mm sieve. For each of the samples, according to the French NORMES, the
hydrometery tests have been done for the particles lower than 0.08 mm. Following
the particles size distribution curve derived for each soil sample, soil texture of the
samples have determined by using the USDA soil texture triangle (Figure 6).
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Figure 5. Variation in clay (0–2 μm), silt (2–50 μm), and
sand (50–2000 μm) contents at the 15 measurement points.
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Figure 6: Variation of Kfs values measured by
Guelph permeameter at 120 cm depth

By using these textural data and applying a pedotransfer function hydraulic
conductivity have been estimated for each soil sample. In the field of soil science,
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the pedotransfer functions (PTF) are the tools based on statistical relationships,
which are used to estimate and predict the properties and behaviour of soil which are
difficult to measure directly, from other soil characteristics which are readily
observable in the field or determined by routine soil samples. Hydraulic conductivity
of the soil matrix estimated by the pedotransfer equation developed by SAXTON et al.
(1986):
K s = 2.778 ×10 −6 exp( X )
(2)
in which:
(−3.895 + 0.03671s − 0.1103c + 8.7546 × 10 −4 c 2 )
X = 12.012 − 0.0755s +
1 − ( ρ b / 2.65)
(3) where K s is the saturated hydraulic conductivity, s (%) and c (%) are percentages
of sand and clay soil, is the bulk density of the soil.
Installation of hydrodynamic detecting devices in the field site
In order to characterise the hydrodynamic evolution of soil, under the on-site
treatment system because of infiltrating rain water and treated waster water, the
spatial distribution of water content and the matrix potential of the soil were
monitored at the bottom of the excavation at two depths (120 and 160 cm). The
system is composed of 12 electronic tensiometers (5 at 120 cm and 7 at 160 cm)
(SDEC-France company; model: STCP 850) and 5 water content profiling probes which
transmit an electromagnetic field extending about 100 mm into the soil as a ring in a
definitive depth (Delta-T Devices Co; model PR2/6-FDR). Twelve electronic
tensiometers provide longitudinal and transversal profiles across the soil. The probes
give us the temporal and spatial distribution of volumetric water content of soil at 70,
80, 90, 100, 120 and 160 cm of depth from soil surface. A pressure sensor of free
water table (Eijkelkamp company; model: Minidiver) was installed in a well
downstream of the plot. This device is completed by a meteorological station
(Watchdog 2900ET) implanted near the plot. The data are continuously recorded
(time step of 30 min for rain, 10 min for soil tension and water content and 1 hour for
the water table) (Figure 2).
Among the different techniques to describe and infer the preferential flow in this
site, we use three major techniques: (i) Observation the excavation; (ii) Field
saturated hydraulic conductivity in multiple points. (iii) Water content and tension
distribution.
The observation of soil structure range from very expensive (e.g., scanning) to
inexpensive (e.g., photo of soil surface) but the direct observation of the excavation
in a rainy period was selected to visible water trickles and rock fragments. The field
saturated hydraulic conductivity measurements in 15 points were done by a Guelph
Permeameter (GP) device under the following approach; the GP instrumentation was
installed in an augered hole at the soil surface, a constant head of 5 cm was
maintained in the hole, the K was calculated. The K with an order of magnitude
higher than the homogeneous soil matrix indicates PF, the spatial distribution of Ks
indicates the distribution of macropores. The water content and tension distribution
technique is a simple, easy to measure but difficult to interpret and install technique
which was done by the FDR probes and the tensiometers. By a graphical
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interpretation of treated data, we estimated the heterogeneity and the PF
interpreted from this heterogeneous distribution.
RESULTS AND DISCUSSION
Measured and estimated hydraulic conductivity
Table 1 shows the soil texture, estimated ( K SE ) by the Saxton’s pedotransfer function
and measured ( K GP ) hydraulic conductivities of 15 point in the field site. According
to the results of the identification of soil texture, the majority of the soil sample has
a clay loam texture for the soil fine matrix. Average clay content is 37% which results
to soil shrinkage of the fine soil matrix. So shrinkage of the fine phase leads to the
formation of coarse lacunar pores due to cracking between the fine phase and the
calcareous stones. The maximum, minimum values of ( K SE ) are 1.36 × 10 −6 and

6.11× 10 −7 m s respectively with an average of 8.06 × 10 −7 m s . The similar values for
( K GP ) are 3.2 × 10 −4 , 6.41× 10 −6 and 1.09 × 10 −4 m s . The average of the ( K GP ) is 135
times higher than the average of (K SE ) . The variation of ( K GP ) in the field follows no
pattern and this is directly related to the amount of rock fragments and their
alignment in the soil matrix.
Table 1: Summary of the field and laboratory results for the soil texture and hydraulic conductivity

Monitoring the hydrodynamic parameters
The figures 7 to 10 are the graphical presentation of variation of the volumetric water
content (%), soil tension (m_water) for a dry period and water table (m) and rainfall
(mm) for a very short wet period.
Figure 7 is the illustration of the soil water tension for the 5 tensiometers installed at
120 cm. from July 29th to August 2nd. They are located at the interface of sand-soil.
The tension values of T8, T9 and T11 are highly positive and T10 and T12 are almost
near-zero tensions. . It means that the porous media at this interface is relatively
saturated. For all the tensiometers there is daily cycle with 2 principles peaks at
13:00 and 23:00 which are compatible with the peak time consummation of water at
home by the inhabitants. As well the identical temporal behaviour of T10 and T12
together and T8, T9 and T12 indicates that they receive the same sequences of water
with different amounts. The spatial variation of the pressure in this part is due to, the
non-equilibrium repartition of treated wastewater in the drains but the spatial
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distribution is complicated and it can be because of the heterogeneous vegetal soil on
the drains which cause the heterogeneous evaporation from the soil. The range of
variation of pressure, among the tensiometers, is averagely between 0 and 1 mwater.
Methods - a brief description of the methods/techniques used (the principles of these
methods should not be described if readers can be directed to easily accessible
references or standard texts).

Figure 7: pressure potential variation of tensiometers at 120 cm depth (Left).
Figure 8: pressure potential variation of tensiometers at 120 cm depth (Right).

Figure 8 is the same graphic as Figure 7; just it is for the variation of 4 tensiometers
(T2, T3, T5 and T6) at 160 cm in the soil. The pressure values of T2, T3 and T4 are
positives or near zero (T6). The daily cycles can be observed for this party too. But
the range of the variation of the pressure is between -0.25 and 0.5 m-water which
less than the part of 120 cm. it has several reasons at this phenomenon. The drains at
left contain much treated wastewater as the drains at the right party of the plot and
it is because of the installation of the drains. On the other hand the results of the soil
hydraulic conductivity measurements shows that the permeability of the soil is at the
same order of magnitude which for sand by the literature (10 −4 m s ) . The general
difference among the pressure of the tensiometers is because of the heterogeneity of
soil.
The non uniform spatial distribution of pressure potential for all tensiometers and
their daily cycle oscillation, which are almost positive for all of them, show that the
saturation is controlled by infiltration from the upper layer (infiltration controlled
saturation” and this in not due to the rise of water table which create a flat free
surface with a homogenous water heads in different depths.
The evolution of soil water content (PR2) at 3 depths (90 and 100 cm in the sand pack
and 120 cm at the sand-soil interface) and soil’s water tension (the nearby implanted
tensiometer, T3) was illustrated in Figure 9. The two devices have been implanted
side by side (20 cm of distance at mesh n° 2). The 2 daily peaks of water content due
to infiltration of treated wastewater are observable in the PR2 curve which
correspond the variation of water tension of the soil recorded by T3 for the same time
period. According to the three curves of water content variation, the vertical gradient
in 3 depths shows that water content varies between 4 and 7.5 present each day and
water content increase in the depth.

140 / 211

13th World Wide Workshop for Young Environmental Scientists WWW-YES-2013
Urban waters: resource or risks? Arcueil, France (2 – 7 June 2013)

By using the water table variation data and the rainfall data for a pluvial period which
has been illustrated in figure 10. We can see a clear reaction of water table to the
rain with a progressive rise of water table and a delay which is due to the time that
water needs to flux in the soil and arrive in water table from the surface.

Figure 9: Temporal evolution of soil tension (T3) and water content (PR2) at mesh number 2 (Left).
Figure 10: Variation of the water table and rainfall for a period of one month (Right)

CONCLUSIONS
The observations of 2 trickles of water flow at the bottom of the excavation before
filling with the sand and the remarkable difference between the in situ measured
hydraulic conductivity and which derived from soil texture approves the existence of
preferential pathways in the soil. The influence of the stoniness on hydraulic
conductivity is positive. The variability of hydraulic conductivities measured in 15
points proved to be significantly related to differences in the stone fragment content.
This leads to the overall conclusion that stone fragment content is possibly the most
important factor influencing infiltration rates in the soils present in our experimental
plot, the matrix of which exhibits only small textural differences. Our plot is
representative of a large part of the soils in this area. This conclusion can probably be
extended to stony soils of calcareous regions and beyond, to heterogeneous urban
soils more or less anthropogenic. This implies that stone fragment content should be
taken into account when hydrologic processes are evaluated and when developing
pedotransfer functions to predict hydraulic properties.
The results of the analysis of the hydrodynamic data in this plot are helpful to
monitor the performance of the on-site treatment system and detect amount and
sequence of the infiltration of treated wastewater in the soil which influence the
spatial distributing of water in the soil.
The results of the permeability tests can be coupled with the results of soil water
samples which are collected in two levels (120 and 160 cm) by porous plates that have
been installed in the bottom of the on-site treatment excavation, to evaluate the
influence of the preferential flow on the quality of percolated water toward the
water table.
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Abstract
Heavy metals pose a risk of contaminating groundwater and surface water
sources due to geogenic activities, industries and agricultural sources. The
removal of heavy metals e.g., cadmium, lead, and zinc from drinking,
industrial and irrigation water at low concentrations is a recurring challenge,
especially in developing countries. Biosorption is a relatively new process that
has proved to be very promising for removal of heavy metals from aqueous
solutions. The removal of contaminants viz., Cd(II), Pb(II) and Zn(II) by rice
husk (lignin containing material) was studied in the laboratory. Batch studies
were performed to evaluate the influences of various experimental parameters
like pH, initial concentration of metal ions, biosorbent dosage and contact
time. The selectivity of the process is also studied. The findings show the
efficiency of material for the removal these contaminants with a low
concentration in the range 1-5 mg/L. The removal efficiency is up to 95%.

Keywords
biosorption; developing countries; heavy metals; low concentration; rice husk

INTRODUCTION
Due to development in technology, environmental pollution is one of the most
important contemporary problems. Industries have a great potential to cause lake,
streams, river and sea pollution. Ever increasing industrialization has led to increased
disposal of heavy metals into the environment. Heavy metals contamination exists in
aqueous waste streams of many industries, such as metal finishing, electroplating,
metallurgical work, mining, chemical manufacturing, pesticides, fertilizers, dyes,
pigments, tanning and battery manufacturing (KANG et al. 2007; LESMANA et al.
2009). Heavy metals are reported as priority pollutants, due to their mobility in
natural water ecosystems. Their presence has brought severe environmental problems
due to their toxicity even at low concentrations and insusceptibility to the
environment. These heavy metals are not biodegradable and tend to in living
organisms, causing various diseases and disorders. For instance, cadmium exposes
human health to severe risks, as it can aggravate cancer, bone damage, vomiting,
diarrhea, kidney damage, mucous membrane destruction, itai-itai disease, and affect
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the production of progesterone and testosterone (GODT et al. 2006). On the other
hand, lead has been as one of the three most toxic heavy metals that have dormant
long-term negative impacts on health, causing hepatitis, anemia, nephritic syndrome
brain damage, mental deficiency, anorexia, vomiting, malaise and encephalopathy
(DENG et al. 2006). Also, zinc poisoning can lead to nausea, vomiting, loss of
appetite, abdominal cramps, diarrhea, and headaches, anemia, damage the pancreas,
and decrease levels of high-density lipoprotein (HDL) cholesterol (FNB, 2001).
Conventional methods for heavy metal removal from water include ion exchange,
reduction, precipitation, evaporation, electrochemical treatment, membrane
filtration, reverse osmosis, electrodialysis and carbon adsorption. Most of these
methods may be expensive or ineffective when metals are dissolved at relatively low
concentrations (VOLESKY 1990; RORRER 1998). Adsorption has been proved to be an
excellent way to treat contaminated water, offering significant advantages like the
low-cost, greater availability, profitability, easiness of operation, effectiveness in
reducing the concentration of heavy metal ions to very low levels (DEMIRBAS 2008).
Cost considerations can make it expedient to use local materials, produced in
agricultural or industrial operations, as adsorbents for these toxics. Adsorption
process is recommended for the removal of low concentrations of metal ions in water.
This process implies the presence of an “adsorbent” solid that binds molecules by
physical attractive forces, ion exchange, and chemical binding. Activated carbon is
most popular and widely used adsorbent for heavy metal removal in water treatment
applications throughout the world. Though it’s prolific use, it remains an expensive
material as its cost increase with the quality (BABEL and KURNIAWAN 2003).
Complexing agents are required to improve its removal performance for inorganic
matters.
Biosorption is a relatively new process that has proven very promising for removal of
heavy metals from aqueous solutions. Low-cost agricultural/plant wastes can be used
as adsorbent materials for effective removal and recovery of heavy metals from water
(KRATOCHVIL and VOLESKY 1998; BASSO et al., 2002). The major advantages of
biosorption over conventional methods are easy of operation, high efficiency, lowcost, availability, profitability, waste reuse, minimization of chemical and/or
biological sludge, regeneration of biosorbent, no additional nutrient requirement,
eco-friendly and possibility of metal recovery (AHALYA et al. 2003). Metal biosorption
is a complex process affected by several factors. Mechanisms involved in the
biosorption process include chemisorptions, complexation, adsorption-complexation
on surface and pores, microprecipitation, ion exchange, chelation, heavy metal
hydroxide condensation onto biosurface, and surface adsorption (GARDEA-TORRESDEY
et al. 2004; VOLESKY 2001).
Agricultural waste materials are usually generated in large quantities. Rice husk, a
major by-product of the rice milling industry, is one of the most commonly available
lignocellulosic materials. The annual rice husk produce in India amounts is generally
approximately 120 million tons. Rice husk is typically composed of 20% ash, 38%
cellulose, 22% lignin, 18% pentose, and 2% other organic components (JAMES and RAO
1986). Lignin is a natural amorphous cross-linked resin that has an aromatic threedimensional polymer structure containing a number of functional groups such as
phenolic, hydroxyl, carboxyl, benzyl alcohol, methoxyl, and aldehyde groups
(SARKANEN and LUDWIG 1971), making it potentially useful as an adsorbent material
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for removal of heavy metals from water. Lignin consists of high quantity of phenolic
units and carboxyl groups which have higher affinity for heavy metal ions. There are
no beneficial uses for this type of residue and its disposal constituents a major
problem (OLIVEIRA et al. 2008). In addition, as sustainable development should be
prioritized, the development of techniques for giving extra value and reusing this type
of residue should be sought.
Thus, the objective of this study was to investigate the feasibility of using natural rice
husk as biosorbents for the removal of cadmium, lead and zinc metal ions from
synthetic aqueous media.
MATERIAL & METHODS
Adsorption experiments of the heavy metal ions: Cd, Pb and Zn onto rice husk were
performed in the batch mode from synthetic solutions. Cadmium, zinc and lead are
metallic elements with high atomic weights which can damage living things at low
concentrations and tend to accumulate in the food chain.
Adsorbent
Rice husk were obtained from the local rice mill. The husks were dried in sunlight for
one week, and then crushed and sieved to get particle size less than 1.5 mm. With
the exception of crushing and sieving, the rice husks were not pretreated prior to the
adsorption experiments. The dried biomass was designated as the Natural Rice Husk
(NRH).
Chemicals
Analytical grade of cadmium nitrate Cd(NO3)2, lead nitrate Pb(NO3)2 and zinc nitrate
Zn(NO3)2 were obtained from Fisher Scientific. All the solutions were used as the
standard stock solutions for the metal ions source. The concentration of stock
solutions was at 1000 ppm. Lower concentrations were then prepared when required
by further dilution of the stock solution with distilled water. The mixtures of chosen
Me2+ were made to get 1, 3 and 5 ppm concentration of each metal ion solution. Nitric
acid and sodium hydroxide obtained from Aldrich Chemical Company were used for pH
adjustment when the effect of this variable was investigated.
Instrumentation
Spectro Genesis Inductively Coupled Plasma (ICP) Spectrometer was used to analyze
the concentrations of cadmium, lead and zinc metal ions. The nebulizer type used in
the instrument for analysis is Bergner. The instrument operates on argon created
plasma. The detection limits of the instruments are equal to or below the
recommended EPA limits for measured metal ions. The pHTestr30 was used for the pH
analysis of samples. An Orion stirring plate was used to stir the samples. The
circulation was set to 80 cycles per minute.
Experimental procedure
The experiments were performed in a batch process in a series of beakers equipped
with magnetic stirrers by stirring 2 g of the NRH with 50 mL of mixed metal ions
solution with a known, previously determined, initial concentration of the considered
metal ions and the required pH value. At the end of predetermined time, the
suspension was filtered and the remaining concentration of metal ions in the aqueous
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phase was determined. The removal efficiency (RE) was then calculated from
experimental data using the following relationship:
RE% = (Ci – Cf) * 100 / Ci,
Where, Ci and Cf are initial and final concentrations of metal ions.
The following parameters of the processes were changed and studied during these
experiments: adsorption time, influence of initial pH, biosorbent dosage and initial
concentration of metal ions. All the experiments were performed at ambient
temperature. Blanks were run in parallel in all the experiments. All the experiments
were carried out in duplicate and the average values are reported.
RESULTS AND DISCUSSION
Effect of adsorption time
The effect of time on the sorption of metal ions by NRH was studied by taking 2 g
adsorbent with 50mL of mixed metal ions solution having 1ppm concentration of each
metal ion. The flasks were shaken for different time intervals (10-120 min) in a
temperature controlled shaker. The findings on the sorption of metal ions are shown
in Fig. 1. The results show that the sorption increased with time of equilibrium and it
became almost constant at 100 min for all metal ions. The changes in the metal ions
uptake may be due to the fact that all active sites of adsorbent were vacant and the
solute concentration was high at the beginning. After that, only a very low increase in
the metal ions uptake was seen as there are few surface active sites on the
adsorbent. The quick equilibrium time is due to the small particle size as the
effective surface area is high for small particles (XUAN 2006).

Fig. 1. Effect of equilibrium time on the sorption of Cd(II), Pb(II) and Zn(II) on NRH. (volume of
solution = 50mL, biosorbent dosage = 2 g, concentration of each metal ions = 1 ppm , pH = 8)

Effect of initial pH
The pH of the aqueous solution is a main controlling parameter in the adsorption
process (AJMAL et al. 1998). This is mostly due to the fact that protons are the main
competing adsorbate ions and partly due to the fact that the pH of a solution
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influences the chemical speciation of the metal ions in the solution and the ionization
of the functional groups of the adsorbents (BOZIC et al. 2009). Fig. 2. presents the
effect of pH on the adsorption the metal ions in the experiments carried out at
different pH values. It can be observed that the adsorption capacity of the metal ions
by NRH is clearly affected by the pH. The dependence of metal uptake on pH may be
related to the functional groups of the adsorbent and/or the solution chemistry. The
minimal adsorption at low pH may be due to the higher concentrations and high
mobility of protons, which acted as a competitor and preferentially adsorbed rather
than the metal ions on the active binding sites (ANNADURAI et al. 2002). Natural nut
basically consists of lignin. Lignin contains two major types of functional groups that
have strong interactions with heavy metal ions: carboxylic and phenolic groups
(RAVAT et al., 2000; BOUANDA et al., 2002). These groups might be responsible for
the efficient adsorption of all three heavy metal ions in the wide range of pH 2.5 – 10.

Fig. 2. The effect of initial pH on the sorption of Cd(II), Pb(II) and Zn(II) on NRH. (volume of
solution = 50mL, biosorbent dosage = 2 g, concentration of each metal ions = 1 ppm, time = 100
min)

Effect of biosorbent dosage
Fig. 3 shows the effect of biosorbent dosage on the amount of the metal ions
adsorbed. It is clear that the amount of zinc metal ions adsorbed varied with the
biosorbent quantity and adsorption increases with an increase in biosorbent dosage.
This can be easily explained by an increase in surface area (i.e. due to more
availability of active adsorption sites) with an increase in biosorbent dosage. Several
factors affecting adsorption are number of sites in the biosorbent material, the
accessibility of the sites, the chemical state of sites (i.e., availability) and the affinity
between the site and the metal (i.e., binding strength). Similar behavior for the
effect of biosorbent dosage on metal adsorption was observed in the literature for a
variety of adsorbents (AGRAWAL et al. 2004). The effect of increasing biosorbent
dosage on the adsorption of cadmium and lead ions was not significant, presenting
only slight change with an increase in biosorbent dosage.
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Fig. 3. The effect of biosorbent dosage on the sorption of Cd(II), Pb(II) and Zn(II) on NRH. (volume
of solution = 50mL, concentration of each metal ions = 1 ppm, pH = 8, time = 100 min)

Effect of initial concentration of metal ions
The effect of initial concentration of ions in the aqueous phase is an important
parameter in the adsorption process. Some studies observed that with an increase in
the initial concentration of metal ions, the corresponding adsorption capacity is
shifted towards higher values i.e. with increasing the initial concentration the rate
increased proportionally (YU et al. 2000). In this study, the effect of initial
concentration of metal ions does not show a specific trend.
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Fig. 4. (a and b) The effect of initial metal ions concentration on the sorption of Cd(II), Pb(II) and
Zn(II) on NRH. (volume of solution = 50mL, quantity of material = 2 g, pH = 8, time = 100 min)

Effect of ion species on the adsorption – selectivity of the process
From the engineering point of view, it is significant to obtain evidence concerning the
ability of the adsorbent to adsorb different heavy metal ions. The removal efficiency
at the plateau values differ for different ions, showing evidence about the adsorption
ability of the adsorbent which can be achieved for each of the measured metal ion
species. From the study of above parameters, it is clear that the highest adsorption
ability was for cadmium, lead and then zinc i.e. ranking the adsorption ability of the
measured metal ions, the following series is obtained: Cd(II)>Pb(II)>Zn(II).
CONCLUSIONS
There has been an increasing interest in using natural biosorbents for the adsorption
of heavy metal ions. A feasibility study of using rice husk as untreated biosorbents for
the removal of heavy metal ions from aqueous solution was successfully carried out.
The results obtained in this study show that natural rice husks can be considered as a
potential biosorbent for the removal of cadmium, lead and zinc metal ions. The
adsorption of metal ions is strongly dependent on the adsorption time, initial pH of
the solution, biosorbent dosage and initial concentration of metal ions. The
adsorption kinetics is fast and the system is almost at equilibrium at 100 min of
contact time. The maximum uptake of metal ions was found at pH values in between
2.5 and 10, showing wide range of fitness of pH for adsorption. Acidification of the
aqueous phase leads to decrease in biosorption capacity of NRH due to increase in
proton concentration which occupied active site of biosorbent. An increase in
biosorbent dosage in the suspension leads an increase in the adsorption degree due to
more number of active sites available to adsorb metal ions. The increase in the initial
concentration of metal ions did not show a specific trend like an increase in
adsorption degree proportionally. Ranking the adsorption ability of the measured
metal ions, the following series is obtained: Cd(II)>Pb(II)>Zn(II). It is an effective
biosorbent for the removal of cadmium, lead and zinc metal ions from water.
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Abstract
My researches are divided in two principal parts. The first part concerns the
fate of micropollutants in conventional wastewater treatment plants (WWTPs)
composed by primary and biological treatments. Different studies have been
held by OPUR research program on primary treatments, conventional activated
sludge (CAS) and biofiltration (BF), the thesis will synthesize them and add
data from measurement campaigns on industrial scale membrane bioreactor
(MBR) unit. This will allow comparing existing units together and to increase
knowledge on a very promising and innovative intensive process (MBR).
Second part of researches concerns tertiary treatments, which are imported
from drinking water industry, to improve quality of treatment regarding
priority and emerging pollutants, and will monitor pharmaceuticals, pesticides
and priority substances in a powdered activated carbon process at semi
industrial scale, placed after a BF unit. Some laboratory scale tests will be held
to better understand fundamental mechanisms and parameters which are
involved in such a process. The interest of this project is to test a very
promising technology on a large scale WWTP, and to provide data on a large
range of micropollutants removal by adsorption tertiary treatment, which
doesn’t create by products contrary to oxidation processes. In the context of
regulations hardening and better understanding of micropollutants effects on
environment and health, these new data are very relevant and interesting for
scientists and water managers who wants to anticipate and not undergo
regulations.

Keywords
Membrane bio reactor, activated carbon, biofiltration, conventional activated
sludge, adsorption, biodegradation, priority substances, emerging substances,
efficiency.

INTRODUCTION
The micropollutants fate in the environment has become an increasing topic of
interest last decades, especially in heavily urbanized area. To struggle against water
contamination, the European Community adopted a control policy strategy
materialized by the European Water Framework Directive (WFD, Decision No.
2455/2001/EC) (EC 2001). This legislation requires Member States to achieve a good
ecological and chemical status in surface waters by 2015. Concretely, 41 chemicals
are defined as priority substances because they present a significant risk over the
aquatic environment, and maximum thresholds in surface waters (Environmental
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Quality Standards, EQS) have been set for 33 of them. In parallel of WFD pollutants, a
large number of molecules such as pesticides, personal care products,
pharmaceuticals, flame retardants, etc. is detected in the environment and also
represents a potential threat for it (Rogers 1996, Jørgensen et Halling-Sørensen 2000,
Heberer 2002).
Furthermore, the fate of pollutants within the WWTPs is today well studied and
WWTP effluents are generally considered as an important source of contamination for
a long time, especially in the case of urban areas (Heberer 2002). This implies a large
understanding of wastewater treatment processes as they play a crucial role in the
origin of micropollutants.
WWTPs are classically composed by pre-treatment, primary and biological
treatments, but persistence of some pollutants encourages wastewater managers to
think about tertiary treatments. Primary treatments allow removal of total suspended
solid (TSS) and particulate fraction of pollution thanks to settling which can be
improved and forced by addition of coagulant (FeCl3) and flocculant (polymer and/or
microsand). This enhanced primary treatment is called physico-chemical settling
(Gaïd 2008). Then, biological treatments allow removal of carbonaceous, nitrogenous
and phosphorous pollution thanks to microorganisms’ action by biodegradation, and
are principally represented by activated sludge flocs technologies (CAS and MBR) and
biofilm technologies (BF and moving bed bio reactor - MBBR). However, efficiency of
MBR is not totally well known, especially on priority substances. Moreover,
conventional primary and biological treatments don’t allow a sufficient removal of
certain categories of molecules like pesticides or pharmaceuticals and personal care
products. That’s why tertiary treatments, like activated carbon reactor or oxidative
processes are now studied and developed to improve global treatment.
For primary treatments, primary settling (PS) and physico-chemical lamellar settling
(PCLS) are commonly used in wastewater treatment. While PS was initially and widely
employed in WWTPs, PCLS is more and more frequent since this technique operates
more compactly and allows a wider flexibility of configuration and use. To our
knowledge, some papers exist on one or another technology (Alexander et al. 2012,
Choubert et al. 2011) but there is no study comparing both technologies and
examining the impact of coagulant and flocculant on the pollutant removal at the
scale of industrial units.
Concerning biological treatments, common biological units have already been well
documented like conventional activated sludge (Clara et al. 2005, Ruel et al. 2010,
Joss et al. 2005, Katsoyiannis et Samara 2005). Moreover, some studies have
compared conventional activated sludge process with membrane bio-reactor (Sipma
et al. 2010, González et al. 2007, Bernhard et al. 2006, De Wever et al. 2007), but
only a few have compared conventional treatments with biofiltration (Choubert et al.
2011, Joss et Maurer 2006). Furthermore, global comparison of CAS, BF and MBR
about priority and emerging substances is still missing in literature, especially at
industrial scale.
BF is a fix bed technique consisting of the development of a specific biofilm on a
filtration material. Thus, it combines a physical retention of particles and a biological
treatment of dissolved molecules by microorganisms. Its compactness (small
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footprint), modularity (ability to adapt operating parameters to match the
wastewater flow) and intensiveness (short hydraulic retention time) allow this
technology to develop worldwide since 80s, particularly in urbanized area, where it is
the most suitable. Despite these strengths, BF remains very poorly studied regarding
efficiency over priority and emerging pollutants.
MBR is a free developing biomass technology where microorganisms develop on flocs
like CAS. It is based on coupling of biodegradation from biomass and highly efficient
retention from membrane. Thus, it allows a total retention of biomass inside reactor
(Weiss et Reemtsma 2008) resulting in a higher sludge retention time and sludge
concentration which improve microorganisms activity (Joss et al. 2008). In fact,
specialized bacteria can develop in MBR and increase diversity as all sludge is kept
inside, contrary to CAS, and can eliminate hardly biodegradable matter (Rosenberger
et al. 2002). Furthermore, quality of effluents is very stable, and kinetics of reaction
quicker allowing weaker hydraulic retention time.
Tertiary treatments are developed because some molecules are persistent to primary
and biological treatments like pesticides and a large number of pharmaceuticals and
personal care products, and wastewater managers want to anticipate hardening of
regulations. Different kinds of technologies already exist and are mainly exported
from drinking water industry. First kind of technology is the oxidative process like
ozonation or photooxidation, but a major problem is the formation of oxidation by
products like nitrosamine or bromates. The other process family is the adsorption
technologies principally represented by adsorption onto activated carbon. Some
papers have already shown its efficiency over persistent micropollutants (Margot et
al. 2011, Boehler et al. 2012).
In the framework of the OPUR research program, different studies were carried out on
primary and biological treatments. PCLS and BF were first studied by (Gasperi et al.
2010) for priority pollutants and by (Gilbert et al. 2012) for alkylphenols and
polybromodiphenylethers (PBDEs). The same methodology was also applied for PS and
CAS. More recently, triclosan, triclocarban and parabens were also studied for both
processes (Geara-Matta 2012).
In this context, the principal goal of the thesis is to continue this work to have a
precise idea of the fate of micropollutants during wastewater treatments, at
industrial scale. This will be done in two ways: i) synthetizing former OPUR studies
about primary and biological treatments and ii) realizing measurement campaigns on
intensive and innovative treatments: MBR and tertiary processes. This will allow to
realize a large and precise comparison of the three main biological processes
currently existing, and to have a clear idea of potential of activated carbon tertiary
treatment to remove emerging pollutants.
Another part of the thesis is the study of micropollutants fate in sewage sludge, as an
important part of these molecules is removed by sorption onto sludge during the
different steps of water treatment. Real contamination of sludge and evolution of it
during sludge management is not so well understood but is necessary to have a global
view on the micropollutants in WWTPs issue. However, this part of the thesis is not
presented in details here.
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MATERIAL AND METHODS
Comparison of conventional primary and biological treatments
To compare the three main biological treatments (CAS, BF and MBR), different
measurement campaigns were decided. First, CAS and BF WWTPs were monitored to
be able to compare these two technologies. Then, MBR WWTP will be monitored in
the same way to have a better understanding of fate of micropollutants with this
process, and to compare the three biological units.
Biofiltration WWTP vs. conventional activated sludge WWTP
WWTP description and sampling points
Two WWTPs were studied (Figure 3) upstream (Seine Amont) and downstream (Seine
Centre) Paris. Both are supervised by the Parisian public sanitation service (SIAAP).
The Seine Amont plant receives 600 000 m3 of wastewater per day. Wastewater is first
pre-treated (screening and grit/oil removal), and then settled by primary settling
tanks to remove a large amount of particles. An extended aeration activated sludge
unit (biological reactor combined with a secondary settling tank), composed by three
compartments, allows the carbon and nitrogen removal. This configuration of
activated sludge unit belongs to the most efficient existing one as it operates at very
low load (< 0.32 kgDBO5/(m3.j), (Gaïd 2008)). The first zone operates in anaerobic
conditions implying a phosphor release by bacteria; the second one operates in anoxic
conditions to remove phosphates and realize the denitrification; the third step
operates in aerobic conditions and allows the carbon removal and the nitrification.
Finally, the effluent undergoes a tertiary treatment by clariflocculation to complete
particles and orthophosphates removal.
Seine Centre receives 240 000 m3 of wastewater per day and its design consists of a
pre-treatment (screening, grit/oil), a lamellar settler (performed by settling tanks Densadeg®) with coagulant (ferric chloride) and flocculant (anionic polymer)
injection, and a three stages biofiltration unit. The first stage (Biofor® - type filters
with biolite as the medium) realizes the carbon removal in aerated conditions, the
second one (Biostyr® - type filters with biostyrene as the medium) realizes a
nitrification step in aerated conditions and the third one (Biofor® - type filters)
consists of a denitrification step in anoxic conditions. This three stages biofiltration
configuration (downstream denitrification) is the most efficient one over nutrients, as
showed by (Rocher et al. 2012). Once treatments are achieved, both effluents are
discharged into the Seine River.
Seine Centre (PCLS + BF)

Seine Amont (PS + CAS)

Figure 3. Layouts of Seine Centre and Seine Amont WWTPs

Sampling points defined for both plants are at the same stage of the treatment
process: raw water (RW) represents the pre-treated water, clarified water (CW)
represents the effluent of primary treatment and treated water (TW) represents the
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effluent of biological treatment. Considering the quantity of particles required for
analyze (from 0.2 to 2.0 g), large volumes of water were collected (10 L for RW, 30 L
for DW and TW) using automatic refrigerated samplers (at 4°C) equipped with glass
bottles and Teflon® pipes to avoid any contamination. These samples were 24 h
composite samples to obtain representative measures.
Pollutants and analytical procedures
A total of 104 pollutants were monitored. Depending on the substance, two
methodologies were deployed. First, a large panel of 81 priority and emerging
pollutants (Zgheib et al. 2008) was selected (Table 9) to be screened during three
campaigns in 2008 (March, September, December) for PCLS + BF and 2010 (July,
November, December) for PS + CAS. These analyzes were carried out by an external
laboratory (IPL Bretagne).
Additional analyzes were carried out on 23 other molecules of interest. Five
campaigns were performed for alkylphenols and PBDEs in 2010 and three for biocides
(triclosan and triclocarbon) and parabens in late 2010 - early 2011. Whatever the
period considered and as confirmed by the similar removals of conventional
wastewater parameters, the operating conditions and performances on both plants
were similar.
Particulate and dissolved concentrations were individually measured for each sample
and for all pollutants except for metals and BTEX/HVOCs analyzed on total fraction.
The screening compounds were analyzed by IPL-Bretagne, a French certified
laboratory (COFRAC). For metals, samples were digested during 2 h using a
concentrated nitric-chlorhydric acid mixture. For organic pollutants, the dissolved
compounds were extracted by liquid-liquid extractions (hexane or dichloromethane)
for most of them or by solid phase extraction - SPE (polystyrene/divinylbenzenecopolymer cartridges) for pesticides. After lyophilization, particulate matter was
extracted by assisted solid extractions (acetonitrile/water for pesticides,
hexane/dichloromethane for the rest of organic compounds). Different analytical
procedures were used depending on the molecules (Table 9).
Additional analyzes were performed at LEESU laboratory following internal analytical
protocols for alkylphenols and PBDEs (Gilbert et al. 2012), and for biocides (triclosan
and triclocarban) and parabens (Geara-Matta 2012).
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Table 9. Groups of pollutants and analytical methods employed during biological treatments
campaigns
Groupsa
Phenols
BTEX
Chloroalkanes
Chlorobenzenes
HVOCs
PAHs
Metals
Organotins
PCBs
Phtalates
Pesticides

Totalb
2
5 (1)
1 (1)
5 (3)
7 (4)
16 (8)
8 (4)
3 (3)
8
1 (1)
25 (12)

Screening

81 (37)

nc
3
3
3
3
3
3
3
3
3
3
3

Standards
ISO 18857-1
NF EN ISO 11423-1
IPL Internal method
EN ISO 6468
NF EN ISO 10301 + 6468
ISO 17993
NF EN ISO 11885 + 1483
NF EN ISO 17353
NF EN ISO 6468
Internal method
NF EN ISO 11369 + IPL Internal
method

Methodsd
GC-MSMS
GC-MS
GC-ECD
GC-MS
GC-MS
HPLC-Fluo
ICP and AAS
GC-MS
GC-MSMS
GC-MS
GC-MS
UPLC-MSMS

Phasee
P+D
T
P+D
P+D
T
P+D
T+D
P+D
P+D
P+D
P+D

Alkylphenols
6 (2)
5
Internal method (Gilbert et al. 2012)
UPLC-MSMS
P+D
PBDEs
9 (6)
5
Internal method (Gilbert et al. 2012)
GC-MS
P+D
Biocides
2
3
Internal method (Geara-Matta 2012)
UPLC-MSMS
P+D
Parabens
6
3
Internal method (Geara-Matta 2012)
UPLC-MSMS
P+D
Additional analyses
23 (8)
a Groups: BTEX = benzene, toluene, ethylbenzene and xylenes, HVOCs = halogenated volatile organic compounds, PAHs =
polycyclic aromatic hydrocarbons, PBDE = polybromodiphenylethers, PCB = polychlorobiphenyls.
b Number of substances listed in the WFD is in bracket.
c Number of campaigns.
d Analytical methods: ICP = inductively coupled plasma, AAS = atomic absorption spectrometry, GC = gas chromatography, GCECD = GC with electron capture detector, GC-MS = GC with mass spectrometer, GC-MSMS = GC with tandem mass spectrometer,
HPLC-Fluo = high pressure liquid chromatography with fluorescent detector, UPLC-MSMS = ultra performance liquid
chromatography with tandem mass spectrometer,
e Phase considered with D = dissolved, P = particulate, T = total.

MBR WWTP
WWTP description and sampling points
A MBR unit will be monitored at Seine Morée WWTP in order to compare the three
main biological processes. Seine Morée is a new WWTP supervised by SIAAP which will
be operational in late 2013, and placed in the north-east of Paris. This WWTP is
designed to treat 50 000 m3 of wastewater from 200 000 inhabitants. Wastewater is
first pre-treated (screening and grit/oil removal), and then settled by primary settling
tanks (no chemicals) to remove particles. The biological treatment is realized by a
MBR unit composed by a 39 500 m3 aeration tank and an ultrafiltration (membrane)
separation unit to separate water from activated sludge flocs. Finally, treated water
is discharged into La Morée River which flows into Seine River through Saint-Denis
Canal (downstream Paris).
Measurement campaigns are planned in 2014 and will follow the same strategy as
biofiltration and CAS WWTPs campaigns. Thereby, raw water, clarified water and
treated water concentrations will be measured in both dissolved and particulate
phases on 24 h composite samples.
Pollutants and analytical procedures
List of pollutants and analytical procedures from biofiltration and CAS screenings will
be applied to the MBR process of Seine Morée (Table 9). A potential enlargement of
the list of molecules is possible involving another laboratory for pharmaceuticals but
is not decided yet.
Efficiency of tertiary treatments over micropollutants
Tertiary treatments can principally use adsorption or oxidation mechanisms.
Ozonation is the most common oxidative technology while activated carbon treatment
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is the most promising one for adsorption. Choice was made to study adsorption
process as it doesn’t create by products which can be toxic and it seems to allow
similar performances on pesticides and pharmaceuticals products despite its
simplicity (Margot et al. 2011).
WWTP description and sampling points
Concerning the tertiary treatments part, an activated carbon process will be
monitored. This unit, called CarboPlus®, consists in a reactor where activated carbon
(powdered or micro granular) is contacted with biologically treated water (Figure 4).
Water passes through activated carbon bed upstream with a hydraulic retention time
of about 15 min, and separation of adsorbent and water is ensured by
coagulation/flocculation with a control of bed height (no specific separation unit). A
high quantity of activated carbon stays in the reactor to form a fluidized bed thanks
to coagulant and flocculant addition, but a certain amount is always renewed to
respect a certain dose injected per m3 of water treated (crucial parameter) and
ensure a continuous input of fresh and unsaturated activated carbon.
This industrial prototype is installed in Seine Centre WWTP, whose layout is given in
Figure 3, and is feeded with treated water thanks to a pumping unit. Campaigns start
in middle of 2013.

Figure 4. Layout of CarboPlus® process

Pollutants and analytical procedures
A strategy of intensive (every two weeks) and large (135 molecules) screening
campaigns has been built to get a very large range of information, by measuring inlet
and outlet concentrations. The list of molecules of interest have been determined
regarding regulations (priority substances), and data in literature (inefficiency of
conventional treatments, level found in environment and biologically treated water)
(Table 10). Thus, pharmaceuticals, hormones, contrast agents, pesticides, endocrine
disrupting compounds, perfluorinated molecules, personal care products and priority
substances will be measured in partnership with SCA laboratory in Lyon. Two
campaigns per month during 20 months from May 2013 will be realized for a total of
35 campaigns and 70 samples.
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Table 10. List of molecules for tertiary treatment screenings
DCE (except pesticides)

Pharmaceuticals

Hormones

Pesticides

Nonylphenol
4-nonylphenol
Octylphenol
Para-ter-octylphenol
Pentachlorophenol
Simazine
DEHP
PFOA
PFOS
Bisphenol A
1,2,4-Trichlorobenzene
Hexachlorobutadiene
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene
Pb, Cd, Hg, Ni

Ketoprofen
Naproxen
Trimethoprim
Bezafibrate
Paracetamol
Metronidazole
Sulfamethoxazole
Diclofenac
Lorazepam
Oxazepam
Roxithromycine
Fenofibrate
Ofloxacine
Atenolol
Carbamazepine
Ciprofloxacine
Propranolol
Econazole
Furosemide
Ibuprofen
Acide salicylique
Fluvoxamine
Tetracycline
Oxytetracycline
Chlortetracycline
Erythromycine
Tylosine tartrate
Enrofloxacine
Danofloxacine
Difloxacine
Marbofloxacine
Orbifloxacine
Norfloxacine
Narasin
Monensin
Dicyclanile
Ampicilline
Penicilline G
Sulfadimerazine
Sulfanilamide
Sulfabenzamide
Sulfadiazine
Sulfameter
Sulfathiazole
Sulfadimethoxine

Ethinylestradiol
Androstenedione
Testosterone
Progesterone
Estrone
Estradiol (α and β)
Levonorgestrel
Norethindrone
Gestodene
Estriol

Alachlore
Atrazine
Chlorfenvinphos
Diuron
Isoproturon
Trifluraline
HCH alpha
Hexachlorobenzene
HCH beta
HCH gamma
HCH delta
Chlorpyrifos
Aldrine
Isodrine
Endosulfan alpha
DDE pp
Dieldrin
Endrin
DDD pp
DDT op
Endosulfan beta
DDT pp
Dicofol
Terbutryne
Mecoprop
Aclonifen
Bifenox
Bentazone
Glyphosate

Other
compounds
Zn, Cu
Li, V, Sb, B,
Rb, Co, As,
Mo, Ba, Se,
U, Ti, Fe, Cr,
Sn, Al, Ag
Iohexol
Iopromide
Iopramidol
Musk xylene

In addition to prototype tests, laboratory scale tests will be held to determine the
better powdered activated carbon between 5 models pre-selected, and to
characterize it (size and partitioning of pores, specific surface area, etc.). Moreover,
laboratory tests will allow understanding the influence of process parameters on
removal, like hydraulic retention time, dose of coagulant, dose of activated carbon,
etc. Same experiences will be done on a new type of micro granular activated carbon.
Finally, coupling of full scale and laboratory scale results with literature will enable
to understand fundamental mechanisms involved in the adsorption of micropollutants
by activated carbon.
PRIMARY RESULTS
Synthesis and analysis of former results from OPUR program have been done and an
article is currently written. This paper compares two primary treatments and then
two biological units (CAS and BF) in terms of micropollutants removal. The principal
results and conclusion from this study are given below.
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Comparing the two primary treatments (PS vs. PCLS), it is clear regarding our results
that coagulation/flocculation represents a real gain in terms of micropollutants
removal. This gain occurs mainly over particulate pollutants by the way of TSS
removal, even if a slight improvement seems to be possible for some groups of soluble
pollutants, removed with the colloids. Despite its existence, this effect is not obvious
and clear because of the high variability of results, especially with PS process.
Jar tests and laboratory tests are maybe requested to really demonstrate the impact
of coagulant and flocculant. The distribution of pollutants and the dissolved and
colloidal fractions have also to be better studied.
BF appears to be able to remove most of micropollutants as efficiently as
conventional activated sludge in percentage despite higher compactness and
intensiveness of treatment. Removals are quite stable for both units with a maximal
variation of 20% most of the time. However, the variability seems slightly weaker with
the CAS treatment than with the BF treatment. All the molecules are eliminated from
moderately to efficiently (20-80%, or > 80%), except pesticides which are not removed
by both units, what is in good accordance with the study of (Ruel et al. 2012). Results
for biocides and parabens are particularly interesting as variability is very low and
removal rate very high with both units for them (> 70-80% for biocides and > 90% for
parabens).
Yet, some pollutants are slightly better removed by CAS (alkylphenols, metals, 4chloro-3-methylphenol and PBDEs) due to better biodegradation and/or sorption. In
fact, a higher biodegradation could be expected in CAS, regarding its higher hydraulic
retention time (20-30 h for CAS vs. 45-60 min for BF), and this groups of pollutants
could be more sorbed on activated sludge flocs than on biofilm due to their physicochemical properties (Mahendran et al. 2012).
Considering the global processes, a comparison of quantity removed per quantity of
total nitrogen (TN) removed has been done. With this innovative method, both
configurations seem globally as efficient but removals between primary and secondary
treatments vary. Finally, both processes are comparable for most of molecules at
equivalent nitrogen removal as majority of points are distributed along y = x straight
line. However some compounds are better removed by one or another system, with
more molecules better removed by PS + CAS. These differences can be explained by
two phenomena: the dependence of efficiency on influent concentration and the
removal mechanisms (biodegradation and sorption). Indeed, removal depends on
influent concentration as all molecules with comparable concentrations in raw water
are removed comparably in quantity.
This representation is relevant as existing WWTPs are designed to treat nitrogen, so
the knowing of efficiency over this parameter could allow estimating efficiency over
micropollutants. Furthermore, nitrogen is a reference for wastewater managers in
terms of WWTPs performances.
Finally, in the water discharged, most of compounds are not detected or just
promptly. In particular, many compounds detected in raw water are never detected
in treated water, showing the positive effect of conventional wastewater treatments
on many micropollutants. Despite that, some environmentally harmful molecules are
still present at problematic levels, like metals, pesticides, DEHP or chloroalkanes,
because of their high influent concentration or the weakness of treatments on them
(pesticides). This issue incites to think about improvement of existing installations
and/or addition of a tertiary level of treatment to complete their elimination.
Thereby, the thesis is entirely relevant regarding this observation.
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Abstract
In developing countries like India, it is not uncommon to find small and
medium scale industries within the urban limits causing discharges that
pose risk to human habitations. In the present work, a Common effluent
treatment plant (CETP) receiving influent from six industries located at
Bhopal, India, a place known more for the major Industrial Disaster of
1984, and still struggling to make a green comeback, has been studied
and various performance parameters forecasted using Artificial Neural
Network (ANN) paradigm. The treatment/operation cost of CETPs is
met by individual waste Generators in proportion to the strength of the
waste generated by them. This necessitates the regular determination
of parameters such as BOD (Biochemical Oxygen demand) and TSS(total
suspended solids), which often is cost intensive, requires specialized
lab personnel, and is time consuming (3-5 days minimum). Forecasting
of BOD and TSS therefore presents a relevant strategy which can save
upon cost, effort and time. This paper therefore, presents a framework
that employs Artificial Neural Network (ANN) technique to approximate
influent and effluent BOD and TSS for common effluent treatment
plant. This prediction helps the operator to take curative action, when
discharge standards are exceeded, and allows the regulatory authorities
to charge industries in proportion to the forecasted strengths of the
respective influent streams. In the present work, a three-layered feed
forward ANN that compare two learning algorithms (for all the four
models) has been applied after collecting historical plant data of BOD
and TSS from CETP at Govindpura, Bhopal (India). The suitable
architecture of the neural network models was ascertained after
several steps of training and testing of the models. The results indicate
ANN to be a promising tool in the field of modeling and forecasting.

Keywords
Common effluent treatment plant; Artificial Neural Network; BOD and TSS;
Forecasting; modeling

INTRODUCTION
During the past 30 years the industrial sector in India has quadrupled in size at the
same time there is increase in wastewater, resulting in the form of water pollution.
The major waste generators are petrochemical, pharmaceutical, pesticide, paint,
dye, petroleum, fertilizer, asbestos, caustic soda, inorganic chemicals and general
engineering industries. The fact associated with industrial pollution in India is that
the major contributor of waste are the small and medium scale industrial (SMIs)
sector not large scale industries. A small scale unit is defined as any industry whose
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plant and machinery are valued at less than 1 crore (Government is planning to
increase this to 10 crores). Though the quantity of industrial waste generated by
individual SMIs may not be large, it aggregates to be a large percentage of the total,
since almost 3 million SMIs are widely scattered throughout the country. SMIs account
for over 40% of the total industrial output in the country and generate over 44 % of
hazardous wastes alone as compared to 13 % generated by the large scale industry
(CETP Report, 2000)
Thus concept of CETP was adopted as a way to achieve end-of-pipe treatment of
combined wastewater at lower unit cost than could be achieved by individual
industries. Wastewater treatment processes, consisting of a sequence of complex
physical, chemical and biochemical processes, and their dynamics are non- linear and
usually time – varying (Raha, 2007). Thus it is very important to control its dynamic
behavior. With these objectives, there has been a shift of focus from plant design and
plant operation to mathematical modelling. Modelling is a valuable tool in both design
and operation, and can be used for process optimization and testing of control
strategies in order to meet effluent quality requirements at a reasonable cost. In
addition, modelling helps researchers to develop a better understanding of the
process and provides a significant potential for solving operational problems
(Yetilmezsoy and Sapci-Zengin , 2007).
Modelling of CETP is important for predicting plant performance and operation. In
addition some important process variables cannot be measured on-line, e.g. BOD5
requires 5-days incubation, and this makes it difficult to find and solve the
problematic situation in time (Al-Asheh et al, 2007). Operational control of a
biological wastewater treatment plant is often complicated because of variation in
raw wastewater compositions, strengths and flow rates owing to the changing and
complex nature of the treatment process (Hamoda et al., 1999). But thanks to the
recent developments in automation technology, nowadays instruments, control
elements can be used to implement strategies and policies to handle most processes
and problems in wastewater treatment plants (WWTPs).
During abnormal conditions in WWTPs, success depends on the plant staff’s ability to
quickly identify the problem, diagnose it and start appropriate recovery actions. An
intelligent control system could act as a ‘‘virtual expert operator’’, monitoring the
processes continuously, and it could try to optimize the yield and detect faults at an
early stage, possibly even correcting them. Intelligent control systems use artificial
intelligence (AI) inspired tools to better control complex processes (Luccarini et al.,
2010).
In recent years, artificial neural networks (ANNs) have shown some promise for
modelling water treatment processes. The main advantage ANNs have over physically
based models is that they are data-driven and underlying
relationships using
examples of the desired input output mapping. The main advantage of ANNs
compared with more traditional data-driven approaches, such as regression analysis,
is that they are highly non-linear, universal function approximators (Maier et al.,
2001). In the present work, ANN models were developed for the prediction of BOD and
TSS at the inlet and at outlet. The models were applied to the influent and final
effluent streams of CETP at Govindpura industrial area in the Bhopal (M.P.), India.
The objective of present work was to achieve the best effluent forecasting with
minimum number of inputs. Using the results of this modelling process, the plant
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operator should be able to have an assessment of the expected characteristics of
plant influent and effluent streams, thus ensuring proper action.
GENERAL DESCRIPTION OF CETP
CETP Govindpura (BHOPAL): For treatment of combined industrial wastewater from
Govindpura Industrial Area an agency known as Govindpura Audhyogik Kshetra
Pradushan Nivaran Pvt. Ltd. (GAKPNPL), had installed a Common Effluent Treatment
Plant (CETP). Designed capacity of CETP is 900 m3/day. The designed removal
efficiency of COD and BOD is 89% and 95% respectively. The treatment system consists
of equalization tank, holding tanks, buffer tank, anaerobic treatment unit (Upflow
Anaerobic Sludge Blanket, UASB) and flash aeration tank. For evaluating the
performance of CETP composite sampling was done for 24 hours. Grab samples were
also collected. V-notch was provided for measuring the flow. During monitoring, 492
m3/day flow was observed as against the designed flow of 900 m3/day.
At present, six industries participate in the Govindpura CETP. Lilasons Breweries and
Ramani Ice-cream industries are major contributors whereas the other industries
which include EEI capsules, Rajsons dairy, Bhopal incinerators and Specialty organics
are the minor ones. After entering the treatment plant, wastewater is allowed to
homogenize in equalization tank. This sets up the standard for treating the waste
from variety of industries simultaneously. Waste from the equalization tank moves to
the holding tank where it is held for about 1 hour. This facilitates settling and
separation of heavy particles in the wastewater. Thereafter waste water is
transferred to the neutralization tank where the pH of the wastewater is maintained
by suitable alkali and acid dosing whichever is required. The effluent from the
equalization tank is transferred to buffer tank where it is retained for a small period
of one hour. The buffer tank accepts re-circulation flow from the UASB reactor along
with raw wastewater. The buffer tank is provided to trigger the acitogenesis phase in
the anaerobic treatment & pre-conditioning of the effluent before entering into the
UASB (Fig. 1). The effluent from buffer tank is then pumped to UASB reactor through
a series of distribution pipes. This ensures a uniform flow of liquid throughout the
sludge blanket making maximum use of available high bacterial population. The liquid
rises to the top of UASB reactor along with biogas generated and also some sludge
particles. The BOD of treated effluent is reduced by about 80%. The effluent from
UASB reactor is subjected to flash aeration to increase the DO level in the effluent
before discharge (Cicon Manual, 2009)
ARTIFICIAL NEURAL NETWORK (ANN)
ANN consists of an information-processing paradigm and a pattern recognition tool
inspired by how the biological nervous systems process information. The artificial
model of the brain is known as Artificial Neural Network (ANN) or simply Neural
Networks (NN). ANN uses input-output response patterns to map a function
approximation to the underlying governing rules of the output responses
corresponding to specific inputs in a convoluted physical space. Neurons usually
operate in parallel and are configured in regular architectures. They are often
organized in layer. The first is the input layer that receives the input and processes it
to the hidden layer. The nodes of the hidden layer enhance the ability of ANN to
model complex relationships. The number of hidden nodes depends on the number of
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training patterns, the amount of data noise, and the complexity of the function that
ANN is approximating. The output layer presents ANN predicted output.
The artificial model of neuron consists of three elements: (1) A set of synapses or
connection links, each of which is characterized by a weight or strength of its own.
Specially, a signal xj at the input of synapse j connected to neuron k is multiplied by
the synaptic weight wkj. Unlike a synapse in the brain, the synaptic weight of an
artificial neuron may lie in a range that includes negative as well as positive values.
(2) An adder for summing the input signals, weighted by the respective synapses of
the neuron. (3) An activation function or transfer functions for limiting the amplitude
of the output of a neuron (Ulku et al., 2005).
The neuron model can also include an externally applied bias, denoted by bk. The bias
bk has the effect of increasing or lowering the net input of the activation function
depending on whether it is positive or negative, respectively (Ulku et al., 2005) as per
Fig. 2.

Figure 2: Structure of three layer ANN

Mathematically, the neuron k will be described by the following equations:

uk =

m

∑j

(1)

w k jx j

where {x1,….,xm} are input signals; {wk,1,…, wk,m} are synaptic weights of neuron k.
The activation function, f (net), defines output of a neuron which considerably
influences behavior of network,

net = uk + bk ,

(2)

yk = f ( net ),

(3)

where bk is threshold value and f is activation function in ANN. In this study, a 3-layer
feed forward back propagation, applying supervised learning rule and hyperbolic
tangent (TanH) activation/ transfer function has been used, because of their
demonstrated capability in water quality prediction ability. Most of the
environmental, water and wastewater applications of ANN as revealed in the
literature review have used feed-forward networks for function approximation and
they normally use back-propagation training algorithm (Maier et al., 2001). For
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modelling, the feed-forward ANN applying Back-propagation networks (BPN), does not
require a description of how the process occurs in either the micro or macro
environments, and only requires knowledge of important factors that govern the
process (Baxter et al., 1999). The algorithm uses a gradient search technique to
minimize a cost function equal to the mean square difference between the desired
and the actual net outputs. It requires a continuous differentiable non-linearity (SinH
or TanH transfer function) to be used as the transfer function by the neurons; without
non- linear transfer function, the hidden layers would not make ANN more powerful
than just plain perceptrons (Hamed et al., 2004). BPN consists of a minimum of three
layers; an input layer, a hidden layer and output layer.There is no theoretical limit on
the number of hidden layers but typically there will be one or two. Each layer is fully
connected to the succeeding layer. Nodes within a layer are not interconnected, and
nodes in nonadjacent layers are not connected. Thus no communication is permitted
between processing elements (PEs) within a layer, but processing elements in each
layer may send their output to the processing elements in succeeding layers. All
connections are ‘feed forward’ i.e., they allow information transfer only from an
earlier layer to the next consecutive layers.
Data collection and Preprocessing
The raw plant data available for training and testing the ANN has been examined for
completeness. The missing values and anomalies were identified and removed.
Outliers were removed by setting outlier coefficient as 3.5. The total data set
consisted of inlet BOD and TSS of 6 industries, outlet BOD and TSS, BOD and TSS of
equalization tank. The ANN input and output variables of CETP was chosen based on
engineering judgment on which input and output may have a significant effect in
predicting effluent BOD (Table 1). Data was collected from CETP, Govindpura over a
period of 5 years from 01/04/2005 to 30/08/2010, with an objective to achieve best
effluent forecasting with minimum number of inputs. With an increasing number of
input variables, the complexity of model increases and it takes longer to train and
estimate effluent, while also introducing unwanted noise. Fig.3 to 6 represent ANN
models for BOD at equalization tank, BOD at outlet, TSS at equalization tank, and TSS
at outlet respectively.
Table 1 : Input And Output Variables Used To Develop ANN Models
Variable
Input(I) or Output(O) Symbol
BOD of Lilason breweries industry
I
L1
TSS of Lilason breweries industry
L2
BOD of Ramani ice
I
R1
TSS of Ramani ice
R2
BOD of E.E.I cap
I
E1
TSS of E.E.I cap
E2
BOD of Bhopal incinerators
I
B1
TSS of Bhopal incinerators
B2
BOD of Rajsons dairy
I
Rs1
TSS of Rajsons dairy
RS 2
BOD of SP Organics
I
SP1
TSS of SP Organics
SP2
BOD of outlet point
O
O1
TSS of outlet point
O2
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Figure 3: Predict BOD at equalization tank
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Figure 4: Predict BOD at outlet
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Figure 5: Predict TSS at equalization tank
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Figure 6: Predict TSS at outlet

RESULTS AND DISCUSSION
Data Partition and Preprocessing
The total data set is divided into training (68%), validation (16%), and test (16%). For
input columns scaling range is [-1 to 1]. For the target column scaling range depends
on activation function of the output layer as we are using hyperbolic tangent
activation function the scaling range is [-1 to 1]. Post processing of data is also
necessary means to modify the neural network output and make it understandable by
user and/or suitable for real world environment.
Designing Network
To design a network, means to specify network architecture (number of hidden layers
and units in each layer) and network properties (error and activation functions).
Searching best architecture is through trial and error. Here single hidden layer is used
to create feed-forward fully-connected neural network (multi-layer perceptron). For
both hidden and output layer hyperbolic tangent activation function is employed that
has sigmoid curve and is calculated by using equation 6, whose output range is [-1 to
1].
F(x) = (ex - e-x) / (ex + e-x)
(6)
Sum-of-Square is the error function is used to rate the quality of the neural network.
Minimization of the error function is the main objective of neural network training.
Here best architecture is chosen by one of built-in search methods. The search
method tries to find the best design options on the basis of fitness criteria. The
fitness criteria for our models are Test error i.e. the smaller the error on the test set
the better the network. This parameter is calculated as inversed mean absolute
network error on the test set. For Model-1, the architecture having 6 nodes in hidden
layer proves to be the best network from the list of various networks (Table 2).
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Similarly for Model-2, Model-3 and Model-4, best architecture is chosen on the basis of
fitness criteria (Table 3, 4, 5). From the results of all 4 models it is evident that
increasing the number of nodes does not increase the performance.
Table 2 :Verified architecture for Model-1
[6-1-1] fitness: 0.010948
[6-15-1] fitness: 0.011149
[6-9-1] fitness: 0.010977
[6-5-1] fitness: 0.011208
[6-7-1] fitness: 0.010875
[6-3-1] fitness: 0.010433
[6-6-1] fitness: 0.011725
[6-6-1] architecture had the best fitness

Table 3: Verified architecture for Model-2
[6-1-1] fitness: 0.70037
[6-15-1] fitness: 0.695763
[6-9-1] fitness: 0.675705
[6-5-1] fitness: 0.673968
[6-12-1] fitness: 0.699373
[6-13-1] fitness: 0.667946
[6-10-1] fitness: 0.649719
[6-1-1] architecture had the best fitness

Table 5: Verified architecture for Model-4
[6-1-1] fitness: 0.152383
[6-15-1] fitness: 0.158627
[6-9-1] fitness: 0.154348
[6-5-1] fitness: 0.15548
[6-7-1] fitness: 0.162854
[6-8-1] fitness: 0.161475
[6-6-1] fitness: 0.159537
[6-7-1] architecture had the best fitness

Table :4 Verified architecture for Model-3
[6-1-1] fitness: 0.043972
[6-15-1] fitness: 0.047569
[6-9-1] fitness: 0.047162
[6-5-1] fitness: 0.047495
[6-7-1] fitness: 0.049373
[6-8-1] fitness: 0.048555
[6-6-1] fitness: 0.04772
[6-7-1] architecture had the best fitness

Network training and testing
Network is trained by using the following algorithms: (1) Levenberg-Marquardt and (2)
Back propagation. Back propagation algorithm is the most popular algorithm for
training of multilayer perceptron and is often used by researchers and practitioners.
Because of its slow convergence, it is necessary to tune up the learning rate and
momentum parameters. Levenberg-Marquardt often performs considerably faster than
other algorithms and finds better optima than other algorithms. It is generally used
for small number of weights (usually, upto 300). Its memory requirements are
proportional to the square of the number of weights. Another Levenberg-Marquardt
limitation is that it is specifically designed to minimize the sum of squares error and
cannot be used for other types of network error. Training is stopped when the number
of iteration become 500. As iteration is a single complete presentation of the training
set to the neural network. This is the simplest and the most commonly used condition
to stop training.
The performance of each network model is evaluated by computing the mean
absolute error for each of the four models. The two networks having different training
algorithms i.e. are back propagation and Levenberg-Marquardt have been analyzed
and, the structure that resulted in minimum errors is the best one. Another is the
correlation between actual and predicted values by correlation coefficient ‘r’.
Evaluation of the Trained ANN Model of CETP
Model-1 predicts the BOD at equalization tank with architecture (6-6-1). This model is
trained by using two training algorithms i.e. Levenberg-Marquardt (LM) and back
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propagation network (BPN) and their results are compared. Performance is analyzed
on the basis of mean absolute error (MAE) for each data set i.e. training, testing,
validation and correlation factor ‘r’. After testing, the graph between actual and
predicted values of BODeq is obtained as shown in Fig. 7
Table 6: Comparison of performance for Model-1
Avg.
Architecture Training algorithm Training Hidden FX Output
Avg.
FX
Training Validation
Speed
error
(itr/sec)
error
(6-6-1)
Online357.85 Hyperbolic Hyperbolic 101.14 102.02
Backpropagation
tangent
tangent
(6-6-1)
Levenberg.Marquardt 52.5
Hyperbolic Hyperbolic 103.88 104.74
tangent
tangent

Avg.
Test Correlation
error
97.58 0.88
98.54 0.87

Figure 7 : Actual versus predicted using online back propagation algorithm for Model-1

Model-2 predicts the BOD at outlet with architecture (6-1-1). Performance is analyzed
as shown in table 7. The graph between actual and predicted values of BODout is
obtained in figure 8..
Table 7: Comparison of performance for Model-2
Output
Avg.
Training Hidden
Avg.
Avg.
Speed FX
FX
Training Validation Test
error
(itr/sec)
error
error
Online227.72 Hyperboli Hyperbolic 1.46
1.28
1.68
Backpropagation
c tangent tangent
Levenberg Marquardt 48.6
Hyperboli Hyperbolic 2.44
2.26
2.69
c tangent tangent

Architectur Training
e
algorithm

Correlatio
n

(6-1-1)

0.98

(6-1-1)

0.97

Figure 8: Actual versus predicted using online back propagation algorithm for Model-2

Model-3 predicts the TSS at equalization tank with architecture (6-7-1). Performance
is analyzed as shown in table 8. Graphs between actual and predicted values of TSSeq
is obtained as in figure 9.
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Table 8: Comparison of performance for Model-3
Training Hidden
Output
Avg.
Architectur Training
Avg. Correlation
Avg.
e
algorithm
Speed
FX
FX
Training Validation Test
error
(itr/sec)
error
error
23.67
23.30 0.98
(6-7-1)
Online357.85
Hyperboli Hyperbolic 23.01
Backpropagation
c tangent tangent
33.34
32.04 0.97
(6-7-1)
Levenberg.Marquard 74.85
Hyperboli Hyperbolic 27.06
t
c tangent tangent

Figure 9: Actual versus predicted using online back propagation algorithm for Model -3

Model-4 predicts the TSS at outlet tank with architecture (6-7-1). Performance is
analyzed as shown in table 9. The graph between actual and predicted values of
TSSout are obtained in figure10.
Architecture
(6-7-1)
(6-7-1)

Table 9: Comparison of performance for Model-4
Output
Avg.
Avg.
Training Hidden
Speed
FX
FX
Training Validation
error
error
(itr/sec)
8.37
Online357.85 Hyperbolic Hyperbolic 6.47
tangent tangent
Backpropagation
9.92
Levenberg.Marquardt 88.75
Hyperbolic Hyperbolic 7.68
tangent tangent
Training
algorithm

Avg. Correlation
Test
error
6.32 0.902
7.28

0.90

Figure 10: Actual versus predicted using online back propagation algorithm for Model-4

CONCLUSIONS
The development of simplest (parsimonious) ANN models, with maximum
generalization ability, to accurately predict effluent parameters at CETP were studied
and following conclusions are drawn:
(1) All ANN models have learnt quickly and the training speed is quite high (> 200),
which implies that models are able to learn and map relationships between inputs
& outputs efficiently.
(2) Here single hidden layer is fixed and then the number of nodes in each of these
layers has been chosen according to fitness criteria, to create parsimonious ANN
structure. It was observed that increasing the number of nodes does not increase
the performance. Moreover smaller networks usually have better generalization
ability, have higher processing speed, and can be implemented on hardware more
easily. In contrast, larger networks over-fit training data with too many nodes.
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(3) In recent years, there has been a major focus in ANN research on the
development of more efficient training algorithms. In the present study, two
neural network (NN) algorithms, online backpropagation and Levenberg-Marquardt
algorithm are compared according to their mean absolute error and correlation
factor. LM have the ability to escape local minima in the error surface and thus
produce optimal or near optimal solutions but with a slow convergence rate. The
training speed for model 1 using BPN is 357.85itr/sec and by using LM, it is 52.5
itr/sec. Similarly for model 2 using BPN, training speed is 227.72itr/sec and by
using LM, it is 48.6 itr/sec. Thus, if training speed is a major concern, then there
is no reason why back propagation algorithms cannot be used successfully. It is
noteworthy that feed forward networks trained with back-propagation algorithms
have been successful in several in water and wastewater modeling applications.
(4) From the above Models, it can be inferred that the training algorithms using back
propagation give better results than Levenberg-Marquardt on the basis of MAE
values and correlation factor ‘r’.The correlation coefficient for model 1 using
online back propagation is 0.912 and by using LM is 0.913 and for model 2 it is
0.988 using online back propagation and 0.974 for LM. Thus for almost all the
models, the mean absolute errors for all dataset (training, validation and test) are
slightly more in case of LM than BPN, indicating that online back propagation is
better than LM.
(5) The ANN based models approximate process variables proficiently at equalization
tank and at outlet of the CETP. These models follow similar trends like the CETP
test records; however, the model could not often predict the sharp peaks well.
These could be attributed to: (i) lack of sufficient records in the training set,
which could represent all future events, or noise in the data; (ii) not enough
number of parameters which can influence effluent been considered in the
model, as the data were not available; and (iii) accuracy of data used for
developing the models.
The modeling framework such as the one illustrated in this work would be of immense
use to CETP plant Operators and Managers. For, example, determination of BOD may
take upto 5 days in the lab, and any variation in BOD loading in the meantime would
make it impossible for the plant operator to initiate action that may bring about
corrections in the process. However, if the plant operator had access to real-time
forecast data (modeling output), then corrective measures may be initiated without
any loss of time. Hence, a real-time prediction is likely to strengthen plant operation,
and would bring about greater efficiencies of treatment by predicting plant
performances. This would incidentally, also avoid extensive lab sampling, thereby
saving upon effort, time and cost for the CETP.
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Abstract
The southern Mediterranean region being one of the most dry and water scarce
regions in the world. It is also expected that by 2025, due to population
increase, the regional average water availability is projected to be just less
than 500 cubic meters per person per year. Many countries in the region are
mining groundwater, a temporary and risky expedient. The extended reuse of
reclaimed (treated) wastewater could contribute considerably to the reduction
of ‘water stress’ and ‘water scarcity’ in the Mediterranean countries as part of
an Integrated Water Resources Management (IWRM) approach, focusing on the
component wastewater reuse for irrigation and other purposes. The present
article deals with the experiences carried out in Morocco in this domain. In
spite of the progress that has been achieved in the last decade on technical,
institutional, financial and legislative levels as regards the development of the
process "sewage network-treatment-re-use", obstacles still hinder the
deployment of the re-use of treated wastewater. In the current state of affairs,
no project integrating the three components has been realized. This
paradoxical situation is due to several constraints.

Keywords
Treated wastewater; Morocco; Irrigation; environment; benefit

INTRODUCTION
The Mediterranean region is characterized by the limited and irregular availability of
water resources, both in time and in space. The region accounts for 10% of the world
population with renewable water resources of less than 1000 m3
water/inhabitant/year (Hamdy and Lacirignola, 2005). Water resources in the
Mediterranean region are irregularly distributed in both time and space. 76% of
precipitations and 85 % of renewable resources for the Mediterranean basin are
concentrated in the Northern Mediterranean countries including turkey. The southern
part of the Mediterranean basin is the most suffering from water scarcity (AQUASTAT,
2012).
The continuous growth in urbanization, tourism, irrigation and population increases
tensions among sectors and causes conflicts in many countries and in regions where
consumption has already reached or exceeded the amount of available water
resources (Simonet, 2011. The Mediterranean countries are also, the most vulnerable
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to global climate change. Studies have shown that the people of the Mediterranean
can expect more forest fires and loss of agricultural land than any other region in the
world. In the future, the region is expected to deal with more frequent and severe
water shortages (Senatore et al., 2011; García-Ruiz et al., 2011.
POTENTIAL OF TREATED WASTEWATER REUSE IN THE MEDITERRANEAN REGION
Globally, demands on freshwater resources are increasing due to population growth,
increased per capita consumption, and the demands of the industrial and agricultural
sectors. Greater water consumption is directly associated with increased wastewater
generation that requires adequate treatment to prevent health risks and
environmental degradation. Recently, the development of reclaimed domestic
wastewater reuse projects has emerged as a potential non-conventional resource to
satisfy the increasing demand for water (Choukr-Allah and Hamdy, 2004). In the
Mediterranean basin, wastewater has been used as a source of irrigation water for
centuries (MWRWG, 2007). In addition to providing a low cost water source, the use of
treated wastewater for irrigation in agriculture combines three advantages. First,
using the fertilizing properties of the water (fertigation) eliminates part of the
demand for synthetic fertilizers and contributes to decrease the level of nutrients in
rivers (Singh et al., 2011; Ribasl et al., 2010; Hussain and Al-Saati, 1999). Second, the
practice increases the available agricultural water resources and third, it may
eliminate the need for expensive tertiary treatment (Angelakis et al., 1999). However
wastewater use poses serious risks to human health and the environment (Ganoulis,
2012; Iglesias et al., 2011). These risks arise from the occurrence of a great variety of
microbial pathogens (Kayikcioglu, 2012) and chemical pollutants (Al Salem, 1996) in
wastewater. However, the various existing national guidelines on wastewater reuse
tend to focus mainly on risks from pathogens and there is little mention of other trace
pollutants (Angelakis et al., 1999; Marecos do Monte et al., 1996).
According to (Choukr-Allah, 2012a), Wastewater produced (WWP) quantity in the
Mediterranean region is equal to 35 109m3 yr-1, about 64% of wastewater produced is
treated (WWT) and only 18% is reused (WWR). This numbers indicate that there is a
big potential of wastewater reuse in the Mediterranean region.
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Table 1 Volumes of wastewater produced treated and reused
Country
Algeria
Cyprus
Egypt
France
Greece
Israel
Italy
Jordan
Lebanon
Libya
Malta
Monaco
Morocco
Palestinian
territories
Slovenia
Spain
Syria
Tunisia
Turkey

Wastewater
produced 106 m3 yr1

820
24.0
4930
7910
719
450
7731
82
249
546
19
7.3
700

Year of
WWP

Wastewater
treated
106 m3 yr-1

Year
of
WWT

700
22.4
2971
7200
450
283
2400
74
4
110
22
6.02
177

2011
2005
2001
2004
2000
2005
2004
2010
1990
1999
2006-7
2009
2011

Reuse of
treated
wastewater
106 m3 yr-1
26
25
2971
410.9
7.3
280
270.6
70
2
40
9.5
0
80

26.9

2004

10

115.3
4515.6
550
215
2484

2009
2008
2002
2006
2008

2011
2005
2008
2004
2000
2005
2010
2001
1999
2003
2009
2011

50
168.5
5204.4
825
240
4289

2009
2007
2002
2001
2008

Year of
WWR
2011
2008
2001
2004
2008
2008
2008
2010
1991
1999
2008
2009
2007
1998

6.9
2009
525.5
2008
550
2002
33.8
2001
1000
2006
Source: (Choukr-Allah, 2012a)

OPTIMAL STRATEGIES OF WASTEWATER REUSE
Contamination of crops and risks to farm workers vary depending on the method used
to apply irrigation water. The most hazardous option is spray irrigation, followed by
general inundation of the area to be irrigated. Ridge and furrow irrigation reduces
risks to some extent but the best irrigation option from a health point of view is allow
water to drip from pipes laid along the ground (Mojiri and Amirossadat, 2011; Pereira
et al., 2002). Drip irrigation is also advantageous in that it minimizes the amount of
irrigation water required and health risks to farmers and product consumers due to
contact with the wastewater. The performance of drip irrigation systems using
wastewater is mainly limited by emitter clogging, and this discourages farmers from
introducing it (Puig-Bargués et al., 2005; Palacios-Díaz et al., 2009). The best option
of treated wastewater reuse is that adopted in landscape and golf courses irrigation
especially they are considered as big consumers of water in tourist areas particularly
demanding in water resources during summer. The irrigation of public parks, schools
yards, highway, for fire protection and toilet flushing in commercial and industrial
buildings (Schaefer et al., 2004; Choukr-Allah and Hamdy, 2004; Sengupta, 2006).
Using treated wastewater also to irrigate non-food crop as forage, pasture and
ornamental crops or to irrigate industrial crop can be a good option since the final
product of those crops will not destined directly to human consumption but it will be
subjected first to industrial transformation eliminating all pathogenic risks (ChoukrAllah and Hamdy, 2004; Schaefer et al., 2004; Sengupta, 2006; Kalavrouziotis and
Apostolopoulos, 2007). Irrigation of perennial crops and cereals with wastewater is
widely practiced in many areas. Using drip irrigation to irrigate those crops can be the
best option to reuse wastewater since the health risks is minimized because of the
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consumed part in the plant is generally higher and far of drippers and cereals grains
are subjected to transformation which eliminates contaminations (Angelakis et al.,
1999; Kalavrouziotis and Apostolopoulos, 2007; Nassar and El-Korashey, 2003; Salgot
et al., 2006).
Cooling systems and construction sector are major water consumers in many
industries; therefore, using reclaimed wastewater for this purpose may bring
considerable saving in fresh water consumption (Choukr-Allah and Hamdy, 2004;
Ammary, 2007; Peng et al., 1995). Using reverse osmosis membrane for treating
wastewater or desalinating saline water produced clean boiler feed water which can
be used for multiple industrial purposes (Liu et al., 2008; Koo et al., 2011; Bill et al.,
2008). Wastewater could be also for environmental issues such as pod and lakes
recreation, creating artificial wetland and also stream flow augmentation (Sengupta,
2006). Wastewater can be used for aquaculture to produce both fish and aquatic
plants and there are a number of models that can be adapted to suit individual
situations and resources (Liu et al., 2007; El-Gohary et al., 1995; Sengupta, 2006).
Aquifer recharge is also a practical key solution to reuse treated wastewater (Van
Oorschot and French, 1996; Salgot et al., 2006). This operation can be made by 2
options, by surface infiltration basin or by borehole injection. The last option was
shown more efficient (Van Oorschot and French, 1996).
THE REUSE OF WASTEWATER IN MOROCCO
Since the 1960.s, Morocco has largely contributed to the mobilization of its hydraulic
capacities in order to face the demographic increase and sustain its social and
economic development.
Nonetheless, and in addition to the continuation of the efforts directed to
mobilization, and the control of demand, the limited hydraulic potential requires
Morocco to resort to unconventional resources (wastewaters and brackish waters).
Due to the more and more pronounced hydraulic deficit, the use of treated
wastewaters in irrigation is necessary for conservation of water resources. Moreover,
the experience of Morocco in this domain has proved the feasibility of the reuse
procedure (Choukr-Allah, 2005). In addition, farmers have already resorted to raw
wastewaters in areas where these waters are available close to agricultural lands.
This is supported by the increasing demand for food, which is easily sold due to the
proximity of the urban areas.
At present, about 700 million m3 of raw wastewaters are discharged in the receptor
milieu. Around 60% are discharged to sea; the remaining quantity is divided between
draining-off of surface waters that represent the major part and a reuse operation
concerning more than 7000 ha (Choukr-Allah, 2012b). The continuation of these
discharges may lead to a deep degradation in the water resources and dangerous
consequences on the potable water supply for many regions of the country. In
parallel, continuing the reuse of raw wastewaters may have serious impacts on public
health (Choukr-Allah and Hamdy, 2004).
In the last three decades, the annual volume of wastewaters has almost tripled. It has
increased from 48 in 1960 to 500 million m3 in 1999. It is expected that this volume
may reach about 900 million m3 in 2020 (Choukr-Allah, 2005). The trend in urban
wastes generated is presented in Fig. 1.
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Figure 1: Trend of wastewater production in Morocco (Choukr-Allah, 2005)

The main factors that contribute to this increase are:
• The increase in the urban population by a rate that varies from 4.4 to 5%;
• The increase in the rate of the potable water network in urban areas, which
has moved from 53% in 1972 to 79% in 1993 and to 85% in 2000;
• The increase in the rate of sewerage network which has reached 75% in big
cities in 1999, and;
• The increase in the water consumption per capita. This increase jumped from
85 to 116 liters per inhabitant per day in the period between 1972 and 1992.
The reuse options
Artificial recharge of the aquifer
The treated wastewater is used to recharge the aquifer in the Gharb region (NorthWest of Morocco) in order to cope with the sea water intrusion due to
overexploitation of groundwater (El Oualja, 2013). In Agadir city the treated
wastewater in Ben Sergao station is used for the artificial recharge of the aquifer
using an amount of about 10 Mm3/year through filtration basing (Benzine, 2012)
Industrial recycling
Treated wastewater is recycled for some industrial process purpose in the Sidi Yahia
Gharb region especially in the cooling. This project is realized by the ONEP (Office
National d’Eau Potable).
Sylviculture
In the Kenitra Region the treated wastewater is used to irrigate trees (Eucalyptus) in
the forest in order to fix the dunes and produce wood. It is also used to irrigate
pastures in the zones where livestock activity is dominant (El Oualja, 2013). In the
Ait Melloul city (Agadir region) there is a possibility to irrigate 400 ha of Argania
forrest using about 4 Mm3/year of treated wastewater generated by the M’zar station
(Benzine, 2012)
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Golf courses and Landscape
In the Ben Slimane city the wastewater plant treats about 5600 m3/day until the
tertiary level. The treated wastewater is used to irrigate a golf course with an area of
about 100 km by sprinkler irrigation and supplying about 308 kg of Nitrogen. This
allows a saving of about 3000 to 5000 m3/day of water and 2 DH/m3 (0.2 Euro/m3) of
costs in case of using fresh water. The reuse should be oriented to demand-driven
planning of reuse projects, and commitment to the reuse. A good example is
illustrated by the partnership between the water distributor agency of Marrakech
(RADEEMA), the state of Morocco, and the 24 golf owners. The Agency will contribute
up to 46.7 million US dollars, the golf course owners with 36.7 million US dollars and
state with a subsidy of 16.1 million US dollars. The plant will allow the production of
24 million m3 of tertiary treated wastewater to be used for the irrigation of these golf
courses (Choukr-Allah, 2013). In Agadir city there is about 500 ha of golf course where
a quantity of 20 Mm3/year of the treated wastewater can be valorized , currently only
the Golf de l’Océan (90 ha) who is using treated wastewater as source of irrigation
water. There is also about 576 ha of landscapes for which 8 Mm3 of treated
wastewater could be supplied (Benzine, 2012).
Agriculture
In the Drarga city (Agadir region) the treated wastewater is used to irrigate about 16
ha of some cereals, forage and vegetable crops using the drip irrigation system. This
practice allows a saving of about 120 to 361 Euros/ha in terms of fertilizer and 61 to
150 Euros/ha in terms of water use. Generally the yield of irrigated crop was doubled.
This indicates that the use of unconventional water allowed getting higher water use
efficiency without decrease in yield. As matter of fact, yields were higher for plants
irrigated with treated wastewater (table 2). The increase of yield for plants receiving
20% more water is mainly due to more supply of nitrogen and lower salinity in the
roots zone. The water use efficiency was significantly different between treated
wastewater and saline well water. Water use efficiency was the highest for the plants
receiving treated wastewater at 120% ETM (Choukr-Allah and Hamdy, 2003).
Table 2 Response of several crops to irrigation using treated wastewater

Treatments

Chrysanthemu
m
69

Kg/plan
t
1.29

Egg
plant
Kg/m
²
3.17

80

2.18

3.41

Flower/plant
Control*
Treated
wastewater

Zucchini

Maize

Bread
wheat

Durum
wheat

Qx/ha

Qx/ha

Qx/ha

12.43

5.107

0

12.62

48.69

31.83

Source: (Choukr-Allah and Hamdy, 2003)
* In the case of vegetable and flower control correspond to well water with added fertilizers and for
cereals control correspond to rainfed conditions.

In the Tiznit city (South of Agadir), the wastewater treatment plant treats about 5000
m3/day. This quantity of water is used to irrigate about 430 ha of olive, wheat,
barley, alfalfa, faba bean and bean using drip irrigation (Benzine, 2012).
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The treated wastewaters contain fertilizing elements and allow the farmer to save
fertilizes inputs. The Table 3 is based on the performances obtained in Ouarzazate
and Ben Sergao projects (Choukr-Allah, 2005).
Table 3 Economic gain from treated wastewaters irrigation

Crops
Tender wheat
Unground corn
Fodder corn
Clover (Berseem)
Zucchini
Marrow
Tomato
Potato

Net gain of water
(DH/year.inhab)*
750
1588
1568
774
677
611
1553
940

Benefit in
fertilizers
(DH/year.inhab)**
1492
3614
3572
1539
1545
1216
3542
2140

Total Benefit
(DH/year.inhab)
2242
5202
5140
2313
2222
1827
5095
3080

Source: (Choukr-Allah, 2005)
*Calculated on the basis of pumping water of Sous Massa (0.7 DH/m3) and of the selling price of
treated wastewaters (0.5 DH/m3).
** Calculated on the basis of the total value of fertilizing elements in treated wastewaters.

Irrigation Techniques
Numerous irrigation methods have been tested in the pilot projects. These include
flood, furrow, sprinkler, and drip irrigation. In Morocco, most of the problems
encountered were not linked to the irrigation method but rather to the irrigation
scheduling, which should take into consideration the quality of treated wastewaters
generally loaded with salt (Ouarzazate) and with nitrogen (Case of BenSergao). In
Bensergao plant, it was proved that the choice of a good drip system might
significantly improve the distribution of wastewaters at the level of the plot. Also, it
is necessary to set up a double filtration system (sand and filter screen) to avoid the
clogging of the drip system (Choukr-Allah, 1993).
Valorization of the Residual Sludge
The experiences conducted in the reuse of residual sludge have been less developed
than those conducted on the reuse of treated wastewaters. Meticulous tests have
been carried out in Ouarzazate and Bensergao. In Ouarzazate, the sludge emanating
from the drying beds have given satisfactory results. In an agronomic experience
concerning the cultivation of the Italian Ray Gras, the increase of dry products was by
200%. No heavy metal accumulation was found in neither the soil nor in the plants. In
the case of Ben Sergao, the sludge was composted and used for the organic
enrichment of two grass species. The height and production parameters of the dry
materials have been significantly improved. The composting operation allowed the
total drainage of the sludge, and thus wiped out any risk of biological contamination
(Choukr-Allah, 1994).
Legal aspects
In Morocco, the legal statute of water was instituted in several phases. The legislative
intervention through the creation of the new legal regulations in the field of water
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goes back to the period of the French Protectorate in Morocco. Several texts were
adopted in this respect, mainly:

• law of July 1, 1914 (repealed by the new law on water) supplemented by the
law dated November 8, 1919 on the public domain which institutes the
principle of water and its sources as public domain.
• law and ministerial decree of August 1, 1925 (repealed by the new law on
water) relative to the regulation of water, modified by the laws of July 2,
1932, March 15, 1933, September 18, 1933 (repealed by the new law on water),
of October 9, 1933, July 25, 1939, and September 24, 1952.
This old legislation ceased to correspond to the country’s modern organization and
could no longer meet the needs for its socio-economic development, which required
the creation of a modern regulation of water through the adoption of law No: 1-95154 of 18 Rabii I 1416 (corresponding to 16 August 1995) promulgation of the law No.
10-95 on water. This Law aims at the elaboration of a national water policy based on
a forward vision that takes account of the evolution of resources and of national
water needs.
In the field of wastewater, this new Law 10-95 on water, in its chapter VI, regulates
the reuse of wastewater and its texts constitute the legal basis of the institutional
framework for reuse, in particular articles 51, 52, 56, 57, 59 and 84 (Choukr-Allah,
2005).
Impact on Health
Reusing raw wastewater is likely to imperil human health and to contaminate the
environment. Indeed, wastewater can transport many pathogenic germs (parasitic,
bacteria, viruses and fungi) that possess high resistance to the medium and can harm
humans. Wastewater is therefore a significant transmitter of biological and chemical
agents resulting from human and/or industrial activities. Agriculture that is irrigated
with wastewater concentrates many infectious and toxic agents. In addition, it
represents a medium for the proliferation of certain pathogenic agents emitted in
human or animal waste. In addition, wastewater resulting from hospital discharge or
other infected mediums may be a dangerous source of contamination (Ganoulis,
2012).
Social and political aspects
There are reservations related to the use the treated wastewater (which is often
perceived as unclean). This is paradoxical when one considers the quantities of
wastewater re-used in its raw state. Wastewater goes through a treatment station
where the influx of raw wastewater is clearly visible. The origin of used water is thus
known. There is therefore natural hesitation to consume fruit and vegetables irrigated
with used water. In the region of Agadir, farmers whose products are exported to
foreign markets are very reticent to use treated wastewater lest this compromises
their markets (Choukr-Allah, 2005).
CONCLUSION
Although agriculture will remain the dominant user of water, in water-scarce
countries intense competition for good quality water among the different water-use
sectors is expected to reduce the amount of freshwater allocated to agriculture in the
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foreseeable future. Whatever the case, there should be no anxiety in any region of
the world, including Southern Mediterranean region, about the availability of water
for drinking and domestic use and for the needs of almost all of the industrial and
service sectors. In fact, these sectors use less than 25% of the freshwater resources
available. This additional water resource is considered somewhat attractive, being
renewable and accessible in peri-urban areas, cheap source that be disposed-off, its
quantity grows with the expansion of sanitation networks installed for urban or rural
communities and being not affected by the climate change. The current overall
contribution of treated wastewater to agriculture in Morocco could hardly exceed 4%
of this sector demand of freshwater. This small percentage, however, should be
reckoned with when drafting water master plans, not only for satisfying some
irrigation requirements, but also for the fact that reuse of treated effluent is safe,
feasible, and environmentally-sound method of wastewater disposal. Furthermore, for
most arid and semi-arid countries, reuse of wastewater may have a greater impact on
future usable sources of water than any of technological solutions available for
increasing water such as water harvesting and desalination.
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Abstract

Quantification of drainage to remove excess water from the soil profile and
provide a suitable environment for vegetation has been developed over the
years. Drainage estimation is fairly challenging particularly in the
heterogeneous urban environs. This research studied the temporal variation of
drainage rate and nutrient leaching in Veale Gardens of Adelaide Parklands,
Australia. A zero tension pan lysimeter was installed in an urban mixed
vegetation park to study the quantity and quality of leachate solute. EM38 soil
mapping and spatial analysis allowed mapping of two EC zones. Temporal
changes of volume and characteristics of drained water were studied in the low
EC zone for two seasons of summer and winter. The outcomes showed that the
volume of drained water in the summer time was considerably less than in the
winter time. This is likely to be the cause of the winter dormancy in most
plants and evapotranspiration reduction in winter time. Chemical analyses of
leachate solute showed a significant drop in the values of EC, potassium, total
N, total P, and ionic balance from summer to winter despite a large increase in
SAR. In terms of nutrient loading during the study period, this work has shown
that there would be very little impact from using recycled waste water
compared to conventional water sources.

Keywords
Drainage; pan lysimeter; mixed vegetation; soil water monitoring

INTRODUCTION
Quantification of drained water and comprehensive analyses of solute transfer in the
effective vegetation root zone have been investigated over recent years, but as yet
there are no standard techniques in either case. Estimating drainage requires in-situ
soil water collection from undisturbed soil which is quite challenging particularly in
heterogeneous landscape environments. High variation in plant species, age, height,
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density and microclimate in urban vegetation strongly influence the spatial and
temporal variability of soil water characteristics and soil water accessibility. This
introduces more complexity and uncertainty in the drainage rate and solute leaching.
But it should be noted that in-situ sampling is not spatially representative of a large
area so the results are often restricted to small observation sites such as plots or
small fields. The impact of available soil water sampling systems on vadose zone
behaviour increases the uncertainty in selecting a representative sample (Peters and
Durner 2009). This is even more problematic in the mixed vegetation of urban green
spaces (Nouri et al. 2012 ). A number of strategies for sampling have been introduced
and tested over the last few decades (Hangen et al. 2005, Moreno-Jiménez et al.
2011, Parizek and Lane 1970, Yoo 2001). Weihermuller et al. (2007) reviewed six
techniques for in-situ soil water extraction including porous caps, porous plates,
capillary wicks, lysimeters and resin boxes. The suitability of each device depends on
the research goals, experimental design, cost, maintenance requirements and safety.
In this study, in order to measure the quantity and quality of captured water from
drainage, zero tension pan (also known as equilibrium-tension) lysimeters were
selected. This was due to the advantages of pan lysimeters compared to other
methods, including low complexity design, inexpensive to construct and install,
reduced disturbance of the soil during installation, and simple and cheap operation
(Zhu et al. 2002). The zero tension lysimeter is a passive sampler in a pan shape,
without large side walls, that freely collect the drained water, measuring drainage
volume and solute leaching simultaneously below an undisturbed soil column
(Weihermuller et al. 2007, Zhu et al. 2002, Robison et al. 2004). It minimizes the
surrounding matric potential fluctuations and potential bypass flow resulting in the
conservancy of natural and regular percolation patterns (Lehr et al. 2005). Different
materials of stainless steel, glass, or ceramic can be used to make a tray.
The lysimeter is typically placed under the ground either at a shallow or deep depth,
depending on the effective root zone of the plant (Donn and Barron 2012, Barron and
Donn 2010). The filling material of the tray has substantial impact on the water
potential gradient and water bypass (Weihermuller et al. 2007). The main sources of
errors in pan lysimeters are from diversion in water flow around the lysimeter as well
as the complexity of installation.
This research studied the temporal variation of drainage rate and solute leaching in a
public park containing heterogeneous urban landscape vegetation. A pan lysimeter
was designed and installed. The field monitoring was undertaken for two the seasons
of summer and winter. The rate of nutrient removal by leaching is investigated in
order to propose an effective urban landscape management regime.
MATERIALS AND METHODS
Of some concern is the nutrient leaching from drainage into ground water that
possibly percolate excessive nutrient to the ground water table. This is even more
critical when reclaimed waste water is used for irrigation, as it is in Veale Gardens.
Potential ground water salination is another concern.
Study area
Field monitoring was undertaken at Veale Gardens within the Adelaide Parklands in
the southeast of the city of Adelaide in South Australia. Veale Gardens has an area of
9.6 ha and is irrigated with recycled waste water. The park is fully covered by well187 / 211
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established Kikuyu turf grass; a dominant species in most parks due to its adaptability
and invasiveness (Tanji et al. 2007). The park also contains more than 60 native and
exotic tree and shrub species, predominantly Eucalyptus, Acacia and Poplar. Thirty
years of meteorological records for Adelaide (1981-2010) collected by the Australian
Bureau of Meteorology (BOM) show that Adelaide experiences warm summers
(December–February) with a mean maximum temperature of 29.5ºC in February.
Adelaide also experiences fairly cold winters (June–August), with a mean minimum
temperature of 7.5ºC in July. The long-term average annual precipitation is
approximately 549.1 mm with an average of 128 rainy days in a year and 1600 mm of
pan evaporation per annum (BOM 2010).
Experimental design
EM38 soil mapping was employed for the preliminary soil survey. The results enabled
the development of an EC soil map using geostatistical analysis in GS+ and spatial
mapping through ArcGIS. Two bores were drilled down to 2 m and intact core (50 mm
internal diameter) samples were extracted in October 2011. Standard methods were
followed for sample preparation, packaging, labelling and storage. Soil samples were
tested for texture, EC, pH and some nutrients. The effect of pH on nutrient
availability was investigated based on the Figure. 1.

Figure 1. The effect of pH on nutrient availability (after Goatley, 2011)

Lysimeter installation
The method of installation of the lysimeter involved the excavation of a trench with a
backhoe down to 150 cm depth which is mostly below the effective root zone of the
available plants. A small cavity or hole of 120 cm × 55 cm × 30 cm was excavated in
the long side wall of the trench with a horizontal distance of 100 cm from the edge of
the trench. The cavity was precisely levelled in all five walls to prevent adding
tension to the system. A galvanized tray of 120 cm × 55 cm with geotextile on top was
precisely jacked up and fitted to the upper wall of the cavity in order to adequately
maintain the capillary connection of the tray and soil above. The drainage collection
bucket was placed at the base of the trench at a depth of 150 cm and a rigid PVC pipe
connected the lysimeter tray to the collection bucket. The drained water was
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collected in the buried bucket through a rigid PVC pipe and two access tubes. To
complete installation of the lysimeter, a plastic sheet was placed on the long side
wall of the trench to protect the cavity from damage and to ensure separation of the
undisturbed and disturbed soil. The backfilled soil was compacted by a leg rammer in
layers to prevent soil subsidence (Figure 2). The collected water in the buried bucket
and lysimeter pan was regularly extracted by a vacuum hand pump through access
tubes.

Figure 2. Lysimeter installation

The experiment was performed on a zero tension lysimeter placed horizontally 100
cm below ground level to monitor the temporal behaviour of drained water. The
drainage quantity and quality were measured from December 2011 to February 2012
(summer) and from June to August 2012 (winter). The leachate solute of the drained
water was analysed for certain chemical characteristics including pH, SAR, potassium,
nitrite, nitrate, total nitrogen, total phosphorus, and ionic balance. The importance
of macronutrients (N, P, and K) is due to their important role in plant function.
Nitrogen is a component of protein and enzymes and controls almost all biological
processes. Phosphorus is responsible for energy transfer in the plant, plant
development, and photosynthesis. Potassium regulates the water usage of plant and
their resistance to diseases. The SAR measures the ratio of sodium to calcium and
magnesium ions and can be used to evaluate the effect of irrigation on soil structure
(Goatley 2011). Ionic balance represents the characteristics of the water in terms of
principal dissolved salts.
The required nutrients for landscape plants vary widely due to the broad numbers of
species of trees, shrubs and turf grasses. For instance, turf grasses need a large
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amount of nitrogen for green growth while most flowering plants need more
potassium and phosphorus (Tanji et al. 2007). Optimum nutrient balances yield
acceptable vegetation healthiness as well as assisting in water conservation.
RESULTS AND DISCUSSION
Soil characteristics
EM38 soil mapping and spatial analysis produced a soil zoning map for Veale Gardens.
Two different zones of low and high EC are illustrated in Figure 3.

Figure 3. EM 38 soil map of the Veale Gardens and position of lysimeter

A point in the low EC zone was marked in the field and later tested by a service
locator company to ensure there was no conflict with existing assets and services,
particularly irrigation pipes. Soil samples taken from two bores immediately adjacent
to the lysimeter showed a texture of silty clay loam from the ground to 150 cm and
silt loam form 150 to 200 cm depth with a pH range of 8.0 to 8.5 and EC less than 1.2
ds/m. These results correspond well to an existing SA Water report (Martin et al.
2008). Goatley (2011) indicated that loamy texture is the most ideal soil for most turf
grasses and landscapes to ensure adequate water accessibility and aeration.
Moreover, moderate soil pH (6.5-7.5) provides a suitable environment for optimum
biological activity and nutrient availability, particularly for potassium and
phosphorus.
Soil water characteristics
The volume of the drained water was recorded monthly. Table 1 shows the volume of
drained water in summer 2011-12 and winter 2012. Irrigation data were provided by
Adelaide City Council (ACC), who manages Veale Gardens. Rainfall data for the
nearest station (Kent Town, Station 023090) were downloaded from the Australian
Bureau of Meteorology (BOM). Station 023090 is located on the east side of the city,
2.92km from Veale Gardens (http://www.bom.gov.au/climate/data/).
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Table1. Records of drained water from the lysimeter and input water (Litres)
Summer

Winter

Irrigation

198.67

0

Rainfall

37.44

157.36

Input water (irrigation + rainfall)

236.11

157.36

Volume of drainage

0.8

123.6

Water samples were sent to a NATA accredited laboratory for water quality analysis.
The drained water was analysed for pH, SAR, potassium, nitrite, nitrate, total
nitrogen, total phosphorus, and ionic balance. The results of the laboratory tests are
shown in Table 2.
Table 2. Water quality in summer and winter
Water characteristics

Unit

Summer

Winter

pH

pH Unit

7.3

7.41

SAR

-

21.7

46.89

EC

ds/m

4.82

2.10

Potassium

mg/L

19

12

Nitrite as N

mg/L

<0.01

<0.01

Nitrate as N

mg/L

0.06

<0.01

Total Nitrogen

mg/L

1

<0.1

Total Phosphorus

mg/L

0.26

0.03

Ionic Balance

%

5.28

4.02

CONCLUSIONS
Considering the fact that input water from irrigation and rainfall to the field
decreased from summer to winter, the volume of drained water in the summer time
was considerably less than in winter time. The ratio of drainage water to the total
input water varied from 0.34% in summer to 78.55% in winter. This indicates that in
summer most input water fulfils plant water needs through evapotranspiration while
in winter as a consequence of the dormancy in most plant species, the
evapotranspiration rate decreases significantly which results in a very low leachate
fraction in summer compared to winter. Moreover, in summer, 84% of the total input
water was reclaimed wastewater applied by irrigation. This resulted in a significant
increase in most nutrient concentrations in the leachate (Figure 4).

191 / 211

WWW-YES-2013 proceedings (draft version)

Comparison of leachate solute from summer to winter
Ionic Balance
Total Phosphorus as P (*10)
Total Kjeldahl Nitrogen as N (*10)
Nitrate as N (*100)
Winter

Nitrite as N (*100)

Summer

Potassium (*0.1)
EC
Sodium Absorption Ratio (*0.1)
pH Value
0

2

4

6

8

10

12

Figure 4. Seasonal changes in water quality

The seasonal nutrient loading through leachate solute is illustrated in Table 3. The
results showed a significant decrease in the values of nutrient loading from winter to
summer; TDS (98.8%), total N (93.5%), total P (94.4%), potassium (99%), nitrite
(99.4%) and nitrate (96.1%). Considering the sources of drained water that varied from
rainfall and recycled waste water in summer to only rainfall in winter showed a
minimal role of recycled waste water in nutrient loading to the ground water.
Table 3. Nutrients loading through drained water
Load of nutrients (gr)

TDS

K

Nitrite

Nitrate

Total N

Total P

Summer

2504

15.2

0.01

0.05

0.8

0.21

Winter

216300

1483.2

1.24

1.24

12.4

3.71

In summary, a proportion of the input water from irrigation and rainfall was not used
by plants and passed through the root zone carrying nutrients into the ground water.
This could potentially be a matter of concern when reclaimed waste water is a main
source of irrigation water (Tanji et al. 2007). However in Veale Gardens no irrigation
with wastewater occurs in winter. Understanding of nutrient removal from soil by
leaching can result in a more effective urban landscape management regime. In Veale
Gardens, it is anticipated that the alkalinity of the soil results in lower availability of
nitrogen and phosphorus but has no effect on potassium availability. The risk of
nutrient loading resulting from irrigation with recycled waste water was investigated.
The outcomes showed a minimal impact from use of recycled waste water in terms of
nutrient loading to the ground water for the study period.
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Abstract
The Water Framework Directive and the Ecophyto 2018 plan provides for
measures against water chemical pollution. In the agricultural context,
pesticide are a real stress for surrounding environment. Measures have
been taken to reduce this stress, namely the reduction of chemical
application, and the implantation of buffer zones like artificial wetland
at the outlet of the agricultural watershed. A PhD thesis has begun in
November 2012 on the modelling of the wetland functioning for
pesticide mitigation. This work takes place in the team TAPAHS in the
unit Hydrosystem and Bioprocesses of the Institute Irstea. The
motivation of this work takes birth in the preceding studies of the team
on the removal efficiency of a wetland regarding several pesticides.
Several tools are yet available to reach our objectives. An experimental
site has been instrumented in the city of Rampillon (France) and a state
of art is under construction. The bibliography’s study focus on two
subjects: the tracer experiments and the constructed wetlands models
which have been developed. These tools lead to a methodology which
we propose to follow for the next steps of the PhD thesis.
Keywords
Hydrodynamic modelling,
wetland, vegetation

transport

modelling,

shallow

water,

INTRODUCTION
General context of the study
Water resources are subject to anthropological stress, via industrial, domestic and
agricultural wastewater. Europe assumes its responsibility by taking measures to protect the
resource. On 23 October 2000, the EU Water Framework Directive was adopted. In 2006, a
groundwater Directive has been developed. Member States are required to take actions to
meet the quality standards in the “Environmental Quality Standards Directives – EQSD”
(Directive 2008/105/EC) by 2015.
In addition to this European legislation, France adopted in 2008 the plan “Ecophyto 2018”,
which aims to encourage the change in agricultural practices concerning the use of pesticide.
However, the change in practices is unfortunately not enough to reach the objectives. Even if
the pesticide applications are reduced, the water coming from crops still contains pollutants.
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The pollutant load can be then reduced by collecting this water before to release it in the
natural environment. For this purpose, wetlands have shown a significant potential for
pesticides mitigation.
The wetland system
Wetlands consist of cohabitation between water, plants and some kind of media (Kadlec and
Wallace, 2009). It can be either natural or constructed. Our study deals with free-water
surface wetland. This means that we do not consider either infiltration into the soil or
underground flow.
A large part of natural wetlands are nowadays protected, because of the biodiversity which is
sheltered by the system, namely insects, molluscs, fish, amphibians, reptiles, bird, and
mammals. In addition with this ecological function, wetlands have a pollutant treatment
potential. In fact, physical and chemical processes can appear in the wetland, such as
sedimentation, sorption or photo-degradation. Those mitigation processes are facilitated by
the large biodiversity and the vegetation. Constructed wetlands aim to reproduce these
natural wetland functions.
The treatment function of a wetland has been well studied in the agricultural context for
nutrient as nitrates and phosphorus (Kadlec and Wallace, 2009). Similar ideas have been
explored more recently for pesticide. Namely, the team TAPAHS of the Institute Irstea studies
this question for several years. So far, the performance of a constructed wetland for pesticide
mitigation was studied in the PhD thesis of Passeport E. (Passeport, 2010). A constructed
wetland which collects drained water of agricultural field has been instrumented in the
middle west of France (Bray, 47) to collect experimental data. On average, the artificial
wetland reduced pesticides loads by 73% (Passeport, 2010). Several other works come to the
same conclusion. Braskerud and Haarstad (2003) found pesticide reduction between 0 to 67%
according to a study realized on a constructed wetland in Norway and a complete removal
(100%) of the pesticide atrazine has been recorded by Kao et al. (2001).
Performance and optimization of a constructed wetland
The previous results suggest a real potential of such ecological solution for pesticides
mitigation. It is then possible to estimate the performance and the optimization of the
wetland with the help of the three following parameters.
-

The removal efficiency of a wetland is the parameter which provides its pollutant
mitigation performance. It represents the ratio of the pollutant mass which enters the
system to the mass of the same pollutant which leaves it. This parameter strongly
depends on the time spent by the pollutant in the wetland. Degradation and physical
processes may need long time. It is the reason why the flow pattern has to be optimize
to maximise the retention time in the wetland.

-

Secondly, the hydraulic efficiency (λ) represents the ratio of the mean real time spent
by the water in the wetland to the nominal time:

with the mean value of the residence time and
the nominal time (ratio of the
wetland’s volume to the flow ;
. This parameter gives a good idea of the
optimization degree of the wetland.
-

The volume efficiency (ev) represents the volume mobilized for the flow divided by the
entire volume of the wetland. If a significant part of the wetland volume is never used
for the flow, the active volume will be considerably diminished. The water flows
faster and short-circuiting occurs. The retention time is therefore reduced.
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We have seen above that the performance of the system depends on its flow pattern and the
time spent in the wetland. It is then important to determine the hydraulic response of the
system prior to including the chemical and biological behaviour. To better understand the
mechanisms which influence the hydraulic characteristics, several models have been
developed. The numerical approach enables to simulate different scenarios and investigate
larger possibilities than field experiment. However, it is important to notice that the
modelling task is constrained by the complexity of the system. So far, Su et al. (2009),
studied the influence of the aspect ratio (the length (L) divided by the width (W) of a CW) on
the hydraulic efficiency for a non-vegetated pond. The result of the hydrodynamic simulations
suggests to recommend an aspect ratio higher than 1.88 to reach a hydraulic efficiency of
0.7. Others studies explore the interior plan of the wetland (bathymetry, island, baffles) and
their influence on the flow pattern (Persson, 2005; Wörman and Kronnas, 2005; Lightbody et
al., 2009). The fundamental transport processes, as advection and diffusion, have been also
studied. Some works examine the influence of the vegetation on this transport processes
(Burke and Wadzuk, 2009; Kadlec, 1990; Nepf et al., 1997).
Concerning the chemical degradation of pesticide, light, temperature, pH, oxygen and the
presence of micro-organisms in the wetland are also important factors which can influence
the removal efficiency.
These scientific considerations have allowed to establish several rules for wetland design
(e.g. the practical guide of Economopoulou and Tsihrintzis (2004)). It is important to notice
that the available place, the land ownership and other related economics factors have also to
be accounted.
The objectives of the PhD thesis
The aim of my PhD work is to contribute to the understanding and modelling of the realistic
wetland. We will investigate several approaches which could be adopted for numerical
modelling. Namely, we suggest to emphasize the following scientific questions:
Wetland representation:
- Which scale has to be used for the numerical modelling of the constructed wetland?
- Which processes (advection, diffusion, coupled phenomena) have to be accounted?
- How the vegetation blocks/zones have to be presented in the model (roughness,
porous media ...)?
Modelling consideration:
- How to couple efficiently a design optimization tool and a physical model?
- Finally, how to validate the model?
This present paper aims to present the material already available to reach the objectives. As
a result, we propose a methodology that we could follow.
MATERIAL
We firstly describe the experimental site of Rampillon, and then we present the preliminary
state of art on hydraulic characterization of constructed wetland.
Site description
Rampillon’s wetland
The experimental wetland is located in the city of Rampillon (70 km south-east of Paris,
France) in a 500 ha watershed. The surrounding area is mostly tile-drained agricultural field
(Tournebize et al., 2012). The wetland collects the drained water of around 80 ha of drained
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parcels. A pipe of 500 mm is placed at the inlet of the basin as at the outlet. Then, the water
flows in a deep region, excavated in order to lower the velocity and to enhance
sedimentation. The configuration of the wetland, the dykes and the vegetation cover are
shown on the Figure 1. The principal characteristics of the constructed wetland are presented
in the Table 1.
Table 1: Characteristics of the wetland
Rampillon wetland
Basin max length
114,5
Basin max width (m)
61,2
Deep zone depth
0,95
Shallow zone depth
0.3 – 0.6
Qin (l/s)
0 - 110
Qout (l/s)
0 - 120
Sparse vegetation
30
Dense vegetation
15
Volume (m3)
2000 - 4000

Figure 1: Rampillon’s wetland. The numbers show locations of experimental equipment.
Equipment
To evaluate the performance of the wetland, equipment has been installed at the five
locations shown on the Figure 1. The record of the data has begun in 2006 in the ditch
(location 4), downstream the outlet of the wetland, and sometimes later for other locations
as indicated in the Table 2.
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Table 2: Beginning of the data collection on the experimental site
T(°c)

h (m)

v (m/s)

C(μS/cm)

Water
Samples

Rain
gauge
(mm)

Dec
2011

Oct 2012

Dec 2011

-

-

-

-

-

Dec
2011
2006

Oct 2012

Dec 2011

-

-

Oct 2012

-

-

-

-

Dec
2011

4

Ditch

-

Dec
2011
Sept
2011
Dec
2011
2006

5

Outsid
e

-

-

1

Inlet

Oct 2012

2 Inside

Sept 2011

3 Outlet

Oct 2012

At the inlet and outlet of the CW, all measurements are performed on the bottom of the
pipes. The water sampler is automatic and the sampling is set up at a constant flow weight
volume. The composite sample is then got back each two weeks. The rain gauge is located
next to the inlet. The temperature and depth measurement in the wetland (location 2) are
carried out just before the outlet. The measurements in the ditch are fulfilled about 5 metres
downstream the outlet pipe.
All the measurements are nowadays stored but not yet explored. The water samples are
frozen for future analysis of about 70 pesticides molecules with the help of an external
chemical laboratory. This data will be used for the calibration and the validation of our
model.
State of art
Tracer experiment
Our main objective is to analyse the hydraulic characteristics of the wetland. The most
popular field experiment to obtain such properties is the tracer test. It is nowadays well
known this method is a convenient method to assess retention times, the degree of mixing
and water velocities.
To realize this experiment, the tracer has to respect several properties:
(i) highly soluble in water,
(ii) does not react with constituents within the wetland
(iii)
easy and inexpensive to analyse
(iv) low toxicity
(v) does not influence the flow pathway.
Bromide is used as conservative tracer (Keefe et al, 2004; Keefe et al., 2010; Min and Wise,
2009). Fluorescent tracers as Uranine, Rhodamine WT or Sulforhodamine can be used as a
reactive tracer, because of their sensitive properties to photolysis and sorption (Keefe et al.,
2004; Lange et al, 2011; Holland et al., 2004). Furthermore, they are considered as
environmentally harmless and can be detected at very low concentration. Tritriated water
has been used for its non-reactive property (Kjellin et al, 2006). More information about
strengths and weaknesses of tracers used for wetland studies can be found in the practical
guide by Headley and Kadlec (2007).
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The experiment consists of introducing an impulse of an inert substance at the inlet of the
wetland. After introducing the tracer, concentration measurements are recorded at the
outlet. A breakthrough curve (tracer concentration = f(t)) is then formed. It usually has a
bell-shape form.
This tracer response curve can be interpreted as a probability density function E(t) (h-1) for
residence times in the wetland referred to as hydraulic residence time distribution (RTD)
(Kadlec, 1994) :

The first moment of this distribution represents the mean residence time τ of the wetland.

The second moment σ² is the variance of the distribution. It represents the spread of the
breakthrough curve about the mean detention time.

The variance is used to characterize the degree of mixing and heterogeneity in the wetland
(Lange et al, 2011; Holland et al 2004).
Finally, to be considered acceptable, the experiment has to present a recovery rate (R) of the
tracer higher than 80% (Headley and Kadlec, 2007) :

with C(t) the outlet concentration of the tracer (mg/m3), Q(t) the outlet flow (m3/s) and M
the masse injected at the inlet of the CW.
Wetland modelling
Two approaches have been developed to simulate the functioning of a wetland: the
physically-based modelling and the conceptual modelling.
Physically based modelling
The physically-based modelling solves the Navier-Stokes equations to describe velocity and
pressure distribution. The advection-diffusion equation is then used to describe the transport
phenomena. The hydrodynamic and advection-diffusion simulations can be coupled to predict
solute behaviour under various conditions.
Numerous studies simplify the system and replace 3D approach by a shallow water model (2D)
(German et al, 2005; Su et al, 2009). This suggests that the variations in the vertical direction
can be omitted because the vertical stratification is not dominant. To take into account the
variation in the bathymetry, the depth-averaged Navier-Stokes equations are computed
(Persson, 2004; Koskiaho, 2003; Kjellin et al, 2006; Min and Wise, 2009). Three-dimensional
models have been used for non-vegetated pond (Shilton, 2000). Todays, this approach seems
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to be too much computationally expensive because of the complexity and the size of the
system.
However, depending on the model, the vegetation is represented in different ways. It is
mainly taken into account via the roughness coefficient or Manning coefficient (Min and Wise,
2009; Persson, 2005 ; Koskiaho, 2003). In recent work, the vegetation is also represented as a
porous media (Mattis et al., 2012).
Conceptual modelling
Next, the conceptual modelling considers the wetland as a black-box and does not represent
what happens physically inside. This approach is based on two opposite ideal reactors model:
the plug flow reactor (PFR) model and the continuous stirred tank reactor (CSTR) model
(Kadlec and Wallace, 2009). The PFR considers that each parcel of water which enters in the
wetland has the same velocity, and no mixing occurs. The velocity of the fluid is assumed to
be constant in each cross section perpendicular to the flow axis. The breakthrough curve at
the outlet of the system in response of a pulse tracer experiment will be a pulse as well
(Figure 2). The CSTR model considers that the water is continuously and uniformly mixed in
the wetland. The concentration is instantly homogeneous. The breakthrough curve of such
reactor is a decreasing exponential (Figure 2).

Figure 2: Comparison of tracer output of ideal reactors
However, the flow patterns through treatment wetland system are non-ideal and do not
conform to either the PF or CSTR ideals. In fact, in free-water surface wetland environment,
there are mixing processes on a number of different distance scales. The degree of mixing
and heterogeneity in the wetland has to be considered. The following models include more
complexity.
The “plug-flow with dispersion” model is a one-dimensional conceptual model which assumes
that the flow pattern can be represented with dispersion process superimposed on a plug-flow
model. The mixing processes follow a diffusion equation (Kadlec, 1994). The diffusive
boundary conditions for wetlands are closed-closed conditions. This means that, at the inlet
no tracer can diffuse back outside the wetland, and at the outlet no tracer can diffuse back
up in the wetland (Folger, 1992). This model is characterized by a dimensionless dispersion
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parameter, the Peclet number which is proportional to the inverse of the wetland diffusion
coefficient (Kadlec and Wallace, 2009).
The “Tank-in-series” model (TIS) represents the wetland by a number of equal-sized CSTRs in
series. The flow enters the first CSTR, is instantly mixed, and flows into the next CSTR. Two
parameters characterized this representation, the detention time (τ), and the number of
CSTRs (N).
The "zones of diminished mixing" model represents the wetland as a plug flow connected with
a very large number of CSTR (Werner and Kadlec, 2000; German et al. 2005). The lateral
CSTRs represent zones of diminished mixing.
Finally, a combined one-dimensional model has been developed, the "OTIS" model. It
combines a plug flow with dispersion, and adjacent storage zones. It aims to represent the
dead zones an recirculation eddies (Martinez et al. 2003; Keefe et al., 2010).
RESULTS AND DISCUSSION
As a result of this preliminary bibliography study, a plan for the thesis is proposed.
IIIb.
IIIIV-

Experimental results
Physically-based modelling
i. Transport
ii. Flow
Coupling
Simplified approach and optimization
Validation and application

The first part concerns the field experiments results. Nowadays, no tracer test has been
realized on the wetland of Rampillon. It is expected to prepare it in the following months.
Also we are planning to develop an experiment inspired by Burke and al. (2012) to investigate
the diffusion processes in the different parts of the wetland.
The second part deals with the modelling of the wetland. We may imagine to first consider
modelling of transport phenomena in this heterogeneous system with a constant flow.
Wetland could be considered as a porous media. Then a physically-based hydrodynamic
simulation will allow to investigate the flow pattern (constant and transient). In this approach
we will take into account the variable vegetation distribution. The next step will consist to
find a methodology to couple these two signals (flow and transport). This physically-based
approach will serve as a reference for simplified representation. The conceptual ideas shortly
presented above have still to be discussed.
The third and fourth parts consider the optimization of the wetland design and the validation
and application of the model. The work is nowadays not enough advanced to allow a
description.
CONCLUSIONS
The work reported in this paper presents the first reflexions made concerning the PhD thesis.
The ideas described in the results are nowadays just under construction and discussion. A
more accurate bibliography report is also being written. The modelling work will begin as
soon as possible. The first result collected will allow to feed the discussion about the further
step to follow.
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Abstract
In arid zones, the scarcity of freshwater resources is a critical problem
and the reuse of marginal quality water is increasing regularly. In
central Iran, Mohammadabad and Nikababd- two agricultural-based
towns- the scarcity of water -especially irrigation water- led people to
emigrate. Therefore the Iranian Water and Wastewater Company
(IWWC) decided to build a WWTP to solve the water scarcity problem by
using WWTP’s effluent, instead of using the existing absorbing wells. In
this research the qualitative Iranian criteria (standard 3-129) for siting
WWTP was quantified-mostly with economical aspect- for the towns.
Each criterion such as slope of the site, soil type, and appropriate
access to roads, farms, urban regions, etc, was represented with a
raster layer using ArcGIS software. Then each raster layer weighted with
respect to cost or importance of each criterion. Finally, the overlay of
weighted layers resulted in finding the best place for siting the WWTP.
Keywords
re-use; treatment; Iranian Standard; siting; GIS;
INTRODUCTION
Ever-increasing urbanization and rapid industrialization in recent decades have considerably
increased the rate of water pollution. Municipal wastewater is commonly produced by human
activities in different sectors. In many cases wastewater conveys to wastewater treatment
plant to be acceptable for discharging into the environment.
In central Iran, Mohammadabad and Nikababd- two agricultural-based towns- the scarcity of
water -especially irrigation water- led people to emigrate. Therefore the Iranian Water and
Wastewater Company (IWWC) decided to build a Wastewater treatment plant (WWTP) to
solve the water scarcity problem by using WWTP’s effluent, instead of using the existing
absorbing wells. Therefore IWWC planed to siting the WWTP for Mohammadabad and Nikabad.
The aerated lagoon process is preffered for the WWTP .“Dezab Consultant Engineers (2002)”.
Siting is a complex process involving social, environmental and technical parameters as well
as government regulations. As such, it evidently requires the processing of a massive amount
of spatial data.
Before advances in computer science have led to the creation of GIS, engineers’ data
collection had been confined to site visit. Today, GIS initially based on map layering concept,
combines spatial data (maps, aerial photographs, and satellite images) with quantitative,
qualitative, and descriptive information databases, which can support a wide range of spatial
queries. All of these factors have made GIS an indispensable tool for location studies “R.
Church (2002)”. In recent years, the geographic information systems (GIS) technology has
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been used in environmental sciences and engineering for siting landfill facilities “Siddiqui et
al., (1996); Kontos et al. (2003)”, for evaluating groundwater pollution vulnerability “Lake et
al. (2003)” or for watershed studies “Tsihrintzis et al. (1996, 1997); Aspinall and Diane (2000);
Tong and Chen (2002); Mitchell (2005)”, and for siting the WWTP “Gemitzi et al. (2007)”,
among other applications.
Weights indicate the relative importance of each criterion. In this study most of criteria
weighted based on the cost of each one.
MATERIAL & METHODS
General
The GIS-based methodology resulted in various layers, which satisfy criteria: A map layer
created based on cost of each suitability criterion, and a final composite map was then
produced by overlaying all individual layers. Then the not-allowed zones specified as rejected
zone and eliminated from the final raster. The result is a composite map, which highlights the
areas that satisfy all suitability criteria and presents a site with the minimum cost.
Area of Study
Mohammadabad & Nikabad, two towns located in Isfahan province in central Iran, 55 and 65
|
|
|
|
km southern Isfahan city, respectively. They located 52 6’ E & 32 19’ N and 52 12’ E; 32 18’
N, respectively.

Figure 1: Study area and its topography (DEM)
Siting Criteria
In this research, Iranian criteria for siting WWTP (standard 3-129) were applied. Since the
criteria presented in a descriptive format, in this study those quantified-mostly with
economical aspect- for the study area. The criteria are categorized to three types, the first
type was criteria which indicated not-allowed locations ; the second type was criteria which
their cost could be calculated; and the last type was criteria which couldn’t be presented by
their cost. It should be mentioned that some criteria are categorized in both type I and type
II. For example distance to roads indicates not-allowed regions and simultaneous can be
calculated
Type I criteria are:
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Building WWTP in the distance of 200 m to roads, 1000 m to urban regions, and 50 m to
streams is not allowed. Because the lagoons are considered for the WWTP, building lagoons in
site with slope greater than 10% is not possible.
Type II criteria are bellows, based on Iranian standard (3-129):
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

distance to urban zone
dominant wind direction
Distance to roads
Distance to farms
Land use of the site
Distance to recipient water
Distance to energy sources
Possession feasibility
Site properties such as soil type, surface water and groundwater, slope of region- to
minimize pumping costs.

Type III criteria are:
There are two criteria which could not be calculated as a function of cost. The selected site
should not be in the direction of prevailing winds. Furthermore an adequate area -a
rectangular 7-hectare site- should be available; the strips or disordered-shape sites are not
acceptable.
In table 1 the mentioned descriptive criteria are pricing “Iranian Former Management and
Planning Organization (2008)”. Table 2 indicates inappropriate zones which are described in
criteria type I.
Table 1: Iranian Standard Criteria
Criterion
Wastewater conveyance length (Distance to
outlet of WWTP)
Access road to WWTP (Distance to road)
Effluent conveyance channel (Distance to
recipient water)
Electricity line (Distance to nearest
electricity sources)
Field possession
Pumping Station Costs (both investment and
operation cost)

and their weight
Cost (ten thousands Rials)
70, for each length meter
220, for each length meter
40, for each length meter
40, for each length meter

7000, for each hectare of
irrigated lands. 3000, for
each hectare of arid lands
3000, for pressured
conveyance line. 0 for gravity
conveyance line.

Table 2: Not-allowed zones
Parameter
Limitation
Distance to roads
>200 meter
Distance to urban
>1000
zone
meter
Distance to
>50 meter
watercourses
Slope of land
<10%
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An overlay of the different layers was used to eliminate those areas that are unsuitable and
to identify candidate areas.
Software
The software ArcGIS was applied in this study.
RESULTS AND DISCUSSION
Raster layer preparation
At first, a raster layer was derived for each criterion mentioned in table 2. Each raster
was calculated based on its cost which calculated based on data in table 1. The layers are
showed in figure 2 to 9.
Then the layers overlaid and their summation considered as the final cost of the site. The
summation of costs which is a function of location of the plant is obtained in Figure 10.

Figure 2: Raster map of distance to
recipient waters

Figure 3: Raster map of agricultural and
unused area

Figure 4: Raster map of distance to Energy
conveyance lines.

Figure 5: Raster map of distance to
asphalted roads
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Figure 6: Raster map of distance to outlet
of WW collection system of Nikabad

Figure 7: Raster map of distance to
outlet of WW collection system of
Mohamadabad

Figure 8: Raster map of requirement of
pumping station from Mohamadabad

Figure 9: Raster map of requirement of
pumping station from Nikabad

Figure 10: summation of costs which are a
function of location of the plant

Figure 11: not-allowed regions for siting
the WWTP
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Figure12: Raster map of final cost

Figure13: Raster map of final cost (less
than 13 million Rials)

In the next step the not-allowed locations mentioned in table 2 indicated and then
eliminated. Figure 11 shows the not-allowed locations consists of steep slopes, urbanized
regions, roads, energy conveyance lines and their marginal not-allowed zone.
Other Criteria
The criteria which couldn’t be presented with economical value (type III criteria) were two
criterion. The first one indicates that the WWTP site not to be selected in the path of
prevailing winds and the second one indicates that the selected site should satisfy the
required area (in this study a rectangular 7-hectare area should be available). In figure 14 a
site which is not in the prevailing winds path (North-West) is selected for building a WWTP.

The Selected Site

Figure14: The selected site for WWTP
CONCLUSIONS
This study presents siting a wastewater treatment system plant using the GIS technology
based on Iranian Standard Criteria. The methodology was applied to Nikabad and
Mohamadabad, two adjacent towns in Central Iran.
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The GIS technology was used in order to create and analyze several layers of different
criterion and then highlight the areas of interest, i.e., those that satisfy all the relevant
criteria and have the minimum cost.
In conclusion, it is believed that the present study offers a quite simple and fast way to
examine large areas and to highlight possible locations for siting WWTP based on Iranian
Standard (3-129) criteria.
REFERENCES
Aspinall R., Diane, P. (2000). Integrated geographical assessment of environmental condition
in water catchments: linking landscape ecology, environmental modelling and GIS.
Journal of Environmental Management 59, 299–319.
Church R., Geographical information systems and location science (2002). Computers &
Operations Research 29 (6) 541–562.
Dezab Consultant Engineers, (2008) Mohammadabad & Nikabad Wastewater Treatment Plant
survey-phase 1.
Iranian Former Management & Planning Organization (1993). Standard 3-129.
Iranian Former Management & Planning Organization (2008). The Water & Wastewater Prices
List.
Kontos Th. D., Komilis, D.P., Halvadakis C.P., Siting M.S. (2003). Wlandfills in Lesvos Island
with a GIS-basedmethodology,Waste Management and Research 21 (3) 262–327.
Lake I.R., Lovett A.A., Hiscock K.M., Betson M., Foley A., Sunnenberg G., Evers S., Fletcher
S., (2003). Evaluating factors influencing groundwater vulnerability to nitrate
pollution: developing the potential of GIS. Journal of Environmental Management 68,
315–328.
Mitchell G., (2005). Mapping hazard from urban non-point pollution: a screening model to
support sustainable urban drainage planning. Journal of Environmental Management
74, 1–9.
Siddiqui M.Z. (1996). Landfill siting using Geographic Information Systmes: a demonstration,
Journal of Environmental Engineering 122 (6) 515–523.
Tong S.T.Y., Chen, W. (2002). Modelling the relationship between land use and surface water
quality. Journal of Environmental Management 66, 377–393.
Tsihrintzis V.A., Hamid R., Fuentes H.R. (1996). Use of Geographic Information Systems (GIS)
in water resources: a review. Water Resources Management, EWRA 10 (4), 251–277.
Tsihrintzis V.A., Fuentes H.R., Gadipudi R. (1997). GIS-aided modelling of nonpoint source
pollution impacts on surface and ground waters. Water Resources Management, EWRA
11 (3), 207–218.
Gemitzi A., Tsihrintzis V.A., Christou O., Petalas C., (2007). Use of GIS in siting stabilization
pond facilities for domestic wastewater treatment, Journal of Environmental
Management 82. 155–166.
WWW-YES-2013-Proceedings-Draft-Text-2013-05-02.doc

211 / 211

© Copyright WWW-YES ™
University Paris-Est, LEESU
http://leesu.univ-paris-est.fr/
http://leesu.univ-paris-est.fr/yes/
Association H2o Paris
Conseil général du Val de Marne (CG94), festival Oh !
www.cg94.fr
Communauté d’Agglomération du Val de Bièvre (CAVB)
http://www.agglo-valdebievre.fr/
May 2013

